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INTRODUCTION T O VOLUME II 

This book is Volume II of a two-volume anthology of the scientific writing of the 
famous American chemist Linus Pauling (1901-1994). Of the some 850 scientific 
papers and books that he wrote in his lifetime, we have selected 140 papers and 4 
passages in books to convey the spirit and style of his writing and to highlight the 
publications that had such great impact and brought him such wide recognition, 
leading to the Nobel Prize in 1954 and to many other scientific prizes, medals, and 
awards. 

The selected papers (and book passages) are aggregated into four broad groups, 
called Par ts I, II, III, and IV, in accordance with general subject areas. Par ts I and 
II, which are in Volume I, contain papers in the physical sciences, in particular the 
nature of the chemical bond in molecules and crystals, and the application of quantum 
mechanics and electron and x-ray diffraction to chemical bonding and analysis of 
physical properties. Parts III and IV are in Volume II. Par t III covers the biochemical 
and biological areas of Pauling's scientific interests and writ ings—areas that began 
to develop in the late 1930's and reached culmination in the 1950's and 1960's. Par t 
IV contains papers on biomedical science, which became the main area of Pauling's 
scientific studies and publications from the 1970's through the rest of his life. 

To sharpen the focus on individual subject areas, the papers in Par ts III and IV 
are grouped into seven chapters, designated Chapters 11 to 17, which is a continuation 
of the sequence of Chapters 1 to 10 in Par ts I and II. These groupings are explained 
in introductions to the Parts . The introductions contain brief general comments on 
the contents of the chapters, but, with a few exceptions, do not endeavor to discuss 
the papers individually. 

The sequence of the individual selected papers is governed primarily by the 
subject-matter sequence of the chapters, which in a general way follows the 
development of Pauling's scientific interests through time, but with some considerable 
departures from a chronological sequence. Within each chapter, the arrangement of 
selected papers is generally chronological but also somewhat arbitrary. 
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The individual papers are identified by a Selected Paper number (SP no.), 
numbered consecutively from SP 1 at the beginning of Par t I (Volume I) to SP 144 
at the end of Part IV. The selected papers are listed in a table of contents at the 
beginning of each chapter. 

Included as Par t V (Chapter 18) is a short, science-oriented biography of Pauling 
by Prof. Jack Dunitz. At the end of Part III, and again at the end of Part IV, is a 
group of photographs of Linus Pauling with colleagues/co-authors of the period. 

Appendix I gives a conversion table between the SP numbers and the paper 
citation numbers in Chapter 18. Appendix III is a comprehensive list of Pauling's 
scientific publications, based on the full list of his publications assembled by Zelek 
Herman and Dorothy S. Munro (1996). 

More detailed introductory information about the anthology is contained in the 
Foreword, Preface, and General Introduction at the beginning of Volume I. 
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INTRODUCTION TO PART III 

BIOLOGICAL MACROMOLECULES 

In the realm of biology, into which he began to venture in the late 1930's, Linus 
Pauling came firmly to the conviction that life's complex processes could be understood 
as straight-forward consequences of chemical forces and structures. To achieve such 
understanding, he set out to find the s t ructures and properties of biological 
macromolecules. A selection of his publications on these subjects is presented in 
Par t III. 

In the earliest stage of Pauling's at tempts to reveal the structures of biological 
molecules, in which he concentrated on hemoglobin (Chapter 11) and antibodies 
(Chapter 12), he lacked sufficient information to guide creation of detailed structural 
models that could specify the actual arrangement of the individual atoms in these 
huge molecules. In order to proceed with these molecules at all, he chose the course 
of formulating speculative theories of their structures and interactions. Examples of 
such theories are in papers SP 88 (Chapter 12), SP 95 (Chapter 13), and SP 113 
(Chapter 14). 

By far the most important and influential of these theories is the role of molecular 
complementariness in biological processes. It is well expressed in the first four 
papers of Chapter 14, and it pervades Pauling's discussions of the molecular basis 
of biological phenomena. An example is his theory of enzyme action (SP 113). Based 
on principles of chemical catalysis, he theorized that enzymes are structurally 
complementary to the activated complexes ("transition states") of the reactions tha t 
they catalyze. This pioneering vision is, as we now know, largely correct, and explains 
the specificity of enzyme action in biochemical reactions. SP 113, which was originally 
published in 1946, is here presented in the form of its 1990 republication by the NIH 
with the addition of side bars describing interviews with Pauling and Alexander 
Rich on the significance of this paper for the origins of molecular biology. 

Alongside the theoretical reasoning, many of the papers report experimental work 
carried out in the formulation and testing of theory—for example, SP 83 and following 
papers in Chapter 11, and SP 89 and following papers in Chapter 12. Particularly 
noteworthy are Pauling's trail-blazing magnetic measurements on hemoglobin (Chapter 
11), which, in combination with the hemoglobin-oxygen binding curve, provided the 
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basis for his formulation of a model for the cooperative interaction between hemoglobin 
and molecular oxygen (SP 82, SP 86). This work harks back to his early use of 
magnetic measurements in establishing the nature of the chemical bond (Chapter 
1, SP 5). The significance of the work on hemoglobin is well summarized in SP 87, 
which shows how this work underlay Pauling's later discovery of molecular disease 
in hemoglobin (Part IV, Chapter 15). 

Encouraged by the great immunologist (serologist) Karl Landsteiner, Pauling 
embarked in the early 1940's on an endeavor to understand the basis of antigen-
antibody interaction and the extraordinary specificity of immunological reactions 
(Chapter 12). He started with a theoretical concept of the role of antigen-antibody 
complementariness, which was described in SP 88 and SP 93 and which had a great 
impact on immunologists. To test the theory, Pauling and his colleagues, led by Prof. 
Dan Campbell (Photo 17), undertook an extensive series of immunological experiments 
with rabbits. This resulted in a long sequence of detailed serological papers, here 
represented by SP 89, SP 90, SP 91, SP 92, and SP 94. In the end, the main 
contribution of these papers was to provide evidence for the "framework theory" of 
serological precipitation and for the "bivalent" character of the antibody-antigen 
interaction. The experiments were compatible with Pauling's theory tha t the 
interaction was of a lock-and-key type, made possible by antigen-antibody molecular 
complementariness. They also seemed to be compatible with his hypothesis that 
antibodies are manufactured in the body so as to conform in a complementary way 
to the shape of specific antigens — the so-called "instructional theory" of antibody 
formation and diversity (SP 88, SP 91, and SP 93). A vast amount of subsequent 
immunological work has ultimately shown that for antibodies the lock-and-key theory 
is correct but the instructional theory is not. 

However, in a certain sense, the instructional theory describes an approximation 
to the mechanism by which another class of important immunological proteins, the 
major histocompatibility antigens, bind to peptides. Each MHC protein, as it folds, 
assumes a configuration that permits it to "clamp onto" any one of a large number 
of different peptides. The clamping mechanism permits a limited repertoire of MHC 
proteins to bind to diverse types of peptide molecules. This feature—the ability of 
a small number of protein molecules to bind to any one of a diversity of peptides— 
is something common to the MHC binding mechanism and Pauling's antigen-directed 
protein-folding mechanism, and in this particular respect, the two concepts are 
similar. They contrast in this regard with the now-known antibody generation 
mechanism (clonal selection), which is based on the body's ability to manufacture a 
vast number of different antibody molecules in order to provide binding to potential 
antigens of many kinds. 

As x-ray techniques advanced further, and as more became known about the 
constituents of proteins, Pauling turned his attention (Chapter 13) to detailed atomic 
models of their secondary structure, i.e. the way the polypeptide chain—the primary 
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structure—is rolled, looped, and coiled to create a stable molecular conformation 
that is all-important in the biological functioning of a protein molecule. It is this 
configuration, along with the tertiary s t ructure—the arrangement of secondary 
structural elements in space—in combination with the placement and chemical 
character of the side chains, tha t determines the extent of complementariness of two 
protein molecules—that is, the extent to which the two will fit together geometrically 
and the extent to which bonds will be formed between them. 

The experimental basis for Pauling's work on protein structure was established 
in a series of x-ray structure determinations, led by Prof. Robert B. Corey, of 
crystallized amino acids and other small molecules that are components of proteins. 
The results were summarized in SP 105 and SP 106 and in the extensive review 
papers [39-5] and [48-16] referenced in Appendix III, Group 6c. Pauling also had a 
hand later in interpreting x-ray diffraction diagrams of fibrous protein material (SP 
110). 

These efforts culminated in Pauling's celebrated proposal of the a-helix as a 
fundamental type of protein secondary structure (SP 97, SP 98). It was the first such 
structural feature to be later verified by x-ray diffraction studies of crystallized 
proteins, and it has proven to be a major structural component of most protein 
molecules. The a-helix demonstrates the central role of hydrogen bonding in 
establishing and stabilizing the secondary structure of protein molecules, with vast 
consequences for the biological functioning of proteins. Pauling's understanding of 
the hydrogen bond (Part I, Chapter 4) and the relation between covalent bond 
character and molecular geometry (i.e. directed valence—Chapter 1) played a decisive 
role in the a-helix discovery (see SP 105 and SP 106). 

Almost simultaneously with his proposal of the a-helix, and based on the same 
structural principles, Pauling proposed a number of other pat terns for protein 
secondary structure, including the y-helix (SP 98), the pleated sheet (SP 100), the 
coiled coil (SP 108), and several others (other papers in Chapter 13). Of these 
various possible structures, several have been observed to occur in real proteins, 
while others remain hypothetical, or have proven incorrect (e.g. the collagen structure 
in SP 103, which, curiously, is a triple helix, foreshadowing the triple-helix DNA 
structure proposed two years later—see below). In selecting papers for Chapter 13, 
we have included most of the papers on these protein structures because of their 
actual or potential importance in biology and medicine. The a-helix and the pleated 
sheet, especially, were triumphs of the inspired-guess/model-building technique, which 
is closely related to the stochastic method of crystal structure determination that 
Pauling had invented earlier (see Par t II, Chapter 5, SP 47). The story of the a-helix 
discovery is recounted in SP 111, a paper that was found by Dorothy Munro in 
Pauling's files after his death. 

Grouped in Chapter 14 are papers of the broadest scope on the role of molecular 
structure in biology—essentially a distillation, synthesis, and generalization of the 
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work in Chapters 11, 12, and 13. It includes the seminal papers on molecular 
evolution and molecular clocks (SP 119, SP 120 and SP 121), which built in a 
striking way upon the discovery of molecular disease (Part IV, Chapter 15). The 
papers in Chapter 14 had a great impact on biologists, and lead the way toward 
today's molecular biology. 

Chapter 14 also contains the infamous SP 116, in which Pauling proposed a 
structure for the nucleic acids (i.e. DNA) that was erroneous. It was a triple helix, 
with the invariant phosphodiester backbone on the inside and the variable components 
(the purine and pyrimidine bases) on the outside. Thus it was an antithesis of the 
Watson-and-Crick DNA structure, published shortly thereafter, which is a double 
helix with the invariant backbone on the outside and the variable components on 
the inside. It seems that Pauling was predisposed to structural features of the type 
that he was familiar with in the a-helix: invariant polypeptide backbone on the 
inside, variable side chains sticking outward. Although in SP 112 he had postulated 
that the genetic material must have structural features with two complementary 
sides, so that it could reproduce itself, his three-strand helix did not incorporate 
such complementariness. The proposal of three strands came from calculation based 
on the published density of DNA, but the published density turned out later to be 
wrong. The feature for which Pauling was most criticized by chemists was putting 
the negatively charged phosphate groups close together on the inside of the helix, 
where they would have a large, destabilizing electrostatic repulsion. This may be 
explained by Pauling's belief that the acid t reatment applied to the DNA fibers in 
preparation for x-ray diffraction protonated the phosphate groups, reducing their 
negative charge. 

Beyond all this, at the time there were serious problems for Pauling in his life 
outside of science. The early 1950's was a time of considerable turmoil for intellectuals 
in the United States and for Pauling in particular. He was the target of various 
government efforts to investigate his involvement with alleged "unamerican" activities 
and organizations (Chapter 18, section entitled "Political Activism"). This harassment 
certainly interfered with Pauling's scientific work, and the denial of a passport by 
the State Department blocked an opportunity for him to go to a meeting in England 
where he would have seen the x-ray photographs of DNA fibers that were of crucial 
importance to Watson and Crick in developing their double-helix structure. 

When the Watson-and-Crick structure was published, Pauling immediately saw 
the beauty and validity of it, and he undertook a small-molecule crystal-structure 
investigation (SP 117) that revealed the detailed configuration of the hydrogen bonding 
between pyrimidines and pur ines—the bonding feature tha t is the basis for 
complementariness between the two DNA strands in the double-helix structure. 

In the mid to latter stages of Pauling's career, he increasingly turned to medical 
problems as the focus of his considerable energies. These problems are the subject 
of Part IV, but some of the work is as much a contribution to biology as it is to 
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medicine. This is particularly true of one of his greatest achievements, the discovery 
of the molecular basis for a genetic disease, sickle cell anemia, and his generalization 
of this discovery to the broad concept of molecular disease (SP 122, in Chapter 15). 
From Pauling's vantage point in structural chemistry, he was able to hit upon the 
idea that the hemoglobin molecule itself was abnormal in sickle cell patients. This 
seminal insight, which is a concept both of molecular biology and of medicine, was 
ultimately proven correct in a collaboration with Harvey Itano, Jon Singer and I. C. 
Wells (SP 122). It led Pauling in turn to the concept of molecular evolution (e.g. 
evolution of the human hemoglobin molecule through time). Pauling realized that 
molecular evolution and molecular disease are very closely akin—they are two faces 
of the same coin (SP 119). Molecular evolution provides the basis for a molecular 
evolutionary clock, according to which the evolutionary history of different but related 
species can be traced backward in time to their common ancestor (SP 119, pages 
200-206; also SP 120). Thus humans branched away from their ancestor in common 
with the great apes about 11 million years ago, based on the extent of similarity of 
their hemoglobin molecules. The concepts of molecular evolution are clear examples 
of Pauling's imaginative powers and the breadth of his thinking. Today they play a 
central role in interpreting DNA sequences revealed by genome decoding. 

The scope of Pauling's knowledge, inventiveness, and boldness is nowhere more 
apparent than in the papers of Par ts III and IV. As he is considered to be one of the 
greatest chemists, he should also be regarded as the first t rue molecular biologist. 
In this area, his genius lay in his ability to recognize the molecular basis for complex 
biological phenomena. 
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Reprinted from the Proceedings of the NATIONAL ACADEMY OF SCIENCES, 
Vol. 21, No. 4, pp. 186-191. April, 1935. 

THE OXYGEN EQUILIBRIUM OF HEMOGLOBIN AND ITS 
STRUCTURAL INTERPRETATION 

B Y LINUS PAULING 

GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY 

Communicated March 16, 1935 

The work of the early investigators of blood (Bohr, Hasselbalch, Krogh, 
Barcroft, Haldane, Henderson) showed that the oxygen equilibrium of 
hemoglobin is affected by the hydrogen ion concentration of the solution, 
and, moreover, that it does not correspond to the simple equilibrium 
Hb + O2 < > Hb0 2 (in which the symbol Hb represents the portion of 
the hemoglobin molecule containing one heme and capable of combining 
with one oxygen molecule). After completing his osmotic pressure ex
periments showing that the hemoglobin molecule contains four hemes, 
Adair1 suggested that the HD4 molecule adds four oxygen molecules suc
cessively, with different equilibrium constants. He and Ferry and 
Green2 found that their data on the oxygen equilibrium of hemoglobin 
solutions at constant pH can be represented by a four-constant equation 
corresponding to this conception, the values of the constants changing in a 
regular way with changing pH. 

On the basis of certain postulates regarding the structure of the hemo
globin molecule, I have derived an equation involving only two constants 
which satisfactorily represents the data on the oxygen equilibrium at con
stant pH, and also an equation involving two constants which represents 
the change in the oxygen equilibrium with change in pH. The validity of 
these equations provides considerable support for a particular structure of 
the molecule. 

The most accurate and extensive data on the oxygen equilibrium are 
those obtained by Ferry and Green2 for horse hemoglobin in phosphate and 
borate buffers. Ferry and Green remarked that their curves of y (the ratio 
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O2 absorbed/02 content at saturation) versus p (the oxygen pressure) at 
different values of pH can be superimposed by making a change of scale 
for p. On doing this, the experimental points all fall near a smooth 
curve, as shown in figure 1. This curve can be reproduced roughly by the 
equation 

y 
Kp" 

l + Kpn (1) 

4^ i 8 10 
P * 

FIGURE 1 

The experimental values of the fractional absorption 
of oxygen, y, plotted against the oxygen pressure p (the 
points obtained at various pH values being reduced to 
pH 8.30 by a change of scale in p), compared with the 
theoretical curve of Equation 3, corresponding to the 
square structure of the hemoglobin molecule. 

which corresponds to the equilibrium HbM + n 0 2 "7"*" HbM(02)„, the 
value of n being about 2.6. The curve can be accurately represented by 
Adair's four-constant equation 

y 
= Kip + 2K2p

2 + SKsp* + AKip* 

4(1 + K,p + Ktp* + K3p* + K&)' 
(2) 

and also by the two-constant Equation 3, which we shall now derive. 
Let us make the following postulates regarding the structure of the 

hemoglobin molecule. 
1. The hemoglobin molecule contains four hemes, each of which is 
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connected with k others, the connection being such as to permit the inter
action of the hemes in pairs. 

2. The four hemes are equivalent. 
3. The interactions for connected pairs are equivalent. 
We distinguish four cases, corresponding to k = 0, 1, 2 and 3. 
No interaction of hemes, k = 0. This leads to Equation 1 with » = 1, 

and is hence not compatible with experiment. 
/ H b H b \ 

Interaction of the hemes in pairs I | | j , k = 1. This leads to 
\ H b H b / 

an equation which can be approximated by Equation 1 with 1 ^ n ^ 2, 
and is hence not compatible with experiment. 

Hemes at the corners of a square, interactions along the sides of the 
/Hb—Hb\ 

square I | | I, k = 2. This leads to Equation 3, in agreement 
\ H b — H b / 

with experiment. 
Hemes at the corners of a tetrahedron, interactions along the edges of 

the tetrahedron, k = 3. This leads to Equation 4, in agreement with ex
periment; however, for other reasons the structure is less satisfactory than 
the square structure. 

To derive Equation 3 on the basis of the square arrangement, we note 
that at the oxygen pressure p the relative amounts of the six molecular 
species present are the following: 

Hb—Hb Hb—Hb02 Hb—Hb02 Hb—Hb02 Hb—Hb02 Hb02-HbO, 
I I I I I I I I I I I I 
Hb—Hb Hb—Hb Hb—Hb02 Hb02—Hb Hb02—Hb02 Hb02—HbO, 

1 4K'p 4aK'2p2 2K'2p* 4:<x2K'3p3 ^K^p* 

The constants K' and a have the following significance, RT In K' is the free 
energy change accompanying the addition of oxygen to heme, and RT In a 
is the additional free energy stabilizing two interacting Hb02 groups; that 
is, the free energy is decreased by RT In a for each interaction shown by a 
heavy bar. The factors 2 and 4 result from the symmetry numbers. 

These relative amounts l:4K'p:(±a + 2) K'^A^K'^-.^K'^ 
of the substances Hb4, Hb402, Hb4(02)2, Hb4(02)3 and Hb4(02)4 lead directly 
to the following equation for y: 

= K'p + (2a + l ) g ' y + B^K'tp* + aWp* „ 
y 1 + AK'p + (4a + 2)K'2p2 + A^K'ty* + o^K'^ 

The curve shown in figure 1 is calculated by means of this equation, with 
a = 12 and K' = 0.033. I t is seen that the agreement with the experi
mental points is satisfactory. (The uniform deviation shown by the first 
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five points may be due to experimental error, or may be real, indicating 
that the theory is only approximate.) 

The similar discussion of the tetrahedral configuration leads to the 
equation 

K'p + 3aKfip2 + 3a3K'3p3 + a'K'^ 
(4) 

1 + 4JC'p + 6aKnp2 + ±<x3K'3p3 + aSK'tp1 

in which K' and a have the same significance as before. This equation 

pti-/oyA >• 

FIGURE 2 

The dependence of the equilibrium constant K' of Equation 3 on pH. The 
circles are experimental values, and the curve is drawn according to Equa
tion 6. 

provides a curve almost indistinguishable from the one shown in the figure, 
the value of a being about 12Vl = 5.3. 

Although the tetrahedral configuration is thus compatible with the 
oxygen equilibrium data, we reject it in favor of the square configuration for 
the following reasons. The hemoglobin molecule is roughly spherical in 
shape, with a radius of about 29 A, and it is very probable that the hemes 
are located on the surface of the molecule; if arranged tetrahedrally, 
they would be about 47 A apart. I t is very difficult to imagine a connec
tion between two hemes this far apart which would lead to an interaction 
energy as large as RT In a = 1000 cal./mole. Moreover, the tetrahedral 
configuration would lead one to expect a three-fold axis of symmetry for 
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the hemes rather than the four-fold axis possessed by the porphyrin 
nucleus. 

To account for the dependence of the oxygen equilibrium on the hydro
gen ion concentration, we give quantitative expression to the familiar 
qualitative explanation that there is an interaction between the oxygen 
molecules of oxyhemoglobin and some acid groups. The fact that an 
equation of the form of 3 can be made to account for the data for various 
pH values by changing K' alone indicates strongly that each heme con
tains its own acid groups, the interaction of one heme with the acid groups 
of another being negligible.3 Let us first assume that there is one acid 
group for each heme, with interaction constant /3 such that the free energy 
change on dissociation of HHb0 2 to H+ and Hb02~ is RT in /S less than 
that of HHb to H + and H b _ , oxyhemoglobin being a stronger acid than 
hemoglobin. The relative amounts of the four molecular species (con
sidering only one heme) HHb, Hb~, HHb02 and Hb02~ are then 1:A/-
[R+]:Kp:KppA/[H+], and the oxygen equilibrium formula becomes 

K'p 
y = — 

i + K'p 
with 

K> = K ( 1 + ^ [ H + » (5) 
(1 + A/\K+]) , 

in which A is an acid-strength constant. I t is found on similarly con
sidering the 55 molecular species H4Hb4, H4Hb402, etc., corresponding to 
the square arrangement that the oxygen equilibrium is expressed by 
Equation 3, with K' dependent on the hydrogen ion concentration in the 
way given by Equation 5. 

The dependence of K' on pH as found experimentally from the factors 
used in reducing the points of figure 1 to a single curve is shown4 in figure 2. 
I t is found that Equation 5 does not represent this dependence satisfac
torily. If, however, we assume that there are two equivalent acid groups 
interacting with each heme, we derive the equation 

K'-K ( 1 + ^ / [ H + I ) 2 , (6) 
(i + A/[u+\y 

which does agree satisfactorily with experiment,6 as shown by the curve in 
the figure, calculated for /? = 4, - l o g A = 7.94 and K = 0.0035. 

We conclude that the data on the oxygen equilibrium of hemoglobin 
indicate that the four hemes of the molecule are arranged at the corners of a 
square; each heme is connected with two others in such a way as to give 
rise to an interaction energy of RT In a = 1500 cal./mole for each pair of 
adjacent oxyhemes, and each heme contains two acid groups, the acid 
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group-oxyheme interaction energy being RT In /3 = 820 cal./mole. The 
total oxyheme-oxyheme interaction energy is about 6000 cal./mole, and 
the total acid group-oxyheme interaction energy is about 6600 cal./mole. 

The none too exact experiments on the carbon monoxide equilibrium and 
the carbon monoxide-oxygen balance of hemoglobin suggest that the inter
actions a and 0 are effective for carboxyhemoglobin as well as for oxy
hemoglobin. On the other hand, the results of Anson and Mirsky8 

on the carbon monoxide equilibrium of hemochromogen, which agree with 
Equation 1 with n = 1, show that there is no heme-heme interaction in the 
hemochromogen studied. I t seems not improbable that the hemochromo
gens differ from hemoglobin mainly in that in the hemochromogens the 
hemes are independent and in hemoglobin four hemes form a conjugated 
system. 

i G. S. Adair, Proc. Roy. Soc, A109, 292 (1925); Jour. Biol. Chem., 63, 529 (1925). 
2 R. M. Ferry and A. A. Green, Jour. Biol. Chem., 81, 175 (1929). 
3 I t is possible that the results of more accurate experiments would require this con

clusion to be revised. 
1 The points for pH 5.8, 4.9 and 4.5 are not shown. These are obtained from only 

one or three measurements; they lie somewhat above the origin (0.1-0.2), which may 
indicate that some other interaction becomes effective in very acid solutions. 

* We have neglected the mutual interaction of the two acid groups, the data not being 
sufficiently accurate and extensive to make a discussion of this interaction profitable. 

• M. L. Anson and A. E. Mirsky, Jour. Physiol, 60, 50 (1925). 
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THE MAGNETIC PROPERTIES AND STRUCTURE OF 
HEMOGLOBIN, OXYHEMOGLOBIN AND 

CARBONMONOX YHEMOGLOBIN 

B Y LINUS PAULING AND CHARLES D. CORYELL 

GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY 

Communicated March 19, 1936 

Over ninety years ago, on November 8, 1845, Michael Faraday in
vestigated the magnetic properties of dried blood and made a note "Must 
try recent fluid blood." If he had determined the magnetic susceptibilities 
of arterial and venous blood, he would have found them to differ by a 
large amount (as much as twenty per cent for completely oxygenated and 
completely deoxygenated blood); this discovery without doubt would 
have excited much interest and would have influenced appreciably the 
course of research on blood and hemoglobin.1 

Continuing our investigations of the magnetic properties and structure 
of hemoglobin and related substances,2 we have found oxyhemoglobin and 
carbonmonoxyhemoglobin to contain no unpaired electrons, and ferro-
hemoglobin (hemoglobin itself) to contain four unpaired electrons per 
heme. The description of our experiments and the interpretation and 
discussion of the results are given below. 

Note on Nomenclature.—The current nomenclature of hemoglobin and related sub
stances was formulated at a time when precise information about the chemical composi
tion and structure of the substances was not available. Now that some progress has 
been made in gathering this information, especially in regard to chemical composition, 
it is possible to revise the nomenclature in such a way as to make the names of substances 
more descriptive than the older names, without introducing any radical changes. In 
formulating the following set of names we have profited by the continued advice of Dr. 
Alfred E. Mirsky. 

The names whose use we advocate are given below, followed in some cases by ac
ceptable synonyms. The expressions in parentheses are those whose use we consider 
to be undesirable. 

Heme: an iron-porphyrin complex (generic term, used for either ferroheme or ferri-
heme). 

Ferroheme (reduced heme): a complex of ferrous iron and a porphyrin. 
Ferriheme (oxidized heme): a complex of ferric iron and a porphyrin. 
Ferriheme chloride, hemin: a compound of ferriheme and chloride ion. 
Ferriheme hydroxide, hematin: a compound of ferriheme and hydroxyl ion. 
Ferrohemochromogen, hemochromogen: a complex of ferroheme and another sub

stance, or two other substances, having the characteristic hemochromogen spectrum 
and involving covalent bonds from the iron atom to the porphyrin nitrogen atoms 
and the attached groups.2 Individual hemochromogens may be designated by 
specifying the attached groups, as globin hemochromogen (ferroheme and denatured 
globin), dicyanide hemochromogen, dipyridine hemochromogen, carbonmonoxy-
hemochromogen, pyridine carbonmonoxyhemochromogen, etc. 



VOL. 22, 1936 CHEMISTRY: PA ULING AND CORYELL 211 

Ferrihemochromogen (parahematin): a compound of ferriheme and another sub
stance or two other substances, involving covalent bonds from the iron atom to the 
porphyrin nitrogen atoms and the attached groups.3 

Hemoglobin: a conjugated protein containing heme and native globin (generic term, 
used for both ferrohemoglobin and ferrihemoglobin and also for closely related 
substances); specifically, ferrohemoglobin. 

Ferrohemoglobin, hemoglobin (reduced hemoglobin): a conjugated protein formed 
by combination of ferroheme and native protein. 

Oxyhemoglobin: a compound of ferrohemoglobin and oxygen. 
Carbonmonoxyhemoglobin, carbon monoxide hemoglobin (carboxyhemoglobin): a 

compound of ferrohemoglobin and carbon monoxide. 
Ferrihemoglobin (methemoglobin): a conjugated protein formed by combination 

of ferriheme and native globin.3 

Carbonmonoxyhemoglobin.—The magnetic measurements are described 
in the experimental part below. The carbonmonoxyhemoglobin molecule 
is found to have zero magnetic moment, and hence to contain no unpaired 
electrons. This is to be interpreted as showing that at least two 3d orbitals 
of each ferrous iron atom are involved in covalent bond formation, the 
atom presumably forming six octahedral d2sp3 bonds, four to the porphyrin 
nitrogen atoms, one to an atom (probably nitrogen) of the globin, and one 
to the carbon monoxide molecule: 

N 
N 

globin—Fe—CO. 

N 
N 

In view of the discovery of Brockway and Cross4 that the nickel-carbon 
bond in nickel carbonyl has a large amount of double bond character, we 
may well expect this to be the case for the iron-carbon bond in carbon
monoxyhemoglobin also, the double bond being formed with the use of a 
pair of electrons conventionally assigned to the iron atom as 3d electrons. 
To carbonmonoxyhemoglobin there would then be ascribed the resonating 
structure: 

globin-

N 
N 

/ 
F e : — C = 0 : , globin-

N 
N 

. . / .. 
• F e = C = 0 : , 

N N 
N N 
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in which the dashes represent shared electron pairs and the dots unshared 
electrons. 

Oxyhemoglobin.—The molecule of oxyhemoglobin, like that of carbon-
monoxyhemoglobin, is found to have zero magnetic moment and to con
tain no unpaired electrons. Each iron atom is accordingly attached to the 
four porphyrin nitrogen atoms, the globin molecule, and the oxygen mole
cule by covalent bonds. 

The free oxygen molecule in its normal state (32Z) contains two un
paired electrons. It might well have been expected, in view of the ease 
with which oxygen is attached to and detached from hemoglobin, that the 
oxygen molecule in oxyhemoglobin would retain these unpaired electrons, 
a pair of a electrons of one oxygen atom, unshared in the free molecule, 
being used for the formation of the bond to hemoglobin: 

Hb + :0:0: H b : 0 : 0 : . 

However, this is shown not to be so by the magnetic data, there being no 
unpaired electrons in oxyhemoglobin. The oxygen molecule undergoes a 
profound change in electronic structure on combination with hemoglobin. 

Of the structures of oxyhemoglobin compatible with the magnetic data, 
the most probable is the resonating structure analogous to that of carbon-
monoxyhemoglobin: 

N N 
N N 

globin-

N 

- F e : — 0 = 0 : , 

N 

globin-

N 

-Fe=0—O: . 

N 

The great similarity in properties of oxyhemoglobin and carbonmonoxy-
hemoglobin provides strong support for this structure. The structure in 
which each of the two oxygen atoms (connected with one another by a 
single bond) is attached to the iron atom by a single bond is rendered im
probable by the strain involved in the three-membered ring. 

Ferrohemoglobin.—In contrast to oxyhemoglobin and carbonmonoxy-
hemoglobin, hemoglobin itself contains unpaired electrons, its magnetic 
susceptibility showing the presence of a pronounced paramagnetic con
tribution. The interpretation of the magnetic data can be made only in 
conjunction with a discussion of the nature and magnitude of the mutual 
interactions of the four hemes in the molecule.6 One possibility is that the 
heme-heme interaction is sufficiently strong to couple the moments of all 
electrons in the molecule into a resultant moment, with the same value for 
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all molecules. The magnetic data interpreted in this way lead to the value 
ix = 10.92 Bohr magnetons for the moment of the molecule. We reject 
this possibility on the following grounds. (1) The heme-heme interaction 
energy, as evaluated from the oxygen equilibrium data,6 is hardly large 
enough to overcome the entropy advantage of independent heme moments. 
(2) The value 10.92 for the moment is not far from that (8.94) for eight un
paired electrons, two per heme, with parallel spins; however, it is about 
22% larger, and this difference could be accounted for only as a surprisingly 
large contribution of orbital moment. (3) On this basis the magnetic 
susceptibility of partially oxygenated hemoglobin solutions would show 
large deviations from a linear dependence on the amount of uncombined 
heme; we have found large deviations not to occur. (These experiments 
will be described in a later paper.) 

The other simple possibility, which we believe to be approximated in 
reality, is that the magnetic moments of the four hemes orient themselves 
in the applied magnetic field independently of one another. With the 
calculations made on this assumption, the experimental data lead to the 
value ix = 5.46 Bohr magnetons for the effective moment per heme. This 
shows that there are present in each heme four unpaired electrons, and that 
consequently the iron atom is not attached to the four porphyrin nitrogen 
atoms and the globin molecule by covalent bonds, but is present as a fer
rous ion, the bonds to the neighboring atoms being essentially ionic 
bonds. 

The resultant spin moment for four unpaired electrons is 4.90 magnetons. 
In compounds containing ferrous ion values of 4.9 to 5.4 are observed, 
the increase over the spin moment arising from a small orbital contribution. 
Complexes of ferrous iron with substances containing nitrogen (hydrazine, 
etc.) give values in the lower part of this range, the quenching of orbital 
moment being nearly complete.6 It does not seem probable that the 
high value for ferrohemoglobin is to be accounted for as due to orbital 
moment, since the porphyrin nitrogen atoms should have a strong quench
ing effect on the orbital moment. We interpret this high value instead as 
due to a heme-heme interaction which tends to stabilize states with parallel 
heme moments relative to those with opposed heme moments, the oxygen-
equilibrium value of the heme-heme interaction energy being of the order 
of magnitude required for this interpretation. 

It is interesting and surprising that the hemoglobin molecule undergoes 
such an extreme structural change on the addition of oxygen or carbon 
monoxide; in the ferrohemoglobin molecule there are sixteen unpaired 
electrons and the bonds to iron are ionic, while in oxyhemoglobin and car-
bonmonoxyhemoglobin there are no unpaired electrons and the bonds are 
covalent. The change from ionic bonds to covalent bonds also occurs on 
formation of hemochromogen from ferroheme. Such a difference in bond 
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type in very closely related substances has been observed so far only in 
hemoglobin derivatives. 

I t is not yet possible to discuss the significance of these structural 
differences in detail, but they are without doubt closely related to and in a 
sense responsible for the characteristic properties of hemoglobin. For 
example, the change in multiplicity of the system oxygen molecule-heme 
in hemoglobin on formation of oxyhemoglobin need be only as great as two 
(from the triplet corresponding to the opposed oxygen molecule triplet and 
ferroheme quintet to the singlet of oxyheme), whereas the change in 
multiplicity on formation of carbonmonoxyhemoglobin is four; in view of 
the infrequency of transitions involving a change in multiplicity, we might 
accordingly anticipate that the reactions of hemoglobin with carbon mon
oxide would be slower than those with oxygen, in agreement with ob
servation. The change in multiplicity may be related also to the photo
chemical reactivity of carbonmonoxyhemoglobin. The difference in bond 
type in hemoglobin and its compounds is probably connected with the 
preferential affinity of hemoglobin for oxygen and carbon monoxide in 
contrast to other substances. Further experimental information is needed 
before these questions can be discussed in detail. 

Experiments.—Solutions: Defibrinated bovine blood (provided through the courteous 
cooperation of Cornelius Bros., Ltd.) was used as the source of material. Preparations 
A and B consisted of whole blood, collected and separately oxygenated by rotating 20 
minutes in air in a large open vessel, and then packed in ice and used as soon as possible. 
For preparations C and D oxygenated blood was centrifuged, and the corpuscles washed 
three times with equal volumes of physiological sodium chloride. Ether was used to 
hemolyze the collected corpuscles, the stromata-emulsions were separated by centri-
fuging, and the dissolved ether removed from the oxyhemoglobin solutions by a current 
of air. The solutions were kept on ice until used. 

Analyses were made for oxygen content in a Van Slyke-Neill constant-volume blood 
gas apparatus. The transfer pipet was calibrated for content and retention on the 
walls of whole blood or concentrated oxyhemoglobin solution corresponding to condi
tions of use; the gas pipet was also calibrated for volume. Correction was made for 
dissolved oxygen on the assumption that the quantity dissolved is proportional to the 
water present in the solution. 

Corrected results of analyses: Blood A: 100 ml. combine with 20.20 ml. 0 2 S.T.P.; 
formality of heme-iron, 0.00902. Blood B: 100 ml. combine with 20.59 ml. 0 2 S.T.P.; 
formality of heme-iron, 0.00919. Solution C: 100 ml. combine with 37.15 ml. 0 2 

S.T.P.; formality of heme-iron, 0.01658. Solution D: 100 ml. combine with 41.26 ml. 
0 2 S.T.P.; formality of heme-iron, 0.01841. 

Apparatus: The apparatus for magnetic susceptibility determinations has already 
been described.2 All hemoglobin solutions were measured against water in a tube of 
about 18 mm. internal diameter. Fields of 7640 and 8830 gauss were used, the forces 
being reported as average Aw (in milligrams) for the former. A small correction to the 
observed Aw has been applied for blank on the tube, so that reported forces are for 
solution against pure water. Solutions were measured at approximately 20°C. 

Calibration of field and tube with water against air: Aw = —49.59. (For hemochro-
mogen and QN NaOH the tube with Aw = —45.40 for water against air was used.) 
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Carbonmonoxyhemoglobin.—Samples of blood A equilibrated with CO by rotation of 
50 ml. in a liter tonometer filled with pure carbon monoxide: Aw = —0.56, —0.60, 
—0.76, —0.61, average —0.63. Samples of blood B equilibrated with CO: Aw = 
- 0 . 8 4 , - 1 . 0 3 , -0 .80 , - 0 .86 , average - 0 . 8 8 . Samples of solution C equilibrated with 
CO: Aw = —0.28, —0.68, average —0.48. Samples of solution D equilibrated with 
CO: Aw = —0.36, —0.45, average, —0.41. (Completeness of saturation with car
bon monoxide was generally tested by adding Na2S204. 2H 2 0 to the magnetic tube and 
measuring the increase in susceptibility due to formation of hemoglobin.) 

We have established in the previous paper2 the presence of no unpaired electrons in 
globin hemochromogen and dicyanide hemochromogen. For globin hemochromogen 
made by denaturing 32 ml. of whole blood with 10 ml. of 6iV NaOH after reduction of the 
heme: average Aw = —1.71; for dicyanide hemochromogen prepared in a similar 
manner: average Aw = —1.53; average for the two, Aw = —1.62. Measurement of 
the 6iV NaOH against water in the same tube gives Aw = —4.88, —4.95. Assuming the 
additivity of atomic diamagnetism (Wiedemann's rule), whole blood without paramag
netic constituent should give ATO = —0.58 in the tube used for the hemoglobin series. 
This value is in satisfactory agreement with the Aw values given above. The calculated 
value for blood with two unpaired electrons per heme, and independent hemes, is Aw 
= +1.52, for four, Aw = +5.69; the calculated values for the hemoglobin solutions 
are about twice as great. 

Conclusion: carbonmonoxyhemoglobin contains no unpaired electrons. 
Oxyhemoglobin.—Samples of blood A: Aw = —0.65, —0.40, —0.44, average, —0.50. 

Blood B: Aw = - 0 . 5 8 , - 0 . 6 2 , - 0 . 6 2 , average, - 0 . 6 1 . Solution C: Aw = - 0 . 4 4 , 
- 0 . 5 5 , - 0 . 5 0 , - 0 . 5 0 , average, - 0 . 50 . Solution D: Aw = - 0 . 3 8 , - 0 . 3 6 , average, 
—0.37. Oxyhemoglobin relative to carbonmonoxyhemoglobin: A, +0 .13 ; B, +0.27; 
C, +0.02; D, +0.04; calculated for two unpaired electrons on oxyhemoglobin: A, 
+2 .03 ; B, +2 .07; C, +3.74; D, +4 .11 . 

Conclusion: oxyhemoglobin contains no unpaired electrons. 
Hemoglobin.—35 ml. of blood A reduced in. differential tube by addition of from 0.4 

to 1.0 g. Na 2S 20 4 .2H 20: Aw = +7.32, 6.85, 6.98, 6.97, average, +7.03. Taking the 
mean of the oxy- and carbonmonoxyhemoglobin values ( —0.57) for Aw of diamagnetism 
of hemoglobin, the change on removing coordinating group (02 , CO) is +7.60 gm., 
corresponding to paramagnetism and a magnetic moment of 5.48 Bohr magnetons per 
heme, assuming independent hemes. (The change in diamagnetism involved in loss of 
of CO or 0 2 is negligible.) 

Blood B, reduced: Aw = +7 .21 , 7.16, 7.51, 7.22, 7.50, 7.20, 7.51, 7.06, average, 
+7.30; diamagnetic value, —0.74; change, +8.04; M = 5.58. 

Solution C, reduced: Aw = +13.09, 12.83, 12.89, 13.28, average, 13.02; diamagnetic 
value, - 0 . 4 9 ; change, +13.52; M = 5.38. 

Solution D, reduced: Aw = +14.95, 14.33, average, +14.64; diamagnetic value, 
- 0 . 3 9 ; change, +15.03; M = 5.40. 

Summary of results for hemoglobin: blood A, n = 5.48; blood B, 5.58; solution C, 
5.38; solution D, 5.40; average of the four, M = 5.46. 

Spin moment for four unpaired electrons, 4.9; for two, 2.83; for none, 0.00. Mo
ment observed for ferrous ion in solution, about 5.3; moment observed for solid Fe-
(N2H.O2CI2, 4.86. Conclusion: ferrohemoglobin has a susceptibility corresponding to four 
unpaired electrons per heme, with evidence for some magnetic interaction between the 
hemes. 

Summary.—It is shown by magnetic measurements that oxyhemoglobin 
and carbonmonoxyhemoglobin contain no unpaired electrons; the oxygen 
molecule, with two unpaired electrons in the free state, accordingly under-
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goes a profound change in electronic structure on attachment to hemo
globin. The magnetic susceptibility of hemoglobin itself (ferrohemoglobin) 
corresponds to an effective magnetic moment of 5.46 Bohr magnetons per 
heme, calculated for independent hemes. This shows the presence of four 
unpaired electrons per heme, and indicates that the heme-heme interaction 
tends to stabilize to some extent the parallel configuration of the moments of 
the four hemes in the molecule. The bonds from iron to surrounding atoms 
are ionic in hemoglobin, and covalent in oxyhemoglobin and carbonmonoxy-
hemoglobin. 

We have been helped a great deal by the advice and encouragement of 
Dr. Alfred E. Mirsky of the Hospital of the Rockefeller Institute. This 
investigation is part of a program of research on the structure of hemo
globin being carried on with the aid of a grant from the Rockefeller Founda
tion. 

1 A. Gamgee, Proc. Roy. Soc. London, 68, 503-512 (1901), and one or two more recent 
investigators have reported blood to be about as diamagnetic as water, without dis
covering the difference between arterial and venous blood. 

2 L. Pauling and C. D. Coryell, These PROCEEDINGS, 22, 159 (1936). 
3 We shall discuss the structure of ferrihemoglobin and the ferrihemochromogens in a 

later paper. 
4 L. O. Brockway and P. C. Cross, Jour. Chem. Phys., 3, 828 (1935). 
6 L. Pauling, These PROCEEDINGS, 21, 186 (1935). 
• L . Pauling, Jour. Am. Chem. Soc, 53, 1367 (1931). 
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The Magnetic Properties and Structure of Ferrihemoglobin (Methemoglobin) and 
Some of its Compounds 

BY CHARLES D. CORYELL, FRED STITT AND LINUS PAULING 

Our studies of the magnetic properties of hemo
globin derivatives containing ferrous iron,1,2 in
cluding ferroheme, several hemochrotnogens, 
hemoglobin, and cArbonmonoxyhemoglobin, led 
to the discovery that in two of these substances 
(ferroheme, hemoglobin) there are four unpaired 
electrons per heme, indicating that the bonds at
taching the iron atoms to the rest of the molecule 
are essentially ionic in character, whereas the 

(1) L. Panting and C. D. Coryell, Proc. N»». Aeai. Set., M, 189 
(1998). 

(2) L. Pauling and C. D. Coryell, mi., M, 310 (IBM). 

others contain no unpaired electrons, each iron 
atom being attached to six adjacent atoms by 
essentially covalent bonds. We have now in
vestigated ferrihemoglobin3 (acid methemo
globin), ferrihemoglobin hydroxide (alkaline 
methemoglobin), ferrihemoglobin fluoride, ferri
hemoglobin cyanide, and ferrihemoglobin hydro-
sulfide, and have found a variety in magnetic 
properties greater than that for the ferrohemo-
globm derivatives,* the magnetic susceptibilities 

(3) The aenauelatwe uud in this paper » described n r*f. S. 
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of femhemoglobin and its fluoride appear to 
correspond to five unpaired electrons per heme, 
those of the cyanide and hydrosulfide to one, and 
that of the hydroxide to three. The structural 
significance of these results is discussed in the 
last section of this paper. 

Technique of the Magnetic Measurements.—The Gouy 
method was used to determine the magnetic susceptibilities 
of solutions of hemoglobin derivatives, the difference in 
susceptibility of solution and water being measured with 
use of a glass tube divided by a glass partition into two 
compartments, one containing solution and the other 
water.* The tubes used were about 18 mm. in internal 
diameter and 30 cm. long, and were provided with ground 
glass caps for the ends and with suitable supports for sus
pension from the balance arm. Fields of about 7640 and 
8810 gausses were used; forces measured at 8810 gausses 
were changed to 7640 gausses by multiplication by the ex
perimentally determined factor 0.752, and all measure
ments made (usually four) averaged to give a mean value 
of ATO (in milligrams). Measurements were made in sev
eral tubes with slightly different diameters. Each tube was 
calibrated by the measurement of Aw for water against 
air, these values being close to 47. Experimentally deter
mined corrections have been applied for dilution and for 
the diamagnetism of added reagents. All susceptibility 
measurements were made at temperatures between 22 
and 26°. 

The concentration of each hemoglobin solution used 
was determined by reducing to ferrohemoglobin with 0.3 
or 0.6 g. of sodium hydrosulfite (for 30 ml. of solution), 
determining Aw, then saturating with carbon monoxide 
in the dark or in diffuse daylight and again determining 
Aai. The change in Aw corresponds to a change in molal 
susceptibility (per heme) of 12,430 X 10~6 c. g. s. u. at 
24°, the effective magnetic moment of ferrohemoglobin per 
heme being taken2 as 5.46 Bohr magnetons. Representing 
Aw for ferrohemoglobin solution by AwBb, that for car-
bonmonoxyhemoglobin solution by AwcoHb, and that for 
the solution being studied by Aw (these Aw's correspond
ing to the same molal concentration), the molal suscepti
bility (per heme) at 24° for the solution being studied is 
given by the equation 

x - - £ ^ ^ - l ^ - 1 0 - . c « . •.«.(!) 
and the effective magnetic moment per heme by the equa
tion 

(Aw — ArocoHb 
b / 

46 Bohr magnetons (2) 
\AwHb — AwcomJ 

Measurements of pH values were made with a Beckman 
glass-electrode pK meter generously furnished by Profes
sor A. O. Beckman of these Laboratories. As a standard 
0.05 M potassium hydrogen phthalate solution, pB. 3.97, 
was used. Corrections were applied in alkaline solutions 
for error due to sodium and potassium ions present as 
recommended by the manufacturer of the instrument. 

Preparation of Ferrihemoglobin Solutions.—In the pre
liminary work ferrihemoglobin solutions were prepared by 
oxidation of oxyhemoglobin solutions with potassium ferri-

(4) S. Freed and C. Kasper, Phys. Ret., 36, 1002 (1930). 

cyanide, the excess of this reagent then being converted 
to ferrocyanide (which has zero magnetic moment) by the 
addition of sodium sulfite, which does not reduce ferri
hemoglobin. I t was also found that on addition to oxy
hemoglobin solutions of sodium hydrosulfite and then of 
potassium ferricyanide the hemoglobin is oxidized to ferri
hemoglobin and the excess ferricyanide reduced to ferro
cyanide by the sulfite formed earlier by oxidation of the 
hydrosulfite by oxyhemoglobin. 

In order to avoid the possibility of magnetic effects of 
the added iron the following very satisfactory method of 
preparing ferrihemoglobin solutions was developed, in
volving the auto-oxidation of oxyhemoglobin solutions 
at pB. 4.8 to 5.3. Corpuscles obtained by centrifuging 
bovine blood are washed three times with 0.14 M potas
sium chloride solution, laked with ether, and centrifuged, 
the ether then being removed by bubbling air through the 
solution. To this solution enough 6 N lactic acid solution 
is added (about 16 ml. per liter) to bring the pH. to about 
4.9. At this pH. the auto-oxidation reaction is complete 
after the solution has remained for forty-eight hours at 
room temperature. The solution, now at pH. about 5.15, 
is brought to pH. 7.0 by the addition with vigorous stirring 
of 1 N potassium hydroxide solution and centrifuged to 
remove the small amount of denatured protein formed 
during acidification. For different preparations used in 
this work the concentration of ferrihemoglobin, determined 
magnetically as described above, ranged from 0.0113 to 
0.0176 formal in heme-iron. 

By following the concentration of oxyhemoglobin mag
netically it was found that in twenty-four hours at pH. 5.2 
and temperature 22° the amount of oxyhemoglobin present 
had fallen to 1 % of its initial value ;6 in order to ensure com
pletion of the reaction it is recommended that the solution 
stand for another twenty-four hours. 

Ferrihemoglobin and Ferrihemoglobin Hy
droxide.—The pronounced change in spectrum 
of ferrihemoglobin solutions accompanying change 
in pH from the acid to the alkaline range corre
sponds to the addition of hydroxyl ion to ferri
hemoglobin (acid methemoglobin) to form ferri
hemoglobin hydroxide (alkaline methemoglobin). 
Spectrophotometric studies of this reaction made 
by Austin and Drabkin6 have shown that the 
amounts of substances present at intermediate 
pH values correspond closely to the equilibrium7 

HbOH -7-*- Hb+ + O H - (3) 

In Table I there are given magnetic data for 
ferrihemoglobin solutions of low ionic strength 

(5) The reaction is approximately first-order in oxyhemoglobin 
and first-order in hydrogen ion; the rate-determining step may be 

Hb02 + H+ — > Hb+ + H0 2 

with the production of hydrogen superoxide. The temperature co
efficient of the rate is high, about 5 for 10°. 

(6) J. H. Austin and D. L. Drabkin, J. Biol. Chem., 112, 67 
(1935); see also F. Haurowitz, Z. physiol. Chem., 138, 68 (1924). 

(7) We use the symbol H b + to represent the amount of ferri
hemoglobin containing one heme, and HbOH, Hb, HbOa, etc., to 
represent corresponding amounts of ferrihemoglobin hydroxide, 
ferrohemoglobin, oxyhemoglobin, etc., respectively. 
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in the pH range 6.7 to 12.0. The data represent 
experiments made with three solutions, A, B 
and C. Two of these, A and B, were prepared 
by the lactic acid auto-oxidation method de
scribed above, and the third by a similar method, 
hydrochloric acid being used for acidification in 
place of lactic acid. The results for the three 
solutions show no differences greater than the 
experimental error. The hemoglobin concentra
tion of each solution was determined by the ferro-
hemoglobin-carbonmonoxyhemoglobin magnetic 
method. 

TABLE I 

MAGNETIC SUSCEPTIBILITY OP FERRIHEMOGLOBIN SOLU

TIONS OF Low IONIC STRENGTH 

Solution pH Xmolal'1080 Solut ion pH Xmolal' 

B 6.73 13,975 A 8.32 10,790 
B 6.73 13,800 A 8.32 10,840 
B 6.73 14,010 A 8.34 10,930 
B 6.73 13,980 A 8.49 9,950 
A 6.86 13,900 A 8.57 9,835 
A 6.86 13,760 A 8.60 9,890 
A 6.86 13,620 A 8.61 9,620 
A 6.86 13,725 A 8.63 9,660 
A 6.86 13,630 C 8.97 9,080 
A 6.86 14,000 A 9.02 8,960 
A 6.86 13,770 A 9.06 9,250 
A 6.86 13,820 A 9.54 8,775 
A 6.86 13,900 A 9.61 8,340 
C 6.88 13,730 A 9.82 8,730 
C 6.88 13,630 C 10.01 8,420 
C 6.88 13,450 A 10.02 8,020 
C 6.88 13,630 A 10.30 8,040 
C 6.88 13,730 B 10.78 8,765 
A 7.05 13,785 A 10.81 8,380 
A 7.34 13,220 B 10.82 8,310 
C 7.69 12,190 B 10.90 8,470 
A 7.87 12,080 A 10.92 8,355 
A 7.87 12,200 A 11.73 8,150 
A 8.12 11,320 

xHb+10« = 14,060 * 50. 
XHboH-10« = 8350 ± 90. 
pKuhou = 8.15 * 0.C2. 
Ionic strength at pB. 8.15 = 0.20. 

" Paramagnetic contribution to susceptibility per mole of 
heme. 

A portion of ferrihemoglobin solution was 
placed in one compartment of a tube and Aw 
determined. Successive small portions of po
tassium hydroxide solution (0.87 N) were then 
added with vigorous stirring, the values of £H and 
Aw being determined after the addition of each 
portion. The values of Aw were corrected for 
dilution and the diamagnetism of reagents, and 
converted into Xmoiai. the paramagnetic con
tribution to the susceptibility per mole of heme, 

by means of equation 1. The data of Table I 
are shown by the open circles in Fig. 1. 

The ionic strength of the hemoglobin solutions, 
due in part to the salts originally in solution in the 
erythrocytes and in part to added acid and base, 
changes somewhat with change in pB., the values 
at pU 7, 8 and 9 being about 0.17, 0.20 and 0.23, 
respectively. The contribution of hemoglobin to 
the ionic strength was ignored. 

The data for these solutions represent a typical 
titration curve, the molal susceptibility changing 
rapidly over the range pH. 7 to 9.5 from an asymp
totic value of about 14,000-10 ~6, representing 
ferrihemoglobin, Hb+, to an asymptotic value of 
about 830040-6, representing ferrihemoglobin 
hydroxide, HbOH. Using these estimated asymp
totes to calculate concentrations of Hb+ and 
HbOH, it is found that the experimental points 
when plotted on a graph of log ([Hb+]/[HbOH]) 
against pH. lie close to a straight line, with slope 
unity to within about five per cent., showing that 
the reaction is first-order in hydroxyl ion, as was 
reported by Austin and Drabkin. A theoretical 
susceptibility curve was fitted to the experimental 
points of Fig. 1 by the following procedure. The 
equilibrium constant iTHboH for the reaction 

HbOH 7 » Hb+ + OH-

is related to the mole fraction x of total ferri
hemoglobin in the form Hb + by the equation 

log */(l - z) = p-KsboH - pH (4) 

in which pKHhcm is log (-KHDOH/KW). with X w 

the equilibrium constant for the ionization of 
water. The value of the molal susceptibility x as 
a function of pH is then given by the expression 

X = WCHb + ( 1 — *>XHbOH ( 5 ) 

in which x is determined by equation 4. With 
XHboH. XHb+ and pKSbOK as variable para
meters, this equation was fitted to the experi
mental points in such a way as to minimize the 
mean deviation from the curve. The final curve 
was found to have XHt>oH = 8350 =«= 90-10-6, 
XHb* = 14,060 =«= 50-10"6, and pKnbOH = 8.15 ± 
0.02, the indicated probable errors for the suscepti
bility values being half the mean deviations and 
that for pKnb0n being an estimated value. 

The data given in Table II and represented by 
the solid circles in Fig. 1 were obtained with a 
solution, D, to which potassium chloride had 
been added, the ionic strength being increased in 
this way to the value 1.3 (at pU 8.56). These 
data also are well represented by a curve corre-
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Fig. 1.—The dependence of the magnetic susceptibility of ferrihemoglobin solutions on pl£: O, solutions of low 
ionic strength, Table I; • , solutions of high ionic strength, Table II ; 9 d>, solutions in low pB. range, Table III ; 
9, solutions of low ionic strength with added fluoride, Table IV; 9, solutions of high ionic strength, with added 
fluoride. Table V. 

sponding to equations 5 and 4, the values of the 
parameters for the curve giving the best fit being 
XHbOH = 8320 * 60-10-e, XHb+ = 14>ooo * 70-
10-6, and £KHboH = 8.56 ± 0.02. 

TABLE I I 

MAGNETIC SUSCEPTIBILITY 

# H 

7.14 
7.15 
7.16 
7.15 
7.15 
7.15 
7.20 
7.61 
7.86 
8.16 
8.20 
8.55 

Xm>W0« -
^HbOH-lO* 

OF FBRRIHBMOGLOBIN SOLU-
TIONS OP HIGH IONIC STRENGTH 

Solution D 
XmoUl-10* 

13,530 
13,880 
13,650 
13,760 
13,790 
13,720 
13,670 
13,700 
13,190 
12,620 
12,120 
11,050 

= 14,000 * 70. 
= 8320 * 60. 

* H 

8.62 
8.69 
9.17 
9.72 
9.78 

10.11 
10.22 
10.56 
10.66 
11.40 
11.43 

XmolarlO' 

11,070 
10,940 
9,350 
8,850 
8,780 
8,500 
8,500 
8,325 
8,220 
8,480 
8,080 

pK-a = 8.56 * 0.02. 
Ionic strength at pB. 8.56 = 1.3. 

The values found for XHbOH and XHb+ m solu
tions at high and low ionic strength are in ex
cellent agreement. For XHb+ we accept the 
average value 14,040-10 ~8, giving double weight 
to the asymptote of curve I. For XHbOH we 
obtain the mean value 8340-10-6 by considering 
in addition to the two values 8350-10 ~6 and 

8320-10~s discussed above the values 8370-10-6 

and 8320-10"' obtained from solutions containing 
fluoride ion, discussed in the following section. 
The structural interpretation of the susceptibility 
values will be considered in the concluding section 
of the paper, 

The equilibrium constant -KubOH is depend
ent on the ionic strength of the solution, pKsbos 

changing from 8.15 to 8.56 with increase in ionic 
strength from 0.20 to 1.3. This dependence was 
observed by Austin and Drabkin, who found that 
pKKb0ji could be represented approximately by 
the equation 

P'K.MbOB. = constant •+• a-^ji (6) 

in which n is the ionic strength, the value for a 
being about 0.6. Our measurements support 
this,8 the change for curves I and II corresponding 
to a = 0.59. 

The value pKnb0H = 8.12 ± 0.01 reported by 
Austin and Drabkin for canine hemoglobin at 
ionic strength 0.10 agrees reasonably well with 
our value 8.15 * 0.02 at ionic strength 0.20 
(corresponding to 8.07 at ionic strength 0.10) 
for bovine hemoglobin; complete agreement 
would, of course, not be expected for hemoglobins 
from different species. 

It has been reported by Drabkin and Austin 
(8) An experiment carried oat Involving the determination of 

change in Aw and £B for a portion of solution A, initially at i>H 
S.57, on the addition of successive portions of potassium chloride 
solution led to rough verification of the form of equation 6. 
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that ferrihemoglobin solutions become turbid at 
pH values less than 6. Two series of magnetic 
experiments were made in this pH range. In the 
first series a portion of solution A was made more 
and more acid by the addition, with rapid stirring, 
of successive small portions of 1 N hydrochloric 
acid solution, values of pH and Aw being deter
mined after each acidification. These data are 
given in Table III and shown by the horizontally 
barred circles in Fig. 1. The formation of a 
small amount of coagulum in the acid solution 
was noticed; in order to eliminate possible error 
due to this coagulation, the following series of 
measurements was made. A portion of solution C 
was brought to pH 5.2 by the addition of hy
drochloric acid, and centrifuged to remove the 
coagulum formed on acidification. The solution 
obtained in this way (solution E) was then made 
more and more alkaline by the addition of small 
portions of potassium hydroxide solution, values 
of pH and Aw being determined at each step. 
No coagulum was formed during this treatment. 
The ferrihemoglobin concentration, made un
certain by the loss of the coagulum resulting from 
the initial acidification, was determined by identi
fying the measured susceptibility at pH 7.25 
(the most alkaline point) with that corresponding 
to the theoretical curve I. The data obtained in 
this way, given in Table III and represented in 
Fig. 1 by vertically barred circles, are in reason
ably good agreement with those obtained by 
acidification. The measurements correspond to 
a decrease of about 5% in molal susceptibility in 
very acid solutions. 

TABLE II I 

MAGNETIC SUSCEPTIBILITY OP FERRIHEMOGLOBIN SOLU

TIONS OF l o w IONIC STRENGTH IN ACID SOLUTIONS 

Solution pH Xmolal'101 Solution <>H XmoiarlO* 

A 4.92 13,280 A 5.84 13,580 
A 5.12 13,130 A 6.20 13,595 
A 5.14 13,050 A 6.36 13,750 
E 5.20 13,470 E 6.40 13,870 
E 5.23 13,470 E 6.41 13,870 
A 5.30 13,340 A 6.83 13,815 
E 5.82 13,670 E 6.88 13,600 
E 5.83 13,670 E 7.25 (13,410) 

Ferrihemoglobin Fluoride.—The absorption 
spectrum of an acid ferrihemoglobin solution is 
changed in a pronounced manner by the addition 
of fluoride, indicating the formation of a com
pound. A crystalline compound was prepared 
and analyzed by Haurowitz,9 who reported the 

(9) F. Haurowitz, Z. physiol. Ckem., MS, 88 (1924). 

substance to contain one atom of fluorine per 
atom of iron. Our magnetic studies have verified 
this, and have led to the evaluation of the equi
librium constants for the reactions 

HbF + OH-; 
HbF-

and (7) ; HbOH + F" 
: H b + + F " 

The data given in Tables IV (for solutions 
A, B, C) and V (for solution D) were obtained by 
adding 0.5 g. of sodium fluoride to a 32-ml. por
tion of ferrihemoglobin solution and adding small 
portions of 0.87 N potassium hydroxide solution, 
with vigorous stirring, pH. and Aw being deter
mined after the addition of each portion. The 

TABLE IV 

MAGNETIC SUSCEPTIBILITY OP FERRIHEMOGLOBIN SOLU

TIONS OP Low IONIC STRENGTH WITH ADDED FLUORIDB 

Solution pn JCmol«rl0« Solution pH JtmolallO1 

A 5.2 14,430 A 8.12 14,355 
C 5.4 14,430 A 8.29 14,620 
A 6.90 14,620 A 8.82 13,700 
A 6.90 14,510 A 9.30 12,590 
A 6.90 14,410 A 9.93 10,820 
A 6.90 14,845 A 9.94 10,280 
B 7.0 14,730 A 10.34 9,500 
B 7.0 14,520 A 10.66 9,060 
C 7.0 14,480 A 11.13 8,900 
C 7.0 14,480 A 11.69 8,210 
A 7.46 14,530 A 12.0 8,115 
A 7.68 14,790 

XHM?-10« = 14,630 * 70 (uncorr.), 14,660 ± 70 (corr.). 
XHbOH-100 = 8370 ± 140. 
PKOH.T = 9.63 ± 0.01 (uncorr.), 9.65 ± 0.01 (corr.). 
Ionic strength a t pn 9.63 = 0.54. 
[F~] = 0.34 at pK 9.63. 

TABLE V 

MAGNETIC SUSCEPTIBILITY OF FERRIHEMOGLOBIN SOLU

TIONS OF HIGH IONIC STRENGTH WITH ADDED FLUORIDE 

Solution D 
*H Xmolal-10« # H Xmolal'lO1 

7.18 14,640 9.11 12,780 
7.24° 14,270 9.22 12,680 
7.25 14,490 9.73 11,030 
7.25 14,520 10.07 10,360 
7.29 14,430 10.23 9,440 
7.96 14,430 10.42 9,350 
8.07 13,900 10.98 8,690 
8.366 14,570 11.10 8,530 
8.41 13,880 11.22 8,290 
8.94* 13,190 11.50 8,425 

XabF-106 = 14,500 ± 80 (uncorr.), 14,550 ± 80 (corr.). 
XHboH'lO8 = 8320 ± 40. 
pKon.v = 9.60 ± 0.01 (uncorr.), 9.64 ± 0.01 (corr.). 
Ionic strength at pB. 9.60 = 1.6. 
[ F - ] = 0.34 at pU 9.60. 
" By adding 1 N HC1 to solution of pn 10.98. h By 

adding 1 N HC1 to solution of pK 9.22. 
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points for solutions A, B and C, with low ionic 
strength (0.54 a t pK 9.6), and those for solution 
D, with high ionic strength (1.6 at pB. 9.6), lie 
close to the same curve, showing that there is no 
appreciable salt effect for the reaction. This 
provides support for the postulate that the reac
tion consists essentially in the conversion of 
ferrihemoglobin fluoride into ferrihemoglobin hy
droxide (eq. 7), for which no appreciable salt 
effect would be expected. Further evidence for 
equation 7 will be mentioned later. 

The molal susceptibility values of Tables IV 
and V can be approximated closely by curves of 
the type used above for the ferrihemoglobin-
ferrihemoglobin hydroxide equilibrium. For re
action 7 the equilibrium constant -STOH.F has the 
value 

XOH,F = [HbOH][F-]/[HbF][OH-] (9) 

and the molal susceptibility is given by the 
equation 

x = yxnbF + (1 - :y)xHbOH (10) 
in which y is the mole fraction of total ferrihemo
globin in the form of ferrihemoglobin fluoride, 
given by the equation 

log y/il - y) = pK0K,v - pH (11) 

in which pKoa-F is - l o g (KOH:FKw/[F-]). The 
asymptotes of the curves which fit the data most 
closely are 14,630-K)-6 and 8.370-10-6 for solu
tions A, B and C, and 14,500-10~6 and 832O10-6 

for solution D. The values 8370-10-6 and 
8320-10-6, representing XHbOH. a r e in excellent 
agreement with the values 8350-10 ~6 and 8320-
10~6 found for solutions without added fluoride. 

The values for the other asymptote represent 
molal susceptibility not of ferrihemoglobin fluo
ride itself but of ferrihemoglobin fluoride con
taining a small fraction of ferrihemoglobin (Hb + ) . 
From the equilibrium constants given below the 
values of the concentration ratio [Hb+]/[HbF] 
are found to be 0.047/0.953 for solutions A, B 
and C, and 0.094/0.906 for solution D. Using 
these ratios and the known value of xm>+ to 
correct for the ferrihemoglobin present, the values 
XHbF = 14,660 ± 70-10-6 and 14,550 ± 80-10-6 

are obtained; we accept for XHbF the mean of 
these closely agreeing values, 14,610-10-6. 

The values 9.63 and 9.60 for pKOHiF given by 
the curves lead on similar consideration of the 
[Hb+]/ [HbF] ratio to the corrected values 9.65 
and 9.64, which agree to within their estimated 
probable error of 0.01. Introducing the values 
of [F- ] (0.34 at pB 9.6) and Kw (lO"14-01), we 

obtain for the equilibrium constant KORiF at 
24° the value 0.78-104. 

The equilibrium constant i ? H b O H for reaction 
3 is given by the equation 

log Knb0u 6.12 + 0.59 VM (12) 

Combining with this the value of K0H,F> we ob
tain for ifHbF, the equilibrium constant for the 
reaction 

H b F ^ ± : H b + + F - (13) 
the expression 

log î HbF = -2.23 + 0.59 Vji (14) 
Three sets of measurements were made to test 

these equilibrium constants by direct titration 
with potassium fluoride solution. In the first 
run a portion of solution A was brought to pH 
8.60, and values of pH. and Aw were measured 
after the addition of successive small portions 
of known volume of 2.00 / potassium fluoride 
solution. The average of nine values of KHbF 

corresponding to the nine added portions of fluo
ride solution is 0.0145, with a mean deviation of 
0.0012; this value is in good agreement with 
the value 0.013 given by equation 14 for ju = 
0.34. When the formality of fluoride in the 
solution had reached 0.28, the pB was observed 
to have changed to the value 8.89, an increase of 
0.29; this agrees well with the calculated change 
in pB expected because of the replacement of 
hydroxyl in ferrihemoglobin hydroxide by fluo
rine, 0.30. A less reliable set of six measurements 
made on solution D a t pB 8.6 gave the average 
value 0.049 for KsbF. This is somewhat larger 
than the value 0.029 given by equation 14 for 
n = 1.4, perhaps because of experimental error, 
the total change in Aw values during the run 
being less than 1 mg. A set of five measurements 
made on solution A a t pB 6.2 gave for KubF the 
average value 0.008, somewhat lower than the 
value 0.010 expected for ju = 0.22; the difference 
may be due to error in the measurement of Aw, 
which changed by only 0.40 mg. during the run. 

A determination of the value of KHbF by a 
spectrophotometric method has been reported by 
Lipmann.10 The value found, about 0.015, for 
a solution of swine hemoglobin of uncertain ionic 
strength agrees with tha t calculated from equa
tion 14 with n given the reasonable value 0.5. 
Lipmann also reported a decrease of the constant 
in very acid solutions. 

Ferrihemoglobin Cyanide.—Crystalline ferri
hemoglobin cyanide was first obtained by Zey-

(10) F. Lipmann, Biochem. Z., 106, 171 (1929). 
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nek,11 who by analysis showed the substance to 
contain one cyanide per heme. We have verified 
this by titration of a ferrihemoglobin solution with 
cyanide. The data represented in Fig. 2 were 
obtained with a solution containing equal volumes 
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Fig. 2.-
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Ml. of 0.964/ KCN. 

The magnetic titration of ferrihemoglobin with 
potassium cyanide at pH 6.75. 
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X 

of ferrihemoglobin solution B and a phosphate 
buffer, the pH of the solution being 6.75. To 
31.25 ml. of this solution there was added from a 
1-ml. glass syringe graduated in hundredths 
successive measured volumes (0.050 ml.) of 
0.964 / potassium cyanide solution. 
When the molal susceptibility is 
plotted against the amount of cy
anide added the first five points 
fall close to a straight line and the 
last four to a horizontal straight 
line. The intersection of these 
lines occurs at 0.235 ml., which 
agrees to within the experimental 
error with the value 0.236 ml. cal
culated for one cyanide per heme. 
The value found for XHbCN m this 
experiment is 2520-10-6. A simi
lar experiment performed at pH 
10.8 gave similar results. 

In order to determine the molal 
susceptibility of ferrihemoglobin 
cyanide accurately sets of duplicate 
measurements were made with un
buffered solution B at pH 6.7 and with solution 
B.brought to pH 10.9 by the addition of potas
sium hydroxide solution, an excess of potassium 
cyanide solution being added in each case. The 
values found for XHbCN'106 are 2590 and 2620 at 

(11) R. v. Z«ynek, Z. Physiol. Chem., 33, 426 (1901). 

8,000 

4,000 

pH. 6.7 and 2630 and 2590 at pH 10.9. There is 
accordingly no dependence of XHI.CN

 o n PH. The 
average of the measured values is 2610-10 ~6. 
Values approximating this were also obtained in 
several preliminary measurements and in measure
ments made incidental to other experiments. 

In order to obtain an approximate value for 
the equilibrium constant .rvHbCN for the reaction 

HbCN 5Z?: Hb+ + CN" (15) 
two cyanide titration experiments were made 
with ferrihemoglobin solution B brought to pH 
4.77 by the addition of an equal volume of an 
acetate buffer solution 2 M in acetic acid and 2 M 
in sodium acetate. A portion of the solution was 
placed in one compartment of a tube, which was 
then closed with a thin rubber stopper. Portions 
of 0.964 / potassium cyanide solution were then 
added by means of a syringe, the needle being 
inserted through the rubber stopper, and Aw 
values were measured. The corresponding values 
of Xmoiai for the two runs are shown in Fig. 3. 
When about one-half of the stoichiometric 
amount of cyanide has been added it is almost 
entirely in the form of HbCN. With larger 
amounts of cyanide the formation of HbCN is 
incomplete, the amount of cyanide present as 
HCN becoming appreciable. The ratio [CN - ] / 

0 

p 

0 0.10 0.40 0.50 0.60 0.20 0.30 
Ml. of 0 .964 /KCN. 

Fig. 3.—The magnetic titration of ferrihemoglobin with potassium cyanide 
at />H 4.77. 

[HCN] is about 10-4, so that the equilibrium 
measured is essentially 

Hb+ + HCN ^ ± ! HbCN + H* (16) 
The experimental points lie close to the theoretical 
equilibrium expression, represented by the curve 
in Fig. 3; the value found for the corresponding 

http://xhi.cn
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equilibrium constant (presumably essentially in
dependent of ionic strength) is 18. This value 
multiplied by the ionization constant of HCN, 
2.0-10-9, gives for -KHbCN the value 3.6-10-*, a t 
zero ionic strength.12 The dependence on ionic 
strength is probably nearly the same as for 
^HbOH and i^HbF; we hence write for -KHbCN 
the equation 

log KsbCs = -7.44 + 0.59 VM (17) 

Ferrihemoglobin Hydrosulfide.—It was dis
covered by Keilin13 t ha t ferrihemoglobin forms a 
compound with hydrogen sulfide,14 containing one 
sulfur a tom per heme. By analogy with other 
compounds of ferrihemoglobin we consider it 
likely tha t this compound is ferrihemoglobin 
hydrosulfide, HbSH. 

Solutions of ferrihemoglobin hydrosulfide made 
by addition of sodium hydrosulfide to ferrihemo
globin solution buffered to pH values in the range 
5 to 7 were found to decompose rapidly, appar
ently undergoing auto-reduction to ferrohemoglo-
bin, as shown by its spectrum and molal suscepti
bility and by the spectrum (that of oxyhemoglo
bin) observed after air is admitted to the solution. 
In order to evaluate xmsH the following experi
ments were performed. To a portion of ferri
hemoglobin solution B an equal volume of acetate 
or phosphate buffer was added. About 30 ml. 
of the solution was then placed in a compartment 
of a tube, which was closed with a thin rubber 
stopper, and 0.5 ml. (or, in one experiment, 0.1 
ml.) of 4 / sod ium hydrosulfide solution was added 
through the stopper with a syringe. The tube 
was then placed in position, and readings of Aw 
were taken a t intervals of about two minutes, the 
first being made about six minutes after the 
addition of the hydrosulfide. The measured 
values of Aw correspond to a rapid increase of the 
molal susceptibility with time, x being a t first 
linear in / and then approaching an asymptote. 

(12) An effort to check this result was made by determining mag
netically the ratio ferrihemoglobin-ferrihemoglobin cyanide in a so
lution in equilibrium with solid silver cyanide and solid silver chlo
ride. Three measurements, made with concentrations 0.20, 0.43 
and 1.00 / of chloride ion, gave (or the ratio [Hb+]/[HbCN] the 
values 0.20, 0.093 and 0.040, respectively. Taking 1.710-10 as the 
solubility product of AgCl and 7-10"" as that of AgCN [as given by 
M. Randall and J. O. Halford, T H I S JOURNAL, 52, 178 (1930)], 
these measurements lead to KHbCN ~ 1.610~«, in rather poor agree
ment with the value 1-10-7 given by equation 17. It is possible that 
the disagreement is due to error in the solubility product of AgCN, 
inasmuch as an older value 4.5-10~17 [Bodlander and Eberlein, Z. 
anorg. Chem., 39, 197 (1904)] leads to KHbCN - M0" ' . 

(13) D. Keilin, Proc. Roy. Soc. (London), BUS, 393 (1933). 
(14) Keilin emphasized the fact that this compound is different 

from the green substance formed from ferrohemoglobin in the pres
ence of hydrogen sulfide and oxygen. 

The data are represented by the theoretical ex
pression for a reaction first order with respect 
to HbSH, with the asymptotic value of Xmoiai 
equal to tha t for ferrohemoglobin. To evaluate 
XHbSH the susceptibility values over the nearly 
linear portion of the curve were extrapolated to 
zero time; for four solutions, with pU. 5.1, 5.7, 
5.7, and 7.0, respectively, the values 2240, 2110, 
2260 and 1930.10-6, average 2140-10-6, were 
obtained. A value for the dissociation constant 
of the substance is not provided by our d a t a . " 

The rate constant k = -d ( ln [HbSH]) /d« has 
the approximate value 5-10 - 3 (with t measured 
in minutes), the observed values of &-103 being 
5.0 a t pR 5.08, 12.0 at pB. 5.73, 5.2 at pH 7.02, 
and 3.0 a t pB. 5.73. (The third experiment was 
made with phosphate buffer, the others with 
acetate buffers; the fourth was made with 0.1 ml., 
the others with 0.5 ml. of 4 / sodium hydrosulfide 
solution added.) I t is seen tha t no more than 
about 2-fold variation was observed over the 
pH. range 5.1 to 7.0, and tha t the rate seems to 
increase with increase in the concentration of 
hydrosulfuric acid. 

The Interpretation of the Molal Susceptibility 
Values 

The values of the paramagnetic part of the 
molal susceptibility (per heme) a t 24° of the 
substances studied in this investigation are col
lected in Table VI. If it be assumed tha t these 
values result from the independent orientation 
of the magnetic moments of the hemes and that 
Curie's law is applicable, they correspond to the 
values of the magnetic moment /*, in Bohr mag
netons, shown in the last column of the table, 
calculated with the equation 

M = 2.84 VXmoUl T 

in which T is the absolute temperature. 

TABLE VI 

V A L U E S O F T H E P A R A M A G N E T I C M O L A L S U S C E P T I B I L I T Y 

AND E F F E C T I V E M A G N E T I C M O M E N T ( P E R H E M E ) O F 

F E R R I H E M O G L O B I N AND S O M E O F I T S C O M P O U N D S 

XmoWl0«° ifi 

Ferr ihemoglobin , H b + 14,040 5 . 8 0 
Ferr ihemoglobin hydroxide , H b O H 8,340 4 . 4 7 
Ferr ihemoglobin fluoride, H b F 14,610 5 . 9 2 
Ferr ihemoglobin cyanide , H b C N 2,610 2 . 5 0 
Fer r ihemoglobin hydrosulfide, H b S H 2,140 2 . 2 6 

* A t 24° . b I n Bohr magne tons . 

(IS) Keilin performed experiments to determine this dissociation 
constant. No mention of the auto-reduction reaction which we ob
served is made in his paper. 
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The possibility should be considered that the 
moments of the four hemes in a molecule of mo
lecular weight 68,000 are not oriented independ
ently, but instead are combined to a resultant 
constant moment for the molecule, with magni
tude twice that given for y, in the table. This 
possibility was discussed in connection with ferro-
hemoglobin,2 and reasons were advanced for re
jecting it in favor of the alternative simple in
terpretation in terms of hemes which interact 
with one another only weakly; it was suggested 
that the observed effective moment per heme 
for ferrohemoglobin, 5.46, is somewhat larger 
than the expected value for four unpaired elec
trons (spin moment alone, 4.90; expected orbital 
contribution, about 0.1 to 0.4) because of a partial 
stabilization of parallel orientations of the heme 
moments through heme-heme interaction. Some 
of the arguments advanced in support of this 
interpretation for ferrohemoglobin are applicable 
to ferrihemoglobin and its compounds also, and 
we have, moreover, been able to interpret the 
susceptibility values in a reasonably satisfactory 
manner on this basis and not on the basis of 
constant moments for the four-heme molecules; 
hence we believe that in these substances too the 
heme moments are entirely or almost entirely 
independent of one another.16 

The effective moment per heme observed for 
ferrihemoglobin fluoride is 5.92, which is identical 
with the theoretical spin moment for five un
paired electrons, 5.917. Moreover, for five un
paired d electrons the total moment is equal to 
the spin moment, the orbital contribution vanish
ing because of the occupancy of each orbit in the 
subgroup by one electron; there is actually very 
close agreement between the theoretical spin 
moment and the experimental values for iron-
group ions and complexes with five unpaired 
electrons, representative observed moments being 
5.94 for Mn++ and 5.86-5.98 for Fe+++ in aqueous 
solution, 5.88 for the fluoferriate complex [Fe-
F6]=, and 5.91 for the complex [FeF6-H20]-. 
The observed moment for ferrihemoglobin fluo
ride shows that in this substance, as in the fluo
ferriate complex, the bonds from iron to the sur
rounding atoms (fluorine, the four porphyrin 
nitrogens, one globin nitrogen atom) are essen
tially ionic in character. 

The effective moment per heme for ferrihemo-

(16) The possibility that the moments of the hemes in pasri are 
combined to constant resultants also seems unlikely to us. 

globin itself, 5.80, shows that in this complex too 
the bonds from the iron atom to the surrounding 
atoms are essentially ionic. It is possible that the 
coordination number of iron is here only five; 
it seems to us probable, however, that the sixth 
octahedral position is occupied by a water mole
cule,17 the complex being [HbOH$]+ rather than 
Hb+ . The transition to ferrihemoglobin hy
droxide would then involve loss of a proton 
(with change in bond type—v. infra) rather than 
addition of an hydroxyl ion. 

The difference18 between the observed moment 
5.80 and the theoretical value 5.92 we attribute 
to heme-heme interaction operating to stabilize 
configurations in which the heme moments are 
opposed. Why the interaction should decrease 
the effective moment of ferrihemoglobin, increase 
that of ferrohemoglobin, and leave that of ferri
hemoglobin fluoride unchanged we do not know. 

The observed decrease in susceptibility (by 
about 5%) of ferrihemoglobin solutions in the 
low pTS. range may be due to change in the 
heme-heme interactions. Further experimental 
data are needed before a reliable explanation of 
this phenomenon can be given.19 

The susceptibilities of ferrihemoglobin cyanide 
and ferrihemoglobin hydrosulfide correspond to 
the effective heme moments 2.50 and 2.26, re
spectively. These are close to the value expected 
for one unpaired electron (1.732 plus an orbital 
contribution of 0.3 to 0.5), showing that in these 
molecules two d orbitals of each iron atom are 
involved in covalent bond formation. Without 
doubt the structures are similar to that of the 
ferricyanide ion20 (with /i = 2.33), the iron atom 
being attached by essentially covalent bonds to 
six surrounding atoms arranged octahedrally, 
consisting of the four porphyrin nitrogens, one 
globin nitrogen, and the carbon of cyanide or 
sulfur of hydrosulfide. The observed moments 

(17) It is of interest that one fluorine in [FeFa]" is easily replaced 
by a water molecule, forming FeFs-JfcO". 

(18) The reality of the difference is shown by the directly observed 
increase in susceptibility of ferrihemoglobin solution on the addition 
of fluoride. 

(19) During the cyanide titrations it was observed that in solutions 
heavily buffered (with acetate) at £H 4.8 the molal susceptibility of 
ferrihemoglobin has the value 14,020-10'•, which agrees well with 
the asymptotic value given by the curves rather than with the 
values observed for unbuffered solutions. 

(20) We have made a determination of the molal susceptibility of 
potassium ferricyanide in solution by the differential method, the 
diamagnetic correction being made by using the susceptibility of the 
ferrocyanide solution obtained by reduction with sodium sulfite. 
Five measurements made at concentrations of 0.608 and 0.304 / 
gave for the paramagnetic molal susceptibility at 22.0° the value 
2280 =t 1010- ' , corresponding to ji = 2.33 =*= 0.01 Bohr magnetons. 
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are somewhat higher than expected, indicating 
some heme-heme interaction; it is possible, on the 
other hand, tha t the orbital contribution is greater 
than usual. 

None, or one, or two of the 3d orbitals of triva-
lent iron atom in a complex may be involved in 
covalent bond formation, the number of un
paired electrons being five, three, or one, respec
tively, and the moment 5.92, about 4.2, or about 
2.0 Bohr magnetons. Many complexes of the 
first type and many of the third type are known, 
whereas iron complexes of the intermediate type 
are very rare.21 Ferrihemoglobin hydroxide ap
parently is of this type; the observed effective 
moment 4.47 is only slightly larger than that 
expected for three unpaired electrons (spin mo
ment 3.88, orbital contribution about 0.4). 

The nature of the bonds in this complex is 
somewhat uncertain, since, although the value 
of the magnetic moment is tha t which is associated 
with square coordination (as in nickel protopor
phyrin1), there is little doubt tha t the configura
tion about the iron atom is octahedral. Four 
dsp2 covalent bonds directed to the corners of 
a square would utilize one d orbital; in ferri-

(21) Measurements of x made by L. Cambi and A. Cagnasso, 
Rend. 1st. Lombardo Set., 67, 741 (1934), for complexes of Fe(CNS)s 
and Co(CN)a with o-phenanthroUne and 2,2'-bipyridyl indicate 
structures of this type. 

hemoglobin hydroxide it is probable tha t these 
four covalent bonds resonate among the six 
adjacent atoms, each of which is then attached 
to the iron atom by a bond with roughly two-
thirds covalent character (or perhaps somewhat 
less). 

Summary 

Magnetic measurements a t approximately 24° 
of solutions of ferrihemoglobin and some of its 
compounds have been made, leading to values of 
the paramagnetic part of the molal susceptibility 
which correspond to the following values of the 
effective magnetic moment per heme, in Bohr 
magnetons: ferrihemoglobin, 5.80; ferrihemo
globin hydroxide, 4.47; ferrihemoglobin fluo
ride, 5.92; ferrihemoglobin cyanide, 2.50; ferri
hemoglobin hydrosulfide, 2.26. For ferrihemo
globin and its fluoride these correspond to five un
paired electrons per heme, indicating essentially 
ionic bonds; for the cyanide and hydrosulfide to 
one, indicating essentially covalent bonds; and 
for the hydroxide to three, indicating bonds of 
an intermediate type. 

Values determined by magnetic titrations are 
reported for the dissociation constants of ferri
hemoglobin hydroxide, fluoride and cyanide. 
PASADENA, CALIF. RECEIVED FEBRUARY 8, 1937 
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The Combining Power of Hemoglobin for 
Alkyl Isocyanides, and the Nature of the 
Heme-Heme Interactions in Hemoglobin1 

Robert C. C. St. George and Linus Pauling 
Gates and Crellin Laboratories of Chemistry,2 California Institute of Technology, Pasadena 

THE OBSEEVED SIGMOID CHARACTER 
of the oxygen equilibrium curve of hemo
globin was explained by Adair (1) as result
ing from the successive addition of four 

oxygen molecules to the hemoglobin molecule, with 
four different equilibrium constants. The differences 
in equilibrium constants were later attributed to 
heme-heme interactions, with each heme interacting 
with two adjacent hemes, the four hemes being as
sumed to have a square configuration (2). For oxy
hemoglobin and carbonmonoxyhemoglobin in buffered 
solutions the heme-heme interaction amounts to 1.5 
kcal mole-1, or 6 kcal mole-1 for the hemoglobin 
molecule. 

A satisfactory structural basis for the heme-heme 
interactions in hemoglobin has not been previously 
developed. The simplest explanation is that the hemes 
are conjugated with one another, perhaps by way of 
the vinyl side chains (two per protoheme, permitting 
coupling along the two adjacent edges of a square), 
and that the conjugation energy is affected by the 
addition of oxygen or carbon monoxide to the iron 
atom of a heme, which causes the electronic structure 
of the iron atom to change (3) from a quintet state, 
with four unpaired electrons (in ferrohemoglobin), to 
a singlet state, with no unpaired electrons (in oxy
hemoglobin and carbonmonoxyhemoglobin). This ex
planation is rendered unlikely by the fact that both 
the absorption spectrum (4) and the magnetic sus
ceptibility (5) of partially oxygenated hemoglobin 
show no deviations from a linear dependence on the 
degree of oxygenation. An effort to investigate this 
hypothesis in a more direct manner was made by 
Harrison Davies (6) through the study of the oxygen 
equilibrium curves of hemoglobin prepared by attach
ing mesoheme (with ethyl groups in place of vinyl 
groups) to globin, but it was unsuccessful because of 
the failure to find conditions under which a recon
stituted hemoglobin with effective heme-heme interac
tions could be made even from globin and protoheme. 

Another mechanism of heme-heme interaction, re
cently proposed (7), is that of steric hindrance. I t is 
postulated that the heme groups are not on the sur
face of the hemoglobin molecule, where an oxygen 

1 This work was carried out during the tenure of a Merck 
Postdoctoral Fellowship by one of us (St. George). The in
vestigation was supported in par t by a research grant from 
the National Ins t i tu tes of Health, V. S. Public Heal th Service. 

2 Contribution No. 15U3. 

molecule or other ligand could approach the iron atom 
without hindrance, but, instead, are buried within the 
hemoglobin molecule in such a way that a pushing-
apart of the molecule must occur, to make space for 
the ligated molecule. The amount of steric hindrance 
for a second ligand would be decreased because of the 
loosening of the structure caused by the conversion of 
the first heme to oxyheme or carbonmonoxyheme, and 
a similar cooperative effect of the second and third 
ligated molecules would further decrease the steric 
interference for combination with a third or fourth 
ligand. The observed identity of heme-heme interac
tions for oxyhemoglobin and carbonmonoxyhemo
globin would be explained on the basis of this postu
late as resulting from the very close approximation 
in size of the oxygen molecule and the carbon mon
oxide molecule, which would result in similar steric 
effects. 

It is evident that, if this picture of the hemoglobin 
molecule is correct, the equilibrium between a ligand 
and hemoglobin would be affected not only by the 
nature of the bond to the iron atom, but also by the 
size and shape of the ligated molecule, including parts 
so far removed from the iron atom as to have no direct 
effect on the bond. The alkyl isocyanides suggest them
selves for the investigation of this point. I t was re
ported by Warburg, Negelein, and Christian (8) that 
methyl isocyanide combines with horse hemoglobin 
with an affinity approximately one fortieth that of 
oxygen (the equilibrium constant being expressed in 
terms of concentration of dissolved material). I t has 
also been found that ethyl isocyanide combines with 
ferrohemoglobin, and that the compound ethyl iso* 
cyanide-ferrohemoglobin is diamagnetic, the bonds 
between the iron atom and its surrounding atoms be
ing essentially covalent (9), as in oxyhemoglobin. 
We have, accordingly, investigated the combination of 
ethyl isocyanide, isopropyl isocyanide, and tertiary 
butyl isocyanide with hemoglobin, and have found the 
three substances to differ greatly in their combining 
powers, the difference amounting to a factor of about 
200 in equilibrium constant between tertiary butyl iso
cyanide and ethyl isocyanide, with isopropyl iso
cyanide having an intermediate value. Evidence that 
this large effect is a steric one, and not the result of 
a change in the strength of the iron-carbon bond 
through interaction (hyperconjugation) with the alkyl 
group, is provided by the observation that the three 



874 Chapter 11 

1 

" 
. isop 

— 

. 

-
-

1 

1 1 1 1 1 I i '. 

M \ V 

opyl isocyanide p/ R\ > \ 
\~7? ^k d^Vi * heme , -J! #• t j v # J j L 

vv J FA v 

o-^>-^ heme 

l i i 

1 ' | i 1 

V-
\ ^ - ^ ethyl isocyanide 
\ // + heme 

M Y y \ t e r t - b u t y l 
i J ^ V / isocyanide + heme" 

>IV\ 

° % 

^ 
* ^ v 

i i 1 i l 

Fiu. %. The spectra of ferroheme and ferroheme partially 
and fully saturated with ethyl isoeyniihle, isopropyl isocyan
ide, and tertiary butyl isocyanide, at 25° C and pll C.8. Total 
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isocyanides have nearly the same power of combining 
with isolated ferroheme groups, not attached to 
protein. 

The combination of isocyanides and ferroheme. I n 
F ig . 1 there are given the absorption spectra of ferro
protoheme in aqueous solution at 25° C and p H 6.8 
and of ferroprotoheme in the presence of different 
amounts of the three isocyanides, a t the same tem
peratures and p H . The three curves for each iso
cyanide correspond to the presence in the solution 
of about 0.67, 1.8, and 34 moles of isocyanide per 
mole of heme. The curves show tha t two heme-iso-
cyanide compounds are formed with each isocyanide; 
these are presumably the monoisocyanide and the di
isocyanide. Spectrophotometric evidence that methyl 
isocyanide forms two compounds, the monoisocyanide 
and the diisocyanide, with both ferroprotoheme and 
ferrouroheme has been reported by Joan Keilin (10). 
Ferrohememonoisopropylisocyanide and ferroheme-
monotert-butylisocyanide have a broad absorption 
curve with a single maximum, a t about 5520 A, and 
the corresponding diisoeyanides have a double-maxi
mum spectrum, the maxima being a t 5380 A and 5660 
A, and the intermediate minimum at 5550 A. The 
curve for ferrohemediethylisocyanide is similar to 
those for the other two diisoeyanides, except tha t the 
extinction coefficient is somewhat larger, and the 
maxima and minimum are shifted to longer wave
lengths. The maxima lie at 5440 A and 5760 A, and 
the minimum at 5590 A. The curve for ferroheme and 
the smallest amount of ethyl isocyanide used already 
shows two maxima, unlike the corresponding curves 
for the other isocyanides, possibly because of the 
presence of a smaller amount of the monoisocyanide 
and a larger amount of the diisocyanide in the solution. 

The quanti tat ive interpretat ion of the curves is 

rendered difficult by lack of knowledge of the ex
tinction coefficient for the pure monoisocyanide com
pounds. I f it be assumed, as a rough approximation, 
tha t the effect of one attached isocyanide group in 
changing the extinction coefficient is one half the effect 
of two attached isocyanide groups , the intermediate 
curves can be interpreted to give the number of bound 
isocyanide groups , and the concentration of free iso
cyanide can then be calculated by subtracting this 
quant i ty from the total amount of isocyanide added. 
Because of the change in shape of the curves from 
the monoisocyanide to the diisocyanide, values of the 
degree of saturat ion of the two combining sites per 
heme, calculated from the extinction coefficients a t dif
ferent wavelengths, are somewhat different, and the 
average values, which are given in Table 1, are reliable 
to only about 10 pe r cent. 

TABLE 1 

COMBINATION OF FERROHEME WITH ALKYL ISOCYANIDE 
(Total ferroheme concentration 5.87 • 10"W) 

Isocyanide saturat ion, / idLe.^M 

A. Total isocyanide concentration 3.93 • lO^M 
Ethyl 0.23 1.23 0.20 
Isopropyl .21 1.47 .12 
Tert-butyl .20 1.58 .10 

B. Total isocyanide concentration 10.7 • 10-5 

Ethyl 0.69 2.6 0.33 
Isopropyl .63 3.3 .16 
Tert-butyl .74 5.1* .11 

* Total isocyanide concentration 13.8 • 10-^M. 

I t is found that the data can be interpreted by 
neglecting the monoisocyanides. The last column of 
Table 1 contains values of the equilibrium constant 
K calculated by the equation 

K-
[-Hmlg] _ / 

[ H m ] [ I ] ' - ( l - / ) [ I ] ! (1) 

Here [ H m ] is the concentration of uncombined heme, 
[ H m l 2 ] the concentration of combined heme, [ I ] the 
concentration of free isocyanide, and / the fractional 
saturation. The spectrophotometric values of / are 
given in the second column of Table 1. The approxi
mate constancy of K for each isocyanide indicates tha t 
the second isocyanide molecule adds to the heme more 
readily than the first. 

The values of K in Table 1 are nearly the same (to 
within a factor of 2) for the three alkyl isocyanides, 
hence the affinity of ferroprotoheme for the isocyanide 
carbon atoms is nearly independent of the na ture of 
the alkyl g roup . 

The combination of alkyl isocyanides with ferro-
hemoglobin. The equilibria between reduced fer ro-
hemoglobin and ethyl isocyanide, isopropyl isocyanide, 
and te r t ia ry butyl isocyanide were studied spectro-
photometrically at 25° C and p H 6.8. The ferrohemo-
globin isocyanides have absorption spectra similar to 
the spectrum of carbonmonoxyhemoglobin, as shown 
in Table 2. Concentrations of free ferrohemoglobin 
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TABLE 2 
BOVINE HEMOGLOBIN ISOCTANIDES—ABSORPTION MAXIMA 

OP THE PURE SUBSTANCES AND ISOBESTIC POINTS 
IN MIXTURES WITH FERROHEMOGLOBIN 

Absorption Isobestic 
Isocyanide maxima points 

(Wavelength, A) (Wavelength, A) 

Ethyl 5600, 5290 5430, 5500, 5690 
Isopropyl 5590, 5290 5420, 5510, 5690 
Tertiary butyl ? ? 5420, 5520, 5690 

and of ferrohemoglobin isocyanide were measured 
spectrophotometrically. The results of the measure
ments for bovine ferrohemoglobin are given in F ig . 
2, where the fractional saturation, [ H b I ] / ( [ H b ] + 

F I G . 2. Fract ional saturat ion curves of ferrohemoglobin 
with oxygen, ethyl isocyanide, isopropyl isocyanide, and ter
t iary butyl isocyanide at 25" C and pH 6.8. The dashed curve 
n = 1 corresponds to no heme-heme interaction, and the dashed 
curve n = 2 to strong interactions between the hemes in pairs. 
Ordinates, fractional saturation 0 to 1 ; abscissae, log of con
centration of unbound oxygen or isocyanide - 5.1 to - 1.0. 

[ H b l ] ) , is plotted as a function of the logarithm of 
the concentration of free isocyanide in the solution. 
(Here the symbol H b is used to refer to a quarter 
of a hemoglobin molecule, containing one heme.) The 
oxygen dissociation curve determined by T e r r y and 
Green (11) a t the same temperature and p H is given 
for comparison. Their data, which were reported in 
terms of the par t ia l pressure of oxygen in the gas 
phase, have been replotted against the logarithm of 
the concentration of free oxygen in solution. 

I t is seen that there is a large difference in combin
ing power of ethyl isocyanide, isopropyl isocyanide, 
and ter t iary butyl isocyanide with hemoglobin. The 
combination constant of isopropyl isocyanide with 
hemoglobin is about one third as great as that of ethyl 
isocyanide, and that of ter t iary butyl isocyanide is 
about one two hundredth as great as that of ethyl 
isocyanide. These differences are shown also by hemo
globins other than adult bovine hemoglobin. I n Table 
3 data are given for the combination constants (con
centration of unbound isocyanide in the presence of 
hemoglobin half-saturated with isocyanide) with adult 
bovine hemoglobin, fetal bovine hemoglobin, normal 
human hemoglobin, and sickle cell anemia human 

hemoglobin. There is little change of the combination 
constant from one form of hemoglobin to another, but 
a very large dependence on the na ture of the alky] 
group in the isocyanide. 

TABLE 3 

CONCENTRATION OF UNBOUND ISOCYANIDE IN THE 
PRESENCE OP HALF-SATURATED HEMOGLOBIN 

Type of 
hemoglobin 

Bovine (adult) 
a t i 

" (fetal)* 
Human (normal) 

" (sickle cell) 

Days 

blood 
was 

drawn 

7 
1 
2 
1 
1 

Ethyl 
isocya
nide 

0.11 

.075 

.066 

Isopropyl 
isocya

nide 

(Mm/1) 

0.33 
.41 
.27 
.30 
.29 

Tert-
butyl 

isocya
nide 

20 
25 
13 
16 
14 

* Cells lysed in the presence of toluene. (The values for 
adult bovine hemoglobin were found not to be changed by 
using toluene.) 

I t is very unlikely tha t the differences in combi
nation of the different isocyanides with hemoglobin 
are due to a difference in the bond between the iron 
atom of the heme group and the carbon atom of the 
icocyanide. Only a very small inductive effect or hy-
perconjugation effect of the alkyl groups is observed 
in analogous compounds. Propionic acid, isobutyric 
acid, and trimethyl acetic acid have very nearly the 
same acid strengths. Similarly, the base strengths of 
ethylamine, isopropylamine, and tert-butylamine are 
very nearly the same (12, 13). Moreover, our own 
studies (reported in Fig. 1) have shown that the three 
isocyanides have nearly the same combination con
stants with ferroheme itself. 

The only pronounced difference between the mole
cules ethyl isocyanide, isopropyl isocyanide, and tert i
ary butyl isocyanide is the difference in size of the 
alkyl group. W e conclude that it is this difference that 
determines the difference of affinity of the three iso
cyanides with hemoglobin. The difference in size of 
the alkyl group could make itself significant through 
the operation of steric hindrance, in case the struc
ture of the hemoglobin molecule were such as to re
quire a dilation on combination with the ligand. "We 
accordingly conclude that the heme groups of hemo
globin are buried within the protein molecule in such 
a way that the ligated isocyanide molecules are re
quired to push pa r t s of the protein molecule away 
from one another, thus introducing a steric-hindrance 
effect. 

Evidence that there is protein on both sides of the 
hemes in hemoglobin has been a t hand for twenty 
years. There are two impor tant heme-linked acid 
groups in the molecule, one of which is made more 
strongly acidic and the other less strongly acidic on 
oxygenation of the associated heme. I t was suggested 
by Conant (14) tha t both of these acid groups are 
imidazole groups of histidine residues, and strong evi
dence for this assumption, from heats of ionization, 
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has been reported by Wyman (15). Coryell and Paul
ing (16), in discussing the mechanism of the heme-acid 
group interactions in terms of structure, found it 
necessary to assume that the two histidine residues 
are on the two sides of each heme, and that on oxy
genation of the heme one imidazole ring is bonded 
more tightly than before, whereas the second is dis
placed by the oxygen molecule. 

On this interpretation the differences in combination 
constants of the different isocyanides require that the 
energy of the steric-hindrance effect be 0.7 kcal mole'1 

per heme-isocyanide complex greater for isopropyl 
isocyanide than for ethyl isocyanide, and be 3.1 kcal 
mole-1 greater for tertiary butyl isocyanide than for 
ethyl isocyanide. 

I t might be thought that the same additional steric-
hindrance effect should result from the introduction 
of one methyl group, converting ethyl isocyanide into 
isopropyl isocyanide, as from the introduction of a 
second, converting isopropyl isocyanide into tertiary 
butyl isocyanide. However, it is possible that the shape 
of the protein layers in the neighborhood of the alkyl 
group may be such that the isopropyl group could fit 
into the protein with very little greater dilation than 
that caused by the ethyl group, whereas the tertiary 
butyl group, which has a third methyl group nearly at 
right angles to the plane formed by the isopropyl 
group, might exert a much greater steric effect. This 
situation would be described by saying that there is a 
hollow in the protein roughly complementary in con
figuration to the isopropyl group, and into which the 
ethyl and isopropyl groups fit almost equally well, but 
that the tertiary butyl group, with its larger dimen
sions, is not able to fit and, accordingly, causes a con
siderably larger separation of the protein layers. 

It is of interest that Chance (17) concluded from 
the different velocities of combination of catalase with 
hydrogen peroxide, methyl hydrogen peroxide, and 
ethyl hydrogen peroxide (not observed for horseradish 
peroxidase and lactoperoxidase with these peroxides) 
that the heme group of catalase is embedded in the 
protein. Also, in a discussion of the heme-linked acid 
groups of hemoglobin, Wyman (18) has recently sug
gested that the heme-heme interactions are associated 
with an alteration in form of the hemoglobin molecule 
on addition of oxygen or carbon monoxide. 

The nature of the heme-heme interactiong'in hemo
globin. The apparent existence of steric interactions 
of ligated groups in hemoglobin with the protein leads 
us to believe that the heme-heme interactions also have 
a steric origin. The energy of heme-heme interaction 
in the hemoglobin-isocyanide complexes, as given by 
the shape of the curves in Fig. 2, is seen to be essen
tially the same as in carbonmonoxyhemoglobin and 
oxyhemoglobin. Let us assume that, in addition to the 
protein below the groups, there is a layer of protein 
above the four heme groups of hemoglobin which 
needs to be separated to some extent from the rest of 
the molecule in order to permit the attachment of the 
isocyanide molecule to the iron atom of the heme. 
Let us also assume that the four parts of the protein 

layer covering the four hemes are connected with one 
another in such a way that, when the first part is 
lifted, it tends to carry a second and third along with 
it. This is equivalent to assuming heme-heme interac
tions along the edges of a square formed by the four 
hemes. If, now, the introduction of the first ligate 
causes a steric-hindrance effect greater than the aver
age, and the introduction of the last one causes a 
steric-hindrance effect less than the average, the ob
served heme-heme interaction could be accounted for. 
Thus, for ethylisocyanide-hemoglobin, we might as
sume that the introduction of the first isocyanide 
group would require the energy 3.0 kcal mole-1 to 
overcome steric hindrance, the introduction of the sec
ond and the third would require 1.6 and 1.0 kcal 
mole-1, respectively, and the introduction of the 
fourth would require no steric-hindrance energy. This 
assumption would account for the observed amount 
of sigmoid character of the equilibrium curve. 

The interaction between hemes through the steric-
hindrance mechanism cannot be expected to be so 
simple as to correspond to constant heme-heme inter
actions along edges of a square. We think it likely 
that the four hemes in hemoglobin have, individually, 
the same configurations of protein around them. Pre
cise determination of the values of the four successive 
equilibrium constants for oxyhemoglobin or carbon
monoxyhemoglobin, through methods such as those 
proposed by Roughton (19), might provide the basis 
for further conclusions about the steric relationships 
between these centers. 

The steric-hindrance theory of heme-heme interac
tion in hemoglobin is in general compatible with our 
knowledge about its properties. It has been known for 
many years that on the removal of salt from a hemo
globin solution the oxygen affinity of the hemoglobin 
increases, and also the heme-heme interactions become 
smaller (20-22). Altschul and Hogness (4) reported 
that their dialyzed hemoglobin had an average com
bination constant with oxygen 37 times as great as 
that of undialyzed hemoglobin, corresponding to an 
average free energy difference of 2.1 kcal mole-1 per 
heme-oxygen complex, and that the heme-heme inter
action energy had decreased from 6.0 kcal mole-1 to 
2.4 kcal mole-1. Both these changes are in the direction 
that would be predicted from the steric-hindrance 
theory. The removal of salt from a hemoglobin solu
tion would cause a loosening of the structure of the 
protein, through the operation of electrostatic repul
sive forces between the similarly charged portions of 
the molecule. In the presence of salt these repulsive 
forces are diminished by the ion atmospheres that 
surround the charged groups. The loosening of the 
protein structure would make it easier for a ligand 
to attach itself to the heme and thus would decrease 
both the steric-hindrance effect that influences the 
equilibrium constant and the heme-heme interaction 
through steric hindrance. Davies (6) found his recon
stituted hemoglobin to combine more strongly with 
oxygen than the original material, the half-saturation 
pressure being only 0.2 times as great. 
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Wyman (15) has pointed out that there is a de
crease of 60 per cent in the half-saturation pressure 
of horse hemoglobin on dissociation into half mole
cules in urea solution, and that this suggests heme-
heme stabilization rather than oxyheme-oxyheme sta
bilization. From our point of view, it indicates a 
smaller steric-hindrance effect in the two-heme mole
cules than in the four-heme molecules, as is reason
able, particularly if the urea has caused a loosening of 
the molecular structure in addition to a separation 
into two parts. "Wyman has also pointed out that the 
oxygen equilibrium data for horse hemoglobin in urea 
solution, in which it is split into molecules containing 
only two hemes, lead to a heme-heme interaction 
energy of about 3.5 kcal mole-1, which we interpret as 
resulting from a steric-hindrance energy 3.5 kcal 
mole-1 greater for the first oxygen molecule than for 
the second. 

Crystallographic studies give evidence that the addi
tion of oxygen to hemoglobin causes deep-seated struc
tural changes in the molecule. Haurowitz (23) found 
that there is a significant difference in crystal form 
of horse ferrohemoglobin and horse oxyhemoglobin, 
which would hardly be expected from the small differ
ence (0.2 per cent change in molecular weight) of the 
two molecules. He concluded that the addition of oxy
gen to hemoglobin must cause a significant change in 
the structure of the molecule, leading to a change in 
the nature of the intermolecular forces, and hence in 
the crystal structure. A similar conclusion was reached 
by Perutz (24). Such a change in intermolecular in
teractions could reasonably be expected on the basis 
of our postulate about the structure of hemoglobin, 
according to which a significant change in shape of the 
molecule occurs on oxygenation. The postulated 
change in shape is not so great, however, as to lead 
to a predicted observable change in viscosity or dif
fusion constant; this is compatible with the fact that 
no changes in these properties on oxygenation of 
hemoglobin were detected by Haurowitz or Gut-
freund (25). 

Our postulate provides an obvious explanation of 
the action of oxygen in preventing the sickling of 
sickle-cell-anemia erythrocytes. We have visualized 
the sickling process (26) as one in which comple
mentary sites on adjacent hemoglobin molecules com
bine. I t was suggested that erythrocytes containing 
oxyhemoglobin or carbonmonoxyhemoglobin do not 
sickle because of steric hindrance of the attached 
oxygen or carbon monoxide molecule. This steric-
hindrance effect might be the distortion of the comple
mentary sites through forcing apart of layers of pro
tein, as is suggested by the isocyanide experiments. 

Finally, a series of measurements on ferrihemo-
globin lends support to the steric-hindrance theory of 
heme-heme interaction. This interaction appears not 
only when a ligand becomes attached to hemoglobin, 
but also in other reactions, such as the oxidation of 
ferrohemoglobin to ferrihemoglobin. Coryell (27) has 
pointed out that the heme-heme interaction energies 
for compounds of ferrihemoglobin are smaller than 

for compounds of ferrohemoglobin. The values found, 
per hemoglobin molecule, are 3.4 kcal mole-1 for 
ferrihemoglobin hydrosulfide, 3.1 kcal mole-1 for 
ferrihemoglobin azide, and 0 for ferrihemoglobin 
fluoride and ferrihemoglobin hydroxide, which are to 
be compared with 6.0 kcal mole-1 for oxyhemoglobin 
and carbonmonoxyhemoglobin. In addition, the inter
action energy of 2.6 kcal mole-1 is reported for the 
oxidation of ferrohemoglobin to ferrihemoglobin (27). 
We believe that the latter is a steric effect resulting 
from the ligation of a water molecule to each iron 
atom in ferrihemoglobin. The water molecule is 
smaller than an oxygen molecule or carbon monoxide 
molecule and, accordingly, would be expected to pro
duce a smaller steric effect. Moreover, the fluoride 
and hydroxide ions have essentially the same size as 
the water molecule, so that the replacement of a water 
molecule by either of these ions, in the formation of 
ferrihemoglobin fluoride or ferrihemoglobin hy
droxide, would be expected to have no steric effect, 
and would thus lead to the observed absence of heme-
heme interaction in the formation of these compounds. 
On the other hand, the hydrosulfide ion and the azide 
ion are larger—approximately as large as the oxygen 
molecule—so that a total steric effect about as great 
as in oxyhemoglobin, 6.0 kcal mole-1, would be ex
pected. On subtracting the interaction in ferrihemo
globin hydrate, 2.6 kcal mole-1, we are led to 3.4 kcal 
mole-1 as the predicted steric-hindrance effect in 
ferrihemoglobin hydrosulfide and ferrihemoglobin 
azide, in good agreement with observation. In this con
nection Perutz (24) has reported human ferrihemoglo
bin to form orthorhombic crystals isomorphous with 
those of oxyhemoglobin and carbonmonoxyhemoglobin, 
whereas crystals of human ferrohemoglobin itself 
(two modifications) are different; also, Jope and 
O'Brien (28) have found human ferrihemoglobin, 
oxyhemoglobin, and carbonmonoxyhemoglobin to have 
similar solubility curves, different in shape from the 
curve for ferrohemoglobin. 

Experimental method. The isocyanides were pre
pared from the alkylhalides by the silver cyanide 
method: ethyl isocyanide and isopropyl isocyanide ac
cording to the directions of Gautier (29), and tertiary 
butyl isocyanide according to a modified method (30). 
The physical properties of the preparations used are 
as follows: ethyl isocyanide, bp, 77°-78° C at 750 
mm; isopropyl isocyanide, bp, 86.5°-87° C at 750 
mm; tertiary butyl isocyanide, bp, 91°-91.5° C at 
750 mm, mp, 8°-10° C, density 0.72. 

The hemoglobin was made from defibrinated bovine 
blood. The cells were washed three times with 1% 
NaCl solution by centrifuging, and were stored at 2° 
C. On the day on which the isocyanide titration was 
to be carried out the cells were lysed by adding three 
times their volume of distilled water. Ten minutes 
later six volumes of 0.133 M KH 2 P0 4 -Na 2 HP0 4 buf
fer was added, the cell debris was centrifuged off, and 
the supernatant was diluted to the desired concentra
tion (4 to 5 • 10"5 gram atoms of iron per liter) with 
more buffer. 
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The cells used in obtaining the data shown in Pig. 2 
had been stored one week. It was found in a set of 
check experiments reported in Table 3 that the affinity 
of hemoglobin for isopropyl isocyanide and for 
tertiary butyl isocyanide does not depend appreciably 
on whether the cells from which the hemoglobin was 
prepared had been stored for one day or one week. 

The fetal bovine hemoglobin was obtained from 
cells that had been lysed with toluene. In check runs 
it was found that lysing with toluene leaves the iso
cyanide affinity of adult hemoglobin unchanged. 

In measuring the degree of combination of iso-
cyanides with hemoglobin the optical densities were 
measured at (a) 5260, 5280, and 5300 A, (6) 5580, 
5600, and 5620 A, and (c) 5820, 5840, and 5860 A. 
The per cent saturation was calculated at each wave
length from the ratio of the change observed to the 
total change on saturation. The values within groups 
a, b, and c were then averaged. Finally the three 
values obtained were also averaged. The final averages 
are plotted in Fig. 2. Where the measured range is 
greater than ± 2 per cent, its magnitude is indicated 
in the graph. 

Ethyl and isopropyl isocyanide were added in 
aqueous solution, and tertiary butyl isocyanide was 
added directly from a microburette. The hemoglobin 
was then reduced with dithionite solution. Because of 
the low solubility of tertiary butyl isocyanide it was 
not possible to build up a high enough concentration 
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(Reprinted from Nature, Vol. 203, No. 4941, pp. 182-183, 
July 11, 1964) 

Nature of the I ron-Oxygen Bond in 
Oxyhemoglobin 

J. J . W E I S S 1 has proposed that oxyhemoglobin is a 
haemoglobin peroxide, with the iron atom in the ferric 
state and the oxygen molecule present as an O2 ion, 
which is then taken up in the co-ordination shell of the 
ferric ion. He states that such an assumption accounts 
for the properties of oxyhemoglobin. 

Oxyhsemoglobin is, however, diamagnetic2, and the 
generally accepted definition of oxidation number3 

requires that the iron atom in any diamagnetic molecule 
or complex containing one iron atom (no iron-iron bond) 
has an even oxidation number. I t is accordingly not 
possible for an iron atom in oxyhaemoglobin to be described 
as ferric (oxidation number + 3) unless a definition of 
oxidation number different from the usually accepted one 
is used. 

The problem discussed by Weiss, the nature of the 
iron-oxygen bond in oxyhemoglobin, was given a thorough 
discussion by me in two communications published about 
15 years ago4'5. I t is now possible to amplify the dis
cussion somewhat, in part because of further development 
of the theory of the chemical bond0 and in part because 
of the increased knowledge about the structure of oxy
hsemoglobin and related molecules that has been obtained 
by the X-ray diffraction investigations of Kendrew7 and 
Perutz8. 

Weiss has illustrated his proposal by writing the fol
lowing equation: 

N N N N 
\ / \ / 

globm—Fe2+ + O, +± globin—Fe3+ . Oj 

/ \ / \ 
N N N N 

In the formula at the right, the dot represents not an 
electron but some sort of bond. 

The structural formula which I proposed for oxyhaemo
globin4'5 is the following: 

N N 

j^/of imidazole ring^ •. j . • • Q + 

V of histidine J / \ \ 
/ \ :Oi 

N N " 



In this structural formula the iron atom is shown as 
forming a double bond with the first oxygen atom, which 
forms a single bond also with the second oxygen atom. 
(The iron atom then has two unshared electron pairs in 
its outer dbsp3 shell.) There is a formal charge + 1 on the 
first oxygen atom and a formal charge — 1 on the second 
oxygen atom. The difference in electronegativity of iron 
and oxygen is 1-7, which corresponds to 51 per cent of 
ionic character9. The electric charge assigned to the first 
oxygen atom is accordingly reduced to 0, whereas that of 
the outer oxygen atom remains — 1. Except for the outer 
oxygen atom, the assigned structure is accordingly in good 
agreement with the principle of electroneutrality10. 

The negative charge assigned to the outer oxygen atom 
of oxyhemoglobin can now be accounted for by the 
structure of myoglobin, as determined by Kendrew'. In 
the myoglobin molecule there is a residue of histidine 
adjacent to the iron atom on one side of the hsem group, 
and another residue of histidine constrained by the con
figuration of the polypeptide chain to a position a few 
Angstroms removed from the iron atom on the other side 
of the hsem. These two residues of histidine are those 
that were proposed originally by Conant11, in order to 
account for the observed hsem-linked acid groups of 
haemoglobin, and their positions relativo to the iron atom 
are those postulated by Coryell and Pauling12 in their 
detailed discussion of the mechanism of change in acid 
strength of haemoglobin on oxygenation. I t has been 
pointed out that the positive electric charge of the 
imidazolium side-chain of the second histidine residue 
probably serves, through its electrostatic interaction with 
the iron atom, to stabilize the bipositive state and assist 
in preventing oxidation of haemoglobin to ferrihsemo-
globin18. We see, also, that for oxyhemoglobin the 
structure assigned above places an oxygen atom with a 
negative charge in close approximation to the positively 
charged imidazolium group and, indeed, in such a 
position as to permit hydrogen bonding with the nega
tively charged oxygen atom, thus further stabilizing the 
structure. 

Similar structures, involving iron-carbon double bond's, 
were formerly assigned to carbonmonoxyhaemoglobin and 
the ferrohaemoglobin alkylisocyanides4'5. We may now 
recognize, however, that the arguments of the preceding 
paragraph strongly suggest that these molecules have 
structures in which the iron atom forms a triple bond 
with the carbon atom, and the outer oxygen atom or 
nitrogen atom has a negative electric charge: 

N N N" N 

\ / .._ \ / . . . 
N - -"Fe^ESSC—O: N "Fe C—N: 

N N N 
R 



I conclude that oxyhemoglobin and related haemo
globin compounds are properly described as containing 
ferrous iron, rather than ferric iron, that their electronic 
structure involves essentially the formation of a double 
bond between the iron atom and the near-by oxygen atom 
in oxyhemoglobin (with the iron-oxygen-oxygen bond 
angle about 120°) and a triple bond to the carbon atom 
in carbonmonoxyhsemoglobin and the haemoglobin alkyl-
isocyanides (with iron-carbon-oxygen or nitrogen bond 
angle 180°). The iron-oxygen and iron-carbon inter
atomic distances in these compounds are predicted to 
have the values corresponding to these multiple bonds. 

LINUS PAULING 
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SECTION I: THE NORMAL HEMOGLOBINS 1 

THE NORMAL HEMOGLOBINS AND THE HEMOGLOBINOPATHIES: BACKGROUND 

Linus Pauling 

Linus Pauling Institute of Science and Medicine, 440 Page Mill Road, 
Palo Alto, California 94306 

I am pleased that the editors of this review of work on human hemoglobin 
and hemoglobinopathies should have asked me to write on the background 
of our present knowledge, and especially of my own involvment in it. 

In fact, during much of my scientific career I have worked on the problem 
of the structure and properties of the hemoglobin molecule and on other 
problems that have a bearing on this one. Our early work, beginning in 
1922, dealt largely with the structure of inorganic compounds, including 
minerals, and of the simpler organic compounds, with emphasis on the 
experimental techniques of X-ray diffraction of crystals and electron 
diffraction of gas molecules and on the application of the theory of 
quantum mechanics to the problems. After about ten years, in the early 
1930's, I began to think about the large molecules in the human body, 
and especially about proteins. The hemoglobin molecule, with its striking 
color and its property of combining reversibly with dioxygen, seemed to 
me to be especially interesting. 

My first paper in this field dealt with the oxygen equilibrium of 
hemoglobin and its structural interpretation. Instead of four separate 
equilibrium constants for the addition of four successive dioxygen mole
cules to the hemoglobin molecule, with their corresponding four values 
of the standard free energy of combination, I simplified the problem to 
a two-parameter one. I assumed that the free energy of addition of di
oxygen to each of the four heme groups would be the same and that an 
additional contribution to the free energy of the molecule would be made 
by each interacting pair of hemes with attached dioxygens. I found that 
the experimentally obtained oxygen equilibrium curve could be approximated 
reasonably well by either one of two simple assumptions: that the four 
hemes be at the corners of a regular tetrahedron or at the corners of a 
square. I suggested, however, that the square arrangement might be closer 
to the truth, largely on the basis of symmetry arguments (1). 

The interaction energy for a pair of hemes was evaluated, for the square 
case (each heme interacting with two others), to be about 6.3 kJ mole-1. 
During the next fifteen years I attempted to get experimental evidence 
about the nature of the interaction. One idea was that the interactions 
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involve the double bonds of the vinyl chains of protoporphyrin. An effort 
to get experimental verification of this idea failed. Finally, in 1951, 
Robert C.C. St. George and I were able to advance the idea, with firm 
experimental support, that the interaction of adjacent hemes with ligated 
groups in hemoglobin has its basis in steric repulsion. We showed that 
the combination constants of ethylisocyanide, isopropylisocyanide, and 
tertiary butylisocyanide with hemoglobin fall off rapidly in that order, 
whereas those with free ferroheme groups are essentially constant. 

We attributed the decrease in combination constant, as the alkyl group 
becomes larger, to a steric-hindrance effect: the fitting of the larger 
alkyl groups into a cavity in the hemoglobin molecule that is somewhat 
too small, thus decreasing the free energy of combination. We assumed 
that the loosening in structure of the polypeptide chain by the first 
ligand would lead to a change in structure of the adjacent polypeptide 
chains in such a way as to increase the size of the cavity into which 
the ligand fits, to such an extent as to decrease the energy required 
to fit it into the cavity (2). 

At the beginning of my work on hemoglobin I recognized that 
there was uncertainty about the way in which oxygen molecules attach 
themselves to hemoglobin. Two possibilities were discussed: one, that 
the oxygen molecule forms chemical bonds with atoms in the hemoglobin; 
and the other, that the oxygen molecules occupy four sites on the sur
face of the hemoglobin molecule, where they are held by van der Waals 
attraction and other physical, rather than chemical, forces. Inves
tigators in surface chemistry had evidence that adsorption of gas mole
cules on solids could occur in either one of these two ways. I thought 
that a decision could be made between the two by determining the magne
tic susceptibility of oxyhemoglobin. The dioxygen molecule has a large 
magnetic moment, corresponding to its two unpaired electrons and its 
Z normal state.Presumably these electrons would remain unpaired if 
dioxygen were held to the hemoglobin molecule by physical forces, but 
would be paired if chemical bonds were formed. My student, Bright 
Wilson,Jr., had constructed a simple apparatus—based on an electromagnet 
that we had borrowed from George Ellery Hale, of the Mt. Wilson Ob
servatory—to measure the magnetic susceptibility of nitroso compounds, 
for the experimental part of his doctoral thesis. A postdoctoral 
fellow, Charles D. Coryell, and I then adapted this apparatus to study 
blood and hemoglobin solutions. We began our paper on the results of 
this work with the following paragraph: "Over ninety years ago, on 
November 8, 1845, Michael Faraday investigated the magnetic properties 
of dried blood and made a note 'must try recent fluid blood.' If he had 
determined the magnetic susceptibilities of arterial and venous blood, 
he would have found them to differ by a large amount (as much as 20% 
for completely oxygenated and completely deoxygenated blood); this 
discovery, without doubt, would have excited much interest and would 
have influenced appreciably the course of research on blood and hemo
globin." 

Coryell and I found that oxyhemoglobin is diamagnetic. This observation 
settled the question as to whether dioxygen is attached to hemoglobin 
by physical or chemical forces. It was clear that the dioxygen molecule 
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forms chemical bonds with an atom or atoms in the hemoglobin molecule. 

Moreover, we observed, much to our surprise, that the hemoglobin mole
cule, without attached dioxygen or other ligand such as carbon monoxide, 
had a large magnetic moment, corresponding to the spins of four unpaired 
electrons per Iron atom. It was known, of course, that compounds of 
iron (II) are of two types: the low-spin type, with zero magnetic mo
ment, and the high-spin type, with the magnetic moment corresponding to 
four unpaired electron spins. The idea had not occurred to us,however, 
that such closely related compounds as hemoglobin and oxyhemoglobin 
would differ in this way. 

The high-spin complexes of ferrous iron, such as |FeF6 and 

1— —I 2+ Fe (H20)6 , involve bonds between the iron atom and the six li-

gated atoms that have a large amount of partial ionic character, where

as the low-spin complexes, such as the ferrocyanide ion Fe (Ct4 ' 

have bonds with high covalent character. This permitted Coryell and me, 
in our 1936 paper, to discuss the nature of the bonding of the iron 
atom with ligated carbon monoxide or dioxygen. We suggested that in car-
bonmonoxyhemoglobin the structure of the carbomonoxyheme group in
volves resonance between two structures* one with a single bond from 
iron to carbon and a triple bond from carbon to oxygen and the other with 
double bonds in each of these positions. For each of these structures 
the iron-carbon-oxygen group would be linear. For the oxyheme group, 
however, we suggested resonance between a structure with a single bond 
from iron to oxygen and a double bond between oxygen atoms, and another 
structure with the double bond from iron to oxygen and a single bond 
between the oxygen atoms. In each case the bond angle at the first 
oxygen is that between a single bond and a double bond, which is known 
to be about 117°, as in the ozone molecule (3,4). For some time there 
was controversy about the bonding of dioxygen in oxyhemoglobin, but 
recent studies have shown that the dioxygen molecule is attached to the 
iron atom by only one of the oxygen atoms, and that thw bond angle at 
the oxygen atom is close to 117°. 

The discovery of the change in magnetic properties of hemoglobin accom
panying various changes in chemical combination permitted many experi
mental studies to be made of chemical equilibrium and rates of reaction 
of hemoglobin and its derivatives, throwing additional light on the 
question of the structure of the hemoglobin molecule (5,6,7,8). 

In 1936 Karl Landsteiner asked me to think about the nature of the forces 
involved in the interaction of antigens and antibodies. I was especial
ly taken by the striking specificity of serological reactions, a speci
ficity that permitted antisera to distinguish between closely related 
proteins such as hen ovalbumin and duck ovalbumin, and between azopro-
teins with closely similar attached groups, such as benzoic acid and the 
ortho, meta, and paratoluic acids. I felt that the mechanism of this 
specificity would probably be the mechanism of biological specificity in 
general, similar to that shown in heredity. Consideration of the 
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observations reported by Landsteiner and others in the field of serology 
convinced me that the specificity of interaction of an antigen and its 
homologous antibody is the result of a detailed molecular complementari-
ness in structure. The arguments leading to this conviction were pre
sented in my paper on this subject in 1940 (9), in which some predictions 
were made: for example, that precipitating and agglutinating antibodies 
have two combining groups, complementary in structure to groups on the 
corresponding antigens. During the next eight years we carried out a 
great many experiments in this field. These studies led to the provi
sion of such strong evidence for the idea that the specificity of the 
reactions is the result of detailed molecular complementariness that it 
is now impossible to reject this idea. The bivalence of precipitating 
and agglutinating antibodies and some other features of the theory of 
the structure of antibodies and the nature of serological reactions were 
also thoroughly checked (9). Many of our papers were published in the 
Journal of the American Chemical Society between 1942 and 1949. The 
principal investigators in this work were the late Professor Dan H. 
Campbell and the late Dr. David Pressman (10, 11, 12, 13, 14, 15). 

Work on the amino-acid sequences in the polypeptide chains of human 
hemoglobin was begun in the California Institute of Technology by Dr. 
Walter Schroeder, and has been continued ever since by him and his 
associates. The first striking result of this work was the discovery 
that there are chains of two different kinds in normal adult human 
hemoglobin, the alpha chain and the beta chain, each doubly represented 
in the hemoglobin molecule (16). 

Because of our interest in hemoglobin, Dr. Alfred E. Mlrsky of the 
Rockefeller Foundation for Medical Research, who had done much research 
on hemoglobin, came for one year to the California Institute of Tech
nology in the fall of 1945. He and I discussed many questions about 
hemoglobin and other proteins and developed a structural theory of 
native, denatured, and coagulated proteins, published in the Proceedings 
of the National Academy of Sciences in 1936 (17). We stated that native 
protein molecules, consisting of one polypeptide chain or sometimes 
two of more chains, have a structure in which the chain or chains are 
folded into a uniquely defined configuration, held by hydrogen bonds 
between the peptide nitrogen and oxygen atoms and also between the free 
amino and carboxyl groups of the diamino and dicarboxyl amino-acid 
residues. This structure is such that the molecules are able to remain 
in solution. If, however, the structure is broken up, as by thermal 
agitation, to produce a denatured protein molecule, some of these 
groups are freed, so that complementary groups of different molecules 
can combine with one another, leading to the formation of an insoluble 
coagulum. 

The discovery of the abnormal human hemoglobins was the resultof my 
having been appointed to a committee. I have usually tried to avoid 
service on committees, but I was pleased to be a member of this one, 
because of the amount of information about medicine that I gathered in 
the course of my work on it. The committee, called the Medical Advisory 
Committee, was one of four set up to assist Dr. Vannevar Bush to reply 
to a letter in November, 1944, from President Franklin D. Roosevelt.The 



Hemoglobins and Hemoglobinopathies: Background/Pauling 5 

President asked for advice about how the federal government could assist 
in scientific and medical research in the period following the Second 
World War. The members of the Medical Advisory Committee were, except 
for myself, physicians: Walter W. Palmer, Homer W. Smith, Kenneth B. 
Turner, William B. Castle, Edward A. Doisey, Ernest Goodpasture, Alton 
Ochsner, and James J. Waring. 

During the next six months the committee interviewed 350 people: repre
sentatives from 73 of the 77 medical schools of the United States, from 
the armed services, the various medical research institutions, the phar
maceutical industry, and philanthropic foundations. Its report,Science, 
the Endless Frontier: Report to the President on a Program for Postwar 
Scientific Research by Vannevar Bush, Director of the Office of Scien
tific Research and Development, was published by the U.S. Government 
Printing Office in July, 1945, and was influential in the setting up of 
the National Science Foundation and the National Institutes of Health. 

After a strenuous day listening to representatives of medical schools 
and medical research institutes in New York City, the members of the 
Medical Advisory Committee were having dinner together at a club in the 
city (19). Dr. William B. Castle, Professor of Medicine at Harvard Uni
versity, began talking about the disease sickle-cell anemia, with which 
he had had some experience. I had only a mild interest in what he was 
saying, because at that time cells seemed to me to be far too complex 
to permit me to make any sort of attack on them. However, when Dr. 
Castle said that the red cells in the blood of a patient with this disease 
are sickled in the venous blood but not in the arterial blood, the idea 
occurred to me that sickle-cell anemia might be a disease of the hemo
globin molecule. Because of my background of knowledge and experience 
outlined in the preceding paragraphs,I thought at once of this possibil
ity: that the hemoglobin molecules of these patients might have, as a 
result of a gene mutation, a structure formed so that one portion of the 
surface of the molecule would be sufficiently complementary to another 
portion to permit the molecules to aggregate into long chains. Further, 
these long chains would then line up side by side to form a needle-
shaped crystal, which, as its length grew greater than the diameter of 
the red cell, would twist the red cell out of shape. These deformed cells 
would have properties sufficiently different from normal cells to give 
rise to the manifestation of the disease. The attachment of the dioxygen 
molecules to the iron atoms of the heme groups might interfere with the 
approach to one another of complementary regions of adjacent molecules 
close enough to permit a strong interaction to take place, so that 
oxygenation of the hemoglobin would reverse the sickling process. 

In forming this idea, I drew first upon my knowledge about the inters 
action of complementary structures on antigen and antibody; second, upon 
the ideas that Mirsky and I had formulated about the structure of native 
protein molecules, such as to permit them to stay in solution, whereas 
after denaturation they attach themselves to one another to form an 
insoluble coagulum; third, my understanding of the change in structure 
of the polypeptide chains of hemoglobin when a ligand fits into its cav
ity, as discussed by St. George and me in our 1951 paper; and, finally, 
other information such as the knowledge that in a precipitate of silver 
cyanide there are long chains, with alternating silver atoms and cyanide 
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groups, that line up side by side to form the needle-shaped crystal, 

I was fortunate then in that Doisey recommended to me that one of his 
students, Dr. Harvey A. Itano, who had received his M.D. degree in 1945 
and was then interning in Detroit, be accepted in the California Insti
tute of Technology to work for a Ph.D. degree. He had been awarded the 
first American Chemical Society predoctoral fellowship in chemistry, for 
the three years 1946 to 1949. In a letter to Dr. Itano, I suggested that 
he investigate the hemoglobin from the red cells of patients with sickle-
cell anemia in order to determine whether or not it is different in 
structure from normal adult hemoglobin. 

I think that the rest of the story about the abnormal human hemoglobins 
is well known. Dr. Itano, with the assistance of Dr. S.J. Singer, suc
ceeded in carrying out the electrophoresis of human hemoglobins from dif
ferent sources, showing that sickle-cell-anemia hemoglobin differs from 
normal adult human hemoglobin. Hemoglobin C was then discovered by Itano 
and Neel (20), hemoglobin D by Itano (21), and hemoglobin E by Itano, 
Bergren, and Sturgeon (22). The later history of the abnormal human hemo
globins is discussed in other chapters in this book, 

The study of sickle-cell-anemia hemoglobin has led to a number of devel
opments in the fields of molecular disease and molecular evolution.The 
reader can learn more about these elsewhere (23,24,25,26,27). 
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A Theory of the Structure and Process of Formation of Antibodies* 

B Y LINUS PAULING 

I. Introduction 
During the past four years I have been making 

an effort to understand and interpret serological 
phenomena in terms of molecular structure and 
molecular interactions. The field of immunology 
is so extensive and the experimental observations 
are so complex (and occasionally contradictory) 
that no one has found it possible to induce a 
theory of the structure of antibodies from the 
observational material. As an alternative method 
of attack we may propound and attempt to answer 
the following questions: What is the simplest 
structure which, can be suggested, on the basis 
of the extensive information now available about 
intramolecular and intermolecular forces,1 for a 
molecule with the properties observed for anti
bodies, and what is the simplest reasonable proc
ess of formation of such a molecule? Proceeding 
in this way, I have developed a detailed theory 
of the structure and process of formation of anti
bodies and the nature of serological reactions 
which is more definite and more widely applicable 
than earlier theories, and which is compatible 
with our present knowledge of the structure and 
properties of simple molecules as well as with 
most of the direct empirical information about 
antibodies. This theory is described and dis
cussed below. 

II. The Proposed Theory of the Structure and 
Process of Formation of Antibodies 

When an antigen is injected into an animal 
some of its molecules are captured and held in the 
region of antibody production.2 An antibody to 
this antigen is a molecule with a configuration 
which is complementary to that of a portion of 
the antigen molecule.' This complementariness 

* Some of the material in this paper was presented on April 17th, 
1940, at The Rockefeller Institute for Medical Research and on 
April 23rd, 1940, at the meeting of the National Academy of Sciences, 
Washington, D. C. 

(1) See, for a summary of this information, L. Pauling, "The Na
ture of the Chemical Bond and the Structure of Molecules and 
Crystals," Cornell University Press, Ithaca, New York, second edi
tion, 1940. 

(2) There is some evidence that this is the cells of the reticulo
endothelial system: see Florence R. Sabin, / . Exptl, Med., 70, 07 
(1939), and references quoted by her. 

(3) The idea of complementary structures for antibody and antigen 
was suggested by (a) P. Breinl and P. Haurowitz, Z. Physiol. Chem., 
1M, 46 (1930); (b) Stuart Mudd, J. Immunol.. U, 423 (1932); (c) 

gives rise to specific forces of appreciable strength 
between the antibody molecule and the antigen 
molecule; we may describe this as a bond be
tween the two molecules. I assume, with Mar-
rack, Heidelberger, and other investigators/ 
that the precipitate obtained in the precipitin 
reaction is a framework," and that to be effective 
in forming the framework an antibody molecule 
must have two or more distinct regions with sur
face configuration complementary to that of the 
antigen. The rule of parsimony (the use of the 
minimum effort to achieve the result) suggests 
that there are only two such regions, that is, 
that the antibody molecules are at the most 
bivalent. The proposed theory is based on this 
reasonable assumption. It would, of course, be 
possible to expand the theory in such a way as to 
provide a mechanism for the formation of anti
body molecules with valence higher than two; but 
this would make the theory considerably more 
complex, and it is likely that antibodies with 
valence higher than two occur only rarely, if at all. 

Antibodies are similar in amino-acid composi
tion to one or another of the fractions of serum 
globulin of the animal producing the serum. It 
is known that there exist antibodies of different 
classes, with different molecular weights—the 
molecular weights of rabbit antibody and of 
monkey antibody (to pneumococcus polysac
charide) are about 157,000, whereas those of pig, 
cow, and horse antibodies are about 930,000.8 

The following discussion is for antibodies with 
molecular weight about 160,000, and similar in 
constitution to the y fraction of serum globulin7; 
the changes to be made to cause it to apply to 
antibodies of other classes are obvious. 

J. Alexander, Proloplasma, 14, 296 (1931), and has come to be 
rather generally accepted. There is some intimation of it in the 
early work of Ehrlich and of Bordet. 

(4) J. R. Marraclc, "The Chemistry of Antigens and Antibodies," 
Report No. 230 of the Medical Research Council, His Majesty's 
Stationery Office, Londoo, 1938; M. Heidelberger, Chem. Rev., 84, 
323 (1939), and earlier papers. 

(5) The framework is sometimes called a "lattice" by immuno-
chemists; the use of this word in immunology is to be discouraged 
because of the implication of regularity associated with it through its 
application in crystallography. 

(6) E. A. Kabat and K. O. Pedersen, Science, 87, 372 (1938); E. A. 
Kabat, J. Expll. Med., « , 103 (1939). 

(7) A. Tisetius, Biochem. J., 11, 1464 (1937); Trans. Faraday Soc., 
1J, 524 (1937); T. Svedberg, Ind. Em. Chem., 80, 113 (1938). 
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The effect of an antigen in determining the 
structure of an antibody molecule might involve 
the ordering of the amino-acid residues in the 
polypeptide chains in a way different from that 
in the normal globulin, as suggested by Breinl 
and Haurowitz,a and Mudd. ,b I assume, how
ever, that this is not so, but that all antibody mole
cules contain the same polypeptide chains as normal 
globulin, and differ from normal globulin only in the 
configuration of the chain; that is, in the way 
that the chain is coiled in the molecule. There is at 
present no direct evidence supporting this as
sumption. The assumption is made because, 
although I have found it impossible to formulate 
in detail a reasonable mechanism whereby the 
order of amino-acid residues in the chain would 
be determined by the antigen, a simple and rea
sonable mechanism, described below, can be ad
vanced whereby the antigen causes the polypep
tide chain to assume a configuration comple
mentary to the antigen. The number of configu
rations accessible to the polypeptide chain 
is so great as to provide an explanation of the 
ability of an animal to form antibodies with 
considerable specificity for an apparently un
limited number of different antigens,8 without 
the necessity of invoking also a variation in the 
amino-acid composition or amino-acid order.' 

The Postulated Process of Formation of Anti
bodies.—Let us assume that the globulin molecule 
consists of a single polypeptide chain, containing 
several hundred amino-acid residues, and that 
the order of amino-acid residues is such that for 
the center of the chain one of the accessible con
figurations is much more stable than any other, 
whereas the two end parts of the chain are of 
such a nature that there exist for them many 
configurations with nearly the same energy. (This 
point is discussed in detail in Section IV.) Four 
steps in our postulated process of formation of a 
normal globulin molecule are illustrated on the 
left side of Fig. 1. At stage I the polypeptide 
chain has been synthesized, the amino-acid resi
dues having been marshalled into the proper 
order, presumably with the aid of polypeptidases 
and protein templates, and the two ends of the 
chain, A and C, each containing perhaps two 
hundred residues, have been liberated with the 

(8) See K. Landsteiner, "The Specificity of Serological Reactions," 
Charles C. Thomas, Springfield, III., 1936. 

(9) It has been pointed out by A. Rothen and K. Landsteiner, 
Science, 90., 66 (1939), that the possibility of different ways of folding 
the same polypeptide chain to obtain different antibodies is worth 
considering. 

unstable extended configuration. (The horizontal 
line in each drawing separates the region, below 
the line, in which the polypeptide chain is not 
able to change its configuration from the region, 
above the line, where this is possible.) Each of 
these chain ends then coils up into the most 
stable or one of the most stable of the accessible 
configurations (stage II) and is tied into this con
figuration by the formation of hydrogen bonds and 
other weak bonds between parts of the chain. 
The central part B of the chain is then liberated 
(stage III) and assumes its stable folded con
figuration (stage IV) to give the completed 
globulin molecule. 

There are also indicated in Fig. 1 six stages in 
the process of formation of an antibody molecule. 
In stage I there are shown an antigen molecule 
held at a place of globulin production and a globu
lin molecule with its two ends A and C liberated 
with the extended configuration. At stage II 
each of the ends has assumed a stable coiled con
figuration. These stable configurations A' and 
C are not, however, identical with those A and C 
assumed in the absence of the antigen. The 
atoms and groups which form the surface of the 
antigen will attract certain complementary parts 
of the globulin chain (a negatively-charged group, 
for example, attracting a positively-charged 
group) and repel other parts; as a result of these 
interactions the configurations A' and C of the 
chain ends which are stable in the presence of the 
antigen and which are accordingly assumed in the 
presence of the antigen will be such that there is 
attraction between the coiled globulin chain ends 
and the antigen, due to their complementarity 
in structure. The configuration assumed by the 
chain end may be any one of a large number, de
pending upon which part of the surface of the anti
gen happens to exert its influence on the chain end 
and how large a region of the surface happens to 
be covered by it. 

When the central part B of the globulin chain 
is liberated from the place of its synthesis (stage 
III), one of two processes may occur. If the forces 
of attraction between the antigen and the portions 
A' and C are extremely strong, they will remain 
bonded to the antigen for an indefinite time, and 
nothing further of interest will happen. If the 
forces are somewhat weaker, however, one will in 
time break away—dissociate from the antigen 
(stage IV). Then the portion B of the chain will 
fold up to achieve its normal stable configuration 
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FOUR STAGES OF POSTULATED PROCESS 
OF FORMATION OF GLOBULIN MOLECULE 

71 
SIX STAGES OF POSTULATED PROCESS 
OF FORMATION OF ANTIBODY MOLECULE 

SATURATION OF ANTISEN MOLECULE 
WITH INHIBITION OF ANTIBODY FORMATION 

Fig. 1.—Diagrams representing four stages in the process of. formation of a molecule of normal serum globulin (left 
side of figure) and six stages in the process of formation of an antibody molecule as the result of interaction of the globulin 
polypeptide chain with an antigen molecule. There is also shown (lower right) an antigen molecule surrounded by 
attached antibody molecules or parts of molecules and thus inhibited from further antibody formation. 

(stage V), making a completed antibody mole
cule. In time this will dissociate from the anti
gen and float away (stage VI). I t is possible 
that an auxiliary mechanism for freeing the active 
ends A' and C from the antigen molecule comes 
into operation; this is discussed in Section VI. 

The middle part of the antibody molecule thus 
produced would be like that of a normal globulin 
molecule, and the two ends would have configura
tions more or less complementary to parts of the 
surface of the antigen. These two active ends 
are effective in different directions, so that, after 
the antibody is completely formed, only one of 
them at a time can grasp a particular antigen 
molecule. 

The antigen molecule, after its desertion by the 
newly-formed antibody molecule, may serve as 
the pattern for another, and continue to serve 
until its surface is covered by very strongly held 
antibodies or portipns of antibodies or until the 
concentration of antibodies becomes so great 
that even with weak forces operating the antigen is 
combined with antibodies most of the time (as 
illustrated in Fig. 1), or until the antigen molecule 
is destroyed or escapes from the region of globulin 
formation. 

HI. Some Points of Comparison with Experi
ment 

a. The Heterogeneity of Immune Sera.—The 
theory requires that the serum homologous to a 

given antigen be not homogeneous, but hetero
geneous, containing antibody molecules of greatly 
varied configurations. Many of the antibody 
molecules will be bivalent, with two active ends 
with configuration complementary to portions 
of the surface of an antigen molecule. Great 
variety in this complementary configuration would 
be expected to result from the accidental ap
proximation to one or another surface region, and 
further variety from variation in position of the 
antigen molecule relative to the point of liberation 
of the globulin chain end and from accidental 
coiling and linking of the chain end before it comes 
under the influence of the antigen. Some of the 
antibody molecules would be univalent, one of the 
chain ends having, because of its too great distance 
from the antigen, folded into a normal globulin 
configuration. 

These predictions are verified by experimental 
results. I t is well known that an immune serum 
to one antigen will, as a rule, react with a related 
heterologous antigen, and that after exhaustion 
with the latter there remains a fraction which will 
still react with the original antigen. Landsteiner 
and van der Scheer,10 using as antigens azopro-
teins carrying various haptens containing the same 
active group, have shown that the antiserum for 
one antigen contains various fractions differing in 
the strength of their attraction for the haptens. 

(10) K. Landsteiner and J. Tan der Scheer, J.Exitl. Med., .68, S3o 
(1036). 
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By the quantitative study of precipitin reactions 
Heidelberger and Kendall" reached the same con
clusion, and showed in addition that even after 
prolonged immunization the antiserum studied 
(anti-egg albumin) contained much low-grade 
antibody, incapable by itself of forming a pre
cipitate with the antigen, but with the property 
of being carried down in the precipitate formed 
with a more reactive fraction." 

Fig. 2.—(A) Diagram representing agglutinated cells. 
(B) Diagram of the region of contact of two cells, showing 
the postulated structure and mode of action of agglutinin 
molecules. 

b. The Bivalence at Antibodies and the 
Multivalence of Antigens.—Our theory is based 
on the idea that the precipitate formed in the pre
cipitin reaction is a network of antibody and anti
gen molecules in which many or all of the anti
body molecules grasp two antigen molecules 
apiece and the antigen molecules are grasped by 
several antibody molecules. The direct experi
mental evidence for this picture of the precipitate 
has been ably discussed by its propounders and sup
porters, Marrack and Heidelberger and Kendall, 
and need not be reviewed here. To the struc
tural chemist it is clear that this picture of the 
precipitate must be correct. The great specificity 
of antibody-antigen interactions requires that a 
definite bond be formed between an antibody 
molecule and an antigen molecule. If antibodies 
or antigens were univalent, this would lead to 
complexes of one antigen molecule and one or more 

(11) M. Heidelberger and P. E. Kendall, J. Expll. Mt&„ U, 559 
(1935); M, 407, 687 (1935). 

(12) The older experimental results bearing on this question did 
not permit a clear distinction between antibody fractions differing in 
being complementary to different active groups in the antigen and 
fractions differing in the extent of their complementariness to the 
same group. The experiments ore discu—id in laarrack's mono
graph. 

antibody molecules (or of one antibody molecule 
and one or more antigen molecules), and we know 
from experience with proteins that these aggre
gates would in general remain in solution. If both 
antibody and antigen are multivalent, however, 
the complex will grow to an aggregate of indefinite 
size, which is the precipitate. 

This process is observed directly in the aggluti
nation of cells. On the addition of an agglutinin 
to a cell suspension the cells are seen to clump 
together. It is obvious that the agglutinin 
molecules which are holding the cells together are 
bivalent"—each has two active ends, with con
figuration complementary to that of a portion of 
the surface of the cells; the agglutinin molecules 
hold the cells together at their regions of contact, 
as shown in Fig. 2. 

It seems probable that all antibodies have this 
structure—that they are bivalent, with their two 
active regions oppositely directed. Heidelberger 
and his collaborators and Marrack have em
phasized the multivalence of antibodies and 
antigens,14 but limitation of the valence of anti
bodies to the maximum value two (ignoring the 
exceptional case of the attachment of two or more 
antigens or haptens to the same end region of an 
antibody) has not previously been made. 

The maximum valence of an antigen molecule 
would be given by the ratio of its surface area to 
the area effectively occupied by one antibody 
molecule, if all regions of the antigen surface 
were active. In the special case that the anti
body were able to combine only with one group 
(a hapten, say, with immunization effected by use 
of another antigen with the same hapten attached) 
the maximum valence of the antigen would be 
equal to the number of groups per molecule. 

c. The Antibody-Antigen Molecular Ratio in 
Precipitates.—Our theory provides an immediate 
simple explanation of the observed antibody-
antigen molecular ratios in precipitates. Under 
optimum conditions a precipitate will be formed 
in which all the valences of the antibody and anti
gen molecules are satisfied. An idealized repre-

(13) Following Heidelberger and Kendall, I use the terminology 
of chemical valence theory in discussing the specific mutual attrac
tion of antigen and antibody. The antlbody-autigen "valence 
bonds" are not, of course, to be confused with ordinary covalent 
chemical bonds; they are due instead to the integrated weak forces 
discussed in Sec. IV. 

(14) Professor Heidelberger has informed me that in their quan
titative treatment of data on the precipitin reaction he and Dr. 
Kendall have found no incompatibility with this restriction; in their 
papers they discussed the general case of multivalence of antibody 
as wall as el antigen. 
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sentation of a portion of such a precipitate is 
given in Fig. 3. The figure shows a part of a layer 
with each antigen molecule bonded to six sur
rounding antibody molecules; this structure rep
resents the value N = 12 for the valence of the 
antigen, each antigen molecule being attached 
also to three antibody molecules above the layer 
represented and to three below. Each antibody 
molecule is bonded to two antigen molecules, one 
at each end. An ideal structure of. the antibody-
antigen precipitate for N = 12 may be described 
as having antigen molecules at the positions 
corresponding to closest packing, with the twelve 
antibody molecules which surround each antigen 
molecule lying along the lines connecting it with 
the twelve nearest antigen neighbors. 

Similar ideal structures can be suggested for 
other values of the antigen valence. The antigen 
molecules might be arranged for N = 8 at the 
points of a body-centered cubic lattice, and for N 
= 6 at the points of a simple cubic lattice, with 
antibody molecules along the connecting lines. 
For JV = 4 the antigen molecules, connected by 
antibody molecules, might lie at the points occu
pied by carbon atoms in diamond; or two such 
frameworks might interpenetrate, as in the cu
prous oxide arrangement (copper and oxygen 
atoms being replaced by antibody and antigen 
molecules, respectively). 

It is not to be inferred that the actual precipi
tates have the regularity of structure of these 
ideal arrangements. The nature of the process 
of antibody formation, involving the use of a 
portion of the antigen surface selected at random 
as the template for the molding of an active end 
of an antibody molecule, introduces so much 
irregularity in the framework that a regular 
structure analogous to that of a crystal is prob
ably never formed. The precipitate is to be com
pared rather with a glass such as silica glass, in 
which each silicon atom is surrounded tetra-
hedrally by four oxygen atoms and each oxygen 
atom is bonded to two silicon atoms, but which 
lacks further orderliness of arrangement. Addi
tional disorder is introduced in the precipitate by 
variation in the effective valence of the antigen 
molecules and by the inclusion of antibody mole
cules with only one active end. 

The antibody-antigen molecular ratio J? of a 
precipitate is given by the equation 

R = JV.M. (antigen) /Nm. (antibody) (1) 
in which Afeff. (antigen) and JVea. (antibody) are the 

I • f ^ * * 

PORTION OF ANTIBEN-ANTISODY PRECIPITATE WITH ALL ACTIVE REGIONS SATURATED 

MOLECULAR RATIO ^jfffiflSi'' = $ • INCOORDINATION NUMBER Of ANTIOEN 

Fig. 3.—A portion of an ideal antibody-antigen frame
work. One plane of the structure corresponding to the 
value twelve for the valence of the antigen molecules is 
shown. 

average effective valences of antigen and anti
body molecules, respectively. The maximum 
value of NcS. (antibody) is 2 (ignoring the ex
ceptional possibility that two small haptens can 
attach themselves to the same combining region 
at one end of the antibody; steric repulsion of 
antigen molecules would usually prevent this 
occurrence), and under optimum conditions for 
formation of the most stable precipitate we may 
expect this maximum value to be closely ap
proached. The antibody-antigen molecular ratio 
then becomes 

R - N/2 (2) 
in which N is iVeff (antigen). Now a sphere can 
be brought into contact with twelve surround
ing spheres equal to it in size; hence a spherical 
antigen molecule with molecular weight equal 
to that of the antibody (157,000) might have the 
valence N = 12, if all regions of the antigen sur
face were active and if the antibody molecules 
were spherical; the assumption of elongated 
antibody molecules would permit the valence to 
be somewhat larger. The value 12 of N corre
sponds to the value 6 for the ratio R. For larger 
antigens larger values of R would be expected, and 
for smaller ones smaller values. Even for anti
gens with molecular weight as small as 11,000 
the predicted maximum value of R is 4 (for 
spherical antibodies) or larger. In fact, a simple 
calculation based on the packing of spheres16 

leads to the results given in Table I . " It is seen 
(15) See L. Pauling, ref. 1, Sec. 48a. 
(18) It may be noted that values of R calculated in the text change 

with molecular weight in about the same way as those calculated by 
W. C. Boyd and S. B. Hooker, J. Gen. Physiol.. IT, 341 (1934), on the 
assumption that each antigen molecule is surrounded by a close. 
packed layer* ofa (univalent) antibody molecules. The Boyd-
Hooker values agree roughly with experiment (Morrack, toe. eit., p. 
161). 
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TABLE I 
COORDINATION OF SPHERICAL. ANTIBODY MOLECUT.ES 

ABOUT SPHERICAL ANTIGEN MOLECULES 
Minimum 

No. of ratio of 
antibody antigen 
molecules radius to 

about antibody 
antigen radius 

12 '1.000 
8 0.732 
6 .414 
i .226 

Minimum 
mol. wt. of 
antigen 

(antibody 
160,000) 
160,000 
63,000 
11,000 
1,800 

Maximum 
mol. ratio 
Antibody Maximum 
Antigen »»».ratio 
in satd. Antibody 

ppt. Antigen 

4 10 
3 44 
2 178 

that our theory provides a simple explanation of 
the fact that for antigens of molecular weight 
equal to or less than that of the antibody the 
precipitate contains considerably more antibody 
than antigen. The values given in Table I are 
not to be considered as having rigorous quanti
tative significance. The calculated maximum 
molecular ratio would be larger for elongated 
antibody molecules than for spherical antibody 
molecules, and larger for non-spherical than for 
spherical antigen molecules, and, moreover, in 
many sera the antibodies might be complemen
tary in the main only to certain surface regions 
of the antigen, the number of these determining 
the valence of the antigen. That this is so is indi
cated by the observation" that after long im
munization of a rabbit with egg albumin serum 
was obtained giving a precipitate with a con
siderably larger molecular ratio than that for 
earlier bleedings.18 

Observed values of R for precipitates formed 
in the equivalence zone (with amounts of antigen 
solution and serum so chosen that neither excess 
antibody nor excess antigen can be detected in 
the supernate) for antigens with molecular 
weights between about 4000 and 700,000 lie 
between about 2.5 for the smaller antigens and 15 
for the larger ones.1' I t is seen that the values 
of R are somewhat less than the corresponding 
values from Table I, which indicates that not all 
of the surface regions of the antigens are effective. 

(17) M. Heidelberger and F. E. Kendall, J. Expll. Med., (1, 697 
(1935). 

(18) The discussion of the nature of this phenomenon of change 
in the serum on continued immunization must await the detailed 
treatment of intracellular antibody-antigen interactions. The 
phenomenon may involve the masking of the more effective surface 
regions of the injected antigen molecules by serum antibodies pro
duced by earlier inoculations, leaving only the less effective regions 
available for template action. 

(19) It is our restriction of the valence of the antibody to the maxi
mum value two which leads to our explanation of the antibody-
antigen ratios. The general observation of values of R considerably 
greater than 1 is not accounted for by a framework theory in which 
antibody and antigen molecules are both multivalent, unless some 
auxiliary postulate is invoked to make the effective valence of antigen 
considerably greater than that of antibody. 

The data given in Table II are those of Heidel
berger and his collaborators; the values reported 
by other investigators are similar in magnitude. 

TABLE II 

VALUES OF ANTIBODY-ANTIGEN MOLECULAR RATIOS FOR 
PRECIPITATES FROM RABBIT ANTISERA" 

RBz-
R treme R 

Equiva- anti- R Soluble 
lence body Antigen corn-

Antigen Mol. wt. zone excess excess pound 

Egg albumin 42,000 2.6-3 5 2 1 
Dye egg albu

min' 46,000 2.5-3 5 •/, >/• 
Serum albumin 67,000 3-4 6 2 1 
Thyroglobulin 700,000 10-14 40 2 1 

9 The experimental values are those obtained by Heidel
berger and collaborators, and quoted by M. Heidelberger, 
THIS JOURNAL, SO, 242 (1938). * .R-salt-azobiphenylazo 
egg albumin. 

In a precipitate formed from a solution con
taining an excess of antibody not all of the anti
body valences will be saturated. At the limit 
of antibody excess the precipitate will be a net
work of linear aggregates with a structure such as 
that represented in Fig. 4. Here each antigen 
molecule (with an occasional exception) is sur
rounded by N antibody molecules, only two of 
which bond it to neighboring antigen molecules. 
The padded strings formed in this way are tied 
together by an occasional cross-link to form the 
precipitate. The antibody-antigen molecular 
ratio is seen to be close to N — 1, which is one less. 
than twice the value N/2 for the valence-saturated 
precipitate. The predicted relation between 
these ratios 

-Kftntibody exoeu = a •"-^equiv«leno« •ona —" •»• 

is seen from the data in Table II to be verified ap
proximately by experiment for the antigens other 
than thyroglobulin. 

The discrepancy shown by thyroglobulin is, 
indeed, to be expected for an antigen with molec
ular weight greater than that of the antibody. 
The requirements of geometry are such that an 
arrangement in which each antigen is bonded 
equivalently by antibodies to more than twelve 
surrounding antigens is impossible. Hence for 
large antigen molecules the molecular ratio can 
exceed 6 in the valence-saturated precipitate only 
if two or more antibody molecules are shared 
between the same pair of antigen molecules, 
whereas in the antibody-excess region the entire 
surface of the large antigen may be covered by 
antibody molecules. 

http://Molecut.es


Oct., 1940 A THEORY OF THE FORMATION OF ANTIBODIES 2619 

— V 0 

( 1 \ 

Km ON OF MIECIPI A E WITH EXCESS AHT1S00T 

W E UUW RATIO KH 

Fig. 4.—A portion of an antibody-antigen network formed in the region of antibody 

With antigen excess the precipitate formed will 
have the limiting structure shown in Fig. 5, in 
which (with an occasional exception) both antigen 
and antibody are bivalent, the molecular ratio 
approaching unity. The 
reported experimental val
ues for this ratio (Table II) 
lie between 2 and ' / i . 

With great excess of 
antigen finite complexes 
which remain in solution < 
are formed, with structures 
such as shown in Fig. 6. 
For these the molecular 
ratio varies between 1 and 
the minimum value V». 
I t is observed that in gen
eral no precipitate forms 
in the region of great anti
gen excess, and Heidel-
berger and his collabora
tors have in fact assigned 
values 1 and '/a to the 
molecular ratios for the 
complexes in solution. 

Whereas precipitation is 
inhibited by antigen excess, it usually occurs even 
with great antibody excess, although soluble com
plexes with molecular ratio N and the structure 
shown in Fig. 7 are expected to exist. I t seems 

probable that the differ
ence in behavior of sys
tems in the excess anti
gen region and excess 
antibody region is to be 
attributed to the fact 
that the molecular ratio 
for precipitate and solu
ble complex differs by a 
factor as great as two for 
the former case, and by 
only N/(N - 1) for the 
latter. 

d. The Use of a 
Single Antigen Molecule 
as the Template for an 
Antibody Molecule.— 
There are two ways in 
which an antibody mole
cule with two opposed 
active regions comple
mentary to the antigen 

might be produced. One is the way described 
in Section II . The other would involve the 
manufacture of the antibody molecule in its 
final configuration between two antigen molecules, 

PORTION OF PRECIPITATE WITH EXCESS ANTIOEN 

MOLECULAR RATIO SLIOHTLY OREATER THAN I 

Fig. 5.—A portion of the network formed in the region of antigen excess. 

one of which would serve as the pattern for one 
antibody end and the other for the second. No 
attempt, to decide between these alternatives 
seems to have been made before; there exists 
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• • • • • 

• • • • • 
Fig. 6.—Representative soluble complexes formed with 

excess antigen. 

evidence, however, some of which is mentioned 
below, to indicate that the first method of anti-

body production, involving only one 
i|V\/' antigen molecule, occurs predomi-

Y T T Y nantly. I t is for this reason that I 
"^^ have developed the rather compli-

Fig. 7.—A cated theory described above, with 
soluble com- the two end portions of the antibody 

wi™ 'exTe'st f o r m i n g first- o n e ( ° r b0411) thea 

ibody separating from the antigen, and the 
central part of the antibody then 

assuming its shape and holding the active ends in 
position for attachment to two antigen molecules. 

This theory requires that the formation of 
antibody be a reaction of the first order with 
respect to the antigen, whereas the other alter
native would require it to be of the second order. 
There exists very little evidence as to whether on 
immunization with small amounts of antigen the 
antibody production is proportional to the amount 
of antigen injected or to its square. Some support 
for the one-antigen-molecule theory is provided 
by the experiments dealing with the injection of a 
mixture of antigens. If two antigen molecules 
were required for antibody formation, it would 
be expected that antibodies A'-B' , A'-C' , 
B'-C' , • • • complementary to two different anti-. 
gens A and B, A and C, B and C, • • • as well as 
those A'-A', B ' -B ' , C'-C', • • • complementary 
to a single antigen would be formed. The avail
able evidence speaks strongly against this. Thus 
Dean, Taylor, and Adair20 have reported that 
the serum produced by immunization with a 
mixture of egg albumin and serum albumin 
contains distinct antibodies homologous to the 
two antigens, and that precipitation with one 
antigen leaves the amount of the heterologous 
antibody unaltered. An even more rigorous 
demonstration was furnished by Heidelberger 
and Kabat,21 who, from the serum of a cow which 

(20) H. R. Dean, G. L. Taylor and M. E. Adair, / . Hyg., i t , 69 
(1935). 

(21) M. Heidelberger and B. A. Kabat, / . Expil. Med., 61, 181 
(1938). 

had been injected with types I, II, and III 
pneumococci, isolated in succession, with the 
corresponding specific polysaccharide, the three 
anticarbohydrates, each in an apparently pure 
state and with no appreciable cross-reactivity as 
to pneumococcus type. In another striking ex
periment Hektoen and Boor22 found that a serum 
obtained on injecting a rabbit with a mixture of 
35 antigens reacted with 34 of the antigens, and 
that absorption with any one had in the main 
little effect on subsequent reaction with another. 
Since on the two-antigen-molecule theory the 
amount of antibodies A'-A', B'-B' , • • • capable 
of causing precipitation with a single antigen 
would be small compared with the total amount 
of antibody (of the order of l /« , for n antigens— 
about 3 % in this case), these qualitative observa
tions provide significant evidence in favor of the 
alternative theory. 

e. Criteria for Antigenic Power.—There has 
been extensive discussion of the question of what 
makes a substance an antigen, but no generally 
accepted conclusions have been reached. Our 
theory permits the formulation of the following 
reasonable criteria for antigenic activity: 

1. The antigen molecule must contain active 
groups, capable of sufficiently strong interaction 
with the globulin chain to influence its configura
tion. 

2. The configuration of the antigen molecule 
must be well-defined over surface regions large 
enough to give rise to an integrated antibody-
antigen force sufficient to hold the molecules 
together. 

3. The antigen molecule must be large enough 
to have two or more such surface regions, and in 
case that the antigenic activity depends upon a 
particular group the molecule must contain at 
least two of these groups. (This criterion applies 
to antibodies effective in the precipitin and agglu
tinin reactions and in anaphylaxis.) 

These criteria are satisfied by substances known 
to have antigenic action. Many proteins, some 
carbohydrates with high molecular weight (bac
terial polysaccharides, invertebrate glycogen"), 
and some lipids and carbohydrate-lipid com
plexes are antigenic. The simple chemical sub
stances so far studied have been found to be in
active, except those which are capable of com
bining with proteins in the body. Non-antigenic 

(22) L. Hektoen and A. K. Boor, J. Infect. Diseases, 48, 588 (1931). 
(23) D. H. Campbell, Proc. Soc. ExpU. Bid. tied.. It, 611 (1987); 

J. Paraiitot., M, 348 (1*37). 
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substances have been reported to become anti
genic when adsorbed on particles (Forssman 
antigen on kaolin24); in this case the particle 
with adsorbed hapten is to be considered the 
antigen "molecule" of our theory. I predict that 
relatively simple molecules containing two or 
more haptens will be found to be antigenic; 
experiments to test this prediction are now under 
way. 

IV. A More Detailed Discussion of the Struc
ture of Antibodies and Other Proteins 

There has been gathered so far very little direct 
evidence regarding the detailed structure of pro
tein molecules. Chemical information is com
patible with the polypeptide-chain theory of pro
tein structure, and this theory is also supported 
by the rather small amount of pertinent X-ray 
evidence.26 I t was pointed out some years 
ago26 that the well-defined properties of native 
proteins require that their molecules have defi
nite configurations, the polypeptide chain or 
chains in a molecule being coiled in a definite 
way and held in position by forces acting between 
parts of the chains. The phenomenon of de-
naturation involves the loss of configuration 
through the partial or complete uncoiling of the 
chains. Of the forces involved in the retention 
of the native configuration those described as 
hydrogen bonds are probably the most impor
tant. Our knowledge of the properties of the hy
drogen bond has increased to such an extent dur
ing the past five years as to justify some specula
tion as to the nature of the stable configurations of 
protein molecules. 

Hydrogen bonds can be formed by the peptide 
carbonyl and imino groups of a polypeptide chain, 
and also by the carboxy, amino, hydroxy, and 
other oxygen- and nitrogen-containing groups in 
the side chains of the amino-acid residues. In a 
stable configuration as many strong hydrogen 
bonds as possible will be present. One configura
tion in which all of the peptide carbonyl and 
imino groups are forming strong hydrogen bonds 
is that shown in Fig. 8. Here extended chains are 
bonded together to form a compact layer, with the 
side chains extending alternately above and below 

(24) P. Gonzales and M. Annangue, Compt. rend. soc. biol., 106, 
1006 (1931); K. Landsteiner and J. Jacobs, Proc. Soc. Exptl. Biol. 
Ued., 30, 1055 (1933). 

(25) A brief statement of the situation has been made by L. 
Pauling and C. Niemann, THIS JOURNAL, 81, 1860 (1939); see also 
R. B. Corey, Chem. Ret., » , 227 (1940). 

(2«) A. B. Minky and L. Pauling, Proc. Not. Acad. Set., »I, 439 
(U36); H. Wu, Chinese J. Physiol., i, 321 (1931). 

the plane of the layer (provided that the levo con
figuration is the only one represented by the 
amino-acid residues). This configuration has been 
assigned to /3-keratin and other fibrous proteins by 
Astbury27 on the basis of X-ray data. Although 
the structure has not been verified in detail by 
the analysis of the X-ray data, the agreement in 
the dimensions found experimentally for the 
pseudo-unit cell of /3-keratin and those predicted 
from the complete structure determinations of 
glycine28 and diketopiperazine29 makes it very 
probable that the structure is essentially correct, 
with, however, the chains somewhat distorted 
from the completely extended configuration.30 

Fig. 8.—The folding of polypeptide chains into a layer held 
together by imino-carbonyl hydrogen bonds. 

It is to be noted that the —NH—CO—CHR— 
sequence alternates in alternate lines in such a 
layer, so that a layer of finite size could be con
structed by running a single polypeptide chain 
back and forth. A globular protein could then 
be made by building several such layers parallel 
to one another and in contact, like a stack of 
pancakes, the layers being held together by side-
chain interactions as well as by the polypeptide 
chain itself. A protein molecule with, for ex
ample, roughly the shape and size of a cube 
40 A. on edge might contain four layers, each 
with about eight strings of about twelve residues 
each. 

A few years,ago I noticed, by studying molec
ular models, that a proline or hydroxyproline 
residue in the chain would interfere with the 

(27) W. T. Astbury, Trans. Faraday Soc, 29, 193 (1933), and other 
papers. 

(28X G, Albrecht and R. B. Corey, THIS JOURNAL, «1, 1087 (1939). 
(29) R. B. Corey, ibid., CO, 1598 (1938). 
(30) R. B. Corey, ref. 25. 
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structure shown in Fig. 8 in such a way as to 
cause the chain to tend to turn through 180°; 
hence if these residues were suitably distributed 
along the chain during its synthesis the chain would 
tend to assume the configuration discussed above. 

Layer structures other than this one might 
also be assumed, in which the chains are not ex
tended. Some fibrous proteins, such as a-kera-
tin, are known to have structures of this general 
type, but the nature of the folding of the chains 
has not yet been determined. 

We have postulated the existence of an ex
tremely large number of accessible configurations 
with nearly the same energy for the end parts of 
the globulin polypeptide chain. A layer struc
ture, with variety in the type of folding in the 
layer, would not, it seems to me, give enough con-
figurational possibilities to explain the great ob
served versatility of the antibody precursor in 
adjusting itself to the antigen, and I think that 
skew configurations must be invoked. But simple 
considerations show that it would be difficult 
for the chain to assume a skew configuration in 
which most of the peptide carbonyl and imino 
groups take part in forming hydrogen bonds, as 
they do in the layer structures; and in conse
quence the skew configurations would be much 
less stable than the layer configurations. The 
way out of this difficulty is provided by the postu
late that the end parts of the globulin polypeptide 
chains contain a very large proportion (perhaps one-
third or one-half) of proline and hydroxyproline 
residues and other residues which prevent the as
sumption of a stable layer configuration. 

We may, indeed, anticipate that globular pro
teins may be divided into two main classes, com
prising, respectively, those in which there is a 
layer structure and those in which the stable con
figuration of the chains is more complex; the latter 
may show the high proline and hydroxyproline 
content postulated for the globulin chain ends. 

About one-third of the residues in gelatin are 
proline and hydroxyproline. We expect accord
ingly that there are many configurations with 
nearly the same energy accessible to a gelatfn 
molecule, and that gelatin is not characterized 
by a single well-defined native molecular con
figuration.31 Since the substance contains no 
strong antigenic groups, a definite configuration 
is a requisite for antigenic activity. These con-

(31) Collagen has a definite fiber structure, as shown by X-ray 
photographs. A possible atomic arrangement has been suggested by 
W. T. Astbury and P. O. Bell, Nature. 146, 421 (1940). 

siderations thus provide a possible explanation of 
the well-known fact that gelatin is not effective as 
an antigen.32 

Serological experiments with artificial con
jugated antigens,33 especially azoproteins, have 
provided results of great significance to the theory 
of antibody structure. Many of the arguments 
based on these results are presented in the books 
of Landsteiner and Marrack. The data obtained 
regarding cross-reactions of azoprotein sera with 
related azoproteins show that electrically charged 
groups (carboxyl, sulfonate, arsenate) interact 
strongly with homologous antibodies, and that 
somewhat weaker interactions are produced by 
hydrogen-bond-forming groups and groups with 
large electric dipole moments (hydroxy, nitro). 
The principal action of a weak group such as 
alkyl, phenyl or halogen is steric; this is shown 
clearly by the strong cross-reactions between 
similar chloro and methyl haptens. The data 
on specificity of antibodies with respect to hap
tens indicate strongly that the hapten group fits 
into a pocket in the antibody, and that the fit is a 
close one. It should not be concluded that all 
antibody-antigen bonds are of just this type; for 
example, the fitting of an antibody group into a 
pocket in the antigen may also be often of im
portance. Extensive work will be needed to de
termine the detailed nature of the antibody struc
tures complementary to particular haptens and 
antigens. 

V. Further Comparison of the Theory with 
Experiment. Possible Experimental Tests of 

Predictions 
a. Methods of Determining the Valence of 

Antibodies.—The following methods may be 
proposed to determine the valence of antibodies. 
First, let a serum be produced by injection of an 
azoprotein of the following type: its hapten is to 
be sufficiently strong (that is, to interact suffi
ciently strongly with the homologous antibody) 
that one hapten group forms a satisfactory anti
body-antigen bond, and the number of hapten 
groups per molecule is to be small enough so that 
in the main only one group will be present in the 
area serving as a pattern for an antibody end. 

(32) Gelatin with haptens attached ia antigenic (for references see 
Landsteiner, loc. cit., p. 102, and C. R. Harington, J. Chem. Soc, 
119 (1940)). The presumption is that the haptens interact with the 
antibody so effectively that one hapten forms the antigen-antibody 
bond, and the lack of definite configuration of the gelatin is of no 
significance. 

(33) K. Landsteiner and H. Lampl, BiochtmM.., 86, 343 (1918); 
K. Landsteiner, ibid., 104, 280 (1920). 
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The same hapten is then attached to another 
protein, and this azoprotein is precipitated with 
the serum. If it be assumed that the precipitate 
is valence-saturated, the ratio of hapten groups 
to antibody molecules in the precipitate gives the 
average valence of the antibody. 

Data of essentially this sort, obtained with 
arsanilic acid as the hapten and the rabbit as the 
experimental animal, have been published by 
Haurowitz and his collaborators34 in a paper re
porting many interesting experiments. The 
equivalent weight of antibody per arsanilic acid 
residue was found to vary from 23,000 for anti
gens with very many attached haptens to 51,000 
for those with only a few. The expected value 
for saturation of all haptens by bivalent antibody 
molecules is one-half the antibody molecular 
weight, that is, about 79,000. The low experi
mental values are probably due to failure of some 
haptens to combine with antibodies. In partic
ular, if two haptens are attached to the same 
tyrosine or histidine residue steric interactions of 
antibodies may permit only one of the haptens to 
be effective.35 

The bivalence of antibodies and our postulate 
that only one antigen molecule is involved in the 
formation of an antibody molecule require that a 
precipitin-effective antihapten be produced only 
if the injected antigen contain at least two hapten 
groups. Pertinent data have been obtained on 
this point by Haurowitz and his collaborators, 
who found that effective antihapten precipitin 
serum was produced by an azoprotein, made from 
arsanilic acid and horse globulin, containing 
0.24% arsenic (4.8 haptens per average mole
cule of molecular weight 157)000), and a trace by 
one containing 0.13% arsenic (2.6 haptens per 
molecule). 

b. The Possible Antigenic Activity of Simple 
Substances.—The criteria given above for anti
genic activity would be satisfied by a substance 
of relatively low molecular weight in which sev
eral hapten groups (such as several arsanilic acid 

(34) F. Haurowitz, F. Kraus and F. Marx, Z. physiol. Chem., US, 
23 (1936). 

(35) From the data discussed above, which in our opinion indicate 
that two hapten groups combine with a bivalent antibody molecule, 
Haurowitz drew the different conclusion that one arsenic-containing 
group in the antigen combines with one antibody molecule. He 
reached this result by assuming 100,000 (rather than 157,000) for the 
molecular weight of the antibody and by assuming that the active 
group in the antigen consists of two haptens attached to a tyrosine or 
histidine residue. It is, of course, likely that this occurs in antigens 
with high arsenic content, but it seems probable that the haptens are 
mainly attached to separate residues in the antigens containing only 
a few haptens per molecule. 

residues) are present in the molecule. A substance 
of this sort would be expected also to show the 
precipitin reaction with its own serum or with 
serum homologous to an azoprotein containing 
the same hapten, and to be capable also of pro
ducing anaphylaxis. 

A substance with only two hapten groups per 
molecule might be expected not to give a precipi
tate with the homologous antibody, but rather to 
form long strings with antibody and antigen 
molecules alternating. These strings would 
remain in solution, and would confer on the solu
tion the property of pronounced birefringence of 
flow. If, however, there were in one end of some 
of the antibody molecules complementary regions 
for two hapten groups, making these molecules 
effectively trivalent, the strings would be tied 
together and a precipitate would be formed. It is 
probably significant in this connection that 
Landsteiner and van der Scheer36 have observed 
both the precipitin reaction and anaphylactic 
shock (in guinea pigs sensitized with the corre
sponding azoproteins) with azo dyes, such as re-
sorcinoldiazo-^j-suberanilic acid, (OH)iC (H r 

(NNC6H,NHCO(CH2)6COOH)2, formed by cou
pling two anilic acid molecules with resorcinol. 
Landsteiner himself has explained these observa
tions as resulting from the low solubility of the 
dyes, but the explanation advanced above seems 
more probable. 

c. Experiments with Two or More Different 
Haptens in the Same Antigen.—We would pre
dict that if there were used as an antigen a mole
cule to which several hapten groups A and several 
different hapten groups B were attached, the 
serum obtained would contain three kinds of 
bivalent antibodies, A'-A', B ' -B ' , and A ' -B ' (as 
well as the univalent antibodies A' - and B'-) . 
Our picture of the process of formation of anti
bodies permits little or no correlation between the 
two chain ends of the globulin in the selection of 
surface regions of the antigen molecule to serve as 
templates, except that the two regions must not 
overlap. We accordingly predict that for nA and 
«B groups A and B, respectively, per antigen 
molecule the numbers of bivalent antibody mole
cules of different kinds in the serum would be 

JVA'-A' = <x*nA(nA - 1) (3a) 
iV_B' = 2a0nAnB (3b) 
ATB'-B' = 02»B(»B - 1) (3c) 

(36) K. Landsteiner and J. van der Scheer, Proc. Soc. Ezpll. Biol. 
Mei.,11, 747 (1032); J. Ezptl. Med., 16, 399 (1932). 
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in which a and $ are coefficients which give the 
probabilities that the groups serve as templates. 
It is seen that the amount of A'-B' antibodies is 
predicted to be equal to or slightly greater than twice 
the geometric mean of the amounts of A'-A' and 
B'-B', The only data permitting a quantitative 
test of this relation which have come to my atten
tion are those obtained by Haurowitz and collab
orators (loc. tit.) by use of apoproteins made from 
arsanilic acid. A serum produced by injecting 
rabbits with an antigen made from arsanilic acid 
and horse globulin was found to contain anti
bodies to the arsanilic hapten (precipitating an 
azoprotein made from arsanilic acid and rabbit 
globulin), others to horse globulin itself, and still 
others to the homologous antigen, these last pre
sumably being complementary in structure both 
to the hapten and to the active groups of horse 
globulin. The quantitative results obtained are 
the following: 10 ml. of immune serum gave 
17-18 mg. of precipitate with the maximal pre
cipitating amount of azoprotein from arsanilic 
acid and rabbit globulin, and 8 mg. of precipitate 
with horse globulin, these amounts being inde
pendent of the order of the two precipitations. 
After exhaustion with these two antigens the 
serum gave 17 mg. of precipitate with the ho
mologous antigen. If we assume that the condi
tions of each precipitation were such that only suit
able bivalent antibody molecules were incorpo
rated in the precipitate, the equations above would 
require the third precipitate to weigh about 24 
mg.; the experiment accordingly provides some 
support for the theory. The quantitative dis
crepancy may possibly be due to the incorporation 
of some effectively univalent antibody molecules 
in the first two precipitates. 

The qualitative experimental results which 
have been reported are in part compatible and in 
part incompatible with the theory. The most 
interesting of the experiments are those of Land-
steiner and van der Scheer,37 who prepared azo-
proteins containing two different kinds of haptens 
and studied the antibodies produced by them. 
In some cases only one of the haptens was effec
tive in antibody formation. With the azoprotein 
made from 3-amino-5-succinylaminobenzoyl-/>-
aminophenylarsenic acid, however, a serum was 
obtained which would combine not only with the 
homologous antigen but also with apoproteins 

(37) K. Landsteiner and J. van der Scheer, J. Exptt. Med., 67, 709 
(193S). 

formed either from m-aminosuccinanilic acid or 
from />-aminophenylarsenic acid. After the serum 
was exhausted by interaction with stromata 
coupled with either one of these two simple hap
tens, it reacted as strongly (as measured by the 
estimated amount of precipitate) with the azopro
tein containing the other simple hapten as before 
exhaustion. From this experiment and others 
the investigators, concluded that there appeared 
to be present in the sera, if any, only small 
amounts of antibodies with two combining groups 
capable of interaction with the two different 
haptens in the antigen. I t seems possible that the 
conclusion is not justified by the data, and, with 
the kind cooperation of Dr. Landsteiner, we are 
continuing this investigation. 

d. The Antigenic Activity of Antibodies.— 
Our picture of an antibody molecule requires that 
the configuration of its middle portion be the 
same as that of normal serum globulin. Hence 
antibodies should have antigenic activity, with 
essentially complete cross-reactions with normal 
globulin. This is in agreement with experiment; 
Landsteiner and Prasek38 found that precipitins 
which precipitated the serum of an animal pre
cipitated also the agglutinins in the serum, and 
Eisler39 showed that a precipitin to horse serum 
would precipitate tetanus antitoxin. On the 
other hand, according to our picture the active 
end regions of the antibody molecules would not 
have effective antigenic power, since their con
figurations would be different from molecule to 
molecule (depending on the accidentally selected 
template region and accidental way of coiling), 
and an antibody complementary to one antibody 
end would as a rule not combine with another. 
The antibody ends would hence in the main be left 
free in the precipitate formed by an antibody and its 
precipitin, as well as in that formed by an antibody 
and the precipitin to normal globulin. In agree
ment with this, Smith and Marrack*1 found that 
a precipitate formed by a precipitin and a serum 
containing diphtheria antitoxin has the power of 
combining with diphtheria toxin; and similar 
results have also been obtained recently by Heidel-
berger and Treffers41 in the case of specific pre
cipitates formed by pneumococcus antibody 
with homologous antiserum. 

(38) K. Landsteiner and E. Prasek, Z. Immunitdls. 10, 68 (1911). 
(39) M. Eisler, Zevir. Bakt. Parasilenk. Infikt., 84, 46 (1920). 
(40) F. C. Smith and J. Marrack. Brit. J. Expll. Pah., 11, 494 

(1930). 
(41) Personal communication of unpublished material by Pro

fessor M. Heidclbergu and Dr. H. P. TreSers. 
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e. Factors Affecting the Rate of Antibody 
Production and the Specificity of Antibodies.— 
In order that an antibody be effective, the surface 
region of the antigen covered by an antibody end 
must be large enough so that the integrated at
tractive forces constitute an antibody-antigen 
bond of significant strength. With a bond of av
erage strength the antibody molecule will be 
dissociated from its antigen template, perhaps 
with the aid of the auxiliary mechanism men
tioned in Section VI, until an equilibrium or 
steady-state concentration is built up in the serum. 
Now if the antigen surface contains a large num
ber of strong groups, capable of interacting 
strongly with complementary structures in the 
antibody, the antibody-antigen bond may be 
so strong that the antibody is not able to separate 
itself from the antigen, and only a small antibody 
concentration can be built up in the serum. We 
hence conclude that an antigen containing weak 
groups will in general be a good antigen, whereas one 
containing many strong groups will be a poor anti
gen, with respect to antibody production. 

This prediction, which at first thought seems 
paradoxical, is in fact borne out by experiment. 
Thus a bland protein such as egg albumin is a good 
antigen, as are also conjugated proteins with 
weak groups attached. An azoprotein with many 
strong groups attached (arsenic acid, sulfonic 
acid, nitro, etc.; the azo group itself is a rather 
strong group, capable of forming hydrogen 
bonds) is a poor antigen; in order to obtain serum 
to such haptens an azoprotein containing a limi
ted number of the groups must be used. I am 
told by Dr. Landsteiner that this observation was 
made in the early days of the study of azopro-
teins.42 Pertinent data have been reported in 
recent years by Haurowitz and his collaborators 
{loc. cit.), who found the optimum arsenic content 
for the production of antihapten by azoprotein 
made from arsanilic acid to be between 0.5 and 
1.0%; very little antibody is produced by anti
gens with over 2% arsenic, although strong 
precipitin reaction is shown by azoprotein with 
an arsenic content as great as 10%. 

A second deduction, relating to specificity, can 
also be made. To achieve a sufficiently strong 
antibody-antigen bond with an antigen con
taining only weak groups a large surface region of 
the antigen must come into play, whereas with an 
antigen containing strong groups only a small 

(43) S~ K. ImllMMr U 4 H. Laapl, be. tU. 

region (in the limit one group) is needed. Hence 
antibodies to antigens containing strong groups 
show low specificity, and those to antigens containing 
weak groups show high specificity. This prediction 
is substantiated by many observations. Egg 
albumin, hemoglobin, and similar proteins give 
highly specific sera, whereas azoproteins produce 
sera which are less specific, strong cross-reactions 
being observed among various proteins with the 
same hapten attached. This shows, indeed, that 
a single hapten group gives a sufficiently strong 
bo»d to hold antibody and antigen together. In 
such a case the approximation of the antibody 
to a strong hapten is very close, and great speci
ficity is shown with regard to the hapten itself, 
this specificity being the greater the stronger the 
hapten. Many examples of these effects are to 
be found in Landsteiner's work. 

f. The Effect of Denaturing Agents.—We 
made the fundamental postulate that the end 
parts of the polypeptide chains of the globulin 
molecule are characterized by having a very large 
number of accessible configurations with nearly 
the same energy, whereas there is only one stable 
configuration for the central part. I t is accord
ingly probable that the end configurations, giving 
characteristic properties to the antibodies, would 
be destroyed before the central part of the mole
cule is affected and, moreover, that the sensitivity 
to denaturing agents or conditions of antibodies 
to different antigens would be different. The 
available meager experimental information seems 
to be compatible with these ideas." 

Some remarks may be made regarding the differ
ence in behavior of antibodies and antigens in the 
presence of denaturing agents. An antigen 
molecule may undergo a considerable change in 
configuration without losing completely its power 
of reacting with the ^homologous serum; if some 
of the surface regions remain essentially un
changed after partial denaturation of the pro
tein, the antibody molecules complementary to 
these regions will retain the power of combining 
with them, whereas the antibody molecules com
plementary to the regions which have been 
greatly changed by denaturation will no longer 
be effective. In particular some native proteins 
may be built of superimposed layers, as described 
in Section IV. The antigenic regions on top of the 
top layer and on the bottom of the bottom layer 
would still be effective after the partial denatura-

(41) to l l i m u t , IM, tU.. pp. tt-U. 
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tion of the molecule by the unleafing of the layers, 
whereas the antigenic regions at the sides of the 
original molecule would in large part lose their 
effectiveness by this unleafing. The observation 
by Rothen and Landsteiner" that egg albumin 
spread into surface films 10 A. thick retains the 
ability to combine with anti-egg-albumin rabbit 
serum is most simply explained by the assump
tions that the native egg albumin molecule has 
the layer structure suggested above and that 
the process of surface denaturation of this mole
cule involves the unleafing of the layers without 
the loss of their structure. 

As mentioned above, it is probable that for 
most antibodies the end regions are affected by 
denaturing agents more easily than the central 
region, and that the first step in denaturation 
of an antibody involves these end regions and 
leads to loss of their specific properties. It has 
been shown by Danielli, Danielli and Marrack45 

that the reactivity of antibodies is destroyed by 
surface denaturation.46 

An interesting possible method of producing 
antibodies from serum or globulin solution out
side of the animal is suggested by the theory. 
The globulin would be treated with a denaturing 
agent or condition sufficiently strong to cause the 
chain ends to uncoil; after which this agent or 
condition would be removed slowly while anti
gen or hapten is present in the solution in con
siderable concentration. The chain ends would 
then coil up to assume the configurations stable 
under these conditions, which would be configura
tions complementary to those of the antigen or 
hapten. 

Many of the experiments suggested above are 
being undertaken in our Laboratories, with the 
collaboration of Dr. Dan Campbell. 

VI. Processes Auxiliary to.Antibody Formation 
I t seems not unlikely that certain processes 

auxiliary to antibody formation occur. The re
ported increase in globulin (aside from the anti
body fraction) after immunization suggests the 
operation of a mechanism whereby the presence 
of antigen molecules accelerates the synthesis of 
the globulin polypeptide chains. There is little 

(44) A. Rothen and K. Landsteiner, Science. 90, 05 (1939). 
(45) J. F. Danielli. M. Danielli and J. R. Marrack, British J. 

Expll. Path., 1», 393 (1938). 
(46) Rothen and Lattdsteiner (toe. cit.) have pointed out that from 

these facts regarding surface denaturation the conclusion can be 
drawn that "the specific-reactivity of antibodies is to a large extent 
dependent upon structures different from those which mainly deter-
mine the specificity of antigens." 

basis for suggesting possible mechanisms for this 
process at present. 

The occurrence of the anamnestic reaction—the 
renewed production of antibodies to an antigen 
caused by injection of a second antigen—may be 
explained by the assumption that following the 
synthesis of an antibody a mechanism comes into 
operation in the cell to facilitate the removal of 
the antibody from the antigen, perhaps by chang
ing the hydrogen-ion or salt concentration or 
dielectric constant. This would assist in removing 
antibodies not only from the second antigen but 
also from those molecules of the first antigen which 
had remained, covered with homologous anti
body attached too firmly for spontaneous re
moval, in the cell. The evidence indicates that 
the anamnestic reaction is not in general strong. 
At a time after inoculation with typhoid bacillus 
or erythrocytes long enough that the correspond
ing agglutinins are no longer detectable in the 
serum injection of another antigen gives rise to 
the presence of these agglutinins in amounts de
tectable by the very sensitive agglutination test; 
but Kabat and Heidelberger4' found that the 
amount of additional antibody to serum albumin 
produced by injection of egg albumin or typhoid 
toxin was too small to be detected by their 
method of analysis. 

The mechanism for catching the antibody 
molecule and holding it in the region of globulin 
synthesis may be closely related to that of anti
body production—possibly a partially liberated 
globulin chain which forms a bond or two bonds 
with an antigen molecule directly above it is pre
vented from freeing its central part from the cell 
wall, and so serves as an anchor. 

The renewed production of antibody in the 
serum after bleeding is to be attributed to the 
presence of trapped antigen molecules in the cells. 
The greater duration of active than of passive 
immunization may be attributed to this or to 
the presence of complexes of antigen and surround
ing antibodies, the outer ends of which could 
combine with additional antigen. 
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nology was awakened by conversations with 
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facts. I wish also to thank Professors Michael 

(47) E. A. Kabat and M. Heidelberger, J. Expll. Med., M, 229 
(1937). 



Oct., 1940 A THEORY OF THE FORMATION OF ANTIBODIES 2657 
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assistance. 

Summary 

It is assumed that antibodies differ from 
normal serum globulin only in the way in which 
the two end parts of the globulin polypeptide 
chain are coiled, these parts, as a result of their 
amino-acid composition and order, having ac
cessible a very great many configurations with 
nearly the same stability; under the influence of 
an antigen molecule they assume configurations 
complementary to surface regions of the antigen, 
thus forming two active ends. After the freeing 
of one end and the liberation of the central 
part of the chain this part of the chain folds 
up to form the central part of the antibody 
molecule, with two oppositely-directed ends able 

to attach themselves to two antigen molecules. 
Among the points of comparison of the theory 

and experiment are the following: the heteroge
neity of sera, the bivalence of antibodies and 
multivalence of antigens, the framework structure 
and molecular ratio of antibody-antigen pre
cipitates, the use of a single antigen molecule as 
template for an antibody molecule, criteria for 
antigenic activity, the behavior of antigens con
taining two different haptens, the antigenic 
activity of antibodies, factors affecting the rate of 
antibody production and the specificity of anti
bodies, and the effect of denaturing agents. It 
is shown that most of the reported experimental 
results are compatible with the theory. Some new 
experiments suggested by the theory are men
tioned. 
PASADENA, CALIFORNIA RECEIVED J U N E 25, 1940 
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The Serological Properties of Simple Substances. I. Precipitation Reactions be
tween Antibodies and Substances Containing Two or More Haptenic Groups 

B Y LINUS PAULING, DAVID PRESSMAN, D A N H. CAMPBELL, CAROL IKEDA, AND MIYOSHI IKAWA 

The study of serological precipitation reactions 
is complicated by the fact tha t ordinarily these 
reactions involve two proteins, the antigen and 
the antibody. The understanding of these re
actions was greatly advanced by the introduction 
into their study of precise microanalytical methods 
and a further simplification involving the use of a 
nitrogen-free multivalent hapten of pneumococcus 
polysaccharide.1 A few years ago it was reported 

(1) M. Heidelberger and F. E. Kendall, J. Expti. Med., SO, 809 
(1920): 61, 569, S63 (1986). 

by Landsteiner and van der Scheer2a that the 
precipitin reaction and anaphylaxis could be pro
duced by simple substances formed by coupling 
two haptenic groups with resorcinol or tyrosine, 
in place of the azoprotein (containing the same 
haptenic group) which has been used as the 
antibody-producing antigen. Landsteiner2b sug
gested that " the ready precipitability of these 

(2) (a) K. Landsteiner and J. van der Scheer, Proc. Soc. Exptl. Biol. 
Med., 29, 747 (1932); / . Exptl. Med., 66, 399 (1932); 67, 633 (1933); 
67, 79 (1938). (b) K. Landsteiner, "The Specificity of Serological 
Reactions," Charles C Thomas, Baltimore, Md., 1936, p. 120. 
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dyes is dependent upon peculiarities in constitu

tion which, like those of fatty groups, diminish 

solubility in water and favor the formation of 

colloidal solutions." However, it seemed proba

ble to us, on the basis of a theory of the struc

ture of antibodies and the nature of the precipitin 

reaction,8 tha t simple substances containing two 

or more haptenic groups would react with anti

bodies in essentially the same way as the homolo

gous protein antigens containing the same 

haptenic groups; we accordingly prepared a 

half-dozen simple substances of this sort, each 

with two or more phenylarsonic acid groups per 

molecule, and observed each to precipitate anti-

sera homologous to phenylarsonic acid azopro-

tein,4 thus obtaining evidence for the generality 

of the phenomenon discovered by Landsteiner 

and van der Scheer. 

The problem of obtaining from precipitation 

experiments evidence about the structure of 

antibodies and the nature of serological reactions 

is obviously greatly simplified by the replacement 

of protein antigens by simple substances of known 

structure. For this reason we began and are 

carrying on an extensive program of investigation 

of the reactions of simple substances with anti-

sera. In this paper we report the quantitative 

study of the precipitin reaction for twenty simple 

substances containing two or more haptenic 

groups, and the results of tests of seven substances 

containing one group. I t is found that the ob

servations support the framework theory of 

serological precipitates.6 

Discussion of Experimental Methods 

Simple Antigens.—The simple antigens and haptens 
used in.the investigation are listed in Table I; methods of 
preparations of these substances and the intermediates 
used are described in the following section. 

Protein Antigens.—The immunizing antigens used for 
inoculations were made from diazotized arsanilic acid and 
sheep serum by the method described by Landsteiner and 
van der Scheer.6 The ratio of arsenic to protein in these 
antigens ranged from 2 to 3%. 

Test antigens were similarly made from purified oval
bumin by treatment with diazotized arsanilic acid, diazo-

(3) L. Pauling, THIS JOURNAL, 62, 2643 (1940). J. R. Marrack 
and F. C. Smith, Brit. J. Expll. Path., IS, 394 (1932), had made the 
tentative suggestion that precipitation by azohaptens depends upon 
the presence in the molecule of two or more haptenic groups. 

(4) L. Pauling, Dan H. Campbell and D. Pressman, Proc. Nat. 
Acad. Sci., 27, 125 (1941). 

(5) R. J. Marrack, "The Chemistry of Antigens and Antibodies," 
His Majesty's Stationery Office, London, 1938; M. Heidelberger, 
Chem. Ret., 21, 323 (1939); Bad. Rev., 3, 49 (1939); L. Pauling, ref. 3 

(6) K. Landsteiner and J. van der Scheer, J. Bxptl. Med., 65, 781 
(1932). 

tized £-(£-aminophenylazo) -phenylarsonic acid, or diazo
tized £-aminobenzanilide-p'-arsonic acid. The azo-oval-
bumins contained, respectively, 0.16, 4.0, and 2.0% arsenic. 

Arsanilic acid was diazotized in hydrochloric acid solu
tion by the addition of sodium nitrite solution at 0° to 
the starch-iodide end-point. The diazotizations of p-(p-
aminophenylazo)-phenylarsonic acid and of £-amino-
benzanilide-£'-arsonic acid were similarly carried out at 10 ° 
with end-point the disappearance of the slightly soluble 
amine hydrochlorides. 

Preparation of Antisera.—Twenty-five rabbits were in
jected intraperitoneally or intravenously with 1- or 2-ml. 
portions of the atoxylazo-sheep-serum antigen described 
above, containing 0.5% protein. Several weekly courses 
of 3 to 5 injections were given, with intervening rest periods 
of a week or more. The rabbits were bled from the ear on 
the eighth, ninth, and tenth days after the last injection, 
40 ml. of blood being taken from each rabbit each day 
The blood was permitted to clot, and the antisera were 
pooled according to titer. The courses of injections and 
subsequent bleedings were repeated to obtain more pools 
of serum. 

A measure of the total amount of antibody homologous 
to the atoxyl hapten (the phenylarsonic acid group) was 
made by determining the maximum amounts of antibody 
precipitated by the azo-ovalbumin test antigens. The most 
effective test antigen, that made from £-(£-aminophenyl-
azo)-phenylarsonic acid, precipitated 2 mg. of antibody per 
ml. of antiserum A, 4 mg. per ml. of B, 1.5 mg. per ml. of 
C, and 4 mg. per ml. of D. 

The Reaction of Antigen and Antiserum.—The precipi
tation tests were carried out by mixing portions of un
diluted antiserum, usually 2 ml., with equal volumes of 
saline solution containing dye; usually four to six dye 
concentrations were tested, differing by powers of 2. The 
tubes were allowed to stand for one hour at room tempera
ture and then overnight in the refrigerator. The precipi
tates were then centrifuged down, washed with three or 
four 10-ml. portions of normal saline, and analyzed for 
nitrogen. In some experiments colorimetric determina
tions were made of the amount of dye in the redissolved 
precipitates. In the tests with serum A the customary 
visual estimates of cloudiness were made one-half hour 
after the solutions were mixed. 

Methods of Analysis.—Analyses for nitrogen were made 
by the semimicro Kjeldahl method, using the apparatus 
described by Redemann.7 Sulfuric acid, copper sulfate, 
and potassium sulfate were used in the digestion mixture; 
hydrogen peroxide was found not to be needed. 

The arsenic determinations were carried out by the 
method of Haurowitz and Breinl.8 Carbon and hydrogen 
analyses were made with the usual semimicro technique. 
Colorimetric determinations of dye and azoprotein were 
made with a Klett photoelectric colorimeter after dissolv
ing the precipitates in a few drops of 2 N sodium carbonate 
solution. 

The reported values of antibody in precipitates are the 
values of antibody nitrogen multiplied by the factor 6.25, 
the antibody nitrogen being the difference between total 
nitrogen in the precipitate and antigen nitrogen calculated 

(7) C. E. Redemann, Ind. Eng. Chem., Anal. Ed., 11, 635 (1939). 
f8) F. Haurowitz and F. Breinl. Z. physiol. Chem., 205, 289 (1932). 
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TABLE I 

SUBSTANCES USED IN PRECIPITATION TESTS 

R = ^-azophenylarsonic acid, —NN<f \ A s 0 3 H 2 

R ' = £-(/>-azophenylazo)-phenylarsonic acid, —NN<^ \NN<f \As0 3 H 2 

R" = phenylcarbamyl-£-arsonic acid, — C O N H < ^ ~ \ A s 0 3 H 2 

H2Q3As<^ ^>NN<^ ^>AsQ3H2 

R R 
HO' <zxz> OH 

OH 

R 
VI 

R R 
HO<^ ^>NN<^ ^>-<^ ) N N < ^ ^>OH 

R OH HO R 
IX 

R ' 

C 
R ' OH 

HO<^ ^ > N N ^ y ~ ^ ) N N < ^ ^>OH 

R"—R" 
XIV 

R"(CH2)2R" 
XV 

AsOaH2 

NH, 
XXI I 

XII 

R"(CHS)«R' 
XVI 

R*(CH2)8R" 
XVII 

OH 

XVIII 

OH 

R / \ C H 8 

OH 

fr 
HOl JOH 

R 
VII 

OH OH NH2 

'CO' 
R SO.H 

II I IV 

R R 

HO<^ ^>NN<^ ^>OH 

R HO R 
VIII 

OH 

R' /NR ' 

HolJoH 
R ' 
XI 

H 2 0 3 A S < ^ ~ ~ N N H C O N H / ~ ^ N A S 0 3 H 2 

X I I I 

AsQ3H2 

from the amount of antigen as determined colorimetrically 
(for simple antigens this correction is very small). 

The Preparation of Compounds 

XXI, Phenylarsonic acid was prepared by Mr. David 
Brown by the Bart reaction.9 

XXII, Arsanilic acid was prepared by the method of 
Bechamp.10 

XXV, £-(£-Aminophenylazo)-phenylarsonic acid was 
made (a) by the hydrolysis in 2 JV sodium hydroxide of 
the acetyl derivative made by condensing £-nitrosophenyl-
arsonic acid with ^-aminoacetanilide (20% excess) in 
glacial acetic acid by refluxing for three hours, and (b) 
by the hydrolysis for twenty minutes in boiling 1 N so
dium hydroxide of the u-methylsulfonate formed by reac-

(9) H. Gilman, "Organic Syntheses," John Wiley and Sons, New 
York, N. Y., 1935, Vol. XV, p. 59. 

(10) Ibid., 1932, Coll. Vol. I, p. 63. 

tion in 0.3 N sodium carbonate of diazotized arsanilic 
acid and aniline-w-methylsulfonate (20% excess).11 The 
two products, purified as the sodium salts, appeared to be 
identical. 

Anal. Calcd. for C12Hn03N3AsNa: C, 42.04; H, 3.12. 
Found: (a) C, 41.98; H, 3.23; (b) C, 42.12; H, 3.40. 

Nitrosophenylarsonic acid was made by the method of 
Karrer12 from arsanilic acid and Caro's acid. 

I, Azobenzene-£,£'-diarsonic acid was prepared by the 
method of Karrer12 from ^-nitrosophenylarsonic acid and 
arsanilic acid and was purified by repeated precipitation 
with acid from alkaline solution. 

Anal. Calcd. for Ci2Hi206N2As2: C, 33.50; H, 
Found: C, 33.50, 33.56; H, 2.83, 2.97. 

2.79 

(11) F. G. Pope and W. I. Willett, J. Cham. Soc, 1259 (1913); 
H. Bncherer and A. Schwalbe, Ber., 39, 2798 (1906). 

(12) S. Karrer, ibid., « , 2066, 2376 (1912). 
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Com
p o u n d 

H I 
I V 
V 

VI 

VI I 

V I I I 

I X 
X 

X I 
X I I 
XXIII 
X X I V 
X X V I * 

R e a c t a n t 

o-Cresol 
l -Amino-8-naphthol-4-sul ionic acid 

4 ,4 ' 

4 ,4 ' 

£ ,£-Dihydroxybiphenyl 

Resorcinol 

Phloroglucino! 

2,4,4 ' -Tr ihydroxyazo benzene 

-Bis-(azo-2,4-dihydroxy)-biphenyl 
o-Cresol 

Phloroglucinol 
-Bis-(azo-2,4-dihydroxy)-biphenyI 

Phenol 
Resorcinol 

Phenol 

TABLB II 

Excess 
of diazo 

com
pound 

5 0 % 
1 0 0 % 
150 

33 

33 

30 

25 
50 

33 
10 
20" 

100° 
20" 

F o r m u l a 

CwHuOiNtAs! 
C»HuOuN»As!S 
C2iH2oO,N«As» 

C M H ! 1 O I I N « A S I 

C 2 4 H 2 I O K N « A S 3 

CaoHjoOusNioAs* 

C M H J I O U N K A S ) 

CnHa>07N,Ass 

C42Hs80l2Nl2AS8 
Cj2H64OlBN30AS* 
CwHuOiNiAs 
Ci2HnOsN2As 
Ci tBuOiNiAs-

N a 

Analyses , % 
Calcd. 

C 

4 0 . 0 7 

4 4 . 8 5 

3 6 . 2 7 

3 5 . 5 5 

3 7 . 8 5 

43 .07 
4 8 . 2 1 

4 4 . 9 2 
4 9 . 2 7 
4 4 . 6 0 
4 2 . 5 9 
4 8 . 2 0 

H 

3 .09 

2 .74 

2 . 6 7 

2 . 6 1 

2 . 6 4 

2 .86 
3 .37 

2 . 9 6 
3 . 1 0 
3 .42 
3 .28 
3 .16 

F o u n d 
C 

4 0 . 1 7 

4 5 . 4 3 
4 5 . 4 7 
3 6 . 5 2 
3 6 . 6 7 
3 5 . 5 8 
3 5 . 6 5 
3 8 . 6 2 
3 8 . 8 0 
4 3 . 1 7 
4 8 . 4 2 
4 8 . 2 7 
4 4 . 7 1 
4 9 . 8 5 
4 4 . 6 8 
4 2 . 6 5 
4 8 . 2 0 

H 

3 .20 

2 . 9 3 
2 . 8 3 
2 .62 
2 . 6 2 
2 . 9 1 
2 . 9 1 
2 . 9 8 
3 . 1 8 
3 . 4 0 
3 . 6 4 
3 . 6 4 
2 .96 
3 . 6 6 
3 .42 
3 .26 
3 .42 

Color 
in 

alkali 

Orange 
Purp le 
Light 

yellow 
Orange 

Yellow 

Brown 

Brown 
Violet-

red 
Violet 
Brown 
Yellow 
Orange 
Red-

orange 

Color 
in 

IfcSOi 

Purp le 
Green 
Light 

yellow 
Pink 

Pink 

Pink 

Purple 
Purp le 

Blue 
Violet 
Yellow 
Yellow 
Blue-

violet 

" Excess of phenol (per cent.). Sodium salt. 

II, ^Di-(£-azophenylarsonic acid)-benzene was simi
larly made from p-nitrosophenylarsonic acid and p-
phenylenediamine and similarly purified. 

Anal. Calcd. for CisHwOeK^As*: C, 40.46; H, 2.94. 
Found: C, 38.85, 38.81; H, 3.12, 3.19. 

m , 2-Methyl-4,6-di-(£-azophenylarsonic acid)-phenol; 
IV, l-Amino-2,7-di-(£-azophenylarsonic acid)-4-sulfo-8-
naphthol; V, 3,3'-Di-(£-azophenylar6onic acid)-4,4'-dihy-
droxybiphenyl; VI, l,3-Dihydroxy-2,4,<S-tri-(£-azophenyl-
arsonic acid)-benzene; VII, l,3,5-Trihydroxy-2,4,6-tri-
(£-azophenylarsonic acid)-benzene; VIII, 2,4,4'-Trihy-
droxy-3,5,3',S'-tetra-(^-azophenylarsonic acid)-azoben-
zene; IX, 4,4'-Bis-(azo-2,4-dihydroxy)-3,S-di-(/>-azophenyl-
arsonic acid)-biphenyl; X, 2-Methyl-4,6--di(£-(/>-azophen-
ylazo)-phenylarsonic acid)-phenol; XI, 1,3,5-Trihydroxy-
2,4,6-tri-(^)-(p-azophenylazo)-phenylarsonic acid)-ben-
zene; XH, 4,4'-Bis-(azo-2,4-dihydroxy)-3,5-di-(p-(£-
azophenylazo)-phenylarsonic acid)-biphenyl; XXIII, 
^-(p-Azophenylarsonic acid)-phenol; XXIV, 1,3-Dihy-
droxy-4-(^>-azophenylarsonic acid)-benzene; XXVI, p-
(£-(p-azophenylazo)-phenylarsonic acid)-phenol.—Com
pounds I I I to XII , XXII I , XXIV, and XXVI were made 
by coupling diazotized arsanilic acid or diazotized p-(p-
aminophenylazo)-phenylarsonic acid with the appropriate 
phenolic nucleus in dilute sodium carbonate solution or 
(for XXVI) in sodium acetate-acetic acid solution. For 
I I I , X, and XI pyridine was added13 in amount about .10% 
of the volume of the reaction mixture. The reaction mix
tures were allowed to stand for a few days (1 to 4) and the 
products were then precipitated with hydrochloric acid 
and purified by repeated solution in dilute sodium hydrox
ide and reprecipitation with acid. Compounds X, XI , 
and XII were in addition purified by dialysis through Visk-
ing sausage casing against dilute borax solution with pK 
10; this membrane permits passage of molecules contain
ing only one haptenic group R ' but not those containing 
two or more of these groups. The compounds were washed 
free of sodium chloride and dried in vacuo. Experimental 

(13) K. H. Saunders, "The Aromatic Diazo-Compounds," Edward 
Arnold and Company, London, 1936, p. 115. 

details, analytical results, and colors of solutions in alkali 
and in concentrated sulfuric acid are given in Table II . 

A chromatographic method of analysis of the purity of 
these compounds was developed and applied by Mr. A. 
Pardee. The column packing used was a mixture of 30% 
Celite and 70% Neutrol Filtrol. A dilute solution of the 
dye was poured into the packed column and the chroma-
togram was developed with phosphate buffer of pH vary
ing from 8 to 12 in different cases. The rate of passage of 
the dyes was greater the higher the pH.. Compounds VI, 
VII, X, XI , XXIII , XXIV, and XXVI appeared to be quite 
pure, having at most only a slight trace of a second band. 
On the other hand, compounds I, II , I I I , V, VIII, IX, and 
XII contain appreciable colored impurity, as shown by the 
appearance of more than one band on the column. Com
pounds V, VIII, IX, and XII might be expected to be 
impure from the large number of steps in their preparation. 
The impurity in compound II was identified as XXV from 
a mixed chromatogram. 

2,4,4 VTrihydroxyazobenzene was prepared by coupling 
diazotized £-aminophenol with resorcinol (100% excess) 
in the presence of sodium hydroxide. The product was 
purified by dissolving it in sodium hydroxide and repre-
cipitating with acid and finally by two crystallizations 
from 70% alcohol. 

Anal. Calcd. for Ci2Hu03N2; C, 62.60; H, 4.38. 
Found: C, 62.39; H, 4.46. 

4,4'-Bis-(azo-2,4-dihydroxy)-biphenyl was prepared by 
adding bisdiazotized benzidine to resorcinol (100% excess) 
in a sodium acetate buffered solution. The mixture 
finally was made alkaline with sodium hydroxide. The 
product was purified by washing. 

Anal. Calcd. for C24H1804N4; C, 67.60; H, 4.25. 
Found: C, 66.37; H, 4.62. 

XXVTI, ^-Aminobenzanilide-p'-arsonic acid was pre
pared by the method of King and Murch14 by the hydroly
sis of the carbethoxyamino compound obtained by coup
ling ^-arsanilic acid with £>-carbethoxyaniinobenzoyl chlo 
ride. 

(14) H. King aod W. O. Murch, J. Chen 
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Compound 

XII I 
XIV 
XV 
XVI 
XVII 
XVIII 
XIX 
XX 

Reactant 

Phosgene 
Oxalyl chloride 
Succinic anhydride 
Adipyl chloride 
Sebacyl chloride 
o-Phthalyl chloride 
Isophthalyl chloride 
Terephthalyl chloride 

TABLE II] 

Formula 

CUHHOTNSASZ 

C14H14O8N2AS2 

Ci«H1808N,As2 
CisHffiOsNjAsz 
C22HsoOsN2AS2 
C2oHiSOsN2As2 
C2oHiS08NiiAs2 
CJOHISOSNSASB 

C 

33.93 
34.45 
37.23 
39.72 
44.01 
42.57 
42.57 
42.57 

Analyses 

.07 

.89 

.52 

.08 

.04 

.22 
22 
.22 

% 
C 

33.83 
34.30 
37.15 
39.69 
43.97 
42.55 
42.42 
42.76 

09 
05 
70 
24 
03 
53 
28 
43 

Anal. Calcd. for CiSHi304N2As; C, 46.44; H, 3.90. 
Found: C, 46.91, 46.74; H, 4.08, 3.97. 

XIII, Carbanilide-£,£'-diarsonic Acid; XIV, Oxanilide-
p,p'-diaisonic Acid; XV, Succinanilide-£,£'-diarsonic 
Acid; XVI, Adipanilide-£,£'-diarsonic Acid; XVII, 
Sebacanilide-£,£'-diarsonic Acid; XVIII, Phthalanilide-
p,p'-dizrsomc Acid; XIX, Isophthalanilide-£,£'-diarsonic 
Acid; XX, Terephthalanilide-p,£'-diarsonic Acid.—These 
dianilide compounds were prepared by essentially the 
methods of King and Murch14 and Morgan and Walton,16 

involving the reaction of arsanilic acid with the required 
acid chloride or anhydride in a basic or buffered aqueous 
solution. The compounds were purified by repeated solu
tion in sodium hydroxide and precipitation with hydro
chloric acid followed by a thorough washing with hot 
water. The reactants used and the results of analyses are 
given in Table I I I . 

Results of the Precipitation Experiments 

The Precipitation Reactions between Multi
valent Compounds and Antisera.—Precipitation 

tests were carried out between the antisera A, B, 

C, and D homologous to atoxylazoprotein and the 

twenty compounds I to XX, each of which con

tains in its molecule two or more haptenic groups 

R, R', or R". In every case precipitation occurred. 

The amount of precipitate was found to vary with 

concentration of the antigen in the same way as 

for ordinary antigens. There is an optimum 

antigen concentration (or amount while the 

volume of antigen solution is held constant) at 

which the amount of precipitate reaches a maxi

mum. 

The amounts of precipitated antibody found 

by analysis are given in Tables IV, V, VI, VII, and 

VIII and are represented graphically in Figs. 

1, 2, 3, 4, and 5. 

Errors in the determination of the amounts of 

precipitated antibody may arise in the separation 

and washing of the precipitate or in the nitrogen 

analysis. Examination of the reported results of 

duplicate determinations indicates a probable 

error of about 5 % for individual determinations. 

(15) G. T. Morgan and E. Walton, J. Ckem. Soc, 615 (1931); 91 
0933). 902 (193ft). 

TABLE IV 

AMOUNTS OF ANTIBODY PRECIPITATED FROM ANTISERUM 

A BY ANTIGENS I TO XII 

Amounts of solutions used: 2 ml. antiserum, 3 ml. sa
line-antigen. The pH of the supernatant solutions was 
between 8.3 and 8.5. In Tables IV to VIII, inclusive, 
the amount of antigen used, in micrograms per ml. of anti
serum, is given at the top of each column. The numbers 
in the columns are the amounts of precipitated antibody, 
in micrograms per ml. of antiserum. The meaning of the 
other symbols is given in the text. 
Amount 

of 
antigen 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 
XII 

3.13 

- + 
- + + 

- 4 7 
- 6 9 

±106 
±100 
- 4 8 

+ 141 
±106 
±66 

+ 4-232 
+ 128 

6.25 

- + 
- 8 4 

±103 
+ 138 
+222 
+ 188 
+ 116 

+ + 185 
+ 141 
+ 144 
| 425 
+ 197 

12.5 

- + + 
+ + 134 
+ + 150 
+ +225 
+ +322 
+ +222 
+ + 128 

+ + +338 
+ +291 
+ + 188 

1 920 
+ + +456 

25 

- + 
+ 119 
+ 100 

+ +213 
+213 
+ 135 

+ 9 4 
+ +250 

+ + +347 
+ + +397 

| 1560 
| 890 

50 

- 5 3 
- 2 2 
± 7 5 
- 6 3 
- \ 

- 1 
±110 
- 6 9 

| 660 
| 1690 
J. 1210 

TABLE V 

AMOUNTS OF ANTIBODY PRECIPITATED FROM ANTISERUM 

B BY ANTIGENS II TO IX 

Amounts of solutions used: 2 ml. antiserum, 3 ml. saline-
antigen. The />H of the supernate was in each test 8.3. 

Amount of 
antigen 

II 

I I I 

IV 

VI 

VII 

VIII 

I X 

6.25 

270 
250 

120 
110 

100 
200 

330 
270 

330 
310 

180 
180 

330 
310 

110 
110 

12.5 

520 
490 

290 
350 

440 
490 

760 
840 

920 

350 
370 

840 
860 

160 
130 

25 

660 
670 

470 
490 

950 
850 

1330 
1120 

/ 1600 V 
U 4 9 0 / 

770 
710 

1590 
1400 

650 
690 

50 

470 
460 

120 
140 

330 
330 

520 
460 

230 
180 

300 
190 

340 
280 

920 
670 

100 

300 
280 

0 
9 

80 
100 

80 

60 
20 

100 
50 

20 
10 

260 
260 

; There is strong evidence that these values are in error. 
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TABLE VI 
AMOUNTS OF ANTIBODY PRECIPITATED FROM ANTISERUM 

C BY ANTIGENS VI, IX, X, XI , AND XII 
Amounts of solutions used: 2 ml. antiserum, 2 ml. saline-

antigen for VI and IX ; 1 ml. antiserum, 1 ml. saline-
antigen for X, XI , and XII . The pK of the supernate was 
8.4 for VI and IX, 8.5 for X, XI , and XII . 
A m o u n t of 

ant igen 6.25 12.5 25 50 100 200 

VI 290 460 270 160 
290 380 270 150 

IX 220 440 400 230 
180 430 390 220 

X 

XI 

XII 

110 
110 
310 
320 
310 
320 

220 
220 
710 
610 
440 
440 

380 
350 
1360 
1350 

900 
840 

TABLE VII 

540 
530 
1330 
1360 

910 
990 

640 
650 
1000 
1190 

640 
680 

600 
710 
660 
750 
350 
360 

AMOUNTS OF ANTIBODY PRECIPITATED FROM ANTISERUM 
B BY ANTIGENS XI I I TO XX 

Amounts of solutions used: 3 ml. antiserum, 3 ml. 
saline-antigen. The pH of the supernate was 8.2 for each 
antigen. 

A m o u n t of 
ant igen 6.25 12.5 25 50 100 

XII I 50 75 10 
25 75 50 

XIV 180 385 440 340 265 
165 355 475 340 270 

XV 130 345 315 200 150 
150 255 325 225 140 

XVI 15 35 55 35 15 
35 50 35 

XVII 

XVII I 

X I X 

X X 

Method.—For the series reported in Table IV 
we took advantage of the opportunity of testing 
the customary visual-estimation method of study
ing antigen-antibody precipitation reactions. The 
tubes were inspected one-half hour after the solu
tions were mixed, and a record made of their 
appearance; this is given by the symbols in the 
table, which have the following meanings: —, no 
apparent cloudiness; ± , slight cloudiness; + , 
+ + , + + + , increasingly pronounced cloudiness; 
| , formation of clumps of precipitate. Com

parison of these with the amounts of antibody 
precipitated in twenty-four hours shows that the 

TABLE VIII 

AMOUNTS OF ANTIBODY PRECIPITATED FROM ANTISERUM 

D BY ANTIGENS II AND XIII TO X X 

Amounts of solutions used: 2 ml. antiserum, 3 ml. saline-
antigen. 

A m o u n t of 
ant igen 3.13 6.25 12.5 25 50 100 

II 140 280 780 1160 1150 930 

XIII 20 20 

XIV 570 690 700 570 
460 640 640 510 

740 760 

XV 60 190 440 600 480 
700 660 

XVI 10 10 50 110 90 
XVII 10 60 80 100 120 100 

80 90 110 90 

80 90 110 

XVIII 20 30 50 40 

XIX 10 180 1060 420 
XX 120 250 610 1170 800 

correlation is reasonably good, and suggests that 
visual estimates of the amount of precipitate may 
be trusted to within about ± 30%. In this case 
each symbol represented about 60% more pre
cipitate than the preceding one, as follows: —, 
75; ± , 100; + , 150; + + , 250; + + + , 400; 
i , 500 ixg/ml. 

300 
35 
35 
10 
0 
65 
65 
120 
120 

uston 

35 
50 
10 
0 

305 
300 
505 
435 

aary 

50 
50 
60 
55 

465 

695 
735 

Visual 

45 
40 
85 
65 
200 
215 
440 
500 

30 
40 
50 
55 
75 

195 
175 

Estimation 

'u 
u 
O. 

~200 
•a 

ib
o 

* 100 

o 
a n < o 

- 8 . 5 - 8 . 0 - 7 . 5 - 7 . 0 
Logio of moles of antigen added. 

Fig. 1.—Amounts of antibody precipitated from anti
serum A (per ml.) by antigens I to IX as functions of log 
of molal antigen concentration (Table IV). The curve for 
I represents an estimate. Smooth curves ha-ve been drawn 
through the experimental points, which ate not shown. 

Comparison Tests with Normal Serum.— 
Similar tubes were set up for each of the twenty 
antigens with normal rabbit serum in place of 
antiserum. In none did precipitation occur. 

The Failure of Monohaptenic Compounds to 
Produce Precipitates with Antisera.—The seven 
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Fig. 

-8 .0 
Logio of moles of antigen added. 

2.—Amounts of antibody precipitated from antiserum 
B (per ml.) by antigens II to IX (Table V). 

1500 

1000 

500 

0 

I ! 

/ 7 / / V I <3 

1 " 1 

1 1 

XII \ 

1 1 

1 

H x 

— 

1 

Fig. 

- 8 . 5 - 8 . 0 - 7 . 5 - 7 . 0 - 6 . 5 
Logio of moles of antigen added. 

3.—Amounts of antibody precipitated from anti-
C (per ml.) by antigens VI, IX, X, XI, and XII 

(Table VI). 

compounds X X I to X X V I I , each of which con
tains one haptenic group per molecule, were 
tested with the antisera in the same way as the 
twenty compounds I to X X ; no precipitate was 
formed by any of these "univalent" substances. 
This result is, of course, to be expected, in view 
of the failure of Landsteiner16 to obtain precipi
tates between haptens and homologous antisera 
during his extensive experiments on the inhibition 
by homologous haptens of the azoprotein-antibody 
precipitation reaction. 

Discussion 

The fact that each of the twenty polyhaptenic 
substances precipitates hapten-homologous anti-

(16) K. Landsteiner, "The Specificity of Serological Reactions," 
Charles C. Thomas, Baltimore, 1936, p. 118. 

750 

500 

250 

0 

I 

x x ^ -

/ / X I V 

/ XIII 

_ " --^T" 

XV 

1 

C-II 

.XIX \ 

XVI.XVli ' 

___xyjii 

Sr^; 

-

— 

-8 .0 6.5 - 7 . 5 - 7 . 0 
Logio of moles of antigen added. 

Fig. 4.—Amounts of antibody precipitated from anti
serum B (per ml.) by antigens XII I to XX (Table VII) 
with antigen II for comparison (Table V). 

; 1250 

•& 1000 

ft 
a 

l 
6.5 - 8 . 0 - 7 . 5 - 7 . 0 

Logio of moles of antigen added. 
Fig. 5.—Amounts of antibody precipitated from anti

serum D (per ml.) by antigens II and XII I to XX (Table 
VIII). 

body, whereas substances containing only one 
haptenic group do not have this effect, provides 
strong support for the Marrack-Heidelberger 
framework theory (lattice theory) of the structure 
of serological precipitates, inasmuch as the frame
work theory gives a simple explanation of the 
phenomenon, and no other reasonable explanation 
has been proposed. Multivalent antibody mole
cules, whose existence is postulated in the frame
work theory, would be expected to combine with 
polyhaptenic molecules to form infinite aggre
gates, which would grow into visible precipitates, 
whereas with monohaptenic molecules they would 
form soluble small complexes containing one 
antibody molecule. 

The general shape of all the curves of Figs. 1 to 
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5, showing the dependence of amount of antibody 
precipitated on the amount of added antigen, is 
the same; the amount of precipitated antibody 
first increases, then reaches a maximum, and 
finally decreases, reaching zero for large amounts 
of antigen. This inhibition of precipitation by 
excess antigen, which occurs also for protein 
antigens, is explained as resulting from the forma
tion of soluble complexes, such as A-B-A (A2B) 
for a bivalent antibody (A = antigen, B = anti
body). There may also be formed soluble com
plexes AB2, A2B3, etc., which contain an excess of 
antibody, saturating the effective valences of the 
antigen molecules. The interpretation of the 
precipitation data in terms of the strength of the 
antigen-antibody bond is complicated not only by 
the necessity of considering these soluble com
plexes but also by the heterogeneity of antibody 
molecules. 

The data for nine compounds I to I X which 
contain the group NN<^ \ A . S 0 3 H 2 used in the 
immunizing azoprotein are reproduced in Figs. 
1 and 2. I t is seen that there is agreement be
tween the results obtained with the two antisera 
in most respects. From Fig. 1 we obtain the 
following sequence of precipitating ability of 
the haptens: VIII = I X > V > VI = IV > 
VII = I I I = I I > I. Nearly the same sequence 
is given by Fig. 2. The principal difference is the 
interchange of VI and IX, and other data (as in 
Fig. 3) indicate that the order given by Fig. 1 is 
to be preferred. I t is possible that some gross 
error was made in the work; on the other hand, 
the difference between Figs. 1 and 2 may well be 
real, resulting from difference between the two 
antisera. 

The smallness of the amount of precipitate 

given by I H2Q3As<^ ^>NN<^~~^>AsQ3H2 we 

attribute to two causes. First, the molecule 
contains only one azo group, so that in holding 
two antibody molecules the molecule cannot exert 
toward each the influence of the complete haptenic 
group NN<^ \As03H2 (present in the immuniz
ing azoprotein); and second, two large antibody 
molecules clasping the two end halves of this very 
small antigen would be expected to interfere steri-
cally with each other, and be prevented by this 
steric interference from forming as strong an anti
gen-antibody bond as would otherwise be possible. 

Of the five dihaptenic compounds I to V the two 
most effective, IV and V, are those with the great

est hapten-hapten distance. We attribute their 
relative effectiveness to the resultant diminution 
in steric interaction of the attached antibodies. 

Since in the immunizing azoprotein the azo-
phenylarsonic acid groups are attached in part 
to tyrosine residues, a very effective haptenic 

OH 
group is expected to be <̂  \ N N < ^ \ A S O S H 2 

with one hydroxyl adjacent to the azo group. By 
considering this we explain the superiority of V 

HO< >OH to IV and of 

OH 

\ > H -

soaH 
OH 

R A R 
VI to VII 

\y6H KOK 
R R 

I t is interesting that the trihaptenic (VI and 
VII) and tetrahaptenic (VIII and IX) com
pounds are superior but not greatly superior to 
the dihaptenic compounds of similar size and 
structure. I t was expected3 tha t dihaptenic 
compounds would be inferior in precipitating 
ability because of the formation with bivalent 
antibody of soluble strings A - B - A - B - A - B -
rather than insoluble frameworks. The observa
tion that good precipitates are obtained with 
dihaptenic compounds indicates either that the 
long strings themselves precipitate easily or that 
enough trivalent antibody molecules are present 
to link the strings together. 

The compounds X, XI , and X I I , which contain 
the long haptenic group 

NN. •NN< 'As03Hj 

are much more effective than the corresponding 
compounds I I I , VII, and I X ; this increased effec
tiveness we attribute to decreased steric inter
ference between the attached antibodies. The 
comparison of X 

OH OH 
R ' / \ C H 3 R ' / N R ' 

and X I 
KJ HO ĴOH 

R' R' 
teresting. The superiority of the latter is 
clearly to be attributed to its having three 
haptenic groups instead of two. 

Why, then, does not X I I 

is especially in-

R' 
>NN' <( )>OH, with 

HO R' 
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four, precipitate still more antibody? The an
swer may be that little gain is to be expected 
from increasing the number of haptenic groups 
from three to four, since three are enough to tie 
the strings together into a framework. In fact, 
X I I is as effective as X I at low concentrations, 
and its later inferiority may be due to greater 
ability to form soluble complexes. 

There is a striking relation between the number 
of haptenic groups per antigen molecule and the 
optimum antigen concentration for precipitation; 
a great change occurs from dihaptenic to tri-
haptenic antigens, and a much smaller change on 
addition of a fourth haptenic group. This is seen 
clearly in Fig. 3 ; the logarithm of the optimum 
molal concentration of X is —6.8, of X I —7.5, and 
of X I I —7.65. Similarly the five dihaptenic anti
gens of Fig. 1 are grouped together a t —7.6, and 
the others a t —7.9. 

The data represented in Figs. 4 and 5 show that 
O 
II / v 

the amide haptenic group —C—NH<T \As03H2 

is essentially equivalent to the azo haptenic group 
—N=N<^ ^>AsOaH2 in its power to combine 
with antibodies homologous to the azo haptenic 
group. A straightforward comparison can be 
made between the amide compound X X 

R" R 

X X are increasingly effective in this order, 

and the azo compound I I it is seen 

R ' R 
from the corresponding curves in Figs. 4 and 5 
that these compounds are nearly equal in pre
cipitating power. 

The compound X I I I 

H2Q,As<^ ^>NHCNH<^ ^>AsQ8H, would be ex-

O 
pected from steric considerations to be some
what more effective than I 
H,Q3As<^~)>NN<^ ^AsO,Ha, because of the 

added CO group; this is borne out by experiment. 
The compound XIV 

O O 
> \ II II / \ 

H2OiAs<^ )>NHC—CNH^ ^>AsO,H,, contain
ing two complete haptenic groups, should be still 
more effective. I t is in fact surprisingly effec
tive, with nearly the precipitating power of X X . 

R ' R ' 
The compounds XVI I I [ ] , X I X | 1 f and 

with XVII I by far the weakest of the three. 
This is reasonably interpreted as due to steric 
interference of the attached antibody molecules. 

This explanation cannot be extended, however, 
to the sequence XIV R"—R", XV R"(CH2)2Rff, 
XVI R"(CH2)4R", XVII R"(CH2)8Rff, since 
these compounds decrease in precipitating power 
in this order. A structural interpretation of this 
result in terms of the lack of rigidity of the poly-
methylene chain might be developed, but it is 
not very convincing. 

The curves for compounds XIV and XV differ 
in shape from those for X I X and X X ; no reason
able explanation of this has occurred to us. 

I t is important to note tha t the polyhaptenic 
simple antigens are not greatly inferior in precipi
tating power to azoproteins. Indeed, the best of 
the simple antigens, X I , was found to precipitate 
as much antibody as the test azoprotein. 

Boyd17 has recently reported failure to obtain 
precipitates between antisera and a number of 
simple substances containing two or more haptenic 
groups (including several substances also studied 
by us), and on the basis of this negative evidence 
he has drawn conclusions contrary to those which 
we have reached. In view of our observations, 
we consider it likely tha t his experiments were 
carried out under conditions unfavorable to pre
cipitation—his antisera may have been weak, or 
his antigens may have contained monohaptenic 
impurities. 

We are grateful to the Rockefeller Foundation 
for financial support of this work. We wish to 
thank Mr. Paul Faust and Mr. Shelton Steinle 
for their assistance in carrying out analyses, and 
Mr. David Brown for the preparation of phenyl-
arsonic acid. 

Summary 

Twenty-seven simple substances containing 
the phenylarsonic acid group as haptenic group 
were prepared and used in precipitin tests with 
antisera made by injecting rabbits with azo-
phenylarsonic acid sheep serum. 

The twenty simple antigens containing two or 
more haptenic groups per molecule were found 
to give precipitates with the antisera, whereas 

(17) W. C. Boyd, J . Exptl. Med., 75, 407 (1942); S. B. Hooker and 
W. C. Boyd, / . Immunol., 42, 419 (1941). 
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the seven monohaptenic substances failed to 
precipitate. I t is pointed out that these results 
provide strong support of the framework theory 
of the precipitin reaction. 

Data on the amounts of precipitate formed are 
discussed in relation to the structure of the simple 
antigens. 
PASADENA, CALIFORNIA RECEIVED JULY 6, 1942 

[CONTRIBUTION FROM THE GATES AND CRELLIN LABORATORIES OF CHEMISTRY, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
No. 886] 

The Serological Properties of Simple Substances. II. The Effects of Changed Con
ditions and of Added Haptens on Precipitation Reactions of Polyhaptenic Simple 

Substances 

B Y L I N U S PAULING, DAVID PRESSMAN, D A N H. CAMPBELL, AND CAROL IKEDA 

During the course of the investigation of pre
cipitation reactions of polyhaptenic simple sub
stances reported in the preceding paper of this 
series1 we found it desirable to carry out a study 
of the effects of changed conditions of precipita
tion and washing on the amount of residual pre
cipitate. We also made some experiments on 
the inhibition of precipitation by added haptens, 
in order to see how great would be the effects of 
monohaptenic impurities possibly present in the 
substances studied. The results obtained are 
presented and discussed in this paper. 

Experimental Methods.—The experiments 
were carried out in the way described in the pre
ceding paper (I) . In addition to antisera C and 
D mentioned in paper I, three antisera, E, F , and 
G, were used. E and G contained amounts 0.6 
and 3.2 mg. per ml., respectively, of antibody 
precipitable by azo-ovalbumin test antigen; the 
strength of F was not determined. 

The borate buffer solutions were made by add
ing suitable amounts of 0.16 N sodium hydroxide 
solution to 0.2 M boric acid solution containing 
0.9% sodium chloride. 

The Effect of Changed Conditions of Precipi
tation and Washing on the Amount of Precipi
tate.—It is seen from the data reported in Tables 
I , I I , and I I I , obtained with two antigens (VI 
and X) and three antisera (C, E, and F) , tha t the 
antigen-antibody precipitate is either dissolved 
slightly or carried away mechanically by the 
saline or borate buffer solutions with which it is 
washed. The loss in this way is, however, small, 
amounting to about 5 to 15% for eight or ten 
extra washings with 10-ml. portions of solution. 

A few experiments were made (Tables I I and 
II I ) to test the effects of changing the time and 
temperature of precipitation. I t was found that 
increasing the precipitation time from one day to 
two days increases the amount of precipitate by 

Washings 

2 

3 

4 

5 

TABLE I 

EFFECT OF NUMBER OF WASHINGS ON AMOUNT OF RESIDUAL PRECIPITATE 
3 ml. antigen VI, 25 /*g./ml. 

Composition of 
precipitate 

Antibody0 Antigen0 

1665 
1660 

1660 

1600 

1600 

1545 

1545 
1570 
1660 
1570 
1570 
1570 

8.9 
8.4 

8.9 

8.7 

8.9 

8.7 
8.7 

8.9 
8.7 
8.9 

8.9 
9.5 

in saline solution, plus 3 ml. antiserum C 
Composition of 

precipitate 
Washings Antibody" Antigen" 

6 

7 

8 

10 

* Amounts of precipitated antibody and antigen in 

1600 
1540 
1590 

1590 

1530 

1510 
1510 

1530 
1480 

1520 
1510 

1320 

micrograms. 

8.7 
8.7 

8.7 

8.7 

8.9 

8.9 

9.2 
8.7 

8.1 
9.5 
7.6 

9.5 

2 ml. antigen VI plus 2 ml. antiserum E 
Composition of 

precipitate 
Washings Antibody0 Antigen0 

3 

10 

15 

£H of all supernates 8.1. 

1110 5.7 

1125 6.2 
970 5.7 

930 6.0 

960 6.0 

(1) Linus Pauling, David Pressman, Dan H. Campbell, Carol a b o u t 1 0 % . T h e a m o u n t of p r e c i p i t a t e f o r m e d 
Ikeda, and M. Ikawa. THIS JOURNAL, 64, 2994(1942). We shall refer . , 
to this as paper i. seems to increase with increase in temperature ot 
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TABLE I I 

EFFECT OF CHANGED CONDITIONS ON AMOUNT OP PRECIPI

TATE 

3 ml. antigen VI, 12.5 Mg./ml., in saline solution, plus 
3 ml. antiserum E. pH of supernates 8.0 to 8.3. 

Composition of 
precipitate 

Antibody, Antigen, 
Condit ions of precipi ta t ion Washings fig. fig. 

Room 1 hr., refrigerator 
24 hr. 

Room 1 hr., refrigerator 
48 hr. 

Refrigerator 24 hr. 

Refrigerator 48 hr. 

Room 24 hr. 

3 

10 

15 

3 
3 

3 

3 

TABLE III 

1600 
1610 
1190 
1310 
1140 
1140 
1780 
1590 
1590 
1640 
1610 
1690 
1080 
980 

9.2 
8.9 
8.4 
8.1 
8.7 
9.2 
9.2 
8.9 
8.9 
9.2 
8.9 
8.9 
7.0 
7.0 

EFFECT OF CHANGED CONDITIONS ON AMOUNT OF PRECIPI

TATE 

5 ml. antigen X, 20 Mg./ml. in saline solution, 2.5 ml. 
antiserum F, and 7.5 ml. borate buffer of pH. 9.0. 

Composition of 
precipitate 

Condi t ions of Washing Antibody, Antigen, 
precip i ta t ion solut ion Washings fig. fig. 

R o o m l h r . , r e - Saline 3 520 3.3 
frigerator 24 520 3.3 
hr. Saline 10 525 3.1 

530 3.1 
Saline, 3 585 3.3 

iced 520 2.9 
Buffer, 3 600 3.3 
Buffer, 3 630 2.9 

iced 600 2.9 
Roomlhr . , re- Saline 3 580 2.9 

frigerator 48 hr. 595 2.9 
Room 3 hr., re- Saline 3 610 3.1 

frigerator 22 hr. 550 3.1 
Room 24 hr. Saline 3 675 3.1 

605 3.1 
35° 1 hr., re- Saline 3 560 2.9 

frigerator 24 hr. 555 2.9 

the tube during the first few hours of the pre
cipitation period (Table I I I ) . However, the 
evidence is inconclusive as to whether the final 
amount of precipitate is increased or not by 
refrigeration during the later part of the pre
cipitation period. 

The data reported in Table IV show tha t the 
amount of precipitated antibody is decreased by 
the addition of buffer solution to the antigen-
antibody mixture. The decrease is not propor
tional to the volume of buffer added, so that the 
phenomenon is not analogous to the solution of a 

Amount of antigen used (jug.) 
15.6 31.3 62.5 

Amount of precipitated antibody 

750 1375 
600 1030 
480 845 
470 655 

775 
990 
525 
450 

TABLE IV 

T H E EFFECT OF DILUTION WITH BUFFER SOLUTION ON 

AMOUNT OP PRECIPITATED ANTIBODY 

2.5 ml. antigen VI, varying volume of borate buffer 
solution with pB. 8.0, 2.5 ml. antiserum C. 

Volume of 
buffer solution 

0 
2.5 
5 

10 

well-defined compound. These observations pro
vide further evidence of the heterogeneity of the 
antibodies in immune sera. 

The Effect of Hydrogen-ion Concentration on 
Amount of Precipitate.—The results of experi
ments to test the effect of change in pH on the 
amount of precipitate are given in Table V. I t 
is seen tha t for this antigen-antibody system the 
optimum pH. is about 8.1, the amounts of pre
cipitate in this region being greater than for either 
more acidic or more basic solutions. Evidence 
that the buffering substances do not have a large 
direct influence on the reaction is given by the 
agreement of the values a t pH. 8.1 for added 
saline solution and added borate buffer. 

The optimum antigen concentration is seen to 
be changed only slightly by change in pH. 

Less extensive experiments were also carried 
out with the amide antigen XIV (R"-R") in place 
of the azo antigen; the results obtained, given in 
Table VI, are similar. 

The Effect of Dilution with Normal Serum or 
Buffer Solution.—In order to determine the 
effect of change in the strength of a serum of 
fixed antibody composition on the position of the 
optimum zone, identical experiments were made 
with sera obtained by mixing antiserum G and 
normal serum. The results are given in Table 
VII. I t is seen tha t for both antigens (III and 
VI) the maximum precipitation occurs a t an 
amount of antigen about midway between 25 and 
50 /tig. (for 2 ml. of antiserum), and that on two
fold dilution of the antiserum, decreasing its 
antibody concentration by the divisor 2, the 
optimum amount of antigen is also decreased by 
about the divisor 2. The effect of diluting the 
antiserum is hence to cause the optimum zone 
to shift in such a way as to keep constant the ratio 
of antigen to antibody. 

The same result is given by experiments on the 
effect of dilution with buffer solution, reported 
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T A B L E V 

E F F E C T O F H Y D R O G E N - I O N C O N C E N T R A T I O N ON A M O U N T O F P R E C I P I T A T E 

3 ml. saline solution VI , 3 ml . antist 
precipi ta te , micrograms. A = an t ig 

Amount of antigen (fig.) 
Added solution p~H of supernate 

Boric acid 

Saline 

Bora t e buffer, 

pB.8.0 

B o r a t e buffer, 
£ H 9 . 0 

7 . 6 - 7 . 7 

8 . 1 - 8 . 2 

8 . 8 - 8 . 9 

im E, and 3 ml. 
in precipitate, 

22.2 
B A 

640 
640 
890 
840 
820 
790 
680 
650 

4.9 
4.6 
4.6 
4.6 
5.7 
5.7 
5.1 
4.6 

saline or buffer s 
micrograms. 

33.3 
B 

820 
820 

1140 
1140 
1080 
1080 
780 
820 

solution; 

A 

5.9 
5.7 
6.5 
6.5 
8.4 
7.3 
5.9 
6.5 

48 hrs. in re) 

50 
B 

820 
820 

1020 

940 
920 
640 
720 

xigerator 

A 

5.7 
5.7 
6.2 
6.2 
7.0 
6.0 
6.2 
6.2 

. B = 

B 

610 
620 
610 
550 
650 
590 
520 
520 

antibody in 

75 
A 

4 .1 
5.4 
3.0 
3.8 
4.9 
5.4 
5.4 
4.3 

T A B L E V I 

E F F E C T O F H Y D R O G E N - I O N C O N C E N T R A T I O N O N A M O U N T 

O F P R E C I P I T A T E D A N T I B O D Y 

1 ml. an t igen X I V , 1 ml . an t i se rum G, 2 ml . saline or 
buffer solution. 

A m o u n t of added ant igen (/tg.) 
Added £ H of 

solution superna te 

Boric acid 

Saline 

Borate buffer, 
£H8.0 

Borate buffer, 
6H9.0 

7.6 

8.0-8.2 

8.1 

8.8-9.0 

12.5 25 50 
A m o u n t of precipitated 

an t ibody (/ug.) 

200 
250 
270 
290 
270 
290 
215 
280 

275 
290 
305 
345 
290 
375 
290 
295 

260 
240 
270 
265 
225 
325 
240 
270 

T A B L E V I I 

T H E E F F E C T O F D I L U T I O N W I T H N O R M A L S E R U M ON 

A M O U N T O F P R E C I P I T A T E D A N T I B O D Y 

3 ml. of an t igen I I I or V I p lus 2 ml . of mix tu re of nor
mal serum a n d an t i se rum G. 

such as arsanilic acid present in reasonable con
centration in a mixture containing an azoprotein 
(made from this hapten) and the hapten-homolo-
gous antiserum decreases the amount or inhibits 
the formation of the antigen-antibody precipitate. 
I t has also been found3 tha t this phenomenon 
occurs with polyhaptenic simple substances re
placing the azoprotein. Quantitative results 
were obtained by us with antigens VI, X, and XX, 
containing the groups R, R' , and R", respectively, 
and haptens X X I , X X I I , X X I I I , and XXVII . 
These are given in Tables VIII to X I and Figs. 
1 and 6. I t is seen (Table VIII) tha t addition 
of hapten decreases the amount of precipitate 
without noticeable shift in the equivalence zone, 
and (Tables X, XI) that haptens differ in their 
inhibiting power. 

A m o u n t of ant igen 

.ntigen 

in 

VI 

i of 
superr 

Antiserum 

2 

1 

0.5 

2 

1 

0.5 

used (tig.) 
Normal 
serum 

0 

1 

1.5 

0 

1 

1.5 

{ antigen I I I 

iate \ anti igen VI 

12.5 25 
Amoun t of 3 

230 
215 
305 
305 
225 
230 
395 
400 
495 
425 
290 
330 
8.1 

8.2 

50 100 
precipitated 

an t ibody (pg.) 

495 

340 
280 
170 
170 

1150 
1100 
455 
510 
120 
200 
8.1 

8.3 

495 
555 
200 
215 
105 
105 

1070 
1240 

195 
205 

40 
45 

8.1 

8.4 

265 
230 
105 
55 
10 
0 

170 
170 
65 
70 

0 
0 

8.1 

8.5 

T H E INHIBITION 

TABLE VIII 

OF PRECIPITATION BY HAPTEN 

3 ml. antigen VI, 1 ml. hapt 
pH of supernates 8.2. 

Amount of anti
gen (ug.) 

Amount of 
hapten f/ig-) 

0 
12.5 
25 
50 

100 
200 
400 

15 22.2 

en XXI, 3 ml. 

31.3 

. antiserum E. 

50 

Amount of precipi ta ted an t ibody (jug) 

540 
520 
520 
340 
330 
290 
200 

790 
740 
580 
560 
360 
340 
270 

1280 
910 

630 
610 
430 
290 

TABLE IX 

1020 
850 
780 
640 
550 
440 

75 

560 
540 
530 
530 
450 
360 
270 

in Table IV. In these experiments, in which the 
amount of antibody is kept constant, the position 
of the optimum zone does not change significantly. 

These conclusions agree with those reached by 
many earlier investigators with protein antigens. 

The Inhibition of Precipitation by Hapten.— 
It was discovered by Landsteiner2 tha t a hapten 

(2) K. Landsteiner, Biochem. Z., 93, 117 (1919); 104, 280 (1920); 
K. Landsteiner and J.v an der Scheer, / . ExptL Med., 48, 315 (1928); 
50,407(1929); 64,295(1931); 55,781(1932). 

I N H I B I T I O N B Y H A P T E N 

1 ml . an t igen V I (12.5 M g ) . 0.5 ml . h a p t e n X X I I I , 1 
ml . an t i se rum D . />H of superna tes 8.1. 

Amount of hapten, Amount of precipitated 
/*g. antibody, ftg. 
0 505 470 
3.13 505 
6.25 480 
12.5 355 
25 220 
50 70 

(3) K. Landsteiner and J. van der Scheer, ibU„ 66, 399 (1932). 
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TABLE X 

INHIBITION BY HAPTEN 

0.5 ml. antigen X (25 jug.), 0.2 ml. hapten XXI I or 
XXIII , 0.5 ml. antiserum D. 

A m o u n t of prec ip i ta ted 
A m o u n t of hap ten , an t ibody , fig. 

Hg. H a p t e n X X I I X X I I I 

0 570 565 
1.25 505 565 
2.50 495 530 
5 420 390 

10 455 315 
20 295 125 
40 210 65 
pJJ. of supernates 8.5 8.8 

TABLE XI 

INHIBITION BY HAPTEN 

1 ml. antigen X X (25 Mg.), 0.5 ml. hapten XXI I or 
XXVII, 1 ml. antiserum D. 

A m o u n t of hap ten , 
fS-

0 
3.13 
6.25 

12.5 
25 
50 

100 
pH of supernates 

A m o u n t of prec ip i ta ted 
an t ibody , ftg. 

H a p t e n X X I I X X V I I 

1305 1200 
1295 1120 
1225 845 
1075 590 
960 215 
650 
475 40 
8.2 8.3 

The results obtained show tha t no significant 
error would be introduced in the experiments by 
the presence of haptens as impurities in the poly-
hap tenic antigens in amounts as great as 5%. I t 
is improbable that any of the substances used con
tained this much monohaptenic impurity. 

-7 .72 - 7 . 5 5 -7 .37 -7 .20 - 7 . 0 2 
Logm of moles of antigen added. 

Fig. 1.—Effect of added hapten (in amounts given) on 
amount of antigen-antibody precipitate (Table VIII) . 

The data reported in Table X I I indicate that 
the same final equilibrium is reached by the 

u n t of precipi ta ted 
an t ibody , /ig. 

1200 1090 

520 520 
550 
550 

525 
520 

550 525 

system antigen-antibody-hapten when the order 
of combining the reactants is changed. 

TABLE XII 
EFFECT OF ORDER OF COMBINATION OF REACTANTS 

Reactants combined as indicated and allowed to stand 
indicated times at room temperature, then 24 hours in 
refrigerator: A, 3 ml. solution of antigen VI (37.5 jig.); 
H, 1 ml. solution of hapten XXI (100 /xg.); S, 3 ml. anti
serum E. pH of supernates 8.1. 

1. A + S -f- 1 ml. saline solution. 
lVi hours 

2. A + S + H, 17» hours 
3. S + H, 7s hour, + A, 1 hour 
4. A + S, 7 2 hour, + H, 1 hour" 

5. Same as 4, with shaking." 

* A precipitate formed before hapten was added. 

Discussion 

A reasonable interpretation of these results 
and those of the preceding paper can be given in 
terms of the multivalent-antibody theory. This 
interpretation is conveniently presented with the 
aid of a simplified model susceptible to easy 
mathematical treatment.4 

Let us assume tha t our idealized antigen-
antibody system consists of a solution containing 
antigen molecules A, antibody molecules B, 
soluble complex molecules A2B, and molecules 
AB in equilibrium with a precipitate AB. We 
ignore other complexes A3B2, A4B3, AB2, etc., and 
the known heterogeneity of antibody molecules 
in a serum. 

For simplicity we assume that each of the two 
bonds in A-B-A is equal in strength to the bond 
in A-B, and that the equilibrium constants for 
the two reactions 

A + B = AB 

and 
A + AB = A2B 

differ only by the entropy factor 4. We represent 
these by AK and K, respectively, with K the 
equilibrium constant for combination of a single 
hap tenic group of an antigen molecule and a 
single complementary region of an antibody 
molecule, and derive the equation 

1 + 2Ks. 
AB(pp) A total — 5 -{•d total — Btotal + 

2 + 2Ks' 
M l + KS)/K + G4,„t.l - Btotal)2]1/*! (1) 

(4) Somewhat similar quan t i t a t i ve theories of t he precipit in reac
tion have been published b y M . Heidelberger and F . E . Kendal l , J. 
Exfitl. Med., 61 , 503, 62, 467, 697 (1935); 66, 229 (1937); F . E . Ken
dall , Annals N. Y. Acad. Set., 153, 85 (1942;; and A. D . Hershey , / . 
Immunol., 42, 455 (1941). These theories a re designed t o apply 
more broadly t h a n ours , which is based on pos tu la tes suited to t he 
special an t igens and h a p t e n s which we are s tudying . 
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in which AB (pp) is the amount of precipitated 
compound, with solubility s, and /4totai and 
^totai are the total amounts (per unit volume) of 
antigen and antibody in all molecular species, 
including the precipitate. 

The curves of amount of precipitate for a given 
antiserum with varying amounts of antigen cal
culated with this equation have the general shape 
indicated by the experimental points. 

Curves for the arbitrary values 5 = 1, K = 1/i 

are plotted against ^4totai m Figure 2 for each of 
several values of 5total. corresponding to the 
strength of the serum. It is seen that in each 
case the maximum amount of precipitate is pro
duced by an amount of antigen approximately 
equal to the amount of antibody. This is in 
agreement with the results obtained with diluted 
serum (Tables IV and VII). 

20 40 60 80 100 
Amount of added antigen A. 

Fig. 2.—Theoretical curves showing amount of precipi
tate AB as function of amount of antigen A for antisera 
with varying antibody concentration B = 5 to 25. 
Values of constants used are s = 1, K " 'A-

The observation, reported in the preceding 
paper, that different polyhaptenic antigens con
taining the same haptenic group have the same 
molal concentration for maximum precipitation 
with a given serum, although the amount of pre-
cipitable antibody in the serum varies with the 
antigen, requires explanation, since it might well 
be expected that the optimum antigen concentra
tion would be proportional to the amount of 
precipitate. Let us assume that for antigens 
containing the same haptenic group the A-B 
bond constant K has the same value, but that 

the solubility 5 of the precipitate may vary. This 
might reasonably result from steric interference 
of the large antibody molecules in the chains 
-A-B-A-B-A-B- in the precipitate, which might 
cause a second bond formed by a bivalent antigen 
molecule to be much weaker than the first bond. 
The curves in Fig. 3, with K constant and 5 vary
ing, represent this situation. We see that, as the 
result of the consecutive equilibria A + B = AB 
and AB + A = A2B, the position of the maximum 
is constant when K is constant and the solubility 
5 varies. It is found from the equation, in fact, 
that the maximum occurs at the point A totai — 
5totai = l/2i£, and is independent of s. 
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Amount of added antigen. 

Fig. 3.—Calculated effect of variation of solubility of 
antigen-antibody precipitate on amount of precipitate; all 
curves for initial antibody concentration B — 25 and 
K = »/,. 

It is also found (Fig. 4) that variation in K 
produces little change in the optimum antigen 
concentration, except when the value of K be
comes very small. It accordingly seems probable 
that the difference of the optimum concentration 
for antigens containing the haptenic group R and 
those containing the longer group R', as shown 
in Fig. 3 of paper I, is evidence that the effective 
strength of the serum for groups R' is greater than 
that for R, because of the presence of antibodies 
capable of combining with R' and not with R. 

The maximum amount of precipitate is in
dependent of K; its value, as found from Equa
tion 1, is2?totai— 25. 

The fact that change in effective strength of a 
serum with change in p~H is not accompanied by 
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20 40 60 80 100 
Amount of added antigen. 

Fig. 4.—Calculated effect of variation of A-B bond-
strength constant K on amount of precipitate; all curves 
for initial antibody concentration B = 25 and AB solubil
ity s = 1. 

shift of the optimum antigen concentration indi
cates tha t the effect is not due simply to change in 
the concentration of effective antibody molecules. 
Further experiments on the pH. effect are under 
way. 

The phenomenon of hapten inhibition has been 
explained by Landsteiner as resulting from com
bination of hapten and antibody to form a soluble 
complex, thus effectively neutralizing the anti
body. The formation of soluble complex instead 
of a precipitate by antibody and hapten is ex
plained by the framework theory as the result 
of the univalence of the hapten. I t might be 
expected tha t as the maximum amount of pre
cipitate which can be obtained from a serum is 
decreased by addition of hapten there would occur 
a corresponding decrease in the optimum antigen 
concentration, as was observed in the dilution 
experiments. 

I t is seen from Fig. 1, however,, tha t the opti
mum antigen concentration is not shifted very 
much by addition of hapten. A small shift can 
be predicted by an extension of our simple theory. 
If we consider a system containing in solution 
the molecular species H, BH, BH2 , and ABH 
(H = hapten) as well as A, B, AB, and A2B, and 
assume the B—H bond strength to be such tha t 
the equilibrium constants for the reactions 

B + H = BH 
BH + H - BH, 

and 
AB + H = ABH 

are 2K', K'/2, and K', respectively, we obtain 
the set of equations 

AB(pp) = 4tot»i - s - a ( l + 2K(s + z) | (2) 

Atoul — Btotal = a — -rj= 1" "KS — Z (3) 

~ 2 \2Ka + s + K') - C — + s + 
frfftotal 
2Ka 

+ h) 
[ (4) 

in which JHtotai is the total hapten concentration. 
The auxiliary variables a (the concentration of 
the molecular species A in solution) and a (the 
concentration of the molecular species HB in 
solution) are related by Equation 4, by means of 
which z can be calculated for an assumed value of 
a. Then by use of Equation 2 the amount of 
precipitate can be found, and by Equation 3 the 
variable a can be replaced by 4 totai a t l ( i Btotal-

0 50 10 20 30 40 
Amount of added antigen. 

Fig. 5.—Calculated effect of addition of hapten on 
amount of antigen-antibody precipitate, for Btotai = 25, 
K = V«. and K' = s = 1. 

In Fig. 5 there are shown curves calculated in 
this way for K = Vs. K' = s = 1,5t0tai = 25, and 
#totai = 0, 5, 10, 20, 30, and 40. I t is seen tha t 
there is a small shift of the maxima toward lower 
antigen concentrations. In the region of the 
equivalence zone, where A t o t a l equals -Btotai> t n e 

amount of precipitate formed is proportional to 
the hapten concentration, as is given by Equation 
5, which is derived from Equations 2, 3, and 4. 

d^B(pp) »/« + Ks + (K*s* + Ks)l/> 
dHtotal 1 + Ks + 1 + ~ \ (K's* + KsY/> 

(5) 
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0 4.4 8.8 13.2 
Total hapten (moles X 10"9). 

Fig. 6.—Observed effect of haptens XXII and XXVII 
on amount of precipitate between antigen XX and anti
serum (Table XI). 

The experimental data at low hapten concentra
tions are in rough agreement with the straight-
line relation, as shown in Fig. 6 for the data of 
Table X L 

In Fig. 7 there is shown the predicted effect of 
variation of the hapten-antibody bond-strength 
constant K'. 

I t might be expected from its similarity in 

structure with the antigen that hapten XXVII , 

N H / yR", would be much more effective 

than hapten X X I I , arsanilic acid, in inhibiting 

precipitation by antigen XX, R"<^ )>R"; that 

this expectation is borne out can be seen from the 

slopes of the curves of Fig. 6. The data of Table 

X show tha t hapten X X I I I , H O ^ )>R, has 
OH 

greater inhibiting effect for antigen X, *Cr. 
R' 

than has hapten X X I I . 
The data of Tables VIII and I X cannot be in

terpreted so reliably, since the antigen used (VI) is 
trihaptenic. The observation tha t hapten X X I I I 
is very much more effective than hapten X X I , 
phenylarsonic acid, is however to be expected 
from the structures. We are planning to continue 
work on hapten inhibition, with the hope of ob-
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Fig. 7.—Calculated dependence of amount of antigen-
antibody precipitate on hapten-antibody bond-strength 
constant K', for 4̂totai = jBtotd = 25, K = 1/2, s = 1. 

taining quantitative information about the rela
tive bond strengths of different haptenic groups 
with antibody. 

We thank the Rockefeller Foundation for 
financial support of this work. We are indebted 
also to Dr. Verner Schomaker for helping with 
the theoretical treatment of antibody-antigen-
hapten interactions, and to Mr. Shelton Steinle 
for carrying out analyses. 

Summary 

The results are reported of experimental studies 
of the effect of changed conditions, including 
time and temperature of precipitation, washing, 
addition of buffer solution and normal serum, 
hydrogen-ion concentration, and addition of 
hapten, on amount of precipitate formed by 
antisera and simple polyhaptenic antigens of 
known structure. 

A simple theory of antibody-antigen-hapten 
interaction is formulated on the assumption of 
the bivalence of antibodies. I t is found tha t 
this theory provides a reasonable interpretation of 
the experiments. 
PASADENA, CALIFORNIA RECEIVED JULY 6, 1942 
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THE NATURE OF THE FORCES BETWEEN ANTIGEN AND 
ANTIBODY AND OF THE PRECIPITATION REACTION 
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In one of his lectures on immunochemistry at the University of California in 
the summer of 1904 Svante Arrhenius said (1) that Ehrlich and other investi
gators, because of incomplete knowledge of the phenomenon of chemical equi
librium, had been led to invent artificial hypotheses in order to explain their 
observations in the field of immunology. Since that time, and especially during 
the last few years, workers in this field have made greater and greater use of the 
concepts and methods of physical chemistry, and in consequence many pre
viously puzzling observations have been reasonably interpreted. 

Another branch of chemistry which is of importance to immunology is modern 
structural chemistry, which deals with the detailed structure of molecules and 
with the nature of interatomic and intermolecular interactions (2). Our present 
knowledge of this subject, in large part won during the past dozen years, is now 
so firmly founded and so extensive that it can be confidently used as the basis 
for a more penetrating interpretation of immunological observations than would 
be provided by the observations alone. 

In this paper we present, after a brief historical introduction, a discussion of 
the nature of the specific forces between antigen and antibody and of the precipi
tation reaction from the point of view of modern chemistry. Only the simpler 
aspects of the phenomena are discussed; such complicating factors as the roles 
of complement, lipids, etc., in the reactions are disregarded in our discussion. 

The history of the precipitation reaction began in 1897, when Rudolf Kraus (3) 
reported the results of his work with anticholera and antityphoid sera. His 
observations were soon verified and extended by Nicolle, Tchistovich, Bordet, 
Myers and other workers, who prepared precipitating antisera against a great 
number of antigens of varied nature. We shall not review this early work here, 
nor the later studies of the methods of preparing antisera and carrying out the 
precipitation reaction, since these topics and others dealing with special phases 
of the reaction have been very well covered in earlier reviews (4, 5, 6). 

Two most important advances in the attack on the problem of the nature of 
immunological reactions were the discovery that the specific precipitate contains 
both antigen and antibody (7) and the discovery that antibodies, which give 
antisera their characteristic properties, are proteins. The verification of these 
facts was provided by the work of many investigators over a score of years. 
This work, which is summarized in Marrack's monograph (6, chap. II), culmi
nated in the preparation of purified antibody by Felton and Bailey (8), Heidel-
berger and collaborators (9), and others, and the determination of its properties, 
including amino-acid composition and molecular weight, which show that it is 
very closely related to normal serum globulin (6, chap. II). 
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2 0 4 L. PAULING, D. H. CAMPBELL AND D. PRESSMAN 

The work of Landsteiner (10) and other investigators on artificial conjugated 
antigens provided a great body of qualitative information on the specificity of 
antibodies, which, together with the experimental results for natural antigens, 
led to the independent proposal by Breinl and Haurowitz (11), Alexander (12), 
and Mudd (13) in 1930-32 of the theory of structural complementariness of 
antigen and specific antibody. The framework theory of precipitation was 
then developed by Marrack (6) and Heidelberger (14). These and other theories 
are discussed in some detail in the following sections of this paper. 

A new period in the study of the precipitation reaction was initiated by the 
careful quantitative studies of Heidelberger and his collaborators (15) who deter
mined the amounts of antibody and antigen in precipitates, and the similar work 
of Haurowitz (16) and others. Very recently, in order to test certain aspects 
of his detailed theory of the structure of antibodies (17), Pauling and his col
laborators have carried out many quantitative experiments on the precipitation 
of antisera by polyhaptenic simple substances (18, 19, 20), a phenomenon first 
observed by Landsteiner and Van der Scheer (21). 

T H E NATURE OF THE SPECIFIC FORCES BETWEEN ANTIGEN MOLECULES AND 

ANTIBODY MOLECULES. The detailed information which has been gathered in 
recent years regarding the nature of the chemical bonds which hold atoms to
gether into stable molecules has been summarized in monographs (2, 22). In
stead of interacting strongly with one another, with interaction energy of 20 
kilocalories per mole or more, to produce a chemical bond, two atoms may 
interact more weakly. The nature of these weak interactions is now well under
stood, and a brief discussion of it is given in the following paragraphs. The 
properties of antigen-antibody systems, especially the reversibility of complex 
formation, are such as to indicate that the antigen-antibody attraction is due 
to these weaker interactions and not to the formation of ordinary chemical bonds. 

The weak interactions between two molecules may be classified as electronic 
van der Waals attraction, Coulomb attraction, attraction of electric dipoles or 
multipoles, hydrogen-bond formation, etc. The forces increase rapidly in mag
nitude as the molecules approach one another more and more closely, and the 
attraction between the molecules reaches its maximum when the molecules are 
as close together as they can come. The molecular property which determines 
the distance of closest approach of two molecules is the electronic spatial exten
sion of the atoms in the molecules. It is possible to assign to each atom a 
van der Waals radius, which describes its effective size with respect to inter-
molecular interactions. These radii vary in value from 1.2 A for hydrogen 
through 1.4-1.6 A for light atoms (fluorine, oxygen, nitrogen, carbon) to 1.8-
2.2 A for heavy atoms (chlorine, sulfur, bromine, iodine, etc.). The shape of a 
molecule can be predicted by locating the atoms within the molecule with use 
of bond distances and bond angles and then circumscribing about each atom a 
spherical surface corresponding to its van der Waals radius. This shape deter
mines the ways in which the molecule can be packed together with other mole
cules (2, sec. 24). 

The most general force of intermolecular attraction, which operates between 
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every pair of molecules, is electronic van der Waals attraction. This type of 
electronic interaction between molecules was first recognized by London (23). 
A molecule (of methane, for example) which has no permanent average elec
tric dipole moment may have an instantaneous electric dipole moment, as the 
center of charge of the electrons, in their rapid motion in the molecule, swings 
to one side or the other of the center of charge of the nuclei. This instantaneous 
dipole moment produces an instantaneous electric field, by which any other 
molecule in the neighborhood would be polarized; the electrons of the second 
molecule would move relative to its nuclei in such a way as to give rise to a 
force of attraction toward the first molecule. 

This electronic van der Waals attraction operates between every atom in a 
molecule and every atom in other molecules in the near neighborhood. The 
force increases very rapidly with decreasing interatomic distance, being inversely 
proportional to the seventh power of the interatomic distance. Hence the 
electronic van der Waals attraction between two molecules in contact is due 
practically entirely to interactions of pairs of atoms (in the two molecules) which 
are themselves in contact; and the magnitude of the attraction is determined by 
the number of pairs of atoms which can be brought into contact. In conse
quence, two molecules which can bring large portions of their surfaces into close-
fitting juxtaposition will in general show much stronger mutual attraction than 
two molecules with less extensive complementariness of surface topography. 

Other types of molecular interactions result from the possession of a perma
nent electric charge, electric dipole moment, or electric moment of higher order 
by one or both of the interacting molecules. The effects of these charges and 
moments have been classified in various ways, as ion-ion forces, dipole-dipole 
forces, forces of electronic polarization of one molecule in the dipole field of 
another, etc. All electrostatic interactions are very much smaller in water than 
in a medium of low dielectric constant, and it can be shown by calculation, mak
ing use of known values of the effective dielectric constant of water for charges 
a given distance apart (24), that in general these electric forces are of minor 
importance, except when an isolated or essentially isolated electric charge is 
involved. The electrostatic attraction of a positive group such as a substituted 
ammonium ion and a negative group such as a carboxyl ion becomes significantly 
strong, with bond energy 5 kilocalories per mole or more, if the structure of the 
molecules containing the groups is such that they can come into juxtaposition. 

A type of intermolecular attractive force which ranks in importance wi th the 
electronic van der Waals attraction and the attraction of oppositely charged 
groups is that associated with the structural feature called the hydrogen bond. 
The importance and generality of occurrence of the hydrogen bond were first 
pointed out in 1920 by Latimer and Rodebush (25) and summaries of the proper
ties of the bond are given in the monographs quoted above. A hydrogen bond 
results from the attraction of a hydrogen atom attached to one electronegative 
atom for an unshared electron pair of another electronegative atom. The 
strength of a hydrogen bond depends on the electronegativity of the two atoms 
which are bonded together by hydrogen; fluorine, oxygen, and nitrogen, the 
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most electronegative of all atoms, are the atoms which form the strongest hydro
gen bonds. The energy of a hydrogen bond between two of these atoms is of 
the order of magnitude of 5 kcal. per mole. This is so large as to have a very 
important effect on the intermolecular interactions of molecules capable of 
forming hydrogen bonds and on the properties of the substances consisting of 
these molecules. 

In synthesizing our knowledge of intermolecular forces and of immunological 
phenomena into a definite picture of the antigen-antibody bond the immuno
logical property of greatest significance is the specificity of the combining power 
of antibody for the immunizing antigen. 

The forces of van der Waals attraction, hydrogen-bond formation, and inter
action of electrically charged groups are in themselves not specific; each atom 
of a molecule attracts every other atom of another molecule by van der Waals 
attraction, each hydrogen atom attached to an electronegative atom attracts 
every other electronegative atom with an unshared electron pair which comes 
near it, and each electrically charged group attracts every other oppositely 
charged group in its neighborhood. The van der Waals repulsive forces which 
determine the van der Waals radii of atoms also are not specific; each atom in a 
molecule repels every other atom of another molecule, holding it at a distance 
corresponding to the sum of the pertinent van der Waals radii. We see, how
ever, that specificity can arise in the interaction of large molecules as a result 
of the shapes of the molecules. Two large molecules may have such spatial 
configurations that the surface of one cannot be brought into contact with the 
surface of the other except at a few isolated points. In such a case the total 
electronic van der Waals attraction between the two molecules would be small, 
because only the pairs of atoms near these few isolated points of contact would 
contribute appreciably to this interaction, and, moreover, the distribution of 
hydrogen-bond forming groups and of positively and negatively charged groups 
of two molecules might be such that only a small fraction of these groups could 
be brought into effective interaction with one another for any position and 
orientation of one molecule with respect to the other; the energy of attraction 
of these two molecules would then be small. If, on the other hand, the 
two molecules possessed such mutually complementary configurations that the 
surface of one conformed closely to the surface of the other, if, moreover, the 
electrically charged groups of one molecule and those of the other were so 
located that oppositely charged groups were brought close together as the mole
cules came into conformation with one another, and if the hydrogen-bond 
forming groups were also so placed as to form the maximum number of hydrogen 
bonds, the total energy of interaction would be very great, and the two molecules 
would attract one another very strongly. We see that this strong attraction 
might be highly specific in the case of large molecules which could bring large 
areas of their surfaces into close contact. A molecule would hence show strong 
attraction for another molecule which possessed complete complementariness 
in surface configuration and distribution of active electrically charged and 
hydrogen-bond forming groups, somewhat weaker attraction for those molecules 
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with approximate but not complete complementariness to it, and only very weak 
attraction for all other molecules. 

This specificity through complementariness of structure of the two inter
acting molecules would be more or less complete, depending on the greater or 
smaller surface area of the two molecules involved in the interaction. It may 
be emphasized that this explanation of specificity as due to a complementariness 
in structure which permits non-specific intermolecular forces to come into fuller 
operation than would be possible for non-complementary structures is the only 
explanation which the present knowledge of molecular structure and inter
molecular forces provides. 

This theory of structural complementariness of antigen and antibody was 
first suggested, in less detailed form than above, by Breinl and Haurowitz (11), 
Alexander (12), and Mudd (13). A detailed discussion of the structure of 
antibodies and of a postulated method of their formation has been presented 
by Pauling (17), who has also reviewed the evidence supporting the theory of 
complementariness. 

I t was suggested by Breinl and Haurowitz and by Mudd that the effect of an 
antigen in determining the structure of an antibody might involve the ordering 
of the amino-acid residues in the polypeptide chains in a way different from that 
in the normal globulin. Rothen and Landsteiner (26) then pointed out that 
the possibility of different ways of folding the same polypeptide chain is worth 
considering, and this postulate was amplified by Pauling (17), who assumed 
that all antibody molecules contain the same polypeptide chains as normal 
globulin, and differ from normal globulin only in the configuration of the chains. 
This assumption was made because it permits the formulation of a simple 
proposed mechanism of manufacture of specific antibodies. An antibody mole
cule, capable of existing in any one of a great number of configurations with 
nearly the same energy, is synthesized, except for the final folding step, in the 
same way as normal globulin. If no foreign substance is present, the chain 
then folds into a stable configuration, characteristic of normal globulin; but if 
an antigen molecule is present, the chain folds into a configuration stable in the 
presence of the antigen, that is, into a configuration complementary to that 
of a portion of the surface of the antigen molecule. This explanation of the 
ability of an animal to form antibodies with considerable specificity for an 
apparently unlimited number of different antigens (27), as shown especially 
by the work of Landsteiner (10), is compatible with the principles of structural 
chemistry and thermodynamics as well as with the immunological evidence. 

To illustrate the way in which the complementariness theory accounts for 
many reported observations we shall mention only one point, taken from the 
great body of results on azoproteins obtained by Landsteiner. He observed a 
pronounced cross reaction between an azoprotein made from m-aminobenzoic 
acid and an antiserum to an azoprotein made from 4-chloro-3-aminobenzoic 
acid and a different protein, but no reaction with the haptenic groups reversed. 
The explanation of this is that the antibody to the 3-azo-4-chlorobenzoic acid 
group conforms closely to this haptenic group, allowing either this group or the 
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3-azobenzoic acid group, which differs in the replacement of the chlorine atom 
by a smaller atom, hydrogen, to fit into the complementary cavity in the anti
body; but the 3-azo-4-chlorobenzoic acid group cannot fit into a cavity designed 
for the smaller haptenic group, and so the reverse cross reaction does not occur. 
In a quantitative extension of Landsteiner's work on hapten inhibition of pre
cipitation reactions of simple polyhaptenic substances (10), Pauling and col
laborators (28) have recently reported a great deal of evidence in support of the 
complementariness theory. They interpreted their results on the inhibition of 
the precipitation reaction between dyes containing p-azophenylarsonic acid 
groups and antisera to hapten-homologous azoproteins to obtain numerical 
values of the strength of the bonds formed by these antibodies with over twenty-
five different haptens. The observed correlation between the bond strengths 
and the structure of the haptens is that which would be expected from the 
complementariness theory. 

This theory is not greatly different from some earlier proposals, such as 
Ehrlich's lock-and-key analogy (29), but it differs greatly from others. For 
example, Buchner (30) considered that antigen molecules are split up and 
incorporated into the antibody molecules, thus imparting specificity to them. 
This theory or a closely related theory has been supported by many people, 
including Burnet (31), who proposed a mechanism for the manufacture of anti
bodies in the image of the antigens: the antigens act as templates for the manu
facture by the body of specific enzymes, which then serve as the molds for the 
production of antibodies similar to the original antigens. Until recently there 
has been no suggestion as to why antibodies similar in structure to an antigen 
should combine specifically with it. Recently, however, Jordan (32) has stated 
that a strong attraction would occur between such identical or nearly identical 
molecules because of the quantum-mechanical resonance phenomenon; this has 
been denied by Pauling and Delbruck (33), who pointed out that the resonance 
energy would be so small as to be ineffective. Chemical evidence against the 
identity of antibodies and specific antigens has been presented by many authors, 
of whom the most recent are Haurowitz, Vardar, and Schwerin (34). 

Forty years ago there was under way a keen controversy between Ehrlich and 
Bordet, and their respective supporters, as to whether the bonds between anti
bodies and antigens are chemical bonds or are physical forces of the sort pro
ducing surface phenomena such as adsorption. The modern point of view 
resolves this argument, but not in favor of either side; in fact, as in recent years 
an understanding has been obtained of the forces responsible for surface phe
nomena it has been found that these forces are the same as those which are 
operative in chemical reactions, so that the old distinction between chemical 
and physical forces has lost most of its meaning. 

T H E NATURE OF THE PRECIPITATE. Under suitable conditions (salt concen
tration, antibody-antigen ratio, etc.) the first stage of combination of antibody 
and antigen, which may make itself evident in change in toxicity or other 
properties of the antigen, is followed by precipitation. There has been much 
discussion as to whether or not this second stage is specific, like the first stage, 
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or is non-specific. Direct experimental evidence on this point, while not con
clusive, favors the view that the reaction is specific. The most pertinent 
observations are those on the agglutination of mixed cellular antigens by mixed 
antisera; Topley and collaborators (35) noted the formation of separate clumps 
by the different cells, whereas Abramson (36) observed mixed clumping. Hooker 
and Boyd (37) found that mixed human and chicken erythrocytes gave separate 
clumps under some conditions and mixed clumps under other conditions. The 
fact that separate clumping is observed at all strongly favors the concept of a 
specific second stage, since mixed clumping might result from mechanical inter
twining of specific clumps, whereas separate clumping would hardly be expected 
to result from non-specific interaction. Heidelberger has pointed out that in 
those cases where mixed clumping takes place the cells used were either very 
large or of greatly different sizes (38). 

A reasonable theory of agglutination and precipitation, the framework theory 
(lattice theory1), was proposed in 1934 by Marrack (6), and has received strong 
support from the theoretical considerations and experiments of Heidelberger 
(9, 14, 15) and Pauling (18,19, 20, 28) and their collaborators. 

I t is clear that, after we have accepted a mechanism for the specific attachment 
of antibody molecules to a cellular antigen, the simplest possible explanation 
of the agglutination of the cells is that it results from the same mechanism; if 
an antibody molecule had the power of specific attachment to two cells, it could 
form specific bonds with the two cells and thus hold them together, and the 
repetition of this process would lead to the formation of larger and larger clumps. 
Specific precipitation of antibodies and molecular antigens would result from 
the same mechanism if both antibody molecules and antigen molecules were 
multivalent (capable of forming two or more antigen-antibody bonds); larger 
and larger complexes A—B, A—B—A, A—B—A—B, etc., would form until the 
aggregates became macroscopic in size. The evidence supporting the framework 
theory has been reviewed by Marrack (6), Heidelberger (14), and Pauling (17); 
some of it, including that provided by recent work, is presented in the following 
section in connection with a discussion of the valence of antibody molecules. 

The first of the theories of non-specific precipitation is the theory of neutraliza
tion of electrical charges. This theory was supported by many early investi
gators, who were attracted by the analogy with the well-known phenomenon of 
the mutual precipitation of oppositely charged colloids. Teague and Field (39) 
investigated the charges of agglutinins and bacteria and concluded that the 
former are positively and the latter negatively charged; it is now known, how
ever, as the result of the application of improved experimental methods, that 
under ordinary conditions (normal hydrogen-ion and salt concentrations) anti
body molecules and most antigens are negatively charged, and the theory of 
neutralization has in consequence been abandoned. 

(The failure of precipitation or agglutination to occur in antigen-antibody 
1 We have adopted the name "framework theory" instead of "lattice theory" because of 

our belief that the framework of antibody-antigen precipitates does not usually have the 
regularity of structure which would be indicated by use of the latter expression. 



2 1 0 L. PAULING, D. H. CAMPBELL AND D. PRESSMAN 

systems with low salt concentration is, indeed, attributed to the electrostatic 
repulsion of the negatively-charged complexes in solution, which prevents the 
formation of large aggregates; agglutination or precipitation may occur in the 
presence of salt, the cations of which neutralize the negative charges of the 
complexes.) 

Another theory of non-specific precipitation which was proposed soon after 
the discovery of the precipitation reaction is that the reaction results from the 
formation of a hydrophobic colloid, which precipitates in the presence of electro
lytes. This theory has been revived recently by Eagle (40) and by Hooker and 
Boyd (37). Eagle's suggestion that the polar groups of the antigen which are 
assumed to be responsible for its solubility are masked by a layer of antibody 
molecules, which themselves turn their polar groups inward and present only 
non-polar groups toward the solvent, has been discussed by Marrack (6), who 
has marshalled some arguments against it. An important argument is that 
particles can be agglutinated by an amount of antibody very much smaller than 
the amount required to coat their surface; the most recently reported experi
ments of this sort (41) indicate that azoerythrocytes can be agglutinated by 
less than 0.02 per cent as much antibody as would cover their surface with a 
layer 3.5 A thick. 

Hooker and Boyd (37) have presented several arguments in support of the 
thesis that " . . . particles grow to visible size by the indiscriminate and non
specific accretion of other related or unrelated, small or large, aggregates whose 
primary nuclei are molecules or particles of antigen coated with antibody-
globulin." As additional evidence for this concept and against the framework 
theory Boyd and Hooker (42) reported their failure to inhibit the agglutination 
of erythrocytes by use of an excess of hemagglutinin. In our opinion the fact 
that inhibition of agglutination of particles (43) as well as of precipitation of 
molecular antigens (44) by excess antibody has been observed gives strong sup
port to the framework theory. The failure of inhibition to occur under ordinary 
circumstances may be due to the difficulty in saturating the multivalent anti
gens, especially cellular antigens with thousands of combining groups, as is 
indicated by the theories of Hershey (45) and Pauling (17). In particular, the 
experiments of Heidelberger and Kabat (43) on the agglutination by untreated 
pneumococci of pneumococci coated with antibody and then thoroughly washed 
are most easily explained by the framework theory. Hooker and Boyd (46, 47) 
have recently proposed the theory that precipitation of antibody by polyhaptenic 
dyes may result from the action of the dye molecules in pulling the antibody 
molecules to which they are bonded so tightly together as to prevent the solvent 
from reaching the polar groups. This theory seems to be incompatible with our 
observation (18) that in general the dyes of smaller molecular size, which accord
ing to Boyd's theory should pull the molecules more closely together, in fact 
precipitate less completely than those of larger molecular size. 

COMPOSITION OF ANTIBODY-ANTIGEN PRECIPITATES AND VALENCE OF ANTIBODY. 

An essential requirement for agglutination or precipitation according to the 
framework theory is that both antigen and antibody be multivalent. The 
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experimental observations which indicate multivalence of antigens and of 
agglutinins and precipitins have been summarized by Marrack (6), Heidelberger 
(14), and Pauling (17). 

The most straightforward evidence for the necessary multivalence of antigen 
is given by experiments on the reactions of antibodies with simple substances 
of known structure. Subsequent to Landsteiner's discovery (10) that simple 
haptens inhibit the precipitation and agglutination reactions by forming soluble 
complexes with antibody, it was found by Landsteiner and Van der Scheer (21) 
that simple substances containing two or more haptenic groups form precipitates 
with hapten-homologous antibodies. We have shown that of the twenty-seven 
simple substances containing phenylarsonic acid groups which were tested with 
antisera made by injecting rabbits with azoprotein made from p-arsanilic acid 
each of those (twenty in number) which contained two or more of the haptenic 
groups gave the precipitation reaction, whereas none of the monohaptenic 
substances formed precipitates. These facts support the framework theory 
strongly. 

(The failure to obtain precipitates with some polyhaptenic substances reported 
by Hooker and Boyd (46) and Boyd (47) may have been due to their failure to 
work under conditions favorable to precipitation. We have obtained precipi
tates with some of the same substances, and have observed that substances 
which give precipitates with strong antisera may fail to do so with weak antisera.) 

Experiments which have been reported on the number of haptenic groups per 
azoprotein molecule necessary for precipitation with hapten-homologous anti
body (48, 49) and some of our unpublished results indicate that a few groups are 
needed, but so far they have not been precise enough to distinguish between 1 
and 2 as the minimum. 

Direct proof of the bivalence of diphtheria antitoxin is given by the studies 
of the antitoxin in presence of an excess of toxin with use of the ultracentrifuge, 
which showed that the complexes ToxAntitox and Tox2Antitox exist in the 
solution (50). 

The fact that slides can be coated with alternate unimolecular layers of anti
gen and antibody in specific combination (51, 52) indicates effective bivalence 
of antibody molecules as well as antigen molecules. 

It has long been known that in antigen-antibody precipitates molecules of 
antibody are present in larger numbers than those of antigen, the antibody-
antigen molecular ratio being considerably greater than unity for nearly all 
systems (6, p. 161; 53). This was shown convincingly by the accurate quantita
tive investigations of Heidelberger and his collaborators (54). A simple explana
tion of this fact, which does not follow directly from the framework theory in its 
original form (6, 14), is given by the theory as modified by Pauling (17), who 
made the assumption that antibodies in general are at the most bivalent. (This 
assumption was made because his proposed structural theory of the process of 
formation of antibodies is such as to make unlikely the occurrence of anti
bodies of higher valence.) The maximum valence N of antigens toward homolo
gous antibodies is assumed to be determined by the sizes and shapes of the 
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antigen and antibody molecules, being equal to the number of antibody mole
cules which, when bonded to the antigen molecule, can be packed around it. 
If the antigen and antibody molecules were spheres of the same size, this number 
would be iV = 12; for smaller antigen molecules it would be smaller, and for 
larger ones it would be larger. 

The predicted antibody-antigen molecular ratio for small antigen molecules 
would be N/2 at the equivalence zone, with the maximum valences of both 
antibody and antigen effective; the limiting values of the ratio for antigen excess 
would be 1, and for antibody excess N — 1. For very large antigens the ex
pected ratio at the equivalence zone would be less than N/2. These predictions 
are in reasonably good agreement with Heidelberger's observations (54, 17), 
which correspond to the following values of N: ovalbumin and R-salt-azobi-
phenylazoovalbumin (molecular weight 40,000-46,000), N = 6; serum albumin 
(m.w. 67,000), N = 6 to 8; thyroglobulin (m.w. 700,000), N = 30 to 40. Data 
of other investigators (55, 56, 57, 58, 59, 60, 61) correspond to similar values of 
N, with assumed bivalence of antigen. 

If the valence of the antigen were known, measurement of the antibody-
antigen molecular ratio could be interpreted to give the valence of antibody 
molecules. The only reliable experiments of this sort which have been reported 
so far are those of Pauling, Pressman, and Ikeda (20) with simple antigens of 
known structure. They found that the dihaptenic antigens 2-methyl-4,6-
di(p-azophenylarsonic acid)phenol and 2-methyl-4,6-di(p-azobenzene(p-azo-
phenylarsonic acid))phenol gave with antisera homologous to the p-azophenyl-
arsonic acid group precipitates with the same molecular ratio throughout the 
range of relative concentrations from antibody excess to antigen excess. This 
is what would be expected if both antibody and dihaptenic antigen were bivalent, 
the predicted molecular ratio under all conditions then being 1, corresponding 
to the structure —A—B—A—B—A—B—A—B— for the precipitate. The ob
served molecular ratio (average of 119 analyses) was 0.75. The same independ
ence of molecular ratio on relative concentration was found also for the four 
trihaptenic and tetrahaptenic substances studied; this was interpreted as result
ing from the effective bivalence of these molecules also, as the result of their small 
size in comparison with the antibody molecules. The average molecular ratios 
found for the trihaptenic and tetrahaptenic substances, 0.85 and 0.83, respec
tively, are only slightly less than unity. These results, with assumed effective 
bivalence of the antigens, indicate for antibody molecules the effective valence 2.3. 

Substantiating evidence for the multivalence of precipitating antibodies is 
provided by the observations which have been interpreted as resulting from 
the presence in antisera of antibodies with a valence of one. Heidelberger 
and Kendall (62) demonstrated the presence in rabbit antisera of univalent 
antibodies, which are able to combine specifically with antigen but are not 
able, in the absence of multivalent antibodies, to form precipitates. These 
univalent antibodies also occur in considerable amount in horse antisera; they 
seem to be produced in large amount by the first injections of ovalbumin into 
horses, precipitating (multivalent) antibody being formed only on repeated 
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injection (63, 64). It is probable that univalent antibody confers on horse 
antitoxins the peculiar properties which they show, in particular the pronounced 
prezone (region of antitoxin excess in which precipitation does not occur). The 
change in properties of antisera on heat treatment (65, 66, 67) or treatment 
with formaldehyde (9) or other denaturing agent is probably due to the con
version of bivalent antibody to univalent antibody by destruction of one of the 
combining regions. 

QUANTITATIVE THEORIES OF THE PRECIPITATION REACTION. Although the 
quantitative physico-chemical treatment of immunological phenomena was 
begun early in the present century, by Arrhenius and Madsen (1, 68), it is only 
during the last decade that significant progress has been made. The reason 
for the delay is not far to seek—it lies in the fact that the mathematical treat
ment of numerical data of low accuracy has little significance so long as a sound 
qualitative understanding of the phenomenon has not been developed. We 
may mention in illustration Arrhenius' discussion (1, p. 147) of the formula 
C = K 52 / 3 which he found to express the relation between the amount C of 
agglutinin bound by bacterial cells and the amount B of free agglutinin; Arrhe
nius interpreted this equation (whose validity for the complex system we would 
ascribe to the accidental distribution of the heterogeneous antiserum) as show
ing that the agglutinin molecules are divided between two solvents, one within 
and one without the bacterial cells, and that three molecules of the bound 
agglutinin are formed from two of the free substance. 

Recent theories are of two kinds: those based on thermodynamic equilibrium 
among the reacting substances, and those based on the rates of reactions under 
non-equilibrium conditions. There has been considerable discussion as to 
whether or not immunological reactions are reversible—whether, for example, 
an antigen-antibody precipitate is soluble, and is in equilibrium with free antigen 
and antibody in solution. We know from general principles, however, that, 
given time enough, every system reaches equilibrium, and every material is 
more or less soluble; the questions of interest deal rather with such quantitative 
points as the length of time required for the system to reach equilibrium, and 
the magnitude of the solute concentrations in equilibrium with the precipitate. 

That the precipitation reaction in some cases reaches equilibrium in the hours 
or days usually allowed it is shown by various experiments on solution of the 
precipitate by salt (69), acid (70), alkali (71), and excess antigen, even after 
ageing for several months (72), including experiments in which there was varia
tion in the method of approaching equilibrium (19). 

Experiments on the Danysz phenomenon (73) and other related experiments 
indicate that a long time—many days—is needed for equilibrium to be ap
proached for reactions involving change in composition of antigen-antibody 
precipitates. 

The first quantitative theory which we shall discuss, that of Heidelberger 
and Kendall (14), was based on consideration of the rate of antigen-antibody 
combination under non-equilibrium conditions. The authors assumed that 
antigen A and antibody B first react completely and rapidly to form the com-
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plex AB, which uses up all the A (B being assumed present in excess). There 
then occur two competing slow reactions: 

B + AB -»AB 2 

AB + AB -> A2B2 

The rates of formation of AB2 (total number of units a) and A2B2 (total number 
of units /3) are 

^ = X[B][AB] 
at 

and 

in accordance with the laws of chemical kinetics. It is assumed arbitrarily 
that K = K' and that the reactions are not reversible; by integration over the 
course of the reaction until the solution is exhausted of AB there is obtained to 
represent the composition of the precipitate, which consists of all the AB2 and 
A2B2 formed, the equation 

y = 2R - ^ (i) 
a b0 

in which 
y = milligrams of antibody precipitated 
a = milligrams of antigen added 
b0 = total milligrams of antibody 
R = antibody /antigen weight ratio at equivalence point 
This equation for the composition of the precipitate, which corresponds to 

change from 2R at large antibody excess to R at the equivalence point, has been 
shown (15) to be in satisfactory agreement with the excellent experimental data 
obtained by the authors. In view of the arbitrary and unlikely assumptions 
originally used for its derivation, it is gratifying that Kendall himself (74) has 
recently derived the equation in another way, and that we have found (unpub
lished work) that the equation is obtained as an approximation from general con
siderations of chemical equilibrium when the assumption is made that the ratio 
may vary between the limits 2R and R and an expansion is made in powers of a/b. 

Kendall's derivation is essentially the following. (He considers also some 
more general cases.) 

Let antibody and antigen both be bivalent. For B0 and AQ molecules of 
antibody and antigen, respectively, there are 2B0 and 2A0 combining groups. 
Assume, for antibody excess, that all of the 2A0 antigen groups are bonded to 
antibody groups, and that they are distributed at random among the 2B0 

antibody groups, without regard to whether or not the antibody molecule is 
already bonded at the other end. Since the chance that an antibody group is 
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bound is 2AQ/2B0, the chance that it is free is 1—A0/B0, and the fraction of 
antibody molecules free at both ends is (1—A0/B0)2. The fraction not free at 
both ends is 1—(1—A0/B0)

2 = 2A0/B0—(A0/B0)
2, and thenumbernot free at both 

ends is this multiplied by the total number, B0. If it be assumed that all anti
body molecules not free at both ends are carried down in the precipitate with 
the antigen molecules the molecular ratio for the precipitate becomes 

^ = 2 - A0/B0 (2) 

and, introducing the ratio R of molecular weights, the weight ratio is found to be 

V- = 2R-R*^- (3) 

a b0 

This is identical with equation 1. 
Similar considerations have also been used by Ghosh (75) for the derivation 

of related equations. 
An involved theory of antigen-antibody equilibria based in part on probability 

considerations has been extensively developed by Hershey (45). The theory, 
in common with others based on multivalent antigen and antibody, is in qualita
tive and rough quantitative accord with experiment. 

The only theory of the precipitation reaction which, following the program 
begun by Arrhenius, has been developed by straightforward application of the 
principles of chemical equilibrium is that of Pauling, Pressman, Campbell and 
Ikeda (19). This theory applies only to relatively simple systems, namely, 
those composed of bivalent antigen and bivalent antibody, univalent hapten, 
certain soluble complexes, and precipitate with invariant composition AB. 

In order to show the nature of the treatment, we present here the derivation 
of the equation for the amount of precipitate formed in absence of hapten, 
generalized over the earlier treatment by consideration also of the complex AB2. 

Let the molecular species A, B, AB, A2B, and AB2 in solution be in equilibrium 
with each other and with solid ABPP. We represent the concentrations of the 
five solutes by the symbols 

[A] = a 
[B] = /3 
[AB] = s 
[A2B] = a 
[AB,] = b 

The quantities a, {}, a, and b are variable, whereas s is constant for a given sys
tem with precipitate present; it is the solubility of the precipitate. The equi
librium expressions for the three reactions 

A + B = AB 
A + AB = A2B 
B + AB = AB2 
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a/3 

a 
as 

b 

~ 

= 

4K 

K 

K" 

are respectively 

(4) 

(5) 

(6) 
/JO 

For simplicity we have assumed that each of the bonds in the complex A—B—A 
has the same strength as the bond in AB; this is probably a good approximation, 
in view of the fact that the two bonding regions are probably far apart on the 
large antibody molecules. (The theory can be carried through without this 
assumption.) The constant K corresponds to equilibrium for one antibody 
valence and one antigen valence, and the factor 4 is an entropy factor or sym
metry factor. We use K" rather than K for the second bond in AB2 because 
steric repulsion between the two antibody molecules attached to the same 
small antigen would be expected to decrease the stability of this complex. 

The expressions for the total amounts of antigen and antibody in the system 
(per unit volume of solution) are 

ABPP + s + <x + 2a + b = AM* (7) 

and 

ABm + s + p + a + 2b = J5W (8) 

Subtracting equation 8 from 7 we obtain 

a — p + a — b = Atotai — -Btotai 

Eliminating /3, a, and b with the use of equations 4, 5, and 6 we obtain 

s , v K"i . 
a — j~r- + KSa — = Atota — -"total 

This quadratic equation in a gives on solution 

a = 2(1 + Ks) { ( A t o t a l " 5 t 0 t a l + [ S ( 1 + K " S ) ( 1 + KS)/K 

+ (A total - tftotal)2]* ( 9 ) 

(The positive rather than the negative sign before the radical is seen to be cor
rect by the consideration of limiting cases.) From equation 7 we find on elimi
nating a and b the expression 

ABm = Atoui - s - (1 + Ks)a - t ^ (10) 
4Ka 
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Equations 9 and 10 give the solution to our problem; from 9 the value of ex. is 
to be found in terms of A totai and -Btotal and the parameters of the system s, K, 
and K", and this on substitution in 10 gives the amount of precipitate. 

It is shown in the original paper how this equation (with K" = 0) accounts 
for many observed properties of antigen-antibody systems. 

Future progress which may be anticipated involves the extension of this 
straightforward thermodynamic treatment to include the case of variable com
position and randomness of structure of the solid phase. This will require the 
development of satisfactory approximate expressions for the free energy of such 
a solid phase, by application of the methods of statistical mechanics on the basis 
of sound structural concepts. This problem is not an easy one; but fortunately 
promising methods for attacking it have been developed in recent years by able 
theoretical physicists interested in the problem of the stability of alloys with 
greater or smaller degree of randomness of atomic arrangement, and we may be 
confident that great progress will soon be made in the formulation of a satis
factory quantitative theory of the precipitation reaction. 

SUMMARY 

The forces responsible for combination and attraction of antigen and antibody 
molecules may be classified as electronic van der Waals attraction, Coulomb 
attraction, attraction of electric dipoles or multipoles, formation of hydrogen 
bonds, etc. The specificity of interaction of antigen and antibody molecules 
arises from their structural complementariness, which permits close contact 
of the molecules over sufficient area for these weak forces to co-operate in forming 
a strong antigen-antibody bond. 

The weight of evidence indicates that further combination of the initial 
antigen-antibody complexes to form a precipitate is a specific rather than a 
nonspecific reaction and is due to a continuation of the primary combination 
step to form a framework structure of alternate antigen and antibody molecules. 

Furthermore it appears that both precipitating antigen and precipitating 
antibody must be multivalent, at least bivalent. 

The more recent quantitative theories of the precipitation reaction are 
discussed. 
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The Serological Properties of Simple Substances. VI. The Precipitation of a Mix
ture of Two Specific Antisera by a Dihaptenic Substance Containing the Two Corre
sponding Haptenic Groups; Evidence for the Framework Theory of Serological 

Precipitation 

BY LINUS PAULING, DAVID PRESSMAN AND DAN H. CAMPBELL 

The framework theory (lattice theory) of 
serological precipitation and agglutination, first 
proposed by Marrack,1 was shown by Marrack 
and by Heidelberger and Kendall2 to account 
for many experimental observations. Because 
of its simplicity and its compatibility with the 
available information about intermolecular forces, 
this theory was incorporated in his general 
theory of the structure and process of formation of 
antibodies by one of the present authors.3 

Strong support of the framework theory has 
been provided during the past two years by the 
results of extensive studies of the reactions of 
antibodies and simple substances,4 based upon 

(1) J. R. Marrack, "The Chemistry of Antigens and Antibodies," 
Report No. 194 of the Medical Research Council, His Majesty's 
Stationery Office, London, 1934; Second Edition, Report No. 230, 
1938. 

(2) M. Heidelberger and F. E. Kendall, J. Ezptl. Med., 61, 559, 
563; 62,467,697(1935); M. Heidelberger, Chem. Rev., 24, 323 (1939). 

(3) Linus Pauling, THIS JOURNAL, 62, 2643 (1940). 
(4) Linus Pauling, David Pressman, Dan H. Campbell, and 

collaborators, THIS JOURNAL, 64, 2994, 3003, 3010, 3015 (1942); 
66, 728 (1943). 

the observations by Landsteiner and Van der 
Scheer5 of the precipitation of antibody by certain 
simple substances containing two haptenic groups. 
I t was found4 from experiments with about fifty 
substances that all of those (about twenty) con
taining two or more haptenic groups (azophenyl-
arsonic acid groups) per molecule gave precipi
tates with antiserum homologous to this hap
tenic group, and that none of the monohaptenic 
substances gave a precipitate. This fact is 
most readily accounted for by the framework 
theory. 

The argument might be made, however, that 
no more than one of the haptenic groups of a 
molecule of a polyhaptenic substance is involved 
in interaction with antibody molecules, and that 
the difference in precipitability of polyhaptenic 
and monohaptenic substances with antiserum is 
due to some difference in properties of these two 
classes of substances, such as a tendency to asso-

(5) K. Landsteiner and J. Van der Scheer, Proc. Soc. Exftl. Biol. 
Med., 29, 747 (1932). 
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ciate into colloidal particles.6 In order to test 
this point, we have carried out a new experiment, 
the results of which show that each of the two 
haptenic groups of a dihaptenic substance enters 
into specific combination with antibody in the 
formation of the precipitate. 

The experiment7 was made with use of two 
different antisera, one of which (anti-R serum) 
was prepared by injecting rabbits with azoprotein 
containing R groups (^-azophenylarsonic acid 
groups) and the other (anti-X serum) by injecting 
with azoprotein containing X groups (^-azoben-
zoic acid groups). A substance was used as pre
cipitating antigen which had one R group and one 
X group per molecule. I t was found that this 
RX substance does not give a precipitate with 
either anti-R serum or anti-X serum alone, but 
does give a precipitate with a mixture of these two 
antisera. Similar results were obtained also with 
another RX substance. 

This striking experimental result corresponds 
exactly to the behavior predicted by the frame
work theory: according to this theory the RX 
substance cannot give a precipitate with anti-R 
serum because its molecules contain only one R 
group, and are hence univalent with respect to 
anti-R antibodies and so are unable to form a 
framework with them; and similarly it can not 
give a precipitate with anti-X serum. (Indeed, 
it is predicted, and verified by experiment, that 
this effectively monohaptenic substance can 
inhibit the precipitation of either anti-R serum 
or anti-X serum by corresponding polyhaptenic 
simple substances or azoproteins.) But the RX 
substance is effectively dihaptenic and bivalent 
with respect to a mixture of anti-R serum and 
anti-X serum, since each molecule can form two 
bonds, one with an anti-R antibody molecule 
and one with an anti-X antibody molecule; and 
accordingly a specific framework precipitate, 
containing equal numbers of the two kinds of 
antibodies, can be formed with the mixed anti
serum. 

Let us now ask to what extent this experi
mental result supports the framework theory— 
whether it might not be equally compatible with 
some other theory. The answer is that our experi
ment shows that both of the two haptenic groups 
R and X of the RX molecule enter into specific 
combination with antibody, that the molecule 
of precipitating antigen is hence truly bivalent, 
and that this bivalence is necessary for precipita
tion. This, however, is common to two theories— 
the framework theory, which requires that the 
antibody molecules, as well as the antigen mole
cules, be bivalent or multivalent, and an alterna
tive theory, which is based on the assumption 
that a complex of a multivalent antigen molecule 
and two or more univalent antibody molecules is 

(6) K. Landsteiner, "The Specificity of Serological Reactions," 
Charles C. Thomas, Baltimore, Md., 1936, p. 120. 

(7) A brief statement about this work has been published in 
Science. 08, 263 (1943). 

for some reason or other insoluble, and constitutes 
the precipitate.8 

Basis for decision between these theories is 
provided by the results of two other experiments, 
one relating to the antibody-antigen molecular 
ratio in the precipitate and the other to the solu
bility of the precipitate in excess antibody. Since 
we know that the RX precipitating antigen is 
truly bivalent, the effective valence of the anti
body molecules can be calculated from the 
antibody-antigen molecular ratio. The value 
found by analysis for this ratio is 0.7, which 
corresponds to an average effective antibody 
valence of 2/0.7 = 2.8; for univalent antibody 
the molecular ratio would be 2. (The assumption 
is made here that the antigen molecules are not 
associated into complexes, which might then form 
a precipitate with antibody with use of only some 
of the haptenic groups. Evidence against asso
ciation of this sort is furnished by the failure of 
the RX substances to precipitate with anti-R 
serum or anti-X serum alone.) 

The second experiment is based on the follow
ing argument. If antibody molecules are uni
valent, and the precipitate consists of RX antigen 
molecules each of which has two attached anti
body molecules, increase in antibody concentra
tion, with amount of antigen held constant, would 
necessarily increase the amount of precipitate; 
decrease in the amount of precipitate, which 
could occur only by formation of a soluble com
plex, would not occur because the antigen mole
cules in the precipitate would be already saturated 
with antibody, and so could not increase their 
valence, and the antibody molecules could not 
decrease their valence (below the value 1) and 
remain attached to antigen. But a framework 
precipitate with multivalent antibody could dis
solve in excess antibody by formation of soluble 
complexes, the effective valence of the antibody 
molecules in these complexes being less than that 
in the precipitate (1 instead of 2 or 3), and the 
antibody-antigen ratio being greater than that 
for the precipitate; according to the principles of 
chemical equilibrium, increase in the antibody 
concentration would then lead to solution of the 
precipitate. The observation that increase in the 
amount of mixed antiserum results in pronounced 
decrease in the amount of precipitate formed with 
the RX substance accordingly eliminates the 
theory of univalent antibody and provides fur
ther proof of the framework theory. 

A detailed discussion of these experiments 
and of other experiments with the RX substance 
(hapten inhibition, etc.) is given below, following 
the section on experimental methods and results. 

Experimental Methods and Results 
The following substances containing groups R = 

(8) The "occlusion" theory proposed by W. C. Boyd, J. Etptl. 
Med., 75, 407 (1942), is a theory of this sort. See alio F. Haurowitz 
and V Scbwerin. British J. Exptl. Path., 33, 146 (19421. 
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SOsHl SOsH 
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The substances R ' X ' and R X ' are the "RX substances" 
referred to in the preceding discussion. 

Preparation.—The substances R ' R ' and R* have already 
been described,4 and X ' X ' and X* are described in a paper 
to be published soon.9 The substance R ' X ' was prepared 
by diazotizing 1.3 g. (0.0038 mole) of £-(£-aminophenyl-
azo)-phenylarsonic acid, removing excess nitrite with urea, 
and coupling with 1.35 g. (0.0040 mole) of recrystallized 
"H-aeid" in acetate buffer. The intermediate red com

pound was precipitated by addition 
NH2OH of hydrochloric acid and washed 

twice with 500 ml. of water contain
ing 10 ml. of 6 N hydrochloric acid 

JSO H anc* ^ *•• °f sodium chloride. The 
3 substance was then dissolved in 

sodium carbonate solution and 
added to a diazotized solution of 0.312 g. (0.0012 mole) of 
p-(p-aminophenylazo)-benzoic acid.9 The product was 
precipitated with hydrochloric acid, dissolved in 500 ml. of 
sodium hydroxide solution, and reprecipitated with hydro
chloric acid and sodium chloride and an equal volume of 
ethanol, leaving most of the remaining intermediate in 
solution. The process of solution and precipitation was 
repeated until the solution showed constant color, and 
sodium chloride was then removed from the product by 
extraction with 90% ethanol. Although the product was 
not crystallized, there is little doubt of its identity and 
purity; the method of preparation is based on the fact that 
at low pB. substitution occurs in the 7 position of H-acid, 
ortho to an amino group, and not in the 2 position, ortho 
to a hydroxyl group, reaction at the latter position occur
ring in basic solution. 

The R X ' compound was made by diazotizing 4.0 g. 
(0.020 mole) of £-arsanilic acid and adding it very slowly 
to 6.0 g. (0.019 mole) of chromotropic acid in solution 
with sodium carbonate (final pH 9). After one hour a 
diazotized and neutralized solution of 1.3 g. (0.005 mole) of 
£-(£-aminophenylazo) -benzoic acid was added and the pH 
was adjusted to 9. The product was purified in the way 
described above; this process removes any RR compound 
which is formed. 

Anti-R, anti-R', and anti-X sera were prepared as 
described elsewhere,49 and the precipitation experiments 
were carried out in the usual way.4 Several pools of anti-
sera were tested; the same pools of anti-R and anti-X 
antisera were used for all of the quantitative experiments 
reported in this paper. 

The substance R X ' was found not to precipitate with 
anti-X serum, anti-R serum, or anti-R' serum, or with a 
mixture of anti-R' serum and anti-X serum; it formed 
heavy precipitates with a mixture of anti-R serum and 
anti-X serum. 

The substance R ' X ' gave no precipitate or only very 
slight precipitates with various pools of anti-X serum, anti-
R serum, or anti-R' serum; heavy precipitates were 
formed with mixtures of anti-R serum and anti-X serum 
and with mixtures of anti-R' serum and anti-X serum. 
The quantitative experiments reported in Tables I to V 
were carried out with pools of sera which separately gave 
no precipitate with R 'X ' . 

The failure of the substance R X ' to precipitate with a 
mixture of anti-R' serum and anti-X serum is related to the 
fact4 that anti-R' serum in general does not precipitate 
with polyhaptenic substances containing R groups. 

I t was found that the substances R X ' and R ' X ' act as 
monohaptenic substances in inhibiting the specific pre
cipitation of R ' R ' with anti-R' serum or anti-R serum and 
of X ' X ' with anti-X serum. Data showing the effect of 
haptens R* and X* on some precipitation reactions are 
given in Table I I . 

TABLE I 

PRECIPITATION OF ANTIGENS R'R' , X 'X ' , R ' R ' + X 'X ' , 

AND R ' X ' WITH MIXTURES OF A N T I - R SERUM AND A N T I - X 

SERUM 

Antigen solution, 2 ml.; mixed antiserum, 1 ml.; 1 hour 
at room temperature and 2 nights in refrigerator; pH of 
supernates 8.1. 

Ratio 
anti-R serum: 
anti-X serum0 

93:7 

62:38 

17:83 

Antigen 

R 'R ' 
X ' X ' 
R 'R ' + X'X'C 

R ' X ' 
R ' R ' 
X ' X ' 
R 'R ' + X'X'C 

R ' X ' 
R 'R ' 
X ' X ' 
R 'R ' + X'X'" 
R ' X ' 

Moles of antigen X 109 

6 18 54 167 500 
Amount of precipitated antibody, 

fg-b 

S2 
0 

14 
4 8 
44 

4 
8 

22 
(12) 

9 
9 

12 

522 
0 

136 
60 

(261) 
22 

104 
158 

16 
23 
12 
16 

1134 
0 

913 
72 

(446) 
80 

439 
792 

9 
706 
137 

25 

721 
0 

1070 
60 

(169) 
50 

481 
821 

5 
756 

1024 
66 

162 
0 

564 
60 
25 
23 

236 
623 

4 
280 
906 

90 

(9) David Pressman, Stanley M. Swingle, Allan L. Grossberg and 
Linus Pauling, paper to be submitted for publication in THIS 
JOURNAL. 

" The ratio 62:38 was selected as that for which the 
optimum concentrations of the antigens R ' R ' and X ' X ' 
are the same; the other ratios are 8 and Vs times as great, 
respectively. b Average of triplicate analyses, with mean 
deviation ± 2 % ; duplicate analyses in parentheses. 
' In equimolal amounts, with totals as given above. 

Discussion of Results and Comparison with 
Theory 

The qualitative behavior of the substances 
RX' and R 'X ' in precipitation and in hapten 
inhibition, as described above, is just that pre
dicted by the framework theory. The quantita
tive data given in Tables I and II are also in 
accord with this theory. In particular, there is 
some verification of the prediction of the frame
work theory that the precipitate with R 'X ' 
should contain equal numbers of anti-R molecules 
and anti-X molecules; this would require that the 
amount of precipitate be small in case that either 
anti-R or anti-X serum be present in small 
amount, in agreement with observation. 

It is also predicted, and verified by experiment, 
that precipitation of mixed antiserum with R 'X ' 
can be completely inhibited by the presence of 
either hapten R* or hapten X*, whereas precipita
tion with a mixture of R'R' and X 'X ' is only 
partially inhibited by either of these haptens. 
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TABLE II 

INHIBITION BY HAPTENS R* AND X* OF PRECIPITATION OF ANTIGENS WITH MIXTURES OF A N T I - R SERUM AND A N T I - X 
SERUM 

Antigen solution, 1 ml.; mixed antiserum, 1 ml.; hapten solution, 1 ml.; 1 hour at room temperature and 2 nights in 
refrigerator; pH of supernates 8.1. 

Ratio 
anti-R serum: 
anti-X serum 

93:7 

62:38 

17:83 

Antigen0 

R ' R ' + X'X'C 

R ' X ' 
R ' R ' 
X ' X ' 
R ' R ' + X'X'C 

R ' X ' 
R ' R ' + X ' X " 
R ' X ' 

0 

985 
64 

321 
(71) 

344 
827 
496 

49 

Moles ol 
37 

441 
41 
85 

(61) 
132 
527 
502 

39 

f hapten R* X 10' Mc 
111 333 1000 37 

Amount of precipitated antibody, 

102 
(21) 
19 

(59) 
61 

290 
470 

31 

20 
(10) 

5 
57 
52 
88 

434 
21 

0 
0 
0 

56 
51 
15 

319 
11 

956 
50 

315 
(43) 

316 
553 
223 

34 

lies of hapten X* X 
111 333 

949 944 
27 19 

311 305 
(15) 0 

342 302 
219 48 
48 11 
17 9 

10» 
1000 

1004 
5 

292 
0 

300 
15 
11 

7 
« Total moles of antigen used: R 'R ' , 50 X 10"»; X ' X ' , 50 X 10~9; R ' R ' + X ' X ' , 100 X 10~9; R 'X ' , 100 X lO"9. 

6 Average of triplicate analyses, with mean deviation =>=2%; duplicate analyses in parentheses. • In equimolal amounts. 

Molecular ratio, 
antibody/ 
antigen* 

0.76 
.63 

TABLE I I I 

ANTIBODY-ANTIGEN MOLECULAR RATIO IN PRECIPITATES 

FORMED BY R ' X ' ANTIGEN AND A MIXTURE OF A N T I - R 

SERUM AND A N T I - X SERUM 

Ratio of antisera 62:38; equal volumes of antigen solution 
and mixed antiserum: 1.5 ml. of each for first series, 2.0 
ml. for second; 1 hour at room temperature and 2 nights in 
refrigerator; pH of supernates 8.1. 
Moles Amount of Amount of 

of precipitated precipitated 
antigen antibody0 antigen0 

X 109 ng. moles us- moles 
100 1421 8.89 X 10"' 10.8 11.7 X 10" 
33 456 2.85 4.2 4.5 

° Average of triplicate analyses, mean deviation ± 2 % 
for antibody, ± 2 % for antigen, ± 2 % for ratio. Assumed 
molecular weight of antibody 160,000, of antigen 927. 

TABLE IV 
PRECIPITATION OF MIXTURES OF NORMAL SERUM AND 

ANTISERUM AT CONSTANT AMOUNT OF ANTIGEN 
Antigen solution, 2 ml., containing either 5 X 10 - 9 

moles of antigen R ' R ' (series A) or 6.7 X 10 - 9 moles of 
antigen R ' X ' (series B); mixture of antiserum and normal 
serum, 2 ml.; 1 hour at room temperature and 2 nights in 
refrigerator; pH of all supernates 8.1. 

Antiserum 
concentration Amount of antibody precipitated, /ig.° 

in mixture" Series Ac Series Bd 

1.00 39 39 
0.67 35 106 

.45 93 120 

.30 128 109 

.20 133 81 

.13 120 47 

.088 90 23 

.059 51 6 
* Anti-R serum (Series A) or 62:38 mixture of anti-R 

serum and anti-X serum (series B) diluted with normal 
rabbit serum to the extent indicated in this column. 
6 Averages of triplicate analyses, with mean deviation 
± 3 % . " Blank of anti-R serum and buffer, 5 /xg-; blank 
of normal serum and antigen R 'R ' , 5 Mg. "* Blank of 
62:38 antiserum mixture, 6 ng.; blank of normal serum 
and antigen R 'X ' , 5 Mg. 

An interesting feature of the data in Tables I and I I is 
that the 62:38 mixture of antisera gives a larger amount of 
precipitate with the R ' X ' antigen than with R ' R ' and 
X ' X ' together. This is presumably related to the fact 
that the amount of precipitate formed with antigen R ' R ' 

(or X 'X ' ) alone falls off very rapidly with decrease in the 
fraction of anti-R (or anti-X) antiserum in the mixture; 
for example, the amount of precipitate formed by X ' X ' 
with the 62:38 mixture is only about one-ninth of that 
formed with the 17:83 mixture, although the first mixture 
contains nearly one-half as much anti-X antibody as the 
second. The amount of precipitate formed by antigens 
R ' R ' and X ' X ' together would be expected to be about 
equal to the sum of the amounts formed by these antigens 
separately, since the two precipitates are mutually inde
pendent. But a single precipitate is formed by R 'X ' , 
containing equal amounts of the two kinds of antibody, 
and accordingly the amount of precipitate would be ex
pected to be about equal to that formed by R ' R ' or X ' X ' 
with a mixture containing double the amount of anti-R 
serum or anti-X serum as is, indeed, observed. 

I t has been noted in general that simple antigens, in 
contradistinction to protein antigens, are far from com
pletely precipitated by antisera, and that the fraction of 
the antigen remaining in solution at the optimum region 
increases on dilution of the antiserum with normal serum 
or heterologous antiserum; this effect, as discussed above, 
is to be noted in Table I. We have not yet carried out a 
sufficiently detailed experimental study of these phenomena 
to justify an extended discussion of them. 

A mathematical discussion based on the simpli
fied model treated previously4,10 can be carried 
out for the RX precipitation reaction, leading 
to results in general correspondence with experi
ment. Let A represent the R 'X' antigen, B a ) 

and B(2) the anti-R and anti-X antibodies, re
spectively, which are assumed to be bivalent and 
homogeneous, and H(l> and H(2) the haptens R* 
and X*, respectively. It is assumed that, in 
addition to the precipitate A2B(1)B(2), certain 
soluble complexes exist, and that their equilibrium 
constants of formation have the values given 
below; these values have been assigned on the 
basis of structural considerations, with inclusion 
of the entropy term arising from the symmetry 
numbers of the molecules. 

A + B™ = AB<» 
A + B<» = AB<« 

2A + B<» = AB'l>A 
2A + B<2> = AB«A 

2A + B»> + B<2> = AB<»AB<» 
2A + B«> + B<2> = AB«>AB<« 

2Ki 
2A2 

A i 2 

As2 

4Ai2A2" 
4A/K2 2 

(10) Linus Pauling, Dan H. Campbell, and David Pressman, 
Physiol. Rev.. 23, 203 (1943). 
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H<» + B<» = H<»B<» 2Xi ' 
H<» + B<» = H<«B<2> 2K2' 

2H<» + B<» - H«>B«>H<» X, ' 2 

2H<2> 4- B<» = H(2)B<2>H<2> iC2'
2 

A + B"» + H<» = AB'DH'U 2KtKi' 
A + B<2> + H<» = AB<2>H<2> 2,KiK%' 

By straightforward solution of the equilibrium 
equations there is obtained for the case that no 
hapten is present a set of simultaneous equations 

ft2(l + Kiay - &(£<»., - B«L) - 5(1 + KzaY/a* = 0 
(1) 

•4*ui - -BJ1, - B<%4 - a + ft(l - KW) + 
5(1 - Ki^/a^i = 0 (2) 

^ sB»)SW(pp) = £«>., - ft(l + Kia)* - s (3) 

These three equations are to be solved for three 
unknown quantities, the amount of precipitate 
A\B(l)B{i> {pp) and the two auxiliary variables a, 
the concentration of molecular species A in solu
tion, and ft, the concentration of molecular species 
B(1); the other quantities are the equilibrium 
constants Ki and Kt, the solubility product S = 
[A]2[B(1>][B<2>] of the precipitate, and the solu
bility 5 of the precipitate as the complexes 
AB(«AB(2> and AB'^AB'1), with 5 = ^(K/K^ + 
Ki2Ki")S. A convenient method of solving the 
equations is to leave A totai undetermined, and to 
introduce numerical values of the other param
eters; introduction in Equation 1 of a trial 
value of a permits solution for /3i, after which 
-dtotai may be evaluated from Equation 2 and 
AtBWBM(pp) from Equation 3. 

40 60 80 100 120 140 160 
Amount of added antigen. 

Fig. 1.—Curves showing results of theoretical calcula
tions of amount of precipitate formed by antigen R X with 
an equimolal mixture of anti-R serum and anti-X serum, 
as function of amount of antigen: Bt^i = ^total = 25, 
s = 2, and Ki = Ki" = 1 for all curves; K2 = Kt" = 0.2 
for curve 1, 1 for curve 2, and 5 for curve 3. 

Curves showing dependence of amount of pre
cipitate on amount of antigen with equal 
amounts of the two kinds of antibody present 
(Fig. 1) are similar to those for the precipitation 
of one kind of antibody by homologous di-
haptenic antigen.4 As the ratio of the amounts 

40 60 80 100 120 140 
Amount of antigen. 

Fig. 2.—Curves showing calculated amount of precipi
tate as functions of amount of antigen RX for various rela
tive amounts of anti-R and anti-X antibody. All curves 
are for Ki = Ki* = K2 = K2" = 1 and x = 2. From top 
to bottom the curves correspond to the following pairs of 
values of B ^ a n d . B ^ : 25, 25; 20, 30; 15, 35; 10, 
40; 5, 45. 

of the two kinds of antibody is varied more and 
more from unity, the calculated curves of the 
amount of precipitate show broader and broader 
regions of approximate constancy (Fig. 2), result
ing from the buffering action of the antibody 
present in excess, which combines with excess 
antigen to form a soluble complex, and thus inter
feres with the reaction of solution of the precipi
tate in excess of antigen; it is seen that the antigen 
concentration at which the amount of precipitate 
reaches its approximate maximum is determined 
by the amount of that kind of antibody which 
is present in smaller quantity, and that the 
antigen concentration at which the amount of 
precipitate begins to decrease is determined by 
the amount of the other kind of antibody. Ex
perimental verification of these details of predic
tion cannot be expected until essentially homo
geneous antibody solutions have been made by 
fractionation of antisera; however, the predicted 
general difference in nature is shown by the R 'X' 
data given in Table I for the 93:7 mixture (broad 
region with nearly constant amount of precipi
tate) and the 62:38 mixture (rather narrow opti
mum region). Verification of the existence of the 
broad region of nearly constant amount of pre
cipitate was obtained by the repetition of the 
experiment with the 93:7 mixture, with inclusion 
of points for smaller and larger amounts of the 
antigen R'X' ; the amount of precipitated anti
body was found to be constant (80 * 10 jug.) 
over the range 18 to 500 X 10~9 mole of antigen, 
and to decrease for smaller and for larger amounts 
of antigen (34 /j.g. at 6.2 X 10~9 mole of antigen, 
60 Mg- at 1500 X 10-9). 

When hapten of one kind is also present in the 
system, the equilibrium expressions may be com-
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bined to form the set of simultaneous equations 
4 to 7. 
ft«(l + Kia + AY71)2 - ftCBWj - B « J -

5(1 + A » V « 2 - 0 (4) 
fts((l + £ / 7 i ) 2 - KW\ + ftlilw - B&* - B&, -

a) + 5(1 - A,»a ! ) /a J = 0 (5) 
H%L = 7 I + 2AYft7i + 2 A Y % 7 . 2 + 2KlK1'«p1yl 

(6) 
4*B'»J3t»(pp) = B<»„ - ft(l + Kia + AY71)2 - s 

(7) 

Here .HS^i is the total amount of hapten (of the 
first kind) added and 7! = [H(1)] is another auxil
iary variable. A similar set of equations can be 
derived for the case that hapten of the second kind 
is present. Solution of these equations may be 
made by selecting a value of 71 and finding by 
successive approximations the values of a and ft 
which satisfy Equations 4 and 5, and then deter
mining Htitai and AJ5(VBW(pp) from Equations 
6 and 7, respectively. 

The calculated curves for hapten inhibition 
by either kind of hapten when equal amounts of 
antibodies of the two kinds are present are closely 
similar to those for the simpler systems pre
viously treated.4 However, an interesting effect 
is predicted to occur when one antiserum pre
dominates in the mixture and a small amount of 
antigen is present: a normal inhibition curve, 

5 

0 
V 

a 
0. 
0 

8.5 
0 

-*-» a 3 
0 

a 0 < 

5 

0 

-

- \ 

t 

1 

— N^ 

1 

^ X 

\ 1 1 1 1 \ 

\ ^ 
s. \^ 
\^ \ >. \ 

\̂  \ 1 K 1 1 i \ 1 

1 l \ l \ 1 f 1 
0 60 20 40 

Amount of hapten. 
Fig. 3.—Calculated effects of haptens H"> and H<2> on 

precipitation of antigen R X with an antiserum mixture 
containing four times as much anti-R antibody as anti-X 
antibody (B^'ai = 10, 5 t ^ , = 40). From top to bot
tom the curves are for 4̂tot«i = 20, 50, and 100; of each 
pair the curve a t the left is for hapten H(1) and the other for 
hapten H<2>. 

linear in amount of hapten added, is found from 
the equations for one hapten, whereas the other 
hapten, that homologous to the antibody present 
in the larger amount, is predicted to be ineffective 
in small amounts, and to produce inhibition of 
precipitation only after enough of the hapten 
has been added to neutralize the excess of anti
body in solution; calculated curves are given 
in Fig. 3. To test this prediction experiments 
were carried out, in triplicate, for the 93:7 mix
ture with the R 'X ' antigen (antigen solution, 2 
ml., containing 200 X lO"9 moles of R 'X ' anti
gen; mixed antiserum, 2 ml.; hapten solution, 
2 ml.; one hour at room temperature and two 
nights in refrigerator; pK of supernates 8.1; 
mean deviation of triplicate analyses =*= 2%); 
the results are shown in Fig. 4. I t is seen that 
there is a small initial region for which inhibition 
by the R* hapten does not occur. (In the com
parison of Figs. 3 and 4 it should be remembered 
that the curves for Fig. 3 are calculated for hap
tens of equal bond-strength constant K', whereas 
K' for hapten R* is considerably larger than that 
for X*.) I t is likely that the predicted effect 
would be shown more strikingly by fractionated 
antibody solutions than by the heterogeneous 
antisera used in these experiments. 
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Fig. 4.—Experimental values of amount of precipitate 
formed by antigen R ' X ' with 93:7 mixture of anti-R serum 
and anti-X serum in presence of hapten R* (solid circles) 
or hapten X* (open circles). 

Experimental data bearing on the valence of 
the antibody molecules are given in Tables III 
and IV. The observed antibody/antigen molecu
lar ratio of about 0.7 in both the equivalence zone 
and the region of antibody excess (Table III) 
corresponds, with antigen known to be bivalent, 
to 2/0.7 = 2.8 for the average valence of the 
antibody molecules in the precipitate. 

The second of our arguments for the multi-
valence of antibody molecules is based on the 
solubility of antigen-antibody precipitates in 
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excess antibody. This phenomenon has been 
reported for many antigen-antibody systems, 
especially with horse antibody. We have ob
served it to occur with rabbit antibody and 
simple polyhaptenic antigens; the results of an 
experiment of this sort, with anti-R serum and the 
substance R ' R ' , are given in Table IV. In this 
table there are given also data for a similar 
experiment with the substance R ' X ' and a mix
ture of anti-R serum and anti-X serum; the ob
served decrease in the amount of precipitate with 
increase in amount of antiserum can be accounted 
for only with the theory of multivalent antibody. 

I t is known tha t excess of one component 
causes decrease in the rate of precipitation of 
antibody and antigen, and the question may be 
asked as to whether t i e effect of excess antibody 
reported in Table IV might be due to failure of the 
reaction to be completed in the time allowed. An 
experimental test of this possibility was made, 
with the results given in Table V. Tubes were 
set up corresponding to the first and fifth experi
ments of Series A of Table IV, representing, 
respectively, the region of antibody excess (Series 
C) and the region of optimum precipitation 
(Series D) . These tubes were allowed to stand 
for times ranging from two to fifteen days, and 
then were analyzed. The values obtained after 
two days are close to the corresponding values 
of Table IV. In both series the amount of pre
cipitate was observed to increase for six days, 
and then to remain essentially constant. The 
difference in amount of precipitate for Series C 
and Series D remained constant throughout the 

TABLE V 

EFFECT OF TIME OF STANDING ON AMOUNT OF PRECIPITATE 

OBTAINED IN THE REGIONS OF ANTIBODY EXCESS AND 

OPTIMUM PRECIPITATION 

Solution of antigen XXX, 2 ml. (5 X 10"9 mole); anti-R 
serum, 2 ml. for series C and 0.4 ml. plus 1.6 ml. of normal 
serum for series D; 1 hour at room temperature and 
indicated times in refrigerator. 
Time of standing Amount of antibody 

in refrigerator, precipitated (ftg.)a 

days Series C Series D 

2 34 110 
4 37 138 
6 78 150 
8 59 156 

10 27 138 
15 62 131 

° Averages of triplicate analyses with mean deviation 
=*=2 Mg. Values are corrected by subtraction of the blanks 
for serum and buffer, which ranged between 14 and 23 jug. 
The large values of the blank in comparison with those of 
Table IV (5 /xg.) may be due to change in the antiserum 
during the period of three months between the experiments. 

period; from these results we conclude tha t the 
effect of excess antibody in decreasing the amount 
of precipitate is real, and is not due to a difference 
in the rate of precipitation. 

Solubility of the precipitate in excess of anti
serum has been reported for a few systems, such 
as diphtheria toxin and horse antitoxin, but not 
for antigen-antibody systems in general. Theo
retical considerations3 '11 indicate tha t solubility 
in antibody excess should occur for antigens with 
small valence (such as the dihaptenic substances 
of Table IV) bu t not for antigens with large 
valence, which would only with difficulty be 
saturated with antibody to form a soluble com
plex. 

This work was carried out with the aid of a 
grant from The Rockefeller Foundation. Dr. 
Stanley Swingle and Mr. Allan L. Grossberg 
helped with the experimental work. 

Summary 

I t has been found by experiment tha t sub
stances of the type RX, containing two different 
haptenic groups, do not form precipitates with 
either anti-R serum or anti-X serum alone, bu t do 
form precipitates with a mixture of the two specific 
antisera. This provides proof of the effective 
bivalence of the dihaptenic precipitating antigen, 
and thus furnishes further evidence for the frame
work theory of antigen-antibody precipitation. 
In these experiments the anti-R serum and anti-X 
serum were made by injecting rabbits with sheep 
serum coupled with diazotized ^-arsanilic acid 
and diazotized £>-aminobenzoic acid, respectively, 
and the R X substances used were l-amino-2-/>-
(£-azophenylazo)-phenylarsonic acid-3,6-disul-
fonic acid-7-£-(£-azophenylazo) -benzoic acid-8-hy-
droxynaphthalene and l,8-dihydroxy-2-£-azo-
phenylarsonic acid-3,6-disulfonic a,cid-7-p-(p-&zo-
phenylazo)-benzoic acid-naphthalene. 

The antibody-antigen molecular ratio in the 
precipitate was found by analysis to be 0.7, which, 
with antigen known to be bivalent, leads to the 
average valence 2.8 for the antibody molecules 
in the precipitate. Further evidence tha t the 
antibody valence is greater than 1 is given by the 
observation tha t the precipitate is soluble in ex
cess of antiserum. 

A simple physicochemical theory of the pre
cipitation of R X antigen with mixed antiserum 
and of its inhibition by haptens is developed and 
compared with experiment. 

PASADENA 4, CALIFORNIA RECEIVED SEPTEMBER 7, 1943 

(11) A. D. Hershey, / . Immunol., 42, 455 (1941). 
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Advances in o rgan ic chemis t ry d u r i n g the pas t c en tu ry h a v e m a d e it possible to identify 
the s t ruc tu re of m a n y of the s imple subs tances found in l iving cells a n d to u n d e r s t a n d 
such chemica l changes as resp i ra t ion a n d excre t ion . O n l y recent ly , however , h a v e 
the re seemed sure g r o u n d s for bel ieving t h a t knowledge a n d t e c h n i q u e h a v e a d v a n c e d 
far e n o u g h to p e r m i t a n even tua l e luc ida t ion of such h igh ly c o m p l e x p r o b l e m s as t h e 
re la t ionsh ip b e t w e e n a n t i b o d y a n d an t igen , a n d o the r f u n d a m e n t a l p h e n o m e n a of life. 

Significant progress has recently been made in 
the attack on the problem of the nature of specific 
biological forces, and also on the related problem 
of the mechanism of manufacture of complex 
biological molecules with specific properties. For 
example, animals are able to synthesize various 
proteins fulfilling special functions—such as haemo
globin, which carries oxygen from the lungs to 
the tissues. The molecule of haemoglobin is large 
and complex. It contains about 10,000 atoms, and 
its molecular weight is 68,000. It has the property 
of combining reversibly with oxygen, and will 
react to the presence of carbon dioxide by tending 
to liberate the combined oxygen. The properties 
of haemoglobin are not exactly the same for 
animals of different species, but vary from species 
to species. The variation is sometimes of such a 
nature as to be obviously useful to the animal— 
thus the haemoglobin of cold-water fishes liberates 
its oxygen at lower temperatures than does that 
of warm-blooded animals. 

The problem of the way in which an animal 
is able to manufacture the special molecule of 
haemoglobin that it needs is part of the general 
problem of the manufacture of specific biological 
substances. For example, a virus molecule in the 
proper environment (that provided by its host) is 
able to cause the production of replicas of itself, 
and the phenomena of heredity depend upon the 
similar autocatalytic action of molecules of genes 
present in the chromosomes and also in the cyto
plasm of cells. 

The specificity shown by the synthesizing 
system in cells in manufacturing haemoglobin 
molecules of a particular type, or other complex 
substances with specific biological properties, is 
observed in many other phenomena. Plants and 
animals form enzymes which have the special 
powers of catalysing certain chemical reactions, 
such as the hydrolysis of a polypeptide chain at 
the link between two definite amino-acid residues 

or the successive stages in the oxidation of foods. 
A striking example of specificity in properties is 
shown by antibodies, substances produced by an 
animal after the injection of a foreign material, 
the antigen. In general, antibodies produced in 
response to the injection of a particular antigen 
have the power of combination with the homologous 
antigen used in their production, but not with 
other substances, except those that are very closely 
related in molecular structure. Thus the problem 
of the structure of antibodies, in relation to their 
power of specific combination with the homo
logous antigen and to the mechanism of their 
production, bears on both of the basic problems 
of biology mentioned above. 

The work of Karl Landsteiner contributed 
greatly to the development of the present under
standing of the nature of serological reactions. 
After he had discovered the human blood-groups, 
Landsteiner began a penetrating series of experi
mental studies, designed to throw light on the 
problem of the nature of serological reactions. 
Most important was his discovery that it is possible 
to cause an animal to manufacture antibodies 
with the power of specific combination with 
various chemical groups of known structure. 
Beginning in 1917, he and his collaborators pre
pared artificially conjugated antigens by coupling 
relatively simple chemical substances to proteins, 
and then injecting these artificial antigens (usually 
azoproteins, with structure p ro te in—N=N—R, 
made by coupling a diazotized amine to the pro
tein molecule) into animals. Landsteiner thus 
produced antisera which were found to contain 
antibodies with the power of combining with the 
protein used in manufacturing the azoprotein, 
and also antibodies with the specific power of 
combining with the attached group of known 
structure, which he called the haptenic group. 
The most useful method for studying the com
bining power between antibodies and homologous 

Reprinted from E N D E A V O U R Volume VII, Number 26 
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antigens is the precipitation method—an anti
serum mixed in proper proportions with a solution 
of the homologous antigen forms a precipitate with 
it, whereas it is not able, in general, to form, a 
precipitate with other substances. For example, 
Landsteiner prepared an azoprotein by diazo-

tizing j>-aminobenzoic acid, N H 2 ^ \ C O O H , 

and coupling it with egg albumin, to produce the 
azoprotein 

protein ( — N = N / _ \ C O O H ) „ , 

containing several haptenic groups attached to 
each molecule of protein. He found that the 
antiserum made by injecting a rabbit with this 
azoprotein not only had the power of forming a 
precipitate with a solution of the original azo
protein, made from egg albumin, but could form 
a precipitate with a solution of an azoprotein made 
with any other protein, such as bovine serum 
albumin, by coupling it with diazotized j!?-amino-
benzoic acid. This property of precipitation with 
any azoprotein containing the />-aminobenzoate 
ion group shows that the antibody has developed 
the power of combining with this haptenic group. 
The combining power is, moreover, highly (but 
not completely) specific. The antiserum does not 
form a precipitate with an azoprotein made by 
coupling some unrelated substance, such as 
diazotized j&-aminosuccinanilic acid, with a pro
tein, but has the power of forming a small amount 
of precipitate with azoproteins made with closely 
related substances, such as a substituted /i-amino-
benzoic acid with a group or atom such as 
methyl or chlorine also attached to the benzene 
ring. The picture of the structure of antibodies 
described below had its origin in large par t in an 
attempt to interpret the nature of the serological 
cross-reactions observed by Landsteiner in terms 
of the molecular structure of the haptenic groups. 
Landsteiner's work is summarized in his book 
The Specificity of Serological Reactions, the first 
edition of which was published in 1936 and the 
second edition (after his death) in 1945 [1]. 

The following picture of the process of forma
tion of antibodies under the influence of a mole
cule of antigen was developed during a vigorous 
effort to imagine the simplest structure that could 
be suggested, on the basis of the information 
available about intramolecular and intermole-
cular forces, for a molecule with the properties 
observed for antibodies, and also to imagine the 
simplest reasonable process of formation of such a 
molecule [2]. This theory of the structure and 

process of formation of antibodies is based upon 
the concepts that the forces between an antibody 
and its homologous antigen are the ordinary 
short-range forces known to exist between simpler 
molecules, and that the great specificity results 
from a detailed 'complementariness' in configura
tion extending over a considerable surface of the 
antigen molecule and the corresponding com
bining region of the antibody molecule. The 
concept of specificity of serological reactions as 
resulting from complementariness in structure was 
originally suggested by Breinl and Haurowitz [3], 
and was then independently presented by Jerome 
Alexander [4] and Stuart Mudd [5]. There is 
some intimation of it in the early work of Ehrlich 
(the lock-and-key theory), and of Bordet. The 
concept of the multivalency of antibody molecules 
and antigen molecules, now incorporated in the 
theory, is due to J . R. Marrack [6], and support 
for it was provided by the work of Michael 
Heidelberger. Many experimental studies carried 
out at Pasadena since 1940 have provided evidence 
in favour of the concept of complementariness and 
also of the multivalency of antibodies. 

Let us describe the immediate precursor of a 
molecule of normal y-globulin as a polypeptide 
chain, containing a thousand or more amino-acid 
residues arranged in a sequence determined by 
the nature of the system of enzymes and reticular 
structures constituting the cell in which the 
y-globulin is being synthesized. We assume that 
this polypeptide chain can become either a mole
cule of normal y-globulin or a molecule of anti
body with specific combining power for an 
arbitrary antigen, according to the way in which 
the long and complex polypeptide chain is 
folded. It seems likely that some native proteins 
are of such a nature—i.e. have such a sequence of 
amino-acid residues—that of the many ways in 
which the chain can be folded one is characterized 
by being specially stable. This specially stable 
configuration might be that of the native protein; 
it is known that certain proteins, such as trypsin 
and haemoglobin, can lose their specific proper
ties under the action of a denaturing agent, and 
can then regain them, presumably by re-coiling to 
the normal, stable configuration as the denaturing 
agent is slowly removed. However, we assume 
that the polypeptide chain of y-globulin is of 
such a nature that a very great number of alter
nate ways of coiling the polypeptide chain have 
nearly equal stabilities. When the polypeptide 
chain is synthesized in the cell, in the absence of 
any foreign molecules the chain will tend to coil 

file:///COOH
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F I G U R E i - A postulated process of formation of antibody molecules. The polypeptide chain of the antibody precursor is 
folded, in the presence of an antigen molecule, into configurations complementary to the antigen. (See page 49.) 
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into that configuration which is most stable under 
the normal circumstances within the cell, pro
ducing a molecule of normal y-globulin. If, 
however, there is present in the cell a foreign 
molecule, a molecule of antigen, the environment 
in which the y-globulin polypeptide chain finds 
itself is different, and the difference in environ
ment will be such as to stabilize others of the 
configurations accessible to the polypeptide chain, 
namely those which have the greatest power of 
attraction for the antigen molecule. This hypo
thetical process provides an automatic method by 
which a molecule is produced that is comple
mentary in structure to a portion of the surface 
of an antigen molecule. The phenomenon is the 
same as the production of a coin by a die, or in 
general of a replica by the process of pressing a 
plastic material against a mould and permitting 
it to harden. The polypeptide chain, with its 
power of assuming alternative configurations, is 
the plastic material, and the surface of the antigen 
serves as the die or mould. The process of 
hardening is the result of the operation of the 
weak forces between different portions of the 
polypeptide chain that find themselves in juxta
position; these weak forces, which individually 
could not withstand the disrupting effect of 
thermal agitation, co-operate, after the very large 
protein molecule has assumed its final configura
tion, to hold the molecule in that configuration. 

In figure 1 the antigen molecule is represented 
as a roughly spherical aggregate of atoms, with a 
surface structure shown by protuberances and 
hollows. One of these protuberances might repre
sent, for example, a />-azobenzoate ion haptenic 
group. The precursor of y-globulin is shown as 
being synthesized in a region of the cell separate 
from that occupied by the antigen (this region 
being indicated by the line of dashes). In the first 
section of figure 1 two ends of a polypeptide chain 
are shown as liberated first from this region, and 
permitted to fold into the most stable of the 
configurations accessible to them. The ends of 
these two polypeptide chains are seen in the 
second section of the figure to be attracted to the 
surface of the antigen, and to assume configura
tions that make the forces of attraction between 
them and the molecule of antigen as great as 
possible. Inasmuch as most of the forces that are 
effective between molecules fall off very rapidly 
with increasing distance, and are strong only over 
a range of a few Angstrom units, the stabilized 
configurations of the end of the polypeptide chain 
will be those that bring as large a portion as 

possible of each chain-end into immediate juxta
position with a surface of the antigen molecule; 
that is, the structures of the combining regions 
will have as great a complementariness as possible 
with the surface structure of the antigen molecule. 
This complementariness includes not only the 
similarity in the surface configuration but the 
juxtaposition of special combining groups, such as 
a negatively charged group in the antibody with a 
positively charged group in the antigen, and a 
hydrogen-bond-forming group carrying the pro
ton with a similar group presenting an electron pair. 

The third section of figure 1 shows the antigen 
with two combining regions of the antibody 
formed. The central section of the polypeptide 
chain has not yet been folded. In the fourth 
drawing one of the combining regions of the 
antibody is represented as breaking away from the 
antigen, under the influence of thermal agitation; 
the central section of the polypeptide chain then 
folds into its stable configuration, fastening the two 
combining regions of the antibody together into 
the completed antibody molecule. In the fifth 
drawing this molecule is shown still attached to 
the antigen by one of its combining groups; in 
the sixth drawing the completed antibody mole
cule is represented as breaking away from the 
antigen under the influence of thermal agitation, 
forming a free antibody which may build up the 
antibody titre of the blood-plasma. 

The assumption that most antibody molecules 
have two regions able to combine with antigen 
(i.e. are bivalent) accounts for some of the pro
perties of antisera. For example, antibodies 
homologous to cellular antigens, such as red blood-
cells, are able to cause these cells to agglutinate. 
The serum from humans with blood of type B or 
O contains antibodies capable of combining with 
the A antigen, which is present on human red 
blood-cells of types A or AB. When this serum is 
added to a suspension of these cells, the red cells 
clump together. The simplest explanation of this 
clumping is that an antibody molecule uses one of 
its combining groups to attach itself to the outer 
surface of one red blood-cell by combining with 
the A haptenic group present on this cell wall, 
and that then, on collision with another red blood-
cell, it uses its other combining region to form a 
bond with the second cell, thus holding the two 
cells together. This process may continue until all 
of the cells are agglutinated into clumps. A similar 
explanation leads immediately to an understand
ing of the phenomenon of serological precipitation, 
as was pointed out by Marrack. The antigen 
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molecule may use various portions of its surface 
to attach itself to several antibody molecules, as 
indicated in figure 2, and each of these antibody 
molecules may then use its second combining 
group to bind further molecules of antigen. As 
this process continues, the aggregates of antigen 
molecules and antibody molecules become larger 
and larger until finally they constitute a visible 
precipitate. Thus the phenomena of agglutination 
and serological precipitation do not require any 
further explanation, once the power of formation 
of a specific bond between antibody and antigen 
has been explained and a mechanism of providing 
an antibody with two combining groups has been 
revealed. Not all antisera have the power of 
serological precipitation; the non-precipitating 
antisera presumably contain univalent antibodies 
with only one combining group. 

Landsteiner discovered a specially interesting 
way of studying the degree of specificity of anti
bodies. He found that when benzoic acid itself 
was added to an anti-/>-aminobenzoic acid serum 
no precipitate was formed. However, a reaction 
had occurred between the benzoate ions and the 
antiserum, because when the homologous azo-
protein was added to the solution it failed to 
precipitate with its antiserum, which in the 
absence of the benzoate ion would have given a 
precipitate with it. This inhibition of precipita
tion by the simple haptenic benzoate ion was 
explained by Landsteiner as resulting from the 
formation of a soluble complex between the anti
body and the benzoate ion. The framework 
theory of serological precipitation and the assumed 
bivalency of antibodies immediately provide an 
explanation of the phenomenon: the bivalent 
antibody is able to combine with two molecules 
of benzoate ion, one of which attaches itself to 
each of its combining groups, but it is not able to 
form a framework precipitate with benzoate ion, 
because the benzoate ion ('antigen') itself has the 
power of combining with only one antibody mole
cule. The azoprotein antigen, with several p-azo-
benzoate ion haptenic groups, can form the frame
work in the absence of benzoate ion, but in the 
presence of benzoate ion all the antibody is tied 
up in soluble complexes with this ion, and so is 
prevented from precipitating. 

Continuing the work of Landsteiner, Professor 
Dan H. Campbell, Dr David Pressman, and I, 
with a number of students, have carried out 
quantitative studies of the relative inhibiting 
powers of a great number of haptens, and have in 
this way obtained detailed information about the 

closeness of fit of the combining region of the 
antibody to haptenic groups of known structure. 
It has been found that, in general, the replace
ment of one group by another group that differs 
in shape from it by as much as one or two Angstrom 
units leads to a significant decrease in combining 
power with the antibody. For example, the 
introduction of a methyl group in place of a meta 
hydrogen atom in the benzene ring of the benzoate 
ion decreases the combining power with an 
anti-/>-aminobenzoic acid serum to about one-
tenth of its original value. This is explained as the 
result of a resistance to fitting the larger methyl 
group, which has an effective radius of about 2-o A, 
into the region which in the process of synthesis of 
the antibody was occupied by a hydrogen atom 
of the haptenic group of the immunizing antigen, 
this hydrogen atom having an effective radius of 
about 1 -2 A. It has also been shown that a nega
tively charged group is present in the antibody at 
very nearly the minimum distance of approach to a 
positively charged group in the haptenic group of 
an azoprotein used in producing the antiserum [7]. 

An example of the degree of the effect of mole
cular shape on the power of combining with an 
antibody is illustrated in figures 3-6. Figure 3 
gives a representation of the />-azosuccinanilate ion 
group, present with many other similar groups in 
an azoprotein molecule, used in the production 
of an anti-/>-azosuccinanilate antiserum by in
jection into rabbits. Figure 4 shows a schematic 
drawing of the combining regions of such an 
antiserum, surrounding the haptenic group. It 
will be noticed that the atoms that constitute the 
surface of the combining region of the antibody 
are shown as being in approximate (about 1 A) 
contact with the surface of the atoms of the 
haptenic group. It seems likely that there is still 
closer approximation of the surface atoms of the 
antibody and the antigen in many cases, and that 
the antibody has enough elasticity to permit the 
introduction of haptens that differ in shape by 
1 or 2 A in linear dimensions from the haptenic 
group of the immunizing antigen. An ammonium 
ion group, with a positive charge, is indicated in the 
drawing as at the minimum distance of approach 
to the negatively charged carboxyl group of the 

succinanilate hapten, and an ,NH group, 

capable of forming a hydrogen bond with the 
carbonyl group of the succinanilate, is shown in 
the proper position to form this hydrogen bond. 

The maleanilate ion: 

C8H5.NH.CO.CH= =CH.COCT 
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and the fumaranilate ion (with the same formula) 
are closely similar substances, differing only in 
their spatial configuration, the maleanilate ion 
having the cis configuration about the carbon-
carbon double bond and the fumaranilate ion 
having the trans configuration about this bond. 
These ions were found to differ very greatly in 
their inhibiting power for anti-/>-azosuccinanilate 
serum. The maleanilate ion has nearly as great 
an inhibiting power as the homologous hapten 
succinanilate ion itself, whereas the fumaranilate 
ion has a very slight effect, only about 1 per cent. 
of that of the maleanilate ion. This power of the 
antibody to distinguish between two ions of such 
closely related structure was discovered by Land-
steiner, and has been verified through the study of 
hapten inhibition by hundreds of substances. The 
relatively small difference in structure of the 
fumaranilate ion and the maleanilate ion is shown 
by the drawings in figures 5 and 6. 

The importance of a positive charge in the 
antibody is indicated by the fact that no haptens 
except those with a negatively charged group— 
either a carboxyl ion group or a closely similar ion 
group—have any power of combination with 
antibodies homologous to the />-azosuccinanilate 
ion. The presence of the indicated hydrogen-
bond-forming group in the antibody molecule, 
shown as combining with the carbonyl group, is 
verified by the fact that only haptens that contain 
this carbonyl group have a significant power of 
combining with the antibody. 

I t is interesting that a study of serological 
reactions can be used to provide information 
about the molecular structure and configuration 
of simple substances [8]. Thus it might be thought 
that the />-azosuccinanilate ion group, indicated 
in figure 3, would have an extended configuration, 
somewhat similar to that shown for the fumar
anilate ion, inasmuch as there is considerable 
freedom of rotation about the carbon-carbon 
bond. However, from the fact that the male
anilate ion has a large combining power with 
anti-/»-azosuccinanilate ion antibodies, while the 
fumaranilate ion has a small combining power, it 
can be deduced that these antibodies are com
plementary in configuration to the maleanilate 
ion, and that consequently the />-azosuccinanilate 
ion group, which serves as the template for the 
manufacture of these antibodies, itself has a con
figuration closely similar to that of the maleanilate 
ion. This configuration, shown in figure 3, is 
presumably stabilized, relative to the trans con
figuration, by the formation of an N — H . . . O 

hydrogen bond between the imino group and an 
oxygen of the carboxyl group. The fact that the 
succinanilate ion itself, other amides of succinic 
acid, and the mono-alkyl esters of succinic acid 
also combine strongly with the antiserum shows 
that these ions tend to assume a similar cis 
configuration. However, the succinate ion 
( - O O C . C H 2 . C H 2 . C O O - ) has a surprisingly 
small power of combination with the antiserum— 
approximately that of the fumarate ion, and much 
smaller than that of the maleate ion—from which 
it can be inferred that the succinate ion has 
essentially a trans configuration about the ca rbon-
carbon single bond. An obvious explanation of 
the stability of the trans configuration for this ion 
is the Coulomb repulsion of the two negatively 
charged carboxyl groups. 

In a preceding paragraph a rather complicated 
mechanism for the manufacture of antibodies 
with two combining groups has been described. 
The existence of these bivalent antibodies is pre
sumably explained by their usefulness in causing 
the agglutination of cells or the precipitation of 
molecular antigens. However, the lysis and phago
cytosis of cells are aided by the attachment of 
antibodies to the cells, but seem not to require 
agglutination; hence this part of the mechanism 
of protection against disease might be just as well 
done by univalent as by bivalent antibodies. 
Similarly the neutralization of toxins is effec
tively achieved by univalent antitoxins, and 
the reason for the manufacture by animals of 
bivalent antitoxins is here also not clear. 

Nevertheless the phenomena of agglutination 
and serological precipitation are striking ones, and 
it is of interest to see whether they can be explained 
by the same forces that produce specific com
bination of antibody and antigen, or whether 
some additional explanation must be invoked. In 
suggesting that the first of these alternatives is 
correct, and that agglutination and precipitation 
result from multivalency of the antibody, Marrack 
[6] adduced various experimental observations 
in support of his proposal. Further support for the 
framework theory was provided by the work of 
Heidelberger and Kendall [9]. 

Recently a striking experiment was carried out, 
the results of which leave little doubt that the frame
work theory of serological precipitation and agglu
tination is correct [10]. Landsteiner and van der 
Scheer [11] had observed that certain simple 
substances containing two haptenic groups were 
able to produce precipitates with the hapten-
homologous antisera. I t seemed to us likely that 
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the formation of a precipitate with these sub
stances, containing two haptenic groups, and the 
failure to form precipitates with substances con
taining only one haptenic group, which in general 
have only an inhibiting power, due to the forma
tion of soluble complexes, could be explained 
directly by the framework theory, and that ac
cordingly a test of the theory could be made by 
investigating a large number of monohaptenic and 
polyhaptenic substances. This was done with the 
use of antisera homologous to the />-azobenzene-
arsonate ion group [12]. It was found that of the 
substances tested those containing two or more 
^-azobenzenearsonate ion groups in the molecule 
produced precipitates with the antisera, there 
being about twenty of these substances, whereas 
the thirty substances tested which contained only 
one benzenearsonate ion group in the molecule 
did not form precipitates but rather inhibited 
precipitation with a precipitating antigen. 

The argument might be made, however, that 
the tendency of the polyhaptenic molecules to 
form precipitates with the antisera is due to some 
property other than their polyhaptenic character, 
and that only one of the haptenic groups may be 
actually involved in combination with antibody. 
A test was made by carrying out a special experi
ment [10], the results of which showed that each of 
the two haptenic groups of a dihaptenic substance 
enters into specific combination with antibody in 
the formation of the serological precipitate. 

It was found that antisera could be obtained 
from two rabbits, and a substance could be 
synthesized of such nature that neither of the two 
antisera alone forms a precipitate with the sub
stance, but that a mixture of the two antisera, 
from the two rabbits, has the power of precipi
tating with the substance. This serological reac
tion is, then, one involving a substance of known 
structure, which serves as precipitating antigen, 
and two different antisera, which must co-operate 
in producing the precipitate with the substance. 

One of the rabbits was injected with an azo-
protein containing R groups (/>-azobenzene-
arsonate ion groups), and the other rabbit was 
injected with a protein containing X groups 
(^-azobenzoate ion groups). The two antisera are 
accordingly an anti-R serum and an anti-X 
serum. Each of these sera is able to form a 
precipitate with substances containing two or 
more of the homologous haptenic groups. The 
two RX substances used in the experiment were 
made by coupling one R group and one X group 
to a molecule of known structure; the substances 

were 1 -amino-2-/>-(/>-azobenzeneazo)-benzenearso-
nic acid-3,6-disulphonic acid-7-/>-(/>-azobenzene-
azo)-benzoic acid-8-hydroxynaphthalene and 1,8-
dihydroxy-2-/»-azobenzenearsonic acid-3,6-disul-
phonic acid-7-/>-(/>-azobenzeneazo)-benzoic acid-
naphthalene. Each of these substances was found 
to form no precipitate (or only a very slight 
precipitate) with either anti-X or anti-R serum 
alone, but to form a large amount of precipitate 
with a mixture of these two antisera. This obser
vation provides strong evidence that the precipita
tion of antibody and antigen involves both the 
haptenic groups of the dihaptenic antigen. When 
mixed with anti-R serum alone, a substance RX 
uses its R groups to combine with the anti-R anti
bodies, two molecules of RX thus forming a soluble 
complex with one molecule of bivalent antibody; 
but because the molecules RX are effectively 
monohaptenic when only anti-R antibodies are 
present, a framework precipitate cannot be formed. 
In the presence of a mixture of anti-R and anti-X 
antibodies, however, the molecule RX is effec
tively bivalent, and can form a framework in which 
the anti-R and anti-X antibodies alternate. 

There is now very convincing evidence that the 
specificity of combining power of antibodies can 
be explained in terms of short-range forces of 
known nature, the specificity itself resulting from 
complementariness in structure of the combining 
region of the antibody and the surface of the 
homologous antigen. It seems not unlikely that 
biological specificity in general is to be accounted 
for in a similar manner, as resulting from the or
dinary non-specific, short-range forces that operate 
between all molecules, with the specificity of the 
forces in the biological systems due to the complex 
surface configuration of the large molecules present 
in these systems. The evidence as to the nature of 
the biological forces in systems other than serologi
cal systems is, however, not so extensive. Pheno
mena such as competition between the sulphon-
amide drugs and />-aminobenzoic acid, and the 
inhibition of enzyme systems generally by substan
ces related in structure to those that take part in the 
catalysed reaction, suggest, by their similarity to 
hapten-inhibition of serological precipitation, that 
the same forces are acting as in the serological sys
tems. For example, the malonate ion serves to in
hibit the catalytic activity of the enzyme dehydro-
succinase, presumably by competing with the 
succinate ion for the position of attachment to the 
active region of the enzyme. The fact that the 
malonate ion is especially effective as an inhibitor 
of this catalyst may be significant with respect to 
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the mechanism of catalytic activity. If the cata-
lytically active region of the enzyme were closely 
complementary in structure to the succinate ion 
it would presumably not accelerate the reaction of 
dehydrogenation of the succinate ion, but would 
instead retard it, since by combining with the 
succinate ion it would stabilize this ion, and 
thus increase the amount of energy necessary 
to convert the ion into the activated complex for 
the dehydrogenation reaction. If, however, the 
enzyme were more closely complementary in 
structure to the activated complex itself than to 
the succinate ion, it would decrease the activation 
energy for the reaction, and in this way speed the 
reaction up. The effectiveness of the malonate 
ion in inhibiting the reaction suggests that this ion 
is more closely similar in structure to the activated 
complex of the dehydrogenation reaction for 
succinate ion than is the succinate ion itself, and 
that it is for this reason that the malonate ion is 
able to compete effectively with the succinate ion 
for the position on the active region of the enzyme. 

It seems unlikely that the specific differences 
between related enzymes produced by animals of 
different species, or between other proteins, such 
as haemoglobin, are due to so simple a difference 
in structure as a different way of coiling the poly
peptide chains. It is probable that antibodies are 
unique in using this mechanism alone for the 
assumption of specific differences, and that other 
biological macromolecules depend upon more 
deep-seated changes in structure to produce these 
differences in specific properties. In particular, 
I think it likely that in general a mutation is due 
not simply to a changed way of coiling the fila
mentous structural unit of the gene nucleoprotein, 
but to a change in the composition of this unit 
which affects its catalytic activity in such a way 
as to permit the controlled manufacture of du

plicates of itself, with the changed structure. It 
seems likely that a gene that is damaged by ultra
violet light or X-radiation or other catastrophe in 
such a way as ultimately to produce a mutant is 
not itself the mutated gene, but is simply a 
damaged gene. It might be damaged so badly as 
to be unable to carry on an essential function in 
the development of the organism, the damage then 
being lethal. Or the damage might be of such a 
nature as to permit the gene to serve as the tem
plate and to exercise its other functions so as to 
produce replicas of itself as it was before it was 
damaged. Or again it might happen that the 
damaged gene could carry out its functions and 
produce new genes of somewhat changed structure, 
which themselves could serve as templates, until 
ultimately a steady state was achieved, at which 
there would be no difference between the gene 
that served as the template and the gene produced 
with it is as a model. This would be the phe
nomenon of mutation. 

There is at present little reliable evidence as to 
the detailed nature of the process of production of 
replicas of complex biological molecules, such as 
viruses or genes, but it is clear that the pheno
menon of production of complementary structures, 
as in antibody formation, provides a possible 
mechanism. The manufacture of a replica, of a 
gene for example, might require the production 
of an intermediate, the gene producing a mole
cule complementary in structure to itself, which in 
turn serves as the template for the reproduction 
of a replica of the original gene. Some support 
for this concept is given by the known existence 
of complementary structures in living organisms, 
such as the blood-group antigens and their 
homologous agglutinins, and the mutually com
plementary substances found in eggs and sperm 
[13]. 
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The Reaction of Simple Antigens with Purified Antibody1 

B Y ARTHUR B. PARDEE 2 AND L I N U S PAULING 

Many biological reactions, including the inter
action of antibodies and antigens, the effect of 
enzymes on their substrates, and the self-repro
ducing behavior of genes, are characterized by a 
high degree of specificity. The great problem of 
the nature of the forces responsible for this 
biological specificity is being attacked vigorously 
in many ways a t the present time. During the 
past six years we have carried out a series of in
vestigations1 on the reactions of antisera with 
simple substances, extending and refining the 
work of Landsteiner.3 The results obtained 
provide strong support for the concept tha t bi
ological specificity is due to a detailed comple-
mentariness in surface configuration of the mole
cules involved (antigen and antibody) and tha t 
the forces which contribute to specific attraction 
of two molecules—van der Waals electronic 
forces, hydrogen bond forces, etc.—are in general 
short ;range forces, effective over distances of a 
few Angstrom units. The conclusion has been 
reached that the surface approximation of anti
body and the haptenic groups of antigens is to 
within about 1 A. 

(1) The Serological Properties of Simple Substances. XIV. For 
number XIII of this series see D. Pressman, J. H. Bryden, and 
L. Pauling, THIS JOURNAL, 70, 1352 (1948). 

(2) Present address: McArdle Memorial Laboratory, The Medi
cal School, The University of Wisconsin, Madison 6, Wisconsin. 

(3) See K. Landsteiner, "The Specificity of Serological Reactions," 
Harvard University Press, Cambridge, Massachusetts, 1945. 

Much of our work has consisted of studies of 
the precipitation of an antiserum by a simple 
polyhaptenic substance. The observation tha t 
certain simple substances containing two or more 
haptenic groups would form precipitates with 
the homologous antiserum was made by Land
steiner and van der Scheer.4 I t was suggested 
by Landsteiner that the forces between dye mole
cules which favor the formation of colloidal solu
tions, tha t is, of polymerized aggregates, are 
responsible for the ready precipitability of these 
substances, many of which are dyes. We, how
ever, have presented evidence that the presence 
of two or more haptenic groups in each molecule, 
making the formation of a framework possible, 
is responsible for their precipitability. 

The suggestion tha t i t is polymerization of 
these simple precipitating antigens tha t gives 
them their precipitating power has been revived 
by Boyd and Behnke,6 who reported that they 
had found one of the simple antigens used by us 
to be highly (11-fold) polymerized in saline solu
tion, and who stated that accordingly the results 
of our earlier investigations might not justify the 

(4) K. Landsteiner and J. van der Scheer, Proc. Soc. Expil. Biol. 
Med., 29, 747(1932); J. Exptl. Med., 56, 399 (1932); 57,633(1933); 
67, 79 (1938). 

(5) W. C. Boyd and J. Behnke, Science, 100, 13 (1944). In this 
preliminary note about their work these authors wrote that details 
would be published elsewhere; their detailed paper has not yet ap
peared. 
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i n t e r p r e t a t i o n t h a t we h a d given t h e m . T h i s 
cr i t ic ism h a s been r e p e a t e d b y K a b a t . 6 

I n t h e p re sen t p a p e r we r e p o r t t he resu l t s of 
e x p e r i m e n t s on the i n t e r ac t i on of s imple p re 
c ip i t a t i ng an t i gens wi th purified a n t i b o d y solu
t ions . I t h a s been found t h a t t he behav io r of 
t h e s imple an t igens wi th purified a n t i b o d y solu
t ions is s o m e w h a t different from t h a t w i t h an t i 
s e rum, t h e difference a p p a r e n t l y be ing due t o a 
r a t h e r s t r o n g non-specific c o m b i n a t i o n of t h e d y e 
molecules w i t h t h e c o n s t i t u e n t s of s e r u m n o t 
p r e s e n t in purified a n t i b o d y , p r e s u m a b l y m a i n l y 
a l b u m i n . r ' 8 T h e effect of t h i s c o m b i n a t i o n seems 
t o be t o r educe t h e c o n c e n t r a t i o n of t h e free d y e 
molecules t o such a n e x t e n t t h a t in s e r u m solu
t ion t h e y r e a c t m a i n l y in t h e m o n o m e r i c form. 

E x p e r i m e n t a l 

S y n t h e t i c A n t i g e n s . — T h e c o m p o u n d s u s e d a s 
s y n t h e t i c a n t i g e n s a n d t h e i r p r e p a r a t i o n h a v e 
b e e n desc r ibed in p r e v i o u s p a p e r s excep t resor -
cinol-Ra, which was p r e p a r e d b y M r . A. L . 
Grossberg , b y t h e m e t h o d used for chloro-
glucinol-R3 ( X I ) w i t h use of a different phenol ic 
nucleus.9-1 0 

R rep resen t s t h e £>-azobenzenearsonic acid 
g r o u p , R ' t he £>-(/>-azobenzeneazo)-benzenearsonic 
g r o u p , a n d X ' t h e £>-(£>-azobenzeneazo)-benzoic 
ac id g r o u p . 

Resorcinol-Rs' (RQ H-acid-R'X' (R'X') 
OH X'- OH NHS R' 

OH 
A A A 

HOsS/ ^ ^ XSO,H 

Chromatropic acid-Rj (XXX) 
p , OH OH p , 
R VW 

H03S' SOsH 

Antibodies and Other Substances.—The anti-R serum 
was obtained from rabbits by the method previously de
scribed.9 

Specifically purified anti-R antibody (referred to in 
this paper as purified antibody) was prepared by Prof. 
D. H. Campbell.11 Various preparations using resorcinol-
RJ as precipitant were pooled and used for the succeeding 
experiments. 

The pneumococcus type I antibody used in some of the 
experiments was a commercial preparation, Lederle 
Refined and Concentrated Rabbit Globulin. The puri
fied polysaccharide was prepared by Dr. J. E. Cushing, 
Jr. 

The rabbit serum albumin was prepared by Dr. George 
A. Feigen, by a single salt precipitation. 

(6) E. A. Kabat, "Annual Review of Biochemistry," Annual Re
views, Inc., Stanford University, California, 1946, p. 528. 

(7) B. D. Davis, Am. Scientist, 34, 611 (1946). 
(8) I. Klotz, THIS JOURNAL, 68, 2299 (1946); 69, 1609 (1947). 
(9) L. Pauling, D. Pressman, D. H. Campbell, C. Ikeda, and M. 

Ikawa, ibid., 64, 2994 (1942). 
(10) L. Pauling, D. Pressman, and D. H. Campbell, ibid., 66, 330 

(1944). 
(11) D. H. Campbell. R. H. Blaker. and A. B. Pardee, ibid., 

0. (2496 1948). 

Salt and Buffer.—All experiments were done in 0.9% 
sodium chloride solution, without buffer present unless 
otherwise noted. When a buffer is referred to as xF it 
is meant that the sum of all forms of the buffering material 
is x formula weights per liter. 

Precipitation Reaction; General Methods.—Antigen 
and antibody at approximately the final pH were mixed 
and allowed to stand for one hour at room temperature 
and then for two to five days at 5°. (It was found that 
resorcinol-Ri gave the same amount of precipitate in 
two hours as in three days, and that the maximum tur
bidity under the conditions used was reached in ten 
minutes at room temperature.) After having been 
washed,9 the precipitates were analyzed for antigen by 
adding 2.5 ml. of 1 TV sodium hydroxide, making up to 
5.5 ml. in a centrifuge tube, and reading the light ab
sorption on a Beckman spectrophotometer at an ap
propriate wave length and slit width. Compound re-
sorcinol-R3 was read at 500 m/z and 0.03 mm. slit width, 
and antigens XXX and R ' X ' at 600 DIM and 0.04 mm. 
slit width. The first two compounds showed no tendency 
to fade over a period of several days in alkali or over several 
months in approximately neutral solution, but R ' X ' faded 
about 20% in a day in alkali. The compounds reacted 
slowly with the soft glass bottles. The error in the colori-
metric procedure is estimated at = t 3% or less for samples 
containing more than 4 X 10 - 9 moles of antigen, and is 
somewhat greater for smaller samples. 

The same sample was then analyzed for protein by the 
modified Folin-Ciocalteu method.12 A correction was 
made for the color of the antigen. To test the method 
ten triplicate analyses were run on purified antibody 
samples by both the modified Folin-Ciocalteu and the 
Nessler method by two analysts. The first method gave 
values which averaged 1.035 =*= 0.035 times the second. 

In some of the experiments with purified antibody the 
supernatant liquids were decanted from the centrifuged 
precipitates, both parts were analyzed, and the precipi
tates were corrected for the small amount of antigen 
and protein in the remaining supernatant liquid. In 
some of the later experiments only the precipitates were 
analyzed and the correction was calculated from the 
amount of reactants added. 

The molecular weight of the antibody was taken as 
160,000 for calculations. 

Results 
Prec ip i t a t e s were a n a l y z e d b o t h w i t h a n d wi th 

o u t wash ing , as descr ibed in t he p rev ious sect ion. 
T h e a m o u n t s of p rec ip i t a t e a n d t h e mole r a t i o s 
in t h e p r ec ip i t a t e for t h e t w o p rocedures a re com
p a r e d in T a b l e I a n d also in T a b l e I I . I t c a n 
b e seen t h a t for t h e a n t i g e n used ( X X X ) t h e 
a m o u n t of p rec ip i t a t e w a s h e d a w a y is 30 t o 4 5 % 
of t h e original a m o u n t ; t h e r a t i o of an t igen to 
a n t i b o d y in t h e p r ec ip i t a t e r e m a i n s a b o u t t h e 
s ame , however . Only 10 t o 1 5 % of t h e precipi 
t a t e w i t h an t i gen resorcinol-Ra (a t pH. 6.9) w a s 
los t on wash ing . 

I t was found t h a t t h e a m o u n t of p rec ip i t a t e 
o b t a i n e d w i t h an t i gen X X X a n d purif ied a n t i 
b o d y a t pH 7.6 a n d 8.1 was on ly s l ight ly d e p e n d 
e n t on t h e v o l u m e of t h e r eac t ion m i x t u r e , t h e 
a m o u n t of p rec ip i t a t e v a r y i n g over a b o u t a 2 0 % 
r a n g e for a n y given a m o u n t s of an t i gen a n d a n t i 
b o d y on three-fold d i lu t ion w i t h buffer so lu t ion . 
T h e mole r a t i o in t he p r ec ip i t a t e was essent ia l ly 
i n d e p e n d e n t of t h e v o l u m e of t h e m i x t u r e . I n 
c o n t r a s t , a three-fold increase in t h e v o l u m e of 
a s y s t e m con ta in ing a n t i s e r u m a n d a s imple poly-

(12) D. Pressman, Ind. Ent. Chem., Anal. Ed., 15, 357 (1943). 
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TABLE I 
PRECIPITATION OF PURIFIED ANTIBODY BY ANTIGEN XXX 
Varying amounts of antigen XXX in 2 ml. of saline were 
added to 2 ml. of saline containing 4.2 X 10 - 9 mole of 
antibody. Final pR 8.1, no buffer. Values are averages 

of triplicate analyses 

Antigen 
added, 

moles X 10" 

264 
132 
66 
33 
16 
8 
4 
2 
1 

Precipitated antibody, 
moles X 108" 

0.45 
.53 
.62 
.97 

1.28 
1.51 
1.44 
1.00 
0.59 

0.81 
.91 

1.03 
1.53 
1.84 
2.40 
2.06 
1.46 
1.03 

Mole ratio 
antigen 

antibody 
in ppt.tt 

9.2 11.6 
5.9 8.2 
4.9 5.5 
2.6 3.4 
2.0 2.7 
1.9 1.8 
1.5 1.6 
1.2 1.3 

(1.0) (0.9) 
" The first column is for experiments in which the 

precipitate was washed in the conventional way; the 
second is for experiments in which the supernate was de
canted from the precipitate and both were analyzed as 
described in the text. 

TABLE II 
PRECIPITATION OF PURIFIED ANTIBODY BY ANTIGEN X X X 
Varying amounts of purified antibody in 2 ml. of saline 
were added to 4.1 X 10~9 mole of antigen XXX in 2 ml. 
of saline. Final pH. 8.1, no buffer. Analyses in triplicate 

Mole ratio 
Antibody antigen 

added, Precipitated antibody, antibody 
moles X 10» moles X 109a in ppt.» 

16.9 2.0 2.5 1.1 1.1 
12.5 2.0 2.8 1.4 1.1 
8.5 2.1 2.8 1.4 1.2 
4.2 1.4 2.1 1.5 1.6 
2.1 0.7 1.2 1.8 1.9 
1.0 .2 0.4 (1.8) (2.7) 

» See note of Table I . 

haptenic antigen13 caused the amount of precipi
tate to decrease by 50%. 

A number of experiments other than those re
ported in Table II were carried out in which vary
ing amounts of purified antibody were added to 
a constant amount of antigen in a constant 
volume of solution. A 5 to 10% decrease in pre
cipitated protein was noted at the largest amounts 
of antibody in every experiment. This effect of 
inhibition of precipitation by antibody excess is 
similar to but not nearly so marked as the effect 
in serum,10 in which a four-fold increase in 
amount of antiserum above the optimum was 
found to decrease the amount of precipitate to a 
third of the maximum value. 

Many precipitation experiments in which con
stant amounts of purified antibody were added to 
various amounts of antfgen were carried out. 
The detailed results were in all cases similar to 
those reported in Table I, and their important 
features are summarized in Table I I I . Some 
experiments with added serum are also reported a t 
the end of Table I I I for comparison. The first 

(IS) L. Pauling, D. Pressman, D. H. Campbell, and C. Ilceda, 
THIS JOURNAL, M, 3003 (1912). 

two columns give the antigen used and the pH 
of the system. A stands for antigen and B stands 
for antibody. Columns 3 to 5 have to do with 
conditions at the optimum, i. e., the conditions 
which give the maximum amount of precipitate. 
Column 3 gives the per cent, of total antibody 
precipitated. The values in this column depend 
on the antigen, and, for resorcinol-Rj, decrease 
with increasing pH.. In the presence of serum an 
optimum is obtained at about pH 9.0.M The 
presence of serum greatly reduces the amount of 
precipitable antibody, especially in the case of 
antigen R ' X ' , which gives no precipitate in 
serum. 

TABLE III 

SUMMARY OF PRECIPITATION EXPERIMENTS WITH PURIFIED 
ANTIBODY 

Per cent .of Mole Mole 
antibody ratio ratio 

pptd. A/B in A/B in A/B in 
at system precipi- precipi-

opti- at tate at tate at 
pH mum optimum optimum A = 0 Antigen 

XXX 
XXX 
Resorcinol-RJ 
Resorcinol-R' 

8.1 
8.1 
6.6 
6.9 

73 
58 
82 
84 
76 
68 
63 
50 
19 

1.8 
1.5 

18 
7.0 
5.1 
5.7 
6.0 

12 
7 

1.3 
1.8 

19 
10 

5.0 
4.5 
7.0 

0.9 
1.1 
2 .5 
5.0 
1.1 
2.0 
1.5 

Resorcinol-Rs 7.6° 
Resorcinol-Rj 7.9 
Resorcinol-Rs' 8.76 

R ' X ' 7.9* 50 12 4.6 2 .8 
XXX (in serum) 8 .1 6 

Resorcinol-Rs 
(in serum) 8.5 36 5.1 2.2 2.0 

R 'X ' ( i n serum) 8.3 0 . . 

• This experiment was started at pH 9.9; when no pre
cipitate appeared, the mixtures were acidified to pH 7.6. 
6 0.01 F Veronal buffer present. Mr. Leonard Lerman 
found no non-specific precipitation between resoreinol-R's 
and normal rabbit -y-globulin under conditions similar to 
the above. 

Column 4 gives the number of moles of antigen 
required per mole of antibody to form the maxi
mum amount of precipitate. The antigen re-
sorcinol-R3, which is more highly associated 
than the others,15 requires a higher ratio, and the 
ratio is greater at lower pH. Antigen R ' X ' has 
a strikingly different ratio than the structurally 
similar compound X X X . The presence of serum 
has little effect on this ratio for resorcinol-R/ 
but a large effect for X X X . 

The fifth column gives the mole ratio of anti
gen to antibody in the precipitate at the opti
mum. The values are similar to those in column 
4 in the absence of serum, and decrease with in
creasing pH. The antigen R ' X ' is an exception, 
requiring a much higher ratio in the system than 
in the precipitate. Experiments in serum also 
show a lower antigen-antibody ratio in the pre
cipitate than in the system, probably because 
much of the antigen is non-specifically combined 
with serum proteins. 

(14) D. Pressman, unpublished work. 
(15) See the following paper. THIS JOURNAL, 71, 148 (1049). 
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The sixth column gives the mole ratio of anti
gen to antibody in the precipitate extrapolated 
to zero antigen-antibody ratio. This value can 
be obtained from either an experiment with 
variable antigen and constant antibody or an 
experiment with constant antigen and variable 
antibody. The values for the two types of ex
periment are the same within experimental error 
for antigen resorcinol-Rs and for XXX but are 
4.0 and 2.8 for R'X'. The ratio is of interest 
because one would expect non-specific reactions 
of antigen with proteins, and also association, 
to be least important when there is a large excess 
of antibody in the system. Ideally the ratio 
should be unity according to the framework 
theory.18 This is the value found for antigen 
XXX and approached by resorcinol-Rs as the 
pH is increased. In the experiment which was 
started at pB. 9.9 and finished at pK 7.6 it ap
peared as if the antigen combined as a small 
aggregate at the higher pH and remained un-
associated as the pK was decreased. Earlier 
experiments by Pressman14 showed that if re
sorcinol-Rs were aged for even one hour at pYL 
values below 9 before addition to antibody, the 
amount of precipitate was appreciably decreased 
below the optimum amount obtained with 
antigen kept above pH. 9. R 'X' has a higher 
limiting ratio than the structurally similar anti
gen XXX, indicating that R 'X ' is associated in 
the precipitate even at antigen-antibody ratios 
less than unity. If the values in the fifth and sixth 
columns of Table III agree, the non-specific 
effect in the purified antibody experiments is 
probably small. Experiments in serum all led 
to fairly low ratios.10 

The shapes of the plots of amount of precipitate 
vs. amount of antigen added were generally simi
lar One quarter to one sixth of the optimum 
amount of antigen was required to give half the 
maximum amount of precipitate with purified 
antibody, and slightly more was required with 
antiserum. Generally about eight times the opti
mum amount of antigen was required to reduce 
the amount of precipitate to a half by antigen-
excess inhibition An exception was R'X', which 
required more than a fifteen-fold excess. 

The Effect of Addition of Serum or Serum 
Albumin.—Normal rabbit serum was added to 
the purified antibody and precipitation tests 
were made, with the results reported in Table 
III. The effect of the serum was to reduce the 
amount of precipitate with antigens resorcinol-
Rs and XXX, and to prevent precipitation with 
antigen R'X'. Serum albumin had the same 
effect as normal rabbit serum: it completely in
hibited precipitation with R'X', and reduced the 
amount of precipitate obtained with antigen 
XXX. The tests in serum albumin were made 
at pH. 6.2. 

(16) L. Pauling, THIS JOURNAL, 62, 2643 (1940); L. Pauling, D. 
Pressman, and C Ikeda, ibid., 64, 3010 (1942). 

A Study of Non-specific Adsorption.—To see 
how much antigen was held non-specifically to 
the precipitates in the purified antibody experi
ments, precipitations were carried out between 
purified pneumococcus polysaccharide type I 
and a commercial globulin preparation from 
rabbit serum, containing about 10% antibody 
precipitable by the polysaccharide. In the first 
four tubes of the series reported in Table IV the 
compound resorcinol-Ra was present at the time 
of precipitation of approximately optimal amounts 
of the reactants. In tubes 5 to 8 the precipita
tion was completed and then the supernatant 
liquid was replaced by solutions of resorcinol-
Rs. The results given in the table show that 
there is a very strong non-specific affinity of the 
precipitate for the simple antigen. That the 
antigen is not merely trapped in the precipitate 
is shown by the fact that the second four experi
ments gave ratios very similar to the first four. 
Although there is ten times as much protein 
in the solution as in the precipitate, the precipi
tate can hold 80% of the antigen. That the in
crease in precipitate with increasing amounts of 
antigen is a non-specific effect is shown by the 
ninth and tenth tubes of the table, in which no 
polysaccharide was present. Experiments with 
compound XXX and the pneumococcus poly
saccharide system showed that the protein in 
the precipitate is more effective for non-specific 
combination than is the protein in solution for 
this compound also, and that the effect is not due 
to a difference in the type of protein, because in 
some experiments only a fraction of the antibody 
was precipitated and there was still preferential 

TABLE IV 
NON-SPBCIFIC ADSORPTION OF COMPOUND RBSORCINOL-R/ 
To 10~4 g. pneumococcus polysaccharide type I in 1 ml. 
saline there was added 1 ml. of saline containing 4.5 mg. 
of commercial anti-polysaccharide type I. The precipita
tion was done in the presence of 1 ml. of saline containing 
compound resorcinol-Rj' in tubes 1-4, and the supernate 
of the precipitate was replaced by 3 ml. of saline con
taining compound resorcinol-R3' in tubes 5-8. Tubes 
9 and 10 were controls, containing no polysaccharide. 

Final pH 8.0, no buffer, duplicate analyses 
Mole ratio % o f t o t a l 

Resorcinol- Precipitated Ri resorcinol-
Ra added protein protein R3 in 

moles X 109 moles X 109 in precipitate precipitate 
1 400 3.7 12.0 11 
2 85 3.3 8.8 34 
3 22 2.9 4 .8 63 
4 7 2.6 1.9 71 
5 400 2.4 7.1 4 
6 85 2.6 9.5 29 
7 22 2»8 5.7 72 
8 7 2.6 2 .1 78 
9 85 0.3 30 11 

10 22 .2 14 14 
A Referee suggests that it would be preferable to carry 

out this experiment with antibody prepared by more 
gentle methods because the Lederle product may have an 
altered affinity for haptens due to its method of prepara
tion. 
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combination with the precipitate. Compound 
X X X was not bound as strongly as was resor-
cinol-Rs. R ' X ' was bound to about the same 
extent as X X X . 

These observations can perhaps best be ex
plained by considering the precipitate to have a 
few locations where a dye-polymer molecule can 
attach itself very firmly, perhaps by combining 
with several protein molecules. Such sites would 
be absent in the protein in solution. Since only 
a few polymer molecules could go into these loca
tions, the fraction of dye combined with the 
precipitate would be large when there was little 
dye in the system, and would become smaller 
when the dye was increased and the stronger loca
tions were filled. Then the protein in the solu
tion would compete successfully with the smaller 
amount of precipitate. 

Hapten Inhibition.—Varying amounts of the 
strong hapten £-(/>-hydroxybenzeneazo)-ben-
zenearsonic acid were added to an optimal mix
ture of purified antibody and antigen X X X at pB. 
7.6 before precipitation had begun. This hap
ten, in 20-fold excess over the added antigen, 
was able to inhibit the precipitation almost com
pletely, and gave a heterogeneity index17 of a = 
1.5. A 50-fold excess of the weaker hapten ben-
zenearsonic acid had almost no effect on the 
amount of precipitate obtained with purified 
antibody and resorcinol-Rs. These results on 
hapten inhibition with purified antibody are 
closely similar to those obtained with antiserum. 

Discussion of Results 
In our earlier work on the molecular ratio of 

antigen to antibody in the precipitate formed by 
dye antigens with hapten-homologous antiserum, 
values of about 1.2 for this ratio were found. 
These values indicate a valence of approximately 
2 (2.4) for antibody if the dyes are assumed to be 
bivalent. The equality of the values found for 
trihaptenic and tetrahaptenic dyes with those 
for dihaptenic dyes was explained as resulting 
from steric hindrance of the large antibody mole
cules, which prevents more than two of the 
haptenic groups of the small dye molecules from 
boing effective. A constant antigen-antibody 
ratio was obtained (to within about ± 2 0 % ) even 
when the amount of dye added to a constant 
amount of antiserum was varied over a wide range, 
from antigen excess to antigen deficiency, and 
when the pH was varied from 7.6 to 9.2. Es
sentially the same results were obtained for seven 
dyes. The new results, obtained with different 
dyes and with purified antibody, are much dif
ferent. A strong dependence of the ratio on the 
amount of antigen is observed, and the ratios 
are much higher than those found before, except 
in the antibody-excess region. The results found 
in the present investigation are of the nature to 
be expected in case that the dyes form aggregates 

(17) L. Pauling, D. Pressman, and A. L. Grossberg, THIS JOURKAL, 
66, 784 (1944). 

tha t are taken up by the precipitate through 
non-specific adsorption. The amount of non
specific adsorption of resorcinol-R'3 shown in 
Table IV is enough to account for the high values 
of the molecular ratio of dye and antibody re
ported in Tables I, II and I I I . 

The limiting values of the molecular ratio ex
trapolated to zero dye concentration are ap
proximately 1.0 for antigen X X X and somewhat 
larger for resorcinol-R3. 

We believe that the difference between the 
results obtained with purified antibody and those 
obtained earlier with antiserum is due to the 
non-specific combination of the dye molecules 
with serum albumin or other constituents of 
serum not present in the purified antiserum,7 '8 

and that in the presence of serum this effect causes 
the concentration of uncombined dye molecules to 
be so small as to keep the amount of aggregation 
down to a low value. I t seems likely tha t the 
high values for the amount of dye in the precipi
tates formed with purified antibody are due largely 
to the inclusion of the aggregates in the precipi
tate through non-specific adsorption, and possibly 
also to some extent to their incorporation in the 
framework as effective precipitating antigens. 

The results obtained with the antigen R ' X ' 
indicate tha t dimers or larger aggregates of this 
molecule are able to form a precipitate with anti-
R serum, the precipitation being inhibited by the 
presence of serum. In our earlier investigation10 

we observed that a small amount of precipitate 
was formed by R ' X ' with some pools of anti-R 
serum; i t is likely that these precipitates were 
due, not to cross-reaction, but to the presence of 
aggregates, these pools of antiserum perhaps con
taining smaller amounts of the conaplexing ma
terial than are usually present. 

The conclusion that may be reached from the 
experimental results obtained is that the earlier 
work, carried out with serum, is presumably 
reliable, despite the tendency of the dyes to 
aggregate, because this tendency was counter
acted by the presence of complexing materials 
in the serum. Moreover, the limiting molecular 
ratio found by extrapolation to antibody excess 
of the results obtained in the present investiga
tion, with purified antibody, supports the mo
lecular ratio of about 1 given by the earlier work. 
I t would, however, be desirable, in order to carry 
conviction, for additional experiments to be 
made, with use of non-aggregating polyhaptenic 
precipitating antigens. 

In the earlier studies it was found tha t non-
aggregating polyhaptenic compounds (amides, 
rather than azo dyes) form precipitates with anti-
sera, whereas the monohaptenic substances do 
not; however, analyses of the precipitates were 
not made because of the difficulties of determining 
the amount of the colorless precipitating antigens. 

I t may be pointed out that the quantitative 
hapten inhibition experiments reported in earlier 
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papers of this series are not made unreliable by 
the phenomenon of aggregation of the precipitat
ing antigen, for two reasons: first, the experiments 
were carried out in the presence of serum, which 
presumably inhibited the aggregation of the anti
gens; and second, the experiments all involve 
the comparison of the concentration of hapten 
required for a standard amount of inhibition 
(50%) with the concentration of a standard 
hapten producing the same effect, and this con
centration ratio of the haptens, which do not 
themselves form aggregates, would be expected 
to be the same whether the test substance (the 
precipitating antigen) was aggregated or not. 

The investigation reported in this paper was 
carried out with the aid of a grant from The 
Rockefeller Foundation. We wish to thank 
Professors Dan H. Campbell and Verner Scho-
maker, and Drs. David Pressman, Frank Lanni, 
J. E. Cushing, Jr., George Feigen and Stanley 
Swingle for advice in connection with the work 
and for providing some of the materials used. 
Mr. Dan Rice carried out many of the protein 
analyses. 

Summary 

Experiments have been carried out on the 
precipitation under various conditions of spe
cifically purified anti-azobenzenearsonic acid anti
bodies by three azo dyes, serving as precipitating 

antigens. The non-specific combination of the 
dyes with pneumococcus polysaccharide: anti-
polysaccharide precipitates has also been in
vestigated. 

In solution these dyes exist as monomeric 
molecules and as aggregates. The molecular 
ratio of dye to antibody in the precipitate was 
found in general to be much larger than in earlier 
experiments involving antiserum, and to depend 
greatly upon conditions of the precipitation, 
whereas the earlier ratio (approximately 1.2) 
was essentially independent of these conditions. 
The dye is also carried down in non-specific 
serological precipitates (pneumococcus polysac
charide :antipolysaccharide antibody), apparently 
through non-specific adsorption or entrapment in 
the precipitate. The large molecular ratio in 
the precipitate formed with the homologous anti
body is probably due mainly to the non-specific 
adsorption of dye aggregates. I t is suggested 
tha t the results obtained with antiserum, which 
seem not to be affected by aggregation of the dye 
molecules, are to be explained as resulting from 
the combination of the dye molecules with consti
tuents of serum, mainly albumin, which are not 
present in the purified antibody, this combination 
keeping the concentration of free antibody low, 
and preventing the formation of appreciable 
amounts of the aggregates. 
PASADENA, CALIFORNIA RECEIVED JUNE 7, 1948 
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In this paper a structural theory of protein denaturation and coagulation 
is presented. Since denaturation is a fundamental property of a large group 
of proteins, a theory of denaturation is essentially a general theory of the 
structure of native and denatured proteins. In its present form our theory 
is definite and detailed in some respects and vague in others; refinement in 
regard to the latter could be achieved on the basis of the results of experi
ments which the theory suggests. The theory (some features of which 
have been proposed by other investigators) provides a simple structural 
interpretation not only of the phenomena connected with denaturation and 
coagulation which are usually discussed (specificity, solubility, etc.) but 
also of others, such as the availability of groups, the entropy of denatura
tion, the effect of ultra-violet light, the heat of activation and its depen
dence on pH, coagulation through dehydration, etc. 

I. The experimental basis upon which the present theory rests will be 
briefly described. 

1. The most significant change that occurs in denaturation is the loss of 
certain highly specific properties by the native protein. Specific differences 
between members of a series of related native proteins and specific enzy
matic activities of native proteins disappear on denaturation, as the fol
lowing observations demonstrate: 

(a) Many native proteins can be crystallized and the crystal form is 
characteristic of each protein. No denatured protein has been crys
tallized. 
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(b) Most native proteins manifest in their immunological properties a 
high degree of specificity, which is diminished by denaturation.1 

(c) The native hemoglobins of closely related animal species can be 
distinguished from each other by differences in crystal form, solubility,2 

gas affinities, positions of absorption bands, and other properties.3 On the 
other hand, in the denatured hemoglobins some of these properties, the posi
tions of the absorption bands, for example, can be subjected to precise 
measurement, and it is found that differences between the various hemo
globins have disappeared.4 

(d) A number of enzymes have recently been isolated as crystalline 
proteins. When these proteins are denatured their enzymatic activity 
vanishes. In pepsin and trypsin, where an especially careful study has 
been made of this phenomenon, there is a close correlation between loss of 
activity and formation of denatured protein.6 

2. Striking changes in the physical properties of a protein take place 
during denaturation. At its isoelectric point a denatured protein is in
soluble, although the corresponding native protein may be quite soluble. 
I t was the loss of solubility that first drew attention to the phenomenon of 
denaturation, and denaturation is now usually defined by the change in 
solubility. The denatured protein after precipitation has taken place is 
called a coagulated protein, the process of coagulation being considered 
to include both denaturation and aggregation of denatured protein in the 
form of a coagulum.6 If the denatured protein is dissolved, by acid, alkali, 
or urea, the solution is found to be far more viscous than a solution of native 
protein of the same concentration.7 

3. Changes in the availability of sulfhydryl, disulfide, and phenol 
groups appear as a consequence of denaturation. All of the SH and S-S 
groups found in a protein after hydrolysis can be detected in a denatured 
protein even before hydrolysis, while in the corresponding native protein 
only a fraction of these groups is detectable. In native egg albumin no SH 
or phenol groups are detectable. In other native proteins (hemoglobin, 
myosin, proteins of the crystalline lens, for example) some groups can be 
detected; new groups appear when the protein is made more alkaline, 
although not alkaline enough to cause denaturation, and then disappear 
when the original pH is restored. In all the different ways of coagulating 
a protein a close correlation between appearance of groups and loss of 
solubility has until recently been observed.8 Now, however, it has been 
found that when myosin is rendered insoluble by drying (or when water 
is removed by freezing) there is no change in availability of its SH groups.9 

Furthermore, if the insoluble myosin is treated with a typical denaturing 
agent, such as heat or acid, all of the SH groups in the protein become 
available, although no change in solubility is observed. Hitherto protein 
coagulation due to dehydration has not been distinguished from coagulation 
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caused by other agents, but the tests for availability show that in coagula
tion by dehydration the change in protein constitution is distinctly different 
from that caused by any of the known protein coagulating agents. In our 
theory of coagulation both types of change will be considered. Probably 
both types occur biologically. It has been suggested that when light con
verts visual purple, a conjugated protein, into visual yellow the former is 
denatured in much the same way as it is by heat, alcohol, or acid.10 And it 
has been shown that in the course of fertilization and in the rigor of muscle 
a coagulation of protein similar to that caused by dehydration takes 
place.11,12 

4. In a list of the large number of different agents, with apparently 
little in common, that cause denaturation are heat, acid, alkali, alcohol, 
urea, salicylate, surface action, ultra-violet light, high pressure. The 
temperature coefficient of heat denaturation of many proteins (egg albumin, 
ferrihemoglobin, trypsin, etc.) is about 600 for a rise in temperature of ten 
degrees, and from this the energy of activation can be calculated. On 
either side of a point between the isoelectric point and neutrality the 
temperature coefficient of denaturation by heat is diminished.13 A dry 
preparation of egg albumin is not readily denatured by heat.6 

5. The denaturation of certain proteins, notably hemoglobin, serum 
albumin, and trypsin, is reversible.14 From the effect of temperature on 
the equilibrium constant, the heat of reaction and the entropy change can 
be calculated. In the denaturation of hemoglobin by salicylate and in the 
denaturation of trypsin by heat or acid, the equilibrium between native 
and denatured protein is not affected by changes in the total concentration 
of protein present,15 from which it can be inferred that in the denaturation 
of hemoglobin and trypsin by these agents no change in molecular weight 
takes place. Since typical denaturation can occur without change in the 
molecular weight, it is important to distinguish between denaturation and 
the changes in particle size observed by Svedberg. Although denatura
tion can occur without change in molecular weight, under certain conditions, 
as in the denaturation of myosin by urea, denaturation may be accom
panied by depolymerization. Weber found the molecular weight of myosin 
to be of the order of a million and that of myosin in urea to be thirty-five 
thousand.16 On the other hand, it is unlikely that depolymerization is 
always accompanied by denaturation, for under some of the conditions of 
depolymerization described by Svedberg it is improbable that denaturation 
(loss of specificity, loss of solubility, or appearance of previously inaccessible 
groups) takes place. In the case of hemocyanin, for example, decomposition 
into products y 2 and x/16 of the size of the original molecule readily occurs, 
and these smaller particles seem to have the properties of native hemo
cyanin.17 

6. The shape of the native protein molecule appears to have little sig-
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nificance for an understanding of denaturation. Denaturation occurs in the 
spherical molecules of egg albumin and hemoglobin, in the elongated par
ticles of soluble myosin18 and (as indicated by SH groups becoming detect
able) even in myosin that has been formed into insoluble fibres by drying.9 

7. In certain conjugated proteins stability of the protein and presence 
of the prosthetic group are related. In hemoglobin, the yellow oxidizing 
ferment of Warburg, and visual purple, it is necessary to denature the 
protein in order to detach the prosthetic group with the use of present 
methods.10,19 After removal of the prosthetic group it is possible to reverse 
the denaturation of globin and the protein of the oxidizing ferment, but 
these native proteins are more unstable (with respect to denaturation) 
than they are when conjugated with their prosthetic groups. In hemoglo
bin the ease of denaturation depends upon the state of the prosthetic group. 
Carbon monoxide hemoglobin, for example, is less readily denatured by 
heat, acid, or alkali than are oxyhemoglobin and ferrihemoglobin.20 In 
visual purple presence of the prosthetic group causes the protein to be de
natured by visible light. Denaturation in this case appears to be revers
ible.10 

II. Our conception of a native protein molecule (showing specific 
properties) is the following. The molecule consists of one polypeptide 
chain which continues without interruption throughout the molecule (or, 
in certain cases, of two or more such chains); this chain is folded into a 
uniquely defined configuration, in which it is held by hydrogen bonds21 

between the peptide nitrogen and oxygen atoms and also between the free 
amino and carboxyl groups of the diamino and dicarboxyl amino acid 
residues. 

We shall not enter into a long discussion of the precise configurations of native proteins, 
about which, indeed, little reliable information is available. From the x-ray investiga
tions of Astbury22 and his collaborators it seems probable that in most native proteins 
the polypeptide chain, with the extended or one of the contracted configurations dis
cussed by Astbury, folds back on itself in such a way as to form a layer in which peptide 
nitrogen and oxygen atoms of adjacent chains are held together by hydrogen bonds; 
several of these layers are then superposed to form the complete molecule, the bonds 
between layers (aside from the continuation of the polypeptide chain from one layer to 
the next) being hydrogen bonds between side-chain amino and carboxyl groups. In 
general not all of the side chain groups will be used in forming bonds within the mole
cule; some will be free on the surface of the molecule. 

The importance of the hydrogen bond in protein structure can hardly be overempha
sized. No complete review of the large amount of recent work on this bond is available; 
we shall mention only the most striking of its properties.21 The hydrogen bond consists 
of a hydrogen atom which bonds two electronegative atoms together (F, O, N) , the hy
drogen atom lying between the two bonded atoms. The bond is essentially electrostatic 
in nature. The bonded atoms are held more closely together than non-bonded atoms, 
the N-H-O distance being about 2.8 A. The energy of a strong hydrogen bond is 5000 to 
8000 cal. per mole, the lower value being approximately correct for an N-H-O bond as 
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in proteins. Side-chain bonds in proteins we consider to involve usually an amino and a 
carboxyl group, the nitrogen atom forming a hydrogen bond with each of two oxygen 
atoms and holding also one unshared hydrogen atom. In acid solutions hydrogen 
bonds may be formed between two carboxyl groups, as in the double molecules of formic 
acid.23 

The characteristic specific properties of native proteins we attribute to 
their uniquely defined configurations. 

The denatured protein molecule we consider to be characterized by the ab
sence of a uniquely defined configuration. As the result of increase in tem
perature or of attack by reagents (as discussed below) the side-chain 
hydrogen bonds are broken, leaving the molecule free to assume any one 
of a very large number of configurations. It is evident that with loss of the 
uniquely defined configuration there would be loss of the specific properties 
of the native protein; it would not be possible to grow crystals from mole
cules of varying shapes, for example, nor to distinguish between closely 
related proteins when the molecules of each protein show a variability 
in configuration large compared with the differences in configuration of the 
different proteins. 

Strong support of this view of the phenomenon of denaturation is pro
vided by the known difference in entropy of native and denatured proteins, 
which is about 100 E. U. for trypsin, the entropy of the denatured form 
being the greater.6 This very large entropy difference cannot be ascribed 
to a difference in the translational, vibrational, or rotational motion, 
but must be due to a difference in the number of accessible configurations. 
I t corresponds to about 1020 accessible configurations for a denatured 
protein molecule. The large entropy of denaturation thus shows clearly 
that the phenomenon of denaturation consists in the change of the mole
cules of the native protein to a much less completely specified state. 

The magnitude of the heat change, entropy change, and activation energy 
of denaturation (about 30,000 cal./mole, 100 E. U., and 150,000 cal./mole, 
respectively, for trypsin) can be interpreted in terms of our hydrogen-bond 
picture of the protein molecule. We consider the native protein molecule 
to be held in its definite configuration by side-chain hydrogen bonds, about 
fifty in number for this protein (corresponding to about twenty-five amino 
and twenty-five carboxyl side chains), each with a bond energy of about 
5000 cal./mole, as in simpler systems. The activation energy of 150,000 
cal./mole shows that in order for the molecule to lose its native configura
tion about thirty of the bonds must be broken. Some of the side-chain 
groups then again form hydrogen bonds; the heat of denaturation shows 
that on the average there are about six fewer such bonds in the denatured 
molecule than in the native molecule. (The activation energy for transition 
of a denatured protein molecule from one configuration to another is 
without doubt smaller than the activation energy of denaturation, as it 
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involves breaking a smaller number of hydrogen bonds, so that at a tempera
ture at which the rate of denaturation is appreciable the denatured mole
cule would run rapidly through its various configurations.) The magnitude 
of the entropy of denaturation also fits into our picture; it corresponds to 
the number of configurations obtained by forming hydrogen bonds at 
random between about twenty amino side chains and twenty carboxyl 
side chains. 

The reagents which cause denaturation are all substances which affect 
hydrogen-bond formation. Alcohol, urea, and salicylate are well-known 
hydrogen-bond-forming substances; they form hydrogen bonds with the 
protein side chains, which are thus prevented from combining with each 
other and holding the protein in its native configuration. Acids act by 
supplying protons individually to the electronegative atoms which would 
otherwise share protons, and bases by removing from the molecule the 
protons needed for hydrogen-bond formation. This conception provides 
an explanation of the facts that the isoelectric point of a protein shifts 
toward the neutral point on denaturation24 and that the pH at which the 
activation energy for denaturation has its maximum value is in general 
not at the isoelectric point of the native protein, but between this point 
and the neutral point.25 In the native protein molecule of the usual type 
some amino and carboxyl side-chain groups are paired together by forming 
hydrogen bonds. The acid-base properties of the molecule are in the main 
determined by the groups which are left free. On denaturation some of 
the paired groups are freed, amino and carboxyl in equal numbers, and in 
consequence the isoelectric point of the denatured protein is shifted toward 
neutrality. We have pictured the process of denaturation as involving 
the rupture of a large number of hydrogen bonds, to form a labile acti
vated molecule. This labile molecule is stabilized by action of base on its 
free carboxyl groups or of acid on its free amino groups, the activation 
energy thus having a maximum at a pH value between the neutral point 
and the isoelectric point of the native protein. 

The action of ultra-violet light must be different. It is not possible to 
formulate a reasonable mechanism whereby a quantum of light can break 
twenty or thirty hydrogen bonds. Instead the light must attack the mole
cule in a different place, probably breaking the main polypeptide chain 
after absorption in a tyrosine or other phenolic residue, as suggested by 
Mitchell.26 That this occurs is indicated by the observation27 that after 
illumination with ultra-violet light in the cold denaturation occurs only 
on warming, though then at a lower temperature than without illumina
tion; it is clear that illumination in the cold causes a break in the mole
cule, which, however, is restrained to configurations near to its native con
figuration by the side-chain hydrogen bonds. (That some loosening of the 
molecule occurs is shown by the observation of an increase in the available 
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groups in egg albumin after illumination in the cold.) On warming, these 
bonds are broken; because of the break in the molecule, however, it can 
be denatured "in parts," and hence at a lower temperature than before 
illumination. We predict that it will be found that denaturation by il
lumination with ultra-violet light is in general not reversible. 

In a conjugated protein the prosthetic group plays a part in holding 
the molecule in the native configuration (hemoglobin, yellow oxidizing 
ferment, visual purple). It is possible in such a protein for reversible 
denaturation to take place after absorption of light by the prosthetic group, 
no permanent damage being done to the molecule. 

In a protein coagulum side-chain hydrogen bonds hold adjacent mole
cules together. Native proteins do not coagulate because most of the side 
chains are in protected positions inside of the molecule; denatured proteins 
(at the isolectric point) do coagulate because they have a larger number 
of free side chains and because in the course of time, as the molecule 
assumes various configurations, all of the side chains become free. The 
increase of viscosity of protein solutions on denaturation we attribute to 
the change from the compact configuration of the native protein molecules 
to more extended configurations. 

A native protein molecule of small molecular weight may have free side 
chains so arranged as to permit it to combine with similar molecules to form 
a polymer with properties differing little from those of the small molecules. 
The observations of Svedberg and his collaborators indicate that this is the 
case for hemocyanin, casein, and certain other proteins. 

Our theory of denaturation leads to definite predictions regarding the 
availability of groups to attack by reagents. In the large compact mole
cule of a native protein, of the order of magnitude of 50 A in diameter and 
having the same structure as every other molecule of the protein, all 
groups would be protected from attack by reagents except those on the sur
face or near the surface. After denaturation of the protein, however, the 
molecule (in solution) would in the course of time assume various configura
tions, and every group in the molecule would become available to attack. 
These statements are in complete agreement with the experimental results 
regarding sulfhydryl, disulfide, and phenol groups mentioned above. The 
observation that the number of available groups is increased when the 
solution is made alkaline, though not alkaline enough to cause denaturation, 
shows that under these conditions some of the hydrogen bonds in the protein 
molecule are broken, causing it to assume a configuration somewhat more 
open than its original configuration. 

Although a denatured protein molecule in a coagulum is not free to as
sume all configurations, being restrained by bonds to its neighbors, in 
general its configuration will be so open as to make all groups accessible to 
attack. However, as mentioned above, there is no change in the avail-
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ability of groups in myosin when it is rendered insoluble by drying or when 
water is removed by freezing. We interpret this as showing that coagula
tion of this type is not accompanied by denaturation; that is, the molecules 
do not lose their uniquely defined configurations. On dehydration of the 
native protein the surface side chains of adjacent molecules form bonds 
sufficiently strong to produce a coagulum of native protein molecules. I t 
would be expected that the mechanical bolstering effect of adjacent mole
cules in this coagulum would aid the molecules to retain their native 
configurations; this is observed to be the case for egg albumin and some 
other proteins, which in this state are denatured by heat only at a tempera
ture considerably higher than before dehydration.6 

Some features of the theory of protein structure discussed above have 
been suggested before. Many investigators have correlated the specific 
properties of native proteins with definitely specified molecular configura
tions and the loss of specific properties on denaturation with change in con
figuration. Astbury and his collaborators in particular, in discussing their 
x-ray investigations, which have provided so much valuable information on 
protein structure, have stated22 that dehydration and temperature de
naturation lead to destruction of the original special configuration of the 
native protein, giving a debris consisting simply of peptide chains. Our 
picture agrees with theirs except in regard to the effect of dehydration, 
which we believe to consist primarily in the coagulation of molecules with 
essentially unchanged structure. The hydrogen bonds which we postulate 
to exist between side-chain carboxyl and amino groups (each nitrogen 
atom attached by hydrogen to two oxygen atoms, with the distances 
N-H-0 equal to 2.8 A) are a refinement of the side-chain salt-like linkages 
discussed by Astbury. Our picture of the spreading of protein films on 
water, involving the unfolding of compact molecules to layers one amino-
acid-residue thick, is not essentially different from that of Gorter and 
Neurath, who have suggested unfolding in connection with film formation, 
though not with denaturation in general.28 

In this paper we have discussed in some detail a very drastic change in 
configuration of protein molecules, that connected with denaturation. We 
have pointed out that the large entropy of denaturation provides strong 
support for our suggested structures of native and denatured protein mole
cules, and that many other phenomena can also be interpreted in a simple 
way from this point of view. There also has been put forth recently some 
evidence that small changes in configuration of proteins occur, which play 
an important part in protein behavior. Thus Northrop and his collabora
tors have prepared an enzymatically inactive protein which on slight 
hydrolysis by trypsin is transformed into native trypsin,29 and another 
which is similarly transformed by pepsin into native pepsin,30 and Gorter31 

has shown that myosin spreads on water only after slight hydrolysis. The 
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structural interpretation of these phenomena can be made only after 
further experimental information is available. 
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The Structure of Proteins 

B Y LINUS PAULING AND CARL NIEMANN 

1. Introduction 

I t is our opinion that the polypeptide chain 
structure of proteins,1 with hydrogen bonds and 
other interatomic forces (weaker than those corre
sponding to covalent bond formation) acting be
tween polypeptide chains, parts of chains, and 
side-chains, is compatible not only with the chemi
cal and physical properties of proteins but also 
with the detailed information about molecular 
structure in general which has been provided by 
the experimental and theoretical researches of the 
last decade. Some of the evidence substantiat
ing this opinion is mentioned in Section 6 of this 
paper. 

Some time ago the alternative suggestion was 
made by Frank2 tha t hexagonal rings occur in pro
teins, resulting from the transfer of hydrogen 
atoms from secondary amino to carbonyl groups 
with the formation of carbon-nitrogen single 
bonds. This cyclol hypothesis has been de
veloped extensively by Wrinch,3 who has con
sidered the geometry of cyclol molecules and has 
given discussions of the qualitative correlations 
of the hypothesis and the known properties of 
proteins. 

I t has been recognized by workers in the field 
of modern structural chemistry that the lack of 
conformity of the cyclol structures with the rules 
found to hold for simple molecules makes it very 
improbable that any protein molecules contain 
structural elements of the cyclol type. Until re
cently no evidence worthy of consideration had 
been adduced in favor of the cyclol hypothesis. 
Now, however, there has been published4 an inter
pretation of Crowfoot's valuable X-ray data on 
crystalline insulin6 which is considered by the 

(1) E. Fischer, "Untersuchungen iiber Aminosauren, Polypeptide 
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(2) F. C. Frank, Nature. 138, 242 (1936); this idea was first pro
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(4) (a) D. M. Wrinch, Science, 88, 148 (1938); (b) THIS JOURNAL, 
60, 2005 (1938); (c) D. M. Wrinch and I. Langmuir, ibid., 60, 
2247 (1938); (d) 1. Langmuir and D. M. Wrinch, Nature, 142, 581 
(1938). 

(5) D. Crowfoot, Proc. Roy. Soc. (London), A164, 580 (1938). 

authors to provide proof6 that the insulin mole
cule actually has the structure of the space-en
closing cyclol C2. Because of the great and wide
spread interest in the question of the structure of 
proteins, it is important that this claim that insu
lin has been proved to have the cyclol structure 
be investigated thoroughly. We have carefully 
examined the X-ray arguments and other argu
ments which have been advanced in support of 
the cyclol hypothesis, and have reached the con
clusions that there exists no evidence whatever in 
support of this hypothesis and that instead strong 
evidence can be advanced in support of the con
tention that bonds of the cyclol type do not occur 
at all in any protein. A detailed discussion of 
the more important pro-cyclol and anti-cyclol ar
guments is given in the following paragraphs. 

2. X-Ray Evidence Regarding Protein Structure 

I t has not yet been possible to make a complete 
determination with X-rays of the positions of the 
atoms in any protein crystal; and the great com
plexity of proteins makes it unlikely that a com
plete structure determination for a protein will 
ever be made by X-ray methods alone.7 Never
theless the X-ray studies of silk fibroin by Herzog 
and Jancke,8 Brill,9 and Meyer and Mark10 and of 
/3-keratin and certain other proteins by Astbury 
and his collaborators11 have provided strong (but 

(6) In ref. 4d, for example, the authors write "The superposability 
of these two sets of points represented the 6rst stage in the proof of 
the correctness of the C2 structure proposed for insulin. . .. These 
investigations, showing that it is possible to deduce that the insulin 
molecule is a polyhedral cage structure of the shape and size pre
dicted, give some indication of the powerful weapon which the 
geometrical method puts at our disposal." 

(7) A protein molecule, containing hundreds of amino acid resi
dues, is immensely more complicated than a molecule of an amino 
acid or of diketopiperazine. Yet despite attacks by numerous in
vestigators no complete structure determination for any amino acid 
had been made until within the last year, when Albrecht and Corey 
succeeded, by use of the Patterson method, in accurately locating 
the atoms in crystalline glycine [G. A. Albrecht and R. B. Corey, 
THIS JOURNAL, 61, 1087 (1939)]. The only other crystal with a 
close structural relation to proteins for which a complete structure 
determination has been made is diketopiperazine [R. B. Corey, ibid., 
60, 1598 (1938) ]. The investigation of the structure of crystals of 
relatively simple substances related to proteins is being continued in 
these Laboratories. 

(8) R. O. Herzog and W. Jancke, Ber., 63, 2162 (1920). 
(9) R. Brill, Ann., 434, 204 (1923). 
(10) K. H. Meyer and H. Mark, Ber., 61, 1932 (1928). 
(11) W. T. Astbury, / Soc. Chem. Ind., 49, 441 (1930); W. T. 

Astbury and A. Street, Phil. Trans. Roy. Soc, A230, 75 (1931): 
W. T. Astbury and H. J. Woods, ibid., A232, 333 (1933); etc. 
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not rigorous) evidence tha t these fibrous proteins 
contain polypeptide chains in the extended configu
ration. This evidence has been strengthened by 
the fact that the observed identity distances corre
spond closely to those calculated with the covalent 
bond lengths, bond angles, and N-H • • • O hydrogen 
bond lengths found by Corey in diketopiperazine. 

The X-ray work of Astbury also provides evi
dence that a-keratin and certain other fibrous 
proteins contain polypeptide chains with a folded 
rather than an extended configuration. The X-
ray data have not led to the determination of the 
atomic arrangement, however, and there exists no 
reliable evidence regarding the detailed nature of 
the folding. 

X-Ray studies of crystalline globular proteins 
have provided values of the dimensions of the 
units of structure, from which some qualitative 
conclusions might be drawn regarding the shapes 
of the protein molecules. An interesting at
tempt to go farther was made by Crowfoot,5 who 
used her X-ray data for crystalline insulin to cal
culate Patterson and Patterson-Harker dia
grams.12 Crowfoot discussed these diagrams in a 
sensible way, and pointed out tha t since the X-
ray data correspond to effective interplanar dis
tances not less than 7 A. they do not permit the 
determination of the positions of individual 
atoms;13 the diagrams instead give some informa
tion about large-scale fluctuations in scattering 
power within the crystal. Crowfoot also stated 
tha t the diagrams provide no reliable evidence re
garding either a polypeptide chain or a cyclol 
structure for insulin. 

Wrinch and Langmuir4 have, however, con
tended tha t Crowfoot's X-ray data correspond 
in great detail to the structure predicted for the 
insulin molecule on the basis of the cyclol theory, 
and thus provide the experimental proof of the 
theory. We wish to point out tha t the evidence 
adduced by Wrinch and Langmuir has very little 
value, because their comparison of the X-ray data 
and the cyclol structure involves so many arbi
trary assumptions as to remove all significance 
from the agreement obtained. In order to at
tempt to account for the maxima and minima ap
pearing on Crowfoot's diagrams, Wrinch and 
Langmuir made the assumption tha t certain re-

(12) A. L. Patterson, Z. Krisl., »0, 517 (1935); D. Barker, J. 
Ckem. Phys., 4, 825 (1936). 

(13) It has also been pointed out by J. M. Robertson, Nature, 143, 
75 (1939), that the intensities of 60 planes could not provide sufficient 
information to locate the several thousand atoms in the insulin 
molecule. 

gions of the crystal (center of molecule, center of 
lacunae) have an electron density less than the 
average, and others (slits, zinc atoms) -have an 
electron density greater than the average. The 
positions of these regions are predicted by the 
cyclol theory, but the magnitudes of the electron 
density are not predicted quantitatively by the 
theory. Accordingly the authors had at their 
disposal seven parameters, to which arbitrary 
values could be assigned in order to give agree
ment with the data. Despite the numbers of 
these parameters, however, it was necessary to 
introduce additional arbitrary parameters, bear
ing no predicted relation whatever to the cyclol 
structure, before rough agreement with the Crow
foot diagrams could be obtained. Thus the peak 
B", which is the most pronounced peak in the 
P(xyO) section (Fig. 2 of Wrinch and Langmuir's 
paper) and is one of the four well-defined isolated 
maxima reported, is accounted for by use of a 
region (V) of very large negative deviation located 
at a completely arbitrary position in the crystal; 
and this region is not used by the authors in in
terpreting any other features of the diagrams. 
This introduction of four arbitrary parameters 
(the three coordinates and the intensity of the 
region V) to account for one feature of the experi
mental diagrams would in itself make the argu
ment advanced by Wrinch and Langmuir uncon
vincing; the fact that many other parameters 
were also assigned arbitrary values removes all 
significance from their argument. 

I t has been pointed out by Bernal,14 moreover, 
tha t the authors did not make the comparison of 
their suggested structure and the experimental 
diagrams correctly. They compared only a frac
tion of the vectors defined by their regions with 
the Crowfoot diagrams, and neglected the rest of 
the vectors. Bernal reports tha t he has made the 
complete calculation on the basis of their structure, 
and has found tha t the resultant diagrams show 
no relation whatever to the experimental dia
grams. He states also that with seven density 
values at closest-packed positions as arbitrary 
parameters he has found that a large number of 
structures which give rough agreement with the 
experimental diagrams can be formulated. 

We accordingly conclude that there exists no 
satisfactory X-ray evidence for the cyclol struc
ture for insulin. 

(14) J. D. Bernal, Nature, 143, 74 (1939); see also D. P. Riley 
and I. Fankuchen, ibid., 143, 648 (1939). 
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3. Thermochemical Evidence Regarding Pro
tein Structure 

I t is, moreover, possible to advance a strong ar
gument in support of the contention that the cy-
clol structure does not occur to any extent in any 
protein. 

X-Ray photographs of denatured globular pro
teins are similar to those of /3-keratin, and thus in
dicate strongly tha t these denatured proteins 
contain extended polypeptide chains.16 Ast-
bury16 has also obtained evidence tha t in protein 
films on surfaces the protein molecules have the 
extended-chain configuration, and this view is 
shared by Langmuir, who has obtained indepen
dent evidence in support of it.17 Now the heat of 
denaturation of a protein is small—less than one 
hundred kilogram calories per mole of protein 
molecules for denaturation in solution,18 tha t is, 
only a fraction of a kilogram calorie per mole of 
amino acid residues. Consequently the structure 
of native proteins must be such that only a very 
small energy change is involved in conversion to 
the polypeptide chain configuration. 

I t is unfortunate tha t there exist no substances 
known to have the cyclol structure; otherwise 
their heats of formation could be found experi
mentally for comparison with those of substances 
such as diketopiperazine which are known to con
tain polypeptide chains or rings. I t is possible, 
however, to make this comparison indirectly in 
various ways. A system of values of bond ener
gies and resonance energies has been formulated19 

which permits the total energy of a molecule of 
known structure to be predicted with an average 
uncertainty of only about 1 kcal./mole for a mole
cule the size of the average amino acid residue. 
The polypeptide chain (amide form) and cyclol 
can be represented by the following diagrams 

> N - -H 0 = 0 \ -•N 

Polypeptide chain 

> c4—o- -H 

Cyclol 

(15) W. T. Astbury, S. Dickinson and K. Bailey, Biochem. J., 29, 
2351 (1935). 

(16) W. T. Astbury, Nature, 143, 280 (1939). 
(17) I. Langmuir, ibid., 143, 280 (1939). 
(18) M. L. Anson and A. E. Mirsky, J . Gen. Physiol., 17, 393, 399 

(1934). 
(19) (a) L. Pauling and J. Sherman, J. Chem. Phys., 1, 606 (1933); 

(b) L. Pauling, "The Nature of the Chemical Bond," Cornell Uni
versity Press, Ithaca, N. Y., 1939. The values quoted above are 
from the latter source; they involve no significant change from the 
earlier set. 

The change in bonds from polypeptide chain to 
cyclol is N - H + C = 0 —>• N - C + C - 0 + O-H. 
With N - H = 83.3, C = 0 = 152.0, N - C = 48.6, 
C - 0 = 70.0, and O-H = 110.2 kcal./mole, the 
bonds of an amino acid residue are found to be 6.5 
kcal./mole less stable for the cyclol configuration 
than for the chain configuration. This must fur
ther be corrected for resonance of the double bond 

. / " 
XNH I resonance of the type 

which amounts for an amide to about 21 kcal./ 
mole19; there is no corresponding resonance for 
the cyclol, which involves only single bonds. 
We conclude tha t the cyclol structure is less stable 
than the polypeptide chain structure by 27.5 
kcal./mole per amino acid residue. 

This value relates to gaseous molecules, con
taining no hydrogen bonds, and with the ordinary 
van der Waals forces also neglected. I t is prob
able that the ordinary van der Waals forces would 
have nearly the same value for a cyclol as for a 
polypeptide chain; and the available evidence19,20 

indicates tha t the polypeptide hydrogen bonds 
would be slightly stronger than the hydrogen 
bonds for the cyclol structure. Moreover, the 
observed small values (about 2 kcal./mole) for the 
heat of solution of amides and alcohols show that 
the stability relations in solution are little differ
ent from those of the crystalline substances. We 
accordingly conclude that the polypeptide chain 
structure for a protein is more stable than the 
cyclol structure by about 28 kcal./mole per amino 
acid residue, either for a solid protein or a protein 
in solution (with the active groups hydrated21). 

The comparison of the polypeptide chain and 
cyclol can also be made without the use of bond 
energy values. The heat of combustion of crystal
line diketopiperazine, which contains two glycine 
residues forming a polypeptide chain,22 is known;23 

from its value, 474.6 kcal./mole, the heat of for
mation of crystalline diketopiperazine (from ele
ments in their standard states) is calculated to be 
128.4 kcal./mole, or 64.2 kcal./mole per glycine 
residue. A similar calculation cannot be made 
directly for the cyclol structure, because no sub-

(20) M. L. Huggins, J. Org. Chem., 1, 407 (1936). 
(21) The suggestion has been made [F. C. Frank, Nature, 188, 242 

(1936)] that the energy of hydration of hydroxyl groups might be 
very much greater than that of the carbonyl and secondary amino 
groups of a polypeptide chain; there exists, however, no evidence 
indicating that this is so. 

(22) R. B. Corey, ref. 7. 
(23) M. S. Kharasch, Bur. Standards J. Research, 2, 359 (1929). 
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stance is known to have the cyclol structure; bu t 
an indirect calculation can be made in many ways, 
such as the following. One hexamethylenetetra-
mine molecule and one pentaerythritol molecule 
contain the same bonds as four cyclized glycine 
residues and three methane molecules; hence the 
heat of formation of a glycine cyclol per residue 
is predicted to have the value 32.2 kcal./mole 
found experimentally24 for ^CnH^N^c) + JC-
(CH2OH)4(c) - |CH 4 (c) . Similarly the value 
for N(C2H6)3(c) + C2H6OH(c) - 3C2H6(c) is 
40.2 kcal./mole. The average of several calcula
tions of this type, 36 kcal./mole, differs from the 
experimental value of the heat of formation of di-
ketopiperazine per residue, 64 kcal./mole, by 28 
kcal./mole. This agrees closely with the value 
27.5 kcal./mole found by the use of bond energies, 
and we can be sure that the suggested cyclol struc
ture for proteins is less stable than the polypep
tide chain structure by about this amount per 
amino acid residue. Since denatured proteins 
are known to consist of polypeptide chains, and 
native proteins differ in energy from denatured 
proteins by only a very small amount (less than 
1 kcal./mole per residue), we draw the rigorous 
conclusion that the cyclol structure cannot be of pri
mary importance for proteins; if it occurs at all 
(which is unlikely because of its great energetic dis
advantage relative to polypeptide chains) not more 
than about three per cent, of the amino acid residues 
could possess this configuration. 

The above conclusion is not changed if the as
sumption be made that polypeptide chains are in 
the imide rather than the amide form,3b since this 
would occur only if the imide form were the more 
stable. In this case the experimental values of 
heats of formation (such as tha t of diketopipera-
zine) would still be used as the basis for compari
son with the predicted value for the cyclol struc
ture, and the same energy difference would result 
from the calculation. 

I t has been recognized26-27 tha t energy rela
tions present some difficulty for the cyclol theory 
(although the seriousness of the difficulty seems 
not to have been appreciated), and various sug
gestions have been made in the at tempt to avoid 
the difficulty. In her latest communication311 

Wrinch writes, "The stability of the globular pro-
(24) The values of heats of combustion used are CaHuN^c), 

1006.7; C(CHiOHMc), 661.2; CH.(c), 210.6; N(CjHtMc), 1035.6; 
C2HsOH(c), 325.7; CaHtfc), 370.0 kcal./mole. 

(25) F. C. Frank, Nature, 138, 242 (1936). 
(26) I. Langmuir and D. Wrinch, ibid., 143, 49 (1939). 
(27) D. Wrinch, Symposia on Quant. Biol., 6, 122 (1938J. 

teins, under special conditions, in solution and in 
the crystal, we attr ibute to definite stabilizing 
factors;26'27 namely, (1) hydrogen bonds between 
the oxygens of certain of the triazine rings, (2) 
the multiple paths of linkage between atoms in the 
fabric, (3) the closing of the fabric into a poly
hedral surface which eliminates boundaries of the 
fabric and greatly increases the symmetry, and 
(4) the coalescence of the hydrophobic groups in 
the interior of the cage." These factors are, 
however, far from sufficient to stabilize the cyclol 
structure relative to the polypeptide chain struc
ture. (1) The hydrogen bonds between hydroxyl 
groups in the cyclol structure would have nearly 
the same energy (about 5 kcal./mole) as those in
volving the secondary amino and carbonyl groups 
of the polypeptide chain. The suggestion26 t ha t 
resonance of the protons between oxygen atoms 
would provide further stabilization is not accept
able, since the frequencies of nuclear motion are 
so small compared with electronic frequencies that 
no appreciable resonance energy can be obtained 
by resonance involving the motion of nuclei. 
(2) We are unable to find any aspects of the bond 
distribution in cyclols which are not taken into 
consideration in our energy calculation given 
above. (3) There is no type of interatomic inter
action known to us which would lead to additional 
stability of a cage cyclol as the result of eliminat
ing boundaries and increasing the symmetry. 
(4) The stabilizing effect of the coalescence of the 
hydrophobic groups has been estimated26 to be 
about 2 kcal./mole per CH2 group, and to amount 
to a total for the insulin molecule of about 600 
kcal./mole. I t seems improbable to us tha t the 
van der Waals interactions of these groups are 
much less than this for polypeptides. The maxi
mum of 600 kcal./mole from this source is still 
negligibly small compared with the total energy 
difference to be overcome, amounting to about 
8000 kcal./mole for a protein containing about 
288 residues.28 

We accordingly conclude that the cyclol struc
ture is so unstable relative to the polypeptide struc
ture that it cannot be of significance for proteins. 

I t may be pointed out that a number of experi
ments2 9 - 3 1 have added the weight of their evi-

(28) Other suggestions regarding the source of stabilizing energy 
which have been made hardly merit discussion. "Foreign molecules" 
(Wrinch, ref. 27), for example, cannot be discussed until we have some 
information as to their nature. 

(29) G. I. Jenkins and T. W. J. Taylor, / . Chem. Soc, 495 (1937). 
(30) L. Kellner, Nature, 140, 193 (1937). 
(31) H. Meyer and W. Hoheqemser, ibid., 141, 1138 (1938), 



978 Chapter 13 

1864 L INUS PAULING AND CARL NIEMANN Vol. 61 

dence to the general conclusion reached in this 
communication that the cyclol bond and the cyclol 
fabric are energetically impossible. 

4. Further Arguments Indicating the Non
existence of the Cyclol Structure 

There are many additional arguments which 
indicate more or less strongly tha t the cyclol 
structure does not exist. Of these we shall men
tion only a few. 

I t has been found experimentally that two 
atoms in adjacent molecules or in the same mole
cule but not bonded directly to one another reach 
equilibrium a t a distance which can be represented 
approximately as the sum of certain van der Waals 
radii for the atoms.19,32 Two carbon atoms of 
methyl or methylene groups not bonded to the 
same atom never approach one another more 
closely than about 4.0 A., and two hydrogen atoms 
not bonded to the same atom are always a t least 
2.0 A. apart. I t has been pointed out by Hug-
gins38 tha t the cyclol structure places the carbon 
atoms of side chains only 2.45 A. apart, and that 
in the C2 structure for insulin there are hydrogen 
atoms only 0.67 A. apart. We agree with Hug-
gins tha t this difficulty alone makes the cyclol 
hypothesis unacceptable. 

A closely related argument, dealing with the 
small area available for the side chains of a cyclol 
fabric, has been advanced by Neurath and Bull.34 

The area provided per side chain by the cyclol 
fabric, about 10 sq. A., is far smaller than tha t re
quired; and, as Neurath and Bull point out, the 
suggestion36-26 tha t some of the side chains pass 
through the lacunae of the fabric to the other side 
cannot be accepted, because this would require 
non-bonded interatomic distances much less than 
the minimum values found in crystals. 

One of the most striking features of the cyclol 
fabric is the presence of great numbers of hydroxyl 
groups: in the case of cyclol C2 there are 288 hy
droxyl groups exclusive of those present in the side 
chains. Recently Haurowitz36,36 has subjected 
the cyclol hypothesis to experimental tests on the 
basis of the existence or non-existence of cage hy
droxyl groups. In the first communication35 

Haurowitz concludes on the basis of his and pre-

(32) N. V. Sidgwick, "The Covalent Link in Chemistry," Cornell 
University Press, Ithaca, N. Y., 1933; E. Mack, Jr., THIS JOURNAL, 
54, 2141 (1932); S. B. Hendricks, Chem. Rev., 7, 431 (1930); M. L. 
Huggins, ibid., 10, 427 (1932). 

(33) M. L. Huggins, THIS JOURNAL, 61, 755 (1939). 
(34) H. Neurath and H. D. Bull, Chem. Rev., 23, 427 (1938). 
(35) T. Haurowitz, Z. physiol. Chem., 256, 28 (1938). 
(36) T. Haurowitz and T. Astrup, Nature, 143, 118 (1939). 

vious experiments37-39 on the acylation and 
alkylation of proteins tha t the experimental evi
dence is in decided opposition to the conception 
that proteins possess great numbers of hydroxyl 
groups and therefore to the cyclol hypothesis. 
I t seems to us that the objection raised by Hau
rowitz36 is worthy of consideration and it cer
tainly cannot be disposed of on the grounds tha t 
the original structure has been destroyed unless 
some concrete evidence can be submitted to indi
cate that this is the case. In a second communica
tion Haurowitz and Astrup36 write tha t "Accord
ing to the classical theory of protein structure the 
carboxyl and amino groups found after hydrolytic 
splitting of a protein come from —CO—NH— 
bonds. According to the cyclol hypothesis, how
ever, the free carboxyl and amino groups must be 
formed, during the splitting, from bonds of the 
structure = C ( O H ) — N = . The classical theory 
would predict on hydrolysis no great change in the 
absorption spectrum below 2400 A. because the 
CO groups of the amino acids and of the peptide 
bonds both are strongly absorbing in this region.40 

On the other hand, the cyclol hypothesis would 
predict a greatly increased absorption because of 
the formation of new CO groups. . . . The ab
sorption for genuine and for hydrolyzed protein is 
about equal. This seems to be in greater accord
ance with the classical theory of the structure of 
proteins than with the cyclol theory." 

Mention may also be made of the facts that no 
simple substances with the cyclol structure have 
ever been synthesized29 and tha t in general chemi
cal reactions involving the breaking of covalent 
bonds are slow, whereas rapid interconversion 
of polypeptide and cyclol structure must be as
sumed to occur in, for example, surface denatura-
tion. These chemical arguments indicate strongly 
that the cyclol theory is not acceptable.41 

5. A Discussion of Arguments Advanced in 
Support of the Cyclol Theory 

Although a great number of papers dealing with 
the cyclol theory have been published, we have 

(37) J. Herzig and K. Landsteiner, Biochem. Z., 61, 458 (1914). 
(38) B. M. Hendrix and F. Paquin, Jr., J. Biol. Chem., 124, 135 

(1938). 
(39) K. G. Stern and A. White, Hid., 122, 371 (1938). 
(40) M. A. Magill, R. E. Steiger and A. J. Allen, Biochem. J., 31, 

188 (1937). 
(41) Another argument against cyclols of the Cs type can be based 

on the results reported by J. L. Oncley, J. D. Ferry and J. Shack, 
Symposia on Quant. Biol., 6, 21 (1938), H. Neurath, ibid., 6, 196 
(1938), and J. W. Williams and C. C. Watson, ibid., 6, 208 (1938), 
who have shown that dielectric constant measurements and diffusion 
measurements indicate that the molecules of many proteins are far 
from spherical in shape. 
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had difficulty in finding in them many points of 
comparison with experiment (aside from the X-
ray work mentioned above) which were put forth 
as definite arguments in support of the structure. 

One argument which has been advanced is that 
the cyclol theory "readily interprets the total 
number of amino acid residues per molecule, with
out the introduction of any ad hoc hypothesis"36 

and tha t "The group of proteins with molecular 
weights ranging rom 33,600 to 40,500 are closed 
cyclols of the type C2 containing 288 amino acid 
residues." e Now the presence of imino acids 
(proline, oxyproline) in a protein prevents its for
mation of a complete cyclol such as C2, and many 
proteins in this molecular weight range are known 
to contain significant amounts of proline: for 
insulin 10% is reported,3f for egg albumin 4%,4 2 

for zein 9%,43 for Bence-Jones protein 3%, 4 4 and 
for pepsin 5%.4 5 Wrinch has stated tha t "a 
future modification" (in regard to the number of 
residues) "is also introduced if imino acids are 
present"30; "these numbers perhaps being modi
fied if imino acids are present";36 and "if certain 
numbers of imino acid residues are present, these 
numbers" (of residues) "may be correspondingly 
modified."32 This uncertainty regarding the 
effect of the presence of imino acids in cyclols on 
the expected number of residues leaves the argu
ment little force. In fact, even the qualitative 
claim that the cyclol hypothesis implies the exist
ence of polyhedral structures containing certain 
numbers of amino acid residues and so predicts 
that globular proteins have molecular weights 
which fall into a sequence of separated classes can 
be doubted for the same reason. 

I t has been claimed36 tha t the cyclol hypothesis 
explains the facts that proteins contain certain 
numbers of various particular amino acid residues 
and that these numbers are frequently powers of 
2 and 3,46 and it is proper that we inquire into the 
nature of the argument. Wrinch states27 "An 
individual R group" (side chain) "is presumably 
attached, not to just any a-carbon atom, but only 
to those wtiose environment makes them appro
priate in view of its specific nature. As an example 
of different environments, we may refer to the 

(42) H. O. Calvery, J. Biol. Chem., 94, 613 (1931). 
(43) T. B. Osborne and L. M. Liddle, Am. J. Physiol, 26, 304 

(1910). 
(44) C. L. A. Schmidt, "Chemistry of Amino Acids and Proteins," 

C. C. Thomas, Springfield, 111., 1938 
(45) Unpublished determination by one of the authors. 
(46) M. Bergmann and C. Niemann, J. Biol. Chem., .115, 77 

(1936); 118 307 (1937). 

cyclol cages; here the pairs of residues at a slit 
have 'different environments' and the residues not 
a t a slit fall into sets which again have 'different en
vironments.' We therefore expect characteristic 
proportions to be associated with aromatic, basic, 
acidic, and hydrocarbon R groups, respectively, 
even perhaps with individual R groups. In any 
case a non-random distribution of the proportions 
of each residue in proteins in general is to be ex
pected on any fabric hypothesis. On the cyclol 
hypothesis, for example, a-carbons having equiva
lent environments occur in powers of 2 and 3. . . . 
I t is difficult to avoid interpreting the many cases 
which have recently been summarized in which 
the proportions of many types of residue are 
powers of 2 and 3 as further direct evidence in 
favor of the cyclol fabric. This fabric consists of 
an alternation of diazine and triazine hexagons, 
with symmetries respectively 2 and 3 . " Also it 
has been said by Langmuir47 tha t "The occur
rence of these factors, 2 and 3, furnishes a power
ful argument for a geometrical interpretation such 
as tha t given by the cyclol theory. In fact, the 
hexagonal arrangement of atoms in the cyclol 
fabric gives directly and automatically a reason 
for the existence of the factors 2 and 3 and the 
non-occurrence of such factors as 5 and 7." 

On examining the cyclol C2, however, we find 
that these statements are not justified. The only 
factors of 288 are of the form 2" 3™; moreover, 
the framework of the cyclol C2 has the tetrahedral 
symmetry T, so that if the distribution of side 
chains conforms to the symmetry of the framework 
the amino acid residues would occur in equivalent 
groups of twelve. But in view of the rapid de
crease in magnitude of interatomic forces with 
distance there would seem to be little reason for 
the distribution of side chains over a large protein 
molecule to conform to the symmetry T; it is ac
cordingly evident tha t any residue numbers might 
occur for the cyclol C2. We conclude that the 
cyclol hypothesis does not provide an explanation 
of the occurrence of amino acid residues in num
bers equal to products of powers of 2 and 3. 

Although there is little reason to expect that the dis
tribution of side chains would correspond to the symmetry 
of the framework, it is interesting to note that the logical 
application of the methods of argument used by Wrinch 
suggests strongly that sixty residues of each of two amino 
acids should be present in a C2 cyclol. This cyclol con
tains twenty lacunae of a particular type—each surrounded 
by a nearly coplanar border of twelve diazine and triazine 

(47) I. Langmuir, Symposia on Quant. Biol., 6, 135 (1938). 
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rings. Each of these has trigonal symmetry so far as 
this near environment is concerned. Hence it might well 
be expected that a particular amino acid would be repre
sented by three residues about each of these twenty 
lacunae, giving a total of sixty residues. But the number 
60 cannot be expressed in the form 2" 3"", it is not a factor 
of 288, and the integer nearest the quotient 288/60, 5, 
also cannot be expressed in the form 2™ 3™. 

One of the most straightforward arguments ad
vanced by Wrinch3c,d is that a protein surface 
film must have all its side chains on the same side, 
which would be the case for a cyclol fabric but not 
for an extended polypeptide chain. This argu
ment now has lost its significance through the re
cently obtained strong evidence that proteins in 
films have the polypeptide structure,16-17 and not 
the cyclol structure. 

There can be found in the papers by Wrinch 
many additional statements which might be con
strued as arguments in support of the cyclol struc
ture. None of these seems to us to have enough 
significance to justify discussion. 

6. The Present State of the Protein Problem 

The amount of experimental information about 
proteins is very great, but in general the proc
esses of deducing conclusions regarding the struc
ture of proteins from the experimental results are 
so involved, the arguments are so lacking in rigor, 
and the conclusions are so indefinite that it would 
not be possible to present the experimental evi
dence at the basis of our ideas of protein struc
ture48 in a brief discussion. In the following para
graphs we outline our present opinions regarding 
the structure of protein molecules, without at
tempting to do more than indicate the general 
nature of the evidence supporting them. These 
opinions were formed by the consideration not 
only of the experimental evidence obtained from 
proteins themselves but also of the information 
regarding interatomic interactions and molecular 
structure in general which has been gathered by 
the study of simpler molecules. 

We are interested here only in the role of amino 
acids in proteins—that is, in the simple proteins 
(consisting only of a-amino and a-imino acids) 
and the corresponding parts of conjugated pro
teins; the structure and linkages of prosthetic 
groups will be ignored. 

The great body of evidence indicating strongly 
that the amino acids in proteins are linked to-

(48) We believe that our views regarding the structure of protein 
molecules are essentially the same as those of many other investi
gators interested in this problem. 

gether by peptide bonds need not be reviewed 
here. 

The question now arises as to whether the poly
peptide chains or rings contain many or few amino 
acid residues. We believe that the chains or 
rings contain many residues—usually several 
hundred. The fact that in general proteins in 
solution retain molecular weights of the order of 
17,000 or more until they are subjected to condi
tions under which peptide hydrolysis occurs gives 
strong support to this view. It seems to us highly 
unlikely that any protein consist of peptide rings 
containing a small number of residues (two to six) 
held together by hydrogen bonds or similar rela
tively weak forces, since, contrary to fact, in acid 
or basic solution a protein molecule of this type 
would be decomposed at once into its constituent 
small molecules. 

There exists little evidence as to whether a long 
peptide chain in a protein has free ends or forms 
one more peptide bond to become a ring. This is, 
in fact, a relatively unimportant question with re
spect to the structure, as it involves only one pep
tide bond in hundreds, but it may be of consider
able importance with respect to enzymatic attack 
and biological behavior in general. 

A native protein molecule with specific prop
erties must possess a definite configuration, in
volving the coiling of the polypeptide chain or 
chains in a rather well-defined way.49 The forces 
holding the molecule in this configuration may 
arise in part from peptide bonds between side-
chain amino and carboxyl groups or from side-
chain ester bonds or S-S bonds; in the main, 
however, they are probably due to hydrogen bonds 
and similar interatomic interactions. Interac
tions of this type, while individually weak, can by 
combining their forces stabilize a particular struc
ture for a molecule as large as that of a protein. 
In some cases (trypsin, hemoglobin) the structure 
of the native protein is the most stable of those 
accessible to the polypeptide chain; the structure 
can then be reassumed by the molecule after de-
naturation. In other cases (antibodies) the na
tive configuration is not the most stable of those 
accessible, but is an unstable configuration im
pressed on the molecule by its environment (the 
influence of the antigen) during its synthesis; de-
naturation is not reversible for such a protein. 

Crystal structure investigations have shown 
(49) H. Wu, Chinese J. Physiol., 6, 321 (1931); A. E. Mirsky and 

L. Pauling, Proc. Nat. Acad. Set., 32, 439 (1936). 
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tha t in general the distribution of matter in a 
molecule is rather uniform. A protein layer in 
which the peptide backbones are essentially co-
planar (as in the /3-keratin structure) has a thick
ness of about 10 A. If these layers were ar
ranged as surfaces of a polyhedron, forming a 
cage molecule, there would occur great steric in
teractions of the side chains a t the edges and cor
ners. (This has been used above as one of the ar
guments against the C2 cyclol structure.) We ac
cordingly believe tha t proteins do not have such 
cage structures}0 A compact structure for a glo
bular protein might involve the superposition of 
several parallel layers, as suggested by Astbury, 
or the folding of the polypeptide chain in a more 
complex way. 

One feature of the cyclol hypothesis—the re
striction of the molecule to one of a few configura
tions, such as C2—seems to us unsatisfactory rather 
than desirable. The great versatility of antibodies 
in complementing antigens of the most varied na
ture must be the reflection of a correspondingly 
wide choice of configuration by the antibody pre
cursor. We feel tha t the biological significance of 
proteins is the result in large part of their versa
tility, of the ability of the polypeptide chain to ac
cept and retain that configuration which is suited 
to a special purpose from among the very great 
number of possible configurations accessible to it. 

Proteins are known to contain the residues of 
some twenty-five amino acids and it is not un
likely that this number will be increased in the 
future. A great problem in protein chemistry is 
tha t of the order of the constituent amino acid 
residues in the peptide chains. Considerable 
evidence has been accumulated46 suggesting 
strongly that the stoichiometry of the polypep
tide framework of protein molecules can be inter
preted in terms of a simple basic principle. This 
principle states tha t the number of each individual 
amino acid residue and the total number of all 
amino acid residues contained in a protein mole
cule can be expressed as the product of powers of 
the integers two and three. Although there is no 
direct and unambiguous experimental evidence 
confirming the idea that the constituent amino 
acid residues are arranged in a periodic manner 
along the peptide chain, there is also no experi
mental evidence which would deny such a possi
bility, and it seems probable that steric factors 

(50) Wrinch recently has suggested311 that even if proteins are not 
cyclols the cage structure might be significant. 

might well cause every second or third residue in 
a chain to be a glycine residue, for example. 

The evidence regarding frequencies of residues 
involving powers of two and three leads to the 
conclusion that there are 288 residues in the mole
cules of some simple proteins. I t is not to be ex
pected tha t this number will be adhered to rigor
ously. Some variation in structure a t the ends 
of a peptide chain might be anticipated; more
over, amino acids might enter into the structure 
of proteins in some other way than the cyclic se
quence along the main chain.61 The structural 
significance of the number 288 is not clear a t pres
ent. I t seems to us, however, very unlikely that 
the existence of favored molecular weights (or 
residue numbers) of proteins is the result of greater 
thermodynamic stability of these molecules than 
of similar molecules which are somewhat smaller 
or larger, since there are no interatomic forces 
known which could effect this additional stabili
zation of molecules of certain sizes. I t seems 
probable that the phenomenon is to be given a 
biological rather than a chemical explanation— 
we believe tha t the existence of molecular-weight 
classes of proteins is due to the retention of this 
protein property through the long process of the 
evolution of species. 

We wish to express our thanks to Dr. R. B. Corey 
for his continued assistance and advice in the prepa
ration of this paper, and also to other colleagues 
who have discussed these questions with us. 

Summary 

I t is concluded from a critical examination of the 
X-ray evidence and other arguments which have 
been proposed in support of the cyclol hypothesis 
of the structure of proteins tha t these arguments 
have little force. Bond energy values and heats 
of combustion of substances are shown to lead to 
the prediction tha t a protein with the cyclol struc
ture would be less stable than with the polypep
tide chain structure by a very large amount, 
about 28 kcal./mole of amino acid residues; and 
the conclusion is drawn that proteins do not have 
the cyclol structure. Other arguments leading 
to the same conclusion are also presented. A 
brief discussion is given summarizing the present 
state of the protein problem, with especial refer
ence to polypeptide chain structures. 
PASADENA, CALIF. RECEIVED APRIL 22, 1939 

(51) H. Jensen and E. A. Evans, Jr., J. Biol. Chem., 108, 1 (1935), 
have shown that insulin probably contains several phenylalanine 
groups attached only by side-chain bonds to the main peptide chain. 
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THE STRUCTURE OF PROTEINS: TWO HYDROGEN-BONDED 
HELICAL CONFIGURATIONS OF THE POLYPEPTIDE CHAIN 
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Communicated February 28, 1951 

During the past fifteen years we have been attacking the problem of the 
structure of proteins in several ways. One of these ways is the complete 
and accurate determination of the crystal structure of amino acids, pep
tides, and other simple substances related to proteins, in order that infor
mation about interatomic distances, bond angles, and other configurational 
parameters might be obtained that would permit the reliable prediction of 
reasonable configurations for the polypeptide chain. We have now used 
this information to construct two reasonable hydrogen-bonded helical con
figurations for the polypeptide chain; we think that it is likely that these 
configurations constitute an important part of the structure of both fibrous 
and globular proteins, as well as of synthetic polypeptides. A letter an
nouncing their discovery was published last year.1 

The problem that we have set ourselves is that of finding all hydrogen-
bonded structures for a single polypeptide chain, in which the residues are 
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equivalent (except for the differences in the side chain R). An amino acid 
residue (other than glycine) has no symmetry elements. The general oper
ation of conversion of one residue of a single chain into a second residue 
equivalent to the first is accordingly a rotation about an axis accompanied 
by translation along the axis. Hence the only configurations for a chain 
compatible with our postulate of equivalence of the residues are helical 
configurations. For rotational angle 180° the helical configurations may 
degenerate to a simple chain with all of the principal atoms, C, C (the 
carbonyl carbon), N, and O, in the same plane. 

We assume that, because of the resonance of the double bond between 
the carbon-oxygen and carbon-nitrogen positions, the configuration of each 

H v / C 

•< 
CM 

residue y N — C ^ is planar. 

This structural feature has been 
verified for each of the amides that 
we have studied. Moreover, the 
resonance theory is now so well 
grounded and its experimental sub
stantiation so extensive that there 
can be no doubt whatever about its 
application to the amide group. 
The observed C—N distance, 1.32 
A, corresponds to nearly 50 per cent 
double-bond character, and we may 
conclude that rotation by as much 
as 10° from the planar configuration 
would result in instability by about 
1 kcal. mole -1. The interatomic 
distances and bond angles within 
the residue are assumed to have the 
values shown in figure 1. These 
values have been formulated2 by 
consideration of the experimental 
values found in the crystal structure 
studies of DL-alanine,3 L-threonine,4 

N-acetylglycine,6 and /3-glycylgly-
cine6 that have been made in our 

Laboratories. I t is further assumed that each nitrogen atom forms a hy
drogen bond with an oxygen atom of another residue, with the nitrogen-
oxygen distance equal to 2.72 A, and that the vector from the nitrogen atom 
to the hydrogen-bonded oxygen atom lies not more than 30° from the N—H 
direction. The energy of an N—H • • • 0 = C hydrogen bond is of the order 

FIGURE l 
Dimensions of the polypeptide chain. 



Chapter 13 

VOL. 37, 1951 CHEMISTRY: PA ULING, COREY, BRANSON 207 

r^n '< x 

4 

0 A ^ ©c 

TO® | 

Jo 

1 3$ W r 

<1 

SH% ® ft 

FIGURE 2 

The helix with 3.7 residues per turn 
FIGURE 3 

The helix with 5.1 residues per turn 
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of 8 kcal. mole -1, and such great instability would result from the failure 
to form these bonds that we may be confident of their presence. The 
N—H • • • O distance cannot be expected to be exactly 2.72 A, but might 
deviate somewhat from this value. 

Solution of this problem shows that there are five and only five configura
tions for the chain that satisfy the conditions other than that of direction of 
the hydrogen bond relative to the N—H direction. These correspond to 
the values 165°, 120°, 108°, 97.2° and 70.1° for the rotational angle. In 

the first, third, and fifth of these structures the .CO group is negatively 

and the yN—H group positively directed along the helical axis, taken as 

the direction corresponding to the sequence—CHR—CO—NH—CHR— 
of atoms in the peptide chain, and in the other two their directions are 
reversed. The first three of the structures are unsatisfactory, in that the 

FIGURE 4 

Plan of the 3.7-residue 
helix. 

N—H group does not extend in the direction of the oxygen atom at 2.72 
A; the fourth and fifth are satisfactory, the angle between the N—H vec
tor and N—O vector being about 10° and 25° for these two structures 
respectively. The fourth structure has 3.69 amino acid residues per turn 
in the helix, and the fifth structure has 5.13 residues per turn. In the 
fourth structure each amide group is hydrogen-bonded to the third amide 
group beyond it along the helix, and in the fifth structure each is bonded to 
the fifth amide group beyond it; we shall call these structures either the 
3.7-residue structure and the 5.1-residue structure, respectively, or the 
third-amide hydrogen-bonded structure and the fifth-amide hydrogen-
bonded structure. 

Drawings of the two structures are shown in figures 2, 3, 4, and 5. 

FIGURE 5 

Plan of the 5.1-residue helix. 



VOL. 37, 1951 CHEMISTRY: PAULING, COREY, BRANSON 209 

For glycine both the 3.7-residue helix and the 5.1-residue helix could 
occur with either a positive or a negative rotational translation; that is, as 
either a positive or a negative helix, relative to the positive direction of the 
helical axis given by the sequence of atoms in the peptide chain. For 
other amino acids with the L configuration, however, the positive helix and 
the negative helix would differ in the position of the side chains, and it 
might well be expected that in each case one sense of the helix would be 
more stable than the other. An arbitrary assignment of the R groups has 
been made in the figures. 

The translation along the helical axis in the 3.7-residue helix is 1.47 A, 
and that in the 5.1-residue helix is 0.99 A. The values for one complete 
turn are 5.44 A and 5.03 A, respectively. These values are calculated for 
the hydrogen-bond distance 2.72 A; they would have to be increased by a 
few per cent, in case that a larger hydrogen-bond distance (2.80 A, say) 
were present. 

The stability of our helical structures in a non-crystalline phase depends 
solely on interactions between adjacent residues, and does not require that 
the number of residues per turn be a ratio of small integers. The value 
3.69 residues per turn, for the third-amide hydrogen-bonded helix, is most 
closely approximated by 48 residues in thirteen turns (3.693 residues per 
turn), and the value 5.13 for the other helix is most closely approximated 
by 41 residues in eight turns. I t is to be expected that the number of resi
dues per turn would be affected somewhat by change in the hydrogen-bond 
distance, and also that the interaction of helical molecules with neighboring 
similar molecules in a crystal would cause small torques in the helixes, de
forming them slightly into configurations with a rational number of residues 
per turn. For the third-amide hydrogen-bonded helix the simplest struc
tures of this sort that we would predict are the 11-residue, 3-turn helix 
(3.67 residues per turn), the 15-residue, 4-turn helix (3.75), and the 18-resi-
due, 5-turn helix (3.60). We have found some evidence indicating that 
the first and third of these slight variants of this helix exist in crystalline 
polypeptides. 

These helical structures have not previously been described. In addi
tion to the extended polypeptide chain configuration, which for nearly 
thirty years has been assumed to be present in stretched hair and other 
proteins with the /3-keratin structure, configurations for the polypeptide 
chain have been proposed by Astbury and Bell,7 and especially by Huggins8 

and by Bragg, Kendrew, and Perutz.9 Huggins discussed a number of struc
tures involving intramolecular hydrogen bonds, and Bragg, Kendrew, and 
Perutz extended the discussion to include additional structures, and in
vestigated the compatibility of the structures with x-ray diffraction data 
for hemoglobin and myoglobin. None of these authors proposed either 
our 3.7-residue helix or our 5.1-residue helix. On the other hand, we would 
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eliminate, by our basic postulates, all of the structures proposed by them. 
The reason for the difference in results obtained by other investigators and 
by us through essentially similar arguments is that both Bragg and his 
collaborators and Huggins discussed in detail only helical structures with 
an integral number of residues per turn, and moreover assumed only a 
rough approximation to the requirements about interatomic distances, 
bond angles, and planarity of the conjugated amide group, as given by our 
investigations of simpler substances. We contend that these stereochemi
cal features must be very closely retained in stable configurations of poly
peptide chains in proteins, and that there is no special stability associated 
with an integral number of residues per turn in the helical molecule. Bragg, 
Kendrew, and Perutz have described a structure topologically similar to our 
3.7-residue helix as a hydrogen-bonded helix with 4 residues per turn. In 
their thorough comparison of their models with Patterson projections for 
hemoglobin and myoglobin they eliminated this structure, and drew the 
cautious conclusion that the evidence favors the non-helical 3-residue 
folded a-keratin configuration of Astbury and Bell, in which only one-third 
of the carbonyl and amino groups are involved in intramolecular hydrogen-
bond formation. 

It is our opinion that the structure of a-keratin, a-myosin, and similar 
fibrous proteins is closely represented by our 3.7-residue helix, and that this 
helix also constitutes an important structural feature in hemoglobin, myo
globin, and other globular proteins, as well as of synthetic polypeptides. 
We think that the 5.1-residue helix may be represented in nature by super-
contracted keratin and supercontracted myosin. The evidence leading us 
to these conclusions will be presented in later papers. 

Our work has been aided by grants from The Rockefeller Foundation, 
The National Foundation for Infantile Paralysis, and The U. S. Public 
Health Service. Many calculations were carried out by Dr. S. Wein-
baum. 

Summary.—Two hydrogen-bonded helical structures for a polypeptide 
chain have been found in which the residues are stereochemically equiva
lent, the interatomic distances and bond angles have values found in amino 
acids, peptides, and other simple substances related to proteins, and the 
conjugated amide system is planar. In one structure, with 3.7 residues per 
turn, each carbonyl and imino group is attached by a hydrogen bond to the 
complementary group in the third amide group removed from it in the 
polypeptide chain, and in the other structure, with 5.1 residues per turn. 
each is bonded to the fifth amide group. 

* Present address, Howard University, Washington, D. C. 
t Contribution No. 1538. 
1 Pauling, L., and Corey, R. B., / . Am. Chem. Soc, 72, 5349 (1950) 
2 Corey, R. B., and Donohue, J., Ibid., 72, 2899 (1950). 
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ATOMIC COORDINATES AND STRUCTURE FACTORS FOR TWO 
HELICAL CONFIGURATIONS OF POLYPEPTIDE CHAINS 
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During recent years we have been gathering information about inter
atomic distances, bond angles, and other properties of simple substances 
related to proteins, and have been attempting to formulate configurations 
of the polypeptide chain that are compatible with this information and that 
might constitute a structural feature of proteins. We have reported the 
discovery of two helical configurations that satisfy these conditions.1'2 

In the following paragraphs we discuss the atomic positions for these con
figurations, and their form factors for diffraction of x-rays in the equatorial 
direction. 

The 7 Helix.—Let us first discuss the 5.1-residue helix. This configura
tion is obtained by coiling a polypeptide chain into a helical form, in such 
a way that the planar amide groups, 

> C ' ^ - ^ N < , 
& X H 

are in the trans configuration (the carbonyl group being almost directly 
opposed to the imino group), and each amide group forms hydrogen bonds 
with the fifth more distant group in each direction along the chain. The 
structure is represented diagrammatically in figure 1, and a drawing of it 
has been recently published.2 We base our discussion on the values of 
interatomic distances and bond angles given in figure 4; these differ from 
those described earlier only in the change from 120° to 123° for the angle 
C—N—C*. 

The fifth amide group beyond a given group in the helix is nearly di
rectly above it, and if the hydrogen bonds determine the orientation of the 
plane of the amide groups there seems to be no reason for this plane not 
to be parallel to the axis of the helix. The following calculations are made 
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with this assumption. It is found that the rise per residue—the magnitude 
of the translation associated with the rotatory translation that converts one 
residue into the adjacent one along the chain—is determined nearly ex
actly by the length of the hydrogen bond. For N—H • • • O distance 2.72 A 
the rise per residue is 0.97 A, for 2.78 A it is 0.98 A, and it continues to in
crease linearly by about 0.002 A for each 0.010 A increase in length of the 
hydrogen-bond distance. The number of residues per turn, on the other 
hand, is determined essentially by the N—C—C angle of the a carbon 
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Diagrammatic representation of the 5.1-residue helical configuration of 
the polypeptide chain. 

atom. For 21 residues in 4 turns (5.25 residues per turn) this angle has the 
value 111.2°, for 26 residues in 5 turns (5.20) its value is 110.6°, for 31 
residues in 6 turns (5.17) 110.1°, and for 36 residues in 7 turns (5.14 resi
dues per turn) 109.8°. These values are all within a reasonable range for 
this angle; the existing experimental evidence, for scores of molecules 
containing a tetrahedral carbon atom, suggests 110° as the best value for 
the angle, but a change by as much as 1° would introduce such a small 
amount of strain energy, in any case, that it should be allowed. There is, 
of course, no reason in an isolated molecule of a polypeptide or protein for 
the number of residues per turn to be rational. In a crystal, however, the 
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intermolecular forces might constrain the molecule to assume the symme
try of a position in the crystal. The most likely eventuality is that the 
cylindrical molecules would take up a hexagonal close-packed arrangement, 
and that the molecules would assume a sixfold screw axis. This is provided 
from among the foregoing possibilities only by the configuration with 36 
residues in 7 turns, which has a 36-fold screw axis, with a sixfold screw 
axis contained within its symmetry group. We present in table 1 calculated 
atomic coordinates for this case, for which the angle of rotation of the 
fundamental rotatory-translational operation is exactly 70°. The coordi
nates have been calculated for a rise per residue 0.98 A, corresponding to the 
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FIGURE 2 

X-ray form factor for the 5.1-residue helix, calculated for 
equatorial reflections, and for cylindrical symmetry. The 
light line represents the scattering due to the four main-chain 
atoms of the amide group, and the heavy line includes the 
scattering of one /3 carbon atom per residue. 

distance N—H • • • O equal to 2.78 A. The rise per turn is then 5.04 A, and 
the identity distance along the helical axis is 35.28 A. 

The form factor for x-ray scattering for this molecule could, of course, 
be calculated from the coordinates of the atoms. A very good approxima
tion for the equatorial reflections can be made by assuming cylindrical 
symmetry about the axis. The structure factor is then F = X ^ / o (4xp( 

i 

sin 0/X), in which J0 is the Bessel function of order zero with the indicated 
argument, and pt is the radius of the ith atom, in cylindrical coordinates, 
as given in table 1. (In this table there are given both cartesian coordi
nates, x, y, z, and cylindrical coordinates, p, <j>, z, the latter being relative to 
the axis of the helix.) The form factor F as calculated by this method with 
use of the atomic form factors given in the International Tables for the 

i i i r 
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Determination of Crystal Structures is shown in figure 2, both for the 
residue alone, corresponding to polyglycine, and for a molecule with a /3 
carbon atom in each residue. The two form factors do not differ very 
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much. The square of F, which determines the intensity of reflection of 
x-rays, is shown in figure 3. I t is seen that we predict that the equatorial 

0.05 0.10 0.15 0.20 
sin 9/\ 

FIGURE 3 

0.25 0.30 

The square of the form factor for the 5.1-residue helix 
(y) and the 3.7-residue helix (a), for equatorial reflec
tions. 

reflections from an array of molecules with this structure would be weak in 
the regions of interplanar distance 7.7 A, 3.3 A, and 2.0 A, and strong at 
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about 5.0 A and 2.4 A. A discussion of the question of possible existence 
of protein molecules with this structure will be given in a later paper. 

The a Helix.—The a helix is a configuration of the polypeptide chain in 
which each amide group forms hydrogen bonds with the amide groups re
moved by three from it in either direction along the chain. The a helix 
and the y helix are the only helical configurations in which the residues are 
all equivalent and in which the stereochemical requirements, including 
formation of intramolecular hydrogen bonds, are satisfied. The structure 
is represented diagrammatically in figure 4. With the structural param
eters described above, we find that 
a translation per residue of 1.47 A 
corresponds to a hydrogen-bond 
distance 2.75 A, and that the trans
lation increases by 0.01 A for every 
0.03 A increase in the hydrogen-
bond distance. The number of resi
dues per turn is fixed primarily by 
the bond angle at the a carbon atom; 
it varies from 3.60 for bond angle 
108.9° to 3.67 for bond angle 110.8°. 
w-Helixes with these numbers of 
residues per turn have been found 
(see the following paper3) to explain 
the x-ray reflections4 from highly 
oriented fibers of poly-7-methyl-L-
glutamate and poly - 7 - benzyl - L -
glutamate, respectively. The first 
ratio corresponds to 18 residues in 5 
turns and the second to 11 residues 
in 3 turns. 

We have chosen to present param
eters for the 18-residue 5-turn 
helix, which has a sixfold screw axis 
that would be stabilized in hexagonal 
packing. The parameters given in 
table 2 correspond to this helix, with a translation of 1.50 A per residue 
(5.40 A per turn, 27.0 A identity distance along the axis), these being the 
dimensions found for the polymethylglutamate. The corresponding hydro
gen-bond distance is 2.86 A. 

The structure factor for equatorial reflections calculated for cylindrical 
symmetry is shown in figure 5, and the corresponding intensity curve in 
figure 3. I t is seen that the equatorial reflections should be very weak at 
about 5.0 A and 2.0 A, and strong at about 3.4 A. The correlation be-

Cf' 

FIGURB 4 

Diagrammatic representation of the 3.7-
residue helical configuration of the poly
peptide chain. 
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tween theory and experiment for synthetic polypeptides and for proteins 
with the a-keratin structure is discussed in following papers of this series. 

0.05 0.10 0.25 0.30 0.15 0.20 

sin B/\ 

FIGURE 5 

X-ray form factor for the 3.7-residue helix, calculated 
for equatorial reflections, and for cylindrical symmetry. 
The light line represents the scattering due to the main-
chain atoms only, and the heavy line includes also the 
scattering of one p carbon per residue. 

TABLE 2 

ATOMIC COORDINATES FOR THE 18-RESIDUE 5-TURN a H E L I X 

x, y, z, p IN A 
ATOM 

C 
N 
C 
O 

c* 
PC 

or 

PC 
Axis 

X 

0.00 
1.16 
2.42 
2.69 
3.52 

- 1 . 3 3 

- 0 . 0 3 
1.76 

y 

0.00 
0.00 
0.00 
0.00 
0.00 
0.20 

- 1 . 3 4 
1.47 

Z 

0.00 
0.89 
0.44 

- 0 . 7 6 
1.50 
0.76 

- 0 . 7 6 

u 

2.29 
1.59 
1.61 
1.74 
2.29 
3.34 

3.34 
0.00 

<t> 
0.0° 

27.8° 
73.8° 
82.0° 

100.0° 
- 1 7 . 6 ° 

17.6° 

This investigation was aided by grants from The Rockefeller Foundation, 
The National Foundation for Infantile Paralysis, and The United States 
Public Health Service. 
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THE STRUCTURE OF SYNTHETIC POLYPEPTIDES 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRBLLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF T E C H 

NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

In a preliminary communication last year1 we stated that there are only 
two helical configurations of polypeptide chains in which the residues 
are all equivalent and intramolecular hydrogen bonds are formed, and in 
which the interatomic distances, bond angles, and other structural features, 
especially the coplanarity of the conjugated amide system, are as required 
by earlier work in these Laboratories on amino acids, simple peptides, 
and other substances related to proteins. These two helical configurations 
were described in detail in a later paper2 and it was mentioned that there is 
evidence that they occur in a keratin, a myosin, supercontracted keratin 
and myosin, and other fibrous proteins, and also constitute an important 
structural feature of hemoglobin and other globular proteins.3 In the fol
lowing paragraphs we discuss evidence that one of the helical structures is 
assumed also by synthetic polypeptides. 

Oriented films and fibers of several synthetic polypeptides have been pre
pared and examined by x-ray diffraction by Bamford, Hanby, and Happey,4 

and the oriented films have been investigated with polarized infrared spec
troscopy by Ambrose and Elliott.5 The best photographs were given by 
poly-y-rnethyl-L-glutamate and poly-y-benzyl-L-glutamate. The x-ray 
data indicate an identity distance in the direction of the fibers of 5.50 A 
for the first substance, and a slightly larger value for the second substance. 
The dichroism observed for the N—H stretching and bending infrared 
absorption bands and for the C = 0 stretching band indicates that these 
groups are oriented nearly parallel to the fiber axis, and the conclusion is 
accordingly drawn that intramolecular hydrogen bonds are formed nearly 
parallel to this axis. These authors have interpreted all of their data as 
providing strong support for the a n structure shown in figure 1. This, 
structure was first proposed by Huggins6 and has been discussed by Zahn,7 

Simanouti and Mizushima,8 and Ambrose and Hanby.9 

The au structure must, however, be rejected. In the structure as dis
cussed by Bamford and coworkers the amide group is not assigned a planar 
configuration. There is, in fact, very strong theoretical and experimental 
evidence that the carbon-nitrogen bond has a large amount of double-bond 
character, and that the four atoms adjacent to these two atoms must form 
a coplanar system with them. The carbon-nitrogen distance is 1.32 A, 
which is 0.15 A less than the single-bond distance between these atoms. 
This shortening corresponds to about 50 per cent double-bond character, 
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which is great enough to lead to effective coplanarity of the system. (Am
brose and Elliott6 say "It remains to be shown whether resonance in poly
peptides and proteins effectively limits the rotation about the C—N bond, 
and we regard the matter as by no means settled." In fact, however, our 
present knowledge of structural chemistry is such that there can be no 
doubt on this point: non-planar configurations of this group must surely 
be accompanied by pronounced instability.) In our investigation of helical 
configurations of the polypeptide chain2 we found it impossible to construct 
an acceptable configuration resembling a n . The closest approximation 
to an acceptable configuration that can be constructed, in which the hydro
gen atom of the N—H group is brought to within 1.8 A of the carbonyl 
oxygen atom, is unsatisfactory because the N—H • • • O angle differs from a 
straight angle by about 70°, and thus this configuration would be presumed 

R R R 
K-5.0-5.6 & • 

FIGURE 1 

The an structure for the polypeptide chain, discussed by Bamford, Hanby, and Happey, 
and by Ambrose and Elliott. 

not to correspond to a reasonably strong hydrogen bond. It was for this 
reason that the an structure was eliminated in our earlier considerations. 
There are also several other arguments against the an structure. Ambrose 
and Elliott mention that their model gives a dichroic ratio of 1.41:1 
for the C==0 stretching calculated for perfectly oriented molecules, and 
that the observed dichroism in poly-7-benzyl-L-glutamate, 2.6:1, is con
siderably greater than this value. Moreover, the a n structure corresponds 
to an extension of only approximately 40 per cent during the a —> fl trans
formation. Ambrose and Elliott suggest that the observed reversible ex
tension of wool, 100 per cent or more, is not to be interpreted as necessarily 
requiring a similar reversible extension from the a to the /3 configuration 
of the polypeptide chain, because there is present some amorphous material 
in wool; but it seems to us, as also to Astbury,10 very unlikely that such a 
great discrepancy could exist. In addition, it may be pointed out that the 
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synthetic polypeptides seem to be hexagonal or closely pseudohexagonal 
in structure, and the flat au configuration provides no explanation of this 
fact. 

All of these difficulties are overcome if it is assumed that the synthetic 
polypeptides have the configuration of the third-amide hydrogen-bonded 
helix which we have described. In this helix the distance per residue along 
the helical axis is predicted to be approximately 1.50 A and there are ap
proximately 3.7 residues per turn. The translation along the axis per 
turn is thus predicted to be about 5.5 A. This is in excellent agreement 
with the fiber axis translations reported by Bamford, Hanby, and Happey, 

TABLE 1 

X - R A Y DATA FOR POLY-T-METHYL-L-GLUTAMATE 

HEXAGONAL UNIT WITH aa = 11.96 A, c0 = 27.5 A 

HI-L 

10-0 
11-0 
20-0 
21-0 
30-0 
22-0 
31-0 

Second hyperbola 

dobs. 

10.35 A 
5.98 
5.22 
3.89 
3.45 
3.00 
2.87 

(fcalo. 

10.35 A 
5.98 
5.18 
3.91 
3.45 
2.99 
2.87 

Fia 

18.5 
5.1 
1.3 

- 4 . 0 
- 5 . 0 
- 5 . 0 
- 4 . 9 

Fi 

16.2 
6.2 
3.2 

- 4 . 8 
- 7 . 1 
- 6 . 1 
- 1 . 8 

Fifth hyperbola 

^oJo . 

360 
29 

7 
22 
21 
14 
2 

/obs. 

vvs 
s 
M 

s 
s 
s 
w 

HIL dobs. doalo. BI-L <2obB. rfcnlc. 

10-5 4.82 A 4.86 A 
11-2 5.51 A 5.48 A 11-5 4.05 4.05 
20-2 4.88 4.87 20-5 3.75 3.77 

Sixth hyperbola: a polar arc with dobt. — 4.43 A; d^. for {10.6 j , 4.20 A. 

0 Calculated for cylindrically symmetrical distributions of atomic centers, with 
radii from helical axis 2.29 A for C, 1.59 A for N, 1.61 A for C , 1.74 A for O, and 3.34 A 
for /3C. 

5.50 A for poly-y-methyl-L-glutamate and slightly larger for the benzyl 
ester. Moreover, the helical molecules would be expected to pack together 
essentially as would cylinders, in a hexagonal packing, and the predicted 
interplanar distances for the hexagonal lattice agree well with those ob
served, and shown in tables 1 and 2. 

Bamford, Hanby, and Happey interpreted the data for the benzyl ester 
in termsof an orthorhombic unit with axes 10.35 A, 5.98 A, and 5.50 A. The 
number of molecules in this unit calculated from the density 1.34 is 1.9. 
The authors note that the first two axial lengths are in the ratio \/3:1, 
which is compatible with hexagonal symmetry, and they ask to what ex
tent the x-ray results are consistent with a helical configuration of the mole-
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cules. They point out that a hexagonal unit with aa = 11.96 A and Co 
= 5.50 A and containing three amino-acid residues, corresponding to a 
three-fold helix, would have a density 1.06 g cm - 3 , which is too small. Our 
helix, with about 3.7 residues per turn, would lead, however, to the density 
1.29, which is acceptable. A similarly satisfactory value of the density, 
1.3, is also calculated for the corresponding hexagonal unit for the benzyl 
ester, with interplanar distances given in table 2. 

Although most of the reflections observed by Bamford, Hanby, and 
Happey are accounted for by the orthorhombic unit or the hexagonal unit 

TABLE 2 

X - R A Y DATA FOR POLY-Y-BENZYL-L-GLUTAMATB 

PSEUDO-ORTHORHOMBIC UNIT WITH a0 = 25.0 A, b0 = 17.3 A, Co = 14.42 A 

Equator: 

Aalo. /ob>-

0.5 W 
0.4 W 
165 VVS 
35 VS 
20 S 

2 M (diffuse) 

H S (diffuse) 

0.2 

iobs. 

VS 

S(diffuse) 

with Co = 5.50 A, some reflections which they could not explain were re
ported by them. They concluded that these reflections, observed for both 
of the esters, are due to a second phase in each specimen, because the re
flections seemed not to have any obvious relation to those that had been 
indexed. The second phase would have to be assumed to have parallel 
orientation to the main phase. It has seemed to us likely that these weak 
reflections indicate the presence of a larger unit for each crystal. A larger 
unit of structure would, of course, be predicted on the basis of our 3.7-
residue helix, inasmuch as a true identity distance along the helical axis 
could occur only after a number of turns. Even though the interatomic in
teractions that are operative in stabilizing the helix would not be expected, 

kkl 

100 
001 
101,200 
002,301 
202,400 
103, 402, 
303, 600 
004, 602 
204, 503, 

501 

701 

doalo. 

25.0 
14.4 
12.5 
7.21 
6.25 
4.72 
4.17 
3.61 
3.49 

doba, 

12.6 
7.21 
6.21 
4.87 
4.07 
3.85 

Fi 

0 
0 

21.5 
9 .5 
6.0 

- 0 . 8 
- 3 . 8 
- 4 . 4 
- 4 . 8 

Ft 

1.3 
1.1 

17.8 
11.1 
9.0 

- 2 . 2 
- 7 . 4 
- 4 . 8 
+ 0 . 8 

First hyperbola: faint reflections at 16 A. 
Second hyperbola: faint reflections at 8 A. 
Third hyperbola: 

hkl (jfcalc. rfobs. 

151,250 5.24 A 5.27 A 
052,351 4.50 4.48) 
252,450 4.24 4.08^ 
153,452,551 3.65 3.60) 



VOL. 37, 1951 CHEMISTRY: PAULING AND COREY 245 

in a non-crystalline phase, to lead to a rational number of residues per 
turn, the forces operating during crystallization might well be great enough 
to produce a small torque in the helix, such as to cause it to assume a con
figuration with a rational number of residues per turn. The three simplest 
rational helixes of the 3.7-residue hydrogen-bonded type are those with 11 
residues in 3 turns (3.67 residues per turn), 15 residues in 4 turns (3.75 
residues per turn), and 18 residues in 5 turns (3.60 residues per turn). 
We have found that the weak reflections for the methyl ester can be ac
counted for on the basis of the 18-residue 5-turn helix, and those for the 
benzyl ester on the basis of the ll-residue 3-turn helix. Plans of these 
helixes are shown as figures 2 and 3. 

The 18-residue 5-turn helix has a sixfold screw axis of symmetry, and it 
would accordingly be expected that these helical molecules would arrange 
themselves side by side in hexagonal packing in such a way that the unit 

FIGURE 2 FIGURE 3 

Plan of the 18-residue 5-turn helix. Plan of the ll-residue 3-turn helix. 

of structure would contain only one 18-residue segment of one helix. The 
predicted dimensions of the hexagonal unit of structure would, then, be 
an = 11.96 A, Co = 27.5 A. All of the data reported by Bamford, Hanby, 
and Happey are accounted for by this unit, as shown in table 1. The two 
reflections in the second hyperbola and the one in the sixth hyperbola are 
those which are not accounted for by the smaller unit. The earlier authors 
described the two reflections in the second hyperbola as corresponding to a 
c-axial length of about 13.3 A, which is close to half of our value of Co. 
The reflection at 4.43 A is a polar arc, which probably could not be meas
ured very accurately. 

The determination of the structure of the crystals of the methyl ester 
would involve only the determination of the orientation of one of the 
helixes and of the positions of the atoms in the side chains. Simple con
siderations show that the observed intensities are approximately those pre
dicted for a structure of this sort. 
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We have calculated intensities of the equatorial reflections for this hexag
onal structure, with the four peptide atoms CNCO and the /3 carbon atom 
distributed over cylindrical surfaces, the structure factor then being 
PHI.L

 = S / t Jo(2irpi/dHI.L); here / , is the atomic structure factor for the 
i 

ith atom, p{ is the distance of the atom from the helical axis, as given by our 
calculations,2 and J0 is the Bessel function of order zero. The values found 
are included in table 1, as Fx. It is seen that there is rough general agree
ment. Our calculations have included only five of the ten heavy atoms per 
residue; and although it may be predicted that the contribution of the 

FIGURE 4 

Proposed structure of poly-7-methyl-L-glutamate. 

other five (side-chain) atoms would be less, because of greater mutual inter
ference, than that of the five main-chain atoms, it should be significant, 
and can explain the observed medium intensity of {20.0} and weak intensity 
of {31.0}. That this can be done is seen by comparison with F2, and with 
h, the corresponding intensities pLPFi2, in which p is the frequency factor, 
L the Lorentz factor, and P the polarization factor. In this calculation it 
is assumed that side-chain atoms are grouped about the 3-fold screw axes, 
in the positions xyz, with xy = 3/v 8A. V? 4/7, V? 4A> V? W, V? V?, and 4/v VT-
These positions are indicated by solid circles in figure 4, which represents the 
proposed structure for the methyl ester polymer. One atom per residue 
has been placed in these positions; the calculated intensities correspond 
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to one oxygen atom and two carbon atoms for each asymmetric unit of 
three residues. 

It is interesting to note that a reasonable explanation of the observed in
tensities of the equatorial reflections can be obtained with neglect of 40 
per cent of the heavy atoms in the crystal. We believe that this phe
nomenon, which seems to be rather general for proteins and related sub
stances, is due to the larger mutual interference of the rays scattered by 
the side-chain atoms than of those scattered by the main-chain atoms. 
The side-chain atoms, of which there are 90 in the unit, are located in 15 
sets of 6-fold positions, presumably at 15 different values of the radius from 
the helical axis; whereas the 90 main-chain atoms (including the /3 carbon 
atoms) are more regularly arranged, corresponding to the pseudo 18-fold 
screw axis of the helix, and only five values of the radius are represented. 

The anomalous reflections reported for the benzyl ester are described as 
lying on diffuse hyperbolas at 16 A and 8 A. We interpret these reflections 
as resulting from the presence of the 11-residue 3-turn helix, for which the 
value 16.8 A for Co would be predicted, on the assumption that the residue 
distance is the same as in the methyl ester, 1.53 A. This corresponds to 
5.60 A per turn; Bamford, Hanby, and Happey suggested 5.76 A or a 
somewhat smaller value for the translation along the fiber axis, and we have 
found the data to correspond to 3 X 5.76 = 17.3 A, or 1.57 A per residue. 
The increase of 0.04 A over the methyl ester may well be due to van der 
Waals repulsion of the side chains. 

The 11-residue 3-turn helix does not have a 6-fold axis or 3-fold 
axis, and accordingly it would not be expected to form hexagonal crystals 
with one helix per unit. The larger residue weight of the benzyl ester 
(219 in place of 143 for the methyl ester) would lead to a larger pseudo-
hexagonal unit, with aa about 14.4 A, rather than 10.96 A (table 2). (The 
values given in table 2 are those obtained with the x-ray beam through the 
edge of an oriented film; closely similar values were also obtained with 
the x-ray beam perpendicular to the film, and with oriented fibers.) 

Let us consider ways in which an asymmetric helix might be surrounded 
by others. We assume that the helixes are all equivalent, and that they 
are in contact with one another in a simple way. The six vectors from each 
asymmetric helix to its six neighbors are of six different kinds, representing 
six kinds of interaction. These might consist of three pairs, with the two 
of each pair differing only in polarity. It is found that there are only three 
arrangements of the three pairs in which the helixes are equivalent, and 
that none of them explains the occurrence of the 25-A reflection and the 
14.4-A reflection for the benzyl polymer. It is possible, however, that two 
adjacent helixes interact in a way without polarity, to form a doublet. 
This would occur, for example, if one helix were related to the other by a 
2-fold screw axis. There are many ways of arranging these doublets in 
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a crystal ; one of the simplest, shown in figure 5, has monoclinic (pseudo-
hexagonal) symmetry, and for the benzyl ester corresponds to axes ao = 
25.0 A, b0 = 17.3 A, c0 = 14.42 A, and /3 = 90°. This unit accounts for 
all of the reflections observed for this polymer. 

FIGURE s 

Proposed structure of poly-y-benzyl-L-glutamate. 

The intensities of all equatorial reflections can be roughly accounted for 
by consideration of only the five main-chain atoms, cylindrically distrib
uted, as described above, about helical axes with coordinates x, z, and 
x, z, with x = 1/t and z = 'A, and one additional a tom per residue, in the 
same positions as assumed for the methyl ester. The weak reflections 
{100} and {001} can be accounted for by any one of various slight distor
tions from the ideal hexagonal structure. The values of Fi in table 2 are 
the calculated form factors for the five main-chain atoms per residue, and 
those of F2 include the contributions of additional a toms in the positions 
assumed for the methyl ester (shown by full circles in figure 5). The scat
tering power in this position has been taken as 50 per cent greater than for 
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the methyl ester. An additional concentration of electrons equivalent to 
one oxygen atom per unit of eleven residues has also been placed at each 
of the positions x, z = =•= Vs. 0 (shown by open circles in the figure). This 
small additional concentration of electrons, representing the deviation 
from the hexagonal symmetry of the methyl ester, accounts for the faint 
reflections {100} and {001}. The close approximation of the structure to 
hexagonal packing of circular cylinders is made evident not only by the 
close approximation of the axial ratio a/c to y/3, but also by the fact that 
the intensities of the two reflections requiring the larger unit can be ex
plained by the scattering power of two heavy atoms, out of the 330 in the 
unit cell. Any one of many alternative small deviations of the distribution 
of scattering power from the ideal distribution with hexagonal symmetry 
would, of course, account for these observed weak reflections. 

It seems likely that a poly-L-glutamate helix would be more stable with 
one screw sense (right-handed or left-handed) than with the other, and 
that helixes of only one kind are formed in significant number in the process 
of folding. A hexagonal array of helixes might then consist of equal num
bers with positive and with negative orientation and essentially random 
distribution over the lattice points, equal numbers in an ordered array, 
only helixes with one orientation, or (much less likely) an ordered array 
in a ratio other than 1:1. For poly-7-methyl-L-glutamate the detail of 
the photographs and the presence of only one helix per unit cell strongly 
suggest that the crystals contain helixes with only one orientation, and 
that segregation has occurred in crystallization. For the poly-benzyl ester 
the two-molecule unit also suggests that the helixes all have the same orien
tation ; the strong reflections all have h + k + / even, as required for an 
approximately body-centered unit. The possibility that segregation of 
positively and negatively oriented molecules occurs during crystallization 
suggests that annealing the specimens might improve the photographs. 

Bamford, Hanby, and Happey also investigated several copolymers, and 
found from x-ray investigation that some tended to crystallize with the a 
configuration and some, especially those containing a large fraction of 
glycine residues, with the /3 configuration, involving sheets of extended 
polypeptide chains with lateral hydrogen bonds. They found that the a 
phase was oriented much more readily by stretching than the /3 phase, and 
attributed this difference to the presence of intramolecular hydrogen bonds 
in the a phase molecules. This feature remains unchanged by our attribu
tion of our helical structure to the a phase. We explain the stability of the 
/3 phase for the glycine polymers by the stability of the lateral hydrogen 
bonds that can be formed; we have noted that with other residues there is 
serious steric interference between side chains, for the 0 configuration, 
leading to increase in the hydrogen-bond distance by 0.2 A, and a corre
sponding decrease in stability, relative to the a helix. 
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Bamford, Hanby, and Happey report interplanar distances leading to 
fiber-axis pseudo identi ty distances of 5.75 A for each of the three copoly
mers poly-DL-|8-phenylalanine, poly-(DL-/3-phenylalanine: y-methyl-L-
glutamate) , and poly-(DL-/3-phenylalanine:L-leucine). Larger steric 
repulsion of side chains would be expected for these copolymers than for 
poly-y-methyl-L-glutamate. 

The infrared dichroism observed by Ambrose and Elliott is accounted 
for very satisfactorily by our helical s tructure. In the 3.7-residue hydro
gen-bonded helix the N — H and C = 0 bonds are oriented nearly parallel 
to the helical axis, the angle of deviation being only about 12°. 
This leads to a predicted dichroic ratio of about 44 :1 for the N — H and 
C = 0 stretching vibrations. The largest observed dichroism, 14:1 for 
N — H stretching, is well within the predicted limit; it corresponds to an 
average angle of deviation of about 20° in the partially oriented specimen. 

We conclude t h a t there is strong evidence t ha t crystals of poly-y-
methyl-L-glutamate and poly-y-benzyl-L-glutamate, and also of the peptide 
copolymers, contain molecules with the third-amide hydrogen-bonded heli
cal configuration, with about 3.7 residues per tu rn ; and t ha t the inter-
molecular forces operating in the crystals have caused the helixes in the 
first substance to assume the 18-residue 5-turn configuration, and those in 
the second to assume the 11-residue 3-turn configuration, these configura
tions having 3.60 and 3.67 residues per turn, respectively. 

This investigation was aided by grants from The Rockefeller Founda
tion, The National Foundation for Infantile Paralysis, and The U. S. 
Public Health Service. 
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THE PLEATED SHEET, A NEW LAYER CONFIGURATION OF 
POLYPEPTIDE CHAINS 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF T E C H 

NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

For many years it has been assumed that in silk fibroin, stretched hair 
and muscle, and other proteins with the 0-keratin structure the polypeptide 
chains are extended to nearly their maximum length, about 3.6 A per resi
due, and during the last decade it has been assumed also that the chains 
form lateral hydrogen bonds with adjacent chains, which have the opposite 
orientation. A hydrogen-bonded layer of this sort is represented diagram-
matically in figure l . 1 - 4 

M C CHR RHC/ 

C = 0 - H — N / = 0 " 

•h—N "C=0-"H—N' 

CHR RHC CHR 

• 0 = C N — H - 0 = C 

Yi—H--O=C" 'N—H-

/ \ / 
RHC CHR RHC 

\ / \ 
C=o---H—W C = 0 -

i' \ ': 
• H — N C — 0 - H — N 

\ / \ 
CHR RHC CHR 

FIGURE 1 
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Diagrammatic representation of a hy
drogen-bonded layer structure of polypep
tide chains with alternate chains op
positely oriented. 

FIGURE 2 

Diagrammatic representation of a hy
drogen-bonded layer structure of polypep
tide chains with all chains similarly ori
ented (the pleated sheet). 

We have now discovered that there is another, rather similar hydrogen-
bonded layer configuration of polypeptide chains, which differs from that 
of figure 1 in several ways. In the new configuration, which we shall call 
the pleated-sheet configuration, the plane formed by the two chain bonds 
of the a carbon atom is perpendicular to the plane of the sheet, as shown in 
figures 2 and 3, rather than being coincident with it. In this structure the 
successive residues in a chain are similarly oriented, directing their car-
bonyl groups in one direction and their imino groups in the opposite direc
tion, and all of the chains are oriented in the same way, instead of adjacent 
chains being opposed in direction. 
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Let us assume that a polypeptide chain with the configuration indicated 
diagrammatically in figure 2 is bent in such a way that the planes of the 
successive amide groups form dihedral angles whose edges are perpendicu
lar to the plane formed by the axes of the groups (the lines connecting suc
cessive a carbon atoms). It is found that if the bond distances and bond 
angles are given the values that we have used in our recent considerations 
of protein configurations the dihedral angle has the value 106.5°, and the 
vertical component of the axis of each residue is 3.07 A. It is also found 
that the carbonyl and imino groups are oriented in such a way that they 
can form satisfactory hydrogen bonds with corresponding groups in chains 

FIGURE 3 

Drawing representing the pleated-sheet configuration of polypeptide chains. 

obtained by lateral translation. If the lateral translation is given the 
value 4.75 A the N—H • • -O distance is 2.75 A; this is a normal hydrogen-
bond distance. The N—H axis lies within 6° of the N • • • O axis, indicating 
that a stable hydrogen bond should be formed. The coordinates of atoms 
for the pleated-sheet configuration are given in table 1, and a drawing of 
the configuration is shown as figure 3. 

I t is to be noted that each amide group in the chain (neglecting the side 
chains) may be described as obtained from the preceding one by the opera
tion of a glide plane of symmetry. Because of this, side chains of L-amino 
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acid residues are related differently to the structure when attached to one 
a carbon atom than when attached to the a carbon atom of an adjacent 
residue. The pleated-sheet configuration can accordingly be described 
as involving only one kind of glycine residue, in case that it were to be as
sumed by a polyglycine, but two kinds of residues for all optically active 
amino-acid polymers. These two kinds differ in that, for the L configura
tion, a residue of one kind points its /? carbon atom in the C = 0 direction, 
and a residue of the other kind points its |3 carbon atom in the N—H direc
tion. 

We have found some evidence to support the belief that the pleated-sheet 
configuration is present in stretched muscle, stretched hair, feather kera
tin, and some other fibrous proteins that have been assigned the 0-keratin 
structure. These proteins give x-ray diagrams on which there is a strong 
meridional reflection corresponding to spacing about 3.3 A, which is a few 
per cent larger than the fiber-axis distance per residue for the undistorted 

TABLE 1 

COORDINATES OF ATOMS IN THE POLYPEPTIDE PLEATED-SHEET CONFIGURATION (IN A) 

A T O M 

c, 
N, 
C,' 
0 , 

c2 
N2 

c/ 
o2 
C i * 

. U N R O T A T K D -
x y 

0.00 
-0 .36 

0.53 
1.74 
0.00 

-0 .36 
0.53 
1.74 
0.00 

1.15 
0.30 

-0 .28 
-0 .14 
- 1 . 1 5 
-0 .30 

0.28 
0.14 
1.15 

Z 

0.00 
1.14 
1.91 
1.73 
3.07 
4.21 
4.98 
4.80 
6.14 

. 7° 
X 

0.00 
-0 .36 

0.53 
1.72 
0.00 

-0 .36 
0.53 
1.72 
0.00 

ROTATION

S' 

1.09 
0.46 

- 0 . 3 1 
- 0 . 3 1 
-1 .09 
-0 .39 

0.22 
-0 .04 

1.09 

Z 

0.00 
1.17 
1.96 
1.75 
3.15 
4.31 
5.12 
4.95 
6.30 

. 20° 
X 

0.00 
-0 .36 

0.50 
1.63 
0.00 

-0 .34 
0.50 
1.63 
0.00 

ROTATION 
y 

0.96 
0.35 

-0 .40 
-0 .64 
-0 .96 
-0 .14 

0.08 
-0 .39 

0.96 

Z 

0.00 
1.29 
1.98 
1.58 
3.32 
4.49 
5.49 
5.50 
6.64 

pleated sheet, but much smaller than the value 3.6 A for fully extended 
polypeptide chains. We have noticed that the pleated sheet can be sub
jected, without rupturing the hydrogen bonds, to a considerable distor
tion, in such a way as to increase the fiber-axis distance. This distortion is 
effected by rotating each amide group about its C—C* axis through a small 
angle. The rotation moves one of the two /3 positions of each carbon atom 
farther from the median plane and the other nearer, and the effective rota
tions for the two non-equivalent kinds of optically active residues are such 
as to permit each to be an L residue with its side chain farther from the 
median plane than in the undistorted structure. Presumably the van der 
Waals repulsion of the side chain atoms and the main chain atoms would 
be operating in proteins of normal chemical composition with the pleated-
sheet configuration, and this would cause some distortion of the chain-
lengthening sort. (It is to be noted that two kinds of pleated sheets can be 
constructed of L-amino-acid residues, of which for one the deformation that 
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relieves the strain of side chain van der Waals repulsion increases the fiber-
axis length, and for the other it decreases it.) It might well occur that 
the magnitude of the deformation would be such as to give the fiber-axis 
residue length observed for the /3-keratin proteins, about 3.3 A. This de
formation results from a 20° rotation of the amide groups, which gives 3.32 
A as the residue length. Coordinates for the structure with 20° rotation 
and also for a less deformed structure, with 7° rotation, are given in table 
1. 

The deformed structures require some distortion of the hydrogen bonds, 
in that if the hydrogen atom is kept coplanar with the amide group the 
N—H direction deviates from the N • • • O axis by an angle somewhat greater 
than the distorting angle of rotation. The nature of the distortion is such, 
however, as to suggest that not much strain energy is involved. Let us 
consider the effect on the stability of the amide group of moving the hydro
gen atom onto (or nearly onto) the N • • • O axis. This motion would keep 

C 
/ 

the hydrogen atom nearly in a plane normal to the N plane; that is, it 
\ 

C 

involves moving the hydrogen atom toward one of the tetrahedral corners 
of the nitrogen atom. If the nitrogen atom were forming a pure double 
bond with the carbonyl carbon C there would be strong resistance to this 
motion of the hydrogen atom. However, it forms a bond with about one-
half double-bond character and one-half single-bond character, correspond
ing to the resonance 

(Hx /C* H \ /C*) 

and for the second of the structures the tetrahedral position for the hydro
gen atom would be the normal one, whereas for the first the planar position 
is stable. According we would predict that this rotational distortion of 
the pleated sheet would not involve so much strain as if the bonds were 
double bonds. 

We may now ask to what extent distortion of the amide group from the 

H 
\ 

planar configuration, through rotation of the two ends N^TT- and 
/ 

C 

TTTC' in opposite directions about the N — C axis, might be expected 
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to occur. The strain energy of this distortion, which is essentially also the 
strain energy of distortion of the hydrogen atom out of the plane, can be 
estimated in the following way. With 6 the dihedral angle formed by the 
planes of the two end groups, the amide resonance energy may be taken 
equal to —A sin2 (5 — v/2), and the strain energy to A sin2 5. The factor 
A is the amide resonance energy for the planar configuration. This may 
be estimated as about 30 kcal mole"1. (The experimental value for the 
carboxylate ion, in which each of the two C ~ O bonds has 50 per cent 
double-bond character, is 36 kcal mole -1, and somewhat smaller values 
are found for gas molecules of amides, esters, and related substances.6) 
We thus find about 0.9 kcal mole - 1 strain energy for 10° distortion of the 
amide group, 3.5 kcal mole - 1 for 20° distortion, and so on, and we may 
predict that distortions as large as 20° might well occur in structures in 

40 

30 

F 

20 

10 

0 
0.05 0.10 0.15 0.20 0.25 0.30 

sin 0/X 
FIGURE i 

Calculated x-ray form factors for the pleated sheet, for 
planes parallel to the plane of the sheet. 

which these distortions would relieve a larger strain, but that in general the 
polypeptide chain would avoid structures involving such strains. In any 
case, we would expect the distortion to be divided between the amide 
residue and the hydrogen bond. In calculating the coordinates of table 1 
we have not taken account of these distortions. 

The discussion of the pleated sheet in /3 keratin and other proteins will 
be presented in following papers. In this discussion we make use of the 
x-ray scattering form factor for the sheet. The form factor, calculated 
for reflections from planes parallel to the median plane of the undistorted 
sheet, is for convenient later reference given here, in figure 4, as calculated 
from the equation F = £</ , cos (2wyi sin 0/X), with/i values as given in 
the International Tables for the Determination of Crystal Structures. 
The sum has been taken over the atoms of one residue of the undistorted 
structure, including also a (3 carbon atom, with y = 2.04. 



256 CHEMISTS. Y: PA ULING A ND CORE Y PROC. N . A. S. 

This investigation was aided by grants from The Rockefeller Foundation, 
The National Foundation for Infantile Paralysis, and The United States 
Public Health Service. 

* Contribution No. 1552. 
1 Astbury, W. T „ Trans. Faraday Soc, 29, 193 (1933). 
2 Huggins, M. L., / . Org. Chem., 1, 407 (1936); Chem. Rev., 32, 195 (1943). 
3 Pauling, L., / . Am. Chem. Soc, 62,2643 (1940). 
4 Lottnar, W., and Picken, L. E. R., Helv. Chim. Acta, 25, 538 (1942). 
6 Pauling, L., The Nature of the Chemical Bond, Cornell University Press, Ithaca. 

N. Y., 1939. 

THE STRUCTURE OF FEATHER RACHIS KERATIN 

Bv LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF T E C H 

NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

The rachis of feathers gives rise to x-ray diffraction patterns of great 
complexity—they have been described as the most complex known for the 
naturally occurring fibrous substances. For their interpretation there is 
required a unit of structure with dimensions at least 9.5 A X 34 A X 94.6 
A. In the following paragraphs we propose a structure for this protein 
that accounts for the principal features of the x-ray pattern and for some 
physical properties of the substance. 

Astbury and other workers in the field have mentioned that the pattern 
somewhat resembles that of stretched hair, stretched muscle, and other 
proteins with the ^-keratin structure, but that the x-ray diagram indicates 
that the length per residue is only 3.07 A, somewhat shorter than expected 
for an extended polypeptide chain, about 3.6 A, and than observed for silk 
fibroin, about 3.5 A, and for the /3-keratin proteins, about 3.3 A. Astbury 
suggested that the chains might be in a somewhat collapsed /3-keratin con
figuration, and pointed out that the reversible extensibility of feather kera
tin through about 7 per cent supported this assumption.1 We were struck 
by the identity of the indicated fiber-axis residue length, 3.07 A, and the 
corresponding length predicted for the undistorted pleated-sheet configura
tion of hydrogen-bonded polypeptide chains, described in the preceding 
paper, and we investigated the possibility that feather keratin is composed 
of these pleated sheets in parallel orientation. This can be ruled out as 
unsatisfactory, however, in that, although the predicted distance between 
chains in the direction of the hydrogen bonds, 4.75 A, agrees closely with 
that indicated by the x-ray diagram, about 4.68 A, the other equatorial 
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reflections on the diagram cannot be accounted for by such a structure. 
The diagram3 shows four equatorial reflections, with spacings 34 A, 17 A, 
11 A, and 8.56 A, that seem to be the first four orders from a unit with edge 
about 34 A. The magnitude of this dimension suggests three layers of 
protein, each about 11 A thick, and these layers could not be identical, inas
much as all four orders of reflections are observed, rather than only the 
third order. Consideration of alternative possibilities led us to the con
clusion that the layers consist of a pleated sheet and two layers of a helixes, 
these helixes having the configuration described in recent papers.4 

A plan of the proposed structure is shown as figure 1, and a schematic 
drawing as figure 2. The chains of the pleated sheet are at the positions 
x = 0, y = 0, and x = 1/z, y = 0, the base of the unit of structure having 
the dimensions a0 = 9.5 A and b0 = 34.2 A. The centers of the a helixes 

FIGURE 1 

Plan of the proposed structure for feather rachis keratin. 
The structure consists of pleated-sheet layers, between 
which there are double layers of 3.7-residue helixes. 

are at 1/i, y and 3/4, y, with y approximately 1/3. The a helixes are indi
cated to be in the close-packed arrangement given by these parameters by 
the absence of an equatorial reflection at 9.5 A. A diffuse reflection corre
sponding to the second order is observed at about 4.68 A. 

We have found that the intensities of the equatorial reflections can be 
rather well explained by this structure, with consideration only of the 
atoms of known fixed position in the pleated sheet and in the a helixes. 
The atomic parameters and also the form factors for the pleated sheet have 
been reported in a preceding paper,2 and those for the a helix are given in 
the following paper. The value of the parameter y indicated by the data 
is 0.275. The structure factors calculated with use only of the atoms of 
known position, including the /3 carbon atom for each residue in both the 
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pleated she t and the a helixes, and with the approximation of cylindrical 
symmetry for the a helixes, are given in table 1 under the heading Fx. 

Although these structure factors are in rough agreement with the ob
served intensities, somewhat improved agreement is obtained by making a 
correction for the remaining atoms of the side chains of the pleated-sheet 
residues. We have carried out this calculation by assuming two carbon 
atoms, or atoms of equivalent scattering power, per residue, arranged 
about the positions y = + V12 and — Vi2- These positions, at 2.85 A from 
the center of the pleated sheet, are those expected for the pleated-sheet side 
chains. The distribution of the atoms about these positions has been ap
proximated by using an F-factor for these atoms proportional to that cal
culated for the pleated sheet.2 The values Fz in table 1 were calculated 
with inclusion of these side-chain atoms, and the quantity / c a i c . given in the 
following column was obtained by multiplying the square of F2 by the Lor-

F I G U R E 2 

Drawing representing the proposed structure for feather 
rachis keratin. 

entz, polarization, and frequency factors. The calculated intensity for 
(040) seems to be small; however, this calculated intensity is increased 
to the value 330 by inclusion of the intensity, 175, calculated for the form 
{110}, which is the only important diagonal reflection in this region of the 
equatorial plane. The structure factor for {120} is small. The strong, 
diffuse reflection at 4.68 A is due to {200}, {210}, and {220}, with calculated 
spacings 4.75 A, 4.71 A, and 4.58 A. The structure factor for the a helix 
is very nearly 0 for this interplanar distance, and the form factor for these 
reflections is that of the chain in the /3 sheet, with contributions from the 
side-chain atoms. The value of F2 has been obtained by assuming that 
the main-chain and side-chain atoms have the same effective distribution 
about their central axis as has the pleated sheet in the y direction. The 
general agreement of observed and calculated intensities is seen to be satis
factory. 
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In addition to these equatorial reflections, Corey and Wyckoff3 reported 
three others, at 51.0 A (faint), 81.8 A (medium), and 115 A (medium). 
Bear6 has pointed out that the central regions of the x-ray pattern given 
by feather rachis are confused by radiation artifacts related to the strong 
reflections, and that this is probably the source of these three large equa
torial spacings. If we accept this interpretation, the equatorial reflections 
of feather keratin are all accounted for by our unit. 

The meridional reflections observed by Corey and Wyckoff3 and by 
Bear5 are given in table 2. They can nearly all be accounted for as orders of 
a large identity distance, 94.6 A. In addition to the meridional reflections 
given in table 2, Bear reported a number of small-angle near-meridional re
flections, corresponding to other orders of the identity distance 94.6 A. 

TABLE 1 

COMPARISON OF CALCULATED AND OBSERVED INTENSITIES OF EQUATORIAL X-RAY RE

FLECTIONS FOR FEATHER RACHIS KERATIN 

PSEUDO-ORTHORHOMBIC, TRICLINIC UNIT WITH O0 = 9 .50 A, BO = 34.2 A, CO = 94.6 A, 

a ^ 90°, p ^ 90°, 7 = 90° 
hkl 

010 
020 
030 
110 

040 
050 
060 
070 
200 
210 
220 
080 
090 
0-10-0 

rfcalc. 

(34.2 A) 
17.1 
11.4 
9.14 
8.56 
6.84 
5.70 
4.89 
4.75 
4.71 
4.58 
4.28 
3.80 
3.42 

Fi 

22.8 
- 2 0 . 8 

45.5 
- 3 0 . 0 

46.1 
9.4 

12.3 
11.4 

10.6 
16.4 
9.0 

F i 

42.6 
-10 .4 

45.5 
- 3 0 . 0 

37.6 
- 3 . 2 

0.4 
3 .1 

25 
25 
25 

6.6 
16.4 
12.2 

icalc. 

730 
24 

295 
210/ 
155 \ 

1 
0 
1 

38) 
75 \ 
75) 

2 
12 
6 

JobB.a 

Strong 
Faint 
Medium 

Medium 

Strong 
(diffuse) 

tfoba.a 

33.3A 
17.1 
11.0 

8.56 

4.68 

" Corey and Wyckoff.3 

For the ideal pleated sheet we have calculated a fiber-axis distance of 
about 3.07 A per residue, which agrees in numerical value with the spacing 
of the outermost meridional reflection. We think it likely, however, that 
the fiber-axis length per pleat in the pleated sheet in this substance is in 
fact not 6.14 A, but 6.30 A, and that there are fifteen of these units (thirty 
amino-acid residues) in the unit with Co = 94.6 A. The corresponding 
fiber-axis distance per residue, 3.15 A, can be achieved by a small deforma
tion of the ideal pleated sheet, amounting to rotation by 7° around the 
C—C* axes of the amide groups, as described in the preceding paper.2 A 
possibility that seems to us less likely is that there are 15V2 units of the 
pleated sheet in the distance 94.6 A, in which case the length per residue 
would be 3.05 A, and the value of c0 would be twice as great, 189.2 A. 
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The fiber-axis length per residue for the a helix in substances so far in
vestigated ranges from 1.53 to 1.56 A. These values correspond to the 
integers 62 and 61, respectively, as the number of residues in unit length 
94.6 A along the c axis, the value 62 giving 1.525 A and 61 giving 1.551 A as 
the length per residue. The number of residues per unit turn is predicted 
to be close to 3.69, and values between 3.6 and 3.67 have so far been re
ported. With 17 turns in c0, 61 residues would give 3.59 residues per turn, 
and 62 residues would give 3.65 residues per turn; no other value than 17 
turns seems likely, inasmuch as it is improbable that the a-carbon bond 
angle would be strained enough to give 3.81 residues per turn (61 residues 
in 16 turns) or 3.45 residues per turn (62 residues in 18 turns). The most 
likely possibility is thus the 62-residue 17-turn helix, with 3.65 residues per 
turn. The distribution of side chains along the polypeptide chain presum-

TABLB 2 

MERIDONAL REFLECTIONS FROM FEATHER RACHIS KERATIN 

ORDER OF 
REFLECTION 

4 

8 
9 
? 

15 
17 
19 
21 
24 
27 

? 
31 

, BEAR— 
d 

23.6A 

11.90 
10.46 

• • . 

6.30 
5.53 
4.98 
4.45 

INTENSITY 

10 

3 
3 

6 
3 
6 
4 

. COREY AND 
d 

23.1 A 
17.2 

9.08 
6.20 

4.90 
4.37 
3.95 
3.52 
3.22 
3.07 

WYCKOFF 
INTENSITY 

Strong 
? 

Faint 
Strong 

. . . 
Strong 
Medium 
Faint 
Faint 
Faint 
Medium 

ably is such as to stabilize this helix, and the scattering of x-rays by the dif
ferent side chains, in positions that remain to be determined, gives rise to 
the true meridional reflections, with contributions from the atoms of the 
main chains in the helix and the pleated sheet for some reflections. 

It is interesting to note that the reflection (0-0-17) is reported by Bear, 
at 5.35 A; this would correspond to one turn of the a helix. A strong re
flection at 6.20 A (Corey and Wyckoff) or 6.30 A (Bear) is interpreted by 
Bear as the fifteenth basal plane reflection, (0-0-15). We interpret this 
as involving collaboration of the 15 units of the pleated sheet. 

The identity distance 94.6 A receives a rational explanation as resulting 
from the presence of two structures, the slightly distorted pleated sheet 
with identity distance along the a axis of 6.30 A, and the a helix with 5.57 
A per turn. The simplest ratio of integers approximating the ratio of 
these nuiabers is 17:15, corresponding to the mutual identity distance 
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94.6 A. These two structures accordingly might well be expected to form a 
protein such as feather keratin, with a triclinic unit with a0 = 9.50 A, bo = 
34.2 A, c0 = 94.6 A, a ^ 90°, /3 ^ 90°, y S 90°. 

It seems likely that the pleated sheets are all oriented similarly in the 
structure—there is no significant indication of a unit with b0 = 68 A, cor
responding to two kinds of pleated sheets, with opposite orientations. A 
pleated sheet is polar: all of the C = 0 groups point in one direction, and 
the N—H groups in the opposite direction, and in addition the side chains 
on one side of the sheet are arranged differently with respect to the residues 
than are those on the other side of the sheet, so that an isolated sheet would 
be curved. It is interesting to speculate that this curvature of the pleated 
sheets may be related to the natural curvature of the feather rachis. An 
example of a polar sheet in the inorganic field is the kaolin sheet.6 Curved 
crystals of the clay minerals have been recently observed with use of the 
electron microscope, and their curvature has been assumed to result from 
the polar nature of the kaolin sheets.7' 8 

This investigation was aided by grants from The Rockefeller Foundation, 
The National Foundation for Infantile Paralysis, and The United States 
Public Health Service. 
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THE STRUCTURE OF HAIR, MUSCLE, AND RELATED PROTEINS 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF TECH
NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

It is thirty years since x-ray photographs were first made of hair, muscle, 
nerve, and sinew, by Herzog and Jancke.1 During this period, despite 
the efforts of many investigators, the photographs have eluded detailed in-
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terpretation, and the molecular structures of the proteins have remained 
undetermined. In the present paper we propose structures for hair, muscle, 
and related proteins in the extended state ()3 keratin and /3 myosin) and 
the contracted state (a keratin and a myosin), and discuss the extent to 
which the diffraction data are accounted for by the proposed structures. 

The a-Keratin Structure.—It seems not unlikely that the polypeptide 
chains in unstretched hair, contracted muscle, horn, nail, quill, and other 
proteins that give the a-keratin x-ray pattern have the 3.7-residue helical 
configuration2 (which for convenience we shall call the a helix). 

Let us consider the structure expected for an aggregate of a helixes. 
The molecules, with the approximate form of circular cylinders, would be 
expected to pack in a hexagonal or pseudohexagonal array, as do the syn
thetic polypeptides poly-7-methyl-L-glutamate and poly-7-benzyl-L-
glutamate.3 The average residue weight 120 and approximate density 
1.30 g c m - 3 lead to 11 A as the value of an for the hexagonal unit. The 
predicted equatorial reflections are {10-0} at 9.5 A, {11-0} at 5.5 A, {20-0} 
at 4.8 A, {21-0) at 3.6 A, {30-0} at 3.2 A, etc. The observed pattern of a 
keratin, as described by Astbury and Street,4 has a strong equatorial re
flection at 27 A, a very strong reflection at about 9.8 A, and a vague region 
of darkening around 3.5 A. We would attribute the 27-A reflection to a 
long-range order that can be elucidated only through further study. The 
9.8-A reflection is described as covering a range of spacings of about 3 A 
centered at 9.8 A, which suggests that the packing is only pseudo-hexagonal, 
and that the hexagonal form {10-0} is split into several forms with different 
spacings. The failure to observe the reflections {11-0} and {20-0} can be 
attributed to the smallness of the x-ray form factor for equatorial scattering 
by the a helix,5 which has a node at 5 A; indeed, the a-keratin x-ray photo
graphs show a light band which is centered at about 5 A. The form factor 
then has a maximum at 3.4 A, which corresponds to the vague region of 
darkening, with center around 3.5 A, reported by Astbury and Street. 

The principal meridional feature of the a-keratin x-ray pattern is a strong 
arc at 5.15 A. This reflection has been accepted as indicating that the c-
axis identity distance is 5.15 A or a simple multiple of it, and it has usually 
been assumed that the c-axis length per residue is either '/3-5-15 = 1.72 A 
or y2-5-15 = 2.58 A. The 5.15-A arc seems on first consideration to rule 
out the a helix, for which the c-axis period must be a multiple of the axis 
distance per turn, which is about 5.6 A. However, it was noted by Bam-
ford, Hanby, and Happey6 that the "meridional arc" observed on photo
graphs of partially oriented fibers of poly-7-benzyl-L-glutamate is on other 
photographs resolved into off-meridional spots in positions corresponding 
to the value 5.76 A for the c-axis translation. It seems probable that the 
5.15-A arc seen on the a-keratin photographs is to be interpreted in a 
similar way. 
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A very significant contribution has been made by Herzog and Jancke7 in 
1926 and Lotmar and Picken8 in 1942. These investigators obtained, by 
non-reproducible procedures, preparations of rather well crystallized 
muscle. Herzog and Jancke observed eight forms, and Lotmar and Picken 
eighteen. Lotmar and Picken's preparation was a piece of posterior-valve-
closing muscle (of the mussel Mytilus edulis) that had been dried for 48 
hours under 10-g tension and then allowed to stand in a can for a year. 
They indexed their photograph and (also Herzog and Jancke's) with a 
monoclinic unit with oo = 11.70 A, ba = 5.65 A (fiber axis), Co = 9.85 A, 
and /3 = 70.5°. The fiber-axis translation 5.65 A is in fine accordance 
with prediction for the 3.7-residue helix. 

FIGURE 1 

Plan of the monoclinic unit proposed for crystalline 
muscle by Lotmar and Picken, with the 3.7-residue 
helixes, suggested in the present paper, represented by 
elliptical cylinders. The dots indicate the positions 
assumed for side-chain carbon atoms. 

Lotmar and Picken stated that their excellent photograph presumably 
shows the x-ray diagram of crystallized myosin, and that there is no sign 
of the 5.15-A meridional arc. They considered their preparation to repre
sent a new molecular modification of myosin, with two residues per 5.65-A 
length along the c-axis. We think it likely that the process of crystalliza
tion has involved only the ordering of the a helixes, as shown in figures 1 
and 2, in such a way that the larger side chains are grouped into layers with 
x ~ y2, the region near x = 0, z = 1/i being free of side chains, thus per
mitting the helixes to come into close contact at these points. 

The occurrence of the 5.15-A arc on the x-ray photographs of poorly 
ordered aggregates of a-helical molecules can be explained by the consid-
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eration illustrated in figure 3. Here a helical curve with pitch 5.65 A is 
shown on a cylinder with radius 1.81 A, the average radius for the peptide 
atoms C, N, C , and O. The angle of inclination of the helix is 26°, and 
the perpendicular distance between adjacent turns of the curve is 5.65 cos 
26° = 5.1 A. We would thus predict strong reenforcement of x-rays scat
tered by an a molecule in directions about 26° from the fiber axis. (A re
lated pertinent fact is that the maximum for the calculated radial distribu
tion function for the a helix conies at 5.0 A; this function will be repro
duced in a later paper.) In the case of a somewhat poorly ordered fibrous 
aggregate of the molecules or of a crystalline phase with very large unit 
the intermolecular interference would in general permit strong diffraction 
maxima with spacing 5.1 A to occur in the near-meridional region, whereas 

FIGURE 2 

Drawing of the proposed structure of a keratin. 

for a well-crystallized specimen intermolecular interference could cause 
these reflections to fail to appear, despite their large molecular form factor. 

(Added April 10, 1951: It has been pointed out to us by Professor 
Verner Schomaker that the foregoing argument is not reliable. He has 
evaluated the form factor for x-ray scattering by a uniform helix, and 
has found that the maximum scattering by the helix with the dimensions 
given above occurs at angles considerably larger than 26° from the 
meridional direction, and at a Bragg angle corresponding to a spacing of 
about 4.2 A, rather than 5.1 A. He has further shown that if four main-
chain atoms and the /3 carbon atom are represented by helixes with the 
correct radii for the 3.7-residue helical structure, and four side-chain 
atoms are represented by another helix, with the same pitch and with 
radius 4.0 A, a pronounced maximum is predicted to occur at 26° from 
the meridional direction and at a Bragg angle corresponding to a spacing 
of 5.1 A.) 



VOL. 37, 1951 CHEMISTRY: PA ULING AND COREY 265 

The interplanar distances and estimated intensities of the basal-plane 
reflections on the x-ray photographs of crystalline muscle reported by Lot-
mar and Picken and by Herzog and Jancke are given in table 1, together 
with calculated values of the interplanar distance d, structure factor F, 
and intensity / = LPF1, with L the Lorentz factor and P the polarization 
factor. The structure factor is that for the a helix, including a fi carbon 
atom for each residue, evaluated for the case of cylindrical symmetry,5 

plus a side-chain carbon atom per residue at x = 1/2, 
z = 0 and another one at x = 1/i, z = 1/i. If the 
crystal has monoclinic symmetry, as assumed by 
Lotmar and Picken, there are 2-fold screw axes pass
ing through these points, and a greater-than-average 
density of atoms might be expected near these axes; 
we have accordingly tried to approximate the effect 
of the side-chain atoms on the structure factor by 
placing atoms in these positions. 

I t is seen that the calculated intensity pattern 
corresponds surprisingly well with the observed 
pattern, when it is considered that no variable param
eter is involved in the calculation. The only arbi
trary decision involved in the calculation is that 
the side-chain scattering, for about four heavy atoms 
per residue, can be approximated by placing a 
carbon atom near each of two 2-fold axes. 

The first reflection, Ai, is seen on the reproduc
tion of their photograph in Lotmar and Picken's 
paper to be very strong—we estimate it to be per
haps ten times as strong as A2 or A4. Its breadth 
is about 3 A, which is enough to include the forms 
{100}, {001}, and {101}. This spot closely re
sembles the corresponding spot given by ordinary 
preparations of a keratin, and described by Astbury 
and Street as covering a range of about 3 A, centered 
at 9.8 A. We accordingly think that it is likely that 
the ordinary preparations of a keratin have in fact a 
monoclinic structure closely resembling that of crystalline muscle, and only 
rather slightly disordered. The 27-A reflection seen on photographs of 
hair and ordinary muscle seems not to be present on Lotmar and Picken's 
photograph. 

The second reflection, A2, is observed to be strong, and calculated as 
weak. An additional side-chain carbon atom in phase for this reflection 
(near the line x + z = 1) would bring the value of Jcaic. to 103. (We have 
not attempted to find a distribution of side-chain atoms that would give 

FIGURE 3 

Diagrammatic rep
resentation of the 3.7-
residue helix, indicat
ing the origin of the 
meridional arc at 5.15 
A observed on x-ray 
photographs. 
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TABLE 1 

COMPARISON OF CALCULATED AND OBSERVED INTENSITIES OF EQUATORIAL REFLECTIONS 

FOR CRYSTALLINE MUSCLE 

TRICLINIC UNIT WITH aa = 11.70 A, ba = 5.65 A, c0 = 9.85 A, a ^ 90°, p = 73.5°, y ^ 

90° 

doha.LPa dobt.HJ" 

9 . 3 A 10 .0A 

6.6 6.4 

6.0 5.8 

4.78 

FLEC
TION 

A, 

A2 
A3 

A4 

A6 

A„ 
A7 

A8 

A9 

AID 

A„ 

hOl 

100 
001 
101 
101 
201 
200 
102 
002 
201 
202 
102 
301 
300 
302 
103 
202 
301 
003 
203 
401 
303 
103 
400 
402 
302 
401 
403 
203 
104 
204 
004 
501 
304 
502 
500 
104 
402 
503 
303 
404 

dcgAc. 

11.21 A 
9.44 
8.51 
6.38 
5.56 
5.60 

4.87 
4.72 
4.31 
4.25 
3.97 
3.87 
3.74 
3.44 
3.28 
3.19 
3.18 
3.15 
3.15 
2.92 
2.84 
2.83 
2.80 
2.78 
2.59 
2.50 
2.47 
2.46 
2.45 
2.44 
2.36 
2.34 
2.31 
2.29 
2.24 
2.19 
2.16 
2.14 
2.13 
2.13 

J^calo. 

10.0 
16.8 
14.0 
6.1 
2.1 
9.7 

-9.8 
7.7 

-3.1 
5.3 

-12.1 
-4.3 
-12.7 
-12.4 
-5.0 
2.1 

-4.9 

-4.9 
-4.9 
-4.4 
-4.2 
-4.2 
2.9 
2.6 

-9.6 
-3.0 
-2.9 
-2.9 
-8.8 
3.1 
3.2 

-2.4 
-7.8 
-7.7 
-7.3 
-6.9 
3.8 

-1.3 
-1.3 
3.9 

Jcalo. 

150) 
353 V 
217) 
32 
3 
52) 
60 [ 
35) 
5 
15 
73 
9 
74 
65 
10 
2 
9 
9 
9 
7 
6 
6 
3 
2 
28 
3 
2 
2 
22 
3 
3 
2 

16i 
15 
13 ( 

n; 
5 
0.4 
0.4 
4 

Ioba.LPa 

S(broad) 

S 
?" 

S 

W 

M 
M 

} " 

W 

W 

M 

Iobs.HJa 

S (broai 

M 
M 

• > • 

W 3.97 3.94 

3.73 
3.50 

2.94 

2.75 

2.48 

2.18 

0 LP = Lotmar and Picken, HJ = Herzog and Jancke. 
* Presumably the symbol means that Lotmar and Picken were doubtful as to the 

presence of these two spots. 
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better general agreement with the entire observed pattern, inasmuch as the 
approximate agreement given by the less arbitrary calculation that we have 
made seems to us to be more significant.) 

The questionable reflections A3 and A8 cannot be seen on the reproduced 
photograph. A5, which is described by Lotmar and Picken as weak (whereas 
/calc. is as large for it as for A6 and A7, described as strong), lies in a region 
of general blackening, which may have caused its intensity to be under
estimated—it is interesting that Herzog and Jancke report A5, but not A6 

nor A7. Whether A9 can be assigned to the form {302} is doubtful; but in 
any case the appearance of the three reflections A9, AK>, and An in nearly 
the calculated positions and with the calculated intensities can hardly be 
the result of coincidence. The sequence of forms with very small values 
of icaic. in the regions for which no reflections are reported by Lotmar and 
Picken and also the rather striking agreement found for the observed reflec
tions strongly favor the conclusion that the assumed structure is not greatly 
different from the actual structure. 

Some evidence for the 3.7-residue helix is provided also by the meridional 
reflections reported for muscle fibers and porcupine quill by Corey and 
Wyckoff,9 MacArthur,10 and Bear.11 These reflections correspond to large 
c-axis identity distances, about 726 A for muscle fiber and 198 A for porcu
pine quill. The 726-A unit for muscle is shown also in electron micro
graphs of muscle fibrils treated with osmic acid.12 We would expect that 
side chains of different kinds on the a helix would repeat after an integral 
number of residues, corresponding to an integral multiple of the residue 
length along the helix axis, about 1.53 A, and that accordingly those orders 
of basal plane reflection for which the spacing approximated closely to cer
tain multiples of 1.53 A would be enhanced in intensity. I t is in fact 
found that about 80 per cent of the meridional reflections are of this type; 
for both Venus clam muscle and porcupine quill they are multiples of 1.51 
A. The reflections at 1.49 A, 3.05 A, 4.50 A, and 6.19 A for porcupine 
quill, which represent the first four orders of enhancement, are the strong
est features of the wide-angle meridional pattern, except for the 5.2-A arc. 

The fi-Keratin Structure.—Hair and muscle can be reversibly stretched 
to about 100 per cent elongation.13 Some authors have expressed doubt 
as to whether this elongation is to be attributed to the polypeptide chains, 
but it seems to us that Astbury's contention that it should be is justified. 
With a fiber-axis length of 1.53 A per residue for the a helix, an extended 
chain in the /3-keratin structure would be predicted, on this assumption, 
to have a fiber-axis residue length of about 3.1 A. The principal meridional 
x-ray reflection of stretched hair, stretched muscle, and other proteins 
with the /3-keratin structure4 has in fact a spacing reported by Astbury as 
about 3.32 A, which is presumably the fiber-axis residue length, and would 
thus correspond to 117 per cent extension of the a helix. That the /2-kera-
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tin structure involves extended polypeptide chains was first suggested by 
Brill14 in 1923, and for the past fifteen years it seems to have been rather 
generally assumed that the chains are essentially coplanar, and that they 
alternate in direction in forming hydrogen-bonded non-polar sheets. 15~17, 8 

Another hydrogen-bonded layer structure, the pleated sheet, which avoids 
the difficulty of large steric interference of side-chain groups predicted for 
the planar sheet, has recently been described.18 The pleated sheet can 
easily assume a configuration corresponding to the residue-length 3.32 A, 
and it seems to us likely that it represents the /3-keratin structure. 

At present there is not much direct evidence to support this view. The 
observed equatorial x-ray reflections4 at 9.8 A (strong) and 4.65 A (very 

strong) have been shown by Astbury 
and Sisson19 to correspond to the 
plane of the /3-keratin layers and 
the lateral direction in the layers, 
respectively. The lack of other 
equatorial reflections, except one 
weak reflection at 2.4 A, and lack of 
knowledge of positions of side-chain 
atoms make a calculation of in
tensities of reflection of little value. 
It may be pointed out, however, 
that if the one-molecule unit that 
accounts for the x-ray pattern of 
crystalline muscle obtained by 
Lotmar and Picken is correct the a 
helixes must all be oriented in the 
same sense, and accordingly this 
muscle on stretching could be trans
formed into the pleated sheet, but 
not into the planar sheet. 

When hair or muscle is treated with hot water or steam it shortens in 
the direction of the fiber axis, and swells laterally. The resultant material 
is called supercontracted keratin. The contraction from the a state is 
about 30 per cent for both hair20 and myosin.21 It is possible that super-
contracted keratin has the configuration of the 5.1-residue helix,2-6 but 
there is very little evidence to support this suggestion. The fiber-axis 
residue length for this helix is about 0.99 A, which corresponds to 35 per 
cent contraction from the a helix, with residue length 1.53 A. The agree
ment of this value with the experimental value for the amount of supercon-
traction provides some support for the suggestion that the y helix is present 
in supercontracted keratin. A careful study of the x-ray diagram should 
permit a decision on this point to be made. 

FIGURE 4 

Drawing illustrating the proposed mech
anism of conversion of a pleated sheet into 
a double row of 3.7-residue helixes; this 
is proposed as the process involved in the 
contraction of muscle. 
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The Mechanism of Contraction of Muscle.—The assignment of the 
pleated-sheet configuration to extended muscle and of the a-helical config
uration to contracted muscle suggests that a discussion be made of the 
mechanism of contraction of muscle. 

We have noticed that in order for a pleated sheet to be converted into a 
double layer of a helixes it is not necessary that all of the hydrogen bonds 
in the pleated sheet be initially broken. Instead, it is necessary to break 
only enough hydrogen bonds, four or five, to liberate four or five residues in 
each polypeptide chain, these being at about the same horizontal level in 
the pleated sheet. The liberated chains can then coil into the a-helical 
configuration, to produce the double layer of packed cylindrical a helixes, 
as shown in figure 4. 

The sheet configuration is, for a normal protein, somewhat unstable rela
tive to the a helix. This is indicated to be the case for synthetic polypep
tides involving residues other than glycine by the fact that these polypep
tides have been observed to form crystals of the a type.6 Indication that 
the instability of the pleated sheet is due to steric repulsion between side 
chains is given by the fact that copolymers containing a large fraction of 
glycine residues assume the /3 configuration.6 The steric-hindrance ex
planation of the instability of the pleated sheet is made reasonable by a con
sideration of the area available per side chain. In a normal /3 keratin, 
with fiber-axis length per residue 3.32 A and side-chain spacing 4.75 A 
and both sides of the sheet available for side chains, the area per side chain 
is 31.6 A2. For the a helix we may take the radius of the side-chain median 
cylindrical surface to be 4.16 A, which is midway between the centers of 
the /3 carbon atoms (radius 3.34 A) and the point of contact with adjacent 
molecules (V2C0 = 4.98 A); with the fiber-axis residue length 1.53 A, the 
area per side chain is calculated to be 40.0 A2, which is 25 per cent larger 
than for the pleated sheet. Moreover, in the discussion of the pleated 
sheet we have pointed out that the ideal pleated sheet has fiber-axis length 
per residue 3.07 A, and that the extension to 3.32 A, as observed in myosin, 
seems to be associated with a steric interference with the side chains, which 
causes the residues to rotate out of the position most favorable to hydrogen-
bond formation, and thus introduces a strain, essentially of bending, in 
the hydrogen bonds. The normal hydrogen-bond energy for peptides 
may be estimated at 7.5 kcal mole - 1; it is expected to be large, because 
of the negative charge conferred on the carbonyl oxygen atom and the 
positive charge conferred on the imino nitrogen atom by the amide reso
nance. The energy of the strain introduced may be estimated to be of the 
order of magnitude of about 3 per cent of the hydrogen-bond energy, or 
0.22 kcal mole -1, which is about 1.8 cal per gram of myosin. Since muscle 
is about 10 per cent myosin, we estimate (very roughly) the work that 
could be done by 1 g of muscle to be about 0.18 cal, in a single complete 
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twitch. Muscle has density 1.06 g cm - 3 , and 1 g of muscle in the extended 
state with cross-section 1 cm2 would be 0.94 cm long. If the entire muscle 
were to shorten proportionately to the myosin molecules, and these mole
cules were to shorten from the residue length 3.32 A (for the pleated sheet) 
to 1.53 A (for the a helix), the contracted length would be 0.43 cm, the 
contraction being by 54 per cent. The contracting pleated sheet would be 
predicted to exercise the same force throughout its contraction; for initial 
cross-section 1 cm2 (in the extended state) this force is calculated from the 
assumed strain energy 0.18 cal per g of muscle, assuming it to be free energy, 
to have the value 1.53 kg. 

The foregoing rough calculation agrees well with experiment in some re
spects. A. V. Hill has reported22 that the maximum force exerted in a 
twitch by frog's muscle at 0°C is 1 to 2 kg cm - 2 , which agrees well with the 
value 1.5 kg cm - 2 calculated above. It is interesting also that the observed 
maximum shortening,23 by 50 to 60 per cent for toad muscle, is close to the 
predicted shortening, 54 per cent, for the transition from the pleated sheet to 
the a helix. The heat liberated by frog's sartorius muscle on tetanic con
traction has been measured,24 and found to be about 400 g cm per cm of 
shortening and per cm2 cross-section, or 0.05 cal per g of muscle, assuming 
complete contraction (by 54 per cent). Somewhat smaller values were 
found in a later study.23 These values are considerably smaller than the 
estimated energy difference of the extended and the contracted forms of the 
myosin of muscle, as given above (0.18 cal g -1)-

In order to account for the observed mechanical properties of hair (great 
extension under a load of 500 to 2000 kg cm - 2 , depending on humidity) 
in the same way, it must be assumed that the strain of the /3 configuration 
is very much greater, about 10 cal mole - 1 per residue. Moreover, the great 
dependence on humidity shows that side-chain interactions, which are 
changed by hydration, are involved. 

The pleated-sheet configuration of extended muscle is metastable. In 
order for the polypeptide chains to contract an excitation energy would be 
needed, the energy of breaking four or five hydrogen bonds, to liberate four 
or five residues, in each chain. We suggest that the mechanism whereby 
the reaction of contraction is initiated may involve the production in or 
transfer to this region of the muscle of a number of hydrogen-bond-forming 
molecules, which can attack the hydrogen bonds of the pleated sheet, and 
through the formation of hydrogen bonds with the carbonyl and imino 
groups of the chains decrease the energy of activation of the sheet-disrupt
ing process. As the a helixes are formed these molecules are liberated, and 
might continue to attack hydrogen bonds in the pleated sheet. It is, 
however, not necessary that they do so, in order for the process of forma
tion of a helixes to continue, once that it is started: as the freed residues 
coil into the a helixes, and form more stable hydrogen bonds within these 
helixes, they would exercise a mechanical strain, communicated along the 
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polypeptide chain, on the adjacent residues that are still held by hydrogen 
bonds in the pleated sheet, and this strain would have the effect of reducing 
the activation energy for the liberation of further residues. Accordingly 
once that the reaction were initiated, it would be expected to continue until 
all of the pleated sheet had been converted into a double row of a helixes. 

It is not so easy to suggest a single reasonable way in which the muscle 
can be reconverted to the stretched state. There are many conceivable 
ways in which this could be done, with the use of chemical reactions of vari
ous sorts—especially the change in the nature of the environment of the a 
helixes. One possibility, suggested over twenty years ago by Meyer and 
Mark,26 is that through a change in the ionic environment in the muscle 
the polypeptide chain is provided with a sequence of similarly charged side 
chains, not paired with neutralizing charges of the opposite sign. The 
electrostatic repulsion of these side chains would then tend to cause the 
chains to stretch out into the pleated-sheet configuration. It is of interest 
that Meyer and Mark illustrated this mechanism with use of a simple heli
cal curve for the molecule of contracted muscle. 

This investigation was aided by grants from The Rockefeller Founda
tion, The National Foundation for Infantile Paralysis, and The United 
States Public Health Service. 
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THE STRUCTURE OF FIBROUS PROTEINS OF THE COLLAGEN-
GELATIN GROUP 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF TECH

NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

Collagen is a very interesting protein. It has well-defined mechanical 
properties (great strength, reversible extensibility through only a small 
range) that make it suited to the special purposes to which it is put in the 
animal body, as in tendon, bone, tusk, skin, the cornea of the eye, intestinal 
tissue, and probably rather extensively in reticular structures of cells. 
During the last thirty years, following the pioneer work of Herzog and 
Jancke,1 a number of investigators have attempted to find the structure 
of collagen (and of gelatin, which gives similar x-ray photographs), but 
no one has previously proposed any precisely described configuration, nor 
has attempted to account for the positions and intensities of the x-ray dif
fraction maxima. 

The diffraction pattern of collagen and gelatin is characterized by a meri
dional arc at 2.86 A. (Good reproductions of x-ray photographs have been 
published by Astbury.2) This arc remains essentially uninfluenced by a 
change in the source of material or its previous treatment; Bear3 found 
that it varied only between the limits 2.82 A and 2.90 A for 26 samples, 
ranging from demineralized mammoth tusk to plain surgical gut (sheep 
intestinal submucosa). On the other hand, the principal equatorial reflec
tion, which for thoroughly dried tendon2 corresponds to the spacing 10.4 
A, varies greatly in spacing with source and treatment of the material. At 
ordinary humidity it is about 11.5 A, and Bear reported the value 15.5 A 
for kangaroo tail tendon treated with water. It is evident that collagen 
consists of molecules (polypeptide chains) extending along the fiber axis, 
and rather loosely packed in parallel orientation. It will be pointed out 
below that the equatorial reflections correspond to a hexagonal packing of 
circular cylinders. 

The 2.86-A fiber-axis spacing suggests that the amide groups of the poly
peptide chain are in the cis configuration, as has been mentioned by Ast
bury.2 (Astbury has suggested2'4 a structure for collagen which bears 
little resemblance to our structure.) If we accept the configuration of the 
amide group in a peptide as predicted from x-ray investigations of related 
simple substances, and described in our earlier paper6 (with a single change 
—we have replaced the value 120° for the C—N—C angle by the value 
123°, which is suggested by general considerations as a reasonable value 
for the angle between a single bond and a bond with about 50 per cent 



VOL. 37, 1951 CHEMISTRY: PAULING AND COREY 273 

double-bond character), we predict that the length of an amide group with 
the cis configuration is 2.83 A, which is close to the observed fiber-axis spac
ing. Although the principal meridional arc at 5.1 A observed for proteins 
with the a-keratin structure, which had always been accepted as represent
ing a fiber-axis distance, has been found6-7 to be in fact a diagonal spacing, 
there seems to be little reason to doubt that the 2.86 A spacing of collagen 
represents a fiber-axis distance. 

We found it impossible to formulate a satisfactory structure for collagen 

' °^^c' 

FIGURE 1 

Diagrammatic representation of the configuration of polypeptide chains in the collagen-
gelatin three-chain helix. 

from cis amide groups alone. However, a satisfactory structure, described 
in detail in the following paragraphs, has been formulated with use of poly
peptide chains in which there is an alternation of two cis groups and one 
trans group, as shown in figures 1 and 2. The angular orientation which the 
trans group is required to assume by its bonds with the contiguous cis 
groups is such as to cause its component of length along the fiber axis to be 
about 2.92 A, the average fiber-axis length per residue for the cis-cis-trans 
chain thus being 2.86 A, as observed for the collagen fibers. 

Let us now consider the folding of the cis-cis-trans chain in such a way 
as to form satisfactory hydrogen bonds. The ease of lateral swelling of 
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collagen indicates that hydrogen bonds between molecules of the protein 
are not present, and hence that a structure involving intramolecular hydro
gen bonds is to be sought. 

The principal equatorial spacing for thoroughly dried collagen is 10.4 A. 
For cylindrical molecules in hexagonal packing this value for dwa leads to 

125 A2 as the basal-plane area per 
molecule, and with 2.86 A as the 
fiber-axis length to 358 A3 as the 
volume per unit, or 215 cm8 per 
mole of units. If the density is 
taken as 1.35 g cm - 3 (the reported 
density of dry gelatin) the mass per 
unit is 291 g. The average residue 
weight for collagen and gelatin is 
found by analysis to be slightly less 
than 100; it is hence evident that 
there are about three residues in 
the unit of the molecule (2.86 A 
length). We accordingly reach the 
conclusion that the molecule of col
lagen and gelatin, essentially cy
lindrical in shape, is not a single 
polypeptide chain, but consists of 
three polypeptide chains. This is 
pleasing, inasmuch as there is no 
way in which a single polypeptide 
chain with a cis-cis-trans sequence 
of amide groups can be folded to 
give intramolecular hydrogen bonds 
and a fiber-axis residue length of 
2.86 A. The intramolecular hydro
gen bonds in the collagen-gelatin 
molecule must be lateral bonds 
between the three polypeptide 

chains that constitute the molecule. 
A satisfactory structure can be built in which each of the three polypep

tide chains is coiled into a helix, the coiling being achieved through the 
bending of the chain at the positions of the a carbon atoms, and the three 
helixes having a common axis. For the ideal configuration, in which the 
three a carbon atoms are similarly oriented directly above and below one 
another along a line parallel to the fiber axis, the dihedral angle at these 
carbon atoms is 97°. Some distortion of the structure is required in order 
that satisfactory hydrogen bonds be formed. This distortion consists in a 

FIGURE 2 

Drawing representing the proposed struc 
ture of the Collagen-gelatin molecule. 
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rotation around the two single bonds formed by the a carbon atoms, so as 
to draw the a carbon atom C2 closer to the axis of the helix, by 0.34 A, 
than the a carbon atoms Ci and C3, as shown in figure 2. The hydrogen 
bonds are introduced in such a way that the three chains of the molecule 
are related to one another by a three-fold axis of symmetry. The a carbon 
atoms C2 of the three chains lie at the corners of an equilateral triangle of 
edge 5.60 A, and the atoms Ci and C3 at the corners of an equilateral tri
angle with edge 6.20 A. The two cis amide residues are rotated by about 
9° out of the orientation parallel with the fiber axis. The trans residue is 
rotated through 30° about its C3 — Ci* axis. The trace of this axis on the 
basal plane is 2.44 A. The relation of this trace to the 6.20-A triangle of 
the C3 and Ci atoms is such 
that the angle of rotation 
about the fiber axis that con
verts one three-residue element 
of a polypeptide chain into 
the element following it in the 
chain is 40°. We have found 
that this angle of rotation can 
hardly be varied by more than 
3° without introducing un
satisfactory structural fea
tures. The helix formed by a 
single chain of the collagen 
molecule is thus found to have 
very nearly a 9-fold screw axis 
of symmetry. 

There is, of course, no 
reason for an isolated gelatin 
molecule to have exactly the 
angle 40° for the rotation of its rotatory translation, or to have 
exactly a 9-fold screw axis. In an aggregate of molecules in hexagonal 
packing, however, the influence of adjacent molecules on a given molecule 
might well be such as to introduce a small torque that would cause it to 
assume exactly the value 40° for this angle, and thus to assume a true 9-fold 
screw axis, in addition to the 3-fold symmetry axis that converts one chain 
into another, as shown in basal-plane projection in figure 3. We have 
found this phenomenon to occur in the hexagonal crystals of poly-7-
methyl-L-glutamate,6 in which the a helix, normally with approximately 
3.69 residues per turn, is constrained to the value 18/5 = 3.60 in order to 
achieve a 6-fold screw axis. In the following discussion we describe a 
molecule with a 9-fold screw axis. 

The translation of the operation that converts one structural element 

F I G U R E 3 

Plan of the three-chain configuration proposed 
for collagen and gelatin. 
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into the following one in the chain is given for our model as 8.58 A, which 
corresponds to 2.86 A per residue, in exact agreement with the x-ray 
value. 

The coordinates of atoms in a structural uni t of the molecule are given 
in Table 1. The coordinates x, y, and z refer to cartesian axes centered a t 
the a carbon a tom C2, and the coordinates p, 6, and z are cylindrical coor
dinates referred to the axis of the helix. These atomic positions correspond 
closely to the assumed bond angles, bond distances, and planari ty of the 

ATOMIC PARAMETERS 

TOM * 

C, - 0 . 2 5 
C 1.16 
O, 2.18 
Ni 1.17 
C2 0.00 
c y 0.05 
02 0.22 
N2 -0 .04 
C3 - 0 . 2 5 
C8' 1.01 
03 2.03 
N, 0.89 
d * 1.98 
Axis 2.29 

TABLE 

FOR THE 

x, y, z, . 
y 

-0 .25 
-0 .09 
- 0 . 0 9 

0.00 
0.00 
1.24 
2.38 
1.06 

-0 .25 
-0 .37 

0.21 
- 1 . 0 9 
-1 .32 

2.29 

1 

COLLAGEN THREE-CHAIN HELIX 

AND p IN A 
s 

2.83 
2.19 
2.90 
0.88 
0.00 

-0 .90 
- 0 . 4 1 
- 2 . 2 1 
- 2 . 8 3 
-3 .73 
- 3 . 4 1 
-4 .80 
- 5 . 7 5 

p 

3.59 
2.63 
2.38 
2.55 
3.25 
2.47 
2.07 
2.63 
3.59 
2.94 
2.10 
3.66 
3.59 
0.00 

* 
0.0° 

19.6° 
42.3° 
18.9° 
0.0° 

-19.9° 
-47.5° 
-17.2° 

0.0° 
19.3° 
37.9° 
22.5° 
40.0° 

TABLE 2 

COMPARISON OF EQUATORIAL FEATURES OF COLLAGEN X-RAY PHOTOGRAPHS AND CAL

CULATED MAXIMA AND MINIMA OF THE FORM FACTOR 

CALCULATED SPACINGS OBSERVED SPACIKGS 

7.14 A, minimum intensity 7.8 A, center of light band 
4.72 maximum 4.37 center of diffuse dark band 
2.89 minimum 2.74 center of light band 
2.25 maximum 2.18 center of dark band 
1.64 minimum 

amide groups. Because of the complexity of the structure, we are not sure 
t ha t a considerable displacement of the chains from the proposed positions 
might not exist, in such a way as to retain these structural features. 

The nature of the inter-chain interactions is shown in figures 1 and 3. 
Two hydrogen bonds are formed per unit . The N i—H • • • O2 bond has the 
length 2.63 A. This is slightly shorter (by about 0.06 A) than any N — H • • • 
O hydrogen bond so far reported, bu t it seems to us to be possible t h a t the 
bond in this molecule is indeed this short. The N 2 —H • • • 0 3 hydrogen bond 
has the length 2.83 A. If our model were to be changed by a small addi-
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tional rotation of the trans amide group the distance would be significantly 
shortened. 

There is an interesting correlation between the chemical composition of 
the collagen-gelatin proteins and the existence in the structure of only two, 
rather than three, hydrogen bonds per element. I t is found by chemical 
analysis that about one-third of the amino acids obtained by hydrolysis of 
collagen and gelatin are proline or hydroxy proline. In residues of these 
amino acids the nitrogen atom does not have an attached hydrogen atom 
and so does not enter into hydrogen-bond formation. The proposed struc
ture may explain this aspect of the chemical composition of these proteins. 
It seems likely that if long 
polypeptide chains were to be 
synthesized with every third 
residue a proline or hydroxy-
proline residue and every third 
residue a glycine residue they 
would spontaneously aggregate 
into complexes of three, with 
the collagen structure, the 
other principal known struc
tures for fibrous proteins, the a-
helix structure, pleated-sheet 
structure, and 7-helix struc
ture, being rendered unstable 
by the steric interference of the 
5-membered rings that are held 
in a fixed orientation. 

I t is of interest that the sense 
of the collagen helix is uniquely 
related to the configuration of 
the amino acid residues. I t 
is possible for only one of the two alternative positions of a /3 carbon 
atom on the a carbon atom Ci of the proline residue to be connected with 
the nitrogen atom to form a 5-membered ring, for a given sense of the helix. 
The acceptable configuration is shown in figure 4. 

The structure of the collagen-gelatin molecule can be represented dia-
grammatically as shown in figure 5. The three helical polypeptide chains 
are shown projected onto the surface of a cylinder. I t is interesting to note 
that the structure of the molecule provides an immediate explanation of 
the principal mechanical property of collagen, its extensibility over only a 
limited range. The effective fiber-axis length of the trans residue in the 
molecule as shown is 2.93 A. If, on the application of force, this residue 
were to be twisted into a parallel orientation, its effective length would be 

F I G U R E 4 

Drawing of a portion of the proposed structure 
of the collagen-gelatin molecule, showing the 
positions of the proline residues. 
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3.83 A, the C3—Ci* distance. This maximum increase in length corre
sponds to a 10 per cent extension for the molecule. I t is likely, however, 

FIGURE 5 

Diagrammatic representation of the collagen three-chain 
helix. 

t ha t the bond angles and planari ty of amide groups would prevent complete 
parallel orientation, and t h a t only a somewhat smaller extension could be 
achieved. 
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The way in which the molecules are packed together in a fiber of tendon 
or connective tissue is shown in figure 6. The cylindrical molecules are 
arranged in hexagonal packing. As discussed above, they are all helical, 
with the same sense, either right-handed or left-handed. It cannot be 
predicted whether in tendon or other collagenous material the molecules 
would all be oriented similarly, or whether some would be oriented in one 
direction and others in the opposite direction. I t seems likely that the dis
tribution of side chains reflects the direction of the polypeptide chains in 
the molecules, in such a way that the packing would be better in case that 
the molecules are all similarly oriented than if they were to alternate in 

FIGURE 6 

Diagrammatic representation of an aggregate of collagen molecules in a 
collagen fiber. 

orientation. A preliminary study of the packing of side chains indicates 
that the glycine residues lie immediately below the proline and hydroxy-
proline residues (in the molecule oriented as shown in figure 2); that is, 
that the carbon atom C2 is a methylene carbon atom of a glycine residue. 
I t has been found by analysis that about one-third of the residues are gly
cine residues. 

The proposed structure of the collagen-gelatin molecule accounts in a 
striking way for the principal features of the x-ray diffraction pattern of 
collagen and gelatin. A fiber consisting of these cylindrical molecules in 
hexagonal packing, with ao = 12.50 A (at normal humidity), would be pre
dicted to produce equatorial reflections i l0-0l , with d = 10.83 A, {11-0}, 
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with d = 6.25 A, {20-Oj, with d = 5.42 A, and {22-0}, with d = 3.13 A. 
The lines reported by Corey and Wyckoff,8 Astbury,2 and other investiga
tors are a strong reflection at 10.9 A and a medium reflection at 5.42 A. We 
may ask why these reflections appear, and {20-0} and {22-0} do not. The 
answer is given by the calculation of the form factor for the collagen mole
cule, with the parameters of table 1, and the assumption of cylindrical 
symmetry. The equation F = 2 » fiJo (4irpi sin 0/X) leads to the function F 
shown in figure 7. This function has nodes and maxima as given in table 
2, where comparison is made with the corresponding features as measured 
by us on the photographs of raw kangaroo tendon made by Corey and 

4 0 0 

2 0 0 

F2 

0 

0.05 0.10 0.15 0.20 0.25 0.30 
Sin fl/X 
FIGURE 7 

Calculated form factor and square of form factor for equatorial 
reflections of the collagen three-chain helix, calculated for cylin
drical symmetry. 

Wyckoff.8 We see that it is predicted that a minimum in intensities of 
reflections would occur at about d = 7.14 A and another minimum at d = 
2.89 A; these values are close to those for {20-0} and {22-0}, 6.25 A and 
3.13 A, respectively. Moreover, there is observable on the photographs, 
and on published photographs of collagen, such as those of Corey and 
Wyckoff and of Astbury, a general light band, at about the azimuthal angle 
predicted for the minimum at 7.14 A equatorial spacing, followed by a 
region of general darkening, for which Astbury has located the center at 
4.4 A, and which we have also measured at 4.37 A. This band is followed 
by a lighter band, and then a faint darker ring, the center of which we meas
ure at 2.18 A, in excellent agreement with the predicted maximum of inten-
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sity, 2.25 A. It seems likely that the presence of the 3-chain collagen helix 
can be recognized in a fibrous material more easily from this general black
ening, arising from disordered molecules, than from the crystallographic 
diffraction maxima. 

The predicted unit of structure of crystalline collagen, except for pertur
bations due to the distribution of side chains, is a hexagonal unit with a0 = 
12.5 A (for collagen at normal humidity) and Co = 25.74 A, the fiber-axis 
distance for nine residues. We have noted that the wide-angle pattern of 
collagen can be completely or nearly completely indexed in terms of this 
unit. Except for the side chains, the suggested hexagonal structure in
volves only one undetermined parameter, the azimuthal angle fixing the 
orientation of the molecules relative to the crystal axes. The meridional 
small-angle reflections reported by Corey and Wyckoff,8 Bear,3 and other 
workers are also seen to be related to the unit. These reflections seem to 
represent orders from the large spacing of about 640 A (which appears not 
only in x-ray photographs but also in electron micrographs9), apparently 
enhanced when they bear a nearly rational relation to c0. 

(Added May 5, 1951.) An interesting paper on infrared spectra and 
structure of fibrous proteins, by E. J. Ambrose and A. Elliott, Proc. Roy. 
Soc, A 206, 206 (1951), has just appeared. The results obtained agree well 
with our proposed structures. In particular, Ambrose and Elliott conclude 
that in collagen "the N—H bond must be nearly if not exactly normal 
to the chain axis, and this applies also to the C = 0 bond," in excel
lent substantiation of the prediction on the basis of our three-chain 
helical structure. 

This work was aided by grants from The Rockefeller Foundation, The 
National Foundation for Infantile Paralysis, and The U. S. Public Health 
Service. 
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THE POL YPEPTIDE- CHAIN CONFIG URA TION IN HEMOGLOBIN 
AND OTHER GLOBULAR PROTEINS 

BY LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF T E C H 

NOLOGY, PASADENA, CALIFORNIA 

Communicated March 31, 1951 

In the immediately preceding papers we have described several hydrogen-
bonded planar-amide configurations of polypeptide chains, and have dis
cussed the evidence bearing on the question of their presence in fibrous 
proteins. It seems worth while to consider the possibility that these con
figurations—the pleated sheet, the 3.7-residue a helix, the 5.1-residue y 
helix, and the three-chain collagen helix—are represented in molecules of 
the globular proteins. 

It may first be noted that many globular proteins, such as ovalbumin, 
can on denaturation be converted into a form showing the /3-keratin x-ray 
pattern.1 The fiber-axis residue distance that is observed, about 3.3 A, is 
the same as for fi keratin, for which we have suggested the pleated-sheet 
configuration,2 and it seems reasonable that the same structure should be 
represented by these denatured proteins. I t is, of course, to be expected 
that a layer structure, such as the pleated sheet, would be assumed by a 
protein when pressed flat, and the extension of the chains in the pleated-
sheet structure makes it reasonable that such a structure should also be as
sumed by a protein when drawn into a fiber. 

The most significant published data bearing on the structure of globular 
proteins are those on horse carbonmonoxyhemoglobin that have been ob
tained through the well-planned and diligent efforts of Perutz and his co
workers.3- 4 These data have been published mainly as a set of sections 
of a three-dimensional Patterson diagram. We have observed that the data 
provide some support for the idea that the 3.7-residue helix is a principal 
feature of the structure of this protein. 

Perutz has pointed out that his data indicate that the hemoglobin mole
cule is about 57 A long, and between 34 A and 57 A in other dimensions, 
and that there are present rods extending in the 57-A direction, and packed 
in a pseudohexagonal array, with the centers of the rods about 10.5 A apart. 
He concluded that the rods probably have the same structure as the mole
cules in a keratin, for which we have recently suggested the 3.7-residue 
helical configuration.6 

There are several facts that favor the view that the 3.7-residue helix is 
represented in hemoglobin. First, there is the similarity to a keratin, 
pointed out by Perutz, and the evidence supporting the 3.7-residue helical 
configuration for the fibrous proteins with the a-keratin structure.5 Closely 
related is the fact that from the density and the average residue weight for 
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hemoglobin one would predict that molecules with this helical configuration 
would be spaced about 11 A apart (from center to center), in agreement 
with Perutz's conclusion that the rods in hemoglobin are about 10.5 A 
apart. (A calculation of this sort at once eliminates the 5.1-residue helix, 
for which the predicted average spacing of the rods is 14 A.) 

Another bit of supporting evidence is provided by the integrated vector 
density in a strip of the xz Patterson section through the origin of the 3-
dimensional diagram and in the direction of the axes of the rods. Bragg, 
Kendrew, and Perutz6 have reproduced this quantity, plotted as a function 
of the distance from the origin, in connection with their painstaking analysis 
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FIGURE 1 

Comparison of the radial distribution function calculated for the 5.1-
residue helical configuration, with inclusion of a /3 carbon atom per residue, 
and the experimental radial distribution function for carbonmonoxyhemo-
globin, as calculated from the three-dimensional Patterson function given 
by Perutz. 

of the data for hemoglobin and also for myoglobin7 and discussion of the 
correlation of the data with alternative polypeptide configurations. The 
function has peaks at about 5 A, 11.5 A, 16.5 A, 21.5 A, 27 A, 32 A, etc. 
We have evaluated a corresponding function for the 3.7-residue helix by 
including interatomic vectors deviating by not more than 2 A from the 
direction of the helical axis, and weighting the vectors proportionately to 
the product of the atomic numbers of the two atoms. The function ob
tained in this way for an 18-residue 5-turn helix with fiber-axis residue 

T 1 1 1 r 
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length 1.53 A has maxima at 5.1 A, 10.6 A, 16.7 A, 21.4 A, 27.5 A, 32.6 A, 
etc., in excellent agreement with the experimental points. 

Another test of the proposed configuration can be made by comparison 
of the calculated and observed radial distribution functions. Perutz 
pointed out that the Patterson diagram shows a strong shell at about 5 A 
from the origin. We have obtained a radial distribution function corre
sponding to his data for hemoglobin by numerical integration over the 
contoured Patterson sections published in his paper; this function is shown 
in figures 1 and 2. I t is seen that it has a maximum at about 4.8 A. The 
calculated radial distribution functions for the 5.1-residue helix are also 
shown in figure 1. The two curves represent respectively the function for 

i 1 1 1 1 r 

o 
Angstrom Units 

FIGURE 2 

Comparison of the radial distribution function calculated for the 3.7-
residue helical configuration of the polypeptide chain, with inclusion of a 
0 carbon atom for each residue, and the experimental radial distribution 
function for hemoglobin. 

the four main-chain atoms C, C , O, and N and a /3 carbon atom in one of 
the two alternative positions, and the function for the four main-chain 
atoms and a /? carbon atom in the other position. I t is seen that there is 
no agreement with the hemoglobin curve. The same two calculated radial 
distribution functions for the 3.7-residue helix are given in figure 2. We 
think that the rough agreement with the hemoglobin curve is to be con
sidered as significant; it is to be remembered that even with inclusion of 
the /3 carbon atom only about 60 per cent of the heavy atoms in the mole
cule have been taken into consideration in the calculation. The neglected 
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side-chain atoms are, of course, far more randomly arranged than the main-
chain atoms of the helix, and would for this reason tend to distribute their 
vectors rather uniformly, and thus not to mask the characteristic features 
of the function due to the main-chain and /3 carbon atoms. 

The comparison of radial distribution functions may thus be construed as 
giving additional evidence in favor of the suggestion that the rods that 
Perutz has reported to be present in the hemoglobin molecule have the 
3.7-residue helical configuration. 

We think that it is not unlikely that this polypeptide configuration is 
represented in other globular proteins also. In particular, its presence in 
myoglobin, which is closely related to hemoglobin, would not be surprising; 
however, it must be pointed out that the Patterson projection for myoglobin 
on a plane perpendicular to the axis of the rods, given by Bragg, Kendrew, 
and Perutz,6 seems hardly to be compatible with this structure. It is 
possible, of course, that side-chain atoms happen to cooperate effectively 
in changing the aspect of this projection, or that the axes of the rods do not 
lie exactly along the direction of projection. The evidence favoring the 
3.7-residue helix for myoglobin is contained in Kendrew's description of 
the myoglobin molecule, as deduced from his data, as consisting of a layer 
of four rods about 9.5 A apart and with vector maxima spaced 5 A apart 
in the direction of the axes of the rods. The layers themselves are about 
15 A apart, which suggests that if the structure does involve the 3.7-residue 
helix the side chains are distributed as in crystalline muscle,5 in which the 
molecules have an effectively elliptical cross-section, with major and minor 
diameters 13.1 A and 9.8 A, respectively. 

This investigation was aided by grants from The Rockefeller Foundation, 
The National Foundation for Infantile Paralysis, and The United States 
Public Health Service. We acknowledge with gratitude the assistance 
and encouragement of our colleagues in The Gates and Crellin Laboratories 
of Chemistry throughout the period during which the studies reported in 
this series of papers and also the investigations on which this work is based 
were made. We are especially grateful to Professor Verner Schomaker, 
who has helped by giving us the benefit of both his deep understanding of 
structural chemistry and his profound critical insight. 
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[Reprinted from the Journal of the American Chemical Society, 74, 3964 (1952).] 
Copyright 1952 by the American Chemical Society and reprinted by permission of the copyright owner. 

THE PLANARITY OF THE AMIDE GROUP IN POLY
PEPTIDES 

Sir: 
Dr. M. L. Huggins has kindly sent us copies of 

his Letters,1,2 in which he has proposed a helical 
configuration of polypeptide chains as an alterna
tive to the a helix described in our earlier pub
lications. 3'4,s In his configuration the amide group 
is not planar. The deformation of the amide 
group from the planar configuration can be de
scribed as a rotation of 17.5° of the NHC* plane 
about the C'-N axis plus a bending of 15° of the 
N-C* bond and the N-H bond out of the rotated 
plane, to the same side. The part of the strain 
energy due to the rotation of the w orbital of the 
nitrogen atom can be calculated by the formula6'7 

A sin2 8 with A = 30 kcal. mole"1 and S = 17.5°; 
this calculation gives 2.7 kcal. mole -1. The strain 
energy of deformation of the N-C* bond and the 
N-H bond can be calculated by the assumption 
that the bond energy is proportional to the strength 
of the bond orbital of the nitrogen atom in the bond 
direction, which is for these bonds 15° from the 
the direction of maximum strength. With use of 
the bond energies of the bonds (48.6 and 83.7 kcal. 
mole -1, respectively), this calculation leads to 3.3 
kcal. mole - 1 for the bending energy of the two 
bonds. The total strain energy for the distorted 
amide group is thus found to be 6 kcal. mole -1 . 
This strain energy, which in the structure proposed 
by Huggins applies to every residue, is so great as to 
make the structure unacceptable in comparison 
with the a helix, which is just as satisfactory in 
every other respect, so far as we are aware, and 
which involves planar amide groups. 

(1) M. L. Huggins, THIS JOURNAL, 74, 3963 (1952). 
(2) M. L. Huggins, ibid., 74, 3963 (1952). 
(3) L. Pauling and R. B. Corey, ibid., 78, 5349 (1950). 
(4) L. Pauling, R. B. Corey and H. R. Branson, Proc. Nat. Acad. 

Sci., 37, 205 (1951). 
(5) L. Pauling and R. B. Corey, ibid., 37, 235 (1951). 
(6) L. Pauling and R. B. Corey, ibid., 37, 251 (1951). 
(7) R. B. Corey and L. Pauling, Proc. Roy. Soc. (.London), to be pub

lished; presented at the Discussion Conference of the Royal Society of 
London, May 1, 1952. 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY 
CALIFORNIA INSTITUTE OF TECHNOLOGY LINUS PAULING 
PASADENA 4, CALIFORNIA ROBERT B. COREY 

RECEIVED JULY 7, 1952 



FUNDAMENTAL DIMENSIONS OF 
POLYPEPTIDE CHAINS 

R. B. COREY AND L. PAULING 

STABLE CONFIGURATIONS OF 
POLYPEPTIDE CHAINS 

L. PAULING AND R. B. COREY 

Gates and Crellin Laboratories of Chemistry 
California Institute of Technology, Pasadena 4, California 

Reprinted from 
Proceedings of the Royal Society, B, 141, 10-33 (1953) 



10 R. B. Corey and L. Pauling (Discussion Meeting) 

FUNDAMENTAL DIMENSIONS OF POLYPEPTIDE CHAINS 

B Y R. B. COREY AND L. PAULING, FOK.MEM.R.S . 

Gates and Crellin Laboratories of Chemistry, 
California Institute of Technology, Pasadena, California 

The dimensions of the polypeptide chain and of its associated N — H • • • O hydrogen bonds can 
be inferred with confidence. Data from many sources—X-ray diffraction analyses of crystals 
of organic acids, amides, peptides and related compounds; polarized infra-red studies of 
crystals—together with fundamental concepts of structural chemistry, now provide a basis 
for satisfactory knowledge and understanding of the dimensions and configurations of the 

C / H 

amide group, yC'—N' . The normal coplanarity of the atoms of this group is the result 
O^ X! 

of resonance which gives rise to partial double-bond character of the N—C' peptide bond. 
Rotation about this bond is, in general, severely restricted. The trans configuration of the 
amide group appears to be preferred. Interatomic distances and bond angles of the amide 
group which may be derived from the present data are: 

N—C = 1-47 A c—N—C' = 123° 
N — C =1-32 C—N—H = 114 
C — 0 = 1-24 H—N—C'= 123 
C—C = 1-53 N — C ' — 0 = 125 

X—C—C = 114 
O—C—C = 121 
C — C — N = 110 

The dimensions and directional characteristics of N—H---0 hydrogen bonds have been 
determined in a great variety of crystals. In these crystals the N---0 distances vary, falling 
generally within the limits 2-79 + 0-12 A. The H • • • O vector rarely makes an angle greater than 
20° with the probable direction of the N—H bond. 

1. Introduction 

More than fifteen years ago Albrecht (Albrecht & Corey 1939) began a detailed 
X-ray analysis of crystals of glycine, the simplest of the amino-acids. This work 
was the first of a series of crystal-structure studies of amino-acids and simple 
peptides made at the California Institute of Technology as part of a basic attack 
on the problems of protein structure. These crystal-structure analyses provided 
direct experimental information about the interatomic distances and bond angles 
in molecules of amino-acids, about the packing of the molecules, and about the 
dimensions and directional characteristics of the N—H---0 hydrogen bonds which 
largely determine the molecular arrangement in the crystals. This information, 
together with data from crystals of other organic compounds, was used to derive 
probable dimensions for the polypeptide chain of proteins (Corey 1940). As new 
and more accurate data were accumulated these dimensions were progressively 
revised (Corey 1948; Corey & Donohue 1950). 

During the last few years the precision which is attainable in practical crystal-
structure analysis has been greatly increased through the use of high-speed 
calculating equipment, especially of the punched-card type. With crystals of the 
complexity of an amino-acid or simple peptide, we formerly had to rely on the 
intensities of perhaps one or two hundred prism zone reflexions for establishing 
the positions of the atoms. Atomic co-ordinates were refined by the computation 
from these intensities of two-dimensional projections of electron density parallel 
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to particular directions in the crystal, or by other equivalent methods of two-
dimensional refinement. Now, with modern computing equipment, use can be 
made of all, perhaps a thousand or more, X-ray reflexions obtainable from the 
crystal. The three-dimensional distribution of electron density can be calculated 
to give plots in which all atoms are resolved. Three-dimensional refinement, 
based on all intensity data, is capable of establishing interatomic distances within 
a limit of error (three times the probable error) of about 0-02 A and bond angles 
within 1-0°. The re-determinations by Robertson and his co-workers of the crystal 
structures of naphthalene (Abrahams, Robertson & White 1949) and anthracene 
(Mathieson, Robertson & Sinclair 1950) are outstanding examples of the resolution 
and accuracy which can be attained by three-dimensional Fourier methods. 

Crystals of several amino-acids and of a few simple peptides and other com
pounds related to proteins have been analyzed recently by three-dimensional 
methods. These and other accurate determinations of structure constitute the best 
experimental sources of information about the dimensions and configuration of 
the polypeptide chain. The present paper comprises a critical summary of this 
information—in particular, of the principal structural features of the amide group 
and the N — H - " 0 hydrogen bonds, as derived from X-ray diffraction analyses 
of crystals of amino-acids, peptides, and other organic compounds. 

2. The amide group 

(a) Dimensions of the amide group 

Reference to figure 2 shows that the polypeptide chain may be regarded as 
composed of tetrahedral carbon atoms (the a-carbon atoms of the constituent 

0 

amino-acids) joined by amide groups. The amide group, —N—C—, is therefore 

H 
a fundamental structural component of the polypeptide chain. The structure of 
the amide group can be defined in terms of bond lengths and bond angles associated 
with its carbon and nitrogen atoms and of its configuration with respect to rotation 
around the C—N peptide bond. 

O H _R2 H O H Rt H 

c V i h V Jr v Y v v v yx 
i i H H O i J j H H 0 

FIGOTE 2. The polypeptide chain. 

Table 2 lists interatomic distances found in X-ray diffraction analyses of 
crystals of amino-acids, peptides, and compounds of urea. These structure deter
minations, all but two of which are based upon three-dimensional refinement of 
the atomic parameters, are probably the most reliable sources of the distances 
which characterize the amide group. We are indebted to the authors for per
mission to present throughout this paper the results of the analyses of DL-serine, 
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hydroxy-L-proline, a-glycylglycine, N, TV'-diglycylcystine, urea and urea oxalate 
in advance of publication. Work on the structures of a-glycylglycine and N, N'-
diglycylcystine is not quite completed, but the final values of the interatomic 
distances are not expected to differ by more than 0-01A from those given here. 
An earlier and less accurate determination of the structure of hydroxy-L-proline 
has been published by Zussman (1951). A structure determined by Dyer (1951) 
for cysteylglycine-sodium iodide is not established with certainty. 

TABLE 2. BOND LENGTHS OF THE AMIDE GROUP AS DERIVED FROM THOSE FOUND 

IN CRYSTALS OF AMINO-ACIDS, PEPTIDES AND RELATED COMPOUNDS 

An asterisk indicates three-dimensional refinement of the atomic positions. 

reference 

Donohue (1950) 
Shoemaker, Donohue, Scho-

maker & Corey (1950) 
Shoemaker, Donohue, 

Barieau & Lu (unpubl.) 
Donohue & Trueblood (1952) 
Carpenter & Donohue (1950) 

DL-alanine* 
L-threonine* 

DL-serine* 

hydroxy-L-proline* 
iV-acety lglycine * 

A-glycylglycine 

a-glycylglycine* 
N, JV'-diglycylcystine* 

u rea* 
u rea • H 2 0 2 

urea oxala te* 

selected va lue 

N—aC 
(A) 
1-50 
1 4 9 

1-49 

1-50 
1-45 

1-48 

1-47 
1-48 

— 
— 
— 

1-47 

C — a C 
(A) 
1-54 
1-52 

1-53 

1-52 
1-50 
1-51 
1-53 
1-53 
1-56 
1-56 
1-52 
— 
— 
— 

1-53 

C — O 
(A) 
— 
— 

— 

— 
1'24 

1-23 

1-24 
1-21 

1-26 
1-24 
1-26 

1-24 

C — N 
(A) 
— 
— 

— 

1-32 

1-29 

1-32 
1-35 

1-34 
1-34 
1-34 
1-35 
1-32 

Hughes & Moore (1949) 

Hughes & Biswas (unpubl.) 
Hughes & Yakel (unpubl.) 

Vaughan & Donohue (1952) 
Lu, Hughes & Giguere (1941) 
Schuch, Merritt & Sturdivant 

(unpubl.) 

The length of the aC—N single bond is about 1-49 A in amino-acid crystals, and 
is somewhat shorter in the four peptides, /ff-glycylglycine, i^-acetylglycine, a-
glycylglycine, and N, ^'-diglycylcystine. The selected value, 1-47 A, is identical 
with that given by the sum of the single-bond radii (Pauling 1940, p. 164). The 
length of the C—C bond, about 1-53 A in the amino-acids and surprisingly short in 
jV-acetylglycine, is probably slightly, but significantly, shorter than the C—C 
distance found in diamond, 1-5445A (Lonsdale 1947). The selected value, 1-53A, 
represents this probable shortening. 

The lengths of the C—O bond found in the different crystals are all in good 
agreement; the selected value, 1-24A, is significantly greater than the sum of the 
double-bond covalent radii, 1-215A (Pauling 1940, p. 164). The length (1-32A) of 
the peptide bond between the nitrogen atom and the carbonyl carbon atom is 
much less than that of the typical single bond (1-47 A). In N, iV'-diglycylcystine 
the C — 0 bond is somewhat shorter and the C—N bond somewhat longer than 
in the other peptides, but these apparent differences may not be significant. 

There is still considerable uncertainty about the bond angles of the amide 
group. Data from the linear peptides for which accurate analyses have been made 
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aC—C'—O N — C — 0 

121-0° 121-3° 
121 125 
121-1 124-2 

e* 120-6 125-3 
121 125 

aC—€'—N 
117-7° 
114 
114-4 
113-2 
114 

C—N—aC C—N—H aC—N—H 

119-6° — 100°±10°t 
122 — — 
119-3 — — 
121-6 — — 
123 123 114 

are given in table 3. Except for N, iV'-diglycylcystine, they are restricted to 
glycine peptides, so that no observations can be made regarding the possible 
effect of side-chain atoms. Fortunately, precise three-dimensional analyses of 
other peptides are now in progress and will soon supply additional information. 

TABLE 3. BOND ANGLES OF THE AMIDE GROUP AS DERIVED 

FROM THOSE FOUND IN CRYSTALS OF PEPTIDES 

around earbonyl carbon atom around amide nitrogen atom 

a< 
JV-acetylglycine* 
yS-glycylglycine 
a-glyoylglycine* 
N, JV'-diglycylcystin 
selected values 

* Three-dimensional refinement. 
t Polarized infra-red study (Newman & Badger 1951). 

In the last three peptides listed in table 3, the angles around the earbonyl 
carbon atom are in good agreement. They are selected as the most probable values. 
I t is interesting to note that they differ significantly from the angles found in 
JV-acetylglycine, which contains only one amino-acid residue. 

Around the nitrogen atom the bond angles are known with much less definite-
ness. In particular, the X-ray data have essentially nothing to say about the 
position of the hydrogen atom. On the other hand, the direction of the N—H 
bond in crystals of jV-acetylglycine has been the subject of a recent infra-red 
study by Newman & Badger (1951). Using very thin sections, these authors have 
measured the change in the intensity of the absorption band at 3340 cm - 1 with 
change in angle of polarization of the incident radiation. They concluded that the 
direction of the N—H bond is probably close to that of the plane of the molecule 
and that the angle between the N—H bond and the bond joining the nitrogen atom 
to the a-carbon atom is approximately 100°. They further state that ' the error in 
this estimate may be as large as 10°, but is not so large as to admit the possibility 
that the hydrogen atom lies on a line connecting nitrogen and oxygen atoms, which 
requires an angle of 132°'. The selected values for the bond angles around the 
nitrogen atom are shown in table 3. The value, 123°, for the angles adjacent to the 
peptide C—N bond is a compromise between the values found in the crystal struc
tures and the angle, 125°, predicted for a 100% double bond. The corresponding 
angle, 114°, between the N—H bond and the aC—N bond is not far from the 
upper limit of that indicated by the infra-red measurements. 

(b) Planarity of the amide group 

The shortening of the C—N peptide bond from the normal single bond length 
1-47 to 1-32 A and the slight lengthening of the C—O bond from the normal double 
bond length 1-215 to 1-24 A are to be ascribed primarily to resonance between the 
two structures C H c H 

\ / \ / 
C—N C'=N + 

/ \ / \ 
O C O- C 

I II 
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I t is therefore to be expected that the atoms of the amide group are coplanar. 
Upon assumption of 60 and 40 % contributions from structures I and I I respec
tively, the bond lengths calculated (Pauling 1940, p. 175) are C—O = 1-25A 
and C—N = 1-33A. Both are in excellent agreement with those observed. About 
4 0 % double-bond character appears to be associated with the C—N peptide 
bond. We may estimate the strain energy involved in rotation around this bond. 
If the planes of the two ends of the amide group form a dihedral angle 8, and if 
A is the amide resonance energy for the planar configuration, the strain energy 
may be taken equal to A sin2 S. A reasonable value for A is about 30 kcal/mole. 
From this we can calculate strain energies of about 0-9 kcal/mole for 10° distortion 
of the amide group, 3-5 kcal/mole for 20° distortion, and so on. 

Experimental confirmation of the planarity of the amide group is supplied by 
structural studies already cited. In /?-glycylglycine (Hughes & Moore 1949) all 

O 

H3N C Ctt, 
\ / \ / \ 

CH2 NH C—0~ 
II 
O 

carbon, nitrogen and oxygen atoms lie in the same plane within the limit of error 
of the determination, with the single exception of the terminal charged nitrogen 
atom. In the crystal of acetylglycine (Carpenter & Donohue 1950) the parameters 

H3C H 

\ / 
C—N 0 

/ \ / 
O CH2—C \ 

OH 

found for the carbon, nitrogen and oxygen atoms of the amide group (CH3—CO—N) 
place these atoms within 0-005 A of a common plane. The a-carbon atom is 0-03 A 
from this plane, corresponding to a rotation around the C—N peptide bond of 
1-3°. The entire molecule is coplanar within 0-lA. Newman & Badger (1951) 
concluded from their polarized infra-red studies that the direction of the N—H 
bond is close to the plane of the molecule. 

In a-glycylglycine the carbonyl carbon atom and the three atoms bonded to it 
are within 0-03A of a common plane, but the position of the a-carbon atom 
bonded to the nitrogen atom indicates that there is a rotation of 5 to 6° around the 
C—N peptide bond. A rotation of about the same amount is found in N, N'-
diglycylcystine. I t corresponds to a strain energy of approximately 0-2 kcal/mole. 

In the structures found for the sodium and potassium benzylpenicillins (Crow
foot, Bunn, Rogers-Low & Turner-Jones 1949) the amide group is planar within 
the rather wide limits of error of the determination. In a recently published 
structure of cysteylglycine-sodium iodide (Dyer 1951) the position of the a-carbon 
atom indicates a rotation of more than 40° around the C—N bond of the amide 
group. Because of this exceptional configuration we feel that this structure should 
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not be considered definitely established until it has been confirmed by additional 
study. M H 

The planarity of the amide group in simple amides, C—N , has not been 
/ \ 

O H 
established directly by X-ray diffraction analysis because of the relatively small 
contribution made by hydrogen atoms to X-ray scattering. Nevertheless, there 
is strong evidence of planarity in simple amides. The dimensions of the molecule 
of aeetamide as determined by Senti & Harker (1940) are shown in figure 3, p. 16, 
together with the relative positions of the oxygen atoms of two adjacent mole
cules to which the nitrogen atom is hydrogen-bonded. If probable positions are 
assigned to the hydrogen atoms in the plane of the molecule with each N—H 
bond making an angle of 125° with the N—C bond, we find that these positions 
lie close to lines joining the nitrogen atom and the two hydrogen-bonded oxygen 
atoms. The latter are seen to be only 0-24 and 0-39 A from the plane of the aeeta
mide molecule. From these geometrical relationships we may infer that the 
hydrogen atoms do indeed lie in or very close to the plane of the amide group. 
I t can be argued that the position of the hydrogen atoms in the molecular plane, 
imposed upon them by the resonance characteristic of the amide group, is an 
important factor in determining the steric distribution of the molecules of aeeta
mide in the crystal (Corey 1948). 

Another simple amide is carbamide, urea. The configuration of its molecule 
will be expected to correspond to contributions from the three resonance structures 

0 0" cr 
H C H H C H H C H 

\ / \ / \ / \ / \ / \ / 
N N N* N N +N 
H H H H H H 

1 II III 
Lake aeetamide, we should expect the amide groups to be planar, and the hydrogen 
atoms to occupy positions in the plane of the molecule. The crystal structure of 
urea was determined by Hendricks in 1928, and has been refined by other workers 
(Wyckoff 1930, 1932; Wyckoff & Corey 1934; Vaughan & Donohue 1952). If the 
positions of the hydrogen atoms conform to the space group of the crystal as 
determined by X-ray analysis, they are strictly coplanar with the other atoms of 
the molecule, since the molecule occupies a plane of symmetry in the crystal. 
The possibility that the hydrogen atoms may not he in the molecular plane has 
been investigated by Waldron & Badger (1950), using polarized infra-red radiation 
and single micro-crystals of urea. From their excellent absorption spectra with 
very high resolution in the 2-9/i region they conclude that ' the complete planarity 
of the urea molecule in the crystal is now reasonably well established by spectro
scopic evidence'. 

In view of the experimental evidence from X-ray crystal analysis and from 
other sources, and of the theoretical arguments, we accept the planarity of the 
amide group as a sound structural principle, and we believe that a significant 
departure from the planar configuration in a postulated structure must be justified 
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as a highly unusual steric relationship. We have estimated that rotation around 
the C—N peptide bond by as much as 10° from the planar configuration would 
result in instability by about 1 kcal/mole. 

FIGURE 3. A diagrammatic representation of the relative positions of the planar acetamide 
molecule and the oxygen atoms of two adjacent molecules hydrogen-bonded to the 
nitrogen atom. The small dotted circles show positions in the molecular plane assigned 
to the hydrogen atoms of the —NH, group. 

(c) Configuration of the amide group 

In most discussions of the polypeptide chain in proteins the tacit assumption 
seems to be made that it exists primarily in the &\\-trans orientation. X-ray data 
for most fibrous proteins have been interpreted as indicating that in these sub
stances the amide groups are wholly in the trans configuration. Crystal-structure 
analysis has as yet provided only a single example of the cis modification, in the 
dipeptide diketopiperazine (Corey 1938), glycine anhydride, 

NH—CH, 

/ \ 
o=c c=o. 

CH2—NH 

In a recent investigation of the seventy-two configurations of the polypeptide 
chain (with all residues equivalent) which can be derived from certain preferred 
orientations about the C—C and C—N single bonds, several sterically possible 
and plausible structures were discovered for the case that the amide groups have 
the trans configuration (Pauling & Corey 1951), but relatively few for the case that 
they have the cis configuration (Pauling & Corey 1952). In linear peptides a 
preference of the amide group for the trans configuration may be indicated by the 
published structures of y?-glycylglycine and iV-acetylglycine already discussed, 
and by incomplete investigations in these Laboratories of the structures of 
a-glycylglycine (Hughes & Biswas), diglycylcystine (Hughes & Yakel unpublished) 
and glycylasparagine (Katz, Pasternak & Corey 1952). 
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3. The polypeptide chain 

Figure 4 is a diagrammatic representation of a completely extended polypeptide 
chain embodying the dimensions derived from the crystal-structure data and other 
experimental evidence discussed in the preceding paragraphs. We believe it to be 
unlikely that the structural parameters of polypeptide chains in proteins differ 
from those given in figure 4 by more than 0-03 A in interatomic distances or 4° 
in bond angles. Some of this uncertainty may soon be removed as a result of 
additional accurate X-ray analyses of crystalline peptides. As in other organic 
compounds, small individual variations in dimensions will occur owing to the 
peculiarities of molecular configuration, the effects caused by side-chains, and the 
details of molecular packing. 

FIGURE 4. A diagrammatic representation of a fully extended polypeptide chain with the 
bond lengths and bond angles derived from crystal structures and other experimental 
evidence. 

4. Dimensions of N—H-'-O hydrogen bonds 

The important part which hydrogen bonds play in the structural chemistry of 
organic molecules has been recognized for many years. Mirsky & Pauling (1936) 
called attention to their significance in denaturation and other phenomena 
characteristic of protein molecules. Huggins (1936, 1943) discussed their probable 

Vol. 141. B . 2 
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role in stabilizing various, possible configurations of the polypeptide chain in both 
fibrous and globular proteins. Since no data are yet available concerning the 
positions of individual atoms in proteins, the dimensions of the hydrogen bonds 
in these compounds cannot be determined by direct physical measurement. They 
can, however, be inferred from measurements made on amino-acids, peptides and 
related compounds. In table 4 are listed the N—H---0 distances found in crystals 
of amino-acids and peptides. The corresponding angles which the N---0 vector 
makes with the N—C single bond are taken from a recent review by Donohue 
(1953). Usually the length of the hydrogen bonds found in these crystals falls 
within the range 2-79 + 0-12A, with an average value of 2-795A. There are, how
ever, a few exceptionally long distances: L-threonine, 3-10A; hydroxy-L-proline, 
3-17A; iy-acetylglycine, 3-03A; /?-glycylglycine, 3-07A. Donohue has called 
attention to the greater deviation of the longer bonds from a tetrahedral angle 
with the C—N covalent bond, corresponding perhaps to a greater deviation from 
the direction of the N—H bond in these crystals. We consider the shorter bonds 
to be normal and the longer bonds to be strained. 

TABLE 4. DIMENSIONS OF N—H---0 HYDROGEN BONDS FOUND 

IN CRYSTALS OF AMINO-ACIDS AND PEPTIDES 

LG—N-O 

crystal 
DL-alanine* 

L-threonine* 

DL-serine* 

hydroxy-L-proline* 

.N-acetylglycine* 
y?-glycylglyeine 

a-glycylglycine* 

N, .W-diglycylcystine* 

most probable value 

N — H - O 

(A) 
2-80 
2-84 
2-88 
2-80 
2-90 
3 1 0 
2-79 
2-81 
2-87 
2-69 
3 1 7 
3 0 3 
2-68 
2-80 
2-81 
3 0 7 
2-67 
2-77 
2-67 
2-75 
2-75 
2-89 
2-75 

2-79 + 0-12 

angle 
found 

105° 
103 
116 

98 
116 
132 

99 
98 

121 
102, 113 
81, 133 

132 
100 
115 

99 
131 
118 
114 

88 
117 

84-5 
129-8 
111-8 

deviation 
from 110° 

5° 
7 
6 

12 
6 

22 
11 
12 
11 

8 , 3 , 
2 9 , 2 3 

22 
10 

5 
11 
21 

8 
4 

22 
7 

25-5 
19-8 

1-8 

Three-dimensional analysis. 

A factor which may influence the length of N—H---0 bonds is the electrostatic 
charge on the bonding atoms. The amino-acids are dipolar ions, and in alanine, 
in which all bonds are short, all are between positively charged —NHg" groups and 
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negatively charged carboxyl oxygen atoms. In threonine the two short bonds are 
between —NH^ and carboxyl oxygen atoms; the long bond joins NHJ and the 
oxygen of the hydroxyl group. This reasoning breaks down with the next two 
amino-acids. In hydroxyproline the long and the short bond join the )NH^~ 
group to crystallographically equivalent oxygen atoms, i^-acetylglycine is not 
a dipolar molecule, and the single, and rather long, N-—H---0 bond joins the 
peptide nitrogen atom and the carboxyl oxygen atom without an attached 
hydrogen. In /?-glycylglycine the three shorter bonds join the terminal —NH^" 
group to two equivalent carboxyl oxygen atoms and one carbonyl oxygen atom; 
the longer bond connects the peptide nitrogen atom with a carboxyl oxygen 
atom. I t may be that additional precise crystal analyses will provide data for 
establishing a relationship between electrostatic charge and the dimensions of 
N—H---0 bonds, but the problem will always be complicated by the shapes of the 
molecules involved and the concessions which molecular packing must make to 
purely steric effects. 

From his inspection of all types of hydrogen-bonded organic structures, Donohue 
(1953) concluded that 'only in very exceptional cases does a hydrogen atom bonded 
to a nitrogen atom or oxygen atom occupy a position such that hydrogen bond 
formation is impossible'; in other words, in crystals containing X-—H groups 
(X is a nitrogen or oxygen atom) and oxygen atoms in appropriate relative num
bers, one rarely finds an X—H group which is not involved in an X—H---0 bond. 
From this observation we conclude that the polypeptide chain in proteins very 
probably assumes configurations which make maximum use of the hydrogen-
bonding capacities of its N—H and C—O groups. 

5. Conclusions 

From this brief review it is apparent that the fundamental dimensions of the 
polypeptide chain are now known. There is therefore no reason why a specific 
configuration proposed for a polypeptide chain or a protein molecule cannot be 
precisely described in terms of co-ordinates of the carbon, nitrogen and oxygen 
atoms of the backbone structure, even including the /?-carbon atoms. If a con
figuration is thus unambiguously described it can be criticized and evaluated, its 
X-ray diffraction effects can be calculated for comparison with observed X-ray 
patterns, its structural implications can be stated and tested by experiment. In 
view of our present knowledge of the dimensions of peptide chains, it seems 
reasonable to urge, and perhaps to demand, that a structure for which serious 
consideration is desired should be presented on a definite metrical basis—that 
co-ordinates for the atoms should be given, subject perhaps to stipulated limits of 
uncertainty. 

The normal planarity of the amide group is established on both experimental 
and theoretical grounds as a sound structural principle. A structure in which the 
atoms of the amide group are not approximately coplanar should be regarded with 
scepticism until its relatively unstable configuration has been adequately con
firmed. 
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All of t he exper imental evidence indicates t h a t s table s t ruc tures for proteins 

a n d pept ides involve t he formation of close to t he m a x i m u m possible number of 

N — H - - - 0 = C hydrogen bonds . Fai lure of a proposed configuration t o conform 

to this s t ruc tura l principle should therefore raise grave doub t s ab o u t i ts val idi ty . 
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STABLE CONFIGURATIONS OF POLYPEPTIDE CHAINS 

B Y L. PAULING, FOR.MEM.R.S. , AND R. B. COREY 

Oates and Grellin Laboratories of Chemistry, 
California Institute of Technology, Pasadena, California 

Several configurations of polypeptide chains involving planar amide groups with the 
dimensions found by experiment for simple substances, and hydrogen bonds between the 
NH groups and the carbonyl oxygen atoms, have been discovered. One of these structures, 
the a-helix, with about 3-7 amino-acid residues per turn of the helix, has been assigned to 
synthetic polypeptides and proteins that give X-ray diagrams of the a-keratin type. The 
evidence supporting this assignment is reviewed. Other configurations of polypeptide chains, 
including the y-helix, three pleated-sheet structures, and the three-chain helical structure 
proposed for collagen, are described, and evidence bearing on their possible presence in 
proteins is discussed. 

1. Introduction 

Fifteen years ago we attacked the problem of the configuration of polypeptide 
chains in proteins by assuming the amide groups to be planar, with reasonable 
values of interatomic distances and bond angles, and assuming that hydrogen 
bonds are formed between the imino groups and the oxygen atoms of the carbonyl 
groups. Although the assumed dimensions were essentially the same as those 
described in the preceding paper by Corey & Pauling, the attack was not a 
successful one, the lack of success being due in part to uncertainty as to the 
reliability of the assumed dimensions. We decided to gather information about 
interatomic distances and bond angles by making careful determinations of the 
structure of amino-acids, simple peptides and related substances. The results of 
this work are described in the preceding paper. 

X-ray photographs of proteins were first made by Herzog & Jancke (1920), who 
studied muscle, nerve, sinew, hair and silk, and shortly thereafter the suggestion 
was made by Brill (1923), from analysis of the X-ray data, that silk contains long 
polypeptide chains. Meyer & Mark (1928) then pointed out that in silk the chains 
are essentially in the extended form, in which each residue has a length along the 
fibre axis of about 3-5A. Astbury & Street (1931) found that hair, wool and related 
fibres can exist in either a contracted form, which they named a-keratin, or an 
extended form, /?-keratin. They suggested that in /?-keratin the polypeptide chains 
are in the fully extended configuration, and that a chemical change involving the 
formation of rings of atoms takes place on contraction to a-keratin. Two years 
later Astbury & Woods (1933) described /?-keratin as involving sheets of extended 
polypeptide chains, the chains being held together in the sheet by interaction 
of carbonyl groups and imino groups of the amide groups. This interaction 
was soon recognized as corresponding to the formation of N—H---0 hydrogen 
bonds (Mirsky & Pauling 1936; Huggins 1936). 

Several possible configurations were then suggested for the coiled polypeptide 
chain in a-keratin, by Astbury and other investigators. These structures are of 
two types: those with three residues in a fibre-axis length of 5-1 A, such as that of 
Astbury (1942), and those with two residues in this fibre-axis length, such as that 
first suggested by Huggins (1943) and supported by other workers (Zahn 1947; 
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Simanouti & Mizushima 1948; Ambrose & Hanby 1949). Huggins (1943) for
mulated a number of configurations for polypeptide chains in which the coiling 
is such as to permit hydrogen bonds to be formed; most of his configurations are 
helical, with the number of amino-acid residues per turn of the helix an integer. 
A thorough survey of structures of this sort was made by Bragg, Kendrew & 
Perutz (1950), in a study of the possible types of folding of the polypeptide chain 
in molecules of haemoglobin and myoglobin. These investigators were the first to 
describe their structures precisely, by reporting atomic co-ordinates to 0-1 A. 

In all of this earlier work the investigators were handicapped by the fact that 
the assumptions made about acceptable configurations were not sufficiently precise 
to determine the configurations uniquely—the proposed structures could be 
distorted by rather large amounts without rendering them unacceptable. This 
vagueness of the suggested structures interfered seriously with their straight
forward testing by comparison with the X-ray data. On examining the configura
tions that had previously been proposed for the polypeptide chain in proteins we 
found that every configuration that had been described with sufficient precision 
to permit its critical discussion is incompatible in one way or another with the 
structural features that we consider to be essential (preceding paper). The only 
structure not ruled out by the failure to conform to the values of interatomic 
distances, bond angles, hydrogen-bond distance, close linearity of the N—H---0 
group and planarity of the amide group is the planar sheet that is formed from fully 
extended polypeptide chains, alternating in direction, and with lateral hydrogen 
bonds. This structure, however, is eliminated for all substances except polyglycine 
by steric hindrance between the side-chain groups attached to the a-carbon atoms 
of adjacent chains, and so it, too, has to be considered as not acceptable for proteins. 

In searching for acceptable configurations we first investigated configurations 
involving trans amide groups, with all of the amide groups structurally equivalent 
except for differences in the nature of the side-chain R, and with intramolecular 
hydrogen bonds. The general operation of conversion of a unit without symmetry 
element, such as an L-amino-acid residue, into an equivalent unit is the rotatory 
translation. The continued application of such an operation leads to a helix; 
accordingly, the structures that result from the foregoing assumptions are helical 
structures. I t was found that there are only two such structures satisfying the 
assumed requirements (Pauling & Corey 1950; Pauling, Corey & Branson 1951). 
One of these structures, called the y-helix or 5-1-residue helix, which has about 
5-15 residues per turn of the helix, seems not to be an important one—no strong 
evidence has yet been found for its occurrence in proteins. The second structure, 
the a-helix, has about 3-7 residues per turn of the helix. The evidence for its pres
ence in hair, muscle, horn and other fibrous proteins of the a-keratin type is very 
strong, and it seems also to be present in some synthetic polypeptides and some 
globular proteins, including haemoglobin, myoglobin and serum albumin. 

The search for satisfactory structures was initially carried out analytically, 
with rather small use of simple molecular models. In the later stages, especially 
the systematic investigation of configurations corresponding to favoured orienta
tions around the single bonds to the a-carbon atoms (Pauling & Corey 19511, 
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1952a), there was nearly complete reliance on a set of molecular models, con
structed from wood at the scale of 1 in. = 1 A, and provided with metal pins with 
locking clamps that give rigidity to the model (Corey & Pauling 1953). 

2. The a-helix 

The a-helix is represented diagrammatically in figure 5, and in perspective in 
figure 6. Each amide group is attached by hydrogen bonds to the third amide 
group from it, in either direction, along the helix. The structure is formally equi
valent to one described by Bragg et al. (1950) as having four residues per turn. 
Our assumptions about the dimensions of the chain do not, however, permit this 
number of residues per turn. 

FIOUBE 6. Diagrammatic representation of FIGURE 6. A drawing 
the 3'7-residue helical configuration of the of the a-helix. 
polypeptide chain. 
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The a-helix was first predicted to have 3-69 residues per turn, and length per 
residue of 1-47 A along the fibre axis, leading to a fibre-axis length per turn of 
5-44 A. In a more detailed discussion (Pauling & Corey 19510) it was pointed out 
that the fibre-axis length per residue 1-47 A corresponds to the hydrogen-bond 
distance 2-75 A, and that the length per residue increases by 0-01A for every 0-03 A 
increase in the hydrogen-bond distance; the reasonable range 2-68 to 2-92A for 
the hydrogen-bond length would then correspond to the range 1-45 to 1-53A for 
the fibre-axis length per residue. The number of residues per turn is fixed pri
marily by the bond angle at the a-carbon atom; it varies from 3-60 for bond angle 
108-9° to 3-67 for bond angle 110-8°. I t was pointed out in the earlier discussion 
(Pauling & Corey 1951a) that these ratios correspond respectively to 18 residues 
in five turns and 11 residues in three turns. The minimum values and the maxi
mum values just quoted lead to the values 5-22 and 5-62A, respectively, for the 
pitch of the helix. 

The assignment of the a-helix to certain synthetic polypeptides (Pauling & 
Corey 19516), proteins of the a-keratin type (Pauling & Corey 195 ie) and globular 
proteins (Pauling & Corey 1951 g) was made on the basis of comparison of observed 
and predicted dimensions of the unit of structure or pseudo-unit (especially the 
pitch of the helix), the intensity of reflexion of X-rays at right angles to the fibre 
axis, and the radial distribution function. The agreement between predicted and 
observed values of the pitch of the helix has been improved through further in
vestigation during recent months. The pseudo-identity distance for a-keratin and 
related proteins, usually reported as 5-1 or 5-15 A, lies below the predicted range 
for the pitch of the a-helix, 5*22 to 5-62A; it has been suggested by Professor 
V. Schomaker (Pauling & Corey i95ie) that the discrepancy is the result of an 
abnormality in background intensity of the poorly crystallized materials. For 
muscle giving a crystalline X-ray diagram Lotmar & Picken (1942) originally 
reported the value 5- 65 A for the fibre-axis identity distance. The smaller value 
5-30A has now been reported by Bamford & Hanby (1951) from the re-analysis 
of the data of Lotmar & Picken, by Pauling & Corey (19526) from re-measurement 
of the Lotmar-Picken X-ray negatives, and by Bear & Carman (1951) from mea
surements of X-ray photographs of specimens that they had obtained. A similar 
change has taken place in the value of the pitch of the helix for poly-y-methyl-
L-glutamate. The pseudo-identity distance for this synthetic polypeptide was 
originally reported to be 5-50A (Bamford, Hanby & Happey 1951); it has since 
then been revised to 5-4A (Bamford & Hanby 1951; a redetermination of the 
value by Dr Harry Yakel, in our Laboratories, has led to the result 5-27 A). I t 
seems not unlikely that the value for poly-y-benzyl-L-glutamate, given by 
Bamford et al. as 5-76A or somewhat smaller, is in fact considerably smaller, 
although a precise value has not yet been reported. There is accordingly at the 
present time no reliable experimental value for the pitch of the a-helix that lies 
outside of the predicted range 5-22 to 5-62A. The pitch 5-27A corresponds, 
for 3-60 residues per helix, to a fibre-axis length per residue of 1-47A, and to 
the hydrogen-bond length 2-75A, which is close" to the mean of the values found 
in simple substances. 
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Strong evidence for the correctness of the assignment of the a-helix to porcupine 
quill tip was provided by the observation by MacArthur (1943) of an X-ray 
reflexion in the position corresponding to a spacing about 1-5 A perpendicular to 
the fibre axis; this reflexion was also reported by Perutz (1951) for hair, poly-y-
benzyl-L-glutamate and haemoglobin. This spacing represents the fibre-axis 
length per residue, and results from the scattering in phase of the successive 
residues in the a-helix. I t has been observed also for poly-y-methyl-L-glutamate, 
with spacing 1-489A, by Dr Harry Yakel. 

There now exists much evidence for the assignment of the configuration of the 
a-helix to the polypeptide chains of the synthetic polypeptide poly-y-methyl-L-
glutamate. Bamford etal. (1951) had reported for this substance an orthorhombic 
unit of structure with axes 10-35, 5-98 and 5-50A. They had noted that the first 
two axial lengths are in the ratio ^/3:1, which is compatible with hexagonal sym
metry, but had eliminated a hexagonal structure as requiring three amino-acid 
residues per unit, which would lead to the density 1-06 gcm~3, which is too small. 
We observed that the extra reflexions reported by Bamford et al., and attributed 
by them to an oriented impurity, could be accounted for as intermediate layer-line 
reflexions for a unit with a five-fold increase in the fibre-axis identity distance. 
An a-helix repeating after five turns would contain 18 residues, and could accord
ingly be surrounded by similar molecules in a hexagonal array. We accordingly 
assigned a hexagonal structure to the substance, and showed that the intensities 
of equatorial reflexions could be satisfactorily explained on this basis. Verification 
of the repeat after 18 residues for one modification of the substance has been 
obtained by Dr Harry Yakel, who has measured the identity distance as 26-75 A 
and the fibre-axis length per residue (the Perutz spacing) as 1-489 A, the quotient 
of these numbers being 18-0. Strong support for the 18-residue 5-turn helix has 
been provided by the work of Cochran & Crick (1952), who have shown that con
sideration of the Bessel functions involved in the form factor for such a helix 
(Cochran, Crick & Vand 1952) leads to a direct explanation of the relative strengths 
of twenty-eight observed layer fines on the X-ray diagram of poly-y-methyl-L-
glutamate. Further progress has been made by Dr Yakel, who has shown that the 
intensities of the reflexions in the fifth layer line are explained satisfactorily by 
the a-helix with the /?-carbon atom in position 2 (Pauling & Corey 1951a) and are 
in disagreement with prediction for /?-carbon atom in position 1. In this work 
only five of the ten heavy atoms of the amino-acid residue are taken into con
sideration in the calculation of predicted intensities; the small contribution of the 
side-chain atoms is to be attributed to their having less regular distribution in 
space than the atoms of the amide group and the a- and /?-carbon atoms, and hence 
having larger mutual interference of the scattered rays. In order to complete the 
determination of the structure of poly-y-methyl-L-glutamate (aside from the side-
chain atoms) there remains only a determination of the azimuthal angle for a 
helix, which might be achieved by the consideration of the intensities of layer-
line reflexions. 

The rough agreement between equatorial intensities of the X-ray diagram of 
proteins of the a-keratin type and those predicted for the a-helix supports the 
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assignment of this configuration to the a-keratin proteins. Proof of the correctness 
of this assignment has not yet been obtained, but additional evidence is provided 
by the consideration of the nature of the Bessel functions involved in the form 
factor, as given by the equation of Cochran et al. Figure 7 is a rough representation 
of the Bessel-function pattern for the 18-residue 5-turn a-helix. The orders of 
Bessel functions, up to the fourth order, as calculated by the formula of Cochran 
et al., are given in the figure for the first twenty-three layer lines, and regions of 
darkening are shown to represent the regions in which these Bessel functions have 
large values. The origin is indicated by the cross in the centre. I t is seen that a 
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FiGUEB 7. Diagram of the Bessel functions contributing to the form factor for the 18-residue 
5-turn a-helix, as given by the formula of Cochran, Crick & Vand. Features a represent 
the 5-1A meridional arc, and c the 1-5 A Perutz reflexion. The letter 6 shows the position 
of a sharp meridional reflexion observed on X-ray photographs of horse hair, and not 
accounted for by the simple theory of the a-helix. 

somewhat smudged-out pattern of this sort, representing imperfect orientation, 
corresponds reasonably well with the familiar X-ray diagram of hair, horn and 
other a-keratin proteins. The features a represent the 5-1A arc, characteristic of 
these proteins. (A difficulty that remains unexplained is the observation of this 
reflexion on the meridian, instead of in the off-meridional positions.) These 
features, and the adjacent ones for the equator and layer lines 2 and 3, combine 
to form the ring of darkening that encloses a light ring about the central image. 
The 1-5A reflexion, resulting from a Bessel function of order zero, is feature c, in 
the eighteenth layer line. The general appearance of X-ray diagrams that we have 
made of descaled horse hair is similar to that shown in figure 7, except that a rather 
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sharp meridional reflexion appears in positions b of the figure. Our measurement 
of this sharp meridional reflexion gives interplanar distance 2-96A, with re
flexion c having the value 1-49A. Reflexion b is perhaps to be interpreted as a 
meridional reflexion involving co-operation of the residues in pairs. 

The value 5-30 A for the fibre-axis identity distance of the material giving the 
Lotmar-Picken X-ray diagram approximates the value 5-27 A found for poly-y-
methyl-L-glutamate so closely as to indicate that this material is a large poly
peptide or protein with the configuration of the a-helix (Pauling & Corey 19526). 
The intensities of equatorial reflexions also provide evidence in favour of this 
assignment (Pauling & Corey 19516). 

The rods with diameter 10 A running parallel to the 57 A direction in the mole
cules of haemoglobin and myoglobin, discovered by Perutz and his collaborators 
(Boyes-Watson, Davidson & Perutz 1947; Perutz 1949) in haemoglobin, and by 
Kendrew (1950) in myoglobin, have been identified as a-helixes (Pauling & Corey 
1951 gr) by comparison of calculated radial distribution functions with a rough 
experimental radial distribution function obtained by analysis of Perutz's data. 
The experimental radial distribution function did not show the fine structure that 
would enable a decision to be made between the positions 1 and 2 for the /?-carbon 
atom. Riley & Arndt (1952) have reported a careful evaluation of the radial 
distribution function for bovine-serum albumin, and have concluded that the 
close approximation of the experimental function to the calculated function for the 
a-helix leaves little doubt of the correctness of the assignment of the configuration 
of the a-helix to polypeptide chains in this globular protein, and that, in fact, the 
/?-carbon atoms can be rather confidently placed in position 2. 

I t seems not unlikely that the a-helix will be found to be the most generally 
prevalent mode of folding of polypeptide chains in proteins. 

3. The y-helix 

In the y-helix each amide group forms hydrogen bonds with the fifth more 
distant group in each direction along the polypeptide chain. The fibre-axis length 
per residue is 0-97 A for hydrogen-bond distance 2-72 A, and it increases by about 
0-002A for each 0-010A increase in length of the hydrogen bond, to 1-OlA for 
hydrogen-bond distance 2-92A. There are 5-14 residues per turn for bond angle 
109-8° at the a-carbon atom, increasing to 5-25 residues per turn for bond angle 
111-2°. The extremes of these expected values correspond to a pitch of the helix 
ranging from 5-00 to 5-30A (Pauling & Corey 19510). 

I t was suggested (Pauling & Corey 1951c) that supercontracted keratin might 
have the configuration of the y-helix, although it was pointed out that there is 
very little evidence to support the suggestion. A decision could be made by the 
calculation of the radial distribution function from a powder diagram of super-
contracted keratin. 

There is an evident defect in the y-helix which suggests that it may not occur in 
proteins, or may occur only rarely. Whereas the a-helix is a tight helix, with van der 
Waals contact of atoms close to the helical axis, the y-helix has a cylindrical hole 
along its axis, with diameter about 2-5 A. This hole might be large enough to permit 
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entry of a water molecule, but it seems unlikely that water molecules would occupy 
it, because their positions would be unfavourable to hydrogen-bond formation. 
If this cavity were to remain empty there would occur a serious loss in energy of 
van der Waals attraction of adjacent molecules. By use of the equation 

£ = - S 38%?5kcal /mole 
A,B rAB 

for the energy of the London electronic dispersion interaction of groups A and B 
the distance rAS apart (the equation is obtained from the approximate second-
order perturbation theory with use of the average value 14 eV for excitation energy 
of the groups), and with the mole refraction B of the amide group and /J-carbon 
atom taken as 13 cm3, it is calculated that the y-helix is less stable than the 
a-helix, because of the decreased van der Waals attraction resulting from the 
presence of the hole, by about 4 kcal/mole per residue. This result indicates 
strongly that the y-helix is not to be expected as a common constituent of 
proteins. 

4. The three pleated sheets 

The steric hindrance between side-chains that occurs for fully extended poly
peptide chains forming lateral hydrogen bonds to the oppositely directed neigh
bouring chains can be avoided by rotating the residues about the bonds to the 
a-carbon atoms in such a way that the length per residue decreases below the 
maximum value, about 3-6 A. The first structure of this sort to be discovered, the 
polar pleated sheet, involves parallel polypeptide chains, with all of the residues 
having their carbonyl groups oriented in the same way (Pauling & Corey 1951c). 
The length per residue for undistorted hydrogen bonds is 3-07 A, and a rather large 
distortion is necessary to increase the fibre-axis residue length to 3-3 A, the value 
observed for the /?-keratin proteins. Also, a polar pleated sheet constructed of 
L-amino-acid residues is unsymmetrical, and would have a tendency to curve; for 
these reasons we think that it is likely that the two other pleated sheets occur in 
proteins, rather than the polar pleated sheet. 

The parallel-chain pleated sheet (figure 8) and the anti-parallel-chain pleated 
sheet (figure 9) were discovered in the course of a systematic investigation of 
configurations of polypeptide chains with favoured orientations around single 
bonds, carried out with the use of molecular models (Pauling & Corey 19511). 
For both of these structures the fibre-axis residue length of 3-34A, corresponding 
closely to the value usually observed for proteins with the /?-keratin structure, is 
achieved with essentially unstrained hydrogen bonds, and with orientations 
around the single bonds to the a-carbon atom that are believed to be somewhat 
more stable than other orientations. An increase in fibre-axis residue length to 
3-5A, the value observed in silk fibroin, can be achieved easily for the anti-
parallel-chain pleated sheet, but not for the parallel-chain pleated sheet. 

We think that it is likely that all polypeptides and proteins that give X-ray 
diagrams of the /?-keratin type have the parallel-chain pleated-sheet structure, the 
anti-parallel-chain pleated-sheet structure, or a pleated-sheet structure in which 
the chains have positive and negative orientations at random. 
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Together with Dr Richard E. Marsh, we have carried out a calculation of in
tensities to be expected on fibre diagrams of polyglycine, with an assumed anti-
parallel-chain pleated-sheet structure, the unit of structure being essentially as 
suggested by Astbury (1949). The agreement with the observed powder pattern 
is sufficiently good to provide support for the assignment of this structure to the 
substance. We also have made a test of a pleated-sheet structure for silt fibroin, 
in collaboration with Dr Marsh and Dr Max Rogers, with promising results. This 
structure involves double pleated sheets with all side-chains contained in the space 
between them, the contacts with adjacent double pleated sheets being like those 
in polyglycine. Verification of the pleated-sheet configuration for other /?-keratin 
proteins by the analysis of X-ray intensity data has not yet been carried out. 

5. The contraction of muscle 

We have suggested (Pauling & Corey 19516, 1951A) that the process of con
traction of muscle may involve the conversion of a contractile protein from a 
pleated sheet of nearly completely extended polypeptide chains to a double row 
of a-helices. This proposal seems to us to be a reasonable one which is com
patible with our present knowledge of the structural chemistry of polypeptide 
chains, and which accounts for the usually observed extent of contraction of 
muscle, about 55 %. There is, however, little direct evidence in support of it at 
the present time. 

6. Complex protein structures 

I t is not unlikely that two or more types of folding of polypeptide chains may 
occur together in proteins. We have proposed a structure of this sort for feather 
rachis protein. The X-ray diffraction pattern of feather rachis is very complex, 
and it requires for its interpretation a unit of structure with dimensions at least 
9-5 by 34 by 94-6A. The identity distance 9-5A perpendicular to the fibre axis 
indicates the presence of pleated sheets. The proposed structure consists of a series 
of pleated sheets interleaved with double rows of a-helices. The structure can be 
made to account roughly for the observed intensities of equatorial reflexions, but 
the agreement is not sufficiently extensive to provide significant support for the 
structure. Evidence against the structure, though not decisive (Pauling & Corey 
1951 h), was reported by Perutz (1951), who stated that feather rachis keratin 
does not give rise to the 1-5 A reflexion that is expected in general to occur for the 
a-helix. However, we have observed on Weissenberg photographs of sea-gull 
feather rachis a rather diffuse meridional reflexion with spacing 1-52 ±0-03A, 
which may be the 1-5A reflexion of a-helices in this fibrous protein. 

7. The structure of collagen 
Collagen and gelatin give characteristic X-ray diagrams, showing a strong meridi

onal reflexion for spacing 2-9 A. This reflexion can be reasonably interpreted as an 
average fibre-axis length per residue in nearly extended polypeptide chains, and 
Astbury has suggested that some or all of the amide groups have the cis con
figuration (Astbury 1940). We noted that the X-ray diagrams are compatible 
with a hexagonal packing of cylindrical molecules, with diameter about 11 A, and 
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from a consideration of the lattice constants and density of collagen reached the 
conclusion that the molecule of collagen and gelatin is not a single polypeptide 
chain, but consists of three polypeptide chains (Pauling & Corey 195if). We 
suggested a detailed structure for collagen, in which three polypeptide chains are 
intertwined about one another, and are held together by lateral hydrogen bonds. 
In each chain there is an alternation of two cis groups and one trans group, and the 
structure is of such a nature that every third residue may be a proline or hydroxy-
proline residue, with a glycine residue as one of its neighbours. This structure 
accounts in a striking way for the distribution of intensity along the equator of 
the X-ray fibre diagram of collagen and gelatin. 

A few months ago it was pointed out by Bear (paper presented at the New York 
meeting of the American Chemical Society, September 1951) that the X-ray 
diagram of collagen shows layer lines at positions related to the spacing of the 
principal meridional reflexion, about 2-9 A, in the approximate ratio of the integer 
7 to other small integers, and that the diagram thus indicates an identity distance 
in the fibre-axis direction of 20 A, seven times the average residue length, rather 
than 26 A, as given by the three-chain structure with nine units per turn of each 
helical chain. He suggested that the structure might be that of the y-helix, with 
amino-acid residues of different kinds arranged in units of three; the identity 
distance for the y-helix with 21 residues in four turns is about 20 A, and the seventh 
order of basal plane reflexion might appear as a strong reflexion, through rein
forcement of side-chains. 

This suggestion can be tested by application of the formula given by Cochran 
et al. (1952). With 21 residues in four turns the Bessel functions for successive 
layer lines are of orders 0, 5, 10, 6, 1, 4, 9, 7, 2, 3, 8, 8, 3, 2, 7, 9, 4, 1, 6, 10, 5, 0. 
The seventh layer line, which should be of order 0 to account for the 2-9 A meridi
onal reflexion, is in fact of order 7. The discrepancy can be avoided by assuming 
a 3-residue repeating unit. The sequence of orders of Bessel functions for a helix 
with seven 3-residue units in four turns is 0, 2, 3, 1, 1, 3, 2, 0. This sequence 
introduces J0 at the seventh layer line, accounting for the 2-9 A reflexion, but the 
layer fines represented by Jv which should be the next strongest, are the third and 
fourth, rather than the second and fifth, as observed on the photographs. A struc
ture based on the y-helix must accordingly be considered improbable. 

A study of the X-ray diagram of collagen has shown that it is unlikely that this 
diagram is completely compatible with the three-chain structure that we have 
proposed; there is indication, however, that the correct structure does not differ 
greatly from this three-chain structure. Instead of the regular sequence of cis-cis-
trans units in each of the three chains, there may be inserted occasional units of 
four residues, presumably cis-cis-trans~trans, with only one of the four a proline 
or hydroxyproline residue. The presence of meridional reflexions with spacings 
about 9-73 and 2-91 A, with ratio 0-299 + 0-002, on the photographs indicates an 
approximate repetition of sequences of ten amino-acid residues, consisting of 
three groups of residues (cis-cis-trans-cis-cis-trans-cis-cis-trans-trans), or perhaps 
of 110 residues, consisting of seven cis-cis-trans groups and four cis-cis-trans-trans 
groups. The fine-structure of the collagen fibre shown in the electron microscope 
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(Schmitt, Hall &Jakus 19420,6) suggests that there is no simple repeating unit 
in collagen. 

8. Conclusion 

Two structures, the a-helix and the pleated sheet, that have been derived on the 
assumption that the amide group in polypeptides is planar and has interatomic 
distances and bond angles as found in simpler substances, and that hydrogen 
bonds are formed between the imino groups and the carbonyl oxygen atoms, have 
been found to be present in polypeptides and proteins with the a-keratin structure 
and the /?-keratin structure respectively. The dimensions found in polypeptides 
and proteins substantiate the assumed values of the structural parameters; in 
particular the N—H---0 hydrogen-bond distance between amide groups in pro
teins may be assumed to be close to 2-75A. 

In view of the success that has so far been obtained by this method of attack, 
it seems justified to assume that proposed configurations of polypeptide chains in 
proteins that deviate largely from the structural principles that have now been 
formulated (planarity of amide group, correct interatomic distances and bond 
angles, formation of hydrogen bonds) may be ruled out of consideration. 

Note added in proof, 9 January 1953. The problem of the origin of the 5-1A 
meridional reflexion on the X-ray photographs of the a-keratin proteins has now 
been overcome. I t has been pointed out (Pauling & Corey 1953) that the presence 
of a repeating sequence of amino-acid residues should cause the axis of the a-helix 
itself to describe a helical course, and that there is evidence from the X-ray 
diagrams that seven-strand cables, each composed of six a-helices twisted about 
a central seventh a-helix, are present in hair, horn, muscle, and other proteins 
of the a-keratin type. (The suggestion that the a-helices present in a-keratin are 
twisted about one another was independently made by Crick (1952).) In hair, 
horn, and other a-keratin proteins there seem also to be individual a-helices, 
occupying the interstices between the seven-strand cables. I t has also been 
suggested that feather rachis keratin consists of seven-strand cables, with the 
interstices occupied by three-strand ropes, each composed of three a-helices 
twisted about one another. The twist of the seven-strand cables is in the direction 
of a right-handed screw, and that of the three-strand ropes in the opposite 
direction. 

The dimensions of the a-helix in synthetic polypeptides quoted in the paper 
as determined by Dr Harry Yakel differ by about 1 % from his earlier values, 
which have been found by him to be in error. 
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COMPOUND 
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Institute of Technology, Pasadena 4 

LAST year we described several configurations 
for polypeptide chains, and suggested tha t one 

of them, the a-helix, which has about 3-6 amino-acid 
residues per turn of the helix, is present not only 
in synthetic polypeptides but also in proteins of the 
a-keratin type, and in haemoglobin and other globular 
proteins1. We pointed out that the dimensions of the 
unit of structure, as indicated by the X-ray photo
graphs, and the distribution of intensities in the 
equatorial direction are roughly accounted for by 
the a-helix. In addition, we mentioned that the 
structure is supported also by the meridional re
flexions observed for muscle fibres and porcupine 
quill, in particular the reflexions with spacings 1-5 A. 
(the length per residue along the axis of the a-helix) 
and multiples of this value ; the value of this evidence 
was emphasized by Perutz2, who observed the 1-5-A. 
reflexion for hair, horn, and other a-keratin proteins. 

We also pointed out that the X-ray pattern of 
a-keratin, as described by Astbury and Street3, has 
a strong equatorial reflexion a t 27 A., which is not 
accounted for by a structure involving a-helixes in 
regular parallel orientation, and we suggested that 
this reflexion is due to a long-range order to be 
elucidated through further study. Other difficulties 
for the proposed simple structure of the a-keratin 
proteins have been emphasized to us by several 
workers in the field. The most important of these 
difficulties are a discrepancy between the observed 
and calculated density, and the failure of the a-helix 
to explain the 5-2-A. arc on the X-ray photographs 
as a true meridional reflexion. 

We have recently noticed that an a-helix for a 
polypeptide chain involving repeating sequences of 
amino-acid residues of different kinds would be 
expected not to have a straight axis ; instead, the 
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axis of the helix would itself bo predicted to pursue a 
helical course. A protein might consist of a single 
polypeptide chain with the configuration of a com
pound helix; three such helixes might well be 
expected to twist about one another, to form a three-
strand rope, and six might be expected to twist about 
a seventh, to form a seven-strand cable ; still more 
complex structures may also be formed. There is 
good reason for believing that hair, horn, quill, and 
other proteins of the a-keratin type consist of seven-
strand protein cables in parallel orientation, with 
single compound a-helixes occupying interstices 
between them. 

The study of simple substances related to proteins 
has not only provided reliable values of interatomic 
distances and bond-angles, but has also indicated that 
the N—H- • -O hydrogen-bond distance may be expected 
to vary by about ± 0-12 A. about its average value4 

in compounds of this sort, 2-80 A. Variation in the 
hydrogen-bond distance might be caused directly 
by the interaction of side-chains of amino-acid 
residues with the carbonyl and imino groups of the 
adjacent amide groups, or indirectly by steric hind
rance (especially adjacent to a proline or hydroxy-
proline residue) or by attraction between side chains. 
Let us consider an a-helix composed of a polypeptide 
in which a unit of four amino-acid residues of different 
sorts is continually repeated. Two of the hydrogen 
bonds might be longer than the other two, by about 
0-2 A. This difference in length would cause a curva
ture of the axis of the a-helix. If the a-helix has 
3-6 residues per turn, the normal to the curved helical 
axis would be rotated by 0 • 09 revolution by progressing 
from one unit to the next unit of four residues along 
the chain, which corresponds to a complete revolution 
in about eleven units. The axis of the a-holix would 
itself accordingly describe a larger helix, with pitch 
approximately 66 A., the axial length of 44 residues. 
The radius of the larger helix would be about 1-5 A., 
and the sense of the larger helix would be the same 
as that of the a-helix. A compound helix of this 
sort is represented in Figs. 1 and 2. 

Another simple case is that of the compound helix 
with a repeating unit of seven amino-acid residues. 
An a-helix with 3-60 residues per turn executes 
97-2 per cent of two turns in seven residues, and 
would accordingly be expected to complete a turn of 
the larger helix in about thirty-five turns of the 
a-helix, or 126 residues, corresponding to about 190 A. 
for the pitch of the helix. However, the prediction 
of the pitch of this compound helix is rather uncer
tain ; decrease by 1-5 per cent of the number of 
residues per turn would cause the predicted pitch 
to be doubled, to the value about 400 A. The radius 
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Fig. 1. A compound helix with pitch of the large superimposed 
helix equal to 12-5 times the pitch of the small helix. For 
the compound a-helix the values might be 68 A. and 5-44 A. 

respectively 
Fig. 2. At the left, a compound a-helix with pitch about 67 A. 
The diameter, shown as about 10 A., includes the volume occupied 
by side chains as well as the main chains of the protein. Centre, 
a seven-strand a-cable, with lead of about 400 A. In the proposed 
structures of proteins of the a-keratin type these cables are 
packed together, with compound helixes as shown at the left in 
the interstices. At the right, a three-strand rope, with lead of 
about 200 A., and with sense opposite to that of the seven-strand 
cable. In the suggested structure for feather rachis keratin, these 
ropes arc packed together with seven-strand a-cablcs, in the ratio 

of two ropes to one a-cable 

of the large helix might easily be as great as 10 A., 
with the variation in hydrogen-bond length men
tioned above. The sense of the large helix of the 
seven-residue compound a-helix is opposite to that 
of the a-helix itself. 

A radius of 6 A. for the large helix would permit 
three compound helixes to twist about one another, 
to form a three-strand rope (Fig. 2). Such a rope 
with the sense of twist of the strands opposite to that 
of the rope would be formed by the seven-residue 
compound helix, or with the sense of the strands the 
same as that of the rope by, for example, the fifteen-
residue compound helix (with a repeating unit of 
fifteen residues, comprising nearly four turns of the 
a-helix). 
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Six compound helixes with radius of the large 
helix equal to 10 A. could twist about a central 
straight a-helix, to form a seven-strand cable. The 
repeating unit of seven amino-acid residues, com
prising nearly two turns of the a-helix, is the simplest 
one that would give rise to compound helixes suitable 
to a seven-strand cable ; the next simplest is the 
repeating unit of fourteen (perhaps containing one 
proline residue). A drawing of the seven-strand 
a-cable is shown in Fig. 2. We suggest that tho 
symbol AB, be used for this cable. 

The seven-strand a-cable is about 30 A. in diameter. 
A fibre containing these cables in parallel orientation 
would have a hexagonal unit of structure or pseudo-
unit with a equal approximately to 30 A. The 
observed equatorial reflexion with spacing 27 A. could 
then be explained as the 10-0 reflexion corresponding 
to this unit. The X-ray patterns of hair, horn, 
porcupine quill, and other a-keratin proteins are 
reasonably well accounted for by such a unit, with 
a = 32-4 A. (for porcupine quill a multiple of this 
unit, indicating further superstructure, is needed to 
explain weak reflexions with larger spacing). 

A plan of the packing of the seven-strand a-cable 
is shown in Fig. 3. I t is seen that there is room 
enough at the positions J $ and § J for other poly
peptide chains to be introduced. If the adjacent 
seven-strand cables are staggered in azimuthal 
orientation, at a given level, a-helixes may be intro
duced in the positions J § and f £. Because of the 
rotation of the cables, for which the value of the 
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Fig. 3. A cross-section of the a-keratin structure, showing the 
a-cables AB, and the interstitial compound helixes C. The 
orientation of the cross-section of the cable changes with co
ordinate along-the fibre axis. The central cable is shown in the 
most unfavourable orientation for the interstitial u-hclixes. The 
protein chains are not so nearly circular in cross-section as 
indicated in the drowing, and space is lilled more effectively than 

is indicated 



lead (vertical distance between a point on one strand 
and an equivalent point on the same strand after one 
turn about the cable) is about 400 A., and that of the 
pitch (vertical distance from one strand to an adjacent 
strand) is about 66 A., the inserted a-hclixes must be 
compound helixes, with radius of tho large helix 
about 1-5 A., and with pitch equal to the pitch of 
the cable, about 66 A. The sense of these compound 
holixes must be opposite to that of the cables, in 
order that they may fit between the strands of an 
adjacent cable. The four-residue compound helix, 
which has the proper sense and approximately tho 
correct pitch, is accordingly satisfactory. We suggest 
the symbol O for this compound helix. 

The volume of a portion of the hexagonal unit with 
a = 32 -4 A., and with height 1 -50 A., the axial length 
per residue, is 136-3 A.3. The proposed structure in
volves nine amino-acid residues in this portion of the 
unit. With the reported range 107^118 for the average 
residue weight, the density of the protein is calculated 
to be 1 -17-1 -30 gm.cm,"3. The indicated disagreement 
with the experimental value, about 1 '32 gm.cm.-3, 
may be due to the presence of a few per cent of water 
of hydration in the fibrous proteins. The much larger 
discrepancy between calculated and observed density 
that results from assuming the centre of the strong 
but broad equatorial reflexion, at 9-8 A., to corre
spond to the spacing of the reflexion 10-0 for the 
small hexagonal unit containing one a-helix is 
eliminated by the new indexing, which assigns the 
strong reflexion with centre at 9-8 A. to the over
lapping of 21-0 at 10-6 A., and 3 3 0 at 9-3 A. 

The strong 5-2-A. meridional arc, characteristic of 
tho a-keratin proteins and previously given only 
rather unsatisfactory explanation in terms of the 
a-helix, is now explained in a straightforward manner 
as resulting from the co-operation of the seven 
residues, in a repeat involving approximately two 
turns of the a-helix, in the B compound helixes of 
the AB6 cable. With 1 -50 A. as residue length of the 
a-helix, the unit of seven residues has length 10-5 A. 
The component of this distance in the direction of 
the fibre axis, assuming the cable to have lead 400 A. 
and radius 10 A., is calculated from the angle of 
inclination, 9-0°, to be 10-36 A. A weak meridional 
reflexion would be expected to occur with this spacing; 
the second order of this reflexion, with spacing 
5-18 A., should be strong, because it involves 
reinforcement rather than extinction by the two 
turns of the a-helix in the repeating unit of seven 
residues. The 5-2-A. meridional arc, for which 
Astbury and MacArthur have recently reported 
spacings of about 5-15 A. or 5-18 A., is accordingly 
well explained by tho proposed structure. 
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SKETCH OF EQUATORIAL X-RAY PATTERN OF a KERATIN 

3 - 4 

l<'ig. 4. Comparison of observed and calculated equatorial intensities on X-ray photographs of 
a-feeratin. At the top there is a sketch of the observed intensity of reflexion by hair and 
horn. The decrease in intensity with increase in angle is more rapid than indicated. At 
the bottom, there is given the calculated form factor for the A B, cable, and in the centre 
the square of this form factor, which may be compared with the observed intensity curve 

Strong support of the proposed structure is also 
given by many other features of the X-ray patterns 
of various proteins of the a-keratin type. One com
parison of observed and calculated features is given 
in Fig. 4. At the top of this figure there is a sketch 
of the equatorial X-ray pattern of a-keratin. Astbury 
and Street3 described the a-keratin pattern as having 
a strong reflexion at 27 A., a very strong and broad 
reflexion at about 9-8 A., and a vague region of 
darkening around 3-5 A. Examination of heavily 
exposed photographs shows that the last of these 
features is, in fact, a broad maximum, extending from 
about 5 A. to about 3-2 A. (This band may be due 
in part to the very strong 4-7-A. reflexion of 
p-keratin ; it is known that specimens of a-keratin 
usually contain some (3-keratin, and some of our 
photographs show a rather strong 4-7-A. ring.) There 
is then a minimum at about 2-8 A., a maximum at 
about 2-4 A., a minimum at about 1-8 A., amaximum 
at about 1-6 A., a minimum at 1-4 A., and a further 
maximum. The form factor F for the a-cable shown 
at the bottom of the figure is calculated by multi
plying the form factor for the a-helix, including the 
(3-carbon atom, as reported previously1, by the factor 
1 + 6J0(47ip sin 0/X), in which J„ is the Bessel 
function of order 0, and p, the radius of the B helixes 
of the cable, is placed equal to 10 A. Above the 
curve for F there is shown the curve for F2. I t is 
seen that there is striking, although not complete, 
agreement between this curve and the sketch of the 
equatorial X-ray pattern. Inasmuch as the con
tribution of the two interstitial compound a-helixes 
and of the side chains, which together constitute just 
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50 per cent of the scattering matter in the fibres, have 
not been taken into consideration, the agreement 
must be considered to be excellent. I t may be 
pointed out that, in the calculation of the form 
factor, no arbitrary parameters have been involved 
except the radius of the large helix ; and that the 
value 10 A. for this quantity is required, to within 
a few per cent, by the dimensions of the unit of 
structure, if it is assumed that the three different 
kinds of polypeptide chains in the a-keratin proteins 
(the core of the cable, the six surrounding strands, 
and the interstitial compound helixes) have approx
imately the same average amino-acid residue weight. 

The X-ray diffraction photographs of feather 
rachis keratin, which have previously been inter
preted as involving (3-keratin pleated sheets and 
a-keratin helixes in molecular distribution, may show 
a superimposed P-keratin pattern and a-keratin 
pattern. If this is correct, the a-keratin is different 
in nature from hair and horn a-keratin, probably 
consisting of ABS cables with D3 ropes (three a-helixes 
coiled about one another) in the interstices. This 
structure accounts in a striking way for the char
acteristic features of the X-ray photographs. 

The proposed structure of a-keratin involves three 
kinds of a-helixes, which presumably differ in amino-
acid composition. We propose to examine these 
materials by fractionation. I t is interesting that 
Goddard and Michaelis have reported that wool put 
into solution by reduction with thioglycollic acid or 
other reducing agent and treated with iodoacetic acid 
to form a carboxymethyl derivative can be converted 
into fractions with different chemical composition by 
ammonium sulphate precipitation6. We suggest that 
a solution of wool might be fractionated into the 
ABa cables and the protein keratin-C, and that the 
ABS cables might be further separated into kern tin-A 
and keratin-B. 

Wo think it not unlikely that aotomyosin has the 
structure shown in Fig. 3, and that its fractionation 
into myosin and actin is a separation of the seven-
strand cables ABe (myosin) from the single a-helixes 
C (actin). The amounts of myosin and actin obtained 
by the fractionation are approximately in the pre
dicted ratio 7 : 2, and, as predicted, the 5-2-A. 
meridional X-ray reflexion is observed for aotomyosin 
and myosin but not for actin. 

We are indebted to Prof. W. T. Astbury, Dr. I. 
MacArthur, Mr. F . H. C. Crick, and other workers in 
the field of the structure of proteins for having dis
cussed with us the question of the structure of 
a-keratin, and especially for having emphasized the 
necessity for refinement of our' suggestions. The 
detailed description of compound a-helixes and 

7 



aggregates of them, and discussion of fibrous proteins 
which they compose, will be presented in later papers, 
to be published in the Proceedings of the National 
Academy of Sciences of the United States of America. 
This investigation was supported in part by a research 
grant from the National Institutes of Health, Public 
Health Service, and by a contract (Nonr-220(05)) 
with the Office of Naval Research. [Oct. 14. 
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TWO RIPPLED-SHEET CONFIGURATIONS OF POLYPEPTIDE 
CHAINS, AND A NOTE ABOUT THE PLEATED SHEETS 

B Y LINUS PAULING AND ROBERT B. COREY 

GATES AND CRELLIN LABORATORIES OF CHEMISTRY,* CALIFORNIA INSTITUTE OF 

TECHNOLOGY 

Communicated January 30, 1953 

About a year ago, in the course of the consideration of configurations of 
polypeptide chains with favored orientations around single bonds, we de
scribed two pleated-sheet structures.1 These structures are suited to poly
peptide chains constructed entirely of L amino-acid residues or of D amino-
acid residues. In one pleated sheet alternate polypeptide chains are 
antiparallel, and in the other they are parallel. The amide groups have 
the trans configuration. 

We have observed that closely related structures can be constructed in 
which polypeptide chains of D and L amino-acid residues alternate. The 
configuration of these layer structures is such as to make it appropriate to 
call them rippled sheets. 

The Antiparallel-Chain Rippled Sheet.—The antiparallel-chain rippled 
sheet, represented in figure 1, is closely similar to the antiparallel-chain 

TABLE 1 

ATOMIC COORDINATES FOR THE ANTIPARALLEL-CHAIN RIPPLED SHEET 

io = 9.44 A, &0 = 7.00 A, c0 = 1.00 A (assumed). Four atoms in x, y, z; 1/2 — x, l / 2 + 
y, z; x, y, z; 1/2 + x, 1/2 — y, z 

x y z 
C 0.287 0.040 0.64 
C 0.200 0.216 0.28 
O 0.068 0.220 0.45 
N 0.275 0.359 - 0 . 2 2 

pleated sheet, and the diagrammatic representation given in figure 4 of 
the earlier paper1 applies to both structures. One structure is converted 
into the other by the reflection of alternate chains into their enantiomers, 
in the plane of the sheet. The unit of structure was determined by measure
ment of a model constructed of units precisely built on the scale 10 cm. = 
1A. The value of the lateral translation was found to be 9.44 A, and that 
of the translation in the direction of the polypeptide chains 7.00 A. Atomic 
coordinates are given in table 1. 

The Parallel-Chain Rippled Sheet.—The parallel-chain rippled sheet, 
shown in figure 2, is closely similar to the parallel-chain pleated sheet, and 
has the same diagrammatic representation, shown in figure 5 of the previous 
paper.1 The unit of structure was found by measurement of a model to 
have lateral identity distance «o = 9.60 A, and identity distance along the 
fiber axis b0 = 6.50 A. Atomic coordinates are given in table 2. 
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The parallel-chain rippled sheet of hydrogen-bonded polypeptide chains. 
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The antiparallel-chain rippled sheet and the parallel-chain rippled sheet 
are satisfactory structures, in that they involve linear hydrogen bonds, the 
interatomic distances and bond angles have the accepted values, and the 
amide groups are planar. The orientations of the bonds around the a 
carbon atoms are such that there is room for a side chain, projecting out 
nearly perpendicularly to the sheet, if alternate chains are constructed of 
D amino-acid residues and L amino-acid residues. These structures are 
accordingly satisfactory ones for equimolal mixtures of D polypeptides and 
L polypeptides. 

Moreover, mixtures of D polypeptides and L polypeptides in which the 
enantiomeric polypeptide chains are present in unequal numbers can assume 
sheet structures which represent a mixture of a pleated-sheet configuration 
and a rippled-sheet configuration. Irregular sequences of polypeptide 
chains with positive and negative orientations can also lead to reasonably 
satisfactory hydrogen-bonded layer structures. The value of the identity 
distance in the fiber-axis direction would be intermediate between the value 

TABLE 2 

ATOMIC COORDINATES FOR THE PARALLEL-CHAIN R I P P L E D SHEET 

a0 = 9.60 A, b0 = 6.50 A, c0 = 1.00 A (assumed). Four atoms in x, y, z; x, Vs + y, 

2; Vs + x, y, z; y 2 - x, V J + y, Z 

x y z 
C - 0 . 0 0 6 0.000 0.98 
C 0.059 0.185 0.28 
O 0.188 0.205 0.25 
N - 0 . 0 2 7 0.314 - 0 . 2 6 

7.00 A corresponding to linear hydrogen bonds for the antiparallel-chain 
sheets and the value 6.50 A corresponding to linear hydrogen bonds for the 
parallel-chain sheets. An intermediate value of this identity distance 
would require that all hydrogen bonds be somewhat bent, and presumably 
also somewhat strained. 

A Note on the Pleated Sheets.—In the earlier discussion of the pleated-
sheet configurations of the polypeptide chains1 the assumption was made 
that certain orientations around the bonds between the a carbon atom and 
adjacent atoms in the amide group are favored over other orientations. 
The assumed favored orientations around these single bonds led to the 
predicted value 6.68 A for the identity distance in the fiber-axis direction 
(the direction of the polypeptide chains). Although the existence of a 
potential function causing certain orientations around these bonds to be 
favored is likely from a priori considerations, the magnitude of the effect 
is uncertain, and it may well be that very little strain (less than 0.1 kcal. 
mole - 1 per residue) is involved in rotating the chain from favored to less 
favored configurations. 
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We have now found through the construction of large-scale models that 
other values of the identity distance in the direction of the polypeptide 
chains are indicated for the two pleated sheets, corresponding to slightly 
different orientations about the single bonds to the a carbon atom. The 
new configurations, described by the coordinates in tables 3 and 4, involve 
linear hydrogen bonds—that is, the angle N — H - - - 0 is equal to 180°. 
The fiber-axis identity distance for the antiparallel-chain pleated sheet is 
7.00 A, and that for the parallel-chain pleated sheet is 6.50 A; these values 
are the same as for the corresponding rippled sheets. 

The two pleated sheets provide satisfactory structures for proteins and 
for polypeptides composed exclusively of L arnino-acid residues (or D amino-
acid residues). We think that it is likely that silk fibroin, for which the 

TABLE 3 

ATOMIC COORDINATES FOR THE ANTIPARALLEL-CHAIN PLEATED SHEET 

a<, = 9.50 A, io = 7.00 A, c0 = 1.00 A (assumed). Four atoms in x, y, z; x, 'A + y, z; 

'A — *, y, z; JA + x, 'A— y, s 
x y z 

C 0.034 -0.005 -0.70 
N -0.030 0.173 -0.20 
C 0.051 0.320 0.21 
O 0.180 0.326 0.22 
/3C 0.024 -0.005 -2.24 

TABLE 4 

ATOMIC COORDINATES FOR THE PARALLEL-CHAIN PLEATED SHEET 

a0 = 4.85 A, b0 = 6.50 A, c0 = 1.00 A (assumed). Two atoms in x, y, z; x, Vs + y z, 
x y z 

C 0.012 0.000 - 0 . 9 8 
N - 0 . 0 6 6 0.186 - 0 . 2 6 
C 0.118 0.315 0.28 
O 0.371 0.295 0.25 
0C - 0 . 0 9 3 0.014 - 2 . 4 5 

observed fiber-axis identity distance is 7.0 A, has the antiparallel-chain 
pleated-sheet structure, and that the /3-keratin proteins, for which the ob
served fiber-axis identity distance is about 6.6 A, have the parallel-chain 
pleated-sheet structure, or a structure in which a considerable number of 
adjacent polypeptide chains have parallel orientations. 

The atomic coordinates given in tables 3 and 4 differ only slightly from 
those previously reported.1 

Acknowledgments.— This investigation was aided by grants from The 
Rockefeller Foundation and The National Institutes of Health, Public 
Health Service. 

* Contribution No. 1771. 
1 Pauling L., and Corey, R. B., these PROCEEDINGS, 37, 729 (1951). 
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The Structure of Tussah Silk Fibroin* 
(w i th a no t e on the s t r u c t u r e of / J -po ly-L-a lan ine) 

B Y R I C H A R D E . M A R S H , R O B E R T B. CORBY AND L I N U S P A U L I N G 

Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California, U.S.A. 

(Received 11 March 1955) 

A detailed structure for Tussah silk fibroin has been derived which is in agreement with the X-ray 
diffraction data. The structure is similar to that of Bornbyx mori fibroin in that it is based on anti-
parallel-chain pleated sheets; the method of packing of the sheets, however, is quite different. 
This difference in packing can be explained on the basis of the chemical compositions of the two 
silks. 

I t seems highly probable tha t the structure of the fl (stretched) form of poly-L-alanine is essen
tially that derived for Tussah silk. 

Introduction 

A detailed structure for commercial silk fibroin 
(Bornbyx mori) has recently been formulated in these 
Laboratories (Marsh, Corey & Pauling, 1955). A 
prominent feature of the structure of Bornbyx mori 
silk fibroin is the occurrence of glycine as alternate 
residues along the polypeptide chains. 

Another form of silk fibroin is that derived from 
Tussah silk (commonly called wild silk). Previous 
investigators (Kratky & Kuriyama, J 931; Trogus &. 
Hess, 1933) have shown that the X-ray diffraction 
pattern of Tussah silk fibroin, although having many 
features in common with the pattern obtained from 
Bornbyx mori, is significantly different in several 
respects. Its chemical composition also differs from 
that of Bornbyx mori in a very significant way (Table 1). 
The most striking differences are in the relative 
amounts of glycine and alanine. In particular, the 
amount of glycine in Tussah silk (26-6 residue %) is 

* Contribution No. 1978 from the Gates and Crellin Labo
ratories of Chemistry. The work described in this article was 
carried out under a contract (Nonr-220(05)) between the 
Office of Naval Research and the California Institute of 
Technology. 

Table 1. Composition of the fibroins of Bornbyx mori 
and Tussah silks* 

Amino-acid 
residue 

Glycine 
Alanine 
Serine 
Tyrosine 
Aspartic acid 
Arginine 
Valine 
Glutamic acid 
Tryptophan 
Phenylalanine 
Isoleucine 
Leucine 
Histidine 
Proline 
Threonine 
Lysine 
Cystine 

Bornbyx mori 
(residue %) 

44-4 
30-2 
11-9 
4-9 
1-4 
0-4 
2-1 
0-9 
0-2 
0-6 
0-5 
0-5 
0-2 
0-4 
1-0 
0-3 
0-1 

Tussah silk 
(residue %) 

26-6 
44-2 
11-8 
4-9 
4-7 
2-6 
0-8 
0-8 
l-l 
0-5 
0-4 
0-4 
0-8 
0-3 
0-1 
0-1 

— 
Mean residue weight 78-3 83-5 

* Calculated from the data of Schroeder & Kay (1955). 

insufficient to permit the occurrence of glycine as 
al ternate residues along the polypeptide chains. In 
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contrast to the smaller percentage of glycine, the per
centage of alanine is much larger in Tussah silk than 
in Bombyx mori. I t seems reasonable to expect that 
the .structural differences between the two silks, as 
evidenced by the differences in their X-ray patterns, 
are related in a simple way to .these striking differences 
in their chemical compositions. 

In the current investigation, a detailed structure 
for Tussah silk fibroin has been derived which is 
compatible with both chemical and X-ray data. This 
structure also has strong implications concerning the 
structure of the ft (stretched) form of poly-L-alanine. 

Experimental 

Samples of Tussah silk (Antherm pemyi) were kindly 
supplied by Prof. S. Mizushima of the University of 
Tokyo. For X-ray photography, degummed fibers 
(Sohroeder & Kay, 1955) were arranged in the form 
of a bundle about 0*5 mm. in diameter. Diffraction 
photographs were taken in an evacuated 3-em.-radius 
camera and in a helium-filled 10-cm.-radius camera 
with nickel-filtered copper Ka radiation (1=1*5418 A). 

Standard fiber photographs were taken with the 
X-ray beam perpendicular to the axis of the fibers; 
a typical photograph is reproduced in Fig. 1, together 

Fig. 1. X- ray diffraction photographs of Bombyx mori (left) 
and Tussah (right) silk fibroins, prepared with Cu Ka 
radiat ion in a cylindrical camera. The fiber axes are vertical. 

with a photograph of Bombyx mori fibroin. In addition, 
6° oscillation photographs were prepared in which the 
axis of oscillation was perpendicular to the fiber axis; 
at the center of oscillation, the X-ray beam made an 
angle of 48° with the fiber axis. By this means the 
strong sixth-order meridional reflection at 1*16 A was 
brought into reflecting position. For calibration pur
poses, the powder spectrum of sodium fluoride was 
superimposed on this pattern; the lattice parameter 

Table 2. Spmeings and relative intensities for 
Tussah 

of the NaF sample was obtained separately from 
measurements of -Straumanis-type powder photo
graphs. 

I t was found that, within the limits of visual 
observation, the 400 reflection of NaF was exactly 
coincident with the center of the sixth-order meridional 
reflection of Tussah silk. The spacing of the 400 re
flection of 'NaF, as measured on the Straumanis 
photographs, was 1*158 A, In confirmation of this 
spacing, the lattice parameter % was obtained from 
a least-squares treatment of" all of the observed powder 
lines; it was found to be 4*6327 A with a probable 
error of 0*0003 A, in satisfactory agreement with the 
value 4*620±0*004 kX. (= 4*629±0*004 A) obtained 
by Davey (1923). Accordingly, the fiber-axis identity 
distance of Tussah silk is 6*949 A, with an estimated 
limit of error of about 0*010 A. 

The value 6*95 A for the fiber-axis identity distance 
is slightly smaller than that found for Bombyx mori—• 
6*97±0*03 A (Marsh et «!., 1955). As a confirmation 
of this shortening, a corresponding oscillation photo
graph of Bombyx mori was prepared with the powder 
pattern of NaF superimposed. On this photograph, 
the sixth-order meridional reflection occurred at a 
significantly larger spacing than the 400 .reflection 
from NaF; the fiber-axis identity distance for Bombyx 
mart was calculated to be 6*988±0*015 A. Thus there 
is a real, though small, difference in the fiber-axis 
identity distances of the two types of silk fibroin. 
This difference was first reported by Bamford, Brown, 
Elliott,' Hanby & Trotter (1953); the identity distances 
given-by them are 6*92 A and 6*94 A for Tussah and 
Bombyx mori, respectively. 

The measured spacings and visually-estimated in
tensities of the equatorial reflections from Tussah silk 
are listed in Table 2; these values are in good agree
ment with those reported by Trogus & Hess -(1933). 
For comparison, • the spacing and intensity data for 
Bombyx mori are also listed in Table 2. Intensity and 
spacing data for non-equatorial reflections are given 
in Table 5, together with the intensities -calculated on 
the basis of the proposed structure-

Derivation of the structure 

A comparison of data in Table 2 shows that the re
flections which, in the case of Bombyx mori, have been' 

reflections for Bombyx mori and Tussah silk fibroins 
Bombyx mori 

fo. 

1 
2 
3 
4 

5 

d0 (A) 

5-35±0*10 
4-35±0*08 
2-64±0-05 
2*36±0*04 

l*57±0-02 

I 

vvvs 
ms 
s 
mw 

w 

Ml 

002 
201 
004 
400 

601 

dc(A) 

5-30 
4-31 
2*65 
2*36 

1-56 

No. 
1 
2 
3 
A 
5 
6 
7 
8 
9 

do (A) 
9-70±0-25 
4-70±0-20 
4*25±0-15 
3-05 ±0-02 
2-35±0-01 
2-10±0-05 
l-80±0*05 
l -56±0-01 
l -20±0-05 

I 

90 
450 . 
900 
180 

20 
vw 

VWJU 

18 
vw 

Ml 
001 
002 
201, 201 
003 
400 
402,402 
005 
601,601 
800 
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indexed as hOO or hOl occur with very similar spacings 
and intensities in the two types of silk; reflections of 
the type 001, however, do not compare. The indexing 
of the Bonibyx mori pattern was accomplished un
ambiguously from data obtained from doubly-oriented 
specimens, and it has been shown (Kratky & Kuriyama, 
1931; Marsh et al., 1955) that the A00 reflections arise 
from sets of diffraction planes oriented perpendicular 
to the plane of rolling of the specimens. The plane of 
rolling has been identified with the plane of the anti-
parallel-chain pleated sheets which are the basic 
structural feature of Bombyx mori, and the a axis 
lies within the plane of the sheets. On the other hand, 
the 001 reflections arise from sets of diffraction planes 
oriented perpendicular to the plane of rolling of the 
doubly-oriented specimens, and the c axis is an 
identity distance perpendicular to the pleated sheets. 

Thus, the two identity distances which, in the case 
of Bombyx mori, have been shown to lie within the 
plane of the pleated sheets—the 6-axis (fiber axis) 
identity distance, which represents the distance be
tween alternate residues along the polypeptide chains, 
and the a-axis identity distance, which represents the 
distance between alternate polypeptide chains in the 
hydrogen-bonded sheet—appear to have close counter
parts in Tussah silk. On the other hand, the methods 
of packing of the sheets, as represented by the 001 
reflections, are apparently different in the two silks. 

I t should be pointed out that in both silk fibroins 
the 00Z reflections are quite diffuse, whereas the hOO 
and hOl reflections are relatively sharp. This is readily 
understandable in terms of a pleated-sheet structure: 
the strong hydrogen bonding within the sheets would 
be expected to lead to well-defined repeat distances 
and, hence, sharp reflections in the direction of the 
a axis, whereas any disorder in the packing of adjacent 
sheets would result in diffuse reflections in the direc
tion of the c axis. 

With the aid of the Bombyx mori pattern, we have 
been able to index the diffraction pattern of Tussah 
silk on the basis of an orthogonal unit cell with 

a0 = 944, bQ (fiber axis) = 6-95, c0 = 10-60 A; 

the corresponding values for the pseudo unit of 
Bombyx mori are 9-40, 6-97 and 9-20 A, respectively. 
The indexes and calculated spacings of the equatorial 
reflections listed in Table 2 are based on this unit cell. 
This cell will account for all of the reflections observed 
for Tussah silk, both equatorial and non-equatorial, as 
is shown subsequently in Table 5. Accordingly, we 
have chosen it as a unit of structure, bearing in mind 
that, as was the case for Bombyx mori, it is too small 
to accommodate the larger amino-acid residues known 
to be present in the protein, and hence must be 
regarded only as a pseudo unit cell. 

Prof. R. Brill has called to our attention that the 
dimensions of this orthorhombic unit cell of Tussah 
silk are essentially equivalent to those proposed by 

him (Brill, 1943) for a monoclinic unit cell for Satonia-
type silk. 

In the formulation of positional parameters for all 
of the atoms within this pseudo unit cell, we have 
assumed that the basic structural component is the 
antiparallel-chain pleated sheet (Pauling & Corey, 
1953). The reasons for this choice have been discussed 
in connection with Bombyx mori; they are founded 
principally on the confidence we place in our knowledge 
of the geometry of polypeptide chains and hydrogen 
bonds. In particular, the values for the a- and 6-axis 
identity distances—9-44 and 6-95 A—are almost 
exactly those calculated for the antiparallel-chain 
pleated sheet—9-5 and 7-0 A (Pauling & Corey, 1953). 

The formulation of the detailed structure of Tussah 
silk was arrived at by a consideration of the ways in 
which adjacent pleated sheets might pack together. 
The absence of odd orders of reflections of the type 
001 and the relatively high intensities of the 002 and 
004 reflections indicate that the pleated sheets are 
spaced at approximately equal intervals of 5-3 A along 
the c axis; the relative position of adjacent pleated 
sheets was determined by packing considerations. 

The pseudo unit of structure of Tussah silk is shown 
diagrammatically in Kg. 2; the positional parameters 

Fig. 2. A representation of the pseudo uni t of structure of 
Tussah silk, viewed along the fiber axis. 

for all of the main-chain atoms and for the /S-carbon 
atoms of the side chains are listed in Table 3. The para
meters are consistent with a planar peptide group and 
linear hydrogen bonds; they lead to the bond distances 
and bond angles listed in Table 4, where the accepted 
values (Corey & Pauling, 1953) are also listed for com
parison. The shortest distance between non-bonded 
atoms in neighboring sheets is 3-9 A. 

The symmetry of the pseudo structure is that of the 
space group D^-P212121; there are eight amino-acid 
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Table 3. Atomic parameters for the pseudo unit of structure of Tussah silk 
Space group: P212121 . 
Equivalent positions: (x, y, z); ( |—x, y, | + z ) ; (x, i+y, i — z): (i+m, i~y,z). 
a0 = 9-44, b0 = 6-95, c„ = 10-60 A. 

Residue I .Residue I I 

Atom n C 

0-328 
0-676 
0-514 

Distances 

c=o 
C ' - N 
N - C 

c - c 
C-/SC 
O - • - N 

O 

0-197 
0-676 
0-514 

N 

0-404 
0-824 
0-478 

C 

0-340 
0-002 
0-434 

p-c 
0-340 
0-002 
0-291 

C 

0-422 
0-176 
0-486 

Table 4. Interatomic distances and bond angles for 

Calculated from 
parameters 

Table 3 

1-24 A 
1-31 
1-45 
1-54 
1-52 
2-77 

in Accepted 
values* 

1-24 A 
1-32 
1-47 
1-53 
1-54 
2-79 

Angle 

0 = C ' - N 
0 = C ' - C 
C - C ' - N 
C ' - N - C 
C ' - N - • • O 
C - N - • • O 
N - C - C 
N - C - / 5 C 
C - C - / J C 

O N 

0-553 0-346 
0-176 0-324 
0-486 0-522 

the pseudo structure 

Calculated from 
parameters in 

Table 3 

123° 
120 
116 
122 
122 
115 
110 
109 
111 

C 

0-410 
0-502 
0-566 

Accepted 
values* 

123° 
121 
114 
123 
123 
114 
110 
109J 
109i 

p-c 
0-410 
0-502 
0-709 

Corey & Pauling, 1953. 

Fig. 3. A packing drawing of the pseudo structuro of Tussah silk (a) viewed along the fiber axis, (6) viewed perpendicular to 
the fiber axis and parallel to the plane of the pleated sheets. 

residues within the pseudo unit cell, and hence two 
(I and II in Table 3) within each asymmetric unit. 
They are successive residues of a single polypeptide 
chain. Thus, the space group differs from that derived 
for the pseudo unit cell of Bombyx mori—P21. The 
difference is due to the method of packing of adjacent 
pleated sheets; in Bombyx mori adjacent sheets are 
separated by distances alternately 3-5 and 5-7 A, 
whereas in Tussah silk the sheets are spaced at equal 
intervals (5-3 A). 

The parameters of Table 3 were used in the calcula
tion of structure factors for the equatorial reflections 
and those occurring on the first three layer lines. 
Atomic form factors of McWeeny (1951) were used; 
no temperature factor was applied. The resulting 
values of F2 are listed in Table 5. The agreement with 

the observed intensities is seen to be quite satisfactory; 
it could be improved by the application of an aniso
tropic temperature factor to take account of the appar
ent disorder in the c direction which is manifested by 
the diffuseness of the 001 reflections. It should be 
pointed out that the calculations included one /?-
carbon atom for each residue of the structure, whereas 
the results of chemical analysis of Tussah silk (Schroe-
der & Kay, 1955) indicate the presence of about 27% 
glycine, and hence approximately one-quarter of the 
/S-carbon atoms are in fact replaced by hydrogen 
atoms. 

Discussion of the structure 

Packing drawings of the pseudo structure of Tussah 
silk fibroin are shown in Fig. 3. Within each pleated 
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Table 5. Observed intensities for Tussah silk corn-pared with valites of F2 calculated for the pseudo unit of structure 
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* These two reflections appear to be double. 

The brackets around the F% values include all reflections having scattering angles within the range imposed by the uncer
tainties of the measurements of the observed maxima. 

sheet, adjacent polypeptide chains are held together 
in an antiparallel sense by linear hydrogen bonds 
(Pauling & Corey, 1953). Adjacent pleated sheets are 
separated by a distance of 5-3 A ( = Jc0), the space 
between sheets being occupied by the side-chain atoms 
of the various amino-acid residues. In Fig. 3, all of the 
side-chains are represented as equivalent; their size 
as shown is approximately that expected for the methyl 
groups of alanine residues. The side chains of adjacent 
pleated sheets interlock in a highly efficient manner, 
a side chain of one sheet being surrounded by four side 
chains of the next sheet. Furthermore, as can be seen 
in Fig. 3(6), each side chain falls in the concavity 
created by the 'pleating' of the adjacent sheet. 

We can now see how the differences in the structures 
of Bombyx mori and Tussah silk fibroins are related 
to the striking differences in their chemical composi
tions. The principal difference between the pseudo 
structures of the two silks is in the method of packing 

of the pleated sheets. The predominant feature of the 
structure of Bombyx mori is the alternation of inter-
sheet distances between the values 3-5 and 5-7 A; 
these distances correspond to back-to-back and front-
to-front packing, respectively, between pleated sheets 
having the methyl-group side chains of alanine (or 
serine) residues protruding from the back side. Such 
pleated sheets can be formed from the polypeptide 
chains of Bombyx mori in which the residues are 
alternately glycine and alanine (or serine); the sequence 
-G-X-G-X-G— (G — glycine, X = alanine or serine) 
occurs frequently in this silk. In Tussah silk, however, 
adjacent pleated sheets are spaced regularly at a 
distance of 5-3 A; thus, both sides of the pleated sheets 
appear to be structurally equivalent and the X-ray 
data give no information concerning the sequence of 
residues. 

These structural differences can be readily explained 
in light of the chemical compositions of the two silk 
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fibroins (see Table 1). I n Bombyx mori, glycine accounts 
for about 4 4 % of the amino-acid residues, and alanine 
and serine together make up an additional 4 2 % . Thus, 
a sequence of the type -G-X-G-X-G- will account for 
about 8 5 % of the residues. I n Tussah silk, however, 
the amount of glycine is quite insufficient to allow 
such a sequence to predominate in the s tructure. 
Accordingly, the pleated sheets in Tussah silk cannot 
arrange themselves in the manner found in Bombyx 
mori; instead, they adopt another simple s tructure 
which is particularly appropriate in view of the high 
alanine content. 

I t should be emphasized tha t , as in the case of 
Bombyx mori, the s tructure we have derived for Tussah 
silk must be regarded as only a pseudo structure. On 
the basis of t he proposed uni t cell, containing eight 
amino-acid residues, and an assumed density of about 
1-35 g.cm. - 3 , the average residue weight is calculated 
t o be about 71. This value is exactly the weight of 
an alanine residue, but is considerably smaller t h a n 
the value 83-5 calculated for Tussah silk from the da t a 
of Schroeder & K a y (1955). Fur thermore, the distance 
between adjacent pleated sheets, 5-3 A, is insufficient 
t o accommodate the side chains of the larger amino-
acid residues, such as tyrosine. There seems to be no 
valid reason for presuming t h a t the crystalline port ion 
of Tussah silk contains only the smaller amino-acid 
residues glycine, alanine and serine; ra ther , it is prob
able t h a t there are regions in the s t ructure where 
adjacent pleated sheets are separated by distances 
greater t h a n 5-3 A. 

A note on the structure of /S-poly-L-alanine 

Bamford, Brown, Elliott , H a n b y & Trot ter (1954) 
have reported t h a t the X-ray diffraction pa t t e rn of the 
/S (stretched) form of poly-L-alanine is almost identical 
to t h a t of Tussah silk; they have proposed a uni t cell 
for polyalanine which, except for a halving of the a 
axis, has dimensions in good agreement with our 
pseudo uni t cell of Tussah silk. I n view of the large 
amount of alanine in Tussah silk and the efficiency of 
packing of alanine residues in the pseudo structure, it 
seems likely t h a t the s tructure of /?-poly-L-alanine is 
very closely related t o the pseudo structure which we 
have derived for Tussah silk fibroin. As pointed out 
previously in this paper, the average residue weight 
calculated for the pseudo structure of Tussah silk, 
assuming a density of 1-35 g.cm. - 3 , is 71, the weight 
of an alanine residue. 

Bamford et al. report two significant differences 
between the diffraction pa t te rns of polyalanine and 
Tussah silk. First , t hey find (Bamford et al., 1953) 
t h a t the fiber-axis ident i ty distance in poly-L-alanine 
is slightly shorter t h a n in Tussah silk fibroin; this 
shortening, which m a y connote a slightly greater 
twist in the polypeptide chains, is too small t o re
quire significant revision of the atomic positional 
parameters listed in Table 3. Second, they report 
(Bamford et al., 1954) t h a t the intensity of the 5-3 A 
equatorial reflection is distinctly lower in Tussah silk 
than in poly-L-alanine. This reflection, which has been 
indexed as 002 on the basis of our pseudo uni t cell, 
is the first order of the spacing between adjacent 
pleated sheets. Thus, any distortions in the packing 
of the sheets, as might be required b y the large amino-
acid residues in Tussah silk, would be expected to 
lower the intensity of this reflection; no such distor
tions would be expected in poly-L-alanine. 

I n view of the experimental evidence, it is difficult 
to escape the conclusion t h a t the s t ructure of /S-poly-
L-alanine is essentially t h a t of the pseudo uni t of 
Tussah silk formulated in Table 3. 

The authors are grateful to Prof. S. Mizushima for 
a generous supply of Tussah silk, and to Dr W. A. 
Schroeder for chemical assistance and for permit t ing 
the use of the analytical da ta of Table 1 prior to their 
publication elsewhere. 
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The Discovery 
of the Alpha Helix 

Dorothy Munro, 

secretary/assistant to Linus 

Pauling at the Linus Pauling 

Institute from 1973 to Ms 

death In 1994. She continues 

tliem as Coordinator of 

Publis Information. 

L I N U S P A U L I N G 

T
here are many of Dr. Linus Pauling's writings that remain unpublished—among them, for 

instance, one about Dutch elm disease, another about the development of the hen's egg, quite a few 

about vitamin C, not so many about quasicrystak—still, a few—and, of course, several about nuclear 

structure, rejected in his later years by the editors of Physical Review and Physical Review Letters. 

Here at the Linus Pauling Institute, Dr. Pauling's research assistant, Dr. Zelek Herman, and I 

have for many years been compiling and updating Dr. Pauling's list of publications, and a few months after 

Dr. Pauling's death in August of 1994,1 realized with sudden shock that I would no longer be able, happily 

and proudly (because I had helped in the preparation), to add another just-published paper to the list, which 

numbered at that time 1069 publications. 

I remembered, however, one manuscript in the files on which I had at one time scribbled the notation "Was 

this ever published?" Its title was "The Discovery of the Alpha Helix," dictated in 1982 by Dr. Pauling on his 

ancient dictaphone and transcribed by mejrom the resulting now-ancient dictabelts. It had been written at 

the request of the editor-in-chiefofW.H. Freeman and Company, as a chapter for a book. The paper had his

torical significance; had it ever been published? I decided to find out. 

I communicated with publishers W.H. Freeman and Company and John Wiley £ Sons, and finally with 

author Dr. Donald Voet, who told me by phone on April 25, 1995, that the essay had not been published by 

either Freeman or Wiley. Meanwhile, we had obtained a copy of Dr. Voet's book, for which the essay had been 

intended, and had determined that indeed it had not been included. 

So I was free to find a publisher and get the paper published. At the suggestion of Dr. Robert Paradowski, 

Dr. Pauling's authorized biographer, I approached Dr. Hargittai, who kindly accepted the paper for publi

cation in his lively new magazine, The Chemical Intelligencer. 

Thus I shall once again, happily and proudly, be able to add a newly published paper to the list of publi

cations of Professor Linus Pauling, and regain—for a little while—my lost sense of continuity. 

DOROTHY MUNRO 

Linus Pauling Institute of Science and Medicine 

440 Page Mill Road, Palo Alto, CA 94506 

Linus Pauling and 

Roberts. Corey. 

(Courtesy of California 

Institute of Technology.) 

I am still astonished to think that I have carried 

on research on proteins. I have never thought 

of myself as a biochemist. In 1922, when I began 

my career in research, the problem of under

standing the simplest branches of chemistry, 

both inorganic and organic, seemed to me to be 

difficult and challenging, to such an extent that I 

was not able to envisage the progress that would 

be made during the next 15 years. The theory of 

the chemical bond was still in a very primitive 

stage. Gilbert Newton Lewis in Berkeley had in 

1916 defined the chemical bond as a pair of elec

trons held jointly by two atoms, occupying the 

space between them, but how to make this com

patible with the Bohr theory of the atom was a 

question that was not answered until 1927, when 

the quantum-mechanical theory of the chemical 

bond began to be developed. 

My first work as a graduate student, under the 

tutelage of Roscoe Gilkey Dickinson, who had in 

1920 been given the first Ph.D. degree ever award

ed by the California Institute of Technology, was 

the study of the structure of minerals and other in

organic crystals by the X-ray diffraction tech-

32 T H E C H E M I C A L I N T E L L I G E N C E R © 1 9 9 8 S P R I N G E R - V E R L A G NEW YORK, INC. 
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nique. At that time this technique, which had been 
developed eight years earlier by W.L. Bragg and 
his father W.H. Bragg, had been applied in the de
termination of the structures of some hundreds of 
elements and inorganic compounds. I immediate
ly became interested in the precise values of the 
interatomic distances—bond lengths—in the crys
tals. I tried to develop a system of atomic radii that 
would permit prediction of these bond lengths. 
The effort to understand interatomic distances 
was largely successful within a period of 10 years, 
but in fact I still continue to work on the problem 
of correlating interatomic distances and bond an
gles with the electronic structures of molecules 
and crystals. 

By 1932 I felt reasonably well satisfied with my 
understanding of inorganic compounds, including 
such complicated ones as the silicate minerals. 
The possibility of getting a better understanding 
also of organic compounds then presented itself. 
There was as yet not any large amount of experi
mental information about bond lengths and bond 
angles in molecules of organic compounds. The 
first organic compound to have its structure deter
mined, hexamethylene tetramine, had been in
vestigated by Dickinson, together with an under
graduate student named Albert Raymond, in 1922. 
The carbon-nitrogen bond length had been found 
to be 1.47 A, and the bond angles at both carbon 
and nitrogen were about 109.5°, the tetrahedral 
angle. By 1932, structure determinations had been 
made also of a few other crystals containing mole
cules of organic substances, but not a great many. 
In 1930, however, I had learned about a new 
method of determining the structure of molecules 
that had been invented by Dr. Herman Mark, in 
Germany. It was the electron diffraction method 
of studying gas molecules. The determination of 
the structure of a crystal of an organic compound, 
even with rather simple molecules, at that time 
was often difficult because the molecules tended 
to be packed together in the crystal in a compli
cated way. The method of electron diffraction of 
molecules had the advantage that a simple mole
cule always gave a simple electron diffraction pat
tern, so that one could be almost certain of suc
cess in determining the structure by this method. 
My student Lawrence Brockway began in 1930 to 
construct the first electron diffraction apparatus 
for studying gas molecules that had been built 
anywhere but in Mark's laboratory in Germany. 
Herman Mark had been good enough to say that 
he was not planning to continue work along this 
line and that he would be glad to see it done in the 
California Institute of Technology. He also gave 
me the drawings showing how the instrument 
could be constructed. 

Within a few years we and other investigators 

had amassed a large amount of information about 
bond lengths and bond angles in organic com
pounds. This information had great value in per
mitting new ideas in structural chemistry, such as 
the theory of resonance, to be checked against 
experiment and even to be refined. For example, 
it was observed that in organic compounds many 
bonds between carbon atoms or a carbon atom 
and a nitrogen or oxygen atom were intermediate 
in length between a single bond and a double 
bond. This fact was interpreted as showing that 
the bonds were covalent single bonds with a cer
tain amount of double-bond character. The ob
servations were generally in accord with the re
sults of quantum-mechanical calculations, and it 
became clear by 1935 that a far more extensive, 
precise, and detailed understanding of organic 
compounds had been developed than had been 
available to chemists in the earlier decades. 

It was just at this time that I began to think 
about proteins. The first protein to attract my in
terest was hemoglobin. I had read that the equilib
rium curve for hemoglobin, oxygen, and oxyhe
moglobin was not represented by any simple 
theoretical expression of the sort that physical 
chemists had devised for chemical equilibria. I al
so knew that some eight years earlier it had been 
shown by Adair in Cambridge that the hemoglobin 
molecule contains four iron atoms—that is, four 
heme groups, each being a porphyrin with an iron 
atom linked to it—and that the molecule could 
combine with as many as four oxygen atoms. I for
mulated a theory, published in 1935, on the oxygen 
equilibrium of hemoglobin and its structural inter
pretation. The theory was that each iron atom can 
attach one oxygen molecule to itself, by forming a 
chemical bond with it. There is an interaction, 
however, between each heme group and the adja
cent heme groups such that addition of the oxygen 
molecule to one iron atom changes the equilibri
um constant for the combination of the other iron 
atoms with oxygen molecules. I had several ideas 
as to the nature of the heme-heme interaction, and 
somewhat later my student Robert C.C. St. George 
and I published a paper showing that the addition 
of a group such as the oxygen molecule to one of 
the iron atoms deforms the molecule through a 
steric hindrance effect in such a way as to make it 
easier for oxygen molecules to attach themselves 
to other iron atoms in the molecule (1951). While I 
was thinking about the oxygen equilibrium curve 
in 1935, it occurred to me that measurement of the 
magnetic properties of hemoglobin, carbon 
monoxyhemoglobin, and oxyhemoglobin should 
provide information about the nature of the bonds 
formed by the iron atoms with the surrounding 
groups (two distinct kinds of compounds of biposi-
tive iron were known) and the electronic structure 

3 4 T H E C H E M I C A L I N T E L L I G E N C E R 
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of the oxygen molecule in oxyhemoglobin. Charles 
Coryell and I carried out measurements of the 
magnetic properties of these compounds, showing 
that the iron atoms change their electronic struc
ture when the oxygen molecule is attached, and al
so that the oxygen molecule changes from having 
two unpaired electron spins to having none. My 
first work on proteins accordingly dealt essentially 
with the physical chemistry and structural chem
istry of the heme group and the attached ligand, 
rather than with the apoprotein, the globin. 

The measurement of the magnetic susceptibil
ity of solutions of hemoglobin and related sub
stances turned out to be a valuable technique, and 
we immediately began applying it to determine 
equilibrium constants, rates of reaction, and other 
properties. A leading protein chemist, Dr. Alfred 
Mirsky, was sent to Pasadena by the Rockefeller 
Institute of Medical Research to work with us dur
ing the year 1955-36. He had been especially inter
ested in the phenomenon of the denaturation of 
proteins by heat or chemical substances, such as 
hydrogen ion, hydroxide ion, urea, etc. After many 
discussions, he and I formulated a general theory 
of the denaturation of proteins. The theory in
volved the statement that a native protein consists 
of polypeptide chains that are folded in a regular 
way, with the type of folding determined and sta
bilized by the weaker interactions, especially hy
drogen-bond formation. Denaturation, we said in 
our 1936 paper, is incomplete or complete unfold
ing of the polypeptide chains, producing mole
cules that can assume a large number of confor
mations, giving increased entropy and increased 
intermolecular interaction. 

These considerations about the folding of the 
polypeptide chains in denatured protein mole

cules immediately raised the question, of course, 
as to the nature of the folding. It was a question to 
which I applied myself during the next 15 years. 

Shortly after X-ray diffraction had been dis
covered, several investigators had made X-ray 
diffraction photographs of protein fibers. These 
photographs for the most part showed only rather 
diffuse diffraction maxima, insufficient to permit 
structure determinations to be deduced from 
them. There were two principal types, one shown 
by keratin fibers such as hair, horn, porcupine 
quill, and fingernail, and the other shown by silk. 
William T. Astbury and his collaborators in the 
early 1930s had reported that the diffraction pat
tern of a hair changes when the hair is stretched. 
He called the normal pattern alpha keratin and 
the stretched-hair pattern, which is somewhat 
like that of silk, beta keratin. In the early summer 
of 1937, when I was free of my teaching duties, I 
decided to try to determine the alpha-keratin 
structure. My plan was to use my knowledge of 
structural chemistry to predict the dimensions 
and other properties of a polypeptide chain and 
then to examine possible conformations of the 
chain, to find one that would agree with the X-ray 
diffraction data. The principal piece of informa
tion supplied by the rather fuzzy diffraction pho
tographs of hair and other alpha-keratin proteins 
came from a rather diffuse arc on the meridian, 
above and below (that is, in the direction of the 
axis of the hair). The measured position of this re
flection indicated that the structural unit in the 
direction along the axis of the hair would repeat 
in 5.10 A. This fact required that there be at least 
two amino acid residues for this apparent repeat 
distance of the alpha-keratin structure. 

Because of the large amount of theoretical and 
experimental progress that had been made, I felt 
that I could predict the dimensions of the peptide 
group with reliability. This group is shown in Fig. 1. 
The alpha-carbon atom forms a single bond with a 
hydrogen atom, a single bond with the group R 
characteristic of the amino acid, a single bond to an 
adjacent main-chain carbon atom, and a single 
bond to the main-chain nitrogen atom. The single-
bond lengths were known to within about 0.01 A: 
1.54 A for C-C and 1.47 A for C-N (as determined by 
Dickinson and Raymond as early as 1922 and veri
fied in many compounds). However, for the other 
bond between carbon and nitrogen we have to con
sider the theory of resonance. According to this the
ory, there are two structures that can be written for 
a peptide group: in one the carbon-oxygen bond is 
a double bond, and the carbon-nitrogen bond is a 
single bond, and in the other the carbon-oxygen 
bond is a single bond (one of the electron pairs in 
the double bond having shifted out onto the oxygen 
atom, giving it a negative charge), and the car-

J A N U A R Y 1 9 9 6 3 5 
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bon-nitrogen main-
chain bond is a double 
bond (with the nitrogen 
atom having a positive 
charge). Because of the 
separation of charges, 
the second structure is 
less stable than the first, 
and the estimate that 
could be made is that it 
should contribute about 
40%, so that this bond 
has 40% double-bond 
character. The expect
ed bond length is then 
1.52 1, rather than 1.47 
A. Moreover, because of 
the 40% double-bond 
character for this bond, 
these two atoms and 
the four adjacent atoms 
should all lie hi the 
same plane, this quality 
of planarity being characteristic of compounds of 
molecules in which there are double bonds. In 
this way I reached the conclusion that these pep
tide groups in the molecule would have a well-de
fined rigid structure, with bond lengths and bond 
angles as shown in Fig. 1, and that there would be 
twTo degrees of freedom for the chain, rotation 
around the single bonds from carbon and nitrogen 
to the alpha carbon atom. Accordingly, the conclu
sion, on the basis of the theory of resonance, that 
the peptide group should be planar greatly re
stricts the possible structures. 

Despite this restriction, I was unable to find a 
way of folding the polypeptide chain to give a re
peat in 5.10 A along the fiber axis. After working 
for several weeks on this problem I stopped, hav
ing reached the conclusion that there probably 
was some aspect of structural chemistry charac
teristic of proteins and remaining to be discov
ered. This conclusion was, in fact, wrong, but it 
led to a large amount of experimental work. 

Dr. Robert B. Corey wras a chemist who, after 
getting his Ph.D. in chemistry in Cornell University 
and teaching analytical chemistry there for five 
years, had joined a leading X-ray crystallographer, 
Ralph W. G. Wyckoff, in the Rockefeller Institute for 
Medical Research. He worked with him on crystal-
lographic problems for nine years and then came, 
in 1957, to spend a year as research feEow in the 
California Institute of Technology. He and Wyckoff 
had made some X-ray photographs of proteins, and 
he was interested in the problem of determining 
the structure of proteins. I told him about my fail
ure to find the way of folding the polypeptide chains 
in alpha keratin and my conclusion that there 

might be some structur
al feature that we had 
ignored. I had assumed 
that the poly-peptide 
chain should be folded 
in such a way as to per
mit the NH group to 
form a hydrogen bond 
with the oxygen atom of 
the carbonyl group of 
an adjacent peptide 
group, with the N-H-0 
distance 2.90 A, as indi
cated by structure mea
surements on com
pounds other than the 
amino acids. At that 
time there had been no 
correct structure deter
mination made for any 
amino acid or any pep
tide. The state of X-ray 
crystallography was 

such that a year's work, at least, would be needed to 
make such a structure determination, even for 
such a simple compound as glycine, and the efforts 
of several investigators hi other institutions to do 
such a job had resulted in failure. I suggested to Dr. 
Corey that he, together with graduate students, at
tack the problem of determining the structure of 
some simple amino acid crystals and simple pep
tides. He agreed, and within little more than a year 
he and two graduate students (Gustav Albrecht and 
Henri Levy) had succeeded in making completely 
satisfactory determinations of the structures of 
glycine, alanine, and diketopiperazine. This work 
was continued with vigor, with many students and 
postdoctoral fellows in chemistry in the California 
Institute of Technology involved in It, during the 
following years, interrupted to a considerable ex
tent, however, by the Second World War. 

In the spring of 1948 I was in Oxford, England, 
serving as George Eastman Professor for the year 
and as a fellow of Balliol College. I caught cold and 
was required to stay in bed for about three days. 
After two days I had got tired of reading detective 
stories and science fiction, and I began thinking 
about the problem of the structure of proteins. By 
this time Dr. Corey and the other workers back In 
Pasadena had determined with high reliability and 
accuracy the structures of a dozen amino acids and 
simple peptides, by X-ray diffiraction. No other 
structure deterniinations of substances of this sort 
had been reported by any other investigators. I re
alized, on thinking about the structures, that there 
had been no surprises whatever: every structure 
conformed to the dimensions—bond lengths and 
bond angles and planarity of the peptide group— 
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that I had already formulated in 1957. The N-H- -O 
hydrogen bonds, present in many crystals, were all 
close to 2.90 A in length. I thought that I would at
tack the alpha-keratin problem again. As I lay 
there in bed, I had an idea about a new way of at
tacking the problem. Back in 1957 I had been so 
impressed by the fact that the amino acid residues 
in any position in the polypeptide chain may be any 
of 20 different kinds that the idea that with respect 
to folding they might be nearly equivalent had not 
occurred to me. I accordingly thought to myself, 
what would be the consequences of the assump
tion that all of the amino acid residues are struc
turally equivalent, with respect to the folding of the 
polypeptide chain? I remembered a theorem that 
had turned up in a course in mathematics that I 
had attended, with Professor Harry Bateman as the 
teacher, in Pasadena 25 years before. This theorem 
states that the most general operation that con
verts an asymmetric object into an equivalent 
asymmetric object (such as an L-amino acid into 
another molecule of the same L-amino acid) is a 
rotation-translation—that is, a rotation around an 
axis combined with a translation along the axis— 
and that repetition of this operation produces a he
lix. Accordingly, the problem became that of tak
ing the polypeptide chain, rotating around the two 
single bonds to the alpha carbon atoms, with the 
amounts of rotation being the same from one pep
tide group to the next, and on and on, keeping the 
peptide groups planar and with the proper dimen
sions and searching for a structure in which each 
NH group performs a 2.90-A hydrogen bond with a 
carbonyl group. I asked my wife to bring me pencil 
and paper and a ruler. By sketching a polypeptide 
chain on a piece of paper and folding it along par
allel lines, I succeeded 
in finding two struc
tures that satisfied the 
assumptions. One of 
these structures was 
the alpha helix, with 4.6 
residues per turn, and 
the other was the gam
ma helix. The gamma 
helix has a hole down 
its center that is too 
small to be occupied by 
other molecules but is 
large enough to de
crease the van der 
Waals stabilizing inter
actions, relative to 
those in the alpha helix. 
It seems to me to be a 
satisfactory structure in 
every respect but this 
one, but, so far as I am 

aware, it has not been observed in any of the pro
tein structures that have been determined so far, 
and it has been generally forgotten. 

I got my wife to bring me my slide rule, so that 
I could calculate the repeat distance along the 
fiber axis. The structure does not repeat until after 
18 residues in 5 turns, the calculated repeat dis
tance being 27.0 A, which corresponds to 5.4 A per 
turn. This value did not agree with the experi
mental value, given by the meridional arcs on the 
X-ray diffraction patterns, 5.10 A. I tried to find 
some way of adjusting the bond lengths or bond 
angles so as to decrease the calculated distance 
from 5.4 A to 5.1 A, but I was not able to do so. 

I was so pleased with the alpha helix that I felt 
sure that it was an acceptable way of folding 
polypeptide chains and that it would show up in 
the structures of some proteins when it finally be
came possible to determine them experimentally. 
I was disturbed, however, by the discrepancy with 
the experimental value 5.10 A, and I decided that I 
should not publish an account of the alpha helix 
until I understood the reason for the discrepancy. 
I had been invited to give three lectures on mole
cular structure and biological specificity in Cam
bridge University, and while I was there I talked 
with Perutz about his experimental electron den
sity distribution functions for the hemoglobin 
crystal that he had been studying. It seemed to me 
that I could see in his diagrams evidence for the 
presence of the alpha helix, but I was troubled so 
much by the 5.1-A value that I did not say anything 
to him about the alpha helix. 

On my return to Pasadena in the fall of 1948 I 
talked with Pro-fessor Corey about the alpha helix 
and the gamma helix, and also with Dr. Herman 

Branson, who had come 
Inr a year as a visiting 
professor. I asked Dr. 
Ilr.mson to go over my 
i .ilculations and, in par-
I ii ular, to see if he could 
liiid any third helical 
•.liucture. He reported 
lli.it the calculations 
«ere all right and that 
In- could not find a third 
~lructure. More than a 
> car went by, and then 
a long paper on ways of 
folding the polypeptide 
chain, including helical 
structures, was pub
lished by W. Lawrence 
Bragg, John Rendrew, 
and Max Perutz, in Pro
ceedings of the Royal So
ciety of London. They 
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described about 20 
structures, and they 
reached the conclusion 
that none of them 
seemed to be satisfacto
ry for alpha keratin. 
Moreover, none of them 
agreed with my as
sumptions, in particu
lar, the assumption of 
planarity of the peptide 
group. Lord Todd has 
told the story of his hav
ing told Bragg, when 
they were just begin
ning their work, that the 
main-chain carbon-ni
trogen bond has some 
double-bond character 
but that Bragg did not 
understand that that 
meant that the peptide group should be planar. My 
efforts during a year and a half to understand the 
5.1-A discrepancy had failed, but Dr. Corey and I de
cided that we should publish a description of the al
pha helix and the gamma helix. It appeared in the 
Journal of the American Chemical Society in the fall 
of 1950. It was followed in 1951 by a more detailed 
paper, with Branson as coauthor, and a number of 
other papers on the folding of polypeptide chains. 
An important development had been the publica
tion of X-ray photographs of fibers of synthetic 
polypeptides, in particular of poly-gamma-methyl-
L-glutamate, by investigators at Courtaulds. These 
striking diffraction photographs showed clearly that 
the pseudo repeat distance along the fiber axis is 5.4 
A rather than 5.1 A. There are strong reflections near 
the meridional line, corresponding to 5.1 A, but they 
are not true meridional reflections. On the X-ray 
photographs of hair, the reflections overlap to pro
duce the arc that seems to be a meridional reflec
tion. It was this misinterpretation that had misled all 
of the investigators in this field. It was accordingly 
clear that the alpha helix is the way in which 
polypeptide chains are folded in the alpha-keratin 
proteins. 

Moreover, we reached the conclusion, as did 
Crick, that in the alpha-keratin proteins the alpha 
helices are twisted together into ropes or cables. 
This idea essentially completed our understand
ing of the alpha-keratin diffraction patterns. 

The apparent identity distance in the fiber X-ray 
diagrams of silk is somewhat smaller than corre
sponds to a completely extended polypeptide chain. 
We accordingly concluded that the polypeptide 
chains have a zigzag conformation in silk and the 
beta-keratin structure. We reported in detail three 
proposed sheet structures. The first one, which we 

called the rippled sheet, 
involves amino acid 
residues of two differ
ent kinds, one of which 
cannot be an L-amino 
acid residue, but can be 
a residue of glycine. It 
was known that Bom-
byx mori silk fibroin has 
glycine in 50% of its po
sitions, with L-alanine 
or some other L-amino 
acid residue (such as L-
serine) in the alternate 
positions, so that the 
rippled sheet seemed to 
be a possibility for Bom-
byx mori silk fibroin. It 
turned out, however, 
that Bombyx mori silk 
fibroin has the structure 

of the antiparallel-chain pleated sheet. The third 
pleated sheet structure, the parallel-chain pleated 
sheet, is also an important one. 

About 85% of the amino acid residues in myo
globin and hemoglobin are in alpha-helix seg
ments, with the others involved in the turns 
around the corners. In other globular proteins the 
alpha helix, the parallel-chain pleated sheet, and 
the antiparallel-chain pleated sheet all are impor
tant structural features. These three ways of fold
ing polypeptide chains have turned out to consti
tute the most Important secondary structures of 
all proteins. Dr. Corey, to some extent with my in
spiration, designed molecular models of several 
different kinds that were of much use in the later 
effort to study other methods of folding polypep
tide chains. I used these units to make about 100 
different possible structures for folding polypep
tide chains. For example, if the hydrogen bonds 
are made alternately a little shorter and a little 
longer than 2.90 A in a repeated sequence, an ad
ditional helical twist is imposed upon the alpha 
helix. Some of the models that I constructed relat
ed to ways of changing the direction of the axis of 
the alpha helix. I reported on all of this work at a 
protein conference in Pasadena in 1952, but then 
I became interested in other investigations and 
stopped working in this field. 

It pleases me to think that our work in 
Pasadena in the Division of Chemistry and 
Chemical Engineering, first in collecting experi
mental information about the structure of mole
cules, then in developing structural principles, 
and then in applying these principles to discover 
the alpha helix and the pleated sheets, has 
shown how important structural chemistry can 
be in the field of molecular biology. 
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Reprinted from SCIENCE, July 26, 19,40, Vol. 92, 
No. 2378, pages 77-79. 

THE NATURE OF THE INTERMOLECULAR 
FORCES OPERATIVE IN BIOLOGICAL 

PROCESSES 

I N recent papers P. Jordan1 has advanced the idea 
that there exists a quantum-mechanical stabilizing in
teraction, operating preferentially between identical or 
nearly identical molecules or parts of molecules, which 
is of great importance for biological processes; in 
particular, he has suggested that this interaction might 
be able to influence the process of biological molecular 
synthesis in such a way that replicas of molecules 
present in the cell are formed. He has used the idea 
in connection with suggested explanations of the re
production of genes, the growth of bacteriophage, the 
formation of antibodies, and other biological phe
nomena. The novelty in Jordan's work lies in his 
suggestion that the well-known quantum-mechanical 
resonance phenomenon would lead to attraction be
tween molecules containing identical groups and to 
autocatalytie reproduction of molecules. Jordan him
self expressed some doubt as to whether resonance 
attraction could really be operative in this way; after 
studying the question, we have reached the conclusion 
that the theory can not be applied in the ways indi
cated by him, and that his explanations of biological 
phenomena on this basis can not be accepted. In this 
note we wish to state our objections to Jordan's 
hypothesis and to formulate briefly our view of the 
present status of the chemical problems involved in 
these phenomena. We shall not discuss here Jordan's 
biological arguments for the occurrence of auto-
catalytic reactions, as distinct from the arguments 
concerning their mechanism. 

Let us consider two identical molecules or parts of 
molecules, A and B, which interact with each other, 
the interaction being perhaps the electrostatic inter-

i P. Jordan, Phys. Zeits., 39: 711, 1938; Zeits. f. Phys., 
113: 431, 1939; Fundam. Radiol., 5: 43, 1939; Zeits. f. 
Immun. forsch. u. exp. Ther., 97: 330, 1940. 
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action of electric dipoles in the molecules, as considered 
by Jordan. If both molecules are in their lowest 
states the interaction is normal. If, however, one is 
in its lowest state and the other in an excited state 
there occurs a resonance phenomenon; the wave func
tion is either the symmetric or the antisymmetric com
bination of two functions, one representing molecule 
A normal and molecule B excited, and the other the 
reverse. For one of these symmetry types there is a 
resonance stabilization and attraction between the two 
molecules, and for the other a resonance repulsion. 

I t is this resonance stabilization between identical 
molecules which Jordan invokes as the cause of his 
postulated process of synthesis of molecules similar 
to a molecule present in the cell. His argument 
requires, of course, that the stabilization occur only 
between identical molecules, or, at any rate, between 
molecules which differ only slightly. Moreover, since 
the phenomenon does not occur for two molecules in 
their lowest energy states, he assumes that there exist 
excited energy states differing from the lowest state 
by a small amount of energy (~ kT), so that thermal 
excitation raises the molecules to these excited states. 

Now let us examine Jordan's argument. In addition 
to those objections which the author himself has 
pointed out we may advance the following ones. 

(1) The resonance stabilization between two iden
tical molecules is equal to the resonance integral 

Jff'n'A«"B, »"A»'B ( n e r e n' a n d n" a r e quantum numbers 
for the states involved in the resonance), which to be 
effective in determining the behavior of the system 
must be at least of the order of kT in magnitude. 
But under the assumed circumstances the resonance 
between unlike molecules would be nearly as great as 
that between like molecules.2 If the two molecules 
A and B are unlike, but have excited states with nearly 
the same energy difference (~kT) from their normal 
states, then the resonance stabilization will be equal 
to the resonance integral; even if the energy values of 
the excited states for the two molecules differed by as 

2 This is found to be so by evaluating the roots of the 
secular equation corresponding to the perturbation. 
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much as one half the resonance integral ( ~ 1/zkT), 
the resonance stabilization would still be about three 
quarters as great as for identical molecules.3 

(2) For large molecules in solution, such as protein 
molecules, the complexity of the molecules and the 
perturbing influence of the environment would be such 
as to make the energy spectrum of a molecule effec
tively a continuum,, and would wipe out the distinction 
between unlike and like molecules. 

(3) The reasonanee stabilization is equal to the res
onance integral, and must be of magnitude kT or 
greater to be effeetive; i.e., it must be as great as 
the energy difference between ground state and excited 
state. On the other hand, the theory requires the 
excited state which is involved to be non-degenerate. 
But by definition a "non-degenerate" state in per
turbation problems is one for which the energy dif
ferences with all other states are greater than the 
resonance integral; hence Jordan's argument is incon
sistent. 

Summing up, then, we find that under the condi
tions of excitation and perturbation prevailing in 
aqueous solutions the resonance interaction could not 
cause a specific attraction between like molecules and 
therefore could not be effective in bringing about auto-
catalytic reactions. 

I t is our opinion that the processes of synthesis 
and folding of highly complex molecules in the living 
cell involve, in addition to covalent-bond formation, 
only the intermolecular interactions of van der Waals 
attraction and repulsion, electrostatic interactions, 
hydrogen-bond formation, etc., which are now rather 
well understood. These interactions are such as to 
give stability to a system of two molecules with com
plementary structures in juxtaposition, rather than 
of two molecules with necessarily identical structures; 
we accordingly feel that complementariness should be 
given primary consideration in the discussion of the 

s The relation between the amount of resonance stabili
zation and the energy difference of the resonating states 
is given, for example, by L. Pauling, ' ' The Nature of the 
Chemical Bond,'' p. 18. Cornell University Press, Ithaca, 
N. Y. 1940. 
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specific attraction between molecules and the enzymatic 
synthesis of molecules. 

A general argument regarding complementariness 
may be given. Attractive forces between moleeules 
vary inversely with a power of the distance, and 
maximum stability of a complex is achieved by bring
ing the moleeules as close together as possible, in such 
a way that positively charged groups are brought near 
to negatively charged groups, electric dipoles are 
brought into suitable mutual orientations, etc. The 
minimum distances of approach of atoms are deter
mined by their repulsive potentials, which may be 
expressed in terms of van der Waals radii; in order to 
achieve the maximum stability, the two molecules must 
have complementary surfaces, like die and coin, and 
also a complementary distribution of active groups. 

The case might occur in which the two complemen
tary structures happened to be identical; however, in 
this ease also the stability of the complex of two 
molecules would be due to their complementariness 
rather than their identity. When speculating about 
possible mechanisms of autocatalysis it would there
fore seem to be most rational from the point of view 
of the structural chemist to analyze the conditions 
under which complementariness and identity might 
coincide. 

From the biological side it would seem most rational 
to postulate the possibility of both processes; vie., 
formation of complementary non-identical structures 
and formation of complementary identical structures, 
and to proceed by analyzing experimental data for 
clear-cut evidence as to their occurrence. 

LINUS PAULING 

GATES AND CRELIJN LABORATORIES 
OF CHEMISTRY, 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

MAX DELBRUCK 

PHYSICS DEPARTMENT, 
VANDERBILT UNIVERSITY 



SP 113 1097 

LA1IAEKS 

Molecular Architecture And Biological leactions 
Linus Pauling* 

Reprinted with permission from Chemical & Engineering News May 25,1046,24(10), pp. 1375-137?. Copyright 1946 American Chemical Society. 

Answers to many basic problems of biology—-nature 
of growth, mechanism of duplication of viruses 
and genes, action of enzymes, mechanism of physio
logical activity of drugs, hormones, and vitamins, 
structure and action of nerve and brain tissue— 
may lie in knowledge of molecular structure and 
intermolecuLar reactions. 

There are two subjects that I am deeply interested in— 
structure, the detailed nature of molecules, crystals, and 
cells, described in terms of their constituent atoms, 
with interatomic distances determined to within 0.01 
A, an interest that began in. my youth and has received 
most of my attention until recent years; and the basis 
of the physiological activity of substances, an. interest 
that is more recent but just as keen. It is with a deep 
feeling of satisfaction that I have reached the firm 
conclusion in recent years that these two fields are 
most intimately related. 

Why have we still so little understanding of the 
structural basis of the physiological activity of chemical 
substances, despite the interest and effort of many able 
physiologists and chemists during recent decades? I 
believe that it is because the problem'has been exa
mined, in the main, from one point of view only—not 
the wrong point of view, but one which, unaided, gives 
a vista insufficient to reveal its true complex nature. 
This point of view is that which surveys the chemical re
activity of molecules—-their tendency to break their chem
ical bonds, the very strong bonds between atoms, and to 
form new chemical bonds. The other point of view 
which is needed is that which directs the mind's eye to 
the detailed size and shape of the molecules and the na
ture of the weak interactions of molecules with other 
molecules, in particular with the macromolecules and 
macromolecular stromatic structures which characterize 
the living organism. Until very recently physiologists and 
pharmacologists have barely thought of this aspect of 
their great problem—and I am convinced that once they 
begin to use this new idea seriously a period of the great
est development will have started. I believe that the next 
twenty years will be as great years for biology and medicine 
as the past twenty have been for physics and chemistry. 

*At the time of publication of this article, Linus Pauling was chairman 
of the division of chemistry and chemical engineering at the 
California Institute of Technology in Pasadena. Today he is research 
professor at the Linus Pauling Institute of Science and Medicine in 
Palo Alto, Calif. 

Eddington has said that the study of the physical 
world is a search for structure rather than a search for 
substance. If we ignore the philosophical implications of 
the words, we may say that the chemist and biologist in 
their study of living organisms must carry on both a 
search for structure and a search for substance, and 
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that the second of these must precede the first. Investi
gators have had great success in isolating chemical sub
stances from living organisms, and in deteimining the 
chemical composition of the simpler of these substances. 
The chemical composition is also known of many sub
stances of external origin which exert physiological 
activity on living organisms. We may consider this work 
of isolation and identification of active chemical sub
stances as the search for substance in biology. 
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The Search for Structure 
The search for structure has also made great progress. 
From the one side biologists have, by visual observation 
with the microscope, made thorough studies of the ap
parent structure of aggregates of cells, of cells them
selves, and of certain constituents of cells, such as chro
mosomes. This visual observation has provided informa
tion about structures in size extending down to 10"4 

cm., 10,000 A. Forty years ago the dark forest of the di
mensional unknown stretched from this limit of the vis
ible microscope back indefinitely into the region of 
smaller dimensions. In recent years the region from 
10"7 down to 10"12 cm., containing atoms and simple 
molecules, has been thoroughly explored by an expedi
tion outfitted with x-rays and similar tools, and the 
physicists are strongly pushing back into the region of 
the structure of atomic nuclei, below 10~12 cm. Another 
detailed exploration is being carried out with the elec
tron microscope. This has pushed the nearer boundary 
of the unknown back from 10"1 to 10-6 cm., although the 
major portion of this region has been only sketchily ex
plored during the few years since the development of 
the electron microscope, and a very great amount of 
work still remains to be done. 

The answers to many of the basic problems of biology— 
the nature of the process of growth, the mechanism of 
duplication of viruses, genes, and cells, the basis for the 
highly specific interactions of these structural constitu
ents, the mode of action of enzymes, the mechanism of 
physiological activity of drugs, hormones, vitamins, and 
other chemical substances, the structure and action of 
nerve and brain tissue—the answers to all these prob
lems are hiding in the remaining unknown region of the 
dimensional forest, mostly in the strip between 10 and 
100 A., 10~7 and 10~6 cm.; and it is only by perietrating 
into this region that we can track them down. 

There are many ways of investigating this region—by 
x-rays, ultracentrifuges, light-scattering techniques, the 
study of chemical equilibria, the techniques of degrada
tion, isolation, identification, and synthesis used by the 
organic chemist, serological methods, chemical genetics, 
the use of both radioactive and nonradioactive tracers, 
the use of electron microscopes of improved resolving 
power—but no one method is good enough to solve the 
problem, and all these methods must be applied as ef
fectively as possible if the problem is to be solved. 

At the present time we know in complete detail 
the atomic structure of many simple molecules, 
including a few amino acids; but we do not know in 
detail how the amino acids are combined to form 
proteins. We do not know, except very roughly, even the 
shapes of such important molecules as serum proteins, 
enzymes, genes, the substances which make up 
protoplasm—and if we are to obtain a thorough un
derstanding of the structure of living organisms detailed 
information about the atomic arrangement of these 
substances must be obtained. 

Let us imagine ourselves increased in size by the 
linear factor 250,000,000—the commonly used factor in 
molecular models, which makes 1 A., 10"8 cm., become 
approximately 1 inch, atoms on this scale being 2 or 3 
inches in diameter. With this magnification we would 
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become about equal in height to the distance from the 
earth to the moon. Let us consider ourselves examining 
the earth, which would appear to us to be about the 
size of a billiard ball; and let us concentrate our atten
tion on a small organism on the surface of the earth— 
New York City—which would appear as a spot about 
0.01 inch in diameter, barely visible to the naked eye, 
and showing itself to be living by slow changes in shape 
and size. 

To obtain a better view of this organism we could use 
a microscope, the resolving power of which would be 
about 1,000 feet; we could distinguish Central Park, the 
rivers, and such aggregates of skyscrapers as Rockefeller 
Center, but the individual skyscrapers would not be 
clearly defined. By "chemical" methods we would know 
that, running through the veins and arteries of this or
ganism, there were substances such as street cars, bus
ses, automobiles, ships, and people; and we might, by 
the use of membranes of known pore size or by some 
similar method, obtain the molecular weight of these. In 
addition, we would have obtained, through the applica
tion of a strange method of experimental investigation, 
the diffraction of x-rays and electron waves, complete 
information about the structure of objects smaller than 
about 1 foot in diameter, such as a storage battery, a 
small electric motor, a piece of cable, a small gear 
wheel, a bolt or rivet. 

The use of the electron microscope, with resolving 
power about 10 feet, would give us very much addi
tional information. We would know exactly—that is, to 
within 10 feet—the shape of the Empire State Building, 
though we might not be sure about the separate smaller 
rooms into which it is divided, and we could not obtain 
by the electron microscope information about the eleva
tors and the machinery for operating them, the steel 
girders of which the building is constructed, and other 
structural features of similar size. We would be able to 
see, with the electron microscope, an automobile only 
as a particle, barely discernible, and roughly spherical in 
shape, and the human beings in-the city would not be 
visible. We could get complete information about a stor
age battery, a ring gear, a brake pedal—but not about 
the automobile built up of these and many other parts; 
and it is clear that to obtain an understanding of the 
structure of this city we would still need to find a 
method of exploring objects in the range 1 to 10 feet. 

Our hope for achieving precise knowledge about bio
logical structures and reactions is based largely on the 
electron microscope and on diffraction methods. The 
diffraction studies of simple molecules have been car
ried out in sufficient number to permit the formulation 
of generalizations about atomic radii, bond angles, and 
other features of molecular configuration; it is still very 
important that the exact structure be determined of 
vitamins, bacteriostatic agents, and other physiologically 
active substances—the complete crystal structure 
determination of the rubidium salt of penicillin so ably 
made by Dorothy Crowfoot and Barbara Rogers-Low (6) 
has provided not only decisive information about the 
chemical formula of the substance but also the struc
tural basis for later consideration of the detailed mecha
nism of its bacteriostatic activity. 
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,,, but questions concerning antibody diversity and specificity 
were still unanswered. Before anybody knew much about the 
structure of biological macromoiecule& fmlm$ began to 
speculate about the nature of t ie forces that would bring them to 
life*--1» fold into three-dimensional forms and to interact, with 

I other molecules to carry out the business of the ceil 
j Milingthought that molecular complementarity—ho* 
f molecules fit together—was the key to understanding the 
I actions of the movers and shakers of physiology: nucleic acids, 
I proteins, enzymes, and antibodies. Chemists had been 
| concerned with the making and breaking of strong covaient 

bonds between molecules* but Ruling thought that the weaker 
bonds were just as important, because such interactions would 
dictate the size and shape of the cell's molecules. M Ms !§46 
paper, fouling prophesied about the Mi re of biology and 
medicine and why understanding tlie nature of complementarity 
is so important to the future of die field, 

Pauling's ideas are still being exploited today One of the 
hottest mw developments in biochemistry is the production of 

j catalytic antibodies-"-antibodies that behave like enzymes (see 
| '"Catalytic Antibodies: Reinventing The Enzyme,* page ??)> 

fouling proposed in 1948 that enzymes wort by binding in a 
complementary fashion to die "activated complex/4 or transition 
state, of a chemical reaction* thus stabilising the transient 
species, He suggested that antibodies work in the same way-— hf 
specifically interacting with molecules of a complementary 

| shape, like a look and key The new research on catalytic 
j antibodies takes advantage of these concepts, 
1 Paulkg also speculated that the same forces of molecular 
1 complementary would be responsible for gene duplication. 
| Indeed, It is difficult to imagine any area of contemporary 

molecular biologr that does not depend upon the principles 
espoused by Pauling nearry 45 years ago, 

hiding's contributions have not gone- unnoticed. In l%4 he 
! won the Nobel Prize in chemistry for Ms theory on the nature of 

the chemical bond, and in 1962 he won the Nobel Peace Prize for 
his stance against nuclear arms testing, He has received scores 
of honorary degrees and awards and m still an active and much 

i sought-idler lecturer; He continues Ids research on vitamins at 
j the Linus Pauling Institute in M o Alio, Calif, and is busy breaking 
j ground in another area of science—-- the nature of quasi -crystals, 
| Aittiougu it is difficult to identify Pauling's greatest eontdbu-
I don to science, most scientists, including Alexander Rich of the 
| Massachusetts Institute of Technology in Cambridge, agree that 
j Paulinas paper, published In ChemimU ̂  B?i$i?mmg News in 
! i&46, is truly a landmark paper, 

j 'Beading this paper, published in mK^^*^wfa 

being in a time warp. Linns writes in SgBX^sSsm 
a language that makes complete '^j^^m^^mm 

| sense with the way we think about ^fe^^^^y 
| biological problems at the molecular ^ ^ ^ ^ ^ ^ m ^ 
I level today. Iron could take to SBT^Iil^lB 
j literature out and insert it into any 9Hfe*jK9i 
j textbook today and the words don't ' ^ ^ ^ ^ ^ ^ ^ B 
j need to be changed. It's as if the mSmemmm^^ . 

paper were written today Instead of 45 years ago.* 

Fieh$ "who now studies the molecular biology of 241NA, was a | 
postdoc with Pauling at California Institute of technology in j 
Pasadena from 1940 until i 9 H where he worked on the j 
structures of several biological macromolecuies. I t was a very j 
exciting period/ recalls Rich. *Iinus would frequently mink j 
about things, then come into the lab to discuss his ideas. There j 
was an exceptionally able group of young postdocs m the lab. J 
Most of us regarded it as aldn&of high point in our careers, j 
because of all the excitement generated by the things going on in j 
the lab, 

"Linus was the first to really understand the true nature of 
LntsracUons in biological systems < , .the fact that the important I 
interactions are going to be those on the surfaces of macromoie-
eules, where individual surface atoms interact either wife other 
macromolecules or with small molecules, This is a very powerful J 
idea, and this is the Srst clear statement of it, it is applicable to j 
catalysis, for example in the case of catalytic antibodies, 1 
relevant to the idea of how large molecules bind to each other, j 
and to how factors bind to receptors—all of the phenomena of i 
biology that we now look at. Today when we look at structures of 
antibodies binding to large-molecule substrates, if s simply a [ 
graphic- and explicit demonstration of that which Linus was j 
predicting and describing 45 yearn ago. That's a landmark j 
papen* 1 

But what Rich thinks is even more remarkable than Pauling's j 
contemporary relevance is his "sense of looking into the future/ j 
By 1045, a fair amount of work had been done with small j 
molecules, smaller than 10 k m diameter. Larger structures, j 
greater than 100 A, were also being studied by light—and even 
electron—microscopy, *But- Linus knew that in the range j 
between 10 and 100 angstroms, which is the space occupied by | 
proteins, that's where the thrust has to come in the tore," says j 
Rich, "Furthermore, he makes the statement, which is pretty i 
prophetic in 1946,1 believe that she next 20 years will be as j 
great for biology and medicine as the past 20 years have been for ; 
physics and chemistry' Mind you, between 1925 and 1945, the j 
ground work of physics and chemistry was set—the application j 
of quantum mechanics to physical and chemical phenomena, [ 
He thinks the next wave of exciting discovery will occur within j 
t ie next 20 years, Now, by 1965, we had already solved tlm j 
genetic code and we knew the great outlines of what goes on in j 
biological systems^ [ 

Rich counts Pauling as "among the first molecular biologists, j 
if not the first. Why? Because he described the essence of j 
molecular biology in a way that ail the rest of us are mm \ 
following/ says Rich. His unearthing of the cause of sickle cell I 
anemia "was the first discovery of a molecular mutation that j 
gives rise so disease. It's very near the beginning of molecular j 
biology as we know it* j 

Not everyone Immediately appreciated Pauling's ideas at the I 
time, says Rich, "Linus was a man who was looked up to j 
enormously, then* as lie is now His comments were always taken I 
seriously,'5 But according to Rich, there was an educational | 
problem, "The average biochemist of that day d W t know what j 
a van der Waals interaction was, o W i know about I'ydro&en | 
bonds or electrostatic potentials,* says iUoh. M of that was not j 
understood by the biochemists of that day He was- not a part of j 
their world. For the people who were knovsSedgeable, it had m \ 
impact, but I suspect that the group was very small," 

cordinued on page 68 j 
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Structure of Protein 
The most important of all structural problems is the 
problem of the structure of proteins: until this problem 
is solved all discussions of the exact molecular basis of 
biological reactions remain in some degree speculative. 
The polypeptide-chain structure of proteins proposed by 
Fischer is now generally accepted, and there is little 
doubt that the picture of folded chains held by hydrogen 
bonds, van der Waals forces, and related weak interac
tions in more or less well-defined configurations, as dis
cussed eleven years ago by Mirsky and me (9) is essen
tially correct. But this whole picture remains very 
vague—for only a few proteins (such as P-lactoglobulin 
(3) do we have nearly complete knowledge of the num
bers of residues of the different amino acids in the mole
cule, and for no protein does there exist more than frag
mentary information either about the sequence of the 
different residues in the polypeptide chain or about the 
way in which the chain is folded. Only for fibrous pro
teins in the completely extended state do we have 
knowledge (still very rough) of the configuration and 
relative orientation of the polypeptide chains (as origi
nally determined by Astbury), and this knowledge ap
plies only to the backbone of the chains and not to the 
side groups. There is urgent need for complete and ac
curate structure determinations of proteins and related 
substances. So far these determinations have been re
ported for only four such substances (5)—two amino 
acids and two simple polypeptides—all made in our 
Pasadena laboratories; and it is my hope that, now that 
the war is over, precise information will rapidly accrue, 
including ultimately detailed structures of fibrous pro
teins. respiratory pigments, antibodies, enzymes, reticu
lar proteins of protoplasm, and others. 

Importance of Shape 
Despite the lack of detailed knowledge of the structure 
of proteins, there is now very strong evidence that the 
specificity of the physiological activity of substances is 
determined by the size and shape of molecules, rather 
than primarily by their chemical properties, and that the 
size and shape find expression by determining the ex
tent to which certain surface regions of two molecules 
(at least one of which is usually a protein) can be 
brought into juxtaposition- -that is. the extent to which 
these regions of the two molecules are complementary 
in structure. This explanation of specificity in terms of 
"lock-and-key' complementariness is due to Paul Ehrl-
ich, who expressed it often, in words such as "only such 
substances can be anchored at a particular part of the 
organism which fit into the molecule of the recipient com
bination as a piece of mosaic fits into a certain pattern". 

In recent years the concept of complementariness of 
surface structure of antigen and antibody was empha
sized by Breinl and Haurowitz (4~). Mudd (10), and Alex
ander (1), and then was strongly supported by me (11) 
in the course of an effort to understand and interpret se
rological phenomena in terms of molecular structure 
and molecular interactions. Since 1940 my collaborators 
(Dan H. Campbell, David Pressman, Carol Ikede, L. H. 
Pence, G. G. Wright, S. M. Swingle, D. H. Brown, J. H. 
Bryden, A. L. Grossberg, L. A. R. Hall, Miyoshi Ikawa, 
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Frank Lanni, J. T. Maynard, and A. B. Pardee) and I 
have gathered a great amount of experimental evidence 
about antigen-antibody interaction (IS), which not only 
supports the general thesis that serological specificity is 
the consequence of structural complementariness, but 
provides information about extent of complementariness. 

It has been verified that the closeness of fit of an anti
body molecule to its homologous haptenic group is to 
within better than 1 A.—that a methyl group (van der 
Waals radius 2.0 A.) can replace a chlorine atom (radius 
1.8 A.) in a haptenic group with little interference with 
its combination with antibody (as was first shown by 
Landsteiner). but that interference is caused by replac
ing a hydrogen atom (radius 1.2 A.) by a methyl group. 
The complementariness in structure with respect to 
proton-donating and proton-accepting hydrogen 
bond-forming groups has been found to be very impor
tant in determining the strength of attraction of anti
body and haptenic group; and the complementary elec
trical charge in antibody homologous to the p-azophen-
yltrimethylammonium group has been shown to be 
within about 2 A. of the minimum possible distance 
from the charge of opposite sign in the haptenic group. 
The great amount of quantitative data which has been 
gathered for scores of different haptens and antigens 
and successfully interpreted in terms of molecular struc
ture and the concept of complementariness leaves no 
doubt that this structural explanation of serological 
specificity is correct. 

The phenomenon of specificity, so common in biology, 
is rare in chemistry (with the sole general exception 
mentioned below). Only very occasionally does there 
occur a unique representative of a class of compounds, 
such as the ion W2C19~", which owes its special stabil
ity to the ratio of radii of the atoms of chlorine and tri-
positive tungsten, which permits a covalent bond to be 
formed between the two tungsten atoms in the com
plex. The one general chemical phenomenon with high 
specificity is closely analogous in both its nature and its 
structural basis to biological specificity: this phenome
non is crystallization. There can be grown from a solu
tion containing molecules of hundreds of different spe
cies, crystals of one substance which are essentially 
pure. The reason for the great specificity of the phe
nomenon of crystallization is that a crystal from which 
one molecule has been removed is very closely comple
mentary in structure to that molecule, and molecules of 
other kinds cannot in general fit into the cavity in the 
crystal or are attracted to the cavity less strongly than a 
molecule of the substance itself. Only if the foreign 
molecule is closely similar in size and shape and the lo
cation and nature of active (hydrogen bond-forming) 
groups to the molecule it is replacing will it fit into the 
crystal; and it is indeed found that the tendency to solid-
solution formation depends upon the same structural fea
tures (such as replacement of a chlorine atom by a methyl 
group) as the tendency to serological cross reaction. 

Examples of Biological Specificity 
Many isolated examples of biological specificity and bio
logical similarity determined by molecular size and 
shape and the detailed nature of intermolecular forces 
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might be mentioned, such as the similarity in physiologi
cal (antipyretic-antineuralgic) activity of 4-isopropylanti-
pyrine and 4-dimethylaminoantipyrene (pyramidon), 
which is clearly the result of the similarity in size and 
shape of the isopropyl group and the dimethylamino 
group. I shall, however, discuss in detail only the speci
ficity of enzymatic reactions. 

From the standpoint of molecular structure and the 
quantum mechanical theory of chemical reaction, the 
only reasonable picture of the catalytic activity of en
zymes is that which involves an active region of the sur
face of the enzyme which is closely complementary in 
structure not to the substrate molecule itself, in its nor
mal configuration, but rather to the substrate molecule 
in a strained configuration, corresponding to the "acti
vated complex" for the reaction catalyzed by the en
zyme: the substrate molecule is attracted to the enzyme, 
and caused by the forces of attraction to assume the 
strained state which favors the chemical reaction—that 
is, the activation energy of the reaction is decreased by 
the enzyme to such an extent as to cause the reaction 
to proceed at an appreciably greater rate than it would 
in the absence of the enzyme. This is, I believe, the pic
ture of enzyme activity which is usually accepted. 

Experimental data have not been gathered which per
mit the induction of so precise a representation of the 
structure and configuration of the active region of any 
enzyme as for the antibodies discussed above, but there 
do exist some data which support the general concept. 
If the enzyme were completely complementary in struc
ture to the substrate, then no other molecule would be 
expected to compete successfully with the substrate in 
combining with the enzyme, which in this respect 
would be similar in behavior to antibodies; but an en
zyme complementary to a strained substrate molecule 
would attract more strongly to itself a molecule resem
bling the strained substrate molecule than it would the 
substrate molecule. Examples of this behavior have 
been found: the hydrolysis of benzoyl-Z-tyrosylglycine 
amide by either chymotrypsin or papain was found by 
Bergmann and Fruton {2) to be practically completely 
inhibited by an equal amount of benzoyl-d-tyrosylglycine 
amide. This suggests that the strained configuration of 
the /-isomer during the enzymatic hydrolysis is some
what similar to the normal configuration of the d-isomer. 

More extensive quantitative studies of inhibition of en
zyme activity might well provide very interesting informa
tion about the configuration of the enzyme molecules. 
Carl Niemann and I have studies of this kind under way. 

It is highly probable that many chemotherapeutic 
agents exercise their activity by acting as inhibitors to 
an enzymatic reaction through competition with an es
sential metabolite of similar structure. It was shown by 
Woods {16) in 1940 that the bacteriostatic action of sul
fanilamide results from an inhibitory competition withp-
aminobenzoic acid, and can be overcome by increasing 
the concentration of the latter substance. The 
metabolite and its inhibitor are closely related in mo
lecular shape, differing in the replacement of a carboxyl 
group by a sulfonamide group. Other pairs in which a 
carboxyl group is replaced by a sulfonic acid or a sul
fonamide group are nicotinic acid and pyridine-3-sulfo-
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nic acid or its amide (7), pantothenic acid and pan-
toyltaurine {14) and the a-aminocarboxylic acids and 
the corresponding ct-aminosulfonic acids (§). 

An interesting case of inhibition is that of thiamine by 
pyrithiamine {13), the corresponding substance with 
the 6-membered pyridine ring in place of the 5-mem-
bered thiazole ring. The effective competition of pyrithi
amine with thiamine for combination with the enzyme 
or other macromolecule involved might well have been 
predicted from the known cross reactivity of aromatic 5-
membered rings containing sulfur and 6-membered 
rings not containing sulfur, as is strikingly shown by the 
formation of solid solutions by thiophene and benzene. 
An analogous situation has been reported {15) by D. S. 
Tarbell of the University of Rochester. He has found that 
any substitution in the benzenoid ring of 2-meth-
ylnaphthoquinone destroys its vitamin K activity, but 
that the substance with a sulfur atom in place of 
—CH=CH— in the benzenoid ring retains this activity. 
These facts indicate that in the process of exerting vita
min K activity the benzenoid end of the molecule must 
fit into a pocket carefully tailored to it; that the other 
end is not so surrounded is shown by the retention of 
activity on changing the alkyl group in the 2-position. On 
the other hand, the failure of pyrithiamine to replace 
thiamine as a metabolite indicates that the sulfur atom 
of the thiazole ring in thiamine not only is effective in 
binding the molecule into its seat of action but also 
takes part in some way in the subsequent chemical 
reactions involved in the metabolic process. 

Many Sciences Cooperate 
The complete understanding of physiological activity 
will require consideration not only of molecular struc
ture and weak intermolecular forces, but also of the 
chemical reactivity of the substances and of such other 
properties as solubility in different phases and degree of 
ionization, as well as of those properties of living organ
isms which may long defy simplification to chemical 
description; the importance of the problem for practical 
medicine as well as for fundamental biology is so great 
as to justify the attention and effort of many workers, in 
various fields of science, through whose cooperative 
effort the solution will some day be found. 
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(Reprinted from NATURE, Vol. 161, page 707, May 8, 1948.) 

NATURE OF FORCES BETWEEN 
LARGE MOLECULES OF 
BIOLOGICAL INTEREST* 

By PROF. LINUS PAULING 
California Institute of Technology 

AS I look at a living organism, I see reminders of 
many questions that need to be answered. Not 

all these questions are obviously important, nor 
would their answers be useful—but we want them 
answered. Thomas Wright in 1601 said, "Nothing is 
so curious and thirsty after knowledge of dark and 
obscure matters as the nature of man"—of scientific 
men especially, he might have said. 

What is skin, fingernail ? How do fingernails 
grow ? How do I feel things ? How are nerves built 
and how do they function ? How do I see things ? 
How can I smell things, and why does benzene have 
one smell and iso-octane another ? Why is sugar 
sweet and vinegar sour ? How does the haemoglobin 
in my blood do its job of carrying oxygen from the 
lungs to the tissues ? How do the enzymes in my 
body break up the food that I eat, burn it to keep 
me warm and to permit me to do work, and build 
new tissues for me from the food fragments ? Why 
do I catch cold when exposed through contact with 
an ailing person, get pneumonia, and then recover 
after treatment with a specific antiserum or a sulpha 
drug ? How does penicillin carry out its wonderful 
function of fighting disease ? Why am I immune to 
measles, whooping cough, poliomyelitis, smallpox, 
whereas some other people are not ? And finally, 
why is it that my children, as they grow and develop, 
become human beings, and show characteristics 
similar to mine, and their mother's—how have these 
characters been transmitted to them ? 

The basic answers to all these questions are not 
to be found in books. Even though Chaucer said 
"For out of olde feldes, as men seith, 

Cometh al this newe corn fro yeer to yere ; 
And out of olde bokes, in good feith, 
Cometh al this newe science that men lere", 

he was before long corrected by Francis Bacon : 
"Books must follow sciences, and not sciences books". 

To understand all these great biological phenomena 
we need to understand atoms, and the molecules that 
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they form by bonding together ; and we must not be 
satisfied with an understanding of simple molecules-
nitrous oxide, NNO, that Davy used to produce 
hysteria ; benzene, C6H6, discovered by Faraday ; 
penicillin, containing forty atoms in its molecule. 
We must also learn about the structure of the giant 
molecules in living organisms, such as insulin, with 
2,000 atoms in its molecule, haemoglobin, with about 
10,000, the disease-producing viruses, a thousand 
times larger still. 

Just two thousand years ago the Roman poet 
Lucretius wrote 

"Wine flows easily because its particles are smooth 
and round and roll easily over one another, whereas 
the sluggish olive oil hangs back because it is com
posed of particles more hooked and entangled one 
with another". 

This is essentially the modern point of view, 
expressed by Lucretius, of course, only as a surmise, 
whereas to us it is a fact, of which we have a detailed 
understanding. Lucretius went beyond us in inter
preting the taste also of substances in terms of the 
shape of their molecules, writing 

"There is this, too, that the liquids of honey and 
milk give a pleasant sensation of the tongue, when 
rolled in the mouth ; but on the other hand the 
loathsome nature of wormwood and biting centaury 
set the mouth awry by their noisome taste ; so that 
you may easily know that those things which can 
touch the senses pleasantly are made of smooth and 
round bodies, but that on the other hand all things 
which seem to be bitter and harsh, these are held 
together with particles more hooked". 

I shall now present a detailed discussion of the 
shapes of molecules, and the forces between molecules, 
in order to show the extent to which this surmise, too, 
of Lucretius is substantiated. 

Even though haemoglobin is spoken of as a large 
molecule, the molecule is very small in comparison 
with our usual scale. If I look a t my hand or watch 
a few feet away, the atoms subtend the same angle 
that oranges would on the surface of the moon. The 
molecules might thus be described as an aggregate of 
oranges, held together by bonds which in actual 
molecules are electrons circulating between the atoms. 
On this scale of 250,000,000-fold linear magnification, 
the nitrous oxide molecule of Davy's laughing gas 
consists of three atoms in line, N-N-O, the distance 
between the two nitrogen atoms being about 1-12 in. 
and between the nitrogen and oxygen atoms 1-19 in. 
(in the molecules themselves 1-12 A. and 1-19 A., 
where 1 A. is 1/100,000,000 cm.). Faraday's benzene 
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molecule consists of twelve a toms: six carbon atoms 
arranged at the corners of a regular hexagon, with the 
carbon-carbon distance 1-39 A., and six hydrogen 
atoms, in the same plane, at the corners of a larger 
hexagon, the distance of each hydrogen atom to the 
carbon atom to which it is attached being 1-06 A. 
The structure of penicillin, determined by Mrs. 
Hodgkin and her collaborators, is also known, as are 
the structures of many hundreds of simpler molecules. 

As yet the detailed atomic structure of no protein 
molecule has been determined ; but the vigour of the 
attack that is being made and the increasing power 
of the marvellous methods of investigation used in 
structural study permit the confident hope that the 
next decade or two will bring the solution of this 
great problem. 

Much information is already available, however, 
about the general sizes and shapes of large molecules 
of biological importance, and also about their function. 
The most striking general property of these molecules 
is the specificity of their activity. For example, 
haemoglobin, the red protein in the red cells of the 
blood, has the specific property of combining with 
oxygen in the lungs, and then releasing this oxygen 
in the tissues, thus making it available for the 
oxidation of foods. There is no other substance 
known that is able to combine with oxygen and 
release so large a fraction of the combined oxygen 
reversibly with the small change in partial pressure 
of oxygen existing between the lungs and the tissues. 
Then there are the enzymes, such as those involved 
in the catalysis of the processes of degradation and 
oxidation of foodstuffs. These substances all show a 
high degree of specificity in their action : in general, 
a particular enzyme serves the purpose of speeding 
up a particular single chemical reaction in the body. 

Specificity is shown in a striking way by antibodies. 
These are substances produced in the living body in 
response to its invasion by foreign organic material, 
such as viruses or bacteria. They have the power of 
combining specifically with the material (the antigen) 
that led to their production, and of neutralizing or 
incapacitating the antigen. Thus an antitoxin is able 
to neutralize its homologous toxin; an antibody 
against a virus or bacterium is able to prevent the 
virus or bacterium from reproducing, and thus to aid 
in the control of disease. An unfortunate incidental 
effect of this protective mechanism of the body is the 
occasional production of protein sensitization, leading 
to asthma and hay fever. Sufferers from protein 
sensitization, such as those people who are sensitive to 
egg white (ovalbumin), can testify as to the specificity 
of the reaction and to its delicacy. 

The specificity of serological reactions can be 
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shown by simple serological tests carried out in the 
laboratory. Thus if a minute amount of ovalbumin 
is injected into a rabbit, it is found that after a week 
or two the serum of the rabbit's blood will produce 
a precipitate when mixed with a solution of oval
bumin, whereas the serum of an uninoculated rabbit 
will not produce such a precipitate. The precipitate 
contains ovalbumin from the ovalbumin solution that 
is added to the serum, and antibody molecules from 
the serum of the rabbit. These antibody molecules 
are protein molecules, with molecular weight about 
160,000, corresponding to the presence in the molecule 
of about 20,000 atoms. These anti-ovalbumin 
molecules have the power of combining with mole
cules of ovalbumin, but in general not with molecules 
of other substances. Only if another substance is 
extremely closely similar in its structure to the 
ovalbumin with which the rabbit was originally 
injected can the antibody combine with it. Thus a 
precipitate, somewhat smaller in amount than with 
hen ovalbumin, is formed by antibodies produced by 
hen ovalbumin when mixed with a solution of duck 
ovalbumin ; but no precipitate is formed when these 
antibodies are mixed with a solution of ovalbumin 
from the eggs of birds of other species. 

Dr. Karl Landsteiner showed by his experiments 
that animals are able to manufacture antibodies 
specific to chemical groups that do not exist in 
Nature. The power of formation of antibodies able 
to combine only with an injected antigen is hence 
not a power that was developed in the course of 
evolution, in response to interaction with this antigen 
at some earlier age, and in a particular individual 
called into operation by the inoculating injection ; 
but is instead a general power, which enables the 
animal to cope with a foreign material, even of 
completely foreign nature to the animal and its 
ancestors throughout its course of evolution. 

I became interested in the problem of the structure 
of antibodies in 1936, as the result of conversations 
with Dr. Landsteiner. I found that the complex 
phenomena of immunology could be clarified and 
brought into order by a theory of the structure of 
antibodies based upon the idea of the folding of the 
basic polypeptide chain of the protein precursor of 
the antibody into the most stable of the configurations 
accessible to it. This theory of the structure and 
process of formation of antibodies involves the 
acceptance of the suggestion that antibody and 
antigen have molecular structures that are mutually 
complementary, originally made by Breinl and 
Haurowitz, Jerome Alexander, and Stuart Mudd. If 
the molecule of gamma globulin that might become 
an antibody is considered to consist of a chain that 
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might fold up into any one of a large number of 
configurations, with essentially the same stability, 
then in the presence of a molecule of antigen that 
configuration would be selected which is stabilized by 
interaction with the antigen. The configuration that 
would be stabilized is the one in which there is the 
greatest force of attraction between the folded poly
peptide chain and the molecule of antigen ; and this 
greatest force of attraction would result from the 
assumption by the folding polypeptide chain of a 
configuration which permits the parts of the chain to 
approach as closely as possible to a portion of the 
surface of the antigen molecule, and which also brings 
positive charges in the chain in close proximity to 
negative charges in the antigen, and brings hydrogen-
bond-forming groups in the chain into juxtaposition 
with their complementary hydrogen-bond-forming 
groups in the antigen. A very high degree of speci
ficity can be obtained if the surface area over which 
the complementariness of structure is exercised is 
great enough to include a good number of interacting 
structural units. 

Experiments carried out with antibodies and anti
gens have shown that the configuration of the antibody 
molecules is very closely complementary to that of 
the surface of the homologous antigen ; the antibody 
reflects or reproduces, in a negative way, the shape of 
the surface of the immunizing antigen to within about 
1 A., that is, to within about one-half or one-quarter 
of the diameter of an atom. The forces that lead to 
the production of the specific bonds between antibody 
and antigen are thus interatomic forces that operate 
between atoms essentially in contact with one 
another, and are not long-range specific forces of 
attraction operating through great distances (on the 
atomic scale) through space. 

There is a highly specific phenomenon of the 
chemistry of simpler substances that is closely analo
gous in its nature and its cause to the highly specific 
phenomenon of serological interaction ; namely, the 
phenomenon of crystallization. Chemists are accus
tomed to using the process of crystallization as a 
method of purification : a crystal growing in a 
complex mixture of molecules is able to select from 
the mixture just the molecules of one kind, rejecting 
all others. Thus pure crystals of sugar may deposit 
from a jam in which there are molecules of thousands 
of different substances. The specificity of crystalliza
tion is the result of the same striving toward comple
mentariness and the operation of the same inter
atomic and intermolecular forces that are responsible 
for the specificity of antibodies. A molecular crystal 
has the structure that gives it the greatest stability, 
which would result from the maximum amount of 
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attraction for each molecule in the crystal and the 
surrounding molecules. Each molecule in the crystal 
is then in a cavity that conforms in shape to the shape 
of the molecule itself. The molecule may be described 
as complementary in structure to the remainder of 
the crystal; and other molecules, with different shape 
and structure, would not fit into this cavity nearly so 
well, and in general would not be incorporated in the 
growing crystal. We may hence say that life has 
borrowed from inanimate processes the same basic 
mechanism used in producing those striking structures 
that are crystals, with their beautiful plane faces, 
their unfailingly constant interfacial angles, and their 
wonderfully complex geometrical forms. 

I believe that the same mechanism, dependent on 
a detailed complementariness in molecular structure, 
is responsible for all biological specificity. I think 
that enzymes are molecules that are complementary 
in structure to the activated complexes of the 
reactions that they catalyse, that is, to the molecular 
configuration that is intermediate between the 
reacting substances and the products of reaction for 
these catalysed processes. The attraction of the 
enzyme molecule for the activated complex would 
thus lead to a decrease in its energy, and hence to a 
decrease in the energy of activation of the reaction, 
and to an increase in the rate of the reaction. Although 
convincing evidence is not yet at hand, I believe that 
it will be found that the highly specific powers of 
self-duplication shown by genes and viruses are due 
to the same intermolecular forces, dependent upon 
atomic contact, and the same processes of replica 
formation through complementariness in structure as 
are operative in the formation of antibodies under 
the influence of an antigen. I believe that it is 
molecular size and shape, on the atomic scale, that are 
of primary importance in these phenomena, rather 
than the ordinary chemical properties of the sub
stances, involving their power of entering into reac
tions in which ordinary chemical bonds are broken 
and formed. 

Even though the general picture of some important 
biological processes is becoming clear, our present 
knowledge of the detailed structure of the complex 
substances of biological importance is vague. We 
may expect that as more precise information about 
the structure of these molecules is obtained in the 
future, a more penetrating understanding of biological 
reactions will develop, and that this understanding 
will lead to great progress in the fields of biology 
and medicine. 
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MOLECULAR ARCHITECTURE AND THE 
PROCESSES OF LIFE. 

The last twenty-five years have seen great progress made in our under
standing of the nature of life. This progress has been along two lines : first 
the chemical substances that make up the living body have been isolated, and 
information has been obtained about their properties and about the work 
that they do, and second, great insight has been obtained into the structure 
of the molecules of chemical substances generally, in terms of atoms and 
electrons, and this understanding of the properties of chemical substances 
in terms of their molecular architecture is now being extended to include the 
very complicated substances responsible for life. 

What are the features that are characteristic of a living organism ? As 
we look about us we see such organisms everywhere—human beings, other 
animals, plants ; and we know that there are very many forms of life that we 
do not see so easily, such as the bacteria that do their beneficial work in the 
soil converting waste organic material into substances that can be used by 
plants in their growth, and that also, in some cases, work for harmful ends, 
as when they produce illnesses, such as pneumonia and typhoid fever. These 
bacteria, when they are examined under the microscope, are seen to be far 
simpler in structure than the larger organisms ; they consist perhaps of a 
single cell, whereas the larger organisms may consist of many millions of 
cells, with specialized functions, working in co-operation with one another. 
But we recognize that the bacteria are living : they are able to grow in size, 
and to reproduce themselves, and they hand on to their progeny the specific 
characters that they themselves possess. 

It is these properties that differentiate living matter from non-living 
matter—the possession of specific characters, and the ability to produce 
progeny, to which these specific characters are passed on. Can we obtain 
an understanding of these properties ? Do we know what the nature of life 
is ? I believe that we can understand these properties of living matter, and 
that we do know what the nature of life is (aside from consciousness), in 
terms of molecular architecture, the atomic structure of the molecules that 
constitute living organisms. 
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Let us first consider how the body works. I t does its work by use of 
special molecules, molecules that have specific properties suitable to the use 
to which they are put. A few of these molecules are simple ones, representing 
ordinary chemical substances, such as water, oxygen, carbon dioxide. Others 
are more complicated, with ten or twenty or thirty atoms per molecule. 
These include the necessary food substances called the vitamins—vitamin A, 
vitamin B, vitamin C, and so on, with formulas such as C20H300 (Vitamin A), 
and special foods such as sugar, C1 2H2 20u . And then there are the giant 
molecules, containing tens of thousands or hundreds of thousands of atoms, 
and with certain well-defined properties—the ability to do very special jobs 
that serve the purposes of the organism. Thus in living we make use of 
oxygen of the air, to burn certain materials in our tissues, and in this way to 
obtain heat and energy to keep our bodies warm and to permit us to do work, 
and also at the same time to get rid of some unwanted materials by burning 
them to water and carbon dioxide. The oxygen that we inhale goes into 
the blood in the lungs. It does this by combining with a special substance 
in the blood, the red substance called hemoglobin. Hemoglobin is an 
extremely interesting substance. It is practically the only substance known 
that has the property of combining easily with oxygen from the air, and then 
of giving up the oxygen under slightly changed conditions. A molecule of 
hemoglobin contains about 10,000 atoms—atoms of carbon, nitrogen, 
oxygen, sulfur, and four atoms of iron. I t is these four iron atoms that are 
directly concerned in the job of carrying oxygen from the lungs to the tissues; 
each of the iron atoms attaches to itself one molecule of oxygen, 02, and 
carries it along in the arterial bloodstream to the tissues, where it gives it up. 
Ordinary iron atoms, in ordinary compounds of iron, do not have this 
property. It is the special structure of the hemoglobin molecule, the special 
arrangement of other atoms, of nitrogen, carbon, hydrogen, and sulfur, in the 
neighbourhood of the iron atom in the hemoglobin molecule, that gives to this 
molecule this special property. Then in the muscles and other tissues another 
protein, myoglobin, only one-quarter as large as hemoglobin, takes the 
oxygen from the hemoglobin and carries it around within the muscle. Here 
still other special substances, giant molecules, begin to work. Under 
ordinary circumstances the presence of oxygen molecules, in the air, in the 
neighbourhood of a food or other combustible material does not lead to the 
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oxidation of this material. It is usually necessary to light a fire, in order to 
raise the temperature high enough for the process of oxidation to go on. 
The body operates at body temperature, 98.6°F., by having developed some 
ways of causing this burning to go on even at this relatively low temperature. 
These ways involve giant molecules, enzymes, with 10,000 or 20,000 or more 
atoms per molecule, which have the ability of causing chemical reactions to 
go on at lower temperatures than in the absence of the enzymes. The body 
contains many special enzymes connected with the oxidation of the break
down products of foodstuffs in the body, and with the oxidation of the parts 
of the body itself that are no longer needed. Just as hemoglobin has the 
specific ability of combining with oxygen and carrying it from the lungs to 
the tissues, so do the various enzymes have the specific ability of oxidizing 
certain materials. In general each enzyme has one use : it catalyzes one 
reaction of the many thousands of reactions that take place in the living body. 

Moreover, it is giant molecules, presumably molecules of nucleoprotein, 
that determine the characters of individual living organisms and that are 
involved in the transmission of these characters to their progeny. These 
giant molecules are the genes, which are usually present in structures in the 
cell called chromosomes. 

The Gregorian monk Mendel noted that the inheritance of characters 
by pea plants, such as the character of tallness or of dwarfness, or the 
character of having purple flowers or white flowers, could be understood on 
the basis of hereditary units transmitted from the parent to the offspring. 
Thomas Hunt Morgan and his collaborators identified these units with genes 
arranged in a linear array in the chromosomes. They have determined the 
arrangement of several hundreds of these genes in the chromosomes of the 
vinegar fly, Drosophila melanogaster, and it is likely that even this very small 
organism has many more than this number of genes, probably as many as 
20,000. 

A wonderful step forward has been made in recent years by Professor 
George W. Beadle and his collaborators1, who have developed techniques 
for investigating chemical genes, the genes that are responsible for the ability 
of organisms to carry out the chemical reactions that are fundamental to 
their nature. This has introduced a great simplification into genetics. The 
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character of having short wings rather than long wings is clearly not a very 
simple one-—it is not easily interpreted in terms of chemistry and of molecular 
structure. On the other hand, the colour of the eye might be easily inter
preted, inasmuch as the presence or absence of an enzyme capable of 
catalyzing the reaction of formation of a special pigment producing eye colour 
might determine the colour of the eye, and the corresponding chemical 
reaction would be catalyzed by a special enzyme. Accordingly the funda
mental nature of this character would be the presence or absence of this 
enzyme, and the basic property of the corresponding gene would be that of 
being able to cause the manufacture of this specific enzyme in the body. 
Beadle and his collaborators have carried out the investigation of hundreds 
of these chemical genes that are responsible for the production of hundreds of 
different specific enzymes, catalyzing different chemical reactions. The 
organism that they have used is the red bread mold, Neurospora. 

I may mention some examples of chemical characters1. One of our 
chemical senses is the sense of taste—the taste of a substance depends upon 
the structure of its molecules. There are two kinds of people with respect 
to ability to taste a certain substance, phenylthiourea. This substance seems 
to some people to be very bitter, whereas to others it is quite tasteless. The 
inheritance of this character is determined by a single gene, transmitted by 
the pure Mendelian mechanism. 

Beadle has pointed out that it would be difficult to determine this 
character for a fruit fly, because of the difficulty of finding out whether the 
material seemed to be bitter or tasteless to this small animal. It is interesting 
in this connection to mention, however, that some investigators in Maryland 
thought that they would try to find out whether the substance was also either 
bitter or tasteless to rats, and they began a series of experiments with this in 
view. They discovered, instead, that the substance, while harmless to 
human beings, is very poisonous for rats, and, following up this line, they 
found that a closely related substance, a thiourea, is still more poisonous 
to rats. This substance is now finding extensive practical use as a rat poison. 

Another simple chemical gene in man is the one involved in the oxidation 
of phenylpyruvic acid. The chemical reaction of oxidizing this substance 
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is determined by an enzyme, the production of which depends upon a single 
gene. The ability to carry out this oxidation is a character that is inherited 
phenylketonurea, an invariable symptom of which is idiocy or imbecility. 

The viruses are vectors of disease that are still smaller than bacteria. 
Measles, smallpox, and many other diseases are caused by viruses. The 
study of their nature was difficult before the invention of the electron 
microscope, because the particles of viruses are too small to be seen in the 
ordinary microscope, using visible light. There is now strong evidence 
that the viruses, at any rate the simplest ones, may well be considered as 
being molecules rather than organisms that have the power of growth. That 
is, this form of life seems to consist of individual groups of atoms that do not 
change their nature, once that they are formed, but remain in existence for 
an indefinite period without change, in the same way that molecules may. 
This conclusion was suggested by the discovery by Wendell Stanley that 
viruses can be crystallized. In general the reason that a substance can form 
crystals is that its molecules are identical in shape and size, and so can be piled 
together in a regular arrangement. The crystallization of viruses by Stanley 
accordingly indicated that all of the individual particles of a virus are 
essentially identical with one another in shape and size. This conclusion 
has been verified, for the simpler viruses, by electron micrographs. The 
electron microscope has such a large resolving power that it is possible to 
see extremely small particles, containing only a few thousand atoms. The 
fundamental particles of, for example, the virus that causes mosaic disease 
in beans, are seen under the electron microscope to be nearly spherical in 
shape, and to be all of the same size. They can arrange themselves in a 
regular array, like a pile of marbles, producing a crystal. Each of these 
virus molecules contains about one million atoms. Although these 
molecules may not ordinarily carry out the processes of respiration of air 
and metabolism of foodstuffs that we usually associate with life, they have one 
important property that causes us to regard them as living, the property of 
producing progeny. When the virus invades the tissues of its host, it so 
influences the chemical reactions that are going on there as to cause the 
production of many molecules that are replicas of itself, and that are not 
produced in its absence. 
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This effect is shown in a striking way by the bacterial viruses, which 
prey upon the bacteria themselves. One molecule of a bacterial virus may 
infect a single bacterium, and cause it, after the lapse of a certain time, of 
the order of an hour, to burst open, liberating from its interior some hundreds 
of molecules that are identical with the molecule of bacterial virus that 
originally infected the bacterium. The bacterial virus molecule thus has the 
ability to influence the chemical reactions in the bacterium in a specific way. 
This is a property very similar to the property associated with genes them
selves, and it has indeed become difficult to make a sharp distinction between 
viruses and genes—the virus may be described as a gene that has escaped 
from the control of the parent organism. 

I have been especially interested in that aspect of biological specificity 
that is involved in the mechanism of protection of the body against disease. 
When we first become infected with the measles virus, we become ill. After 
a few days, however, the protective mechanism of the body has come into 
operation, and we recover from the disease—the symptoms of the disease 
were the result of the multiplication of the molecules of measles virus within 
our body, and the recovery is the result of the development of a police force 
that stops this multiplication. This police force consists of special molecules, 
formed in the cells of the body, and circulating in the blood stream. These 
molecules are antibodies, anti-measles antibodies, with the specific property 
of being able to combine with the measles virus and to prevent its redupli
cation. Other diseases also lead to the development of special antibodies 
to counteract them, and even foreign proteins generally, whether they are 
harmful or not, cause this process of production of special antibodies to 
become operative. 

The antibodies are closely related to a protein, normal gamma-globulin, 
which is present to the extent of about one per cent in the blood stream. The 
molecules of antibody against measles are not, however, identical with the 
molecules of normal gamma-globulin. They have instead a certain definite 
structure that permits them to combine with the molecules of measles virus. 
The specificity of antibodies is great—the antibodies that protect us against 
measles, causing us to be immune to this disease after a first attack, do not 
protect us against any other disease. In general we must build up an 
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immunity against each disease, either through exposure to the disease, which 
may cause a mild attack or a severe attack, or by some special process. In
oculation against diphtheria, typhoid fever, and other diseases, and vaccination 
against smallpox have in recent decades led to the avoidance of an immense 
amount of human suffering that would otherwise have occurred. 

The process of vaccination against smallpox consists of the introduction 
into the body not of the virus of smallpox itself, but instead of a few molecules 
that are closely similar in nature to smallpox virus. The similarity between 
these molecules, of vaccinia virus, and the molecules of smallpox virus is so 
great that the antibodies that are produced in response to the injection of 
vaccinia virus molecules have the power also of combining with smallpox 
virus, and preventing this virus from reduplicating itself. This very simple 
and sensible method of combating smallpox has reduced it from the terrible 
scourge that it once was to a rare disease, that can become important again 
in the civilized parts of the world only if we forget that vaccination is necessary 
to keep the disease under control. 

The example of the vaccinia virus molecules and smallpox molecules 
shows that the specificity of antibody molecules is not quite complete. How
ever, it is very great—in general the antibodies that are produced in response 
to the inoculation by a certain antigen, such as the molecules of a virus, have 
the power of combining with only that particular antigen, and with no others. 
Sometimes, if the molecules of two substances are very closely similar, the 
antibody against one substance may show some power of combining with 
the molecules of the other substance. For example, if a minute amount of 
hen albumin, the protein in egg white, is injected into a rabbit, the animal 
will in a few days produce a large number of molecules of antibody specific 
to hen egg albumin, and capable of forming a precipitate with it. This 
antibody does not have the power of combining with any other substances, 
any of the thousands of the different plant and animal proteins that are known, 
except the egg albumin of birds of very closely related species, such as the 
duck—but not even with the egg albumin of birds of more distant species, 
such as pigeon or ostrich. The antibodies that are produced by a rabbit in 
response to an injection of human hemoglobin have the power of combining 
with hemoglobin, but not with the hemoglobin molecules from any other 
animal, except the monkey. 
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When we think about the mechanism of manufacture of these specific 
antibodies, with the power of combining essentially only with the molecules 
of the antigen that were originally injected into the animal, we may consider 
two reasonable possibilities: first, that the power of producing these anti
bodies specific to the particular antigen, say, egg albumin, is a power that 
was developed in the course of evolution of the animal, as a means of protect
ing itself against hen egg albumin, and that this power is called into play by 
the first injection of the egg albumin ; and second, that the power is not a 
special one, developed in the course of evolution as a response to the partic
ular antigen, but is a general power, namely, the power of moulding the 
precursor of the antibody into a form suitable to any foreign substance, 
antigen, that may get into the animal body. Dr. Karl Landsteiner, of The 
Rockefeller Institute for Medical Research, carried out experiments to show 
that the second of these statements is the correct one. Dr. Landsteiner 
was the man who discovered the human blood groups, and made it possible 
for blood transfusions to be carried out safely. He found that he could 
cause animals to produce antibodies specific to chemical substances that were 
surely different from any that the animal or any of its ancestors in the course 
of evolution could have had contact with. One of the substances with which 
he carried out a large amount of work is a compound of arsenic, 
para-aminobenzenearsonic acid. Landsteiner caused the molecules of this 
substance to be attached to an ordinary protein, obtained from sheep serum, 
and injected this azoprotein into rabbits. In response to this injection 
rabbits produced antibodies with the specific power of combining with the 
benzenearsonic acid molecules. This power is shown by the ability of 
these antibodies to form a precipitate with any azoprotein containing benzene
arsonic acid groups, attached to a protein that might be different from that 
used in the original injection, or even to combine with benzene-arsonic acid 
itself, and simple derivatives of benzenearsonic acid. 

The explanation of the power of specific combination of antibodies 
with benzenearsonic acid and other antigens was proposed, in a general way, 
about eighteen years ago, by Breinl and Haurowitz5, Jerome Alexander6, and 
Stuart Mudd7. This explanation is that the antibody moulds itself to a 
portion of the antigen molecule, producing a combining region of the antibody 
that is complementary in structure to a portion of the antigen molecule. 
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All atoms attract all other atoms, with the general van der Waals electronic 
forces of attraction. These forces are weak in case that the atoms are far 
from one another, and strong only when they are essentially in contact. The 
forces between a few atoms in an antigen molecule and a few atoms in an 
antibody molecule would not be enough to produce a bond between the 
two molecules strong enough to resist the disrupting influence of thermal 
agitation of the molecules. If, however, the combining region of the antibody 
molecule is complementary in configuration to a portion of the surface of the 
antigen molecule, so that a large number of atoms of the antibody molecule 
are able to bring themselves into contact with corresponding atoms in the 
antigen molecule, then the integrated forces of attraction become large, 
enough to constitute a significant bond between the two molecules. Other 
types of intermolecular interaction—the formation of hydrogen bonds, 
and the forces of attraction between a positive charge and a complementary 
negative charge—may also contribute significantly, if the structures are 
complementary with respect to them also. It is clear that a good approx
imation of the combining region of the antibody to the surface of the antigen 
can be achieved only by having complementary structures, and if the surface 
of the antigen were changed by adding onto it a group of atoms even as much 
as one or two atomic diameters in size, this change might effectively prevent 
a large part of the combining region of the antibody from getting into 
satisfactory contact with the surface of the changed antigen, and thus prevent 
the formation of a significant bond. I t is in fact found that even so small a 
change as the replacement of one of the hydrogen atoms of the benzearsonic 
acid group by a chlorine atom, which is roughly 50% larger in size (diameter 
1.8 A for chlorine, 1.2 A for hydrogen), is enough to interfere with the 
combination of the molecules with the antibody homologous to the un-
substituted benzenearsonic acid. 

I t is possible to propose a reasonable mechanism for the manufacture 
of antibody. This mechanism is based upon the concept that a protein 
molecule is a very long chain of atoms, perhaps a thousand times as great 
in length as in diameter, which may coil up into a well-defined configuration. 
The precursor of gamma-globulin, as it is formed in the cells of the body, 
may be such a long chain, of such a nature that its end portions may coil up 
into any one of a large number of alternative configurations. In general 
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that configuration will be assumed by the molecule that is the most stable 
under the conditions of its coiling. If there is an antigen molecule present 
in the cell, the interaction of the atoms in the surface of the antigen molecule 
with the atoms of the chain of the gamma-globulin precursor will tend to 
cause this chain to coil into the configuration that is stabilized to the greatest 
amount by the forces of interaction with the antigen. This will be just the 
configuration that is complementary in structure to a portion of the surface 
of the antigen molecule ; that is, just the configuration that corresponds 
to the formation of a bond with the antigen.12,13 

This concept thus gives us an automatic method of producing a substance 
with a specific biological property, that of combining with the molecules of 
the antigen. The mechanism of obtaining this property is one of moulding 
a plastic material, the coiling chain, into a die or mould, the surface of the 
antigen molecule. I believe that the same process of moulding of plastic 
materials into a configuration complementary to that of another molecule, 
which serves as a template, is responsible for all biological specificity. I 
believe that the genes serve as the templates on which are moulded the 
enzymes that are responsible for the chemical characters of the organisms, 
and that they also serve as templates for the production of replicas of 
themselves. 

The detailed mechanism by means of which a gene or a virus molecule 
produces replicas of itself is not yet known. In general the use of a gene or 
virus as a template would lead to the formation of a molecule not with 
identical structure but with complementary structure. It might happen, 
of course, that a molecule could be at the same time identical with and 
complementary to the template on which it is moulded. However, this case 
seems to me to be too unlikely to be valid in general, except in the following 
way. If the structure that serves as a template (the gene or virus molecule) 
consists of, say, two parts, which are themselves complementary in structure, 
then each of these parts can serve as the mould for the production of a replica 
of the other part, and the complex of two complementary parts thus can serve 
as the mould for the production of duplicates of itself. In some cases the 
two complementary parts might be very close together in space, and in other 
cases more distant from one another—they might constitute individual 
molecules, able to move about within the cell. 
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Evidence supporting the idea of the existence of mutually complement
ary structures in living organisms is provided by reported experimental 
results. The late Professor F . R. Lillie of the University of Chicago found 
that there is contained in the gelatinous coats of eggs of the sea-urchin and 
other marine animals a material, called fertilizin, that has the property of 
agglutinating the sperm of the same species of animal.31 Thus the animals 
of this organism produce two substances, fertilizin and the material in the 
outside of the sperm, that have the power of combining with one another, 
and presumably are mutually complementary in structure. My colleague 
Professor Albert Tyler, at the California Institute of Technology, has also 
obtained from the interior of the egg of sea-urchins a substance, antifertilizin, 
that has the property of combining specifically with the fertilizin that is 
obtained from the gelatinous coat of the same eggs4. Antifertilizin has the 
power to agglutinate the egg from the interior of which it can be obtained, in 
the same way that an antibody specific to cells of a particular sort is able to 
agglutinate these cells. The presence of this pair of complementary substances 
in the same cell suggests strongly that other such pairs may be present, and 
that the presence of pairs of complementary substances may indeed be of 
fundamental importance to life. 

Professor Tyler has in fact found that there is present in the blood 
serum and in the liver of the Gila monster a substance that is able to combine 
with the toxic substance present in the venom secreted by this reptile. He has 
suggested that the poisonous substance, venom, and its complementary 
substance, antivenin, in combination, are produced by an organ, probably 
the liver, and are liberated into the blood stream ; and that the venom gland 
then effects a separation of the two, the venom accumulating in the gland and 
the antivenin being released into the blood stream. Professor Tyler has 
summarized the significance of these observations in the following words : 

" The view that cells are made up of constituents that bear the same 
sort of relation to one another as antigen and antibody leads to the 
inference that their origin is the result of the operation of the same kind 
of processes as are involved in antibody formation. For the formation of 
immune antibodies there is now fairly general acceptance of the views of 
Breinl and Haurowitz (5), Alexander (6), and Mudd (7) which have been 
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extended and experimentally supported by Pauling (3,8). These views 
involve the incorporation of antigen in the site of synthesis of serum 
globulin so that, under an orienting influence of the antigen, the new 
globulin that is formed bears regional structural configurations that are 
complementary to specific regions of the antigen. We add to this the 
inference that, in the absence of foreign, introduced antigen, the 
normal globulin is complementary to structures normally present at 
the site of synthesis. Similarly, then, any of the macromolecular 
constituents synthesized in a cell would be complementary to the sub
stances comprising the sites of synthesis. Since growth consists 
primarily in the formation of such substances that comprise the 
integral structure of the cell, we may regard the mechanism of the 
process of growth to be essentially analogous to that manifested in 
antibody formation. For the increase of self-duplicating bodies such 
as genes, one may invoke the formation of substances that are both 
complementary and identical, as Pauling and Delbruck (9) have done, 
or the formation of an intermediate template which Emerson (10) 
lists as an alternative possibility." 

Progress in the understanding of the molecular basis of serological 
reaction and related biological phenomena in which molecules interact 
specifically with one another has been very rapid in recent years, and we 
may hope confidently that a great deepening of our understanding will be 
obtained as the result of the work of scientists in the near future. This 
progress will not be of value only in satisfying our curiosity ; it will, instead, 
surely lead to significant practical results, especially in the battle against 
disease. During the first half of the present century the workers in the 
field of medical research have won out in the battle against most of the 
infectious diseases. The diseases of childhood — diphtheria, measles, 
scarlet fever, whooping cough—are no longer the scourges they once were, 
the death rate from them being as low as one-twentieth of those of three 
decades ago. It is the degenerative diseases—heart disease and related 
diseases of the kidney and periphero-vascular system, and cancer—that 
now are the leading causes of death of human beings. The problem of 
attacking these diseases is made most difficult because of the lack of complete 
understanding of their nature, and even of the nature of the human organism 
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itself, in terms of molecular structure. When once we know what the 
molecular architecture of the proteins and other large molecules that carry 
out the physiological activity of the human body is, what the relation of the 
structure of these molecules is to that of the vectors of disease, and of the 
drugs, such as penicillin and the sulpha drugs, that serve effectively in pro
tecting us against infectious disease, what changes in molecular architecture 
are associated with the degenerative diseases—then we can attack the problem 
of the degenerative diseases in an effective way, using the methods of attack 
that are suggested by this knowledge. The study of molecular structure is as 
important a part of medical research as is the work of the clinical investigator 
in the hospital. We may have confidence that, through the joint efforts of 
these research men, working in different fields, further great progress will 
be made, leading to a great increase in the well-being and happiness of man. 
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The nucleic acids, as constituents of living organisms, are comparable in 
importance to the proteins. There is evidence that they are involved in 
the processes of cell division and growth, that they participate in the trans
mission of hereditary characters, and that they are important constituents 
of viruses. An understanding of the molecular structure of the nucleic 
acids should be of value in the effort to understand the fundamental phe
nomena of life. 

We have now formulated a promising structure for the nucleic acids, by 
making use of the general principles of molecular structure and the avail
able information about the nucleic acids themselves. The structure is not 
a vague one, but is precisely predicted; atomic coordinates for the principal 
atoms are given in table 1. This is the first precisely described structure for 
the nucleic acids that has been suggested by any investigator. The struc
ture accounts for some of the features of the x-ray photographs; but de
tailed intensity calculations have not yet been made, and the structure can
not be considered to have been proved to be correct. 

The Formulation of the Structure.—Only recently has reasonably complete 
information been gathered about the chemical nature of the nucleic acids. 
The nucleic acids are giant molecules, composed of complex units. Each 
unit consists of a phosphate ion, HPO4 , a sugar (ribose in the ribonucleic 
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acids, deoxyribose in the deoxyribonucleic acids), and a purine or pyrimidine 
side chain (adenine, guanine, thymine, cytosine, uracil, 5-methylcytosine). 
The purine or pyrimidine group is attached to carbon atom 1' of the sugar, 
through the ring nitrogen atom 3 in the case of the pyrimidine nucleotides,1 

and the ring nitrogen atom 9 in the case of the purine nucleotides.2 Good 
evidence has recently been obtained as to the nature of the linkage between 
the sugar and the phosphate, through the investigations of Todd and his 
collaborators;3 it seems likely that the phosphate ester links involve carbon 
atoms 3 ' and 5' of the ribose or deoxyribbse. New chemical evidence that 
the natural ribonucleosides have the /3-D-ribofuranose configuration has also 
been reported by Todd and his collaborators,4 and spectroscopic evi
dence indicating that the deoxyribonucleosides have the same configuration 
as the ribonucleosides has been obtained.6 The /S-D-ribofuranose configura
tion has been verified for cytidine by the determination of the structure of 

TABLE 1 

ATOMIC COORDINATES FOR NUCLEIC ACID 
ATOM 

P 
Oi 

On 

o,' 
Oa' 

c c c c c/ 

p 

2 . 6 5 A 
2.00 
2.00 
3.72 
3.72 
3.4 
3.2 
3 .8 
5.3 
5.3 

* 
0.0° 

28.3° 
- 2 8 . 3 ° 

13.5° 
- 1 3 . 5 ° 

35.3° 
51.6° 
74.6° 
70.3° 
58.2° 

Z 

0 .00A 
- 0 . 6 7 

0.67 
0.93 

- 0 . 9 3 
0.7 
1.9 
1.55 
1.75 
2 .8 

ATOM 

0 / 
O. ' 
N3 

C4 

c5 
c6 
N6 

N, 
C2 

o2 

p 

4 . 4 A 
6.1 
6.7 
7.85 
9.1 
9.35 

10.7 
8.45 
7.05 
6.35 

Identity distance along z axis = 27.2 A. 
Twenty-four atoms of each kind, with cylindrical coordinates (right-handed axes). 
p, tf>+ «-105.0°, « - 3 . 4 0 + z; p, 0 + re • 105.0° + 120°, n -3.40 + z; p,<t> + n -105.0° + 

240°,»-3.40 + z,- n = 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 . 

the crystal by x-ray diffraction; cytidine is the only nucleoside for which a 
complete x-ray structure determination has been reported.6 

X-ray photographs have been made of sodium thymonucleate and other 
preparations of the nucleic acids by Astbury and Bell.7' 8 It has recently 
been reported by Wilkins, Gosling, and Seeds9 that highly oriented fibers of 
sodium thymonucleate have been prepared, which give sharper x-ray 
photographs than those of Astbury and Bell. Our own preparations have 
given photographs somewhat inferior to those of Astbury and Bell. In the 
present work we have made use of data from our own photographs and 
from reproductions of the photographs of Astbury and Bell, especially those 
published by Astbury.10 Astbury has pointed out that some information 
about the nature of the nucleic acid structure can be obtained from the 
x-ray photographs, but it has not been found possible to derive the structure 
from x-ray data alone. 

4> 2 

45.4° 
81.0° 
52.8° 
59.3° 
55.2° 
46.9° 
44 .9° 
39.9° 
41.5° 
32.4° 

2 . 6 5 A 
2 .1 
2 .8 
2 .8 
2 .8 
2 .8 
2 .8 
2 .8 
2 .8 
2 .8 
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A configuration of polypeptide chains in many proteins is the a helix.11 

In this structure the amino-acid residues are equivalent (except for dif
ferences in the side chains); there is only one type of relation between a 
residue and neighboring residues, one operation which converts a residue 
into a following residue. Through the continued application of this opera
tion, a rotation-translation, the a helix is built up. It seems not unlikely 
that a single general operation is also involved in the construction of 
nucleic acids, polynucleotides, from their asymmetric fundamental units, 
the nucleotide residues. The general operation involved would be a rota
tion-reflection, and its application would lead to a helical structure. We 
assume, accordingly, that the structure to be formulated is a helix. The 
giant molecule would thus be cylindrical, with approximately circular cross 
section. 

Some evidence in support of this assumption is provided by the electron 
micrographs of preparations of sodium thymonucleate described by 
Williams.12 The preparation seen in the shadowed electron micrograph is 
clearly fibrous in nature. The small fibrils or molecules seem to be circular 
in cross-section, and their diamete'r is apparently constant; there is no evi
dence that the molecules are ribbon-like. The diameter as estimated from 
the length of the shadow is 15 or 20 A. Similar electron micrographs, 
leading to the estimated molecular diameter 15 ± 5 A, have been obtained 
by Kahler and Lloyd.13 Also, estimates of the diameter of the molecules 
of native thymonucleic acid in the range 18 to 20 A have been made14, ls 

on the basis of sedimentation velocity in the ultracentrifuge and other phys-
icochemical data. The molecular weights reported are in the range 1 
million to 4 million. 

The x-ray photographs of sodium thymonucleate show a series of equa
torial reflections compatible with a hexagonal lattice. The principal equa
torial reflection, corresponding to the form 10 0, has spacing 16.2 A or 
larger, the larger values corresponding to a higher degree of hydration of the 
substance. The minimum value,7 16.2 A, corresponds to Ihe molecular 
diameter 18.7 A. From the average residue weight of sodium thymonu
cleate, about 330, and the density, about 1.62 g. cm."3, we calculate that 
the volume per residue is 338 A.3 The cross-sectional area per residue is 
303 A2; hence the length per residue along the fiber axis is about-1.12 A. 

The x-ray photographs show a very strong meridional reflection, with 
spacing about 3.40 A. This reflection corresponds to a distance along'the 
fiber axis equal to three times the distance per residue. Accordingly, the 
reflection is to be attributed to a unit consisting of three residues. 

If the molecule of nucleic acid were a single helix, the reflection at 3.4 A. 
would have to be attributed to a regularity in the purine-pyrimidine se
quence, or to some other structural feature causing the three nucleotides in 
the structural unit to be different from one another. It seems unlikely 
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that there is a structural unit composed of three non-equivalent nucleotides. 
The alternative explanation of the x-ray data is that the cylindrical 

molecule is formed of three chains, which are coiled about one another. 
The structure that we propose is a three-chain structure, each chain being a 
helix with fundamental translation equal to 3.4 A, and the three chains 
being related to one another (except for differences in the nitrogen bases) 
by the operations of a threefold axis. 

FIGURE 1 

A .group of three phosphate tetrahedra near the axis of the 
nucleic acid molecule. Oxygen atoms are indicated by full 
circles and phosphorus atoms by dashed circles. 

The first question to be answered is that as to the nature of the core of the 
three-chain helical molecule—the part of the molecule closest to the axis. 
I t is important for stability of the molecule that atoms be well packed to
gether, and the problem of packing atoms together is a more difficult one 
to solve in the neighborhood of the axis than at a distance away from the 
axis, where there is a larger distance between an atom and the equivalent 
atom in the next unit. (An example of a helical structure which seems to 
satisfy all of the structural requirements except that of close packing of 
atoms in the region near the helical axis is the 5.2-residue helix of polypep
tide chains. This structure seems not to be represented in proteins, whereas 
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the similar a helix, in which the atoms are packed in a satisfactorily close 
manner about the axis, is an important protein structure.) There are three 
possibilities as to the composition of the core: it may consist of the purine-
pyrimidine groups, the sugar residues, or the phosphate groups. I t is 
found by trial that, because of their varied nature, the purine-pyrimidine 
groups cannot be packed along the axis of the helix in such a way that suit
able bonds can be formed between the sugar residues and the phosphate 
groups; this choice is accordingly eliminated. I t is also unlikely that the 
sugar groups constitute the core of the molecule; the shape of the ribo-
furanose group and the deoxyribofuranose group is such that close packing 
of these groups along a helical axis is difficult, and no satisfactory way of 
packing them has been found. An example that shows the difficulty of 
achieving close packing is provided by the polysaccharide starch, which 
forms helixes with a hole along the axis, into which iodine molecules can 
fit. We conclude that the core of the molecule is probably formed of the 
phosphate groups. 

A close-packed core of phosphoric acid residues, HPO4 , can easily be 
constructed. At each level along the fiber axis there are three phosphate 
groups. These are packed together in the way shown in figure 1. Six 
oxygen atoms, two from each tetrahedral phosphate group, form an octahe
dron, the trigonal axis of which is the axis of the three-chain helical molecule. 
A similar complex of three phosphate tetrahedra can be superimposed on 
this one, with translation by 3.4 A along the fiber axis, and only a small 
change in azimuth. The neighborhood of the axis of the molecule is then 
filled with oxygen atoms, arranged in groups of three, which change their 
azimuthal orientation by about 60° from layer to layer, in such a way as to 
produce approximate closest packing of these atoms. 

The height (between two opposite edges) of a phosphate tetrahedron is 
about 1.7 A. If the same distance were preserved between the next oxygen 
layers, the basal-plane distance along the fiber axis would be 3.4 A. This 
value is the spacing observed for the principal meridional reflection. 

I t is to be expected that the outer oxygen atoms of the complex of three 
phosphate groups would be attached to the ribofuranose or deoxyribo
furanose residues, and that the hydrogen atom of the HPO4 residues 

FIGURE 2 

Figure 2 (left). A 24-residue 7-turn helix representing a single polynucleotide chain 
in the proposed structure for nucleic acid. The phosphate groups are represented by 
tetrahedra, and the ribofuranose groups by dashed arcs connecting them. 

FIGURE 3 

Figure 3 (right). One unit of the 3-chain nucleic acid structure. Eight nucleotide resi
dues of each of the three chains are included within this unit. Each chain executes 3'/s 
turns in this unit. 
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would be attached to one of the two inner oxygen atoms, and presumably 
would be involved in hydrogen-bond formation with another of the inner 
oxygen atoms, of an adjoining phosphate group. The length of the O-H 
• • • O bond should be close to that observed in potassium dihydrogen phos
phate, 2.55 A. The angle P—O—H should be approximately the tetrahe-
dral angle. I t is found that the spacing 3.4 A is not compatible with this 
bond angle, if the hydrogen bonds are formed between one phosphate group 

FIGURE 4 

Perspective drawing of a portion of the nucleic acid structure, showing the phosphate 
tetrahedra near the axis of the molecule, the (3-D-ribofuranose rings connecting the tetra-
hedra into chains, and the attached purine and pyrimidine rings (represented as purine 
rings in this drawing). The molecule is inverted with respect to the coordinates given 
in table 1. 

and a group in the layer above or below it. Accordingly we assume that 
hydrogen bonds are formed between the oxygen atoms of the phosphate 
groups in the same basal plane, along outer edges of the octahedron in 
figure 1. 

The maximum distance between the oxygen atoms 3 ' and 5' of a ribo-
furanose or deoxyribofuranose residue permitted by the accepted structural 
parameters (C—C = 1.54 A, C—O = 2.43 A, bond angles tetrahedral, with 
the minimum distortion required by the five-membered ring, one atom of 
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the five-membered ring 0.5 A from the plane of the other four, as reported 
by Furberg6 for cytidine) is 4.95 A. It is found that it is very difficult to 
assign atomic positions in such a way that the residues can form a bridge 
between an outer oxygen atom of one phosphate group and an outer oxygen 
atom of a phosphate group in the layer above, without bringing some atoms 
into closer contact than is normal. The atomic parameters given in Table 

One 
- 0 . 9 3 

FIGURE 5 

A plan of the nucleic acid structure, showing four of the phosphate groups, one ribo-
furanose group, and one pyrimidine group. 

1 represent the best solution of this problem that we have found; these 
parameters, however, probably are capable of further refinement. The 
structure is an extraordinarily tight one, with little opportunity for change 
in position of the atoms. 

The phosphate groups are unsymmetrical: the P—O distance is 1.45 A 
for the two inner oxygen atoms, and 1.60 A for the two outer oxygen atoms. 
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which are involved in ester linkages. This distortion of the phosphate 
group from the regular tetrahedral configuration is not supported by direct 
experimental evidence; unfortunately no precise structure' determinations 
have been made of any phosphate di-esters. The distortion, which cor
responds to a larger amount of double bond character for the inner oxygen 
atoms than for the oxygen atoms involved in the ester linkages, is a reason-

FIGURE 6 

Plan of the nucleic acid structure, showing several nucleotide residues. 

able one, and the assumed distances are those indicated by the observed 
values for somewhat similar substances, especially the ring compound 
S3O9, in which each sulfur atom is surrounded by a tetrahedron of four 
oxygen atoms, two of which are shared with adjacent tetrahedra, and two 
unshared. The O—O distances within the phosphate tetrahedron are 2.32 
A (between the two inner oxygen atoms), 2.46 A, 2.55 A, and 2.60 A. The 
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hydrogen-bond distance is 2.50 A, and each phosphate tetrahedron has two 
O—O contacts at 2.50 A, with tetrahedra in the layer above. The group of 
three phosphate tetrahedra in each layer is obtained from that in the layer 
below by translation upward by 3.40 A, and rotation in the direction cor
responding to a left-handed screw by the azimuthal angle 15°. Thus there 
are strings of phosphate tetrahedra that are nearly superimposed, and 
execute a slow twist to the left. These strings are not connected together 
into a single polynucleotide chain, however. The sugar residues connect 
each phosphate group with the phosphate group in the layer above that is 
obtained from it by the translation by 3.40 A and rotation through the 
azimuthal angle 105°, in the direction corresponding to a right-handed 
screw, as shown in figure 2. This gives rise to a helical chain, with pitch 
11.65 A, and with 3.43 residues per turn of the helix. The chain has an 
identity distance or approximate identity distance of 81.5 A, corresponding 
to 24 nucleotide residues in seven turns, as shown in figure 3. The three 
chains of the molecule interpenetrate in such a way that the pitch of the 
triple helix is 3.88 A, and the identity distance or approximate identity 
distance is 27.2 A, corresponding to eight layers (see also Figs. 4, 5, and 6). 

The structure requires that the sugar residues have the /3-furanose con
figuration; steric hindrance would prevent the introduction of purine or 
pyrimidine groups in the positions corresponding to the a configuration. 
The planes of the purine and pyrimidine residues may be perpendicular or 
nearly perpendicular to the axis of the molecule. This causes these groups 
to be superimposed in layers that execute a slow left-handed turn about the 
molecule, the distance between the planes of successive groups being 3.4 A. 
The orientation of the groups is accordingly that required by the observed 
strong negative birefringence of the nucleic acid fibers. The assignment of 
the sense of the helical molecules corresponding to the right-handed screw is 
required by the nature of the structure (the packing of the atoms near the 
axis, and the absolute configuration of the sugar, as given by the recent 
experimental determination16 that absolute configurations are correctly 
given by the Fischer convention). 

The structure bears some resemblance to the structures that have been 
suggested earlier, and described in a general way, without atomic coordi
nates. Astbury and Bell7 suggested that the nucleic acid molecule consists 
of a column of nucleotide residues, with the purine and pyrimidine groups ar
ranged directly above one another, in planes 3.4 A apart. Astbury10 con
sidered the possibility that the nucleotides are arranged in a spiral around 
the long axis of the molecule, and rejected it, on the grounds that it does not 
lead to a sufficiently close packing of the groups, as is required by the high 
density of the substance. He pointed out that it is unlikely that adjacent 
molecules could interleave their purine and pyrimidine residues in such a 
way as to lead to the high density. Our structure solves this problem by 
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the device of intertwining three helical polynucleotide chains, in such a 
way that there are three nearly vertical purine-pyrimidine columns, con
sisting of purine and pyrimidine'residues from the three chains in alternation. 
Furberg17 suggested two single helical configurations, each resembling in a 
general way one of our, helical polynucleotide chains, but his structures in
volve orientations of phosphate tetrahedra and the ribofuranose rings that 
are quite different from ours, and it is doubtful that three chains with either 
of the configurations indicated in his drawing could be intertwined. 

0.00 0.10 

sin 9 
0.20 0.30 

FIGURE 7 

The calculated x-ray form factor F and its square F2 for equatorial 
reflections of nucleic acid. 

The proposed structure accounts moderately well for the principal fea
tures of the x-ray patterns of sodium thymonucleate and other nucleic acid 
derivatives. The spacing 3.40 A between successive layers of three nucle
otides along the molecular axis is required to within about 0.10 A by the 
structural parameters of the nucleotides. The prediction that the helixes 
have 24 nucleotide residues per turn, corresponding to identity distance 
8 X 3.4 A in the direction of the fiber axis, is in good agreement with the 
fact that the x-ray diagrams can be reasonably well indexed by placing the 
3.4 A meridional reflection on the eighth layer line. The formula of Cochran, 
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Crick, and Vand18 for the form factor for helical structures requires that the 
orders of Bessel functions for the successive layer lines from 0 to 8 be 0, 3, 
6, 9, 12, 9, 6, 3, and 0. The layer-line intensities agree satisfactorily with 
this prediction, in the region from layer line 4 to layer line 8. There is an 
unexplained blackening near the meridian for layer lines 2 to 4, which, 
however, differs in nature for sodium thymonucleate and clupein thymo-
nucleate, and which probably is to be attributed to material between the 
polynucleotide chains. 

The distribution of intensity along the equator can be accounted for 
satisfactorily. In figure 7 there are shown the calculated form factor in the 
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The symbol p in column 5 is the frequency factor for the form. 
° The observed intensity values and interplanar distances are those reported by Ast-

bury and Bell. 
6 The reflection covers the angular range corresponding to interplanar distances 4.0 

to 4.4 A, and may arise in part from overlapping from the adjacent layer lines. 

equatorial direction, and the square of the form factor. I t is seen that the 
form factor vanishes at a spacing of about 8 A, and has a maximum in the 
region near 5 A. Calculated intensities, given in table 2, are obtained by 
making a correction for interstitial material, at the coordinates 1/3 2/3 and 
2/3 1/3, the amount of this material being taken as corresponding in scatter
ing power to 1.5 oxygen atoms per nucleotide residue. There is reasonably 
satisfactory agreement with the experimental values; on the other hand, 
similar agreement might be given by any cylindrical molecule with approxi
mately the same diameter. A comparison of observed and calculated radial 
distribution functions would provide a more reliable test of the structure; 
this comparison has not yet been carried out. 
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It is interesting to note that the purine and pyrimidine groups, on the 
periphery of the molecule, occupy positions such that their hydrogen-bond 
forming groups are directed radially. This would permit the nucleic acid 
molecule to interact vigorously with other molecules. Moreover, there is 
enough room in the region of each nitrogen base to permit the arbitrary 
choice of any one of the alternative groups; steric hindrance would not in
terfere with the arbitrary ordering of the residues. The proposed structure 
accordingly permits the maximum number of nucleic acids to be constructed, 
providing the possibility of high specificity. As Astbury has pointed 
out, the 3.4-A x-ray reflection, indicating a similar distance along the axis of 
the molecule, is approximately the length per residue in a nearly extended 
polypeptide chain, and accordingly the nucleic acids are, with respect to 
this dimension, well suited to the ordering of amino-acid residues in a pro
tein. The positions of the amino-acid residues might well be at the centers 
of the parallelograms of which the corners are occupied by four nitrogen 
bases. The 256 different kinds of parallelograms (neglecting the possibility 
of two different orientations of each nitrogen base) would permit consider
able power of selection for each position. 

(Added in proof.) Support of the assumed phosphorus-oxygen distances 
in the phosphate di-ester group is provided by the results of the deter
mination of the structure of ammonium tetrametaphosphate.19' 20 In this 
crystal there are P4O12 complexes, consisting of four tetrahedra each of 
which shares two oxygen atoms with other tetrahedra. The phosphorus-
oxygen distance is 1.46 A for the oxygen atoms that are not shared, and 
1.62 A for those that are shared. These values are to be compared with 
the values that we have assumed, 1.45 A for the inner oxygen atoms 
(which are not shared), and 1.60 A for the outer ones, which have bonds to 
carbon atoms. 

This investigation was aided by grants from The National Foundation for 
Infantile Paralysis and The Rockefeller Foundation. 
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INTRODUCTION 

Three years ago a novel structure was suggested for deoxyribonucleic 
acids (DNA) by Watson and Crick (1-3). The proposed structure is of 
extraordinary interest because it involves a detailed complementariness 
of two intertwined polynucleotide chains. The possibility that a detailed 
complementariness in structure is operative in the process of duplication 
of genes had been suggested earlier by Pauling and Delbruck (4), as a 
result of the consideration of the strong evidence supporting the idea 
that an antigen molecule and a homologous antibody molecule have 
mutually complementary structures. 

In the Watson-Crick structure there is assumed to be at every level of 
the polynucleotide chain (every 3.4 A. along the molecular axis) a nitro
gen base (adenine, guanine, thymine, or cytosine) for each of the two 
helical polynucleotide chains. The two nitrogen bases at each level form 
a complementary pair, assumed by Watson and Crick to be held to
gether by two hydrogen bonds. Watson and Crick pointed out that the 
structures of the four nitrogen bases are such as to permit complementary 
pairs to be formed in four ways: adenine-thymine, thymine-adenine, 
guanine-cytosine, and cytosine-guanine; in each case they assumed that 
two hydrogen bonds are formed between the two residues. Adenine and 
guanine are purines, and thymine and cytosine are pyrimidines; there is 
one purine and one pyrimidine in each complementary pair. The authors 
pointed out (2, 3) that a postulate about the duplication of genes is pro
vided by this model of DNA: the two polynucleotide chains of the double 
helix could separate from one another, and each could then serve as the 
template for the synthesis of a duplicate of the other. 

164 
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These considerations are so attractive, and the problem is so impor
tant, that we have thought it worth while to analyze the available ex
perimental information about the detailed molecular structure of the 
pyrimidines and purines. Not many reliable x-ray determinations of the 
structure of crystals of these substances have been made, and at the 
present time only tentative conclusions can be reached as to the probable 
interatomic distances and bond angles in the residues of adenine, thy
mine, guanine, and cytosine in the polynucleotide chains of DNA. Con
sideration of the available evidence has, however, permitted us to reach 
the conclusion that cytosine and guanine should form three hydrogen 
bonds with one another, rather than two, as suggested by Watson and 
Crick. Adenine and thymine are able to form only two hydrogen bonds 
with one another; hence our suggestion of a change in the detailed nature 
of the hydrogen bonds that can be formed by these pairs of molecules is 
such as to correspond to a higher degree of specificity than indicated by 
the considerations of Watson and Crick, rather than a lower degree of 
specificity, and it thus strengthens the arguments presented by these 
authors as to the possible role of complementariness in structure of two 
DNA polynucleotide chains in the process of duplication of the gene. 

INTERATOMIC DISTANCES AND BOND ANGLES IN 

PYRIMIDINES AND PURINES 

Reasonably reliable structure determinations have been reported for 
crystals of four pyrimidines. The intramolecular and interatomic dis
tances and bond angles for the four molecules are given in Fig. 1, 2, 3, 
and 4. 

In Fig. 1 the molecule of 2-amino-4,6-dichloropyrimidine is repre
sented, as determined by Clews and Cochran (5). These authors also 
studied the isomorphous substance 2-amino-4-methyl-6-chloropyrimi-
dine; the molecule of this substance has essentially the same dimensions 
as those of the dichloropyrimidine. The interatomic distances shown in 
Fig. 1 are not those reported by the authors, but are the values calculated 
from the atomic parameters that they give in their paper; the distances 
as calculated from the parameters differ by as much as 0.05 A. from those 
reported by the authors, and the bond angles differ by as much as 6°. 
Except for those in Fig. 12, the distances and bond angles reported for 
the other substances discussed below are those given by the respective 
authors; some of them have been checked by us. 

The molecule of 4-amino-2,6-dichloropyrimidine is represented in 
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FIG. 1. A drawing showing the dimensions of the molecule of 2-amino 
dichloropyrimidine as determined by x-ray crystal analysis. 

1.770 

FIG. 2. A drawing showing the dimensions of the molecule of 4-amino-2 
dichloropyrimidine as determined by x-ray crystal analysis. 
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Fig. 2, and that of 5-bromo-4,6-diaminopyrimidine in Fig. 3, both as 
determined by Clews and Cochran (6). The structure of the molecule of 
uracil is shown in Fig. 4, as determined by Parry (7). 

As was pointed out by the investigators, these studies provide impor
tant information about the location of the hydrogen atoms. For each 

1.89 

© 
FIG. 3. A drawing showing the dimensions of the molecule of 5-bromo-4,6 

diaminopyrimidine as determined by x-ray crystal analysis. 

1.230 

Fio. 4. A drawing showing the dimensions of the molecule of uracil as 
determined by x-ray crystal analysis. 
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substance there are alternative structures, involving no hydrogen atoms 
attached to the two ring nitrogen atoms, a hydrogen atom attached to 
one of these nitrogen atoms, or in some cases hydrogen atoms attached 
to both of these nitrogen atoms. If hydrogen atoms are not attached to 
either of the ring nitrogen atoms, the Kekul6 structures, with 
three double bonds in the ring, would be expected to make a larger con
tribution to the electronic structure of the molecule than if hydrogen 
atoms were attached to these atoms. Clews and Cochran (6) reported 
that they were able to locate the hydrogen atoms in 4-amino-2,6-di-
chloropyrimidine by means of a three-dimensional Fourier synthesis, 
and that they found the hydrogen atoms to be attached to the amino 
nitrogen atom, and not to the ring nitrogen atoms. There is additional 
evidence supporting the assumption that in the substances represented 
in Figs. 1, 2, and 3 the ring nitrogen atoms are free of attached hydrogen 
atoms, and the Kekule" structures make a large contribution to the elec
tronic structures of the molecules. The expected C—N distance in the 
ring is 1.32 A., in case that the Kekule" structures predominate; it would 
be somewhat large if the double bonds tend to be formed between ring 
carbon atoms and side-chain atoms. The average value of the four dis
tances in the ring for the three molecules represented in Figs. 1, 2, and 3 
is 1.32 A., as expected for an aromatic ring. 

On the other hand, the average value of the four C—N distances in the 
ring of uracil, Fig. 4, is 1.36 A., which is significantly larger, and suggests 
that there is a large amount of double-bond character between the carbon 
atoms 2 and 6 in the ring and the attached oxygen atoms. More
over, the C—O interatomic distances in uracil, 1.241 and 1.230 A., corre
spond to a large1 amount of double-bond character, approximately 60%. 

We reach the conclusion, accordingly, that in uracil the hydrogen 
atoms are attached to the ring nitrogen atoms; that is, that uracil has 
a double keto structure: 
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The bond angles provide interesting information. In the substances of 
Figs. 1, 2, and 3 the bond angles for the ring nitrogen atoms average 
113°, the range being 110° to 115°. Inasmuch as the six bond angles of 
the ring must average 120°, the bond angles for carbon are greater, ap
proximately 124°. We may ask why there is such a great difference, about 
10°, in the bond angles for the nitrogen atoms and the carbon atoms in 
an aromatic ring. The answer can be given by a consideration of bond 
orbitals. Each of the carbon atoms is forming four bonds: two cr-bonds in 
the ring, a ir-bond in the ring, and a <r-bond outside of the ring. The or
bitals for these bonds are sp3 hybrid orbitals, and the bond angles may 
be expected to be the normal ones for a tetrahedral atom. The normal 
value of the angle between a single bond and a double bond for a tetra
hedral atom is 125°16', which is 5° greater than the value 120° for ben
zene. The nitrogen atoms in the ring, on the other hand, form three bonds 
—two (r-bonds and a x-bond in the ring—and have an unshared electron 
pair in the valence shell. The greater stability of a 2s orbital occupied by 
an electron than of a 2p orbital will cause the orbital occupied by 
the unshared pair to have a large amount of s character, leaving only a 
small amount of s character for the bond orbitals. There is no independent 
information about the value of a bond angle to be expected between a 
single bond and a double bond when the bond orbitals have largely p 
character, but in general it is found that bond angles are determined 
mainly by the nature of the a-bonds. We can accordingly make a com
parison of the bond angles between single bonds, in order to make a pre
diction. The bond angle between two spz tetrahedral single bonds is 
109°28', and that between two pure p bonds is 90°. We accordingly expect 
that the angle between a single bond and a double bond of a ring nitrogen 
atom in an aromatic molecule (without a hydrogen atom attached to the 
nitrogen atom) would tend to be approximately 19° less than the value 
of the tetrahedral bond angle between a single bond and a double bond; 
that is, about 106°, which is 19° less than 125°16'. The observed difference 
between the nitrogen bond angles and the carbon bond angles in these 
molecules is not so great, but clearly indicates a tendency for the bond 
angle of the carbon atoms to approach the tetrahedral value and for that 
of the nitrogen atoms to approach a value considerably less than 120°. 

The foregoing argument is supported by recently reported experi
mental values for bond angles in s-triazine (8) and s-tetrazine (9). In 
s-triazine, C3N3H3, the molecule is planar and has trigonal symmetry. 
The bond angle NCN is found to haye the value 126.8 ± 0.4°, and the 
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bond angle CNC to have the value 113.2 ± 0.4°. The C—N distance is 
reported to be 1.319 ± 0.005 A., in agreement with the value 1.32 A. 
mentioned above. The bond angles N—C—N and C—N—N in s-tetra-
zine are reported to be 127.4 ± 0.7° and 115.9 ± 0.7°, respectively. 

On the other hand, the situation is much different in uracil, as shown 
in Fig. 4: here the bond angle at the two nitrogen atoms is 124°, and at 
the carbon atoms 118°, on the average. The diketo structure written 
above for uracil provides an explanation of the fact that in this molecule 
it is the nitrogen atoms that have larger bond angles than 120°, and the 
carbon atoms smaller, whereas in the other pyrimidines the carbon atoms 
have the larger angles and the nitrogen atoms the smaller. Each of the 
nitrogen atoms in uracil has a hydrogen atom attached to it; its bond 
orbitals are accordingly sp3 orbitals, and the angle in the ring would be 
expected to have the tetrahedral value, 125°16', for the angle between 
a single bond and a double bond. On the other hand, the carbon atoms 
2 and 6 are to a large extent forming single bonds within the ring, and 
their ring bond angles would be expected to approach the single-bond 
value 109°28'. 

We can understand that the hydrogen atoms in uracil are attached 
not to oxygen, but rather to the ring nitrogen atoms, in the light of the 
considerable acidity of aromatic hydroxy groups and basicity of ring 
nitrogen atoms of aromatic heterocycles. On the other hand, the aromatic 
amino group has only very low acidity, and can be expected to retain 

FIG. 5. A drawing showing the dimensions of the molecule of adenine as deter
mined by x-ray analysis of crystals of adenine hydrochloride hemihydrate. 
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its hydrogen atoms. The general conclusion may be reached that amino 
groups attached to a pyrimidine ring retain their hydrogen atoms, 
whereas one or two oxygen atoms attached to the ring are held by double 
bonds. 

Another crystal structure determination of a pyrimidine has been 
reported (10). We have chosen not to present any discussion of this sub
stance, 4,6-dimethyl-2-hydroxypyrimidine, because values of the atomic 
parameters are not given in the paper. 

The dimensions of the molecules of two purines are given in Figs. 5 
and 6. Figure 5 is from the investigation of adenine hydrochloride hemi-
hydrate by Cochran (11), following an earlier study by Broomhead (12), 
and Fig. 6 from that of guanine hydrochloride monohydrate (13), by 
Broomhead. 

These molecules, like those of the pyrimidines, are planar to within 
the experimental error of the structure determinations. The bond dis
tances and bond angles are reasonable. The oxygen atom of guanine is 
indicated not to have a hydrogen atom attached to it both by the C—O 
distance, 1.20 A., and the ring bond angle of the carbon atom, 108°. The 
nitrogen atom Ni has bond angle 126° or 127° in each of the two sub
stances, whereas the other nitrogen atom in the six-membered ring, N s , 
has bond angle 113° or 114°. We might interpret these values as 
indicating clearly that there is a hydrogen atom attached to N i , but no 
hydrogen atom attached to N 3 . 

FIG. 6. A drawing showing the dimensions of the molecule of guanine as deter
mined by x-ray analysis of crystals of guanine hydrochloride monohydrate. 
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FIG. 7. A drawing of the crystal structure of 2-amino-4,6-dichloropyrimidine. 
Hydrogen bonds are indicated by dashed lines. 

XPo eft) tft) , 
• i - i - r i i 

0 K A P Q A#P 
rfb' ££& # # C^l 

j ^ ^—^ ^—^ 309'. ~ I J2-( 
\ * r - » -

o p x«% %@ Hb , 

FIG. 8. A drawing of the crystal structure of 4-amino-2,6-dichloropyrimidine. 
Hydrogen bonds are indicated by dashed lines. 
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I t is probable that there is a small error in the parameters determining 
the position of the oxygen atom; it is unlikely that the two bond angles 
of the C—0 bond and the adjacent bonds in the ring should differ so much 
as the reported values, 136° and 116°. 

Drawings showing the arrangement of molecules in crystals and giving 
the values of hydrogen-bond distances for these four pyrimidines and 
two purines are shown in Figs. 7-13. 
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FIG. 9. A drawing of the crystal structure of 5-bromo-4,6-diaminopyrimidine 
viewed parallel to the molecular layers. Hydrogen .bonds are indicated by dashed 
lines. 
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FIG. 10. A drawing of the crystal structure of 5-bromo-4,6-diaminopyrimidine 

viewed perpendicular to the molecular layers. Hydrogen bonds are indicated by 
dashed lines. 
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FIG. 11. A drawing of the crystal structure of uracil. Hydrogen bonds are 

indicated by dashed lines. 
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FIG. 12. A drawing of the crystal structure of adenine hydrochloride hemi-

hydrate. Hydrogen bonds are indicated by dashed lines. The dimensions were cal
culated from the coordinates given by Cochran (11). 
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a sin $ 
F I G . 13. A drawing of the crystal s t ructure of guanine hydrochloride 

monohydrate . Hydrogen bonds are indicated by dashed lines. 

The hydrogen bonds formed by the predominantly aromatic molecules 
represented in Figs. 7, 8, and 10 are those between a ring nitrogen atom 
without a hydrogen atom and an amino group. The observed distances 
range from 2.96 to 3.37 A. Similar hydrogen bonds for purines, with 
values 2.99 and 3.08 A., are shown in Figs. 12 and 13. 

The N—H- • -0 hydrogen bonds in uracil (Fig. 11) have lengths 2.81 
and 2.86 A. A similar bond in guanine (Fig. 13) is reported to be 2.62 A. 
long. The other hydrogen bonds represented in Figs. 12 and 13 are those 
with water molecules; their lengths are between 2.82 and 3.27 A. 

COMPLEMENTARY PURINE-PYRIMIDINE STRUCTURES 

The information provided by these investigations and by reasonable 
arguments based upon considerations of electronic structure permit the 
discussion of complementary structures between adenine and thymine 
and between guanine and cytosine. Drawings of reasonable structures of 
the four molecules are given in Figs. 14-17. In making these drawings 
the C—C distances in the rings have been taken uniformly as 1.40 A. The 
C—N distances in the ring have been taken as 1.32 A. if the nitrogen atom 
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To chain 

FIG. 14. A drawing showing the molecule of thymine with dimensions derived 
from x-ray studies of purines and pyrimidines. The point of attachment to a poly
nucleotide chain is indicated. 

To chain 

FIG. 15. A drawing showing the molecule of cytosine with dimensions derived 
from x-ray studies of purines and pyrimidines. The point of attachment to a poly
nucleotide chain is indicated. 

*The value 1.55 A. was given, through an error, 
as 1.59 A. in the published paper. 
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kTo chain 
FIG. 16. A drawing showing the molecule of adenine with dimensions derived 

from x-ray studies of purines and pyrimidines. The point of attachment to a poly
nucleotide chain is indicated. 

»To chain-
FIG. 17. A .drawing showing the molecule of guanine with dimensions derived 

from x-ray studies of purines and pyrimidines. The point of attachment to a poly
nucleotide chain is indicated. 
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has an unshared pair, and 1.36 A. if it forms a bond outside the ring; 
some small variations from these values have been made, as indicated by 
consideration of the resonating bond structures. The bond angle for a 
nitrogen atom with an unshared pair in a six-membered ring has been 
taken as 113°, and that for a nitrogen atom with a bond outside the ring 
as 123°, with corresponding values for the carbon atoms; in some cases 
the requirements of geometry have permitted only a rough approxima
tion to these values. The bond angles in the five-membered rings have 
been taken as having minimum deviations from 108°. The two bond 
angles of a bond outside a ring and the two bonds in a ring have been 
taken as equal. 

Structures of the two complementary pairs are shown in 
Figs. 18 and 19. The hydrogen-bond distances have been selected to ap
proximate those discussed in the preceding paragraphs. I t has been found 
that, as shown in the figures, adenine and thymine can form two hydro
gen bonds, with, of course, exactly the assumed distances, and guanine 
and cytosine can form three hydrogen bonds, involving only a small 
deviation from the expected distances. The two N—H • • • O distances in 

FIG. 18. A drawing showing how molecules of adenine and thymine may form 
a complementary pair held together by two hydrogen bonds. 
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Fig. 19 have been taken as 2.93 A*This requires the N—H • • • N hydrogen 
bonds to have the length 2.96 A., which is within the range 2.96-3.37 A. 
observed for pyrimidine crystals. 

We think that there is no doubt that the guanine-cytosine pair involves 
three hydrogen bonds, and we may conclude that the difference between 
this pair and the adenine-thymine pair, with two hydrogen bonds, is 
such as to introduce greater specificity in the action of a polynucleotide 
as a template than was indicated by the considerations of Watson and 
Crick, who had assumed that two hydrogen bonds are formed in each 
case. 

An important requirement of the Watson-Crick structure is that the 
distance between the two deoxyribose carbon atoms, one in each of the 
two chains, be the same for the two complementarj'- pairs, permitting 
replacement of one pair by the other, and also that the angle formed by 
the line connecting these two carbon atoms with the bond between one 
of the carbon atoms and the purine nitrogen atom be equal to the corre
sponding angle formed with the bond between the other carbon atom 
and the pyrimidine nitrogen atom, and that these angles be the same 

F I G . 19. A drawing showing how cytosine and guanine may form a 
complementary pair held together by three hydrogen bonds. * 

*The distances 2.93 A. and 2.96 A. appeared in the 
published paper as 2.90 A. and J.00 A., respectively; 
the changed values were found to be correct on 
remeasurement. 
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for the two pairs. The structural considerations illustrated in Figs. 18 
and 19 provide satisfactory substantiation of the statement made by 
Watson and Crick that these qualifications are satisfied. The distance 
between the two deoxyribose carbon atoms connected by the purine-
pyrimidine pair is found from the drawing of Fig. 18 to be 11.1 A., and 
the corresponding distance from Fig. 19 is 10.8 A. The four angles be
tween these lines and the bonds are 50°, 51°, 52°, and 54°. The distances 
are close enough to one another to permit their being made equal by 
small deformation, and similarly the angles are nearly equal to the av
erage angle; we estimate that the strain energy involved would be less 
than 50 cal./mole. If the N—H • • • 0 distance in Fig. 18 is increased to 
2.90 A., both angles become 52° and the distance between the two de
oxyribose carbon atoms decreases to 11.0 A. 

A number of other types of hydrogen-bonded interactions between 
purines and pyrimidines have been discussed recently by Donohue (14). 
In the absence of evidence indicating that these structures occur in nature 
and of thoroughly reliable information about the dimensions of the mole
cules, we have not thought it worth while to carry out a detailed metrical 
study of these structures. 

The uncertainties in the structure determinations of purines and py
rimidines described in this paper are such as to indicate that further 
careful studies of crystals of these substances should be made. 

SUMMARY 

From crystal structure data for purines and pyrimidines it is concluded 
that in Watson and Crick's structure for DNA cytosine and guanine 
should form three hydrogen bonds. This conclusion strengthens the argu
ments of Watson and Crick as to the role of complementariness of struc
ture of two DNA polynucleotide chains in the duplication of the gene. 
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The complete amino acid sequences (primary structure) of hemoglobins can, 
in principle, be determined by methods currently available. Although detailed 
studies of the primary structure of human and horse hemoglobins are in progress 
in several laboratories,1 the methods are so laborious that complete sequences have 
not yet been established. Important questions in the realm of genetics and evolu
tion require the immediate examination of the structure, primary and other, of 
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many different hemoglobins. The application of methods that are quicker, though 
less informative and reliable, than the techniques required for complete sequence 
determination is therefore in order as a provisional means of securing useful infor
mation. Such a method is the analysis of peptide patterns obtained by combined 
paper electrophoresis and chromatography of tryptic hydrolysates of denatured 
hemoglobin.2 Of particular interest are comparisons between hemoglobin com
ponents present in (a) organisms of one animal species at a given time in develop
ment, (b) organisms of one species at different stages of development, and (c) 
organisms of different species. The present paper is concerned exclusively with the 
last type of comparison. In order to scan the range of variation of hemoglobin 
structure throughout evolution, hemoglobins from a number of animals both closely 
and distantly related to man have been selected and compared as to tryptic peptide 
patterns with human hemoglobin A. Whole hemoglobin preparations from adult 
animals have been studied throughout. The problem of individual heterogeneity 
will be treated elsewhere. 

Materials and Methods.—Ape bloods3" were anticoagulated and transported in 
Alsever's solution. The apes studied included two lowland gorillas (Gorilla gorilla), 
two chimpanzees (Pan troglodytes), and three orangutans (Pongo pygmaeus). 
Erythrocytes from Rhesus monkeys (Macaca mulatto) were obtained from clotted 
blood.36 Heparinized porcine and bovine bloods were secured during bleedings at 
Los Angeles slaughter houses. Heparinized bloods were obtained from the marine 
lungfish, Pimelometopon pulcher (sheepshead), and from the cartilaginous fish 
Cephaloscyllium uter (swell shark).30 Blood was also obtained from a live specimen 
of Lepidosiren paradoxa (Dipneust, South American fresh water lungfish).8C' d 

Contamination of the latter blood by tissue fluid was unavoidable. Blood of the 
Pacific hagfish, Polistotrema stouti, was also examined.4 Coelomic cells (hemoglobin 
cells) were obtained from Urechis caupo (Echiurid marine "worm")6 collected at 
low tide from mud fiats near the Kerckhoff Marine Laboratory at Corona del Mar, 
California.3' 

In general, the hemoglobin preparations examined were from single individuals. 
However, in the case of Urechis single as well as pooled samples of coelomic cells 
were used without apparent differences. Only a pooled sample of blood from 
twelve hagfish was examined. All of the animals studied were judged to be adults 
either from their size or their known age. The youngest apes were one orangutan 
2 years old and one gorilla 2 years old. Peptide patterns of their hemoglobins 
were indistinguishable from those of older individuals of the same species. The 
Lepidosiren, 14 inches long, was at a minimum 8 months of age, and might be con
sidered a subadult. 

The erythrocytes were washed four times with cold 0.9% NaCl with the ex
ception of Pimelometopon and Cephaloscyllium cells, which were washed with 1.2% 
NaCl.6 The red cells from hagfish were washed with chilled 3 % NaCl and the 
coelomic cells of Urechis with 3.2% NaCl. Washing with 0.9% NaCl led to con
siderable hemolysis in the case of the fresh water fish Dipneust. 

The washed cells were hemolyzed in a standard fashion with distilled water and 
toluene7 with the exception of Urechis, where ether was used instead of toluene. 
The washed red cells of hagfish were stored for one day at 4°C before lysing. A 
major portion of the hemoglobin obtained was insoluble possibly due to acidifica-
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tion during storage. The peptide pattern shown below was obtained from the 
remaining soluble fraction. After lysis, each sample was centrifuged at high speeds 
in order to remove solid debris and the toluene phase. The resulting hemoglobin 
solutions were saturated with carbon monoxide and dialyzed for a week against 
distilled water saturated with carbon monoxide (three changes of water with the 
ratio of hemoglobin solution to water of the order of 1:100). This prolonged dialy
sis was employed to permit the flocculation of non-hemoglobin proteins.6 A crystal 
of thymol was added to one Urechis preparation in order to eliminate the possibility 
of the formation of peptides by bacterial contamination. No differences were 
found in the peptide patterns obtained with and without thymol. 

With species closely related to man the hemoglobin concentration in the final 
preparation could be assayed approximately by the use of spectrophotometric 
constants established for human hemoglobins. In other species the quantities of 
material to be used on peptide patterns were estimated roughly from the consump
tion of sodium hydroxide during tryptic digestion. 

Hydrolysis with trypsin of heat-denatured hemoglobin preparations was per
formed at constant pH using a Radiometer automatic titrator as a pH-stat. The 
hydrolyses were carried out at 40°C at pH 8.0 in the presence of Ca ion (0.01 M) 
with an enzyme to hemoglobin ratio of between 1 and 2% by weight (Worthington 
twice crystallized trypsin). Ninety minutes was allowed for the hydrolysis except 
in the case of the apes, where the digestion was stopped after sixty minutes. 

Those tryptic peptides which are soluble at pH 6.5 were analyzed by a combina
tion of electrophoresis and chromatography on paper. These peptide patterns 
were obtained essentially as specified by Ingram2 except that the voltage rate was 
900-1,000 V for a duration of 3l/i hours. In general, a human control sample 
was run as a pair mate with every animal hemoglobin in order to have a reference 
pattern for each unknown. Even with such parallel determinations, the spreading 
occurring during electrophoresis was not always identical. The polarity of the 
electrophoretic field is marked on each pattern and the point of application of the 
sample is designated by a cross (+)• The peptide spots resulting from tryptic 
hydrolysis of human hemoglobin have been assigned arbitrary numbers by Ingram.2 

This convention has been employed in the present study. The neutral band region 
is comprised of peptide spots 1 through 7. These peptides do not migrate to any 
extent in the electric field, but do move some from the point of application due to 
fluid movement. Phenylalanine and lysine have been added as reference spots at 
least on one pattern in the case of every species. Chromatography was ascending 
in direction and the peptides were detected mainly by their reaction with ninhydrin. 
The Sakaguchi8 test for arginine and the cinnamaldehyde9 reaction for trypophan 
were also employed. Patterns from each species were obtained at least in triplicate. 

Results.—Figure 1 is a peptide pattern of human hemoglobin A as currently 
obtained in our laboratories. A diagram indicating the peptide spot numbering 
system is also included. 

Figure 2 shows peptide patterns from three different apes (gorilla, chimpanzee, 
and orangutan) and one monkey (Rhesus). The gorilla, chimpanzee, and human 
patterns are almost identical in appearance. In the case of the gorilla peptide 
patterns, spot numbers 12 and 24 both appear to be double. In humans the pep
tides that make up these two spots are from the beta chain. No difference was 
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FIG. 1.—A tryptic peptide pattern of adult human hemoglobin and its schematic representation. 

The spots are numbered according to the convention introduced by Ingram.2 The site of spot 26 
is shown on the diagram, although not seen on the pattern represented. The locations of four 
hitherto undescribed spots usually found on patterns obtained in our laboratories are indicated. 
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PRIMATE HEMOGLOBINS 

Human Chimpanzee 

Gorilla Orangutan Rhesus Monkey 
F I G . 2.— Tryptic peptide patterns of primate hemoglobins. The circled spot on the Rhesus 

monkey pattern represents phenylalanine added two and a half inches to the anodal side of the 
point of application of the peptide mixture. 

observed between two gorillas, one male and one female. Spots 12 and 24 also 
seem to be double in the peptide patterns of chimpanzee. In addition, extra 
material may be present in the 15-16 region. In humans at least four major 
peptides are present in this region.1 Two chimpanzees, both females, were found 
to have identical patterns. Of course further differences between these two types 
of apes and humans may be discovered upon the analysis of the individual pep
tides or the study of the protein residue which remains insoluble after hydrolysis 
with trypsin. 

The difference from human patterns is somewhat greater for orangutan peptide 
patterns than for the patterns of the two apes just mentioned. In two orangutans 
(one male and one female) spots 12 and 24 are double. The third orangutan 
(female), whose pattern is illustrated in Figure 2, was observed to have single 12 
and 24 spots. Further differences between the patterns of the individual orangu
tans are not apparent; however, each differs from human patterns by an apparent 
increase in peptides in the 15-16 region. The orangutans also differ from humans 
and the other two apes studied by the appearance of two new spots, one anodal to 
spot 20 and the other cathodal and below spot 10. The latter does not appear 
to be the same as spot 9 of human. All of the spots containing arginine and trypto
phan are the same as in human. 

Spot 12 is absent in the peptide patterns of Rhesus monkey hemoglobin. A 
new spot, possibly representing a modification of the peptide of spot 12, is present 
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just below the 12 region. The new spot, like 12 from human, contains tryptophan. 
In another individual Rhesus monkey, whose pattern is not presented, spot 12 
and the new spot are both present simultaneously. Patterns of both monkeys also 
reveal another spot on the cathodal side of the 2, 3, and 4 region. Spot 7 is absent 
or modified (almost fused with 6). Other differences may be present in the neutral 
band region, which is poorly resolved. 

The human spot 26, which contains arginine and is derived from the beta chain, 
is not always seen because of poor color production with ninhydrin. The exist
ence of this spot can, however, be ascertained by the Sakaguchi test for arginine. 
The primate patterns presented do not show spot 26, either because it did not react 
with ninhydrin. or because it migrated off the paper during electrophoresis. By 
undimensional electrophoresis and the application of the Sakaguchi test the presence 
of arginine in the ^one corresponding to human peptide 26 has been ascertained in 
all the primates examined. 

I 
vp 

Cow Pig 

FIG. 3.—Tryptic peptide patterns of bovine and porcine hemoglobins. 

Tryptic peptide patterns of bovine and porcine hemoglobins are presented in 
Figure 3. Cow and pig belong to the same order. In many respects these patterns 
appear similar to human patterns. However, the differences are numerous and 
striking. 

In bovine and porcine hemoglobin, sequence val-leu has been found to be N-ter-
minal in one of the polypeptide chains.10 Both hemoglobins therefore contain 
alpha chains, according to the terminology introduced by Rhinesmith, Schroeder, 
and Martin.11 However, the cow alpha chain is different in several respects from 
the human alpha chain. Although the chains have not yet been separated, the 
peptide patterns indicate that the alpha chain peptides 5, 10, and 17 are absent from 
bovine patterns, while the alpha chain peptides 12, 13, 18 and an alpha component 
of spot 16, detected by a positive Sakaguchi test, are present.1,12 Although the 
second chain by definition is not a beta chain,10- n the human beta chain spots 
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12 and 19 are seen clearly. The human pure beta spots 2, 4, 14 (as ascertained by a 
negative reaction with cinnamaldehyde) and 25 are absent. 

The porcine alpha chain may be somewhat more similar to the human alpha 
chain since the alpha spots 10, 13, and 18 are seen, and the presence of the alpha 
spots 11, 17, and 23 is suspected. The presence of an alpha-component in the 
composite spot 15 is likely because of a positive cinnamaldehyde test, and the 
presence of an alpha-component in the composite spot 16 is indicated by a posi
tive Sakaguchi test. The alpha spot 5 is absent. Among the beta spots, 14 (cin
namaldehyde positive), 26 (Sakaguchi positive), 4, 19, 24, and possibly 25 are 
present; while 12 is absent. Like bovine hemoglobin, porcine hemoglobin does 
not contain beta chains; however, there are a number of tryptic peptides similar 
to those from the human beta chain observed. 

The composite human spots 13-14, 15-16, 20 and 21 as well as the lysine spot 22 
(arising from both a and £ chains1) are seen in pig as well as in cow. Thus the 

Bony Fish LcffiQfisft 

# 

Shark 
FIG. 4.—Tryptic peptide patterns of "fish" hemoglobins. The circled 

spot on the shark pattern represents phenylalanine added two and a half 
inches to the anodal side of the point of application of the peptide 
mixture. 

apparent similarities between bovine and human patterns are in many respects the 
same as those noted between porcine and human; however, the differences are not 
the same. From three independent pattern studies of the same bovine sample it 
appears that many of the new spots are slightly on the anodal side of the neutral 
band region, whereas in porcine patterns most of the new spots are on the cathodal 
side. Arginine is present in at least two of the new porcine peptides, one neutral 
and one acidic. 
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Spot 12, as stated, and as confirmed by cinnamaldehyde tests, is absent from 
pig, but present in the cow. The decapeptide1 that accounts for this spot in humans 
may have undergone independent alteration (mutation?) at different times. 
In pig, a novel tryptophan peptide is found in the upper neutral region. It may 
correspond to an altered peptide No. 12. 

The three fish from which peptide patterns have been obtained (Fig. 4) belong 
to entirely different groups which modern systematicians do not unite under 
the heading of a single class. None of the three patterns is similar to the patterns 
of human hemoglobin. In the bony fish (Pimelometopon), spot 22 is present as 
are spots 18 and 19, which in humans are dipeptides.1 Possibly spots 24 and 25 
and some material in the regions of 4 and 15 are common to human and Pimelo
metopon. The remaining spots appear to be different from human. Three spots 
containing tryptophan are seen with no analogy in human hemoglobin. One other 
spot at the base of the neutral band resembles a similarly located spot on pig pat
terns in that it gives a blue rather than purple color with ninhydrin and a positive 
Sakaguchi test. In the shark (Cephaloscyttium), spot 22 is again present as are 
probably spots 4, 5, and 7. A spot is present in the region of peptide 12, but differs 
from spot 12 as shown by the absence of tryptophan. Spots 18 and 19 are absent as 
well as spots 20 and 21. Four peptides containing tryptophan are seen with no 
analogy in human or in Pimelometopon. 

In the case of the peptide patterns of lungfish (Lepidosiren) hemoglobin, spot 
22, (lysine, identified by position and shade of color) is present. Spots 19 and 23 
may also be present. The absence of spots 20 and 21 appears to be characteristic 
of all three types of fish. Three Sakaguchi-positive peptides are seen in the middle 
and upper neutral band region and one cinnamaldehyde positive peptide adjacent 
to the lower part of the neutral band. None of these are present in human. Among 
the vertebrates examined, Lepidosiren hemoglobin may be the one with the least 
number of primary structural traits in common with human hemoglobin. 

There may be some peptides in common between Cephaloscyllium and Pimelo
metopon, notably one Sakaguchi-positive spot in the upper neutral band and some 
between Cephaloscyllium and Lepidosiren. Pimelometopon and Lepidosiren appear 
to have only one ninhydrin spot in common beyond the lysine spot, No. 22. 

The Cyclostomes are the most primitive group of living vertebrates, although 
they are very specialized. The molecular weight of those Cyclostome hemoglobins 
that have been studied is reported to be one quarter13' 14 of the molecular weight 
of other vertebrate hemoglobins. Therefore it might be presumed that these 
Cyclostome hemoglobins are composed of single polypeptide chains. Because direct 
estimates of the molecular weight of Polistotrema hemoglobin are not available, an 
ultracentrifuge study was made.18 The soluble fraction of our Polistotrema hemo
globin (see Materials and Methods) appeared to sediment as a single component with 
an s2o, a of 1.9. This value, in the case of hemoglobin from the related Petromyzon, 
has been interpreted by others14 to correspond to a molecular weight of approxi
mately 23.600. However, the peptide pattern of Polistotrema hemoglobin shown in 
Figure 5 may not represent a single kind of polypeptide chain because two major 
and possibly some minor hemoglobin components were shown to be present by 
starch gel electrophoresis.16 

It is not possible to make definite statements about the similarities between 
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Polistotrema and other patterns in the region of the neutral band because of in
complete resolution of the Polistotrema spots. Except possibly for the neutral 
band region and the lysine spot, the Polistotrema peptide pattern has no feature in 
common with human, lungfish, or shark patterns. One or two spots in the bony 
fish pattern appear similar to spots in the Polistotrema pattern. 

In order to test the range of variation in hemoglobins in general, a peptide pat
tern of a single invertebrate, the Echiurid "worm" Urechis was studied (Fig. 6). 
In this group the hemoglobins are intracellular, as in the vertebrates. The heavily 
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F I G . 5.—Tryptic peptide pattern of 
hagfish hemoglobin. The circled spots 
represent phenylalanine and lysine respec
tively added at the point of application of 
the peptide mixture. 

F I G . 6.—Tryptic peptide pattern of 
hemoglobin from an Echiurid "worm." 
Most of the spots in the neutral band, as 
well as the one indicated by the arrow, are 
not tryptic peptides (see text). 

loaded neutral band region obtained has been shown to contain many amino acids17 

that are not the result of tryptic hydrolysis. The spots on the cathodal side of the 
neutral band, with the exception of the one indicated by the arrow, were found to be 
from Urechis hemoglobin. The latter conclusion was obtained by comparing, 
peptide patterns of the total undigested hemoglobin preparation with the un
digested supernatant obtained after heat denaturation and centrifugation of the 
precipitate. The only spot identified with any certainty is spot 22. All other 
Urechis spots appeared to be without a match in human. 

Discussion.-—Peptide patterns as obtained by the present technique do not yield 
unequivocal information for several reasons: (a) spots found in identical locations 
may not represent identical peptides, (b) single spots may contain more than one 
peptide, (c) a single peptide, through partial secondary alteration or because 
of incomplete splitting into two peptides, may give rise to more than one spot, 
and (d) a significant part of the hemoglobin molecule (about one third in human 
A, S, and F18) is not broken down by trypsin sufficiently to become soluble, and 
accordingly is not represented on tryptic peptide patterns. 

Although, in view of (d), all findings must be substantiated by the examination 
of the undigested core, observations (a), (6), and (c) do not seriously impair the 
conclusion that Primate and human hemoglobins are very similar, especially 
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gorilla, chimpanzee and human. There is no doubt that the identification of indi
vidual spots needs to be based on data more specific than position, shape, and 
(sometimes) color shade of the ninhydrin-developed spots, or even reaction with 
reagents specific for certain amino acid residues. However, when two complex 
peptide patterns look similar as a whole the probability that most of the spots 
actually represent identical or highly similar sequences becomes high. 

That chimpanzee should be extremely close to man while orangutan and Rhesus 
monkey are somewhat more distant when examined by hemoglobin peptide pat
terns is in accord with serological data.19 On the other hand, while human hemo
globin strongly crossreacts with Rhesus monkey hemoglobin, it has been observed 
not to do so with porcine hemoglobin and only exceptionally crossreacts with 
cattle hemoglobin.20 The similarity between human and Primate hemoglobins sug
gests that these hemoglobins probably have not been modified extensively since 
the times of their common ancestor. I t is possible that the genes for the a and 0 
chains of a normal adult human hemoglobin are more stable than the mutated 
genes formed from them by simple mutations, and that the mutated genes often 
undergo back-mutation to the more stable normal genes. In addition to natural 
selection, the thermodynamic stability of the genes themselves may be an impor
tant factor in determining the distribution of alleles in a population. Our results 
indicate that stable hemoglobin genes had been developed before the separation 
of humans and anthropoids from their common stock. 

The idea that the normal genes have greater thermodynamic stability than their 
mutant alleles, and that in consequence the mutant alleles have a greater mutation 
rate than the normal genes, provides an explanation of the fact that some of the 
abnormal hemoglobins have their abnormalities at the same site.21 The alleles 
corresponding to one site may represent one mutant from the normal gene and 
other alleles formed by second mutations from this mutant, and involving its 
unstable site. 

Human adult hemoglobin peptide patterns actually differ more from human 
fetal patterns than from adult gorilla and chimpanzee patterns. In view of the 
theory of recapitulation it would not appear paradoxical that an adult organism 
should be in a sense a more distant "relative" of its own embryo than of other 
closely related adult organisms. Adaptative factors in response to the environment 
may play an equally important role in establishing the differences. In the only 
animal examined (sheep) fetal hemoglobin differs from adult hemoglobin in molecu
lar shape.22 

As one gets further away from the group of Primates, the amount of primary 
structure that is shared with human hemoglobin decreases. Different primary 
structures may be compatible with rather constant tertiary structures.23 The 
limits to this statement remain to be investigated. 

The observation that pig and human on one hand and steer and human on the 
other show to a large extent apparent identity of the same peptides but diverging 
differences for the others may again indicate the existence in the hemoglobin 
molecule of zones more prone to mutation than others, or of zones where the oc
curring mutations are more liable to be preserved by natural selection. Part of 
the Primate pattern may have evolved relatively early in mammalian history, if not 
before, while another part may have varied more frequently throughout the groups. 
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Sections of both the alpha and beta chains, or of chains taking their place, appear 
to be involved. So far there is no evidence that one of the chains remains more 
stable through evolution than the other. 

Firm conclusions about the partial stability of chains are premature before the 
sequence of each of the tryptic peptides that are common to different hemoglobins 
is determined. On the basis of a chance distribution of amino acids in the hemo
globin molecule, it is evident that the smaller the peptide, the greater the chance 
of finding it in different species. The presence of spot 22 seems to be the only 
trait shared by all hemoglobins. Because 22 is pure lysine, this only means that in 
all of the hemoglobins examined there is, in at least one place, a lysine next to 
another lysine or an arginine. In human hemoglobin a lys-lys sequence has been 
found to occur in both the alpha and beta chains.1 The frequently seen spots 18 
and 19 are dipeptides.1 Spots 20 and 21 are a tetrapeptide and a pentapeptide, 
respectively, which are closely related.1 It is true that some of the spots that may 
be common to pig, steer, and human (spots 10, 11, 24, and 25) contain much higher 
peptides. 

However, the significance of the similarities observed between pig, steer, and 
human hemoglobins is increased by the observation that many of these similarities 
are not shared by the three fish and none of them (except the lysine spot) by the 
Cyclostome and the Urechis "worm." The three "fish" patterns differ among 
themselves considerably more than the mammalian patterns examined. Although 
shark and bony fish as well as shark and lungfish hemoglobins may share a small 
number of tryptic peptides, bony fish patterns appear about as dissimilar from 
lungfish as from human patterns. The findings are consistent with the view that 
these "fish" belong to widely divergent evolutionary lines. 

Unless a greater constancy were found in the undigested core than in the rest 
of the molecule, no large tryptic peptide would be constant throughout the verte
brate series. Thus, most of the hemoglobin molecule, at least in the portion solu-
bilized by trypsin, has been subject to successful mutation at some time during 
vertebrate evolution. Successful mutations in each tryptic peptide region have 
probably occurred more than once considering the differences between groups of 
fish and between Cyclostomes and fish. This observation, to be sure, does not 
exclude the existence of preferential sites of (successful) mutation. But such sites, 
if they exist, must be distributed throughout the molecule and not be concentrated 
in any one part of it, in contradistinction to what has so far been observed with 
insulin.24 
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I. Generalities 

A. T H E NOTION OF MOLECULAR DISEASE AND ITS FIELD 

OF APPLICATION 

Life is a relationship between molecules, not a property of any 
one molecule. So is therefore disease, which endangers life. While 
there are molecular diseases, there are no diseased molecules. At the 
level of the molecules we find only variations in structure and phys-
icochemical properties. Likewise, at that level we rarely detect any 
criterion by virtue of which to place a given molecule "higher" or 
"lower" on the evolutionary scale. Human hemoglobin, although 
different to some extent from that of the horse (Braunitzer and 
Matsuda, 1961), appears in no way more highly organized. Molec
ular disease and evolution are realities belonging to superior levels 

1 Contribution No. 2774 from the Gates and Crellin Laboratories of Chemis
try, California Institute of Technology, Pasadena, California. 

2 On leave from the Centre National de la Recherche Scientifique, Paris. 
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of biological integration. There they are found to be closely linked, 
with no sharp borderline between them. The mechanism of molecular 
disease represents one element of the mechanism of evolution. Even 
subjectively the two phenomena of disease and evolution may at 
times lead to identical experiences. The appearance of the concept 
of good and evil, interpreted by man as his painful expulsion from 
Paradise, was probably a molecular disease that turned out to be 
evolution. Subjectively, to evolve must most often have amounted 
to suffering from a disease. And these diseases were of course 
molecular. 

Relationships between molecules, which define states of health 
and disease, may be altered by environmental factors, or by factors 
of aging, or by inherited internal factors. The two last types of fac
tors are partly the same, inasmuch as aging is itself determined by 
genetic factors. The two first types of factors are also partly the 
same, inasmuch as aging is due to the cumulative effect of external 
agents. The term molecular disease in its more restricted sense, the 
only useful one, relates to the third type of factors, to altered rela
tionships between molecules traceable to altered genes. 

To the extent to which we have grounds to believe today that 
inheritance is linked to nucleic acids and that the primary products 
of nucleic acids, beside perhaps other nucleic acids, are proteins and 
no other types of molecules, the notion of molecular disease relates 
exclusively to the inheritance of altered protein and nucleic acid 
molecules. Abnormal glycogens, for instance (Cori, 1954), are to be 
traced to abnormal enzymes, proteins responsible for their production. 

The abnormal nucleic acid and the abnormal protein produced 
under its control represent two aspects of the same reality. A great 
many more protein molecules are present at a given time than nucleic 
acid molecules responsible for their production, and this is one of the 
reasons why it is much easier at the moment to study the phenomenon 
of molecular disease from the protein end. 

An abnormal protein causing molecular disease has abnormal 
enzymatic or other physicochemical properties. Changes in such 
properties are necessarily linked to changes in structure. I t seems 
unwarranted at the present time to draw a basic distinction between 
two types of structural changes as causes of molecular disease, change 
in folding of the polypeptide chains and changes in the sequence of 
amino acids, the building stones of the chains. I t becomes increas
ingly probable that the changes in spatial configuration (conforma-
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tion) are direct expressions of changes in sequence (Crick, 1958; 
Mizushima and Shimanouchi, 1961). Therefore a molecular disease 
can probably be denned at the molecular level in a way that is poten
tially complete by determining the alteration of the amino-acid 
sequence of a protein (or the nucleotide sequence in the correspond
ing nucleic acid). This statement applies of course to a given intra
cellular and extracellular environment. If there are changes in the 
environment, the spatial configuration of a protein may be altered 
without any change in amino-acid sequence and a pathological con
dition may ensue. Such a change in environment results either from 
external influences, which do not concern us here, or ultimately from 
the change in amino-acid sequence in other proteins, to which the 
molecular disease must then be traced. 

B. MOLECULAR DISEASE, EVOLUTION, AND ENVIRONMENT 

The study of molecular diseases leads back to the study of muta
tions, most of which are known to be detrimental. All loss mutations in 
a broad sense of the word—involving either the total loss of a protein 
or the loss of protein function through a structural alteration of the 
protein—are molecular diseases. Loss mutations, on the other hand, 
are among the conditions of adaptation of the organism to changes 
in its environment and adaptation, the conditions of evolution. A 
loss of function, when compatible with survival thanks to the nature 
of the environment, may make cellular energy and genie raw mate
rials available for the acquisition of new functions. More highly 
evolved organisms have lost powers of synthesis that more primitive 
organisms possess (Lwoff, 1943). I t thus appears possible that there 
would be no evolution without molecular disease. A maintenance of 
molecular health, although in the interest of the individual, is 
opposed to evolution. However, only a small fraction of the molecular 
diseases that occur are used by and turned into evolution. 

A bacterium that loses by mutation the ability to synthesize a 
given enzyme has a molecular disease. The first heterotrophic organ
isms suffered from molecular diseases, of which they cured them
selves by feeding on their fellow creatures. At the limit, life itself is 
a molecular disease, which it overcomes temporarily by depending 
on its environment. Every vitamin we need today bears testimony 
to a molecular disease our ancestors contracted sometimes hundreds 
of millions of years ago. These molecular diseases are not experienced 
as such under normal circumstances, because our environment con-
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stantly supplies palliative drugs. Conversely, if phenylalanine hap
pened to be present only in low amounts in our usual diet, the muta
tion leading to phenylketonuria, characterized by the inability to 
convert toxic amounts of phenylalanine into tyrosine, would also 
not be experienced as a molecular disease, whereas it actually is one 
under the prevailing circumstances. We might say that evolution is 
based in part on the appearance of molecular diseases whereof the 
environment can cure the symptoms. Since our remote ancestors 
must have been autotrophic, we may consider ourselves as degener
ate autotrophic organisms. Whereas, in order to achieve superiority, 
it is not sufficient to be degenerate, it is however necessary. 

In many cases the notion of molecular disease is thus closely 
linked to the nature of the environment. I t is not so in other cases, 
such as a structural change of the hemoglobin molecule leading to 
the loss of its ability to combine reversibly with oxygen. Both types 
of cases are similar in that chemicals available in the environment 
either cannot be used (oxygen or vitamin precursors from which 
vitamins are built) or cannot be disposed of (phenylalanine). The 
difference between the two types of molecular diseases resides in the 
fact that in one case, that of vitamin need and of phenylketonuria, 
the environment can make up for the lost biochemical reaction 
either by furnishing its product (the vitamin) or by ceasing to fur
nish its starting material (phenylalanine), and in the other case it is 
not that products are needed or that toxic substances must be 
excluded, but the process itself of making the product is essential to 
the organism. Thus when oxygen cannot be carried to the tissues 
efficiently it would be of no avail to furnish the tissues with oxida
tion products. The oxidation must be carried out by the organism 
itself, mainly because living matter requires chemical energy to be 
set free at the right time in the right place. Thus molecular diseases 
are defined in relation to the environment when the requirement 
involved is that of a substance or of less specific forms of energy such 
as heat, and they are not so defined when the requirement involved 
is that of a process fundamental to the existence of living matter, 
that is, of a high degree of specificity in the release of energy in rela
tion to time and space. Life can get everything out of the environment 
except a degree of specificity approaching its own. 

Considering molecular disease and the environment in relation 
to evolution, we are faced with a two-way relationship. Evolution 
has probably been influenced not only by heritable changes in the 
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organism that the environment could prevent from being deleterious, 
but also by changes in the environment that molecular changes in 
the organism could prevent from being deleterious. Molecular dis
ease can be selected for as a defense against diseases caused by exter
nal agents. For example, the past incidence of malaria has been 
shown to be positively correlated with the abnormal hemoglobin, 
HbS, present in sickle-cell anemia; with thalassemia, another type 
of genetically controlled hemoglobin disease; with glucoses-phos
phate dehydrogenase deficiency; and with color blindness (Allison, 
1957; Siniscalco et al., 1961). Apparently the presence in the environ
ment of the agent of a highly dangerous disease, Plasmodium falcipa
rum, favors the conservation and spreading in the human species of 
molecular diseases that afford protection against the infectious agent 
by unknown mechanisms. The molecular diseases, at least in the 
heterozygous ("trait") condition, are less lethal than the infectious 
disease. Observations of this kind extend the interaction pattern 
between molecular disease and environment. A "molecular disease" 
may be maintained in the species because certain agents in the envi
ronment render it innocuous; or it may, on the contrary, be main
tained because it renders relatively innocuous certain agents present 
in the environment. On account of this latter effect it seems possible 
that external disease-causing agents, notably infectious agents, have 
played a role in evolutionary sequences of noncompensated degen
erative nature, such as those leading to parasitism. 

The sickle-cell gene increases the life expectancy of the individual 
in the heterozygous state, while in the homozygous state it decreases 
it probably at least as radically as does malaria. When two carriers 
of sickle-cell trait marry, on the average half of their offspring will 
again be heterozygotes. The other half will have a decreased life 
expectancy, because of either sickle-cell disease (sickle-cell gene 
homozygotes) or malaria ("wild-type1' homozygotes). In malaria-
infested countries the sickle-cell gene will thus have a tendency to 
spread in the population. This would hardly be the case if the mutant 
gene were advantageous in the homozygous instead of the heterozy
gous condition. A newly appearing mutation that would be retained 
only in the homozygote would usually have no chance of establishing 
itself in the population. We may point out that the replacement in a 
population of a given gene by a mutant gene may often require two 
successive mutations, except when the population is very small (close 
inbreeding). After the first mutation the mutant is selected for in 
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the heterozygous state. This allows the mutant gene to establish 
itself, but at the same time the corresponding wild-type gene is pre
served. To eliminate the wild-type gene a second mutation must now 
occur, such that the doubly mutated gene is most advantageous in 
the homozygous state. This double mutant would not cause what 
would appear as a molecular disease, while the single mutant that 
precedes it might. In this sense molecular disease may be a frequent 
intermediary step in those evolutionary sequences that lead to the 
total replacement of a gene by a mutant allele, and that require that 
the heterozygous condition-be at first advantageous. During this 
phase the homozygous condition may indeed often be deleterious. 

II . Hemoglobin, Its Multiplicity and Evolution 

A. INTRODUCTION TO THE HEMOGLOBIN MOLECULE 

If one examines molecular disease in relation to evolution it is 
unavoidable at the present time to center the discussion on the hemo
globin molecule. So far this molecule is the only one that has been 
studied in many pertinent respects: amino-acid sequence, structure 
of the site directly involved in function, structural changes leading 
to molecular disease, normal structural multiplicity, different rates 
of synthesis of structurally distinct "editions" of the molecule, and 
their change in the course of time. 

All vertebrates save the most primitive ones seem to have hemo
globins composed of four polypeptide chains, linked to each other by 
bonds much weaker than the peptide bonds that are instrumental in 
lining the amino acids up unidimensionally within the chains. Each 
of these chains is composed of slightly less than 150 amino acids and 
carries one heme group that contains the iron atom capable of bind
ing oxygen reversibly. The string of amino acids winds about in 
space in a highly specific fashion that may be common to all verte
brate oxygen-carrying pigments, since even sperm whale myoglobin 
(muscle hemoglobin) shows a similar conformation in spite of the 
fact that its amino-acid sequence differs very considerably from the 
sequences so far found in blood hemoglobins (Watson and Kendrew, 
1961). Nature has produced a great many such hemoglobin and myo
globin chains that differ in their amino-acid sequence and therefore 
in various physicochemical properties and yet apparently remain 
similar in their over-all conformation and in the fundamental charac-



MOLECULAR DISEASE, EVOLUTION, AND THE GENE 195 

teristics of their relation with the heme group. Not only does the 
amino-acid sequence of these chains always vary in different animal 
species, except perhaps in some extremely closely related ones, 
but any one individual of any given species produces a number of 
different hemoglobin chains, in part successively and in part 
simultaneously. 

So far the tetrahemic hemoglobin molecule of higher vertebrates 
has always been found to be normally made up of two kinds of chains 
that combine two by two. Thus human adult hemoglobin, HbA, 
contains two so-called a- and two so-called /3-chains (Rhinesmith 
et al., 1957, 1958). This type of hemoglobin is predominant only 
from the time of birth on, while during intrauterine life by far the 
greatest proportion of the hemoglobins produced is represented 
by fetal hemoglobin, HbF, composed of two a- and two 7-chains 
(Schroeder and Matsuda, 1958; Hunt, 1959, Schroeder et al., 1959b, 
Shelton and Schroeder, 1960). There exists another human hemo
globin chain during postnatal life, but normally never in more than 
small amounts, the 5-chain. Two a-chains combine with two 5-chains 
to form the minor component known as HbA2 (Kunkel and Wallen-
ius, 1955; Kunkel et al., 1957; Ingram and Stretton, 1961). This is 
as far as the list of structurally distinct normal human hemoglobin 
chains goes at present. Occasionally, in the diseases called the 
thalassemias, one or two of the chains are present in subnormal 
amounts. Sometimes a relative excess of the partner chain is pro
duced, which then associates with its own kind to form tetramers. 
This leads to the formation of abnormal hemoglobin such as HbH, 
composed of four ^-chains (Jones et al., 1959), or Hb "Bart 's ," com
posed of four 7-chains (Lehmann, 1959). Thus the association of two 
different types of chains is not an absolute requirement for the for
mation of chain tetramers but probably a matter of preferential 
affinity. All the known normal human hemoglobins have one type of 
chain in common, the a-chain, but in other species this is not neces
sarily so, as has been shown for chicken (C. J. Muller, 1961). 

B. HEMOGLOBIN HETEROGENEITY 

I t is remarkable that hemoglobin-chain heterogeneity has been 
found in all species. So far only vertebrates have been examined, 
but of widely different classes, ranging from mammals to fish and 
Cyclostomes (reviewed by Gratzer and Allison, 1960; also Huisman 
et al., 1960, and unpublished results from this laboratory). The 
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Cyclostomes belong to the most primitive group of vertebrates, 
whose living representatives, hagfish and lampreys, seem to have 
hemoglobins composed of single, unassociated polypeptide chains 
(Svedberg, 1933; Roche and Fontaine, 1940; Lenhert et al., 1956), 
presumably of the same general type as those which in higher forms 
associate into tetramers. In this respect Cyclostome hemoglobins 
resemble the myoglobins. Even though lamprey hemoglobin chains 
do not normally associate into higher molecular units, these animals 
also possess several distinct types of chains (Andinolfi et al., 1959). 
Apparently the multiplicity of hemoglobin chains is not an evolu
tionary consequence of their association, but their association is an 
evolutionary consequence of their multiplicity. This conclusion is 
confirmed by the observation that there exist also several distinct 
types of myoglobins in all individuals (Rossi-Fanelli and Antonini, 
1956; Rumen, 1959; Rossi-Fanelli et al., 1960; Edmundson and Hirs, 
1961), while myoglobin polypeptide chains usually do not associate 
to yield molecular units of a higher order. [Evidence of the presence 
of dimers in solutions of some invertebrate myoglobins has recently 
been reported by Manwell (1958b, I960)]. It appears justified at 
the present time to extrapolate from these and other observations to 
polypeptides and proteins in general and to state that proteins and 
polypeptides of all kinds may usually be expected to coexist within 
every individual in structurally distinct "editions." Several of these 
may be synthesized in the same cells, as fetal and adult hemoglobins 
often are (Kleihauer et al., 1957; Itano, 1956); or they may be pro
duced in different tissues. This generalization rests now on a number 
of investigations, among which are those of Markert and M0ller 
(1959) and of Kaplan et al. (1960). The latter authors showed that in 
vertebrates as well as invertebrates lactic dehydrogenases extracted 
from different tissues of one animal are different from one another. 
By analogy with hemoglobin we may suppose that for most kinds of 
proteins there will be found in every organism, in addition to major 
components that succeed each other in time or coexist in different 
tissues, structurally distinct minor components. The importance of 
these minor components is probably negligible from the point of view 
of function, but not of evolution. Molecular diseases will of course 
relate to the quantitatively important "major" components only. 
From what precedes it will be recognized that the greater the role 
of minor components in evolution, the smaller that of molecular 
disease. 
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If this picture is correct and it probably is, the number of dis
tinct proteins in the human organism that has been estimated by one 
of us (L.P.) to be of the order of 100,000 will have to be multiplied 
by a factor of presently unknown magnitude. 

I t must be pointed out that a number of minor hemoglobin com
ponents apparently do not differ in amino-acid sequence from one of 
the major ones (Jones, 1961). Some arise apparently through a sec
ondary combination with some other molecule, such as glutathione 
(C. J. Muller, 1961). Others may be oxidation or denaturation prod
ucts or chromatographic artifacts, or unusual combinations of hemo
globin chain dimers or monomers, or they may be hemoglobin poly
mers. Finally, it remains probable, though the contention still awaits 
experimental confirmation, that some minor components might have 
an altered amino-acid sequence without being produced under the 
control of an altered gene. Such components would express "errors" 
in the synthesis of normal hemoglobin chains (Pauling, 1957a). 

If we consider structurally different hemoglobin chains found in 
one given species, man, we may divide them into two groups. The 
chains in one group differ from each other by more than one amino-
acid substitution. Thus the number of changes in sequence, when the 
a-, /3-, 7-, and 5-chains are compared with each other, varies from 
about 6 to a little less than 80 (computed from Braunitzer et al.. 
1960a,b; G. Braunitzer, 1961, personal communication; Konigsberg 
et al., 1961; Schroeder et al., 1961; W. A. Schroeder and R. Shelton, 
personal communication; Ingram and Stretton, 1961). These chains 
which show marked differences have all been found to be controlled 
by distinct genetic loci (Itano, 1957; Smith and Thorbert, 1958; 
Cepellini, 1959a,b, Ingram and Stretton, 1961), and they are present 
in all normal human individuals. In the second group we find chains 
that differ from one of the others by only one amino-acid substitu
tion. In all cases that have been examined, the gene that controls 
such a chain has been found to be an allele of the gene in control of 
the nearly identical chain. Each of these different alleles occurs only 
in small proportions of the population in different areas of the world. 
They are the abnormal hemoglobins. While some go unnoticed by 
their carriers, others lead to characterized molecular diseases in the 
homozygous condition (see for instance Itano and Pauling, 1957; 
Itano, 1957; Neel, 1959; Ingram, 1961a). Of course chains differing 
by more than one amino-acid substitution and controlled by allelic 
genes may be discovered, but they will presumably remain a small 
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minority, and, for reasons that will become clear presently, we may 
expect that chains differing by more than a very small number of 
changes in amino-acid sequence or, more accurately, chains that 
have been affected by more than a very small number of mutational 
events will generally be traceable to distinct genetic loci. 

On the other hand, when we compare hemoglobin chains from 
different species, chains controlled by corresponding genetic loci may 
differ considerably in amino-acid sequence. This is of course only a 
presumption, since we have no means of matching genetic loci of 
different species. For instance, there seem to be two differences 
between the human and gorilla a-chains (Zuckerkandl and Schroeder, 
1961), yet there is no reason to suppose that the genie loci control
ling their production are not homologous. 

We may venture the following generalization. While in different 
species markedly different hemoglobin chains may conceivably be 
and probably quite often are controlled by homologous loci (by genes 
that would be shown to be allelic if fertile crosses between the species 
were possible), within one species a greater difference between chains 
is associated with greater independence in their genetic control. In 
this respect it is suggestive that the a- and /3-chain genes, among the 
most different within the species, have been shown to be on separate 
chromosomes, or at least not to be closely linked (Smith and Thor-
bert, 1958), while the /?- and the 5-chain genes, which resemble each 
other most, appear to be linked (Cepellini, 1959b). 

C. T H E EVOLUTION OF THE HEMOGLOBIN CHAINS 

The foregoing observations can be understood at once if it is 
assumed that in the course of time the hemoglobin-chain genes dupli
cate, that the descendants of the duplicate genes "mutate away" from 
each other, and that the duplicates eventually become distributed 
through translocations over different parts of the genome. Different 
non-allelic genes are thus thought to have arisen from an original 
mother gene. Since it seems justified to consider effective (i.e., viable) 
translocations as phenomena that occur more rarely than effective 
amino-acid substitutions, one would expect that genes related to a 
common ancestor but not closely linked differ from each other by a 
number of mutational changes, in accordance with observation. 
Ideas of this kind have been evolved by Bridges (1935), Metz (1947), 
and notably Lewis (1951), and have been applied to hemoglobin 
evolution by Itano (1957), ably developed by Ingram (1961b), and 
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elaborated quite independently by ourselves in 1960. It seems likely 
that the intraspecific multiplicity of proteins of a given type is 
to be explained in these terms. Considerable interspecific differences 
between proteins of a certain type may, on the other hand, as stated 
before, be compatible with homology of genie loci and not require the 
intervention of gene duplication. As species gradually get to be more 
different from each other, so presumably do the genes at the homo
logous loci. 

All we can check at present are homologies of chain structure as 
expressed by correspondences between amino-acid sequences in 
hemoglobin chains, and such homologies, whether inter- or intra
specific, suggest a common evolutionary origin. An alternate hypoth
esis would be convergence by selection for.functionally adaptive 
hemoglobin-chain structures. While convergence may play a signifi
cant role, this role is most likely confined to a relatively small number 
of features of amino-acid sequence. The over-all similarity must be 
an expression of evolutionary history. This is indicated by the grad
ually increased amount of differences found when human hemoglobin 
is compared with hemoglobins from progressively more distant 
species (Zuckerkandl et al., 1960; C. J. Muller, 1961). The difference 
between human and fish hemoglobins is such that no common fea
tures, except the presence of free lysine, could be detected by the 
comparison of peptide patterns obtained by spreading the products 
of a tryptic digestion two-dimensionally over filter paper by succes
sive electrophoresis and chromatography. The absence of common 
features in these patterns in no way implies the absence of signifi
cant stretches of similar amino-acid sequences, but nevertheless 
expresses qualitatively a degree of difference. A comparable result 
has been obtained by comparing mammalian and fish insulin (Wilson 
and Dixon, 1961). Insulin, on the whole, seems less variable than 
hemoglobin, even taking into account its smaller molecular weight. 

At the other extreme we may compare human and gorilla adult 
hemoglobins. From the amino-acid analysis of separate gorilla a-
and ^-chains it appears that there are only two differences in the 
a-chain and one in the /3-chaih. The amino-acid analysis of isolated 
tryptic peptides from gorilla hemoglobin, two thirds of which has 
been completed (unpublished), has so far furnished no evidence of 
further changes. I t is therefore possible that the gorilla /3-chain and 
the human normal and abnormal /3-chains form one single popula
tion. (As mentioned before, the abnormal human chains differ from 
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the normal ones by only one amino-acid substitution.) Since gorillas 
get along well with their hemoglobin, as they prove by existing, it 
is not likely that the gorilla /3-chain, if it were present in humans, 
would cause molecular disease. The required oxygenation properties 
of hemoglobin must be rather similar in the two species that are 
otherwise so much alike. Thus, if the gorilla /3-chain occurred in a 
human family the physician's attention would probably not be 
attracted to it. Moreover, it would probably go unnoticed in general 
surveys, because the nature of its difference with the human /3-chain 
—probably a substitution of a lysyl for an arginyl residue—seems 
to be of the kind that current scanning techniques do not detect. 
Conversely, it is also possible that the human /3-chain occurs in some 
gorillas. 

Some of the hemoglobin chains coexisting within one individual 
differ from each other as much as or more than corresponding chains 
may be expected to differ in the most distantly related vertebrates. 
While human /3- and 7-chains are only moderately different, they are 
much more different than gorilla and human /3-chains. Therefore with 
respect to hemoglobin an adult man resembles an adult gorilla much 
more than his own human embryo. Morphological observation also 
suggests this relationship, which is now confirmed at the biochemical 
level. The human a-chain differs much more from the /3-, 7-, and 8-
chains than the latter from each other. Nevertheless even in the case 
of the a-chain the remaining similarities with the others are striking. 
When the sequence of the first 30 amino acids of the /3-chain became 
known from G. Braunitzer's laboratory, our own knowledge of the 
a-chain was limited to amino-acid sequences in peptides isolated 
from the chain by tryptic digestion by W. A. Schroeder, R. T. Jones, 
J. R. Shelton, and their collaborators. The succession of these pep
tides along the a-chain was unknown. By fitting them into the |8-
chain according to the principle of maximum homologies, a sequence 
of the first 31 residues of the a-chain was predicted that was later 
confirmed by Braunitzer et al. (1961). This showed for the first time 
that the homology principle could be put to work effectively, even 
between chains that differ considerably. 

I t is possible to evaluate very roughly and tentatively the time 
that has elapsed since any two of the hemoglobin chains present in a 
given species and controlled by non-allelic genes diverged from a 
common chain ancestor. The figures used in this evaluation are the 
number of differences between these chains, the number of differ-
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ences between corresponding chains in different animal species, and 
the geological age at which the common ancestor of the different 
species in question may be considered to have lived. Braunitzer and 
Matsuda (1961) have recently found that there are a minimum of 15 
differences in sequence between the horse and human a-chains. (Only 
one of the two main horse hemoglobin components was analyzed.) 
This number is not likely to be increased very much by subsequent 
work. If we estimate that the real number of differences in sequence 
is between 15 and 20, we may take 18 as a probable mean. From 
paleontological evidence it may be estimated that the common 
ancestor of man and horse lived in the Cretaceous or possibly in the 
Jurassic period, say between 100 and 160 millions of years ago 
(Piveteau, 1955; Dodson, 1960). For the sake of the calculation it 
is assumed that most effective mutations result in single amino-acid 
substitutions, as evidence from abnormal human hemoglobins indi
cates, and that the evolutionarily effective mutation rate, i.e., the 
rate of the mutations that have not been eliminated by natural 
selection, fluctuated during the time of evolution of hemoglobin 
around a mean without showing a predominant trend to increase 
or to decrease. Under these conditions the presence of 18 differences 
between the human and horse a-chains would indicate that each 
chain averages 9 evolutionarily effective mutations in 100 to 160 
millions of years. This yields the figure of 11 to 18 million years per 
amino-acid substitution in a chain of about 150 amino acids, with 
a medium figure of 14.5 million years. Our results for the gorilla 
hemoglobin chains yield somewhat different figures. Because of con
siderable fluctuations that may be expected in cases where the num
ber of evolutionarily effective mutations has been very small, it 
seems advisable to use the figure derived from the horse a-chain 
alone. As the amino-acid sequences of more animal hemoglobin 
chains become known and paleontological dating is improved, ;tbe 
calculation will have to be revised. Also the number of differences 
between the human chains is subject to moderate revision, especially 
the comparisons involving the 7- and 5-chains, based on the results 
of Schroeder et al. (1961), W. A. Schroeder and J. R. Shelton (per
sonal communication, 1961), and Ingram and Stretton (1961). 

As Table I shows, the evaluation of the time elapsed since the £-
and 5-chains differentiated places their common ancestor at the time 
of origin of the Primates or somewhat earlier. This checks with the 
fact that so far 5-chains have been found only in Primates (Kunkel 
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et al., 1957) and furnishes evidence that, at least with respect to more 
recent evolution, the present evaluation is not unreasonable. Also 
the time of derivation of man and gorilla from their common ances
tor as calculated on the basis of the figures derived from man and 
horse, 11 million years, falls on the lower limit of the range estimated 
on paleontological grounds, 11 to 35 million years. 

TABLE I 

THE APPROXIMATE TIME OP DERIVATION OF DIFFERENT HEMOGLOBIN 
CHAINS FROM THEIR COMMON ANCESTOR 

Chains being 
compared 

0 and S 
/3 and y 

a and /3 

a and y 

Gorilla a and human a 
Gorilla /3 and human /3 

Number of 
differences'* 

~ 6 
~ 3 6 

78 

~ 8 3 

2 
1 

Est imated t ime of 
derivation from 
common chain 

ancestor 

44 X 106 years 
260 

565 

600 

^•gjMean 11 

Corresponding 
geological 

period 

Eocene 
Beginning of 

Carboniferous 
Toward end of 

Pre-Cambrian 
Toward end of 

Pre-Cambrian 

Pliocene 

" The presence or absence of one to several contiguous amino-acid residues 
in one of the chains is counted as one mutational change. 

Of course, the uncertainty increases as we go further back in time. 
The common ancestry of the fi- and 7-chains is placed at the begin
ning of the Carboniferous period, that is, about at the time of the 
first amphibians. Differences between fetal and adult hemoglobins 
have however been found also in contemporary fish (Manwell, 1957, 
1958a). I t is conceivable that these have arisen from a gene duplica
tion independent of the one that led to the differentiation of /?- and 
7-chains. 

The a- and /3-chains are so different that the present evaluation 
places their common chain ancestor in the Pre-Cambrian, before 
the apparent onset of vertebrate evolution. The differences between 
the a- and 7-chains check reasonably well with those between the 
a- and /3-chains. If the figures were taken at face value, it would 
seem that vertebrate hemoglobin with its differentiation into he-
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moglobin polypeptide chains derives from an invertebrate hemo
globin. Thus the ancestors of the present a- and /3-chains would 
have to have been already present as differentiated chains in those 
primitive vertebrates in which the hemoglobin chains presumably 
did not associate into tetramers, as in the contemporary Cyclo-
stomes, mentioned earlier. The finding of hemoglobin heterogeneity 
in the lamprey (Andinolfi et al., 1959) is suggestive in this respect. 

The figures in Table I also make it appear unlikely that corre
sponding chains, say a-chains and their homologs in animals, when 
the most distantly related vertebrates are compared, will be found 
to differ from each other more than human a- and /3-chains differ. 
The figures also strengthen the presumption that hemoglobin has 
not been evolved independently more than once during vertebrate 
evolution and suggest, as stated, that even the most primitive among 
the ancestral vertebrates had already inherited their hemoglobin 
from other forms. 

Polypeptide chains that are clearly not homologous, such as 
horse-heart cytochrome c (Margoliash and Tuppy, 1960) and mam
malian hemoglobin chains, may still have a common molecular 
ancestor, in the sense in which all protein molecules of a given organ
ism may conceivably have one, but such an ancestor would have 
existed so far back in Pre-Cambrian times that comparative studies 
on contemporary organisms have no significant chance of revealing 
a kinship. For all practical purposes it is therefore correct to say that 
horse-heart cytochrome c and horse hemoglobin chains have evolved 
independently. 

Our best excuse for making the present evaluation is that it 
affords us the opportunity to point out why it is probably wrong. 
The sources of error involved are factors in gene evolution that 
deserve to be mentioned here. 

We do not know whether the present "major" hemoglobin com
ponents have once been derived from "minor" components. The 
contribution of minor components as oxygen carriers is mostly negli
gible. Unless they have other unknown functions, natural selection 
will not be expected to act upon them. Thus all mutations will prob
ably be preserved in a minor component until one of the three follow
ing possible events occurs: a mutation that makes it unrecognizable 
as a hemoglobin chain; a mutation that brings about a total inhibi
tion of its synthesis, or a mutational change that transforms it into 
a major component. If the ancestors of the human hemoglobin chains 
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that are important quantitatively (the a-, /3-, and 7-chains) have 
started out as minor components, they will during that remote period 
have retained many more mutations per unit time than we have 
assumed, and from this point of view the figures given in the table 
would be overestimates. 

They tend to be underestimates for other reasons. In the com
parison between the chains, possible back-mutations, of which we 
have no knowledge, had to be neglected, as well as successive differ
ent effective substitutions at the same amino-acid residue. The like
lihood of these events increases with the increase in the number of 
amino acids affected by change in a given chain. Thus the number 
of effective mutational events that have actually occurred since the 
a- and /3-chains have evolved from their common ancestor may be 
significantly greater than is presently apparent. 

Furthermore, even if we assume the intrinsic mutation rate of 
the hemoglobin chain genes to have remained fairly constant 
throughout the geological periods, disregarding the probable effects 
of changes in temperature and in intensity of ionizing radiations, the 
effective mutation rate may have varied widely according to the 
"ecological" conditions of hemoglobin within the organism and of 
the organism within its environment. In particular, during evolu
tionary transition periods such as afforded by a change from aquatic 
to terrestrial habits the effective mutation rates may have been much 
higher than at other times. The size of the populations at every 
stage is also of paramount importance in determining the evolution-
arily effective mutation rate. Some other factors, the impact of which 
is equally difficult to evaluate, should also be taken into account. 
Fortunately the over-all result of the interplay of all factors is 
expressed in the speed of evolution, which has been evaluated. The 
general finding is that in the course of time evolution has become 
accelerated (Rensch, 1954). The more recent terrestrial groups of 
animals, on the average, have evolved faster than the more ancient 
aquatic groups. We may expect that this generalization, based on 
morphological characteristics, has its counterpart in the speed of 
evolution of deoxyribonucleic acid (DNA) and of the proteins. On 
the average, a lesser number of evolutionarily effective mutations 
per unit time may thus have affected the hemoglobin molecules dur
ing the initial phases of vertebrate evolution than in later periods. 
Our guess is that the numbers given in Table I are more likely to 
be underestimates than overestimates. 
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In the preceding evaluations we have equated one mutational 
event to one amino-acid substitution in the polypeptide chain. As 
mentioned, present evidence tends to show that this is the most fre
quent type of evolutionarily effective mutation in hemoglobin genes. 
I t is too early to generalize to structural genes at large. Work in 
progress in several laboratories has a direct bearing on this question, 
such as the work of Yanofsky's group on Escherichia coli tryptophan 
synthetase at Stanford University, that of Fraenkel-Conrat's group 
on tobacco mosaic virus (TMV) mutants at Berkeley, that of Levin-
thal's group on E. coli alkaline phosphatase at M.I.T., and that of 
Brenner's group on phage-head protein at the Cavendish laboratory. 
There is ample evidence that mutational events other than single 
amino-acid substitutions exist. Some such evidence is derived from 
the comparison of the jiemoglobin a- and /3-chains themselves. In 
several regions of both chains sequences of contiguous amino acids 
numbering from 1 to 5 (or 6, if we include in the comparison the 
C-terminal sequence of sperm whale myoglobin, to which no counter
part is as yet known in hemoglobin chains) are missing. Three types 
of mechanisms might account for such observations: terminal growth 
of the chains, in the case of terminal differences; deletions; or inser
tions. Insertions may be duplications of chain segments, associated 
or not with a reversion of the segments. Although the events at the 
level of the chromosome and of a single DNA molecule may be quali
tatively quite different, one must not discount the possibility that 
events of the type first described by Sturtevant (1925)—the inser
tion into a chromosome of a duplicate of a chromosomal region—may 
have its counterpart within one structural gene. 

There are two one-amino-acid "holes" in the a as compared to 
the /3-chain and one two-amino-acid "hole" and one five-amino-acid 
"hole" in the /3 as compared to the a-chain. If each of these is tenta
tively considered to be attributable to a single mutational event, 
then of a total of 78 mutational events that have led to the present 
differentiation of the a- and /J-chains four events, i.e., 5% of the 
total, represent deletions, insertions, or terminal chain growth. I t is 
possible that the actual proportion of mutations that result in events 
other than the substitution of a single amino acid in the polypeptide 
chain is much higher, if such mutations are more often lethal than 
"substitution mutations," as seems likely indeed. 

"Substitution mutations," such as have so far always been found 
in mutant alleles of hemoglobin chain genes, if occurring in a major 
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chain gene and advantageous either will be eliminated rather quickly 
or will eventually replace entirely the wild-type gene. Likewise, 
"substitution mutations" that cause molecular disease either will be 
eliminated before there is time for a second mutation to occur in the 
mutant or, if a selective advantage exists under special circumstances 
for the heterozygote, as in the case of sickle-cell hemoglobin, will be 
confined to a small enough number of individuals so that the appear
ance of a second mutation in the same gene will be improbable. Con
sidering a given species, there are only two types of cases where the 
appearance^ by repeated single substitutions, of more than one 
difference between originally identical genes would be favored: (1) 
when the heterozygote is universally favored over the wild-type 
homozygote; this would apply to sickle-cell hemoglobin, if humans 
were universally exposed to malaria; (2) when a gene has duplicated 
and the conformity of the duplicate gene to the original model is not 
selected for. Assuming that the duplicate gene contributes to protein 
production, this conformity will be selected for only if an increase in 
output of a given polypeptide chain is advantageous. 

D. T H E DESTINY OF DUPLICATE GENES AND THE FUNCTION 

OF GENIC MULTIPLICITY 

If gene duplication is one of the means of increasing the output 
of a given protein, one may distinguish two phases in this respect. 
Up to an optimum number of duplications, the duplicate gene will 
be selectively retained with a structure identical to and a position 
rather near to that of the mother gene. Beyond this point, dupli
cate genes will be progressively more strongly selected against. Dur
ing this latter phase they will be in part eliminated with their 
carriers, and in part subjected to progressive change. When they are 
preserved and changed, their destiny may be of three types. They 
might evolve new useful functional properties. In this case they will 
be retained as active genes, and to the extent to which polypeptide 
output depends on gene duplication their own duplicates will be kept 
unchanged by natural selection. Secondly, functionless or unfavor
able duplicates will not maintain duplicates to their own likeness 
and may themselves be translocated to other chromosome parts and 
be reduced to minor-component genes by a position effect. Some 
such minor-component genes, more or less profoundly changed in the 
meantime, may be selected for later in evolution and be changed 
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into major-component genes. Thirdly, the activity of the duplicate 
may be reduced to zero. 

This elimination of gene activity may again take three forms. 
The changed structural gene may be bodily eliminated through the 
loss of the part of the chromosome that carries it; or it may be modi
fied to such an extent that its products, although significant in 
amount, are no longer recognizable in terms of the original protein; 
or it may be preserved in a modified state, but totally or subtotally 
deprived of the power of expression. 

The existence of such "dormant genes," although difficult to 
verify, is a plausible inference from two types of observations: firstly, 
that within a given tissue, say the hematopoietic tissue, major and 
minor structurally distinct components of a given type of polypep
tide chain are found. Since at a given time the relative quantities of 
hemoglobin chains vary between 100 and 1 %, other genetically dis
tinct minor components may be present in such small amounts that 
they are practically undetectable. Secondly, there are numerous 
examples of proteins that are produced exclusively in one type of 
tissue, and of which no trace is found with presently available ana
lytical means in other tissues. The nonproduction of hemoglobin in 
muscle cells and of myoglobin in reticulocytes is one example. This 
example shows that some among even relatively closely related struc
tural genes may, within a given tissue, be the ones strongly expressed, 
the others unexpressed. We must assume that all the structural genes 
have during embryological development been communicated to all 
cell lineages. I t is therefore quite likely that there exist in every 
organism numerous structural genes that do not find in any of the 
existing tissues conditions favorable to their expression and thus 
remain permanently dormant. 

Furthermore the relative structural similarity of minor hemo
globin components to one of the major components affords yet 
another argument in favor of the existence of dormant genes. Indeed, 
as we have seen, the human 5- and ^-chains are quite similar. Like
wise structurally distinct components of orangutan hemoglobin 
have been found to be quite similar, and the same holds for pig he
moglobin components (E. Zuckerkandl, R. T. Jones, Y. Nishiwaki 
and L. Pauling, 1959-1961, unpublished). If duplicate genes re
mained usually expressed, one would expect to find a series of 
minor-component chains differing from all the other chains as much 
as the human a- from the human /3-chain. This is, however, not 
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the case. One is led to think that, in the long run, duplicate minor-
component genes most often cease to be expressed. There is no 
apparent reason why one should assume that they have most times 
been bodily eliminated. Other possibilities are that they have been 
implied in a further translocation, that a mutation or transposition 
of a controlling element (repressor) has occurred, or that the struc
turally modified mutated gene possesses specificity characteristics 
that fail to comply with the specificity requirements for polypeptide 
production under the conditions prevailing in the cell. 

Dormant genes of course are conceived as dormant only as far as 
their expression, and not as far as their mutability goes. Mutations 
in dormant genes and in minor-component genes will never be lethal, 
unless the latter have some distinct specific function, which would 
then lead us to consider them as "major components" of another 
protein type. Minor-component genes and, mainly, dormant genes 
may thus furnish an important and perhaps the principal part of the 
genie raw material for macro-evolutionary experiments of nature. A 
new translocation, or the transposition of a controlling element such 
as those described by McClintock (1956), or some other genetic 
modification may reactivate the dormant gene after a very long 
period of time during which mutations have changed it enough so 
that it now controls the production of a new kind of protein. In this 
fashion new enzymes, new functions can arise without the corre
sponding loss of old enzymes, old functions. We have recalled earlier 
the importance to evolution of the loss of functions through the 
mutations of active genes. But it is evident that evolution, while it 
makes the best of such losses and of molecular disease, could not be 
based on them alone. There are a great many more different func
tions to be carried out by a great many more different types of 
enzymes than we are allowed to suppose can have existed in early 
evolutionary times. Primordial living matter must have been limited 
to a few simple functions. Therefore the notion of evolution by gain 
is a necessary complement to the notion of evolution by loss. 

Horowitz (1945) made a lasting contribution to our thinking 
about evolutionary gain at the enzymatic level. He described how 
new reaction chains might arise in certain circumstances through the 
chance combination of the necessary genes and furthermore pro
posed a general mechanism for the stepwise building up of complex 
enzyme-systems, presenting us with a plausible scheme of macro-
evolution at the molecular level. Obviously, as enzyme systems 
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become more complex, more different enzyme molecules are needed. 
There are reasons to think that the same molecules cannot usually 
be expected to carry out several different enzymatic functions. 
Therefore, new genes are needed for the building up of new functions. 
This is where the concept of the mutational reactivation of dormant 
genes complements Horowitz's picture. Minor-component genes are 
not to be excluded from a similar role, but may usually not yet be 
different enough from their parental genes to be fit for carrying out 
novel functions. Most minor-component genes, as stated above, are 
liable to be eventually turned into dormant genes because natural 
selection will not prevent their transfer to synthetically inactive 
chromosome regions, nor their coming otherwise under the influence 
of a repressor gene, nor structural changes that might place the genes 
outside the range of specificity requirements of the available macro-
molecules that collaborate with the structural gene in protein syn
thesis. As dormant genes become reactivated after periods of cryptic 
existence corresponding perhaps to geological ages, they may pro
duce potential enzymes that do not disrupt existing chains of reac
tions, but are able to add new processes to the old ones, perhaps in 
the ways described by Horowitz. One of the possible mechanisms of 
the reactivation of dormant genes is the reactivation of the chromo
somal region where it is located through a change in intracellular 
environment. The hope of demonstrating the existence of dormant 
genes rests on this possibility. Such a change in intracellular environ
ment could result from the adaptation of the organism to changes in 
the external milieu. In adaptational changes, during an initial phase, 
gain and loss mutations may be balanced, or loss mutations only may 
occur, so that the total complexity of the organism either remains 
constant or tends to decrease. In the process, however, the environ
ment of the chromosomes may be altered in some tissue and, .on 
account of this alteration, genes be activated in some regions of the 
chromosomes, inactivated in others. Inactivations of this kind will 
be mostly lethal and genomes with corresponding inactivation*resist-
ant chromosome regions will be selected for. The newly activated 
genes on the other hand will now be available to respond to further 
adaptational needs and will furnish a series of gain mutations with
out corresponding losses. Parts of this concept are supported by 
observation. Changes in conformation of the genie DNA molecules 
are presumably related to changes in the activity of the genes, and 
Schmitt (1956) has shown that the state of chromosomal DNA 
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depends on the chemical environment of the chromosomes. Further
more, genes in mice that display the same activity characteristics 
during the individual's life time have been found to be closely linked 
on the same chromosome (Paigen and Noell, 1961). 

Through the reactivation of dormant genes by a modification of 
the intracellular environment an initial adaptational stress of great 
magnitude would appear instrumental in producing a rise in com
plexity of the organism. Thus would be solved the old paradox 
expressed in this question: why should organisms get to be more 
complex, since simpler organisms are evidently adapted as well to 
their environment? Once more Biology will show that it can do with
out any "elan vital" or "entelechy." 

The present concept leads one to predict that the fastest evolu
tion toward more highly organized forms should take place after the 
occurrence of major environmental stresses. Evolutionary history 
bears out this expectation. For a long time paleontologists have 
noted that the initial phases in the development of new types of 
forms has an "explosive" character (consult, for instance, Rensch, 
1954). According to the present theory, we assume that at the onset 
of such an explosive evolutionary phase a change in intracellular 
environment has brought about the reactivation of a number of pre
viously dormant genes. Rensch believes that the phenomenon of 
explosive evolutionary phases is adequately accounted for by 
increased natural selection accompanying the conquest of new bio-
topes. He thus considers as instrumental a change in external envi
ronment only. This however does not explain the trend toward 
increased complexity of the forms. 

In the sense that has been laid out here a marked change in envi
ronmental conditions may lead to what a layman would call a shake-
up of the genome, and this may be the part of reality behind the 
poorly documented and falsely interpreted observations of the Soviet 
anti-geneticist A. Lysenko. 

To sum up, mutations of active genes controlling "major" pro
tein components suffice to explain how an organism can adapt to 
changes in its environment. Mutations of minor-component genes 
and dormant genes, however, seem to be able to furnish the organism 
with the genie raw materials that eventually allow it not only to 
adapt to a new environment but also, in the process, to become more 
highly organized. Minor-component genes and dormant genes may 
thus prepare the major steps in evolution. 
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Beside a minor-component multiplicity, there is also a major-
component multiplicity in protein production, especially the one 
characterized by a succession of major components in time. Why are 
hemoglobin /3-chains substituted for 7-chains? The reason may not 
be that 0-chains would not be fit to meet the respiratory prerequisi-
ties of intrauterine life and the 7-chains those of adult life, but, 
rather, that the structural genes corresponding to the two chains are 
located in two distinct chromosomal regions, one of which is acti
vated in the particular intracellular environment determined by the 
organism at early developmental stages, and will not be active under 
other conditions, while the second chromosomal region, on the con
trary, will be activated only at the end of embryonic development 
due to the presence or absence of some particular factors in the cell 
at that time. 

To carry out a given function it is thus not sufficient for a cell to 
possess a favorable structural gene. A further prerequisite is that this 
gene either be located in a chromosome region that remains active in 
protein synthesis in spite of the changes of intracellular environment 
that occur during development, as is the case of the hemoglobin a-
chain gene; or that there exist several duplicates of the gene, each of 
which is located in a chromosomal region that is active during certain 
phases of development, and that these duplicates are distributed in 
such a way over the genome that at any time of development at 
least one of them remains "on duty." These different genes will 
never be identical because, although they have supposedly arisen by 
duplication of an original gene, translocation is apparently a rarer 
event than amino-acid substitution, so that translocation genes will 
be expected to differ from each other by more than one amino-acid 
substitution. 

Constant vital functions thus frequently need to have at their 
disposal several editions of a given type of genes in several regions of 
the genome that are successively activated and inactivated, or vice 
versa, with respect to protein-synthesizing ability. This view is 
advanced as an explanation of the generality of the most important 
types of "major-component" multiplicity in proteins. These types 
are on the one hand the successive embryonic and adult editions of 
a protein; and on the other hand the different editions found at any 
one time in different tissues of the same animal. The latter type of 
protein heterogeneity has been referred to earlier and may be inter
preted in the same terms. In each tissue the particular intracellular 
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environment provides different conditions for the distribution of 
active and inactive regions throughout the genome, and thus differ
ent duplicates of a given gene that have undergone different trans
locations will be "on duty" in different tissues. 

I t thus appears that the unavoidable change in intracellular envi
ronment during embryonic development is a great challenge to 
embryonic development itself, because of the obligation that many 
critically important proteins be produced throughout and in spite of 
this change. One may therefore venture to say that there could be no 
embryonic development without gene duplication followed by gene 
translocation. In this theory* the same events that furnish the genie 
raw materials for evolution also furnish the genie raw materials for 
ontogeny. 

Other types of genes, of course, are active in protein synthesis 
during one or the other phase of ontogenetic development only. 
Certain functions, for instance, are developed only in the adult 
organism. When their expression is delayed or hastened, paedomor-
phosis or palingenesis ensues (see for instance Rensch, 1954). Chro
mosomal events of the type described may be postulated to cause 
these phenomena also. 

After having insisted on the cause and on the function of genie 
multiplicity, in particular in relation to hemoglobin structural 
heterogeneity, we must here point out that there is a limit to hemo
globin heterogeneity, at least so far as phenotypic expression goes. 
A universal intraspecific structural multiplicity of all types of pro
teins is on the way to being established and this finding may be an 
important step forward in the recognition of biological reality. Yet 
part of this step is the rejection of older speculations about protein 
heterogeneity. These postulated a continuous spectrum of structural 
variants in the case of each protein. As a result, the apparent amino-
acid composition of a protein would be only a mean composition, and 
proteins would not exist as strictly denned chemical species. Work 
of recent years has shown that, except for a possible low percentage 
of "errors" in synthesis, the chemical formula of proteins is as rigor
ously defined as that of simple molecules. We can no longer agree 
with J. S. Haldane and J. G. Priestley, who wrote in 1935 "I t does, 
in fact, appear to be fairly certain that each individual has a specific 
kind of hemoglobin, just as he has a specific nose." Concordant 
amino-acid sequence analyses in three laboratories (Braunitzer in 
the Max Planck Institute in Munich; Schroeder in the California 
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Institute of Technology; Hill and Konigsberg in the Rockfeller Insti
tute) of human hemoglobin chains obtained from different individ
uals, as well as the comparison of tryptic peptide patterns (Ingram, 
1958) obtained with different human hemoglobins in many more 
instances, shows that this is not so. Of course a greater number of 
structurally distinct human hemoglobin chains are probably pro
duced than we presently know about. This applies in particular to 
the abnormal human hemoglobins, about thirty of which have so 
far been described, and whose inventory one will probably never be 
able to consider as complete. This also applies to the normal human 
hemoglobin chains controlled by non-allelic genes, of which a few 
more may eventually be found. 

Some workers go further and believe that a number of undetected 
hemoglobin alleles may be present in the population. They may 
escape notice if they behave identically in electrophoresis, but differ 
in uncharged amino acids. One of us (L.P.) and Itano (1957) have 
proposed this idea as a possible explanation for the inhibition of 
hemoglobin synthesis in the molecular diseases known under the 
name of the thalassemias. Changes in structural genes may indeed 
lead to an inhibition and even to a total loss of the ability to syn
thesize a protein. Ingram and Stretton (1959) have developed this 
idea as one of several possible explanations of the thalassemias. I t 
has ceased to be likely that such cryptic mutants are of very general 
occurrence in normal populations. The great similarity between 
gorilla and human hemoglobin chains is a piece of evidence against 
such a view. With the exception of one difference relating to a serine 
residue in one of the chains, the uncharged amino acids may all be 
the same. This similarity suggests that nonpathogenic undetected 
structural variants of hemoglobin chains must be rather rare, unless 
a human is more often like a gorilla than like a human. It is true that 
this hypothesis is supported by more observations than most bio
logical theories. 

I I I . Three Types of Molecular Diseases 

After having considered molecular disease in its relation to evolu
tion and genie variability in its relation to evolution, we may com
ment on genie variability in relation to molecular disease. Three 
types of molecular disease may be distinguished. Mutations may (1) 
interfere with molecular function, (2) interfere with the adaptation 
of the molecule to the intracellular environment, and (3) interfere 
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with the rate of synthesis of a molecule that is functionally fit. 
Hemoglobin mutants offer examples of all three types. 

A. INTERFERENCE WITH FUNCTION 

The only known alterations of amino-acid sequence that lead 
directly to an interference with the oxyphoric function of hemo
globin are those of the pigments collectively known under the name 
of HbM. They are all characterized by the formation of methemo-
globin, in which the iron is oxidized to the tripositive state (Gerald, 
1960). I t was recently shown that several distinct mutations give rise 
to abnormal methemoglobin formation (Gerald, 1958, and personal 
communication, 1960). I t is interesting that structural studies have 
revealed that the amino-acid substitutions leading to HbM formation 
all affect a certain region of the hemoglobin polypeptide chains. This 
region has been called the "basic center," because it comprises a rela
tively large amount of basic amino acids, and we may call it "basic 
center I " to distinguish it from a second basic center further along 
the chain. The two basic centers have in common the property of 
containing a histidine that seems to be in relation with the heme iron. 
While the main linkage of the heme iron to the globin is supposed to 
be to a histidine of basic center II, the histidine of basic center I is, 
according to present evidence (Watson and Kendrew, 1961), placed 
opposite the sixth coordination position of the iron, the one that 
binds oxygen in the oxygenated state and water in the deoxygenated 
state (Haurowitz, 1949). I t may be that the second histidine is the 
one mentioned by Conant (1934) and Coryell and Pauling (1940). 
Table II shows the variability of some features of sequence and the 
constancy of others of the peptide region around basic center I in 
different animal species. Abnormal human mutants in which this 
region is affected are also listed. Corresponding results relative to 
basic center I I have not yet been forthcoming. 

The seven consecutive amino-acid residues shown in the table 
comprise residues numbers 56 to 62 in the a-chain and numbers 61 
to 67 in the /3-chain, counting from the amino end. Three of the 
seven residues are shown to be substituted in some normal respira
tory pigments and the changes, as in the ovine a-chain and in one of 
the orangutan chains, may involve the substitution of- an acid for a 
neutral amino acid without any fundamental interference with 
hemoglobin function. Of course such substitutions would be expected 
to affect one or several of the physical parameters of oxygenation. 
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TABLE I I 
"BASIC C E N T E R I ' 

L I S T o r HEMOGLOBIN CHAINS D I F F E R I N G IN T H I S R E G I O N 

FKOM THE HUMAN a- OR (3-CHAIN 

Chain Sequence Reference 

Human a, normal 
Human /S, normal 

- lys-gly-his-gly- lys- lys-val-
- lys-a la-his -g ly- lys- lys-val -

. Human a, Norfolk - lys-asp-his-gly- lys- lys-val -
Py Human 0, Milwaukee - lys-a la-his-gly- lys- lys-pta-

^•Human a, MBo8ton - lys-gly-fyr-gly- lys- lys-val-

i f i u m a n 0, MEmopy - lys-a la-fyr-gly- lys- lys-val-

Human 0, Zurich -lys-ala-orgr-gly-lys-lys-val-

Schroeder et al. (1961) 
Braunitzer et al. (1961) 

Baglioni (1961) 
P . S. Gerald et al. 

(personal communi
cation, 1960) 

P . S. Gerald et al. 
(personal communi
cation, 1960) 

P. S. Gerald et al. 
(personal communi
cation, 1960) 

C. J . Muller and 
Kingma (1961) 

Bovine a 

Ovine a 

Goat a 

Horse a 

Orangutan a or 0 

Sperm whale myo
globin 

- lys-gly-his-gly-aZo-lys-
(or arg) 

-Iys-gly-his-gly-0fti-lys-
(or arg) 

(oi 
- lys-gly-his-gly-sfe- lys-
• arg) 
- lys -a te -h is -g ly- lys- lys-

- lys-asp-his -g ly- lys- lys-
(or glu) 

-lys-wai-his-gly-iZeM-glu-val-
(or glu) 

C. J. Muller (1961) 

C. J . Muller (1961) 

C. J . Muller (1961) 

Inferred from Braunit
zer and Matsuda 
(1961) 

C. Baglioni 
(personal communi
cation, 1961) 

Watson and Kendrew 
(1961); Edmundson 
and Hirs (1961) 

The reduction of the basicity of this peptide region is still more 
marked in sperm whale myoglobin. While both types of chains of 
human, gorilla, chimpanzee, beef, and horse hemoglobins, one of the 
chains of orangutan hemoglobin, and the ^-chains of sheep and goat 
possess four basic amino acids in the stretch of seven shown in the 
table, sperm whale myoglobin probably retains only the histidine 
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opposite the heme group as well as the initial lysine. In various 
types of fish the corresponding peptide must also be less basic than 
in man, as tryptic peptide patterns indicate (Zuckerkandl et al., 
1960). Howeyer, four amino-acid residues out of the seven have so 
far not been shown to vary in any of the normal respiratory pig
ments, and may be essential to the oxyphoric function. 

Methemoglobin formation in man has so far been shown to 
be caused by substitutions at two different residues, and one of 
these substitutions has been observed in both a- and /3-chains. In 
HbMMiiwauke. there is a substitution at the valine in the fourth posi
tion C-terminally with respect to the histidine that is supposedly in 
relation with the heme iron. In the two other kinds of HbM that 
have been structurally analyzed, HbMB08ton and HbMEmory, it is this 
histidine that is affected; in both cases it is replaced by tyrosine. A 
replacement of this histidine by another amino acid does however 
not necessarily lead to methemoglobinemia, since methemoglobine
mia has not been reported as a feature normally observed in the 
family possessing Hbzsrich (Hitzig et al., 1960), although oxydation 
may be facilitated. In Hbzsrich the histidine in question is replaced 
by arginine. Thus the basic character of histidine seems to be more 
essential in protecting the heme iron from oxidation than its partic
ular configuration, and the affinity for heavy metals, which is much 
greater in histidine than in arginine (Albert, 1952), seems also not 
to be involved. 

Since the "basic center I " region is probably part of an a-helix, 
as is the corresponding region in sperm whale myoglobin (helical 
region E, Watson and Kendrew, 1961), the fourth residue after the 
critical histidine should lie next to it on the helix. I t is plausible 
that the acid residue found in this position in the case of HbMMiiwaukee 
interferes with function. Thus all types of HbM that have so far 
been analyzed seem characterized by a change in state or in kind 
of the critical histidine residue. On the other hand, the aspartic acid 
that replaces a neutral amino acid in HbN„rfoik does not seem to inter
fere basically with the function of the neighboring histidine, and 
this is probably due to the fact that because of the different orienta
tions of neighboring residues in a helix the side chains of neighboring 
residues can be further apart than the side chains of residues four 
removed along the helix. 

A further interesting observation related to the basic center I is 
that the change in the orangutan peptide is apparently the same as 
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in the abnormal HbNorfoik (C. Baglioni, 1961, and personal communi
cation, 1961). In this respect human carriers of HbNottoik have orang
utan hemoglobin. The disease is mild; but this hemoglobin has not 
yet been observed in the homozygous state. The case shows that 
what may appear as a "molecular disease" in one species may be 
the norm in another. 

B. INTERFERENCE WITH NORMAL INTERMOLECULAR RELATIONS 

Mutations that do not significantly affect the oxyphoric function 
of hemoglobin may nevertheless lead to severe molecular diseases if 
they alter the physicochemical properties of the molecules that are 
of importance in its relation to sister molecules and to other constit
uents of the red cell. Among the most important of these properties 
is solubility. Considering the great proportion of nonpolar groups 
usually found in proteins, the building of a soluble protein molecule 
appears to be a difficult accomplishment. The readiness with which 
solubility is lost upon changing spatial comf ormation (denaturation) 
demonstrates that the solubility of most proteins is very sensitive to 
the distribution of their side-chains in space. Mutations that result 
in the substitution of a polar by a nonpolar amino-acid residue, as 
well as other mutations that weaken the conformational stability, 
may thus be expected to interfere frequently with the functionally 
required solubility characteristics of a protein. One might surmise 
that many molecular diseases should involve such losses of solubility. 
If it is justified to consider aging as a multiple molecular disease 
arising through somatic mutations, then aging probably also 
expresses in part the loss of solubility of certain proteins. 

Hemoglobin is expected to be particularly sensitive in this respect 
to mutational change because it is in solution in the red cell at a con
centration of about 30%, a concentration that not many molecules 
are able to achieve. Even a slight change in the properties of molecu
lar interaction may under such circumstances lead to a drastic effect. 
Under certain conditions the abnormal human hemoglobins H [com
posed of four ^-chains (Jones et al., 1959a)] and Zurich (Hitzig et al., 
1960) tend to precipitate in the red cell. Among the cases in point, 
the most well known, and the one that typified molecular diseases 
in general (Pauling et al., 1949), is that of HbS, the hemoglobin of 
sickle-cell anemia chemically characterized by the substitution of a 
valyl for a glutamyl residue in the sixth position from the N-terminus 
of the /?-chain (Ingram, 1959). This substitution does not lead to a 
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decrease in solubility of the oxyhemoglobin (Perutz and Mitchison, 
1950), but upon deoxygenation the molecules, when in sufficiently 
concentrated solution, interact and align along fibers that seem to 
form a network reminiscent of gelification (Bessis et al., 1958), and 
at the level of cellular dimensions the alignment of the fibers is 
expressed by the formation of tactoids (Harris, 1950), which deform 
the cell membrane and lead to an early destruction of the red cells 
and to interference with blood flow in capillaries. 

The oxygen-dissociation curve, its position, shape, and depend
ence on pH, and thus the fitness of the hemoglobin with respect to 
a given set of circumstances may be affected indirectly by amino-
acid substitutions that alter the relation between the respiratory 
pigment and its cellular environment. The oxygen affinity within 
the erythrocytes of HbS is lower than that of HbA (Becklake et al., 
1955), whereas very similar affinities have been reported for these 
two pigments in cell-free solution (Allen and Wyman, 1954). Recent 
evidence indicates however that also in cell-free solution the oxygen 
affinity of HbS is lower than that of HbA (Riggs and Wells, 1961). 
As to HbF, it has a greater oxygen affinity than HbA within the red 
cell, yet in cell-free dialysed solution the affinities of HbA and HbF 
appear to be nearly identical (Allen et al., 1953), except at pH values 
below 7 (Manwell, 1960). Red cells containing fetal or adult he
moglobin, respectively, differ in certain parameters such as surface, 
volume, and thickness (Riegel et al., 1959). This difference may 
possibly express the influence of structural characteristics of the 
hemoglobin molecule on structural characteristics of the red cell. 
Admittedly other factors, such as the relative rate of synthesis of 
different hemoglobins, will also intervene here. This leads us to 
consider briefly the third type of molecular diseases, associated with 
the hampering of protein synthesis. 

C. INTERFERENCE WITH SYNTHESIS 

Hemoglobin synthesis may be interfered with by various mech
anisms. One of the most obvious is the absence of red-cell production. 
This apparently occurs as a normal feature in a family of antarctic 
bony fish, the Chaenichthydae (Ruud, 1954). When red cells are pres
ent a decrease in the output per cell of individual hemoglobin chains 
is known as a heritable character in many human families. Most 
of the known abnormal human hemoglobins, while not unfit as 
oxygen carriers, are present in the red cells in subnormal amounts. 
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HbJ, which is present in higher quantities per red cell than HbA, 
is so far the only exception to this statement (Thorup et al., 1956). 
The decreased ratio of abnormal to normal hemoglobins may be 
assumed to express a decreased relative rate of synthesis. 

Itano (1953, 1957) was the first to point out that the structure 
of a gene may have a direct influence on its synthetic activity. The 
decrease in rate of synthesis of most abnormal hemoglobins may be 
visualized in at least two different ways. I t may be due to an inter
action between the structural gene and its substrate on the chromo
some ; or it may be due to an interaction between the gene and extra-
chromosomal macromolecules, which might be called co-determinant 
factors. The collaboration of co-determinant factors with the genes 
or the primary gene products is assumed to be necessary for protein 
synthesis. An alteration of the gene structure would upset the bal
ance of attractive and repulsive forces (of electrostatic, van der 
Waals and steric nature) between these molecules. A decreased rate 
of synthesis would then result from a decreased degree of fitting 
between the two entities. We have referred earlier to the probable 
change of state in the genes during various phases of the develop
ment of an organism. Co-determinant factors also may change in 
tertiary structure as a result of altered intracellular conditions, or 
they may combine with smaller molecules, perhaps hormones, that 
change their specificity and activity. The rate of protein synthesis 
as a function of the intracellular environment may thus be deter
mined by changes of state of the genes on the chromosomes as well 
as by changes of state of other macromolecules in solution. 

Evidence is accumulating to the effect that large parts of protein 
molecules are not connected with any of their known specific func
tions. Various hypotheses can be used as partial tentative explana
tions of this fact such as the stabilization of the tertiary structure 
in larger proteins, the random survival of structures that were use
ful during earlier evolutionary stages, and the resistance to diffusion 
of large molecules (Pauling, 1957b). Consideration should also be 
given to the possibility that many parts of the protein molecule that 
appear functionally neutral may have a function in connection with 
the rate of synthesis of the protein. Natural selection may well act 
not only at the level of the finished protein product, but also at the 
level of its production. 

The decrease in the rate of synthesis of hemoglobin chains is 
often more considerable in thalassemias than in the case of abnormal 
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hemoglobins. While a single genetic event probably causes both the 
amino-acid substitution and the change in rate of synthesis in abnor
mal hemoglobins (Itano, 1959), there is evidence that more than one 
type of genetic event may be involved in thalassemias. The mech
anism of these diseases is being investigated in many quarters and 
has been recently discussed by Ingram and Stretton (1959) as well 
as other authors. None of the theories so far proposed is completely 
satisfactory. Whatever the theory, it should be kept in mind that 
the inhibition of protein synthesis is a nonspecific effect that may 
have different causes and that there may be several types of thalasse
mia, not only, as is commonly recognized, with respect to the par
ticular hemoglobin chain that is most severely affected, but also with 
respect to the underlying mechanism. 

IV. Fighting Molecular Disease 

In the more or less distant future an enzyme deficiency such as 
the one that causes phenylketonuria may be met by endowing the 
organism permanently with a certain quantity of a stable artificial 
enzyme (Pauling, 1956). Of course, such a solution could hardly be 
considered in the case of a respiratory pigment, where the quantities 
required with respect to the "substrate" are not catalytic, but 
stoichiometric. 

Another conceivable means of fighting molecular disease that 
cannot at present be theoretically excluded is the activation in a 
certain tissue through drug action of a minor-component gene or a 
dormant gene, representing a functionally fit duplicate of the func
tionally unfit "major-component" mutant. Whether or not such a 
treatment is possible depends on the nature of the control of gene 
activity. If this activity is in part controlled by position effects in 
relation to factors present in the intracellular environment, medical 
research might take such a course, although of course the problems 
of cell permeability and of the toxicity to the activity of other impor
tant genes of the agents capable of modifying specifically the intra
cellular environment might create major obstacles. The fact that 
this question can be raised shows however that research on the 
mechanisms of control of gene activity is not only of fundamental 
importance to biology, but of great interest to medicine as well. 

None of the means of meeting the challenge of molecular disease 
will, however, be as satisfying as the elimination of the disease-caus
ing mutant genes from the human populations. This is theoretically 
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the best, and it is at present the only concrete efficient measure 
that can be proposed. H. J. Muller (1959,1961) who has given con
siderable attention to eugenics, has recently proposed the creation 
of germ-cell banks, from which prospective parents could draw the 
choicest human genomes. Such discussions and proposals are of para
mount importance, even though one might not share Muller's opti
mism, which leads him to believe that in a process of free choice of 
genomes on the part of the populations the greatest human values 
would all get their fair share. I t may be anticipated that govern
ments would advocate and propagandize the choice of the socially 
minded, the active, the efficient, at the expense of the contemplative 
person; and the "good fellow" who represents the majority of 
humans would tend to procreate by choice a "super good fellow," a 
super corporation man, more able in conforming than in intellectual 
accomplishments. Without the contemplative, endowed with refined 
perceptive abilities of the qualitative and of the significance of forms, 
the human race would deteriorate. They are indeed humanity's 
greatest asset, both in the realm of doing and in the realm of being. 
I t is true that the present development of the world toward a huge 
hive where nothing can stand in the path of technology and mass 
production promises to individuals so endowed little in the future 
except frustration and unhappiness, and one might contend that to 
relieve their suffering it might be a good deed to eliminate them 
genetically. 

On the other hand, no objection can be legitimately raised, it 
seems to us, against the ambition to eliminate from human heredity 
those genes that lead to clearly pathological manifestations and 
great human suffering. The means of achieving this goal need to be 
discussed. We know now that in the United States about 10% of 
the Negro population carry one HbS or HbC gene. Therefore about 
one 400th of the children born to Negro parents have the deadly 
disease sickle-cell anemia. A simple test permitting the detection of 
the heterozygous carriers of a sickle-cell-hemoglobin gene exists, and 
as a first protective step there should be a law requiring all persons 
within a population in which this gene is present to any significant 
extent to submit themselves to this test. 

If people carrying the mutant gene were to refrain from marry
ing one another, but married normal individuals, the incidence of 
the gene would remain constant in the population, and the problem 
of eliminating the gene would not be solved. To eliminate the mutant 
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gene the following rules may be proposed. If two heterozygotes 
marry they should have no children of their own. If a heterozygote 
marries a normal person they should have a number of progeny 
smaller than the average. In this way the mutant gene would be 
eliminated in the course of time in a way not involving the suffering 
caused by the birth of the defective children. Similar measures 
should be taken in the case of phenylketonuria and other molecular 
diseases. 

In a marriage of heterozygotes, who do not suffer from the dis
eases caused by recessive genes, the chance that each child is homo
zygous for the defective gene is 25%. This percentage is much too 
high to let private enterprise in love combined with ignorance take 
care of the matter. And although interference of law in questions 
that are to a great extent of a very personal nature is to be avoided 
whenever possible, it would be clearly unethical to oppose such an 
interference in the case of molecular disease, at the very least in 
those cases, such as sickle-cell anemia, where presently available 
palliative measures are inadequate. 

We may accordingly have hope that the increase in knowledge 
about molecular disease will in the course of time lead to a signifi
cant decrease in the amount of human suffering in the world. 
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Molecular "Restoration Studies" of Extinct Forms of Life 

L I N U S P A U L I N G a n d E M I L E Z U C K E R K A N D L * 

Division of Chemistry and Chemical Engineering, California Institute 
of Technology, Pasadena, California, USA** 

Attention is attracted to the possibility of reconstructing the amino-
acid sequence of ancestral polypeptide chains by virtue of a comparison 
between the amino-acid sequences of related polypeptide chains found in 
contemporary organisms. A tentative partial structure is proposed for two 
ancestral hemoglobin polypeptide chains. Some perspectives of paleobio-
chemistry are outlined. 

I n different hemoglobin polypeptide chains, derived either from one individual 
organism (man) or from different vertebrate species, identical amino-acid 

residues are often found in corresponding positions along the chains (cf. 
Braunitzer1). This occurs too frequently to be due to chance, and it appears to 
be too constant a feature over long periods of evolutionary time to be attribut
able to convergence by natural selection from primitively heterologous polypep
tide starting materials. Consequently, the homology is plausibly interpreted by 
the assumption of the past existence of common polypeptide-chain ancestors, 
controlled by common ancestral genes. At least a few times during evolution an 
evolutionarily effective duplication, i. e., SL duplication that has been spread at 
least temporarily by natural selection, of either a hemoglobin gene or a chromo
some carrying such a gene is thought to have occurred. The resulting daughter 
genes are considered to have differentiated by independent mutation (Itano2; 
Ingram3; Zuckerkandl and Pauling4). 

On the basis of this hypothesis, the degree of difference between two homo
logous polypeptide chains is a measure of the relative time at which the common 
ancestor of the structural genes controlling these chains existed, and it is also, 
within large limits of error, a measure of this time in absolute units (Zucker
kandl and Pauling4). We now direct attention to two further types of information 
that can be derived from the comparison of different homologous polypeptide 
chains. First, it is possible to determine, with some probability, the amino-acid 
sequence of their presumed common polypeptide-chain ancestor. Second, when 
two polypeptide chains do not possess the same amino-acid residue at a certain 

* On leave from Centre National de la Recherche Scientifique, Paris. 
** Contribution No. 2957. 
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Fig. 1. Different evolutionary relationships of the amino-acid residues o and a found at 
corresponding sites in the homologous polypeptide chains C, D, and E. See text. 

molecular site, it is possible to determine in which line of descent the mutation 
responsible for this difference has occurred since the epoch of the common 
ancestor. 

If the amino-acid residue is the same in two chains at a given molecular site, 
there is a certain likelihood that this residue was also present in the common 
ancestor of the chains*. If three or more chains are compared and the same 
residue is found at corresponding sites in two or more chains whereas it differs 
in one chain, there is a certain likelihood that the mutation responsible for the 
difference occurred in the line of descent leading to the chain snowing this dif
ference, and that it occurred since the time of the most recent molecular ancestor 
that can be assumed to relate the variant chain to one of the others. The further 
apart the organisms from which homologous polypeptide chains are derived, 
the more significant are the identities found, not only because they then suggest 
that the residue at the molecular site considered has remained the same for a 
long evolutionary time and therefore must have an important function within 
the molecule, but also because in widely different forms the occurrence of con
vergence at the molecular level appears to us to be a negligible possibility. 

In Figure 1 three lines of molecular descent, x, y, and z, are represented, and 
the respective common molecular ancestors at two branching points are A and B. 
Squares stand for related polypeptide chains. Two different amino-acid residues, 
£ and 0, are considered for one given molecular site in the homologous poly
peptide chains, C, D, and E. These chains are located on the time scale at a 

* Convergence effects may possibly intervene under some circumstances even at the mole
cular level, but are not considered to be likely to affect an important proportion of amino-acid 
residues in polypeptides. 
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level representing present time. The following probable statements can be made 
about the four situations pictured: Situation (a): the common chain-ancestors 
A and B had residue o at the molecular site under consideration. Situation (b): 
the chain ancestors A and B had residue Q; a mutation to residue a has occurred 
in evolutionary lineage z after it became distinct from evolutionary lineage y. 
Situation (c): the chain ancestors A and B had residue Q; a mutation to residue 
o occurred in evolutionary lineage y after lineage z branched off from lineage y. 
Situation (d): the chain-ancestor B had residue Q, but on the basis of the evidence 
the nature of the residue in chain-ancestor A is undetermined; further related 
polypeptide chains have to be drawn into the comparison to permit a conclusion 
to be reached. The probability of correctness of the other deductions can be 
increased by use of information about other chains. 

Three out of the four types of chains that make up human hemoglobin mole
cules (there are four chains of two types per molecule), namely the a-, /?-, and 
^-chains, have been defined by their N-terminal sequence (Schroeder5). This 
sequence may change partially or totally during evolution, and yet the structural 
genes that control it may still be homologous. We need to be able to refer to 
homologous structural genes irrespective of the actual amino-acid sequence of 

their polypeptide products. Let us propose, therefore, to speak of the 1°, IV, III' ' ' 

and IV -hemoglobin-chain genes and the corresponding polypeptide chains, the 
superscript representing in each case the reference for homology considerations. 
The common ancestor of two or more of these genes is then designated by juxta
position of the symbols referring to the genes derived by duplication. Thus, the 

IF—IV -gene is the common ancestor of the II -gene and the IV -gene; the 

IF—Hi''—IV -gene is the common ancestor of the III -gene and the II —IV 

gene; and the Ia—II —III —IV -gene is the common ancestor of the Ia-gene and 

the I l ^ - I I^ - IV^-gene (Fig. 2). 
Tables la, lb , and lc illustrate the procedure by presenting two partially and 

tentatively reconstructed ancestral hemoglobin polypeptide chains. The evidence 
on which these reconstructions are based are the human a-, /J-, y-, and ^-chains, 
the sperm-whale myoglobin chain (see Schroeder7 for references and latest in
formation on the structure of these chains), the horse a-chain (Braunitzer and 
Matsuda, in: Cullis et al.s), and the human myoglobin chain (Hill9). One of us 
(L. P.10) has listed earlier probable residues for 70 loci in the common precursor 

a g y 8 Time levels 
I - n -m -cr 

Eorly 

i -m'- iz 

Medium 

Late 

S.H-T3i 

Fig 2. Schematic representation of the successive gene duplications that are presumed to 
have lead to the hemoglobin genes found in man. Cf. Ingram3. See text. 
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Table 1 a. Tentative partial structure of two chain-ancestors of the human hemoglobin polypep 
residues is the one usually applied to the human a-chain. The abbreviations for the amino acids a 
for asparagin (asg) and glutamine (glm). Other abbreviations: E = early epoch; M = medium ep 
"None", in column (e), means: probably no evolutionrily effective mutation occurred at the site 
descent leading from the ancestral genes to the human genes. The residues and comments are p 
clusion reached is partly based on the consideration of human and sperm whale myoglobins. 
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o 
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a, 

(a) 
(b) 
(c) 

(d) 

(e) 

(a) Residue number 

(b) Partial sequence of the 11^-111' '-IV5-chain (late form) 

(c) Partial sequence of the ^ - I I ^ - I I F - I V ^ - c h a i n (late form) 

(d) Chain(s) in whose direct ancestry the mutation(s) seem to have occurred 

(e) Nature of the substitution 

(f) Qualitative evaluation of the time of mutation 

(g) From evidence relating to a number of different animals (cf. Gratzer and Allison6 

(h) Not after the time of ancestor common to horse and man 

(i) After the time of ancestor common to horse and man 

(j) Amino-acid residue x present at a homologous site in the two myoglobins 

(k) Polypeptide chain I a or I I ^ - I I F - l V 5 
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Table 1 C. Continuation of Table 1 a. See Table 1 a for legen 

(a) 84 85 90 
(b) —ser—glu leu his—cys asp lys leu—his val asp 
(c) —ser— ? leu his—(ala) ? • lys leu— ? val asp 
(d) (k) (Il'S-lII>'-IV<5)(k) (k) 

(e) none none none (ala-*-cys) none none none none 
(x=ala (j)) 

(f) EorM(h) (E) E or M(h) E or M(h) 

(a) 100 105 110 
(b) —leu—leu gly asg val leu—val ? •—val leu—ala— ? — 
(c) —leu—leu (ser) ? • ? leu— ? • ? — ? • leu—ala— ? •— 

(d) QlP-UP-IV8) (k) (k) (k) (k) 
(e) none none (ser-»-gly) none none none 

(x = gly (j)) 
(f) (E) E or M(h) E or M(h) E or M(h) E or M(h) 

(a) 116 120 125 
(b) —glu phe thr pro— ? —val—glm ala ser ? — glm lys— 
(c) — ? • phe thr pro— ? -—val— ? • ala ser ? —(asp) lys— 

(d) (k) (k) 11^ -IV8 (II<S-III?'-IV<5) 

et or n ' 
e? (e) none none none none ser-n-ala asp->glm none 
O (x = asp (j)) 
Jt (f) EorM(h) EorM(h) MorL (E) 
3 
# (a) 132 133 135 140 
§ (b) —val ala ? —ala leu— ? —ser lys tyr—his 
?* (c) —val ? ? — ? leu— ? —ser lys tyr— ? 
^ (d) (k) (k) I / - I V 5 I I I r (k) 
t— (e) none none ser->-his lys->-arg none 
§ (f) EorM(h) EorM(h) M MorL EorM(h) 

on 
e 

•e 
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of a-chains and non-a-chains. A qualitative estimate is made of the time at which 
a given mutation supposedly occurred. (In a majority of cases the changes prob
ably involve more than one substitution, according to the genetic codes proposed 
by Yukes11 and by Smith12). Three periods are distinguished: early, medium, and 
late, according to the time off the mutation or mutations in relation to the succes
sive gene duplications (Fig. 2). 

Fossil remains no doubt express the activity of only a fraction of the genes 
of a given organism (although perhaps a significant fraction) and this fraction 
cannot be analyzed into its components. Paleobiochemistry, through molecular 
restoration studies on the basis of existing related polypeptide chains, provides 
the means of investigating the structure of such components for any part of the 
genome of extinct organisms. This holds, however, only in relation to structural 
genes, as long as the object of such studies is confined to the polypeptide pro
ducts rather than extended to the genie material itself. Yet, once the structures 
of ancestral polypeptide chains are known, it will in the future be possible to 
synthesize these presumed components of extinct organisms. Thus one will be 
able to study the physico-chemical properties of these molecules and to make 
inferences about their functions. For instance, the oxygen affinity and its depend
ence on pH of ancestral hemoglobins might be studied as well as the affinity 
of ancestral enzymes for various substrates and the probable nature of these 
substrates in past evolutionary history. As information about various paleogenes 
belonging to a given group of extinct organisms will accumulate, some deduc
tions concerning these organisms will be possible in relation to levels of bio
logical integration higher than the level of individual macromolecules. When 
a fossil record is available, knowledge about the organisms concerned will go 
far beyond what has so far been believed possible. Important information will 
also be provided about forms that have left no fossil record whatsoever, such as 
many soft-bodied animals. 

When a gene-duplication has occurred and one of the duplicate genes is not 
needed for carrying out the function for which its partner suffices, the poly
peptide chain synthesized under its control may undergo a change in structure, 
including a change in spatial conformation, and the latter change especially may 
sometimes lead to the appearance of a new function. If the new function is 
retained by natural selection, it appears likely that during the subsequent evolu
tionary period many more mutational changes will be preserved by the corre
sponding gene than by genes whose functions have long been established. The 
latter genes are submitted to forces of selection that are conservative most of 
the time. Two reasons may be advanced for a more rapid alteration of the amino-
acid sequence in a conformationally and functionally altered polypeptide: First, 
a newly evolved function is likely to be perfectible through further structural 
changes; second, while over very long periods of evolution the amino-acid 
sequence of homologous polypeptide chains can be deeply transformed even 
when the spatial conformation is kept nearly constant, as the comparison of 
myoglobin and hemoglobin suggests, a faster transformation is to be expected 
when the spatial conformations differ, since in that case the residues required 
to remain unchanged in order to preserve a given spatial conformation are not 
any more the same in the precursor polypeptide and in the polypeptide derived 

Acta Chem. Scand. 17(1963) Suppl. 1 
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from it. Can paleobiochemical studies be anticipated to trace the filiation be
tween genes that control polypeptides endowed with different functions? In a 
polypeptide whose function has been replaced by another one the amino-acid 
sequence may eventually be modified to such an extent that it becomes unre
cognizable in terms of the molecular ancestor. Thus the comparison of the 
amino-acid sequences in contemporary polypeptide chains endowed with dif
ferent functions probably will lead only in a minority of cases to the detection 
of the evolutionary relationships that actually obtain, viz., mainly when the 
acquisition of a different molecular function by a polypeptide has been relatively 
recent. In such cases convincing homologies in amino-acid sequence will still 
be found, although the spatial conformations of the proteins may differ. Even 
then the discovery of polypeptides related by evolution but functionally different 
might appear to involve either an unlikely coincidence or a formidable task. This 
task could, however, be substantially reduced, if a systematic investigation were 
made of the amino-acid sequences in polypeptides that have been shown by 
genetic studies to be controlled by closely linked genes, notably by genes con
trolled by a common operator gene (Jacob and Monod13). The functions carried 
out by the genes included in a given operon (the unit controlled by an operator 
gene) can be quite diversified, and it is to be expected that the spatial conforma
tions of the corresponding polypeptides are diverse also. Yet, since at least some 
genes derived through the duplication of a mother gene will probably remain 
closely linked during a considerable evolutionary time and since some of them 
may change in their function, the chances of discovering homologies between 
apparently unrelated proteins are likely to be greatest in a survey of the amino-
acid sequences of polypeptides controlled by closely linked genes. An effort in 
that direction may result in a worthy contribution to the theory of evolution, in 
that it might show that even apparently unrelated proteins can indeed have a 
common molecular ancestor. Thus suggestive evidence would be furnished in 
support of the view that most or all apparently heterologous genes derive ulti
mately from a common gene-ancestor. 
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Different types of molecules are discussed in relation to their fitness for 
providing the basis for a molecular phylogeny. Best fit are the 
"semantides", i.e. the different types of macromolecules that carry the 
genetic information or a very extensive translation thereof. The fact that 
more than one coding triplet may code for a given amino acid residue in a 
polypeptide leads to the notion of "isosemantic substitutions" in genie 
and messenger polynucleotides. Such substitutions lead to differences in 
nucleotide sequence that are not expressed by differences in amino acid 
sequence. Some possible consequences of isosemanticism are discussed. 

1. The Chemical Basis for a Molecular Phylogeny 

Of all natural systems, living matter is the one which, in the face of great 
transformations, preserves inscribed in its organization the largest amount of 
its own past history. Using Hegel's expression, we may say that there is no 
other system that is better aufgehoben (constantly abolished and simultan
eously preserved). We may ask the questions where in the now living systems 
the greatest amount of their past history has survived and how it can be 
extracted. 

At any level of integration, the amount of history preserved will be the 
greater, the greater the complexity of the elements at that level and the smaller 
the parts of the elements that have to be affected to bring about a significant 
change. Under favorable conditions of this kind, a recognition of many 
differences between two elements does not preclude the recognition of their 
similarity. 

One may classify molecules that occur in living matter into three categories, 
designated by new terms, according to the degree to which the specific 
information contained in an organism is reflected in them: 

(1) Semantophoretic molecules or semantides—molecules that carry the 
information of the genes or a transcript thereof. The genes themselves are the 

T.B . 357 24 
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primary semantides (linear "sense-carrying" units). Messenger-RNA mole
cules are secondary semantides. Polypeptides, at least most of them, are 
tertiary semantides. 

(2) Episemantic molecules—molecules that are synthesized under the 
control of tertiary semantides. All molecules built by enzymes in the absence 
of a template are in this class. They are called episemantic because, although 
they do not express extensively the information contained in the semantides, 
they are a product of this information. 

(3) Asemantic molecules—molecules that are not produced by the organ
ism and therefore do not express, either directly or indirectly (except by their 
presence, to the extent that this presence reveals a specific mechanism of 
absorption), any of the information that this organism contains. However, the 
organism may often use them, and may often modify them anabolically and 
thus change them into episemantic molecules to the extent of this modifica
tion. The same molecular species may be episemantic in one organism and 
asemantic in another. Vitamins constitute examples. Simple molecules such 
as phosphate ion and oxygen also fall into this category. Macromolecules 
found in an organism for any length of time are never asemantic, viruses 
excepted. Viruses and other "episomes", i.e., particles of external origin that 
may be integrated into a genome (Wollman & Jacob, 1959) are asemantic 
when present in the host cell in the vegetative, autonomous state: they are 
semantophoretic when integrated into the genome of the host. 

Products of catabolism are not included in this classification. During the 
enzymatic breakdown of molecules, information contained in enzymes is 
expressed, but instead of being manifested in both the reaction and the pro
duct, this information is manifested in the reaction only. Since we are con
sidering products, catabolites as such are non-existent with respect to the 
proposed classification. 

The relevance of molecules to evolutionary history decreases as one passes 
from semantides to asemantic molecules, although the latter may represent 
quantitative or qualitative characteristics of groups. As such they are, 
however, unreliable and uninformative. It is plain that asemantic molecules 
are not.worthy of consideration in inquiries about phylogenetic relationships. 

Neither can episemantic molecules furnish the basis for a universal 
phylogeny, for such molecules, if universal, are not variable (ATP), and, if 
variable, are not universal (starches). It appears however possible a priori that 
parts of the phylogenetic tree could be defined in terms of episemantic mole
cules. An attempt in this direction has been made for instance on the basis of 
carotenoids in different groups of bacteria (cf. Goodwin, 1962). It is charac
teristic of such studies that they need independent confirmation. Such inde
pendent confirmation may be obtained by direct or indirect studies of seman-
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tides. In relation to a number of organic molecules, such as vitamin B12, 
organisms as far apart on the evolutionary scale as bacteria, flagellates, and 
higher vertebrates differ, not in that the compound is present or absent, 
required or not required, but in the prevalent "pattern of specificity" (Hutner, 
1955). By this is meant the measure of functional effectiveness of compounds 
closely similar to but not identical to the one that is actually present, say, 
vitamin B i : . Thereby the difference of organisms in relation to the organic 
molecules under consideration is reduced to differences in enzymes and, in 
the last analysis, to the difference in primary structure of polypeptide chains. 
Because of this relationship to studies of semantides, it is possible that the 
establishment of different patterns of specificity is one of the best uses to 
which episemantic and asemantic molecules may be put in phylogenetic 
studies. 

Whereas semantides are of three types only (DNA, RNA, polypeptides), 
episemantic molecules are of a great variety of types. Their interest for 
phylogeny is proportional to their degree of complexity. Polysaccharides such 
as cellulose are large molecules, but their complexity is small because of the 
monotonous repeat of the same subunits. In fact, not only episemantic 
molecules, but also semantides vary in their degree of complexity. The com
plexity of semantides is largest in the case of large globular polypeptide chains 
and smallest in the case of structural proteins characterized by numerous 
repeats of simple sequences. There may be a region of overlap of semantides 
with the lowest degree of complexity and of episemantic molecules with the 
highest degree of complexity. The former, however, will still contain more 
information than the latter about the present and the past of the organism. 
Indeed, episemantic molecules are mostly polygenic characters, in that en
zymes controlled by several distinct structural genes have to collaborate in 
their synthesis; moreover, they express the information contained in the active 
centers of enzymes only, and in no other enzymatic region; and even then 
express this information ambiguously; i.e., probably with considerable 
"degeneracy". There is thus a great loss of information as one passes from 
semantides to episemantic molecules. Incidentally, one cannot yet be sure that 
all polypeptides are semantides. Some, especially among the small ones, but 
also among the large structural ones, may be episemantic. Thus, it has not 
been possible to split glutenin into subunits of reproducible molecular weight 
(Taylor & Cluskey, 1962). This raises the suspicion that glutenin might not be 
produced as the transcript of a template. 

Because tertiary semantides (enzymes) with different primary structures can 
lead to the synthesis of identical episemantic molecules as long as the active 
enzymatic sites are similar, wrong inferences about phylogenetic relationships 
may be drawn from the presence of identical or similar episemantic molecules 
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in different organisms. Amylopectins in plant starches and animal glycogens 
are very similar, yet we may expect (a point it will be of interest to verify) that 
the amino-acid sequence of the enzymes responsible for the synthesis of these 
polysaccharides in animal and plant kingdoms is very different. Moreover a 
similar end-product, in the case of episemantic molecules, may be obtained by 
different pathways, so that not even the active sites of the enzymes involved 
need to be similar. The synthesis of nicotinic acid and that of tyrosine are 
carried out via different pathways in bacteria and in other organisms (cf. 
Cohen, 1963). Therefore, the presence of these molecules in no way points to 
a phylogenetic relationship between bacteria and these other organisms. The 
number of possible historical backgrounds to the presence of a molecule 
synthesized by an organism will tend toward unity only as the number of 
enzymes involved in the synthesis of this molecule increases significantly. It is 
not likely that a whole pyramid of enzymatic actions has been built more than 
once or twice during evolution. This consideration implies that the best 
phylogenetic characters among episemantic molecules are not just the most 
complex molecules but, among these, the ones that are built from the least 
complex asemantic molecules. 

The preceding discussion suggests that the most rational, universal, and 
informative molecular phylogeny will be built on semantophoretic molecules 
alone. Evolution, in these molecules, seems to proceed most frequently by the 
substitution of one single building stone out of, say 50 to 300 for polypeptides 
or, on the basis of a triplet code, 150 to 900 for the corresponding nucleic 
acids. Even these small changes can have profound consequences at higher 
levels of organic integration, through an alteration of the established pattern 
of molecular interaction. Therefore, in macromolecules of these types there 
is more history in the making and more history preserved than at any other 
single level of biological integration. 

In previous communications (Zuckerkandl & Pauling, 1962; Pauling & 
Zuckerkandl, 1963) we have discussed ways of gaining information about 
evolutionary history through the comparison of homologous polypeptide 
chains. This information is threefold: (1) the approximate time of existence 
of a molecular ancestor common to the chains that are being compared; (2) 
the probable amino-acid sequence of this ancestral chain; and (3) the lines of 
descent along which given changes in amino-acid sequence occurred. The first 
type of information is obtained in part through an assessment of the overall 
differences between homologous polypeptide chains. The second and third 
types of information are obtained through a comparison of individual amino-
acid residues as found at homologous molecular sites. Our purpose was to 
spell out principles of how to extract evolutionary history from molecules, 
rather than to write any part thereof in its final form—an attempt that would 
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require more information than is presently available even in the case of 
hemogloblins. 

Beside the analysis of amino-acid sequence of a greater number of homo
logous polypeptide chains, two other sources of knowledge will help in re
tracing the evolutionary history of molecules. One is a consideration of the 
genetic code, to assess whether the passage of one character of sequence to 
another could have occurred in one step, to discover possible intermediary 
states of sequence, and to evaluate to a better approximation than by the 
simple comparison of the amino-acid sequence of two homologous poly
peptide chains the minimum number of mutational events that separate these 
two chains on the evolutionary scale. 

A second is the study of three dimensional molecular models, to permit 
one to make predictions about the effects of particular substitutions and, on 
the basis of the transitions allowed by the genetic code, to exclude some 
substituents, as incompatible with the preservation of molecular function, 
from the list of possible evolutionary intermediates. 

This cursory outline of methodology in chemical paleogenetics applies 
directly to the analysis of polypeptide chains only. Although techniques are 
not yet available for a thorough investigation of sequence in other types of 
semantides, it is of interest to examine the relationship between the different 
types of semantides with respect to the information they contain. 

2. Cryptic Genetic Polymorphism through Isosemantic Substitution 

For any one corresponding set of molecules, the three scripts used by nature 
in semantophoretic molecules, the DNA-, RNA- and polypeptide scripts, 
represent largely, but presumably not exactly, the same message. One major 
reason for this is probably the following. In view of the "degeneracy" of the 
genetic code, many amino acids appearing to be coded for by more than one 
type of codon (WeisblUm, Benzer & Holley, 1962; Jones & Nirenberg, 1962), 
one must assume that information is lost in the passage from secondary (RNA) 
to tertiary (polypeptide) semantides. Moreover many primary semantides 
may not be transcribed: there are significant stretches of DNA that are 
apparently not expressed in polypeptide products, and the base sequence 
along these stretches may represent important documents about the history 
of the organism as well as its present organization and potentialities. 

The degeneracy of the genetic code, then, leads one to predict the existence 
of isosemantic heterozygosity, namely of differences in base sequence in 
allelic stretches of DNA that do not.lead to differences in amino-acid sequence 
in the corresponding polypeptide chains. The base sequence of a codon may 
be changed, but the "sense" of the "word", in terms of amino acids, may 
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remain the same. The same inference has been drawn independently by 
Jones (1946, personal communication).! 

Eck (1963) proposes that one of the three letters of each codon, perhaps the 
middle letter, is ceeognizedSby transfer-RNA's only as "purine" or "pyrimi-
dine"; that is, according to the bulk of the molecule rather than to its exact 
species. Thus shifts between adenine and guanine or between cytosin and 
uracil in the middle letter of messenger-RNA codons will not be heeded by 
transfer-RNA. If this is so, one must distinguish two levels of crypticity. 
Some base substitutions will remain cryptic, unexpressed at the level of the 
polypeptide chains, but will be recognized at the level of transfer-RNA 
(secondary crypticity). Other base substitutions will remain cryptic at the 
level of both the polypeptide chain and the transfer-RNA (primary crypticity). 
(A third, more superficial level of crypticity was often referred to in the past, 
namely cryptic amino-acid substitutions in polypeptides, substitutions that 
were supposed to actually exist, but not to be detected by available chemical 
means.) According to Eck's code, primary crypticity should exist for every 
amino acid, because of the peculiar role tentatively attributed to the middle 
letter of the codon, and secondary crypticity should exist for eleven amino 
acids out of twenty. Amino acids that occur with high frequencies usually 
seem to have degenerate codes. The opportunities for isosemantic substitution 
and cryptic genetic polymorphism, even of the secondary type of crypticity, 
should therefore be very widespread indeed. 

As is well known, the abnormal human hemoglobins HbS and HbC differ 
from HbA in that a valyl residue replaces a glutamyl residue in the /7-chain 
of HbS at the sixth position from the amino-end, whereas a lysyl residue 
replaces the same glutamyl residue in HbC (Ingram, 1958; Hunt & Ingram, 
1958, 1959). According to the proposals for the genetic code made by Jukes 
(1962), by Wahba et al. (1963) and by Eck (1963), the shift from valine to 
lysine is one of the rare ones that require three base pair substitutions in 
DNA and therefore, presumably, three mutational steps. If correct, this 
conclusion would render unlikely the hypothesis, previously formulated by 
one of us (Pauling, 1961), that HbC is derived from HbS rather than from 
HbA. The three genetic codes, on the other hand, are compatible with a one-
step transition between HbA and HbS as well as between HbA and HbC. 
According to Eck's code—not according to the other proposals for a genetic 
code mentioned above—the valine of HbS and the lysine of HbC must 

t Note added in proof. Since the present article was written this inference has also been 
drawn independently or made use of in various connections by H. A. Itano (Symposium 
on Abnormal Haemoglobins, lbadan, Nigeria, 1963), C. Baglioni (personal com
munication), B. N. Ames & P. Hartman (Cold Spr. Harb. Symp. quant. Biol. (1963), 28, 
349), G. S. Stent (Science (1964), 144, 816) and T. Sonneborn (in "Evolving Genes and 
Proteins", H. J. Vogel et al., eds., Academic Press, New York, in the press). 
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however have derived from two distinct isosemantic codons- for glutamic 
acid in HbA (Fig. 1). Whether or not Eck's code will, in the end, be shown to 
be correct in this respect, we may accept it provisionally for the sake of this 
discussion. Indeed, even if HbS and HbC are not the products of mutations 
in two isosemantic codons. other cases of this type are likely to be found in 
the future. 

HbA glu APG UPG 

HbS vol 

Ht'C !ys APA "~"~*~APU 

FIG. 1. The relation between coding triplets in hemoglobins A, S and C according to 
Eck's code. Possible one-step transitions are marked by double arrows. Middle letters of 
codons: P = purine. Y — pyrimidine. Other symbols as usual (cf. Eck. 1963). 

If the situation is as represented in Fig. 1, the two isosemantic codons for 
glutamic acid (which are actually, according to Eck, resolvable into four 
isosemantic triplets, AAG, AGG, UAG and UGG) must be thought to have 
at one time been widespread in the human population, and may even today 
constitute a case of perhaps widely occurring cryptic genetic polymorphism. 
A search for it might be made in particular among individuals who appear to 
possess different isoalleles of HbA, in the nomenclature of Itano (1957), 
namely different heritable relative levels of HbA production. Because all 
transfer-RNAs that would correspond to all possibilities of a degenerate code 
might conceivably not be available in excess in certain organisms or in certain 
tissues of an organism, isosemantic substitutions may lead to increased or 
decreased rates of polypeptide synthesis. Thus there could exist an operator-
independent change in rate of protein synthesis through base-pair substitu
tions in structural genes. One of us (L. P.) and Itano (1957) used to think 
that the existence of isoalleles is probably linked to cryptic substitutions. In 
terms of cryptic amino-acid substitutions, this hypothesis has ceased to be as 
likely as it appeared to be, at least as a very generally applicable explanation. 
Yet it may be reintroduced on the basis of cryptic base substitutions in DNA 
and RNA. 

If the scarceness of some species of isosemantic transfer-RNA's, can affect 
the rate of synthesis of polypeptides, the synthesis of a single polypeptide 
chain should not proceed at constant speed along the chain, but so to speak 
in jerks, with sudden decelerations at molecular sites where the codons happen 
not to correspond to species of transfer-RNA that are present in excess. No 
evidence for or against this effect is available to our knowledge. 

One may ask the question whether cryptic isosemantic substitutions may 
offer a possible alternate explanation, beside those already proposed, of the 
thalassemic inhibition of certain hemoglobin chain genes. A single isosemantic 
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substitution may form a bottle-neck in synthesis, but an additive affect of 
such substitutions is also possible. The human (5-chain may be one that is 
universally "thalassemic" in this sense. This interpretation of thalassemia or 
of the low rate of synthesis of ^-chains would imply that normal amounts of 
the corresponding messenger-RNA's are produced and occupy a significant 
percentage of the available ribosomal sites without leading to much synthesis. 
Such an effect, is not very likely, especially in thalassemia. Indeed, an exten
sive survey of the literature has shown in heterozygotes for a-thalassemia or 
^-thalassemia a "compensatory" increase of mean absolute amounts per cell 
of the chain synthesized under the control of the allelic gene, whether this 
allelic gene be normal or structurally abnormal (Zuckerkandl, 1964). This 
observation suggests that more ribosomal sites have become available to 
messenger-RNA produced by a single allele than is the case when both alleles 
are normally active. If correct, this interpretation would imply that the output 
of messenger-RN A by thalassemic hemoglobin genes is actually reduced, and 
that the block of polypeptide synthesis in thalassemia is at the genie level 
rather than at the level that involves the action of transfer-RNA. On the other 
hand, one may surmise that the low rate of synthesis of ^-chains is correlated 
with a low genie output of messenger-RNA more probably than with low 
synthetic efficiency at the ribosomal level. Moreover, the hypothetical effect 
on rate of synthesis of isosemantic substitutions is not supported by Eck's 
code for hemoglobin S, if it is assumed that HbS has arisen from HbA. 
According to Eck, there is indeed only one codon for valine recognizable by 
transfer-RNA, namely UYG (i.e., UCG and UUG; Y stands for "pyrimi-
dine"). One can therefore not say, without resorting to an auxiliary hypothesis, 
that the apparent slower relative rate of HbS synthesis as compared to HbA 
synthesis in HbA/HbS heterozygotes is perhaps due to the appearance of a 
codon whose corresponding transfer-RNA is present in limiting amounts. 
The auxiliary hypothesis is that a given kind of transfer-RNA is not entirely 
indifferent to the exact chemical species of the central purine or pyrimidine in 
a codon. It is possible that the exact chemical species of the presumed middle 
"letter", while without action on the coding, influences the rate of synthesis 
of the polypeptide. However, very recent evidence (Levere & Lichtman, 
1963) suggests that the rate of synthesis of HbS may in reality not be inferior 
to that of HbA. The present status of these problems is uncertainty. 

Although there is therefore no evidence in favor of considering isosemantic 
substitutions as a significant factor in the regulation of the rate of polypep
tide synthesis, the possibility is not ruled out and should be kept in mind as 
furnishing a basis for Itano's idea, expressed here in a slightly modified way, 
that rate of synthesis and structure, at the level of a given structural gene, are 
intimately linked (Itano, 1957). 
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If isosemantic substitutions recognized by transfer-RNA actually exerted 
an effect on rate of polypeptide synthesis, one would expect natural selection 
to act quite strongly on such substitutions. If natural selection did not act on 
the other postulated type of isosemantic substitutions, those of "primary 
crypticity", not recognized by transfer RNA, the occurrence of such sub
stitutions would be random. It would be more probable that some effect is 
present and that natural selection acts here also. A possible effect of the exact 
chemical species of the presumed middle letter of a codon on rate of synthesis 
has just been mentioned. Other effects might be considered. In particular, it 
has been shown that the frequency of crossing over is inversely related to the 
degree of heterozygosity in a chromosome pair (Stadler & To we, 1962). Via 
this mechanism isosemantic substitutions of primary crypticity as well as those 
of secondary crypticity may have far reaching effects on population genetics. 

One may also examine the possibility that isosemantic substitutions have 
some effect on evolutionary stability. Benzer (1961) has pointed out that, 
since AT base pairs are held together much less strongly than GC base pairs, 
a genetic region rich in AT pairs will tend to be more subject to substitution. 
By selecting for isosemantic triplets rich in GC and low in AT content, an 
organism might reduce its mutation rate without changing the structure of 
any of its proteins. Whether such an effect would be significant enough to 
influence the rate of evolution remains to be seen. It will be of interest to 
compare the base composition of DNA from "living fossils" such as Lingula 
or Limulus with base composition in more rapidly evolving animals. 

Finally, isosemantic substitutions in those regions of DNA that carry 
out the function of operators (Jacob & Monod, 1961) might well lead to a 
modification of the stereochemical relationship between the operators and 
the repressor molecules. Thereby such isosemantic substitutions would have 
an effect on rate of polypeptide synthesis, distinct from the operator-inde
pendent effect discussed earlier. 

Due to isosemantic substitutions, there probably is more evolutionary 
history inscribed in the base sequence of nucleic acids than in the amino-acid 
sequence of corresponding polypeptide chains. By its implications, a degener
ate code thus emphasizes the role of nucleic acids as "master molecules" over 
polypeptides, (a role still doubted by some (Commoner, 1962)). even though 
polypeptides may interact with nucleic acids to regulate the rate of synthesis 
of both polypeptides and nucleic acids. All the potentialities of an individual 
may be assumed to be inscribed in polypeptide chains that are actually 
synthesized, or could be synthesized, by the cells under certain circumstances, 
and in the structures that control the actual and potential rates of this syn
thesis. Yet it appears conceivable, since equal rates of synthesis under the 
control of distinct but isosemantic codons are possible, that the individual 
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contains information, not only, as we know, beyond that which it actually 
uses for its realization, but even beyond that which defines its potentialities. 
This part of its "being", necessarily cryptic in terms of the phenotype, would 
at best be expressed only in relation to the evolution of the species. 

One of the authors (E. Z.) is greatly indebted to Professor Joshua Lederberg for 
discussions about the topics treated in this paper. 

This article, written in 1963, was published early in 1964, in a Russian translation, 
in the volume Problems of Evolutionary and Technical Biochemistry, dedicated to the 
Academician A. I. Oparin (Science Press, Academy of Sciences of the U.S.S.R., 
pp. 54-62). The original text of the article is published here, as contribution No. 3041 
of the Division of Chemistry and Chemical Engineering of the California Institute 
of Technology. This work was supported by a grant GM 04276-99 from the 
National Institutes of Health. 
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Photo 17 Linus Pauling and Prof. Dan H. Campbell (left) with laboratory rabbits used in serological 
research at Caltech in the early 1940's (Chapter 12). 



Photo 18 (right) Linus Pauling in the 
early 1950's, studying a polyhedral model 
that may be related to structures of 
intermetallic compounds. 

Photo 19 (left) Linus Pauling (middle row to 
right of center) in 1950 with co-authors Dr. 
David Shoemaker (lower left), Prof. Laszlo 
Zechmeister (middle row left), and (top row left 
to right) Prof. Dan Campbell, Dr. Joseph B. 
Koepfli, and Prof. Carl Nieman. Shoemaker (SP 
54) was an expert in the structures of metals 
and alloys. Nieman (SP 96) was professor of 
organic chemistry. Campbell (several SPs in 
Chapter 12) appears also in Photo 17. Koepfli 
collaborated with Pauling and Campbell in 
developing an artificial substitute for blood 
serum, called oxypolygelatin (paper [51-2]). 
Zechmeister co-authored two papers on 
prolycopene ([41-5] and [43-3]). Other Caltech 
faculty in the picture are Prof. John Kirkwood 
(top row right) and Dr. David M. Mason (lower 
right). 
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Photo 20 Linus Pauling with Dr. Fred J. Ewing (right) in the mid 1950Js. Ewing worked with 
Pauling on metals and intermetallic compounds (SP 30, SP 54). In this photo the writing on the 
blackboard shows that Pauling has just given a lecture on hydrogen bonding. 

Photo 21 Linus Pauling with Prof. Youqi Tang, co-author of SP 53. Tang received his Ph.D. at 
Caltech in 1950, and then returned to his family in the P.R.C. (China), becoming professor of chemistry 
in Peking University. His laboratory did extensive x-ray studies of the structure of insulin. Photo was 
taken in 1991. Here and in Photos 23, 35, 41 and 46, Pauling sports his characteristic beret. 
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P h o t o 22 Prof. J . Holmes Sturdivant 
(left) and Prof. Robert B. Corey (right) in 
1948. These men were Pauling's close and 
s teadfas t co l leagues . S t u r d i v a n t was 
Paul ing ' s first g r adua te s tudent , and 
worked with him over the period 1926 to 
1964. Corey worked with him from 1937 
to 1964. Sturdivant specialized in x-ray 
diffraction study of the structure of ionic 
c r y s t a l s (SP 42), a n d in diffract ion 
instrumentation; he also contributed to the 
development of the Pauling oxygen meter 
(SP 62). Corey collaborated extensively 
wi th Pau l ing in the s tudy of prote in 
structure, and co-authored many papers 
(Chapter 13). See also Photo 23. 

P h o t o 23 Linus Pauling with Robert B. 
Corey at about the time the ot-helix and 
other protein structures were discovered 
(Chapter 13), in the early 1950's. Corey's 
specialty played a crucial role in these 
discover ies . He d e t e r m i n e d by x-ray 
diffraction the structures of amino acids, 
peptides, and other molecules derived from 
or re la ted to prote ins (SP 99, SP 105, 
SP 106). 



Photo 24 Linus Pauling working with a protein molecular model in the early 1950fs. The rectangular 
pieces of flat sheet metal represent the planar amide groups, so important in the structure of proteins 
(SP 105). The model represents Pauling and Corey's proposed structure for collagen (SP 103). 
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Photo 25 Linus Pauling and Fred J. Ewing carrying a-helix-type molecular models into the Athenaeum 
at Caltech, for a lecture. Mid 1950's. 
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Photo 26 Linus Pauling and Prof. George Beadle (Nobel Prize in 1958) examining a molecular model 
of the a-helix at an American Cancer Society exhibit in the early 1950,s. 
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Photo 27 (left) Linus Pauling with Dr. Richard 
E. Marsh (Left), in 1975. Marsh is a distinguished 
crystallographer who collaborated with Pauling in 
the structural study of hydrogen bonding by water 
molecules in crystals (SP 37). He also collaborated 
in studies of intermetallic compounds (SP 54) and 
proteins (SP 110). 

P h o t o 28 Linus Paul ing with models of the 
structure of water based on the pentagonal dode
cahedron, ca. 1960 (SP 37, SP 38, and SP 129). 
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Photo 29 Dr. Sterling Hendricks, co-author of SP 39 and several other papers on mineral structures. 
He came to Caltech in 1924, but is here shown in his later years. He became a renowned expert on 
the clay minerals and other sheet silicates. Pauling wrote a memorial of him in 1982 (paper [82-13], 
in Group 18, Appendix III). 





PART IV 

HEALTH AND MEDICINE 
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INTRODUCTION T O PART IV 

HEALTH AND MEDICINE 

Growing out of the first phase of Pauling's biomolecular research, covered in Part III, 
there emerged, beginning in the 1950's, a second phase of activity, in which Pauling 
championed the belief that basic principles of structural chemistry could shed light on 
human disease and provide a route to better health. This is the subject of Par t IV. In 
Pauling's publications we can trace his efforts to connect the fundamental elements of 
scientific knowledge with their practical applications in the medical realm. 

Pa r t IV begins with what is without doubt one of Linus Paul ing 's grea tes t 
contributions to medical science—the concept of molecular disease, developed in the 
five papers in Chapter 15. The discovery was made in human hemoglobin, and thus 
has roots in the papers in Chapter 11, as described in SP 87. But important as 
hemoglobin is, the concept of molecular disease extends far beyond it and has become 
one of the foundations of modern medicine. Yet there is only a slight distinction between 
this concept as a basis for medical treatment and as a key to biochemical understanding, 
as noted in the Introduction to Part III. 

Chapter 16 gathers together several health-related subjects. Pauling's concern with 
the health hazards from nuclear radiation arose from the great human devastation 
caused by the atomic bombs dropped on Hiroshima and Nagasaki, and was an important 
component of his involvement in advocacy of humanitar ian causes, especially peace 
(see Chapter 18). Two samples of his scientific work on radiation damage to health are 
SP 127 and SP 128. They were written in the context of his suspicion, probably well 
founded, t h a t t he t h e n immensely powerful Atomic Energy Commission was 
withholding or distorting scientific information on the health effects of radiation. The 
"hydrate microcrystal" theory of general anesthesia (SP 129) sprang from Pauling's 
concept of the hydrogen-bonded structure of liquid water (SP 38, in Chapter 4), which 
in turn was rooted in the appearance of pentagonal dodecahedra of hydrogen-bonded 
water molecules enclosing "guest" molecules in the crystal s tructure of clathrate 
crystalline hydrates (SP 37). He and his colleagues endeavored to test the theory by 
laboratory experiments on brine shrimp and goldfish, but definitive confirmation was 
not achieved. 
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SP 131 describes Pauling's 1933 discovery and verification of the superoxide free 
radical, which now, 67 years la ter—has become of much interest as an active agent in 
oxidative damage to tissues and in the aging process. The control of this substance in 
living organisms, by means of the superoxide dismutase enzyme that catalyzes its 
decomposition, is an example of a potential task of orthomolecular medicine (see below). 

SP 132 and SP 133 serve to represent several of Pauling's papers devoted to 
biomedical statistics and their use in interpreting the results of clinical trials of drugs 
or nutrients. He became interested in this subject in endeavoring to evaluate reported 
results of tests of the medical effectiveness of vitamins. SP 128 addresses similar 
statistical issues in radiation-dose testing of the survival of mice. 

Orthomolecular medicine, the subject of Chapter 17, was Pauling's main scientific 
work in his later years—aside from the interests represented in Chapter 10 and the 
ever-present interest in the chemical bond, which he pursued "for recreation". Pauling 
invented the term "orthomolecular psychiatry" (SP 134) and then enlarged it to 
"orthomolecular medicine" (SP 135). It refers to the maintenance or restoration of 
good mental or physical health by control of the concentrations of substances normally 
present in the human body, this control being exerted generally by nutritional control 
of the intake of such substances or their precursors or inhibitors. These substances are 
nowadays called "micronutrients" because they are normally ingested in small amounts, 
such as vitamins. Pauling's interest in nutritional medicine was probably stimulated 
by his life-threatening encounter in 1941 with glomerular nephritis, which was cured 
by a nutritional/dietary regime. 

SP 130 and SP 142 are examples of results of experimental work from the Institute 
of Orthomolecular Medicine, which Pauling founded in 1973 to carry out scientific 
studies in support of the principles of orthomolecular medicine. It was later renamed 
the Linus Pauling Institute of Science and Medicine, and is now located at Oregon 
State University (Corvallis), Pauling's alma mater. 

Pauling's interest was initially in vitamin C (ascorbic acid) as a preventative or 
palliative for the common cold (SP 137), but his interest later extended to other 
micronutrients (SP 131, SP 139) and to the control of cancer (SP 139, SP 140, SP 141), 
AIDS (SP 142) and cardiovascular disease (SP 143). He wrote several lay-oriented 
books on these subjects. Although controversial among doctors and nutritional scientists, 
Pauling's ideas were and still are widely read and quoted, and they substantially 
stimulated popular awareness of micronutrients. Part IV ends with a conclusionary 
section from the book Cancer and Vitamin C (SP 144). 

As noted in the Introduction to Part III, Linus Pauling can rightfully be regarded as 
the father of modern molecular biology, and many consider this to be his most important 

contribution to biology and medical science. Most of the landmark biomolecular papers 
tha t led to this renown are in Part III, but some, including especially those on the 
discovery of molecular genetic disease, are in Par t IV (Chapter 15). "Pauling's grand 
vision of molecular biology and medicine has been realized to an extent he could never 
have forseen" (—B. J. Strasser, Science, Vol. 286, p. 1490, 1999). Or could he? 
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MOLECULAR DISEASE 
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Keprinted from SCIENCE, November 25, 1949, Vol. 110, No. 2865, pages 543-548. 

Sickle Cell Anemia, a Molecular Disease1 

Linus Pauling, Harvey A. Itano,2 S. J. Singer,2 and Ibert C. W e l l s 3 

Gates and Crellin Laboratories of Chemistry, 
California Institute of Technology, Pasadena, California* 

THE ERYTHROCYTES of certain individuals 
possess the capacity to undergo reversible 
changes in shape in response to changes in the 
partial pressure of oxygen. When the oxygen 

pressure is lowered, these cells change their forms from 
the normal biconcave disk to crescent, holly wreath, 
and other forms. This process is known as sickling. 
About 8 percent of American Negroes possess this 
characteristic; usually they exhibit no pathological 
consequences aseribable to it. These people are said 
to have sicklemia, or sickle cell trait. However, about 
1 in 40 (4) of these individuals whose cells are capable 
of sickling suffer from a severe chronic anemia re
sulting from excessive destruction of their erythro
cytes; the term sickle cell anemia is applied to their 
condition. 

The main observable difference between the erythro
cytes of sickle cell trait and sickle cell anemia has been 
that a considerably greater reduction in the partial 
pressure of oxygen is required for a major fraction 
of the trait cells to sickle than for the anemia cells 
(11). Tests in vivo have demonstrated that between 
30 and 60 percent of the erythrocytes in the venous 
circulation of sickle cell anemic individuals, but less 
than 1 percent of those in the venous circulation of 
sicklemic individuals, are normally siekled. Experi
ments in vitro indicate that under sufficiently low oxy
gen pressure, however, all the cells of both types as
sume the siekled form. 

The evidence available at the time that our investi
gation was begun indicated that the process of sick
ling might be intimately associated with the state and 
the nature of the hemoglobin within the erythrocyte. 
Sickle cell erythrocytes in which the hemoglobin is 
combined with oxygen or carbon monoxide have the 
biconcave disk contour and are indistinguishable in 

iThis research was carried out with the aid of a grant 
from the United States Public Health Service. The authors 
are grateful to Professor Ray D. Owen, of the Biology Di
vision of this Institute, for his helpful suggestions. We are 
Indebted to Dr. Edward E. Evans, of Pasadena, Dr. Travis 
Winsor, of Los Angeles, and Dr. G. E. Burch, of the Tulane 
University School of Medicine, New Orleans, for their aid in 
obtaining the blood used in these experiments. 

aU. S. Public Health Service postdoctoral fellow of the 
National Institutes of Health. 

8 Postdoctoral fellow of the Division of Medical Sciences 
of the National Research Council. 

'Contribution No. 1333. 

that form from normal erythrocytes. In this condi
tion they are termed promeniscocytes. The hemo
globin appears to be uniformly distributed and ran
domly oriented within normal «ells and promenisco
cytes, and no birefringence is observed. Both types 
of cells are very flexible. If the oxygen or carbon 
monoxide is removed, however, transforming the hemo
globin to the uncombined state, the promeniscocytes 
undergo sickling. The hemoglobin within the siekled 
cells appears to aggregate into one or more foci, and 
the cell membranes collapse. The cells become bire-
fringent (11) and quite rigid. The addition of oxy
gen or carbon monoxide to these cells reverses these 
phenomena. Thus the physical effects just described 
depend on the state of combination of the hemoglobin, 
and only secondarily, if at all, on the cell membrane. 
This conclusion is supported by the observation that 
siekled cells when lysed with water produce discoidal, 
rather than sickle-shaped, ghosts (10). 

It was decided, therefore, to examine the physical 
and chemical properties of the hemoglobins of indi
viduals with sicklemia and sickle cell anemia, and to 
compare them with the hemoglobin of normal indi
viduals to determine whether any significant differ
ences might be observed. 

EXPERIMENTAL METHODS 

The experimental work reported in this paper deals 
largely with an electrophoretic study of these hemo
globins. In the first phase of the investigation, which 
concerned the comparison of normal and sickle cell 
anemia hemoglobins, three types of experiments were 
performed: 1) with carbonmonoxyhemoglobins; 2) 
with uncombined ferrohemoglobins in the presence of 
dithionite ion, to prevent oxidation to methemoglo-
bins; and 3) with carbonmonoxyhemoglobins in the 
presence of dithionite ion. The experiments of type 
3 were performed and compared with those of type 1 
in order to ascertain whether the dithionite ion itself 
causes any specific electrophoretic effect. 

Samples of blood were obtained from sickle cell 
anemic individuals who had not been transfused within 
three months prior to the time of sampling. Stroma-
free concentrated solutions of human adult hemoglobin 
were prepared by the method used by Drabkin (3). 
These solutions were diluted just before use with the 
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appropriate buffer until the hemoglobin concentrations 
were close to 0.5 grams per 100 milliliters, and then 
were dialyzed against large volumes of these buffers 
for 12 to 24 hours at 4° C. The buffers for the ex
periments of types 2 and 3 were prepared by adding 
300 ml of 0.1 ionic strength sodium dithionite solu
tion to 3.5 liters of 0.1 ionic strength buffer. About 
100 ml of 0.1 molar NaOH was then added to bring 
the pH of the buffer back to its original value. Fer-
rohemoglobin solutions were prepared by diluting the 
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F I G . 1. Mobility(n)-pH curves for carbonmonoxyhemo-
globins in phosphate buffers of 0.1 ionic strength. The black 
circles and black squares denote the data for experiments 
performed with buffers containing dithionite ion. The open 
square designated by the arrow represents an average value 
of 10 experiments on the hemoglobin of different individuals 
with sickle cell anemia. The mobilities recorded in this 
graph are averages of the mobilities in the ascending and 
descending limbs. 

F I G . 2. Mobility(|i.)-pH curves for ferrohemoglobins in 
phosphate buffers of 0.1 ionic strength containing dithionite 
ion. The mobilities recorded in the graph are averages of 
the mobilities in the ascending and descending limbs. 

concentrated solutions with this dithionite-containmg 
buffer and dialyzing against it under a nitrogen atmos
phere. The hemoglobin solutions for the experiments 
of type 3 were made up similarly, except that they 
were saturated with carbon monoxide after dilution 
and were dialyzed under a carbon monoxide atmos
phere. The dialysis bags were kept in continuous 
motion in the buffers by means of a stirrer with a 
mercury seal to prevent the escape of the nitrogen 
and carbon monoxide gases. 

The experiments were carried out in the modified 
Tiselius electrophoresis apparatus described by Swingle 
(14). Potential gradients of 4.8 to 8.4 volts per centi
meter were employed, and the duration of the runs 
varied from 6 to 20 hours. The pH values of the 
buffers were measured after dialysis on samples which 
had come to room temperature. 

RESULTS 

The results indicate that a significant difference ex
ists between the electrophoretic mobilities of hemo
globin derived from erythrocytes of normal individuals 
and from those of sickle cell anemic individuals. The 
two types of hemoglobin are particularly easily dis
tinguished as the carbonmonoxy compounds at pH 6.9 
in phosphate buffer of 0.1 ionic strength. In this 
buffer the sickle cell anemia carbonmonoxyhemoglobin 
moves as a positive ion, while the normal compound 
moves as a negative ion, and there is no detectable 
amount of one type present in the other.* The hemo
globin derived from erythrocytes of individuals with 
sicklemia, however, appears to be a mixture of the 
normal hemoglobin and sickle cell anemia hemoglobin 
in roughly equal proportions. Up to the present time 
the hemoglobins of 15 persons with sickle cell anemia, 
8 persons with sicklemia, and 7 normal adults have 
been examined. The hemoglobins of normal adult 
white and negro individuals were found to be indis
tinguishable. 

The mobility data obtained in phosphate buffers of 
0.1 ionic strength and various values of pH are sum
marized in Figs. 1 and 2.5 

* Occasionally small amounts (less than 5 percent of the 
total protein) of material with mobilities different from that 
of either kind of hemoglobin were observed in these uncrys-
tallized hemoglobin preparations. According to the observa
tions of Stern, Reiner, and Silber (12) a small amount of a 
component with a mobility smaller than that of oxyhemo
globin is present in human erythrocyte hemolyzates. 

B The results obtained with carbonmonoxyhemoglobins with 
and without dithionite ion in the buffers indicate tha t the 
dithionite ion plays no significant role in the electrophoretic 
properties of the proteins. I t is therefore of interest tha t 
ferrohemoglobin was found to have a lower isoelectric point 
in phosphate buffer than carbonmonoxyhemoglobin. Titra
tion studies have indicated (5, 6) that oxyhemoglobin (simi
lar in electrophoretic properties to the carbonmonoxy com
pound) has a lower isoelectric point than ferrohemoglobin in 
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The isoelectric points are listed in Table 1. These re
sults prove that the electrophoretic difference between 
normal hemoglobin and sickle cell anemia hemoglobin 

TABLE 1 

ISOELECTRIC POINTS IN PHOSPHATE BUFFER, U. = 0.1 

Compound Normal 
Sickle cell 

anemia Difference 

7.09 0.22 Carbonmonoxyhemoglobin 6.87 
Ferrohemoglobin ^ < ( J ^ fl Q.<|) A J - J J 

exists in both ferrohemoglobin and carbonmonoxy
hemoglobin. We have also performed several experi
ments in a buffer of 0.1 ionic strength and p H 6.52 
containing 0.08 M NaCl, 0.02 M sodium cacodylate, and 
0.0083 M cacodylic acid. In this buffer the average 
mobility of sickle cell anemia carbonmonoxyhemo
globin is 2.63 x 10 - 5 , and that of normal carbonmon
oxyhemoglobin is 2.23 x 10 - 5 cm/sec per volt/cm. e 

1 

a) Normal c) Sickle Cell Trait 

b) Sickle Cell Anemia d) 50-50 Mixture of a) and b) 

FIG. 3. Longsworth scanning diagrams of carbonmon-
oxyhemoglobins in phosphate buffer of 0.1 ionic strength and 
pH 6.90 taken after 20 hours' electrophoresis at a potential 
gradient of 4.73 volts/cm. 

These experiments with a buffer quite different from 
phosphate buffer demonstrate that the difference be
tween the hemoglobins is essentially independent of 
the buffer ions. 

Typical Longsworth scanning diagrams of experi
ments with normal, sickle cell anemia, and sicklemia 
carbonmonoxyhemoglobins, and with a mixture of the 
first two compounds, all in phosphate buffer of p H 
6.90 and ionic strength 0.1, are reproduced in F ig . 3. 
I t is apparent from this figure that the sicklemia mate
rial contains less than 50 percent of the anemia com
ponent. I n order to determine this quantity accu
rately some experiments at a total protein concentra-

the absence of other ions. These results might be reconciled 
by assuming that the ferrous iron of ferrohemoglobin forms 
complexes with phosphate ions which cannot be formed when 
the iron is combined with oxygen or carbon monoxide. We 
propose to continue the study of this phenomenon. 

• The mobility data show that in 0.1 ionic strength cacody
late buffers the isoelectric points of the hemoglobins are 
increased about 0.5 pH unit over their values in 0.1 ionic 
strength phosphate buffers. This effect is similar to that 
observed by Longsworth in his study of ovalbumin (7). 

tion of 1 percent were performed with known mixtures 
of sickle cell anemia and normal carbonmonoxyhemo
globins in the cacodylate-sodium chloride buffer of 0.1 
ionic strength and p H 6.52 described above. This 
buffer was chosen in order to minimize the anomalous 
electrophoretic effects observed in phosphate buffers 
(7 ) . Since the two hemoglobins were incompletely 
resolved after 15 hours of electrophoresis under a 
potential gradient of 2.79 volts/cm, the method of 
Tiselius and Kaba t (16) was employed to allocate the 
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SICKLE CELL' ANEMIA CARBONMONOXYHEMOGLOBIN 

PIG. 4. The determination of the percent of sickle cell 
anemia carbonmonoxyhemoglobin in known mixtures of the 
protein with normal carbonmonoxyhemoglobin by means of 
electrophoretic analysis. The experiments were performed 
in a cacodylate sodium chloride buffer described in the text. 

areas under the peaks in the electrophoresis diagrams 
to the two components. In Fig. 4 there is plotted the 
percent of the anemia component calculated from the 
areas so obtained against the percent of that com
ponent in the known mixtures. Similar experiments 
were performed with a solution in which the hemo
globins of 5 sicklemic individuals were pooled. The 
relative concentrations of the two hemoglobins were 
calculated from the electrophoresis diagrams, and the 
actual proportions were then determined from the plot 
of F ig . 4. A value of 39 percent for the amount of 
the sickle cell anemia component in the sicklemia 
hemoglobin was arrived at in this manner. From the 
experiments we have performed thus far it appears 
that this value does not vary greatly from one sick
lemic individual to another, but a more extensive study 
of this point is required. 

Up to this stage we have assumed that one of the 

two components of sicklemia hemoglobin is identical 
with sickle cell anemia hemoglobin and the other is 
identical with the normal compound. Aside from the 
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genetic evidence which makes this assumption very 
probable (see the discussion section), electrophoresis 
experiments afford direct evidence that the assumption 
is valid. The experiments on the pooled sicklemia 
carbonmonoxyhemoglobin and the mixture containing 
40 percent sickle cell anemia carbonmonoxyhemoglobin 
and 60 percent normal carbonmonoxyhemoglobin in 
the cacodylate-sodium chloride buffer described above 
were compared, and it was found that the mobilities 
of the respective components were essentially iden
tical.7 Furthermore, we have performed experiments 
in which normal hemoglobin was added to a sicklemia 
preparation and the mixture was then subjected to 
electrophoretic analysis. Upon examining the Longs-
worth scanning diagrams we found that the area under 
the peak corresponding to the normal component had 
increased by the amount expected, and that no indi
cation of a new component could be discerned. Sim
ilar experiments on mixtures of sickle cell anemia 
hemoglobin and sicklemia preparations yielded similar 
results. These sensitive tests reveal that, at least 
electrophoretically, the two components in sicklemia 
hemoglobin are identifiable with sickle cell anemia 
hemoglobin and normal hemoglobin. 

DISCUSSION 

1) On the Nature of the Difference between Sickle 
Cell Anemia Hemoglobin and Normal Hemoglobin: 
Having found that the electrophoretic mobilities of 
sickle cell anemia hemoglobin and normal hemoglobin 
differ, we are left with the considerable problem of 
locating the cause of the difference. It is impossible 
to ascribe the difference to dissimilarities in the par
ticle weights or shapes of the two hemoglobins in solu
tion : a purely frictional effect would cause one species 
to move more slowly than the other throughout the 
entire pH range and would not produce a shift in 
the isoelectric point. Moreover, preliminary velocity 
ultracentrifuge8 and free diffusion measurements indi
cate that the two hemoglobins have the same sedimen
tation and diffusion constants. 

The most plausible hypothesis is that there is a dif
ference in the number or kind of ionizable groups in 
the two hemoglobins. Let us assume that the only 
groups capable of forming ions which are present in 
carbonmonoxyhemoglobin are the carboxyl groups in 
the heme, and the carboxyl, imidazole, amino, phenolic 
hydroxyl, and guanidino groups in the globin. The 
number of ions nonspecifically adsorbed on the two 
proteins should be the same for the two hemoglobins 

7 The patterns were very slightly different in that the 
known mixture contained 1 percent more of the sickle cell 
anemia component than did the sickle cell t rai t material. 

8 We are indebted to Dr. M. Moskowitz, of the Chemistry 
Department, University of California at Berkeley, for per
forming the ultracentrifuge experiments for us. 

under comparable conditions, and they may be neg
lected for our purposes. Our experiments indicate 
that the net number of positive charges (the total 
number of cationic groups minus the number of 
anionic groups) is greater for sickle cell anemia hemo
globin than for normal hemoglobin in the pH region 
near their isoelectric points. 

According to titration data obtained by us, the acid-
base titration curve of normal human carbonmonoxy
hemoglobin is nearly linear in the neighborhood of the 
isoelectric point of the protein, and a change of one 
pH unit in the hemoglobin solution in this region is 
associated with a change in net charge on the hemo
globin molecule of about 13 charges per molecule. 
The same value was obtained by German and Wyman 
(5) with horse oxyhemoglobin. The difference in iso
electric points of the two hemoglobins under the con
ditions of our experiments is 0.23 for ferrohemoglobin 
and 0.22 for the carbonmonoxy compound. This dif
ference corresponds to about 3 charges per molecule. 
With consideration of our experimental error, sickle 
cell anemia hemoglobin therefore has 2-4 more net 
positive charges per molecule than normal hemoglobin. 

Studies have been initiated to elucidate the nature 
of this charge difference more precisely. Samples of 
porphyrin dimethyl esters have been prepared from 
normal hemoglobin and sickle cell anemia hemoglobin. 
These samples were shown to be identical by their 
x-ray powder photographs and by identity of their 
melting points and mixed melting point. A sample 
made from sicklemia hemoglobin was also found to 
have the same melting point. It is accordingly prob
able that normal and sickle cell anemia hemoglobin 
have different globins. Titration studies and amino 
acid analyses on the hemoglobins are also in progress. 

2) On the Nature of the Sickling Process: In the 
introductory paragraphs we outlined the evidence 
which suggested that the hemoglobins in sickle cell 
anemia and sicklemia erythrocytes might be respon
sible for the sickling process. The fact that the 
hemoglobins in these cells have now been found to be 
different from that present in normal red blood cells 
makes it appear very probable that this is indeed so. 

We can picture the mechanism of the sickling 
process in the following way. It is likely that it is 
the globins rather than the hemes of the two hemo
globins that are different. Let us propose that there 
is a surface region on the globin of the sickle cell 
anemia, hemoglobin molecule which is absent in the 
normal molecule and which has a configuration com
plementary to a different region of the surface of the 
hemoglobin molecule. This situation would be some
what analogous to that which very probably exists in 
antigen-antibody reactions (3). The fact that sick-
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ling occurs only when the partial pressures of oxygen 
and carbon monoxide are low suggests that one of 
these sites is very near to the iron atom of one or 
more of the hemes, and that when the iron atom is 
combined with either one of these gases, the comple-
mentariness of the two structures is considerably di
minished. Under the appropriate conditions, then, 
the sickle cell anemia hemoglobin molecules might be 
capable of interacting with one another at these sites 
sufficiently to cause at least a partial alignment of the 
molecules within the cell, resulting in the erythrocyte's 
becoming birefringent, and the cell membrane's being 
distorted to accommodate the now relatively rigid 
structures within its confines. The addition of oxygen 
or carbon monoxide to the cell might reverse these 
effects by disrupting some of the weak bonds between 
the hemoglobin molecules in favor of the bonds formed 
between gas molecules and iron atoms of the hemes. 

Since all sicklemia erythrocytes behave more or less 
similarly, and all sickle at a sufficiently low oxygen 
pressure (11), it appears quite certain that normal 
hemoglobin and sickle cell anemia hemoglobin coexist 
within each sicklemia cell; otherwise there would be a 
mixture of normal and sickle cell anemia erythrocytes 
in sicklemia blood. We might expect that the normal 
hemoglobin molecules, lacking at least one type of 
complementary site present on the sickle cell anemia 
molecules, and so being incapable of entering into the 
chains or three-dimensional frameworks formed by 
the latter, would interfere with the alignment of these 
molecules within the sicklemia erythrocyte. Lower 
oxygen pressures, freeing more of the complementary 
sites near the hemes, might be required before suffi
ciently large aggregates of sickle cell anemia hemo
globin molecules could form to cause sickling of the 
erythrocytes. 

This is in accord with the observations of Sherman 
(11), which were mentioned in the introduction, that 
a large proportion of erythrocytes in the venous cir
culation of persons with sickle cell anemia are sickled, 
but that very few have assumed the sickle forms in 
the venous circulation of individuals with sicklemia. 
Presumably, then, the sickled cells in the blood of per
sons with sickle cell anemia cause thromboses, and 
their increased fragility exposes them to the action of 
reticuloendothelial cells which break them down, re
sulting in the anemia (1). 

It appears, therefore, that while some of the details 
of this picture of the sickling process are as yet con
jectural, the proposed mechanism is consistent with 
experimental observations at hand and offers a chemi
cal and physical basis for many of them. Further
more, if it is correct, it supplies a direct link between 
the existence of "defective" hemoglobin molecules and 
the pathological consequences of sickle cell disease. 

3) On the Genetics of Sickle Cell Disease: A genetic 
basis for the capacity of erythrocytes to sickle was 
recognized early in the study of this disease (4). 
Taliaferro and Huck (15) suggested that a single 
dominant gene was involved, but the distinction be
tween sicklemia and sickle cell anemia was not clearly 
understood at the time. The literature contains con
flicting statements concerning the nature of the genetic 
mechanisms involved, but recently Neel (8) has re
ported an investigation which strongly indicates that 
the gene responsible for the sickling characteristic is 
in heterozygous condition in individuals with sicklemia, 
and homozygous in those with sickle cell anemia. 

Our results had caused us to draw this inference 
before Neel's paper was published. The existence of 
normal hemoglobin and sickle cell anemia hemoglobin 
in roughly equal proportions in sicklemia hemoglobin 
preparations is obviously in complete accord with this 
hypothesis. In fact, if the mechanism proposed above 
to account for the sickling process is correct, we can 
identify the gene responsible for the sickling process 
with one of an alternative pair of alleles capable 
through some series of reactions of introducing the 
modification into the hemoglobin molecule that dis
tinguishes sickle cell anemia hemoglobin from the 
normal protein. 

The results of our investigation are compatible with 
a direct quantitative effect of this gene pair; in the 
chromosomes of a single nucleus of a normal adult 
somatic cell there is a complete absence of the sickle 
cell gene, while two doses of its allele are present; in 
the sicklemia somatic cell there exists one dose of each 
allele; and in the sickle cell anemia somatic cell there 
are two doses of the sickle cell gene, and a complete 
absence of its normal allele. Correspondingly, the 
erythrocytes of these individuals contain 100 percent 
normal hemoglobin, 40 percent sickle cell anemia 
hemoglobin and 60 percent normal hemoglobin, and 
100 percent sickle cell anemia hemoglobin, respec
tively. This investigation reveals, therefore, a clear 
case of a change produced in a protein molecule by an 
allelic change in a single gene involved in synthesis. 

The fact that sicklemia erythrocytes contain the 
two hemoglobins in the ratio 40: 60 rather than 50: 50 
might be accounted for by a number of hypothetical 
schemes. For example, the two genes might compete 
for a common substrate in the synthesis of two differ
ent enzymes essential to the production of the two 
different hemoglobins. In this reaction, the sickle cell 
gene would be less efficient than its normal allele. Or, 
competition for a common substrate might occur at 
some later stage in the series of reactions leading to 
the synthesis of the two hemoglobins. Mechanisms of 
this sort are discussed in more elaborate detail by 
Stern (13). 
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The results obtained in the present study suggest anemias be examined for the presence of abnormal 
that the erythrocytes of other hereditary hemolytic hemoglobins. This we propose to do. 

Based on a paper presented at the meeting of the National Academy of 
Sciences in Washington, D. C, in April, 1949, and at the meeting of the 
American Society of Biological Chemists in Detroit in April, 1949. 
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THE HEMOGLOBIN MOLECULE IN HEALTH A N D DISEASE 

LINUS PAULING 

Professor of Chemistry, California Institute of Technology 
{Read April 19, 1951) 

I. THE HEMOGLOBIN MOLECULE IN HEALTH 

HEMOGLOBIN is one of the most interesting 
chemical substances in the world—to me it is the 
most interesting of all. Each of us carries around 
with him his own supply, amounting to a pound 
or two, approximately one per cent of the body 
weight. This supply is in the red corpuscles of 
the blood. Hemoglobin is the pigment of blood: 
it has a beautiful red color in arterial blood, and 
a purple color in venous blood. It is hemoglobin 
that gives a pink flush to our skin; we are pale 
when there is a deficiency of hemoglobin in the 
skin, either because of a general deficiency of the 
substance in the body, an anemia, or because 
blood is driven from the skin to the interior of the 
body by the contraction of the blood vessels in 
the skin. 

The red corpuscles in man are flattened disks 
about 70,000 A in diameter and 10,000 A thick. 
In an ordinary microscope they have the appear
ance shown in figure 1. These red cells are sus
pended in the plasma of the blood, and they con
stitute about one third of the blood. They are 
full of hemoglobin, which makes up about 35 per 
cent of each red cell. There are about 100 mil
lion hemoglobin molecules in each red cell; this 
number is small in part because the red cell itself 
is small, and in part because the molecules of 
hemoglobin are large. Their molecular weight is 
68,000, which may be compared with 18 for water, 
46 for ethyl alcohol, and 342 for sucrose. The 
molecule contains about 10,000 atoms, of carbon, 
nitrogen, hydrogen, oxygen, sulfur, and other ele
ments. There are four atoms of iron in the 
molecule, which play a special part in the principal 
function of hemoglobin, that of combination with 
oxygen. 

The main work done by the blood is that of 
carrying oxygen from the lungs to the tissues, 
and carbon dioxide and other products of break
down of tissues and foods to the lungs and excre
tory organs. The hemoglobin molecule is in
volved in carrying oxygen from the lungs to the 
tissues and in carrying carbon dioxide from the 
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tissues to the lungs. The hemoglobin molecule 
can combine with four molecules of oxygen; the 
resultant oxyhemoglobin is bright red in color. 
In the tissues, where the partial pressure of oxy
gen is less than in the lungs, it gives up part of its 
load of oxygen, which then is used in oxidation 
reactions of various sorts. The carbon dioxide 
produced by oxidation of compounds containing 
carbon is then carried by the blood back to the 
lungs, and released in the exhaled air. 

The four oxygen molecules that can be taken 
up by the hemoglobin molecule attach themselves 
to the four iron atoms that are present in the 
molecule. These iron atoms are present as the 
central atoms in complexes called hemes, with the 
structure shown in figure 2. These four flat 
groups of atoms are present in the hemoglobin 
combined with the rest of the molecule, a protein 
called globin. It is the hemes that are responsible 
for the color of hemoglobin. The nature of the 
bonds in the hemoglobin molecule has been eluci
dated in considerable part by the study of the 
magnetic properties of hemoglobin. I t was dis
covered over fifteen years ago 1 that venous blood 
is paramagnetic—that is, it is attracted into a mag
netic field—whereas arterial blood is diamagnetic, 
and these magnetic properties have been found 
to be closely correlated with the bonding of the 
iron atoms. 

Although some of the carbon dioxide that is 
carried by the blood from the tissues to the lungs 
is in chemical combination with hemoglobin, most 
of it is carried in solution in the blood. The 
hemoglobin contributes to this mechanism of 
transport of carbon dioxide in a very ingenious 
manner. There are in the hemoglobin molecule 
four acid groups which are coupled with the heme 
groups in such a way that their acidity is greater 
for an oxygenated heme than for a deoxygenated 
heme. Accordingly when the blood reaches the 

1 Pauling, L., and C. D. Coryell, The magnetic prop
erties and structure of hemoglobin, oxyhemoglobin, and 
carbonmonoxyhemoglobin, Proc. Nat. Acad. Sci. 22: 
210-216, 1936. 
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FIG. 1. At the left a drawing of normal human red cells, as seen through the ordinary microscope; at the right, 
sickled red cells, present in the venous blood of patients with sickle-cell anemia. 

lungs, and oxygen molecules attach themselves 
to the iron atoms of the four heme groups in the 
hemoglobin molecule, the acid groups coupled 
with these heme groups become stronger, and 
liberate hydrogen ions. This increase in acidity 
of the blood causes some of the bicarbonate ion 
dissolved in the blood to change to carbonic acid, 
H 2 C 0 3 , which then breaks down to water and 
carbon dioxide. The heme-linked acid groups 

FIG. 2. A heme group, the compound of an iron atom 
and a protoporphyrin molecule. Four of these hemes 
are present in the hemoglobin molecule; they are 
responsible for the red color of hemoglobin, and 
also are involved in the combination of hemoglobin 
with oxygen. 

assist in this way in the liberation of carbon di
oxide in the lungs. Similarly when the blood 
containing oxyhemoglobin reaches the tissues, and 
the oxygen is liberated from the hemoglobin, the 
acid groups become weaker, and the blood becomes 
more basic, thus increasing the solubility of carbon 
dioxide in the blood, and assisting in removing 
it from the tissues. 

It may well be that the hemoglobin molecule 
carries out other functions, but not so much is 
known about them as about these functions of as
sisting in the transport of oxygen from the lungs 
to the tissues and of carbon dioxide from the 
tissues to the lungs. 

There are many different kinds of hemoglobin. 
All vertebrate animals and many invertebrate ani
mals use hemoglobin as an oxygen carrier, and 
the hemoglobin molecule is, so far as is known, 
different for every animal from that of every 
other animal. The differences may be small, but 
they are detectable by the sensitive methods of 
examination of crystals of the substances, and 
testing with antisera that are produced by in
jection of hemoglobin of different sorts into ani
mals. The differences are due entirely to the pro
tein part of the molecule, the globin; the heme is 
the same in all hemoglobins that have yet been 
investigated. 

In some animals, including man, a different sort 
of hemoglobin is present in the blood of the fetus 
from that in the blood of the mature animal . Hu
man fetal hemoglobin makes up all of the blood in 
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the human fetus until about two months before 
birth. At this epoch there usually begins to ap
pear some adult hemoglobin, which normally has 
completely replaced the fetal hemoglobin by two 
months after birth. 

Our information about the nature of hemoglobin 
is due to many investigators. The striking sig
moid shape of the oxygen equilibrium curve was 
discovered by Barcroft, and the first attempts to 
explain it were made by A. V. Hill. The molecu
lar weight of hemoglobin was determined by Adair, 
through the measurement of the osmotic pressure 
of a hemoglobin solution. The effects of the heme-
linked acid groups were discovered by Bohr and 
Hasselbalch. The structure of heme was eluci
dated by Hans Fischer, and the nature of the 
bonds between the iron atom and the surrounding 
atoms was determined by magnetic investigations.1 

In recent years much information about the hemo
globin molecule has been obtained through the 
x-ray and optical investigations of Perutz and 
his co-workers. The identification of the groups 
in the globin that are adjacent to the iron atoms 
of the hemes, as imidazole rings of histidine side 
chains, was made by J. B. Conant. Measure
ments of the heat of oxygenation of hemoglobin 
solutions, made by J. Wyman, Jr., have been valu
able in this identification. 

II. THE HEMOGLOBIN MOLECULE 
IN DISEASE 

Until recently it was thought that all adult hu
man beings had the same kind of hemoglobin mole
cules in their red cells. Then it was discovered 2 

that an abnormal form of hemoglobin is present in 
the red cells of people suffering from the disease 
sickle-cell anemia, and more recently still other 
abnormalities have come to light. 

Sickle-cell anemia is a hereditary disease that 
is prevalent among Negroes. I t is characterized 
by the extraordinary aspects of the red cells in 
the venous blood. The red cells in fresh arterial 
blood seem to be normal; those in venous blood, 
or in arterial blood kept for some time away from 
contact with air, or to which an agent that re
moves oxygen has been added, have an abnormal 
form, as shown in figure 1. They are twisted 
into crescent or sickle-like shapes, with longest 
dimension considerably greater than that of the 
normal cell. They become pleochroic, indicating 

2 Pauling, L., H. A. Itano, S. J. Singer, and I. C. 
Wells, Sickle cell anemia, a molecular disease, Science 
110: 543-548, 1949. 

that the hemoglobin molecules have been oriented, 
and they are quite rigid—the normal cell is almost 
jelly-like in its flexibility, but when sickling oc
curs the cell loses this flexibility, so that it has 
been described as appearing to be as rigid as a 
crystal of ice as it moves about and abuts against 
fixed objects. These distorted cells, which seem 
also to be sticky, have difficulty in passing through 
capillaries, many of which are so small as just to 
allow passage of normal erythrocytes in single 
file. When sickling becomes enhanced, in a crisis 
of the disease, the capillaries become jammed with 
red cells, and the flow of blood is prevented. The 
interference with the flow of blood leads to anoxia, 
and consequent damage to the tissues. All of the 
clinical manifestations of the disease seem to be 
due to this effect. These clinical manifestations 
include pains in the bones and joints, kidney dam
age, damage to other organs, poor circulation in 
the extremities leading to chronic indolent skin 
ulcers, and poor development of the extremities. 
The malformed red cells tend to be removed from 
the circulation by the spleen and leucocytes, and 
this removal of the red cells leads to the character
istic anemia. The spleen becomes small and fi-
brotic because of numerous thromboses, so that 
after several crises of the disease there is little 
circulation of the blood through it. 

From this description of the disease it would 
seem that it involves a pathology of the red cell, 
and is to be considered, like other diseases, to be 
a cellular disease. However, the extraordinary 
fact that sickling occurs in the venous blood and 
not in the arterial blood suggested strongly that 
the hemoglobin molecule is involved. This con
clusion was given greater probability by the fact 
that sickle-cell-anemia blood saturated with car
bon monoxide does not contain sickled cells, even 
in the absence of oxygen; carbon monoxide com
bines with hemoglobin, to form carbonmonoxy-
hemoglobin, which is closely similar to oxyhemo
globin in nature, whereas the other properties of 
carbon monoxide are much different from those of 
oxygen. As a result of these considerations a care
ful study was made of the contents of red cells 
from sickle-cell-anemia patients, in order to see 
whether or not differences in properties of the 
hemoglobin present in these red cell contents 
and normal hemoglobin could be detected. This 
investigation led to the discovery that the red cells 
of patients with sickle-cell anemia contain an 
abnormal hemoglobin, and no normal adult human 
hemoglobin.2 Sickle-cell anemia was in this way 
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found to be a molecular disease, involving a path
ological hemoglobin molecule; it is the first dis
ease to be clearly characterized as a molecular 
disease. 

The property used to show the difference be
tween sickle-cell-anemia hemoglobin and normal 
adult hemoglobin was its electrophoretic mobility 
—the motion of molecules, in aqueous solution, 
in an applied electrical field, as determined with 
use of the Tiselius electrophoresis apparatus. The 
electrophoretic patterns for normal adult human 
hemoglobin, sickle-cell-anemia hemoglobin, sickle-
cell-trait hemoglobin, and a mixture of normal 
adult human hemoglobin and sickle-cell-anemia 
hemoglobin are shown in figure 3. Under the 
conditions of this study (phosphate buffer of 0.1 
ionic strength and />H 6.90), the molecules of 
normal adult hemoglobin have a negative charge, 
and move toward the anode, whereas those of 
sickle-cell-anemia hemoglobin have a positive 
charge, and move toward the cathode. The dif
ference in electrical charge amounts to about three 
electronic units per molecule, and corresponds to 
a difference in isoelectric point of 0.2 pH. units. 

The third pattern in figure 3 is that of the red-
cell contents of a person with sickle-cell trait, a 
carrier of the disease sickle-cell anemia. These 
people are not ill—they do not show the symptoms 
of sickle-cell anemia, nor do they have in their 
venous circulation any large number of sickled 
cells. Their red cells can be made to sickle, how-

o) Normal c) Sickle Trait 

H Sickle Anemia d) Mixture of a) and b) 

Carbon Monoxu Hemoglobins in Phosphate Buffer pH 6.90 

FIG. 3. The electrophoretic patterns for (a) normal 
adult human hemoglobin, (b) sickle-cell-anemia 
hemoglobin, from the red cells of patients with sickle-
cell anemia, (c) sickle-cell-trait hemoglobin, which 
is indicated to be a mixture of normal adult human 
hemoglobin and sickle-cell-anemia hemoglobin, and 
(d) a mixture of normal adult human hemoglobin 
and sickle-cell-anemia hemoglobin, prepared by mix
ing the red-cell contents from normal blood and 
sickle-cell-anemia blood. 

ever, though not so easily as those of patients with 
sickle-cell anemia. It is seen from the electro
phoresis pattern that their hemoglobin is a mix
ture of normal adult human hemoglobin and 
sickle-cell-anemia hemoglobin. Usually there is 
about 60 per cent normal adult hemoglobin, and 
40 per cent sickle-cell-anemia hemoglobin, but 
the ratios vary rather widely.3' 4 Both parents of 
sickle-cell-anemia patients are in general found 
to have sickle-cell trait. 

The results of the investigation of the hemo
globin of individuals with sickle-cell trait and 
sickle-cell anemia clarify the genetics of the dis
ease, and lead to conclusions identical with those 
reached by Neel 5 by direct genetic studies ; name
ly, that the gene responsible for the sickling char
acteristic is in heterozygous condition in individ
uals with sickle-cell trait, and in homozygous 
condition in those with sickle-cell anemia. The 
existence of normal hemoglobin and sickle-cell-
anemia hemoglobin in individuals with sickle-cell 
trait is, according to this postulate, a result of the 
presence in the cells of these individuals of an 
allele for normal hemoglobin and an allele for 
sickle-cell-anemia hemoglobin. In the cells of 
patients with sickle-cell anemia there are two 
doses of the sickle-cell allele and a complete ab
sence of the normal hemoglobin allele, whereas in 
the cells of normal individuals there are two doses 
of the normal hemoglobin allele. 

The fact that the blood of individuals with 
sickle-cell trait usually contains normal hemoglobin 
in somewhat larger amount than sickle-cell-anemia 
hemoglobin, the ratio of the two being somewhat 
different for different individuals, has been 
ascribed recently by Itano 6 to a genetic difference 
of rate of manufacture of normal hemoglobin, as 
compared with the rate of manufacture of sickle-
cell-anemia hemoglobin. 

After the discovery of the existence of an ab
normal form of adult human hemoglobin in sickle-

3 Wells, I. C, and H. A. Itano, Ratio of sickle-cell-
anemia hemoglobin to normal hemoglobin in sicklemics, 
Jour. Biol. Chem. 188: 65-74, 1951. 

4 Neel, J. V., I. C. Wells, and H. A. Itano, Familial 
differences in the proportion of abnormal hemoglobin 
present in the sickle cell trait, Jour. Clin. Invest. 30: 
1120-1124, 1951. 

5 Neel, J. V., The inheritance of sickle cell anemia, 
Science 110: 64-66, 1949; The inheritance of the sickling 
phenomenon, with particular reference to sickle cell 
disease, Blood 5: 389-412, 1951. 

6 Itano, H. A., The inheritance of three molecular spe
cies of adult human hemoglobin; a paper submitted for 
publication. 
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cell-anemia patients and individuals with sickle-
cell trait, two more types of abnormal adult hu
man hemoglobin were discovered. The second 
abnormal hemoglobin, hemoglobin c (the letters 
a and b being used to represent normal adult 
human hemoglobin and sickle-cell-anemia hemo
globin, respectively), was discovered by Itano 
and Neel.r It differs in its isoelectric point from 
normal adult human hemoglobin by twice as much 
as does sickle-cell anemia hemoglobin. Its pres
ence in blood is easily shown by an electrophoretic 
experiment. Four patients, suffering with a dis
ease that had been diagnosed as sickle-cell anemia, 
were found to contain in their red cells roughly 
equal amounts of sickle-cell-anemia hemoglobin 
and abnormal hemoglobin c. Investigation of 
the parents showed one parent to be an individual 
with sickle-cell trait: his red cells were found 
to contain roughly equal amounts of normal human 
hemoglobin and sickle-cell-anemia hemoglobin; 
whereas the other parent was found to be a car
rier of the new abnormal hemoglobin c, with red 
cells containing roughly equal amounts of normal 
human hemoglobin and hemoglobin c. The rules 
of Mendelian genetics would lead to the prediction 
that about one quarter of the children should be 
of genetic type be, and should contain in their red 
cells approximately equal amounts of sickle-cell-
anemia hemoglobin b and the new abnormal hemo
globin c. The type of anemia resulting from this 
genetic constitution must be considered a new dis
ease. It is similar to sickle-cell anemia in that the 
red cells sickle nearly as readily as those of a 
sickle-cell-anemia patient, and it is presumably 
this phenomenon that causes the clinical mani
festations of the disease- The carriers of the new 
abnormality, like the carriers of sickle-cell anemia, 
are not anemic. Moreover, their red cells cannot 
be made to sickle. 

Another abnormal form of hemoglobin, hemo
globin d, has also been recognized by Itano.8 

The electrophoretic properties of hemoglobin d 
are very closely similar to those of sickle-cell-
anemia hemoglobin. However, the solubility char
acteristics of hemoglobin d are different from those 
of sickle-cell-anemia hemoglobin, and, moreover, 
the cells of carriers of hemoglobin d cannot be 
made to sickle. The new disease, shown by in-

7 Itano, H. A., and J. V. Neel, A new inherited ab
normality of human hemoglobin, Proc. Nat. Acad. Set. 
36: 613-617, 1950. 

8 Itano, H. A., A third abnormal hemoglobin associated 
with hereditary hemolytic anemia, Proc. Nat. Acad. Set. 
37: 775-784, 1951. 

dividuals with sickle-cell-anemia hemoglobin and 
hemoglobin d in their erythrocytes, is similar in 
nature to sickle-cell anemia. 

So far individuals of seven genetic types, in
volving hemoglobins a, b, c, and d, have been dis
covered: the types represented are aa (normal in
dividuals), ab (individuals carrying sickle-cell 
trait) , bb (patients with sickle-cell anemia), ac 
(carriers of the second abnormal hemoglobin c), 
be (patients with the first new disease, involving 
the inheritance of a sickle-cell-anemia allele and an 
allele for the second abnormal hemoglobin, c), 
ad (carriers of the third abnormal hemoglobin, 
d), and bd (patients with the second new 
disease, resulting from the inheritance of a 
sickle-cell-anemia allele and an allele of the third 
abnormal hemoglobin, d). Individuals of types 
cc, homozygous in abnormal hemoglobin c, and 
dd, homozygous in abnormal hemoglobin d, have 
not yet been discovered, nor have individuals of 
type cd, carrying both of these two abnormal 
alleles. 

Hematological abnormalities involving human 
fetal hemoglobin have recently been discovered. 
Last year it was reported by Liquori 9 that the 
hemoglobin of some individuals with thalassemia 
major (Cooley's anemia, Mediterranean anemia) 
contained approximately SO per cent normal hemo
globin and 50 per cent human fetal hemoglobin. 
Further studies by Alexander Rich 10 led to the 
discovery of two patients with thalassemia major 
whose red cells contained 100 per cent (to within 
5 per cent) of fetal hemoglobin, although these 
patients were past the fetal stage (age two years). 
Itano " has found that human fetal hemoglobin 
is present in small amount in the red cells of sickle-
cell-anemia patients, and, together with sickle-cell-
anemia hemoglobin and normal hemoglobin, in the 
blood of individuals who have inherited the thal
assemia gene and the sickle-cell-anemia gene. 
There thus exists strong indication that the pres
ence of severe anemia can cause the continued 
manufacture of fetal hemoglobin, in an effort to 
counteract the anemia. Fetal hemoglobin has also 
been reported by Singer, Chernoff, and Singer 12 

9 Liquori, A. N., Presence of foetal haemoglobin in 
Cooley's anemia, Nature 167: 950-051, 1951. 

10 Rich, A., Studies on the hemoglobin of Cooley's 
anemia and Cooley's trait, Proc. Nat. Acad. Sci. 38: 
187-196, 1952. 

11 Itano, H. A., The identification of fetal hemoglobin 
in sickle-cell anemia by electrophoretic, spectrophoto-
metric, and solubility studies; unpublished investigation. 

12 Singer, K., A. I. Chernoff, and L. Singer, Studies 
on abnormal hemoglobins, Blood 5: 413-435, 1951. 
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to be present in the blood of adult patients suffer
ing from anemias secondary to leukemia or carci
noma. 

III. THE STRUCTURE OF THE 
HEMOGLOBIN MOLECULE 

Although it has not been found possible as yet 
to make a complete structure determination for 
any hemoglobin molecule, a large amount of evi
dence bearing on the problem has been obtained, 
and many features of the structure can now be dis
cussed with confidence. 

Much of our knowledge about this molecule 
has been obtained through the vigorous efforts 
of M. Perutz and his collaborators at Cambridge 
University. Their x-ray studies1 3 '1 4 have led 
to the conclusion that the hemoglobin molecule 
(horse hemoglobin) is about 57 A long, and that 
its dimensions in the other two directions are 
about 40 or 50 A. Moreover, strong evidence has 
been obtained by Perutz that the molecule con
sists of rods of polypeptide chains extending in the 
57-A direction. These rods are about 10.5 A in 
diameter, and they are packed together in approxi
mate hexagonal packing. There is considerable 
experimental evidence supporting the suggestion 15 

that the rods are based upon a helical configuration 
of polypeptide chains, the configuration being that 
of the a helix, in which the coiling, with formation 
of hydrogen bonds between planar amide groups, 
is such as to correspond to about 3.7 residues per 
turn of the helix.16,1T Strong support of this 
suggestion was then obtained by Perutz l s through 
the discovery that suitably oriented crystals of 
hemoglobin give an x-ray reflection with spacing 
1.50 A, representing the collaboration of succes
sive residues in the helix, which are spaced 1.50 A 
apart along the helical axis. These helical rods 
are indicated in figure 4, the details of their ar-

13 Boyes-Watson, J., E. Davidson, and M. F. Perutz, 
An x-ray study of horse methaemoglobin, Proc. Roy. 
Soc. A191 : 83-132, 1947. 

14 Perutz, M. F., An x-ray study of horse methaemo
globin. II, Proc. Roy. Soc. A195: 474-499, 1949. 

15 Pauling, L., and R. B. Corey, The polypeptide chain 
configuration in hemoglobin and other globular proteins, 
Proc. Nat. Acad. Sci. 37: 282-285, 1951. 

16 Pauling, L., R. B. Corey, and H. R. Branson, The 
structure of proteins: two hydrogen-bonded helical con
figurations of the polypeptide chain, Proc. Nat. Acad. 
Sci. 37: 205-211, 1951. 

17 Pauling, L., and R. B. Corey, Atomic coordinates 
and structure factors for two helical configurations of 
polypeptide chains, ibid. 37: 235-240, 1951. 

18 Perutz, M. F., New x-ray evidence on the configura
tion of polypeptide chains, Nature 167: 1053-1054, 1951. 

rangement being, however, hypothetical. There 
are only five or six polypeptide chains in the 
molecule, and accordingly some of the rods must 
be connected with one another, as a single poly
peptide chain. 

In addition to the polypeptide chains of the pro
tein part of the molecule, globin, the hemoglobin 
molecule contains four heme groups, the structure 
of which is completely known. These molecules 
are conjugated systems, and are essentially planar 
in configuration. Their orientation in a crystal 
can be determined by measurement of the pleo-
chroism of the crystal, since the light is absorbed 
only when the electric vector of the light wave 
has a component in the plane of the molecule. It 
was found by Perutz 19 that in crystals of horse 
carbonmonoxyhemoglobin all of the heme groups 
lie in parallel orientations, their planes being 
perpendicular to the 57-A axis of the hemoglobin 
molecule, which is also an axis of the crystal. 
We thus know that the four hemes are to be at
tached to the globin in such a way that their planes 
are normal to the direction of the polypeptide 
rods. 

In figure 4 the hemes are shown with this ori
entation, but not attached at the ends of the 
hemoglobin molecule; instead they are shown in
serted in slits between layers of globin. The most 
direct evidence in support of this position is pro
vided by measurements of the combining power 
of hemoglobin with alkyl isocyanides.20 It has 
been assumed for twenty years, since the sugges
tion by Conant, that a heme group is attached by 
the iron atom, on one side of the plane of the 
group, to an imidazole nitrogen atom of a histidine 
side chain, and that the oxygen molecule or other 
ligand attaches itself to the iron atom on the other 
side of the plane of the heme group. Detailed in
formation about the nature of the bonds formed 
by the iron atom has been obtained through the 
investigation of the magnetic properties of hemo
globin and oxyhemoglobin,1 and it is known that 
in hemoglobin itself the iron atom forms bonds 
of essentially ionic nature with adjacent atoms, 
whereas in oxyhemoglobin and similar compounds 
the iron atom forms six covalent bonds, which 
are directed towards the corners of an octahedron. 
These six bonds are formed with the four nitro-

19 Perutz, M. F., Absorption spectra of single crystals 
of haemoglobin in polarized light, Nature 143: 731, 1939. 

20 St. George, R. C. C, and L. Pauling, The combining 
power of hemoglobin for alkyl isocyanides, and the na
ture of the heme-heme interactions in hemoglobin, Science 
114: 629-634, 1951. 



1252 Chapter 15 

VOL. 96, NO. 5, 1952] T H E H E M O G L O B I N M O L E C U L E 562 

flswfytf ma iai»# 
. my*"*?, 

^fe,>;---i 

m& 

'i^F^rr.rr- -

±\'$<*4-* 

•H&i/J; 

'%'.
 

V;.i#*»yC 

§f,jM. -i A i ^ ^ A ^ - r ^ - ^ ^ %r,rJt*y«Krt 

FIG. 4. A drawing indicating some of the features of the structure of the hemoglobin molecule, and the postulated 
mechanism of sickling of sickle-cell-anemia erythro cytes. The four hemes are indicated to be contained within 
slits in the hemoglobin molecule, their planes being perpendicular to the axes of the helical rods in the protein. 
At the right the molecules of sickle-cell-anemia hemoglobin, without oxygen attached to the hemes, are shown 
as having self-complementary configurations, which permit them to aggregate into long strings of molecules. 
At the left, the addition of oxygen or other ligand to the hemes is shown as swelling them enough to destroy 
the self-complementariness of the molecules, thus interfering with the formation of the aggregates. 

gen atoms of the porphyrin molecule, which lie in 
the plane of the molecule, and with the nitrogen 
atom of the imidazole ring, to one side of the 
plane, and the oxygen molecule or other ligand, 
to the other side of the plane. The fact that the 
compounds ethyl isocyanide, isopropyl isocyanide, 
and tertiary butyl isocyanide show successively 
smaller combining powers with hemoglobin, al
though their combining powers with free heme 
groups are essentially the same, provides strong 
evidence that there is steric interference with the 
attachment of the isocyanide molecule, and this 
steric interference can be produced only by a part 
of the globin molecule. Accordingly the conclu
sion is reached that there is part of the globin 
molecule on each side of the heme group, as 
sketched in figure 4. Many other pieces of in
formation are compatible with this structure, and 
difficult to interpret in terms of a structure in 
which the heme groups are attached to the sur
face of the globin. In particular, this model pro
vides an explanation of the nature of the oxygen 
combining curve of hemoglobin—the fact that a 
second oxygen molecule, and a third and fourth, 
attach themselves to the hemoglobin molecule 
more readily than does the first. 

We may now ask about the nature of the dif
ference in structure of the abnormal human hemo

globins and normal adult human hemoglobin. 
First, it is found that the heme groups in sickle-
cell-anemia hemoglobin, which has been investi
gated more than hemoglobins c and d, are identical 
with protoheme, the heme present in normal 
hemoglobin. The abnormality is thus to be at
tributed to the globin part of the hemoglobin. 

An obvious suggestion is that there is a differ
ence in amino-acid composition of sickle-cell-
anemia hemoglobin and normal adult human hemo
globin. Determination of the amino-acid compo
sition of these two hemoglobins has, however, led 
to the discovery of no abnormality.21 A differ
ence of one or two residues of one or another 
amino acid might be permitted by the analyses, 
but no difference is required by them. In addi
tion, studies of the end groups have shown that 
there are present in sickle-cell-anemia hemoglobin, 
as well as in normal adult human hemoglobin, 
about five or six end groups with free amino 
groups, and that the amino acid represented, va
line, is the same for sickle-cell-anemia hemoglobin 
as for normal adult, human hemoglobin.22 The 

21Schroeder, W. A;, L. M. Kay, and I. C. Wells, 
Amino acid composition of hemoglobins of normal Ne
groes and sickle cell anemics, Jour. Biol. Chem. 187: 
221-240, 19S0. 

22 Havinga, E., and F. C. Green, End-group analyses 
of sickle-cell hemoglobin; unpublished investigation. 
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uncertainty in this investigation is about one 
residue. 

Electrophoretic studies on the globins obtained 
from sickle-cell-anemia hemoglobin and normal 
adult human hemoglobin by careful removal of 
the hemes have shown that there is a difference in 
electrical charge on the globin molecules approxi
mately the same as that on the two kinds of 
hemoglobin.23 If the globin is treated with 
guanidinium chloride in solution, and the guani-
dinium chloride is then removed by dialysis, the 
resultant globins, which might be described as 
denatured globins, have a changed mobility, this 
mobility being identical to within the experimental 
error for sickle-cell-anemia denatured globin and 
normal adult human denatured globin.23 There is 
thus indication that the polypeptide chains in
volved in sickle-cell-anemia globin are the same as 
those involved in normal adult human globin, and 
that the difference in structure between these mole
cules is simply a difference in the way in which 
the polypeptide chains are folded. In order to 
account for the difference in electrical charge it 
is necessary to assume that the difference in fold
ing changes the acid strength of some of the 
groups in the molecule. If this hypothesis is 
correct, we shall have to conclude that there is a 
gene in the cells of the human body that is re
sponsible for the folding of the polypeptide chains, 
in the proper way, in the manufacture of adult 
hemoglobin. 

In the paper announcing the discovery of sickle-
cell-anemia hemoglobin2 the mechanism of the 
sickling process was discussed in the following 
way. 

It is likely that it is the globins rather than the 
hemes of the two hemoglobins that are different. 
Let us propose that there is a surface region on the 
globin of the sickle-cell-anemia hemoglobin molecule 
which is absent in the normal molecule and which has 
a configuration complementary to a different region 
of the surface of the hemoglobin molecule. This 
situation would be somewhat analogous to that which 
probably exists in antigen-antibody reactions.24 The 
fact that sickling occurs only when the partial pres
sures of oxygen and carbon monoxide are low sug
gests that one of these sites is very near to the iron 
atom of one or more of the hemes, and that when 

23 Havinga E., and H. A. Itano, Electrophoretic studies 
on the globins of sickle-cell-anemia hemoglobin and 
normal adult human hemoglobin; unpublished investiga
tion. 

24 Pauling, L., A theory of the structure and process of 
formation of antibodies, Jour. Am. Chem. Soc. 62: 2643-
2657, 1940. 

the iron atom is combined with either one of these 
gases, the complementariness of the two structures 
is considerably diminished. Under the appropriate 
conditions, then, the sickle-cell-anemia hemoglobin 
molecules might be capable of interacting with one 
another at these sites sufficiently to cause at least a 
partial alignment of the molecules within the cell, 
resulting in the erythrocyte's becoming birefringent, 
and the cell membrane's being distorted to accom
modate the now relatively rigid structures within its 
confines. The addition of oxygen or carbon mon
oxide to the cell might reverse these effects by dis
rupting some of the weak bonds between the hemo
globin molecules in favor of the bonds formed be
tween gas molecules and iron atoms of the hemes. 

In the discussion of the combining power of 
hemoglobin with alkali isocyanides, and the pos
tulate that the heme groups are buried within the 
globin of the hemoglobin molecule,20 a further dis
cussion of the nature of the process of sickling was 
given, as follows: 

Our postulate provides an obvious explanation of 
the action of oxygen in preventing the sickling of 
sickle-cell-anemia erythrocytes. We have visualized 
the sickling process as one in which complementary 
sites on adjacent hemoglobin molecules combine. 
It was suggested that erythrocytes containing oxy
hemoglobin or carbonmonoxyhemoglobin do not 
sickle because of steric hindrance of the attached oxy
gen or carbon monoxide molecule. This steric-
hindrance effect might be the distortion of the comple
mentary sites through the forcing apart of layers of 
protein, as is suggested by the isocyanide experiments. 

In figures 4 and 5 the postulated mechanism of 
interaction of sickle-cell-anemia hemoglobin mole
cules is illustrated. Because of the assumed com
plementariness in structure, the molecules of sickle-
cell-anemia hemoglobin (without oxygen mole
cules or other molecules attached) could interact 
to form long chains of molecules. These long 
chains of molecules could attract one another into 
parallel orientation, causing the formation of a 
crystal or liquid crystal. Evidence has recently 
been obtained by Harr i s 2 5 in support of this 
picture, through the observation that solutions of 
sickle-cell-anemia hemoglobin, containing over 10 
per cent of the protein, form liquid crystals of the 
nematic type, with the shape of double circular 
cones. Also, Perutz and Mitchison 26 have made 

25 Harris, J. W., Studies on the destruction of red 
blood cells. VIII. Molecular orientation in sickle cell 
hemoglobin solutions, Proc. Soc. Exptl. Biol. Med. 75: 
197-201, 1950. 

26 Perutz, M. F., and J. M. Mitchison, State of haemo
globin in sickle-cell anemia, Nature 166: 677-679, 1950. 
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FIG. 5. At the left, molecules of normal hemoglobin or of oxygenated sickle-cell-anemia hemoglobin are shown, 
with random orientations, and at about the average distance apart characteristic of red-cell contents. At the 
right long strings of molecules of deoxygenated sickle-cell-anemia hemoglobin are shown, assuming the parallel 
orientation characteristic of the nematic liquid crystals that presumably form within the red cells in the venous 
blood of patients with sickle-cell anemia, and twist the red cells into the abnormal shape characteristic of 
the disease. 

a quantitative study of the pleochroism of sickled 
cells, and have shown that the pleochroism is 
compatible with this postulate, the orientation of 
the heme groups being as indicated in figure 4, 
namely, the planes of the heme groups being par
allel to the long axis of the sickled cell. 

In the postulated mechanism, the introduction 
of an oxygen molecule or carbon monoxide mole
cule causes an effective increase in thickness of 
the heme groups, and, as shown in figure 4, de
stroys the complementariness in configuration of 
the surfaces of the molecule, and thus prevents 
the formation of linear aggregates, and the sickling 
of the cells. 

On the basis of the available information we 
may surmise that the folding of the polypeptide 
chains in the globin of normal adult human hemo
globin is such that this complementariness in 
structure is not present, or at any rate is not so 
pronounced. The abnormal hemoglobins c and 
d seem to be intermediate in nature; we assume 
that there is an approximate complementariness 
shown by these molecules, which permits them 
to fit into the aggregates, together with sickle-cell-
anemia hemoglobin molecules, although their own 
tendency to form aggregates is not sufficiently 
great to cause cells containing either of these 
abnormal hemoglobins together with normal adult 
human hemoglobin to sickle. 

Thus at the present time we have a considerable 
amount of knowledge of the structure of the nor
mal adult human hemoglobin molecule, and of the 
abnormal forms of this molecule that are respon
sible for three known molecular diseases. Al
though the knowledge of the structure of these 
molecules is as yet far from complete, it has led 
to the suggestion of possible methods of chemo-
therapeutic treatment of the diseases, which are 
now under investigation. In the course of time, 
through continued attack on the problem, the com
plete structure of the hemoglobin molecule will 
be discovered, and the precise nature of the ab
normalities that are present in the molecules of 
sickle-cell-anemia hemoglobin, abnormal hemo
globin c, and abnormal hemoglobin d; we may feel 
confident that this knowledge will permit the 
deduction of improved therapeutic methods, and 
that in the future a similar attack on other dis
eases, through the determination of the structure 
of the molecules that are involved, can also be 
made. 

I am indebted to Dr. Harvey A. Itano for his 
collaboration in work on hemoglobin and for as
sistance in the preparation of this paper. 

IV. SUMMARY 

It has been discovered that, in addition to fetal 
human hemoglobin and normal adult human hemo-
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globin, three abnormal forms of hemoglobin occur, 
in the red cells of certain individuals. One of 
these abnormal hemoglobins is associated with 
the disease sickle-cell anemia, and the two others 
are associated with two newly recognized here
ditary anemias, resembling sickle-cell anemia. 
These diseases are to be considered as not dis
eases of the red cell itself, but rather diseases 
involving molecular abnormalities. 

Although it has not yet been found possible to 
determine completely the structure of the mole
cules of any form of hemoglobin, a considerable 
amount of information about the structure of 
these molecules has been obtained. On the basis 
of this information it is possible to suggest a 
plausible mechanism whereby the abnormal hemo
globin molecules produce the clinical manifesta
tions of the diseases. 
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ABNORMALITY OF HEMOGLOBIN MOLECULES IN 
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TWENTY years ago, after having worked for a decade on the 
determination of the structure of relatively simple inorganic 

and organic molecules, I became interested in hemoglobin. This 
interest arose from the consideration of the structural origin of the 
sigmoid oxygen equilibrium curve.1 It was soon extended to include 
the denaturation of hemoglobin and other proteins2 and the mag
netic properties of hemoglobin and its derivatives.3-11 The study of 
magnetic properties has been especially fruitful in providing in
formation about the nature of the bonds formed by the iron atoms 
in hemoglobin with the neighboring atoms of the porphyrin ring 
system, the globin, and attached molecules such as the oxygen 
molecule.3'12"15 

The discovery of the abnormal hemoglobins was the result of 
the consideration of hypothetical molecular mechanisms of the 
disease. In the spring of 1945 I, together with eight men from 
medical schools of the country, was serving as a member of the 
Medical Advisory Committee which assisted in the preparation of 
the Bush Report.16 One evening Dr. William B. Castle, Professor 
of Medicine in Harvard University, mentioned to the other mem
bers of the Committee the disease sickle-cell anemia, with which 
he had had some experience. He told about the discovery of the 
disease by Dr. J. B. Herrick, in 1910,17 and described the character
istic change in shape of the red corpuscles and the effect of oxygen 
in preventing the sickling and of carbon dioxide in accelerating it. 
I suggested that the action of carbon dioxide was to accelerate the 
dissociation of oxygen from oxyhemoglobin, through the Bohr-
Hasselbalch effect (it had in fact been clearly stated by Hahn and 
Gillespie18 in 1927 that sickling occurs only when the partial pres-

* Lecture delivered April 29, 1954. 
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sure of oxygen is small), and I pointed out that the relation of 
sickling to the presence of oxygen clearly indicated that the hemo
globin molecules in the red cell are involved in the phenomenon 
of sickling, and that the difference between sickle-cell-anemia red 
corpuscles and normal red corpuscles could be explained by postu
lating that the former contain an abnormal kind of hemoglobin, 
which when deoxygenated has the power of combining with itself 
into long rigid rods, which then twist the red cell out of shape. 
The opportunity to test this idea arose when Dr. Harvey A. Itano 
came to the California Institute of Technology, in the fall of 1946. 
He had been a student of Professor Edward A. Doisy, of St. Louis 
University School of Medicine, where Dr. Itano had received his 
M.D. degree in 1945. Dr. Doisy suggested that he work with me, 
and the opportunity for doing so arose in the course of his year as 
an intern, when he was awarded an American Chemical Society 
Predoctoral Fellowship in Chemistry, for the three years 1946 to 
1949. In a letter to Dr. Itano I suggested that he investigate the 
hemoglobin from the red cells of sickle-cell-anemia patients, in 
order to see whether it was different from normal adult human 
hemoglobin. On his arrival in Pasadena in September, 1946, he 
began this investigation. He verified the published reports18 that 
carbonmonoxyhemoglobin, like oxyhemoglobin, prevents sickling 
of the red cells, and found that some other hemoglobin derivatives, 
including alkyl isocyanide-ferrohemoglobin, ferrihemoglobin, 
ferrihemoglobin azide, and ferrihemoglobin cyanide similarly pre
vent sickling. He developed a rapid diagnostic test for sickle-cell 
anemia and sickle-cell trait, based on the use of a chemical reducing 
agent.19 Most of the properties of the hemoglobin from the blood 
of sickle-cell-anemia patients were found to be the same, to within 
the error of determination, as those of hemoglobin from normal 
individuals, but it was finally clearly shown, by careful measure
ment of electrophoretic mobility, that the blood of the patients 
contains nearly 100 per cent of an abnormal hemoglobin, differing 
from normal adult human hemoglobin, and that the blood of the 
parents of patients contains an approximately half-and-half mixture 
of the abnormal hemoglobin and normal adult human hemo
globin.20 This electrophoretic work was carried out with the col
laboration of Dr. S. J. Singer and Dr. Ibert C. Wells. 
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THE INHERITANCE OF SICKLE-CELL ANEMIA 

The electrophoretic patterns reported in the first publication20 

are shown in Fig, 1. They were made by electrophoresis for 20 
hours at a potential gradient of 4.73 volts per centimeter of solu
tions of carbonmonoxyhemoglobins in phosphate buffer of 0.1 
ionic strength and pH 6.90. The peaks a and b, representing 
normal hemoglobin and hemoglobin from the red cells of patients 
with sickle-cell anemia, are single peaks, corresponding in each 

(a) Normal (c) Sickle-cell trait 

(b) Sickle-cell anemia (d) Mixture of (a) and (b) 

FIG. 1. Longsworth scanning diagrams of carbonmonoxyhemoglobin in 
phosphate buffer of 0.1 ionic strength and pH 6.90, taken after 20 hours 
electrophoresis at a potential gradient of 4.73 volts per centimeter. 

case to an electrophoretically homogeneous material. The electro
phoretic mobilities are different for the two hemoglobins; in fact, 
at this pH the molecules of normal hemoglobin move toward the 
anode, showing that they have a negative electric charge, and those 
of sickle-cell-anemia hemoglobin move toward the cathode, show
ing that they have a positive charge. The isoelectric points in phos
phate buffer of ionic strength 0.1 were found to be 6.87 (in pH 
units) for normal adult human carbonmonoxyhemoglobin and 7.09 
for sickle-cell-anemia hemoglobin. The difference between these 
values is nearly the same as that between the observed values 6.68 
for normal ferrohemoglobin and 6.91 for sickle-cell-anemia ferro-
hemoglobin. 
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The electrophoretic diagram of a solution containing a mixture 
of normal carbonmonoxyhemoglobin and sickle-cell-anemia car-
bonmonoxyhemoglobin, in equal amounts, is shown as d in Fig. 1, 
and that of hemoglobin from the red cells of a parent of a patient 
is shown as c. The blood from which this hemoglobin was obtained 
showed the characteristic properties of sickle-cell trait (sicklemia); 
the cells could be made to sickle, on removal of oxygen, but less 
readily than the cells of a sickle-cell-anemia patient. It is seen that 
the sicklemic hemoglobin is a mixture of two hemoglobins, pre
sumed to be normal adult human hemoglobin and sickle-cell-
anemia hemoglobin, with the normal hemoglobin present in an 
amount somewhat greater than 50 per cent. 

The indication of a genetic basis for the sickling of erythrocytes 
had been recognized by Emmel21 in 1917; and Taliaferro and 
Huck,22 at a time when the distinction between sicklemia and 
sickle-cell anemia was not clearly understood, suggested that a 
single dominant gene was involved. The inheritance of sickle-cell 
disease was then clarified by Neel, who in 194723 had suggested 
"that there is present in the colored population a certain factor 
which, when heterozygous, may have no discernible effect, but 
usually results in sickling, and, when homozygous, tends to result 
in sickle cell anemia." In 1949 he reported24 that every one of 42 
tested parents of children with sickle-cell anemia was found to be 
sicklemic, their blood containing red cells which could be made to 
sickle, though less readily than that of the sickle-cell-anemia pa
tients. He concluded that sickle-cell anemia is the result of the 
homozygous condition of the sickle-cell gene, and sicklemia the 
result of the heterozygous condition. Beet25 arrived at the same 
conclusion independently and almost simultaneously. The electro
phoretic patterns shown in Fig. 1 had permitted this inference 
to be drawn before Neel's paper and Beet's paper were published. 
Moreover, the gene responsible for the sickling process could be 
identified with an alternative pair of alleles of which neither one is 
recessive or dominant, one allele being responsible for a part of the 
process of manufacture of normal adult human hemoglobin, and 
the other for the manufacture of sickle-cell-anemia hemoglobin. 
The fact that all the red cells of a sicklemic individual can be made 
to sickle by removal of oxygen shows that the cells are not of two 
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classes, one containing normal hemoglobin and the other abnormal 
hemoglobin, but that each cell contains a mixture of the two kinds 
of hemoglobin. The presence of a larger amount of normal than 
of abnormal hemoglobin in the blood of sicklemic individuals 
indicates that the process of manufacture of the abnormal hemo
globin is somewhat less efficient than that of normal hemoglobin. 
It was suggested in the first paper on sickle-cell-anemia hemo
globin20 that the two genes in the heterozygous individual might 
compete for a common substrate in the synthesis of two different 
enzymes essential to the production of the two different hemo
globins, or that competition for a common substrate might occur 
at a later stage in the series of reactions leading to the synthesis of 
the two hemoglobins themselves. 

An investigation of the amount of abnormal hemoglobin in the 
blood of sicklemic individuals was carried out by Wells and 
Itano,26 who found, using the electrophoretic method, that the 
amount of sickle-cell-anemia hemoglobin varied from 24 per cent 
to 45 per cent in 42 individuals with sicklemia. Neel, Wells, and 
Itano27 reported a study of 32 sicklemic individuals who were mem
bers of 7 Negro families, comprising 74 individuals altogether. 
The amounts of abnormal hemoglobin, ranging from 22.3 per 
cent to 45.2 per cent, showed significant differences between 
family means. A postulate to explain the apparent inheritance of 
a factor determining the amount of abnormal hemoglobin in 
sicklemic blood was made by Itano.28 He suggested that the differ
ences can be attributed to differences in the rate of synthesis of 
normal hemoglobin, and that the evidence requires that there be 
at least three rate-determining modifications of the mechanism of 
synthesis of normal hemoglobin. 

Additional contributions to the problem of the genetics of nor
mal and abnormal hemoglobins have been made by Neel29-31 and 
other workers.32'33 

THE PROPERTIES OF SICKLE-CELL-ANEMIA HEMOGLOBIN 

AND THE MECHANISM OF SICKLING 

Sickle-cell-anemia hemoglobin is closely similar to normal adult 
human hemoglobin in most of its properties.20 The two proteins 
have approximately the same sedimentation and diffusion constants, 
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and hence nearly the same molecular weights. The acid-base titra
tion curves of both hemoglobins in the neighborhood of neutrality 
are linear, a change of 1 pH unit of the solution being associated 
with the change in charge of the hemoglobin of about 13 electronic 
charges per molecule. The normal molecule has about three more 
negative charges than the abnormal molecule in this region. In the 
search for the structural basis for this difference samples of 
porphyrin dimethyl esters were prepared from the two hemo
globins, and the samples were shown by their x-ray powder 
photographs and by identity of their melting points and mixed 
melting points to be identical. The difference in structure was 
hence attributed to a difference in the globins. 

An investigation by Schroeder, Kay, and Wells34 of the amino 
acid composition of normal adult human hemoglobin (from nor
mal Negro individuals) and sickle-cell-anemia hemoglobin gave 
results indicating that the hemoglobins do not differ with respect 
to their content of basic and acidic amino acids; the investigators 
concluded that sickle-cell-anemia hemoglobin probably contains 
slightly less leucine and more serine than normal hemoglobin, and 
possibly less valine and more threonine. These amino acids do not 
contribute directly to the net charge of the proteins, but they might 
affect the folding or coiling of the polypeptide chains in such a 
way as to change the acid or basic constants of other groups. 
Havinga35 investigated the phosphorus content, optical rotation, 
ease of separation of hemes and globin, and number of terminal 
amino acid residues of normal adult human hemoglobin and 
sickle-cell-anemia hemoglobin, and found no significant differences 
between the two proteins. Globins carefully prepared from the two 
hemoglobins were investigated electrophoretically by Havinga and 
Itano36 and found to have the same difference in electrophoretic 
mobility as the hemoglobins themselves. On denaturation by treat
ment with 4 N guanidinium chloride for 1 hour at 4° C. and 
removal of the guanidinium chloride by dialysis, the globins were 
found to have increased markedly in heterogeneity, and to have 
essentially the same electrophoretic properties. These results in
dicate that the normal and abnormal hemoglobin molecules might 
be composed of the same polypeptide chains, folded, however, in 
different ways, and that on denaturation with guanidinium ion the 
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resulting denatured proteins have the same complex of configura
tions. The interesting possibility exists that the gene responsible for 
the sickle-cell abnormality is one that determines the nature of the 
folding of polypeptide chains, rather than their composition. 

It was pointed out by Sherman37 in 1940 that sickled red cells are 
observed under the polarizing microscope to be birefringent, 
whereas normal cells are optically isotropic. Ponder38 suggested, 
on the basis of this observation, that in sickled cells the hemoglobin 
molecules assume an orderly or paracrystalline arrangement, which 
is responsible for the sickling. A detailed mechanism of the 
sickling process was suggested in the first paper on sickle-cell-
anemia hemoglobin,20 as follows: "We can picture the mechanism 
of the sickling process in the following way. It is likely that it is 
the globins rather than the hemes of the two hemoglobins that are 
different. Let us propose that there is a surface region on the globin 
of the sickle-cell-anemia hemoglobin molecule which is absent in 
the normal molecule and which has a configuration complementary 
to a different region of the surface of the hemoglobin molecule. 
This situation would be somewhat analogous to that which very 
probably exists in antigen-antibody reactions.39 The fact that 
sickling occurs only when the partial pressures of oxygen and 
carbon monoxide are low suggests that one of these sites is very 
near to the iron atom of one or more of the hemes, and that when 
the iron atom is combined with either one of these gases, the com-
plementariness of the two structures is considerably diminished. 
Under the appropriate conditions, then, the sickle-cell-anemia 
hemoglobin molecules might be capable of interacting with one 
another at these sites sufficiently to cause at least a partial align
ment of the molecules within the cell, resulting in the erythrocyte's 
becoming birefringent, and the cell membrane's being distorted 
to accommodate the now relatively rigid structure within its con
fines. The addition of oxygen or carbon monoxide to the cell might 
reverse these effects by disrupting some of the weak bonds between 
the hemoglobin molecules in favor of the bonds formed between 
gas molecules and iron atoms of the hemes." 

A more detailed discussion of the effect of oxygen was made 
possible by the results of an investigation of the combination of 
hemoglobin with alkyl isocyanides.40 It was found that ethyl iso-
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cyanide, isopropyl isocyanide, and tertiary butyl isocyanide differ 
greatly in their combining powers with hemoglobin, although they 
have essentially the same combining power with heme; and this 
fact was interpreted as showing that the four hemes in the hemo
globin molecule are buried within the globin: "Our postulate 
provides an obvious explanation of the action of oxygen in pre
venting the sickling of sickle-celi-anemia erythrocytes. We have 
visualized the sickling process20 as one in which complementary 
sites on adjacent hemoglobin molecules combine. It was suggested 
that erythrocytes containing oxyhemoglobin or carbonmonoxy-
hemoglobin do not sickle because of steric hindrance of the at
tached oxygen or carbon monoxide molecule. This steric-hindrance 
effect might be distortion of the complementary sites through 
forcing apart of layers of protein, as is suggested by the isocyanide 
experiments." 

Substantiation of this picture was soon obtained through micro
scopic investigations. Rebuck, Sturrock, and Monaghan,41 sub
stantiating the work of Sherman,37 observed that in the early stages 
of sickling the intracellular hemoglobin forms anisotropic aggre
gates, suggestive of incipient crystallization. Perutz and Mitchi-
son,42 at the suggestion of Dr. C. A. Stetson of the Rockefeller 
Institute, compared the dichroism of sickled cells and hemoglobin 
crystals, and additional studies of the same sort were reported by 
Perutz, Liquori, and Eirich.43 These investigators found that the 
dichroism of the sickled cells corresponds to an orientation of the 
hemoglobin molecules such that the normal to the plane of the 
heme groups is perpendicular to the long axis of the crystal needles 
and of the sickled cells. (This statement is based on the paper of 
Perutz, Liquori, and Eirich;43 there is some conflict with the earlier 
paper.42) They also pointed out4243 that the solubility of sickle-
cell-anemia hemoglobin is much smaller than that of normal 
hemoglobin or of either normal oxyhemoglobin or sickle-cell-
anemia oxyhemoglobin. A detailed study of the solubilities of 
mixtures of sickle-cell-anemia hemoglobin and other hemoglobins 
has been made by Itano,44 who has shown that a solubility meas
urement provides a simple way of determining roughly the amount 
of sickle-cell-anemia hemoglobin present in a mixture of hemo
globins. A most significant investigation was then reported by 
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FIG. 2. Hemoglobin formed in stroma-free solutions of deoxygenated sickle-
cell-anemia hemoglobin. Phase photomicrography, X 375. From John W. 
Harris, Proc. Soc. Exptl. Biol, and Med. 75, 197 (1950). 
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FIG. 3. Sickled erythrocytes in oxygen-depleted whole blood from a patient 
with sickle-cell anemia, demonstrating the similarities in shape to tactoids 
formed in stroma-free solutions of their deoxygenated hemoglobin. Phase 
photomicrography, X 375. From John W. Harris, Proc. Soc. Exptl. Biol, and 
Med. 75, 197 (1950). 
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Harris.45 He showed that a stroma-free solution of sickle-cell-
anemia hemoglobin with concentration 15.2 or 23.5 g. per 100 ml. 
on deoxygenation forms birefringent spindle-shaped bodies vary
ing in length from 1 to 15 /x. He identified these bodies as factoids 
(liquid crystals) of the nematic type. His photomicrograph is 
shown as Fig. 2, which may be compared with Fig. 3, a similar 
photomicrograph (375 X magnification) of sickled erythrocytes. 

It hence seems probable that sickle-cell anemia can be described 
as a molecular disease, resulting from the difference in molecular 
structure of sickle-cell-anemia hemoglobin and normal adult 
human hemoglobin. The properties of the abnormal hemoglobin 
are such that when deoxygenated the molecules combine with one 
another to form long molecular strings, which, through inter-
molecular attraction, aggregate into factoids. These factoids have 
enough mechanical strength to distort the red cell, changing the 
viscosity of the blood, and causing the clinical and pathological 
manifestations of the disease. 

The close approximation in structure of sickle-cell-anemia hemo
globin to normal adult human hemoglobin is strikingly shown by 
the antigenic properties, investigated by Goodman and Campbell.46 

They found that, whereas large differences in serological specificity 
are shown by human fetal hemoglobin and human adult hemo
globin, suggesting that only a few antigenic groups are shared in 
common by these two hemoglobins, only a small difference in 
antigenic specificity could be demonstrated between sickle-cell-
anemia hemoglobin and normal adult human hemoglobin. Anti
serums obtained by injection of rabbits with these two forms of 
adult human hemoglobin showed no differences in antigenic 
specificity. The injection of chickens with these two forms of adult 
hemoglobin produced antiserums with a significant, though small, 
difference in properties, indicating that the two hemoglobins have 
a predominance of antigenic groups in common, but that a small 
number are different. 

The results of an investigation by Ingbar and Kass" of the num
ber of titratable sulfhydryl groups (two groups per molecule in 
normal hemoglobin, and three in sickle-cell-anemia hemoglobin) 
may provide an additional clue as to the difference in structure of 
the molecules. 
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OTHER ABNORMAL HEMOGLOBINS, FETAL HEMOGLOBIN, 

SYNERGY WITH THALASSEMIA 

During the five years since the discovery of sickle-cell-anemia 
hemoglobin three other abnormal varieties of adult human hemo
globin (named hemoglobin C, D, and E, respectively; A represents 
normal adult human hemoglobin, and S sickle-cell-anemia hemo
globin) have been discovered. These abnormal hemoglobins, 
either alone or in synergistic interaction with sickle-cell-anemia 
hemoglobin or with thalassemia, have been observed in association 
with five diseases, which, together with a sixth disease resulting 
from the simultaneous existence in the individual of sicklemia and 
thalassemia minor, had not previously been recognized as clinical 
entities. Another interesting complication in the constitution of the 
blood has also been recognized, the continued manufacture of fetal 
hemoglobin by anemic individuals. 

Hemoglobin C was discovered by Itano and Neel48 and has been 
further investigated by Neel,49-51 Spaet et al.,52 Ranney et al.,S3,S4 

•and Smith and Conley.55 The difference in electrophoretic mobility 
between hemoglobin C and normal adult human hemoglobin is 
nearly twice as great as the difference between sickle-cell-anemia 
hemoglobin and normal hemoglobin: the electric charge of hemo
globin C differs by about 5 electronic charges from that of A. 
Hemoglobin C was first found to be present together with S in 
the blood of some anemia patients. These patients may be described 
as carrying one allele for C and one for S: they are heterozygous in 
hemoglobin C and also in hemoglobin S, having inherited one of 
the two abnormalities from each parent. On investigation, the red 
cells of one parent were found to contain a mixture of A and C, 
and of the other parent to contain a mixture of A and S. Dilution 
of S with C does not inhibit the sickling tendency so much as 
dilution of S with A, and in consequence the individuals of type 
SC are anemic, their disease being called sickle-cell: hemoglobin-C 
disease. The heterozygous condition in C does not lead to a 
pathologic state. Sickle-cell: hemoglobin-C disease can be readily 
differentiated from sickle-cell anemia on clinical grounds.49^55 The 
characteristic differences in electrophoretic behavior of A, S, and C 
are shown in the paper electrophoresis patterns of Fig. 4, repro-
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duced from the work of Smith and Conley.56 Under the conditions 
of this investigation, which was carried out in veronal buffer at 
pH 8.6 and ionic strength 0.06, all three hemoglobins are nega
tively charged, with A having the largest negative charge and C the 
smallest charge. 

FIG. 4. Paper electrophoresis patterns of hemoglobins. Veronal buffer, 0.06 
ionic strength, pH 8.6; Whatman paper No. 3, 6 X 6 inches, 15 mils, 380 
volts. The migration begins at the dotted line; hemoglobin A is the fastest 
moving, hemoglobin S has intermediate mobility, and hemoglobin C migrates 
most slowly. From Ernest W. Smith and T. Lockard Conley, Bull. Johns 
Hopkins Hasp. 93, 94 (1953). 

Using paper electrophoresis, Smith and Conley65 made an in
vestigation of the hemoglobins of 500 white persons and 500 
Negroes. In the 500 white persons they found no evidence of the 
presence of any hemoglobin differing electrophoretically from nor
mal adult human hemoglobin. Hemoglobin S was found to occur 
in 8.4 per cent of the 500 Negroes surveyed, and hemoglobin C 
in 2 per cent. Seven patients with sickle-cell: hemoglobin-C disease 
were found among the 500 Negroes. 

If the incidence of the heterozygous state AC is 2 per cent, the 
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occurrence of the C allele is 0.01, and it can be predicted that 
homozygous hemoglobin-C disease should occur among Negroes 
with frequency 0.012, or one in 10,000. It was reported by Spaet 
and co-workers52 and Ranney and co-workers53 that patients with 
a mild hemolytic anemia have been found with only hemoglobin C 
in their red cells, and it is probable that they are homozygous in 
hemoglobin Q and that their disease is homozygous hemoglobin-C 
disease. 

An interesting complication in the hemoglobin pattern has been 
resolved through the discovery that anemic individuals may con
tinue to manufacture fetal hemoglobin long after they have passed 
the fetal stage of development. Wells and Itano, in the course of 

FIG. 5. Electrophoretic pattern of the hemoglobin of a patient with sickle-
cell: hemoglobin-C disease, showing three hemoglobins, C, S, and F, from left 
to right. 

their investigation of the ratio of S to A in sicklemic individuals,26 

discovered that there is present in the blood of patients with an 
abnormally mild form of sickle-cell anemia a small amount, 5 per 
cent to 20 per cent of the total, of a protein other than S. They 
identified this protein as A, on the basis of its electrophoretic 
pattern, but they pointed out that the patients could be assumed, 
from the facts that both parents were sicklemic and that hemo
globin S predominated, to be homozygous in S, and that the 
presence of A was anomalous. Itano and Neel48 reported that one 
patient with sickle-cell: hemoglobin-C disease gave a hemoglobin 
electrophoretic pattern showing S and C in large amounts (39 per 
cent and 48 per cent, respectively) and an additional hemoglobin, 
13 per cent, with the electrophoretic mobility, at the pH used 
(pH 6.50), of A. The electrophoretic pattern of this patient is 
given in Fig. 5. It was pointed out by Singer, Chernoff, and Singer56 

that there is present in the blood of many patients with sickle-cell 
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anemia and other hematologic disorders a hemoglobin fraction 
that is resistant to alkali denaturation, and that the properties of 
this fraction permit it to be identified with fetal hemoglobin, F; 
in particular, these authors suggested that the hemoglobin reported 
by Wells and Itano to be present in small amounts in the blood of 
some sickle-cell-anemia patients is hemoglobin F, and not A. At 
about the same time Liquori57 reported that he had found that as 
much as 50 per cent of the hemoglobin in the blood of patients 
with thalassemia is fetal hemoglobin, and Rich58 found that two 
patients with thalassemia major had in their red cells no hemo
globin other than F. It is now recognized that anemic patients may 
continue to manufacture significant amounts of F throughout their 
lives, and that the presence of F ameliorates their disease. Hemo
globin F is identified, in relation to A, only with difficulty by elec-
trophoretic methods, but it is easily identified by its resistance to 
alkali denaturation and by its characteristic ultraviolet absorption 
spectrum.59-04 Goodman and Campbell46 verified the identification 
of the minor hemoglobin in patients with sickle-cell anemia by 
studying its antigenic properties, which were found to be either 
identical with or closely similar to those of fetal hemoglobin. 

Thalassemia (Cooley's anemia, Mediterranean anemia) is a 
hereditary anemia that results from a gene-controlled interference 
with the process of synthesis of adult human hemoglobin. It was 
first clearly recognized by Cooley and Lee.65 The disease is largely 
confined to persons derived from the northern shores of the 
Mediterranean. The thalassemia allele in the homozygous form 
produces a very serious anemia, thalassemia major, which usually 
terminates fatally in childhood. In heterozygous form the allele 
produces a mild anemia, called thalassemia minor. In some parts of 
Italy, notably the region around Ferrara, the incidence of thalas
semia minor is about 10 per cent, corresponding to a probability 
of the allele of 5 per cent.30 

In 1953 Powell, Rodarte, and Neel66 reported one case of a 
disease due to the combination of thalassemia minor and sicklemia. 
The resulting sickle-cell: thalassemia disease is a more serious dis
ease than thalassemia minor. Other patients with the disease have 
been described by Sturgeon, Itano, and Valentine97 and by Neel, 
Itano, and Lawrence.63 A case of thalassemia :hemoglobin-C disease 



ABNORMALITY OF HEMOGLOBIN MOLECULES IN ANEMIA 2 3 1 

is mentioned in a footnote at the end of a paper by Kaplan, Zuelzer, 
and Neel." 

The third abnormal hemoglobin to be discovered, hemoglobin 
D, was found by Itano69 in five members of a single family. Two 
of the family were patients with a disease resembling sickle-cell 
anemia but somewhat milder than the normal form of this disease. 
The electrophoretic patterns of the blood of these patients were 
closely similar to those of hemoglobin S. The hemoglobin from the 
red cells of the three other individuals gave an electrophoretic 
pattern like that obtained from sicklemics. It was found, however, 
by measurement of the solubility of the hemoglobins that an ab
normal hemoglobin is present, with electrophoretic properties like 
that of S, and solubility like that of A. This hemoglobin, hemo
globin D, seems not to interfere with the process of sickling so 
much as does A, so that the state of double heterozygosity SD leads 
to a moderately serious anemia. The blood of each of the two 
patients with sickle-cell :hemoglobin-D disease was found to con
tain a small amount (6 per cent to 12 per cent) of F. 

Two individuals containing the fourth abnormal hemoglobin, E, 
have been discovered by Itano, Bergren, and Sturgeon. One of them 
is an anemic patient with thalassemia: hemoglobin-E disease.70 The 
mother of the patient has thalassemia minor, and no hemoglobin 
other than A in her red cells.™ The red cells of the patient contain 
41 per cent F and 59 per cent E. The father of the patient is of 
type AE, with 72 per cent A and 28 per cent E (no F ) ; he is a 
carrier of E (personal communication from Itano, Bergren, and 
Sturgeon). The patient has inherited thalassemia minor from the 
mother and the allele for E from the father. The thalassemia allele 
seems to have completely suppressed the manufacture of A. 

Hemoglobin E shows a striking change in electrophoretic mo
bility with change in pH. At pH 6.5, in cacodylate buffer of ionic 
strength 0.1, its mobility is greater than that of A and slightly less 
than that of S, and at pH 8.8, in 0.01 F disodium hydrogen phos
phate, its mobility is nearly identical with that of C. The absorption 
spectrum, solubility, and lability to alkali denaturation of E are 
similar to those of A. 

A summary of the hereditary hemolytic anemias related to ab
normal hemoglobins is presented in Fig. 6. There are five forms of 
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adult human hemoglobin: A, S, C, D, and E. Assuming that these 
five correspond to five alleles occupying the same locus in a 
chromosome, there are fifteen possible combinations, the five 
homozygous states AA, SS, CC, DD, and EE, and the ten het
erozygous states AS, AC, AD, AE, SC, SD, SE, CD, CE, and DE. 
Of these fifteen states nine have been found to occur. In addition 
to sickle-cell anemia, six other types of hereditary anemia involving 
an abnormality of hemoglobin have been recognized.71 
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FIG. 6. A chart representing possible combinations of the alleles A, S, C, D, 
and E. The horizontal row at the bottom represents simultaneous occurrence 
with thalassemia minor. The amount of fetal hemoglobin usually present is 
also indicated: F means a few per cent, F means 10 per cent or more. Ob
served conditions are shown within heavy borders. At the top the seriousness 
of different kinds of anemia is indicated. 

The seriousness of these diseases (not including AC -f- Th and 
E -)- Th, for which the number of patients is too small to permit an 
estimate) is indicated at the top of Fig. 6. There is some variability 
in the seriousness of the diseases, in part as the result of the extent 
to which compensation of abnormal hemoglobins is achieved 
through the manufacture of fetal hemoglobin. The mildest anemias 
are SC and CC. Not all SC and CC individuals are anemic. Al
though they probably have a greater than normal rate of hemolysis, 
they may be able to compensate completely with a greater than 
normal rate of production of red blood cells.52'72 

The conditions CD, DD, SE, CE, DE, EE, and DA + Th have 
not yet been observed; it may be found that they are associated 
with anemia. 
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Except for the fetal-hemoglobin fraction, the hemoglobin of 
patients with thalassemia major has properties reported to be the 
same as those of normal adult human hemoglobin,58 and it is usu
ally considered that thalassemia is not associated with the produc
tion of an abnormal hemoglobin. There are some facts, however, 
that indicate that thalassemia hemoglobin is a fifth abnormal kind 
of adult human hemoglobin, with properties so closely similar to 
those of normal adult human hemoglobin that the differences have 
escaped detection. It has been observed that thalassemia minor in
volves a greater interference with the synthesis of the normal 
hemoglobin than of abnormal hemoglobin. For example, whereas 
in sicklemic individuals the ratio A/S is always greater than 1, this 
ratio is much less than 1 in thalassemia: sickle-cell disease. Two 
patients reported by Neel, Itano, and Lawrence68 were found to 
have the ratios A:S:F equal to 20:61:19 and 11:84:5, respec
tively. The hemoglobin of the patient with thalassemia: hemo-
globin-E disease contains no detectable amount of normal adult 
hemoglobin, but only E and F. The thalassemia allele interferes 
with the manufacture of normal adult hemoglobin, and seems not 
to interfere seriously with the manufacture of the abnormal hemo
globins. The simplest explanation of this fact is that the thalassemia 
allele occupies the same locus in the chromosome as the alleles for 
the other abnormal hemoglobins, and is itself responsible for an 
abnormal globin in which the abnormality is of such a nature as to 
interfere with the step of inclusion of the hemes in the molecule. 
If this postulate is correct it should be possible to show a difference 
between thalassemia hemoglobin and normal adult human hemo
globin. 

Under this circumstance there would be six alleles occupying the 
same locus, A, S, C, D, E, and Th (more than six if there is more 
than one thalassemia allele). The six states at the bottom of the 
triangle in Fig. 6 should then be written ATh, STh, CTh, DTh, 
ETh, and ThTh. Of the possible twenty-one combinations of the 
six alleles, fourteen would be ascribed to known individuals. 

The possibility that the thalassemia gene is allelomorphic with the 
sickle-cell gene has been discussed by Neel.30 He pointed out that 
both of the children of a patient with thalassemia: sickle-cell dis
ease and married to a normal woman exhibited thalassemia minor, 
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and mentioned that if either of these children had been normal 
(without either thalassemia minor or sicklemia) the hypothesis of 
allelomorphism would have to be abandoned. Silvestroni and 
Bianco, who a number of years ago described the disease resulting 
from simultaneous inheritance of thalassemia minor and sick
lemia,73 have also discussed the genetic aspects of thalassemia and 
sickling, and have concluded that the two are not allelomorphic.74 

SICKLE-CELL-ANEMIA HEMOGLOBIN AND MALARIA 

A number of interesting questions about the origin and heredity 
of the abnormal hemoglobins remain to be answered. It has, for 
example, been pointed out by Lehmann75 that sickle-cell anemia 
seems to be a far less serious disease in Africa than in America. 
A possible explanation may be that the patients in Africa for some 
reason manufacture a larger amount of fetal hemoglobin than those 
in America; the question can presumably be answered by a 
thorough investigation of the hemoglobins of Africans, which has 
not yet been carried out. 

The question of the continued high incidence of the sickle-cell 
allele, despite its continued loss because of the lethal character of 
the homozygous condition, has been raised by Neel,30 who has 
suggested three alternative explanations: (1) continued produc
tion of the allele through mutation; (2) the existence of an ab
normal genetic mechanism that favors the heterozygous condition, 
AS, over the normal condition, A A; (3) a positive selection of the 
heterozygote, perhaps through increased fertility. The first ex
planation has to be rejected because the rate of mutation that would 
be required is far greater than any that has ever been observed for 
any organism. There now exists evidence indicating that the third 
alternative provides the correct explanation, and that malaria is 
involved. It was first suggested by Brain76 that the presence of S 
in the red cells might give protection against malaria parasites, and 
thus confer an advantage to the sicklemic individual that would 
balance the disadvantage of the lethal homozygosity. Lehmann77 

wrote that "The lethal tendency of a gene potentially causing 
sickle cell anemia may thus be counteracted by its conferring a re
sistance to malaria similar to that found in early infancy." A test 
of the hypothesis was carried out recently by Allison,78 who in-
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fected 15 healthy adult Africans with the sickle-cell trait and 15 
similar healthy adult Africans without the sickle-cell trait with 
P. falciparum, by subinoculation with 15 ml. of blood containing 
a large number of trophozoites or by being bitten by heavily in
fected anopheles mosquitoes, in which the presence of sporozoites 
was confirmed by dissection of the mosquito. The infection was 
established in 14 out of the 15 Africans without the sickle-cell 
trait, and in only 2 of the 15 with this trait. It was concluded by 
Allison that the abnormal erythrocytes of individuals with the 
sickle-cell trait are less easily parasitized by P. falciparum than are 
normal erythrocytes, and that accordingly those who are het
erozygous for the S allele have a selective advantage over normal 
individuals in regions where malaria is hyperendemic. It is, of 
course, not unreasonable that the abnormal hemoglobin may be 
less effective than normal hemoglobin in nourishing the parasites. 

The question of the origin of sickle-cell anemia has been in
vestigated especially by Lehmann, who has studied the incidence of 
the ability of red cells to sickle in several parts of the world.79-81 In 
Africa the incidence of the sickle-cell allele is highest in the north 
and east, diminishing somewhat toward the west and south, and 
being virtually zero in South Africa itself. In India the major 
groups of the population, classed as Dravidians, show no sickling, 
and among the pre-Dravidians living in the hills of Southern 
India the Veddoids alone have a high incidence of sickling. A 
high incidence of sickling was found also in a Veddoid community 
of Southern Arabia, although sickling is absent among the Semitic 
Arabs. Some sicklemic individuals are found in Italy, and in Greece 
there are a few communities, each of a few hundred individuals, 
with a high incidence of sickling. Lehmann concluded77 that it is 
not unlikely that the sickle-cell gene originated, presumably 
through a mutation, in a Veddoid community in Southern Arabia, 
and that it spread from this point to India, the Mediterranean 
region, and especially to Africa. 

MOLECULAR DISEASES 

Sickle-cell anemia has been described as a molecular disease.20 It 
may be that all diseases can be described as molecular diseases, 
inasmuch as the human body and the vectors of disease are all com-
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posed of molecules. For example, carbon monoxide poisoning is 
the result of combination of molecules of carbon monoxide with 
molecules of hemoglobin. Erythroblastosis fetalis involves the in
teraction of the molecules or haptenic groups of an Rh antigen on 
red cells with molecules of the homologous antibody. An inborn 
error of metabolism such as alcaptonuria results from the failure 
of the body to manufacture molecules of the enzyme that, if 
present, would catalyze the oxidation of homogentisic acid in the 
body. Any hereditary disease may be said to be a molecular dis
ease, if the genes are described as molecules, in that it involves an 
abnormality of a gene. 

There is, however, one sense of the expression molecular dis
ease that permits it to be applied to sickle-cell anemia and the other 
diseases associated with the abnormal hemoglobins. These diseases 
have been shown to result from the manufacture by the patient of 
abnormal molecules, in the place of normal molecules which are 
manufactured by normal individuals, and the abnormal molecules 
have been characterized. I think that it is not unlikely that many 
diseases will in the course of time be found to be molecular dis
eases in this sense. The discovery of the abnormal molecules re
sponsible for other molecular diseases may be far more difficult 
than the discovery of the abnormal hemoglobins. Hemoglobin is 
unique among the proteins of the human body because of its 
presence in very large amount, about 1 per cent by weight of the 
body, and because of the ease with which it can be obtained from 
the individual and characterized. Other substances in general are 
present in far smaller amounts. I have estimated that there are of 
the order of 100,000 different kinds of proteins in the human 
body. If the number of substances making up the human body is 
about 100,000, the average amount of each substance present 
(aside from water) is about 100 mg., and some important sub
stances may be present in far smaller amounts. The isolation and 
identification of abnormal forms of molecules of these substances 
might be extremely difficult. Because of the insight into the nature 
of disease that would be provided by the discovery of additional 
molecular diseases, however, it seems important to prosecute 
investigations along this line with much vigor. 
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The human body is made up of molecules, as are also bacteria and other 
vectors of disease. We might accordingly say that all diseases are mole
cular diseases, involving molecules in one way or another. For example, 
phenylketonuria, which causes feeble-mindedness or more serious mental 
impairment, is an inborn error of metabolism such that the patient is 
not able to carry out the oxidation of phenylalanine to tyrosine. This 
disease is due to an abnormal gene, present in double dose; either the 
gene is not able to manufacture the enzyme catalysing the oxidation 
reaction, or it manufactures abnormal enzyme molecules, with decreased 
effectiveness. 

A few years ago it was discovered1 that the disease sickle-cell anemia 
is a disease of the hemoglobin molecule; the patients with this disease 
manufacture abnormal molecules of hemoglobin, rather than normal 
adult human hemoglobin, and there is strong indication that the abnormal 
molecules of hemoglobin are directly responsible for the symptoms of 
the disease. Since then it has been discovered that there are a number 
of other hereditary hemolytic anemias that are caused by abnormal 
kinds of human hemoglobin. Several review articles in this field have 
been published recently.2' 3> 4>5- 6> 7> 8> 9> 10> u 

The disease sickle-cell anemia was first described by Dr. J. B. Herrick 
in 1910.12 The red cells of patients with this disease when partially 
deoxygenated (as in venous blood) undergo a change in shape, as shown 
in Fig. 1. This change in shape, called sickling (deformation to resemble a 
sickle), can also be caused to occur in a specimen of blood from a parent 
of a sickle-cell-anemia patient, by making the partial pressure of oxygen 
small enough; sickling does not occur to significant extent in the venous 
blood of these individuals, who are not anemic. It was suggested by 
Emmel13 in 1917 and Taliaferro and Huck14 in 1923 that the disease is 
hereditary, and the Mendelian inheritance was made clear by Neel,15>le 

who presented evidence that there is a sickle-cell gene that causes some 
tendency to sickling, but not sickle-cell anemia, when it is present in 
the heterozygous condition (one sickle-cell gene and one normal gene), 
and causes sickle-cell anemia when it is present in the homozygous 
condition (two sickle-cell genes). 

* Contribution No. 2174, California Institute of Technology, Pasadena. Calif., U.S.A. 
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Fig. 1. At the left a drawing of normal human red cells, as seen through the ordinary 
microscope; at the right, sickled red cells, present in the venous blood of patients 

with sickle-cell anemia. 

The discovery that sickle-cell anemia is a molecular disease1 was made 
by the study of eledrophoretic patterns of hemoglobin from normal 
individuals, sickle-cell-anemia patients, and the carriers of the disease 
(parents of patients), as shown in Fig. 2. At pH 6.90 normal adult human 
hemoglobin has a negative electric charge, and moves toward the anode, 
whereas sickle-cell-anemia hemoglobin moves toward the cathode. The 
difference in electric charge of the two kinds of molecules is about three 
electronic charges. The hemoglobin from the red cells of sickle-cell 
heterozygotes is a mixture of the two kinds, usually with normal adult 
hemoglobin present in amount somewhat greater than 50 per cent.17 

A postulate to explain the amounts of the two hemoglobins, A and S, in 
heterozygotes was made by Itano,18 who suggested that the differences 
can be attributed to differences in the rate of synthesis of normal hemo
globin, and that the evidence requires that there be at least three rate-
determining modifications of the mechanism of synthesis of normal 
hemoglobin. 

Sickle-cell-anemia hemoglobin in closely similar to normal adult human 
hemoglobin in most of its properties.1 The difference in structure seems 
to be a difference in the nature of the globins, inasmuch as the porphyrin 
from both hemoglobins has been identified as protoporphyrin. Schroeder, 
Kay, and Wells19 found that there is little difference in amino acid com
position of the two hemoglobins, and there is a possibility that they 
differ in the nature of the folding or amino acid sequence of the poly
peptide chains, rather than in their composition. Amino acid com
positions of A, F, S, and C (C is another abnormal hemoglobin, discussed 
in later paragraphs in this paper) have been reported by Huisman, 
Jonxis, and van der Schaaf,20 who verified the work of Schroeder et al. 
for A and S, and found C to contain about three more residues of lysine 
and one or two more of histidine than are present in A. The amino acid 
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Fig. 2. The electrophoretic patterns for (a) normal adult human hemoglobin, (b) 
sickle-cell-anemia hemoglobin, from the red cells of patients with sickle-cell anemia, 
(c) sickle-cell-trait hemoglobin, which is indicated to be a mixture of normal adult 
human hemoglobin and sickle-cell-anemia hemoglobin, and (d) a mixture of normal 
adult human hemoglobin and sickle-cell-anemia hemoglobin, prepared by mixing 
the red-cell contents from normal blood and sickle-cell-anemia blood. The two hemo
globins migrate in opposite directions in this buffer, normal adult hemoglobin as an 

anion and sickle-cell-anemia hemoglobin as a cation. 

composition of another abnormal form, hemoglobin E, is similar to that 
of A and S.21 Valine is the only N-terminal amino acid in the human 
hemoglobins. Hemoglobins A and F have five and two residues, respec
tively, according to Porter and Sanger.22 Although different investigators 
agree that the abnormal hemoglobins do not differ from A in their content 
of N-terminal valine, they do not agree on the number per molecule. 
Havinga23 reported four or five each in A and S in different experiments, 
Masri and Singer24 reported an average of four in A, S, and C, Huisman 
and Drinkwaard25 reported five in A, S, C and E, Brown26 reported five 
in A, S, and hemoglobins from patients with several diseases, and 
Rhinesmith, Schroeder, and Pauling27 reported 3.6 for A (all on the basis 
66,700 for the molecular weight). 

It was pointed out by Sherman28 in 1940 that sickled red cells are 
observed under the polarizing microscope to be birefringent, whereas 
normal cells are optically isotropic. Ponder29 suggested, on the basis of 
this observation, that in sickled cells the hemoglobin molecules assume 
an orderly or paracrystalline arrangement, which is responsible for the 
sickling. A detailed mechanism of the sickling process was formulated 
in the first paper on sickle-cell-anemia hemoglobin,1 as follows: "We can 
picture the mechanism of the sickling process in the following way. 
It is likely that it is the globins rather than the hemes of the two hemo
globins that are different. Let us propose that there is a surface region on 
the globin of the sickle-cell-anemia hemoglobin molecules which is absent 
in the normal molecule and which has a configuration complementary 
to a different region of the surface of the hemoglobin molecule. This 
situation would be somewhat analogous to that which very probably 
exists in antigen-antibody reactions.30 The fact that sickling occurs 
only when the partial pressures of oxygen and carbon monoxide are low 
suggests that one of these sites is very near to the iron atom of one or 
more of the hemes, and that when the iron atom is combined with either 
one of these gases, the complementariness of the two structures is con
siderably diminished. Under the appropriate conditions, then, the sickle-
cell-anemia hemoglobin molecules might be capable of interacting with 
one another at these sites sufficiently to cause at least a partial alignment 
of the molecules within the cell, resulting in the erythrocytes's becoming 
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birefringent, and the cell membrane's being distorted to accommodate 
the now relatively rigid structure within its confines. The addition of 
oxygen or carbon monoxide to the cell might reverse these effects by 
disrupting some of the weak bonds between the hemoglobin molecules in 
favor of the bonds formed between gas molecules and iron atoms of 
the hemes." 

Substantiation of this picture was soon obtained through microscopic 
investigations. Rebuck, Sturrock, and Monaghan,31 substantiating the 
work of Sherman,26 observed that in the early stages of sickling the 
intracellular hemoglobin forms anisotropic aggregates, suggestive of 
incipient crystallization. Perutz and Mitchison,32 (also Perutz, Liquori, 
and Eirich33) found a pronounced dichroism of sickle cells, similar to 
that of hemoglobin crystals. It was then reported by Harris34 that a 
stromafree solution of sickle-cell-anemia hemoglobin with concentration 
10 g or more per 100 ml on deoxygenation forms birefringent spindle-
shaped bodies varying in length from 1 to 15 fi, which he identified as 
tactoids (liquid crystals) of the nematic type. It accordingly is probable 
that sickle-cell anemia can be described as a molecular disease, resulting 
from the difference in molecular structure of sickle-cell-anemia hemoglobin 
and normal adult human hemoglobin, the properties of the abnormal 
hemoglobin being such that when deoxygenated the molecules combine 
with one another to form long molecular strings, which, through inter-
molecular attraction, aggregate into tactoids, which have enough me
chanical strength to distort the red cell, changing the viscosity of the 
blood, and causing the clinical and pathological manifestations of the 
disease. 

Perutz and his collaborators33'34 found that the solubility of sickle-
cell-anemia hemoglobin is much smaller than that of normal hemoglobin 
or of either normal oxyhemoglobin or sickle-cell-anemia oxyhemoglobin. 
A detailed study of the solubilities of mixtures of sickle-cell-anemia 
hemoglobin and other hemoglobins has been made by Itano,35 who has 
shown that a solubility measurement provides a simple way of determining 
roughly the amount of sickle-cell-anemia hemoglobin present in a mixture 
Of hemoglobins. 

During the six years since the discovery of sickle-cell-anemia hemo
globin several other abnormal varieties of human hemoglobin (named 
hemoglobin C, D, E, G, H, I, and J respectively) have been discovered. 
The abnormal hemoglobins, either alone or in synergistic interaction with 
one another or with thalassemia, have been observed in association with 
several diseases that had not previously been recognized as clinical entities. 
Another interesting complication in the constitution of the blood has also 
been discovered, the continued manufacture of fetal hemoglobin (F) by 
anemic individuals. 

Hemoglobin C was discovered by Itano and Neel.36 The difference in 
electrophoretic mobility between hemoglobin C and hemoglobin A is 
nearly twice as great as the difference between S and A: the electric 
charge of C differs by about 5 electronic charges from that of A. Hemo
globin C was first found to be present together with S in the blood of 
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some anemic patients. These patients may be described as carrying one 
gene for C and one for S: they are heterozygous in hemoglobin C and also 
in hemoglobin S, having inherited one of the two abnormalities from each 
parent. On investigation, the red cells of one parent were found to contain 
a mixture of A and C, and of the other parent to contain a mixture 
of A and S. Dilution of S with C does not inhibit the sickling tendency 
so much as dilution of S with A, and in consequence the individuals of 
type SC are anemic, their disease being called sickle-cell:hemoglobin-C 
disease. The heterozygous condition in C does not lead to a pathologic 
state. An interesting relationship has been observed among the three 
factors, ease of sickling, altitude, and splenic infarction, the last being 
a probable consequence of intravascular sickling. Smith and Conley37 

have reviewed 16 cases of splenic infarct during aerial flight among 
individuals with sickling cells. Four had sickle-cell:hemoglobin-C disease 
and the others were sickle-cell heterozygotes. All of the sickle-cell hetero-
zygote infarcts occurred at 10,000 to 15,000 feet altitude, whereas two 
of the sickle-cell:hemoglobin-C disease cases were at only 4000 to 
6000 feet. Infarction of the spleen is a common occurrence in sickle-cell 
anemia, so that atrophy of the spleen commonly occurs during childhood. 
Atrophy is less common in sickle-cell:hemoglobin-C disease, and hyper
trophy is frequently observed.38 

Sickle-cell: hemoglobin-C disease can be distinguished from sickle-cell 
anemia on clinical grounds.37. 38> 39> 40> «> 42> 43> 44. 48 Smith and Conley,45 

using paper electrophoresis, found hemoglobin S to occur in 8.4 per cent 
of 500 Negroes investigated and hemoglobin C in 2 per cent. These cor
respond to incidence of the S gene of 4.2 per cent, and of the C gene of 
1 per cent. Edington and Lehmann46 found the incidence of the S gene 
to be 20.5 per cent and of the C gene to be 12 per cent in West Africa, 
and Schneider47 found the incidence of the C gene to be 1.5 per cent among 
505 Negroes in Texas. A gene incidence of 1 per cent would correspond to 
the occurrence of homozygous hemoglobin-C individuals with frequency 
0.012 or 1 in 10,000. Several patients with a mild hemolytic anemia and 
with only hemoglobin C in their red cells, who presumably have homo
zygous hemoglobin-C disease, have been reported.42' 43> 46> 47' 48> 49>50' 
51,52,53,54 Hemoglobin crystals have been observed in some of the 
erythrocytes of homozygous hemoglobin-C disease patients following 
splenectomy.60 '54 

An interesting complication in the hemoglobin pattern has been resolved 
through the discovery that anemic individuals may continue to manu
facture fetal hemoglobin long after they have passed the fetal stage of 
development. Wells and Itano17 discovered that there is present in the 
blood of patients with a mild form of sickle-cell anemia a small amount, 
5 per cent to 20 per cent of the total, of a protein other than S, and 
Itano and Neel34 reported that one patient with sickle-cell:hemoglobin-C 
disease gave a hemoglobin electrophoretic pattern showing S and C in 
large amounts (39 per cent and 48 per cent, respectively) and an additional 
hemoglobin, 13 per cent, with the electrophoretic mobility, at the pH 
used (pH 6.50), of A. It was then pointed out by Singer, Chernoff, and 
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Singer55 that there is present in the blood of many patients with sickle-cell 
anemia and other hematologic disorders a hemoglobin fraction that is 
resistant to alkali denaturation, and that the properties of this fraction 
permit it to be identified with fetal hemoglobin, F; they suggested that the 
hemoglobin reported by Wells and Itano is hemoglobin F, and not A. 
Liquori56 found as much as 50 per cent of the hemoglobin in the blood 
of patients with thalassemia to be fetal hemoglobin, and Rich67 found 
that two patients with thalassemia major had in their red cells no hemo
globin other than F. It is now recognized that anemic patients may 
continue to manufacture significant amounts of F throughout their lives, 
and that the presence of F ameliorates their disease. 

Thalassemia (Cooley's anemia, Mediterranean anemia) is a hereditary 
anemia resulting from a gene-controlled interference with the process of 
synthesis of adult human hemoglobin.58 The disease was thought to be 
largely confined to persons derived from the northern shores of the 
Mediterranean; however, recent reports indicate that it occurs among 
natives of Southeast Asia.59' 60' 61 The thalassemia gene in the homo
zygous form produces a very serious anemia, thalassemia major, which 
usually terminates fatally in childhood. In heterozygous form the gene 
produces a mild anemia, called thalassemia minor. In some parts of 
Italy, notably the region around Ferrara, the incidence of thalassemia 
minor is about 10 per cent, corresponding to a gene probability of 5 
per cent.62 

The interaction of the sickle cell and thalassemia genes to produce a 
hemolytic anemia was first reported by Silvestroni and Bianco in 1945. 
This observation and later ones by the same authors have been sum
marized in their review.63 Powell, Rodarte, and Neel64 reported a case in 
1950 and discussed the possible genetic mechanisms. Although a single 
dose of either gene does not result in hemolytic anemia, their simultaneous 
presence causes a mild to severe anemia. Electrophoretic studies by 
Sturgeon, Itano, and Valentine65 and by Neel, Itano, and Lawrence66 

revealed that the erythrocytes in this condition contained a high pro
portion of sickle-cell hemoglobin. It was concluded that the thalassemia 
gene interferes with the synthesis of hemoglobin A but not of S, and that 
the hemolytic process, as in sickle cell anemia, is due to cells which sickle 
more readily than sickle cell trait cells. Other cases of this disease in 
which hemoglobin compositions were determined have been reported.38-
67, 68, 69 

Several patients with another new disease, thalassemia:hemoglobin-C 
disease, have also been reported.70- 71> 72 The patient mentioned in a 
footnote in reference 41 is the same one studied in reference 71. 

A third abnormal hemoglobin to be discovered, hemoglobin D, was 
found by Itano 73 in five members of a single family. Two of the family 
were patients with a disease resembling sickle-cell anemia but somewhat 
milder than the normal form of this disease. The blood of each of these 
two patients with sickle-cell:hemoglobin-D disease was found to contain 
a small amount (6 per cent to 12 per cent) of F, in addition to S and D. 
Hemoglobin D has electrophoretic properties like those of S, and solubility 
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like that of A. A mother of this family, who is a carrier of hemoglobin D, 
is of English, Irish, and American Indian ancestry.74 Additional occur
rences of hemoglobin D have been reported from England,4- 7S India,76- 77 

Algeria,78 Turkey,79 and Uganda (in Indian immigrants).80 These have 
included cases of sickle-celkhemoglobin D disease,4- 75 and apparent 
homozygous hemoglobin D disease.77 

Three individuals containing the fourth abnormal hemoglobin E, were 
discovered by Itano, Bergren, and Sturgeon.74- 81 One of them is an 
anemic patient with thalassemia:hemoglobin-E disease. The mother of 
the patient has thalassemia minor, and no hemoglobin other than A in 
her red cells. The red cells of the patient contain 41 per cent F and 59 
per cent E. Both the father of the patient7 and his half-sister82 are of 
type AE; their common parent, presumed to be the carrier of the disease 
for E, came from India. The patient has inherited thalassemia minor 
from her mother and the allele for E from the father; her red cells contain 
only hemoglobin E and hemoglobin F (41 per cent—the thalassemia 
gene seems to have completely suppressed the manufacture of A). 

Homozygous hemoglobin-E disease and thalassemia:hemoglobin-E 
disease have been observed in Thailand.83- 84> 85 The hemoglobin com
ponents in six individuals with homozygous hemoglobin-E disease were 
E, 94 to 99 per cent, and F, 6 to 1 per cent, and the components in thirty-
two individuals with thalassemia:hemoglobin-E disease were E, 15 to 95 
per cent, and F, 85 to 5 per cent.84 Normal adult hemoglobin was not 
detectable in any patient. Of 1,006 individuals surveyed in Thailand, 
137 had hemoglobin-E trait and 3 had homozygous hemoglobin-E disease.85 

Hemoglobin E has also been observed in Ceylon,86 Indonesia,87 and 
among Burmese residing in England.88 

Hemoglobin E shows a striking change in electrophoretic mobility with 
change in pH. At pH 6.5 its mobility is greater than that of A and slightly 
less than that of S, and at pH 8.8 it is nearly identical with that of C. 
The absorption spectrum, solubility, and lability to alkali denaturation 
of E are similar to those of A.81 

Several new hemoglobins have been observed during the past year. 
Edington and Lehmann89 observed a specimen (from West Africa) which 
contained hemoglobin A and a component migrating between the A and S 
positions on paper at pH 8.6; hemoglobin F migrates in this position, 
but the new component is unlike F in that it is labile to alkali denatura
tion. They named the component hemoglobin G. Edington, Lehmann, and 
Schneider90 have reported that nine siblings of this individual are also of 
type AG, and that the father is a G homozygote, the mother being normal. 

Hemoglobin H is the first abnormal hemoglobin to be found with lower 
isoelectric point than A. It was found, together with hemoglobin A, in 
two siblings in a family of Chinese descent.91 Hemoglobin H is not found 
in the red cells of either parent. One parent has thalassemia minor, and 
the children with hemoglobin H have anemias indistinguishable from 
thalassemia major. Bergren, Itano, and Sturgeon82 and Motulsky92 have 
observed abnormal hemoglobins with the same electrophoretic behavior 
as hemoglobin H in individuals of Scottish descent and of Filipino descent. 
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A hemoglobin with isoelectric point between those of H and A was 
reported by Jensen. He was unaware of the work of Rigas, Koler, and 
Osgood, and used the name hemoglobin H in the abstract describing 
his discovery;93 he has, however, agreed to change the name to hemo
globin I.9i Hemoglobin I94 was found in individuals of three generations 
of a Negro family in North Carolina. Only the trait condition has been 
seen, and the affected individuals contain hemoglobins A and I in the 
ratio 80:20. 

Another hemoglobin, named hemoglobin J,95 has been found with 
isoelectric point between those of I and A. Hemoglobin J is present in 
the trait condition in two generations of a Negro family in Virginia, the 
two hemoglobins A and J occurring in the ratio 40:60. Neither hemo
globin-1 trait nor hemoglobin-J trait is associated with clinical or hemato
logic abnormalities. An abnormal hemoglobin which behaves like H, I, 
or J in that it migrates more rapidly than A in electrophoresis at pH 8.6 
has been reported by Cabannes.96 Its presence is associated with mild 
anemia and morphologic abnormalities of erythrocytes. 

A hemoglobin component associated with familial anemia similar to 
thalassemia has been reported by Battle and Lewis97 and has been 
designated hemoglobin K.8 Results obtained by Itano9 '10 on samples 
from the patients of Battle and Lewis suggest that this component does 
not differ from the minor component observed in small amounts in normal 
individuals (component X of Figure 3) and in slightly elevated amounts 
in thalassemia minor.65- 66> 98> " Since it is a component of all normal 
samples, its genetic significance differs from that of the inherited abnormal 

Table 1. Distinguishing properties of the human hemoglobins. 

Physical Hemoglobin 
property A Fe Sf C D E G H I J 

Isoelectric point* 6.87 6.98 7.09 7.2 7.09 — — — — — 
Mobility x 105 12.4 2.2 2.9 3.2 2.9 2.8 between —0.1 1.7 2.0 

at p H 6.5b J A and S 
Order of migration 

velocities a t p H 8.6° 4 5 6 8 6 7 5 1 2 3 
Solubility in 2.58 M 

phosphate at p H 6.81 1.39 > A < A 3 . 5 * A « A 0.6 — sa A > A 
a As carbonmonoxyhemoglobin in phosphate buffers of ionic strength O.l.1- 109. u o 

b In cm2 sec - 1 vo l t - 1 by the moving-boundary method. Cacodylate buffer of ionic 
strength 0.1.36 . *3. 81. 10!l 

c By paper electrophoresis in pH-8.6 barbital buffer of ionic strength 0.05—0.06.43-
44, si, 83, 8 9. 95, in Hemoglobin H is the fastest and C the slowest. The numbers have 
no quantitative significance. 

4 In grams per liter a t 25° as amorphous ferrohemoglobin. Hemoglobin S has 
solubility 0.1 g/1 in 2.24 M phosphate. The approximate solubilities of D, E, I, and J 
were deduced from those of their naturally occurring mixtures with A.36' 90' 95> lm' 
Comparable information about crystalline ferrohemoglobin solubilities of A and S 
is available.32. 33 

e Is resistant to denaturation at high pH 5 5 and has a maximum in its absorption 
spectrum at 2898 A.112 

f Causes sickling when present as ferrohemoglobin in red cells1 and forms factoids 
when concentrated solution is deoxygenated.34 
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(d) HbsHb° 

(b) HbsHbs 

5 | | ^ 

(e) HbAHb ALJI^S 

(c) HbcHbc (f) HbAHbc 

Fig. 3. The electrophoretic patterns of the hemoglobin mixtures found in several 
human genotypes, (a) normal adult, (b) sickle-cell anemia, (c) hemoglobin C disease, 
(d) sickle-celkhemoglobin C disease, (e) sickle-cell trait , and (f) hemoglobin C trait . 
The electrophoretic analyses were conducted in cacodylate buffer of p H 6.5, in which 
all of the hemoglobins represented migrate as cations. The genetic significance of 
component X in normal adult hemoglobin is not known. The proportions of components 
present differ among individuals of the same genotype, and fetal hemoglobin (F) 
occurs in some cases of hemoglobin C disease, sickle-celhhemoglobin C disease, and 
other severe anemias as well as in sickle-cell anemia. 

hemoglobins. The use of the letter K to designate the component has, 
therefore, been withdrawn by mutual agreement of the investigators. 

Table 1 lists some of the differences among the human hemoglobins. 
Only those techniques that have been applied to more than two or three 
of the hemoglobin types have been included. Table 2 lists the states 
known to be accompanied by the abnormal hemoglobins or the thalas
semia allele. The sickle-cell-disease phenotype was defined early in the 
study of abnormal hemoglobins.3 A recent review of the available informa
tion on other anemias associated with abnormal hemoglobins has revealed 
that these anemias are due to a combination of a mild hemolytic process 
and a relative inhibition of hemoglobin synthesis.8 Thus, they resemble 
mild cases of thalassemia major" in their clinical and hematologic mani
festations and, prior to the introduction of hemoglobin electrophoresis, 

Svensk Kem. Tidskr . 69 (1957) 11 



518 HARVEY A. ITANO AND LINUS PAULING 

have been mistaken for the latter condition in several instances. Data are 
available to support the postulate for allelism of the genes for A, S, C, 
and D,18' 10° and for non-allelism of the thalassemia gene with the genes 
for S and C.63> 70 On the other hand, the absence of hemoglobin A in 
hemoglobin-E:thalassemia disease81 is best explained in terms of a 
thalassemia gene allelic with the gene for E.5 It is not unlikely that genes 
both allelic and non-allelic with the abnormal hemoglobin alleles may 
produce the thalassemia effect.8 

The postulated genotypes in Table 2 are based on the assumption 
that the genes which determine the type of hemoglobin are allelic with 

Table 2. Observed hemoglobin contents and postulated genotypes for the abnormal 
hemoglobin states. 

Phenotype 

Asymptomatic 
state0 

Sickle-cell 
disease4 

Thalassemia 
disease* 

Condition 

Sickle-cell trai t 
Hemoglobin-C trait 
Hemoglobin-D trait 
Hemoglobin-E trait 
Hemoglobin-G trait 
Hemoglobin-I trai t 
Hemoglobin-J trai t 
Homozygous G individual 
Thalassemia minor 

Sickle-cell anemia 
Sickle-cell:hemoglobin-G 

disease 
Sickle-cell:hemoglobin-D 

disease 
Sickle-celkthalassemia 

disease6 

Thalassemia major 
Hemoglobin-C disease 
Hemoglobin-C:thalassemia 

disease 
Hemoglobin-E disease 
Hemoglobin-E:thalassemia 

diseases 
Hemoglobin-H:thalassemia 

disease 

Hemoglobin3 

A Abnormal 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
— 
+ 

— 

— 

± 
± 
— 

+ 
— 

— 

+ 

S 

c 
D 
E 
G 
I 
J 
G 
— 

S 

S, C 

S, D 

s 

c 
c 
E 

E 

H 

F 

— 
— 
— 
— 
— 
—. 
— 
— 
± 
± 

± 
+ 

± 
+ 
± 
± 
+ 

+ 

— 

Genotype* 

Hb&HbSTWTW 
Hb^HbCTlFTW 
Hb^HbVThKTW 
Hb^HbVTWTW 
Hb^HbGTIFTW 
Hb&HP T1FTW 
HbAHbJ T/iNTAN 
Hb&HbGTWTW 
Hb^HbATlFTh? 

HbSHbSThKThK 

HbSHbCThKThx 

HbSHbVThXThx 

HbAHb^Th^ThT: 

Hb^HbAThTTh? 
HbCHbCTlFThK 

Hb&Hb°TWThT? 
HbVHbSTlFThx 

Hb^HbVTWTh'? 

Ii 

a + , present; —, absent; ± , present in some cases, absent in others. 
t> HbA, Hbs, etc. — multiple allelic series of genes determining hemoglobin type; 

ThT, Z7iN — thalassemia gene and its normal allele, respectively.100 (Science, in press). 
A thalassemia gene, HbT, allelic with the Hb locus, may also exist.5. 8 

0 Hemolytic disease absent although erythrocytes may show morphologic ab
normalities. 

d Hemolytic disease with sickling erythrocytes.3 

e Individuals with hemoglobins S and F but no A be of genotype HbS Hb^ ITiN JTJN.S 
i Hemolytic disease with relative inhibition of hemoglobin synthesis.8 

s The genotype Hb^HbTThNThN would be consistent with the absence of hemo
globin A.5 

11 A reasonable postulate of the genotype with respect to the H b and Th loci cannot 
be made on the basis of available data. 
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each other but not with the thalassemia allele. The gene notation follows 
that proposed by Allison.101 The presence of fetal hemoglobin has been 
assumed not to be due to a direct action of any of the abnormal hemo
globin or thalassemia genes but to a compensatory mechanism, the 
chemical and genetic nature of which is still unknown. If we assume 
the eight types of hemoglobin A, S, C, D, E, G, I, and J to be allelomorphic, 
there are 36 hemoglobin types predicted: the eight homozygotes, AA, 
SS, etc., and the 28 heterozygotes, AS, AC, etc. Of the eight homozygotes 
six, AA, SS, CC, DD, EE, and GG, have been observed; those other than 
AA and GG are anemic (see Table 2). Ten of the heterozygotes (each 
involving either A or S) have also been observed, and in addition in
dividuals representing the abnormal hemoglobins S, C, and E in synergy 
with thalassemia minor (Table 2). 

The results of moving boundary electrophoresis experiments in caco-
dylate buffer17 of pH 6.5 and ionic strength 0.1 are given in Fig. 3. 
Normal adult (AA), sickle-cell anemia (SS) homozygous hemoglobin C 
disease (CC), sickle-cell trait (AS), hemoglobin C trait (AC), and sickle-
celkhemoglobin C disease (SC) are shown. These are the most common 
types. In addition to the major components, hemoglobin F occurs in 
nearly all cases of sickle-cell anemia and in some cases of sickle-cell: 
hemoglobin C disease and homozygous hemoglobin C disease. 

It is interesting that the thalassemia gene, which interferes with the 
manufacture of normal adult human hemoglobin, seems usually not to 
interfere seriously with the manufacture of the abnormal hemoglobins; 
one exception (involving hemoglobin C) has been reported.71 

A number of interesting questions about the origin and heredity of 
the abnormal hemoglobins remain to be answered. The question of the 
continued high incidence of the sickle-cell gene, despite its continued 
loss because of the lethal character of the homozygous condition, has 
been raised by Neel,62 who has suggested three alternative explanations: 
(1) continued production of the sickle-cell allele through mutation; (2) 
the existence of an abnormal genetic mechanism that favors the hetero
zygous condition, AS, over the normal condition, AA; (3) a positive 
selection of the heterozygote, perhaps through increased fertility. The 
first explanation has to be rejected because the rate of mutation that 
would be required is far greater than any that has ever been observed 
for any organism. There now exists evidence indicating that the third 
alternative provides the correct explanation, and that malaria is involved. 
It was first suggested by Brain102 that the presence of hemoglobin S in 
the red cells might give protection against malaria parasites, and thus 
confer an advantage to the sicklemic individual that would balance the 
disadvantage of the lethal homozygosity. Lehmann103 wrote that "The 
lethal tendency of a gene potentially causing sickle-cell anemia may thus 
be counteracted by its conferring a resistance to malaria similar to that 
found in early infancy." 

A test of the hypothesis was carried out recently by Allison,104 who 
infected 15 healthy adult Africans with the sickle-cell trait and 15 similar 
healthy adult Africans without the sickle-cell trait with P. falciparum. 
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The subjects were infected by subinoculation with 15 ml. of blood con
taining a large number of trophozoites or by being bitten by heavily 
infected anopheles mosquitoes, in which the presence of sporozoites was 
confirmed by dissection of the mosquito. The infection was established 
in 14 out of the 15 Africans without the sickle-cell trait, and in only 2 
of the 15 with this trait. It was concluded by Allison that the abnormal 
erythrocytes of individuals with the sickle-cell trait are less easily parasi
tized by P. falciparum than are normal erythrocytes, and that accordingly 
those individuals who are heterozygous for the S allele have a selective 
advantage over normal individuals in regions where malaria is hyper-
endemic. It is, of course, not unreasonable that the abnormal hemo
globin may be less effective than the normal hemoglobin in nourishing 
the parasites. 

Beutler, Dern, and Flanagan,105 working with non-immune adult 
subjects, repeated Allison's experiment and failed to find a significant 
difference in the parasitemia of normal and sickle-cell trait subjects. 
A second inoculation in some of their original subjects resulted in some
what less marked parasitemia among the sickle-cell trait subjects, but 
the authors considered the differences to be "unimpressive and of question
able significance". A more severe manifestation of malaria can place 
normal subjects at a selective disadvantage by decreasing their fertility 
and by increasing their mortality. 

The role of malaria as a selecting agent is supported by the observa
tion of Raper106 that a relatively lower direct mortality from malaria 
occurs in sickling children. The viability of homozygous sicklers to 
reproductive age in Africa has been estimated by Allison107 to be about 
20 per cent of that of other genotypes. The relative fertility in adults 
with sickle cell anemia, which is the measure of their contribution to gene 
survival, was not, however, given. Lehmann and Raper,108 in a study of 
a community with 39 per cent sickling, concluded that the survival of 
homozygotes plays no significant part in the maintenance of the high 
sickling incidence, but that 10.6—24.2 per cent of all normal homo
zygotes would have to die from malaria if all heterozygotes survived 
this disease. The possibility that the heterozygotes might have more 
children than normal homozygotes was discarded in their calculations. 

Is is accordingly likely that the hemoglobin S gene was originally 
produced by a mutation in a region where normal individuals were at a 
disadvantage because of the protection that the presence of hemoglobin 
S in the erythrocytes of the AS heterozygotes provides against malaria. 
There is no evidence at the present time, except indirect evidence, such 
as the high incidence of hemoglobin C in Africa and of hemoglobin E in 
Thailand, Ceylon, and Indonesia, where malaria may have been an im
portant evolutionary factor, that the other abnormal hemoglobins have, 
in the heterozygous condition, protective power against malaria. It is 
possible that some of the abnormal hemoglobins may have some other 
evolutionary advantage, as yet undiscovered. 

There remains the problem of the nature of the difference in molecular 
structure among the hemoglobins. Despite several attacks on this problem, 
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no detailed information on this point has been obtained, and it may be 
that the question will remain unanswered until the general attack on 
the problem of the structure of globular proteins has been crowned 
with success. 
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3HE universe is made up of matter and radiant energy. The 
human body is made up of molecules—molecules of all 
sorts; little molecules, such as the water molecule, con
sisting of only three atoms—a very important molecule, 

GiH5HS25E5E5E5'£] which is present in larger numbers than any other in the 
human body; larger molecules, of medium size, such as those that con
stitute the vitamins; and many very large molecules, protein molecules, 
polysaccharide molecules, nucleic acid molecules. 

I believe that it is likely that a human being manufactures 50,000 or 
100,000 different kinds of protein molecules. A representative protein 
molecule, such as hemoglobin, is built of about 10,000 atoms. It has a 
well-defined structure; for most of the protein molecules not a single 
atom is out of place. 

The protein molecules of different kinds are manufactured by genes, 
which are themselves molecules of deoxyribonucleic acid. Each one of 
us inherits half of his complement of genes, approximately 50,000, from 
his father, and the other half, approximately 50,000, from his mother. 
It is these molecules, 100,000 molecules of DNA, that make the human 
being what he is, that confer his character upon him. 

These are the most important molecules in the world. The pool of 
human germ plasm is a precious heritage of the human race. 

A few years ago it was discovered that some diseases are molecular 
diseases, diseases of protein molecules. A gene, a molecule of deoxyribo
nucleic acid, may be damaged by cosmic radiation or some other muta
genic agent in such a way that a few atoms are out of place. This gene 
then duplicates itself in its new, mutated, form. Moreover, when it 

* This article is a revision of a lecture given before a meeting of The Rudolf Virchow Medical 
Society in the City of New York, held at The New York Academy of Medicine, November S, 
1961. I t is published here by permission of S. Karger, Basel/New York, having originally ap
peared in the Karger Gazette No. 7-8 (1963) and in the Proceedings of the Rudolf Virchow 
Medical Society in the City of New York, 1962, v. 21, 1963. 



335 MOLECULAR DISEASE AND EVOLUTION 

serves its other function, the function other than self-duplication, it 
determines the nature of a protein molecule, which it has the responsi
bility of manufacturing. A mutated gene produces an altered protein 
molecule, with a few atoms different from the corresponding normal 
protein molecule. 

Molecular disease is closely connected with evolution. The appear
ance of the concept of good and evil that was interpreted by Man as 
his painful expulsion from Paradise probably was a molecular disease that 
turned out to be evolution. 

Among the molecular diseases there are many that involve enzymes. 
For example, the disease phenylketonuria, which is responsible for i per 
cent of the institutionalized mentally defective individuals in the United 
States, is a simple molecular disease that is reasonably well understood. 
One person in eighty has an abnormal gene that is called the gene for 
phenylketonuria. A normal person has two genes that manufacture, in
dependently of one another, an enzyme in the liver that catalyzes the 
oxidation of phenylalanine to tyrosine. This is a mechanism for con
verting part of the phenylalanine in our food, which is present in excess 
of our need, into another amino acid, tyrosine, which is then used in 
various ways in the human body. One person in eighty has one normal 
gene, which manufactures this enzyme, and one abnormal gene (the 
gene for phenylketonuria), which does not manufacture the enzyme, 
or which manufactures an abnormal enzyme molecule that is lacking in 
enzyme activity. 

These people, the carriers of a single gene for phenylketonuria, man
ufacture only 50 per cent as much of the enzyme as normal individuals; 
but this 50 per cent is enough to take care of the phenylalanine that 
they ingest. They are called phenylketonuric heterozygotes. They are 
not damaged significantly by carrying the gene in single dose. 

However, when two of these heterozygotes marry one another there 
occurs the great lottery, the greatest of all lotteries in the world, in 
which the prospective child, the fertilized ovum, carries out the selec
tion of one or the other of the pair of genes that the father has and of 
one or the other of the pair of genes that the mother has. On average, a 
quarter of the children inherit the defective gene from the father and 
also the defective gene from the mother. They have the defective gene 
in double dose, and they manufacture none of the enzyme that catalyzes 
the oxidation of phenylalanine to tyrosine. When such a homozygote 
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eats his food, containing ordinary protein, the phenylalanine builds up 
in his blood stream and cerebrospinal fluid to concentrations as great 
as fifty times that in normal individuals. This high concentration of 
phenylalanine and of other substances made from it interferes with the 
growth and function of the brain in such a way as to cause him to be 
mentally defective, perhaps with an I.Q. as low as 20. In addition, the 
phenylketonuria genes in double dose cause him to have severe eczema 
and other somatic difficulties. 

It has been recognized in recent years that it is possible to treat this 
disease, phenylketonuria. A diagnosis of the disease may be made at an 
age as early as one month, and the infant then may be fed a diet of 
protein hydrolysate from which most of the phenylalanine has been re
moved. Children treated in this way seem to develop in an essentially 
normal manner. 

Many molecular diseases that have arisen in the course of evolution 
have been controlled in a somewhat similar manner. Human beings re
quire many vitamins. Pellagra is an example of a vitamin deficiency 
disease—a molecular disease that originated through a mutation, perhaps 
millions of years ago, and was then cured by the heterotrophic process 
of eating other organisms that manufacture the vitamin. Scurvy and 
other avitaminoses are also diseases of this sort. It is not customary for 
us to admit that we have these diseases, because we treat them as a mat
ter of habit by eating what is called a proper diet. 

Organisms such as the red bread mould are able to manufacture not 
only all of the vitamins, but also all of the amino acids. At some time 
in our evolutionary history we suffered mutations that resulted in the 
loss of our power to manufacture the various enzymes involved in these 
syntheses. Each of these mutations produced in our predecessors a dis
ease—one disease for each vitamin that we now require, and one disease 
for each of the nine amino acids that are essential for man. Most of us 
keep these diseases under control by ingesting the proper food. 

I have been especially interested in the hemoglobinopathies, which 
are the diseases, including sickle-cell anemia, to which the name mole
cular disease was first applied. I remember very well the time, some 
fifteen years ago, when three of my students—Dr. Harvey Itano, Dr. 
S. J. Singer, and Dr. I. C. Wells, carried out the crucial experiment that 
showed that sickle-cell anemia is a disease of the hemoglobin molecule. 
I had made this prediction three years earlier, and Dr. Itano had worked 
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for three years, toward the end with Drs. Singer and Wells, to test it. 
Patients with sickle-cell anemia are anemic because their red cells 

tend to twist out of shape. These deformed cells are then recognized by 
the spleen as abnormal, and are destroyed so rapidly as to make it im
possible for the patient to manufacture new erythrocytes fast enough 
to prevent anemia from developing. Moreover, the deformed cells are 
sticky; they clamp on to one another and clog up the capillaries in such 
a way as to interfere with the flow of blood and thus to cause different 
organs of the body to be damaged by anoxia. This disease, involving 
deformation of the red cell, might seem to be a classic disease of cells, 
as described by Rudolf Virchow. However, the fact that the cells sickle 
only in the venous circulation and regain their normal shape in the 
arterial circulation seemed to me, in 1945, to provide very strong indica
tion that the disease is in fact a disease of the hemoglobin molecule, 
which is present as hemoglobin in the venous blood and as a different 
molecule, oxyhemoglobin, in arterial blood. 

We all know that protein molecules tend to be sticky—it is hard for 
a protein molecule to keep from being sticky. If a solution of protein 
molecules, manufactured by some living organism and selected by the 
evolutionary process of trial and error so as not to be sticky, but to re
main in solution instead of forming an insoluble coagulum, is disturbed 
a bit by warming, even to as low a temperature as 6o°C, so that the 
molecules become slightly unfolded (denatured), then the characteristic 
property of stickiness makes itself evident; the denatured protein mole
cules clamp on to one another, to form an insoluble coagulum of 
denatured protein. It need not surprise us that, although the normal he
moglobin molecules, selected by the evolutionary process, are able to 
remain separated from one another even in the concentrated solution 
(30% protein) that is inside the red cell, a change in structure resulting 
from a gene mutation may cause the altered hemoglobin molecule to 
have a sticky region on its surface, such as to make it tend to clamp on 
to another one, which would clamp on to a third one, a fourth one, and 
so on, to form a long rod of these molecules. These rods would then 
line up side by side, attracted by the Van der Waals forces of attrac
tion, to form a sort of needle-like crystal that would grow longer and 
longer until, as it became longer than the diameter of the red cell, it 
would twist the red cell out of shape, and would deform the red cell 
membrane, making it sticky, causing the red cells to get tangled up with 
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one another in the capillaries and causing the spleen to destroy these 
red cells, and thus produce the manifestation of the disease. We ac
cordingly have a molecular explanation of the manifestations of the 
disease, based upon the hypothesis that it is a disease of the hemoglobin 
molecule, a molecular disease in which the abnormal molecule is manu
factured by a mutated gene. We can also understand that in the mole
cules of oxyhemoglobin, molecules of hemoglobin to which molecules 
of oxygen are attached, the attached oxygen molecules may interfere, 
by steric hindrance, with the Van der Waals forces of attraction and 
thus prevent the sickling of the red cells in the arterial circulation. 

The incidence of the gene for phenylketonuria is small enough to 
permit it to be explained as the result of a steady state determined by 
the rate at which new genes for phenylketonuria are produced by muta
tion and the rate at which the phenylketonuria genes are removed from 
the pool of human germ plasm by the death without progeny of the 
phenylketonuria homozygotes. But the incidence of the gene for sickle-
cell hemoglobin is much too great to be explained in this way. It was 
recognized that the sickle-cell gene must carry some advantageous 
character, to compensate the disadvantage of death of the sickle-cell 
homozygotes without progeny. The suggestion was made by Dr. Rus
sell Brain that the heterozygotes, carrying one sickle-cell gene, are pro
tected against malaria—he had noticed that there is a higher incidence of 
sickling in villages in Africa where malaria is endemic than in other 
villages, where malaria is not endemic. Dr. Anthony Allison, of Oxford, 
then carried out an experiment that provided good evidence that the 
sickle-cell heterozygotes are protected against malignant subtertian 
malaria (Plasmodium falciparum). We can accordingly understand why 
the sickle-cell gene spread in the African population. A heterozygote, 
carrying a sickle-cell gene newly formed through mutation, was pro
tected against malaria. Half of his children inherited the sickle-cell 
gene, and, because of their protection against malaria, they helped in 
rapidly spreading the gene through the population. Finally, the in
cidence of the gene approached the steady-state value. In marriages 
between heterozygotes, who would then make up a large fraction of the 
population, one quarter of the children would inherit two normal genes 
for hemoglobin, and would, in large part, die of malaria; one quarter 
would inherit two sickle-cell genes, and would die of sickle-cell anemia; 
but one half would be heterozygotes, like their parents, and would be 
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protected against malaria and -would not have the disease sickle-cell 
anemia. This process gives a yield of only fifty per cent in children, but 
only recently has this yield been thought to be unsatisfactory. 

The next step in the process should be a mutation that would manu
facture a kind of hemoglobin, such that in the homozygous state it 
would provide protection against malaria and would not produce a 
disease such as sickle-cell anemia. This newly mutated gene could spread 
rapidly through the population, provided that the double heterozygotes, 
in the new gene and in the sickle-cell gene, were also protected against 
malaria and did not have a serious disease. It seems not unlikely that 
another known form of abnormal hemoglobin, hemoglobin C, represents 
a step in this direction. 

Since the discovery of sickle-cell anemia hemoglobin 14 years ago 
some scores of other abnormal human hemoglobins have been dis
covered. These abnormal hemoglobins are associated with many differ
ent diseases. 

The nature of the difference between sickle-cell anemia hemoglobin 
(hemoglobin S) and normal adult human hemoglobin (hemoglobin A) 
has now been discovered, principally through the efforts of Vernon M. 
Ingram and his collaborators. Immediately after the discovery of hemo
globin S, Dr. Walter A. Schroeder and his associates in the California 
Institute of Technology made an amino acid analysis of hemoglobin S 
and hemoglobin A. They were able to report that the amino acid com
position of the two hemoglobins is closely similar, with no amino acid 
represented by a difference of more than two residues. Ingram then 
developed a new and powerful way of investigating the structure of 
hemoglobin molecules, which he called the fingerprint method—it is also 
called the peptide-pattern method. The sample of hemoglobin is split 
into peptides by the proteolytic action of an enzyme, such as trypsin. 
About twenty-six peptides, containing on average about twelve amino-
acid residues each, are obtained in the mixture produced in this way. 
The mixture is then separated into the constituent peptides by a two-
dimensional process carried out on a sheet of filter paper. The separation 
on the basis of mobility in an electric field is carried out along the hori
zontal axis of the sheet of filter paper, and then separation by the 
chromatographic method, involving a flowing solvent, is carried out in 
the vertical direction. In this way Ingram was able to show that he
moglobin S differs from hemoglobin A only in the replacement of a 
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single amino acid residue in one-half of the hemoglobin molecule by the 
residue of another amino acid. 

Schroeder and his associates in Pasadena found that hemoglobin 
molecules usually consist of four polypeptide chains, two of one kind 
and two of another kind. The normal adult human hemoglobin mole
cule contains two alpha chains, which have the sequence val-leu-ser-
pro-ala...(total 141 residues), measured from the free-amino end, and 
two beta chains, which have the sequence val-his-leu-thr-pro-glu-... 
(total 146 residues). Ingram and Schroeder found that the alpha chains 
of hemoglobin S are the same as those of hemoglobin A, but the beta 
chains are different: the beta chain of hemoglobin S has valine in the 
sixth position, in place of glutamate; the other 145 residues are the same. 

The amino acid sequence has been determined for many other ab
normal hemoglobins. For every one of those studied so far, the mutation 
involves only a single amino acid residue. Thus, for hemoglobin C 
there is lysine in the sixth residue of the beta chain, in place of the 
glutamate of hemoglobin A or the valine of hemoglobin S. For hemo
globin E there is lysine in the 26th position, in place of glutamate. 

Other abnormal hemoglobins involve an abnormality in the alpha 
chain rather than the beta chain. An interesting example is hemo
globin MBoston. In the alpha chain of normal adult hemoglobin the 58th 
residue is histidine. This residue of histidine is known to be close to the 
iron atom of the heme group. Histidine usually carries a positive charge, 
because of the attachment of a proton to the imidazole ring. In hemo
globin MBoston the alpha chain has tyrosine in the 58th position, in place 
of histidine. Because the tyrosine residue does not carry a positive 
charge, we may expect that it would be easier for the iron atom of the 
heme group to assume an extra positive charge, leading to a ferriheme 
group, containing tri-positive iron, in place of the normal ferroheme, 
containing bi-positive iron. The presence of tripositive iron hemoglobin 
converts it into ferrihemoglobin (also called methemoglobin); and the 
carriers of the gene for hemoglobin M Boston do in fact have a disease, 
a form of methemoglobinanemia. 

Accordingly in this disease, as in sickle-cell anemia, the known dif
ference in amino acid sequence of the abnormal hemoglobin provides 
a reasonable explanation of the manifestations of the disease produced 
by the molecular abnormality. 

Some interesting conclusions about the process of evolution have 
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been reached on the basis of the comparison of amino acid sequence 
of hemoglobin molecules of animals of different species, carried out 
especially by my collaborator Dr. Emile Zuckerkandl. It has been 
found that the peptide pattern of hemoglobins of animals of different 
species can be correlated reasonably well with the generally accepted 
ideas about evolutionary relationships between the species. For exam
ple, the peptide patterns of gorilla hemoglobin and chimpanzee hemo
globin are almost identical with those of human hemoglobin. The 
peptide pattern of Rhesus monkey hemoglobin is somewhat different 
from that of human hemoglobin. Still greater differences from human 
hemoglobin are shown by the patterns of cow hemoglobin, horse 
hemoglobin, pig hemoglobin, and the hemoglobins of other mammals. 
The differences are greater still for fish and worm hemoglobins. 

A detailed study of horse hemoglobin has shown that the alpha 
chains differ from those of human hemoglobin by about 18 amino acid 
substitutions, as do also the beta chains of the two hemoglobins. If we 
accept 130,000,000 years as the time that has passed since the evolu
tionary lines of horse and human separated, as estimated by paleon
tologists, we conclude that each chain has on the average suffered an 
evolutionarily effective mutation every 14.5 million years. We may 
then use this value to discuss other evolutionary epochs. 

The gorilla alpha chain and the human alpha chain differ in two 
residues, and the gorilla beta chain and human beta chain differ in 
one; the average, 1.5, indicates that about 11 million years has gone 
by since the derivation of these chains from their common chain 
ancestor—that is, that the evolutionary lines leading to the present-day 
gorillas and present-day human beings separated from one another 
about 11 million years ago. The estimates made by paleontologists for 
this epoch range from 10 million to 35 million years. 

Another interesting question is that of the biochemical differences 
between adult human beings and human fetuses. The human fetus 
manufactures a special kind of hemoglobin, called hemoglobin F. In 
hemoglobin F the beta chains are abnormal. These abnormal beta 
chains, which are called gamma chains, differ from adult human beta 
in 36 of the 146 amino acid residues. Accordingly we calculate, assum
ing that there has been a constant rate of evolutionarily effective muta
tion, that the gamma chains and the beta chains separated from one 
another about 260 million years ago; that is, at the beginning of the 
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Carboniferous period. 
This epoch was, of course, long before human beings had come 

into existence. Other mammals also have fetal hemoglobins differing 
from the adult hemoglobin for the species, and we might conclude 
that the fetal forms of different mammals separated from the adult 
forms some 260 million years ago, and in a sense constitute a group of 
species different from the adult group. With respect to hemoglobin, 
a human fetus resembles a fetal horse more closely than a human adult. 

I believe that it will be possible, through the detailed determination 
of amino acid sequences of hemoglobin molecules and of other mole
cules, to obtain much information about the course of the evolutionary 
process, and to illuminate the question of the origin of species. 

Moreover, I believe that the continued study of the molecular 
structure of the human body and the nature of molecular disease will 
provide information that will contribute to the control of disease and 
will significantly diminish the amount of human suffering. Molecular 
biology and molecular medicine are new fields of science that can be 
greatly developed for the benefit of mankind. 
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Genetic and Somatic Effects 

of Carbon-14 

This by-product of nuclear-weapon testing may do more 

genetic and somatic damage than has been supposed. 

In his 1956 paper on radioactive fall
out (7) Libby pointed out that neutrons 
released in the explosions of nuclear 
weapons react with nitrogen nuclei in 
the air to make carbon-14, which has a 
half-life of about 5600 years. In his dis
cussion of bomb-test carbon-14 he said 
that "Fortunately, this radioactivity is 
essentially safe because of its long life
time and the enormous amount of dilut
ing carbon dioxide in the atmosphere." 
He pointed out that 5.2 tons of neutrons 
would be needed to "double the feeble 
natural radioactivity of living matter due 
to radiocarbon. Such an increase would 
have no significance from the standpoint 
of health." He mentioned that, for a 
given energy release, thermonuclear 
weapons produce more neutrons than 
fission weapons, and concluded that "the 
essential point is that the atmosphere is 
difficult to activate and the activities 
produced are safe." 

Perhaps because of a feeling of reas
surance engendered by these statements, 
I did not make any calculations of the 
genetic and somatic effects of the car
bon-14 produced in the testing of nuclear 
weapons until April 1958. I was then sur
prised to find that these calculations, 
which form the subject of this article 
(2) , lead to the conclusions that the 
genetic damage, as measured by the pre-

The author is professor of chemistry at Cali
fornia Institute of Technology, Pasadena. 
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dieted number of children born with de
fects caused by the mutations induced 
by the radioactivity, may be greater for 
carbon-14 than for the fission products 
ordinarily classed as world-wide fallout, 
and that the somatic effects may be of 
the same order of magnitude. 

In his 1956 paper Libby stated that a 
20-kiloton weapon, involving fission of 1 
kg of plutonium or uranium, would pro
duce 10 g of neutrons, of which 15 per
cent might reasonably be expected to 
escape and make carbon-14. The yield 
of carbon-14 would hence be 1.05 kg per 
megaton (the maximum would be 7 kg 
per megaton, if all neutrons were effec
tive). 

More information was given in his 27 
March 1958 address on radioactive fall
out, delivered at the symposium of the 
Swiss Academy of Medical Sciences in 
Lausanne and released on that day by 
the Atomic Energy Commission (3). In 
this address he said that 1 megaton with 
fusion and fission weighed as they have 
actually occurred would generate 3.2 x 
1026 atoms of carbon-14, which is 7.4 kg. 
He pointed out that this estimate is 
higher than the earlier estimate based on 
an assumed 15-percent escape efficiency, 
and said that the new value is based on 
firmer information. 

The old value was for fission alone. If 
we assume it to be valid, we might con
clude that the sevenfold increase to the 

new value is to be attributed to a high 
yield for fusion. For example, if the 
energy yields for fusion and fission have 
been equal for past explosions the car
bon-14 yield for fusion might be calcu
lated to be 13.8 kg per megaton, about 
13 times that given for fission. 

(On 29 May 1958, after the calcula
tions described in this article had been 
made, my attention was called by Ben 
Tucker to the paper "Radioactivity dan
ger from the explosion of clean hydrogen 
bombs and ordinary atomic bombs," by 
O. I. Leipunskii, published in the De
cember 1957 issue of the U.S.S.R. jour
nal Atomic Energy (4). The values given 
there agree only very roughly with my 
values. Leipunskii gives 5.2 kg per mega
ton as the amount of carbon-14 produced 
by fission and 33 kg per megaton as the 
amount produced by fusion. The latter 
value represents a 96-percent effective
ness of the neutrons calculated to be re
leased in the H 2 +- H 3 reaction giving 1 
megaton of energy, or a somewhat 
smaller effectiveness if some of the 12.5-
Mev neutrons produce additional neu
trons by n,2n reactions. The Libby value 
7.4 kg per megaton for fission and fusion 
in the ratio of past explosions is 39 per
cent of 19.1, the Leipunskii value for 
fission and fusion in 50:50 ratio.) 

Libby gives 1028 as the best estimate 
of the number of carbon-14 atoms intro
duced into the atmosphere (mostly into 
the stratosphere) by the bomb tests so 
far, keeping in mind that a substantial 
amount falls back as calcium carbonate, 
especially in the case of ground shots 
over coral. The number 102S atoms 
(232 kg) corresponds to 31 megatons of 
bombs. I assume that one-third of the 
generated carbon-14 is released to the 
atmosphere, two-thirds falling back as 
calcium carbonate. This estimate is based 
upon the statement by Libby (5) in De
cember 1956 that total bomb tests up to 
the time his paper was written (it was 
submitted for publication on 17 October 
1956) had liberated 30 megatons of 
fission products. It is my understanding, 
from the table of nuclear explosions given 
in The Nature of Radioactive Fallout 
and Its Effects on Man [6, pp. 2063-
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2065), that fission products were first re
leased in large amounts on 1 March 
1954, the earlier explosions having been 
those of small bombs or of fission-fusion 
bombs with no large third stage. If the 
testing has continued at the same rate 
from October 1956 to January 1958 (ref
erence date for the 1958 statement by 
Libby) as from 1954 to 1956, the value 
232 kg of carbon-14 introduced into the 
atmosphere corresponds to 45 megatons 
of fission and, with the surmise that the 
fission-fusion ratio has been 1, to 90 
megatons of total tests, and hence to the 
above estimate that one-third of the car
bon-14 becomes atmospheric C 0 2 . 

The 232 kg of carbon-14 (Libby's es
timate) introduced into the atmosphere 
by the bomb tests had caused the carbon-
14 concentration for atmospheric carbon 
dioxide in New Zealand to increase to 10 
percent over its normal value by 1957 
(7 ) . The carbon-14 released into the at
mosphere becomes mixed in a few years 
with the biosphere and the top layer 
(about 300 feet thick) of the ocean 
(8, 9 ) . Mixing occurs more slowly with 
the deep layers of the ocean. Studies by 
several authors (8, 9) have led to closely 
similar conclusions about the rates of 
mixing. We shall make use of a simple 
model discussed by Arnold and Ander
son (9 ) ; essentially the same conclusions 
would be reached with use of any model 
compatible with the value 600 years for 
the age of the dissolved carbon in the 
ocean. 

Two Reservoirs of Carbon 

In the simple model of Arnold and 
Anderson two reservoirs of carbon are 
considered. Reservoir A consists of the 
atmosphere (0.13 g of carbon per square 
centimeter), the land biosphere (0.05 g 
cm"2) , and humus (0.2 g cm"2) , total
ing 2.0 x 1018 g of carbon, of which 3200 
kg is carbon-14. Within this reservoir 
there is rapid equilibration of carbon-14. 
Reservoir C is the entire ocean, including 
the ocean biosphere; it contains 8.5 g 
cm - 2 (44 x 1018 g) of carbon, 22 times 
as much as A. 

The equilibrium between A and C can 
be expressed by a forward rate constant 
k and reverse rate constant k', with val
ues k = 0.035 yr-1 and k'= 0.0016 yr-1, 
respectively. 

Let us consider N0 atoms of carbon-14 
released into A by 1 year's testing at a 
standard rate, which we assume to be 30 
megatons per year, with 222 kg of car

bon-14 made and 74 kg released into A. 
The later number {NA) of these atoms 
in A is given by the equation 

^•=-kNL + k'(,No-Ni) (1) 

The solution of this equation is 

Ic' k 
NA k + k- ° + k + k' °e 

which with insertion of the values of k 
and k' becomes 

NA = 0.044iV„ + 0.956AU"° °3 6 3 ' 

So far N0 has been considered a con
stant. We replace it by A^e-0-0001241, 
corresponding to the radioactive decay of 
carbon-14 with mean life 8070 years 
(half-life 5586 years), to obtain 

ArA = 0.044JV„e-°-»«i2« + 
0.956AU-°03S4< (2) 

Hence, the freshly made carbon-14 in 
reservoir A, which gives it access to the 
bodies of human beings, can be consid
ered as consisting of a 4.4-percent frac
tion with mean fife 8070 years and a 
95.6-percent fraction with mean life 27.5 
years (the reciprocal of 0.0364 yr"1). 

Genetic Effects at 

Present Population Levels 

Let us first evaluate the genetic effect 
of the carbon-14 from bomb tests on the 
assumption that the population of the 
world will remain constant. 

James F. Crow, a member of the Na
tional Academy of Sciences-National 
Research Council Committee on Genetic 
Effects of Atomic Radiation, presented 
an estimate of the genetic effects of a 
0.1-roentgen exposure of the gonads in 
his testimony before the Special Sub
committee on Radiation of the Joint 
Congressional Committee on Atomic 
Energy on 4 June 1957 (6, p. 1021). He 
estimated that a 0.1-roentgen exposure 
of the gonads of the present world popu
lation would produce gene mutations 
that would in the course of many gen
erations give rise to the birth of 80,000 
children with gross physical or mental 
defect, 300,000 stillbirths and childhood 
deaths, and 700,000 embryonic and neo
natal deaths. Of these, 8000, 20,000, and 
40,000, respectively, were expected to 
occur in the first generation. In addition, 
he estimated that there would be pro
duced a larger but unknown number of 
minor or intangible defects, which might 
represent the major part of the damage, 

because by virtue of their being milder 
they are less likely to cause the sterility 
or death of the person who possesses 
them and therefore are more likely to 
persist in the population and thus to af
fect a larger number of persons. 

The estimates for the three categories 
were made in different ways, and the 
categories are not mutually exclusive. In 
particular, deaths at about the time of 
birth are included in both the second and 
the third category. Crow has told me 
that in his opinion there is little overlap 
between the first and the second cate
gory. 

These estimates must be recognized as 
highly uncertain. Crow said that they 
might be 5 times too high or 5 times too 
low, or more, but that we are better off 
estimating even very crudely what the 
numbers involved are than not making 
any numerical estimates at all. I agree 
with this statement. 

Uncertainty in these estimates does not 
affect the discussion of relative effects of 
carbon-14 and fission products given be
low. 

It must be emphasized that, although 
large numbers are given below as the 
estimated effects of the testing of nuclear 
weapons at the recent rate, these num
bers are very small in comparison with 
numbers representing the effects of natu
ral radiation and other mutagenic agents. 
For example, it is stated in the National 
Academy of Sciences-National Research 
Council report that about 2 percent of 
total live births have tangible defects of 
simple genetic origin (this is roughly 
the first category of the three given 
above). With 75 million births per year, 
this corresponds to 1.5 million per year 
with gross physical and mental defect. 
The estimated effect of continued testing 
of nuclear weapons at the recent rate is 
an additional 15,000 per year (including 
the effect of carbon-14). Hence the 
bomb tests are expected to produce not 
more than a 1-percent increase in de
fective births (or between 0.2 percent 
and 5 percent, if we use Crow's sugges
tion about uncertainty in the estimates). 

The estimate of the magnitude of the 
gonad exposure for the average rate of 
bomb testing for the 5 years preceding 
1956, reported by the National Academy 
of Sciences-National Research Council 
committee, is 0.1 roentgen in 30 years. 
Hence 1 year of testing at that rate, it 
is estimated, will cause about 2700 chil
dren with gross physical or mental de
fect, 10,000 stillbirths and childhood 
deaths, and 23,000 embryonic and neo-
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natal deaths. (This estimate ignores the 
effects of carbon-14.) 

The Twenty-third Semiannual Report 
of the Atomic Energy Commission con
tains the statment that bomb testing at 
the present rate, it can be estimated, will 
cause between 2500 and 13,000 defective 
children to be born per year of testing. 
This statement is in the report of the 
Advisory Committee on Biology and 
Medicine. It seems to correspond to the 
above calculation, with recognition of the 
uncertainy of the amount of overlap be
tween the first two categories. 

The report of the National Academy 
of Sciences-National Research Council 
committee contains the sentence "With 
these understandings, it may be stated 
that U.S. residents have, on the average, 
been receiving from fallout over the past 
five years a dose which, if weapons test
ing were continued at the same rate, is 
estimated to produce a total 30-year dose 
of about one tenth of a roentgen; and 
since the accuracy involved is probably 
uot better than a factor of 5, one could 
better say that the 30-year dose from 
weapons testing if maintained at the past 
level would probably be larger than 0.02 r 
and smaller than 0.50 r. The rate of 
fall-out over the past five years has not 
been uniform. If weapons testing were, 
in the future, continued at the largest 
rate which has so far occurred (in 1953 
and 1955) then the 30-year fall-out dose 
would be about twice that stated above." 

It is accordingly possible that a some
what larger estimate than 0.1 roentgen 
in 30 years should be made for the aver
age gonad exposure corresponding to 
the recent rate of testing of nuclear 
weapons. Little can be done to make the 
estimates of the effects of fission prod
ucts more reliable in the absence of any 
published detailed discussion of the evi
dence upon which the estimates of gonad 
exposure are based. 

Now let us consider the genetic effects 
of carbon-14. The gonad exposure due to 
natural carbon-14 has been given by 
Libby (10) as 0.0015 roentgen per year. 
This dosage was calculated on the basis 
of the assumptions that the body is 18 
percent carbon, the specific activity of 
carbon is 15 disintegrations per minute 
per gram, and the mean energy of the 
beta radiation is 40 percent of the maxi
mum energy, 167 kev. 

If we take as the present rate of bomb 
testing the value 30 megatons per year 
(fission plus fusion), the initial activity 
of the carbon-14 from 1 year of bomb 
tests is 0.0015 roentgen per year multi-

:•{ 

plied by 74/3200, the ratio of the amount 
of carbon-14 released to reservoir A by 
the tests to the amount of natural (cos
mic-ray produced) carbon-14. This in
itial activity is 35 x 10~6 roentgen per 
year. Of this amount, 1.46 x 10~6 roent
gen is associated with the first term in 
Eq. 2 and 33 x 10"6 roentgen with the 
second term. The total gonad exposure 
is obtained by multiplying these quanti
ties by the corresponding mean lives, 
8070 and 27.5 years, respectively, to ob
tain 0.0118 and 0.0009, respectively, with 
sum 0.0127 roentgen. 

We see that the second term (the non-
equilibrium term with respect to mixing 
with the large ocean reservoir) contrib
utes only about 8 percent as much as the 
first term to the total effect. On the 
other hand, it is the more important oi 
the two with respect to the present gen
eration and the next one. 

The total gonad exposure due to car
bon-14 over the entire life of the isotope 
(per person now living, world population 
assumed constant), 0.0127 roentgen, is 4 
times that usually assumed for world
wide fallout (0.0033) roentgen, corre
sponding to 0.1 roentgen in 30 years). 
The estimated effects of carbon-14 from 
1 year of bomb testing, from Crow's 
numbers, are 12,000 children with gross 
physical or mental defect, 38,000 still
births and childhood deaths, and 90,000 
embryonic and neonatal deaths. 

Genetic Effects at 

Predicted Population Levels 

Now let us consider the effect of the 
increase in world population that can be 
reasonably anticipated. At the present 
time the world population is growing at 
a rate such as to double in about 50 
years. If we assume that no catastrophe 
intervenes, this rate may continue for 
hundreds of years, and the population 
may then remain essentially constant, 
with a value for number of births per 
year 5 times the present value. The num
ber of defective children corresponding 
to the first term of Eq. 2 would then be 
multiplied by a factor nearly equal to 5. 
If the world population were to increase 
in this way, the carbon-14 from 1 year 
of testing would cause an estimated total 
of about 55,000 children with gross 
physical and mental defect, 170,000 still
births and childhood deaths, and 425,000 
embryonic and neonatal deaths. On this 
assumption about world population it is 
estimated that the bomb tests carried 

out so far (estimated total, including 
1958, 150 megatons) will cause about 
5 times these numbers of defective chil
dren and deaths. 

Thus we see that the genetic effects of 
carbon-14 from bomb tests are esti
mated to be about 4 times as great as 
those of ordinary world-wide fallout 
(calculated for the customarily quoted 
value of gonad exposure) if the world 
population stays constant, and about 17 
times as great if the world population 
increases as assumed. 

There is a simpler way of making the 
calculation (11) . Let us assume that there 
is very rapid mixing of the carbon-14 
released in the bomb tests throughout 
the entire reservoir, including the depths 
of the ocean. With this assumption and 
the other assumptions given above, a 
straightforward calculation can be car
ried out, leading to nearly the some 
numbers. 

These predicted effects of carbon-14, 
which over the period of thousands of 
years are greater than those of the fission 
products in the world-wide fallout, may 
be thought to have little significance be
cause of uncertainty about the nature of 
the world of the rather distant future. 
It is accordingly of interest to calculate 
what the effects of 1 year of testing will 
be on the next generation. 

Effects of One Year's Tests 

on the Next Generation 

We may consider first the predicted 
numbers of seriously defective births in 
the next generation as a result of the 
ordinary fallout. From Crow's estimates 
and the gonad exposure 0.1 roentgen 
in 30 years, there are 270 children 
with gross physical or mental defect, 670 
stillbirths and childhood deaths, and 
1304 embryonic and neonatal deaths. 

In calculating the number of seriously 
defective births expected to occur in the 
first generation as a result of the pres
ence of added amounts of carbon-14 in 
the atmosphere we cannot neglect the 
rate of diffusion of carbon-14 into the 
depths of the ocean. The 74 kg of car
bon-14 liberated into the atmosphere by 
1 year of testing at the standard rate 
causes an initial increase of 2.3 percent 
of the carbon-14 concentration, the nor
mal burden of the atmosphere, bio
sphere, humus, and upper part of the 
ocean being 3200 kg. This calculation 
agrees roughly with the statement by 
Libby that "the observed carbon-14 rise 
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might be as high as 3 percent per year 
as appears to have been observed." The 
rate of increase, reported from experi
ment, for carbon dioxide in the atmos
phere is about 2.1 percent per year. 

It may be pointed out that the ob
served rate of increase of carbon-14 in 
the atmosphere provides some justifica
tion of the assumed standard recent rate 
of testing, 30 megatons of fission plus 
fusion per year (together with the as
sumption that one-third of the carbon-14 
that is produced is liberated to the at
mosphere), as shown by the agreement 
of the calculated 2.3-percent increase per 
year and the observed 2.1-percent in
crease. The same rate of increase in the 
atmosphere and the same genetic and 
somatic effects would result from, say, 
20 megatons per year with one-half es
caping. The calculation of genetic and 
somatic effects could be based directly 
on the observed rate of increase of car
bon-14 in the atmosphere. 

The rate of diffusion of the carbon-14 
into the depths of the ocean corresponds 
to a mean life of 27.5 years in the smaller 
reservoir. The gonad exposure for nat
ural carbon-14 is 0.0015 roentgen per 
year and that for an amount 2.3 percent 
as much is 0.000035 roentgen per year. 
With a mean life for carbon-14 in the 
small reservoir of 27.5 years, the total 
gonad exposure for the first decades after 
the testing becomes 0.00096 roentgen. 
With world population at the present 
level, the estimated numbers in the three 
categories during the first generation due 
to carbon-14 from a single year of test
ing are 80, 200, and 400, respectively. 
These are smaller than estimates for the 
ordinary radioactive fallout. It is because 
of the very long life of carbon-14 that 
the total effect, throughout the life-times 
of the isotopes, becomes greater for car
bon-14 than for the fission products. 

The possibility must be considered of a 
special mutagenic action of carbon-14: the 
damage of a deoxyribonucleic acid mole
cule through the Szilard-Chalmers effect 
or the chemical effect of conversion to a 
nitrogen atom when a carbon-14 atom in 
the molecule undergoes radioactive de-

4 

composition. We assume 50,000 genes 
per individual, 200,000 carbon atoms per 
gene, 5 x 109 future world population 
up to 30 years of age, and a carbon-14 
yield of 74 kg to the atmosphere per 
year of testing, and calculate 70,000 as 
the number of mutations by this mecha
nism per year of testing. This number, 
presumably an upper limit, is only about 
10 percent of the numbers in the three 
categories expected to result from car
bon-14 irradiation, and we conclude that 
the special mechanism involving car
bon-14 atoms in the genes themselves is 
less important than irradiation in caus
ing genetic damage. 

The calculation of predicted somatic 
effects of bomb-test carbon-14 in com
parison with those of fission products 
can be easily made. With the same as
sumptions as for the foregoing calcula
tion of the genetic effects, including the 
assumption of a fivefold increase in world 
population, it is found that 1 year of 
testing of nuclear weapons produces car
bon-14 irradiation, over the entire life of 
the radiocarbon, equivalent to the ex
posure of the present world population 
to a whole-body dose of 0.061 roentgen. 
This is much larger than the customarily 
quoted value of 0.0033 roentgen for 
whole-body irradiation by fission prod
ucts from 1 year of testing, and some
what larger than the estimated exposure 
of bone marrow and bone tissue by 
strontium-90 (given as 0.03 and 0.056 
roentgen, respectively, per year of test
ing, as estimated by the Atomic Energy 
Commission's Advisory Committee on 
Biology and Medicine, in the Twenty-
third Semiannual Report of the Atomic 
Energy Commission, 1958). Hence we 
calculate that the total number of cases 
of leukemia and bone cancer expected 
to be caused by carbon-14 is about 
equal to the number expected to be 
caused by fission products, including 
strontium-90, and that the number of 
cases of cancer of other sorts expected 
to result from radiation damage to tis
sues other than bone marrow and bone 
tissue is greater for bomb-test carbon-14 
than for fission products. 

Summary 

On the basis of information about 
carbon-14 given by Libby, calculations 
are made of the predicted genetic and 
somatic effects of the carbon-14 pro
duced by the testing of nuclear weapons. 
It is concluded that 1 year of testing (30 
megatons of fission plus fusion) is ex
pected to cause in the world (estimated 
future number of births per year 5 times 
the present number) an estimated total 
of about 55,000 children with gross phys
ical or mental defects, 170,000 stillbirths 
and childhood deaths, and 425,000 em
bryonic and neonatal deaths. (There is an 
unknown amount of overlap of these three 
categories.) These numbers are about 17 
times the numbers usually estimated as 
the probable effects of the fallout fission 
products from 1 year of testing. In ad
dition, the somatic effects of bomb-tesi 
carbon-14 are expected to be about 
equal to those of fission products, in
cluding strontium-90, with respect to 
leukemia and bone cancer and greater 
than those of fission products with re
spect to diseases resulting from radia
tion damage to tissues other than bone 
tissue and bone marrow. All of the esti
mated numbers are subject to great un
certainty; they may be as much as 5 
times too high or 5 times too low. The 
uncertainty in the estimation of the rela
tive effects of carbon-14 and fission prod
ucts in world-wide fallout is not so great. 
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THE EFFECTS OF STRONTIUM-90 ON MICE* 
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Communicated November 17, 1968 

On Sept. 19, 1958 there was published in Science a paper by Dr. Miriam P. 
Finkel of Argonne National Laboratory in which she communicated her observa
tions on the effects of strontium-90 injected into mice on life expectancy and on 
incidence of tumors of bone and blood-forming tissues.1 She discussed the question 
of whether or not the effects are proportional to the amount of injected strontium-
90 at low doses, and reached the conclusion that it is likely that there is a threshold 
with value for man between 5 and 15 /xc. (as compared with the present average 
value from fallout, about 0.0002 pc, and the predicted steady-state value from 
fallout for testing of nuclear weapons at the average rate for the past five years, 
about 0.02 /ic). Her paper ends with the sentence "In any case, the present 
contamination with strontium-90 from fallout is so very much lower than any of 
these levels that it is extremely unlikely to induce even one bone tumor or one case 
of leukemia." 

On the same day, Sept. 19, 1958, newspapers throughout the United States 
published accounts of this work. For example, the Pasadena (Calif.) Star-News 
contained an article with the headline "Tests on Mice Show Fallout Safe" and the 
first sentence, "A woman researcher says tests on mice show that the present fallout 
from nuclear weapons tests will not produce a single case of bone cancer or leukemia 
in humans." The New York Times published accounts of the work on both Sep
tember 19 and September 28. 

We have made an analysis of Dr. Finkel's data that shows that she had no justi-
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fication whatever for her concluding statement. All of her data are compatible 
with a zero threshold for strontium-90. Moreover, the statistical analysis shows 
that in order for Dr. Finkel to have been justified with 90 per cent confidence 
(10 per cent type-II error) in making her concluding statement on the basis of her 
data she would have to have used over 1,000,000,000,000 mice in each of her groups, 
instead of the 150 or less that were used. I t is hard for us to understand how 
such a serious error could be made in Dr. Finkel's argument, leading her to 
publish her seriously misleading statement about this matter of great impor
tance. 

The Mice Experiments.—In the studies described by Dr. Finkel young adult 
female mice (strain CF No. 1, about 70 days old) were given a single intravenous 
injection of an isotonic equilibrium mixture of strontium-90 chloride and yttrium-90 
chloride. There were twelve injected groups, ranging in size from 150 mice for the 
group receiving the smallest amount (1.3 Mc/kg body weight) to 15 for that receiv
ing the largest amount (9330 fic/kg, an amount that caused death of about 50 per 
cent within 30 days). The control group contained 150 mice. The author states 
that there is 11 per cent retention (at 600 days) of the injected radioactive material. 
Report was made of the fractional decrease in average survival time, the incidence 
of animals with osteogenic sarcomas (among 150-day survivors), and the fractional 
decrease in time to a 20 per cent incidence of reticular tissue tumors compared with 
the 20 per cent incidence time of the controls. 

Studies of this sort may be of great value in providing information about the 
probable amount of damage done to human beings by exposure to high-energy 
radiation, such as that from strontium-90 produced by nuclear weapons. I t is 
important that the analysis of the experimental results be carried out correctly. 
We have found that in the treatment of problems of this sort the assumption that 
the probability of damage is strictly proportional to the amount of radiation ex
posure does not in general require that a response such as decrease in life expectancy 
be linear, except over a very small range. Moreover, we have found that this 
assumption together with the theory of statistics can be applied in a reasonably 
straightforward way in the discussion of data such as those obtained by Dr. Finkel, 
as shown in the following sections. 

Analysis of the Experimental Data on Life Shortening.—Our analysis proceeds 
from the hypothesis, induced by Lewis2 as a result of his study of the incidence of 
leukemia, that exposure of the bone marrow of an animal to radiation results in an 
increase in the probability per unit time that the animal will die at any time there
after, the increase being proportional to the quantity of radiation absorbed. We 
shall suppose that this hypothesis applies to all of the radiation-induced effects in 
Dr. Finkel's experiments with mice. 

Let No be the number of animals at the beginning of a given experiment, 
taken to be at t = 0, and let N(i) be the expected number (average for many 
experiments of the same kind) at the later time t. Further, let N°(i) be the 
expected number in a "control" experiment in which no strontium-90 is injected, so 
that 
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is the natural specific death-rate function. We denote by a the quantity of stron-
tium-90, in ixc/kg body weight, that is retained in the animals. Then our hypothesis 
yields the equation 

f " -Ne" ~ £f>-"M (I) 

where /3 is a constant of proportionality relating the quantity of strontium-90 re
tained to the increased probability per unit time that the animals will die, this 
probability of course increasing linearly with time owing to the nearly constant 
irradiation by the decaying strontium-90. 

Let n°(0 = N"(t)/N0, so that g(t) = —n°(t). Then on integrating equation (1) 
we obtain 

N = No exp ^ ~ J. ^wf. 
= N0n%t)e~a/2>tla" = N°(t)e-WVffa" (2) 

To compare this result with the experimental data we calculate A, the fractional 
decrease in life expectancy (fractional decrease in average survival time after in
jection), 

to — ta 

A = to 

where ta is the life expectancy for a retained quantity a of strontium-90, 

t a = W Q j N(t)dt (3) 

The equation for A is 

A = ] - - I n\t)e~yt'dt (4a) 
to Jo 

= l£ (t - I ^ Erf tVy) g(t) dt (46) 

where for simplicity we put 7 = - a/J. The result in equation (46) is obtained by 

an integration by parts, and the error function is defined as 

2 C* - > 
Erf x = —7= I e y dy 

V T JO 

If normally (for a = 0) all animals lived to the age t0 and then died, so that g(t) 
were a delta function 8(t — to), then we would have simply 

A = 1 - ^ E r f ^ (5) 
2 toVy 
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However, the actual lifetimes scatter with sizable dispersion about t0. The 
extent of this dispersion can be estimated from the acceptance region A < 0.07 
quoted by Dr. Finkel (Figs. 3 and 4) as appropriate to a test of the hypothesis of 
no difference between the responses of the control population and of a population 
injected with a given dose of strontium-90. If we assume (1) that the test of no 
difference applies to Curve A, the life-shortening data, (2) that the test was one-
tailed, and (3) that the test accounted for the uncertainty in the mean lifetime of 
the control population and for the uncertainty in the mean lifetime of her group 10, 
the highest-dosed population to fall within the acceptance region (except for the 
"peculiar result" for group 8), then we find that the estimated standard deviation 
for g{t) is ? = 258 days. 

These assumptions are somewhat uncertain, as explained later, but they are the 
best that can be made from the information given in Dr. Finkel's paper. The 
uncertainty in drawing any conclusions about g(t) from Dr. Finkel's data lead us to 
take a more general approach. Gompertz discovered that for animal populations 
the logarithm of the "age-specific death rate" is closely a linearly increasing func
tion of time. For man the age-specific death-rate doubling time is about 8 years. 
Jones3 has pointed out that the doubling times for different animal species are ap
proximately proportional to the mean life spans for the species. We shall use this 
information to derive a hypothetical death-rate function g(t) for the mouse popu
lation used in Dr. Finkel's experiments. 

The Gompertz law is 
, / 1 dN°\ 

which yields 

n\t) = exp [-A(eBl - 1)] (7) 

where A (= ec/B) is a constant and where B is related to the doubling time TD by 

B - ^ (8) 
TD 

A is to be chosen so as to give the correct mean life span: 

k = j o exp l-A(eBl - l)]dt = J- [-Ei(-A)] (9) 

The exponential integral Ei(z) is defined by Jahnke and Emde.4 If t = 0 is 
taken to be a time shortly after birth, but long enough after birth to exclude infant 
deaths (which are omitted in Gompertz' treatment), then i0 is T, the mean life 
span from birth to death. If then T/TD is a constant for all animal species, we 
find from equations (8) and (9) that A is a constant, independent of species, given 
by the solution of the equation 

eA[-~Ei(-A)] = — In 2 (10) 
TD 

Assuming T = 60 years for man, with TD = 8 years, we fhid A = 0.0032. The 
solution of equation (10) is obtained with the help of the expansion4 
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- E i ( - z ) = - I n r x + x - ~ + . . . (11) 

where r = 1.781. 

The death-rate function is 

g(t) = AB exp [Bt - A(eBt - 1)1 

The dispersion of life spans is measured by the standard deviation o- of git): 

a2 = f t*g(t)dt - h2 = 2 f ft»°(*)<ft - ^ 
Jo Jo 

The second expression results from an integration by parts. A numerical integra
tion is required to obtain a2, which can most easily be carried out with n°(t) values 
from equation (7). In this way we find from equations (9) and (10), with t0 = T, 
that 

o- = 0.2471 

For Dr. Finkel's mice, reported to have T = 670 days, we have a = 161 days, in 
rather poor agreement with the value a = 258 days inferred above from her paper. 

In the calculations that follow we have used equations (7) and (10), with the as
sumption T = t0 = 600 days, although actually the mice were about 70 days old 
at the beginning of the experiment. Thus we have used a doubling time TD of 80 
days, and our g(t) has standard deviation <r = 141 days. The assumption TD = 
80 days agrees with the value quoted by Jones3 for mice. Values of n°(t) for these 
parameters are given in Table 1. The difference between assuming T = 600 days 
and assuming T — 670 days is not great; in fact, survival curves calculated from 
equation (5), which assumes a = 0, do not differ greatly from curves obtained by 
the more refined procedure that we have used. 

TABLE 1 

t 
(Days) n"(t) e~^ 

0 1.000 1.000 
80 0.997 6.997 

160 0.990 0.987 
240 0.978 0.972 
320 0.953 0.950 
400 0.908 0.923 
480 0.818 0.891 
560 0.666 
640 0.443 
720 0.195 
800 0.038 
880 0.000 

We proceed now to compare equation (4a), evaluated with the help of equations 
(7) and (10), with the experimental life-shortening data. We assume with Dr. 
Finkel that a = 0.11a* where a* is the injected dose of strontium-90 in yuc/kg body 
weight, and we attempt to choose the available parameters so as best to reproduce 
the observed life-shortening data A(a*). There are two parameters: the constant 
/3, and the no-dose life-shortening A0, the latter arising from the fact that we cannot 
give great weight to Dr. Finkel's zero point because of the statistical uncertainty 
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in the observed mean life span of the control population. Thus the theoretical 
curve to be fitted to the data is 

A(a*) = Ao + 1 - 7 f" n%t)e-mi/2)0a*" dt (12) 
to Jo 

The inclusion of A0 simply as a constant in equation (12) is not strictly correct: the 
additive term arising from an adjustment of the zero point should be written 
Ao(a*), where A0(a*) is a somewhat complicated decreasing function of a* that 
tends to zero a s a * - * °°. For simplicity, however, we ignore this complication, 
which proves to be unimportant for the lower radiation levels (a* ^ 1000 /uc/kg), 
and which in any case does not much change the results obtained, because A0 is 
small. 

For very small values of a* equation (12) reduces to 

A(a*) = Ao + a* \~ (0.11)8 f n\t)tWt 

= A 0 + a * - ^ ; | (13) 
da l«*=o 

This is the linear response region. We can therefore choose preliminary values of 
Ao and 8 by estimating a linear fit to the experimental points at low values of a*. 
The integration in equation (13) is performed numerically, with use of equation (7). 

We have calculated theoretical curves from equation (12) in three steps: (1) For 
a* < 50 A<c/kg equation (13) applies; (2) for selected values of a* in the range 50 < 
a* < 1000 we carry out the integration in equation (12) numerically, using time 
intervals At = 80 days; (3) for a* > 1000 it is found that the asymptotic form of 
equation (12) is valid: 

« = 4 + 1 - H s 5 ? (14) 
18c 

Because we wish to examine the result statistically, we adjust the parameters by 
a weighted least squares procedure. We calculate two theoretical curves y = fa + 
f(x, ft) and y = fa + f(x, ft) (here y is fractional life shortening, A; x is injected 
dose, a*; and /0 is the constant A0) for two nearly correct values ft and ft of the 
parameter 8. We ask for values /o = /o + A/0 and /3 = ft + (ft — ft) 8 of the 
parameters such that the weighted sum of the squares of the differences between 
the experimental values yt and the theoretical values y(xt) is a minimum: 

HwiiVi - f(xt, P) ~ /o)2 = min (15) 

i 

Since ft — ft is small we can assume that 

f(x„ $) = fix,, ft) + [f{xiy ft) - fa,, ft)]5 

= /(*«, ft) + 4fa (16) 
The parameter adjustments A/0 and 5 are then given by 
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A/o = 

5 = 
( E ^ A y , A/<) (E« \ ) - Q2wtAyi) (Ew>AfV) 

(17) 

& * ) (ZwAU) - (ZwAfi)2 

where Ay, = yt - /0 - /(a;,, ft). 

The weights w, appearing in equations (15) and (17) should be inversely propor
tional to the a priori variances of the experimental values y(. We take the vari
ances to be inversely proportional to the number of animals in each experimental 
group. This ignores the effect of radiation in changing the dispersion of life spans, 
but a detailed examination shows it to be a not unreasonable procedure. 

The theoretical curve obtained in the above manner is shown in Figure 1, with 

2000 4000 6000 8000 

Injected Dose (/ic/kg) 

PIG. 1.—Percentage decrease in life expectancy, A, as a func
tion of injected dose a* of strontium-90. Solid curve is the theore
tical curve calculated from equation (12). Solid circles are the 
experimental values reported by Dr. Finkel. 

the experimental points for comparison. The two points at highest radiation levels 
lie well above the curve, doubtless because the mechanism of life shortening at the 
high radiation levels departs from what we have assumed, owing to the importance 
of subacute and acute irradiation disease, which Dr. Finkel reports to be the pri
mary cause of death at injected doses above 2200 yiic/kg. These points make little 
contribution to the least squares parameter adjustment, owing to their low weights, 
and can be omitted without sensibly changing the result. The parameters ob
tained are 0 = 1.8 X 10~7 day - 2 (,uc/kg retained) -1, and A0 = 2.5 per cent. 

The least-squares-fitted curve can be used to estimate the death-rate standard 
deviation a: for experimental A values of unit weight (taken here to be for the con
trol group and "group 12"), the estimated variance of the experimental A values is 

A 

<£ 2 i 
m — 2 • 

E wf[y{ - /o - f(xt, /3)]2 (18) 

where m is the number of experimental points. Equation (18) takes into account 
the two-parameter adjustment. If M is the number of animals in groups having 
unit weight, then 
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&2 = MaA
2 (19) 

From equations (18) and (19) we find a = 191 days in case the two highest points 
mentioned above are omitted (3- = 222 days in case they are included). Com
paring the value 191 days with the value a = 161 days based on the Gompertz 
death-rate curve (670-day life span) and the value a = 258 days inferred from Dr. 
Finkel's data, we see that the theoretical curve fits the experimental values about 
as well as would be expected from the Gompertz curve, and somewhat better than 
would have been expected on the basis of Dr. FinkePs acceptance region. 

In Figure 2 there is shown the portion of the theoretical curve for the lower radi-

A(%)30 

200 400 600 800 

Injected Dose (^c/kg) 

FIG. 2.—Percentage decrease in life expectancy in the low-dose 
region of Dr. Finkel's experiments. Theoretical curve and experi
mental points as in Fig. 1. 

ation levels. The curvature is pronounced, and the linear response region is re
stricted to injected doses less than about 50 /tc/kg. Most of Dr. Finkel's experi
ments were carried out in the nonlinear portion of the curve. 

I t is interesting to compare the above analysis with an alternative one based on 
the approach developed by Jones,3 in which the effect of a given exposure of an 
animal to radiation is regarded as equivalent to an increase in physiological age of 
the animal by an amount proportional to the amount of radiation received. In 
terms of the Gompertz formulation of the natural death rate, this results in the 
case we are considering to the addition of a linear term in t to equation (6): 

In B d-^j = C + Bt + BVat (20) 

The constant By in this treatment plays a role analogous to the constant /3 used 
previously. 

From equations (3) and (20) we obtain 

ta = 

- E i (- - + - ) 
\ 1+yaJ 

B{\ + V<x) 
A/(l+,al (21) 
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where A = ec/B as before. In practice A is so small that the exponential integral 
can adequately be approximated by the logarithmic term in equation (11): 

-Ei(-rr^.) = ln^ + ln(1 + '?a) w 
Recognizing from equations (21) and (22) that 

1 , 1 
t0 = B]n¥I 

and making use of equation (8), we obtain 

A = i _ l + «fa(l + *0 (23) 
1 + rja 

where e = m/(t0 In 2) ^ 1/5. 

By choosing 77 = 0.014 Cue/kg retained) -1, and by adjusting the zero point 
slightly as done previously, we calculate from equation (23) a theoretical curve 
that matches closely the curve calculated from equation (12), which is the curve 
shown in Figures 1 and 2. The discrepancy in A between the two curves is less 
than 0.02 over the range 0 < a* < 3000 yuc/kg, and increases to 0.04 at a* = 
9000 fic/kg. The two curves fit the experimental data equally well, as shown by the 
estimates £ = 191 days for the curve from equation (12) and a = 189 days for 
equation (23), calculated by the weighted sum-of-squares procedure described pre
viously. Life-shortening data, at least of the accuracy involved here, are therefore 
unable to discriminate between the two analytical approaches. 

Analysis of Incidence of Leukemia and Related Diseases.—The experimental data 
on the incidence of diseases of the blood and blood-forming tissues can be analyzed 
in the framework of the above treatment. However, because of the peculiar form 
in which the experimental results are presented ("Curve C: percentage decrease in 
time to a 20 per cent incidence of reticular tissue tumors compared with the 20 per 
cent incidence time of the controls"), the analysis is subject to greater uncertainties 
and difficulties and the data cannot so readily be evaluated statistically as those 
for the decreased life expectancy. We therefore content ourselves with a somewhat 
sketchy treatment, which should suffice to indicate the general nature of the 
problem. 

Let \(t, a) be the expected number of deaths due to these diseases that have 
occurred by the time t in a population having retained body burden a of strontium-
90. We may then expect to find a death-rate probability parameter /3, for these 
diseases such that the death rate is 

dX Ar /N d\0 N(t) 
= N(t)0tat + dt w dt N°(t) 

where A0(0 is the number of deaths due to these diseases expected in the control 
population. To carry the analysis further we need to know the function X<,(t), but 
unfortunately Dr. Finkel presents no data that enable us to determine it. Of the 
various assumptions that could be made, we have chosen to assume that the nat-
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ural deaths due to leukemia are distributed as though they were radiation-induced 
according to the same model as the deaths due to radiation from strontium-90. 
The natural leukemia death rate will then be equivalent to a "background" body 
burden ao of strontium-90, and equation (20) becomes 

- = N(t)pt(cn + a)t 
at 

Obtaining N(t) from equation (2), we have 

Mo Jo 

The expected 20 per cent incidence time T is then the implicit solution of 

O.110,(ao* + a*) P r,o(t)e-(0-u/^a*'2 tdt = \ (24) 
Jo 5 

and the expected no-dose 20 per cent incidence time TO is given by 
/Vo l 

O.llfoao* n°(t)t dt = - (25) 
Jo « 

TO as given by equation (25) is not necessarily the same as the 20 per cent incidence 
time TO' = 565 days observed for the control population. 

To compare the theory with the experimental data we calculate from equation 
(24) the fractional decrease function 1 — T(a*)/ro'. An adequate approximate 
calculation for values of T less than about 450 days (1 — T/T0' > 0.20) can be made 
by approximating n°(t) by a Gaussian e~"'\ as shown in Table 1. In this case 
equation (24) becomes 

0.110,(0,,* + a*) = 
M + g (0.11)/?a* 

e x p f - r 2 L + ^ 0.110a* J J 
(26) 

To evaluate the parameters /3, and a0* we have fitted a smooth curve, by eye, to the 
experimental values of 1 — T/TO', and used this curve to pick pairs of values (a*, 
r(a*)) from which the quantity 0.11/3,(ao* + a*) was calculated from equation 
(26). The quantity 0.11 |3,ao* was calculated from equation (25) by numerical 
integration, with the assumption T0 = T0'. When plotted against a*, the values 
of 0.11 /^(ao* + a*) calculated in this way lie nicely along a straight line, as re
quired by the theory, for values of a* in the range 0 < a* < 1000 nc/kg. Above 
1000 fic/kg the linear relation breaks down, reflecting the fact that the one experi
mental value in this higher range, at 2200 Mc/kg, lies rather far from the theoretical 
curve. Ignoring this highest value we obtain in this way the parameters /3, = 
0.7 X 10~7 day - 2 (/ic/kg) -1 and «0* = 200 ^c/kg, from which the theoretical curve 
shown in Figure 3 is calculated. In addition to the point r(0), and the points 
r(a*) calculated from equation (24) over the range of validity of the Gaussian ap
proximation, we have calculated the slope of the theoretical curve at a* = 0 from 
the following formula, which can be derived from equation (24): 
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500 1000 1500 2000 

Injected Dose (/ic/kg) 

F I G . 3.—Percentage decrease in time to a 20 per cent incidence 
of bone tumors, as a function of injected dose of strontium-90. Solid 
curve is calculated from equation (26). Solid circles are experi
mental values reported by Dr. Finkel. 

J" 
Jo 

n°(t)tddt 

dc \ T 0 / a * = 0 

10/3, f 
.Jo 

n°(t)tdt 
1 

107o2ro2n°(ro) 
(0.11)18, 

where 70 = 1/2(0.11)fila0*. The ratio of integrals appearing in the second term of 
the numerator in this equation can be shown to have a value close to unity (actually 
1.06). 

A comparison of the parameters fit = 0.7 X 10~7 and j8'= 1.8 X 10~7 suggests 
that of the radiation-induced deaths the fraction due to leukemia and related dis
eases in Dr. Finkel's experiments on mice is rather larger than has been estimated 
for man. A particular sensitivity to these diseases on the part of this strain of 
mice is suggested also by the large ''background dose level" a0*, reflecting the rela
tively large number of deaths due to these diseases in the control population. 

Statistical Examination of Dr. Finkel's Conclusions.—In searching for evidence 
for the existence of a threshold body burden of strontium-90, below which no harm
ful effects are caused, Dr. Finkel uses two methods: (1) statistical analysis of the 
experimental data, and (2) extrapolation of experimental curves. We now con
sider these two methods. 

The statistical analysis consists of a t-test of the hypothesis of no difference in 
response between the control population and a population dosed with strontium-90. 
Dr. Finkel accepts the null hypothesis at the 10 per cent significance level ("10% 
probability level or higher") for the three lowest-dosed experimental groups, and 
considers that this acceptance constitutes "evidence that there might be a thresh
old" or that "a threshold . . . may lie between 4.5 and 44 #c/kg." 

It constitutes nothing of the kind. I t is clear that the width of the acceptance 
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region for the null hypothesis (shaded region in Figs. 3 and 4 of Dr. Finkel's paper) 
should vary inversely as the square root of the number of animals in the experimental 
groups, assuming approximate normality of the death-rate curve g(t), as Dr. Finkel 
must have done in applying the £-test. The threshold for which she finds "evidence" 
in the experiments is thus no threshold at all but simply a reflection of the statistical 
uncertainty of her information. It is clear that she could have found "evidence" 
of this sort for a threshold at any arbitrarily large radiation level (perhaps short 
of what would produce acute radiation sickness) by simply using few enough 
animals in her experiments. 

The fallacy in Dr. Finkel's statistical argument is a failure to control the prob
ability of type-II error of her test. Type-II error5 is acceptance of the null hypothe
sis when it is in fact false. Consideration of the type-II error requires consideration 
of the alternative to the null hypothesis, which in this case is the theoretically likely 
linear response at low doses. If we use for the slope dA./da*\a*=0 of the life-short
ening response at low doses the value obtained above (eq. [13]) from a study of 
Dr. Finkel's results, namely, dA/da* = 0.14% Cue/kg)-1, and if we assume that 
Dr. Finkel's t-test acceptance region is appropriate to a one-tailed test at a* = 8.9 
/ic/kg, the highest experimental value for which the null hypothesis was accepted, 
then we can calculate the probability of type-II error. It is 85 per cent. This 
means that if there exists in fact no threshold at 8.9 /xc/kg, Dr. Finkel's test would 
nevertheless have produced "evidence" for one in 85 experiments out of every 100 
experiments performed. On the other hand, if there were in fact a threshold, the 
test would deny it in only 10 per cent of the experiments. Evidently the test is 
worthless as a proof of the existence of a threshold at this dose level (or lower, for 
which the probability of type-II error approaches the maximum that is possible, 
90 per cent, for a 10 per cent probability of type-I error). 

I t is incumbent upon those who would extrapolate their threshold conclusions 
from 150 mice to 3 X 109 human beings that they demonstrate the existence of a 
significant experimental departure from the theoretically likely linear response, 
because although the existing burdens of strontium-90 are low, the number of 
individuals involved is very large, and the harmful consequences of proceeding 
on an unfounded assumption of a threshold are great.6 As we have shown above, 
Dr. Finkel's results are in complete harmony with a linear law; in fact, the agree
ment between the linear law and the experimental results is better than could have 
been expected on the basis of the width of her null-hypothesis acceptance region. 

As an alternative to the statistical tests, Dr. Finkel determines a threshold by 
extrapolating the experimental life-shortening curve. She states: "Since the [life-
shortening] values for 1.3, 4.5, and 8.9 yuc/kg do lie along a straight line when plotted 
semilogarithmically, it may be argued that they represent true departures from 
the control value. An extension of this straight line crosses the control value at 
0.4 yuc/kg." It is difficult to see why the semilog plot rather than some other should 
be used for the extrapolation. But in fact an extrapolation of any kind is ground
less. The three response values lie within less than half the range of probable 
error (within — 1/i P.E. to +V2 P.E.) of the difference d between experimental 
values of A, as determined from the width of the null-hypothesis acceptance region 
(<id = 5.5 per cent). If it is not obvious that no non-zero regression slope deter
mined from these points can have any statistical significance, one can show7 that 
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the standard deviation of the regression slope estimator derived from the semi-
logarithmic plot is 2.2 times the estimated slope itself. If the semilogarithmically 
linear relation of the three points can be ascribed to anything but chance, then all 
of Dr. Finkel's statistical arguments are false. It is hard to imagine how two such 
mutually contradictory "proofs" could be advanced at one time. 

There are other statistical points in Dr. Finkel's paper that merit scrutiny. In 
our discussion of her results we have had to rely on the correctness of the null-
hypothesis acceptance region that she presents, but there are serious reasons for 
doubting its correctness. The width of the acceptance region corresponds to the 
estimate a = 284 days for the standard deviation of the death-rate function g(f), 
if it applies to a one-tailed test on the difference between the life-shortening values 
obtained from two experimental groups of 150 animals each. On the other hand, 
Dr. Finkel's statement8 that groups of 1393 animals would have been required to 
establish as significant at the 1 per cent level the difference observed (2.5 per cent) 
at the lowest dose corresponds to <r = 171 days, a gross discrepancy. The latter 
value, we note, agrees reasonably with the values a = 161 days from the Gompertz 
relation or <? = 191 days from the agreement between experimental data and our 
theoretical curve. 

It is clear that since the number of animals differs from one experimental group 
to another in Dr. Finkel's experiments, the null-hypothesis acceptance region can
not have width independent of injected dose a*, as shown in her figures. From the 
information given there is no way to tell to which experimental groups the test 
appropriately applies. 

More serious is the evident fact that Dr. Finkel applies the same acceptance re
gion indiscriminately to the three very different sets of experimental data repre
sented by her curves A, B, and C. It seems likely that the test was designed to 
handle the life-shortening data (curve A), because a t-test would not be inappro
priate to life-span data, since the death-rate function g(t) is (rather crudely) Gaus
sian. A statistical analysis of the curve-C data would be difficult, because the 
experimental statistic r (20 per cent incidence time) is cumbersome to handle mathe
matically, as is evident in our discussion. But it is easy to show that Dr. Finkel's 
acceptance region is entirely inapplicable to the curve-5 data ("proportion of ani
mals that survived the latent period of 150 days and then died with osteogenic 
sarcomas"). 

The number of bone-cancer deaths in populations of a given size during a given 
time interval will be Poisson-distributed, if we neglect variations in population size 
due to deaths during the first 150 days, which is legitimate, as can be seen from 
Table 1 or from numbers given by Dr. Finkel, which show that the control group 
still contained close to 150 animals at t = 150 days. Whatever the low-dose re
gression function for curve B, it is clear from Dr. Finkel's Figure 4 that the ex
pected number £ of bone-cancer deaths is close to 3 for groups of 150 animals not 
dosed with strontium-90. To find acceptance regions for the null hypothesis of no 
significant difference in the number of such deaths between the control population 
and a dosed population of equal size we therefore find the value of the difference &P 

such that the probability of type-I error (one-tailed test) is P: 

1 - P = e-* E ? E ,,* , (27) 
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The results of a numerical evaluation of equation (27), in case £ = 3, are P = 0.10, 
SP = 2.6; P = 0.01, SP = 5; P = 0.001, 5P ^ 8.5. Using the fact that the observed 
number of control deaths was 3 (2 per cent of 150), we find that the upper limit of 
the acceptance region at 10 per cent significance level is 3.7 per cent of 150. From 
Dr. Finkel's Figure 4 we therefore see that the highest strontium-90 dose that pro
duced a "statistically non-significant increase" in the number of bone-cancer 
deaths is 8.9 fic/kg, not 200 Mc/kg as stated by her. Her acceptance region repre
sents for curve B a test having 0.1 per cent probability of type-I error. Her entire 
discussion of the statistical significance of the curve-£ data is erroneous. 

The Proper Testing of Evidence for a Threshold.—From the above discussion it is 
clear that a valid statistical test of the null hypothesis of "no response" at a given 
radiation level or a given dose of strontium-90 must use the type-II error as the 
basic parameter, rather than the type-I error, as is employed in the standard "cook 
book" tests, which are designed basically for application to the manufacture of 
goods. Alternatively stated, the null hypothesis that must be tested in the stand
ard way is the hypothesis that the observed response values are in accord with a 
linear response curve at low doses. 

Our analysis of Dr. Finkel's data for mice enables us to estimate reliably the 
linear decrease in life expectancy for low doses of strontium-90, and it is therefore 
possible for us to determine how many animals would have to be used in an experi
ment in which the mean lifetime of a control group is compared with the mean 
lifetime of a dosed group in order to establish the existence of a threshold at or 
above the dose used. We may consider two types of test: (A) the "minimal" test, 
that is, the test that requires as few animals as possible; (B) the "most powerful" 
test, which minimizes the probability both of type-I and of type-II error. 

The null-hypothesis "no response" for test A is to be accepted if the dosed group 
exhibits no decrease in life expectancy, or an actual increase, when compared to the 
control group. Clearly this acceptance region makes the test minimal, because the 
probability of type-I error is 50 per cent, so that the test gives a neutral decision in 
case a threshold actually exists. If the number of animals used is greater than re
quired for test A, then a decision as to the existence of a threshold will be more 
often right than wrong, in case that the threshold does actually exist. At the same 
time we can protect ourselves adequately against the serious alternative possibility 
by suitably choosing the type-II error. 

Since the expected decrease in life expectancy for the dosed group is a-dA/da |o, 
the type-I and type-II errors are simultaneously minimized, and made equal, by 
choosing as the upper limit of the acceptance region for test B a decrease in life ex
pectancy of 1/2a-dA/da [o = 0.63%-a, where a is given in yuc/kg retained in the 
body. 

Since the expected decrease is proportional to a, the number of animals M re
quired for the control group, if an equal number is used for the dosed group, is given 
by 

M = — (28) 
a2 

where v is a constant that depends on the type of test (A or B), on the probability 
of type-II error, and on the standard deviation <r of the natural death-rate function 
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g(t). Because M proves in all cases of interest to be large, it is adequate to use the 
normal distribution in computing the constants v in equation (28), owing to the 
Central Limit Theorem. 

TABLE 2 

VALUES OF THE CONSTANT V IN EQUATION (28) 

TYPE OF T E S T 
A B 

("Minimal") ("Most Powerful") 
o-(days) 284 170 284 .170 
10 per cent probability of type-II error 4560 1630 18240 O520 
1 per cent probability of type-II error 14950 5360 59800 21440 

Using all of these principles, we have computed the coefficients v for the various 
circumstances shown in Table 2. In particular we compare the results for a = 
284 days, derived from Dr. Finkel's acceptance region, with the results for <r = 170 
days, which seems most reasonable on the basis of the previous discussion. 

The numbers v given in Table 2 are equal to the number of animals in the control 
and in the dosed groups required to establish the existence of a threshold at a* = 
9.1 yuc/kg, just above the highest injected dose (8.9 yuc/kg) for which Dr. Finkel 
accepted the hypothesis that a threshold exists. The numbers of animals used in 
her experiments were too small by factors of 10 to 400, for the conclusion that she 
reached. By solving equation (28) for a we may compute very simply the lowest 
threshold ar* that could have been recognized with statistical significance in her 
experiments, assuming that 150 animals were used both in the control group and in 
the dosed groups, which in general was not the case (fewer were used). These val
ues of ar* are 91 and 54 for test A and 181 and 109 for test B (in each case for 
a = 284 days and 170 days, respectively). It is clear from the experimental data 
that no threshold exists at any of these levels, and accordingly we are required to 
conclude that Dr. Finkel's data show that there is no threshold large enough to 
have been recognized with statistical significance from her data. 

Conclusions about Effects on Man of Strontium-90 from Fallout.—We now turn to 
the discussion of Dr. Finkel's conclusion that the present contamination with stron
tium-90 from fallout is so very much lower than the "threshold" levels that it is 
extremely unlikely to induce even one bone tumor or one case of leukemia. 

This statement by Dr. Finkel is shown by the argument given above to have no 
justification whatever from her experimental results, obtained with 150 mice or 
fewer in her control group and injected groups. We may ask how many mice 
would be needed in each group in order to permit Dr. Finkel's statement to be 
made with statistical significance (or to be shown to be false). 

The present average body burden of strontium-90 in the world's population is 
about 0.0002 juc. per person. This corresponds, with Dr. Finkel's conversion factor 
(5 to 10 IJ.C. per 70-kg man equivalent to 1 yuc. retained per kg for mice) to a retained 
dose a = 0.00002 to 0.00004 yuc/kg in mice. Hence in order to justify Dr. Finkel's 
statement evidence would be needed that the mouse threshold is as great as about 
0.00004 yitc/kg; that is, we must place a in equation (28) equal to 0.00004 Mc/kg. 
From the values of the constant v in Table 2 (we use the values for <r = 170 days, 
which we believe to be better than those for a = 284 days) we find M = 1 X 1012 

for the "minimal" test and 3.4 X 1012 for the "most powerful" test with 10 per cent 
type-II error, and 3.3 X 1012 and 13.5 X 1012, respectively, with 1 per cent type-II 
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error. We hence conclude that a study like that made by Dr. Finkel would have 
to use a much greater number of mice than the number of people in the world, in 
order to provide evidence that would justify her extreme statement to be made 
with statistical significance. 

This conclusion is, of course, not at all unexpected. The difficulty of detecting 
by statistical methods an effect that causes a small increase in the annual number 
of deaths among the world's population is well known. For example, let us as
sume that the average number of deaths per year is 50 million. The statistical 
fluctuations from this average from year to year are measured roughly by the 
square root of this number, 7000; and accordingly a study of a larger population 
would be needed to show with statistical significance the existence of an effect 
resulting in an additional 1000 deaths per year (the rough estimate of the world
wide effect of the present body burden of strontium-90 from fallout, if there is no 
threshold). The same number of mice would be needed to test the equivalent 
effect in mice. 

Summary.—We have developed methods of theoretical analysis of the results of 
experimental studies of the effects of injection of radioactive substances into ani
mals on their life expectancy and on the incidence of tumors. These methods have 
been applied to the data reported for mice by Dr. Miriam P. Finkel, and it has been 
shown that her conclusion from these data that it is extremely unlikely that the 
strontium-90 from the fallout from nuclear weapons tests will induce even one bone 
tumor or one case of leukemia in human beings is completely unjustified. 

* This paper is a contribution from the Division of the Geological Sciences (No. 908) and the 
Division of Chemistry and Chemical Engineering (No. 2421) of the Institute. A brief account of 
the work has been published by us (Letter to the Editor, The New York Times, Nov. 16, 1958), 
and a reply has been made by Dr. Finkel (ibid., Nov., 30 1958). 

1 M. P. Finkel, Science, 128, 637, 1958. 
2 E . B. Lewis, Science, 125, 965, 1957. 
3 H. Jones, The Nature of Radioactive Fallout and Its Effects on Man (Washington, D. C.: Gov

ernment Printing Office, 1957), p . 1109. 
4 Jahnke and Emde, Tables of Functions (New York: Dover Publications, 1945), pp. 1-9. 
6 A. M. Mood, Introduction to the Theory of Statistics (New York: McGraw-Hill Book Co. 

Inc., 1950), p . 247. 
6 L. Pauling, No More War\ (Dodd-Mead & Co., 1958). 
7 Mood, op. cit., pp. 292-294. 
8 Finkel, op. cit, pp. 638-639. 
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A Molecular Theory of 

General Anesthesia 

Anesthesia is attributed to the formation in the brain 
of minute hydrate crystals of the clathrate type. 

During the last twenty years much 
progress has been made in the deter
mination of the molecular structure of 
living organisms and the understanding 
of biological phenomena in terms of 
the structure of molecules and their 
interaction with one another. The prog
ress that has been made in the field of 
molecular biology during this period 
has related in the main to somatic and 
genetic aspects of physiology, rather 
than to psychic. We may now have 
reached the time when a successful 
molecular attack on psychobiology, in
cluding the nature of encephalonic 
mechanisms, consciousness, memory, 
narcosis, sedation, and similar phenom
ena, can be initiated. As one of the 
steps in this attack I have formulated 
a rather detailed theory of general 
anesthesia, which is described in the 
following paragraphs (V). 

It is likely that consciousness and 
ephemeral memory (reverberatory 
memory) involve electric oscillations in 
the brain, and that permanent memory 
involves a material pattern in the brain, 
in part inherited by the organism (in
stinct) and in part transferred to the 
material brain from the electric pattern 
of the ephemeral memory (2). The de-
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and Crellin Laboratories of Chemistry, California 
Institute of Technology, Pasadena. 

Linus Pauling 

tailed natures of the electric oscilla
tions constituting consciousness and 
ephemeral memory, of the molecular 
patterns constituting permanent mem
ory, and of the mechanism of their 
interaction are not known. 

The electric oscillations of the brain 
make themselves evident in a crude 
way in electroencephalograms, which 
show patterns of electric oscillation 
that depend upon the state of con
sciousness and the nature of the en
cephalonic activity of the subject. Evi
dence that the ephemeral memory, with 
an effective life that is rarely longer 
than a few minutes, is electrical in na
ture is provided by a number of ob
servations. It has been noted that un
consciousness produced by a blow to 
the head or electric shock often has 
caused complete loss of memory of the 
events experienced during the period 
of 10 or 15 minutes before the blow 
or shock to the brain. Moreover, when 
the formation of new permanent mem
ories is interfered with by the decreased 
ability of the brain to carry on meta
bolic processes involving proteins, as in 
old age or Korsakoff's syndrome (alco
holism, protein starvation, thiamine de
ficiency), the memory continues for a 
period of 10 or IS minutes, but usually 
not much longer; the memory seems to 
persist only so long as conscious atten
tion is directed to it (3). 

Consciousness and Ephemeral Memory 

We may discuss the electric oscilla
tions of consciousness and ephemeral 
memory in terms of the exciting mech
anism and the supporting structure. 
The supporting structure is the brain, 
with its neuroglial cells, neurones, and 
synaptic interneuronal connections that 
determine the detailed nature of the 
oscillations. The average energy of the 
electric oscillations may be assumed to 
be determined by the activity of the 
exciting mechanism and the imped
ance of the neural network. Loss of 
consciousness such as occurs in sleep 
or in narcosis (general anesthesia) may 
be the result either of a decrease in 
activity of the exciting mechanism or 
of an increase in impedance of the sup
porting network of conductors, or of 
both. I think that it is likely that sleep 
results from a decrease in the activity 
of the exciting mechanism, and that 
many sedatives, such as the barbitu
rates, operate by a specific action on 
the exciting mechanism, such as to de
crease its activity; similarly, stimulants 
such as caffeine may have a specific 
action on the exciting mechanism that 
increases its activity. I think that gen
eral anesthetics of the non-hydrogen-
bonding type, such as cyclopropane, 
chloroform, nitrous oxide, and 1,1,1-
trifluoro-2-chloro-2-bromoethane (halo-
thane), operate by increasing the im
pedance of the encephalonic network 
of conductors, and that this increase 
in impedance results from the forma
tion in the network, presumably mainly 
in the synaptic regions, of hydrate 
microcrystals formed by crystallization 
of the encephalonic fluid. These hy
drate microcrystals trap some of the 
electrically charged side-chain groups 
of proteins and some of the ions of the 
encephalonic fluid, interfering with 
their freedom of motion and with 
their contribution to the electric oscil
lations in such a way as to increase the 
impedance offered by the network to 
the electric waves and thus to cause the 
level of electrical activity of the brain 
to be restricted to that characteristic of 

t 
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anesthesia and unconsciousness, despite 
the continued activity of the exciting 
mechanism. The formation of the hy
drate microcrystals may also decrease 
the rate of chemical reactions by en
trapping the reactant molecules and 
thus preventing them from coming 
close enough to one another to react; 
in particular, the catalytic activity of 
enzymes may be decreased by the for
mation of hydrate microcrystals in the 
neighborhood of their active sites. 

Anesthetic Agents 

This theory is forced upon us by the 
facts about anesthesia. Hundreds of 
substances are known to cause general 
anesthesia; among them are chloroform 
(CHCls), halothane (CFaCClBrH), ni
trous oxide (NaO), carbon dioxide 
(COa), ethylene (CsH«), cyclopropane 
(GH.), sulfur hexafluoride (SFa) (4), 
nitrogen (Na) and argon (Ar), which 
under high pressure cause narcosis 
(5), and xenon (Xe) (<S). The sub
stances given in this list have rather 
similar properties as general anesthetics; 
these properties show a rough correla
tion with their physical properties, 
such as the vapor pressure of the liq
uids. Ferguson (7) calls them the phys
ical anesthetics. We may infer that 

they function in similar ways in caus
ing narcosis. Their chemical properties 
are such that it is impossible to be
lieve that they produce narcosis by 
taking part in chemical reactions in
volving the formation and breaking 
of ordinary chemical bonds (covalent 
bonds). Moreover, although it is known 
that in many physiological processes 
the formation and rupture of hydrogen 
bonds play an important part, these 
substances, with the exception of a 
few (nitrous oxide, carbon dioxide, 
chloroform), would not be expected 
to form even weak hydrogen bonds, 
and we may call them the non-hydro
gen-bonding anesthetic agents. Other 
narcotics, such as ethanol, may be 
placed in the hydrogen-bonding class. 

The most surprising anesthetic 
agents are the noble gases, such as 
xenon. Xenon is completely unreactive 
chemically. It has no ability whatever 
to form ordinary chemical compounds, 
involving covalent or ionic bonds. The 
only chemical property that it has is 
that of taking part in the formation of 
clathrate crystals. In these crystals the 
xenon atoms occupy chambers in a 
framework formed by molecules that 
interact with one another by the for
mation of hydrogen bonds. The crystal 
of this sort of greatest interest to us is 
xenon hydrate, Xe • 5% H«0. The crys

tals of xenon hydrate have been shown 
by x-ray examination to have the same 
structure as those of other hydrates 
of small molecules, such as methane 
hydrate and chlorine hydrate (8, 9). 
A thorough x-ray examination of chlo
rine hydrate has been made (10), 
showing that in the cubic unit of struc
ture, with edge 11.88 A, there are 46 
water molecules arranged in a frame
work such that each water molecule is 
surrounded tetrahedrally by four oth
ers, with which it forms hydrogen 
bonds with length 2.75 A, essentially 
the same as in ordinary ice (2.76 A) . 
Whereas in ordinary ice the hydrogen-
bonded framework does not contain 
any chambers large enough for oc
cupancy by molecules other than those 
of helium or hydrogen, the framework 
for xenon hydrate and related hydrates 
contains eight chambers per cubic unit 
cell. Two of these chambers are denned 
by 20 molecules at the corners of a 
nearly regular pentagonal dodecahe
dron, and the other six are defined by 
24 water molecules at the corners of 
a tetrakaidecahedron with 2 hexagonal 
faces and 12 pentagonal faces. These 
polyhedral chambers are illustrated in 
Figs. 1 and 2. The smaller chambers 
and the larger chambers may be occu
pied by the xenon atoms or methane 
molecules, but only the larger cham
bers permit occupancy by chlorine 
molecules, which are somewhat larger 
than the molecules of xenon or me
thane. In chlorine hydrate the dodeca-
hedral chambers presumably are par
tially occupied by water molecules not 
forming hydrogen bonds, or, if air is 
present, by nitrogen molecules or oxy
gen molecules. 

Hydrate crystals with somewhat simi
lar structures are formed also by other 
anesthetic agents (8, 9) . Chloroform, 
for example, forms the hydrate 
CHCla • 17HaO, which has a cubic unit 
of structure with the cube edge 17.30 
A. The hydrogen-bonded framework of 
136 molecules per cube involves 16 
small chambers per cube, with the pen
tagonal dodecahedron as the coordina
tion polyhedron, and 8 large chambers, 
each formed by 28 water molecules 
at the corners of a hexakaidecahedron, 
with 4 hexagonal faces and 12 penta
gonal faces (Fig. 3). Only the large 
chambers can accommodate a chloro
form molecule. The smaller chambers 
may be occupied by smaller molecules, 
such as xenon, which with water and 
chloroform forms the crystal CHCU • 
2Xe- 17HaO. The volume of the 17-A 

Fig. 1. The structure of the 12-A hydrate crystals of small molecules, such as xenon. 
The unit cube is about 12 A on an edge. The hydrogen-bonded framework of water 
molecules consists of 46 water molecules per unit cube. Of these, there are two sets of 
20 at the corners of pentagonal dodecahedra, one about the corner of the cube and 
one about the center of the cube. Six more water molecules aid in holding the dodeca
hedra together by hydrogen bonds. All hydrogen bonds, indicated by lines in the figure, 
are about 2.76 A long, as in ordinary ice. There is room in each dodecahedron for a 
small molecule; a symbol suggesting a molecule of HsO or HaS is shown. 
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Fig. 2. Another drawing of the structure of the 12-A hydrate crystals. One dodecahedron 
is shown in the upper center. Around it are tetrakaidecahedra, which provide room for 
somewhat larger molecules than can fit in the dodecahedfa. There are six tetrakaide
cahedra and two dodecahedra per unit cube. 

framework per water molecule is 
slightly larger than that of the 12-A 
framework—an 18-percent increase 
over ordinary ice (ice I ) , as compared 
with 16 percent for the 12-A frame
work. 

The stability of the hydrate crystals 
results in part from the van der Waals 
interaction between the entrapped mol
ecules and the water molecules of the 
framework and in part from the energy 
of the hydrogen bonds. So far as the 
energy of the hydrogen bonds is con
cerned, the stability of the framework 
alone would be expected to be the 
same as that of ordinary ice; however, 
the framework is more open for the 
hydrates than for ordinary ice, and in 
consequence the stabilization by van 
der Waals interaction of the water 
molecules with one another is less for 
the hydrate frameworks than for ordi
nary ice. A thorough study of experi
mental information about hydrate crys
tals by the methods of statistical me
chanics, with the crystals treated as 
having variable occupancy of the cham
bers in the framework, has been car
ried out by van der Waals and Plat-
teeuv; it shows that the free energ\ 
per water molecule of the empty 
framework is greater than that for ice I 
at 0°C by 0.167 kcal/mole for the 12-
A framework and 0.19 kcal/mole for 
the 17-A framework (11). 

The extent to which the crystals are 
stabilized by the van der Waals inter

action of the entrapped molecules and 
the surrounding water molecules can 
be estimated by a simple calculation. 
The London equation for the energy of 
the electronic dispersion interaction 
between two molecules A and B is 

T-, 3_ ct.i as EA EB 

~~ 2 / " ( £ / + EB') (1) 

In this equation a* and w are the elec
tric polarizabilities of the two mole
cules, EA' and EB' are their effective 
energies of electronic excitation, and 
r is the distance between their centers. 

Fig. 3. The hexakaidecahedron formed by 
28 water molecules in the 17-A hydrate 
crystals. The unit cube of these hydrate 
crystals, such as chloroform xenon hy
drate, CHCls•2iXe• 17HsO, contains 136 
water molecules, which define 8 hexa-
kaidecahedra and 16 dodecahedra. 

3 

It has been found that agreement be
tween this equation and the observed 
enthalpies of sublimation of crystals 
of the noble gases is obtained by taking 
the effective excitation energy to be 
1.57 times the first ionization energy 
(12). The first ionization energy of 
xenon is 280 kcal/mole, and the same 
value may be used for the water mole
cule. The interaction energy of two 
molecules then has the value —IIRAR* 
/r", in which RA and R» are the mole 
refractions of A and B, in milliliters, 
and a is equal to 51 kcal/mole, with r 
measured in angstroms (the mole re
fraction is 4TTN/3 times the polariza-
bility; N is Avogadro's number). In 
the crystal 8Xe • 46ILO, two of the 
xenon molecules are in pentagonal do-
decahedral chambers formed by 20 
water molecules at the distance 3.85 A 
from the xenon atom, and the other 
six are in tetrakaidecahedral chambers 
formed by 24 water molecules, of 
which 12 are at 4.03 A and 12 at 4.46 
A. The average energy of van der 
Waals attraction of a xenon atom 
(R = 10.16 ml) with its neighboring 
water molecules (R = 3.75 ml) is thus 
calculated to be —9.1 kcal/mole, which 
becomes —10.3 kcal/mole on addition 
of the similarly calculated values for 
the interaction with more distant water 
molecules and with other xenon atoms 
in the crystals. 

The difference in enthalpy of the 
12-A water framework and ordinary 
ice may be roughly evaluated by a 
similar calculation of the energy of van 
der Waals attraction between the wa
ter molecules (the nearest and next-
nearest neighbors are at nearly the 
same distances in ordinary ice and the 
hydrate crystals, but the larger dis
tances are different, corresponding to 
the more open structure of the hydrate 
framework). This calculation gives 
0.16 kcal/mole for the 12-A framework 
and 0.20 kcal/mole for the 17-A 
framework; the close approximation of 
these values to the corresponding free-
energy values indicates that there is 
little difference in entropy of the empty 
frameworks and ice I, as is expected 
from the similarity of the intermolec-
ular forces that determine the vibra
tions of these hydrogen-bonded struc
tures. The enthalpy of formation, at 
0°C, of Xe*5%Hi!0 from gaseous 
xenon and ice I is found by experi
ment (8) to be 8.4 kcal/mole. The 
value given by the foregoing calcula
tions is 10.3 - 5.75 x 0.16 = 9.4 kcal/ 
mole, minus a small correction for 
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the van der Waals repulsion of the 
xenon atoms and the surrounding wa
ter molecules. The agreement shows 
the extent to which the stabilization 
of the hydrate crystals may be under
stood in terms of the van der Waals 
interactions of the molecules. 

The relation between the logarithm 
of the equilibrium pressure (in milli
meters of mercury) of hydrate crys
tals and water (and also ice I) at 0°C 
and the mole refraction of the mole
cules stabilizing the hydrate crystals 
is shown in Fig. 4, at the left. The 
energy of van der Waals attraction 
between the water framework and the 
entrapped molecules is directly propor
tional to the mole refraction of the 
entrapped molecules. Hence if no other 
interactions affected the free energy 
of the hydrate crystals the points for 
X-5%H*0 would lie on a straight 
line and those for X • 17H.O on an
other straight line. There is a general 
concordance with this expectation, and 
the deviations are reasonable. For ex
ample, the molecules acetylene, ethy

lene, and ethane increase in size in 
this order, and it is likely that the van 
der Waals repulsion between these 
molecules and the water molecules of 
their dodecahedral and tetrakaidecahe-
dral cages increases rapidly in this 
sequence in such a way as to decrease 
the stability of the ethylene hydrate 
crystal and, still more, that of the 
ethane hydrate crystal, with corre
sponding increases in the equilibrium 
partial pressures. 

Hydrate Microcrystal Theory 

It is evident that the mechanism of 
narcosis cannot be simply the forma
tion in the brain of the hydrate micro-
crystals X • 5%H.O and X • 17H*0 that 
we have been discussing, because these 
crystals would not be stable under the 
conditions that lead to narcosis. For 
example, methyl chloride is narcotic 
for mammals at partial pressure about 
0.14 atmosphere and temperature 
37 °C, but the crystals of its hydrate 

are not stable at 37° until the partial 
pressure reaches 40 atmospheres. In 
order to account for the formation of 
microcrystals of hydrates at body tem
perature we must assume that some 
stabilizing agent other than the anes
thetic agent is also operating. I think 
that it is likely that the other stabil
izing agents are side chains of protein 
molecules and solutes in the ence-
phalonic fluid. It is known that sub
stances resembling the charged side 
chains of proteins also interact with 
water to form hydrate crystals with a 
structure closely resembling that of the 
hydrates of the anesthetic agents. 
For example, tetra-n-butyl ammonium 
fluoride forms a hydrate with compo
sition (C.H.) <NF • 32HiO and melting 
point 24.9°C. The crystals of this hy
drate are tetragonal, with edge a = 
23.78 A and edge c = 12.53 A, and 
with a structure that is believed to be 
closely similar in character to that of 
xenon hydrate and the related hydrates 
discussed above. 

These crystals and similar crystals 

log P anesthetizing 
for mice 

t "\ 
logPatO°C 

• forX-5f-H20 
• forX-!7H20 

- 4 

- 3 

- 2 

- I 

Fig. 4. At left are values of the partial pressure of anesthetic agents in equilibrium with their hydrate crystals and ordinary ice and wa
ter at 0°C, plotted against values of the mole refraction (shown by the scale at bottom). Circles correspond to the 12-A hydrate 
crystals; squares, to the 17-A hydrate crystals. The composition of the 12-A hydrate crystals is X *534H-0 for the smaller molecules, 
which can occupy both dodecahedra and tetrakaidecaUedra, and X * 7%HiO for the larger ones (ethane, methyl chloride), which 
occupy only the tetrakaidecahedrp. At right the logarithm of the anesthetizing partial pressure for mice is plotted against the mole 
refraction of the anesthetizing agent (scale at top). 
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of tetra-i-amyl ammonium salts were 
first made by Fowler, Loebenstein, Pall, 
and Kraus (13). The determinations 
of the structure of these crystals and 
of related ones that they have prepared 
\ [(n-GH.).S]F • 2 0 H A [(i-G>H„).N]F • 
3 8 H A [(n-CJI.)«P]»WO.-64H,Cn are 
being carried out by Jeffrey and his 
co-workers (14). 

It is known that two anesthetic 
agents can cooperate to increase the 
stability of a hydrate framework. For 
example, 1 atmosphere of xenon (75) 
increases the decomposition tempera
ture of the 17-A hydrate of chloroform 
by a little over 14.7°C. In the absence 
of xenon the crystal has the compo
sition CHCls • 17HsO, and in its pres
ence CHCl.-2Xe- 17H*0. The 17-A 
framework forms one hexakaidecahe-
dron and two dodecahedra per 17HsO; 
the chloroform molecules are too large 
to enter the dodecahedra, which can, 
however, be occupied by atoms of 
xenon or other small molecules. Sim
ilar increases of 5° to 20°C in the 
decomposition temperatures of 17-A 
hydrate crystals of CHCU, CHUCFsCl, 
CHF=CF*, CFC1», SFe, and some other 
substances by 1 atmosphere of krypton, 
HsS, or HsSe, as well as by xenon, have 
also been reported (8, 15). The 17-A 
hydrate CHFsCHs^HiS-nHaO becomes 
stable in the presence of HsS, whereas 
1,1-difluorethane without other mole
cules forms a 12-A hydrate. 

We may accordingly surmise that 
the stabilizing effect for hydrate crys
tals of amino acids and other solute 
molecules in encephalonic fluid and 
also of the alkyl ammonium side chains 
of lysyl residues and the alkyl carbo-
xylate ion side chains of aspartate and 
glutamate residues, and perhaps also of 
certain other side chains of proteins, 
could operate- effectively to stabilize 
hydrate crystals at temperatures not 
much lower than normal body tempera
ture, perhaps about 25°C. The nar
cosis resulting from cooling of the 
brain, which is observed to take place 
at about 27 °C in human beings, would 
then, according to our theory, be ex
plained as resulting from the formation 
of these hydrate crystals in the synaptic 
regions of the brain and from the re
sultant increase in impedance of the 
neural network and correspondingly 
decreased energy of the electric oscil
lations. Hibernation may similarly in
volve the induction of unconsciousness 
by formation of hydrate crystals on 
decrease in temperature. 

0.10 P hydrate 

log P0°c, hydrate 

_1 I 1_ 

Fig. 5. A diagram showing the logarithm of the anesthetizing partial pressure of non-
hydrogen-bonding anesthetic agents plotted against the equilibrium partial pressure 
of their hydrate crystals. 

The molecules of the anesthetic 
agent, when present, would occupy 
some of the chambers in the hydrate 
crystal, with others occupied by the 
protein side chains and other groups 
normally present in the brain, in such 
a way as to give an increase in sta
bility of the microcrystals such as to 
permit them to form at a temperature 
10° or 15°C higher than that at which 
they are stable in the absence of the 
anesthetic agent. Through the forma
tion of these microcrystals the con
ductance of the network would be de
creased, with a consequent decrease in 
energy of the electric oscillations suf
ficient to cause unconsciousness. On 
decrease of the activity of the anes
thetic agent in the encephalonic fluids, 
as elimination from the body takes 
place, the microcrystals would melt, 
the conductance of the synapses would 
be restored to its original level, and 
consciousness would be regained. 

The logarithm of the anesthetizing 
partial pressure (in millimeters of mer
cury) for mice is shown as a function 
of the mole refraction of the non-
hydrogen-bonding anesthetic agents in 
Fig. 4, at the, right. The points lie close 
to a curve that resembles the curve 

for the equilibrium partial pressure of 
the hydrate crystals, shown at the left. 
The relation between the anesthetizing 
partial pressure and the partial pres
sure for the hydrate crystals at 0°C is 
shown in Fig. 5; the two pressures are 
proportional, the proportionality factor 
being about 0.14. The average devia
tion of the 11 points from the best 
line corresponds to the factor 1.4 
(or 0.7) over a total pressure range 
of 4000 (for the logarithm, ±0 .15 
over a range of 3.6). 

Other Theories of Anesthesia 

This agreement provides some sup
port for the proposed theory, but not 
proof. Approximately the same corre
lation would be found between the 
anesthetizing partial pressure of the 
non-hydrogen-bonding anesthetic agents 
and any other property involving an 
energy of intermolecular interaction 
proportional to the mole refraction of 
the molecules. An example is the solu
bility in olive oil of the gaseous anes
thetic agent at a standard pressure; 
another is the ratio of the solubility 
in olive oil to that in water (the oil-
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water distribution coefficient). The first 
depends largely on the energy of van 
der Waals attraction of the anesthetic 
molecules by the oil molecules, and the 
second orr the difference between this 
energy and the energy of attraction by 
the water molecules, and each is pro
portional to the mole refraction of the 
anesthetic agent. These quantities are 
involved in the Meyer-Overton theory 
of narcosis (16). The thermodynamic 
activity theory of Ferguson (7) is 
based upon the observed rough con
stancy of the ratio of anesthetizing par
tial pressure of non-hydrogen-bonding 
anesthetic agents to the vapor pressure 
(thermodynamic activity) of the pure 
liquid at a standard temperature. This 
rough constancy is, of course, to be 
expected on any theory of anesthesia 
involving intermolecular forces, since 
the vapor pressure of a liquid is deter
mined by the forces acting between its 
molecules. 

The lipid theories of anesthesia seem 
to me to be less attractive than the 
hydrate microcrystal theory. First, 
brain, like other tissues of the human 
body, consists largely of water: about 
78 percent, as compared with about 12 
percent of lipids and 8 percent of pro
teins. The water contains ions and 
proteins with electrically charged side 
chains and is hence expected to be 
largely involved in the electric oscilla
tions that constitute consciousness; the 
lipids probably function mainly as in
sulating materials, and their electrical 
properties are presumably changed 
only slightly by the presence of non-
polar solute molecules of the non-hy
drogen-bonding anesthetic agents. More
over, the postulated change in phase 
from liquid to hydrate microcrystal, 
with a correspondingly great change in 
properties, provides an explanation of 
the large change in encephalonic activ
ity caused by a small amount of sub
stance, and there is no evidence to cause 
us to expect such a change in phase for 
the lipids. 

Agents That Function by 

Stabilization of Microcrystals 

Anesthetic agents that function by 
the stabilization of hydrate microcrys
tals may be divided into several classes, 
determined by the sizes and shapes of 
their molecules. Those of the first class 
may be defined as having molecules 
sufficiently small to fit into a pentagonal 
dodecahedron formed by 20 hydrogen-

bonded water molecules without seri
ous van der Waals repulsion. Those of 
the second class include the larger 
molecules that are able to fit into the 
hexagonal tetrakaidecahedron without 
serious van der Waals hindrance. Those 
of the third class are the still larger 
molecules that fit into the hexakaide-
cahedron without serious steric hin
drance. The molecules of other classes 
might fit into larger chambers in the 
hydrogen^bonded framework; for ex
ample, the tetra-n-butyl ammonium ion 
probably fits into the cavity formed by 
four contiguous tetrakaidecahedra 
about the tetrahedral position between 
four dodecahedra in the chlorine hy
drate structure, with the elimination 
of the water molecule at this position, 
as found in the crystal-structure study 
of the trialkylsulfonium crystal carried 
out by Jeffrey and McMullan (14). 
It seems likely that several kinds of 
microcrystals are formed in brain tis
sue, and that they are variously stabil
ized by anesthetic agents of the several 
classes. It might accordingly be ex
pected that the agents of different 
classes would act to some extent syner-
gistically (and also to some extent 
competitively, in that molecules of an 
agent of one class can occupy the 
larger polyhedra corresponding to the 
succeeding classes, with, however, less 
stabilizing effect than for its own poly
hedron because of the greater inter
molecular distance). Hence it may be 
suggested that a mixture of agents of 
the dodecahedral, tetrakaidecahedral, 
and hexakaidecahedral classes, such as 
CF., CF.C1 (or CF»Br), and CFC1. 
(or CFsCClBrH), would be a better 
anesthetic than any one substance. 

It is not unlikely that magnesium 
ion, Mg(OHj)«", acts as an anesthetic 
agent by stabilizing hydrate micro-
crystals. This ion, with its attached 
Water molecules, would become a part 
of the hydrogen-bonded framework. 
Molecules such as ethanol and tri-
bromoethanol, CBrjCH*OH, may be 
expected to participate in the forma
tion of microcrystals of hydrates in 
such a way that the molecule becomes 
a part of the hydrogen-bonded frame
work and also has a space-filling and 
van der Waals stabilizing effect. Other 
hydrogen-bond-forming narcotic agents 
may attach themselves by the forma
tion of hydrogen bonds to protein 
molecules in- a specific way so as to 
interfere specifically with certain en
cephalonic processes. The study of 
these specific effects will require the 
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detailed investigation of the proteins 
and other substances present in brain 
and nerve tissue. 

Related Studies 

Many experiments by means of 
which evidence about the proposed 
molecular theory of anesthesia may be 
obtained are suggested by the theory; 
some of them are being carried out in 
our laboratories. Studies of crystalline 
hydrate phases formed in the presence 
of anesthetic agents, ions, and pro
tein molecules or molecules and ions 
similar to protein side chains might 
yield interesting results. 

The "iceberg" theory of ionic solu
tions (17) and of hydration of proteins 
(18) is closely related to the hydrate 
microcrystal theory of anesthesia; the 
only change suggested for these the
ories is that the ordered arrangement 
of water molecules about the solute 
ions and protein side chains has one or 
another of the clathrate structures 
rather than the more compact ice-I 
structure. 

The hydrate microcrystal theory of 
anesthesia clearly suggests that the 
anesthetic agents should act on all tis
sues, and not just on brain and nerve 
tissue. It was pointed out nearly a cen
tury ago by Claude Bernard (19) that 
"an anesthetic agent is not just a 
special poison of the nervous system; 
it anesthesizes all elements, all tissues 
by numbing them, temporarily block
ing their irritability." Many studies of 
the effects of anesthetic agents on 
physiological processes other than 
thinking have been reported (20). 

At present there is little informa
tion available about the fraction of 
the aqueous phase in the brain that is 
changed into hydrate microcrystals 
during anesthesia, or about the dimen
sions of the microcrystals. Experiments 
now under way should provide some 
information. The results of density-
gradient ultracentrifuge studies of so
lutions of deoxyribonucleic acid by 
Hearst and Vinograd (21) indicate 
that at 25°C the nucleic acid molecules 
have about 50 water molecules of hy
dration per nucleotide residue at water 
activity near unity. This suggests that 
the microcrystals have linear dimen
sions of about 20 A or 30 A (for 
nucleic acid, of course, they continue 
along the Watson-Crick double helix). 
A hydrate cube with edge 30A con
tains about 750 water molecules. 
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Conclusion 

The hydrate-microcrystal theory of 
anesthesia by non-hydrogen-bonding 
agents differs from most earlier theories 
in that it involves primarily the inter
action of the molecules of the anes
thetic agent with water molecules in 
the brain, rather than with molecules 
of lipids. The postulated formation of 
hydrate microcrystals similar in struc
ture to known hydrate crystals of 
chloroform, xenon, and other anesthet
ic agents as well as of the substances 
related to protein side chains, entrap
ping ions and electrically charged side 
chains of protein molecules in such 
a way as to decrease the energy of 
electric oscillations in the brain, pro
vides a rational explanation of the ef
fect of the anesthetic agents in caus
ing loss of consciousness. The striking 
correlation between the narcotizing 
partial pressure of the anesthetic 
agents and the partial pressure neces
sary to cause formation of hydrate 
crystals provides some support for the 
proposed theory, but it is recognized 
that any theory based upon the van 
der Waals attraction of the molecules 
of the anesthetic agent for other mole
cules would show a similar correlation, 
inasmuch as the energy of intermolecu-
lar attraction is approximately propor
tional to the polarizability (mole re
fraction) of the molecules of the anes
thetic agent. The proposed theory is 
sufficiently detailed to permit many pre
dictions to be made about the effect 
of anesthetic agents in changing the 
properties of brain tissue and other sub

stances, and it should be possible to 
carry out experiments that will dis
prove the theory or provide substan
tiation for it. 
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INTRODUCTION 

During the past fifteen years many studies of ascorbic acid in relation to schizo
phrenia have been published.1 Our attention was brought to this field by the report by 
VanderKamp (1966) that a much larger intake of ascorbic acid is needed by hospital
ized chronic schizophrenics than by other persons to reach a standard concentration 
of the acid in their urine (later verified by Herjanic and Herjanic, 1967). After making 
a preliminary quantitative study of the urinary excretion of ascorbic acid, we con
ducted a loading test (determination of the amount of ascorbic acid eliminated in 
the urine during the 6-hour period following oral ingestion of a sample) with schizo
phrenic subjects in University Hospital of San Diego County and in Mesa Vista 
Hospital (a private hospital in San Diego, California), in each case with a parallel 
control group of normal subjects. The technique of administering the vitamin was 
then improved somewhat, and the program was broadened to include two other 

1 See Chapter 14 for a summary of these studies. 
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TABLE 2-1 . 

Nature of the Vitamin Loading Tests 

County, ascorbic acid: 
46 County patients (23F, 23M), 14 controls (7F, 7M) from UCSD and County 
staff; vitamin in orange juice:* 

County, niacinamide: 
26 County patients, 20 controls from UCSD and County staff; vitamin in gelatin 
capsule, with one glass of water. 

Mesa Vista, ascorbic acid: 
16 Mesa Vista patients, 16 controls from Mesa Vista staff; vitamin in orange juice 
(after breakfast); vitamin administered on eight consecutive days, urine collected on 
first and eighth days (five patients failed to complete the experiment). 

Patton-I, ascorbic acid, niacinamide, pyridoxine: 
35 Patton patients! (18F, 17M), 15 controls! from UCSD staff; vitamins in gelatin 
capsules, with one can of Nutrament§ (instead of breakfast), two glasses of water. 

Patton-2, ascorbic acid: 
28 Patton patients (13F, 15M), of whom 18 (8F, 10M) had been used also in 
Patton-1; vitamins same as Patton-1, two months after Patton-1; analysis performed 
for ascorbic acid only. 

Patton-(l + 2), ascorbic acid: 
44 Patton patients (22F, 22M); a combination of Patton-1 and Patton-2 where 
values for patients present in both Patton-1 and Patton-2 (8F, 10M) were averaged. 

Stanford, ascorbic acid, niacinamide, pyridoxine: 
44 controls (6F, 38M) from Stanford staff; vitamins in gelatin capsules, with one can 
of Nutrament (instead of breakfast), two glasses of water. 

* All vitamins administered orally. 
f One ascorbic acid sample and three niacinamide samples were lost during analysis. 
% Only 13 controls were used for niacinamide and 11 controls for pyridoxine. 
§ Nutrament breakfast drink is a registered brand name. 

vitamins, niacinamide and pyridoxine, that had been reported to be of benefit to 
some schizophrenic patients. This program was then carried out with a group of 
schizophrenics in Patton State Hospital, Patton, California, with a control group 
there and a larger control group of normal subjects at Stanford University (Table 
2-1). 

In all our studies the schizophrenic groups consisted of persons who had been 
diagnosed as such by two physicians. We attempted no differential diagnosis. 

THE LOADING TESTS 

The vitamins were given orally to each patient in a dosage proportional to the two-
thirds power of the body weight, with the constant such that a 200-pound subject 
received 0.01 mole of ascorbic acid and, if the other vitamins were being studied, 0.01 
mole of niacinamide and 0.005 mole of pyridoxine. (An exception was the Stanford 
study, in which for convenience each subject received the 200-pound dose of each 
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vitamin: 1.76 g of ascorbic acid, 1.22 g of niacinamide, and 1.03 g of pyridoxine 
hydrochloride.) Complete samples of urine were taken during the 2-hour period pre
ceding the oral dose of vitamins and for each of three 2-hour periods following. The 
samples were immediately frozen in solid carbon dioxide (after addition of 1 ml of 1 N 
hydrochloric acid solution—see section on experimental methods) and taken to the 
laboratory for later analysis by the methods described in the section on experimental 
methods. No interesting results were obtained from the first samples (before the oral 
dose), and the analytical values for this period are not given in this paper. Of the three 
later 2-hour samples, the values for a subject were usually proportional, with the 
fraction of the dose appearing in the urine during the second period usually about 
twice that in either the first or third period. To simplify the discussion, the sum of the 
three values (the fraction of the dose appearing in the urine during the period of 6 
hours following the oral administration of the dose) is discussed in this report. No 
significantly different conclusions were reached by consideration of the results of 
analysis of the separate 2-hour specimens. 

THE TESTS WITH ASCORBIC ACID 

The fractions of the oral dose of ascorbic acid present in the urine of the subjects 
during the next 6 hours are shown in Figure 2-1. The mean values for the five control 
groups are consistently higher than those for the five schizophrenic groups (the sixth, 
Mesa Vista 8th day, is discussed below). 

Because the experimental techniques changed somewhat in the course of the work, 
the most reliable comparisons are those between each schizophrenic group and its 
control group, which was studied at the same time and by the same methods. Appli
cation of the Wilcoxon series test (described, for example, by Sokal and Rohlf, 1969) 
showed that in each case the null hypothesis that the schizophrenic group and the 
control group are randomly selected groups from a uniform population is rejected 
with statistical significance. The level of confidence (1 — P, one-tailed) with which 
the null hypothesis is rejected has the following values: 

County 99.99 % 
Mesa Vista 99.6% 
Patton-1 99.993 % 
Patton-2 99.97% 
Patton-(l + 2) 99.996% 

We have formulated another method for statistical evaluation of the results. 
Examination of the distribution of the points for normal subjects in the earlier studies 
(County, Mesa Vista, Patton) showed that they were not distributed in accordance 
with a distribution function approximating the error function in either the fraction 
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eliminated or its logarithm, and indicated instead a sum of three such functions. The 
Stanford study, with 44 normal subjects, was carried out to check this point and, as 
can be seen from Figure 2-1, gave results supporting the earlier indication. A distri
bution function derived from the Stanford points by a method formulated by us is 
shown as the upper curve in Figure 2-2. This function is the sum of 44 error functions, 
representing the 44 experimental values. Each error function is normalized to unit 
area, centered on its point, and has standard deviation 2.5 times the logarithmic 
distance to the third nearest neighboring point. 

Stanford controls 

17 , 

Patton patients/ \ / \ 

3 4 5 8 10 15 20 25 30 40 
Ascorbic acid—percent recovery 

FIGURE 2-2. 
Probability-distribution curves, calculated as described in the text, for 
percent of ascorbic acid recovered in the six-hour urine for 44 Stanford 
control subjects (above) and for 44 Patton schizophrenic subjects (below). 

The distribution function shown in Figure 2-2 clearly indicates that with respect to 
the handling of ascorbic acid the 44 normal subjects are not essentially similar. The 
fraction of ascorbic acid eliminated in 6 hours differed from a normal (mean) value 
because of a number of randomly effective environmental and polygenic factors. The 
subjects are probably representative of three different populations: the high ex-
cretors (above 25 percent, 17/44), the medium excretors (17 to 25 percent, 16/44), and 
the low excretors (below 17 percent, 11/44). It seems to us unlikely that dietary 
differences would lead to such a distribution function. The reasonable hypothesis 
that the three groups result from two alleles / and h in a single gene locus, and repre
sent the genotypes // (low excretors), Ih (medium), and hh (high) could, of course, be 
checked by familial studies, which we have not as yet undertaken. 

The distribution curve for recovery of ascorbic acid by the Patton-(l + 2) com
bined group of 44 schizophrenic subjects is shown in the lower part of Figure 2-2. 
There is clear indication of three groups, centered on 3.5 percent, 10 percent, and 20 
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percent, respectively. If the division into separate groups, as indicated in Figure 2-2, 
is accepted, there are two obvious alternative explanations of the differences between 
the upper curve and the lower curve. The first explanation is that the factor of de
creased intake of ascorbic acid (poor nutrition of the schizophrenic subjects) operates 
to shift all values of percent recovery down. The normal peak around 27 percent 
would thus be shifted to 20 percent, that at around 22 percent to 10 percent, and that 
around 10 percent to 3.5 percent. The alternative is that the groups are not shifted, 
but instead the number of subjects in these groups is changed, with the top group, 
around 27 percent, much decreased in the schizophrenic subjects, and the groups 
around 10 percent and 3.5 percent much increased. Additional studies will be needed 
to check the reliability of this apparent division into groups and to distinguish 
between the alternative explanations of the differences between the distribution 
curves. There is no doubt, however, that there is a striking difference in the distri
bution of schizophrenic subjects and control subjects with respect to the recovery of 
an orally administered dose of ascorbic acid. 

Let us assume that the upper limit of the low-excretor group is 17 percent elimina
tion of the dose of ascorbic acid in 6 hours. The number of low excretors and the total 
group number are the following: 

Controls: County 7/14, Mesa Vista 6/16, Patton 3/15, Stanford 11/44. 
Schizophrenics: County 38/46, Mesa Vista 12/16, Patton-1 24/34, Patton-2 21/28, 
Patton-(l + 2) 31/44. 

Of the schizophrenic subjects 76 percent are low excretors, 2.5 times the incidence 
(30 percent) for the controls. 

The numbers of low excretors can be used in a second test of the null hypothesis 
that the schizophrenic group and its control group are selected randomly from the 
same population. The values of/2 for a two-by-two test of these groups lead to the 
following values of the confidence level of rejection of the null hypothesis: 

County 1 - P (two-tailed) > 99.5 % 
Mesa Vista > 96.5% 
Patton-(l +2) > 99.93 % 

The four control groups show no statistically significant differences with one an
other, and may be combined into a single control group, with 27 low excretors in 89 
subjects; similarly, the single combined schizophrenic group contains 81 low ex
cretors in 106 subjects. These numbers lead to rejection of the null hypothesis at the 
confidence level 1 - P (two-tailed) > 99.9999 percent (x

2 = 41.57). 
There is no doubt that the schizophrenic patients we studied differed significantly 

from the control groups in their elimination of ascorbic acid. It is known that 
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cigarette smokers tend to have low blood levels of ascorbic acid, but among our sub
jects there were few smokers, and they did not show a significant difference from the 
nonsmokers. For example, the average excretion for the five Stanford smokers was 
22.26 percent, as compared with 22.16 percent for all 44 Stanford subjects. (The 
Stanford subject with the lowest value, 5.16-percent excretion, was a cigarette 
smoker; the four others were not in the low group.) The sex of the subjects had no 
significant bearing on the results. 

EFFECT OF INCREASED INGESTION 
OF ASCORBIC ACID 

In the Mesa Vista series the loading test was repeated after extra ascorbic acid (1.23 
to 2.04 g) had been administered each day for seven days. The results of the test on the 
eighth day are shown in Figure 2-1. For the control group there was essentially no 
change: average recovery increased from 20.0 percent to 21.5 percent, and low 
excretors decreased from 7/16 to 5/16. For the 11 members of the schizophrenic 
group who were tested on the eighth day,2 however, there was a large change: average 
recovery increased from 11.3 percent for the 11 subjects to 21.7 percent, and low ex
cretors decreased from 9/11 to 3/11. There is a striking difference between the 
schizophrenic subjects and the control subjects not only in the number of low 
excretors but also in the response to an increased intake of ascorbic acid. We sur
mise that many of the schizophrenic subjects had a high degree of "tissue unsatura-
tion," which was rectified by the ingestion of about 10 g of extra ascorbic acid during 
the week of treatment. 

THE TESTS WITH NIACINAMIDE 

In Figure 2-3 the fractions of the oral dose of niacinamide found in the urine excreted 
by the subjects during the next 6 hours are shown. As was found for ascorbic acid, the 
mean values of the three control groups are consistently higher than those for the two 
schizophrenic groups by about 45 percent (as compared with 90 percent for ascorbic 
acid). Comparison of the County schizophrenic group with its control group and of 
the Patton schizophrenic group with its control group by the Wilcoxon sequence test 
showed that for each pair the null hypothesis that the two groups of the pair are 
randomly selected from a population uniform with respect to the handling of 

2 Five subjects failed to complete the 8-day study because of departure from the hospital. 
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niacinamide is rejected with statistical significance, at the following values of the 
level of confidence (1 — P, one-tailed): 

County 99.8% 
Patton 99.98% 

The niacinamide distribution function for the Stanford control group, calculated 
in the same way as for ascorbic acid (Figure 2-2), is shown in Figure 2-4. It is seen that 
a division into two or three groups is indicated, with one group consisting of the sub
jects with less than 6.4 percent of the dose of niacinamide, the low excretors. Of the 44 

Niacinamide—percent recovery 

FIGURE 2-4. 
Niacinamide-recovery probability-distribution curves for 44 Stanford 
control subjects (above) and for 32 Patton schizophrenic subjects (below). 

Stanford subjects, 19 (43 percent) are low excretors. The second peak indicates the 
medium excretors, of whom there are 15 (34 percent) if the upper limit of their range 
is taken (rather arbitrarily) at 8.5 percent. The remaining 10 high excretors (23 per
cent) have values of recovery from 8.6 to 19 percent. Low excretors constitute 40 per
cent (8/20) of the County controls, 38 percent (5/13) of the Patton controls, 79 percent 
(20/26) of the County schizophrenics, and 78 percent (25/32) of the Patton schizo
phrenics. The values of x2 for a two-by-two test of pairs of numbers lead to the follow
ing values of the confidence level of rejection of the null hypothesis: 

County 1— P (two-tailed) > 99.9% 
Patton > 99.9% 

The three control groups and the two schizophrenic groups may be combined, giving 
32 low excretors in 77 control subjects (42 percent) and 45 low excretors in 58 
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FIGURE 2-5. 
Values of percentages of an oral dose of pyridoxine found in the six-hour urine. 
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schizophrenic subjects (78 percent). The statistical significance of this difference is 
very high, 99.997 percent (x2 = 17.52). We conclude that with respect to their hand
ling of niacinamide the schizophrenic groups in our study are significantly different 
from the control groups. 

THE TESTS WITH PYRIDOXINE 

The results of loading tests with pyridoxine for 34 schizophrenic subjects in Patton 
State Hospital and their 11 control subjects and for 44 normal subjects in the Stan
ford test are shown in Figure 2-5. The mean value for each of the two control groups 
is 17 percent higher than that for the schizophrenic group. Application of the Wil-
coxon sequence test for the Patton schizophrenic group and its control group leads to 
rejection of the null hypothesis that the two groups are randomly selected from a 
population uniform with respect to the handling of pyridoxine at the confidence level 
1 — P greater than 95.7 percent. 

15 20 
Pyridoxine 

25 30 40 50 
percent recovery 

80 100 

FIGURE 2-6. 
Pyridoxine-recovery probability-distribution curves for 44 Stanford 
control subjects (above) and for 35 Patton schizophrenic subjects (below). 

The pyridoxine distribution functions for the Stanford control group and the 
Patton patients, calculated in the same way as for ascorbic acid (Figure 2-2), are 
shown in Figure 2-6. It is seen that there are indications of a division into three groups. 
The group of low pyridoxine excretors, up to 18 percent (vertical line in Figure 2-6), 
includes 11 of the 44 Stanford control subjects (25 percent), 1 of the 11 Patton control 
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subjects (9 percent), and 18 of the 35 Patton schizophrenic subjects (51 percent). The 
null hypothesis is rejected at the 99.2 percent confidence level by comparing Patton 
schizophrenics with the Patton control group, and at the 99.6 percent confidence 
level by comparing Patton schizophrenics with Patton controls plus Stanford con
trols. 

CORRELATION OF LOW VALUES 
IN THE THREE VITAMINS 

Loading tests with the three vitamins administered at the same time were carried out 
for 50 control subjects (Patton 6, Stanford 44) and for 31 schizophrenic subjects 
(Patton). Data on subjects with low excretion in one vitamin only, two vitamins, or 
all three are given in Table 2-2. 

If low values were the result of poor nutrition there would be positive correlation 
of the incidence, and the number of subjects low in all three would increase. The 
numerals in parentheses in Table 2-2 are calculated from the values of the incidences, 
assuming them to be independent of one another. The differences between observed 

TABLE 2-2. 

Correlation of Low Excretion in Three Vitamins in Schizophrenic and Control Subjects 

Characteristic 

Number of subjects 
Incidence of L(AA)C 

Incidence of L(Ni) 
Incidence of L(Py) 
L(AA) only 
L(Ni) only 
L(Py) only 
L(AA + Ni) 

L(AA + Py) 
L(Ni + Py) 

L(AA + Ni + Py) 
Not.low in any 

Controls" 

50 
0.320d 

0.460d 

0.240-' 

3 (6.6)* 
10(11.9) 

1 (4.4) 
6(5.6) 

4(2.1) 
4(3.8) 
3(1.8) 

19 (14.0) 

Schizophreni 

31 
0.742rf 

0.806d 

0.516* 
2 (2.2)' 

3(3.1) 
1 (0.8) 
8 (9.0) 

1 (2.3) 
2(3.3) 

12(9.6) 
2 (0.7) 

" Patton (6 subjects) plus Stanford (44 subjects). 
6 Patton. 
c AA = ascorbic acid, Ni = niacinamide, Py = pyridoxine. 
d Fraction of subjects with low excretion of the vitamin. 
' Values in parentheses are calculated from values of incidence, rows 2 to 4, assuming independence 

in incidence from one another. 
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and calculated numbers are not statistically significant, but there is some indication of 
positive correlation, especially for the control group (15 observed low in two or all 
three vitamins, 11.7 calculated). The values for the schizophrenic group (22 observed, 
23.7 calculated) indicate no correlation. 

A reasonable possibility is that positive correlation, resulting from poor nutrition 
(low intake of all three vitamins or poor assimilation of all three vitamins), operates 
for both groups, and is effectively cancelled for the schizophrenic group by another 
effect, peculiar to the schizophrenic population, that introduces negative correlation. 
Let us assume that correlation introduces a factor in the frequency of subjects low in 
two vitamins and another factor in the frequency of subjects low in three vitamins. 
The value of the first factor is about 5, and that of the second is about 25 (incidences 
0.10,0.35, and 0.10 for ascorbic acid, niacinamide, and pyridoxine, respectively, then 
give calculated values within 1.5 of the observed values). An effect that increased the 
number of subjects low in one vitamin only in the schizophrenic population (relative 
to those low in two or three) could account for the differences between the correla
tions for controls and schizophrenics in Table 2-2. This effect might be a change in 
genotype affecting one vitamin only, thus increasing the probability of hospitaliza
tion for schizophrenia. 

DISCUSSION AND SUMMARY 

Our studies have shown that there is a pronounced difference, with high statistical 
significance, in the response of groups of schizophrenic patients and control groups to 
orally ingested doses of ascorbic acid, niacinamide, and pyridoxine, as shown by the 
fractions of the ingested doses eliminated in the urine during the period of 6 hours im
mediately following the doses. The observations for ascorbic acid are in general 
agreement with the results of many earlier studies, summarized by Herjanic in 
Chapter 14; those for niacinamide and pyridoxine are, we believe, new. 

Our results indicate that for each of the three vitamins the population, either 
schizophrenic or normal, does not show a simple distribution function for the frac
tion of vitamin eliminated, but instead shows clustering into groups. The upper limit 
for the fraction excreted in 6 hours by low excretors has been taken as 17 percent, 6.4 
percent, and 18 percent for ascorbic acid, niacinamide, and pyridoxine. The low 
excretors of the individual vitamins in the normal population constitute about 30,40, 
and 20 percent, and in the schizophrenic population about 75, 80, and 50 percent, 
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respectively. About 60 percent of the control population and 94 percent of the 
schizophrenic population are low excretors for one or more of the three vitamins. 

The pattern of excretion of ascorbic acid is changed very little for the control sub
jects by the ingestion of 1 to 2 g of this vitamin per day for one week, but that for the 
schizophrenic subjects is shifted so that it becomes the same as for the controls. It is 
likely that the low excretors have a low body store of the vitamin, and that this store 
is brought up to the normal value by a sufficiently increased daily intake. 

The observations reported in Table 2-2 make possible some statements about the 
probability of hospitalization for schizophrenia of persons in different categories of 
vitamin excretion (assuming that the low excretors in the schizophrenic group would 
remain low excretors if they had been tested at other times, and that the control sub
jects represent the population as a whole). The ratio of the probability of hospitaliza
tion for schizophrenia of the various kinds of excretors to that for persons not low in 
any of the three vitamins is: low in one vitamin, probability 5 times as great; low in 
two vitamins, 8 times as great; low in all three vitamins, 40 times as great. 

Only 6 percent of our schizophrenic subjects were found by our tests not to be 
low in any of the three vitamins. A complete understanding of vitamins in relation 
to schizophrenia has not yet been obtained. There is uncertainty as to the relative 
contributions of genetic and environmental factors, and to the effect of the schizo
phrenic episodes and of hospitalization on the biochemical and physiological 
functioning of the patients. There is no uncertainty, however, about the fact that 
the great majority, 94 percent, of the hospitalized schizophrenic subjects studied by 
us show a low urinary excretion of one or more of the three vitamins which we have 
studied, and that this is an indication of a low content of vitamins in the body, 
which can be rectified by the methods of orthomolecular psychiatry—the increased 
daily intake of the vitamins, as discussed in other chapters of this book. 

These vitamins are inexpensive and they are almost entirely nontoxic and free of 
undesirable side reactions, as compared with ordinary drugs. Studies of individual 
patients might indicate which vitamins are especially needed. We feel, however, that 
at the present time these vitamin studies of individual patients need not be carried out 
before megavitamin therapy is instituted, because almost all schizophrenics are low 
excretors for at least one of the three vitamins, and an increased intake of any of these 
vitamins has small probability of doing harm, and large probability of doing good. 

This work may be summarized by the following statement: observations made by 
administration of an oral dose of ascorbic acid, niacinamide, and pyridoxine, and 
determination of the fractions excreted in the urine in the next 6 hours have shown 
that almost all of the schizophrenic patients studied are low excretors for one or more 
of the three vitamins. These results strongly support the use of megavitamin therapy 
for the prevention and treatment of schizophrenia. 
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EXPERIMENTAL METHODS 

Analysis for Ascorbic Acid by Iodine Titration 

All the urine samples were collected in 500-ml plastic bottles which contained 1 ml 
of 1 N HC1, to lower the/?H of the urine and thus inhibit the oxidation of ascorbic 
acid. The samples were kept frozen at —20°C until analysis. For the experiment using 
normal subjects at Stanford University, the samples were analyzed immediately after 
collection for ascorbic acid and were frozen in small glass bottles at —76°C for later 
analysis for niacinamide and pyridoxine. The analysis was performed as follows: add 
1 ml of 1 NHC1 to a 50-ml conical flask; add 10 ml mixed urine to flask; add about 
3 ml of chloroform; add a 1/4 inch magnetic stirring rod; place on magnetic stirrer 
and adjust to highest speed without splattering; titrate with I2 solution (6.25 g of I2 

and 20.0 g of KI in 2 liters of water, 0.0123 M) from a 5-ml buret. In making the end-
point determination, ignore the pink color that sometimes occurs immediately in the 
chloroform phase, titrate rapidly until the yellow color of iodine lingers at the point 
of addition, and then titrate very slowly until a lasting pink color is seen in the 
chloroform phase. The titrations were usually made in triplicate, and the iodine 
solutions were standardized every week by titrating weighed amounts of crystalline 
L-ascorbic acid. 

Analysis for Niacinamide by 
Microbiological Assay 

The analysis for niacinamide for all County subjects was done by the microbiological 
method described by Strohecker and Henning (1966) with use of a strain of Lacto
bacillus arabinosus (ATCC 8014) responding to niacin, niacinamide, and nicotinuric 
acid. The procedure was very time-consuming, and was discarded after the develop
ment of the chromatographic method described below. The measured amounts were 
converted by an empirical factor to correspond to the results of the chromatographic 
method. 

Analysis of Niacinamide by 
Gas-Liquid Chromatography 

Two 0.5-ml samples of urine for this analysis were stored at — 76 °C. A Varian-2100 
gas-liquid chromatograph with flame-ionization detectors was used. The column 
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was 5 percent Carbowax 20M on Chromosorb W (regular), with oven at 240°C and 
injector and detector at 250°C. The internal standard was 1.00 mg methylniacinamide 
in 1.00 ml of water. Standardization was achieved by analyzing 0.5-ml samples of 
water containing various amounts of niacinamide between 10 and 1,000 mg, with 
standardization runs made before and after each set of urine-sample runs. The 0.5-ml 
sample of urine (or niacinamide solution) was thawed and 100 ml of the internal 
standard was added. Then 1 pi or 2 pi was injected into the chromatograph. The 
only large peaks are those of methylniacinamide and niacinamide, and the amount of 
methylniacinamide in urine is very small compared with the amount added. 

Analysis of Pyridoxine by 
Gas-Liquid Chromatography 

Two 0.1 -ml samples of urine for this analysis were sto red at — 76 ° C in glass vials with 
teflon-lined caps. The chromatographic column was 1.5-percent OV-101 on Chromo
sorb G, with oven at 190°C, injector at 210°C, and detector at 220°C. The internal 
standard was heneicosane. Standardization runs before and after each set of urine 
analyses were made with 0.1-ml aqueous solutions containing between 10 and 
1,000 mg of pyridoxine. The 0.1-ml sample of urine (or pyridoxine solution) was 
dried in high vacuum, capped, and frozen. Then 0.5 mi of 1 : 1 solution of bis-
trimethylsilylacetamide in pyridine and 0.1 ml of pyridine containing 125 pg of 
heneicosane were added; the container was capped and shaken for 90 minutes, 
and 1 pi of the solution was injected into the chromatograph. 
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The discovery of the superoxide 
radical 

Linus Pauling 

Earlier this year Irwin Fridovich and H. Moustafa Hassan (May, 113) wrote of the toxic 
effects of the superoxide radical. Here Linus Pauling describes how this radical may have 
been the first important substance whose existence was predicted through arguments based 

on the theory of quantum mechanics. 

During the last decade I have been mainly 
interested in the use of vitamin C in pre
venting and treating viral diseases and 
cancer. Vitamin C (ascorbate) has the 
power of inactivating viruses in vitro, and 
Murata and Kitagawa [1] in 1973 pointed 
out that oxygen is involved in this inactiva-
tion, and suggested that the inactivation 
may occur as a result of the formation of 
the superoxide radical, O2 , or the hydrox
ide radical, OH. Morgan, Cone and Elgert 
[2] have reported that superoxide dismut-
ase has no effect on the reaction of superox
ide with viruses, but catalase suppresses it. 
The cleavage of DNA induced by ascor
bate is, however, unaffected by superoxide 
dismutase, although it is suppressed by 
catalase, so that it is probably the hydroxyl 
radical that is responsible for scission of 
DNA strands. 

The enzyme superoxide dismutase was 
discovered only ten years ago [3], It catal
yses the reaction of two superoxide radicals 
to give oxygen and hydrogen peroxide. 
Superoxide dismutase is found in all 
aerobic organisms. Obligate anaerobes, 
which do not contain superoxide dismut
ase, are killed in air, and Morgan, Cone and 
Elgert have suggested that the enzyme 
played a crucial role in the evolution of life 
as the partial pressure of atmospheric 
oxygen increased. The superoxide radical 
may well be the principal cause of oxygen 

Linus Pauling is associated with the Linus Pauling 
Institute of Science and Medicine, 2700 Sand Hill 
Road, California 94025, U.S.A. 

responds to resonance between the two 
structures He: He+ and He* :He [7]. At 
that time, 1931, I assigned to the oxygen 
molecule in its normal state the structure in 
which the two atoms are linked together by 
a single bond and two three-electron 
bonds. 

I had then not yet thought about the pos
sibility of the existence of the ion On , with 
a three-electron bond plus a single bond, 
corresponding to resonance between the 
two structures: 

toxicity, and superoxide dismutase may be 
essential for survival. 

During the last five years more papers 
have appeared on superoxide dismutase 
than on any other single enzyme (Malcolm 
and Coggins [4]) and a recent monograph 
on superoxide and superoxide dismutase 
[5] contains a history of the enzyme, but no 
history of its substrate. The superoxide rad
ical may well be the first important sub
stance to have been discovered through 
quantum mechanical arguments. In the 
early 1930s I wrote several papers about 
the nature of the chemical bond, the second 
of which dealt with the one-electron bond 
and the three-electron bond [6]. I pointed 
out that a stable one-electron bond can be 
formed only when there are two conceiv
able electronic states of the system with 
essentially the same energy, the states dif
fering in that for one there is an unpaired 
electron attached to the second atom. A 
three-electron bond can be formed be
tween two atoms, A and B, with A having 
an orbital occupied by a pair of electrbns 
and B having an orbital occupied by a 
single electron, or the reverse, if the ener
gies of these two structures are essentially 
the same. The resonance energy corres
ponding to the interaction of the two struc
tures is the energy of the three-electron 
bond. It is usually about 60% as great as the 
energy of a shared-electron-pair bond be
tween two atoms. I carried out a detailed 
calculation for the helium molecule ion, 
He2, in which the three-electron bond cor-

o-o and O-O 
A few months later this idea occurred to 
me, and I realized that the ion Oa , inter
mediate between molecular oxygen and 
hydrogen peroxide, should have enough 
stability to exist. I knew that when potas
sium, rubidium and cesium burn in oxygen, 
higher oxides are formed which were called 
tetroxides and were assigned the formulas 
K2O4, Rb204, and Cs20 in the reference 
books of inorganic chemistry. I also knew 
that the tetroxide ion, with the presumable 
structure of a chain containing three single 
oxygen-oxygen bonds, would be unstable, 
because of the well-known instability of the 
oxygen-oxygen single bond, as repre
sented in hydrogen peroxide [8]. It 
seemed likely, accordingly, that these sub
stances were in fact KO2, Rb02, CsOa, con
taining a unipositive alkali ion and the 
anion O2'". A test of this hypothesis could 
be made by measuring the magnetic sus
ceptibility of the substances, because the 
tetroxides would be diamagnetic and the 
compounds MO2, containing an anion with 
an odd number of electrons, would have 
the paramagnetism corresponding to one 
unpaired electron spin. I accordingly asked 
a postdoctoral fellow working with me, 
Edward W. Neuman, to prepare a sample 
of this oxide of potassium and to measure 
its magnetic susceptibility. He carried out 
this measurement, and found the magnetic 
susceptibility to be that corresponding to 
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an odd electron for every pair of oxygen 
atoms. 

I was at that time spending part of my 
time each year giving lectures in physics 
and chemistry in the University of Califor
nia, Berkeley. On 22 April 1933 in Ber
keley, in a discussion of the three-electron 
bond, I announced that Neuman had found 
the higher oxide of potassium to be para
magnetic, showing that it contains the radi
cal O2 , in which the atoms are held 
together by a single bond and a three-
electron bond. I pointed out that KO2 
should not be called potassium dioxide, 
because the term dioxide is usually 
reserved for compounds of quadrivalent 
metals, as in PbC>2, lead dioxide. Professor 
Wendell M. Latimer proposed the name 
potassium hypoperoxide, which I rejected. 
Professor E. D. Eastman and Professor W. 
C. Bray then both suggested that the sub 

stance be called potassium superoxide, 
with the radical CV called the superoxide 
ion or the superoxide radical. I accepted 
this suggestion, and Dr Neuman then pub
lished his paper (submitted for publication 
on 14 November 1933) with the title 
'Potassium Superoxide and the Three-
Electron Bond' [9]. 

I still retain an interest in structural 
chemistry, but in recent years I have also 
become increasingly interested in 
biochemistry and medicine, and it is a 
source of satisfaction to me that the 
superoxide radical, whose existence was 
predicted through arguments based upon 
the theory of quantum mechanics, should 
have turned out to be important in biology 
and medicine. Morgan, Cone and Elgert, in 
fact, have suggested that superoxide may 
have a role in phagocytosis, and have dis
cussed other biological and medical impli

cations of superoxide and superoxide dis-
mutase. 
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Biostatistical analysis of mortality data for cohorts 
of cancer patients 

(Hardin Jones principle/Kaplan-Meier renormalization) 
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Contributed by Linus Pauling, February 13, 1989 

ABSTRACT The Hardin Jones principle states that for a 
homogeneous cohort of cancer patients the logarithm of the 
fraction surviving at time t has a constant slope. With use of this 
principle, the survival times of the members of a heterogeneous 
cohort can be analyzed to divide the cohort into subcohorts with 
different mortality rate constants. Probable values of the 
additional survival time can be estimated for members surviv
ing at the closing date of a clinical trial, permitting them to be 
included in the biostatistical analysis of the results of the trial 
in a more significant way than through Kaplan-Meier renor
malization. 

Cancer continues to constitute a great problem. Although 
there has been significant progress in the prevention and 
treatment of some kinds of cancer during recent decades, 
most kinds still cannot be prevented or successfully treated. 

I have developed a powerful method of biostatistical anal
ysis of the observed survival times of cancer patients on the 
basis of the Hardin Jones principle, as described in the 
following sections of this paper. 

The Hardin Jones Principle 

In 1956 Hardin Jones made a penetrating analysis of the 
demography of the cancer problem (1). An important con
clusion that he formulated is that with a reasonably homo
geneous cohort of cancer patients, such as those with the 
same kind of cancer who have reached the terminal or 
untreatable stage (for example, breast cancer patients with 
metastases who have not responded favorably to high-energy 
radiation or chemotherapy), the rate of death is given by the 
equation 

where N is the number of survivors at time / and a is a 
constant, the probability of death in unit time for a member 
of the homogeneous cohort. Integration of this equation leads 
to 

N 
S = — = e--', [2] 

No 
in which N0 is the number of patients in the cohort at / = 0 
(the beginning of the study or the time of entrance of the 
patient into the study). This equation describes a first-order 
reaction; that is, the number of persons dying in unit time is 
a constant fraction of the number of survivors in the cohort, 
independent of the time. 

If for some reason patients leave the study, renormaliza
tion is usually made by the Kaplan-Meier method (2). 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
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Jones (1) reported the results of his analysis of about 50 sets 
of mortality data for cohorts of cancer patients on the basis 
of his principle, and Burch (3) reported similar results for 9 
sets. An example is given in figure 11.4 of ref. 3, which shows 
as a good straight line the logarithm of the percentage survival 
for 9159 women of all ages with localized breast cancer (data 
were obtained from the 1963 California Tumor Registry). My 
associate Zelek S. Herman and I have made many similar 
analyses of the survival data for presumably homogeneous 
cohorts of cancer patients, verifying the general validity of 
the Hardin Jones principle (unpublished studies). This prin
ciple accordingly provides a sound basis for the formulation 
of a biostatistical theory of cancer mortality. 

The Analysis of Trials Made on Cohorts Consisting of Two 
or More Significantly Different Subcohorts 

Jones (1) found that the logarithm of the fraction of the cohort 
surviving at time ( sometimes could be expressed as the sum 
of two or three exponential terms, rather than one, 

N v 
— = Z f,e-"". [3] 
N0 

For example, for women with metastatic breast cancer who 
were treated by the Halsted operation, 67% had 50% survival 
time h/2 (= 0.693/a) of 0.69 years and 33% had h/2 of 
4.25 years (1). For women seen initially without evidence of 
metastasis, there were three subcohorts: 36% with fy2 = 1.20 
years, 54% with fy2 = 5.37 years, and 10% with fi/2 = 35 years 
(1). Burch (3) resolved the logarithm of the percent survival 
of 13,392 women in California with breast cancer at all stages 
into the sum of two terms: 30% with 50% survival time ty2 = 
1.2 years and 70% with (i/2 = 9.1 years. 

A Theory of Modest Heterogeneity of a Cohort of 
Cancer Patients 

The Hardin Jones plot for some presumably homogeneous 
cohorts of cancer patients shows some curvature, such as to 
suggest a moderate amount of heterogeneity. A reasonable 
assumption is that there is an error function distribution of the 
activation energy of the rate constant, a, about a mean value 
of the activation energy corresponding to an intermediate 
value a0 of the rate constant. This assumption leads on 
expansion and integration to the introduction of a quadratic 
term: 

In 5 = -aat + pt2. [4] 

The parameter /3 is related to the standard deviation a in the 
activation energy error function by the equation 

4 \RT) 

3466 
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in which R is the molar gas constant and T is the absolute 
temperature. 

Mean Values of Powers of Survival Times for a 
Homogeneous Cohort 

The mean value (?") of the nth power of the survival time (for 
a homogeneous cohort is obtained by integrating the product 
of /" and the fraction -dS/dt dying between / and t + dt, 
which is ae~°": 

(t") = \oafe-M dt. [6] 

The known value of the definite integral leads to the equation 

«•> - ^ ^ - [7] 
a" 

Here the T function has values 0.9999422883,0.886227,1, and 
2for« = 0.0001,0.5, l ,and2, respectively. It is seen that the 
mean (t) is equal to 1/a. It is convenient to use the symbol T 
for 1/a, the reciprocal of the rate constant. 

From Eq. 7 we derive the following result: 

{(t")IT(n + l)}1'" = -=T. [8] 
a 

This equation is valid for every positive value of n for a 
homogeneous cohort with the values of t distributed in 
accordance with Eq. 2. Adherence to this equation accord
ingly provides a test for the homogeneity of a cohort. 

Another convenient method for evaluating T is to make use 
of the definite integral 

(In t) = Joln te-< dt = - y , [9] 

in which y is Euler's constant, with value 0.5772156649 . . . . 
In this equation T has been taken to have the value 1, so that 
T is equal to e~>zxp{\r\ t). 

T = ^expfln r> = 1.7810 exp(ln t). [10] 

Moreover, (In t)1/N'\ with Na the number of terms, is equal to 
{Wi)}'/N\ the N„th root of the product of the values of t, 
giving the following equation (equivalent to Eq. 10): 

T = 1.7810 {mti)}"N°. [11] 

The surviving fraction corresponding to exp(ln t) = 1 is e~y 

= 0.56146 . . . . 
Still another method is to calculate the slope of the line 

connecting the points on the Hardin Jones plot with the 
origin; the reciprocal of this slope for each point is a value of 
T: 

T, = -/,/ln S,. [12] 

Si is Nh the number of survivors (half integral) on the day /, 
when this number decreased by 1, divided by N„, the number 
of members in the original cohort. The mean of T, is 

T = <-r/ln Si). [13] 

The values of T for / small may be in significant error because 
a change in / by 1 day changes T by r 1 , and the values for t 
large may be in error because truncation of the cohort can 
make a large change in S. 

Table 1 gives results for a representative example of a small 
cohort (10 patients). The mean of the four values of T is 43.2 
days, and the mean deviation from the mean is 2.7 days, 
which is close to the 10% error expected for T determined by 
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Table 1. Mean values of survival times for a cohort of 10 
stomach cancer patients 

Method r, days 

1.7810 exp(ln t) 48.9 
{</'/J>/r(3/2)}2 43.7 
(t) 41.5 
{(r2>/2}'/! 38.7 

Mean 43.2 
The patients had reached the untreatable stage at time / = 0 and 

received no further treatment (group no. 1 in table 1 of ref. 4, all 
female, ages 56-66; ( = 5,8,12, 21, 29, 36, 41, 54, 85, and 124 days). 

any one of the four methods for a cohort of 10. Since the 
causes of error have different effects for the four methods, 
the mean of the values provides a better approximation than 
any one value. Accordingly, I recommend that this mean be 
presented as the value of T for a cohort. The value of (t) is 
usually close to this mean. 

For the 10-member cohort of Table 1, omitting one value 
of t leads to a mean deviation of ±9% for the value of T 
determined by any one of the four methods. For N0 members, 
the mean deviation is somewhat less than N„ ' . 

An Alternative to the Kaplan-Meier Renormalization 
Procedure in the Biostatistical Analysis of Survival Times of 
a Cohort of Cancer Patients Some of Whom Are Alive at the 
Termination Time of the Study 

In the Kaplan-Meier renormalization procedure (2), a mem
ber of the cohort who changes treatment, becomes unavail
able, is alive at the termination of a mortality study, or for 
some other reason can no longer be considered to be a 
member of the cohort is removed from the study, decreasing 
the number at risk by 1. Valuable information may be lost by 
this procedure if the fraction of dropouts is large, especially 
if the dropouts tend to occur at larger values of t. In the case 
of mortality studies of cancer patients, there is an alternative 
procedure, which is to use the Hardin Jones principle to 
predict the probable survival time t for the member of the 
cohort surviving at time t+ at the termination of the study. If 
the survivor is a member of a homogeneous cohort, the value 
of; for this survivor is given by the following equation, in 
which T is the mean survival time of the cohort: 

t = t+ + T. [14] 

For a cohort consisting of Na members with N„ alive at the 
termination date of the trial or on withdrawal from the trial, 
a first approximation value of T is T0, the mean value of r, and 
tf. The self-consistent value of r is then given by the 
following equation: 

T = T„/(1 - N£/Na). [15] 

This value of T is then to be added to each tf to obtain the 
estimated value of tt. 

For a cohort consisting of two subcohorts with fractions/! 
and/2 and mean survival times T! and T2, the mean expected 
additional survival time of a survivor is 

_ {/1T1exp(-r+/r1) +/2T2exp(-/+/T2)} 
T . [16] 

/ i e xp(- ( + /T i )+ / 2 exp(- f + /T) 
Values of / i , f2, TI, and T2 are to be obtained in a self-
consistent manner by consideration of all values off, includ
ing the predicted values for the survivors. For example, with 
a cohort of 15 patients with "untreatable" bronchial cancer 
who received daily doses of ascorbate (4) and who had values 
of r, from 17 to 460 days, including one survivor with t+ = 
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200+ days, the value of T increased from 137 to 146 days when 
t+ was replaced by r+ + T. 

A Subcohort with a Single Member 

With a single member, with survival time r, in a subcohort, 
the probability of survival at time t is e~'/T. When t/r is equal 
to 0.693, this probability is 1/2; this is accordingly the median 
of the values of T leading to the value t. The mean survival 
time is equal to T. It corresponds to the relation 

r=t. [17] 

If the sole member of the subcohort is still surviving at time 
r+ and the probable corresponding median value of the 
expected lifetime / is (+ + 0.6931 T, we obtain the equation 

T = 3.2589 t+ [18] 

for T and the expected lifetime, after entry into the study, for 
the survivor 

t = 3.2589 t+. [19] 

Dividing a Cohort into Two Subcohorts 

If a cohort can be represented as the sum of two homoge
neous subcohorts, with mean survival times TX and T2 and 
coefficients/i and/2 (/x + / 2 = 1), the three parameters may 
be evaluated from three independent properties of the set of 
values of/. For example, the three properties <r'/2), (f), and 
(t2) provide a set of equations that can be solved for the 
unknowns. A large and truly representative cohort is needed 
for this analysis to be successful. 

Another method makes use of three points, Si(fi), S2(r2), 
and S3O3), on a smoothed Hardin Jones plot of In S vs. t. For 
one set of 130 breast cancer patients (4), this treatment with 
S = 0.5, 0.25, and 0.0625 gave/i = 0.45, f2 = 0.55, n = 29 
days, and T2 = 83 days. This method is unreliable for small 
cohorts. An alternative is to make a least-squares fit to all the 
points on a Hardin Jones plot with a two-term function or, if 
the cohort is very large, to carry out a Laplace transforma
tion. 

Treatment of a Cohort with Several Survivors 

With the assumption that the cohort, with N0 members, 
consists of two subcohorts, the following treatment can be 
used. There are N£ survivors, with survival times greater 
than tj~, and Na - A^,others, with known survival times (,. 
The value of TI for the latter is taken to be TI = (r,). The 
quantity exp(—fiV^i) is then calculated for each tf and 
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assumed to be the probability that this member is a member 
of the first subcohort. The value of T2 is evaluated by Eq. 15 
with No decreased by subtracting 2 exp(-t?/T\). The values 
of r, for the surviving patients are found from the equation 

t, = T2 - (T2 - Ti)exp(-fjVTi). [20] 

Outliers 

An outlier is a member of a cohort with such a large value of 
t that it is likely that the member belongs to a separate 
subcohort. Many examples could be quoted. In one cohort 
the survivor had t* = 857+ days (alive at the termination date 
of the study), with the other 16 members of the cohort of 17 
untreatable patients with bronchial cancer having values of / 
from 16 days to 450 days. The value of TX for these 16 
members is 152 days (5). With this value of TI, the value of 
N0 e'1*'7 for t+ = 857 days is 5.7%, and for / = 2793 days, the 
probable survival time of the outlier, it is about 10~7. Ac
cordingly this cohort consists of a 16-member subcohort with 
i\ = 152 days and a one-member subcohort with T2 = 2793 
days. 

Discussion 

The Hardin Jones principle that the death rate of members of 
a homogeneous cohort of cancer patients is constant is 
supported by much empirical evidence. The use of this 
principle permits powerful methods of biostatistical analysis 
of cancer mortality data to be formulated. Heterogeneous 
cohorts can be resolved into two or more homogeneous 
subcohorts. Probable values of additional survival times of 
members of a cohort who have not yet died at the end of a 
study can be estimated, permitting a method of analysis to be 
carried out that provides more information than that given by 
Kaplan-Meier renormalization. Outliers, members of a sub-
cohort with very large survival time, can be identified. These 
methods are especially useful in interpreting survival times 
for small cohorts. 

I thank Ewan Cameron, Zelek S. Herman, and Dorothy Munrofor 
their help. This investigation was supported by grants from the Japan 
Shipbuilding Industry Foundation and other donors to the Linus 
Pauling Institute of Science and Medicine. 
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Criteria for the validity of clinical trials of treatments of cohorts of 
cancer patients based on the Hardin Jones principle 
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Linus Pauling Institute of Science and Medicine, 440 Page Mill Road, Palo Alto, 

Contributed by Linus Pauling, May 8, 1989 

ABSTRACT With the assumption of the validity of the 
Hardin Jones principle that the death rate of members of a 
homogeneous cohort of cancer patients is constant, three 
criteria for the validity of clinical trials of cancer treatments are 
formulated. These criteria are satisfied by most published 
clinical trials, but one trial was found to violate all three, 
rendering the validity of its reported results uncertain. 

The Hardin Jones Principle 

In 1956 Hardin Jones (1) pointed out that the death rate is 
constant for a presumably homogenous cohort of cancer 
patients, such as those with breast cancer with generalized 
advanced metastasis and classed inoperable when originally 
observed. For such a homogeneous cohort the fraction 
surviving, S, at time / is given by Eq. 1, in which a is the death 
rate: 

S = e~°". [1] 

A plot of In 5 against t is then a straight line, with negative 
slope equal to a. An example, from Burch (2), is shown in Fig. 
1, and another example, from Cameron and Pauling (3), in 
Fig. 2. Sometimes, as has been pointed out in a recent 
discussion (4), resolution of the survival curve into the sum 
of two or more Hardin Jones exponentials, with death rates 
a, and coefficients /,-, can be made: 

5 = Z / / e - a " . [2] 

An example is given in Fig. 3. 
Some uses of the Hardin Jones principle, such as the 

identification and characterization of a long-lived subcohort 
in a heterogeneous cohort, have been discussed in earlier 
papers. Another use is in formulating criteria for the reliabil
ity of reported clinical trials of treatments of cancer patients, 
as discussed below. 

The First Criterion of the Validity of a Trial of the 
Effectiveness of a Treatment of a Cohort of Cancer Patients 

In order to increase the significance of the study, the cohort 
should be reasonably homogeneous, so that Eq. 1 or Eq. 2 
can be applied in the analysis of the data. Moreover, the 
treatment of all the members of the cohort should be the 
same, and it should be continuous and unchanged from the 
time t = 0 when the patient enters the trial until the time t 
when the patient dies or / + when, without dying, is with
drawn from the set of survivors at risk. Any patient who stops 
the treatment or changes the treatment at any t+ should be 
removed from the study and included in the analysis by the 
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Kaplan-Meier renormalization procedure (5) or the alterna
tive procedure developed in ref. 4. If the trial is to test the 
later response of a patient to a short-term course of treatment 
(with or without a following continuous treatment), the time 
/ = 0 is to be taken as the time at which the short-term course 
was completed, with only those patients who survived the 
course included in the cohort. 

The Second Criterion 

For more than 200 studies of survival of cohorts of cancer 
patients examined by us, we have found that the Hardin 
Jones straight line passes through the 100% axis at time / = 
0. No statistically significant lag period during which no 
deaths occur is observed. A trial producing a set of survival 
times with a significant lag period, during which the value of 
a would lead to the expectation that several deaths would 
occur, can be considered to be faulty. 

The Third Criterion 

If the cohort is heterogeneous and the study is properly 
carried out, with conditions constant during the period of the 
study, the semilogarithmic survival curve must bend away 
from the Hardin Jones initial straight line only in the direction 
of increased survival times for the longer-term survivors, as 
shown in Fig. 3. This is, of course, to be expected, since the 
subcohort of patients with shorter life expectancy is depleted, 
leaving the subcohort with longer life expectancy. The ob
servation of a deviation of the curve in the opposite direction 
indicates faulty design or execution of the trial. For example, 
after the death of many or most of the patients in the 
subcohort with high death rate, some of the survivors might 
have had their treatment changed in such a way as to increase 
their death rate. Under our first criterion, they should at that 
time have been removed from the study. 

An Example of a Study that Fails to Meet These Criteria 

We have found a reported clinical trial that fails on each of the 
three criteria for validity discussed in the preceding sections 
(6). 

This study, described as a randomized double-blind com
parison of vitamin C (10 g per day) and a lactose placebo in 
100 patients with advanced adenomatous colorectal cancer, 
gave survival times published only in a Kaplan-Meier figure. 
We have measured the published curves and produced the 
semilogarithmic plot shown as Fig. 4. 

Each of the 51 vitamin-C patients received vitamin C for 
some time (median stated to be 2.5 months). The vitamin C 
was stopped for 19 patients with clearly measurable areas of 
malignant disease when there was a 50% increase in the 
product of the perpendicular diameters of any of these areas 
and for the other 32 when there was some other evidence of 
progression of the disease. Each of the 51 patients then 
entered a period of no treatment, during which some of them 

6835 
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FIG. 1. Logarithm of percent survival of 5159 California women 
of all ages with localized breast cancer (after ref. 2); h/ - 18.0 years. 

died. Then 30 of them entered a third period, after, the 
authors say, they had "discontinued participation in this 
study." This was the period during which they received 
chemotherapy, mostly with fluorouracil, either alone or in 
combination with other agents. There were accordingly, by 
our first criterion, four separate periods for the patients: the 
period of regular intake of vitamin C, the following period of 
no treatment (with some possible aftereffects of the earlier 
vitamin C), the period of the chemotherapy treatment, and 
the period after the end of the course of chemotherapy. 

The authors treat the data, however, as though it were a 
single clinical trial. This violates the first criterion of validity. 

As shown in Fig. 4, the second criterion is also violated. 
The Hardin Jones straight line has an unexplained intercept. 

The third criterion is also violated, in that after 350 days the 
death rate increases significantly. 

All three criteria are also violated by the study of the 49 
patients who began taking a placebo, then stopped it and 
entered the period of no treatment, then (28 of them) received 
chemotherapy, and then entered into the fourth period, with 
no treatment. 

We are not able to explain the lag period of 70 days (Fig. 
4), during which only one patient died, rather than about 25 
expected from the Hardin Jones principle. Also, we are not 
able to make a good biostatistical analysis of the death rates 
under the four separate conditions (vitamin C or placebo 
being taken, no treatment, chemotherapy being given, then 
no treatment), because we could not obtain information about 
the times during which the individual patients were in each of 
these four periods. One conclusion, however, is certain: this 
study provides no information about the value of a continued 
intake of 10 g per day of vitamin C in extending survival time, 
because none of the patients died while taking the vitamin. 
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FIG. 2. Logarithm of percent survival of 130 Scottish patients 
with untreatable cancer of the colon (after ref. 3), compared with Eq. 
1 (straight line) with average rate constant a = 2.58 x 10~2 d -1 (d/2 
= 26.9 d). 
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FIG. 3. Logarithm of percent survival of 13,392 California 
women of all ages and with breast cancer of all degrees of severity, 
roughly resolved into two negative exponential functions, one with 
h/j = 1.7 years and one with d/2 = 16.6 years (after ref. 2). 

Another conclusion can also be reached from the violation 
of the third criterion. It is that the life expectancy of these 
patients was decreased somewhat by chemotherapy. 

It has been pointed out (ref. 7, page 117) that the sudden 
stopping of high doses of vitamin C leads to a rebound effect 
that may be dangerous for cancer patients. During the period 
from 70 to 120 days 10 vitamin-C patients died and only 4 
placebo patients. Also, the reported death rate during this 
period for the vitamin-C patients was significantly greater 
than during the following 300 days. The fact that this in
creased death rate occurred immediately after the median 
withdrawal date of the vitamin C, 75 days, suggests that it 
may have been caused by the rebound effect. 

The administration of chemotherapy to 58 patients who had 
withdrawn from the study had begun by 250 days, when 58 
were still alive (Fig. 4). At about 350 days the death rate 
increased. It is certain, from the Hardin Jones principle, that 
something had changed in the treatment or environment of 
the patients, and the conclusion that this change was the 
administration of chemotherapy seems to be justified. 

Conclusion 

Three biostatistical criteria have been formulated for the 
validity of clinical trials of treatments of cancer patients. The 
first criterion is that the regimen of a patient in the cohort 
should not be changed during the period of the trial; if it is 
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FIG. 4. Logarithm of the Kaplan-Meier survival percentage S for 
advanced colorectal cancer patients for two cohorts (vitamin C and 
placebo) as a function of the time < from onset of treatment (data from 
ref. 6). 
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changed, the patient should be withdrawn from the trial. The 
second criterion is that the Hardin Jones line on a semilog-
arithmic plot of the fraction surviving at time t should go to 
100% at time 0; deviation by a significant amount indicates 
some sort of error in reporting the time at which patients 
entered the study. The third criterion is that the semiloga-
rithmic curve should not deviate from the initial Hardin Jones 
straight line in the direction of increased mortality at later 
times. Such a deviation shows that the regimen has been 
changed for some members of the cohort, who should then 
have been removed from the study. 

We have found that most of the reported results of clinical 
trials of cohorts of cancer patients satisfy these criteria of 
validity. One study, however, fails by all three. The conclu
sion reached in that study, that ascorbic acid has no more 
value than lactose in extending the survival of patients with 
advanced colorectal cancer, is not justified. 

We thank Ewan Cameron and Dorothy Munro for their help. This 
investigation was supported in part by a grant from the Japan 
Shipbuilding Industry Foundation and other donors to the Linus 
Pauling Institute of Science and Medicine. 
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Orthomolecular Psychiatry 

Varying the concentrations of substances normally 
present in the human body may control mental disease. 

The methods principally used now 
for treating patients with mental disease 
are psychotherapy (psychoanalysis and 
related efforts to provide insight and to 
decrease environmental stress), chemo
therapy (mainly with the use of power
ful synthetic drugs, such as chlorproma-
zine, or powerful natural products from 
plants, such as reserpine), and convul
sive or shock therapy (electroconvulsive 
therapy, insulin coma therapy, pentyl
enetetrazol shock therapy). I have 
reached the conclusion, through argu
ments summarized in the following par
agraphs, that another general method of 
treatment, which may be called ortho-
molecular therapy, may be found to be 
of great value, and may turn out to be 
the best method of treatment for many 
patients. 

Orthomolecular psychiatric therapy is 
the treatment of mental disease by the 
provision of the optimum molecular en
vironment for the mind, especially the 
optimum concentrations of substances 
normally present in the human body (1). 
An example is the treatment of phenyl-
ketonuric children by use of a diet con
taining a smaller than normal amount 
of the amino acid phenylalanine. Phe
nylketonuria (2) results from a genetic 
defect that leads to a decreased amount 
or effectiveness of the enzyme catalyz
ing the oxidation of phenylalanine to 
tyrosine. The patients on a normal diet 
have in their tissues abnormally high 
concentrations of phenylalanine and 
some of its reaction products, which, 
possibly in conjunction with the de
creased concentration of tyrosine, cause 
the mental and physical manifestations 
of the disease (mental deficiency, severe 
eczema, and others). A decrease in the 
amount of phenylalanine ingested re
sults in an approximation to the normal 
or optimum concentrations and to the 

Linus Pauling 

alleviation of the manifestations of the 
disease, both mental and physical. 

The functioning of the brain is de
pendent on its composition and struc
ture; that is, on the molecular environ
ment of the mind. The presence in the 
brain of molecules of Af,N-diethyl-D-
lysergamide, mescaline, or some other 
schizophrenogenic substance is associ
ated with profound psychic effects (3). 
Cherkin has recently pointed out (4) 
that in 1799 Humphry Davy described 
similar subjective reactions to the in
halation of nitrous oxide. The phenom
enon of general anesthesia also illus
trates the dependence of the mind 
(consciousness, ephemeral memory) on 
its molecular environment (5). 

The proper functioning of the mind 
is known to require the presence in the 
brain of molecules of many different 
substances. For example, mental disease, 
usually associated with physical disease, 
results from a low concentration in the 
brain of any one of the following vita
mins: thiamine (Bi), nicotinic acid or 
nicotinamide (B3), pyridoxine (B6), 
cyanocobalamin (Bi2), biotin (H), ascor
bic acid (C), and folic acid. There is 
evidence that mental function and be
havior are also affected by changes in 
the concentration in the brain of any of 
a number of other substances that are 
normally present, such as L(+)-glutamic 
acid, uric acid, and y-aminobutyric acid 
(6). 

Optimum Molecular Concentrations 

Several arguments may be advanced 
in support of the thesis that the opti
mum molecular concentrations of sub
stances normally present in the body 
may be different from the concentra
tions provided by the diet and the gene-

controlled synthetic mechanisms, and, 
for essential nutrilites (vitamins, essen
tial amino acids, essential fatty acids) 
different from the minimum daily 
amounts required for life or the "rec
ommended" (average) daily amounts 
suggested for good health. Some of 
these arguments are presented in the 
following paragraphs. 

Evolution and Natural Selection 

The process of evolution does not 
necessarily result in the normal provi
sion of optimum molecular concentra
tions. Let us use ascorbic acid as an 
example. Of the mammals that have 
been studied in this respect, the only 
species that have lost the power to syn
thesize ascorbic acid and that accord
ingly require it in the diet are man, 
other Primates (rhesus monkey, Formo-
san long-tail monkey, and ring-tail or 
brown capuchin monkey), the guinea 
pig, and an Indian fruit-eating bat 
(Pteropus medius) (7). Presumably the 
loss of the gene or genes controlling the 
synthesis of the enzyme or enzymes in
volved in the conversion of glucose to 
ascorbic acid occurred some 20 million 
years ago in the common ancestor of 
man and other Primates, and occurred 
independently for the guinea pig and 
for one species of bat and one bird, in 
each case in an environment such that 
ascorbic acid was provided by the food. 
For a mutation rate of 1/20,000 per 
gene generation and for even a very 
small advantage for the mutant (0.01 
percent more progeny) the mutant 
would replace the earlier genotype with
in about 1 million years. The advantage 
to the mutant of being rid of the ascor
bic-acid-synthesis machinery (decrease 
in cell size and energy requirement, 
liberation of machinery for other pur
poses) might well be large, perhaps as 
much as 1 percent; a disadvantage 
nearly as large (less by 0.01 percent) 
resulting from a less than optimum sup
ply of dietary ascorbic acid would not 
prevent the replacement of the earlier 
species by the mutant. Hence, even if 
the amount of the vitamin provided by 
the diet available at the time of the mu
tation were less than the optimum 
amount, the mutant might still be able 
to replace its predecessor. Moreover, it 
is possible that the environment has 
changed during the last 20 million years 

The author it professor of chemistry in resi
dence at the University of California, San Diego, 
P.O. Box 109, La Jolla, California 92037. 
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Fig. 1 (left). Diagrammatic representation of growth rate or other vital property of an organism as function of the concentration of 
vital substance in the organism, showing the concentration at which the differential advantage of an increased amount of vital sub
stance is just balanced by the differential disadvantage resulting from an increased amount of machinery for synthesis, and the con
centration that gives optimum functioning without consideration of the burden of the machinery for synthesis. Fig. 2 (right). The 
observed rate of growth of a pyridoxine-requiring Neurospora mutant (Beadle and Tatum, 1941), as function of the concentration 
of pyridoxine in the medium. 

in such a way as to provide a decreased 
amount of the vitamin. Even a serious 
disadvantage of the changed environ
ment would not lead to a mutation re
storing the synthetic mechanism within 
a period of a few million years, because 
of the small probability of such muta
tions, far smaller than of those resulting 
in loss of function. 

Moreover, the process of natural se
lection may be expected later on to lead 
to the survival of a species or strain that 
synthesizes somewhat less than the opti
mum amount of an autotrophic vital 
substance rather than of the species or 
strain that synthesizes the optimum 
amount. To synthesize the optimum 
amount requires about twice as much 
biological machinery as to synthesize 
half the optimum amount. As suggested 
in Fig. 1, the evolutionary disadvantage 
of synthesizing a less than optimum 
amount of the vital substance may be 
small, and may be outweighed by the 
advantage of requiring a smaller amount 
of biological machinery. Evidence from 
the study of microorganisms is discussed 
in the following paragraphs. 

Evidence from Microbiological 

Genetics 

Many mutant microorganisms are 
known to require, as a supplement to 
the medium in which they are grown, a 
substance that is synthesized by the 
corresponding wild-type organism (the 
normal strain). An example is the 
pyridoxine-requiring mutant" of Neuro
spora sitophila reported by G. W. 
Beadle and E. L. Tatum in their first 

Neurospora paper, published in 1941 
(S). Several species of Neurospora that 
have been extensively studied are known 
to be able to grow satisfactorily on syn
thetic media containing inorganic salts, 
an inorganic source of nitrogen, such as 
ammonium nitrate, a suitable source of 
carbon, such as sucrose, and the vitamin 
biotin. All other substances required by 
the organism are synthesized by it. 
Beadle and Tatum found that exposure 
to x-radiation produces mutant strains 
such that one substance must be added 
to the minimum medium in order to 
permit the growth at a rate approximat
ing that of the normal strain. Their 
pyridoxine-requiring mutant was found 
to grow on the standard medium at a 
rate only 9 percent of that of the normal 
strain. When pyridoxine (vitamin B6) is 
added to the medium, the rate of growth 
of this strain at first increases nearly 
linearly with the concentration of the 
added pyridoxine and then increases 
less rapidly, as shown in Fig. 2 (9). The 
growth rate of the normal strain without 
added pyridoxine is equal to that of the 
mutant with about 10 micrograms of 
the growth substance per liter in the 
medium. At a concentration about four 
times this value (40 micrograms per 
liter) the growth rate of the mutant 
strain reaches a value 7 percent greater 
than that of the normal strain without 
added pyridoxine. 

The point of maximum curvature of 
the curve in Fig. 2, at about 3.2 micro
grams of pyridoxine per liter (indicated 
by a cross), may be reasonably consid
ered to mark the division between the 
region of vitamin deficiency (to the left) 
and the region of normal vitamin supply 

(to the right), such as might permit the 
mutant to compete with the wild type, 
which has the growth rate represented 
by the filled circle in Fig. 2. The point 
marked by the cross might well cor
respond to an "adequate" or "recom
mended" amount of the vitamin, in that 
the growth rate of the mutant is only 12 
percent less than that of the wild strain, 
and that the amount of the vitamin 
would have to be increased threefold to 
make up this 12 percent (10). 

As shown in Fig. 2, quadrupling the 
concentration of pyridoxine that gives 
the mutant a growth rate equal to that 
of the wild type causes a further in
crease in growth rate by nearly 10 per
cent. The growth rates of the mutant 
and the wild type at very large concen
trations of the vitamin have not been 
measured, so far as I know, and the 
optimum concentration is not known. 
From the work of Beadle and Tatum 
the optimum concentration may be 
taken to be greater than 40 micrograms 
per liter; that is, more than ten times 
the "adequate" concentration for the 
mutant and more than four times the 
concentration equivalent to the synthe
sizing capability of the wild type. The 
growth rate of the mutant at the opti
mum concentration is more than 22 per
cent greater than that at the "adequate" 
concentration and more than 9 percent 
greater than that of the normal strain. 

Similar results have been reported for 
other mutants of Neurospora. The val
ues found by Tatum and Beadle (11) 
for a p-aminobenzoic-acid-requiring 
mutant of Neurospora crassa as a func
tion of the concentration of p-amino-
benzoic acid added to the standard 
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medium are shown in Fig. 3 . The 
growth-rate curve is similar in shape to 
that for the pyridoxine-requiring mu
tant. The value of the growth rate for 
the normal strain of Neurospora crassa 
with no added p-aminobenzoic acid is 
equal to that for the mutant at a con
centration of added p-aminobenzoic 
acid of about 15 micrograms per liter. 
A value about 4 percent greater is found 
for the normal strain at 40 micrograms 
per liter and for the mutant strain at 80 
micrograms per liter, as indicated in 
Fig. 3. 

It is customary to plot values of the 
growth rate against the logarithm of the 
concentration of the growth substance, 
as shown in Fig. 4. The amount of in
crease accompanying a doubling in the 
concentration of the growth substance 
is a maximum at 1.25 to 2.5 micro
grams per liter, and decreases thereafter 
to about half the value for each succes
sive doubling. 

F rom these two examples we see that 
there may be a significant increase in 
rate of growth of the normal strain 
through addition of some of the growth 
substance that it synthesizes to the me
dium in which it is grown; that is, that 
the amount of the growth substance that 
is synthesized by the normal strain is 
not the opt imum amount, but is some
what less—approximately 7 percent less 
in the case of pyridoxine (with the nor
mal strain of Neurospora sitophila) and 
4 percent less for p-aminobenzoic acid 
(with the normal strain of Neurospora 
crassa). Many other examples are 
known of microorganisms that grow 
more abundantly in a medium contain

ing vitamins, amino acids, or other sub
stances that they are able to synthesize 
than on a minimum medium. 

Evidence supporting the above argu
ments has been presented recently by 
Zamenhof and Eichhorn (11a) in a 
paper entitled "Study of microbial 
evolution through loss of biosynthetic 
functions: Establishment of 'defective' 
mutants ." These authors carried out ex
periments involving competitive growth 
in a chemostat of an auxotrophic 
mutant (a mutant requiring a nutrilite) 
and a prototrophic parent in a medium 
of constant composition containing the 
nutrilite. They found that the "defec
tive" mutant has a selective advantage 
over the prototrophic parental strain 
under these conditions. F o r example, 
an indole-requiring mutant of Bacillus 
subtilis was found to show a strong 
selective advantage over the prototro
phic back-mutant when the two were 
grown together in a medium contain
ing t ryptophan: the relative number of 
cells of the latter decreased 106-fold in 
54 generations. They also found that 
greater advantage to the auxotroph 
accompanies a greater number of bio
synthetic steps that have been dispensed 
with (earlier block in a series of reac
tions), with the final metabolite avail
able. They point out that a mutant with 
a gene deletion would be at a distinct 
selective advantage over a point mu
tant, in that not only the synthesis of 
the metabolite, but also that of the 
structural gene, the messenger RNA, 
and perhaps the inactive enzyme itself 
would be dispensed with, and that ac
cordingly the mutant with a deletion 

would replace the point mutant in com
petition. They mention evidence that 
some of the "defective" strains occur
ring in nature have lost one or more 
of their structural genes by deletions, 
rather than by point mutations. 

Molecular Concentrations and 

Rate of Reaction 

Most of the chemical reactions that 
take place in living organisms are cata
lyzed by enzymes. The mechanisms of 
enzyme-catalyzed reactions in general 
involve (i) the formation of a complex 
between the enzyme and a substrate 
molecule and (ii) the decomposition of 
this complex to form the enzyme and 
the products of the reaction. The rate-
determining step is usually the decom
position of the complex to form the 
products, or, more precisely, the transi
tion through an intermediate state of 
the complex, characterized by activation 
energy less than for the uncatalyzed re
action, to a complex of the enzyme and 
the products of reaction, with a rapid 
dissociation. Under conditions such that 
the concentration of the complex cor
responds to equilibrium with the en
zyme and the substrate, the rate of the 
reaction is given by the following equa
tion [the Michaelis-Menten equation 
(12)]: 

R 
dlS] 

dl 

kE [S] 
(1) 

[S] + (l/K) 

In this equation [S] is the concentra
tion of the substrate, E is the total con-
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Fig 3 (left). The observed rate of growth of a p-aminobenzoic-acid-requiring Neurospora mutant (Tatum and Beadle, 1942), as 
function of concentration of the growth substance in the medium. Fig. 4 (right). Observed rate of growth of a p-aminobenzoic-
acid-requiring Neurospora mutant as function of the logarithm of the concentration of p-aminobenzoic acid. 
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centration of enzyme (present both as 
free enzyme and enzyme complex), K 
is the equilibrium constant for forma
tion of the enzyme complex £5, and k 
is the reaction-rate constant for decom
position of the complex to form the 
enzyme and reaction products. This 
equation corresponds to the case in 
which there are no enzyme inhibitors 
present. 

Values of the reaction rate calculated 
from this equation for different values 
of K ace shown in Fig. 5. The curves 
are similar in shape to those of Figs. 2 
and 3. At concentrations much smaller 
than K-1 the reaction rate is propor
tional to the concentration of substrate. 
At larger concentrations, as the amount 
of enzyme complex becomes compa
rable to the amount of free enzyme, the 
reaction rate changes from the linear 
dependence. At substrate concentration 
equal to K-1 the slope of the curve is 
one-quarter of the initial slope, and the 
value is one-half of the value corre
sponding to saturation of the enzyme by 
the substrate. 

The similarity of the curves of Figs. 
2 and 3 to appropriate curves in Fig. 5 
suggests that the growth substance may 
be involved in an enzyme-catalyzed re
action in which it serves as the substrate. 
The normal strain of the organism 
manufactures an amount of the sub
strate such as to permit the reaction to 
take place at what may be considered a 
normal rate, 90 or 95 percent of the 
maximum rate, which corresponds to 
saturation of the enzyme. As described 
above, the gain in reaction rate asso
ciated with the manufacture of a larger 
amount of the substrate, with a corre

sponding advantage to the organism, 
might be balanced by the disadvantage 
to the organism associated with the up
keep of the larger amount of machinery 
required to manufacture the increased 
amount of substrate. An increase in rate 
of this reaction could also be achieved 
by an increase in the amount of the en
zyme synthesized by the organism. Here, 
again, the advantage to the organism 
resulting from this increase may be 
overcome by the disadvantage associ
ated with the increase in the amount of 
machinery required for the increased 
synthesis. During the process of evolu
tion there has presumably been selection 
of genes determining the concentrations 
of the enzymes catalyzing successive re
actions such as to achieve an approxi
mation to the optimum reaction rate 
with the smallest amount of disadvan
tage to the organism. 

The rate of an enzyme-catalyzed re
action is approximately proportional to 
the concentration of the reactant, until 
concentrations that largely saturate the 
enzyme are reached. The saturating con
centration is larger for a defective en
zyme with decreased combining power 
for the substrate than for the normal 
enzyme. For such a defective enzyme 
the catalyzed reaction could be made to 
take place at or near its normal rate by 
an increase in the substrate concentra
tion, as indicated in Fig. 5. The short 
horizontal lines intersecting the curves 
indicate what may be called the "nor
mal" reaction rate, 80 percent of the 
maximum. For K = 2 the "normal" 
rate is achieved at substrate concentra
tion [5] = 2. At this substrate concen
tration the reaction rate is only 29 per

cent of the maximum and 35 percent of 
"normal" for a mutated enzyme with 
K = 0.2; it could be raised to the "nor
mal" value by a tenfold increase in the 
substrate concentration, to [S] = 20. 
Similarly, the still greater disadvantage 
of low reaction rate for a mutated en
zyme with K only 0.01 could be over
come by a 200-fold increase in substrate 
concentration, to [S] = 400. This mech
anism of action of gene mutation is only 
one of several that lead to disadvanta
geous manifestations that could be over
come by an increase, perhaps a great 
increase, in the concentration of a vital 
substance in the body. These considera
tions obviously suggest a rationale for 
megavitamin therapy. 

Molecular Concentrations and 

Mental Disease 

The functioning of the brain and 
nervous tissue is more sensitively de
pendent on the rate of chemical reac
tions than the functioning of other 
organs and tissues. I believe that mental 
disease is for the most part caused by 
abnormal reaction rates, as determined 
by genetic constitution and diet, and by 
abnormal molecular concentrations of 
essential substances. The operation of 
chance in the selection for the child of 
half of the complement of genes of the 
father and mother leads to bad as well 
as to good genotypes, and the selection 
of foods (and drugs) in a world that is 
undergoing rapid scientific and techno
logical change may often be far from 
the best. Significant improvement in the 
mental health of many persons might be 
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achieved by the provision of the opti
mum molecular concentrations of sub
stances normally present in the human 
body. Among these substances, the es
sential nutrilites may be the most 
worthy of extensive research and more 
thorough clinical trial than they have 
yet received. One important example of 
an essential nutrilite that is required for 
mental health is vitamin B i2, cyanoco-
balamin. A deficiency of this vitamin, 
whatever its cause (pernicious anemia; 
infestation with the fish tapeworm 
Diphyllobothrium, whose high require
ment for the vitamin results in depriva
tion for the host; excessive bacterial 
flora, also with a high vitamin require
ment, as may develop in intestinal blind 
loops), leads to mental illness, often 
even more pronounced than the physi
cal consequences. The mental illness 
associated with pernicious anemia [a 
genetic defect leading to deficiency of 
the intrinsic factor (a mucoprotein) in 
the gastric juice and the consequent de
creased transport of cyanocobalamin 
into the blood] often is observed for 
several years in patients with this 
disease before any of the physical 
manifestations of the disease appear 
(13). A pathologically low concentration 
of cyanocobalamin in the serum of the 
blood has been reported to occur for a 
much larger fraction of patients with 
mental illness than for the general 
population. Edwin, Holten, Norum. 
Schrumpf, and Skaug (14) determined 
the amount of Bi2 in the serum o'f every 
patient over 30 years old admitted to a 
mental hospital in Norway during a 
period of 1 year. Of the 396 patients, 
5.8 percent (23) had a pathologically 
low concentration, less than 101 
picograms per milliliter, and the con
centration in 9.6 percent (38) was sub
normal (101 to 150 picograms per milli
liter). The normal concentration is 150 
to 1300 picograms per milliliter. The 
incidence of pathologically low and 
subnormal levels of B ]2 in the serums of 
these patients, 15.4 percent, is far 
greater than that in the general popula
tion, about 0.5 percent (estimated from 
the reported frequency of pernicious 
anemia in the area, 9.3 per 100,000 
persons per year). Other investigators 
(15) have also reported a higher inci
dence of low B12 concentrations in the 
serums of mental patients than in the 
population as a whole, and have sug
gested that Bi2 deficiency, whatever its 
origin, may lead to mental illness. 

Nicotinic acid (niacin), when its use 
was introduced, cured hundreds of 

thousands of pellagra patients of their 
psychoses, as well as of the physical 
manifestations of their disease. For this 
purpose only small doses are required; 
the recommended daily allowance (Na
tional Research Council) is 12 milli
grams per day (for a 70-kilogram male). 
In 1939 Cleckley, Sydenstricker, and 
Geeslin (16) reported the successful 
treatment of 19 patients and in 1941 
Sydenstricker and Cleckley (17) reported 
similarly successful treatment of 29 pa
tients with severe psychiatric symptoms 
by use of moderately large doses of 
nicotinic acid (0.3 to 1.5 grams per 
day). None of these patients had physi
cal symptoms of pellagra or any other 
avitaminosis. More recently many other 
investigators have reported on the use 
of nicotinic acid and nicotinamide for 
the treatment of mental disease. Out
standing among them are Hoffer and 
Osmond, who since 1952 have advo
cated and used nicotinic acid in large 
doses, in addition to the conventional 
therapy, for the treatment of schizo
phrenia (18-20). The dosage recom
mended by Hoffer is 3 to 18 grams per 
day, as determined by the response of 
the patient, of either nicotinic acid or 
nicotinamide, together with 3 grams per 
day of ascorbic acid. Nicotinic acid and 
nicotinamide are nontoxic [the lethal 
dose, 50 percent effective (LD50), is not 
known for humans, but probably it is 
over 200 grams; the LD50 for rats is 7.0 
grams per kilogram for nicotinic acid, 
and 1.7 grams per kilogram for nico
tinamide], and their side effects, even in 
continued massive doses, seem not to be 
commonly serious. Among the advan
tages of nicotinic acid, summarized by 
Osmond and Hoffer (19), are the fol
lowing: it is safe, cheap, and easy to 
administer, and it is a well-known sub
stance that can be taken for years on 
end, if necessary, with only small prob
ability of incidence of unfavorable side 
effects. 

Another vitamin that has been used 
to some extent in the treatment of men
tal disease is ascorbic acid, vitamin C. 
A sometimes-recommended daily intake 
of ascorbic acid is 75 milligrams for 
healthy adults. Some investigators have 
estimated that the optimum intake is 
much larger (21): perhaps 3 to 15 grams 
per day, according to Stone (22). Wil
liams and Deason (23) have emphasized 
the variability of individual members of 
a species of animals; they have reported 
their observation of a 20-fold range of 
required intake of ascorbic acid by 
guinea pigs, and have suggested that 

human beings, who are less homoge
neous, have a larger range. 

Mental symptoms (depression) ac
company the physical symptoms of 
vitamin-C deficiency disease (scurvy). In 
1957 Akerfeldt (24) reported that the 
serum of schizophrenics had been found 
to have greater power of oxidizing N,N-
dimethyl-p-phenylenediamine than that 
of other persons. Several investigators 
then reported that this difference is due 
to a smaller concentration of ascorbic 
acid in the serum of schizophrenics 
than of other persons. This difference 
has been attributed to the poor diet and 
increased tendency to chronic infectious 
disease of the patients (25), and has also 
been interpreted as showing an in
creased rate of metabolism of ascorbic 
acid by the patients (26). It is my opin
ion, from the study of the literature, 
that many schizophrenics have an in
creased metabolism of ascorbic acid, 
presumably genetic in origin, and that 
the ingestion of massive amounts of 
ascorbic acid has some value in treating 
mental disease. 

Other vitamins (thiamine, pyridoxine, 
folic acid) and other substances [zinc 
ioh, magnesium ion, uric acid, tryp
tophan, L(+)-glutamic acid, and others] 
influence the functioning of the brain. 
I shall review work on L(+)-glutamic 
acid as a further example. L( + )-G1U-
tamic acid is an amino acid that is pres
ent at rather high concentration in 
brain and nerve tissue and plays an 
essential role in the functioning of these 
tissues (27). It is normally ingested (in 
protein) in amounts of 5 to 10 grams 
per day. It is not toxic; large doses may 
cause increased motor activity and 
nausea. In 1944 Price, Waelsch, and 
Putnam (28) reported favorable results 
for glutamic acid therapy of convulsive 
disorders [benefit to one out of three or 
four patients with petit mal epilepsy 
(29)]. Zimmerman and Ross then re
ported an increase in maze-running 
learning ability of white rats given extra 
amounts of glutamic acid (30). Zimmer
man and many other investigators then 
studied the effects of glutamic acid on 
the intelligence and behavior of persons 
with different degrees and kinds of 
mental retardation. L( + )-Glutamic 
is apparently more effective than its 
sodium or potassium salts. The effective 
dosage is usually between 10 and 20 
grams per day (given in three doses 
with meals), and is adjusted to the pa
tient as the amount somewhat less than 
that required to cause hyperactivity; 
improvement in personality and increase 
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in intelligence (by 5 to 20 I.Q. points) 
have been reported for many patients 
with mild or moderate mental deficiency 
by several investigators (31). 

Localized Cerebral Deficiency Diseases 

The observation that the psychosis 
associated with pernicious anemia may 
manifest itself in a patient for several 
years before the other manifestations of 
this disease become noticeable has a 
reasonable explanation: the functioning 
of the brain and nervous tissue is prob
ably more sensitively dependent on 
molecular composition than is that of 
other organs and tissues. The observed 
high incidence of cyanocobalamin defi
ciency in patients admitted to a mental 
hospital, mentioned above, suggests 
that mental disease may rather often be 
the result of this deficiency, and further 
suggests that other deficiencies in vital 
substances may be wholly or partly re
sponsible for many cases of mental ill
ness. 

The foregoing arguments suggest the 
possibility that under certain circum
stances a deficiency disease may be 
localized in the human body in such a 
way that only some of the manifesta
tions usually associated with the disease 
are present. Let us consider, for exam
ple, an enzyme or other vital substance 
that is normally metabolized by the 
catalytic action of an enzyme normally 
present in the tissues and organs of the 
body. In a person of unusual genotype 
there might be an especially great con
centration of this enzyme in one body 
organ, with essentially the normal 
amount in other organs. Through the 
action of this enzyme in especially great 
concentration the steady-state concen
tration of the vital substance in that 
organ might be decreased to a level 
much lower than that required for nor
mal function. Under these circum
stances there would be present a defi
ciency disease restricted to that organ. 

An especially important case is that 
of the brain. We may, as a rough model 
of the human body, consider two reser
voirs of fluid, the blood and lymph, with 
volume Vt, and cerebrospinal fluid, the 
extracellular fluid of the brain and 
spinal column, with volume V2. We 
assume that a vital substance is de
stroyed in each of these reservoirs at a 
characteristic rate, corresponding to the 
rate constants k\ and k2, that it diffuses 
across the blood-brain barrier at a rate 

determined by the product of the per
meability and area of the barrier and 
the difference c2 — Ci of the concentra
tions in the two reservoirs, and that it is 
introduced from the gastrointestinal 
tract into the first reservoir at a con
stant rate. The steady-state concentra
tions are then in the ratio 

ft/ft = 1 + (ksVs/PA) 

where PA is the product of permeabil
ity and the area of the blood-brain 
barrier. The steady state corresponds 
to the following system: 

PAc} 

Supply—*• Blood (C,) ~ZZ^. Brain (C2) 

Inactive product Inactive product 

From this equation it is seen, as 
shown also in Fig. 6, that for small 
values of k2V2IPA the difference in 
steady-state concentrations in the cere
brospinal fluid and the blood is small, 
but that through either decrease in per
meability of the barrier or increase in 
the metabolic rate constant k2 the 
steady-state concentration in the brain 
becomes much less than that in the 
blood. 

This simple argument leads us to the 
possibility of a localized cerebral 
avitaminosis or other localized cerebral 
deficiency disease. There is the possi
bility that some human beings have a 
sort of cerebral scurvy, without any of 
the other manifestations, or a sort of 
cerebral pellagra, or cerebral pernicious 
anemia. It was pointed out by Zucker-
kandl and Pauling (32) that every vita
min, every essential amino acid, every 
other essential nutrilite represents a 
molecular disease (33) which our distant 
ancestors learned to control, when it 
began to afflict them, by selecting a 
therapeutic diet, and which has con
tinued to be kept under control in this 
way. The localized deficiency diseases 
described above are also molecular 
diseases, compound molecular diseases, 
involving not only the original lesion, 
the loss of the ability to synthesize the 
vital substance, but also another lesion, 
one that causes a decreased rate of 
transfer across a membrane, such as the 
blood-brain barrier (34), to the affected 
organ, or an increased rate of destruc
tion of the vital substance in the organ, 
or some other perturbing reaction. 

It has been suggested by Huxley, 

Mayr, Osmond, and Hoffer (35), par
tially on the basis of the observations of 
Book (36) and Slater (37) on the inci
dence of schizophrenia in relatives of 
schizophrenics, that schizophrenia is 
caused by a dominant gene with incom
plete penetrance. They suggested that 
the penetrance, about 25 percent, may 
in some cases be determined by other 
genes and in some cases by the environ
ment. I suggest that the other genes may 
in most cases be those that regulate the 
metabolism of vital substances, such as 
ascorbic acid, nicotinic acid or nicotina
mide, pyridoxine, cyanocobalamin, and 
other substances mentioned above. The 
reported success in treating schizo
phrenia and other mental illnesses by 
use of massive doses of some of these 
vitamins may be the result of successful 
treatment of a localized cerebral de
ficiency disease involving the vital sub
stances, leading to a decreased pene
trance of the gene for schizophrenia. 
There is a possibility that the so-called 
gene for schizophrenia is itself a gene 
affecting the metabolism of one or an
other of these vital substances, or even 
of several vital substances, causing a 
multiple cerebral deficiency. 

I suggest that the orthomolecular 
treatment of mental disease, to be suc
cessful, should involve the thorough 
study of and attention to the individual, 
such as is customary in psychotherapy 
but less customary in conventional 
chemotherapy. In the course of time it 
should be possible to develop a method 
of diagnosis (measurement of concen
trations of vital substances) that could 
be used as the basis for determining the 
optimum molecular concentrations of 
vital substances for the individual pa
tient and for indicating the appropriate 
therapeutic measures to be taken. My 
co-workers and I are carrying on some 
experimental studies suggested by the 
foregoing considerations, and hope to 
be able before long to communicate 
some of our results. 

Summary 

The functioning of the brain is af
fected by the molecular concentrations 
of many substances that are normally 
present in the brain. The optimum con
centrations of these substances for a 
person may differ greatly from the con
centrations provided by his normal diet 
and genetic machinery. Biochemical and 
genetic arguments support the idea that 
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orthomolecular therapy, the provision 
for the individual person of the opti
mum concentrations of important nor
mal constituents of the brain, may be 
the preferred treatment for many men
tally ill patients. Mental symptoms of 
avitaminosis sometimes are observed 
long before any physical symptoms ap
pear. It is likely that the brain is more 
sensitive to changes in concentration of 
vital substances than are other organs 
and tissues. Moreover, there is the 
possibility that for some persons the 
cerebrospinal concentration of a vital 
substance may be grossly low at the 
same time that the concentration in the 
blood and lymph is essentially normal. 
A physiological abnormality such as 
decreased permeability of the blood-
brain barrier for the vital substance or 
increased rate of metabolism of the 
substance in the brain may lead to a 
cerebral deficiency and to a mental dis
ease. Diseases of this sort may be 
called localized cerebral deficiency dis
eases. It is suggested that the genes 
responsible for abnormalities (deficien
cies) in the concentration of vital sub
stances in the brain may be responsible 
for increased penetrance of the postu
lated gene for schizophrenia, and that 
the so-called gene for schizophrenia may 
itself'be a gene that leads to a localized 
cerebral deficiency in one or more vital 
substances. 
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Orthomolecular Somatic and Psychiatric Medicine 

By Linus P a u l i n g 

A Communication to the Thirteenth 
International Convention on Vital Sub
stances, Nutrit ion and the Diseases of 
Civi l izat ion at Luxembourg and Trier on 
18-24 September 1967 

I greatly appreciate the honor of being associated with 
the International Society for Research on Vital Substances, 
Nutrition, and the Diseases of Civilization, in succession 
to my friend Dr. Albert S c h w e i t z e r , and I take this 
opportunity to express my thanks to the members and 
officers of the Society. 
Also, I express my regret that it has not been possible for 
me to be present at the Thirteenth International Conven
tion of the Society. Some difficult problems associated 
with my move to La Jolla and the assumption of my 
Professorship in the University of California made it 
necessary for me to abandon my tentative plan of coming 
to Luxembourg to participate in the Convention. 
In this communication to the Society I present some 
thoughts about molecular medicine, and especially about 
the use in the treatment of both physical and mental 
disease of substances that are normally present in the 
human body and are required for life. 
I have introduced the expression orthomolecular medicine 
to describe one aspect of molecular medicine. In 1949 my 
co-workers Harvey I t a n o , S. J. S i n g e r , and Ibert C. 
W e l l s and I published a paper with the title S i c k l e -
c e l l A n e m i a , A M o l e c u l a r D i s e a s e . In this paper 
we communicated our discovery that patients with the 
disease sickle-cell anemia have in their erythrocytes aform 
of hemoglobin differing from that manufactured by other 
people. We pointed out that the difference in molecular 
structure of the hemoglobin manufactured by persons 
suffering from this disease leads to a difference in pro
perties of the hemoglobin molecules from those manu
factured by other people, and that this difference in 
properties is responsible for the manifestations of the 
disease. The disease can properly be described as a dis
ease of the hemoglobin molecule, rather than of ths 
erythrocyte itself, and in consequence it may be called a 
molecular disease. 
Later work in our laboratories in the California Institute of 
Technology and by other investigators elsewhere showed 
that the hemoglobin molecule contains four polypeptide 
chains, two of one kind, the alpha chains, and two of 
another kind, the beta chains, and also that sickle-cell-
anemia hemoglobin differs from normal hemoglobin in 
having one of the 146 amino-acid residues in each beta 
chain different from that in normal human hemoglobin, the 
difference being a replacement of a glutamic-acid residue 
in the sixth position from the amino end of the beta chain 
in normal adult human hemoglobin by a residue of valine. 
Many other abnormal forms of human hemoglobin have 
now been discovered, and many diseases have been 
recognized as diseases of the hemoglobin molecule. Other 
molecular diseases have also been identified. These 
diseases for the most part are genetic diseases, the result 
of a gene mutation. 
The disease phenylketonuria, discovered about forty 
years ago by F o i l i n g in Norway, may be considered 
a molecular disease. This disease involves a gene muta
tion such that the patient fails to manufacture molecules 
of an enzyme normally present in the liver, which catalyzes 
the oxidation of phenylalanine to tyrosine, or produces an 
abnormal enzyme, with greatly reduced catalytic activity. 
The patients are homozygotes, who have inherited the 

gene in double dose, usually from a heterozygotic father 
and a heterozygotic mother. The patients on a normal diet 
have in their tissues abnormally high concentrations of 
phenylalanine and some of its reaction products, which 
cause the physical and the mental manifestations of the 
disease, severe eczema, mental deficiency, and so on. 
The treatment that has considerable success is to place 
the patients, from the age of one month or two months, 
on a diet of foods from which a considerable amount of 
phenylalanine has been removed. This decrease in the 
amount of phenylalanine ingested by the patients results 
in an approximation to the normal or optimal concentra
tions of phenylalanine and its reaction products in the 
body fluids, and to the alleviation of the physical and 
mental manifestations of the disease. 
Another molecular disease for which a molecular treat
ment is available is diabetes. This disease results from a 
gene abnormality such that the patient does not manu
facture the proper amount of the hormone insulin. The 
disease can be controlled by the injection of insulin, to 
bring the concentration to approximately the normal or 
optimal value. 
Phenylketonuria involves the presence in the body of 
phenylalanine and its reaction products in amounts greater 
than normal. It is treated by reducing the intake of phenyl
alanine and in this way reducing the concentration of this 
substance and its reaction products to approximately the 
normal level. Diabetes involves a deficiency of insulin. 
It is treated by injecting insulin, and increasing the con
centration to approximately the normal value. I have 
reached the conclusion, through arguments summarized 
in the following paragraphs, that a general method of 
treatment of disease, which may be called o r t h o m o l e 
c u l a r t h e r a p y , may be found to be of great value, 
and may turn out often to be the best method of treatment 
for many patients. 
Orthomolecular therapy is the treatment of disease by the 
provision of the optimal molecular constitution of the 
body, especially the optimal concentration of substances 
that are normally present in the human body and are 
required for life. The adjective orthomolecular is used to 
express the idea of the right molecules in the right con
centration. This word may be criticized as a Greek-Latin 
hybrid, but I have not thought of a better word. 
I believe that orthomolecular therapy may have a special 
value in the treatment of mental disease. The functioning 
of the mind is dependent on its molecular environment, 
the molecular structure of the brain. The presence in the 
brain of molecules N,N-diethyl-D-lysergamide, mescaline, 
or some other schizophrenogenic substance often is 
associated with profound psychic effects. The pheno
menon of general anesthesia also illustrates the depend
ence of the mind (consciousness, ephemeral memory) on 
its molecular environment. 
The proper functioning of the mind is known to require 
the presence in the brain of molecules of many different 
substances. For example, mental disease, usually asso
ciated also with physical disease, results from a low 
concentration in the brain of thiamine (Vitamin B,), nico
tinic acid or nicotinamide (B3), pyridoxine (BJ, cyanoco-
balamin (B,2), biotin (H), and ascorbic acid (Vitamin C). 
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Also, there is evidence that mental function and behavior 
are affected by changes in the concentration in the brain 
of any one of a number of other substances that are 
normally present, such as glutamic acid, uric acid, and 
gamma-aminobutyric acid. 

Optimal Molecular Concentrations 

Several arguments may be advanced in support of the 
thesis that the optimal molecular concentrations of sub
stances normally present in the body may be different 
from the concentrations provided by the diet and by the 
gene-controlled synthetic mechanisms of the body, and 
also, for essential nutrilites, such as vitamins, essential 
amino acids, and essential fatty acids, different from the 
minimal daily amounts required for life for the average 
human being or the "recommended" daily amounts sug
gested for good health. 
One argument can be developed through consideration of 
the process of evolution and natural selection. The pro
cess of evolution does not necessarily result in the normal 
provision of optimal molecular concentrations. Let us use 
ascorbic acid as an example. Dr. Irwin S t o n e has 
pointed out that of the mammals that have been studied 
in respect to their need for ascorbic acid, the only species 
that have lost the power to synthesize this substance and 
that accordingly require it in the diet are man, other pri
mates (Rhesus monkey, Formosan long-tail monkey, ring
tail or brown Capuchin monkey), the guinea pig, and an 
Indian fruit-eating bat (Pteropus medius); in addition one 
bird, the Red-vented Bulbul (Pycnonotus Cafer) is unable 
to synthesize its own ascorbic acid. Presumably the loss 
of the gene or genes controlling the synthesis of the 
enzyme or enzymes involved in the conversion of glucose 
to ascorbic acid occurred some twenty million years ago 
in the common ancestor of man and other primates, and 
occurred independently for the guinea pig and other iso
lated species mentioned above, in each case in an environ
ment such that ascorbic acid was provided by the available 
food. The advantage to the mutant of being rid of the 
machinery for the synthesis of ascorbic acid (decrease in 
cell size and energy requirement, liberation of machinery 
for other purposes) might well be large. A disadvantage 
nearly as large resulting from a less than optimal supply 
of dietary ascorbic acid would not prevent the replace
ment of the earlier species by the mutant. Hence the 
amount of the vitamin provided by the diet available at the 
time of the mutation might be less than the optimal 
amount. Moreover, it is possible that the environment has 
changed during the last twenty million years in such a way 
as to provide a decreased amount of the vitamin for the 
average human being. Even a serious disadvantage of the 
changed environment would not lead to a mutation restor
ing the synthetic mechanism, because of the small prob
ability of such mutations, far smaller than of those result
ing in loss of function. 

Individual Variation 

The human race is characterized by large genetic hetero
geneity. Enzyme concentrations in the tissues of different 
persons often differ by the factor of two or even a factor 
of ten or one hundred, as has been pointed out especially 
by Professor Roger J. W i l l i a m s of the University of 
Texas. Heterozygosity in the gene for phenylketonuria 
halves the amount of the enzyme phenylalanine hydroxylase, 
and homozygosity in this gene reduces the amount or 
effectiveness of the enzyme by two or more orders of 
magnitude. 

Molecular Concentrations and Rate of Reactions 

The rate of an enzyme-catalysed reaction is approximately 
proportional to the concentration of reactant until con
centrations are reached that largely saturate the enzyme. 
The saturating concentration is larger for a defective 
enzyme with decreased combining power for the substrate 
than for the normal enzyme. For such a defective enzyme 
the catalysed reaction could be made to take place at or 
near its normal rate by an increase in the concentration 

of the substrate. Moreover, an increase in concentration 
of an enzyme inhibitor can decrease the rate of reaction; 
for example, an increase in concentration of nicotinamide, 
with the consequent inhibition of the enzyme diphospho-
pyridine nucleotidase, decreases the rate of hydrolysis of 
diphosphopyridine nucleotide. 

Evidence from Microbiological Genetics 

Many mutant microorganisms are known to require, as a 
supplement to the medium on which they are grown, a 
substance that is synthesized by the corresponding wild-
type organism. An example is the "pyridoxineless" mutant 
of Neurospora Sitophila reported by G. W. B e a d l e and 
E. L T a t u m in their first Neurospora paper, published 
in the Proceedings of the United States National Academy 
of Sciences in 1941. They found the rate of growth of 
this mutant on their standard medium to be only nine per 
cent of that of the wild type. When pyridoxine (Vitamin B6) 
is added to the medium, the rate of growth at first in
creases nearly linearly with the concentration of the added 
pyridoxine, and then the growth-rate curve bends rather 
sharply, and continues to increase with a much smaller 
slope. The region of concentrations in which the growth 
increases rapidly with increase in concentration may be 
considered to be the region of vitamin deficiency, and the 
concentration at which the curve changes to much smaller 
slope may be considered to correspond to an "adequate" 
or "recommended" amount of the vitamin, in that the 
growth rate of the mutant is then only a few per cent less 
than that of the wild strain, and the amount of the vitamin 
would have to be increased three-fold to make up the 
difference. 
Increasing the concentration of the growth substance to 
thirty-five times the adequate concentration for the mutant 
causes an increase in growth rate by about twenty-five 
per cent. The growth rate of the mutant is then ten per 
cent greater than that of the wild type. An increase in 
growth rate or in some other function of magnitude twenty-
five per cent or ten per cent might under some circums
tances be of great value, and might mean the difference 
between life and death or between good health and poor 
health, either physical or mental. Especially if the growth 
substance is non-toxic and free from side reactions, its 
therapeutic use in large amounts might well be justified. 
Ascorbic acid, for example, is non-toxic for all or almost 
all human beings. It is required for life in amounts of a 
few milligrams per day. The ingestion of large amounts, 
three or five grams per day, seems to improve the general 
health of human beings, and to provide greater resistance 
to colds and other infectious diseases. I believe that it is 
likely that the optimal intake of ascorbic acid is far greater 
than the "approved" or "recommended" intake, and that 
a significant improvement in the health of human beings 
could be achieved by approximating this optimal intake. 

Orthomolecular Psychiatry 

The functioning of the brain is more sensitively dependent 
on the rate of chemical reaction than the functioning of 
other organs and tissues. I believe that mental disease is 
for the most part caused by abnormal molecular concen
trations of essential substances. The operation of chance 
in the selection, for the child, of half of the complement of 
genes of the father and mother leads to bad as well as to 
good genotypes, and the selection of foods (and drugs) 
in a world that is undergoing rapid scientific and techno
logical change may often be far from the best. Significant 
improvement in the mental health of many persons, espe
cially those with borderline or mild mental illness or mental 
retardation, might be achieved by the provision of the 
optimal molecular concentrations of substances normally 
present in the human body, especially those that are not 
toxic or have low toxicity. 
Among these substances, the essential nutrilites may be 
the most worthy of extensive research and more thorough 
clinical trial than they have yet received. 
L(+)-Glutamic acid is a non-essential amino acid that is 
present at rather high concentration in brain and nerve 
tissue, and plays an essential role in the functioning of 
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this tissue. It is normally ingested (in protein) in amounts 
of five to ten grams per day. It is not toxic; large doses 
may cause increased motor activity and nausea. In 1944 
P r i c e , W a e l s c h , and Pu tnam (Journal of the Ameri
can Medical Association) reported favorable results for 
glutamic acid treatment of convulsive disorders (benefit 
to one out of three or four patients with petit mal epilepsy). 
Many investigators then studied the effects of glutamic 
acid on the intelligence and behavior of persons with 
different degrees and kinds of mental retardation. Increase 
in intelligence and improvement in personality have been 
reported for many patients with mild or moderate mental 
deficiency, when given doses of ten grams to twenty 
grams per day of L(+)-glutamic acid, adjusted to the 
patient as the amount somewhat less than required to 
cause hyperactivity. 
Nicotinic acid, when its use was introduced, cured 
hundreds of thousands of pellagra patients of their 
psychoses, as well as of the physical manifestations of 
their disease. For this purpose only small doses are 
required; the recommended daily allowance (U.S. National 
Research Council) is twelve milligrams per day. In 1940 
S t r e i t w i e s e r and his associates reported some 
success in the treatment of severe depression and other 
forms of mental disease by use of large doses of 
nicotinic acid, three grams or more per day. Other in
vestigators, especially A. H o f f e r of Saskatchewan and 
H. O s m o n d of New York, have advocated and used 
nicotinic acid in large doses for the treatment of schizo
phrenia. The dosage recommended by H o f f e r is three 
grams per day, or more, up to eighteen grams per day, as 
determined by the response of the patient, of either nico
tinic acid or nicotinamide, together with three grams per day 
of ascorbic acid. Nicotinic acid and nicotinamide are non
toxic (LD 50 not known for humans, but probably over 
200 grams), and their side effects, even in continued 
massive doses, seem not to be commonly serious. The 
advantages of nicotinic acid therapy have been summa
rized by O s m o n d and H o f f e r (The Lancet 10Feb. 1962, 
316) in the following words: "Niacin (nicotinic acid) has 
some though not all the qualities of an ideal treatment: it is 
safe, cheap (less than one cent per gram), and easy to 
administer, and it uses a known pharmaceutical substance 
which can be taken for years on end if necessary . . . it 
does not seem to affect the more chronic illnesses, and 
even in acute illnesses its action is often less dramatic 
than that of some of the phenothiazenes. Its protective 
qualities, continuing long after patients have stopped 
taking it, are puzzling . . . it has been proved to reduce 
the level of cholesterol in the blood. It seems to benefit 
some deliria not obviously associated with vitamin lack, 
and is claimed to improve many cases of intractable 

rheumatism. In our view it is a useful adjunct in the 
treatment of schizophrenia, both for acute cases and to 
reduce the chance of relapses." 
It is my opinion, for reasons presented in the opening 
arguments of this paper, that for those patients for whom 
it is effective the control of mental disease by varying 
the concentrations in the brain of non-toxic substances 
that are normally present,' such as nicotinic acid and 
ascorbic acid, is to be preferred to the use of phenylthia-
zenes and other means of therapy that involve a greater 
insult to the body and mind. 
Varying the intake of other vitamins has also been used 
to some extent in psychiatry. The mental deterioration 
accompanying aging and cerebral vascular disease may 
be alleviated by supplementary biflavonoids (Vitamin P) 
and ascorbic acid. The use of cyancobalamin (B12) in the 
treatment of mental disease has been reported, as well as 
the use of pyridoxine (B6). 
I believe that the study of the functioning of the brain in 
its relation to the concentrations and intake of the vit
amins, essential amino acids, and other substances nor
mally present in the brain constitutes a field of research 
in which much more work needs to be done. Biochemical 
and genetic arguments support the idea that orthomole-
cular therapy, the provision for the individual human being 
of the optimal concentrations of important normal cons
tituents of the human body, may be the preferred treat
ment for many patients, especially those with mild mental 
retardation or mild psychosis. I suggest that this therapy, 
to be successful, should involve the thorough study of the 
individual, and- continued attention to him, such as is 
customary in psychoanalysis but not in conventional 
chemotherapy. There is the possibility that analysis of 
body fluids and tests of the ability of the individual to 
utilize essential substances may indicate the types of 
orthomolecular therapy that would be most likely to be 
effective for the patient. 
I express the hope that the members of the Society and 
other medical investigators will find the foregoing dis
cussion of orthomolecular medicine interesting and 
suggestive, and that added attention will be given in the 
future to the possibility of improving the mental and 
physical health of human beings by varying the concen
trations of substances normally present in the human body. 
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Abstract. Ascorbic acid differs from other vitamins in that an exogenous 
source is required by only a few animal species. I t is pointed out that this fact 
indicates that the amount contained in a diet of raw natural plant food is less 
than the optimum intake, corresponding to the best health. This argument 
leads to the conclusion that the optimum daily intake is about 2.3 g or more, for 
an adult with energy requirement 2500 kcal day - 1 . 

Ascorbic acid(vitamin C) is required in his diet by man for life and good health. 
People who receive no ascorbic acid become sick with scurvy in a few weeks, and 
die in a few months. 

Since the discovery of ascorbic acid and its identification with vitamin C there 
has been continued effort to determine the human requirement for this essential 
nutrient. Evidence indicates that the minimum daily intake needed to prevent 
scurvy is about 10 mg. The daily allowance recommended by health author
ities for adults ranges from 20 mg in the United Kingdom to 75 mg in West Ger
many. The Food and Nutrition Board of the U.S. National Research Council1 

recommends values ranging from 35 mg for an infant to 60 mg for a 70-kg man, 
as designed for the maintenance of good nutrition of practically all healthy people 
in the U.S.A. The recommended allowances are said to provide a generous in
crement for individual variability and a surplus to compensate for potential losses 
in food. 

These recommended values of the daily allowance of ascorbic acid have clearly 
resulted from a concentration by the authorities on the need to prevent scurvy. 
We may, however, ask whether larger amounts might not be needed to provide 
the optimum state of health. Numerous clinical reports indicate that large 
amounts of ascorbic acid are beneficial in increasing resistance to infections, 
improving the healing of wounds and burns, and decreasing the incidence of 
shock following injury or surgery. Moreover, ascorbic acid is nontoxic; it has 
been described2 as probably the least toxic of all known substances of comparable 
physiologic activity. People have ingested 100 g per day for several days and 
40 g per day for weeks without being harmed. 

1643 
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In a discussion of vitamin C and immunity to infection Bourne3 in 1949 pointed 
out that the green foodstuffs eaten by the gorilla provide about 4.5 g of ascorbic 
acid per day, and that before the development of agriculture man existed largely 
on greens, supplemented with some meat. He concluded that "I t may be pos
sible, therefore, that when we are arguing whether 7 or 30 mg of vitamin C a day 
is an adequate intake we may be very wide of the mark. Perhaps we should be 
arguing whether 1 or 2 g a day is the correct amount." Stone2 '46 has suggested 
that the optimum rate of intake of ascorbic acid is about 3 g per day under ordi
nary conditions, and larger, up to 40 g per day, for a person under stress (for 
example, when infected with the virus of the common cold). Regnier6 also 
recommends a large intake, 5 g per day or more, for averting or ameliorating the 
common cold. One of the arguments used by Stone is the following: the rat 
under normal conditions synthesizes ascorbic acid at the reported rate 26 mg 
day~' kg^1 (see ref. 7) to 58 mg day - 1 kg - 1 (see ref. 8). If we assume propor
tionality to body weight (as indicated by the amount needed to prevent scurvy in 
the guinea pig), these correspond to 1.8-4.1 g day - 1 for a 70-kg man. 

Ascorbic acid differs from the other vitamins in that it is required in the diet 
by only a few species of animals—man, other primates, the guinea pig, an Indian 
fruit-eating bat, and the red-vented bulbul and some related species of Pas-
serif orm birds.49 Other species of animals synthesize ascorbic acid. All mam
mals and other larger animals require vitamin A, thiamine, riboflavin, nicotinic 
acid, and pyridoxine as essential nutrients, although microorganisms usually have 
the power to synthesize all or most of these substances. 

In the following paragraphs I point out that the fact that ascorbic acid is syn
thesized by most animal species, but not by man, provides strong evidence that 
the optimum rate of intake by man is about 2 or 3 g per day or more, 50-100 
times, or more, the amounts recommended by the health authorities. 

Let us consider the way in which man and other organisms have evolved. 
Initially there was on earth the "hot thin soup," containing molecules of millions, 
perhaps hundreds of millions of different kinds. Some molecules with auto-
catalytic ability appeared; they increased the rate of production of duplicates of 
themselves, probably by working as complementary pairs.10 Some of them 
developed specific heterocatalytic ability, speeding up the production of certain 
molecules of other kinds. The development of a cell membrane favored the 
process, by keeping the cooperating molecules, especially nucleic acids and pro
teins, together. 

There then followed the long eobiontic period, two or three billion years, during 
which there took place the astounding process of biochemical evolution, a much 
greater accomplishment than the process of morphological development and dif
ferentiation of larger organisms that occurred later. In this eobiontic period 
there were developed the genes to direct the synthesis of the enzymes required 
to catalyze great numbers of chemical reactions within the cell. The way in 
which this took place was discovered by Horowitz.11 I t may be illustrated by a 
discussion of thiamine. Molecules of thiamine were present in the original hot 
thin soup, and soon became essential to the functioning of the earliest unicellular 
forms of life. When the supply of thiamine had been nearly used up, and the 
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organisms were competing for it, one organism underwent a mutation that per
mitted it to synthesize an enzyme that catalyzed the synthesis of thiamine from 
two other substances (pyrimidine pyrophosphate and thiazole phosphate) in the 
soup. This organism survived, while the others died from thiamine starvation 
(microbiological beriberi). Then, as the supply of pyrimidine pyrophosphate 
was being used up, an organism developed the gene to produce an enzyme to 
catalyze its synthesis from hydroxymethylpyrimidine and ATP (adenosine tri
phosphate), still present in the soup. Similarly, a gene was developed to produce 
an enzyme to make thiazole phosphate from thiazole and ATP. Several other 
steps were developed, until the organism was able to synthesize thiamine from 
substances present in large amounts in the environment. Many existing species 
of bacteria, fungi, and algae are able to synthesize thiamine, other vitamins, and 
all other essential organic substances. 

When large, multicellular organisms developed, with specialized organs, some 
of these abilities became a handicap, and were lost. Let us continue with thi
amine as an example. All mammals require thiamine in their food, in order to 
live. The ability to synthesize thiamine was lost by an early ancestral verte
brate, several hundred million or a billion years ago. This animal was ingesting 
plants, which provided an ample supply of thiamine, about 5 mg for each 2500 
kcal of food energy. The synthetic mechanism was not needed, and it was a 
burden: it cluttered up the cells, added to the body weight, used energy that 
could be better used for other purposes. When a series of mutations occurred 
that eliminated this mechanism, the mutant was favored over the wild type, 
which failed to meet the competition and died out.12 The victory of a mutant 
strain of a bacterium over the wild type in the competition for survival in the 
presence of an ample supply of the essential nutrient has been verified by direct 
experiments in the laboratory by Zamenhof and Eichhorn.13 

In addition to thiamine, all mammalian species, so far as studied, require ribo
flavin, nicotinic acid, and vitamin A in their food. We conclude that the supply 
of food available to an earlier ancestor provided an adequate supply of these 
vitamins, enough to make it advantageous to discard the mechanism for synthe
sizing them. There is little doubt that this food was plant food, probably not 
greatly different from present day plant food. 

In the recently published handbook on metabolism of the Federation of Amer
ican Biological Handbooks14 there is a table giving the amounts of four 
water-soluble vitamins (and also of vitamin A) in 366 raw and processed plant 
foods. I have recalculated the values to the basis of the quantity with energy 
value 2500 kcal (the average daily need of a man or woman) for the 110 raw 
natural plant foods listed in the table, with the results shown in Table 1. 

I have pointed out12 that an animal that synthesizes an essential substance 
synthesizes a somewhat smaller daily amount than the optimum, because to 
synthesize the optimum amount would require supporting the burden of addi
tional synthetic machinery, with only a smaller compensation. Also, a mutant 
that has an exogenous source of the essential substance that provides somewhat 
less than the optimum amount may win the competition, because the wild type 
has to support the burden of machinery. 
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TABLU 1. Water-soluble vitamin content (mg) of 110 raw natural plant foods (referred to 
amount giving 2500 kcal of food energy). 

Nuts and grains (11) 
Fruit, low-C (21) 
Beans and peas (15) 
Berries, low-C (8) 
Vegetables, low-C (25) 
Intermediat,e-C foods (Ifi) 
Collards 
Chives 
Cabbage 
Brussels sprouts 
Cauliflower 
Mustard greens 
Kale 
Broccoli spears 
Black currants 
Parsley 
Hot red chili peppers 
Sweet green peppers 
Hot green chili peppers 
Sweet red peppers 
Average for 110 foods 

Thiamine 

3.2 
1.9 
7.5 
1.7 
5.0 
7.8 

10.8 
7 .1 
6.2 
5.6 

10.0 
8.9 

7 .8 
2 .3 
6.8 
3.8 
9 .1 
6.1 
6.5 
5.0 

Riboflavin 

1.5 
2 .0 
4 .7 
2 .0 
5.9 
9 .8 

17 
11.6 

5.0 
8.9 
9 .3 

18 

18 
2 .3 

15 
7.7 
9 .1 
4 .1 
6 .5 
5.4 

Nicotinic 
acid 

27 
19 
34 
15 
39 
77 
92 
45 
32 
50 
65 
65 

70 
14 
68 

112 
57 

115 
40 
41 

Ascorbic 
acid 

0 
600 

1000 
1200 
1200 
3400 
5000 
5000 
5100 
5700 
7200 
7800 
8200 
8800 
9300 
9800 

14200 
14600 
15900 
16500 
2300 

Nuts and grains: almonds, filberts, macadamia nuts, peanuts, barley, brown rice, whole grain 
rice, sesame seeds, sunflower seeds, wild rice, wheat. 

Fruit (low in vitamin C, less than 2500 mg): apples, apricots, avocadoes, bananas, cherries (sour 
red, sweet), coconut, dates, figs, grapefruit, grapes, kumquats, mangoes, nectarines, peaches, pears, 
pineapple, plums, crabapples, honeydew melon, watermelon. 

Beans and peas: broad beans (immature seeds, mature seeds), cowpeas (immature seeds, mature 
seeds), lima beans (immature seeds, mature seeds), mung beans (seeds, sprouts), peas (edible pod, 
green mature seeds), snapbeans (green, yellow), soybeans (immature seeds, mature seeds, sprouts). 

Berries (low-C, less than 2500 mg): blackberries, blueberries, cranberries, loganberries, rasp
berries, currants, gooseberries, tangerines. 

Vegetables (low-C, less than 2500 mg): bamboo shoots, beets, carrots, celeriac root, celery, corn, 
cucumber, dandelion greens, eggplant, garlic cloves, horseradish, lettuce, okra, onions (young, ma
ture), parsnips, potatoes, pumpkins, rhubarb, rutabagas, squash (summer, winter), sweet potatoes, 
green tomatoes, yams. 

Intermediate-C foods (2500-4900 mg): artichokes, asparagus, beet greens, cantaloupe, chicory 
greens, Chinese cabbage, fennel, lemons, limes, oranges, radishes, spinach, zucchini, strawberries, 
Swiss chard, ripe tomatoes. 

In Table 2 there are given the average amounts (per 2500 kcal of food energy) 

of thiamine, riboflavin, nicotinic acid, and ascorbic acid for the 110 natural foods 

listed in Table 1, the recommended daily allowances of the four vitamins, and 

the ratios of the two quantit ies. 

I t is interesting t ha t for thiamine, riboflavin, and nicotinic acid the values of 

the ratio of the amount in the foods to the recommended daily allowance (both 

TABLE 2. Comparison of average vitamin content (mg) of 110 raw natural plant foods with 
the recommended dietary allowances. 

Nicotinic Ascorbic 
Thiamine Riboflavin acid acid 

Average for 110 foods* 5.0 5.4 41 2300 
Recommended allowancef 1.30 1.83 17 66 
Ratio 3.8 3.0 2 .4 35 

* From Table 1. 
t Average for adults, male and female, referred to 2500 kcal food energy.1 



VOL. 67, 1970 EVOLUTION AND ASCORBIC ACID 1647 

per 2500 kcal of food energy) are nearly the same: 3.8, 3.0, and 2.4, respectively. 
It seems likely that the relative needs for these substances are nearly the same 
for plants as for animals. Also, they are apparently nearly the same for dif
ferent kinds of plants. In Table 3 values are given relative to the amounts con-

TABLE 3. Water-soluble vitamin content (mg) of plant foods relative to nicotinic acid (41 mg). 

Nuts and grains (11) 
Beans and peas (15) 
Berries (8) 
Fruit (21) 
Vegetables (25) 
Intermediate-C foods 
High-C foods (14) 

Thiamine 

(16) 

4.9 
9.0 
4 .6 
4 .1 
5.3 
4.2 
4.6 

Riboflavin 

2 .3 
5.7 
5.5 
4 . 3 
6.2 
5.2 
6.6 

Ascorbic 
acid 

0 
1200 
3300 
1300 
1260 
1800 
6100 

taining 41 mg of nicotinic acid. On this basis the amount of thiamine is close to 
4.6 mg, except for beans and peas, and the amount of riboflavin is close to 5.5 mg, 
except for nuts and grains. 

Ascorbic acid differs from the other vitamins in that most animal species con
tinue to synthesize it despite its availability in natural foods. I think that the 
only reasonable explanation of this fact is that the foods available to most ani
mals over the past several hundred million years have not provided a supply of 
ascorbic acid sufficient to justify the abandonment of the mechanism of its syn
thesis. We are accordingly able to make an estimate of the optimum daily in
take of ascorbic acid, on the basis of this fact and the assumption that the foods 
listed in Table 1 represent approximately the foods available to the ancestors of 
existing animal species. 

The average amount of ascorbic acid (per 2500 kcal energy value) for the 110 
natural foods in Table 1 is 2300 mg. According to the foregoing argument, this 
amount is less than the optimum daily requirement of an adult animal requiring 
2500 kcal of food energy. 

I conclude that the optimum daily requirement of ascorbic acid for a human 
being requiring 2500 kcal of food energy is about 2.3 g (2300 mg) (2.6 g for an 
adult male, and 2.0 g for an adult female), or is greater than this amount. 

We may ask how much greater the optimum daily requirement may be. The 
loss of the ability to synthesize ascorbic acid has occurred only four times in 
several hundred million years, so far as we know: in the common ancestor of 
man and other primates, about 25 million years ago; in the guinea pig; in one 
Indian fruit-eating bat; and in the ancestor of some Passeriform birds. The 
animals that underwent this change must have been living in an environment 
that provided an unusually great amount of ascorbic acid. I have listed in 
Table 1 fourteen natural foods that are unusually rich in this substance. They 
contain between 5.0 and 16.5 g of ascorbic acid for 2500 kcal energy value, with 
average 9.5 g. I t is unlikely that the special environment mentioned above 
would provide only red sweet peppers (16.5 g), black currants (9.3 g), or broccoli 
spears (8.8 g); but the average of these fourteen foods, 9.5 g of ascorbic acid, 
might well have become available to a population of animals a few times 



1648 BIOCHEMISTRY: L.PAULING PROC. N. A. S. 

during the period of several hundred million years preceding the present, epoch. 
Accordingly, I conclude that it, is unlikely that the optimum daily intake of ascor
bic acid by human beings is greater than 9.5 g. 

The range 2.3-9.5 g to which this evolution argument leads agrees moderately 
well with the values 2 g from Bourne's gorilla argument and 1.8-4.1 g from 
Stone's rat argument, and supports the suggestion by Bourne and the contention 
by Stone that the optimum rate of intake of ascorbic acid is many times the 
officially recommended daily dietary allowance, ranging in different countries 
from 20 to 75 mg. I have recently reached the conclusion that the state of health 
of most people, including the ability to resist infectious diseases such as the com
mon cold, would be greatly improved by an increased intake of this important 
food.16 

It is, of course, almost certain that some evolutionarily effective mutations 
have occurred in man and his immediate predecessors rather recently (within the 
last few million years) such as to permit life to continue on an intake of ascorbic 
acid less than that provided by high-ascorbic-acid raw plant foods. These mu
tations might involve an increased ability of the kidney tubules to pump ascorbic 
acid back into the blood from the glomerular filtrate (dilute urine, being concen
trated on passage along the tubules) and an increased ability of certain cells to 
extract ascorbic acid from the blood plasma. It is likely that the adrenal glands 
act as a storehouse of ascorbic acid, extracting it from the blood when green 
plant foods are available, in the summer, and releasing it slowly when the supply 
is depleted. On general principles we can conclude, however, that these mecha
nisms require energy and are a burden to the organism. The average optimum 
rate of intake of ascorbic acid might still be close to the value given above, 2.3 g 
per day or more, or might be somewhat less; and, of course, there is always the 
factor of biochemical individuality, such that for different people in a large popu
lation the optimum intake might vary over a range of 20-fold or more.16 

1 Recommended Dietary Allowances, A Report of the Food and Nutrition Board, National Re
search Council (Washington, D.C.: National Academy of Sciences, 1968), 7th ed. 

2 Stone, Irwin, ActaCenet. Med.Gemellol., 15, 345 (1966); 16,52 (1967). 
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8 Regnier, E., Rev. Allergy, 22, 835, 948 (1968). 
7 Burns, J . J., E. H. Mosbach, and S. Schulenberg, J. Biol. Chem., 207, 679 (1954). 
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10 Pauling, L., and M. Delbrtick, Science, 92, 77 (1940). 
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15 Pauling, L., Vitamin C and the Common Cold (San Francisco: W. H. Freeman and Co., 

1970). 
16 Williams, R. J., and G. Deason, Proc. Nat. Acad. Sci. USA, 57, 1638 (1967). 
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Ascorbic acid and the common cold 

Linus Pauling, Ph.D. 

For a number of years I have been 
interested in the possibility that the state of 
health of many people could be significantly 
improved by the ingestion in the optimum 
amounts of certain substances normally 
present in the human body, including the 
vitamins. This interest developed from the 
work that my associates and I have done on 
molecular diseases, especially the hemoglo-
binemias (1). I decided in 1953 that it would 
be worthwhile to make a study of the extent 
to which mental diseases could be described 
as molecular diseases. Work along these lines 
was carried out in our laboratory in the Cali
fornia Institute of Technology from 1954 to 
1964, and was continued in the University of 
California, San Diego, and (since 1969) in 
Stanford University. In the course of this 
period I formulated some ideas about ortho-
molecular medicine, defined as the preser
vation of good health and the treatment of 
disease by varying the concentrations in the 
human body of substances that are normally 
present in the body and are required for 
health (2-4). I also became aware of argu
ments indicating that the optimum rate of in
take of ascorbic acid may be far greater than 
the recommended daily allowance of this 
vitamin, which is approximately 50 mg/day. 
Part of the evidence on this point had been 
presented especially clearly in the papers of 
Stone (5-8). 

Last year I published a small book, Vita
min C and the Common Cold, in which I 
presented the evidence supporting the con
clusion that ascorbic acid ingested in larger 
amounts than the recommended daily al
lowance has value in decreasing the incidence 
and severity of the common cold and related 
infectious diseases (9). 

This opinion is in agreement with a rather 
widespread popular belief that ascorbic acid 
has value in providing protection against the 
common cold. This popular belief has, how
ever, not been generally shared by physicians, 
authorities on nutrition, and official bodies. 

For example, as recently as November 
1970, Dr. Philip L. White (10), Secretary of 
the Council on Foods and Nutrition of the 
American Medical Association, stated that 
"Unfortunately, it is still a widespread belief 
that extra ascorbic acid can not only prevent 
colds but also lessen the severity and duration 
of colds and other respiratory infections. 
Even when consumed at the first sign of a 
sniffle, large doses of the vitamin are useless." 
Also, many statements contradicting my con
clusions were made by physicians, experts 
in nutrition, and health officials within a few 
weeks after the publication of my book. For 
example, Dr. Charles C. Edwards, United 
States Food and Drug Commissioner, was 
reported in the press on December 29, 1970 
as having said that the use of ascorbic acid 
was ridiculous, and that there was no 
scientific evidence and never have been any 
meaningful studies indicating that vitamin 
C is capable of preventing or curing colds. 
The Editors of The Medical Letter published 
an article in which nearly all my statements 
were contradicted; for example, it was stated 
that there had been no controlled trials of the 
effectiveness of vitamin C, in comparison with 
a placebo, against upper respiratory infections 
over a long period and including many hun
dreds of persons (11). 

In fact, there have been several carefully 
conducted double-blind studies of ascorbic 
acid and the common cold, carried out by 
responsible medical investigators. Some of 
these studies have given results that reject 
with statistical significance the null hypothesis 
that ascorbic acid has no more value than a 
placebo in decreasing the incidence and 
severity of the common cold when the ascor
bic acid is administered regularly to subjects 
over a period of time beginning before the 
illness has set in, and the subjects are exposed 
to cold viruses in the ordinary way (by casual 
contact with other people). I shall discuss 
some of these studies in the following para
graphs. The amount of protection against 

1294 The American Journal of Clinical Nutrition 24:JNOVEMBER 1971, pp. 1294-1299. Printed in U.S.A. 
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the common cold is reported to increase with 
the amount of ascorbic acid ingested, reach
ing a protective effect of about two-thirds for 
the integrated morbidity for subjects receiving 
1,000 mg ascorbic acid/day, in comparison 
with those receiving a placebo. So far as I 
have been able to discover by examination of 
the literature and by writing to critics, there 
is no published account of any controlled 
double-blind study of the sort described 
above that eliminates with statistical signifi
cance the hypothesis that ascorbic acid has 
the amount of protective power ascribed to it 
in my book. 

My conclusion about the significance of 
some of the investigations has disagreed with 
that reached by the investigators themselves. 
For example, Drs. Cowan, Diehl, and Baker 
of the University of Minnesota reported a 
statistically significant protective effect, which 
they described as being judged to "give a 
slight advantage in reducing the number of 
colds experienced," but they also stated in 
the summary of their article that their con
trolled study had yielded no indication that 
large doses of vitamin C alone (or with other 
vitamins) had any important effect on the 
number or severity of upper respiratory tract 
infections when administered to young adults 
who presumably were already on a reason
ably adequate diet. This statement by the 
investigators is an expression of opinion as to 
whether or not the effect that they observed 
is an important effect. I conclude that this 
statement of opinion about what constitutes 
an "important" effect has been responsible 
for the failure by most physicians and nutri
tionists writing on this subject to accept the 
evidence reported by the investigators. 

It is my opinion that the failure to recog
nize the significance of the results reported in 
the controlled trials that have been carried 
out can be attributed to two causes. First, 
there has been a general reluctance to make 
studies of the effect of an intake of ascorbic 
acid greater than 200 mg/day, over a period 
of time. Second, the possibility that the aver
age protective effect of ascorbic acid for a 
population would be augmented with increase 
in the daily intake of the vitamin was ignored, 
and the statistically significant observation of 
a decreased incidence and severity of the 
common cold for subjects receiving about 
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200 mg/day (in comparison with those re
ceiving a placebo) did not suggest to the 
investigators that they should carry out a 
similar investigation with a daily intake of 
400 mg, to find out if the protective effect 
would be twice as great. If this idea had been 
accepted by Cowan, Diehl, and Baker in 
1942, it is, in my opinion, likely that the value 
of ascorbic acid in controlling the common 
cold would have been recognized 25 years 
ago. 

I shall discuss in some detail two investi
gations, one carried out by Dr. G. Ritzel, a 
physician with the Medical Service of the 
School District of the city of Basel, Switzer
land, and the other by Drs. Cowan, Diehl, 
and Baker, physicians connected with the 
School of Medicine of the University of Min
nesota. 

The study carried out by Ritzel and re
ported in 1961 (12) was made with 279 skiers 
at a ski resort, during two periods of 5 to 7 
days. The conditions were such that the inci
dence of colds during these short periods 
was large enough (approximately 20%) for 
the results to be statistically significant. The 
subjects were roughly of the same age and 
had similar nutrition during the period of 
study. The ascorbic acid tablets or placebo 
were distributed to the subjects every morn
ing and were taken under observation so that 
the possibility of interchange of tablets was 
eliminated. Persons who showed cold symp
toms on the first day were excluded from the 
investigation. The subjects were examined 
daily by physicians for symptoms of colds 
and other infections. The records were largely 
on the basis of subjective symptoms, but were 
partially supported by objective observations 
(measurement of body temperature, in
spection of the respiratory organs, auscul
tation of the lungs). 

It was a double-blind study, with neither 
the subjects nor the physicians knowing 
which subjects received ascorbic acid and 
which received the placebo. At the end of the 
investigation, a completely independent 
group of professional people was provided 
with the identification numbers for the tablets, 
and this group carried out the statistical eval
uation of the observations. 

The number of colds for the 140 persons 
in the placebo group was 31, and that for the 
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139 persons in the ascorbic acid group was 
17. A decrease of 45% in the incidence of 
colds was observed in the ascorbic acid group, 
as compared with the placebo group. This 
decrease in incidence is statistically signifi
cant, at the level P (one-tailed) less than 0.02. 

This result means that the probability that 
a decrease in incidence of colds as great as 
this, and in this direction (greater protective 
effect of ascorbic acid than of the placebo), 
would be observed in two groups from a uni
form population, with ascorbic acid and 
placebo having the same effect, only in 2% of 
a large number of similar tests. Hence, the ob
servation of a protective effect by ascorbic 
acid, decreasing the incidence of colds, is 
reliable at the 98 % level of confidence. 

In applying statistical analysis to this study 
and other studies of ascorbic acid and the 
common cold I have calculated the value of 
P (one-tailed) rather than P (two-tailed), be
cause the question under dispute is whether 
or not ascorbic acid has greater protective 
power than a placebo; no one contends that 
the placebo would have greater protective 
power than ascorbic acid. The results of my 
own statistical analysis of the observations 
reported by Ritzel agree completely with 
those reported by the team of professionals 
and stated in the published paper. 

The severity of individual colds was ob
served by Ritzel in two ways: first, by re
cording the average number of days of illness 
per cold, and second, by recording the num
ber of individual symptoms per cold (as 
recorded each day). The severity of individual 
colds was found to be 29% less for the ascor
bic acid group than for the placebo group, 
as measured by the average number of days 
of illness per cold, and 36% less as measured 
by the number of individual symptoms re
corded per cold. Each of these decreases is 
statistically significant at the level P (one-
tailed) less than 0.05. 

A third quantity, which may be taken to 
represent the total protective effect of ascor
bic acid, is the integrated morbidity, defined 
as the product of the incidence of colds and 
the severity of individual colds. In the Ritzel 
study the integrated morbidity was found to 
be 61% less for the ascorbic acid group than 
for the placebo group as measured by the 

average number of days of illness per subject 
in the group, and 64% less as measured by 
the average number of individual symptoms 
per person in the group. Each of these ob
servations is statistically significant at the 
level P (one-tailed) less than 0.01. 

Dr. G. Ritzel has reported in his carefully 
performed double-blind study of 279 sub
jects that the administration of 1,000 mg/day 
of ascorbic acid, in comparison with a pla
cebo, leads to a decrease (with high statistical 
significance) in incidence, severity, and in
tegrated morbidity of the common cold. The 
integrated morbidity is correlated with the in
cidence and severity; accordingly, the statisti
cal significance of the investigation as a whole 
can be taken to be rejection of the null hy
pothesis that ascorbic acid has the same value 
as the placebo at the level P (one-tailed) less 
than 0.01; that is, at the confidence level of 
99%. 

Another very careful study was the one by 
Cowan, Diehl and Baker, reported in 1942 
(13). Their principal work was done during 
the winter of 1939 to 1940, over a period of 
28 weeks. The subjects were all students at 
the University of Minnesota who volunteered 
to participate in the study because they felt 
that they were particularly susceptible to 
colds. Persons whose difficulties seemed to be 
due primarily to chronic sinusitis or allergic 
rhinitis, as shown by examination of the 
nose and throat and consideration of symp
toms of allergy, were excluded from the 
study. The subjects were assigned alternately 
and at random to an experimental group and 
a control group. The subjects in the control 
group were treated exactly like those in the 
experimental group, except that they received 
a placebo instead of ascorbic acid. The sub
jects were instructed to report to the health 
service whenever a cold developed, so that 
report cards could be filled in by a physician. 
The study was a double-blind one, with 
neither the subjects nor the physician know
ing to which group a subject was assigned 
(D. W. Cowan, personal communication). 
There were 183 subjects in the ascorbic acid 
group, who received an average of 180 mg 
ascorbic acid per day during the 28-week 
period, and 155 subjects in the placebo 
group. 
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The amount of ascorbic acid per day used 
in this study is a little less than one-fifth the 
amount used by Ritzel. The effects are also 
slightly smaller; but the somewhat larger 
number of subjects and much longer period 
of the investigation cause the results to have 
approximately the same statistical signifi
cance. The incidence of colds was 14% less 
for the ascorbic acid group than for the 
placebo group, with P (one-tailed) less than 
0.02; the severity of individual colds (average 
days of illness per cold) was 2 1 % less, with 
P (one-tailed) less than 0.02; and the inte
grated morbidity (average days of illness per 
person) was 31 % less, with P (one-tailed) less 
than 0.01. 

The level of confidence at which the null 
hypothesis that ascorbic acid has no more 
effect than a placebo is rejected by the ob
servations of Cowan, Diehl, and Baker in 
their carefully controlled study is given by P 
(one-tailed) less than 0.01; that is, on the 
basis of this study ascorbic acid is shown to 
be effective in decreasing the integrated mor
bidity of the common cold at the 99% confi
dence level. 

One reason that has been advanced for not 
accepting the results reported by Cowan, 
Diehl, and Baker is that the subjects who 
received ascorbic acid had more compli
cations, such as bronchitis, otitis, and sinus
itis, than did those in the control group. The 
numbers of subjects in these categories were, 
however, so small that the difference does 
not have statistical significance, and there
fore this criticism is to be rejected. 

Cowan, Diehl, and Baker also reported the 
results of another study, involving three 
groups of subjects (numbering 82 to 94 per 
group), with one group receiving placebo 
capsules, another, 25 mg ascorbic acid/day 
plus other vitamins, and the third, 50 mg 
ascorbic acid/day plus other vitamins. No 
statistically significant differences among the 
groups were observed. Moreover, the obser
vations do not permit the rejection with statis
tical significance of the hypothesis that the 
25-mg and 50-mg doses of ascorbic acid per 
day have the effect of a decrease in incidence, 
severity, and integrated morbidity of the com
mon cold one-seventh or one-quarter, re
spectively, as great as reported for 180 mg/ 

day. Accordingly, this study cannot be quoted 
with statistical significance as evidence for or 
against ascorbic acid as a means of protection 
against the common cold. 

The study by Cowan, Diehl, and Baker 
and that by Ritzel are the best examples of 
carefully controlled double-blind studies of 
ascorbic acid and the common cold that have 
been described in detail in published papers. 
We may ask what the probability is that these 
two careful investigations, carried out at dif
ferent times and on different continents, and 
surely not correlated with one another, would 
have given the results that they did give, i.e., 
in rejecting the null hypothesis of equal effec
tiveness of ascorbic acid and a placebo. Each 
of the two studies is statistically significant in 
rejecting the hypothesis at the level P (one-
tailed) less than 0.01. Application of Fisher's 
method of combining independent studies to 
obtain their total significance leads to chi-
squared (4 degrees of freedom) equal to 
18.42. The null hypothesis of equal effective
ness of ascorbic acid and a placebo is rejected 
at the level P less than 0.001; that is, these 
two investigations show ascorbic acid to be 
more effective than a placebo in decreasing 
the integrated morbidity of the common cold 
at the 99.9% level of confidence. The prob
ability that the results reported by the investi
gators would have been obtained in the two 
investigations if ascorbic acid and the placebo 
had the same effect is less than one in one 
thousand. We are justified in concluding from 
these two investigations alone that ascorbic 
acid, when administered over a period of 
time to subjects exposed in the normal way to 
cold viruses, is effective in decreasing the 
incidence, severity, and integrated morbidity 
of the common cold. 

Several other carefully controlled studies 
of ascorbic acid and the common cold have 
been carried out under similar circumstances, 
and have yielded results with statistical 
significance. The amount of protective effect 
that has been reported is approximately the 
same as that found in the two studies dis
cussed above. 

No controlled study has been reported in 
which results have been obtained with statis
tical significance that are incompatible with 
the amount of protective effect found by 
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Cowan, Diehl, and Baker for 180 mg ascor
bic acid/day and by Ritzel for 1,000 mg as
corbic acid/day. There is no justification 
for the statement often made that careful 
studies have shown that ascorbic acid has no 
protective value against the common cold. 

There is only one investigation that seems 
to give a contradictory result. This is the 
work of Walker, Bynoe, and Tyrrell of the 
Common Cold Research Unit, Salisbury, 
England, reported in 1967 (14). Of their 91 
subjects, 47 received 3 g ascorbic acid/day 
for 3 days before inoculation with viruses 
(rhinoviruses, influenza B, or B814 virus) and 
for 6 days after inoculation, and 44 subjects 
received a placebo. The reported incidence of 
colds was only 6% less for the ascorbic acid 
group than for the placebo group. It is pos
sible that the conditions of this study, in
volving introduction of virus particles di
rectly into the nose and throat of the sub
jects, were so much different from the con
ditions of ordinary exposure of persons to 
the viruses of the common cold, usually dis
seminated in the form of spray by the cough
ing or sneezing of persons with colds, that 
the results are not significant with respect to 
the question of whether or not ascorbic acid 
has protective effect for persons under 
ordinary conditions of exposure. The number 
of persons in the study and the short period 
of the study are such that a protective effect 
would have had to be larger than 40% in 
order to be statistically significant. 

There is some published evidence that an 
increased intake of ascorbic acid, 3 to 10 g/ 
day, taken regularly, leads to a decrease in 
incidence of the common cold by about 90%. 
This evidence has not been obtained, how
ever, by the process of setting up double-
blind trials. There is also evidence that ascor
bic acid taken in the proper amount at the 
first signs of a common cold decreases its se
verity in a significant way, especially the evi
dence reported by Dr. E. Regnier, a physician 
in Salem, Massachusetts (15). I shall not dis
cuss these various studies here, but shall say 
only that they are compatible with the con
clusions described above, reached from a de
tailed consideration of the work of Cowan, 
Diehl, and Baker and that of Ritzel. I have 
made an analysis of all of the papers describ

ing controlled studies of ascorbic acid and the 
common cold, and feel that the evidence that 
ascorbic acid has value in providing protec
tion against the common cold is overwhelm
ing. Earlier analyses of the evidence have not 
been conducted with care. For example, the 
editorial article on Ascorbic Acid and the 
Common Cold published in Nutrition Re
views in 1967 (16) and leading to the conclu
sion that "There is no conclusive evidence 
that ascorbic acid has any protective effect 
against, or any therapeutic effect on, the 
course of the common cold in healthy people 
not depleted of ascorbic acid" did not involve 
any discussion of statistical significance of 
the reported effects, and contains some errors 
of fact about the investigations. 

The weight of published evidence about as
corbic acid and the common cold at the pres
ent time is overwhelmingly in support of the 
conclusion that ascorbic acid has value in de
creasing the incidence, severity, and inte
grated morbidity of the common cold. There 
is no justification for the refusal by physicians 
and nutritionists to accept this conclusion.E3 
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Chapter 1 

Reprinted from Orthomolecular Psychiatry: Treatment of Schizophrenia, eds. David Hawkins and Linus Pauling, W.H. Freeman, San 
Francisco, pp. 1-17 (1973). 

1 

Orthomolecular Psychiatry 

LINUS PAULING 

INTRODUCTION 

The methods principally used now for treating patients with mental disease are 
psychotherapy (psychoanalysis and related efforts to provide insight and to decrease 
environmental stress), chemotherapy (mainly with the use of powerful synthetic drugs, 
such as chlorpromazine, or powerful natural products from plants, such as reserpine), 
and convulsive or shock therapy (electroconvulsive therapy, insulin coma therapy, 
pentylenetetrazol shock therapy). I have reached the conclusion, through arguments 
summarized in the following paragraphs, that another general method of treatment, 
which may be called orthomolecular therapy, may be found to be of great value, and 
may turn out to be the best method of treatment for many patients. 

Orthomolecular psychiatric therapy is the treatment of mental disease by the pro
vision of the optimum molecular environment for the mind, especially the optimum 

{Reprinted with permission from Science, 19 April 1968, vol. 160, pp. 265-271. Copyright © 1968 
by the American Association for the Advancement of Science.) 
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concentrations of substances normally present in the human body.1 An example is 
the treatment of phenylketonuric children by use of a diet containing a smaller than 
normal amount of the amino acid phenylalanine. Phenylketonuria (Felling, 1934) 
results from a genetic defect that leads to a decreased amount or effectiveness of the 
enzyme catalyzing the oxidation of phenylalanine to tyrosine. The patients on a nor
mal diet have in their tissues abnormally high concentrations of phenylalanine and 
some of its reaction products, which, possibly in conjunction with the decreased con
centration of tyrosine, cause the mental and physical manifestations of the disease 
(mental deficiency, severe eczema, and others). A decrease in the amount of phenyl
alanine ingested results in an approximation to the normal or optimum concentra
tions and to the alleviation of the manifestations of the disease, both mental and 
physical. 

The functioning of the brain is dependent on its composition and structure; that is, 
on the molecular environment of the mind. The presence in the brain of molecules of 
N,N-diethyl-D-lysergamide, mescaline, or some other schizophrenogenic substance 
is associated with profound psychic effects (see, for example, Woolley, 1962). Cher-
kin has recently pointed out (1967) that in 1799 Humphry Davy described similar 
subjective reactions to the inhalation of nitrous oxide. The phenomenon of general 
anesthesia also illustrates the dependence of the mind (consciousness, ephemeral 
memory) on its molecular environment (Pauling, 1961; Miller, 1961). 

The proper functioning of the mind is known to require the presence in the brain of 
molecules of many different substances. For example, mental disease, usually 
associated with physical disease, results from a low concentration in the brain of any 
one of the following vitamins: thiamine (Bj), nicotinic acid or nicotinamide (B3), 
pyridoxine (B6), cyanocobalamin (B12), biotin (H), ascorbic acid (C), and folic acid. 
There is evidence that mental function and behavior are also affected by changes in 
the concentration in the brain of any of a number of other substances that are norm
ally present, such as L(+)-glutamic acid, uric acid, and y-aminobutyric acid.2 

OPTIMUM MOLECULAR CONCENTRATIONS 

Several arguments may be advanced in support of the thesis that the optimum mole
cular concentrations of substances normally present in the body may be different 
from the concentrations provided by the diet and the gene-controlled synthetic 

1 I might have described this therapy as the provision of the optimum molecular composition 
of the brain. The brain provides the molecular environment of the mind. I use the word mind as 
a convenient synonym for the functioning of the brain. The word orthomolecular may be criticized 
as a Greek-Latin hybrid. I have not, however, found any other word that expresses as well the 
idea of the right molecules in the right amounts. 

2 The literature is so extensive that I refrain from giving references here. 
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mechanisms, and, for essential nutrilites (vitamins, essential amino acids, essential 
fatty acids) different from the minimum daily amounts required for life or the "recom
mended" (average) daily amounts suggested for good health. Some of these argu
ments are presented in the following paragraphs. 

EVOLUTION AND NATURAL SELECTION 

The process of evolution does not necessarily result in the normal provision of 
optimum molecular concentrations. Let us use ascorbic acid as an example. Of the 
mammals that have been studied in this respect, the only species that have lost the 
power to synthesize ascorbic acid and that accordingly require it in the diet are man, 
other Primates (rhesus monkey, Formosan long-tail monkey, and ring-tail or brown 
capuchin monkey), the guinea pig, and an Indian fruit-eating bat (Pteropus medius)? 
Presumably the loss of the gene or genes controlling the synthesis of the enzyme or 
enzymes involved in the conversion of glucose to ascorbic acid occurred some 20 
million years ago in the common ancestor of man and other Primates, and occurred 
independently for the guinea pig and for one species of bat and one bird, in each case 
in an environment such that ascorbic acid was provided by the food. For a mutation 
rate of 1/20,000 per gene generation and for even a very small advantage for the mut
ant (0.01 percent more progeny) the mutant would replace the earlier genotype within 
about 1 million years. The advantage to the mutant of being rid of the ascorbic-acid-
synthesis machinery (decrease in cell size and energy requirement, liberation of 
machinery for other purposes) might well be large, perhaps as much as 1 percent; a 
disadvantage nearly as large (less by 0.01 percent) resulting from a less than optimum 
supply of dietary ascorbic acid would not prevent the replacement of the earlier 
species by the mutant. Hence, even if the amount of the vitamin provided by the diet 
available at the time of the mutation were less than the optimum amount, the mutant 
might still be able to replace its predecessor. Moreover, it is possible that the environ
ment has changed during the last 20 million years in such a way as to provide a de
creased amount of the vitamin. Even a serious disadvantage of the changed environ
ment would not lead to a mutation restoring the synthetic mechanism within a period 
of a few million years, because of the small probability of such mutations, far smaller 
than of those resulting in loss of function. 

Moreover, the process of natural selection may be expected later on to lead to the 
survival of a species or strain that synthesizes somewhat less than the optimum 
amount of an autotrophic vital substance rather than of the species or strain that 
synthesizes the optimum amount. To synthesize the optimum amount requires 

3 For references, see Stone (1965). The only other vertebrates known to require exogenous 
ascorbic acid are the red-vented bulbul, Pycnonotus cafer, and related passeriform birds. 
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about twice as much biological machinery as to synthesize half the optimum amount. 
As suggested in Figure 1-1, the evolutionary disadvantage of synthesizing a less than 
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FIGURE 1-1. 
Diagrammatic representation of growth rate or other vital pro
perty of an organism as function of the concentration of vital 
substance in the organism, showing the concentration at which 
the differential advantage of an increased amount of vital sub
stance is just balanced by the differential disadvantage resulting 
from an increased amount of machinery for synthesis, and the 
concentration that gives optimum functioning without con
sideration of the burden of the machinery for synthesis. 

optimum amount of the vital substance may be small, and may be outweighed by the 
advantage of requiring a smaller amount of biological machinery. Evidence from the 
study of microorganisms is discussed in the following paragraphs. 

EVIDENCE FROM MICROBIOLOGICAL GENETICS 

Many mutant microorganisms are known to require, as a supplement to the medium 
in which they are grown, a substance that is synthesized by the corresponding wild-
type organism (the normal strain). An example is the pyridoxine-requiring mutant of 
Neurospora sitophila reported by G. W. Beadle and E. L. Tatum in their first Neuro-
spora paper, published in 1941. 

Several species of Neurospora that have been extensively studied are known to be 
able to grow satisfactorily on synthetic media containing inorganic salts, an in
organic source of nitrogen, such as ammonium nitrate, a suitable source of carbon, 
such as sucrose, and the vitamin biotin. All other substances required by the organism 
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are synthesized by it. Beadle and Tatum found that exposure to x-radiation produces 
mutant strains such that one substance must be added to the minimum medium in 
order to permit the growth at a rate approximating that of the normal strain. Their 
pyridoxine-requiring mutant was found to grow on the standard medium at a rate 
only 9 percent of that of the normal strain. When pyridoxine (vitamin B6) is added to 
the medium, the rate of growth of this strain at first increases nearly linearly with the 
concentration of the added pyridoxine and then increases less rapidly, as shown in 
Figure 1-2.4 The growth rate of the normal strain without added pyridoxine is equal 
to that of the mutant with about 10 micrograms of the growth substance per liter in 
the medium. At a concentration about four times this value (40 micrograms per liter) 
the growth rate of the mutant strain reaches a value 7 percent greater than that of the 
normal strain without added pyridoxine. 
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FIGURE 1-2. 
The observed rate of growth of a pyridoxine-requiring Neurospora mutant 
(Beadle and Tatum, 1941), as function of the concentration of pyridoxine 
in the medium. 

The point of maximum curvature of the curve in Figure 1-2, at about 3.2 micro

grams of pyridoxine per liter (indicated by a cross), may be reasonably considered to 

mark the division between the region of vitamin deficiency (to the left) and the region 

of normal vitamin supply (to the right), such as might permit the mutant to compete 

with the wild type, which has the growth rate represented by the filled circle in Figure 

1-2. The point marked by the cross might well correspond to an "adequate" or 

"recommended" amount of the vitamin, in that the growth rate of the mutant is only 

4 The points in Figure 1-2 represent my measurement of the slopes of the growth curves shown 
in Figure 1 of Beadle and Tatum (1941). They agree closely with the points of their Figure 2, 
except for one point, that for 1.2 ^g/liter, which may have been misplotted. 
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12 percent less than that of the wild strain, and that the amount of the vitamin would 
have to be increased threefold to make up this 12 percent.5 

As shown in Figure 1-2, quadrupling the concentration of pyridoxine that gives 
the mutant a growth rate equal to that of the wild type causes a further increase in 
growth rate by nearly 10 percent. The growth rates of the mutant and the wild type at 
very large concentrations of the vitamin have not been measured, so far as I know, 
and the optimum concentration is not known. From the work of Beadle and Tatum 
(1941) the optimum concentration may be taken to be greater than 40 micrograms per 
liter; that is, more than ten times the "adequate" concentration for the mutant and 
more than four times the concentration equivalent to the synthesizing capability of 
the wild type. The growth rate of the mutant at the optimum concentration is more 
than 22 percent greater than that at the "adequate" concentration and more than 9 
percent greater than that of the normal strain. 
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F I G U R E 1-3. 
The observed rate of growth of a />-aminobenzoic-acid-requiring 
Neurospora mutant (Tatum and Beadle, 1942), as function of 
concentration of the growth substance in the medium. 

Similar results have been reported for other mutants of Neurospora. The values 
found by Tatum and Beadle (1942) for a/>-aminobenzoic-acid-requiring mutant of 
Neurospora crassa as a function of the concentration ofp-aminobenzoic acid added to 
the standard medium are shown in Figure 1-3. The growth-rate curve is similar in 

5 The reported growth rate for the normal strain in a medium with 40 fig of added pyridoxine 
per liter is 3 percent greater than that for the basic medium, as shown by the slopes of the lines 
in Figure 1 of Beadle and Tatum (1941). 
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shape to that for the pyridoxine-requiring mutant. The value of the growth rate for 
the normal strain of Neurospora crassa with no added/?-aminobenzoic acid is equal to 
that for the mutant at a concentration of added />-aminobenzoic acid of about 15 
micrograms per liter. A value about 4 percent greater is found for the normal strain at 
40 micrograms per liter and for the mutant strain at 80 micrograms per liter, as 
indicated in Figure 1-3. 
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FIGURE 1-4. 
Observed rate of growth of a /j-aminobenzoic-acid-requiring 
Neurospora mutant as function of the logarithm of the concentra
tion of jO-aminobenzoic acid. 

It is customary to plot values of the growth rate against the logarithm of the con
centration of the growth substance, as shown in Figure 1-4. The amount of increase 
accompanying a doubling in the concentration of the growth substance is a maximum 
at 1.25 to 2.5 micrograms per liter, and decreases thereafter to about half the value for 
each successive doubling. 

From these two examples we see that there may be a significant increase in rate of 
growth of the normal strain through addition of some of the growth substance that it 
synthesizes to the medium in which it is grown; that is, that the amount of the growth 
substance that is synthesized by the normal strain is not the optimum amount, but is 
somewhat less, leading to a rate of growth approximately 7 percent less than the 
maximum in the case of pyridoxine (with the normal strain of Neurospora sitophila) 
and 4 percent less for /7-aminobenzoic acid (with the normal strain of Neurospora 
crassa). Many other examples are known of microorganisms that grow more 
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abundantly in a medium containing vitamins, amino acids, or other substances that 
they are able to synthesize than on a minimum medium. 

Evidence supporting the above arguments has been presented recently by Zamen-
hof and Eichhorn (1967) in a paper entitled "Study of microbial evolution through 
loss of biosynthetic functions: Establishment of'defective' mutants." These authors 
carried out experiments involving competitive growth in a chemostat of an auxo
trophic mutant (a mutant requiring a nutrilite) and a prototrophic parent in a medium 
of constant composition containing the nutrilite. They found that the "defective" 
mutant has a selective advantage over the prototrophic parental strain under these 
conditions. For example, an indole-requiring mutant of Bacillus subtilis was found to 
show a strong selective advantage over the prototrophic back-mutant when the two 
were grown together in a medium containing tryptophan: the relative number of cells 
of the latter decreased 106-fold in 54 generations. They also found that greater ad
vantage to the auxotroph accompanies a greater number of biosynthetic steps that 
have been dispensed with (earlier block in a series of reactions), with the final meta
bolite available. They point out that a mutant with a gene deletion would be at a 
distinct selective advantage over a point mutant, in that not only the synthesis of the 
metabolite, but also that of the structural gene, the messenger RNA, and perhaps the 
inactive enzyme itself would be dispensed with, and that accordingly the mutant with 
a deletion would replace the point mutant in competition. They mention evidence 
that some of the "defective" strains occurring in nature have lost one or more of their 
structural genes by deletions, rather than by point mutations. 

MOLECULAR CONCENTRATIONS 
AND RATE OF REACTION 

Most of the chemical reactions that take place in living organisms are catalyzed by 
enzymes. The mechanisms of enzyme-catalyzed reactions in general involve (1) the 
formation of a complex between the enzyme and a substrate molecule, and (2) the de
composition of this complex to form the enzyme and the products of the reaction. The 
rate-determining step is usually the decomposition of the complex to form the pro
ducts or, more precisely, the transition through an intermediate state of the complex, 
characterized by activation energy less than for the uncatalyzed reaction, to a com
plex of the enzyme and the products of reaction, with a rapid dissociation. Under 
conditions such that the concentration of the complex corresponds to equilibrium 
with the enzyme and the substrate, the rate of the reaction is given by the following 
equation (the Michaelis-Menten equation; Michaelis and Menten, 1913): 

d[S] kE[S] 
dt ~ [S] + (UK) 0) 
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In this equation [S] is the concentration of the substrate, £ is the total concentra
tion of enzyme (present both as free enzyme and enzyme complex), K is the equili
brium constant for formation of the enzyme complex ES, and k is the reaction-rate 
constant for decomposition of the complex to form the enzyme and reaction pro
ducts. This equation corresponds to the case in which there are no enzyme inhibitors 
present. 

Reaction rate of catalyzed reaction 

Concentration of substrate 
FIGURE 1-5. 
Curves showing calculated reaction rate RIR*, of catalyzed reaction as 
function of the concentration of the substrate, for different values of the 
equilibrium constant K for formation of the enzyme-substrate complex. 

Values of the reaction rate calculated from this equation for different values of K 
are shown in Figure 1-5. The curves are similar in shape to those of Figures 1-2 and 
1-3. At concentrations much smaller than K~1 the reaction rate is proportional to the 
concentration of substrate. At larger concentrations, as the amount of enzyme com
plex becomes comparable to the amount of free enzyme, the reaction rate changes 
from the linear dependence. At substrate concentration equal to K~l the slope of the 
curve is one-quarter of the initial slope, and the value is one-half of the value corre
sponding to saturation of the enzyme by the substrate. 

The similarity of the curves of Figures 1-2 and 1-3 to appropriate curves in Figure 
1-5 suggests that the growth substance may be involved in an enzyme-catalyzed re
action in which it serves as the substrate. The normal strain of the organism manu
factures an amount of the substrate such as to permit the reaction to take place at what 
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may be considered a normal rate, 90 or 95 percent of the maximum rate, which corre
sponds to saturation of the enzyme. As described above, the gain in reaction rate 
associated with the manufacture of a larger amount of the substrate, with a corre
sponding advantage to the organism, might be balanced by the disadvantage to the 
organism associated with the upkeep of the larger amount of machinery required to 
manufacture the increased amount of substrate. An increase in rate of this reaction 
could also be achieved by an increase in the amount of the enzyme synthesized by the 
organism. Here, again, the advantage to the organism resulting from this increase 
may be overcome by the disadvantage associated with the increase in the amount of 
machinery required for the increased synthesis. During the process of evolution there 
has presumably been selection of genes determining the concentrations of the en
zymes catalyzing successive reactions such as to achieve an approximation to the 
optimum reaction rate with the smallest amount of disadvantage to the organism. 

The rate of an enzyme-catalyzed reaction is approximately proportional to the 
concentration of the reactant, until concentrations that largely saturate the enzyme 
are reached. The saturating concentration is larger for a defective enzyme with de
creased combining power for the substrate than for the normal enzyme. For such a 
defective enzyme the catalyzed reaction could be made to take place at or near its 
normal rate by an increase in the substrate concentration, as indicated in Figure 1-5. 
The short horizontal lines intersecting the curves indicate what may be called the 
"normal" reaction rate, 80 percent of the maximum. For K = 2 the "normal" rate is 
achieved at substrate concentration [S] — 2. At this substrate concentration the 
reaction rate is only 29 percent of the maximum and 35 percent of "normal" for a 
mutated enzyme with K = 0.2; it could be raised to the "normal" value by a tenfold 
increase in the substrate concentration, to [S] = 20. Similarly, the still greater dis
advantage of low reaction rate for a mutated enzyme with K only 0.01 could be over
come by a 200-fold increase in substrate concentration, to [S] = 400. This mechan
ism of action of gene mutation is only one of several that lead to disadvantageous 
manifestations that could be overcome by an increase, perhaps a great increase, in the 
concentration of a vital substance in the body. These considerations obviously sug
gest a rationale for megavitamin therapy. 

MOLECULAR CONCENTRATIONS 
AND MENTAL DISEASE 

The functioning of the brain and nervous tissue is more sensitively dependent on the 
rate of chemical reactions than the functioning of other organs and tissues. I believe 
that mental disease is for the most part caused by abnormal reaction rates, as deter
mined by genetic constitution and diet, and by abnormal molecular concentrations of 
essential substances. The operation of chance in the selection for the child of half of 
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the complement of genes of the father and mother leads to bad as well as to good geno
types, and the selection of foods (and drugs) in a world that is undergoing rapid 
scientific and technological change may often be far from the best. Significant im
provement in the mental health of many persons might be achieved by the provision 
of the optimum molecular concentrations of substances normally present in the 
human body. Among these substances, the essential nutrilites may be the most worthy 
of extensive research and more thorough clinical trial than they have yet received. 
One important example of an essential nutrilite that is required for mental health is 
vitamin B12, cyanocobalamin. A deficiency of this vitamin, whatever its cause 
(pernicious anemia; infestation with the fish tapeworm Diphyllobothrium, whose high 
requirement for the vitamin results in deprivation for the host; excessive bacterial 
flora, also with a high vitamin requirement, as may develop in intestinal blind loops), 
leads to mental illness, often even more pronounced than the physical consequences. 
The mental illness associated with pernicious anemia (a genetic defect leading to 
deficiency of the intrinsic factor [a mucoprotein] in the gastric juice and the conse
quent decreased transport of cyanocobalamin into the blood) often is observed for 
several years in patients with this disease before any of the physical manifestations of 
the disease appear (Smith, 1950). A pathologically low concentration of cyanoco
balamin in the serum of the blood has been reported to occur for a much larger 
fraction of patients with mental illness than for the general population. Edwin et al. 
(1965) determined the amount of B12 in the serum of every patient over 30 years old 
admitted to a mental hospital in Norway during a period of 1 year. Of the 396 patients, 
5.8 percent (23) had a pathologically low concentration, less than 101 picograms per 
milliliter, and the concentration in 9.6 percent (38) was subnormal (101 to 150 pico
grams per milliliter). The normal concentration is 150 to 1300 picograms per milli
liter. The incidence of pathologically low and subnormal levels of B12 in the serums of 
these patients, 15.4 percent, is far greater than that in the general population, about 
0.5 percent (estimated from the reported frequency of pernicious anemia in the area, 
9.3 per 100,000 persons per year). Other investigators6 have also reported a higher 
incidence of low B12 concentrations in the serums of mental patients than in the 
population as a whole, and have suggested that B12 deficiency, whatever its origin, 
may lead to mental illness. 

Nicotinic acid (niacin), when its use was introduced, cured hundreds of thousands 
of pellagra patients of their psychoses, as well as of the physical manifestations of 
their disease. For this purpose only small doses are required; the recommended daily 
allowance (National Research Council) is 12 milligrams per day (for a 70-kilogram 
male). In 1939 Cleckley et al. reported the successful treatment of 19 patients, and 

s Hansen et al. (1966) report serum Bi2 concentration below 150 pg/ml in 13 of 1,000 consecu
tive patients admitted to a Copenhagen psychiatric clinic. Henderson et al. (1966) report that 9 
of 1,012 unselected psychiatric patients in a region in Scotland were found to have Bi2 deficiency, 
in addition to 5 pernicious anemia patients in the group. 
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in 1941 Sydenstricker and Cleckley7 reported similarly successful treatment of 29 
patients with severe psychiatric symptoms by use of moderately large doses of 
nicotinic acid (0.3 to 1.5 grams per day). None of these patients had physical symp
toms of pellagra or any other avitaminosis. More recently many other investigators 
have reported on the use of nicotinic acid and nicotinamide for the treatment of 
mental disease. Outstanding among them are Hoffer and Osmond, who since 1952 
have advocated and used nicotinic acid in large doses, in addition to the conventional 
therapy, for the treatment of schizophrenia (Hoffer et al., 1957; Hoffer, 1962, 1966; 
Osmond and Hoffer, 1962; Hoffer and Osmond, 1964). The dosage recommended by 
Hoffer is 3 to 18 grams per day, as determined by the response of the patient, of either 
nicotinic acid or nicotinamide, together with 3 grams per day of ascorbic acid. 
Nicotinic acid and nicotinamide are nontoxic (the lethal dose, 50 percent effective 
[LD50], is not known for humans, but probably it is over 200 grams; the LD5 0 for 
rats is 7.0 grams per kilogram for nicotinic acid and 1.7 grams per kilogram for nico
tinamide), and their side effects, even in continued massive doses, seem not to be com
monly serious. Among the advantages of nicotinic acid, summarized by Osmond and 
Hoffer (1962), are the following: it is safe, cheap, and easy to administer, and it is a 
well-known substance that can be taken for years on end, if necessary, with only 
small probability of incidence of unfavorable side effects. 

Another vitamin that has been used to some extent in the treatment of mental 
disease is ascorbic acid, vitamin C. A sometimes-recommended daily intake of 
ascorbic acid is 75 milligrams for healthy adults. Some investigators have estimated 
that the optimum intake is much larger (Kyhos et al., 1945), perhaps 3 to 15 grams per 
day, according to Stone (1966,1967). Williams and Deason (1967) have emphasized 
the variability of individual members of a species of animals; they have reported their 
observation of a 20-fold range of required intake of ascorbic acid by guinea pigs, and 
have suggested that human beings, who are less homogeneous, have a larger range. 

Mental symptoms (depression) accompany the physical symptoms of vitamin-C 
deficiency disease (scurvy). In 1957, Akerfeldt reported that the serum of schizo
phrenics had been found to have greater power of oxidizing N,N-dimethyl-/>-
phenylenediamine than that of other persons. Several investigators then reported 
that this difference is due to a smaller concentration of ascorbic acid in the serum of 
schizophrenics than of other persons. This difference has been attributed to the poor 
diet and increased tendency to chronic infectious disease of the patients (Benjamin, 
1958; Kety, 1959), and has also been interpreted as showing an increased rate of meta
bolism of ascorbic acid by the patients (Hoffer and Osmond, 1960; Briggs, 1962). It 
is my opinion, from the study of the literature, that many schizophrenics have an 
increased metabolism of ascorbic acid, presumably genetic in origin, and that the 

7 References are given in this paper to some earlier work on nicotinic acid therapy. 
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ingestion of massive amounts of ascorbic acid has some value in treating mental 
disease. 

Other vitamins (thiamine, pyridoxine, folic acid) and other substances (zinc ion, 
magnesium ion, uric acid, tryptophan, L(+)-glutamic acid, and others) influence the 
functioning of the brain. I shall review work on L(+)-glutamic acid as a further 
example. L(+)-Glutamic acid is an amino acid that is present at rather high concen
tration in brain and nerve tissue and plays an essential role in the functioning of these 
tissues (Weil-Malherbe, 1936). It is normally ingested (in protein) in amounts of 5 to 
10 grams per day. It is not toxic; large doses may cause increased motor activity and 
nausea. In 1943 Price et al. reported favorable results for glutamic acid therapy of 
convulsive disorders (benefit to one out of three or four patients with petit mal 
epilepsy; Waelsch, 1948). Zimmerman and Ross (1944) then reported an increase in 
maze-running learning ability of white rats given extra amounts of glutamic acid. 
Zimmerman and many other investigators then studied the effects of glutamic acid on 
the intelligence and behavior of persons with different degrees and kinds of mental 
retardation. L(+)-Glutamic acid is apparently more effective than its sodium or potas
sium salts. The effective dosage is usually between 10 and 20 grams per day (given in 
three doses with meals), and is adjusted to the patient as the amount somewhat less 
than that required to cause hyperactivity. Several investigators8 have reported an 
improvement in personality and increase in intelligence (by 5 to 20 I.Q. points) for 
many patients with mild or moderate mental deficiency. 

LOCALIZED CEREBRAL DEFICIENCY DISEASES 

The observation that the psychosis associated with pernicious anemia may manifest 
itself in a patient for several years before the other manifestations of this disease be
come noticeable has a reasonable explanation: the functioning of the brain and 
nervous tissue is probably more sensitively dependent on molecular composition than 
is that of other organs and tissues. The observed high incidence of cyanocobalamin 
deficiency in patients admitted to a mental hospital, mentioned above, suggests that 
mental disease may rather often be the result of this deficiency, and further suggests 
that other deficiencies in vital substances may be wholly or partly responsible for 
many cases of mental illness. 

The foregoing arguments suggest the possibility that under certain circumstances a 
deficiency disease may be localized in the human body in such a way that only some of 
the manifestations usually associated with the disease are present. Let us consider, for 
example, a vitamin or other vital substance that is normally metabolized by the 

8 A recent survey of the role of glutamic acid in cognitive behaviors has been published by 
Vogel et al. (1966). Many references to earlier work are given in this paper. 
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catalytic action of an enzyme normally present in the tissues and organs of the body. 
In a person of unusual genotype there might be an especially great concentration of 
this enzyme in one body organ, with essentially the normal amount in other organs. 
Through the action of this enzyme in especially great concentration the steady-state 
concentration of the vital substance in that organ might be decreased to a level much 
lower than that required for normal function. Under these circumstances there would 
be present a deficiency disease restricted to that organ. 

An especially important case is that of the brain. We may, as a rough model of the 
human body, consider two reservoirs of fluid, the blood and lymph, with volume Vu 

and cerebrospinal fluid, the extracellular fluid of the brain and spinal column, with 
volume V2. We assume that a vital substance is destroyed in each of these reservoirs at 
a characteristic rate, corresponding to the rate constants kx and k2, that it diffuses 
across the blood-brain barrier at a rate determined by the product of the permeability 
and area of the barrier and the difference c2 — Cj of the concentrations in the two 
reservoirs, and that it is introduced from the gastrointestinal tract into the first 
reservoir at a constant rate. The steady-state concentrations are then in the ratio 

cjc2 = 1 + (k2V2/PA) 

where PA is the product of permeability and the area of the blood-brain barrier. The 
steady state corresponds to the following system: 

Supply >- Blood (Ci) < •- Brain (c2) 
PAc2 

K 2_C j "2^2 

T Y 

Inactive Inactive 
product product 

From this equation it is seen, as shown also in Figure 1-6, that for small values of 
k2V2lPA the difference in steady-state concentrations in the cerebrospinal fluid and 
the blood is small, but that through either decrease in permeability of the barrier or 
increase in the metabolic rate constant k2 the steady-state concentration in the brain 
becomes much less than that in the blood. 

This simple argument leads us to the possibility of a localized cerebral avitaminosis 
or other localized cerebral deficiency disease. There is the possibility that some human 
beings have a sort of cerebral scurvy, without any of the other manifestations, or a 
sort of cerebral pellagra, or cerebral pernicious anemia. It was pointed out by 
Zuckerkandl and Pauling (1962) that every vitamin, every essential amino acid, every 
other essential nutrilite represents a molecular disease (Pauling et al., 1949) which our 
distant ancestors learned to control, when it began to afflict them, by selecting a thera
peutic diet, and which has continued to be kept under control in this way. The local
ized deficiency diseases described above are also molecular diseases, compound 
molecular diseases, involving not only the original lesion, the loss of the ability to 
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Tenfold decrease 
in permeability ~ 

Tenfold 
increase in k2 

FIGURE 1-6. 
Values of the concentration of a vital substance in the blood and in 
the cerebrospinal fluid for three different assumed sets of values of 
blood-brain barrier permeability and rate of destruction in the 
cerebrospinal fluid. 

synthesize the vital substance, but also another lesion, one that causes a decreased 
rate of transfer across a membrane, such as the blood-brain barrier,9 to the affected 
organ, or an increased rate of destruction of the vital substance in the organ, or some 
other perturbing reaction. 

It has been suggested by Huxley et al. (1964), partially on the basis of the obser
vations of Book (1953, 1958) and Slater (1958) on the incidence of schizophrenia in 
relatives of schizophrenics, that schizophrenia is caused by a dominant gene with in
complete penetrance. They suggested that the penetrance, about 25 percent, may in 
some cases be determined by other genes and in some cases by the environment. I 
suggest that the other genes may, in most cases, be those that regulate the meta
bolism of vital substances, such as ascorbic acid, nicotinic acid or nicotinamide, 
pyridoxine, cyanocobalamin, and other substances mentioned above. The reported 
success in treating schizophrenia and other mental illnesses by use of massive doses of 
some of these vitamins may be the result of successful treatment of a localized cerebral 
deficiency disease involving the vital substances, leading to a decreased penetrance of 
the gene for schizophrenia. There is a possibility that the so-called gene for schizo
phrenia is itself a gene affecting the metabolism of one or another of these vital sub
stances, or even of several vital substances, causing a multiple cerebral deficiency. 

I suggest that the orthomolecular treatment of mental disease, to be successful, 
should involve the thorough study of and attention to the individual, such as is 

9 It has been suggested by Melander and Martens (1958, 1959) and by Hoffer and Osmond 
(1966) that the effects of taraxein (Heath et al., 1958) may result from changing the permeability 
of the blood-brain barrier. 
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customary in psychotherapy but less customary in conventional chemotherapy. In 
the course of time it should be possible to develop a method of diagnosis (measure
ment of concentrations of vital substances) that could be used as the basis for deter
mining the optimum molecular concentrations of vital substances for the individual 
patient and for indicating the appropriate therapeutic measures to be taken. My co
workers and I are carrying on some experimental studies suggested by the foregoing 
considerations, and hope to be able before long to communicate some of our results. 

SUMMARY 

The functioning of the brain is affected by the molecular concentrations of many sub
stances that are normally present in the brain. The optimum concentrations of these 
substances for a person may differ greatly from the concentrations provided by his 
normal diet and genetic machinery. Biochemical and genetic arguments support the 
idea that orthomolecular therapy, the provision for the individual person of the 
optimum concentrations of important normal constituents of the brain, may be the 
preferred treatment for many mentally ill patients. Mental symptoms of avitaminosis 
sometimes are observed long before any physical symptoms appear. It is likely that 
the brain is more sensitive to changes in concentration of vital substances than are 
other organs and tissues. Moreover, there is the possibility that for some persons the 
cerebrospinal concentration of a vital substance may be grossly low at the same time 
that the concentration in the blood and lymph is essentially normal. A physiological 
abnormality such as decreased permeability of the blood-brain barrier for the vital 
substance, or increased rate of metabolism of the substance in the brain, may lead to a 
cerebral deficiency and to a mental disease. Diseases of this sort may be called local
ized cerebral deficiency diseases. It is suggested that the genes responsible for abnor
malities (deficiencies) in the concentration of vital substances in the brain may be 
responsible for increased penetrance of the postulated gene for schizophrenia, and 
that the so-called gene for schizophrenia may itself be a gene that leads to a localized 
cerebral deficiency in one or more vital substances. 
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Abstract. A new concept of a basic mechanism Key Words 
involved in cell proliferation is presented. It is sug- Vitamin C/hyaluronidase 
gested that cells are normally restrained from prolifer- Hyaluronidase inhibitor 
ating by the highly viscous nature of the intercellular Intercellular ground substance 
glycosaminoglycans. In order to proliferate, cells must 
escape from this restraint by depolymerizing the glycosaminoglycans in their immediate 
environment. This process is accomplished by the release of the enzyme hyaluronidase and 
is kept in check by physiological hyaluronidase inhibitor. There is some evidence that 
physiological hyaluronidase inhibitor is an oligoglycosaminoglycan that requires ascorbic 
acid for its synthesis, and perhaps incorporates residues of ascorbic acid. This hypothesis 
provides an explanation for the pathogenesis of scurvy. It explains the increased require
ment for ascorbic acid that occurs in many cell proliferative diseases, including cancer. It 
indicates the existence of a basic underlying mechanism in many pathological states and 
suggests a common pattern of treatment. We conclude that ascorbic acid may have much 
greater therapeutic value than has been generally assigned to it. 

Introduction 

Orthomolecular medicine is the preservation of good health and the treat
ment of disease by varying the concentrations in the human body of sub
stances that are normally present in the body and are required for health 
[22, 23, 25]. Of these substances, the vitamins are especially important, and 
ascorbic acid, in particular, may have much greater value than has been 
generally ascribed to it. IRWIN STONE [31-33] has advanced arguments to 
support the concept that the optimum rate of intake of ascorbic acid is 
about 3 g per day under ordinary conditions, and larger, up to 40 g per day, 
for a person under stress. An argument based on the fact that only a few 
animal species require an exogenous source of ascorbic acid and on the 
amounts of ascorbic acid contained in a diet of raw natural plant food has 
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led to the conclusion that the optimum daily intake of ascorbic acid for an 
adult human being is about 2.3 g or more [24]. Ascorbic acid is a substance 
with extremely low toxicity; many people have ingested 10-20 g per day for 
long periods without serious side effects, and ingestion of as much as 150 g 
within 24 h without serious side effects has been reported [16]. In this respect 
ascorbic acid may be considered an ideal substance for orthomolecular 
prophylaxis and therapy. 

Ground Substance 

Cells in the tissues of the body are embedded in ground substance. This 
ubiquitous material pervades every interspace and isolates every stationary 
cell from its neighbours. It must be traversed by every molecule entering or 
leaving the cell. There is evidence that the interface between a cell membrane 
and the immediate extracellular environment is the crucial factor in the whole 
proliferative process. Variations in the composition of the extracellular 
environment exert a profound influence on cell behavior, and in turn the 
cells possess a powerful means of modifying their immediate environment. 
This interdependence is involved in all forms of cell proliferation and is 
particularly important in cancer. A proliferating cell and its immediate 
environment constitute a balanced system in which each component influ
ences the other. Recognition of this relationship and an understanding of the 
means of controlling it could lead to rational methods of treating cancer and 
other cell-proliferative diseases. 

Until recently cancer research has tended to concentrate almost exclu
sively upon the cell, and to ignore the other half of the proliferation equation. 
The intercellular substance is a complex gel, containing water, electrolytes, 
metabolites, dissolved gases, trace elements, vitamins, enzymes, carbo
hydrates, fats, and proteins. The solution is rendered highly viscous by an 
abundance of certain long-chain acid mucopolysaccharide polymers, the 
glycosaminoglycans and the related proteoglycans, reinforced at the micro
scopic level by a three-dimensional network of collagen fibrils. The principal 
glycosaminoglycans so far identified are hyaluronic acid, a long-chain 
polymer with high molecular weight (200,000-500,000) and simple chemical 
structure (alternating residues of N-acetylglucosamine and glucuronic acid), 
and varieties of chrondroitin (alternating residues of N-acetylgalactosamine 
and glucuronic acid) and its sulfate esters. Other glycosaminoglycans may 
also be present. The chemistry of the ground substance and the intercellular 
environment has been reviewed recently by BALAZS [1]. 
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An important property of the intercellular substance is its very high 
viscosity and cohesiveness. This property is dependent upon the chemical 
integrity of the large molecules. The viscosity can be reduced and the struc
tural integrity destroyed by the depolymerizing (hydrolyzing) action of 
certain related enzymes (the endohexosaminidases, the 3-N-acetylglucos-
aminidases, the (3-N-acetylgalactosaminidases, and ^-glucuronidase), 
known by the generic name 'hyaluronidase'. It is probable that most cells 
in the body are able to produce hyaluronidase [3, 10]. The interlacing 
molecular network of the intercellular ground substance is in a constant 
state of slow dynamic change, with synthesis of glycosaminoglycans (poly
merization) balanced by their breakdown (depolymerization by hydrolysis) 
through the catalytic action of hyaluronidase, and subsequent excretion. It 
is within this slowly changing environment, called the 'milieu interieur' by 
CLAUDE BERNARD, that all cellular activity takes place. The normal cell and 
the cancer cell both thrive and die within this environment. 

Hyaluronidase and Cell Proliferation 

Some years ago the hypothesis was advanced that all forms of cell 
proliferation depend upon one fundamental interaction between the cell and 
its immediate environment [5]. The hypothesis may be stated as follows: All 
cells in the body are embedded in a highly viscous environment of ground 
substance that physically restrains their inherent tendency to proliferate; 
proliferation is initiated by release of hyaluronidase from the cells, which 
catalyzes the hydrolysis of the glycosaminoglycans in the immediate environ
ment and allows the cells freedom to divide and to migrate within the limits 
of the alteration; proliferation continues as long as hyaluronidase is being 
released, and stops when the production of hyaluronidase stops or when the 
hyaluronidase is inhibited, and the environment is allowed to revert to its 
normal restraining state. 

In normal healthy tissues cell division is taking place at a constant slow 
rate, corresponding to normal cell replacement. This normal 'background' 
rate of cell division results in a slow metabolic turnover of ground substance, 
with liberation into the blood stream and then escape in the urine of the 
partially depolymerized fractions of the intercellular glycosaminoglycans, 
produced in the immediate vicinity of the dividing cells. These degradation 
products of ground substance depolymerization can be recognized and 
measured by various biochemical methods. Depending upon the analytical 
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procedure used different fractions have been given different names. For our 
purpose they may be grouped together under the general term 'serum 
polysaccharide'. In health the serum polysaccharide concentration remains 
within a relatively narrow 'normal' range [6, 35]. The process is kept in 
check by the presence in the tissues and the blood of a substance called 
'physiological hyaluronidase inhibitor' (PHI). In health the serum PHI 
concentration lies within a well-defined 'normal' range [9, 19]. 

In conditions in which excess cell proliferation is occurring, such as 
inflammation, tissue repair, and cancer, depolymerization of ground sub
stance can be demonstrated histochemically in the immediate vicinity of the 
proliferating cells [34], and there is also a significant increase in concentration 
of both the serum polysaccharide [6, 35] and the serum PHI [9, 19]. 

Neoplastic Cell Proliferation 

It follows from this hypothesis that cancer may be no more than the 
permanent exhibition by some cells of a fundamental biological property 
possessed by all cells. We suggest that the characteristic feature of neoplastic 
cell proUferation is that these cells in becoming malignant have acquired, and 
are able to bequeath to their descendants in perpetuo, the ability to produce 
hyaluronidase continuously. Wherever they travel, these cells will always 
prosper, multiply, and invade within the protective independence of their 
own self-created depolymerized environment. These renegade cells are 
autonomous only because they possess this specific ability, the ability to 
isolate themselves permanently from 'contact' and all the usual 'controls' 
governing tissue organization and growth restraint. 

By endowing a clone of cells with this single property of continuous 
hyaluronidase release it is possible to provide a reasonable explanation for 
many of the morphological features of malignant invasive growth [5]. The 
methods whereby cells might acquire this property in response to a wide 
variety of carcinogenic stimuli have also been outlined, together with the 
experimental evidence in support of the concept [5]. 

Therapeutic Control of Cell Proliferation 

Assuming that cell proliferation depends upon depolymerization of the 
ground substance by cellular hyaluronidase, we see that there are two 



Ascorbic Acid and the Glycosaminoglycans 185 

methods of exerting some therapeutic control of cancer and of other 
disease states in which excessive cellular proliferation is a harmful feature. 
We may attempt to increase the resistance of the ground substance to 
enzymatic depolymerization, that is, to strengthen the ground substance, 
or to directly neutralize the cellular hyaluronidase by decreasing its produc
tion or inhibiting its action. 

Treatment by Strengthening the Ground Substance 

The resistance of ground substance to the action of hyaluronidase can be 
increased in several ways, some of which are already established as useful 
methods for retarding cell proliferation. 

Radiotherapy, irradiation with X-rays, is an example in which the result 
of the treatment is that some of the amorphous ground substance has been 
replaced by a dense deposit of collagen [15]. The direct cytotoxic effect of 
radiotherapy is thus reinforced by a permanent reduction in the susceptibility 
of the ground substance in the treated region to the action of hyaluronidase, 
with a consequent long-lasting diminution in proliferative activity. 

Hormone therapy is effective because the physical-chemical state of the 
ground substance is profoundly influenced by many endocrine factors; the 
experimental evidence has been reviewed elsewhere [5]. Resistance to the 
action of hyaluronidase can be increased by the administration of cortico
steroids, estrogens, androgens, and thyroxine, and these effects are enhanced 
after adrenalectomy and hypophysectomy. These hormones, although 
differing widely in their special effects on particular target cells, all exert to a 
greater or lesser extent, and roughly in the order stated, the same effect on 
the intercellular field, namely, the absorption of amorphous ground sub
stance and its replacement by a more resistant fibrous substance. Without 
wishing to enter the current debate about the mode of action of endocrine 
therapy in malignant disease [30], we are content to note that these hormones 
are the ones used with some success in the palliation of various forms of 
human cancer. 

Other agents may also be effective in altering the intercellular environment 
and indirectly exerting some controlling influence on the behavior of cells. 
It has been pointed out [5] that an explanation is provided of the 'Haddow 
paradox', that substances which are locally carcinogenic (by creating a local 
intensely impermeable carcinogenic environment) have also some anti
proliferative value when administered systemically in experimental cancer 
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(by bringing about similar generalized changes in the resistance of the ground 
substance to hyaluronidase and thus decreasing cell proliferation). 

Because of the complexity of the intercellular ground substance and its 
responsiveness to external influences, many of the innumerable 'cancer 
treatments' that have been hopefully advocated year after year might have 
some element of truth behind them. It is also true, however, that no form of 
cancer treatment based on the antineoplastic effect of modification of ground 
substance can ever be more than palliative, because to render the ground 
substance totally resistant to hyaluronidase would create a situation incom
patible with life itself. 

Treatment by Inhibition of Hyaluronidase 

Although the indirect methods of retarding cell proliferation, described 
above, are of great interest and in special circumstances of undoubted value, 
the direct inhibition of cellular hyaluronidase offers more spectacular 
therapeutic possibilities. 

Hyaluronidase may be inhibited by drugs and by immunological methods, 
but the approach most likely to succeed appears to be that of utilization of 
the naturally occurring inhibitor, PHI. 

Spontaneous regression of advanced cancer has been well documented in 
a number of fortunate patients as a direct consequence of massive inter
current infection with hyaluronidase-producing bacteria [8]. A possible 
explanation for this remarkable phenomenon is that the depolymerizing 
action evoked an upsurge in the serum concentration of PHI of sufficient 
magnitude to inhibit totally the malignant capability of the neoplastic cells 
[5]. It is known that such infections are always associated with an increase in 
the serum PHI concentration [9,19]. It has been independently demonstrated 
in experimental cancer that the injection of 'Shear's polysaccharide' induces 
not only carcinolysis [12] but also a sharp and significant rise in PHI con
centration [11]. The problem is how to employ this suppressive mechanism 
in practical therapeutics. 

Ascorbic Acid and Hyaluronidase Inhibitor 

There is strong evidence to indicate that ascorbic acid is involved in some 
way in the synthesis of physiological hyaluronidase inhibitor. A strong 
suggestion to this effect is provided by the manifestations of scurvy, resulting 
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from a deficiency of ascorbic acid. If ascorbic acid were required for the 
synthesis of PHI, a deficiency of ascorbic acid would cause the serum PHI 
concentration to decrease toward zero. In the absence of such control of 
hyaluronidase by PHI, background cellular proliferation and release of 
hyaluronidase would produce a steady and progressive enzymatic depoly-
merization of the ground substance, with disruption and disintegration of 
the collagen fibrils, intraepithelial cements, basement membranes, perivascu
lar sheaths, and all the other organized cohesive structures of the tissues, 
producing in time the generalized pathological state of scurvy. These 
generalized changes, tissue disruption, ulceration, and hemorrhage, are 
identical to the local changes that occur in the immediate vicinity of invading 
neoplastic cells. This concept of scurvy, as involving uncontrolled depoly-
merization of ground substance, explains why scurvy is always associated 
with a very high level of serum polysaccharide [26]. It also explains why very 
small amounts of ascorbic acid have profound effects in the treatment of 
scurvy. The total body content of ascorbic acid is estimated to be around 5 g 
[7], and yet this small amount controls the health of the whole body content 
of intercellular material, which must amount to many kilograms of substance. 
The symptoms of scurvy are relieved by the ingestion of a few tenths of a 
gram of ascorbic acid. It seems clear that ascorbic acid is not an important 
constituent unit of the intercellular ground substance, as had been suggested; 
instead, it may well be involved in the synthesis of PHI, the circulating factor 
that controls intercellular homeostasis. Ascorbic acid is, of course, required 
for the conversion of proline to hydroxyproline, and is accordingly essential 
for the synthesis of collagen. It may well serve in several ways in determining 
the nature of tissues and the state of health of human beings. 

A preparation of PHI has been reported to have molecular weight about 
100,000 and to consist of 94% protein and 6% polysaccharide [20]..It is our 
opinion that it is the polysaccharide that has the power of combining with 
the active region of the enzyme and inhibiting its activity, and the follow
ing discussion is based on that opinion. PHI has a general chemical similarity 
to the glycosaminoglycan polymers of the ground substance [9, 19]. The 
PHI serum concentration rises significantly in all conditions in which 
excessive cell proliferation is a feature [9], but PHI is known not to be a 
simple breakdown product of ground-substance glycosaminoglycan. Its 
precise chemical composition is still unknown. It has recently been suggested 
[4] that it is a soluble glycosaminoglycan residue in which some or all of the 
glucuronic acid units are replaced by the somewhat similar molecules of 
ascorbic acid. The general theory of enzyme activity and the action of 



188 CAMERON/PAULING 

inhibitors [21] involves the idea that the active region of the enzyme is 
complementary to the intermediate complex, with the structure corresponding 
to the maximum of the energy curve (at the saddle-point configuration, 
intermediate in structure between the reactants and the products) that 
determines the rate of reaction. This theory requires that inhibitors of the 
enzyme resemble the activated complex, rather than either the reactant 
molecules or the product molecules. Accordingly it is unlikely that PHI 
would be a fragment of hyaluronic acid or a fragment of any other glycos
aminoglycan. It would instead involve at least one residue of a related but 
different substance. It is possible that a residue of ascorbic acid resembles 
the activated complex, and that incorporation of such a residue would pro
duce an altered glycosaminoglycan that could function as an inhibitor of 
hyaluronidase. It is also possible, however, that the chemical activity of 
ascorbic acid, such as its reducing power or its power to cause hydroxylation 
reactions to take place, could cause conversion of an oligoglycosaminoglycan 
into PHI. Whatever the mode of action of ascorbic acid in synthesis of PHI, 
whether it involves incorporation of an ascorbic acid residue or some other 
reaction, the therapeutic implications of the concept that ascorbic acid is 
involved in the synthesis of PHI are considerable. 

The hypothesis that ascorbic acid is required for the synthesis of PHI and 
is itself destroyed in the course of the synthesis explains why in such conditions 
as inflammation, wound repair, and cancer the individual always appears to 
be deficient in ascorbic acid, on the basis of measurement of its concentration 
in the serum, measurement of urinary excretion, and saturation tests [2, 7, 
18]. It is clear that the total body requirement of ascorbic acid has become 
abnormally high, as would result from an increased synthesis of PHI with 
incorporation or destruction of ascorbic acid. 

Possible Uses of Hyaluronidase Inhibitor and Ascorbic Acid 

If the basic concept of cellular proliferation is correct, PHI might be a 
valuable therapeutic agent in directly controlling all forms of excessive pro
liferation, including cancer. It is a naturally occurring substance found in the 
serum of all mammals [20], and should be safe and free from dangerous side 
effects. Determination of the chemical structure of PHI and its synthesis 
should not present insuperable difficulties. However, it may not be necessary 
to synthesize the substance. It is possible that, given enough ascorbic acid, 
the body could synthesize a proper quantity of PHI. 
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The concentration of ascorbic acid in blood plasma is about 15 mg/1 when 
the rate of intake is about 200 mg per day. With larger rates of intake the 
concentration in plasma increases only slowly, because of urinary excretion, 
reaching about 30 mg/1 for an intake of 10 g per day. HUME has reported 
that an oral intake of around 6 g per day is required to correct the measured 
leucocyte ascorbic acid deficiency encountered during the course of the 
common cold. Leucocytes are especially rich in ascorbic acid, and one of 
their functions might be to act as a mobile circulating reservoir of ascorbic 
acid ready to be used for local production of the protective substance PHI 
at any site where excessive 'inflammatory' depolymerization is taking place. 
The finding of HUME et al. [14] gives some support for this view. In their 
studies of myocardial infarction they found that, in addition to the usual 
leucocytosis, the ascorbic acid content of the circulating leucocytes undergoes 
a very sharp depletion accompanied by an increase in the concentration of 
ascorbic acid in the tissues at the site of the infarction. In the therapeutic 
situations here envisaged, with ascorbic acid being prescribed to control 
excessive cell proliferation, a daily intake of 10-50 g, or even more, and 
with the bulk of that administered intravenously at first, might be necessary 
to achieve the desired effect. MCCORMICK [17, 18] and KLENNER [16] have 
been advocating and using this form of treatment for many years. Their 
combined clinical experience indicates that very large doses of ascorbic acid, 
in the range mentioned above, can be given intravenously with perfect safety 
and with apparent benefit in a wide variety of disease states. 

The hypothesis that ascorbic acid is required for synthesis of PHI and can 
thus control harmful depolymerization of glycosaminoglycans explains why 
the vitamin is effective in curing scurvy and in improving the healing of 
wounds. The potential therapeutic uses of this relatively simple substance 
may, however, be much greater. 

It has been postulated for years that the administration of ascorbic acid 
would increase tissue resistance to bacterial and viral infections by improving 
the integrity of the tissues. We are now in a position to suggest that, through 
the action of PHI, the administration of ascorbic acid in sufficiently high 
dosage may provide us with a broad-spectrum agent effective against all those 
pathogenic bacteria, and perhaps viruses, that rely upon release of hyaluroni-
dase to establish and spread themselves throughout the tissues. The dramatic 
clinical successes reported independently by MCCORMICK [17, 18] and by 
KLENNER [16] in a wide variety of infective states support this contention. 

The effectiveness of the water-soluble anti-oxidant ascorbic acid on 
ground substance and especially on cell membranes may be increased by the 
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simultaneous administration of the fat-soluble anti-oxidant vitamin E. 
SHAMBERGER [28, 29] has reported observations on the effectiveness of 
ascorbic acid and also of vitamin E, together with selenium, in inhibiting 
the growth in mice of tumors initiated by 7,12-dimethylbenz(a)anthracene 
and promoted by croton oil. 

The hypothesis also indicates a safe and elegant method of control in 
many inflammatory and auto-immune diseases where, although the individ
ual causes are still unknown, the essential harmful feature is always exces
sive cell proliferation and ground-substance depolymerization. A trial of 
orthomolecular doses of ascorbic acid seems justifiable and preferable to 
the use of corticosteroids, irradiation, and all the other indirect methods 
currently employed. 

Most important of all, we are led to the conclusion that the administration 
of this harmless substance, ascorbic acid, might provide us with an effective 
means of permanently suppressing neoplastic cellular proliferation and 
invasiveness, in other words, an effective means of controlling cancer. 
Ascorbic acid in adequate doses might prove to be the ideal cytostatic agent. 
Regressions might be induced in a few patients with rapidly growing tumors 
with precarious blood supplies, but in the great majority the effect of the 
treatment is expected to be to 'disarm' rather than to 'kill' the malignant 
cells. 'Tumors' would remain palpable and visible on X-ray examination, 
but all further progressive malignant growth might be stopped. Hopefully, 
malignant ulcers would heal, and pain, hemorrhage, cachexia, and all the 
other secondary distressing features of neoplasia would be brought under 
control. This desirable outcome might be termed carcinostasis, with what 
had been neoplastic cells now rendered harmless and re-embedded in intact 
ground substance, subject again to normal* tissue restraints, and persisting 
in the body in heterotopic situations as 'paleoplastic' collections of essentially 
normal cells. A suggestion of the possibilities of the use of ascorbic acid in 
the control of cancer has been provided by the report by SCHLEGEL et al. [27] 
of its effectiveness against cancer of the bladder. It is our hope that a, 
thorough trial will be given to this safe substance, ascorbic acid, which may 
turn out to be the most valuable of all substances in the armamentarium of 
orthomolecular medicine. 
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ABSTRACT Ascorbic acid metabolism is associated with 
a number of mechanisms known to be involved in host resis
tance to malignant disease. Cancer patients are significantly 
depleted of ascorbic acid, and in our opinion this demonstrable 
biochemical characteristic indicates a substantially increased 
requirement and utilization of this substance to potentiate these 
various host resistance factors. 

The results of a clinical trial are presented in which 100 ter
minal cancer patients were given supplemental ascorbate as part 
of their routine management. Their progress is compared to that 
of 1000 similar patients treated identically, but who received 
no supplemental ascorbate. The mean survival time is more than 
4.2 times as great for the ascorbate subjects (more than 210 days) 
as for the controls (50 days). Analysis of the survival-time curves 
indicates that deaths occur for about 90% of the ascorbate-
treated patients at one-third the rate for the controls and that 
the other 10% have a much greater survival time, averaging 
more than 20 times that for the controls. 

The results clearly indicate that this simple and safe form of 
medication is of definite value in the treatment of patients with 
advanced cancer. 

There is increasing awareness that the progress of human cancer 
is de termined to some extent by the natural resistance of the 
patient to his disease. Consequently there is growing recognition 
that improvement in the managemen t of these patients could 
come from the development of practical supportive measures 
specifically designed to enhance host resistance to mal ignant 
invasive growth. 

W e have advanced arguments elsewhere indicating that one 
important factor in host resistance is the free availability of 
ascorbic acid (1-3). These arguments are based upon the 
demonstrat ion that cancer patients have a much greater re
qu i rement for this substance than normal healthy individuals, 
on the realization that ascorbic acid metabolism can be impli
cated in a number of mechanisms known to be involved in host 
resistance, and finally, and most convincingly, on the published 
evidence that ascorbic acid can sometimes produce qui te dra
mat ic remissions in advanced h u m a n cancer (4, 5). 

In this communication we present the results of a clinical trial 
in which 100 terminal cancer patients received supplemental 
ascorbate as their only definitive form of t rea tment and com
pare their progress with that of 1000 matched patients managed 
by the same clinicians in the same hospital who did not receive 
any ascorbate supplementation or any other definitive form of 
specific anti-cancer treatment. 

Protocol 

T h e study involved a treated group of 100 patients with ter
minal cancer of various kinds and a control group of 1000 un
treated and matched patients. T h e treated group consists of 100 
patients who began ascorbate t reatment , as described by 

* Publication no. 63 from the Linus Pauling Institute of Science and 
Medicine. This is part I of a series. 

and ** Linus Pauling Institute of Science and Medicine, 2700 Sand Hill Road, 

Cameron and Campbel l (4) (usually 10 g /day , by intravenous 
infusion for about 10 days and orally thereafter), at the t ime in 
the progress of their disease when in the considered opinion of 
at least two independent clinicians the continuance of any 
conventional form of treatment would offer no further benefit. 
Fifty of the treated subjects are those described in ref. 4 and the 
other 50 were obtained by random selection from the alpha
betical index of ascorbate-treated patients in Vale of Leven 
District General Hospital, where t rea tment of some terminal 
cancer patients with ascorbate has been under clinical trial since 
November 1971. W e believe that the ascorbate-treated patients 
represent a r andom selection of all of the terminal patients in 
this hospital, even though no formal randomization process was 
used. In the random selection three patients were excluded 
because supplemental ascorbate had been deliberately dis
continued by order of another physician, and five were ex
cluded because matching controls could not be found for them. 
Patients suspected or known to have voluntarily discontinued 
ascorbate t reatment have been retained in the group, as have 
those who died from some cause other than their cancer. No 
pat ient was excluded because of short survival time. Eighteen 
patients, marked with a plus sign in Table 1, were still alive on 
10 August 1976,16 of them clinically "well." These 100 cancer 
patients, given ascorbate from the presentation date in their 
illness when their disease process was recognized to be "un-
t rea table" by any conventional method, comprise the treated 
group. 

The control group was obtained by a random search of the 
case record index of similar patients treated by the same clini
cians in Vale of Leven Hospital over the last 10 years. For each 
treated patient, 10 controls were found of the same sex, within 
5 years of the same age, and who had suffered from cancer of 
the same pr imary organ and histological tumor type. These 
1000 cancer patients comprise the control group. 

The detailed case records of these 1000 were then analyzed 
quite independently by Dr. Frances Meuli, M B . , Ch.B. (Otago, 
New Zealand), who established their presentation date of 
"untreatabi l i ty" by such conventional standards as the estab
lishment of inoperability at laparotomy, the abandonment of 
any definitive form of anti-cancer t reatment , or the final date 
of admission for " terminal care ." This presentation date of 
untreatabili ty corresponds to the date when ascorbate supple
mentat ion was initiated in the treated group. Comparable 
survival times of the 10 matched controls could then be calcu
lated. W e accept that " the presentation date of untreatabil i ty" 
can be influenced by many factors in individual patients, but 
we contend that the use of 1000 controls managed by the same 
clinicians in the same hospital over the last 10 years provides 
a sound basis for this comparative study. W e record our thanks 
to Dr. Meuli for her unbiased and valuable contribution to this 
investigation. 

Even though no formal process of randomization was carried 

3685 



1416 Chapter 17 

3686 Medical Sciences: Cameron and Pauling Proc. Natl. Acad. Sci. USA 73 (1976) 

Table 1. Comparison of time of survival of 100 cancer patients who received ascorbic acid and 
1000 matched patients with no treatment" 

Case 
no . 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
1 1 . 
12. 
13 . 
14. 
15 . 
16. 
17 . 
18. 
19. 
20. 
2 1 . 
22. 
23 . 
24. 
25 . 
26 . 
27. 
28. 
29. 
30. 
3 1 . 
32. 
3 3 . 
34. 
35 . 
36 . 
37. 
38. 
39 . 
40. 
4 1 . 
42 . 
4 3 . 
44. 
45 . 
46. 
47. 
48. 
49. 
50. 
5 1 . 
52. 
53 . 
54. 
55. 
56. 
57. 
58 . 
59. 
60. 

Primary tumor 
type 

Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Stomach 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Bronchus 
Esophagus 
Esophagus 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Colon 
Rectum 
Rectum 
Rectum 
Rectum 
Rectum 
Rectum 
Rectum 
Ovary 
Ovary 
Ovary 
Ovary 
Ovary 
Breast 
Breast 
Breast 
Breast 
Breast 
Breast 
Breast 
Breast 
Breast 
Breast 

Sex 

F 
M 
F 
F 
M 
M 
M 
M 
M 
F 
M 
M 
M 
M 
M 
M 
F 
F 
M 
M 
M 
M 
M 
M 
M 
M 
F 
F 
F 
M 
M 

F 
F 
M 
F 
M 
F 
F 
F 
F 
M 
F 
M 
M 
M 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

Age 

61 
69 
62 
66 
42 
79 
76 
54 
62 
69 
45 
57 
74 
74 
66 
52 
48 
64 
70 
78 
71 
70 
39 
70 
70 
72 
80 
76 
58 
49 
69 
70 
68 
50 
74 
66 
76 
56 
56 
75 
56 
57 
68 
54 
59 
49 
68 
49 
67 
56 
56 
57 
53 
66 
68 
53 
75 
74 
49 
50 

12 
8 

15 
4 
8 

45 
22 
24 
14 

6 
17 
19 
16 
21 
47 
35 
11 

7 
24 
32 

5 
3 

42 
24 

8 
12 

2 
2 

56 
35 
48 
64 

9 
7 

11 
13 
23 
24 
51 

3 
3 
9 

11 
52 
15 
36 
41 
53 
19 
49 

1 
3 

33 
22 

107 
8 

45 
12 

3 
31 

41 
6 
1 

87 
1 
4 

19 
26 
23 
19 
24 
13 
56 

2 
94 

4 
33 

1 
8 

19 
53 

2 
31 

1 
34 
21 
29 

2 
39 

122 
9 

102 
15 

108 
45 

7 
129 

1 
406 

40 
18 
73 
11 
36 

2 
5 

39 
15 
36 
39 
65 
28 

183 
12 
41 

2 
175 

2 
16 
29 

5 
3 

72 
7 

74 
12 
12 
21 
13 
55 

7 
8 

29 
27 

7 
70 
30 
26 
20 
39 

7 
33 
74 
30 
29 
19 

6 
18 
31 

107 
7 

13 
40 

7 
50 

224 
8 

30 
74 
46 
52 
11 
91 
10 
78 

117 
18 
38 
22 
22 
26 
15 

6 
94 
69 

2 
12 
35 
62 
28 

29 
9 

19 
11 

358 
1 
9 

61 
89 

2 
57 
11 
27 
30 
39 
21 

5 
13 

7 
40 
30 
24 

5 
2 

24 
14 
45 

5 
15 
28 
15 
82 
11 
18 

6 
31 
63 

2 
36 
58 
36 
19 
47 

127 
8 

29 
37 

122 
2 

85 
6 
4 

190 
55 
19 
42 
91 

6 
44 
40 

Survival time (days) 

Ten matched controls 

Individuals 

85 
4 

19 
3 
9 
9 

14 
27 

4 
21 

128 
39 
67 
1 8 

3 
126 

6 
71 
62 
24 

2 
25 
88 

5 
5 

81 
48 
20 

9 
30 
30 

8 
17 
17 
18 
72 
60 

5 
4 1 

7 
34 
98 
18 
18 
9 8 
31 
67 
68 
10 

160 
2 

14 
45 

7 
17 
31 
27 
18 

1 
265 

124 
26 
27 
13 
84 

6 
7 

48 
11 

8 
16 
29 
41 

1 
53 

8 
1 

14 
20 
2 1 

5 
35 
45 
42 

4 
26 
24 
22 
11 
13 
90 
51 

217 
14 
26 
11 
21 
42 

106 
9 
7 

82 
23 
98 
30 
22 

3 
33 
32 

1 
15 
16 
29 
38 

251 
17 

5 
33 
17 
14 

8 
8 

35 
12 
14 
12 
15 

7 
4 

53 
44 
41 
25 
3 1 

5 
46 
45 

4 
5 

43 
20 
25 
28 
46 
32 
59 
13 

1 
8 

78 
26 
33 

163 
51 
40 

1 
28 
46 
30 
19 
49 

(184) 
4 
6 

140 
101 

91 
841 

48 
86 
19 
14 
16 

2 
101 

96 
20 
30 
93 
31 

54 
114 

99 
6 

16 
130 

3 
26 

4 
11 
64 
17 
26 

1 
4 

272 
24 
30 
4 1 

103 
39 
62 

3 
41 

129 
21 

238 
1 

10 
65 
94 

144 
59 
69 
11 

4 
3 

41 
82 
68 

3 
(97) 
13 
73 
54 

140 
40 
18 

132 
106 
102 

48 
45 
10 
8 1 

231 
11 

107 
73 
24 

21 
15 
76 
34 
16 

4 
5 
2 

36 
103 
110 
170 

6 
21 
82 
39 
8 1 

103 
19 

2 
31 

2 
15 

7 
20 
28 
56 

4 
6 

46 
38 
17 
18 
16 
88 
11 
15 

7 
82 
16 

6 
(89) 
79 
11 

233 
94 

6 
21 
21 
99 
71 
61 

109 
76 
50 
42 
63 
85 

5 
104 

36 
14 

111 
35 

128 
11 
14 

221 
27 
17 
78 

5 
40 
16 

9 
75 
57 

2 
49 
21 
16 
63 
70 
57 
51 
33 

2 
1 

62 
56 
15 
11 
38 

(32) 
23 
14 
70 
57 
98 

178 
(13) 
(47) 

84 
19 

(14) 
73 
13 
40 
97 

107 
131 

15 
34 
12 
52 
20 
73 
47 
57 

229 

Mean 

38.5 
20.7 
47.4 
21.2 
70.8 
23.4 
12.0 
46.3 
22.5 
29.5 
54.5 
36.9 
33.3 
16.8 
34.3 
69.6 
29.3 
27.1 
25.5 
34.4 
20.8 
27.4 
40.1 
25.5 
40.7 
57.4 
46.3 

7.6 
24.7 
58.0 
37.3 
52.5 
38.5 
33.8 
31.8 
38.8 
43.8 
25.5 

100.6 
44.4 
22.2 
70.9 
38.1 
45.0 
67.2 
64.8 
35.5 

124.9 
41.9 
75.4 
43.8 
21.8 
69.0 

102.8 
78.8 
49.1 
74.2 
37.5 
37.1 
82.6 

Test 
case 

121 
12 

9 
18 

258 
43 

142 
36 

149+ 
182+ 

82 
64 
39 

427 
17 

460 
90 

187 
58 
52 

100 
200+ 

42 
167 

33 
50 
43 
57 
32 

201 
1267 

144 
170 
428 
157+ 

58 
123+ 
861 

62 
223 

18 
223 
140+ 
198 
759 
226 

33 
183 
240+ 
123+ 

4 
22 

576 
342 
567 

86 
590 

8 
35 

1644+ 

Test 
case/ 
mean 

control 
(%) 
314 

58 
19 
85 

368 
184 

1183 
78 

622 
617 
150 
173 
117 

2542 
50 

661 
307 
690 
227 
151 
481 
730 
105 
655 

8 1 
87 
93 

750 
130 
347 

4343 
274 
442 

1266 
494 
149 
281 

3376 
62 

502 
8 1 

314 
367 
440 

1129 
349 

93 
146 
573 
163 

9 
101 
835 
333 
720 
175 
795 

21 
94 

1990 
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Table 1. (Continued) 

Case 
no. 

6 1 . 
62. 
63 . 
64. 
65 . 
66. 
67. 
68. 
69. 
70. 
7 1 . 
72. 
7 3 . 
74. 
75 . 
76. 
77. 
78 . 
79. 
80 . 
8 1 . 
82 . 
8 3 . 
84 . 
85 . 
86. 
87 . 
88 . 
89 . 
90. 
9 1 . 
92 . 
9 3 . 
94. 
95 . 
96. 
97 . 
98 . 
99. 

100. 

Primary tumor 
type 

Breast 
Bladder 
Bladder 
Bladder 
Bladder 
Bladder 
Bladder 
Bladder 
Gallbladder 
Gallbladder 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Ca) 
Kidney (Pap) 
Kidney (Pap) 
Lymphoma 
Lymphoma 
Prostate 
Uterus 

Sex Age 

F 
M 
F 
F 
F 
M 
M 
M 
F 
M 
F 
F 
F 
M 
M 
M 
M 
M 
M 
M 
M 
M 
F 

Chondrosarcoma M 
"Brain" 
Pancreas 
Pancreas 
Pancreas 
Fibrosarcoma 
Testicle 
Pseudomyxoma 
Carcinoid 

M 
M 
M 
F 
F 
M 
M 
F 

Leiomyosarcoma F 
Leukemia 
Stomach 
Ovary 
Bronchus 
Bronchus 
Colon 
Colon 

F 
M 
F 
M 
F 
M 
M 

53 
93 
70 
73 
77 
44 
62 
69 
71 
67 
71 
63 
51 
53 
55 
73 
45 
69 
74 
40 
65 
47 
56 
63 
49 
77 
67 
60 
54 
42 
47 
68 
32 
59 
55 
51 
69 
67 
77 
38 

105 
17 
39 

1 
3 
6 

47 
39 

7 
20 

6 
68 
16 

7 
15 
25 
91 
67 
57 

144 
28 
24 
25 
20 

1 
11 

112 
11 
13 
11 
35 
19 
31 

6 
34 

128 
92 
93 

8 
3 

73 
47 

9 
23 
52 

9 
118 

5 
8 

159 
2 

76 
82 
15 
13 
11 
35 
74 
67 
41 
68 
14 
11 
25 
85 
25 

6 
42 

1 
10 
16 
12 
74 
36 
34 
13 
30 
20 
69 
41 

193 
21 

126 
52 
48 
36 
85 
66 
56 

4 
17 

8 
27 

7 
12 

209 
19 

(24) 
51 
53 
51 
22 

7 
3 

56 
19 
55 
23 

171 
56 

1 
45 
66 

183 
12 
76 
90 
29 
80 
78 

159 
12 
52 
30 

142 
48 
76 
26 
22 

212 
83 
31 
41 
49 
16 
19 
77 

(37) 

Survival time (days) 

Ten matched controls 

Individuals 

8 
2 

26 
38 

118 
10 
19 
25 
91 
73 
81 
26 
65 
95 
45 
30 
64 
87b 

(491)(127) 
29 
56 
23 
67 
17 

(187) 
38 
36 
49 
10 
46 
19 

8 
(28) 

6 
78 
31 

160 
90 
14 
17 

16 
117 
101 
130 
136 

57 
91 

256 
57 
30 
39 

(37) 
31 

(87) 
36 

5 
65 
43 
97 
30 
58 

127 
18 
97 
38 
34 
21 
58 

267 
44 
60 
55 

5 
29 
21 
48 

198 
12 
43b 

324 
20 

138 
53 

126 
17 
24 
78 
25 
69 
64 

102 
(27) 

12 
(121) 

32 
253 
216 
147 

68 
9 

40 

126 
21 
10 
25 

33 
8 

127 
85 
30 
94 
14 

8 
8 

91 
89 
31 

127 
21b 

174 
41 
10 

157 
30 
3 1 
13 
13 
91 

122 
(101) 

17 
(12) 
18 

167 
46 

8 
13 
10 
52 
72 
12 
22 
31 

114 
69 

125 
35 
95 

7 
74 
82b 

126b 
279 

36 
123 

18 
23 
29 
41 
76 

253 
(9) 

(19) 
(15) 

15 
[21] [44] 
44 
77 
62 
32 

185 
57 
66 

36 
79 

140 
20 

8 
68 
98 

71 
133 

7 
45 
38 
42 
10 
13 
47 
16 
60 
29 

42 
48 
79 
24 
26 
16 
15 
27 
14 
91 

106 
49 

(95) (117) 
19 

6 
30 
34 
14b 

179b 
302 

51 
16 

185 
19 

1 
40 
67 
89 

(25) 
(29) 
(87) 
82 

[27] 
112 

72 
62 

135 
37 
14 
42 

76 
83 
50 
82 
41b 
97b 

103 
142 

80 
61 

157 
95 
94 
52 
59 

(17) 
(87) 

(162) 
(38) 

[242] 
63 
49 
40 

125 
26 
21 

(80) 

Mean 

107.1 
36.5 
45.3 
28.9 
50.4 
24.8 
62.7 
56.5 
34.1 
76.0 
53.8 
36.9 
60.6 
41.5 
42.2 
61.0 
61.5 
49.0 

169.3 
102.8 

69.7 
82.3 
66.0 
44.8 
54.8 
45.0 
77.6 
77.4 
44.1 
41.6 
41.1 
28.0 
74.1 
55.4 
69.3 
83.3 
87.4 
65.3 
37.0 
52.3 

Test 
case 

173 + 
241 
253 
110 

34 
34 

669+ 
30 
22 

209 
176 

89 
147 

58 
659 
293 

3 
24 

1554+ 
1016+ 

82 
166+ 

68 
9 

37 
317 

21 
16 
22 
15 

132 
162+ 
453 + 
430+ 

27 
82 
31 

138 
15 

152+ 

Test 
case/ 
mean 

control 

(%) 
162 
660 
556 
381 

67 
137 

1067 
53 
64 

275 
327 
241 
243 
140 

1562 
480 

5 
49 

918 
988 
118 
202 
103 

20 
67 

704 
27 
21 
50 
36 

321 
579 
611 
776 

39 
98 
35 

211 
40 

291 

a The sign + following the survival time of the patients treated with ascorbic acid means that the patient was alive on August 10, 1976. Paren
theses () indicate that the matched patient had the same sex, same kind of tumor, and same dissemination, but had an age difference greater 
than 5 years. Brackets [] indicate opposite sex, same tumor, same dissemination, age difference greater than 5 years. For kidney, Ca indi
cates carcinoma, Pap, papilloma. 

b Diffuse urinary tract papillomatosis. The test cases (78 and 79) had lesions in both kidney and bladder. The nine control cases indicated had 
tumors of identical histology, but their disease was confined to bladder mucosa. 

out in the selection of our two groups, we believe that they come 
close to representing random subpopulations of the population 
of terminal cancer patients in Vale of Leven Hospital. There 
is some internal evidence in the data in Table 1 to support this 
conclusion. 

A somewhat detailed description of the circumstances under 
which the study was made may be called for. Of the 375 beds 
in Vale of Leven Hospital, 100 are in the surgical unit, 50 in the 
medical unit, and 25 in the gynecological unit. The 100 beds 
in the surgical unit are in the administrative charge of Ewan 
Cameron, and 50 of them are in his complete clinical charge, 
the other 50 being in the charge of the second Consultant Sur

geon of the Hospital. The two Consultant Surgeons are assisted 
by a changing group of four Surgical Registrars, who are 
qualified surgeons on assignment for terms of 6 or 12 months 
from one or another of the Glasgow teaching hospitals. They 
are assisted by residents and interns. Although some cancer 
patients are initially treated in the medical or gynecological 
unit, there is a tendency for cases of advanced cancer of all kinds 
except leukemia and some rare childhood cancers, which are 
dealt with in a pediatric hospital in Glasgow, to gravitate into 
the surgical unit, in total probably 90% of all cases of cancer in 
the Loch Lomondside area. 

All of the patients are treated initially in a perfectly con-
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Table 2. Ratios of average survival t imes for ascorbate pat ients and matched controls , with statistical significance 

A 

Bronchus (15) 
Colon (13) 
Stomach (13) 
Breast (11) 
Kidney (9) 
Bladder (7) 
Rectum (7) 
Ovary (6) 
Others (19) 

All (100) 

B 
(Days) 

136 
282 

98.9 
367 
333 
196 
226 
148 
172 

209.6 

C 
(Days) 

38.5 
37.0 
37.9 
64.0 
64.0 
43.6 
55.5 
71.0 
56.8 

50.4 

D 

3.53 
7.61 
2.61 
5.75 
5.21 
4.49 
4.10 
2.08 
3.03 

4.16 

E 
(Days) 

47 
59 
43 
91 
88 
57 
71 
78 
67 

65 

F 

(%) 
47 
54 
46 
55 
67 
57 
86 
83 
53 

60 

G 

(%) 
8.7 

20 
17 
22 
22 
20 
33 
30 
27 

25.7 

H 

24.5 
7.63 
6.41 
5.74 
8.35 
4.90 
7.57 
6.83 
5.28 

55.02 

I 

< < 0 . 0 0 0 1 
< 0 . 0 0 3 
< 0 . 0 0 6 
< 0 . 0 2 6 
< 0 . 0 0 2 
< 0 . 0 2 8 
< 0.003 
<0 .005 
<0 .027 

< < 0 . 0 0 0 1 

A. Type of cancer and, in parentheses, number of ascorbate patients. There are 10 matched controls for each ascorbic acid patient. B, Aver
age days of survival for ascorbate patients. C, Average days of survival for controls. D, The ratio B/C. E, Average days of survival for all sub
jects in group. F, Percentage of ascorbate patients surviving longer than E. G, Percentage of controls surviving longer than E. H, Value of 
X2 for F and G (two-by-two calculation). I, Corresponding value of P (one-tailed). 

ventional way, by operation, use of radiotherapy, and admin
istration of hormones and cytotoxic substances. For example, 
all of the 11 breast-cancer patients in the ascorbate-treated 
group, with the exception of one who first presented in a grossly 
advanced state, had already had mastectomy and radiotherapy 
and all, including the exception, had been given hormones, 
sometimes with considerable benefit; but all had relapsed by 
the t ime ascorbate supplementat ion was commenced, and it 
seemed clear that their tumors were escaping from hormonal 
control. Similarly, all of the seven bladder-cancer patients in 
the ascorbate-treated group, with one exception because of her 
frailty, had received megavoltage irradiation and several had 
had a partial cystectomy (one total) before ascorbate t reatment 
was commenced when it seemed that these standard procedures 
had failed. 

Trea tment of terminal cancer patients with ascorbate was 
cautiously begun in November 1971, for reasons discussed in 
our earlier papers (1, 2), and has been continued because it 
seemed to have some value (4,5). Once the practice had become 
locally established, the selection of a patient for t reatment with 
ascorbate was often initiated by one of the younger surgeons 
(the Registrars), as they became familiar with the idea and 
convinced of its worth. The suggestion that ascorbate treatment 
be tried was made by Registrars less often during the first part 
of their 6 to 12 months' service than during the second part. For 
strong ethical reasons, every pat ient in the ascorbate-treated 
group was examined and assessed independently by at least two 
physicians or surgeons (often more than two) who all agreed 
that the situation was "totally hopeless" and "quite unbeatable" 
before ascorbate was commenced. More than 20 different 
Registrars were involved in this way in allocating patients to 
the ascorbate-treated group. No criterion was used, except 
agreed "untreatabi l i ty ." 

As described above, selection of 10 matched patients for the 
control group for each patient of the ascorbate-treated group 
was m a d e independent ly by Dr. Frances Meuli. For each as
corbate-treated pat ient she was given a sheet listing age, sex, 
pr imary tumor type, and a brief synopsis of the clinical state 
and extent of dissemination at the t ime ascorbate was com
menced, but not the survival time. She searched for cases 
matching these cases as closely as possible, and assigned to each, 
from the case history, the time when the patient was classified 
as "unbea tab le . ' W e believe that the procedure that was fol
lowed has not introduced any serious error, and that the as
corbate-treated group and the control group are in fact sub-

populations of the population of "unbeatable" patients selected 
in an essentially random manner . 

Two hundred of the 1000 patients in the control group were 
completely contemporaneous with the ascorbate-treated pa
tients. The mean survival t ime for these contemporaneous 
controls is 43.9 days, as compared with 52.4 days for the others 
(overlapping and historical). There has been no significant 
change in the t rea tment of patients with advanced cancer in 
Vale of Leven Hospital dur ing the last 10 years, and the ap
proximate equali ty of these values is not surprising. 

T h e results of the study 

The results of the study are given in Table 1 and summarized 
in Table 2, in which values for different kinds of cancer rep
resented by six or more patients t reated with ascorbate (60 or 
more controls) are shown. For each of the nine categories the 
ratio of average days of survival (ascorbate/controls) is greater 
than unity, the range being from 2.1 to 7.6, with ratio 4.16 for 
all 100 patients. The ratios are somewhat uncertain; for exam
ple, omitting the patient with longest survival in the colon group 
would decrease the ratio from 7.6 to 5.2. At the present time we 
cannot conclude that ascorbate has less value for one kind of 
cancer than for others. Our conclusion is that the administration 
of ascorbic acid in amounts of about 10 g /day to patients with 
advanced cancer leads to about a 4-fold increase in their life 
expectancy, in addit ion to an apparent improvement in the 
quality of life. This great increase in survival t ime results in part 
from the much larger numbers of the ascorbate patients than 
of the controls who live for long times, as is shown in Fig. 1. 
Sixteen percent of the patients treated with ascorbic acid sur
vived for more than a year, 50 times the value for the controls 
(0.3%). 

Statistical analysis shows that the null hypothesis that treat
ment with ascorbate has no benefit is to be rejected for each of 
the categories in Table 2. The results of a simple statistical test 
are given in the table. A reasonable dividing line, the average 
survival t ime for all the subjects, is given in column E, and the 
percentages exceeding this value are given in columns F and 
G. Column H contains the values of x 2 obtained by a two-by-
two calculation, and I gives the corresponding values of P 
(one-tailed). Similar values are obtained by nonparametr ic 
methods. 

The fraction of survivors of the control group at t ime t is 
given to within about 2% by the exponential expression 
exp(—t/r). About 1.5% of the patients in this group live much 
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FIG. 1. The percentages of the 1000 controls (matched cancer 
patients) and the 100 patients treated with ascorbic acid (other 
treatment identical) who survived by the indicated number of days 
after being deemed "untreatable." The values at 200, 300, and 400 
days for the patients receiving ascorbate are minimum values, cor
responding to the date August 10, 1976, when 18% of these patients 
were still alive (none of the controls). 

longer than would be indicated by this expression. A very close 
approximation to the observed survival curve is given by the 
assumption that the control group consists of two populations. 
One consists of 985 patients with number of survivors at t ime 
( given by the expression 985 exp(—t/r), in which T has the 
value 45.5 days. This expression corresponds to a constant 
mortali ty rate for this subgroup, and its validity suggests that 
for them a single random process, occurring with a probability 
independent of time, leads to death. This probability is 2.2% 
per day. For 14 of the 1000 control patients the survival t ime 
is indicated to lie between 200 and 500 days. The distribution 
suggests that for this subgroup two random events lead to death, 
but the number of subjects is too small to permit this possibility 
to be tested thoroughly. One other patient, who survived 841 
days, may constitute a third subgroup. 

A similar analysis of the survival curve for the ascorbate-
treated group shows that a considerably smaller fraction, 90%, 
constitutes the principal group, with number of survivors at 
t ime t equal to 90 exp (—t/r), T equal to 125 days. For the re
maining 10% the average survival t ime is greater than 970 days. 
(These numbers are uncertain because the number of ascor-
bate-treated patients is small, only 100, and 18 of them were 
alive on August 10,1976, their survival times being greater than 
the values used in the calculation.) A simple interpretat ion of 
these facts is that the administration of ascorbate to the patients 
with terminal cancer has two effects. First, it increases the ef
fectiveness of the natural mechanisms of resistance to such an 
extent as to lead to an increase by a factor of 2.7 in the average 
survival t ime for most of the patients; 2.7 is the ratio of the two 
values of T, 125 and 45.5 days. Second, it has another effect on 
about 10% of the patients, such as to cause them to live a much 
longer t ime. This effect might be such as to " c u r e " them; that 

is, to give them the life expectancy that they would have had 
if they had not developed cancer. On the other hand, it might 
only set them back one or more stages in the development of 
the cancer, in which case their life expectancy would be 
somewhat less than that corresponding to complete elimination 
of the effect of their having developed cancer. This uncertainty 
may be eliminated in the course of t ime, as the survival times 
of the 18 patients in the ascorbate-treated group who were still 
living on August 10, 1976 become known. 

Conclus ion 

In this study the times of survival of 100 ascorbate-treated 
cancer patients in Scotland (measured from the day when the 
patient was pronounced to have cancer untreatable by con
ventional methods) have been discussed in comparison with 
those of 1000 matched controls, 10 for each of the ascorbate-
treated patients. The data indicate that deaths occur for about 
90% of the ascorbate-treated patients at one third the rate for 
the controls, so that for this fraction there is a 3-fold increase 
in survival time, measured from the date when the cancer was 
pronounced untreatable. For the other 10% of the ascorbate-
treated patients the survival t ime is not known with certainty, 
but it is indicated by the values in Table 1 to be more than 20 
times the average for the untreated patients. The value 4.16 
(Table 2) for the ratio of average survival times expresses the 
resultant of these two effects. 

W e conclude that there is strong evidence that t reatment of 
patients in Scotland with terminal (untreatable) cancer with 
about 10 g of ascorbate (ascorbic acid, vitamin C) per day in
creases the survival t ime by the factor of about 3 for most of 
them and by at least 20 for a few (about 10%). It is our opinion 
that a similar effect would be found for untreatable cancer 
patients in other countries. Larger amounts than 10 g / d a y 
might have a greater effect. Moreover, we surmise that the 
addition of ascorbate to the t rea tment of patients with cancer 
at an earlier stage of development might well have a similar 
effect, changing life expectancy after the stage when ascorbate 
t reatment is begun from, for example, 5 years to 20 years. 

This study was supported by research grants from the Secretary of 
State for Scotland and The Educational Foundation of America, and 
by contributions by private donors to the Linus Pauling Institute. 
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Ascorbic Acid and Cancer: A Review1 

Ewan C a m e r o n , Linus Paul ing, and Brian Leibovitz 

Abstract 

Host resistance to neoplastic growth and invasiveness is 
recognized to be an important factor in determining the 
occurrence, the progress, and the eventual outcome of 
every cancer illness. The factors involved in host resistance 
are briefly reviewed, and the relationship between these 
factors and ascorbic acid metabolism is presented in detail . 
It is shown that many factors involved in host resistance to 
neoplasia are significantly dependent upon the availability 
of ascorbate. 

Introduction 

Few would now dispute that the behavior of every human 
cancer is determined to a significant extent by the natural 
resistance of the patient to his or her disease. As a result, 
there is now widespread recognition that very substantial 
benefits in cancer management would be achieved if prac
tical methods could be devised to enhance resistance. 

There is a growing body of theoretical and practical 
evidence suggesting that the availability of ascorbate is the 
determinant factor in controll ing and potentiating many 
aspects of host resistance to cancer. We have prepared this 
review as an aid to investigators in this field and as a source 
of information to others. 

History 

The history of vitamin C is common knowledge. In the 
mid-18th century James Lind demonstrated that the juice of 
fresh citrus fruits cures scurvy (197). The active agent, the 
enolic form of 3-keto-L-gulofuranlactone, christened ascor
bic acid or vitamin C, was isolated in the late 1920's by 
Albert Szent-Gyorgyi (317). By the mid-1930's, methods had 
been devised to synthesize the compound, and it soon 
became widely available at low cost. It was soon established 
that the substance was virtually nontoxic at any dosage. 
The structure of vitamin C is shown in Chart 1. 

The basic function of vitamin C is the prevention of 
scurvy. The current recommended dietary allowance of the 
Food and Nutrit ion Board of the United States National 
Academy of Sciences-National Research Council , 45 mg/ 
day for an adult, is adequate to prevent scurvy in essentially 
all normal persons. The question of whether or not a larger 
intake could lead to better health and a greater control of 
disease was raised almost as soon as the pure compound 
became freely available, and the debate continues. 

Our earlier suggestions that ascorbate might be of some 

1 This study was supported by research grants from the Secretary of State 
for Scotland, The Educational Foundation of America, The Foundation for 
Nutritional Advancement, The Argyll and Clyde Health Board, Scotland, and 
by private donations to the Linus Pauling Institute of Science and Medicine. 
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value in the supportive treatment of cancer (54, 55, 60) 
provoked further controversy, although less than might 
have been expected. Untreated cancer almost invariably 
pursues a relentlessly progressive course, at the very least 
providing some opportunity to measure therapeutic effect. 
Furthermore, it is well established that cancer patients have 
a significantly increased requirement for this nutrient, there 
is persuasive evidence that it can be implicated in many 
mechanisms concerned with host resistance to malignant 
invasive growth, and there exist some experimental and 
pilot clinical reports indicating that administration of ascor
bate in amounts substantially in excess of base-line recom
mended dietary allowance levels does indeed exert some 
therapeutic benefit. 

Our own interest arose from the realization that ascorbic 
acid, known to be required for collagen synthesis, might be 
required in increased amounts for the protective encapsu
lation of tumors (253) and from the independent simultane
ous conclusion that the ascorbate molecule (or some resi
due thereof) must be involved in the feedback inhibit ion of 
lysosomal glycosidases (60) responsible for malignant in
vasiveness (48). From these joint beginnings came the 
realization that ascorbic acid could be implicated in many 
other aspects of host resistance and even the tentative 
proposal that host resistance, no matter how measured, is 
ultimately dependent upon the availability of ascorbic acid. 

We have published a number of clinical reports indicating 
favorable responses in advanced human cancer to no 
specific treatment other than regular large doses of ascor
bate (51-53, 56-59), but as yet no properly designed con
trolled trial has been made to confirm or refute these 
findings and, if conf irmed, to determine the most effective 
dosage. It is our hope that such studies wil l soon be 
undertaken, and it is our expectation that, on the basis of 
sound statistical evidence furnished by such studies, sup
plemental ascorbate will soon become an essential part of 
all practical cancer treatment and cancer prevention regi
mens. 

We present below some of the existing evidence in 
support of our content ion. We first draw attention to some 
of the similarities between scurvy and cancer. 

Scurvy and Cancer 

Any discussion of the biological function of ascorbic acid 
has to begin with a consideration of scurvy, the universally 
accepted "base l ine," and, if untreated, the invariably fatal 
illness resulting from severe dietary lack of ascorbate. 
Scurvy, an illness now rare in its flagrant form, is a syn
drome of generalized tissue disintegration at all levels, 
involving the dissolution of intercellular ground substance, 
the disruption of collagen bundles, and the lysis of the 
interepithelial and interendothelial cements, leading to ul-
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CH,OH 

HO' -OH 

Chart 1. The accepted structural configuration of ascorbic acid (vitamin 
C), an a-ketolactone with the formula CfiHB06, with a molecular weight of 
176.13, and containing an acid-ionizing group in water with pKA 4.19. 

ceration with secondary bacterial colonization and to vas
cular disorganization with edema and interstitial hemor
rhage, and also to one feature that is rarely emphasized in 
the literature, generalized undifferentiated cellular prolifer
ation with specialized cells throughout the tissue reverting 
to a primitive form (350). 

The pathology of scurvy has been summarized as "a 
generalized structural breakdown of the intercellular matrix 
associated wi th undifferentiated cell proli feration, or in 
evolutionary terms (provided such a disintegrating individ
ual could be kept alive), the gradual reversion from mult i
cellular organization to a primitive unicellular state" (50). 

Pursuing this theoretical view even further, one might 
regard scurvy (generalized undifferentiated cell prolifera
tion with generalized matrix breakdown) as an "omni foca l " 
variety of neoplastic disease. 

The late Dr. William McCormick of Toronto appears to 
have been the first to recognize that the generalized stromal 
changes of scurvy are identical with the local stromal 
changes observed in the immediate vicinity of invading 
neoplastic cells (211). He surmised that the nutrient (vitamin 
C) known to be capable of preventing such generalized 
changes in scurvy might have similar effects in cancer, and 
the evidence (to be reviewed below) that cancer patients 
are almost invariably depleted of ascorbate lent support to 
his view. 

There are some other interesting associations between 
scurvy and cancer. There is some epidemiological evidence 
(reviewed below) indicating that cancer incidence in large 
population groups is inversely related to average daily 
ascorbate intake. There is no real modern evidence that 
frankly scorbutic patients succumb to cancer, presumably 
because such patients either die fairly rapidly from their 
extreme vitamin deficiency state or, more likely, are 
promptly diagnosed and rapidly cured. However, the histor
ical literature contains many allusions to the increased 
frequency of. "cancers and tumors" in scurvy victims. A 
typical autopsy report of James Lind (197) contains phrases 
such as " . . . a l l parts were so mixed up and blended 
together to form one mass or lump that individual organs 
could not be identi f ied," surely an 18th century morbid 
anatomist's graphic description of neoplastic infi l tration. 

Finally, in advanced human cancer, the premortal fea
tures of anemia, cachexia, extreme lassitude, hemorrhages, 
ulceration, susceptibility to infections, and abnormally low 
tissue, plasma, and leukocyte ascorbate levels, with termi

nal adrenal failure, are virtually identical with the premortal 
features of advanced human scurvy. 

Host Resistance to Cancer 

Many factors are known to be involved in host resistance 
to malignant invasive growth. These can be conveniently 
divided into locally acting stromal factors and others acting 
systemically. 

Stromal resistance is primarily exercised by the ability of 
the host to encapsulate the neoplastic cells in a dense, 
practically impenetrable barrier of fibrous tissue. The col
lagenous barrier is scanty and ill defined in highly anaplas
tic invasive tumors, moderate in amount in tumors of 
moderate rapidity of growth, and very abundant in slow-
growing "conta ined" atrophic scirrhous tumors. In any 
individual, the degree of stromal fibrosis is the same around 
the primary growth and its metastases, indicating a consti
tutional response. Other important stromal factors in resist
ance are (a) the resistance of the intercellular ground 
substance to local infiltration and (b) the degree of lympho
cytic response. Lymphocytes are most numerous in the 
stroma of slow-growing tumors and scanty or virtually 
absent around rapidly growing lesions, and again the de
gree of lymphocytic infiltration is identical around primary 
growth and its metastases, indicating a constitutional re
sponse. A brisk lymphocytic response indicates enhanced 
host resistance and is associated with a more favorable 
prognosis. 

The systemic factors are less clearly defined. They in
clude such constitutional factors as the relative efficiency 
of the immune system, feedback mechanisms involved in 
the restraint of " invasive" enzymes, and, for certain tumors 
at least, the hormonal status of the individual. 

The ability safely to enhance host resistance to maximum 
levels in every patient would vastly improve cancer treat
ment. It is our intention to show that ascorbic acid metabo
lism is implicated in all these resistance mechanisms and 
that ingestion of this substance in adequate amounts could 
provide a simple and safe method of achieving this desira
ble goal. 

Chemistry of Ascorbic Acid and the Intercellular Matrix 

Ascorbic acid is of enormous biological importance. It is 
one of the most important reducing substances known to 
occur naturally in living tissues, and since its discovery it 
has been the subject of many investigations, theories, and 
exhaustive reviews (50, 66, 140, 181, 195, 213, 251, 254, 
313, 350). It would be inappropriate to review this volumi
nous literature here. We propose to limit our discussion to 
areas of special relevance to cancer. 

Two points deserve early emphasis: (a) although most 
animals can synthesize ascorbic acid, a human cannot, and 
he is totally dependent upon dietary intake to satisfy all his 
requirements; (b) ascorbic acid, known to be essential for 
the structural integrity of the intercellular matrix, is closely 
related to glucuronic acid, an essential building block of 
the principal matrix structures. 

This leads us to a consideration of the intercellular 
matrix. In the last century the eminent pathologist Rupert 
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Virchow revolutionized his specialty by focusing attention 
on the "cel lu lar" nature of disease. It is our impression that 
we are in the midst of a second revolution in pathology with 
the recognition that cells do not exist in "empty" space. 
The cell is still dominant, but it is now increasingly appre
ciated that for every action, be it physiological or patholog
ical, of the cell , there is an appropriate reaction in the 
immediate extracellular environment. 

All tissue cells in the body are firmly embedded in highly 
viscous ground substance. This ubiquitous material may be 
sparse or abundant and be in varying degrees of molecular 
aggregation, depending upon the particular organ studied, 
but basically it is of universal distr ibution, pervading every 
interspace and isolating every cell from its neighbor. It 
forms the immediate contact environment of all cells, and it 
must be traversed by every molecule entering or leaving the 
cell . 

Variations in the physicochemical composit ion of the 
extracellular environment (polymerization-depolymeriza-
tion) exert a profound influence on cell behavior, and, in 
turn, cells possess a powerful means of modifying their 
immediate microenvironment. A proliferating cell and its 
contact environment constitute a balanced system in which 
each component influences the other; this interdependence 
is involved in all forms of cell division and is of particular 
importance in cancer (54). 

The ground substance of the intercellular matrix is a 
complex aqueous gel containing electrolytes, metabolites, 
dissolved gases, trace elements, vitamins, hormones, en
zymes, carbohydrates, fats, and proteins. Its important 
structural property of extreme viscosity depends upon the 
abundance of certain long-chain mucopolysaccharide pol
ymers, the glycosaminoglycans and related proteoglycans. 
These interlacing high-molecular-weight polymers form a 
structurally stable hydrophilic mesh, which, in turn, is 
reinforced at the microscopic level by a 3-dimensional 
network of collagen fibers. This is the true milieu interieur 
of Claude Bernard, within which all cellular activity takes 
place. 

The chemistry of the glycosaminoglycans and of the 
proteoglycans is the subject of much contemporary study, 
and some excellent reviews are available (10,103,171,189, 
240, 241). The glycosaminoglycans are single-strand long-
chain polymers with molecular weights ranging up to 10 x 
106. The common varieties are hyaluronic acid (built up 
from alternating repeating units of W-acetylglucosamine 
and glucuronic acid), chondroit in (built up from A/-acetyl-
galactosamine and glucuronic acid), and sulfate esters (the 
chondroit in sulfates), of which several isomers exist. 

The proteoglycans are macromolecules of a more com
plex mult ibranched structure. Present evidence indicates 
that they consist of a primary glycosaminoglycan core, to 
which is attached, by link proteins, secondary protein cores 
at spaced intervals, to which are attached tertiary glycosa
minoglycan polymers. It should be noted that the proteogly
cans of the matrix are not a single molecular species but 
comprise a polydisperse family of rather similar macromol
ecules which differ in complexity, molecular weight, hydro-
dynamic size, chemical composit ion, and reactivity (132). 

In healthy tissues, the intercellular matrix is maintained 
in a steady-state equil ibrium of very slow dynamic change, 
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with the formation of new macromolecules (polymerization) 
balanced by turnover and decay (depolymerization). Lo
cally, in cancer, matrix depolymerization in the immediate 
vicinity of proliferating invasive cells is a striking feature; 
this is exactly the change observed to occur on a general
ized scale in scurvy (48, 50). 

Depolymerization of matrix glycosaminoglycans is 
brought about by the sequential action of "hyaluronidase." 
This sequence of lysosomal glycosidases involves first an 
endoglycosidase (" true" hyaluronidase) that cleaves the 
long-chain polymer into tetrasaccharides; this action is 
followed by the concerted action of 2 exoglycosidases, /3-
glucuronidase and /3-A/-acetylglucosaminidase (/3-N-acetyl-
galactosaminidase in the case of the chondroit ins). The 
tetrasaccharide is the feedback inhibitor of the endoglyco
sidase but is also the substrate for the exoglycosidases. 
Thus, any interference with the latter will inhibit the whole 
process (152, 309). 

Depolymerization of matrix proteoglycans is brought 
about by the combined action of the glycosidases and 
neutral proteases, which are believed to be released simul
taneously from cellular lysosomes during cell division. 

It now seems reasonably certain that the continuous 
release of these hydrolytic enzymes from neoplastic cells is 
responsible for their invasive capability, for the selective 
routing by increased diffusion of nutrients towards the 
tumor cells, and perhaps even for sustaining the whole 
momentum of autonomous neoplastic proliferation (48, 54). 
The effect of these hydrolytic enzymes on the matrix is to 
release a whole spectrum of glycosaminoglycan and glyco
protein breakdown products into the blood stream, the so-
called "acute-phase reactants," the estimation of which 
forms the basis for the majority of serochemical tests for 
cancer. 

The collagen component of the extracellular matrix is 
also susceptible to the same hydrolytic enzyme activity. 
Collagen fibrils are bound together into microscopically 
visible collagen fibers by matrix cement substance (140). 
More specifically, electron microscopy show a precise mo
lecular alignment of proteoglycans along collagen chains 
(191). Ionic interactions between positively charged lysine 
and arginine residues of polymeric collagen and negatively 
charged glycosaminoglycan and proteoglycan sulfonic acid 
groups, together with the formation of hydrogen bonds, 
offer a probable explanation for this "adhesiveness" (311). 
The enzymatic degradation of such vital cross-linking 
bonds in the immediate vicinity of neoplastic cells could 
result in the dissolution and "microscopic disappearance" 
of this essential molecular scaffolding. Such structural 
disintegration is, of course, quite characteristic of the 
stromal erosion seen in immediate proximity to highly 
malignant growths. 

With regard to collagen fibrillogenesis and its specific 
relevance to tumor encapsulation, it seems clear that spe
cific interactions with extracellular glycosaminoglycans and 
proteoglycans play an essential role (132). There is now an 
overwhelming body of evidence (191, 201, 202, 205, 206, 
311) to support the view originally proposed by Meyer (215) 
that the long-chain matrix polymers with their regular an
ionic spacings provide the essential molecular template for 
the precise orderly deposition of collagen precursors and 
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their regular sequential arrangement into collagen fibrils. 
Thus, enzymatic dissolution of the matrix would also inhibit 
new collagen formation. 

Any measure that can protect the integrity of the intercel
lular matrix will (a) effectively retard malignant infiltration, 
(b) restrict the selective nutrition of tumors, (c) protect 
preexisting collagen barriers from neoplastic erosion, and 
(d) facilitate protective collagen encapsulation. This is one 
important function of ascorbic acid. 

The Increased Requirement for Ascorbic Acid in Cancer 

The contention that ascorbate is involved in resistance to 
neoplasia gains support from the many studies demonstrat
ing that cancer patients have abnormally low ascorbate 
reserves. When this was first demonstrated many years ago, 
there was a tendency to assume that such a finding merely 
reflected the poor general nutritional status of advanced 
cancer patients. Such a view is no longer tenable, and it is 
now generally agreed that low levels in cancer indicate an 
increased utilization and requirement for the vitamin. 

Increased utilization of ascorbate, as measured by deple
tion of ascorbate reserves, is by no means confined to 
cancer; it is a characteristic feature of many other "cell-
proliferative" disorders, such as inflammation (17, 91), and 
of the reparative processes after surgical trauma (88, 89), 
myocardial infarction (160, 161), and thermal burns (16). 
The last 3 studies demonstrate that ascorbate is removed 
from the circulating reserves and concentrated at the site 
of the reparative process. 

A similar shift of ascorbate from reserves to the tumor 
stroma has been demonstrated in cancer. Guinea pig stud
ies have shown that ascorbic acid is selectively concen
trated in cancerous tissue and, as a result, normal tissues 
are depleted (39, 315, 336). Dyer and Ross (109) studied the 
ascorbate content of tissues of mice bearing a wide variety 
of tumors, and in all examples the ascorbate concentration 
was greater in the tumor than in the liver of the respective 
host. Dodd and Giron-Conland (101), using electron spin 
resonance, have demonstrated that the ascorbyl radical is 
present in a wide variety of tumors in higher concentration 
than in the corresponding normal tissues. 

Human cancer tissue also contains elevated levels of 
ascorbate. Goth and Liftman (139) demonstrated this for a 
variety of human tumors. Chinoy (69) reported that certain 
human tumors contain far greater ascorbate levels than 
does their tissue of origin, and using histochemical tech
niques demonstrated that the greatest concentration of 
ascorbate was deposited at the periphery of the tumor, 
against the actively growing invasive margin. In 29 of 30 
patients, Moriartyef a/. (225) found the level in tumors to be 
higher than that in the surrounding tissues. 

Concentration of ascorbate in tumor stroma results in 
measurable depletion of circulating reserves. Table 1 lists 
studies that have been carried out, contrasting values in 
cancer patients with those obtained in normal controls. 

The increased requirement for ascorbate in cancer can 
also be demonstrated by ascorbate loading tests (18, 49, 
126, 127, 186, 217). All such investigations have shown an 
increased utilization of ascorbate by the cancer subjects. 

The combined results of all these studies show serious 
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deficiencies of blood and leukocyte ascorbate to be a 
characteristic feature of cancer. Thus, irrespective of any 
specific therapeutic effects suggested, replacement of this 
deficit should be a part of all comprehensive cancer treat
ment regimens. 

Ascorbic Acid and Host Resistance to Neoplasia 

Ascorbate metabolism can be implicated in a number of 
host resistance mechanisms functioning at both stromal 
and systemic levels. 

Ascorbate, Hyaluronidase, and the Intercellular Matrix. 
Invasiveness is one of the fundamental and distinguishing 
attributes of malignant tumor cells, conferring upon them 
their ability not only to infiltrate the local tissue interstices 
but also to ulcerate through membranous barriers and to 
penetrate into lymphatics, blood vessels, and other pre
formed spaces and thus produce remote metastases by 
passive transfer. The structural integrity of the ground 
substance matrix is the first barrier to invasiveness. 

Depolymerization of adjacent matrix is invariably ob
served in the immediate vicinity of invading neoplastic cells, 
and there is now much evidence that the mechanism of 
malignant invasiveness depends upon the continuous re
lease of lysosomal glycosidases (hyaluronidase) and per
haps other degradative lysosomal enzymes (the neutral 
proteases and collagenase) from the invading cells; see 
review by Cameron (48) and publications by Balazs and von 
Euler(11), Fiszer-Szafarzefa/. (116-120), Harris ef al. (152), 
and Grossfeld (147). 

The endoglycosidase has a molecular weight of around 
80,000 (6, 7). Other lysosomal enzymes are the exoglycosi-
dases, the proteases, collagenase, nuclease, sulfatases, 
and phosphatases. The release of hyaluronidase from the 
cancer cell is usually accompanied by a release of increased 
amounts of other lysosomal enzymes, as has been demon
strated for a wide variety of experimental and human tumors 
(93, 110, 120, 172, 190, 282, 292, 316). 

The impact of this continuous outflow of lysosomal en
zymes on the immediate microenvironment is to bring 
about profound changes in the physicochemical structure 
of the matrix. These changes, predominantly dissolution 
and depolymerization of matrix glycosaminoglycans and 
proteoglycans, destroy the structural stability of the molec
ular micelle, with an abrupt fall in iocal ground substance 
viscosity leading to diminished mutual adhesiveness of the 
tumor cells (76, 212), their increased motility (1), and, most 
important of all, the erosion of the immediate structural 
barrier to malignant infiltration (48). These local pericellular 
changes of matrix depolymerization, affecting all barriers 
from the cell membrane to stromal capillary interendothelial 
cement, would result in local zones of increased capillary 
and tissue diffusion and could account for the so-called 
selective nutrition of tumors, the all-too-familiar picture of 
a flourishing tumor growing parasitically in a host steadily 
dying from cachectic nutritional inanition (48). 

Thus, if we could stabilize cell matrix interrelationships in 
cancer and, more particularly, find a method of safely 
inhibiting tumor cell glycosidases, we should possess a 
means not only of restraining malignant invasiveness but 
also of retarding malignant cell proliferation by depriving 
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Table 1 
Ascorbic acid in the blood of cancer patients 

No. of P l ^ levels (mg/dl) ^ ° Z ^ T ^ 

Investigator 

Bodanskyef a/. (38) 
Waldo and Zipf (333) 
Freeman and 

Hafkesbring(124) 
Krasner and Dymock 

(183) 
Kakar and Wilson (165) 
Basuef al. (18) 
Cameron (49) 
Waldo and Zipf (333) 
Barkhan and Howard 

(14) 
Lloyd ef al. (198) 
Lloyd era/. (198) 
Kakar era/. (166) 
Basuef al. (18) 

Type of cancer studied 

Miscellaneous cancers 
Miscellaneous cancers 
Miscellaneous cancers 

Miscellaneous cancers 

Advanced breast cancer 
Advanced breast cancer 
Miscellaneous cancers 
Leukemia 
Leukemia 

Acute leukemia 
Chronic leukemia 
Acute lymphatic leukemia 
Miscellaneous cancers 

cancer 
patients 

69 
30 
5 

50 

1 
22 
24 
42 

5 

8 
8 

10 
22 

Cancer 

0.48 
0.10 
0.62" 

0.13 

0.26 
0.18 
0.21 

0.3 
0.7 
0.40 

Controls 

0.79 
0.80 
0.88* 

0.47 

0.96 
0.80 
0.69 

0.79 
0.79 
0.95 

Cancer 

27.0" 

11.5 

12.5 
12.0 
11.2 
8.2 

12.C 
31.0'' 
35.9 
17.0 

Controls 

36.1° 
35.0 

29.5 

26.0 
33.0 
24.3 
35.0 

35.0'' 
35.0'' 
56.4 
33.0 

" Expressed as mg ascorbate per 100 g leukocytes. 
0 Values for whole blood. 
c Values for platelets. 

these cells of their favored nutrit ional status. This is a highly 
desirable therapeutic aim, but the benefits could be even 
greater. 

The fol lowing working concept was published by Cam
eron in 1966 (48) and elaborated by Cameron and Pauling 
in 1973(54): 

"All tissue cells have an inherent tendency to divide but this 
tendency is normally restrained by the viscous nature of their 
intimate extracellular environment of high-molecular-weight 
ground-substance glycosaminoglycans. Proliferation is initiated by 
the cellular release of hyaluronidase, which permits the cell local 
freedom to divide and to migrate within the limits of the altered 
field. Proliferation will continue as long as hyaluronidase is being 
released; proliferation will cease and normal tissue restraint and 
organization will be restored when the production of hyaluronidase 
returns to normal." 

Under this concept, the only difference between "neoplas
t ic " and "no rma l " cell proliferation is the persistence of 
hyaluronidase release in the former. 

It is a common feature of enzyme-substrate reactions that 
the build-up of by-products exerts a feedback inhibitory 
effect. Thus, it is no surprise to find that glycosaminoglycan 
residues down to D-glucosamine have been shown experi
mentally to inhibit the growth of Sarcoma 37 (264, 273), 
Sarcoma 180 (22, 23), Walker carcinoma 256 (24, 224), 
various ascitic carcinomas (21, 22, 223), and epidermoid 
carcinomas (121), although N-acetylglucosamine and neu
tral sugars were found to be without effect (23, 223). In 
passing, it is of interest to note that glucosamine has been 
reported to inhibit the biosynthesis of protein, RNA, and 
DNA in label uptake experiments in vitro (21, 24). Recently, 
Schaffrath ef al. (281) demonstrated inhibition of DNA-
dependent and RNA-dependent polymerases as well as 
DNA-dependent RNA polymerase by a variety of sulfated 
glycosaminoglycans. 

In vitro tests have shown that chondroit in sulfate residues 
(6, 7) and other polysaccharide polysulfuric acids (8), in
cluding heparin, a polysulfated glycosaminoglycan, are 

hyaluronidase inhibitors (135, 136). Rutin (194), hesperidin 
and derivatives (20), and polyphloretin phosphate (75) show 
in vitro hyaluronidase inhibit ion and also stabilize lyso-
zymes (326). Hyaluronidase inhibit ion by bioflavonoids and 
related compounds has been reported (125, 207, 239). 
Stephens ef al. (309) have recently shown that gold thio-
malate is an effective hyaluronidase inhibitor, but we are 
not aware of any reports of its use in either experimental or 
human cancer. 

Our special interest has focused on the existence in the 
serum of all species of a specific glycoprotein fraction 
known as PHI.2 Serum PHI concentration remains within a 
remarkably narrow range in health but increases sharply in 
a variety of disease states, including infections, wound 
healing, rheumatoid arthritis, and cancer (133, 134, 153, 
175). Because of this, serum from cancer patients inhibits 
hyaluronidase in vitro (116, 150). As yet, PHI has not been 
completely characterized, but it is reported to be a glyco
protein with a molecular weight of about 100,000 (207, 238). 
Glucosamine and uronic acids are major constituents of 
PHI (238), and it seems clear that the fraction consists of a 
polypeptide chain to which is attached a glycosaminogly
can residue which has been modified in some special way 
to confer upon it its powerful and highly specific inhibitory 
activity. In 1972, we suggested that the modif ication is the 
replacement of one or more than one glucuronic acid 
residue in the glycosaminoglycan depolymerization by
product by its close chemical relation ascorbic acid (60). It 
now seems clear that the active component of PHI is a 
tetrasaccharide with a terminal glucuronic acid unit re
placed by an ascorbate residue, resistant to exoglycosidase 
activity, and therefore capable of blocking the whole proc
ess of glycosaminoglycan depolymerization. 

The hypothesis that ascorbic acid is required for the 
synthesis of PHI offers a convincing explanation for its 
biological function in preventing scurvy, a state of general-

2 The abbreviations used are: PHI, physiological hyaluronidase inhibitor; 
UHP, urinary hydroxyproline; 3-HOA, 3-hydroxyanthranilic acid. 
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ized matrix depolymerization brought about by exposure to 
uninhibited hyaluronidase evolved during the course of 
normal cell division and replacement (50). It also explains, 
in part, why there is an increased requirement for ascorbate 
in all cell-proliferative states, including cancer. Satisfying 
this enhanced requirement by increasing intake should 
enable this restraining mechanism to function at maximum 
efficiency. 

Because everyday clinical experience confirms that 
ascorbate is necessary for satisfactory wound healing and 
repair, the natural assumption has been that this vitamin is 
essential for growth. We offer the alternative hypothesis 
that the primary function of vitamin C is to restrain exces
sive growth through its incorporation into the PHI system, 
directing the inherent proliferative capacity of all cells into 
a constrained organized differentiated behavior pattern. 
Thus, in the simple example of wound healing, the initial 
cell-proliferative phase produces depolymerization of the 
immediate matrix and the release of measurable amounts 
of glycosaminoglycan residues into the bloodstream, there 
to mop up ascorbate reserves into an upsurge of PHI levels, 
all fol lowed fairly rapidly by reversal into a healed phase of 
resting quiescent cells reembedded in a restabilized matrix, 
and return of these biochemical indices to a steady state 
equi l ibr ium. In the absence of ascorbate, i.e., in scurvy, 
wounds fail to heal, with a destabilized matrix, undifferen
tiated cell-proliferative "granulomata," and the continuous 
overspill of matrix by-products into the bloodstream (260, 
279). 

In vitro, the reaction of ascorbate with hyaluronic acid 
and with chondroit in sulfate has been reported to yield 
breakdown products of somewhat lower viscosity than the 
original preparations (303). Ascorbic acid also inhibits hya
luronidase in vitro under condit ions that preclude the pos
sibility of PHI product ion, but it has been shown to have a 
much greater effect in vivo, clearly indicating the existence 
of some intermediate mechanism (267). 

A recent brief report by Shapiro et al. (295) indicating that 
prescorbutic guinea pigs have increased rather than de
creased PHI levels is difficult to reconcile with the general 
pattern. A possible explanation for this apparent contradic
tion may lie in the f inding by Fiszer-Szafarz (117) that serum 
contains a number of different hyaluronidase inhibitor frac
tions distinguishable by the use of different laboratory 
techniques. 

The realization that the term "hyaluronidase" embraces a 
sequence of related degradative enzymes has given rise to 
some confusion in the literature. Thus, many workers have 
claimed that neoplastic cells produce significantly in
creased amounts of hyaluronidase, but other workers have 
been unable to confirm this; see references in the review by 
Cameron (48). However, there seems to be no dispute that 
neoplastic cells release significantly increased amounts of 
the exoglycosidases /3-glucuronidase (63, 74,115,152,243) 
and /3-N-acetylglucosaminidase (63, 77, 79, 120, 152). In 
their recent study of an experimental rat osteosarcoma, 
Harris ef al. (152) demonstrated no significant increase in 
hyaluronidase activity but a significant increase in /3-glucu
ronidase and /3-N-acetylglucosaminidase activity in osteo
sarcoma homogenates relative to homogenates of normal 
bone. 
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Carr's paper (63) contains an interesting observation. 
Three different experimental mouse tumors were studied. 
Inoculated i.p. to form noninvasive ascitic growths, these 3 
experimental tumors showed no significant exoglycosidase 
activity. However, when the same tumors were inoculated 
s.c. to produce invasive growths in a viscous ground 
substance matrix, their exoglycosidase activity increased 
very markedly. Thus, it would appear that neoplastic cells 
have considerable exoglycosidase potential that is ex
pressed only in the presence of the specific substrate. This 
observation has important implications for tissue culture 
studies now in progress. 

Saccharo-1,4-lactone is a specific inhibitor of /3-glucu
ronidase (78), and Carr (62) has demonstrated that the 
administration of this and related compounds results in a 
marked regression of experimental mouse tumors. Unfor
tunately, this compound is metabolized to toxic saccharic 
acid. 

The problem is to find some nontoxic exoglycosidase 
inhibitor, and ascorbic acid, containing the essential lac
tone ring structure, with close structural similarities to the 
natural exoglycosidase substrate and possessing this phys
iological funct ion, would appear to be a favored contender 
for this role. Furthermore, in vitro studies by Kojima and 
Hess (182) demonstrated that ascorbic acid functions as a 
noncompetitor inhibitor of W-acetylglucosaminidase. Pa
pers on the inhibit ion of /3-glucuronidase have been re
viewed by Dutton (108). 

To summarize, the dangerous features of neoplastic cell 
behavior (invasiveness, selective nutri t ion, and perhaps 
growth) are caused by microenvironmental depolymeriza
t ion. In turn, this matrix destabilization is brought about by 
constant exposure to lysosomal glycosidases continually 
released by the neoplastic cells. Finally, ascorbate is in
volved in the natural restraint of this degradative enzymic 
activity. 

Ascorbate, Collagen, and Tumor Encapsulation. The 
intercellular matrix is reinforced by a 3-dimensional net
work of interlacing collagen fibers. A generalized increase 
in the collagen content of the matrix can be induced by 
certain hormones (estrogens, androgens, corticosteroids, 
thyroxine) with a gradual shift from an amorphous to a 
more fibrotic pattern; the same change is observed in the 
aging process; see references in the review by Cameron 
(48). 

The amount of collagen present determines the strength 
of the tissue and also its resistance to malignant infi l tration. 
It is common knowledge that invasive tumor cells preferen
tially spread along "sof t " tissue planes and are deflected 
and constrained by fibrotic tissues such as scars, fascia, 
capsules, and ligaments. On a generalized scale, the grad
ual shift to a more fibrotic pattern in the matrix induced by 
these hormones and the aging process may account for the 
increased resistance to tumor growth associated with these 
hormonal and constitutional changes (48). 

Thus, if matrix integrity is the first line of defense against 
invasive growth, this defense is very powerfully reinforced 
by the next barrier, the collagen network. To appreciate 
fully the important role played by collagen in stromal 
resistance, we must first look at the effects of invasive cells 
on preexisting collagen and then at the variable ability of 
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individual hosts to encapsulate their tumors within barriers 
of new fibrous tissue. 

Dissolution of preexisting collagen fibers in the immedi
ate proximity of neoplastic cells is a well-recognized feature 
of active invasive growths. This has led many to postulate 
that tumor cells release collagenase, a specific proteolytic 
enzyme found in both mammalian and bacterial cells. 
Extracts of various animal and human tumors exhibit en
hanced collagenase activity (104,131, 270, 310, 319). 

As mentioned earlier, it could well be that neoplastic 
transformation involves an increased and sustained output 
of all lysosomal enzymes, including collagenase, but there 
could be a simpler explanation. 

It will be recalled that collagen fibers consist of innumer
able fibrils (themselves optically invisible) "glued together" 
into visible fibers by glycosaminoglycan and proteoglycan 
macromolecules. Exposure to glycosidases would dissolve 
the cement substance and, by converting visible fibers into 
free-floating molecular fibrils in a depolymerized matrix, 
would appear to exert "collagenase" activity. Either way, 
the lysosomal overactivity of neoplastic cells is clearly 
responsible for the disruption of preexisting collagen bar
riers ahead of malignant invasive g-rowth. 

Basement membrane is ground substance heavily rein
forced with collagen. Basement membrane disorganization 
has been observed during culture of LS402A mouse carci
noma cells in ascorbate-deficient medium, and this effect is 
reversed by introducing ascorbate (263). Lysis of preexist
ing collagen has been studied in transplanted rat tumors 
(262) and during 2-aminoanthracene carcinogenesis (258). 

Collagen catabolism results in an increased level of UHP, 
and, in the human, measurement of UHP is useful to the 
clinician, rising levels reflecting increasing spread and 
activity of the disease. It has been shown that UHP levels in 
patients with breast cancer are directly proportional to the 
spread of the disease and bear an inverse relationship to 
leukocyte ascorbate levels and that a loading dose of 1 g of 
ascorbic acid produces a sharp decrease in UHP excretion 
(18). Thus, invasive neoplastic cells possess the ability to 
disrupt preexisting collagen barriers, with increased colla
gen catabolism and output of resultant hydroxyproline 
residues, and this disruptive effect can be diminished sig
nificantly by increasing ascorbate intake. 

Of even greater interest, from the point of view of practi
cal therapy, is the variable ability of individuals to encapsu
late their tumors (the so-called scirrhous response). In daily 
clinical practice, the whole gamut of response can be 
observed, ranging from the unfortunate individual with a 
highly anaplastic, remorselessly invasive tumor with quite 
negligible stromal fibrotic reaction and a very limited life 
expectancy to that of the more fortunate individual with a 
very slow-growing, practically noninvasive tumor encased 
in a dense, almost impermeable barrier of reactive scar 
tissue (the so-called atrophic scirrhous tumors) and with a 
clinical prognosis differing little from normal life expect
ancy. It is true that the former dismal picture tends to occur 
more frequently in the younger age groups, while the latter 
clinical presentation is more common in the elderly, but the 
differentiation by age is by no means clear-cut. 

It would be a very considerable advance in cancer treat
ment if all tumors could be converted to the atrophic 
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scirrhous variety. Even in the present state of our knowl
edge, this is not an impossible objective. To achieve this 
aim, we have first to consider the "soil," appreciating that 
the elderly, presumably because of some hormonal change, 
seem in general to be more able to elicit this powerful 
defensive reaction than the young. Thus, some considera
tion should be given to exploring the possibility that appro
priate endocrinal adjustment (not necessarily synonymous 
with aging) could be used to condition the matrix and 
render it more adaptable to this encapsulating process (48). 

However, irrespective of preconditioning the "soil," en
capsulation implies an intense local deposition of fully 
formed collagen fibers imprisoning the invasive tumor cells. 
Ascorbic acid is essential for new collagen formation. 

The precise role of ascorbate in collagen synthesis has 
been the subject of much study; see comprehensive reviews 
by Gould (140) and Barnes (15). During states of ascorbate 
deficiency, total collagen synthesis as determined by ex
traction techniques is unaffected (19) even though wound 
healing by microscopically visible collagen fibers is com
pletely absent (88). Lack of ascorbate sharply reduces 
hydroxylation of prolyl and lysyl residues into hydroxypro
line and hydroxylysine of mature collagen during ribosomal 
assembly (19, 140, 141, 174, 176), leading to instability of 
the triple helix of collagen (171). Such instability results in 
increased collagen catabolism, as has been demonstrated 
in scurvy (138, 272) and in cancer (18, 258, 262). 

Ascorbic acid has been shown to increase collagen syn
thesis by fibroblasts in vitro (99, 280) and to maintain 
collagen synthesis in nonmitotic fibroblasts for extended 
periods (99). Prolyl hydroxylase, the enzyme hydroxylating 
prolyl and lysyl residues of procollagen, requires ascorbate 
to function in vitro (181), and the addition of ascorbic acid 
to tissue cultures stimulates the prolyl hydroxylase activity 
of fibroblasts (174). 

Thus, there is no doubt that a sufficiency of ascorbate is 
essential for collagen fibrillogenesis, both by stabilizing the 
matrix and protecting it against the erosive effects of 
lysosomal glycosidases and by facilitating the hydroxylation 
of prolyl residues in procollagen. 

To summarize, in the cancer situation, 3 factors are 
involved: (a) there is the stimulating effect of neoplastic 
cells creating a proliferative environment around stromal 
fibroblasts; (b) there is some evidence that the hormonal 
environment may influence the fibrotic response; (c) for an 
adequate scirrhous response, an abundance of ascorbate 
is essential, and this is one factor open to therapeutic 
control. 

Ascorbate and Immunocompetence. It is generally ac
cepted that the immune system plays some part in host 
resistance to cancer, both in the prophylactic sense of an 
efficient immunosurveillance system destroying neoplastic 
cells at an early stage in their careers and in the protective 
sense of retarding the growth of established tumors. Pa
tients maintained on long-term immunosuppressive regi
mens have an increased incidence of certain forms of 
cancer, and cancer patients tend to have decreased immu
nocompetence as measured by standard tests (271). Any 
practical measure that could enhance immunocompetence 
could only be beneficial to the cancer patient. 

The immunological defense system has the awesome task 
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of first distinguishing friend from foe by recognizing "self" 
from "not self" and then acting upon the information by 
identifying the target so as to permit its elimination through 
various mechanisms and strategies. Recognition depends 
upon evaluation of minute differences in molecular struc
ture. 

Lewis Thomas (321) pictures the immune system as a 
police force, constantly patrolling the body cells, keeping 
an eye open for cells becoming neoplastic and, upon 
recognit ion, destroying them. For such a system to work, 
cancer cells must display a surface antigen for "recogni
t i on" different from their nonneoplastic compatriots. 

For certain experimental tumors, induced by specific 
oncogenic viruses and specific chemical carcinogens, there 
is clear evidence that this is so, and furthermore the antigen 
is specific for the carcinogenic agent (90, 221, 271). In 
human cancer, the picture is less clear. Certain tumors 
derived from the same basic cell type often express a 
common differentiation antigen, as measured by specific 
immunoprotein assay (236, 237). These so-called oncofetal 
antigens are also present on embryonic cells, and indeed 
there is some evidence that they may be present on the 
surface of any rapidly dividing but not necessarily neoplas
tic cell (271). Detection of specific serum oncofetal immu-
noproteins may reflect the sensitivity of existing techniques. 
Thus, most states of cell proliferation would be below the 
level of detection but, in the event of a single cell progres
sively dividing and subdividing to form an immense clone 
of neoplastic cells, the clonal antigen would be measurable 
as a "tumor-specif ic ant igen" (46). 

The potentially antigenic cell membrane is a highly com
plex structure consisting of proteins and lipoproteins, not 
only quite specific for the individual but also quite specific 
for the particular cell type, masked in an "exoskeleton" of 
glycosaminoglycan and collagen macromolecules. Cell di
vision must imply unmasking and dissolution of the cell 
membrane involving new molecular configurations and 
thus altering its antigenic response. We advance the prop
osition that all dividing cells by cell membrane alteration 
elicit a weak "not self" signal as part of the general 
homeostatic mechanism of the body. This recognition sig
nal would evoke a weak antigenic response specific to the 
particular cell type because of its unique protein display, 
but recognizable only if a very large number of similar 
clonal cells were dividing, as in the embryo or cancer. 

There is some evidence that dissolution of the glycosa
minoglycan component of the cell membrane to expose 
protein and lipoprotein configurations, as would be bound 
to result from the cellular release of glycosidases, plays an 
important part in determining antigenicity (43, 44). 

Because of protein similarities, the immune response, so 
devastating in allograft situation, is much less effective 
against tumor cells indigenous to the host. Nevertheless, it 
does play some part in determining an individual patient's 
resistance to his particular tumor. 

In our view, ascorbate is essential to ensure the efficient 
working of the immune system. The immunocompetence 
mechanisms are a combination of humoral and cell-me
diated defensive reactions with ascorbate involved in a 
number of ways. These mechanisms must now be consid
ered. 
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The response to the signal " f oe " is the rapid mobil ization 
of humoral and cellular agents of high specific activity and 
the elaboration of recognition units, specific immunoglob
ulins. The replication of the system is evident in its "search 
and destroy" funct ion, in which the same complex molecu
lar unit that recognizes a structure also fires a weapon, the 
complement system, that attacks only the structure identi
fied by the specific antibody, even though it is present in 
only a single cell. 

Although the complement system can be activated by a 
variety of factors, the specificity of this action results from 
the fact that it can be focused with the precision of a laser 
beam to the point of local impact of immunoglobulins with 
the specific antigen that they have been created to recog
nize. The cascade of complement factors thus set in motion 
further spreads the signal by a variety of chemical messen
gers and the indirect activation, through anaphylotoxin (81, 
82), of other cells to induce release of activators to sustain 
the inflammatory response, including phagocytosis, which 
will be discussed in a later section. 

The precision of recognition and the intensity of the 
response vary in the same individual from time to time 
according to endocrine status, reflecting such constitu
tional factors as age, sex, and hormone environment (90). 
The influence of endocrinal status on host resistance to 
cancer wil l be discussed below. The importance of endo
crinal status in precondit ioning the "so i l " recalls our earlier 
discussion that similar factors influence the efficiency of 
the fibrotic response. 

The humoral factors involved in immunocompetence are 
the cell surface-specific immunoglobulins and their ult i
mate weapon, the complement cascade. 

The reticuloendothelial system is concerned with the 
precise design and production of immunoglobulins, pro
teins which contain a large number of disulfide bonds 
(relative to other proteins) the function of which is to bridge 
the light and heavy chains. The role of the ascorbic acid-
dehydroascorbic acid system in the biosynthesis of S —S 
bonds has been extensively discussed by Lewin (195), who 
strongly concludes that ascorbate is essential for immuno
globulin synthesis. A positive correlation between serum 
ascorbate levels and serum IgG and IgM titers was reported 
by Vallance (325), studying human subjects isolated from 
any sources of new infection for nearly 1 year on a remote 
British Antarctic Research Station. 

Regarding the more definitive weapon of the complement 
cascade, it has recently been demonstrated that the admin
istration of supplemental sodium ascorbate to guinea pigs 
significantly increases the esteratic power of the first com
ponent of complement (C, esterase activity, without which 
the whole complement cascade is inoperable) in animals 
immunized with antipenicilloyl (guinea pig)y-globul in.3 

In cell-mediated immunity, immunocompetence is exer
cised overwhelmingly by the lymphocytes. In tumors, the 
degree of stromal lymphocyte infiltration is a measure of 
the efficiency of host resistance to the neoplastic process. 
Thus, the degree of lymphocytic infiltration is now accepted 
as a reliable prognostic indicator. 

Relative to other cells, lymphocytes contain substantially 

3 G. Feigen, unpublished observations. 
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higher concentrations of ascorbate, and there are strong 
indications that this characteristic feature is "purposeful" 
and related to their active role in cell-mediated immuno-
competence. 

It has been neatly demonstrated that guinea pigs main
tained on prescorbutic diets have markedly reduced immu-
nocompetence as shown by their prolonged tolerance of 
allografts and that this change is related to abnormally low 
lymphocyte ascorbate levels. When ascorbate is adminis
tered to restore lymphocyte ascorbate levels to normality, 
the allografts are promptly and universally rejected (167). 
This observation led us to suggest that the opposite condi
tion of lymphocyte ascorbate saturation should be associ
ated with enhanced immunocompetence (55). This predic
tion has subsequently been confirmed. Yonemoto ef al. 
(356) demonstrated in healthy young subjects that a high 
loading dose of ascorbate (5 g/day for 3 days) evokes a 
significant increase in lymphocyte blastogenesis as meas
ured by response to phytohemagglutinin challenge and, 
furthermore, that this increase in immunocompetence was 
further significantly enhanced by larger doses (10 g). A 
similar effect of increased T-lymphocyte responses to con-
canavalin 2 with increased intake of ascorbate by mice has 
been reported by Siegel and Morton (300). These observa
tions support the common sense view that lymphocytes rich 
in ascorbate should be able to conduct their protective 
business more efficiently than those that are not, a charac
teristic feature of established cancer. 

To summarize, cancer patients generally exhibit dimin
ished immunocompetence and almost invariably have low 
lymphocyte ascorbate content. The simplest and safest way 
to enhance immunocompetence in such patients and to 
ensure that their humoral and cell-mediated defense sys
tems are working at maximum efficiency is to increase their 
ascorbate intake. Only when this increased demand and 
utilization in cancer are fully satisfied can these immune 
mechanisms afford maximum protection against the way
ward cancer cell. 

Ascorbate and Hormone Balance. The highest concen
trations of ascorbate are found in the adrenal and pituitary 
glands, and the terminal stages of scurvy are just preceded 
by complete depletion of adrenal ascorbate, leading, it has 
been frequently stated, to "scurvy death" from adrenocor
tical failure. This has caused many to suggest that the 
ascorbic acid-dehydroascorbic acid system plays an impor
tant role in the synthesis and release of hormones of the 
adrenopituitary axis. The evidence for this is both conflict
ing and confusing (13, 72, 73,102, 277, 278). 

It has of course been known for many years that changes 
in the hormonal status of an individual and in particular 
relative changes in the different components of the adre
nopituitary axis can sometimes exert a significant effect on 
host resistance to neoplasia; see the extensive review by 
Stoll (312). In 1974, we offered the tentative suggestion that 
availability of ascorbate by influencing the interrelationship 
between the members of this hormonal orchestra might 
determine whether an individual possesses a favorable or 
an unfavorable steroid environment (55). The proposal has 
not yet been studied, and the suggestion remains without 
experimental evidence. 

Ascorbate and Phagocytosis. Phagocytosis is believed 
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to play an important part in cell-mediated immune response 
to tumor cells. In addition, practically all tumors ulcerate 
through adjacent surfaces (skin, gastrointestinal tract, res
piratory tract, etc.) and become subject to secondary bac
terial invasion. Thus, the toxemia of secondary infection 
becomes part of the cancer illness. Efficient phagocytosis 
offers some protection against this almost inevitable com
plication. 

Numerous studies have demonstrated that ascorbate is 
required for active phagocytosis both in vivo and in vitro 
(71, 87, 128, 137, 210, 240, 270). 

Leukocyte motility is dependent upon the activity of the 
hexose monophosphate shunt, which in turn is activated by 
ascorbate (84, 94, 173) oxidizing NADPH to NADP+ with 
release of bacteriocidal peroxide (252). A review of oxygen-
dependent phagocytosis has recently been published (9). 

The striking effect of increasing p.o. intake of ascorbate 
on human lymphocyte blastogenesis as measured by re
sponse to phytohemagglutinin and [3H]thymidine uptake 
was noted in the previous section. 

Ascorbic Acid and Tumor Prevention 

Any measure that will retard the growth of established 
tumors should also, if applied early enough, effectively 
suppress "latent" tumors and thus in clinical terms have 
some prophylactic value. The purpose of this section is to 
consider whether ascorbate offers any degree of protection 
against a variety of carcinogenic agents. 

The Antiviral Activity of Ascorbic Acid. Some cancers 
are thought to be initiated by oncogenic viruses [see discus
sion by Dulbecco (106)], and this whole area is the focus of 
much current research interest, with proposals that antiviral 
agents be used in cancer prophylaxis and chemotherapy 
(208). Against this background the antiviral activity of ascor
bic acid assumes fresh importance. 

The clinical evidence that supplemental ascorbate offers 
protection against a broad spectrum of viral disease has 
been reviewed by Pauling (252, 254) and Stone (313) in their 
respective books. Particular mention has to be made of the 
pioneer work of Jungeblut (162, 163), in demonstrating in 
vitro and in vivo activity against the poliomyelitis virus, and 
the clinical work of Klenner (178, 179), who strongly advo
cates its use against a wide variety of viral disorders. In 
Japan, Morishige and Murata (227)" have used supplemen
tal ascorbate in the successful prevention and treatment of 
measles, mumps, viral orchitis, viral pneumonia, herpes 
zoster, and viral encephalitis. The most striking effect 
recorded by these Japanese workers has been the virtually 
complete prevention of posttransfusion hepatitis in a coun
try where such a complication is common (227). 

In the laboratory, Murata ef al. (228-230) have investi
gated the inactivation of bacterial viruses by ascorbate, and 
they have been able to demonstrate the inactivation of J, 
phage of Lactobacillus casei and a variety of viruses of 
Escherichia coli and Bacillus subtilis. 

The mechanism of in vitro viral inactivation is still unclear. 
It could involve the liberation of peroxide from oxidation of 
ascorbate, because the addition of catalase provides pro
tection (290, 348). However, Murata ef al. (231) noted that 

4 F. Morishige and A. Murata, personal communication. 
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concentrations of peroxide that should have been produced 
during ascorbate oxidation had no effect on bacterial virus 
A-A. Murata has postulated that free-radical intermediates 
produced during ascorbate oxidation are the active agents 
in viral inactivation and has presented sound arguments in 
support of his view. In this respect, the role of monodehy-
droascorbate radical in the termination of free radical 
reactions and its consequent biological function have been 
reviewed by Bielski ef a/. (28). 

Ascorbate has also been shown to enhance interferon 
production (92, 298-301), as well as to enhance the phago
cytic properties of the reticuloendothelial system, both 
potent in vivo defenses against viruses. The interaction of 
ascorbate with L-lysine in rats (67) may also contribute to 
the effectiveness of ascorbate. 

Whatever the mechanisms may be, there is clinical and 
experimental evidence that supplemental ascorbate pos
sesses some antiviral activity. Thus, if a viral etiology of 
human cancer is ever proved, ascorbate might be expected 
to exert some prophylactic and therapeutic effect. 

Ascorbate and the Carcinogenic Hydrocarbons. There is 
some fragmentary evidence that ascorbate offers some 
protection against carcinogenic hydrocarbons. 

A very marked stimulation of ascorbate synthesis in rats 
and mice can be evoked by exposure to various noxious 
compounds including the carcinogenic hydrocarbons, with 
methylcholanthrene the most powerful (40, 47, 80, 323). 

The mixed-function oxidases are a group of closely re
lated microsomal enzymes that metabolize many classes of 
compounds and are particularly important in the inactiva
t ion of chemical carcinogens. Although these microsomal 
enzymes have been studied most extensively in liver tissue, 
recent evidence indicates their occurrence in tissues of all 
major portals of entry, including the gastrointestinal tract, 
lung, skin, and placenta (337). Thus they represent the 
initial metabolic barrier to noxious foreign substances. 
These enzymes are affected by age, species and strain, sex, 
and nutrit ional state (358) and require NADPH and molecu
lar oxygen (339-345) for their action. Ascorbic acid is also a 
requirement of the mixed-function oxidases that hydroxyl-
ate tryptophan (83, 233, 307), tyrosine (187, 233, 307, 324), 
dopamine (193), and phenylalanine (314). Microsomal me
tabolism of lipid-soluble foreign compounds or carcinogens 
yields products generally more water soluble, which greatly 
increases their rate of excretion. It is not surprising there
fore that inducers of microsomal mixed-function oxidases 
(polycyclic hydrocarbons, pentobarbital, phenobarbital, 
chlordane, /3-naphthoflavone, and phenothiazene) provide 
protection from carcinogens, whereas inhibitors of these 
enzymes (including carbon tetrachloride, organophospho-
rus insecticides, ozone, and carbon monoxide) potentiate 
carcinogenic effects; among the carcinogens studied are 
benzo(a)pyrene, 7,12-dimethylbenzanthracene, N-2-flu-
orenylacetamide, 4-dimethylaminostilbene, urethan, ana
tox in, diethylnitrosamine, aminoazo dyes, 3-methyl-4-di-
methylaminoazobenzene, 2-acetylaminofluorene, and 
bracken fern [see review by Wattenberg (341)]. 

The direct action of ascorbate on carcinogens has also 
been reported. Warren (335) demonstrated the oxidation of 
aromatic hydrocarbons in vitro by ascorbate. Floyd ef al. 
(122) reported that ascorbate inhibits conversion of W-hy-
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droxy-W-acetyl-2-aminofluorene into 2 more potent carcin
ogens, 2-nitrosofluorene and N-acetyl-2-aminofluorene. 
This oxidation-reduction reaction reduces peroxide by the 
action of peroxidase and an electron donor; under the 
conditions used, ascorbate was preferentially oxidized. 
Attack of the carcinogen W-acetoxy-2-acetamidofluorene 
on guanosine is also prevented in vitro, probably through 
the quenching of the triplet nitrenium ion by proton abstrac
tion (291). 

Ascorbic acid deficiency in guinea pigs has been shown 
to decrease microsomal cytochrome P-450 activity to about 
50% of its normal value (96, 97, 192, 203, 268) cytochrome 
bs (96, 97, 174, 192, 302, 358), NADPH-linked cytochrome c 
reductase (174, 358), and O- and W-demethylase activities 
(174, 185, 192, 358). Confl ict ing data by Kato ef al. (170) in 
which the above-mentioned enzyme activities were not 
affected by ascorbate deficiency seem to be the result of a 
shorter depletion period (12 days). Zannoni and Sato (Ref. 
174, p. 119) have shown that microsomal enzyme activities 
are not decreased significantly in a 10-day depletion exper
iment but are significantly decreased after 21 days. Reple
tion experiments with scorbutic guinea pigs have shown 
that supplementation with ascorbic acid returned cyto
chrome P-450 and demethylation activities to normal within 
48h r (97 , 192,203). 

Ascorbate and Nitrosamines. Nitrosamines, products of 
the reaction of nitrite with a secondary amine, alkylurea, or 
an N-alkylcarbamate group, have been strongly implicated 
as a major environmental carcinogen (196). Atmospheric 
nitrosamine pollution could be significant. In some parts of 
the United States dimethylnitrosamine levels rise to 0.1 ixg/ 
cu m of "c lear" air, which equals about 1.0 to 1.4 /xg/ 
person/day; by comparison, a pack of cigarettes contains 
around 0.8 tig and 4 slices of nitrite-preserved bacon 
contain about 5.5 /xg dimethylnitrosamine (296). A variety 
of experimental tumors of the alimentary tract, liver, lung, 
and urinary bladder can be produced by nitrosamines (218, 
219, 234, 275), and a number of nitrosation products are 
carcinogenic in vivo, including those of citrull ine, ephed-
rine, sarcosine, morpholine, methylurea, piperazine, pyrrol
idine, aminopyrine, diethylamine, and dimethylamine (347). 
Nitrosation is usually studied under simulated gastric con
dit ions, but Hill ef al. (155) have demonstrated that nitros
amines may be produced at any site where bacteria, sec
ondary amine, and nitrite or nitrate are present. Another 
aspect deserving serious consideration is the transplacental 
transfer of nitrosamines; respiratory tract tumors were pro
duced at a rate of up to 97% in offspring of mice given 
diethylnitrosamine during the last 4 days of pregnancy 
(222). 

Ascorbic acid has been shown to exert a protective effect 
against carcinogenesis by nitrite reacting with aminopyrine 
(123), morpholine (174), piperazine (Ref. 174, p. 175), and 
raw fish (204) as well as to reduce the acute hepatotoxicity 
resulting from feeding nitrite and dimethylamine (61) or 
nitrite and aminopyrine (Refs. 145, 168, and 169; Ref. 174, 
p. 160). Studies with preformed nitrosamines have shown 
that ascorbic acid exerts little or no protective effect (Ref. 
174, p. 175). Ascorbic acid does not react with amines, nor 
does it increase the rate of nitrosamine decomposit ion; it 
exerts its protective effect largely by reaction with nitrite 
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and nitrous acid (Refs. 5 and 220; Ref. 174, p. 181). Under 
simulated gastric conditions (37°, pH 1.5), an ascorbate/ 
nitrite molar ratio of 1/1 provided 37%, a ratio of 2/1 
provided 74%, and a ratio of 4/1 provided 93% protection 
from in vitro nitrosation of methylurea (Ref. 174, p. 181). 
Because nitrites are found in many foods as normal reduc
tion product of nitrates or by deliberate introduction during 
processing (Ref. 174, p. 175), it is significant that ascorbic 
acid added or present in foods offers some protection 
against dangerous nitrosamine formation (Refs. 5 and 352; 
Ref. 174, p. 181). 

It has also been shown, using the Ames test (148), that 
ascorbate inhibits bacterial mutagenesis by W-methyl-W-
nitrosoguanidine, and Marquardt, Rugino, and Weisburger, 
using the same test procedure, have shown mutagenic (and 
presumably carcinogenic) activity in nitrite-treated foods 
and have suggested that human stomach cancer might well 
be related to this dietary factor, which to some extent might 
be reduced by ascorbate (204). 

Ascorbate and Tryptophan Metabolites in Bladder Can
cer. Exogenous or endogenously formed chemical carcin
ogens can often be implicated in the causation of human 
bladder cancer. The known relationship between occupa
tional exposure to 4-aminophenyl, benzidine, and 2-
naphthylamine and bladder cancer has stimulated investi
gations into the carcinogenicity of N-hydroxy aromatic 
amines (98, 265) and o-hydroxy aromatic amines (2). A large 
number of o-hydroxytryptophan metabolites are known 
carcinogens (357), and efforts have been made to demon
strate increases in tryptophan metabolites in the urine of 
bladder cancer patients, but the results have been equivo
cal (2); however, after a loading dose of L-tryptophan, 
bladder cancer patients excrete a significantly increased 
amount of the metabolites kynurenine, xanthurenic acid, 
and o-aminohippuric acid, suggesting that such subjects 
have some abnormality of tryptophan metabolism (357). 

Chemiluminescence resulting from the nonenzymatic 
degradation of the tryptophan metabolite 3-HOA (and be
lieved to reflect degradation from Compound I to Com
pound IV as shown in Chart 2) is significantly increased in 
the urine of bladder cancer patients and in the urine of 
heavy tobacco smokers (285, 286). The administration of 
ascorbate (1 to 2 g p.o. per day) results in a significant 
decrease in chemiluminescence and completely prevents 
the formation of Compound IV even in voided urine to 
which 3-HOA has then been added (286). 

Urine from patients with bladder cancer oxidizes 3-HOA 
faster than does control urine in vitro, and the addition of 
ascorbate inhibits this reaction (259, 286). With the general 
working hypothesis that metabolites of 3-HOA are carcino
genic to uroepithel ium, the increased amounts of such 
metabolites, especially Compound IV, found in the urine of 
heavy tobacco smokers explains their increased suscepti
bility to bladder cancer. 3-HOA implanted directly into the 
mouse bladder is carcinogenic, and this effect can be 
prevented by ascorbate (259, 284). The whole concept that 
supplemental ascorbate has a protective and inhibitory 
value in bladder cancer has been developed by Schlegel 
(284) and his associates in the Department of Urology of 
Tulane University. The experimental, biochemical, and cl in
ical aspects of their work have been the subject of a recent 
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Chart 2. Postulated pathway of nonenzymatic oxidative decomposition of 

3-HOA. From Schlegel ef a/. (286). 

review (284). 
Ascorbate and Cigarette Smoking. The relationship be

tween cigarette smoking and bladder cancer has been 
alluded to above. Of far greater importance in terms of 
numbers is the proved relationship between smoking ana 
lung cancer. 

There is considerable evidence that smoking depletes 
ascorbic acid reserves (4,142,156, 255-257, 269), as shown 
by diminished whole blood, serum, and leukocyte ascor
bate levels in smokers relative to nonsmoker controls. It 
would be presumptuous to say that this difference reflects 
an increased utilization acting in a protective capacity. 
Nevertheless, in the present state of our knowledge, it 
would seem a wise precaution for the compulsive heavy 
smoker to increase deliberately his ascorbate intake. 

Ascorbate and UV Carcinogenesis. Excessive exposure 
to UV is carcinogenic. In the human, this is evident in the 
increased incidence of various forms of skin cancer in fair-
skinned individuals resident in areas of high solar intensity, 
such as the southern United States, South Africa, and 
Australia. 

Experimentally, the carcinogenic effects of actinic UV 
non-ionizing radiation can be duplicated and studied using 
albino hairless mice (36). Homer Black and his associates 
have demonstrated that skin exposure in such animals to 
high-intensity UV results in the formation of the carcino
genic sterol cholesterol-5a,6a-epoxide and in skin cancer 
and that the process can be suppressed by feeding the 
animals a number of antioxidants, including ascorbic acid 
(32-36,65,199). 

Other Relevant Effects of Ascorbic Acid 

Ascorbate and Energy Production. Cytochromes P-450 
and to5 are decreased by ascorbate deprivation in the guinea 
pig, and because cytochromes are intimately associated 
with electron transport, and therefore oxidative phospho
rylation, it is possible that cell respiratory impairment could 
result from relative ascorbate deficiency; and, of course, an 
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increase in anaerobic glycolysis, coupled with a decrease 
in oxidative respiration, is recognized to be a fundamental 
biochemical change in the cancer process (334). 

Viral transformation of cell cultures decreases oxygen 
consumption and increases lactate production (29, 30). An 
increased rate of gluconeogenesis has been demonstrated 
in a variety of animal tumors (297) and has been linked to 
the progressive weight loss syndrome of cancer patients 
(157), the belief being that actively fermenting neoplastic 
cells meet their increased glucose requirements at the 
expense of the host. 

All glycolytic enzymes are increased in amount during 
carcinogenesis (37, 346). Glucokinase is increased to 570% 
of its control value in the liver of animals exposed to the 
carcinogen 3'-methyl-4-dimethylaminoazobenzene (12). 

These alterations in cellular pathways can to a certain 
extent be corrected by ascorbate. Takeda and Hara (318) 
reported decreased oxidation of citrate and lowered activity 
of aconitase in scorbutic guinea pigs, indicating an im
paired tricarboxylic acid cycle. Addit ion of ascorbate to 
cultures of embryonic bone tissue (266) or cultures of 
polymorphonuclear leukocytes (113) results in increased 
oxygen consumption and a decrease in lactate product ion. 
Studies by Benadeef al. (25, 26) demonstrated 72% inhibi
t ion of anaerobic glycolysis in Ehrlich ascites tumor cells 
by ascorbate; 96% inhibition was achieved when 3-amino-
1,2,4-triazole was added with ascorbate, and these addi
tions proved to be highly toxic to the tumor cells. The 
cytotoxicity was attributed primarily to intracellular H202 

production and the synergistic effect of the aminotriazole 
to its inhibit ion of catalase (25). 

Ascorbate as an Antioxidant. The antioxidant properties 
of ascorbic acid have been known since its discovery (151, 
308, 328), and because other antioxidants appear to pos
sess some anticancer activity ascorbate might also funct ion 
in this respect. Thus, Wattenberg has demonstrated the 
inhibit ion of tumorigenesis by a number of known carcino
gens, such as 7,12-dimethylbenz(a)anthracene, benzo-
(a)pyrene, urethan, uracil mustard, dimethylhydrazine, 
4-nitroquinoline /V-oxide, and diethylnitrosamine, by sev
eral antioxidants, including butylated hydroxytoluene, bu-
tylated hydroxyanisole, ethoxyquin, and some sulfur-con
taining reactive compounds (337-345). Slaga and Bracken 
(304) reported that ascorbic acid as well as other antioxi
dants prevented the initiation of skin tumors fol lowing the 
application of 7,12-dimethylbenz(a)anthracene. 

As mentioned above, Black has described cholesterol-a-
oxide, a precarcinogen formed in skin during exposure to 
high-intensity UV, and has prevented its formation in hair
less mice by addition of ascorbate, a-tocopherol, glutathi
one, and butylated hydroxytoluene to the diet. Antioxidants 
may exert their effects by protecting against carcinogen-
induced chromosomal breakage (294), by reducing carcin
ogen-induced peroxidation (293), by altering liver micro
somal metabolism (306), or by a combination of these and 
other actions, as reviewed by Passwater (250) and by 
Wattenberg (344). 

Dehydroascorbic Acid. Oxidation products of ascorbic 
acid have antitumor activity in vivo. Dehydroascorbic acid 
(150 mg/kg body weight) and 2,3-diketogulonic acid (115 
mg/kg body weight) inhibited growth of solid Sarcoma 180 
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in mice by 88 and 54%, respectively (355). In the same 
experiments, the antitumor activity of ascorbic acid (46% 
inhibition) was enhanced by the addition of a compound of 
copper (to 69% inhibit ion), indicating that the active agent 
is an oxidation product. The antitumor activity of dehy
droascorbic acid, and to a lesser extent of other metabolites 
of ascorbic acid, erythorbic acid and dehydroerythorbic 
acid, was recently confirmed using solid Sarcoma 180 (245, 
246). Another metabolite, 5-methyl-3,4-dihydroxytetrone, 
inhibits growth of solid Sarcoma 180 by 50% (244, 322). The 
activity of these agents is thought to be mediated by 
interaction with DNA and decomposit ion of apurinic acid to 
deoxycytidylic acid, as well as decomposit ion of the ol igo 
form of pyrimidine nucleotides, has been demonstrated 
(235, 244, 247, 355). It has also been suggested that dehy
droascorbic acid functions as an electron acceptor in the 
regulation of mitosis (111, 112). 

Ascorbate and Cyclic Nucleotides. Many biological ac
tivities are potentiated by hormonal actions that utilize 
cyclic 3':5'-AMP and cyclic 3':5'-GMP as "second messen
gers." Lewin (195) has reviewed extensive evidence show
ing that ascorbate potentiates the formation of cyclic 3':5'-
AMP and is concerned in the inhibit ion of processes that 
reduce the concentration of both cyclic 3':5'-AMP and 
cyclic 3':5'-GMP by hydrolyzing them to 5'-AMP and 5'-
GMP, respectively. The role of these cyclic nucleotides in 
cancer is uncertain, but diminished adenyl cyclase activity 
has been noted in polyoma virus-transformed cells (45), and 
cyclic 3':5'-AMP has been shown to inhibit cell multipl ica
tion in vitro (195) and tumor growth in vivo (130). 

Ascorbate and Erythropoieses. Anemia is a common 
feature of cancer. Ascorbate is known to promote the 
absorption and utilization of ingested iron and is necessary 
for a full erythroblastic response. Thus the anemia of 
cancer would be helped by increasing ascorbate intake. 

Ascorbate and Oxidation-Reduction Potential. The 
ascorbic acid-dehydroascorbic acid system is believed to 
play an important part in maintaining opt imum oxidat ion-
reduction condit ions in the tissues. The oxidation-reduction 
potential, like acid-base balance and pH, must be balanced 
within fairly narrow limits for normal health. Any disturb
ance of oxidation-reduction potential, such as would result 
from depletion of ascorbate reserves in cancer, could have 
deleterious systemic effects (3). 

In Vitro Studies against Cancer Cells. Because ascorbic 
acid is nontoxic to normal tissues, few have investigated 
whether it is equally nontoxic to neoplastic tissues, and 
what evidence there is tends to be contradictory. Thus, 
Vogelaar and Erlichman (329) reported that ascorbate en
hanced the growth of mouse Sarcoma 180 cells in vitro, 
while Parker a/. (249) demonstrated stimulation of a mouse 
plasmacytoma cell l ine. On the other hand, ascorbate at 
fairly high concentration is cytotoxic to Ehrlich ascites 
carcinoma cells (25, 26), and at a much lower "physiologi
ca l " concentration to 3T3 cells in tissue culture (85). It has 
been reported that ascorbic acid increases glucose metab
olism in neoplastic cells but not in normal cells in identical 
in vitro condit ions (257a). 

Studies of Experimental Tumors in Laboratory Animals. 
Omura and his associates in Japan (232, 245, 246, 322, 354, 
355) have reported that ascorbic acid and its metabolites 
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exhibit significant inhibitory effects against the " take" and 
growth of Sarcoma 180 in mice. Other experiments with 
mouse and rat tumors have yielded equivocal results (41, 
305, 336, 349, 351). Even with the experimental animal of 
choice, the guinea pig, the reported effects are contradic
tory. Thus, Russell ef a/. (274) reported that ascorbate 
deprivation increased guinea pig susceptibility to methyl-
cholanthrene carcinogenesis and promoted tumor growth 
and spread, whereas Migliozzi (216) found that ascorbate 
deprivation retarded tumor growth and ascorbate supple
mentation enhanced it. It seems to us important that these 
guinea pig experiments be repeated using different levels 
of ascorbate intake; it is possible that the contradictory 
results may arise from different points on a dose-response 
curve. 

Epidemiological Studies in Human Cancer. A number of 
epidemiological studies have demonstrated some relation
ship between patterns of dietary ascorbate intake in large 
population groups and their incidence of cancer of various 
types and cancer in general (27, 3 1 , 70, 86, 107, 143, 144, 
149, 154, 158, 180, 353). We propose to review these and 
similar studies elsewhere. 

Clinical Trials in the Management of Human Cancer. 
Schlegel's use of ascorbate to retard human bladder cancer 
has already been mentioned (259, 284-287). DeCosse and 
his associates in Wisconsin (95) reported that ascorbate 
p.o. induced some regression in familial colorectal polypo
sis, a well-recognized premalignant condit ion (42, 105, 200, 
209), and they recommend its use as a prophylactic meas
ure. This advice gains support from the demonstration that, 
in the same clinical condit ion, ascorbate p.o. reduces the 
amount of mutagenic (and presumed carcinogenic) fecal 
steroids (188). 

These, however, are specific neoplastic disorders. The 
scope of this review suggests that supplemental ascorbate 
may exert a general anticancer effect. 

As stressed in the introduction, no properly designed 
prospective clinical trial has as yet been carried out to 
assess the value of supplemental ascorbate in general 
cancer management. However, for those interested in de
signing such a tr ial, an encouraging background of publi
cations exists, ranging from individual case reports, 
through anecdotal accounts, to pilot studies involving large 
numbers of advanced cancer patients (64, 68, 100, 114, 
129, 146, 159, 164, 177, 184, 214, 248, 261, 283, 287, 288, 
289, 320, 327, 330, 331, 332), all reporting some degree of 
clinical benefit conferred by supplemental ascorbate. Our 
own clinical studies, discussed in several publications (51-
53, 56-59, 226), strongly indicate that supplemental ascor
bate not only increases well-being but also produces a 
statistically significant increase in the survival times of 
advanced cancer patients. Present evidence suggests to us 
that supplemental ascorbate can offer some degree of 
benefit to all advanced cancer patients and quite remarka
ble benefit to a fortunate few and that it has even greater 
potential value in the supportive treatment of earlier and 
more favorable patients. 

Conclusion 

There is evidence from both human and experimental 
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animal studies that the development and progress of cancer 
evokes an increased requirement for ascorbic acid. Ascor
bic acid is essential for the integrity of the intercellular 
matrix and its resistance to malignant infiltrative growth, 
and there is strong evidence that it is involved in the 
inhibition of invasive tumor enzymes. It is required for the 
formation of new collagen, allowing the resistant patient to 
enmesh his tumor cells in a barrier of new fibrous tissue. 
There is good evidence that high intakes of ascorbate 
potentiate the immune system in various ways. Ascorbate 
may also offer some protection against a variety of chemical 
and physical carcinogens and against oncogenic viruses 
and is also involved in a number of other biological proc
esses believed to be involved in resistance to cancer. 

The collective evidence suggests that increasing ascor
bate intake could produce measurable benefits in both the 
prevention and the treatment of cancer, and pilot clinical 
studies tend to support this view. Ascorbic acid has a 
unique advantage relative to other remedies for cancer; it is 
almost completely safe and harmless even when given in 
sustained high doses for prolonged periods of t ime. The 
risks associated with such regimens in cancer have been 
discussed elsewhere and are thought to be acceptable (52, 
54, 55, 252, 254); these are (a) a clinical suspicion that, in 
the very rare patient with a very rapidly growing tumor 
existing at the very limits of nutrit ional support through 
sinusoids and enzyme-assisted diffusion, the sudden expo
sure to large doses of ascorbate may precipitate widespread 
tumor hemorrhage and necrosis with real danger to the 
patient, (b) a much stronger suspicion that the sudden 
discontinuation of such an established regimen produces a 
rebound effect of a precipitous drop in tissue ascorbate 
with brisk reactivation of the hitherto controlled neoplastic 
process, and (c) the theoretical but extremely remote risk 
that a susceptible few of such patients might develop an 
oxalate urinary tract stone. Earlier concern that high ascor
bate intakes might induce vitamin B,o deficiency has been 
shown to be fallacious, and the result of ascorbate interfer
ing with the laboratory assay (Ref. 254, p. 114; Ref. 133). 
The risks, real or theoretical, are minimal and acceptable to 
the cancer patient and to any experienced oncologist. 

Bearing this in mind, Anderson (3) has recently stated 
"The risk/benefit ratio relative to the severity of the disease 
as well as to other available treatments in cancer is so 
heavily weighted in favor of vitamin C in this situation that 
validation or refutation by other groups will presumably 
occur quite quickly." 

We agree and believe it to be essential that extensive 
studies of ascorbic acid in cancer be made without delay. 
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ABSTRACT We have studied the action of ascorbate (vi
tamin C) on human immunodeficiency virus type 1 (HIV-1), the 
etiological agent clinically associated with AIDS. We report the 
suppression of virus production and cell fusion in HIV-infected 
T-lymphocytic cell lines grown in the presence of nontoxic 
concentrations of ascorbate. In chronically infected cells ex
pressing HIV at peak levels, ascorbate reduced the levels of 
extracellular reverse transcriptase (RT) activity (by >99%) 
and of p24 antigen (by 90%) in the culture supernatant. Under 
similar conditions, no detectable inhibitory effects on cell 
viability, host metabolic activity, and protein synthesis were 
observed. In freshly infected CD4+ cells, ascorbate inhibited 
the formation of giant-cell syncytia (by ==93%). Exposure of 
cell-free virus to ascorbate at 37°C for 1 day had no effect on 
its RT activity or syncytium-formmg ability. Prolonged expo
sure of virus (37"C for 4 days) in the presence of ascorbate 
(100-150 Mg/ml) resulted in the drop by a factor of 3-14 in RT 
activity as compared to a reduction by a factor of 25-172 in 
extracellular RT released from chronically infected cells. These 
results indicate that ascorbate mediates an anti-HIV effect by 
diminishing viral protein production in infected cells and RT 
stability in extracellular virions. 

Previous studies demonstrated the antiviral activity of ascor
bate against a broad spectrum of RNA and DNA viruses in 
vitro (1-4) and in vivo (5, 6). It has been claimed that 
ascorbate inhibited the activation of a latent human retrovirus 
(human T-cell leukemia virus 1) induced by 5-iodo-2'-
deoxyuridine and JV-methyl-A/'-nitro-iV-nitrosoguanidine (7). 
However, it was not established whether ascorbate exerted 
a virus-specific effect or interacted directly with the activat
ing substances. In addition, the effects of ascorbate on acute 
infection by human retroviruses have not been determined. 
In vivo, oral, and intravenous administration of ascorbate is 
said to have produced clinical improvements in patients 
afflicted with influenza, hepatitis, and herpes virus infec
tions, including infectious mononucleosis (5, 6). Clinical 
improvement was claimed in AIDS patients who voluntarily 
ingested high doses of ascorbic acid (8). 

Because human immunodeficiency virus 1 (HIV-1) is con
sistently associated with AIDS (9-12), we investigated the 
action of ascorbate on HIV infection under controlled con
ditions in vitro. Here, we report the effects of ascorbate on 
acutely and chronically HIV-infected T-lymphocytic cell 
lines grown continuously in the presence of nontoxic con
centrations of the compound. In addition, we report the 
action of ascorbate on cell-free virus particles in vitro. 

MATERIALS AND METHODS 

Cells and Cell Viability. H9 and H9/HTLV-IIIB cells (13) 
were originally obtained from H. Streicher (National Cancer 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 

Institute). In some experiments, batches of the same cell lines 
provided by M. McGrath (University of California, San 
Francisco) were also used. Cells were grown in RPMI 1640 
medium supplemented with 10% (vol/vol) fetal calf serum, 2 
mM L-glutamine, 1 mM pyruvate, and gentamycin at 50 
jug/ml. The CD4-positive VB cell line (14) (provided by M. 
McGrath) was propagated in RPMI 1640 complete growth 
medium. Cell viability was determined by using the trypan 
blue exclusion method. 

Ascorbate. The stock solution of 0.06 M L-ascorbate was 
made by dissolving L-ascorbic acid (tissue-culture grade from 
Sigma) in RPMI 1640 medium and was stored at -20°C. 

Experimental Protocol. Fresh working solutions (10X 
strength) of ascorbate were prepared daily by diluting the 
stock in complete growth medium. For cytotoxicity assay, 3 
x 105 cells were suspended in 0.9 ml of growth medium and 
seeded in 24-well microtiter plates. Fresh solutions of ascor
bate (0.1 ml of lOx strength) were added daily to obtain final 
concentrations of 10, 25, 50, 75, 100, 150, 200, 300, and 400 
jug/ml. The controls received 0.1 ml of growth medium. 
Plates were incubated at 37°C in a humidified 5% C02/95% 
air atmosphere for various time intervals. At periodic inter
vals, 0.5 ml of cell suspension was collected and mixed with 
50 ju.1 of trypan blue, and cells were tested for viability. 

For quantitation of viral and cellular parameters, cell 
suspensions (in triplicate) were collected, pooled, and cen-
trifuged at 1400 x g for 10 min at 4°C. Supernatant was used 
for assays of extracellular reverse transcriptase (RT) activity 
and p24 antigen. Cell pellets were used for the determination 
of cellular metabolic activity and protein synthesis rates. 

Assay of RT. Virus particles in supernatant were pelleted 
by centrifugation in a refrigerated microfuge (13,500 rpm, 2 
hr) and then resuspended in 2% of the original volume (30 ju.1) 
of TNE buffer (15). Samples (10 jul) were assayed for RT 
activity, as described by Hoffman et al. (15), by using fresh 
batches of [mef/iy/-3H]dTTP (specific activity, =80 Ci/mmol; 
1 Ci = 37 GBq; NEN/DuPont). RT activity was expressed as 
the amount of [3H]dTMP incorporated (cpm per 106 cells). 

Assay of p24. Levels of p24 antigen in supernatant were 
assayed using the Abbott HIV antigen enzyme immunoassay 
(16). The p24 value was expressed as ng per 106 cells. 

Assay of Protein Synthesis. For radiolabeling, H9 cells (3 x 
105 cells per well in microtiter plates) were grown in the 
presence of ascorbate at 0, 75, 100, and 150 jixg/ml as 
described earlier. On days 1, 2, and 4, cells were harvested, 
washed, and resuspended in methionine- and cysteine-free 
medium and then incubated at 37°C for 30 min in 0.5 ml of the 
same medium supplemented with 50 /u.Ci of Tran35S-label 
(specific activity, 1013 Ci/mmol; ICN). Labeled cells were 
pelleted, washed in isotonic phosphate-buffered saline, re
suspended in lysis buffer containing 1% Nonidet P-40, and 

Abbreviations: HIV-1, human immunodeficiency virus 1; RT, re
verse transcriptase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide. 
*To whom reprint requests should be addressed. 
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stored at -70°C. Lysate was thawed and incubated at 100°C 
for 3-5 min to remove aminoacyl moieties from RNA. 
Proteins were precipitated with trichloroacetic acid in the 
presence of bovine serum albumin (0.2 mg/ml), transferred to 
nitrocellulose filters (0.45 /xm), dried, and suspended in /3 
Blend (ICN), and radioactivity was measured in a scintilla
tion counter. Protein synthesis was determined on duplicate 
samples of cells independently grown in the presence of 
35S-labeled amino acids (17). 

Metabolic Activity Assayed by 3-(4,5-Dimethylthiazol-2-yi)-
2,5-DiphenyltetrazoIium Bromide (MTT) Determination. For 
metabolic activity assay, 3 x 105 cells per well were seeded 
in 24-well microtiter plates and grown in ascorbate at 0, 75, 
100, and 150 jig/ml. On days 1, 2, and 4, cells were pelleted, 
resuspended in 1.0 ml of growth medium supplemented with 
500 /tg of MTT (Sigma), incubated for 4 hr, and treated with 
acidified isopropanol, and the absorbance at 570 nm was 
measured as described by Mossman (18). 

Inhibition Assay for the Cytopathic Effect of fflV-1 Strain 
HTLV-IIIB. Infectious HIV stock was obtained from super
natant fluid of H9/HTLV-HIB cells cocultivated with VB 
cells at a 1:7.5 ratio for 3.5 days. To quantitate syncytium 
formation, 2.5 x 105 VB cells in 0.4 ml of growth medium 
were mixed with 0.5 ml of HIV stock and seeded in 24-well 
microtiter plates. Then 0.1 ml of either growth medium or 
10 x strength fresh L-ascorbate solution was added daily and 
the cells were incubated. On specific days after infection, 
total number of giant cell syncytia in each well were counted 
at x 100 magnification. A giant cell was defined as a cell >4 
diameters larger than a single uninfected cell. 

RESULTS 

Cytotoxicity of Ascorbate. Before determining the effect on 
HIV production, we evaluated the cytotoxicity of ascorbate 
on H9/HTLV-IHB cells, which are T-lymphocytic H9 cells 
infected with the AIDS virus (13). Ascorbate is unstable in 
solution as in conventional culture conditions, with a short 
half-life (4). Therefore, an experimental protocol was 
adopted in which cell cultures were given daily additions of 
fresh solutions of ascorbic acid prepared in buffered growth 
medium (pH 7.3 ± 0.1). Cells were grown in the continuous 
presence of various ascorbate concentrations (0-400 jig/ml) 
for a period of 4 days. Viability of control and ascorbate-
treated cultures was determined using the trypan blue exclu
sion test. No toxicity was observed when cultures were 
grown in the presence of ascorbate at 5-150 /xg/ml (Fig. 1). 
A slight inhibition of cell growth (73-75% survival) was seen 
on day 4 of incubation in medium containing ascorbate at 
200-300 /xg/ml. Cytotoxicity became prominent (£50% cell 
death) on day 4 at ascorbate concentration of 400 ixg/xvA and 
higher. A slight increase in cell number was noted at con
centrations ranging from 10 to 400 /tg/ml on the first 2 days 
and at 5-75 /ig/ml ascorbate on day 4. Based on these data, 
further experiments evaluating ascorbate effects on HIV 
production were carried out at noncytotoxic concentrations 
of the compound. 

Effects of Ascorbate on HIV Released from Chronically 
Infected Cells. Extracellular RT activity in supernatant. We 
first assayed RT activity in cell-free supernatant (15) har
vested from cultures grown in nontoxic ascorbate concen
trations (0-150 /ig/ml). Fig. 2 shows the average of RT values 
of ascorbate-treated cultures and controls from three inde
pendent experiments. In the controls, RT titer manifested a 
peak of virus production on day 4. In contrast, ascorbate-
treated cultures showed a striking inhibition of RT produc
tion. The first noticeable drop (64% inhibition) in RT titer 
occurred on day 2 with ascorbate at 50 /ig/ml, followed by a 
progressive decline in a dose-responsive manner. Further 
decreases in RT level were seen with increase in both 
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FIG. 1. Analysis of cytotoxicity of ascorbate (AA) for HTLV-
IIIB-infected H9 cells, as determined by trypan blue dye exclusion. 
Each point is the mean of four cell counts. 

ascorbate concentration and time of exposure. On day 4, 
>99% inhibition in RT titer was seen with ascorbate at 150 
/tg/ml. A noticeable increase in RT titer consistent with 
stimulation of cell growth was noted at low concentrations of 
ascorbate (from 5 to 25 /ig/ml) on day 2. However, increase 
in virus production was transient, as these effects did not 
persist on day 4 of incubation. 

p24 levels in supernatant. Another parameter of HIV 
production is the expression of p24 core antigen. Average 
values from three experiments are presented in Fig. 3. 
Control cultures showed a rise in p24 antigen levels at day 2, 
reaching maximum levels on day 4. In contrast, p24 antigen 
expression was blocked in ascorbate-treated cultures. Con
centrations of ascorbate required to inhibit p24 synthesis 
were higher than those effective in inhibiting RT production. 
Thus, the first significant reduction in p24 levels was seen 
with ascorbate at 150 /ig/ml on day 2. Higher declines in p24 
values were observed with increased exposure to ascorbate. 

1000-1 1 

FIG. 2. Effect of ascorbate on RT activity in supernatant har
vested from H9/HTLV-IIIB cultures. Extracellular RT was assayed 
as described by Hoffman et al. (15). In control samples, the RT 
values on day 2 and day 4 were, respectively, 55 x 104 and 267 x 10* 
cpm per 106 cells; average background value in blanks (i.e., reactions 
without enzyme) was 1530 cpm/ml of culture supernatant. In each 
experiment, the mean of three samples was determined and com
pared as a percentage of control (taken as 100%). 
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FIG. 3. Effect of ascorbate on HIV p24 antigen levels in super
natant harvested from H9/HTLV-IIIB cultures. Extracellular p24 
was assayed by Abbott HIV antigen enzyme immunoassay (16). In 
control samples, the p24 levels on days 2 and 4 were, respectively, 
244 and 45 ng per 106 cells. The p24 values of ascorbate-treated 
cultures are compared as a percentage of control. 

On day 4, p24 levels in cultures treated with ascorbate at 150 
/ig/ml were reduced to 13% of the control. 

Effect of Ascorbate on Cell Metabolism. We addressed the 
question of whether ascorbate-induced suppression of RT 
and p24 production in H9/HTLV-IIIB cells was a virus-
specific effect or an indirect effect due to inhibition of cellular 
metabolism or protein synthesis. The metabolic activity of 
uninfected H9 cells in the presence and absence of ascorbate 
was determined by using a quantitative colorimetric assay 
that utilizes the tetrazolium salt MTT (18). MTT is used to 
measure the activity of various dehydrogenases in viable cells 
(18, 19). H9 cells grown in the presence of various concen
trations of ascorbate (0-150 /ig/ml) showed an increase in 
cellular metabolic activity on day 1 (Fig. 4). This correlated 
with stimulation of cell proliferation by ascorbate. On days 2 
and 4, no significant change in metabolic activity was noted 
between control cultures and those exposed to ascorbate at 
75, 100, and 150 «?/ml. 

Effect of Ascorbate on Cellular Protein Synthesis. The effect 
of ascorbate on cellular protein synthesis was determined by 
growing uninfected H9 cells for 4 days with ascorbate at 0,75, 
100, and 150 /xg/ml (17). On day 1, ascorbate stimulated 
protein synthesis, consistent with stimulation of metabolic 
activity and cell growth. On days 2 and 4, the difference in the 
apparent rates of cellular protein synthesis between ascor
bate-treated and control cultures was less than a factor of 2 
(Fig. 5). Thus the suppressive effects on HIV production 
could not be ascribed to a general inhibition of cellular 
metabolism or protein synthesis. 

Effect of Ascorbate on Virus Replication in Freshly Infected 
Cells, To extend these findings to freshly infected cells, we 
investigated the effects of ascorbate on acute HIV infection 
of susceptible CD4+ T lymphocytes. Viral infectivity and 
cytopathic effect in these cells have been correlated with 
formation of giant cell syncytia mediated by interaction of 
HIV envelope glycoprotein with CD4+ cell surface receptor 
(14, 20, 21). In controls, multinucleated syncytia became 
visible by day 4 and reached high levels on day 6. The 
continuous presence of ascorbate caused a dose- and time-
dependent decrease in syncytium formation. On day 4, 
=93.3% inhibition in syncytia number was seen with ascor
bate at 100 Mg/m ' (F'g- °)- At this concentration, ascorbate 
did not inhibit the growth of uninfected VB cells (99% 
survival by trypan blue dye exclusion), indicating that the 
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FIG. 4. Analysis of metabolic activity in H9 cells, as determined 
by MTT assay, in the presence and absence of ascorbate (AA), as 
described by Mossman (18). Each point is the mean of four OD570 
readings. Data are plotted as percentage of control. 

inhibition of virus replication was not due to cytotoxic effect 
of the compound. 

Direct Inactivation of Virus Particles in Supernatant. We 
then determined whether decreases in RT titer and syncytium 
formation were due to direct inactivation of virus particles by 
ascorbate in vitro. Cell-free supernatant containing infectious 
virus was incubated in the presence and absence of ascorbate 
at 37°C for 8 and 18 hr. Samples were tested for RT activity 
and syncytium formation was measured in VB cells. After 
incubation at 37°C for 18 hr, there was no detectable differ
ence in RT activity between ascorbate-treated virus prepa
rations and controls (Table 1). Syncytium-forming titer of 
infectious virus of ascorbate-treated and untreated prepara
tions after incubation at 37°C for 1 day was also approxi
mately equal (2.34-2.70 x 103 TCID50 per ml; where TCID50 

is the tissue culture 50% infective dose). When chronically 
infected cells were exposed to ascorbate at 150 jug/ml for 18 

Time, days 

FIG. 5. Determination of protein synthesis rates in H9 cells in the 
presence and absence of ascorbate (AA). Protein synthesis was 
assayed as described by Somasundaran and Robinson (17). Each point 
is the mean of 35S-labeled amino acid incorporation per 106 cells. 
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FIG. 6. Dose-dependent decrease in HIV-induced syncytium 
formation with ascorbate. Syncytia were counted in CD4+ VB cells 
by using a light microscope. Each point represents the mean of at 
least four samples and is compared as a percentage of the control 
infected cultures from the same experiment. 

hr at 37°C, the RT titer in culture supernatant was reduced to 
11.2% of the control (Table 1). These results indicate that the 
decrease in extracellular RT titer by ascorbate was not due to 
direct inactivation of virus after overnight incubation. 

To study RT stability in the presence of ascorbate upon 
prolonged incubation (37°C for several days), the following 
experiment was carried out. Since thermal inactivation of 
cell-free virus occurs upon extensive incubation at 37°C, 
uninfected cells were used to protect virus from heat inacti
vation. Accordingly, HIV supernatant was mixed with unin
fected VB cells and incubated with ascorbate for 4 days, with 
daily addition of fresh compound. Supematants were har
vested and assayed for RT activity. After 4 days in the 
presence of ascorbate at 100 and 150 /tig/ml, RT activity was 
reduced, respectively, to 31.5% and 7.0% of control (Table 1). 
In parallel experiments, chronically infected cells were ex
posed to ascorbate at 100 and 150 ^.g/ml for 4 days. The RT 
levels in supernatant were reduced to 4.0% and 0.6% of 
control. 

After incubation of cell-free virus at 37°C for 4 days with 
ascorbate at 150 /xg/ml, the concentration of p24 protein in 
the ascorbate-treated preparation (283 ng/ml) was not sig
nificantly different from that of the control (263 ng/ml). At 
the same ascorbate concentration, chronically infected cells 

exhibited a reduction by a factor of =8 in p24 antigen 
production after 4 days at 37°C (Fig. 3). 

DISCUSSION 

The experimental evidence presented in this paper has dem
onstrated that continuous exposure of HIV-infected cells to 
noncytotoxic ascorbate concentrations resulted in significant 
inhibition of both virus replication in chronically infected 
cells and multinucleated giant-cell formation in acutely in
fected CD4+ cells. Ascorbate dosage exerted a wide margin 
between antiviral activity and cellular cytotoxicity. Thus, as 
illustrated in Fig. 2, a significant antiviral effect (>90% RT 
inhibition, day 4) was seen with ascorbate at a50 /xg/ml. In 
contrast, significant cytotoxicity (>50% inhibition of cell 
viability) was prominent on day 4 with ascorbate at &400 
/xg/ml (Fig. 1). As demonstrated in Figs. 4 and 5, concen
trations of ascorbate that significantly diminished virus titer 
did not exert inhibitory effects on host metabolic activity and 
apparent rate of protein synthesis. These findings lend sup
port to a virus-specific action of ascorbate rather than a more 
general effect on cellular metabolism. 

In chronically infected cells, RT activity exhibited a greater 
sensitivity to ascorbate than p24 antigen expression. This 
difference can be attributed to the distinct extracellular forms 
of these two proteins. After intracellular synthesis, a fraction 
of p24 becomes encapsidated into the virions and some 
molecules are secreted extracellularly in a free form (16). The 
p24 antigen capture assay measures both free and virion-
bound proteins in the culture supernatant. In contrast, active 
RT in cell-free supernatant is found only in virion-bound 
form. Additionally, the quantitative difference between p24 
and RT levels may be due to the differential stability of these 
proteins in the presence of ascorbate. Whereas p24 antige
nicity was not lost upon exposure of extracellular virus to 
ascorbate at 150 /u.g/ml at 37°C for 4 days, RT activity was 
reduced by a factor of 14 under similar conditions. 

Experiments comparing the kinetics of RT suppression in 
chronically infected cells with RT stability of cell-free virus 
provide insight into the mechanism by which ascorbate inhib
its HIV. Treatment of chronically infected cells with ascorbate 
at 150 /ug/ml at 37°C for 18 hr reduced RT release to 11.2% of 
control (Table 1). In contrast, incubation of cell-free virus 
under the same conditions did not diminish RT activity or 
syncytium-forming titer of infectious virus. These observa
tions of short-term ascorbate treatment indicate that the 
compound by itself does not directly inhibit RT activity or 
functional integrity of envelope glycoprotein involved in syn
cytium formation (14, 20, 21). The reduction of these viral 

Table 1. Analysis of RT stability and RT production in the presence of and absence of ascorbate 

Virus 

RT activity after incubation at 37°C 

8hr 18 hr 4 days 

Cell source Ascorbate, fig/ml 
cpm x 10-4 

per 106 cells control 
cpm x 10"4 

per 106 cells control 
cpm X 10"4 

per 106 cells control 

HIV 

HIV-VB 

Supernatant 

Suspension 

H9/HTLV-IIIB Supernatant 

0 
100 
150 

0 
100 
150 

0 
100 
150 

6.68 
7.00 
7.40 
ND 
ND 
ND 

79.2 
81.9 
67.5 

100 
105 
111 
ND 
ND 
ND 

100 
103 
85.2 

6.06 
6.17 
6.81 

16.4 
12.9 
7.84 

56.7 
12.7 
6.33 

100 
102 
112 
100 
78.4 
47.8 

100 
22.4 
11.2 

ND 
ND 
ND 
5.86 
1.85 
0.41 

267 
10.6 
1.54 

ND 
ND 
ND 

100 
31.5 
6.96 

100 
3.96 
0.58 

HIV virus supernatant was prepared from H9/HTLV-HIB cells. Virus supernatant alone or a suspension of supernatant and uninfected VB 
cells (3 x 105 cells per ml) was exposed to ascorbate at 0, 100, or 150 /ig/ml and incubated at 37°C with daily addition of fresh compound. In 
a parallel experiment, chronically infected H9/HTLV-IIIB cells were grown under similar conditions. Supematants were collected and assayed 
for RT activity. ND, not done. 
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parameters in infected cells therefore represent inhibition of a 
step or steps in HIV replication. Prolonged ascorbate treat
ment of virus (37°C, 4 days) in the presence of VB cells 
resulted in a drop in RT activity of a factor of 3-14 with 
ascorbate at 100 and 150 fig/ml. Under similar conditions, 
chronically infected cells exhibited a reduction of a factor of 
25-172 in extracellular RT activity. These findings are con
sistent with a combined suppressive action of ascorbate, 
operating at increasing contact time, on RT production in 
infected cells and RT stability in extracellular virus particles. 

The molecular mechanism by which ascorbate suppresses 
HIV is not yet fully understood. In earlier studies, ascorbic 
acid caused degradation of single- and double-stranded ge
nomes of RNA and DNA phages (22-24). Site-specific cleav
age of phage DNA occurring at unique sites due to redox 
reactions involving copper and ascorbate was reported (25). 
Hydroxyl radicals (OH) generated from hydrogen peroxide 
were implicated as the reactive species mediating scission of 
nucleic acid (24-26). In lymphocytes, ascorbate is present in 
unusually high concentration, as much as 50 times the blood 
plasma level and >10 times that in nonlymphoid cells (27,28). 
Therefore, one possible mechanism of ascorbate action on 
infected lymphocytic cells is that free unintegrated viral DNA 
or newly synthesized viral RNA formed during each cycle of 
HIV replication becomes susceptible to ascorbate-mediated 
damage, resulting in reduced viral protein production. Alter
natively, ascorbate may suppress HIV production by inhib
iting the activity of viral enzymes involved in protein proc
essing (e.g., HIV protease). Ascorbate was shown to inhibit 
the activity of proteolytic enzymes in fish (29). Once HIV 
components are packaged within the virion, they may be
come resistant to ascorbate inactivation. However, upon 
prolonged in vitro exposure, virion components may become 
susceptible to further attack by metabolites of ascorbate 
generated from its oxidative degradation. Autooxidation of 
ascorbic acid is associated with the formation of highly 
reactive breakdown products including furan-type com
pounds that form adducts with amino and hydroxyl groups of 
proteins resulting in site-specific cleavage or cross-linking of 
protein (30-32). Such protein modifications could contribute 
to inactivation of virion-associated enzyme detected upon 
prolonged incubation of virus in vitro. Further studies of the 
physical state of HIV nucleic acids and proteins in ascorbate-
treated cells and virions could provide insight into its mech
anism of action. 

Inhibitors of RT activity have been the focus of intensive 
investigation for the design and development of antiretroviral 
agents. Among these, 3'-azido-3'-deoxythymidine (AZT) 
(33), the first drug approved for AIDS treatment, blocks de 
novo HIV infection effectively but was shown not to inhibit 
virus production in cells containing integrated HIV genomes 
(34). In the same study, interferon-a inhibited the budding 
and release of HIV from chronically infected cells but did not 
suppress intracellular production of viral proteins. The ability 
of ascorbate to inhibit acute HIV infection and to suppress 
RT levels in chronically infected cells indicates that the 
compound acts at a different stage in the HIV life cycle and 
may, thereby, provide a rationale for developing more effec
tive combination therapy with other anti-HIV agents. 

The concentrations at which the anti-HIV effect of ascor
bate was seen in this in vitro study are physiologically 
attainable in human blood plasma. For instance, in a clinical 
trial on terminal cancer patients, E. Cameron (personal 
communication) showed that oral administration of 10 g of 
ascorbate resulted in mean plasma ascorbate levels of 28.91 
/u.g/ml (range 17.2-63.6 g). B. Jaffe (personal communica
tion), who is using ascorbate for the treatment of AIDS 
patients, indicated that ascorbate at 93 ± 29 jug/ml was 
attained in plasma in people consuming oral ascorbate to 
achieve urinary levels >1 mg/ml. These findings are consis-

Proc. Natl. Acad. Sci. USA 87 (1990) 7249 

tent with a high bowel tolerance reported for AIDS patients 
(8). Intravenous infusion of 50 g of ascorbate a day resulted 
in peak plasma levels of 796 ± 111 jug/ml. 

Note Added in Proof. Roederer et al. (35) reported inhibition of 
cytokine-stimulated HIV replication by N-acetyl-L-cysteine, another 
reducing agent like ascorbate. 

We thank R. C. Gallo and P. S. Sarin for helpful suggestions on in 
vitro experiments; H. Streicher and M. McGrath for providing the 
cell lines used in this study; E. Zuckerkandl, E. Cameron, and T. 
Boulikas for constructive comments on the manuscript; D. 
McWeeney and J. Freeberg for technical assistance; P. Pelton and G. 
Latter for computation of data; and D. Read, S. Schwoebel, and J. 
Cox for processing the manuscript. This work was supported from 
private donations to the Linus Pauling Institute and by the Japan 
Shipbuilding Industry Foundation. 

1. Murata, A., Kitagawa, H., Inmaru, H. & Saruna. R. (1972) Agric. Biol. 
Chem. 36, 1065-1067. 

2. Murata, A., Kitagawa, H., Inmaru, H. & Saruna, R. (1972) Agric. Biol. 
Chem. 36, 2597-2599. 

3. Schwerdt, P. R. & Schwerdt, C. E. (1975) Proc. Soc. Exp. Biol. Med. 
148, 1237-1243. 

4. Bissell, M. J., Hatie, C , Farson, D. A., Schwarz, R. I. & Soo, W-J. 
(1980) Proc. Natl. Acad. Sci. USA 77, 2711-2715. 

5. Klenner, F. R. (1971) J. Appl. Nutr. 23, 61-87. 
6. Cathcart, R. F. (1983) Biol. Med. (Stockholm) 3, 6-8. 
7. Blakeslee, J. R., Yamamoto, N. & Hinuma, Y. (1985) Cancer Res. 45, 

3471-3476. 
8. Cathcart, R. (1984) Med. Hypotheses 14, 423-433. 
9. Barr6-Sinoussi, F., Chermann, J. C , Rey, F., Nugeyre, M. T., Cham-

aret, S., Gruest, J., Dauguet, C , Axler-Blin, C , Vezinet-Brun, F., 
Rouzioux, C , Rozenbaum, W. & Montagnier, L. (1983) Science 220, 
868^870. 

10. Gallo, R. C , Salahuddin, S. Z., Popovic, M., Shearer, G. M., Kaplan, 
M., Haynes, B. F., Palker, T. J., Redfield, R., Oleske, J., Safai, B., 
White, G., Foster, P. & Markham, P. E. (1984) Science 12A, 500-503. 

11. Levy, J. A., Hoffman, A. D., Kramer, S. M., Landis, J. A., Shima-
bukuro, J. M. & Oshiro, L. S. (1984) Science 225, 840-842. 

12. Blattner, W., Gallo, R. C. & Temin, H. M. (1988) Science TAX, 515-516. 
13. Popovic, M., Sarngadharan, M. G., Read, E. & Gallo, R. C. (1984) 

Science 11A, 497-500. 
14. Lifson, J. D., Reyes, G. R., McGrath, M. S., Stein, B. S. & Engleman, 

E. G. (1986) Science 232, 1123-1127. 
15. Hoffman, A. D., Banapour, B. & Levy, J. A. (1985) Virology 147, 

326-335. 
16. Goudsmit, J., Paul, D. A., Lange, J. M. A., Speelman, H., Van Der 

Noorda, J., Van Der Helm, H. J., de Wolf, F., Epstein, L. G., Krone, 
W. J. A., Wolters, E. Ch„ Oleske, J. M. & Coutinho, R. A. (1986) 
Lancet ii, 177-180. 

17. Somasundaran, M. & Robinson, H. L. (1988) Science 242, 1554-1557. 
18. Mossman, T. (1983) J. Immunol. Methods 65, 55-63. 
19. Schwartz, O., Henin, Y., Marechal, V. & Montagnier, L. (1988) AIDS 

Res. Hum. Retroviruses 4, 441-448. 
20. Dalgleish, A. G., Beverley, P. C. L., Clapham, P. R., Crawford, D. H., 

Greaves, M. F. & Weiss, R. A. (1984) Nature (London) 312, 763-767. 
21. Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D., 

Hercend, T., Gluckman, J. C. & Montagnier, L. (1984) Nature (London) 
312, 767-768. 

22. Murata, A. & Kitagawa, K. (1973) Agric. Biol. Chem. 37, 1145-1151. 
23. Murata, A. & Uike, M. (1976) J. Nutr. Sci. Vitaminol. 22, 347-354. 
24. Wong, K., Morgan, A. R. & Paranchych, W. (1974) Can. J. Biochem. 52, 

950-958. 
25. Kazakov, S. A., Atashkina, T. G., Mamaev, S. V. & Vlassov, V. V. 

(1988) Nature (London) 335, 186-188. 
26. Chiou, S.-H. (1983) J. Biochem. (Tokyo) 94, 1259-1267. 
27. Evans, R., Currie, L. & Campbell, A. (1982) Br. J. Nutr. 47, 473-482. 
28. Varma, S. D. (1987) Ann. N.Y. Acad. Sci. 498, 280-291. 
29. Dabrowski, K. & Kock, G. (1989) Int. J. Vit. Nutr. Res. 59, 157-160. 
30. Nakanishi, Y., Isokashi, F., Matsunaga, T. & Sahamoto, Y. (1985) Eur. 

J. Biochem. 152, 337-342. 
31. Garland, D., Zigler, S. J., Jr., & Kinoshita, J. (1986) Arch. Biochem. 

Biophys. 251, 771-776. 
32. Ortwerth, J., Feather, M. S. & Olesen, P. R. (1988) Exp. Eye Res. 47, 

155-168. 
33. Yarchoan, R., Brouwers, P., Spitzer, A. R., Grafman, J., Safai, B., 

Perno, C. F„ Larson, S. M., Berg, G., Fischl, M. A., Wichman, A., 
Thomas, R. V., Brunetti, A., Schmidt, P. J., Myers, C. E. & Broder, S. 
(1987) Lancet i, 132-135. 

34. Poli, G„ Orenstein, J. M., Kintner, A., Folks, T. M. & Fauci, A. S. 
(1989) Science 244, 575-577. 

35. Roederer, M., Staal, F. J. T., Raju, P. A., Ela, S. W., Herzenberg, L. A. 
& Herzenberg, L. A. (1990) Proc. Natl. Acad. Sci. USA 87, 4884-4888. 



1444 Chapter 17 

Reprinted from Cancer and Vitamin C (Updated and Expanded Edition), by Ewan Cameron and Linus Pauling, Camino Books, 
Philadelphia, PA, Chapter 23, pp. 189-195 (1993). 

A Unified Theory of Human Cardiovascular 
Disease Leading the Way to the Abolition of 

This Disease as a Cause for Human Mortality 
Matthias Rath M.D. and Linus Pauling Ph.D.1 

"An important scientific innovation rarely 
makes its way by gradually winning over and 
converting its opponents. What does happen 
is that its opponents gradually die out and that 
the growing generation is familiar with the 
idea from the beginning. " Max Planck 

This paper is dedicated to the young physi
cians and the medical students of this world. 

Abstract 
Until now therapeutic concepts for human 

cardiovascular disease (CVD) were targeting 
individual pathomechanisms or specific risk 
factors. On the basis of genetic, metabolic, 
evolutionary, and clinical evidence we present 
here a unified pathogenetic and therapeutic 
approach. Ascorbate deficiency is the precon
dition and common denominator of human 
CVD. Ascorbate deficiency is the result of the 
inability of man to synthesize ascorbate endo-
genously in combination with insufficient di
etary intake. The invariable morphological 
consequences of chronic ascorbate deficiency 
in the vascular wall are the loosening of the 
connective tissue and the loss of the endothe
lial barrier function. Thus human CVD is a 
form of pre-scurvy. The multitude of patho
mechanisms xhat lead to the clinical manifes
tation of CVD are primarily defense mecha
nisms aiming at the stabilization of the vascu
lar wall. After the loss of endogenous ascor
bate production during the evolution of man 
these defense mechanisms became life-sav
ing. They counteracted the fatal consequences 
of scurvy and particularly of blood loss through 
the scorbutic vascular wall. These counter-
measures constitute a genetic and a metabolic 
level. The genetic level is characterized by the 
evolutionary advantage of inherited features 
that lead to a thickening of the vascular wall, 
including a multitude of inherited diseases. 

1. Linus Pauling Institute of Science and Medicine, 440 Page 
Mill Road, Palo Alto. CA 94306. 

The metabolic level is characterized by the 
close connection of ascorbate with metabolic 
regulatory systems that determine the risk 
profile for CVD in clinical cardiology today. 
The most frequent mechanism is the deposi
tion of lipoproteins, particularly lipoprotein(a) 
[Lp(a)], in the vascular wall. With sustained 
ascorbate deficiency, the result of insufficient 
ascorbate uptake, these defense mechanisms 
overshoot and lead to the development of 
CVD. Premature CVD is essentially unknown 
in all animal species that produce high amounts 
of ascorbate endogenously. In humans, un
able to produce endogenous ascorbate, CVD 
became one of the most frequent diseases. The 
genetic mutation that rendered all human be
ings today dependent on dietary ascorbate is 
the universal underlying cause of CVD. Opti
mum dietary ascorbate intake will correct this 
common genetic defect and prevent its delete
rious consequences. Clinical confirmation of 
this theory should largely abolish CVD as a 
cause for mortality in this generation and 
future generations of mankind. 

Key words 
Ascorbate, vitamin C, cardiovascular dis

ease, lipoprotein(a), hypercholesterolemia, 
hypertriglyceridemia, hypoalphalipoprotein-
emia, diabetes, homocystinuria. 

Introduction 
We have recently presented ascorbate defi

ciency as the primary cause of human CVD. 
We proposed that the most frequent pathome-
chanism leading to the development of athero
sclerotic plaques is the deposition of Lp(a) 
and fibrinogen/fibrin in the ascorbate-defi-
cient vascular wall.1 •- In the course of this 
work we discovered that virtually every patho-
mechanism for human CVD known today can 
be induced by ascorbate deficiency. Beside 
the deposition of Lp(a) this includes such 
seemingly unrelated processes as foam cell 
formation and decreased reverse-cholesterol 
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transfer, and also peripheral angiopathies in 
diabetic or homocystinuric patients. We did 
not accept this observation as a coincidence. 
Consequently we proposed that ascorbate de
ficiency is the precondition as well as a com
mon denominator of human CVD. This far-
reaching conclusion deserves an explanation; 
it is presented in this paper. We suggest that 
the direct connection of ascorbate deficiency 
with the development of CVD is the result of 
extraordinary pressure during the evolution of 
man. After the loss of the endogenous ascor
bate production in our ancestors, severe blood-
loss through the scorbutic vascular wall be
came a life-threatening condition. The result
ing evolutionary pressure favored genetic and 
metabolic mechanisms predisposing to CVD. 

The Loss of Endogenous Ascorbate 
Production in the Ancestor of Man 

With few exceptions all animals synthesize 
their own ascorbate by conversion from glu
cose. In this way they manufacture a daily 
amount of ascorbate that varies between about 
1 gram and 20 grams, when compared to the 
human body weight. About 40 million years 
ago the ancestor of man lost the ability for 
endogenous ascorbate production. This was 
the result of a mutation of the gene encoding 
for the enzyme L-gulono-g-lactone oxidase 
(GLO), a key enzyme in the conversion of 
glucose to ascorbate. As a result of this muta
tion all descendants became dependent on 
dietary ascorbate intake. 

The precondition for the mutation of the 
GLO gene was a sufficient supply of dietary 
ascorbate. Our ancestors at that time lived in 
tropical regions. Their diet consisted prima
rily of fruits and other forms of plant nutrition 
that provided a daily dietary ascorbate supply 
in the range of several hundred milligrams to 
several grams per day. When our ancestors 
left this habitat to settle in other regions of the 
world the availability of dietary ascorbate 
dropped considerably and they became prone 
to scurvy. 

Fatal Blood Loss Through the Scorbutic 
Vascular Wall - An Extraordinary 
Challenge to the Evolutionary 
Survival of Man 

Scurvy is a fatal disease. It is characterized 
by structural and metabolic impairment of the 
human body, particularly by the destabilization 

of the connective tissue. Ascorbate is essen
tial for an optimum production and hydroxy-
lation of collagen and elastin, key constituents 
of the extracellular matrix. Ascorbate deple
tion thus leads to a destabilization of the 
connective tissue throughout the body. One of 
the first clinical signs of scurvy is perivascular 
bleeding. The explanation is obvious: No
where in the body does there exist a higher 
pressure difference than in the circulatory 
system, particularly across the vascular wall. 
The vascular system is the first site where the 
underlying destabilization of the connective 
tissue induced by ascorbate deficiency is un
masked, leading to the penetration of blood 
through the permeable vascular wall. The 
most vulnerable sites are the proximal arter
ies, where the systolic blood pressure is par
ticularly high. The increasing permeabil
ity of the vascular wall in scurvy leads to 
petechiae and ultimately hemorrhagic blood 
loss. 

Scurvy and scorbutic blood loss decimated 
the ship crews in earlier centuries within 
months. It is thus conceivable that during the 
evolution of man periods of prolonged ascor
bate deficiency led to a great death toll. The 
mortality from scurvy must have been par
ticularly high during the thousands of years 
the ice ages lasted and in other extreme condi
tions, when the dietary ascorbate supply ap
proximated zero. We therefore propose that 
after the loss of endogenous ascorbate pro
duction in our ancestors, scurvy became one 
of the greatest threats to the evolutionary 
survival of man. By hemorrhagic blood loss 
through the scorbutic vascular wall our ances
tors in many regions may have virtually been 
brought close to extinction. 

The morphologic changes in the vascular 
wall induced by ascorbate deficiency are well 
characterized: the loosening of the connective 
tissue and the loss of the endothelial barrier 
function. The extraordinary pressure by fatal 
blood loss through the scorbutic vascular wall 
favored genetic and metabolic countermeas-
ures attenuating increased vascular perme
ability. 

Ascorbate Deficiency and Genetic 
Countermeasures 

The genetic countermeasures are character
ized by an evolutionary advantage of genetic 
features and include inherited disorders that 
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are associated with atherosclerosis and CVD. 
With sufficient ascorbate supply these disor
ders stay latent. In ascorbate deficiency, how
ever, they become unmasked, leading to an 
increased deposition of plasma constituents in 
the vascular wall and other mechanisms that 
thicken the vascular wall. This thickening of 
the vascular wall is a defense measure com
pensating for the impaired vascular wall that 
had become destabilized by ascorbate defi
ciency. With prolonged insufficient ascorbate 
intake in the diet these defense mechanisms 
overshoot and CVD develops. 

The most frequent mechanism to counter
act the increased permeability of the ascor-
bate-deficient vascular wall became the depo
sition of lipoproteins and lipids in the vessel 
wall. Another group of proteins that generally 
accumulate at sites of tissue transformation 
and repair are adhesive proteins such as 
fibronectin, fibrinogen, and particularly 
apo(a). It is therefore no surprise that Lp(a), a 
combination of the adhesive protein apo(a) 
with a low density lipoprotein (LDL) particle, 
became the most frequent genetic feature coun-
teracting ascorbate deficiency.1 Beside 
lipoproteins, certain metabolic disorders, such 
as diabetes and homocystinuria, are also asso
ciated with the development of CVD. Despite 
differences in the underlying pathomechanism, 
all these mechanisms share a common fea
ture: they lead to a thickening of the vascular 
wall and thereby can counteract the increased 
permeability in ascorbate deficiency. 

In addition to these genetic disorders, the 
evolutionary pressure from scurvy also fa
vored certain metabolic countermeasures. 

Ascorbate Deficiency and Metabolic 
Countermeasures 

The metabolic countermeasures are charac
terized by the regulatory role of ascorbate for 
metabolic systems determining the clinical 
risk profile for CVD. The common aim of 
these metabolic regulations is to decrease the 
vascular permeability in ascorbate deficiency. 
Low ascorbate concentrations therefore in
duce vasoconstriction and hemostasis and af
fect vascular wall metabolism in favor of 
atherosclerogenesis. Towards this end ascor
bate interacts with lipoproteins, coagulation 
factors, prostaglandins, nitric oxide, and sec
ond messenger systems such as cyclic 
monophosphates (for review see 1, 3-5). It 
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should be noted that ascorbate can affect these 
regulatory levels in a multiple way. In 
lipoprotein metabolism low density lipopro
teins (LDL), Lp(a), and very low density 
lipoproteins (VLDL) are inversely correlated 
with ascorbate concentrations, whereas as
corbate and HDL levels are positively corre
lated. Similarly, in prostaglandin metabolism 
ascorbate increases prostacyclin and prosta
glandin E levels and decreases the thrombox
ane level. In general, ascorbate deficiency 
induces vascular constriction and hemostatis, 
as well as cellular and extracellular defense 
measures in the vascular wall. 

In the following sections we shall discuss 
the role of ascorbate for frequent and well 
established pathomechanisms of human CVD. 
In general, the inherited disorders described 
below are polygenic. Their separate descrip
tion, however, will allow the characterization 
of the role of ascorbate on the different ge
netic and metabolic levels. 

Apo(a) and Lp(a), the Most Effective and 
Most Frequent Countermeasure 

After the loss of endogenous ascorbate pro
duction, apo(a) and Lp(a) were greatly fa
vored by evolution. The frequency of occur
rence of elevated Lp(a) plasma levels in spe
cies that had lost the ability to synthesize 
ascorbate is so great that we formulated the 
theory that apo(a) functions as a surrogate for 
ascorbate.6 There are several genetically de
termined isoforms of apo(a). They differ in 
the number of kringle repeats and in their 
molecular size.7 An inverse relation between 
the molecular size of apo(a) and the synthesis 
rate of Lp(a) particles has been established. 
Individuals with the high molecular weight 
apo(a) isoform produce fewer Lp(a) particles 
than those with the low apo(a) isoform. In 
most population studies the genetic pattern of 
high apo(a) isoform/low Lp(a) plasma level 
was found to be the most advantageous and 
therefore most frequent pattern. In ascorbate 
deficiency Lp(a) is selectively retained in the 
vascular wall. Apo(a) counteracts increased 
permeability by compensating for collagen, 
by its binding to fibrin, as a proteinthiol anti
oxidant, and as an inhibitor of plasmin-in-
duced proteolysis (1). Moreover, as an adhe
sive protein apo(a) is effective in tissue-repair 
processes (8). Chronic ascorbate deficiency 
leads to a sustained accumulation of Lp(a) in 
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the vascular wall. This leads to the develop
ment of atherosclerotic plaques and prema
ture CVD, particularly in individuals with 
genetically determined high plasma Lp(a) lev
els. Because of its association with apo(a), 
Lp(a) is the most specific repair particle among 
all lipoproteins. Lp(a) is predominantly de
posited at predisposition sites and it is there
fore found to be significantly correlated with 
coronary, cervical, and cerebral atherosclerosis 
but not with peripheral vascular disease. 

The mechanism by which ascorbate 
resupplementation prevents CVD in any con
dition is by maintaining the integrity and sta
bility of the vascular wall. In addition, ascor
bate exerts in the individual a multitude of 
metabolic effects that prevent the exacerba
tion of a possible genetic predisposition and 
the development of CVD. If the predisposi
tion is a genetic elevation of Lp(a) plasma 
levels the specific regulatory role of ascorbate 
is the decrease of apo(a) synthesis in the liver 
and thereby the decrease of Lp(a) plasma 
levels. Moreover, ascorbate decreases the 
retention of Lp(a) in the vascular wall by 
lowering fibrinogen synthesis and by increas
ing the hydroxylation of lysine residues in 
vascular wall constituents, thereby reducing 
the affinity for Lp(a) binding.' 

In about half of the CVD patients the mecha
nism of Lp(a) deposition contributes signifi
cantly to the development of atherosclerotic 
plaques. Other lipoprotein disorders are also 
frequently part of the polygenic pattern pre
disposing the individual patient to CVD in the 
individual. 

Other Lipoprotein Disorders Associated 
with CVD 

In a large population study Goldstein et al. 
discussed three frequent lipid disorders, fa
milial hypercholesterolemia, familial hyper
triglyceridemia, and familial combined 
hyperlipidemia.9 Ascorbate deficiency un
masks these underlying genetic defects and 
leads to an increased plasma concentration of 
lipids (e.g. cholesterol, triglycerides) and 
lipoproteins (e.g. LDL, VLDL) as well as to 
their deposition in the impaired vascular wall. 
As with Lp(a), this deposition is a defense 
measure counteracting the increased perme
ability. It should, however, be noted that the 
deposition of lipoproteins other than Lp(a) is 
a less specific defense mechanism and fre

quently follows Lp(a) deposition. Again, these 
mechanisms function as a defense only for a 
limited time. With sustained ascorbate defi
ciency the continued deposition of lipids and 
lipoproteins leads to atherosclerotic plaque 
development and CVD. Some mechanisms 
will now be described in more detail. 

Hypercholesterolemia, 
LDL-receptor defect 

A multitude of genetic defects lead to an 
increased synthesis and/or a decreased ca-
tabolism of cholesterol or LDL. A well char
acterized although rare defect is the LDL-
receptor defect. Ascorbate deficiency unmasks 
these inherited metabolic defects and leads to 
an increased plasma concentration of choles
terol-rich lipoproteins, e.g. LDL, and their 
deposition in the vascular wall. Hypercholes
terolemia increases the risk for premature 
CVD primarily when combined with elevated 
plasma levels of Lp(a) or triglycerides. 

The mechanisms by which ascorbate sup
plementation prevents the exacerbation of 
hypercholesterolemia and related CVD in
clude an increased catabolism of cholesterol. 
In particular, ascorbate is known to stimulate 
7-a-hydroxylase, a key enzyme in the conver
sion of cholesterol to bile acids and to increase 
the expression of LDL receptors on the cell 
surface. Moreover, ascorbate is known to in
hibit endogenous cholesterol synthesis as well 
as oxidative modification of LDL (for review 
see 1). 

Hypertriglyceridemia, 
Type III hyperlipidemia 

A variety of genetic disorders lead to the 
accumulation of triglycerides in the form of 
chylomicron remnants, VLDL, and interme
diate density lipoproteins (IDL) in plasma. 
Ascorbate deficiency unmasks these underly
ing genetic defects and the continued deposi
tion of triglyceride-rich lipoproteins in the 
vascular wall leads to CVD development. 
These triglyceride-rich lipoproteins are par
ticularly subject to oxidative modification, 
cellular lipoprotein uptake, and foam cell for
mation. In hypertriglyceridemia nonspecific 
foam-cell formation has been observed in a 
variety of organs.10 Ascorbate-deficient foam 
cell formation, although a less specific repair 
mechanism than the extracellular deposition 
of Lp(a), may have also conferred stability . 
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Ascorbate supplementation prevents the 
exacerbation of CVD associated with 
hypertriglyceridemia, Type III hyperlipide-
mia, and related disorders by stimulating 
lipoprotein lipases and thereby enabling a 
normal catabolism of triglyceride-rich 
l ipoprote ins ." Ascorbate prevents the 
oxidative modification of these lipoproteins, 
their uptake by scavenger cells and foam cell 
formation. Moreover, we propose here that, 
analogous to the LDL receptor, ascorbate also 
increases the expression of the receptors in
volved in the metabolic clearance of 
triglyceride-rich lipoproteins, such as the 
chylomicron remnant receptor. 

The degree of build-up of atherosclerotic 
plaques in patients with lipoprotein disorders 
is determined by the rate of deposition of 
lipoproteins and by the rate of the removal of 
deposited lipids from the vascular wall. It is 
therefore not surprising that ascorbate is also 
closely connected with this reverse pathway. 

Hypoalphalipoproteinemia 
Hypoalphalipoproteinemia is a frequent 

lipoprotein disorder characterized by a de
creased synthesis of HDL particles. HDL is 
part of the 'reverse-cholesterol-transport' path
way and is critical for the transport of choles
terol and also other lipids from the body pe
riphery to the liver. In ascorbate deficiency 
this genetic defect is unmasked, resulting in 
decreased HDL levels and a decreased reverse 
transport of lipids from the vascular wall to 
the liver. This mechanism is highly effective 
and the genetic disorder hypoalphalipo
proteinemia was greatly favored during evo
lution. With ascorbate supplementation HDL 
production increases,12 leading to an increased 
uptake of lipids deposited in the vascular wall 
and to a decrease of the atherosclerotic lesion. 
A look back in evolution underlines the im
portance of this mechanism. During the win
ter seasons, with low ascorbate intake, our 
ancestors became dependent on protecting 
their vascular wall by the deposition of 
lipoproteins and other constituents. During 
spring and summer seasons the ascorbate con
tent in the diet increased significantly and 
mechanisms were favored that decreased the 
vascular deposits under the protection of in
creased ascorbate concentration in the vascu
lar tissue. It is not unreasonable for us to 
propose that ascorbate can reduce fatty depos

its in the vascular wall within a relatively 
short time. In an earlier clinical study it was 
shown that 500 mg of dietary ascorbate per 
day can lead to a reduction of atherosclerotic 
deposits within 2 to 6 months.13 

This concept, of course, also explains why 
heart attack and stroke occur today with a 
much higher frequency in winter than during 
spring and summer, the seasons with increased 
ascorbate intake. 

Other Inherited Metabolic Disorders 
Associated with CVD 

Beside lipoprotein disorders many other 
inherited metabolic diseases are associated 
with CVD. Generally these disorders lead to 
an increased concentration of plasma con
stituents that directly or indirectly damage the 
integrity of the vascular wall. Consequently 
these diseases lead to peripheral angiopathies 
as observed in diabetes, homocystinuria, 
sickle-cell anemia (the first molecular disease 
described,14 and many* other genetic disor
ders. Similar to lipoproteins the deposition of 
various plasma constituents as well as prolif
erative thickening provided a certain stability 
for the ascorbate-deficient vascular wall. We 
illustrate this principle for diabetic and 
homocystinuric angiopathy. 

Diabetic Angiopathy 
The pathomechanism in this case involves 

the structural similarity between glucose and 
ascorbate and the competition of these two 
molecules for specific cell surface recep
tors.15'6 Elevated glucose levels prevent many 
cellular systems in the human body, including 
endothelial cells, from optimum ascorbate 
uptake. Ascorbate deficiency unmasks the un
derlying genetic disease, aggravates the im
balance between glucose and ascorbate, de
creases vascular ascorbate concentration, and 
thereby triggers diabetic angiopathy. 

Ascorbate supplementation prevents dia
betic angiopathy by optimizing the ascorbate 
concentration in the vascular wall and also by 
lowering insulin requirement.17 

Homocystinuric angiopathy 
Homocystinuria is characterized by the ac

cumulation of homocyst(e)ine and a variety of 
its metabolic derivatives in the plasma, the 
tissues and the urine as the result of decreased 
homocysteine catabolism."1 Elevated plasma 
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concentrations of homocysteine and its de
rivatives damage the endothelial cells through
out the arterial and venous system. Thus 
homocystinuria is characterized by peripheral 
vascular disease and thromboembolism. These 
clinical manifestations have been estimated to 
occur in 30 per cent of the patients before the 
age of 20 and in 60 per cent of the patients 
before the age of 40.19 

Ascorbate supplementation prevents 
homocystinuric angiopathy and other clinical 
complications of this disease by increasing 
the rate of homocysteine catabolism.20 

Thus, ascorbate deficiency unmasks a vari
ety of individual genetic predispositions that 
lead to CVD in different ways. These genetic 
disorders were conserved during evolution 
largely because of their association with 
mechanisms that lead to the thickening of the 
vascular wall. Moreover, since ascorbate de
ficiency is the underlying cause of these dis
eases, ascorbate supplementation is the uni
versal therapy. 

The Determining Principles 
of This Theory 

The determining principles of this compre
hensive theory are schematically summarized 
in Figures 1 to 3 (pages 13 to 15). 
1. CVD is the direct consequence of the 

inability for endogenous ascorbate 
production in man in combination with 
low dietary ascorbate intake. 

2. Ascorbate deficiency leads to increased 
permeability of the vascular wall by the 
loss of the endothelial barrier function and 
the loosening of the vascular connective 
tissue. 

3. After the loss of endogenous ascorbate 
production scurvy and fatal blood loss 
through the scorbutic vascular wall 
rendered our ancestors in danger of 
extinction. Under this evolutionary pressure 
over millions of years genetic and metabolic 
countermeasures were favored that 
counteract the increased permeability of 
the vascular wall. 

4. The genetic level is characterized by the 
fact that inherited disorders associated with 
CVD became the most frequent among all 
genetic predispositions. Among those 
predispositions lipid and lipoprotein 
disorders occur particularly often. 

5. The metabolic level is characterized by the 

direct relation between ascorbate and 
virtually all risk factors of clinical 
cardiology today. Ascorbate deficiency 
leads to vasoconstriction and hemostasis 
and affects the vascular wall metabolism 
in favor of atherosclerogenesis. 

6. The genetic level can be further character
ized. The more effective and specific a 
certain genetic feature counteracted the 
increasing vascular permeability in scurvy, 
the more advantageous it became during 
evolution and, generally, the more 
frequently this genetic feature occurs today. 

7. The deposition of Lp(a) is the most 
effective, most specific, and therefore most 
frequent of these mechanisms. Lp(a) is 
preferentially deposited at predisposition 
sites. In chronic ascorbate deficiency the 
accumulation of Lp(a) leads to the localized 
development of atherosclerotic plaques and 
to myocardial infarction and stroke. 

8. Another frequent inherited lipoprotein 
disorder is hypoalphalipoproteinemia. The 
frequency of this disorder again reflects its 
usefulness during evolution. The metabolic 
upregulation of HDL synthesis by ascorbate 
became an important mechanism to reverse 
and decrease existing lipid deposits in the 
vascular wall. 

9. The vascular defense mechanisms associ
ated with most genetic disorders are 
nonspecific. These mechanisms can aggra
vate the development of atherosclerotic 
plaques at predisposition sites. Other 
nonspecific mechanisms lead to peripheral 
forms of atherosclerosis by causing a 
thickening of the vascular wall throughout 
the arterial system. This peripheral form of 
vascular disease is characteristic for 
angiopathies associated with Type III 
hyperlipidemia, diabetes, and many other 
inherited metabolic diseases. 

10.Of particular advantage during evolution 
and therefore particularly frequent today 
are those genetic features that protect the 
ascorbate-deficient vascular wall until the 
end of the reproduction age. By favoring 
these disorders nature decided for the lesser 
of two evils: the death from CVD after the 
reproduction age rather than death from 
scurvy at a much earlier age. This also 
explains the rapid increase of the CVD 
mortality today from the 4th decade 
onwards. 

10 
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11 .After the loss of endogenous ascorbate 
production the genetic mutation rate in our 
ancestors increased significantly.21 This 
was an additional precondition favoring 
the advantage not only of apo(a) and Lp(a) 
but also of many other genetic counter-
measures associated with CVD. 

12.Genetic predispositions are characterized 
by the rate of ascorbate depletion in a 
multitude of metabolic reactions specific 
for the genetic disorder.22 The overall rate 
of ascorbate depletion in an individual is 
largely determined by the polygenic pattern 
of disorders. The earlier the ascorbate 
reserves in the body are depleted without 
being resupplemented, the earlier CVD 
develops. 

13 .The genetic predispositions with the highest 
probability for early clinical manifestation 
require the highest amount of ascorbate 
supplementation in the diet to prevent CVD 
development. The amount of ascorbate for 
patients at high risk should be comparable 
to the amount of ascorbate our ancestors 
synthesized in their body before they lost 
this ability: between 10,000 and 20,000 
milligrams per day. 

14.Optimum ascorbate supplementation 
prevents the development of CVD indepen
dently of the individual predisposition or 
pathomechanism. Ascorbate reduces 
existing atherosclerotic deposits and 
thereby decreases the risk for myocardial 
infarction and stroke. Moreover, ascorbate 
can prevent blindness and organ failure in 
diabetic patients, thromboembolism in 
homocystinuric patients, and many other 
manifestations of CVD. 

Conclusion 
In this paper we present a unified theory of 

human CVD. This disease is the direct conse
quence of the inability of man to synthesize 
ascorbate in combination with insufficient 
intake of ascorbate in the modern diet. Since 
ascorbate deficiency is the common cause of 
human CVD, ascorbate supplementation is 
the universal treatment for this disease. The 
available epidemiological and clinical evi
dence is reasonably convincing. Further clini
cal confirmation of this theory should lead to 
the abolition of CVD as a cause of human 
mortality for the present generation and future 
generations of mankind. 
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The Common Cause of 
Cardiovascular Disease 

Ascorbate Deficiency 
the Result of 
- Lack of Endogenous Ascorbate Production 
- Insufficient Dietary Ascorbate Intake 

The Common Consequence Morphologic Changes of the Vascular Wall 
- Loosening of Connective Tissue 
- Loss of Endothelial Barier Function 

Evolutionary Pressure by 
Scurvy and Fatal Blood Loss 
Through Scorbutic Vascular 
Wall Favored Genetic and 
Metabolic Countermeasures 

® A ) Genetic Countermeasures 
Evolutionary Advantage of Genetic 
Features Predisposing to CVD 

Figure 1. 
Ascorbate deficiency is the precondition and common denominator of human CVD. 

Ascorbate deficiency invariably leads to an increased permeability of the vascular wall. The 
evolutionary pressure from fatal blood-loss through scorbutic vascular wall over million of 
years favored genetic and metabolic countermeasures. The genetic level (A) is characterized 
by an evolutionary advantage of genetic features predisposing to CVD. The evolutionary 
pressure in favor of these predisposing genetic features was so great that CVD became one of 
today's most common diseases. The metabolic level (B) is characterized by the regulatory 
effect of ascorbate on factors determining the clinical risk profile for CVD in cardiology today 
including lipoproteins, coagulation factors, prostaglandins, and others. Ascorbate deficiency 
counteracts increased vascular permeability by inducing vasoconstriction, hemostasis, and 
atherogenic vascular metabolism. 

Metaboli 
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Increased 
Regulati 
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- Prostag 
- Second 
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Genetic Countermeasures 

Examples of Genetic 
Countermeasures Against 
Vascular Permeability 

Lp(a) 

Other Lipid and Lipoprotein 
Disorders 

- Hypercholesterolemia 
- Hypertrigliceridemia 
- Comb. Hyperlipidemia 
- Hypoalphalipoproteinemia 
- Others 

Specificity and Efficacy of 
Genetic Countermeasures 
(Manifestation Site of CVD) 

Frequency of Occurrence 
of a Genetic Feature 

Specific 
(Predisposition Site) 

Non-Spe 

Figure 2. 
Genetic countermeasures and the relation between their efficacy and the frequency of their 

occurrence. The more specifically a genetic feature counteracts the increased permeability of 
the vascular wall the more it was favored during evolution and the more frequently it occurs 
today. The deposition of Lp(a) in the vascular wall is the most specific and therefore most 
frequent mechanism. Because of the specificity of Lp(a) the sustained accumulation of this 
lipoprotein during chronic ascorbate deficiency leads to CVD at predisposition sites. Diabetic 
and homocystinuric angiopathies are typical non-specific mechanisms. Their clinical exacer
bation in chronic ascorbate deficiency leads to peripheral vascular disease. With the exception 
of Lp(a), most other lipoprotein disorders are rather nonspecific countermeasures. They either 
follow the deposition of Lp(a) and aggravate CVD mainly at predisposition sites or they lead 
to peripheral vascular disease, such as in Type III hyperlipidemia. Figure 2 schematically 
summarizes these principles. This scheme, of course, can not reflect the multitude of polygenic 
variations in individual patients. 
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23 
Summary and 
Conclusions: 

The Role of Vitamin C 
in the Treatment of 

Cancer 

The correct treatment of cancer is a matter for almost endless debate, simply 
because no one knows how to treat cancer correctly. We deplore that increas
ingly common creature "The Triumphalistic Oncologist," so eloquently cari-
caturized in the editorial with this title in the journal Surgery, Gynecology, 
and Obstetrics (146: 617-618, 1978); his attitude of mind seems to be that in 
order to introduce any advance in treatment it is first necessary to decry and 
repudiate any advance that has gone before. 

Such a self-serving approach is clearly ludicrous; it deliberately ignores the 
established fact that conventional treatments, based on either scientific fact or 
empirical discoveries, can cure at least one third of all cancer patients, essen
tially controlling their disease to such an extent as to given them normal life 
expectancy. The real objective is to see whether this successful fraction can be 
even marginally increased by the correct use of all therapeutic resources. 
Every day, 1100 citizens of the United States die of cancer. If it were possible 
to decrease this number by even one-tenth, this would mean the saving of 110 
lives a day, 770 a week, 3300 a month, and 40,000 in the course of a year. 

We firmly believe that supplemental ascorbate used correctly along
side conventional methods of treating cancer has very much greater potential 
than that. 
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It seems abundantly clear that ascorbic acid is directly involved in many of 
the natural mechanisms that protect an individual against cancer. Cancer 
itself, as we have seen, depletes the body's stores of ascorbate and is almost 
always associated with some measurable impairment of its immune mechan
isms. Therefore, as a matter of principle, no matter what form of established 
cancer treatment is employed, active steps should be taken to ensure that the 
patient's ascorbate reserves are constantly kept high in order to allow his 
protective immune system to function always at maximum efficiency. 

The value of surgery in the treatment of cancer is beyond dispute. If the 
tumor is still localized to an organ or tissue that can be safely excised without 
undue risk to the patient, such a step is undoubtedly the treatment of choice. 
"Cut it out and throw it away" may seem to be a most primitive and unso
phisticated approach, but it is still far and away the most effective treatment 
we have. 

VITAMIN C AND SURGERY 

During the course of cancer surgery clumps of malignant cells can very 
frequently be found in the peripheral blood; for instance, in a sample drawn 
from an arm vein during the course of an abdominal operation. These clumps 
of malignant cells have been literally squeezed out of the tumor by the 
surgeon's handling. Each such clump has the potential to form a metastasis, 
but very few of them do so, most of them being overcome by the host's 
defensive mechanisms. It has long been recognized that surgical resections 
and even surgical biopsies pose some risk of disseminating metastases. It is 
our belief, based on the arguments presented in this book, that it is essential to 
cover this highly critical period of possible tumor dissemination by the provi
sion of adequate ascorbate to ensure that the immune mechanisms are in peak 
condition. 

Unless positive steps are taken to ensure this, the exact reverse holds true. 
Any physical or psychic trauma depletes the ascorbate reserves, and the 

degree of depletion is directly proportional to the extent of the trauma. Any 
surgical operation is traumatic, and by its very nature surgery for cancer tends 
to be major, involving much tissue trauma and an appreciable reduction in the 
body's stores of available ascorbate. The situation is further complicated by 
the fact that during the course of most major operations for cancer supportive 
blood transfusion is required, and stored blood contains no ascorbate. To 
make matters even worse, many major procedures for cancer of the gastroin
testinal tract are preceded by a period of enforced starvation to clear the 
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intestine of fecal content, as well as a similar period post-operatively to reduce 
the risks of peritonitis from a leaking anastomosis. Thus a patient starting with 
cancer, bereft of his usual dietary sources of vitamin C for several days, 
subjected to the trauma of major cancer surgery, and perhaps with half of his 
circulating blood-volume replaced by ascorbate-free stored blood, will have 
an appreciable reduction in his ascorbate reserves and particularly in the 
ascorbate content of his circulating lymphocytes at the very time of high risk 
when a surplus is required. 

Ascorbate has other values for the cancer patient undergoing surgery. As 
has been mentioned in earlier chapters, it has long been known that adequate 
amounts of ascorbate are essential for the proper healing of wounds and to 
enhance the defensive mechanisms against bacterial infection. Many major 
cancer operations on patients depleted of ascorbate by all the mechanisms 
noted above can be technically perfect but still the patient may be plagued by 
serious and sometimes fatal post-operative complications. Such complications 
include partial or complete wound rupture or rupture of some internal anasto
mosis with peritonitis, wound infections, pneumonia, and cystitis. It is our 
belief that many of these all too common complications could be prevented if 
steps were taken to ensure that all such patients were maintained in positive 
ascorbate balance throughout the whole peri-operative period. The ways of 
doing this are given in Appendix IV. 

VITAMIN C AND RADIOTHERAPY 

As discussed in an earlier chapter, the value of radiotherapy in many forms of 
cancer is beyond dispute, whether it be used alone or as a complement to 
surgery. Irradiation, however, also produces an appreciable reduction in 
ascorbate reserves, and general principles suggest that such a deficit should be 
rectified or even prevented by increasing the ascorbate intake throughout the 
whole period of treatment. 

There is some evidence, dating back to the 1940s, to the effect that patients 
on relatively high vitamin C intake suffer fewer unpleasant side-effects during 
treatment by radiotherapy, and also that high vitamin C intake increases the 
therapeutic value of the high-energy radiation. An especially significant study 
is that of Cheraskin and his associates (Chapter 19), who found a significantly 
better response in 27 patients with squamous-cell carcinoma of the uterine 
cervix who were given 750 mg of ascorbic acid per day during radiation 
treatment than in 27 similar patients who received the radiation treatment 
without the ascorbic acid. 
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Radiotherapy destroys a fairly large volume of tissue and its effects can be 
likened to those of a deep burn. The cells and other exposed tissue structures 
disintegrate and die, forming toxic breakdown products that have to be carried 
off by the bloodstream and excreted in the urine. It is believed that the 
unpleasant systemic side effects of radiotherapy (nausea, lassitude) are caused 
by this sudden metabolic overload of toxic by-products. Ascorbic acid is 
essential for the proper functioning of a group of liver enzymes concerned with 
the detoxification and disposal of noxious substances, and it is therefore quite 
possible that a high intake of ascorbate reduces the unpleasant side effects of 
irradiation. 

In its anticancer role, high-energy radiation kills cells during their most 
vulnerable phase of cell division. It is believed that the cell-killing mechanism 
is the chemical attack on cellular DNA by free radicals produced by the 
ionizing effect of radiation on the tissues. Free radicals are highly reactive 
unstable compounds, containing an odd number of electrons, and because of 
their reactivity they can exist only briefly in the tissues. It is known that 
ascorbate reacts in the tissues with molecular oxygen to form free radicals, and 
it is accordingly possible that a high tissue level of ascorbate would potentiate 
the cytotoxic effect of irradiation. It is certainly known that the therapeutic 
effects of irradiation can be intensified by increasing the degree of oxygen 
saturation in the tissues, and this effect is utilized to good effect in the 
radiation treatment of patients in hyperbaric oxygen chambers. 

Apart from its cytotoxic action, radiotherapy exerts a therapeutic effect 
against cancer in another way. The ground substance of the whole area irradi
ated is replaced by a much more dense collagenized area of scar tissue. This 
produces a much more hostile and impermeable environment for any stray 
cancer cells that have survived the killing effect of the radiation. Ascorbate is, 
of course, essential for the production of collagen, and an adequate ascorbate 
supply would ensure that this scirrhous response to radiation would reach its 
maximum intensity. We conclude that there are no contraindications to taking 
high levels of vitamin C during radiotherapy; and that, on the contrary, there 
are a number of strong arguments that such a combination would be beneficial. 

VITAMIN C AND HORMONAL TREATMENT 

There are no known contraindications to the use of ascorbate alongside any 
hormonal treatment used in the control of cancer, and we have many patients 
under treatment by such combinations as DES plus ascorbate, Tamoxifen plus 
ascorbate, and steroids plus ascorbate. It is our observation that these patients 
benefit significantly from the inclusion of vitamin C in their treatment. 
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VITAMIN C AND IMMUNOTHERAPY 

We have stated earlier (Chapters 9 and 15) our view that the effectiveness of 
immunotherapy would be substantially advanced if the patients were at the 
same time ingesting high levels of ascorbate. The therapeutic use of vitamin C 
in fact might be considered to be mainly an example of immunotherapy, 
although this vitamin also exercises many functions in addition to that of 
potentiating the immune mechanisms. We see no reason for not using vitamin 
C together with immunotherapy. 

VITAMIN C AND CHEMOTHERAPY 

The question of the use of ascorbate with chemotherapy is difficult to answer, 
and much more research is required in this field. In the first place, it seems 
clear from our own observations and from the many personal reports we have 
received from others that patients taking high doses of vitamin C are spared 
many of the unpleasant side effects of cancer chemotherapy regimes. In a few 
patients this has allowed doses of chemotherapeutic drugs much larger than 
usual to be used to good effect. 

By its very nature, cancer chemotherapy depresses the whole immune 
system, and, as well as reducing the number of circulating lymphocytes, it also 
produces a sharp fall in the ascorbate content of each individual lymphocyte, 
hence reducing its protective capacity. There is therefore a strong argument 
that patients on cancer chemotherapy regimes should protect their immune 
status by taking large amounts of vitamin C. 

One circumstance seems abundantly clear. If a cancer patient has been 
treated by chemotherapy to the point of bone-marrow failure and complete 
collapse of his immune system, giving ascorbate at that point is hardly likely 
to do much good, because a principal mode of action of ascorbate is by 
increasing the power of the immune system, and a badly damaged immune 
system may not be able to respond. This conclusion, that vitamin C is far less 
effective in patients with advanced cancer whose immune systems have been 
badly damaged by extensive courses of chemotherapy, seems to be supported 
by the results of the Mayo Clinic trial, as discussed in Chapter 19. 

An important question that needs to be answered is whether an adult patient 
with a solid malignant tumor that has not been controlled by other treatments 
should, as the last resort, receive chemotherapy or ascorbate. A valuable 
summary of current opinion of the use of chemotherapy in the treatment of 
gastrointestinal cancer has been published in The New England Journal of 
Medicine (9 November 1978) by Moertel. He pointed out that two decades ago 
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the fluorinated pyrimidines 5-fluorouracil (5-FU) and 5-fluoro-2'-deoxyuridine 
were found to be capable of producing a transient decrease of tumor size in 
patients with metastatic cancer of intestinal origin. An intravenous treatment 
in an amount that produces toxic reactions is the most effective, but the effect 
is not great: 

Even when administered in most ideal regimens, the fluorinated pyrimidines, in a 
large experience, will produce objective response in only about 15 to 20 percent of 
treated patients. In this context, objective response is usually defined as a reduc
tion of more than 50 percent in the product of longest perpendicular diameters of 
a measurable tumor mass. These responses are usually only partial and very 
transient, persisting for a median time of only about five months. This minor gain 
for a small minority of patients is probably more than counterbalanced by the 
deleterious influence of toxicity for other patients and by the cost and inconvenience 
experienced by all patients. There is no solid evidence that treatment with fluor
inated pyrimidines contributes to the over-all survival of patients with gastrointes
tinal cancer regardless of the stage of the disease at which they are applied. 

Moertel also discusses the clinical trials of 5-FU and other chemotherapeutic 
agents singly and in various combinations in relation to colorectal cancer, 
gastric carcinoma, squamous-cell carcinoma of the esophagus, and others, 
with essentially the same conclusion except that adriamycin seems to have 
significant value for the treatment of primary liver cancer. He then states that 
"In 1978 it must be concluded that there is no chemotherapy approach to 
gastrointestinal carcinoma valuable enough to justify application as standard 
clinical treatment." 

We would interpret this conclusion as sound reason for not subjecting these 
patients to the misery, trouble, and expense of chemotherapy, but in fact 
Moertel continues as follows: 

By no means, however, should this conclusion imply that these efforts should be 
abandoned. Patients with advanced gastrointestinal cancer and their families have 
a compelling need for a basis of hope. If such hope is not offered, they will quickly 
seek it from the hands of quacks and charlatans. Enough progress has been made 
in chemotherapy of gastrointestinal cancer so that realistic hope can be generated 
by entry of those patients into well designed clinical research studies. . . . If we can 
channel our efforts and resources into constructive research programs of sound 
scientific design, we shall offer the most hopeful treatment for the patient with 
gastrointestinal cancer today and lay a sound foundation for chemotherapy 
approaches of substantive value for the patient of tomorrow. 

We do not agree with this conclusion. For more than a decade it has been the 
rather general practice in Vale of Leven Hospital and most other hospitals in 
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Britain not to subject patients with advanced gastrointestinal cancer and 
similar cancers for which experience has shown chemotherapy to have little 
value to the misery of this treatment; instead, these "hopeless" patients were 
given only palliative treatment, including morphine and heroin as needed to 
control pain. Now, however, there is a real reason for these patients and their 
families to have hope. These "unbeatable" patients can be given supplemental 
ascorbate as their only form of treatment and derive some benefit, and just 
occasionally the degree of benefit obtained might be quite remarkable, as 
several of the patients described in the preceding chapters illustrate. The 
average increase in survival time of patients with advanced gastrointestional 
cancer treated with 10 g of ascorbate per day is greater than that reported by 
Moertel for those treated with chemotherapy, and the ascorbate-treated 
patients have the advantages of feeling well under the treatment and of not 
having the financial burden of chemotherapy. Moreover, little effort has been 
made as yet to determine the most effective dosages of vitamin C and the 
possible supplementary value of vitamin A, the B vitamins, minerals, and a 
diet high in fruits, vegetables, and their juices. This nutritional treatment of 
cancer, with emphasis on vitamin C, is probably far more effective at earlier 
stages of cancer than in the terminal stage, and if it is instituted at the first sign 
of cancer it may well decrease the cancer mortality by much more than our 
earlier estimate of 10 percent. 

CONCLUSION 

We strongly advocate the use of supplemental ascorbate in the management of 
all cancer patients from as early in the illness as possible. We believe that this 
simple measure would improve the overall results of cancer treatment quite 
dramatically, not only by making the patients more resistant to their illness but 
also by protecting them against some of the serious and occasionally fatal 
complications of the cancer treatment itself. We are quite convinced that in the 
not too distant future supplemental ascorbate will have an established place in 
all cancer-treatment regimens. 
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Photo 30 Linus Pauling and his wife, Ava Helen, dancing at the ball following presentation of the 
Nobel Prize in Chemistry, in Stockholm, 1954. Ava Helen was Linus1 chief colleague, he often said. 
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Photo 31 Linus Pauling, Prof. Harvey Itano (right), and Prof. S. Jon Singer (left), co-discoverers of 
the fact that an abnormal form of hemoglobin is the molecular basis of the inherited disease sickle cell 
anemia (SP 122). The discovery confirmed Pauling's conjecture to this effect and established his broad 
concept of molecular disease (Chapter 15). Photo taken in 1984. 

Photo 32 Linus Pauling with Prof. Max Delbruck (center) and Prof. Max Perutz (right). Both Maxes 
are Nobel Prize winners (1962 and 1969). Delbruck co-authored with Pauling an influential paper on 
the subject of Chapter 14 (SP 112). Perutz made the first x-ray structure determination of a biological 
macromolecule, hemoglobin, which showed the presence of several lengths of ce-helix, with the structure 
predicted by Pauling and Corey (SP 98). Photo taken in 1976. 
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P h o t o 33 Linus Pauling with Dr. Emile Zuckerkandl (right), at an award ceremony in Japan , in 
1983. Zuckerkandl co-authored papers with Pauling on molecular evolution and evolutionary clocks 
(SP 119, SP 120, SP 121). 
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Photo 34 Peter Pauling (second son of Linus Pauling) with Prof. James Watson, co-discoverer of the 
double-helix structure of DNA, a structure that Linus Pauling failed to find (SP 116). Peter, an x-ray 
crystallographer, studied structural mechanisms of drug action and co-authored a number of papers 
with his father (e.g. SP 56). 

Photo 35 Linus Pauling with Prof. Fancis Crick, co-discoverer of the DNA structure, for which he 
and Watson received the Nobel Prize (in 1962). Here Pauling and Crick are seen a t Pauling's 90th 
birthday party at Caltech, in 1991. 
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Photo 36 Linus Pauling and family, en route to Oslo for the Nobel Peace Prize ceremony, in 1964. 
Left to right: Ava Helen Pauling, Linus Pauling, Linda Pauling Kamb (daughter), Barclay Kamb, Lucy 
Pauling (Crellin's wife), Crellin Pauling, and Linus Pauling Jr. In the later years, Linus Pauling Jr., 
a psychiatrist, developed a particular interest in orthomolecular medicine (Chapter 17), and collaborated 
with his father in important ways, particularly in serving for a time as president of the Linus Pauling 
Institute of Science and Medicine, which his father founded in 1973. Son-in-law Barclay Kamb, a 
erytallographer/geologist, co-authored several papers with Pauling (e.g. SP 34 and SP 128), and discovered 
and named paulingite, a cubic zeolite with the largest known unit eel of any inorganic crystal (American 
Mineralogist 45, 79-91, 1960). Son Peter did not get into this picture but is in Photo 34. 
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Photo 37 Linus Pauling lecturing on chemical quantum mechanics in a seminar at Oslo University 
in 1982. The tetrahedral bond orbitals of the carbon atom can be seen at the left. The lecture appears 
to have summarized Pauling's development of bond-orbital hybridization in the early 1930's (SP 5). 

Photo 38 Linus Pauling lecturing on hydrogen bonding and ionic hydration, ca. 1975. In the upper 
right corner of the blackboard is the statistical factor (3/2)N, which is the basis of Pauling's famous 
calculation of the residual entropy of ice (SP 73). To the left of (3/2)N is depicted a tetrahedrally 
coordinated water molecule. 
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Photo 39 Linus Pauling with Dr. Irwin Stone, who first interested him in studying the nutritional 
benefits of large intakes of vitamin C. Photo taken in 1973. 

Photo 40 Linus Pauling with Dr. Ewan Cameron, a physician from Scotland who had conducted 
clinical tests of effects of vitamin C on cancer, and who collaborated with Pauling in evaluating, 
interpreting, and publishing the results (SP 139, SP 140, SP 141, SP 144). Photo in early 1980's, in 
the laboratories of the Linus Pauling Institute for Science and Medicine, Palo Alto, CA. 
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Photo 41 Linus Pauling and Dr. Zelek S. Herman, in 1985. Herman, trained in molecular quantum 
mechanics, was Pauling's devoted research assistant and colleague from 1980 onward, and co-authored 
about ten- papers with him, mostly on chemical bond theory and biostatistics. SP 27 and SP 133 are 
selected as representative of them. Zelek Herman and Dorothy Munro (Photo 42) carried out the 
herculian task of putting together a complete list of Pauling's publications, as noted in the General 
Introduction and the Appendices. 

Photo 42 Linus Pauling with Mrs. Dorothy B. Munro (center) and Dr. Matthias Rath (right) at a 
celebration of Pauling's 90th birthday, on February 28, 1991, in San Francisco. Dorothy Munro was for 
twenty years his devoted secretary. Matthias Rath co-authored several papers on the beneficial effects 
of vitamin C on cardiovascular disease, of which SP 143 is representative. 
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Photo 43 Linus Pauling gets a hug from Dr. Arthur Sackler (left) on the occasion of the opening of 
the Sackler Wing of the Metropolitan Museum of Art, New York, 1978. Dr. Sackler, publisher of The 
Medical Tribune, was supportive of Pauling's efforts to advance the field of orthomolecular medicine 
(Chapter 17). 
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Photo 44 Linus Pauling with Prof. Ahmed Zewail, the Linus Pauling Professor of Chemistry and 
Physics in the California Institute of Technology. He was awarded the Nobel Prize in 1999 for pioneering 
research in femtochemistry. Picture taken in 1990. 
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Photo 45 Prof. Jack D. Dunitz, professor of structural 
chemistry at t he ETH, Zurich. As a postdoctoral 
research fellow, he was a colleague of Linus Pauling 
at Caltech in 1948-1951 and 1953-1954. He wrote 
the Biographical Memoir in Chapter 18. 

Photo 46 Linus Pauling with his son-in-law Barclay Kamb (on the left), co-author of SP 34 and SP 
128, grandson Alexander (Sasha) Kamb, a molecular biologist (on the right), and great grandson 
Alexander. Photo taken on Pauling's 93rd birthday, 28 February 1994. 
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Photo 47 Linus Pauling engaged in one of his favorite activities—calculating the results of one of 
his theories and comparing the results with experimental data. In this case he is calculating properties 
of atomic nucleii from his close-packed spheron theory (Chapter 10) and tabula t ing the results 
meticulously in his laboratory journal-book. Photo taken in August 1985. 
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LINUS CARL PAULING 

28 February 1901-19 August 1994 

Elected For.Mem.R.S. 1948 

BY JACK D. DUNITZ, F.R.S. 

Organic Chemistry Laboratory, Swiss Federal Institute of Technology, 
ETH-Zentrum, CH-8092 Zurich, Switzerland 

Linus Carl Pauling was born in Portland, Oregon, on 28 February 1901 and died at his ranch 
at Big Sur, California on 19 August 1994. In 1922 he married Ava Helen Miller (died 1981), 
who bore him four children: Linus Carl, Peter Jeffress, Linda Helen (Kamb) and Edward 
Crellin. 

Pauling is widely considered to be the greatest chemist of this century. Most scientists 
create a niche for themselves, an area where they feel secure, but Pauling had an enormously 
wide range of scientific interests: quantum mechanics, crystallography, mineralogy, 
structural chemistry, anaesthesia, immunology, medicine, evolution. In all these fields and 
especially in the border regions between them, he saw where the problems lay, and, backed 
by his speedy assimilation of the essential facts and by his prodigious memory, he made 
distinctive and decisive contributions. He is best known, perhaps, for his insights into 
chemical bonding, for the discovery of the principal elements of protein secondary structure, 
the alpha-helix and the beta-sheet, and for the first identification of a molecular disease, 
sickle-cell anaemia, but there are a multitude of other important contributions. Pauling was 
one of the founders of molecular biology in the true sense of the term. For these 
achievements, Pauling was awarded the 1954 Nobel Prize in Chemistry. But Pauling was 
famous not only in the world of science. In the second half of his life, he devoted his time 
and energy mainly to questions of health and the necessity to eliminate the possibility of war 
in the nuclear age. His active opposition to nuclear testing brought him political persecution 
in his own country but was finally influential in bringing about the 1963 international treaty 
banning atmospheric tests. With the award of the 1962 Nobel Prize for Peace, Pauling 
became the first person to win two unshared Nobel Prizes (Marie Curie won one and shared 
another with her husband). Pauling's name is probably best known among the general public 
through his advocacy, backed by personal example, of large doses of ascorbic acid (vitamin 
C) as a dietary supplement to promote general health and prevent (or at least reduce the 
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severity) of such ailments as the common cold and cancer. Indeed, Albert Einstein and Linus 
Pauling are probably the only scientists in our century whose names are known to every radio 
listener, television viewer or newspaper reader. 

EARLY YEARS 

Pauling was the first child of Herman Pauling, son of German immigrants, and Lucy 
Isabelle (Darling) Pauling, descended from from pre-revolutionary Irish stock. There were 
two younger daughters, Pauline Darling (born 1902) and Lucile (born 1904). Herman 
Pauling worked for a time as a travelling salesman for a medical supply company and 
moved in 1905 to Condon, Oregon, where he opened his own drugstore. It was in this new 
boom town in the arid country east of the Coastal Range that Pauling had his first schooling. 
He learnt to read early and started to devour books. In 1910, the family moved back to 
Portland, where his father wrote a letter to The Oregonian, a local newspaper, asking for 
advice about suitable reading matter for his nine-year-old son, who had already read the 
Bible and Darwin's theory of evolution. We do not know the replies, but Pauling later 
confessed that one of his favourites was the Encyclopaedia brittanica. Soon tragedy struck: 
in June of that year Herman Pauling died after a sudden illness, probably a perforated 
stomach ulcer with attendant peritonitis, leaving his family in a situation with which the 
young mother could not adequately cope. Linus did well at school. He collected insects and 
minerals and read omnivorously. He made up his mind to become a chemist in 1914, when 
a fellow student, Lloyd A. Jeffress, showed him some chemical experiments he had set up 
at home. With the reluctant approval of his mother, he left school in 1917 without a diploma 
and entered Oregon Agricultural College at Corvallis as a chemical engineering major, but 
after two years his mother wanted him to leave college to earn money for the support of the 
family. However, he must have impressed his teachers, for in 1919, after a summer working 
as road-paving inspector for the State of Oregon, he was offered a full-time post as 
Instructor in Qualitative Analysis in the Chemistry Department. The 18-year-old teacher felt 
the need to read current chemical journals and came across the recently published papers of 
Gilbert Newton Lewis and Irving Langmuir on the electronic structure of molecules. 
Having understood the new ideas, the 'boy professor' introduced them to his elders by 
giving a seminar on the nature of the chemical bond. Thus was sparked the 'strong desire 
to understand the physical and chemical properties of substances in relation to the structure 
of the atoms and molecules of which they are composed', which determined the course of 
Pauling's long life. 

The following year Pauling resumed his student status and he graduated as B.Sc. in 1922. 
In his final year he was given another opportunity to teach, this time an introductory 
chemistry course for young women students of home economics. This new teaching episode 
also had important consequences for his future. One of the students was Ava Helen Miller, 
who became his wife in a marriage that lasted almost 60 years. 



Biographical Memoir 1483 

Linus Carl Pauling 319 

PASADENA 

Pauling came to the California Institute of Technology as a graduate student in 1922 and 
remained there for more than 40 years. He chose Caltech because he could obtain a doctorate 
there in three years (Harvard required six) and because Noyes offered him a modest stipend 
as part-time instructor. It was a fortunate choice both for Pauling and for Caltech. As he wrote 
towards the end of his life: 'Years later ... I realized that there was no place in the world in 
1922 that would have prepared me in a better way for my career as a scientist' (37)*. When 
he arrived, the newly established institute consisted largely of the hopes of its three founders, 
the astronomer George Ellery Hale, the physicist Robert A. Millikan and the physical chemist 
Arthur Amos Noyes. There were three buildings and eighteen faculty members. When he left, 
Caltech had developed into one of the major centres of scientific research in the world. In 
chemistry, Pauling was the prime mover in this development. Indeed, for many young 
chemists of my generation, Caltech meant Pauling. 

Pauling's doctoral work was on the determination of crystal structures by X-ray diffraction 
analysis, under the direction of Roscoe Gilkey Dickinson (1894-1945), who had obtained his 
Ph.D. only two years earlier (he was the first person to receive a Ph.D. from Caltech). By a 
happy chance, Ralph W.G. Wyckoff (1897-1994, For.Mem.R.S. 1951), one of the pioneers of 
X-ray analysis, had spent the year before Pauling's arrival at Caltech and had taught Dickinson 
the method of using Laue photographic data (white radiation, stationary crystal; a method that 
fell into disuse but has newly been revived in connection with rapid data collection with 
synchrotron radiation sources). Wyckoff taught Dickerson, and Dickerson taught Pauling, who 
soon succeeded in determining the crystal structures of the mineral molybdenite MoS2 (2) and 
the intermetallic compound MgSn (1). By the time he graduated, in 1925, he had published 12 
papers, most on inorganic crystal structures, but including one with Peter Debye (1884-1966, 
For.Mem.R.S. 1933) on dilute ionic solutions (3) and one with Richard Tolman (1881-1948) 
on the entropy of supercooled liquids at 0 K (4). Pauling had already made up for his lack of 
formal training in physics and mathematics. He was familiar with the quantum theory of Planck 
and Bohr and was ready for the conceptual revolution that was soon to take place in Europe. 
Noyes obtained one of the newly established Guggenheim fellowships for the rising star and 
sent him and his young wife off to the Institute of Theoretical Physics at Munich, directed by 
Arnold Sommerfeld (1868-1951, For.Mem.R.S. 1926). 

They arrived in April 1926, just as the Bohr-Sommerfeld model was being displaced by 
the 'new' quantum mechanics. It was an exciting time, and Pauling knew he was lucky to be 
there at one of the centres. He concentrated on learning as much as he could about the new 
theoretical physics at Sommerfeld's institute. Pauling had been regarded, and probably also 
regarded himself, as intellectually outstanding among his fellow students at Oregon and even 
at Caltech. However, he must have become aware of his limitations during his stay in Europe. 
The new theories were being made by men of his own generation. Wolfgang Pauli 
(1900-1958, For.Mem.R.S. 1953), Werner Heisenberg (1901-1976, For.Mem.R.S. 1955) and 
Paul Dirac (1902-1984, F.R.S 1930) were all born within a year of Pauling and were more 
than a match for him in physical insight, mathematical ability and philosophical depth. 
Pauling was not an outstanding theoretical physicist and was probably not particularly 

*Numbers in this form refer to the bibliography at the end of the text. 
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interested in problems such as the deep interpretation of quantum mechanics or the 
philosophical implications of the uncertainty principle. On the other hand, he was the only 
chemist at Sommerfeld's institute and saw at once that the new physics was destined to 
provide the theoretical basis for understanding the structure and behaviour of molecules. 

The year in Europe was to have a decisive influence on Pauling's scientific development. 
In addition to Munich, he visited Copenhagen in the spring of 1927 and then spent the summer 
in Zurich. In Copenhagen it was not Bohr but Samuel A. Goudsmit (1902-1978) who 
influenced Pauling (they later collaborated in writing The structure of line spectra (8)) , and 
in Zurich it was neither Debye nor Schrodinger but the two young assistants, Walter Heitler 
(1904-1981, F.R.S. 1948) and Fritz London (1900-1954), who were working on their 
quantum-mechanical model of the hydrogen molecule in which the two electrons are 
imagined to 'exchange' their roles in the wave function, an example of the 'resonance' 
concept that Pauling was soon to exploit so successfully. 

One immediate result of the stay in Munich was Pauling's first paper in Proceedings of the 
Royal Society of London, submitted by Sommerfeld himself (5). Pauling was eager to apply 
the new wave mechanics to calculate properties of many-electron atoms and he found a way 
of doing this by using hydrogen-like single-electron wave functions for the outer electrons 
with effective nuclear charges based on empirical screening constants for the inner electrons. 

THE NATURE OF THE CHEMICAL BOND 

In 1927 Pauling returned to Caltech as Assistant Professor of Theoretical Chemistry. The next 
12 years produced the remarkable series of papers that established Pauling's worldwide 
reputation. His abilities were quickly recognized through promotions (Associate Professor, 
1929; Full Professor, 1931), through awards (Langmuir Prize, 1931), through election to the 
National Academy of Sciences (1933) and through visiting lectureships, especially the Baker 
Lectureship at Cornell in 1937-38. Through his writings and lectures, Pauling established 
himself as the founder and master of what might be called structural chemistry, a new way of 
looking at molecules and crystals. 

Pauling's way was first to establish a solid and extensive collection of data. By means of 
X-ray crystallography, gas-phase electron diffraction (installed after Pauling's 1930 visit to 
Europe, where he learned about Hermann Mark's pioneering studies), infrared, Raman, and 
ultraviolet spectroscopy, interatomic distances and angles were established for hundreds of 
crystals and molecules. Thermochemical information was already available. The first task of 
theory, as Pauling saw it, was to provide a basis to explain the known metric and energetic 
facts about molecules, and only then to lead to prediction of new facts. At this stage of his 
development, Pauling was attracting many talented co-workers, undergraduates, graduate 
students, and postdoctoral fellows, and their names read like a Who's who in the structural 
chemistry of the period: J.H. Sturdivant, J.L. Hoard, J. Sherman, L.O. Brockway, D.M. Yost, 
G.W. Wheland, M.L. Huggins, L.E. Sutton (F.R.S. 1950), KB. Wilson, S.H. Bauer, CD. 
Coryell, V. Schomaker and others. Here are the major achievements. 

Pauling's ionic radii 

Once the structures of simple inorganic crystals began to be established, it was soon seen 
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that the observed interatomic distances were consistent with approximate additivity of 
characteristic radii associated with the various cations and anions. Among the several sets that 
have been proposed, Pauling's are not merely designed to reproduce the observations but, 
typical for him, are derived from a mixture of approximate quantum mechanics (using 
screening constants) and experimental data. His values, derived almost 70 years ago, are still 
in common use, and the same can be said for the sets of covalent radii and non-bonded (van 
der Waals) radii that he introduced. 

Pauling's rules 

Whereas simple ionic substances, such as the alkali halides, are limited in the types of 
crystal structure they can adopt, the possibilities open to more complex substances, such as 
mica, KAl3Si3O10(OH)2, may appear to be immense. Pauling (7) formulated a set of rules 
about the stability of such structures, which proved enormously successful in testing the 
correctness of proposed structures and in predicting unknown ones. As Pauling himself 
remarked, these rules are neither rigorous in their derivation nor universal in their application; 
they were obtained in part by induction from known structures and in part from theoretical 
considerations. His second rule states essentially that electrostatic lines of force stretch only 
between nearest neighbours. In the meantime, as structural knowledge has accumulated, this 
rule has been modified by various authors to relate bond strengths to interatomic distances, 
but it seems fair to say that it is still the basis for the systematic description of inorganic 
structures. W.L. Bragg, who may have felt somewhat beaten to the post by the publication of 
these rules, wrote (Bragg 1937): 'The rule (the second one) appears simple, but it is surprising 
what rigorous conditions it imposes upon the geometrical configuration of a silicate ... To sum 
up, these rules are the basis for the stereochemistry of minerals.' 

Quantum chemistry 

In 1927 0. Burrau solved the Schrodinger equation for the hydrogen molecule ion H2
+ in 

elliptic coordinates and obtained values for the interatomic distance and bonding energy in 
good agreement with experiment. Burrau's wave function fails, however, to yield much 
physical insight into the stability of the system. Soon afterwards, Pauling (6) pointed out that, 
although an approximate perturbation treatment would not provide any new information, it 
would be useful to know how well it performed: 'For perturbation methods can be applied to 
many systems for which the wave equation can not be accurately solved'. Pauling first showed 
that the classical interaction of a ground state hydrogen atom and a proton is repulsive at all 
distances. However, if the electron is not localized on one of the atoms, but the wave function 
is taken as a linear combination of the two ground state atomic wave functions, then the 
interaction energy has a pronounced minimum at a distance of about 2 a.u. This was the first 
example of what has come to be known as the method of linear combination of atomic orbital s 
(LCAO) For the hydrogen-molecule ion, the LCAO dissociation energy is only about 60 per 
cent of the correct value, but the model provides insight into the source of the bonding and 
can easily be extended to more complex systems. In fact, the LCAO method is the basis of 
modern molecular orbital theory. 

A few months earlier, Heitler and London had published their calculation for the hydrogen 
molecule. This was too complicated for an exact solution, and their method also rested on a 
perturbation model, a combination of atomic wave functions in which the two electrons, with 
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opposite spins, change places. More generally, the energy of the electron-pair bond could now 
be attributed to 'the resonance energy corresponding to the interchange of the two electrons 
between the two atomic orbitals'. As developed by Pauling and independently by John C. 
Slater (1900-1976), the Heitler-London-Slater-Pauling (HLSP) or valence bond model 
associates each conventional covalent bond with an electron pair in a localized orbital and 
then considers all ways in which these electrons can 'exchange'. 

Much has been made of Pauling's preference for valence bond (VB) theory over molecular 
orbital (MO) theory. The latter, as developed by Fritz Hund (1896- ), Erich Hiickel 
(1896-1980, For.Mem.R.S. 1977) and Robert S. Mulliken (1896-1986, For.Mem.R.S. 1967), 
works in terms of orbitals extended over the entire molecule, orders these orbitals according 
to their estimated energies and assigns two electrons with opposite spin to each of the bonding 
orbitals. Electronic excited states correspond to promotion of one or more electrons from 
bonding to anti-bonding orbitals. Nowadays, MO theory has proved itself more amenable to 
computer calculations for multi-centre molecules, but in the early days, when only hand 
calculations were possible, it was largely a matter of taste. The main appeal of the MO model 
was then to spectroscopists. Chemists, in general, were less comfortable with the idea of 
pouring electrons into a ready-made framework of nuclei. It was more appealing to build 
molecules up from individual atoms linked by electron-pair bonds. The VB picture was more 
easily related to the chemist's conventional structural formulae. Both models are, of course, 
drastic simplifications, and it was soon recognized that when appropriate correction terms are 
added and the proper transformations are made they become equivalent. In particular, the MO 
method in its simplest form ignores electron-electron interactions, while the VB method 
overestimates them. 

Pauling was fully acquainted with early MO theory, there is at least one important paper 
(11) on the theory of aromatic substitution. But he clearly preferred his own simplified 
versions of VB theory and soon became a master of combining them with the empirical facts 
of chemistry. A remarkable series of papers entitled 'The nature of the chemical bond' formed 
the basis for his later book with the same title. In the very first paper (9), Pauling set out his 
programme of developing simple quantum mechanical treatments to provide information 
about 'the relative strengths of bonds formed by different atoms, the angles between bonds, 
free rotation, or lack of free rotation about bond axes, the relation between the quantum 
numbers of bonding electrons and the number and spatial arrangement of bonds, and so on. A 
complete theory of the magnetic moments of molecules and complex ions is also developed, 
and it is shown that for many compounds involving elements of the transition group this 
theory together with the rules of electron pair bonds leads to a unique assignment of electron 
structures as well as a definite determination of the type of bonds involved'. To a large extent, 
Pauling developed his own language to describe his new concepts, and, of the many new terms 
introduced, three seem to be indelibly associated with his name: hybridization, resonance and 
electronegativity. 

Hybridization 

Only the first of these truly originates from him. In the first paper of the series, Pauling took 
up the idea of spatially directed bonds. By a generalization of the Heitler-London model for 
hydrogen, a normal chemical bond can be associated with the spin pairing of two electrons, 
one from each of the two atoms. While an .? orbital is spherically symmetrical, other atomic 
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orbitals have characteristic shapes and angular distributions. It was not difficult to explain the 
angular structure of the water molecule H20 and the pyramidal structure of ammonia H3N, but 
the quadrivalency of carbon was a problem. From its ground state (ls22s22p2) carbon ought to 
be divalent; from the excited state (ls22s[2p3) one might expect three mutually perpendicular 
bonds and a fourth weaker bond (using the s orbital) in some direction or other. As a chemist, 
Pauling knew that there must be a way of combining the s and p functions to obtain four 
equivalent orbitals directed to the vertices of a tetrahedron. Atomic orbitals can be expressed 
as products of a radial and an angular part. Pauling solved the problem by simply ignoring the 
former. The desired tetrahedral orbitals are then easily obtained as linear combinations of the 
angular functions. Pauling called these hybrid orbitals and described the procedure as 
hybridization. Other combinations yield three orbitals at 120° angles in a plane (trigonal 
hybrids) or two at 180° (digonal hybrids). With the inclusion of d orbitals, other combinations 
become possible. In his later years, Pauling stated that he considered the hybridization concept 
to be his most important contribution to chemistry (see Kauffman and Kauffman 1996). 

Resonance 

In attempting to explain the quantum-mechanical exchange phenomenon responsible for 
the stability of the chemical bond, Heitler and London had used a classical analogy originally 
due to Heisenberg. In quantum mechanics, a frequency V = E/h can be associated with every 
system with energy E. Two non-interacting hydrogen atoms are thus comparable to two 
classical systems both vibrating with the same frequency v, for example, two pendulums. 
Interaction between the two atoms is analogous to coupling between the pendulums, known 
as resonance. When coupled, the two pendulums no longer vibrate with the same frequency 
as before but make a joint vibration with frequencies v + Av and v - Av, where Av depends 
on the coupling. Going back to quantum mechanics, it is as if the system now has two different 
energies, one higher and one lower than before. Heitler and London interpreted the 
combination frequency Av as the frequency of exchange of spin directions. 

Pauling first used the term resonance more or less as a synonym for electron exchange, in 
the Heitler-London sense, but he went on to think of the actual molecule as 'resonating' 
between two or more valence-bond structures, and hence lowering its energy below the most 
stable of these. Thus, by resonating between two Kekule structures the benzene molecule is 
more stable than these extremes, and the additional stability can be attributed to 'resonance 
energy'. Through his resonance concept, Pauling reconciled the chemist's structural formulae 
with simplified quantum mechanics, thereby extending the realm of applicability of these 
formulae, and he proceeded to reinterpret large areas of chemistry with it. 

In the middle years of the century, resonance theory was taken up with enthusiasm by 
teachers and students; it seemed to be the key to understanding chemistry. Since then, its 
appeal has declined. It has now a slightly old-fashioned connotation. Certainly, it had some 
failures. Resonance theory would lead one to expect that cyclobutadiene should be more 
stable as a symmetric square structure than as a rectangular one with alternating long and short 
bonds, whereas the contrary is true. (It seems ironic that in the 1935 classic Introduction to 
quantum mechanics (10) qualitative MO theory was applied to only one example, four atoms 
in a square. In contrast to the VB method, which gave a typical 'resonance energy' to this 
system, the MO model gave none. Of course, cyclobutadiene was then still only a synthetic 
chemist's dream.) Similarly, it does not explain the stability of the cyclopentadienyl anion 
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compared with the corresponding cation; in these and other cases, simple MO theory provided 
immediate and correct answers. In the index of a modern textbook on physical chemistry, 
'resonance' is likely to appear only in an entry such as 'resonance, nuclear magnetic'. It does 
not fare much better in textbooks on inorganic and organic chemistry: a few pages on 
resonance formalism are usually followed by a more extensive account of simple MO theory. 

Electronegativity 

Electronegativity, the third concept associated with Pauling's name, is still going strong. It 
emerged from his concept of partially ionic bonds. The energy of a bond can be considered as 
the sum of two contributions: a covalent part and an ionic part. The thermochemical energy 
of a bond D(A-B) between atoms A and B is, in general, greater than the arithmetic mean of 
the energies D(A-A) and D(B-B) of the homonuclear molecules. Pauling attributed the extra 
energy D(A-B) to ionic resonance and found he could assign values x , etc. to the elements 
such that D(A-B) is approximately proportional to (x - xB)2. The x values form a scale, the 
electronegativity scale, in which fluorine with x = 4 is the most electronegative element, 
caesium with x = 0.7 the least. Apart from providing a basis for estimating bond energies of 
heteropolar bonds, these x values can also be used to estimate the dipole moment and ionic 
character of bonds. Other electronegativity scales have been proposed by several authors, but 
Pauling's is still the most widely used — it is the easiest to remember. According to Pauling, 
electronegativity is the power of an atom in a molecule to attract electrons to itself. It therefore 
differs from the electron affinity of the free atom although the two run roughly parallel. Many 
other interpretations have been proposed. 

These and many other topics were collected and summarized in the book based on 
Pauling's Baker Lectures, The nature of the chemical bond (14), probably the most influential 
book on chemistry this century. In my opinion, the 2nd (1940) edition is the best; the 1939 
edition was short-lived, and the 1960 edition, although it contains much more material, did not 
evoke the same feeling of illumination as the earlier ones. 

Like so many others, I first encountered Pauling through this book, which I discovered some 
time in my second year as an undergraduate at Glasgow University. It came as a revelation. 
Setting out to offer an introduction to modern structural chemistry, it explained how the 
structures and energies of molecules could be discussed in terms of a few simple principles. The 
essential first step in understanding chemical phenomena was to establish the atomic 
arrangements in the substances of interest. To try to understand chemical reactivity without this 
information or with dubious structural information was a waste of time. This was just what I 
needed to help me make up my mind that my future was to be in structural chemistry. 

PAULING AND MOLECULAR BIOLOGY 

The nature of the chemical bond (14) marks perhaps the culmination of Pauling's 
contributions to chemical bonding theory. There were achievements to follow - notably an 
important paper (17) on the structure of metals - but the interest in chemical bonding was 
being modified into an interest in the structure and function of biological molecules. There are 
intimations of this in the chapter on hydrogen bonds. Pauling was one of the first to spell out 
its importance for biomolecules: 
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Because of its small bond energy and the small activation energy involved in its formation and rupture, 
the hydrogen bond is especially suited to play a part in reactions occurring at normal temperatures. It 
has been recognized that hydrogen bonds restrain protein molecules to their native configurations, and 
I believe that as the methods of structural chemistry are further applied to physiological problems it 
will be found that the significance of the hydrogen bond for physiology is greater than that of any other 
single structural feature. 

Like many of his comments it seems so obvious, almost a truism, but it was not obvious then. 
Essentially the same idea had been expressed in (13), but hydrogen bonds are not even 
mentioned, for example, in Bernal's 1939 article on the structure of proteins. 

Two remarkable observations from 1948 deserve to be mentioned here. One is a forerunner 
of the 1953 Watson-Crick DNA double-helix structure and explains what had not yet been 
discovered (18, 31): 

The detailed mechanism by means of which a gene or a virus molecule produces replicas of itself is 
not yet known. In general the use of a gene or a virus as a template would lead to the formation of a 
molecule not with identical structure but with complementary structure ... If the structure that serves 
as a template (the gene or virus molecule) consists of, say, two parts, which are themselves 
complementary in structure, then each of these parts can serve as the mold for the production of a 
replica of the other part, and the complex of two complementary parts thus can serve as the mold for 
the production of duplicates of itself. 

And in the same vein, although nothing whatsoever was known about the structure of enzymes, 
the other (19) announced what became clear to biochemists in general only many years later: 

I think that enzymes are molecules that are complementary in structure to the activated complexes of 
the reactions that they catalyse, that is, to the molecular configuration that is intermediate between the 
reacting substances and the products of reaction for these catalysed processes. The attraction of the 
enzyme molecule for the activated complex would thus lead to a decrease in its energy, and hence to 
a decrease in the energy of activation of the reaction, and to an increase in the rate of the reaction. 

The message seems to have lain in oblivion until well after 'transition-state binding' had 
become popular; it is not mentioned, for example, in Jencks's classic work (Jencks 1969) on 
enzyme catalysis. 

Both of these prescient statements depend on the concept of complementarity, which arose 
out of Pauling's early work on proteins and antibodies. This started because, in the search for 
funding during the depression, Pauling obtained a grant from Warren Weaver, Director of the 
Rockefeller Foundation Natural Science Division, but only for research in life sciences. With 
his knowledge of inorganic structural chemistry, haemoglobin was the first target, and, within 
a few months, he solved an important problem. By magnetic susceptibility measurements it 
was shown that whereas haemoglobin contains four unpaired electrons per haem and the 
oxygen molecule contains two, oxyhaemoglobin (and also carbonmonoxyhaemoglobin) 
contains none (12). This result showed that, in oxygenated blood, the 0 2 molecule is attached 
to the iron atom of haemoglobin by a covalent bond, that it was not just a matter of oxygen 
being somehow dissolved in the protein. Magnetic susceptibility measurements could also 
yield equilibrium constants and rates for many reactions involving addition of molecules and 
ions to ferro- and ferrihaemoglobin. It is interesting that Pauling had introduced the magnetic 
susceptibility technique at Caltech in connection with the prediction and identification of the 
superoxide radical anion, a molecule whose biological significance was recognized only many 
years later (see (33)). 

In 1936 Alfred E. Mirsky (1900-1974) and Pauling published a paper (13) on protein 
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denaturation, which was known to be a two-stage process, one under mild conditions partially 
reversible, the other irreversible. Pauling associated the first stage with the breaking and re
formation of hydrogen bonds, the second with the breaking of covalent bonds. The native 
protein was pictured as follows: 'The molecule consists of one polypeptide chain which 
continues without interruption throughout the molecule (or, in certain cases, of two or more 
such chains); this chain is folded into a uniquely defined configuration, in which it is held by 
hydrogen bonds ... The importance of the hydrogen bond in protein structure can hardly be 
overemphasized.' Loss of the native conformation destroys the characteristic properties of the 
protein. From the entropy difference between the native and denatured forms of trypsin, about 
1020 conformations were estimated to be accessible to the denatured protein molecule. On 
heating, or if the pH of the solution was near the isoelectric point of the protein, unfolded 
segments of acidic or basic side chains would get entangled with one another, fastening 
molecules together, and ultimately leading to the formation of a coagulum. This was perhaps 
the first modern theory of native and denatured proteins. 

Complementariness enters the picture in 1940, when Max Delbriick (1906-1981, 
For.Mem.R.S. 1967) and Pauling published their refutation of a proposal of Pascal Jordan, 
according to which a quantum-mechanical stabilizing interaction between identical or nearly 
identical molecules might influence biological molecular synthesis in such a way as to favour 
the formation of molecular replicas in the living cell (16). After dismissing this proposal, the 
authors went on to say that complementariness, not identity, should be given primary 
consideration. They continued: 

The case might occur in which the two complementary structures happened to be identical; however, 
in this case also the stability of the complex of two molecules would be due to their complementariness 
rather than their identity. When speculating about possible mechanisms of autocatalysis it would 
therefore seem to be most rational from the point of view of the structural chemist to analyze the 
conditions under which complementariness and identity might coincide. 

The use of the word 'complementariness' instead of the more usual 'complementarity' is 
striking. According to Delbriick, his only role in the publication, apart from suggesting a few 
minor changes, was to have drawn Pauling's attention to Jordan's proposal, and it seems quite 
likely to me that 'complementariness' was one of these minor changes, introduced in order to 
avoid the epistemological connotations that Delbriick associated with 'complementarity' in 
Bohr's sense. 

By this time, Pauling was thinking about antibodies. In 1936 he had met Karl Landsteiner 
(1868-1943, For.Mem.R.S. 1941), discoverer of the human blood groups and instrumental in 
establishing immunology as a branch of science. According to Pauling (31), Landsteiner 
asked him how he would explain the specificity of interaction of antibodies and antigens, to 
which he replied that he could not. The question set Pauling thinking about the problem, and 
it was not long before he had a theory (15) that guided his research on antibodies for years to 
come. Eventually, it turned out to be wrong, or at least only half right. 

The correct part was that the specificity of antibodies for a particular antigen is based on 
complementarity. 'Atoms and groups which form the surface of the antigen attract certain 
complementary parts of the globulin chain and repel other parts'. The wrong part was his 
assumption 'that all antibody molecules contain the same polypeptide chains as normal 
globulin and differ from normal globulin only in the configuration of the chain'. Pauling was 
clearly not too happy about this assumption, which he adopted only because of his inability 
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'to formulate a reasonable mechanism whereby the order of amino-acid residues would be 
determined by the antigen'. He could not know then about the genetic basis of amino acid 
sequence. So he was right about how antibodies work and wrong about how they are 
produced. It was still a long time before a better theory emerged, based not on instruction but 
on selection, and involving hypervariable regions of the amino acid chain and shuffling genes. 
In retrospect then it is not surprising that Pauling's immunochemistry programme, carried out 
mainly by his Caltech collaborator Dan Campbell, never achieved the successes he had hoped 
for. During World War II there was a brief flurry of excitement when they claimed to have 
made 'artificial antibodies' from normal globulins, but the claim proved to be ill-founded and 
was soon retracted. 

In 1941 Pauling's intense work schedule was temporarily stemmed when he was diagnosed 
as having Bright's disease, regarded then by many doctors as incurable. Under the treatment 
of Dr Thomas Addis, he slowly recovered. Addis, a controversial figure, put Pauling on a low-
protein, salt-free diet, which was effective in healing the damaged kidneys. After about six 
months Pauling was more or less back to normal, but he kept to Addis's diet for many years 
afterwards. Pearl Harbour brought further distractions when Pauling's energies were diverted 
into war work, mainly on rocket propellants and in the search for artificial antibodies. Earlier, 
he had used the paramagnetism of oxygen to design and develop an oxygen meter for use in 
submarines. 

By the end of the war, Pauling felt well enough to travel abroad again. In late 1947 he came 
as Eastman Visiting Professor with his family to England, where he gave lectures to packed 
out audiences in Oxford and elsewhere, received medals and suffered from the climate. In 
1948, confined to bed with a cold, he began thinking again about a problem that had briefly 
occupied him a decade earlier, the structure of a-keratin. By this time, thanks to the X-ray 
crystallographic work of Robert B. Corey and his associates, the detailed structures of several 
amino acids and simple peptides were known, and although the interatomic distances and 
angles did not differ much from the values derived earlier by resonance arguments, Pauling 
could now take them as facts rather than suppositions, especially the planarity of the amide 
group. With the help of paper models, he then set himself the problem of taking a polypeptide 
chain, rotating round the two single bonds but keeping the peptide groups planar, repeating 
with the same rotation angles from one peptide group to the next, and searching for a helical 
structure in which each N-H group makes a hydrogen bond with the carbonyl oxygen of 
another residue. He found two such structures, one of which also fulfilled the condition of 
tight packing down the central hole. The structure in question repeated after 18 residues in five 
turns at a distance of 27 A, hence 5.4 A per turn, whereas X-ray photographs of a-keratin 
seemed to show that the repeat distance was 5.1 A. The discrepancy could not be removed by 
minor adjustments to the model and was large enough for Pauling to put the problem aside 
(see (38)). 

It was taken up again after his return to Pasadena, with the help of Corey and of a young 
visiting professor, Herman Branson, who checked details of the model and searched for 
alternatives, but without coming up with anything really new. Then came a paper from the 
Cavendish Laboratory by Bragg, Kendrew and Perutz (1950), who described several possible 
helical structures for a-keratin, all unacceptable in Pauling's view because they allowed 
rotation about the C-N bond of the amide group. This paper provoked Pauling to publish his 
ideas in a series of papers that described the now famous a-helix (essentially the one modelled 
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in Oxford with 3.7 residues per turn), the so-called y-helix (disfavoured on energetic grounds), 
and the parallel and anti-parallel pleated sheets with extended polypeptide chains (21-24). By 
this time, X-ray photographs of synthetic polypeptides had clarified the apparent discrepancy 
concerning the repeat distance along the helix; it was 5.4 A after all. Max Perutz has vividly 
described his consternation on first reading Pauling's proposed structure and how he managed 
to corroborate it by observing the 1.5 A reflection corresponding to the step distance along the 
the oc-helix, which everyone had missed until then (Perutz 1987). 

Very soon, evidence began to accumulate that the a-helix is indeed one of the main 
structural features and that the two pleated sheet structures are also important elements of the 
secondary structure of globular proteins. Just as a few rules concerning the regular repetition 
of simple structural units had sufficed 20 years earlier to successfully predict the structures of 
minerals, now a few simple principles derived from structural chemistry were enough to 
predict the main structural features of proteins. 

Pauling's next essay in model building was not so successful. In the summer of 1952 he 
learnt about the Hershey-Chase experiment proving that genetic information was carried not 
by protein but by DNA, deoxyribonucleic acid, a polynucleotide. Pauling felt it should be 
possible to decipher the structure of this substance by building models along similar lines to 
those in the protein work. The available X-ray diffraction patterns showed a strong reflection 
at about 3.4 A, but nothing much else. Having convinced himself that a two-stranded helical 
structure would yield too low a density, he went on to the assumption of a three-stranded 
helical structure held together by hydrogen bonds between the phosphate groups of different 
strands, that is, the structure rested on the tacit assumption that the phosphodiester groups 
were protonated! They were closely packed about the axis of the helix with the pentose 
residues surrounding them and the purine and pyrimidine groups projecting radially outwards. 
When this structure was presented at a seminar, Verner Schomaker is credited with the remark 
'If that were the structure of DNA, it would explode!' Nevertheless, the structure was 
published (25), a pre-publication copy having been sent to Cambridge, where it stimulated 
Watson and Crick into their final spurt, culminating in their base-paired structure, which was 
immediately acclaimed as correct by everyone who saw it, including Pauling. The 
Watson-Crick structure conformed to the self-complementarity principle that Pauling had 
enunciated many years earlier and then apparently forgotten. 

Much has been written about this spectacular failure. Why was his model-building 
approach so successful with the polypeptides and so unsuccessful (in his hands) with DNA? 
First, the time factor: Pauling had thought about polypeptide structures for more than a decade 
before he risked publishing his conclusions; he thought only for a few months about DNA. 
Secondly, the available information: for the polypeptide problem, precise metrical and 
stereochemical data for amino acids and simple peptides, mostly from Pauling's own 
laboratory, were at hand; for DNA almost nothing was known about the detailed structures of 
the monomers or oligomers. The X-ray photographs available to Pauling were obtained from 
degraded DNA specimens and were essentially non-informative (they were later recognized 
to be derived from mixtures of the A and B forms of DNA), and he made a bad mistake in 
neglecting the high water content of the DNA specimens in his density calculations. Yet 
Watson and Crick succeeded with Pauling's methods where Pauling failed. There is no doubt 
in my mind that //Tauling had had access to Rosalind Franklin's X-ray photographs he would 
immediately have drawn the same conclusion as Crick did, namely, that the molecule 
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possesses a twofold axis of symmetry, thus pointing to two chains running in opposite 
directions and definitely excluding a three-chain structure. Then there were Chargaff's data 
about base ratios; Pauling later admitted that he had known about these but had forgotten. It 
seems clear that Pauling was in a hurry to publish, although, according to Peter Pauling's 
entertaining account 20 years later (Pauling 1973), he never felt he was in any sense 'in a 
race'. And finally, as described in the next section, he was by this time under severe 
harassment from the F.B.I, and other agencies for his political views and activities. This must 
have taken up much of his mental and emotional energies during these months. 

Pauling's standing as a founder of molecular biology rests partly on his identification of 
sickle-cell anemia, a hereditary disease, as a molecular disease, the first to be recognized as 
such. The red blood cells in the venous systems of sufferers adopt sickle shapes which tend to 
block small blood vessels, causing distressing symptoms, whereas the cells in the more 
oxygenated arterial blood have the normal flattened disc shape. When, towards the end of the 
war, Pauling heard about this it occurred to him that it could be due to the presence of 
haemoglobin molecules with a different amino acid sequence from normal. The abnormal 
molecules, but not the normal ones, could contain self-complementary patches such as to lead 
to end-to-end aggregation into long rods that twist the blood cells out of shape. Oxygenation 
could cause a conformational change to block these sticky patches. It took several years to 
confirm the essential correctness of what was no more than an intuitive guess. In the 
preliminary studies, attempts to identify any difference between the haemoglobins of normal 
and sickle-cell blood were unsuccessful, but with the advent of electrophoresis it could be 
shown found that molecules of sickle-cell and normal haemoglobin moved at different rates 
in the electric field; the two molecules have different isoelectric points and must indeed be 
different (20). When, much later, it became possible to determine the amino acid sequence in 
a protein, sickle-cell haemoglobin was found to contain valine instead of glutamic acid at 
position 6 of the two p-chains. A single change in a single gene is responsible for the disease. 

A decade later, the further study of mutations in haemoglobin led to yet another 
fundamental contribution to molecular biology: the concept of the 'molecular clock' in 
evolution (28). By this time, amino acid sequencing of proteins had become standard. 
Haemoglobins obtained from humans, gorillas, horses and other animals were analysed. From 
palaeontological evidence, the common ancestor of man and horse lived somewhere around 
130 million years ago. The a-chains of horse and human haemoglobin contain about 150 
amino acids and differ by about 18 amino acid substitutions, that is, about nine evolutionarily 
effective mutations for each of the chains, or about one per 14 million years. On this basis, the 
differences between gorilla and human haemoglobin (two substitutions in the a- and one in 
the (3-chain) suggest a relatively recent divergence between the species, of the order of only 
10 million years. On the other hand, differences between the haemoglobin a- and p-chains of 
several animals suggest divergence from a common chain ancestor about 600 million years 
ago, in the Precambrian, before the apparent onset of vertebrate evolution. From this work it 
became clear that comparison of protein sequences (now replaced by comparison of DNA 
sequences) is a powerful source of information about the origin of species. Evolution of 
organisms is bound with the evolution of molecules. 
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POLITICAL ACTIVISM 

By 1954, when Pauling was awarded the Nobel Prize in Chemistry for his 'research into the 
nature of the chemical bond and its application to the elucidation of the structure of complex 
substances', not only was he famous as a scientist, he also was a well known public figure, at 
least in the U.S.A. Although he was not connected in any way with either the Manhattan 
Project or the Radiation Laboratory, his wartime research on antibodies and rocket propellants 
had brought him into government advisory agencies such as the Office of Scientific Research 
and Development (O.S.R.D.) under Vannevar Bush and earned him the Presidential Medal for 
Merit, the highest civilian honour in the U.S.A., awarded by President Truman in 1948. A few 
years later, he was being vilified in the local and national press, he was being cited for 'un-
American activities', he was denied the possibility to travel outside the U.S.A. and his 
Government research contracts were being terminated. How did this change happen? 

Almost immediately after August 1945 Pauling became concerned with the implications of 
the atomic age for international relations and with the necessity for controls. His lectures and 
writings on this subject soon attracted the attention of the F.B.I, and other government 
agencies. Far from being intimidated by these attentions, he began, with the encouragement 
of his wife, Ava Helen, to take a more active stance; he signed petitions, joined organizations 
(such as the Emergency Committee of Atomic Scientists, presided over by Albert Einstein, 
and the American Civil Liberties Union), protested against the loyalty oaths demanded of 
public employees and spoke eloquently against the development of nuclear weapons. 

In the McCarthy era, and especially during the Korean War, this was enough to make him 
suspect as a security risk. Pauling was invited to lecture at a Royal Society meeting on protein 
structure, held in London in May 1952. In February, his application for a passport was refused 
because his proposed travel 'would not be in the best interests of the United States'. Renewed 
applications up to the end of April met with renewed refusals. A few hours before the start of 
the meeting, Pauling telegraphed his regrets to London. I was present when the news came 
that Pauling had not been granted a passport and was therefore unable to attend. It was a grave 
disappointment, for we had all looked forward to Pauling's presence at the meeting, and there 
was also a feeling of outrage; the action of the State Department was seen as an insult not only 
to Pauling and to the Royal Society, but also to the scientific community at large. Pauling was 
certainly not the only U.S. citizen whose right to travel was denied by the State Department, 
but the incident provoked such widespread criticism that it probably helped to lead to a re
examination and ultimate change of the State Department's policy. Later that year, Pauling 
was permitted to travel to France and England (where he did not see Rosalind Franklin's 
X-ray diffraction photographs of DNA!) and the following summer he was again in Europe 
(where he did see the Watson-Crick DNA structure). This freedom to travel was bought at the 
cost of a temporary self-imposed political restraint, and was in any case a fragile privilege 
which he lost again a few months later, when he spoke out in defence of J. Robert 
Oppenheimer. 

In March 1954, following the Bikini Atoll explosion of a 'dirty' thermonuclear superbomb, 
Pauling was in the news again when he began to call attention to the worldwide danger of 
radioactive fallout in the atmosphere. In the summer, his renewed application for a passport 
was again turned down, but in November, when his Nobel Prize was announced, the State 
Department found itself in a public relations dilemma. The fuss created by Pauling's absence 
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in London in 1952 would be nothing compared with the international outcry that could be 
imagined if Pauling were refused permission to travel to attend the Nobel Prize ceremony. So 
Pauling went to Stockholm, where he was a tremendous success, and followed this by visits to 
Israel, India, Thailand and Japan. Everywhere, outside his own country, he was welcomed with 
enthusiasm, not only for his scientific accomplishments but even more for his political stance. 

In the U.S.A. too, the public was becoming increasingly concerned about radioactive 
fallout, not only from American tests but also from ever more powerful Soviet nuclear 
explosions. Increasing levels of strontium-90 and carbon-14 made newspaper headlines. 
Pauling claimed that the increased level of radioactive isotopes in the atmosphere was a 
danger not only to the living but also to future generations; the spokesmen on the Atomic 
Energy Commission countered that, although radiation might be harmful, it was not harmful 
in the doses produced by the tests and that Pauling vastly exaggerated the dangers. In fact, all 
the estimates were tentative at best, but since the Atomic Energy Commission was responsible 
both for developing nuclear weapons and for monitoring the associated health hazards, its 
estimates were probably no more objective than those who demanded a stop to the tests. 
Andrei Sakharov (1990) estimated that every one-megaton test cost about 10 000 human lives. 

In January 1958 Pauling, together with his wife, was instrumental in collecting thousands 
of signatures from scientists all over the world for a petition to end nuclear bomb testing, 
which was presented to Dag Hammerskjoold, Secretary General of the United Nations. A few 
months later, the Soviet Union called for an immediate halt to nuclear testing, and in October, 
after more tests by both sides that added markedly to world concern about fallout, talks began 
in Geneva to discuss details of a possible test ban. During the talks there was an informal 
moratorium on testing by the Soviet Union, the U.S.A. and the U.K. And in the meantime, 
Pauling's book No more war! (26) was published. 

In 1960 the Senate Internal Security Subcommittee (S.I.S.S.) headed by Senator Thomas 
Dodd issued a subpoena to Pauling to answer questions about Communist infiltration of the 
campaign against nuclear testing. At Pauling's request, the hearings were open and they soon 
turned into a public relations fiasco for Dodd and the S.I.S.S. This was partly because the 
members of the S.I.S.S. had not done their homework properly and partly because it gave 
Pauling the excuse to lecture them about elementary civic rights and duties: 'The circulation 
of petitions is an important part of our democratic process. If it is abolished or inhibited, it 
would be a step towards a police state.' By this time, public opinion was mostly on Pauling's 
side, but the whole affair must have been an emotional strain, and a tremendous waste of his 
time and energy. 

In 1961 there was a new petition, an 'Appeal to stop the spread of nuclear weapons', again 
presented to the United Nations, and he also helped to organize the Oslo Conference on the 
dangers raised by the proliferation of nuclear weapons. But in September there was a new 
spate of Soviet tests of even more powerful bombs - 50 within a couple of months - and in 
March 1963 President Kennedy announced that the U.S.A. would also resume testing. This time 
the tests did not last long: they were stopped in the summer, when new proposals were made to 
forbid atmospheric tests while permitting underground tests. In August both sides signed a treaty 
to ban all tests in the atmosphere, in outer space and under the sea. The treaty went into effect 
on 10 October and the following day Pauling was awarded the Nobel Peace Prize for 1962. 

By now, especially in the aftermath of the Chernobyl disaster, the cultural climate has 
changed so much that this short account of atom politics until 1963 must strike younger 
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readers as almost inconceivable. In the summer of 1995, when France exploded some 'nuclear 
devices' several hundred metres underground below a remote atoll in the South Pacific, there 
was an international outcry of protest, by governments, by the press and by the public. Forty 
years ago, when tons of radioactive material were being spewed into the atmosphere by test 
after test, there was no such outcry, at least not in the U.S.A. and the Soviet Union, the two 
countries most responsible for the pollution. One can assume that most people believed the 
tests were necessary. Small groups organized protest marches, but there were no social 
structures in these nuclear states to resist the continuation of testing and the spread of atomic 
weapons. Pauling was one of the few who consistently spoke against the dangers of 
atmospheric testing, against the spread of nuclear weapons, for efficient control of such 
weapons and for a more rational approach to solve international conflicts. These sentiments 
found a ready ear in the non-nuclear countries, and eventually public opinion in the U.S.A. 
also swung in his direction. Whether he had any effect in the Soviet Union is another matter; 
he is not mentioned in Sakharov's (1990) autobiography. 

APOSTLE OF VITAMIN C 

A few days after the news of the Peace Prize, Pauling announced that he was leaving Caltech to 
become a member of the Center for the Study of Democratic Institutions in Santa Barbara. He 
was disappointed with the lukewarm reaction of the administration and some of his colleagues. 
Perhaps he had intended to move anyway. In the mid-1950s he had become interested in 
phenylketonuria (mental deficiency due to inability to metabolize phenylalanine) as a further 
example of a molecular disease arising from the lack of a specific enzyme. About this time too 
he was developing his theory that xenon acts as an anaesthetic because it forms crystalline 
polyhedral hydrates; microcrystals of such hydrates in the brain could interfere with the electric 
oscillations associated with consciousness (27). He obtained a $450000 grant from the Ford 
Foundation to study the molecular basis of mental disease and turned his laboratories more and 
more away from traditional chemistry, not to the unanimous approval of his colleagues. In 1958 
he resigned from his position as Department Chairman, which he had held for more than 20 years, 
and found himself under pressure to give up research space to a new generation of researchers. In 
these years of intense political activity and world travel, he was in any case spending less and less 
time with his own research group and in keeping up with new developments in chemistry. When 
he left Caltech, he vanished without a trace. In the 1963-64 Annual Report of the Chemistry 
Department his name appears in the list of professors, with more honours and degrees than 
anyone else; in the corresponding report a year later his name has disappeared. 

The next few years were not the happiest in Pauling's life. Not only did he sever his 
connection with Caltech, he resigned from the American Chemical Society as well. The move 
to Santa Barbara was not a success. He turned to theoretical physics, but his close-packed 
spheron theory of the atomic nucleus met with little acceptance. He became engaged in actual 
and threatened libel suits. He moved briefly to the University of California at San Diego 
(1967-69) and then on to Stanford University (1969-72), where he was closer to his ranch at 
Big Sur, but he had no stable position in which to continue his planned research into 
'orthomolecular' psychiatric therapy. Meanwhile, he was deeply unhappy about the American 
involvement in Vietnam and about American politics in general. 
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One consolation was that, after passing his 65th birthday, Pauling's health took a sudden 
turn for the better. Thanks to Dr Addis's unconventional low-protein diet, he had recovered 
well from the kidney disease that had laid him low in his forties, but he had always suffered 
from severe colds several times a year. In 1966, following a suggestion from Dr Irwin Stone, 
the Paulings began to take 3g of ascorbic acid per day each. Almost immediately they felt 
livelier and healthier. Over the next few years the colds that had plagued him all his life 
became less severe and less frequent. This experience made Pauling a believer in the health 
benefits of large daily amounts of vitamin C. It was not long before he was enthusiastically 
promulgating this belief in lectures and writings, which, not too surprisingly, brought on him 
the displeasure of the American medical establishment. After all, the then recommended daily 
allowance (RDA) of vitamin C was 45 mg, it was well known that there was no known cure 
for the common cold, and, in particular, previous studies had shown conclusively that vitamin 
C had no effect. Nevertheless, the N.A.S. Subcommittee on Laboratory Nutrition was 
recommending daily intakes around 100 times that of human RDA (adjusted for body weight) 
to keep laboratory primates in optimal health. 

In his 1970 book Vitamin C and the common cold (29), Pauling gave evolutionary arguments 
why much larger amounts of vitamin C than the RDA may be conducive to optimal health, he 
cited studies that supported its efficacy in preventing colds or at least in lessening their severity, 
he criticized studies that claimed the opposite and he argued that since vitamin C is not a drug but 
a nutrient there is no reason why a large daily intake should be harmful. Pauling's arguments did 
not win the approval of the medical profession but they caught on with the general public. The 
book rapidly became a best seller. As a result, in the U.S.A. and later also in other countries, 
millions of people were persuaded that a daily intake of 1-2 g of ascorbic acid has a beneficial 
effect on health and well-being, essentially agreeing with Pauling that 'we may make use of 
ascorbic acid for improving health in the ways indicated by experience, even though a detailed 
understanding of the mechanisms of its action has not yet been obtained'. 

One result of the book was a collaboration with a Scottish surgeon, Ewan Cameron, from 
Vale of Leven, who had observed beneficial effects of high doses of vitamin C in treating 
terminal cancer patients. Cameron thought that vitamin C might be involved in strengthening 
the intracellular mucopolysaccharide hyaluronic acid by helping to inhibit the action of the 
enzyme hyaluronidase produced by invasive cancerous cells. A paper by Cameron and 
Pauling (30) advocating vitamin C therapy in cancer was submitted to the Proceedings of the 
National Academy of Sciences of the U.S.A. and, in an unprecedented move, rejected (it was 
then published in the specialist journal Oncology). During the next few years Cameron 
continued his trials. Since a double-blind trial was ethically unacceptable, he compared results 
obtained with 100 ascorbate-treated terminal patients and 1000 other cases, ten controls for 
each patient, matched as closely as possible, and found that that the ascobate-treated patients 
lived longer and felt better. A paper describing these results was eventually published in 
Proceedings of the National Academy of Sciences of the U.S.A. (32), but only after long 
arguments with referees. The Cameron-Pauling collaboration culminated in their 1979 book 
Cancer and vitamin C (34), which was again more popular with the public than with the 
medical profession, which continued to regard claims about the effectiveness of vitamin C in 
treating or preventing cancer as quackery. But by this time several important changes had 
occurred in Pauling's life. 

At Stanford, Pauling's demands for more laboratory space for his orthomolecular medicine 
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studies had been turned down. A solution was found by a younger colleague, Arthur B. 
Robinson, who had left a tenured position at San Diego to work with Pauling at Stanford. 
Instead of working in cramped quarters at the University, they would set up their own research 
institute nearby. A building was rented, initial financial help was forthcoming, and the 
Institute for Orthomolecular Medicine was founded in 1973. Once the initial funding had run 
out, the Institute found itself in financial straits. Soon it was renamed the Linus Pauling 
Institute of Science and Medicine, with Pauling as president. By this change, it was hoped, 
fund-raising possibilities would be improved, a hope that proved to be illusory. As Pauling 
was frequently away on travels and in any case disliked administration, Robinson took over 
in 1975, but the fiscal problems of the Institute dragged on for several years until support 
began to be provided by private foundations and individual donations. 

Personal and scientific difficulties between Robinson and Pauling led to Robinson's 
dismissal in 1979 and to lawsuits that dragged on for years. Meanwhile Pauling continued to 
defend his unorthodox views and became once again a controversial figure, regarded by some 
as a crackpot, by others as a sage. In 1986 he wrote another popular book How to live longer 
and feel better (36), which, based on his own experiences, gave advice about how to cope with 
aging. 

In July 1976, Ava Helen underwent surgery for stomach cancer. Instead of post-operative 
chemotherapy or radiation treatment, she adopted vitamin C therapy to the tune of 10 g per 
day. She was soon well enough to accompany Pauling on his various travels, but she finally 
succumbed five years later, in December 1981. Pauling continued to travel, to appear on 
television, to write, to receive honours, his energy seemed unabated. When quasi-crystals, 
with forbidden fivefold symmetry, were discovered in 1984, Pauling took a contrary position 
and argued that the fivefold symmetry seen in Al-Mn alloys resulted merely from twinning of 
cubic crystallites (35). He was probably wrong, but the resulting controversy was nevertheless 
useful in forcing the proponents of quasi-crystals to seek better evidence for their view. 

He even became reconciled with Caltech, where his 85th and 90th birthdays were marked 
by special symposia in his honour. In 1991 he was diagnosed with cancer. Surgery brought 
temporary relief, and megadoses of vitamin C kept up his spirits. He spent his last months at 
the ranch at Big Sur and died there on 19 August 1994. 

In the meantime, the medical establishment is no longer so totally dismissive of Pauling's 
views about possible therapeutic benefits of vitamin C on the common cold and cancer. A 
recent review of several studies concludes that although supplemental vitamin C does not 
decrease the incidence of the common cold it does diminish the duration and the severity of 
symptoms (Hemila 1992). This review also states that the level of vitamin C intake derived 
from a normal or balanced diet may be insufficient for optimal body function and that the 
substance is safe even in large amounts. 

The connection between vitamin C and cancer has also become a respectable topic of 
discussion. It was the subject of a conference organized by the U.S. National Cancer Institute 
in Washington D.C. in 1990. Vitamins C and E (and other anti-oxidants) inhibit the 
endogenous formation of N-nitroso compounds in animals and humans (Bartsch et al. 1988). 
Such compounds are known to be carcinogenic in animals. Conclusive proof that they are 
dangerous at the levels naturally present in man is lacking, but the evidence seems suggestive. 
Thus, although the effectiveness of vitamin C in treating cancers may still be debatable, there 
is good reason to believe that it has at least an important preventive role. 
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The final word about the effect of large doses of vitamin C on health has still to be said. If 
you have a full, healthy diet, rich with fruit, grains and fresh vegetables, then you probably do 
not need supplemental vitamins and minerals. But in the modern world many people have, and 
may even prefer, an unhealthy diet. For them, vitamin supplements are probably beneficial. 
After all, Pauling not only recommended large doses of vitamin C but also advised people to 
stop smoking, to eat less and to cut down consumption of sucrose. 

PAULING THE MAN 

Pauling lived a long and productive life. As a scientist, through his writings and personal 
impact, he influenced several generations of chemists and biologists. As a political activist he 
challenged the political and military establishments of the U.S.A. and helped to change them. 
As health crusader he took on the medical establishment and persuaded millions of people to 
eat supplemental, vitamins. He could be very persuasive indeed. His lectures were 
spellbinding, and he had a characteristically simple and direct literary style. 

I remember his lectures in Oxford in early 1948. The lecture hall was too small to hold all 
who wished to attend; there was standing room only. He told those of us who had never 
studied electrostatics to go home and read Sir James Jeans's book on that subject before 
coming to his lectures on chemical bonding. I had never studied electrostatics but I stayed, 
spellbound. I had never heard anyone quite like him, with his jokes, his relaxed manner, his 
seraphic smile, his slide-rule calculations and his spontaneous flow of ideas. (Only much later 
did I realize that much of that apparent spontaneity was carefully studied.) He had great 
histrionic skills. 

Vain? Conceited? Pauling was certainly aware of his own intellectual superiority, but he 
could be patient in dealing with the slowness of the slow-witted. On the whole, he was fairly 
tolerant of young, insecure seminar speakers, although, as I remember, he could also be 
intimidating at times. I am referring here to Pauling in middle age, I am told he became more 
intolerant in his later years. Political harassment during and after the McCarthy era must have 
taken its toll. Ambitious? Self-centred? Undoubtedly. Without these traits he would not have 
been able to accomplish as much as he did. But he often had a merry twinkle in his eyes and 
could be very charming, both as a public personality and in private. 

In personal matters he kept most people at a distance. I believe he was basically rather shy. 
When he talked about science or politics or anything that caught his interest, there was no 
stopping him, he read widely and was extremely knowledgeable in many areas, a result of 
having pored over the Encyclopaedia brittanica in his youth? In conversation, one sometimes 
sensed a faraway look in his eyes; one felt that he was already thinking about something else. 
Probably he was, and, indeed, he was a formidable thinker, both at the problem-solving level 
and about fundamentals. With his prodigious memory he could call up facts and derivations, 
what so-and-so had written in 1928, the unit cell dimensions of an obscure mineral, the 
standard heat of formation of ethane; and he had a remarkable capacity to visualize complex 
three-dimensional structures. I once asked him why he had never discussed the application of 
group theory to problems of chemical bonding. 'Jack,' he replied, 'if you need group theory 
to solve that sort of problem then you're in the wrong line of business.' 

In addition to his Nobel Prizes, Pauling was awarded dozens of honours and distinctions, 
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including Honorary Doctorates from Oregon State College, Brooklyn Polytechnic Institute, 
Reed College, and the Universities of Chicago, Princeton, Yale, Cambridge, London, Oxford, 
Paris, Toulouse, Montpellier, Lyon, Liege, Humboldt (Berlin), Melbourne, York (Toronto), 
New Brunswick and Warsaw. His election to membership of the U.S. National Academy of 
Sciences, the Royal Society of London, the Academie Francaise des Sciences and the 
Akademie Nauk S.S.R. may be specially mentioned. 

His name will be remembered as long as there is a science of chemistry. 
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APPENDIX II 

CITATION INDEX FOR SELECTED PAPERS 

This index lists in an abbreviated citation format all papers, articles, and book 
chapters reproduced in this two-volume anthology. The index is for the following 
purpose. When the reader encounters a citation to a paper of Linus Pauling, he/she 
may want to know whether the cited paper is contained in these volumes. That can 
be determined by looking for the citation in this index. If the citation is found, the 
cited paper is present and can be located in the volume by means of its selected-
paper number (SP no.), which is given in curly brackets after the citation. The 
abbreviated citation format is non-standard. Journal citations are arranged in order 
by journal title, volume, and initial page number with year also given; authorship 
and title are not given, because the citation is unique without them. Book chapter 
citations, given in a separate list, are arranged in order by book title, editorship, and 
page run, with year also given; chapter authorship, chapter title, and publisher are 
not given. In the case of books authored or co- authored by Pauling, the authorship 
is given instead of editorship. 

Following the SP number for each citation is given, in square brackets, the 
publication number in the complete list of Linus Pauling's publications prepared by 
Z.S. Herman and D.B. Munro (see General Introduction and Appendix III). These 
publication numbers have the format [y-n], where y is the year of publication (with 
the leading "19" omitted) and n is the number of the paper in that year, counted 
sequentially by date of publication. 

Book Citations 

Cancer and Vitamin C (Updated and Expanded Edition), by Linus Pauling, Chapter 23, 
pp. 189-195 (1993): {SP 144} [93-2] 

Chemical Bonding Models, eds. J.F. Liebman and A. Greenberg, pp. 1-15 (1986): {SP 27} 
[86-17] 

Horizons in Biochemistry, eds. M. Kasha and B. Pullman, pp. 189-225 (1962): {SP 119} 
[62-23] 
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Hydrogen Bonding, eds. D. Hadzi and H. W. Thompson, pp. 1-6 (1959): {SP 38} [59-2] 

Introduction to Quantum Mechanics, with Application to Chemistry, by Linus Pauling and E. 
Bright Wilson, Jr., Section 42, pp. 326-331 (1935): {SP 15} [35-17] 

Les Prix Nobel en 1954, ed. M.G. Liljestrand, pp. 91-99 (1955): {SP 1} [55-14] 

Molecular Architecture and the Processes of Life, by Linus Pauling, (1948): {SP 115} [48-15] 

Orthomolecular Psychiatry: Treatment of Schizophrenia, eds. David Hawkins and Linus 
Pauling, pp. 1-17 (1973): {SP 138} [73-4] 

Orthomolecular Psychiatry: Treatment of Schizophrenia, eds. David Hawkins and Linus 
Pauling, pp. 18-34 (1973): {SP 130} [73-5] 

The Harvey Lectures 1953-1954, by Linus Pauling, Series 49, pp. 216-241 (1955): {SP 124} 
[55-4] 

The Nature of the Chemical Bond and the Structure of Molecules and Crystals, by Linus 
Pauling, 1st edn., Chapter 12, pp. 403-411 , (1939): {SP 22} [39-8] 

The Nature of the Chemical Bond and the Structure of Molecules and Crystals, by Linus 
Pauling, 3rd edn., Section 12-1, pp. 449-454 (1960): {SP 35} [60-26] 

Journal Citations 

Acta Chem. Scand. 17 (Suppl.l), S9 -S16 (1963): {SP 120} [63-2] 

Acta Cryst. 5, 39-44 (1952): {SP 53} [52-2] 
5, 637-644 (1952): {SP 54} [52-9] 
8, 710-715 (1955): {SP 110} [55-9] 
10, 254-259 (1957): {SP 55} [57-3] 
B 24, 5 -7 (1968): {SP 32} [68-1] 

Am. J. Clin. Nutr. 24, 1294-1299 (1971): {SP 137} [71-2] 

Arch. Biochem. Biophys. 56, 164-181 (1956): {SP 117} [56-10] 

Cancer Research 39, 663-681 (1979): {SP 141} [79-1] 

Chemical Intelligencer 2(1), 3 2 - 3 8 (1996): {SP 111} [96-1] 

Chem. Rev. 5, 173-213 (1928): {SP 3} [28-5] 



Endeavour 7 (26), 4 3 - 5 3 (1948): {SP 93} [48-7] 

J. Am. Chem. Soc. 45, 1466-1471 (1923): {SP 48} [23-1] 
45, 2777-2780 (1923): {SP 49} [23-2] 
47, 781-790 (1925): {SP 39} [25-1] 
47, 1026-1030 (1925): {SP 40} [25-2] 
47, 2148-2156 (1925): {SP 71} [25-5] 
49, 765-790 (1927): {SP 23} [27-4] 
51, 1010-1026 (1929): {SP 24} [29-1] 
53, 1367-1400 (1931): {SP 5} [31-3] 
53, 3225-3237 (1931): {SP 6} [31-4 ] 
54, 988-1003 (1932): {SP 25} [32-2] 
54, 3570-3582 (1932): {SP 26} [32-11] 
57, 2086-2095 (1935): {SP 13} [35-7] 
57, 2680-2684 (1935): {SP 73} [35-9] 
57, 2684-2692 (1935): {SP 58} [35-10] 
57, 2705-2709 (1935): {SP 14} [35-13] 
59, 13-20 (1937): {SP 59} [37-3] 
59, 633-642 (1937): {SP 84} [37-4] 
59, 1223-1236 (1937): {SP 60} [37-6] 
59, 1450-1456 (1937): {SP 16} [37-7] 
61, 1769-1780 (1939): {SP 61} [39-3] 
61, 1860-1867 (1939): {SP 96} [39-4] 
62, 2643-2657 (1940): {SP 88} [40-2] 
64, 2994-3003 (1942): {SP 89} [42-8] 
64, 3003-3009 (1942): {SP 90} [42-9] 
66, 330-336 (1944): {SP 92} [44-1] 
68, 795-798 (1946): {SP 62} [46-6] 
69, 542-553 (1947): {SP 29} [47-2] 
71, 143-148 (1949): {SP 94} [49-1] 
74, 3964 (1952): {SP 105} [52-18] 

J. Chem. Ed. 47, 15-17 (1970): {SP 20} [70-3] 

J. Chem. Phys. 1, 280-283 (1933): {SP 7} [33-10] 
1, 362-374 (1933) 
1, 606-617 (1933) 
1, 679-686 (1933) 
4, 393-394 (1936) 
4, 673-677 (1936) 

{SP 8} [33-11] 
{SP 9} [33-13] 
{SP 10} [33-14] 
{SP 74} [36-2] 
{SP 67} [36-8] 

J. Chem. Soc. 1948, 1461-1467 (1948): {SP 18} [48-17] 

Journal of NIH Research 2(6), 59-64 (1990): {SP 113} [46-9] 



J. Orthomolecular Med. 7(1), 17-23 (1992): {SP 143} [92-9] 

J. Phys. Chem. 56, 361-365 (1952): {SP 19} [52-5] 

J. Solid State Chem. 54, 297-307 (1984): {SP 33} [84-12] 

J. Theoret. Biol. 8, 357-366 (1965): {SP 121} [65-4] 

Mineral. Soc. Amer. Spec. Pap. 3, 125-131 (1970): {SP 57} [70-8] 

Nature 161, 707-709 (1948): {SP 114} [48-12] 

171, 5 9 - 6 1 (1953): {SP 108} [53-5] 
203, 182-183 (1964): {SP 86} [64-18] 
317, 512-514 (1985): {SP 80} [85-6] 

Oncology 27, 181-192 (1973): {SP 139} [73-10] 

Phys. Rev. 36, 430-443 (1930): {SP 72} [30-7] 
37, 1185-1186 (1931): {SP 4} [31-2] 
47, 686-692 (1935): {SP 66} [35-6] 
54, 899-904 (1938): {SP 28} [38-12] 

Phys. Rev. Lett. 15, 868-870 (1965): {SP 76} [65-16] 
58, 365-368 (1987): {SP 81} [87-1] 
59, 225-227 (1987): {SP 79} [87-16] 

Physiol. Rev. 23, 203-219 (1943): {SP 91} [43-2] 

Proc. Am. Phil. Soc. 96, 556-565 (1952): {SP 123} [52-19] 

Proc. Natl. Acad. Sci. USA 12, 32 -35 (1926): {SP 63} [26-3] 

14, 359-362 (1928): {SP 2} [28-1] 
14, 603-606 (1928): {SP 43} [28-7] 
16, 123-129 (1930): {SP 44} [30-3] 
20, 340-345 (1934): {SP 52} [34-6] 
21, 186-191 (1935): {SP 82} [35-5] 
22, 210-216 (1936): {SP 83} [36-4] 
22, 439-447 (1936): {SP 95} [36-7] 
23, 615-620 (1937): {SP 17} [37-8] 
25, 577-582 (1939): {SP 68} [39-7] 
37, 205-210 (1951): {SP 97} [51-9] 
37, 235-240 (1951): {SP 98} [51-10] 
37, 241-250 (1951): {SP 99} [51-11] 
37, 251-256 (1951): {SP 100} [51-12] 
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Proc. Natl. Acad. Sci. USA 37, 256-261 (1951): (SP 101} [51-13] 
37, 261-271 (1951): {SP 102} [51-14] 
37, 272-281 (1951): {SP 103} [51-15] 
37, 282-285 (1951): {SP 104} [51-16] 
38, 112-118 (1952): {SP 37} [52-6] 
39, 84-97 (1953): {SP 116} [53-9] 
39, 253-256 (1953): {SP 109} [53-11] 
39, 551-560 (1953): {SP 69} [53-12] 
44, 211-216 (1958): {SP 70} [58-3] 
45, 54 -69 (1959): {SP 128} [59-12] 
46, 1349-1360 (1960): {SP 118} [60-5] 
54, 989-994 (1965): {SP 75} [65-15] 
60, 59-65 (1968): {SP 78} [68-2] 
60, 362-367 (1968): {SP 56} [68-7] 
67, 1643-1648 (1970): {SP 136} [70-14) 
73, 3685-3689 (1976): {SP 140} [76-17] 
75, 12-15 (1978): {SP 21} [78-4] 
82, 8284-8285 (1985): {SP 34} [85-13] 
86, 3466-3468 (1989): {SP 132} [89-12] 
86, 6835-6837 (1989): {SP 133} [89-13] 
87, 7245-7249 (1990): {SP 142} [90-8] 

Proc. Roy. Soc. Lond. A 114,181-211 (1927): {SP 64} [27-5] 
A 196, 343-362 (1949): {SP 31} [49-7] 
B 141, 10-20 (1953): {SP 106} [53-1] 
B 141, 21-33 (1953): (SP 107} [53-2] 

Proc. Rudolf Virchow Med. Soc, NY 21, 131-140 (1963): {SP 126} [63-10] 

Rev. Mod. Phys. 20, 112-122 (1948): {SP 30} [48-6] 

Science 92, 77-79 (1940): {SP 112} [40-3] 

110, 543-548 (1949): {SP 122} [49-16] 
114, 629-634 (1951): {SP 85} [51-18] 
128, 1183-1186 (1958): {SP 127} [58-21] 
134, 15 -21 (1961): {SP 129} [61-9] 
150, 297-305 (1965): {SP 77} [65-19] 
160, 265-271 (1968): {SP 134} [68-4] 

Svensk Kemisk Tidskrift 69, 509-523 (1957): {SP 125} [57-5] 

Texas Reports on Biology and Medicine 40, 1-7 (1980-1981): {SP 87} [80-16] 

Trans. Faraday Soc. 31, 939-945 (1935): {SP 12} [35-1] 
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Trends in Biochemical Sciences 4, 270-271 (1979): {SP 131} [79-13] 

Vitalstoffe-Zivilisationskrankheiten 1/68, 3 - 5 (1968): {SP 135} [68-14] 

Z. Kristall. 63, 502-506 (1926): {SP 41} [26-6] 

68, 239-256 (1928): {SP 42} [28-6] 
74, 213-225 (1930): {SP 45} [30-5] 
75, 128-142 (1930): {SP 46} [30-9] 
81, 1-29 (1932): {SP 65} [32-5] 
84, 204-212 (1933): {SP 50} [33-1] 
84, 442-452 (1933): {SP 47} [33-3] 
85, 380-391 (1933): {SP 36} [33-9] 
87, 205-238 (1934): {SP 11} [34-2] 
88, 54-62 (1934): {SP 51} [34-4] 
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APPENDIX II I 

LIST OF SCIENTIFIC PUBLICATIONS OF LINUS PAULING 

The following list is derived from the complete list of Linus Pauling's publications 
by Zelek S. Herman and Dorothy B. Munro (1996) with additions by Special 
Collections, Oregon S ta t e Univers i ty . The Herman-Munro-SCOSU list was 
downloaded from the SCOSU web site. As noted earlier, in this list each publication 
is assigned a number of the format [y-n], where y is the year of the publication (with 
leading "19" suppressed) and n is the number of the publication in that year, counted 
sequentially by date of publication. To produce the list presented here, the original 
list has been winnowed as follows. (1) Only publications judged to be scientific in 
nature (as distinct from publications on social, humanitar ian, and political subjects) 
are retained. (2) Duplications, either by reprinting or by translation into foreign 
languages, are omitted. (3) Generally only first editions of books are retained, later 
editions being treated as duplications, except tha t both the first and third editions 
of The Nature of the Chemical Bond are listed ( [39-8] and [60-26]), and the "Updated 
and Expanded Edition" of Cancer and Vitamin C [93-2] is retained as well as the 
original edition [79-15]. (4) Newspaper and magazine articles and letters to editors 
are omitted, except for those in scientific magazines such as Chemical & Engineering 
News, Scientific American, and Physics Today. (5) Book editorships, forewords, and 
prefaces are omitted. These steps reduced the list from 1216 original entries to 828 
entries in the list below. If winnowings (2) and (3) were not applied, the count would 
rise to about 850, probably somewhat more. The above winnowing and the grouping 
described below were done by the Chief Editor, with data processing by Anthony 
Pauling Kamb. 

Instead of the purely chronological sequence of entries (by Herman-Munro 
publication number) in the original list, the entries are here gathered into 20 Groups, 
based on subject matter as in the division of the selected papers into Chapters 1— 
17 in the main text (Parts I—IV). The entries are then placed in chronological order 
within each Group in accordance with the Herman-Munro publication numbers. 
Groups 1—17 are the same scientific subject-matter categories, one for one, as Chapters 
1—17 in the main text. Groups 18 and 19 contain publications of two special types 
tha t are not represented in the main text: Group 18 contains biographical memoirs, 
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memorials, and tributes, and Group 19 contains book reviews. Group 20 is the broad 
category "other"—chemistry in general and in relation to medicine and other scientific 
subjects, historical retrospectives and reminiscences, chemistry education, and 
subjects that could not be placed well in any of the 17 main subject-matter Groups. 

Where appropriate and feasible, some of the 17 groups are divided into subgroups: 
thus Group 5 is divided into Groups 5a and 5b, Group 6 into Groups 6a, 6b, and 6c, 
and so on, as shown in the Table of Contents below. The table also gives the number 
of entries in each Group, enclosed in angle brackets, thus: <no.>. As in the division 
of the selected papers into Chapters 1—17 by subject mat ter (see the General 
Introduction), some of the boundaries between Groups are somewhat fuzzy and the 
assignment of a given paper to one Group or another is sometimes correspondingly 
ambiguous or uncertain. Two examples are (1) papers on complex ions, metal 
complexes, and cluster compounds (e.g. papers [48-10], [50-6], [56-3], [76-24], [77-
13], and [92-18]) which may, depending on the emphasis in each paper, belong in 
Group 1, 2, 3, 5a, 5b, or 6c; and (2) papers on acid strengths (e.g. [52-5], [53-13], [56-
2], [76-23]), which may belong in Group 1, 2, 4, or 8. Group 1 is particularly large 
and diverse, and would be desirably divided into subgroups, but its subject mat ter 
is so intertwined that a good scheme of subdivision was not found. The papers of 
Group 5b, containing an emphasis on x-ray diffraction methodology, generally contain 
also important crystal-structure data and results, and are therefore not sharply 
distinct from Group 5a (Ionic Crystal Structures). Thus [28-6] and [33-3] are placed 
in Group 5a even though they have important methodological components, and [30-
9] is placed in Group 5b even though it t reats an interesting crystal structure. 
Likewise, electron diffraction methodology is not in general treated separately from 
molecular-structure results in the papers, so that a subdivision into Groups 7a and 
7b is not made. The placement of methodologically-oriented papers in Group 5b, 
seemingly close to Group 5a and far from Groups 6a, 6b, and 6c, is not significant 
and merely reflects the fact that the outstanding papers with a focus on x-ray 
methodology happen to be papers on ionic crystals (SP 42, SP 46, SP 47). 

The format of the literature citations in Appendix III is slightly different from 
tha t in Par ts I—IV as in the following example: the journal citation "Science 110, 
543-548 (1949)" in the main text (Parts I-IV) will appear in Appendix III as "Science 
110 (1949): 543-548." Also, the byline (for multi-author papers), which in Par ts I -
IV would precede the journal citation, would in Appendix III follow the citation. 
These differences in format have no significance. 

It is hoped tha t the present list of Pauling's scientific publications will be useful 
to the reader by allowing the selected papers to be examined in the larger context 
of the full extent of Pauling's published scientific contributions, grouped by subject 
mat ter in a meaningful way. Each selected paper is marked by a leading asterisk, 
and its SP number is given in curly brackets {SP no.} at the end of the entry. 
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LIST OF SCIENTIFIC PUBLICATIONS OF LINUS PAULING 

ARRANGED IN SUBJECT-MATTER GROUPS 

CONTENTS 

Group 1 Covalent Bonding, Resonance, and Bond-Orbital Hybridization <89> 1514 
Group 2 Ionic Bonding, Part ial Ionic Character, and Electronegativity <23> 1519 
Group 3 Metallic Bonding <34> 1520 
Group 4 Hydrogen Bonding <5> 1523 
Group 5a Ionic Crystal Structures <43> 1523 
Group 5b X-Ray Diffraction <10> 1526 
Group 6a Covalent Crystal Structures <14> 1526 
Group 6b Metallic and Intermetallic Crystal Structures <14> 1527 
Group 6c Molecular Crystal Structures <6> 1528 
Group 7 Molecules in the Gas Phase and Electron Diffraction <21> 1529 
Group 8 Molecular Properties Analyzed by Quantum Mechanics <33> 1531 
Group 9 Entropy and Molecular Rotation in Crystals and Liquids <4> 1533 
Group 10a Nuclear Structure <36> 1533 
Group 10b Superconductivity <6> 1536 
Group 10c Quasicrystals <19> 1536 
Group 11 Hemoglobin: Oxygen Bonding and Magnetic Properties <21> 1538 
Group 12 Antibodies: Structure and Function <31> 1540 
Group 13 The Alpha Helix and the Structure of Proteins <40> 1542 
Group 14a Molecular Biology: The Role of Large Molecules in Life <25> 1545 
Group 14b Molecular Evolution <8> 1547 
Group 15 Molecular Disease<15> 1547 
Group 16a Physiological Chemistry <14> 1548 
Group 16b Health Hazards of Radiation <11> 1550 
Group 16c Biostatistical Analysis of Test Results <8> 1551 
Group 17a Orthomolecular Medicine — General Concepts <62> 1552 
Group 17b Role of Vitamin C in Orthomolecular Medicine <43> 1555 
Group 17c Vitamin C and the Common Cold <19> 1557 
Group 17d Vitamin C and Cancer <32> 1558 
Group 17e Vitamin C and Cardiovascular Disease <17> 1561 
Group 18 Biographical Memoirs, Memorials, Tributes <28> 1562 
Group 19 Book Reviews <32> 1564 
Group 20 General, Retrospective, Prospective, and Miscellaneous <65> 1566 

The numbers in angle brackets <no.> are the number of papers in each Group. TOTAL = <828> 
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GROUP 1 

COVALENT BONDING, RESONANCE, 

AND BOND-ORBITAL HYBRIDIZATION 

[26-4] The dynamic model of the chemical bond and its application to the structure 
of benzene. J. Am. Chem. Soc. 48 (1926): 1132-1143. 

* [28-1] The shared-electron chemical bond. Proc. Natl. Acad. Sci. 14 (1928): 3 5 9 -
362. {SP 2} 

* [28-5] The application of the quantum mechanics to the structure of the hydrogen 
molecule and hydrogen molecule-ion and to related problems. Chem. Rev. 
5 (1928): 173-213. {SP 3} 

* [31-2] Quantum mechanics and the chemical bond. Phys. Rev. 37 (1931): 1185— 
1186. {SP 4} 

* [31-3] The nature of the chemical bond. Application of results obtained from the 
quantum mechanics and from a theory of paramagnetic susceptibility to the 
structure of molecules. J. Am. Chem. Soc. 53 (1931): 1367-1400. {SP 5} 

* [31-4] The nature of the chemical bond. II. The one-electron bond and the three-
electron bond. J. Am. Chem. Soc. 53 (1931): 3225-3237. {SP 6} 

[32-8] Interatomic distances in covalent molecules and resonance between two or 
more Lewis electronic structures. Proc. Natl. Acad. Sci. 18 (1932): 293-297. 

[32-9] The additivity of the energies of normal covalent bonds. Proc. Natl. Acad. 
Sci. 18 (1932): 414-416. (Linus Pauling and Don M. Yost). 

[32-12] The resonance of molecules among several electronic structures. The 
Nucleus (Northeastern Section, Am. Chem. Soc.) 9 (May 1932): 183-184. 

[33-4] The normal state of the helium molecule-ions He2+ and He2
++. J. Chem. 

Phys. 1 (1933): 56-59 . 
* [33-10] The calculation of matrix elements for Lewis electronic structures of 

molecules. J. Chem. Phys. 1 (1933): 280-283. {SP 7} 
* [33-11] The nature of the chemical bond. V. The quantum-mechanical calculation 

of the resonance energy of benzene and naphthalene and the hydrocarbon 
free radicals. J. Chem. Phys. 1 (1933): 362-374. (Linus Pauling and G. W. 
Wheland). {SP 8} 

[33-12] Errata in [33-11]. J. Chem. Phys. 2 (1934): 482. 
* [33-13] The nature of the chemical bond. VI. The calculation from thermochemical 

data of the energy of resonance of molecules among several electronic 
structures. J. Chem. Phys. 1 (1933): 606-617. (Linus Pauling and J. 
Sherman). {SP 9} 
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* [33-14] The nature of the chemical bond. VII. The calculation of resonance energy 
in conjugated systems. J. Chem. Phys. 1 (1933): 679-686. (Linus Pauling 
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