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Preface to the Second Edition

In the time since the first edition of the book, biochemistry has undergone
great developments in some areas, particularly in molecular biology, signal
transduction, and protein structure. Developments in these areas have tended to
overshadow other, often more traditional, areas of biochemistry such as enzyme
kinetics. This second edition has been prepared to take these changes in direction
into account: to emphasize those areas that are rapidly developing and to bring
them up to date. The preparatlon of the second edition also gave us the opportumty

to dUJUbI lﬂe UdldnLC UI lllC UOUK dnU to ensure llldl LllC UCPI.II Ul treatmen iﬁ
all chapters is comparable and appropriate for our audiences.

The major developments in biochemistry over the last 10 years have been in
the field of molecular biology, and the second edition reflects these changes with
significant expansion of these areas. We are very grateful to Dr. Emma Whitelaw
for her substantial efforts in revising Chapter 17. In addition, increased under-
standing of the dynamics of DNA structures, developments in recombinant DNA
technology, and the polymerase chain reaction have been incorporated into the
new edition, thanks to the efforts of Drs. Anthony Weiss and Doug Chappell. The
section on proteins also has been heavily revised, by Drs. Glenn King, Mitchell
Guss, and Michael Morris, reflecting significant growth in this area, with greater
emphasis on protein folding. A number of diagrams have been redrawn to reflect

our developing understanding, and we are grateful to Mr. Mark Smith and to Drs.
Eve anhadnc and Michael Mgorris for their art work

avassuy LIS LVALINVRIRGN D IVA R A0 AV wISNVEE G YYSIA N

The sections on lipid metabolism, membrane function, and signal transduction
have been enlarged and enhanced, reflecting modern developments in these
areas, through the efforts of Drs. Samir Samman and Arthur Conigrave. In the
chapter on nitrogen metabolism, the section on nucleotides has been en-
larged, and the coverage given to the metabolism of specific amino acids
has been correspondingly reduced. For this we are grateful to Dr. Richard
Christopherson.

In order to avoid excessive expansion of the text, the material on enzymology
and enzyme kinetics has been refocused and consolidated, reflecting changes that
have taken place in the teaching of these areas in most institutions. We are grateful
to Dr. Ivan Darvey for his critical comments and helpful suggestions in this
endeavor.

The style of presentation in the current edition continues that of the first
edition, with liberal use of didactic questions that attempt to develop concepts from
prior knowledge, and to promote probing of the gaps in that knowledge. Thus,
the book has been prepared through the efforts of many participants who have
contributed in their areas of specialization; we have been joined in this endeavor
by several new contributors whose sections are listed above.

PaiLie W. KUCHEL
GREGORY B. RALSTON
Coordinating Authors

iii



This page intentionally left blank



Preface to the First Edition

This book is the result of a cooperative writing effort of approximately half
of the academic staff of the largest university department of biochemistry in

MUBU dlld WC lCdLll uUvcCl 1 lNU blUUClIlB lll LIIC l dLUlllC) Ul lVlCdlLlllC UCllllblly
Science, Pharmacy, Veterinary Science, and Engineering. So, for whom is this

book intended and what is its purpose?

This book, as the title suggests, is an Qutline of Biochemistry—principally
mammalian hinr‘hpmlctrv and not the full nannnlv of the subiect In other words,

it is not an encyclopedia but, we hope, a gurde to understandmg for undergraduates
up to the end of their B.Sc. or its equivalent.

Biochemistry has become the language of much of biology and medicine; its
principles and experimental methods underpin all the basic biological sciences in
fields as diverse as those mentioned in the faculty list above. Indeed. the
boundaries betwecen biochemistry and much of medicine have become decidedly
blurred. Therefore, in this book, either implicitly through the solved problems and
examples, or explicitly, we have attempted to expound principles of biochemistry.
In one sense, this book is our definition of biochemistry; in a few words. we
consider it to be the description, using chemical concepts, of the processes that
take place in and by living organisms.

Of course, the chemical processes in cells occur not only in free solution but

are accociated with macromalecnlar ctriicturae o inpvitahly  hinchemictry mnct
Gl UGOIVWIGLLN FYILIL SIIUWL] VIilIVILVWWIWGUE Ol Uwl Wl wd, WPV Ill\y'll.uLIIJ, Ulv\ill\illllﬂllj SLEMAOL

deal with the structure of tissues, cells, organelles. and of the individual molecules
themselves. Consequently, this book begins with an overview of the main
procedures for studying cells and their organclle constituents, with what the
constituents are and, in general terms, what their biochemical functions are. The
subsequent six chapters are far more chemical in perspective, dealing with the
major classes of biochemical compounds. Then there are three chapters that
consider enzymes and general principies of metabolic reguiation; these are
followed by the metabolic pathways that are the real soul of biochemistry.

It is worth making a few comments on the style of presenting the material in
this book. First, we use so-called didactic questions that are indicated by the word
Question; these introduce a new topic, the answers for which are not available
from the preceding text. We feel that this approach embodies and emphasizes the
inquiry in any research, including biochemistry: the answer to one question often
immediately provokes another question. Secondly, as in other Schaum’s Outlines,
the basic material in the form of general facts is emphasized by what is, essentially,
optional material in the form of examples. Some of these examples are written
as questions; others are simple expositions on a particular subject that is a specific
example of the general point just presented. Thirdly, the solved problems relate,
according to their section headings, to the material in the main text. In virtually

ante chanld ha alhla ta calua thaca rahla laagt taa o raacanahls

11 - o
an €ascs, students snouid oe avi€ to s0i1ve tinese prooicms, at icast to a reasonanic

depth, by using the material in this outline. Finally, the supplementary problems
are usually quustions that have a minor twist on those already considered in either

v



vi PREFACE TO THE FIRST EDITION

of the previous three cataegories; answers to these questions are provided at the

end of the book,

While this book was written by academic staff, its production has also
depended on the efforts of many other people, whom we thank sincerely. For
typing and word processing, we thank Anna Dracopoulos, Bev Longhurst-Brown,
Debbie Manning, Hilary McDermott, Elisabeth Sutherland, Gail Turner, and
Mary Walsh and for editorial assistance, Merilyn Kuchel. For critical evaluation
of the manuscript, we thank Dr. Ivan Darvey and many students, but especially
Tiina lismaa, Glenn King, Kiaran Kirk, Michael Morris, Julia Raftos, and David
Thorburn. Dr. Arnold Hunt helped in the early stages of preparing the text. We
mourn the sad loss of Dr. Reg O’Brien, who died when this project was in its
infancy. We hope, given his high standards in preparing the written and spoken
word, that he would have approved of the final form of the book. Finally, we thank
Elizabeth Zayatz and Marthe Grice of McGraw-Hill; Elizabeth for raising the idea
of the book in the first place, and both of them for their enormous efforts to satisfy
our publication requirements.

PHiLie W. KuCHEL
GREGORY B. RALSTON
Coordinating Authors
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1.1 INTRODUCTION

Question: What are the basic units of life?

All animals, plants. and microorganisms are compose sma :
in volume from a few attoliters among bacteria to milliliters for the giant nerve cells of squid; typical
cells in mammals have diameters of 10 to 100 um and are thus often smaller than the smallest visible
particle. They are generally flexible structures with a delimiting membrane that is in a dynamic,
undulating state. Different animal and plant tissues contain different types of cells, which are
distinguished not only by their different structure but by their different metabolic activities.

A Af cmall yainst
4 Ol 11 L

EXAMPLE 1.1

Antonie van Leeuwenhoek (1632-1723), draper of Delft in Holland, ground his own lenses and made simple
microscopes that gave magnifications of ~X2(00. On October 9, 1676, he sent a 17%-page letter to the Royal
Society of London. in which he described animalcules in various water sampies. These smaii organisms inciuded
what are today known as protozoans and bacteria; thus Leeuwenhoek is credited with the first observation of
bacteria. Later work of his included the identification of spermatozoa and red blood cells from many

species.

The development of a stem cell into cells with specialized function is called the process of
differentiation. This takes place most dramatically in the development of a fetus, from the single cell
formed by the fusion of one spermatozoon and one ovum to a vast array of different tissues.

Cells appear to be able to recognize cells of like kind, and thus to unite into coherent organs,
principally because of specialized glycoproteins (Chap. 2) on the cell membranes.

1.2 METHODS OF STUDYING THE STRUCTURE AND FUNCTION OF CELLS

Light Micrescopy

Many cells and, indeed, parts of cells (organelles) react strongly with colored dyes such that they
can be easily distinguished in thinly cut sections of tissue by using light microscopy. Hundreds of
different dyes with varying degrees of selectivity for tissue components are used for this type of work,
which constitutes the basis of the scientific discipline histology.

EXAMPLE 1.2

In the clinical biochemical assessment of patients, it is common practice to inspect a blood sample under
the light microscope. with a view to determining the number and type of inflammatory white cells present. A
thin film of blood is smeared on a glass slide, which is then placed in methanol to fix the cells; this process rigidifies
the cells and preserves their shape. The cells are then dyed by the addition of a few drops each of two dye
mixtures; the most commonly used ones are the Romanowsky dyes, named after their nineteenth-century
discoverer. The commonly used hematological dyeing procedure is that developed by J.W. Field: A mixture of
azure | and merthylene blue is first applied to the cells, followed by eosin; all dyes are dissolved in a simple
phosphate buffer. The trcatment stains nuclei blue, cell cytoplasm pink, and some subcellular organelles either
pink or blue. On the basis of different staining patterns, at least five different types of white cells can be identified.
Furthermore. intracellular organisms such as the malarial parasite Plasmodium stain blue.

1



2 CELL ULTRASTRUCTURE [CHAP. 1

The exact chemical mechanisms of differential staining of tissues are poorly understood. This

aspect of histology is therefore still empirical. However, certain features of the chemical structure

of dyes allow some interpretation of how they achieve their selectivity. They tend to be multi-ring,
heterocyclic, aromatic compounds, with the high degree of bond conjugation giving the bright colors.
[In many cases they were originally isolated from plants, and they have a net positive or negative
charge.

EXAMPLE 1.3

Methylene blue stains cellular nuclei blue.

s
CH, Methylene blue CH,

Mechanism of staining: The positive charge on the N of methylene blue interacts with the anionic oxygens in
the phosphate esters of DNA and RNA (Chap. 7).
Eosin stains protein-rich regions of cells red.

Eosin
Mechanism of staining: Eosin is a dianion at pH 7, and so it binds electrostatically to protein groups, such as
arginyls, histidyls, and lysyls, that have a positive charge at this pH. Thus, this dye highlights protein-rich areas

of cells.
PAS (periodic acid Schiff) stain is used for the histological staining of carbohydrates; it is also used to stain

glycoproteins (proteins that contain carbohydrates; Chap. 2) in electrophoretic gels (Chap. 4}. The stain mixture
contains periodic acid (HIOy), a powerful oxidant, and the dye basic fuchsin:

*NH,

Basic fuchsin



CHAP. 1] CELL ULTRASTRUCTURE 3

Mechanism of staining: Periodic acid opens the sugar rings at cis-diol bonds (i.e.. the C-2—C-3 bond of glucose)
to form two aldehyde groups and iodate (107). Then the =*NH; group of the dye reacts to form a so-called
Schiff base bond with the aldehyde, thus linking the dye to the carbohydrate. The basic reaction is:

O
\ H,0
@C:N ‘H,+ C—R, 4?. @—N=C—R2
7 H,0 7
H H

The conversion of ring A of basic fuchsin to an aromatic one, with a carbocation (positively charged carbon
atom) at the central carbon, renders the compound pink.

Electron Microscopy

Image magnifications of thin tissue sections up to x200,000 can be achieved using electron
microscopy. The sample is placed in a high vacuum and exposed to a narrow beam of electrons that
are differentially scattered by different parts of the section. Therefore. in staining the sample,
differential electron density replaces the colored dyes used in light microscopy. A commonly used
dye is osmium tetroxide (OsO,), which binds to amino groups of proteins, leaving a black,

electron-dense region.

EXAMPLE 1.4

The wavelength of electromagnetic radiation (light) limits the resolution attainable in microscopy. The
resolution of a device is defined as the smallest gap that can be perceived between two objects when viewed
with the device; resolution is approximately half the wavelength of the electromagnetic radiation used. Electrons
accelerated to high velocities by an electrical potential of ~100,000 V have electromagnetic wave properties as
well, with a wavelength of 0.004 nm; thus a resolution of about 0.002 nm is theoretically attainable with electron
microscopy. This, at least in principle, enables the distinction of certain features even on protein molecules,
since the diameter of many globular proteins, e.g., hemoglobin, is greater than 3 nm; in practice. however, such
resolution is not usually attained.

Histochemistry and Cytochemistry

Histochemistry deals with whole tissues, and cytochemistry with individual cells. The techniques
of these disciplines give a means for locating specific compounds or enzymes in tissues and cells. A
tissue slice is incubated with the substrate of an enzyme of interest, and the product of this reaction
is caused to react with a second, pigmented compound that is also present in the incubation mixture.
If the samples are adequately fixed before incubation and the fixing process does not damage the
enzyme, the procedure will highlight, in a thin section of tissue under the microscope, those cells
which contain the enzyme or, at higher resolution, the subcellular organelles which contain it.

EXAMPLE 1.5

The enzyme acid phosphatase is located in the lysosomes (Sec. 1.3) of many cells, including those of the
liver. The enzyme catalyzes the hydrolytic release of phosphate groups from various phosphate esters inciuding
the following:

T
H-—-(E—OH ?— Hz0 ) (l)
H_(ll:_ O_lﬁ_o_ Acid P?(;Phalasei GlyCCl'Ol + O'—-l'I)=O
”_(f‘_O” o} OH
H

2-Phosphoglycerol - Phosphate
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In the Gomori procedure, tissue samples are incubated for ~30 min at 37°C in a suitable buffer that contains
2-phosphoglycerol. The sample is then washed free of the phosphate ester and placed in a buffer that contains
lead nitrate. The 2-phosphoglycerol freely permeates lysosomal membranes, but the more highly charged
phosphate does not. so that any of the phosphate released inside the lysosomes by phosphatase remains there.
As the Pb"" ions penetrate the lysosomes, they precipitate as iead phosphate. These regions of precipitation
appear as dark spots in either an electron or a light micrograph.

Autoradiography

Autoradiography 1s a technique for locating radioactive compounds within cells; it can be
conducted with light or electron microscopy. Living cells are first exposed to the radioactive precursor
of some intracellular component. The labeled precursor is a compound with one or more hydrogen
("H) atoms replaced by the radioisotope tritium (*H); e.g., [*H]thymidine is a labeled precursor of
DNA, and [3H]ur1dme is a labeled precursor of RNA (Chap. 7). Various tritiated amino acids are
aiso avaiiabie. The Jabeled precursors enter the celis and are lnLOI’pOTdIeU into the dpproprlate
macromolecules. The cells are then fixed, and the samples are embedded in a resin or wax and then
sectioned into thin slices.

The radioactivity is detected by applying (in a darkroom) a photographic silver halide emulsion
to the surface of the section. After the emulsion dries, the preparations are stored in a light-free
box to permit the radioactive decay to expose the overlying emulsion. The length of exposure depends
on the amount of radioactivity in the sample but is typically several days to a few weeks for light
microscopy and up to several months for electron microscopy. The long exposure time in electron
microscopy is necessary because of the very thin sections (<1 um) and thus the minute amounts of
radioactivity present in the tiny samples. The preparations are developed and fixed as in conventional
photography. Thus. the silver grains overlie regions of the cell that contain radioactive molecules;
the grains appear as tiny black dots in light micrographs and as twisted black threads in electron
micrographs. Note that this whole procedure works only if the precursor molecule can traverse the
cell membrane and if the cells are in a phase of their life cycle that involves incorporation of the
compound into macromolecules.

EXAMPLE 1.6

The sequence of events involved in the synthesis and transport of secretory proteins from glands can be
followed using autoradiography. For example, rats were injected with [ *H]leucine, and at intervals thereafter
they were sacrificed and autoradiographs of their prostate glands prepared. In electron micrographs of the sample
obtained 4 min after the injection, silver grains appeared overlying the rough endoplasmic reticulum (RER) of
the ceils, indicating that ["H]Ieucine had been incorporated from the blood into protein by the ribosomes attached
to the RER. By 30 min the grains were overlying the Golgi apparatus and secretory vacuoles, reflecting
intracellular transport of labeled secretory proteins from the RER to those organelles. At later times after the
injection radioactive proteins were released from the cells. as evidenced by the presence of silver grains over
the glandular lumens.

Ultracentrifugation

The biochemical roles of subcellu Ia organelles could not be studied properly until the organelles
had been separated by fractionation of the cells George Palade and his colleagues, in h late

1940s . showed that homogenates of rat Ilver could be separated into several fractions using differential
centrifugation. This procedure relies on the different velocmes of sedimentation of various orgdnelles
of different shape, size, and density through a solution. A typical experiment is outlined in

Example 1.7.
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EXAMPLE 1.7

Liver is suspended in (.25 M sucrose and then disrupted using a rotating, close-fitting Teflon plunger in
a glass barrel (known as a Portter-Elvehjem homogenizer). Care is taken not to destroy the organelles by excessive
homogenization, The sample is then spun in a centrifuge (see Fig. 1-1). The nuclei tend to be the first to sediment
to the bottom of the sample tube at forces as low as 1,000 ¢ for ~15min in a tube 7 cm long.

High-speed centrifugation, such as 10,000 g for 20 min, yields a pellet composed mostly of mitochondria,
but contaminated with lysosomes. Further centrifugation at 100,000 g for 1h yields a pellet of ribosomes and
so-called microsomes that contain endoplasmic reticulum. The soluble protein and other solutes remain in the

supernatant (overlying solution) from this step.

' ™ e
— EI——"
15 min at 20 min at 1h at
1,080 g I(H}()ﬂg 100,000 g
—_—le

Microsomes and

Homogenate in Nuclei and plasma
0.25 M sucrose membrane fragments mitochondria ribosomes

Fig. 1-1 Separation of subcellular organelles by differential centrifugation of
cell homogenates.

Density-gradient centrifugation (also called isopycnic centrifugation) can also be used to separate
the different organelles (Fig. 1-2). The homogenate is layered onto a discontinuous or continuous
concentration gradient of sucrose solution, and centrifugation continues until the subcellular particles

achieve density equilibrium with their surrounding solution.

Ol 1ha
® | 20,000z

Fig. 1-2 Isopycnic centrifugation of
organelles. The shading
indicates increasing solu-
tion density.
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Fig. 1-3 Diagram of a mammalian cell. The organelles are approximately the correct relative sizes.
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Question: Can a procedure similar to isopycnic separation in a centrifugal field be used to separate
different macromolecules?

Yes; in fact one way of preparing and purifying DNA fragments for genetic engineering uses
density gradients of CsCl. Various proteins also have different densities and thus can be separated
on sucrose density gradients; however, the time required to attain equilibrium is much longer, and
higher centrifuge velocities are needed than is the case for organelles.

1.3 SUBCELLULAR ORGANELLES

Question: What does a typical animal cell look like?

There is no such thing as a typical animal cell, since cells vary in overall size, shape, and
distribution of the various subcellular organelles. Fig. 1-3 is, however, a composite diagram that
indicates the relative sizes of the various microbodies.

Plasma Membrane

The plasma membrane (Fig. 1-4) is the outer boundary of the cell; it is a continuous sheet of
lipid molecules (Chap. 6) arranged as a molecular bilayer 4-5 nm thick. In it are embedded various
proteins that function as enzymes (Chap. 8), structural elements, and molecular pumps and sclective
channels that allow entry of certain small molecules into and out of the cell, as well as receptors
for hormones and cell growth factors (Chap. 6).

Extracellular space

Protein channel

Cytoplasm

Fig. 1-4 Plasma membrane.

Endoplasmic Reticulum (ER)

The endoplasmic reticulum (ER) is composed of flattened sacs and tubes of membranous bilayers
that extend throughout the cytoplasm enclosing a large intracellular space. The luminal space (Fig.
1-5) is continuous with the outer membrane of the nuclear envelope (Fig. 1-10). It is involved in the
synthesis of proteins and their transport to the cytoplasmic membrane (via vesicles, small spherical
particles with an outer bilayer membrane). The rough ER (RER) has flattened stacks of membrane
that are studded on the outer (cytoplasmic) face with ribosomes (discussed later in this section) that
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Ribosomes Lumen

(@) Rough endoplasmic reticulum (#) Smooth endoplasmic reticulum
Fig. 1-5

actively synthesize proteins (Chap. 17). The smooth ER (SER) is more tubular in cross section and
lacks ribosomes; it has a major role in lipid metabolism (Chap. 13).

EXAMPLE 1.8

What mass fraction of the lipid membranes of a liver cell is plasma membrane?
Only about 10 percent; the remainder is principally ER and mitochondrial membrane.

Golgi Apparatus

The Golgi apparatus is a system of stacked, membrane-bound, flattened sacs organized in order
of decreasing breadth (see Fig. 1-6). Around this system are small vesicles (50-nm diameter and
larger); these are the secretory vacuoles that contain protein that is refeased from the cell (sce
Example 1.6).

.umen

Fig. 1-6 Golgt apparatus and secretory
vesicles.

The pathway of secretory proteins and glycoproteins (protein with attached carbohydrate) through
exocrine (secretory) gland cells in which secretory vacuoles are present is well established. However,
the exact pathway of exchange of the membranes between the various organelies is less cicar and
could be either one or a combination of both of the schemes shown in Fig. 1-7.

In the membrane flow model of Fig. 1-7, membranes move through the cell from ER — Golgi
apparatus — secretory vacuoles — plasma membrane. In the membrane shuttle proposal, the vesicles
shuttle between ER and Golgi apparatus, while secretory vacuoles shuttle back and forth between

the Golgi apparatus and the plasma membrane.

Question: What controls the directed flow of membranous organelles?
No one really knows; it is one of the great wonders of cell physiology yet to be fully understood.
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Fig. 1-7 Possible membrane-exchange pathways during sccretion of protcin
from a cell.

Lysosomes

Lysosomes are membrane-bound vesicles that contain acid hvdrolases: these are enzymes that
catalyze hydrolytic reactions and function optimally at a pH (~5) found in these organclles.
Lysosomes range in size from 0.2 to 0.5um. They are instrumental in intracellular digestion
(autophagy) and the digestion of material from outside the cell (heterophagy). Heterophagy, which
is involved with the body’s removal of bacteria, begins with the invagination of the plasma membranc,
a process called endocytosis; the whole digestion pathway is shown in Fig. 1-8.

Since lysosomes are involved in digesting a whole range of biological material, exemplified by
the destruction of a whole bacterium with all its different types of macromolecules, it is not surprising
to find that a large number of different hydrolases reside in lysosomes. These enzymes catalyze the
breakdown of nucleic acids, proteins, cell wall carbohydrates, and phospholipid membranes (sce
Table 1.1).

Mitochondria

Mitochondria arc membranous organclles (Fig. 1-9) of great importance in the energy metabolism
of the cell; they are the source of most of the ATP (Chap. 14) and the site of many metabolic reactions.
Specifically, they contain the enzymes of the citric acid cycle (Chap. 12) and the electron-transport
chain (Chap. 14). which includes the main oxygen-utilizing reaction of the cell. A mammalian liver
ccll contains about 1.000 of these organelles; about 20 percent of the cytoplasmic volume is
mitochondrial.
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Fig. 1-8 Heterophagy in a mammalian cell. typically a macrophage.
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Table 1.1, Mammalian Lysosomal Enzymes and Their Substrates

Enzyme Natural Substrate Tissue Location

Proieases

Cathepsin Most proteins Most tissues

Collagenase Collagen (Chap. 4) Bone

Peptidases Peptides (Chap. 3) Most tissucs
Lipases

A range of esterases Esters of fatty acids (Chap. 13) Mgost tissues

Phospholipases Phospholipids (Chap. 6} Most tissues
Phosphatases

Acid phosphatase Phosphomonoesters Most tissues

(c.g.. 2-phosphoglycerol)

Acid phosphodicsterase | Oligonucleotides (Chap. 7) Most tissues
Nucleases

Acid ribonuclease RNA (Chap. 7) Most tissues

Acid deoxyribonuclease | DNA (Chap. 7) Most tissues

Polysaccharidases and
mucopolysaccharidases

B-Galactosidase Galactosides of membranes Liver. brain
(Chap. 6)

a-Glucosidase Glygogen (Chap. 11) Macrophages. liver

B-Glucosidase Glycosphingolipids (Chap. 6) Brain, liver

B-Glucuronidasc Polysaccharides Macrophages

Lysozyme Bacterial cell wall and Kidney

mucopolysaccharides (Chap. 8)
Hyaluronidase Hyaluronic acid and Liver
chrondroitin sulfate (Chap. 2)
Aryisulfatase Organic sulfates Liver, brain

Outer membrane

Quter compartment

Inner membrane

Mitochondrial DNA

Matrix

W Mitochondrial ribosomes
Inner membrance (F;) particles

Fig. 1-9 Mitochondrion.
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EXAMPLE 1.9

Mitochondria were first observed by R. Altmann in 1890. He named them bioblasts, because he speculated
that they and chloroplasts (the green chlorophyll-containing organelles of plants) might be intracellular symbionts
that arose from bacteria and aleae, recne(tlvel\/ This idea Iw in dm_renmf- until the recent disc covery of

e Udele alle dlipae, Capet aed reec!t Ly

mitochondrial nucleic acids.

In histology. mitochondria can be stained supravitally; i.e., the metabolic activity of the functional
(vital = living) organelle or cell allows selective staining. The reduced form of the dye Janus green B is colorless,
but it is oxidized by mitochondria to give a light-green pigment that is easily seen in light microscopy.

Mitochondria are about the size of bacteria. They have a diameter of 0.2 to 0.5 um and are 0.5
to 7 um long. They are bounded by two lipid bilayers, the inner one being highly folded. These folds
are called cristae. The innermost space of the mitochondrion is called the matrix. They have their
own DNA in the form of at least one copy of a circular double helix (Chap. 7), about 5 um in overall
diameter; it differs from nuclear DNA in its density and denaturation temperature by virtue of being
richer in guanosine and cytosine (Chap. 7). The different density from nuclear DNA allows its
separation by isopycnic centrifugation. Mitochondria also have their own type of ribosomes that differ
from those in the cytoplasm but are similar to those of bacteria.

Most of the enzymes in mitochondria are imported from the cytoplasm; the enzyme proteins are
largely coded for by nuclear DNA (Chap. 17). The enzymes are disposed in various specific regions
of the mitochondria (Table 1.2); this has an important bearing on the direction of certain metabolic

processes.

Peroxisomes

Peroxisomes are about the same size and shape as lysosomes (0.3 to 1.5 um in diameter). However
they do not contain hydrolases; instead, they contain oxidative enzymes that generate hydrogen
peroxide by catalyzing the combination of oxygen with a range of compounds. The various enzymes

present in high concentration (even to the extent of forming crystals of protein) are (1) urate oxidase

(in many animals but not humans); (2) p-amino acid oxidase, Chap. 15; (3) L-amino acid oxidase;

and (4) a-hydroxy acid oxidase (includes lactate oxidase). Also, most of the catalase in the cell is
contained in peroxisomes; this enzyme catalyzes the conversion of hydrogen peroxide, produced in
the other reactions, to water and oxygen.

Cytoskeleton

In the cytoplasm, and especially subjacent to the plasma membrane, are networks of protein
filaments that stabilize the lipid membrane and thus contribute to the maintenance of cell shape. In
cells that grow and divide, such as liver cells, the cytoplasm appears to be organized from a region
near the nucleus that contains the cell’s pair of centrioles (Chap. 5). There are three main types of
cytoskeletal filaments: (1) microtubules, 25 nm in diameter, composed of organized aggregates of the

protein tubulin (Chap. 5); (2) actin filaments, 7nm in diameter (Chap. 5); and (3) so-called
ntormmodiate fla nre 10 nm diame eter ( {Chap ;\

zlucllrbculvu( Jll“'libl‘td‘ v nm =ll (S -3 1419 ap .

Centrioles

PRV TP Iy N nll oW e _.A,...n thant nesa ~Ammesa~oa A ~f Sera teieal e sharalan AE cammtate
Cénirioiés arc a Pdll Ul 1UHUW yYunucis iiat airc Lulnpuscu OI ninc pict tuouics Ul. IJlUlClll

1 L
(Chap. 5). The members of a pair of centrioles are usually positioned at right angles to each other.
Microtubules form the fine weblike protein structure that appears to be attached to the chromosomes
during cell division (mitosis); the web is called the mitotic spindle and is attached to the ends of the
centrioles. While centrioles are thought to function in chromosome segregation during mitosis, it is

worth noting that cells of higher plants, which clearly undergo this process, lack centrioles.

A I
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Table 1.2. Enzyme Distribution in Mitochondria

Characteristics or Cross-Reference
Location to Discussion

QOuter membrane
Monoamine oxidase Neurotransmitter; catabolism

Rotenone-insensitive NADH-

cytechrome ¢ reductase Chap. 14
Kynurenine hydroxylase Tryptophan catabolism; Chap. 15
Fatty acid-CoA ligase Chap, 13
= J hl ~ bt = ek |

Space between inner and outer membrane
Adenylate kinase AMP+ ATP  2ADP
Nucleoside diphosphokinase XDP+ YTP  XTP+ YDP

where X and Y are any of several
ribonucleosides

Inner membrane

Respiratory chain enzymes Chap. 14
ATP synthase Chap. 14
Succinate dehydrogenase Chap. 14
B-Hydroxybutyrate dehydrogenase Chap. 13
Carnitine—fatty acid acyltransferase Chap. 13
Matrix
Malate and isocitrate dehydrogenase Chap. 12
Fumarase and aconitase Chap. 12
Citrate synthase Chap. 12
2-Oxoacid dehydrogenase Chap. 12
B-Oxidative enzymes for fatty acids Chap. 13
Carbamoyl phosphate synthetase 1 Chap. 15
Ornithine carbamoyltransferase Chap. 15

Ribosomes

Ribosomes are the site of protein synthesis and exist: (1) in the cytoplasm as rosette-shaped groups
called polysomes (in immature red blood cells there are usually five per group): (2) on the outer
face of the RER; or (3} in the mitochondrial matrix, although this last type is different in size and
shape from ribosomes in the cytoplasm. Ribosomes are composed of RNA and protein and range

in size from 15 to 20 nm. Their central role in protein synthesis is described in Chap. 16.

EXAMPLE 1.10

Ribosomes were first isolated by differential centrifugation and then examined by electron microscopy. This
and related work by George Palade in the carly 1950s earned him the Nobel prize in 1975. For a time ribosomes
were known to electron microscopists as Palade’s granules.
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Chromatin
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Fig. 1-10 Mammalian cell nucleus.

Nucleus

The nucleus is the most conspicuous organelle of the cell (sec Fig. 1-10). It is delimited from
the cytoplasm by a membranous envelope called the nuclear membrane. which actually consists of
two membranes forming a flattened sac. The nuclcar membrane is perforated by awclear pores (60 nm
in diameter), which allow transfer of material between the nucleoplasm and the cytoplasm. The
nucleus contains the chromosomes, which consist of DNA packaged into chromatin fibers by
association of the DNA with an cqual mass of histone proteins (Chap. 16).

Nucleolus

The nucleolus is composed of 5 to 10 percent RNA, and the remainder of the mass is protein
and DNA. In light microscopy it appears to be spherical and basophilic (Prob. 1.1). Its function is
the synthesis of ribosomal RNA (Chap. 17). There may be morc than one per nucleus.

Chromosomes

Chromosomes are the bearers of the hereditary instructions in a cell; thus they arc the ovcrall
regulators of ccllular processes. Important features to note about chromosomes are:

(a) Chromosome number. In animals. cach somatic cell (body cells, excluding sex cells) contains
one set of chromosomes inherited from the fcmale parent and a comparable (homologous)
set from thc male parent. The number of chromosomes in the dual set is called the diploid
number; the suffix -ploid mcans “a sct” and the di refers to the multiplicity of the set (in
this case, “‘two™). Sex cells (called gametes) contain half as many chromosomes as found
in somatic cells and arc thercfore referred to as haploid cells. A genome is the sct of
chromosomes that corresponds to the haploid set of a species.

EXAMPLE 1.11

Human somatic cells contain 46 chromosomes, cattle 60). and fruit flv 8. Thus, the diploid number
bears no relationship to the species’ positions in the phylogenctic scheme of classification.
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Fig. 1-11 Mammalian
chromosome.

(b) Chromosome morphology. Chromosomes become visible under the light microscope only
at certain phases of the nuclear division cycle. Each chromosome in the genome can usually
be distinguished from the others by such features as: (1) relative length of the whole
chromosome; (2) the position of the centromere, a structure that divides the chromosome
into a crosslike structure with two pairs of arms of different length; (3) the presence of knobs
of chromatin called chromomeres; and (4) the presence of small terminal extensions called

tellites (Fig. 1-11).

(V73
DL EREEL

EXAMPLE 1.12

In the clinical investigation of infants or fetuses with possible inborn errors of metabolism or
morphology, it is common practice to prepare a karyotype. Usually, white cells are cultured and then
stimulated to divide. The predivision cells are squashed between glass slides, causing the cellular nuclei
to disgorge their chromosomes, which are then stained with a blue dye. The chromosomes are
photographed and then ordered according to their length. the longest pair being numbered 1. The
sex chromosomes do not have a number.

The inherited disorder Down syndrome (also called mongolism) involves mental retardation and
distinctive facial features. It results from the inclusion of an extra chromosome 21 in each somatic
cell of the body. Hence, the condition is called trisomy 21.

(¢) Auwosomes and sex chromosomes. In humans, gender is associated with a morphologically
dissimilar pair of chromosomes called the sex chromosomes. The two members of the pair
are labeled X and Y, X being the larger. Genetic factors on the Y chromosome determine
maleness. All chromosomes, exclusive of the sex chromosomes, are called autosomes.

1.4 CELL TYPES

There are over 200 different cell types in the human body. These are arranged in a variety of
different ways, often with mixtures of cell types, to form rissues. Among this vast array of types are

some highly specialized ones.

Red Blood Cell (Erythrocyte)

Erythrocytes are small compared with most other cells and are peculiar because of their biconcave
disk shape (see Fig. 1-12). They have no nucleus, because it is extruded just before the release of

the cell into the blood stream from the bone marrow, where the cells develop. Their cytoplasm has
no organelles and is full of the protein hemoglobin that binds O, and CO,. In the cytoplasm are
other proteins also, namely. (1) the submembrane cytoskeleton, (2) enzymes of the glycolytic and
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7-8 um

Fig. 1-12 Human erythrocyte.

pentose phosphate pathways (Chap. 11), and (3) a range of other hydrolytic and special-function
enzymes that will not be discussed here. In the membrane are specialized proteins associated with
(1) anion transport, and (2) the bearing of the carbohydrate cell-surface antigens (blood group
substances).

Adipocyte

Adipocytes are the specialized cells of fat tissue (Fig. 1-13). The cclls range in size from 60 to
120 um in diameter and have the characteristic feature of a huge vacuole that is full of triglycerides
(Chap. 6). The nucleus and mitochondria are flattened on one inner surface of the plasma membrane,
and there is only a small amount of endoplasmic reticulum.

Nucleus —

Mitochondrion

Fig. 1-13 Adipocyte.
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Liver Cell (Hepatocyte)

Liver tissue contains an array of cell types, but the preponderant one 1s the hepatocyte. 1t has
an overall structure much like that of the cell in Fig 1-3. The cells are arranged in long, branching

e Oe Se PR e tnnl Tentn thn

columns of about 20 cells in a cross section around a central bile cannaliculus \-:uanncl, tito tnc
cannaliculus the cells secrete bile. The liver is the main producer of urea (Chap. 15), stores glycogen
(Chap. 11). synthesizes many of the amino acids used by other tissues (Chap. 3), and produces serum
proteins, among many other metabolic roles.

Muscle Cell (Myocyte)
Muscle cells produce mechanical force by contraction. In vertebrates there are three basic

types:

1. Skeletal muscle moves the bones attached to joints. These museles are composed of bundles
of long., multinucleated cells. The cytoplasm contains a high concentration of a special
macromolecular contractile-protein complex, actomyosin (Chap. 5). There is also an
elaborate membranous network called the sarcoplasmic reticulum that has a high Ca**
content. The contractile-protein complex has a banded appearance under microscopy.

2. Smooth muscle is the type in the walls of blood vessels and the intestine. The cells are long
and spindle-shaped, and they lack the banding of skeletal muscle cells.

3. Cardiac muscle is the main tissue of the heart. The cells are similar in appearance to those
of skeietai muscie but in fact have a different biochemicai makeup.

Epithelia
Epithelial cells (Fig. 1-14) form the coherent sheets that line the inner and outer surfaces of the
body. There are many specialized types, but the main groups are as follows:

1. Absor rp tive cells have numerous hairlike pi’(‘JjLL ions called microvilli on their outer aurface'
they increase the surface area for absorption of nutrients from the gut lumen and other

areas.
2. Ciliated cells have small membranous projections (cilia} that contain interior contractile
proteins; cilia beat in synchrony and serve to sweep away foreign particles on the surface
of the respiratory tract, i.c., in the lungs and the nasal lining.
Secretory cells occur in most epithelial surfaces; e.g., sweat gland cells in the skin and
mucus-secreting cells in the intestine and respiratory tract.

8]

1.5 THE STRUCTURAL HIERARCHY IN CELLS

The organic molecules that are building blocks of biological macromolecules are very small; e.g.,
the amino acid alanine is only 0.7 nm long, whereas a typical globular protein. hemoglobin (Chap.
S). which consists of 574 amino acids, has a diameter of ~6 nm. In turn, protein molecules are small
compared with the ribosomes that synthesize them (Chap. 17); these macromolecular aggregates are
composed of over 70 different proteins and four nucleic acid strands. They have a molecular weight
(M,) of around 2.8 x 10% and a diameter of ~20 nm. In contrast, mitochondria contain their own
I'lUOSOTﬂ(_b :.l[lu UIVI“\ d[lu l"di_lge l[l lCUglﬂ up to / p.m ll'llrdLCllUldl" VCB]Lle are UI[C[I seen to UC d[)UUl

the same size as mitochondria, and yet the Golgi apparatus or the lipid vacuole of an adipocyte is
much larcer. The nucleus mav be even |2r09r and also contains some ribosomes and other

....... ais5N 2 2% LA iy alis

macromolecular aggregates, including, most 1mp0rtar1tly, the chromosomes.
Even though the building blocks of macromolecules are small in relation to the size of the cell
(e.g.. the ratio of the volume of one molecule of alanine to that of the red blood cell is ~1:10'"),
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Ciliated cell Secretory cell

Cilia

{¥) Ciliated and secretory cells

Fig. 1-14 Epithelial cells.

a defect in one amino acid in the sequence of a protein can profoundly affect not only the protein
but also the cell structure. Furthermore, an altered enzymatic activity or binding affinity can greatly
influence the survival of not only the cell but the whole being.

EXAMPLE 1.13

In humans having the inherited disease called sickle-cell anemia, the hemoglobin molecules of the
erythrocytes are defective; 2 of the 574 amino acids in the protein are substituted for another. Specifically,
glutamate in position 6 of each of the two 8 chains of the hemoglobin tetramer (see Chap. 3) is replaced by
valine. This single change increases the likelihood of the molecules aggregating when they are deoxygenated.
The aggregated protein forms large paracrystalline structures (called tactoids) inside the cell and distorts it into
a relatively inflexible sickle shape. These cells tend to clog small blood vessels and capillaries and lead to poor
oxygen supply in many organs. Also, they are more fragile and thus rupture, reducing the number of cells and
causing anemia.

Solved Problems

METHODS OF STUDYING THE STRUCTURE AND FUNCTION OF CELLS

1.1.  Basic dyes such as methylene blue or toluidine blue are positively charged at the pH of most
staining solutions used in histology. Thus the dyes bind to acidic (i.e., those that become
negatively charged on dissociation of a proton) substances in the cell. These acidic molecules
are therefore referred to as basophilic substances. Give some examples of basophilic
substances.
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I.2.

1.4.

SOLUTION

Exampies of basophilic ceil components are DNA and RNA the iatter inciudes messenger RNA
(Chap. 7) and ribosomes. The youngest red blood cells in the blood circulation contain a basophilic
reticulum {network) in their cytoplasm; this is composed of messenger and ribosomal RNA. The network
slowly dissolves over the first 24 hours of the cell’s life in the circulation, This readily identifiable red
blood cell type is called the reticulocyte.

Acidic dyes such as eosin and acid fuchsin have a net negative charge at the pH of usual staining
U PRSI, TR
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some regions of a liver cell that might be acidophilic.

SOLUTION

The cytoplasm, mitochondrial matrix, and the inside of the smooth endoplasmic reticulum are
acidophilic; all these regions almost exclusively contain protein.

Describe a possible means for the cytochemical detection and iocalization of the enzyme glucose
6-phosphatase; it exists in liver and catalyzes the following reaction:

H2O
Glucose 6-phosphate %, Glucose + Phosphate

SOLUTION

Incubate a tissue slice at 37°C with glucose 6-phosphate in a suitable buffer solution. Wash the tissue
free of the substrate, and then precipitate the phosphate ions by the addition of lead nitrate to the tissue
slice. The remainder of the preparation is as described in Example 1.5. In liver cells the reaction product
is found within the endoplasmic reticulum, thus indicating the location of the enzyme.

How may cells be disrupted in order to obtain subcellular organelles by centrifugal
fractionation?

SOLUTION

There are several ways of disrupting cells:

1. Osmotic lysis: The plasma membranes of cells are water-permeable but are impermeable to large
molecules and some ions. Thus, if cells are placed into water or dilute buffer, they swell owing to
the osmotically driven influx of water. Since the plasma membrane is not able to stretch very much
(the red blood cell membrane can stretch only up to 15 percent of its normal arca before disruption),
the cells burst. The method is effective for isolated cells but is not so effective for tissues.

Homogenizers: One of these is described in Example 1.7.

Sonication: This involves the generation of shear forces in a cell sample in the vicinity of a titanium
probe (0.5 mm in diameter and 10 cm long) that vibrates at ~20.000 Hz. The device contains a crystal
of lead zirconate titanate that is piezoelectric, i.e., it expands and contracts when an oscillatory electric
field is applied to it from an electronic oscillator. The ultrasonic pressure waves cause microcavitation
in the sample, and this disrupts the cell membranes, usually in a few seconds.

SUBCELLULAR ORGANELLES

1.5.

On the basis of the pathway of heterophagy (Fig. 1-8), make a proposal for the pathway of
autophagic degradation of a mitochondrion.
SOLUTION

Figure 1-15 shows the scheme for autophagic degradation of a mitochondrion. Note that once the
so-called phagosome has been formed, the process of digestion, etc., is the same as for heterophagy
(Fig. 1-8).
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Fig. 1-15 The process of autophagy of a mitochondrion.

[CHAP. 1
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1.6.

There is an inherited disease in which a a per n’s lysosomes lack the enzyme B-glucosidase

(Table 1.1). What are the clinical and bioc h. mical consequences of this deficiency?

SOLUTION

The disease is called Gaucher disease and is the most common of the so-called sphingolipidoses; its
incidence in the general population is ~1:2,500. This class of disease results from defective hydrolysis
of membrane components called glycosphingolipids (Chap. 6) that are normally turned over in the cell
by hydrolytic breakdown in the lysosomes. The glycosphingolipids are lipid molecules with attached
carbohydrate groups. An inability to remove glucose from these molecules results in their accumulation
in the lysosomes. In fact over a few years, the cells that have rapid membrane turnover, such as in the
liver and spleen, become engorged with this lipid-breakdown product. Clinically, patients have an
enlarged liver and spleen and may show signs of mental deterioration if much of the lipid accumulates
in the brain as well.

CELL TYPES

1.7.

1.8.

1.9.

1.11.

How many red blood cells are there in an average 70-kg person?

SOLUTION

There are ~3.3 x 10'* red blood cells in an average person. The total blood volume is ~6 L, a

half of that is red blood cells: i.e,, there is ~3 L of red blood cells. Since each cell has a volume of

~90 x 10~ L (Fig. 1-12), the result follows from dividing 3 L by this number.

=]
(=9

If the average life span of a human red blood cell is 120 days, how many red blood cells are
produced in an average 70-kg person every second?

SOLUTION

There are 3.2 million red blood cells produced every second! The number produced per second is
simply given by the answer from Prob. 1.7, above, divided by 120 days expressed in seconds.

A macrophage is a cell type that is involved in the engulfing of foreign material, such as bacteria
and damaged host cells. In view of this specialized phagocytic function, draw what you think
an electron microscopist would see in a cross section of the cell.

SOLUTION

The key features of a macrophage are its large system of lysosomes and invaginations of the
cytoplasmic membrane (Fig. 1-16). Also, there is a rich rough endoplasmic reticulum where the lysosomal
hydrolytic enzymes are produced. Mitochondria are abundant since the highly active protein synthesis
is very demanding of ATP (Chap. 17).

PAS staining of microscope sections of red blood cells gives a pink stain on one side only of
the cell membrane. Which side is it, the extracellular or the intracellular side?

SOLUTION
The extracellular side is stained pink. Al glycoproteins and glycolipids of the plasma membrane
of red blood cells and all other cells are on the outside of the cell. No oligosaccharides are present on

the inner face of the plasma membrane.

Why do the vesicles of some mast cells, which contain large quantities of histamine. stain red
with the dye eosin?
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Fig. 1-16 Macrophage.

SOLUTION

Eosin is negatively charged, and histamine has the structure

Y
H-—C=C—(|3—(I3—N*H,

ey
H—N N—H

Histamine

i.e.. it has a maximum charge of +2. The two tvpes of molecules interact electrostatically inside the
vesicles, thus the eosin stains the vesicles red.

THE STRUCTURAL HIERARCHY IN CELLS

1.12. The concentration of hemoglobin in human red blood cells is normally 330gL~!. The
molecular weight (M,) of hemoglobin is 64,500, and the volume of a red cell is ~90 fL.. How
many molecules of hemoglobin are there in one human red blood cell?

SOLUTION

There are ~3 % 10" molecules of hemoglobin in one erythrocyte. The number of moles of hemoglobin
in one cell is

330 x 90 x 10712 B
———————=4.6Xx 1071
64,500

Since Avogadro’s number is the number of molecules per mole of a compound, the previous number
is multiplied by Avogadro’s number to give the required estimate:

4.6x 107" % 6.02 x 1083 =3x 108
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1.13. The mean generation time of a red cell, from the stem cell to a mature reticulocyte, is ~90 h.

The nhace in the cell generation pathwav in which most of the hemoelobin is svnthesized is
€ phase i1n the cell generation pathway in which most of the hemoglobin 1s synthesizea 1s

~40h. How many hemoglobin molecules are synthesized per human red blood cell per
second?

SOLUTION

Since, from Prob. 1.12, we saw that the cell contains ~3 % 10* hemoglobin molecules, we proceed
by simply dividing this number by the time taken to generate them, 40 h. This gives the rate of production,
f\')mﬁl\l ~7 m\ mnlnnnlnc ner cnnnnd
namely, ~2,000 molecules per second.

1.14, It has been estimated that it takes ~1 min to synthesize one hemoglobin subunit from its
constituent amino acids. Using this fact, calculate how many hemoglobin molecules are
produced on average at any one time in the differentiation of the cell.

SOLUTION
BN ) - +nS

From Prob. 1.13, ~2,000 hemogiobin moiecuies are produced per second; this is equaj to ~1.2 x 10
per minute. However, hemoglobin is a tetrameric protein (four subunits; Chap. 5), so four times 1.2 x 10°
chains are produced per minute: 4.8 x 10°.

Supplementary Problems

1.15. A commonly used test of the viability of cells in tissue culture is whether or not they exclude a so-called
supravital dye such as toluidine blue. If the cells exclude the dye, they are considered to be viable. What
is the biochemical basis of this test?

1.16. The chemical compound glutaraldehyde has the structure

H
AN
C=0
(C{i )
\ 27’3
C=0
/
H

It is used as a fixative of tissues for light and electron microscopy. What chemical reaction is involved
in this fixation process?

1.17. OQutline the design of a histochemical procedure for the localization of the enzyme arylsulfatase in tissues;
the enzyme catalyzes the following reaction type:

T d
H,O + R—O—"=O - R—OH+HO—ﬁ=O
O Arylsulfatase 6]

1.18. In an attempt to determine the localization of glycogen in the liver, could there be any problems of
interpretation of the electron microscopic autoradiographic images if [°H]glucose were used as the
radioactive precursor molecule of glycogen?
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1.19.

1.21.

1.22.

1.23.

1.24.

1.25.

CELL ULTRASTRUCTURE |[CHAP. 1

Microsomes are small, spherical, membranous vesicles with attached ribosomes. During differential
sedimentation. they sediment only in the late stages of a preparation, when very high centrifugal forces
are used. They don’t appear in electron micrographs of a cell. From whence do they arise?

There are two forms of the enzyme carbamoyl phosphate synthetase, one in the mitochondrial matrix

and the other in the cytoplasm. What might be the consequence and role of this so-called
compartmentation of enzymes?

Human reticulocytes (Prob. 1.1) continue to synthesize hemoglobin for approximately 24 hours after
release into the circulation. Design an electron microscopic experiment using autoradiography to identify
which of the cells are actively synthesizing the protein.

(a) Who is the primary source of the DNA in your mitochondria—your mother or your father?
(b) Speculate on possible inheritance patterns if there were a defect in one or the other parent’s
mitochondria.

Given that mitochondria do not have the same aggressive autolytic capacity as lysosomes, what might
be the significance of having such a complex membranous structure? After all, the endoplasmic
reticutum and the plasma membrane could potentially support those enzymes found in mitochondrial
membranes.

The disease epidermolysis bullosa involves severe skin ulceration and even loss of the ends of the
ears, nose, and fingers. It is possibly the result of a primary defect in the stability of lysosomal
membranes.

(a) How does this lead to the signs, just mentioned, of the disease?

(b) What biochemical procedure might you suggest to treat the disorder?

In some sufferers of Down syndrome, the somatic cell nuclei do not contain three chromosomes 21,
However, there is a chromosomal defect relating to chromosome 21; what might it be?
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2.1 INTRODUCTION AND DEFINITIONS

It is not possible to give a simple definition of the term carbohydrate. The name was applied
originally to a group of compounds containing C, H, and O that gave an analysis of (CH,0),,, i.e.,
compounds in which n carbon aioms appeared to be hydraied with n waier molecules. These
compounds possessed reducing properties because they contained a carbonyl group as either an
aldehyde or a ketone, as well as an abundance of hydroxyl groups. The use of the term carbohydrate
was extended to describe the derivatives of these simple compounds, although the derivatives failed
to give the simple analysis shown above. Moreover, many naturally occurring compounds proved to
be derivatives in which the reducing group (aldehyde or ketone) had undergone reaction.

The simplest definition of carbohydrates that can be given is that they are polyhydroxy-aldehydes
or -ketones, or compounds derived from these. They range in M, from less than 100 to well over
10°. The smaller compounds, containing three to nine carbon atoms, are called monosaccharides.
The larger compounds are formed by condensation of the smaller ones via glycosidic bonds. A
disaccharide consists of two monosaccharides linked by a single glycosidic bond; a trisaccharide is
three monosaccharides linked by two glycosidic bonds, etc. Oligo- and polysaccharides are terms
describing carbohydrates with few and many monosaccharide units, respectively.

Because many mono- and oligosaccharides have a sweet taste, carbohydrates of low M, are often

called sugars.

EXAMPLE 2.1

Of the compounds shown, (l\ and (2\ are not mrhnhvdmteq because !hey have nnlu one hudrmml group

each; (3). (4), and (5) are carbohydrates because they have the general formula (CHzO),, dnd are
polyhydroxylic.

H OH
CH, CHO CH,OH CHO o
HO
CH,OH CH,OH CHOH CHOH H OH
| |
CHO COH HO H
/ AN H OH
¢H,0H CH,OH
OH R
(1) (2) 3 4 (5)

Let us for now restrict discussion to simple monosaccharides, that is, polyhydroxy compounds
containing a carbony! functional group. There are two series—aldoses, containing an aldehyde group,
and ketoses, containing a ketone group. Simple monosaccharides can also be classified according to
the number of carbon atoms they contain—trioses, tetroses, pentoses, hexoses, etc., containing three,
four, five, and six carbon atoms, respectively. The two systems can be combined. Thus, giucose, the
most common sugar, is an aldohexose; i.e., a six-carbon monosaccharide with an aldehyde group.

EXAMPLE 2.2
The classification of each of the following monosaccharides is given below the structure.

25
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C‘ZHZOH
H,OH O ?H,OH (EHO
('ZHZOH ('ZHOH (IIHOH (iZHOH (iZHOH
O HOH HOH 0] COH
N
CH,0OH HOH CHOH (EHOH CH,0H CH,OH
CHO CHOH CH,0OH
|
CH,OH
Ketotriose Aldopentose Ketoheptose Ketopentose Aldopentose
2.2 GLYCERALDEHYDE
The ssomnlect aldose 15 olvceraldehvde
& RIS SRR MEAMAION S0 B TR BARMRRLIg MY
'(IJHO
2C|HOH
*CH,OH

It has reducing properties because it is an aldehyde. The C-2 of glyceraldehyde is a chiral center (also
known as an asymmetric center), i.e., there are two possible isomers, known as enantiomers, of

glyceraldehyde.

EXAMPLE 2.3

The structures of the two enantiomers of glyceraldehyde are
HO HO
H—C—OH HO—C—H
CH,0OH CH,OH
"r~|.-,.- PP . aelé e obnciice baaloee: f1af8) nea mallad Tooals o oo ms asSmas . e ARE . sa
ne€sc Structures, WllCll WwIiti€n as snown ociow {IC1t), aic Lakcu nacr [IIUIE.’LHU" ]ur.mum_) WlllLll are attempts
to represent three-dimensional molecules in two dimensions. For example, the two molecules would appear

three-dimensional space as shown below (right)

CHO CHO cHO CHO
H—4—0H and HO—‘——H HD-(:I4OH and HODC;}-H
i . CH,OH CH,OH
CH,OH CH,OH

where the C-2 is in the plane of the paper, the aldehyde and hydroxymethyl groups are behind the paper (as
denoted by the dashed bond lines), and the hydrogen and hydroxyl groups are in front of the paper (as denoted
by the solid bond [ines) Enantiomers are mirror images of each other: when placed in front of a plane mirror,
one siructure Wlll glVC an lmdgC llldl lb 1u<‘:ﬁil(_¢u Wll[l HIC struciure Ul lllC OlllCr

In the pairs of figures above, the structure on the left is called D-glyceraldehyde, and that on the nght
L-glyceraldehyde. The prefixes D- and L- refer to the overall shape of the molecules; more specifically the letters

refer to the configuration, or arrangement, of groups around the chiral center.
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Generally, with compounds containing a single chiral carbon atom, there are only minor

differences in the nhuclral and chemical nrnpprnpc of the pure enantiomers. There is one nhvcu‘al

Eiviaan

property, however, in which enantiomers are markedly different—the property of optical activity.
This refers to the ability of a solution of an enantiomer to rotate the plane of plane-polarized light.
One of a pair of enantiomers will rotate the plane in a clockwise direction and is given the symbol
(+). The other will rotate the plane in a counterclockwise direction and is given the symbol (—).
The p enantiomer of glyceraldehyde is (+) and is described more fully as p-(+)-glyceraldehyde; the
other is L-(—)-glyceraldehyde. Mixtures of D and L enantiomers will have a net rotation depending
on the proportions of the enantiomers; equal proportions give a net rotation of zero, in which case
the solution is said to be racemic

Ninticral astivity 1c moncired 1 a po nrl'mntnr Tho maonitunde f tha Antical antivity 1¢c maacnrad
Ul_}ll\-ﬂl ﬂLllYlL] ID ul\..uoul\—u lll a ll ST LITRCBLT 4 1w lllﬂsllllu\l\.’ vl LI Ul_)ll\-al CI\.I.IVII.)’ 1D 1nvasuiovu
as an angle of rotation, given the symbol a. The units are degrees or radians (SI

Question: On what factors will the a of a solution of an optically active compound depend?

d thal th Af th 1 hinh th lares
The factors are the concentration of the compound, the length of the cell in which the solution

is placed, the wavelength of the polarized light, the temperature, and the solvent.

Because of the dependencies noted above, the experimentally measured « is always converted
to and expressed as the specific rotation [a]f, where the super- and subscripts refer, respectively,
to the temperature and the wavelength of the light (D referring to the D lines of sodium vapor,
589.2 nm).

T _ i
(o] length of cell (dm) X concentration (g cm™>) 2.1)

The name of the solvent is given in parentheses after the value is given; e.g., [al}5 = +17.5° (in
water).

2.3 SIMPLE ALDOSES

The simple aldoses are related to pD- and L-glyceraldehyde in that structurally they may be
considered to be derived from glyceraldehyde by the introduction of hydroxylated chiral carbon atoms
between C-1 and C-2 of the glyceraldehyde molecule. Thus, two tetroses result when CHOH is

introduced into p-glyceraldehyde:

(|'.1HO
H—C|3—OH
CH,OH
D-Gluceraldehude
- vl]vvl ul\lvll]\lv
CHO Clil-lO
H—C—OH HO—C—H
l !
H—?—OH H—?—OH
CH,OH CH,OH

D-Erythrose D-Threose
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Question: Two tetroses can be formed from L-glyceraldehyde. These tetroses are called L-erythrose
and L-threose. Why is it unnecessary to invent new names for the tetroses derived from
L-glyceraldehyde?

If tho ctructnrec of the two teatra
AL MW IOVl WUV WY VLA A\ W obw bl W

aldotetroses constitute two pairs of enantiomers:

CHO CHO CHO CHO
H-——F—OH HO——1—H HO —1+——H H—1—OH
H——F—OH HO—}—H H—1+—OH HO—1—H

CH,OH CH,0OH CH,OH CH,OH

p-Erythrose L-Erythrose p-Threose L-Threose

Two simple aldopentoses can be derived structurally from each of the four aldotetroses described,
making a total of eight aldopentoses. Therefore, there are 16 aldohexoses.

EXAMPLE 2.4

Simplified structures for the eight aldopentoses and 16 aldohexoses are shown (O represents aldehyde; —

represents an OH group; H atoms on carbons are omitted}).
D L

D L D L D L
Ribose Arabinose Xylose Lyxose
f f 7 f f f f f
[ -] - ] ] — — —
r— e —_— e r—- e = —
D L D L D L D L
Allose Altrose Glucose Mannose
VL ? ? 7 T 7 ? ?
- — - - - — .
L ] I - I -
- [ —_ - — - _ |
3 L D L D L D L

Gulose Idose Galactose Talose
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Question: Glyceraldehyde is sometimes known as glycerose. Why?
The names of all the aldotetroses, -pentoses, and -hexoses end in -ose. Glyceraldehyde is the
parent aldose; thus, its name, glycerose, is valid.

There are two series of simple aldoses: a b series and an L series. To determine to which series
an aldose belongs, locate the chiral carbon atom most remote from the reducing group and determine
its relationship to glyceraldehyde; e.g., the sugar shown below, glucose, is called p-glucose:

?Ho
H—C—OH
|
Ho—?—n
H—C—OH CHO

[P

Chiral carbon - CH,OH : : CH,OH
mostremote @-————----' e -
from reducing p-Glucose p-Glyceraldehyde
group

EXAMPLE 2.5

In the sugars shown below, (1) is L and (2), (3), and (4) are p. Notice that in (3) the chiral carbon atom
most remote from the reducing group is C-2.

HO ?HO CIHO CITHO
H—C—OH CH, H—C—OH H—C—OH
H—(IJ—()H __—cl:.—on_ HO—(I‘——(‘H OH HO—(IZ—H

HO— [—H H—CIJ——OH CH,OH HO—CJ—H
CH,OH CITHZOH H—CJ—NHz
CH,OH
(1) (2) (3) (4)

Whereas glyceraldehyde has one chiral center, aldotetroses, -pentoses, and -hexoses have two,
three, and four, respectively. Each chiral center gives rise to optical activity. The net optical activity
of an aldose will depend on contributions from each chiral center and will be (+) or (—).

Question: When bp-erythrose is dissolved in water, would you predict the solution to have a (+)
or (—) optical rotation?

This is impossible to predict. The prefixes - and L- refer to the shape of the molecule and imply
nothing regarding the optical activity. In fact, a solution of p-erythrose is (—).

When more than four chiral carbon atoms are present, an aldose is given two configurational
prefixes, one for the four lowest-numbered chiral centers and one for the rest of the molecule. The
configuration of the highest-numbered group is stated first.

EXAMPLE 2.6

The aldooctose shown is named D-erythro-L-galactooctose.
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2.4 SIMPLE KETOSES

Structurally, the parent compound of the simple ketoses is dihydroxyacetone, a structural isomer
of glyceraldehyde.

CH,OH CHO

éO éHOH

CH,OH (|3H ,OH
Dihydroxyacetone Glyceraldehyde

Although dihydroxyacetone does not possess a chiral carbon atom, the simple ketoses are related
to it structurally by the introduction of hydroxylated chiral carbon atoms between the keto group
and one of the hydroxymethyl groups. Thus there are two Ketotetroses, four ketopentoses, and eight
ketohexoses.

EXAMPLE 2.7

The most common ketose, p-fructose, is shown below. Compare the configuration of the chiral carbon atom
most remote from the keto group (C-5) with p-glyceraldehyde.

Fzzon
i
Ho—’(lj—H
o
*CH,OH

Fructose (shown in Example 2.7) was named long before its structure was known. The same is
true for most aldoses. Names like glucose, mannose, ribose, and fructose are called trivial names;
i.e., they are nonsystematic. However, ketoses, which are isomers of aldoses, were isolated or
synthesized after the corresponding aldoses and were given names based on the names of the isomeric
aldoses. Such names are misleading because they do not reflect the structural elements present in
the Lketoses

EXAMPLE 2.8

The ketose shown below is known universally as D-ribulose because it is an isomer of D-ribose. The name
is incorrect; the compound has only two chiral centers, not three as the prefix rib- would imply. The compound
is related to D-erythrose, and its correct name is D-erythro-pentulose.
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H,OH

CO
H—C—OH
H—C—OH
CH,OH

Question: What are the correct systematic names for the two sugars shown?

(|3H20H CH,OH
Co co
H—}+—OH HO—}+—H
HO—4}—H H———OH
H—}—OH
CH,OH
CH,OH
(1) (2)

(1) v-Threo-pentulose; commonly called L-xylulose
(2) p-Arabirno-hexulose; commonly called p-fructose

Question: How can you tell if a monosaccharide is a ketose from its name?
The systematic name always ends in -wlose, apart from fructose, and so do the trivial names.

Some ketoses are not related structuraily to dihydroxyacetone. They are named by considering
the configurations of all the chiral carbon atoms as a unit, ignoring the carbonyl group.

EXAMPLE 2.9

Consider the ketose shown. It has three chiral carbon atoms in the p-arabino configuration (even though
interrupted by a keto group). The keto group is at position 3. The ketose has six carbon atoms. It is therefore

called p-arabino-3-hexulose.

H,OH
HO—C—H
;
H—C—OH
H—%—OH
CH,OH

If the name of a ketose contains no number, it is assumed the ketose is related to dihydroxyacetone and

the keto groun is at position 2.

SO0 BrOVY [2atcis 1

12 p0t e w s -n e [N o e muitsmadince ta e dianta sl amaa PSR 3 "R M P - S
Question: Why is there no need to use numbers to indicate the position of the carbonyl group in
aldoses?

The aldehyde group must always be terminal to a chain of carbon atoms.
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2.5 THE STRUCTURE OF p-GLUCOSE

D-Glucose is the most common of the monosaccharides, occurring in the free state in the blood
of animals and in the polymerized state, inter alia, as starch and cellulose. Tens of millions of tons
Ol lﬂCbC pUlydeLlldIlueS arc mdUC Uy pldlllb dllU pnOtosyﬁtuetiC miCl-OUeS aﬁﬁually 1"\ UﬂtailCU blqu
of the structure of glucose is justified on these grounds, and many of the structural features of ali
monosaccharides can be illustrated using glucose as an example.

The Fischer projection formula for p-glucose (Example 2.3) is also known as the open- or
straight-chain structure. This structure occurs only in solution. There are two crystalline forms of
p-glucose, known as a and B, which also have different optical activities when dissolved. X-ray
diffraction studies have confirmed chemical evidence that a- and B-p-glucose are structures containing
a ring of five carbon atoms and one oxygen atom:

CH,OH CH,OH

HA—OH H OH

l('il N I(HI N
NOH H/ \NOH HA

HO OH HO HH

H OH H OH
a-p-Glucose B-p-Glucose

These structures are known as the Haworth projection formulas. They do not represent the true shapes
of the molecules (Sec. 2.6), but they do show the configuration at each of the chiral atoms. The
formuias are meant to represent the ring as a generalized piane standing at right angies to the plane
of the paper and an element of perspective is given to the structure by thickening the three bonds
of the ring that are meant to appear to be in front of the paper; the remaining three bonds of the
ring and the oxygen atom in the ring lie behind the paper.

When a-p-glucose or 8-p-glucose is dissolved in water, the ring opens and the open-chain structure
is formed. The reaction is reversible, and an equilibrium is established between the open form and
the two ring forms. The chemistry of the process is understood in terms of the chemistry of the
aldehyde group. In general, aldehydes react reversibly with alcohols to give hemiacetals and then,
in the presence of an acid catalyst (Chap. 8), acetals:

R o R OH OR"
N _#  +rROH NS +R"OH \ /
/ ¢ /s C\ / \
H H OR’
The formation of a ring by the open-chain form of p-glucose can be ¢ s;dered to be the result of
a reaction between the hydroxyl group on C-5 and the ldehyde group to give a hemiacetal. The

aldehyde carbon becomes chiral as a result, thus giving rise to two hemlacetals, a- and
B-p-glucose.

H OH H HO H
\C/ \‘c o N/
= C
RN | RN
H—(lz—OH \ H—*C—OH H-—?—OH \
HO—C—H 0O = HO—C—H == HO—C—H 0]
| | | | /
H—(‘I,—OH H—‘flc—OH H—LT—oy
H—(IZ H—’(I:—OH H—(I:
CH,OH °CH,OH CH,OH

A hemiacetal (a-p-glucose) A hemiacetal ( 8-p-glucose)



CHAP. 2] CARBOHYDRATES 33

These hemiacetals are known as anomers, and C-1 of the ring form is called the anomeric

Question: Why is the anomeric carbon sometimes called the potential reducing carbon?
When the ring opens in solution, C-1 becomes the carbon atom of the aldehyde group, which
has reducing properties. Only the open-chain form has reducing properties; the ring forms are

nonreducing because they lack an aldehyde group.

The Haworth projcction formulas are neater ways of writing the ring forms shown in the equilibria

b ary nficuration shown at each chiral carbon. It i is not difonlt to tranclate
114 1 ¢ rans:aw

o and thae
a UV\/ allu y\rl Pl\.rs\fl Vllls I.ll\f \aUllllsul ﬂl.lUll OllUWll QL \'ﬂ\.oll \—llllﬂl wal Ui, UL WALV WL L]

the open-chain structure for a monosaccharide into the Haworth ring structure.

1-chain c""uC!‘J!'v into the Haworth rine structure is best achieved in a ste
12 1§ best achieved 1n a ste

1 nen
tior th pPe in st structure

procedure, since a direct translation is tricky. D-Glucose is used in this example:

(=9

1. Write the open-chain structure.
CHO

CH,OH

2. Turn the structure clockwise on its side and bend it round to almost form a ring.

H OH
3. Rotate the C-4—C-5 bond to bring the hydroxyl on C-5 close to the carbonyl group.
CH,OH
3 OH
H 8]
H N
4 o H \C—H
HoNQH M/
H OH
4. Form the hemiacetal(s) by bonding of the hydroxyl on C-5 to the carbonyl group.
CH,OH CH,OH
sI 5I O
H H H OH
H H \
OH H OH H
HO OH HO H
H OH H OH

« B
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[\

Note: It is normal in writing the ring structures of sugars to omit the H atoms attached to carbon, in which
case 8-p-glucose is written as:

Question: What determines which of the anomers shown in Example 2.10 is called « and
which g8?

This depends on the configuration of the anomeric carbon relative to the configuration of the
chiral atom that establishes whether the monosaccharide belongs to the L or the D series (in the case
of glucose, C-5). If, in the Fischer projection formula, the hydroxyl groups on these carbons are cis,
the anomer is called «; if the hydroxyl groups are trans, the anomer is called 8. A comparison of
the structure in step (2) of Example 2.10 with those in step (4) shows that the hydroxyl group on
C-5 was below the plane of the ring before the rings were closed. Thus, the anomer with the anomeric
hydroxyl below the plane of the ring is called a.

Although the open-chain form of glucose has four chiral centers, formation of the ring creates
a fifth chiral center, which is, of course, why there are two anomers that differ in optical rotation.
When solid a-p-glucose is dissolved in water, [a] is +112°. When solid 8-p-glucose is dissolved in
water, [a]E is +19°.

EXAMPLE 2.11

The optical rotations of freshly made solutions of a- and B-p-glucose change with time. This is called
mutarotation. A change in optical rotation must mean a change in structure. When a-p-glucose is dissolved in
water, the a-D anomer is the only structure present at the instant of dissolution. The opening of the ring is a
slow reaction, but since the reaction is reversible, some 8-p anomer as well as the open-chain form will appear,
Ultimately, an equilibrium between the open-chain form and the two anomers is established with an [a] of
+52°. For this reason, the structure shown below is used to describe the state of glucose in solution, and the
same device is used to depict the structure of a sugar in which the configuration of the anomeric carbon is

unknown.

OH

Although we have considered the anomeric forms of p-glucose to consist of six-membered rings,
it is possible for two other anomeric forms to arise from the open-chain form by the addition of the
hydroxyl group on C-4 to the carbonyl group of the aldehyde. These are five-membered ring forms.
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HO H H
N/ \, H ~COH
i = ;
--—P—B H—’C—OH H.—c—}
I \ | | \
HO— (|: —H O HO——3|C—H = Ho—e——H 0
H— cl —/ H—'C—OH H—C -/
I |
H—-T—OH H—*C—OH H—e—on
CH,0H *CH,OH CH,OH
B anomer a anomer

1nctiam . Waww da we tran
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projection formulas and assign the symbols « and 8 to the appropriate formula?

w

CH,0OH CH,0OH
HO ,(5{. HO , g OH
OH
OH OH
« OH B OH
Clearly, it is necessary to distinguish between six- and five-membered rings This is done by
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for the five-membered anomers.
720 o
/7 \J

™ D A
Fyran Furan

Question: Would you expect furanose or pyranose ring forms to be the more stable for a given
sugar?

Furanoses are generally less stable because the area of the ring is smaller and the opportunity
for destabilizing the structure through steric interference between the H, hydroxyl and hydroxymethyl

groups on different carbons is greater. With giucose, the a- and B- giueUiurdnuaca contribute very
little to the equilibrium mixture.

2.6 THE CONFORMATION OF GLUCOSE

It was stressed in the nrevmnc section that the Haworth structures for the anomers of

18 bl a2 (i iza Siiraly

p-glucopyranose do not represent the true shape of the rings. The carbon atoms of glucose are all
saturated, and the most stable form of a ring will be one that is strain free, i.e., where the angles
formed by the bonds at each carbon atom are 109°, the tetrahedral angle.
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EXAMPLE 2.12

For simplicity. consider cyclohexane. Only two strain-free conformations are possible: a chair and a boat,
which, for clarity, are shown without H atoms:

N T

Cyclohexane Chair Boat

C6H12

There are 12 H atoms in the structure; 6 are in the general plane of the rings and are called equatorial (e);
6 are perpendicular to the general plane of the rings and are called axial (a).

The chair and boat forms are interconvertible by rotation around the C—C bonds. Therefore, they are not
isomers, and the term conformers is used to describe the various shapes a molecule can possess.

Although both conformers of cyclohexane are strain-free, the chair conformer is more stable
than the boat. There are two reasons for this. (1) Two of the six C—C bonds in the boat are eclipsed,
whereas none are in the chair conformation. This can be illustrated by imagining the eye placed
to look along the C-2—C-3 bond, as shown in Fig. 2-1. The eye, positioned as in (a), will see
the configuration shown in (b): C-2 with its two H atoms and the bond leading to C-1; however,
the eye cannot see C-3 or the two H atoms attached to it, because these three atoms are immediately
behind C-2 and its two H atoms. Likewise, the C-5—C-6 bond is eclipsed, but all other C—C bonds
in the boat and all C—C bonds in the chair are staggered, ¢.g., (c¢) shows the eye looking along
C-3—C-4. Thus in the boat, the four axial H atoms on C-2, C-3, C-5, and C-6 are as close as
possible, and interactions between them tending to distort the ring are maximal. (2) The axial H
atoms on C-1 and C-4 of the boat come closer together (0.18 nm) than the sum of their van der
Waals radii (0.24 nm), and with these two atoms there i1s an unfavorable interaction tending to
distort the ring.

C-2—C-3 (eclipsed) C-3—C-4 (staggered)
(a) (b) )

Fig, 2-1

The difference in energy between the boat and chair conformers of cyclohexane is about
25 kJ mol™!, which means that at 25°C only 1 in 1,000 molecules exists in the boat conformation.

Question: What are two ways in which a monosaccharide in a ring form, like glucose, differs from
cyclohexane in conformation?



(1) Monosaccharides have hydroxyl and hydroxymethyl groups replacing some of the H atoms
on the carbon atoms of the ring. These are much more bulky than H atoms and would tend to be
in equatorial positions around the edge of the ring rather than in axial positions on the faces of the
ring, where they would be closer together and thus distort the ring. (2) Monosaccharides have an
oxygen atom in the ring in the place of a carbon. This has little effect on the shape of the ring since,
although the C—O bond length is slightly shorter than the C—C bond length, the valencies of oxygen
are at 109°. However, the presence of an oxygen atom in the ring does mean there are two possible

chair conformers, known as C/ and IC.
5 1
4 5 -0
NN /o7
\A V:;\/
3 1 4 2
C1 1C

These cannot be superimposed, but C1 can be converted reversibly to 1C by rotation of the bonds,
passing through a boat conformer in the process.

A Haworth structure for a monosaccharide is translated readily into a structure showing the true
shape of the molecule.

EXAMPLE 2.13

The Haworth structure tells us that a substituent that is above the general plane of the monosaccharide
ring must also appear above the general plane of the chair; whether this is axial or equatorial will depend
on the carbon atom being considered, For example, looking at each carbon of B-p-glucopyranose in turn,

we find

Haworth Structure— Chair Conformers*
Position Relative

Substituent to Ring Ci 1C
OH of C-1 above € a
H of C-1 below a 3
OH of C-2 below e a
H of C-2 above a 3
OH of C-3 above e a
H of C-3 below a e
OH of C-4 below e a
H of C4 above a e
CH,OH of C-5 above e a
H of C-5 helow a e

*e = equatorial plane; a = axial plane.

CH,OH
l O\ o o C.Honn CHon OH

OH HO o l ]
Lon ) o\ on ST
OH gH \C{)H

T OH

Haworth C1 1C
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The preferred conformer is C1, where all the bulky substituents are equatorial, on the edge of the ring. There
will be considerable distortion in the 1C conformer, where three bulky groups on the upper face of the ring
produce considerable steric hindrance, as do two bulky groups on the lower face.

Question: Which is the preferred conformer for a-p-glucopyranose?
Proceeding as in Example 2.13, we see that C1 is again the preferred conformer:

CH,OH
1 CH_OH
o) CH,OH CH,OH
O HORNO /0.}07\ OH
(l) H (')H HOW k‘\/
H L‘( OH
OH OH OH OH
C1 1C

If the preferred forms of a- and B-p-glucopyranose (both C1) are compared, it is seen that the 8
form is the more stable since it has no bulky axial substituent, whereas the a form has one. This
helps explain why B-p-glucopyranose is the dominant anomer in an aqueous solution of glucose,

2.7 MONOSACCHARIDES OTHER THAN GLUCOSE

Aldohexoses

Two structural isomers of glucose are mannose and galactose.

CHO CHO
HO ———H H——+— OH
HO ——H HO———H
H—1—O0OH HO——1—H
H——4——OH H———O0OH
CH,OH CH,0OH
D-Mannose p-Galactose

EXAMPLE 2.14

D-Mannose and D-galactose are readily translated into six-membered Haworth structures. The a anomers
only are shown.

CH,OH CH,OH
i:o HO tO
OH CH OH
HO OH OH
OH
a-p-Mannopyranose a-D-Galactopyranose

Both of these are epimers of glucose; that is, neglecting the anomeric carbon, they differ from glucose in the
configuration at just one carbon atom—mannose at C-2, galactose at C-4.
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Aldopentoses
The most common aldopentose is p-ribose, the sugar present in RNA.
CHO
H OH
H——1—OH
H—"F—O0H
CH,0OH

Question: Translate p-ribose into five- and six-membered Haworth structures. Give the 8 anomers
only.

m LN FaY [e)
U OH avUrisL U A\ 2
HO
OH OH OH OH
B-p-Ribopyranose B-p-Ribofuranose

The only known crystalline form of p-ribose is B-p-ribopyranose, but in solution the a and
anomers of both pyranose and furanose forms occur.

The angle of a regular pentagon is 108°, very close to the tetrahedral angle, suggesting that the
shape of a furanose ring is nearly planar. With some sugars having a furanose ring, the structure
cannot be planar because of steric repulsion between substituents on the ring.

EXAMPLE 2.15

In B-D-ribofuranose, notice that the hydroxyl groups and H atoms attached to the carbon atoms of the
C-2—C-3 bond are eclipsed. Repulsions between these eclipsed groups would be relieved by twisting the ring
out of the planc ie. by raising C-3 above the planc and dropping C-2 below the plane. This conformer is known

as Tz \1 for lwut, with C-3 raised and C-2 IUWC[CU} An alternative way of lcucv'ing sternic lcpunlun is to raise
or lower C-3 out of the plane of the ring. This gives E (for envelope) conformers.

CH,OH o) oH CH,OH
HO o
OH H
OH OH
T E’

The loss of stability of the ring when C-3 is moved out of the plane is more than compensated by the relief
from steric repulsion.

Deoxy Sugars

Deoxy sugars are reduced forms of sugars in which a hydroxyl group is replaced by a hydrogen
atom. The most widely distributed deoxy sugar is known as 2-deoxy-p-ribose and is present in
DNA.
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EXAMPLE 2.16

As with ketoses, many deoxy sugars are incorrectly named. In so-called 2-deoxy-p-ribose, there are only
two chiral carbon atoms and the sugar is related to p-ervthrose. The systematic name is 2-deoxv-p-ervihro-

ras uga LAl R DRI YRS 2 B0 SYSICiaul danl 15 MR Y -LICT Y

The other deoxy sugars commonly found are L-fucose, particularly in animals, and L-rhamnose,
occurring in plants and bacteria.

CHO CHO
HO——4—H H—1+—OH
H OH H —OH
H——3+—OH HO———F———H
HO—+—H HO——f——H
CH, CH,
L-Fucose L-Rhamnose

Question: What are the systematic names for these sugars?
6-Deoxy-1L-galactose (L-fucose) and 6-deoxy-L-mannose (L-rhamnose).

Alditols

A different type of reduced sugar is an aldito/, in which the aldehyde group of an aldose has
been reduced. For example, the alditol produced from p-glucose is p-glucitol (the trivial name is
sorbitol). The name of an alditol is obtained by adding -itol to the root of the name of the aldose

Ivcernol a reduction nroduct of nl\rr‘prnldnhurlp\
Y WwWwidl/ly 4 AWl risaa r’ ALV AV I L VS vvluluv.n]u\r

EXAMPLE 2.17

Two alditols are shown below.

CH,OH CH,OH
H— OH H— OH
HO——+——H H——1+—OH
H——+—OH H———OH
H——1+———OH CH,OH
CH,OH
p-Glucitol p-Ribitol

Question: What are the names of the compounds obtained when the carbonyl group of p-fructose
is reduced to an alcohol?
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CH,OH CH,OH CH,OH
co H—+}—OH HO——H
HO——+——H HO- H HO H
— +
H————OH H——OH H———OH
H—+—OH H—}—OH H—}—OH
CH,OH CH,OH CH,OH
D-Fructose D-Glucitol D-Mannitol

Uronic and Aldonic Acids

Uronic acids are sugars in which the hydroxymethyl group of an aldose has been oxidized to a
carboxylic acid. These occur as the salts, known as wuronates, at physiological pH.

OH
a-D-Glucuronate

Oxidation of the aldehyde group of an aldose to a carboxylic acid group gives a derivative known
as an aldonic acid. This occurs as a salt, aldonate, at physiological pH. If an aldonic acid contains
five or more carbon atoms, a d-lactone is formed spontancously by the condensation of the carboxylic
acid group and the hydroxyl group on C-5.

EXAMPLE 2.18

With glucose, chemical oxidation of C-1 occurs with the open-chain form, whereas enzyme-catalyzed
oxidation of C-1 occurs with the ring form of the sugar. The aldonic acid (gluconic acid) that is formed is an
equilibrium mixture of the free acid (open chain) and the &-lactone (ring).

CHO
H—+OH CHZO};
HO——+—H Chemical H H D-Gluconic acid
——
H——on o NoHH COOH (C(H,,0,)
H— OH o
H OH
CH,OH .
‘-HzoJ +H,;0
CH,OH CH,OH

O\ D-Gluconolactone

O (C6H1006)

ZOO
z
T

Enzymatic

OH (~2H)
HO HO

OH OH

S
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Amino Sugars

Amino sugars are widely distributed naturally. Generally, they are sugars in which a hydroxyl
group has been replaced by an amino group.

EXAMPLE 2.19
The most common amino sugars are:

D-Glucosamine (2-amino-2-deoxy-D-glucose)
D-Galactosamine (2-amino-2-deoxy-D-galactose)

Neuraminic acid, a derivative of D-mannosamine (2-amino-2-deoxy-D-mannose)

The amino groups in these compounds are usually acetylated.

(I‘OOH
CO
CH,0H CH,0H H— H
o HO 0 H——1——OH
H,COCHN—T—H
OH H,OH H H,OH HO—1 1
HO . ' H——3—O0OH
NHCOCH, NHCOCH, H——o0H
CH,OH
N-Acetyl-p-glucosamine N-Acetyl-p-galactosamine N-Acetylneuraminic acid
(sialic acid)

Phosphate and Sulfate Esters

Many monosaccharides and their derivatives occur naturally in a form in which one or more of
the hydroxyl groups has been substituted by a phosphate or a sulfate group. These are known as
esters. In general, the phosphate esters are found as components of metabolic pathways within cells,
whereas the sulfate esters are found in oligosaccharides and polysaccharides occurring outside
cells.

EXAMPLE 2.20

Two phosphate esters and two sulfate esters of monosaccharides that occur naturally are fructose
1,6-bisphosphate and 6-phosphogluconate (for both, see Chap. I1); and D-galactose 4-sulfate and N-
acetylgalactosamine 4-sulfate.

2.8 THE GLYCOSIDIC BOND

All monosaccharides and their derivatives that possess aldehyde or ketone groups (that is,
excepting derivatives such as alditols and aldonic acids) will have reducing properties. Moreover, those
with the appropriate number of carbon atoms can form rings occurring in two forms (anomers) and
in which the potential reducing carbon is called the anomeric carbon.

Question: How reactive is the anomeric hydroxyl group compared with the other hydroxyl groups
in a monosaccharide?
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It i much more reactive than a typical primary or secondary alcohol. This reactivity is due to
electron-withdrawing influence of the ring oxygen The situation may be compared to the structure

wrltten for a carboxylic acid in which the four atoms, C-O and O-H, constitute the chemical group.
With a monosaccharide the anomeric C atom, the H and O-H atoms on the anomeric carbon, and

the ring oxygen constitute the corresponding chemical group.

O\ H CO
C -~

EXAMPLE 2,21

The reactivity of the anomeric hydroxyl group is illustrated by the ease with which monosaccharides react
with aicohois and with amines. The normai hydroxyl groups in the moiecuie do not react, but the anomeric
hydroxyl does. The process is known as glycosylation (of the alcohol or amine), and the products as O-glycosides
and N-glycosides.

0
O-Glycoside
o o o
RNH, H,0
An H,O N-Glycoside
y
monosaccharide NHR

The R group in these glycosides is referred to as the aglycone.

As with the parent monosaccharide, the anomeric carbon can have either the a or the B
configuration since it remains a chiral center.

N T snrla
gucsuun 111 wlldal 1oypult

charide?
The ring of a glycoside cannot open to give a straight-chain structure. Consequently, glycosides

have no reducing properties.

A glycoside is, in chemical terms, an acetal (see also Sec. 2.5):

R »
\C/O +R'OH R\C/OH +R'OH \ / OR
H / H VRN OR’ / \
Aldehyde Hemiacetal A&ta!
(open-chain (ring form) (glycoside)
monosaccharide)

The term glycoside is a generic one, and glycosides derived from glucose, fructose, and ribose
are known as glucosides, fructosides, ribosides, etc.; i.e., -oside is the suffix for glycosides. Glycosides,
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like the parent monosaccharides, can have either five- or six-membered rings known as furanosides

nr nnrnnnﬂrl.oc rPCf\Pf‘fl\!P]\l
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CH,0OH CH,OH
O HO HO s
H OH
HO H,
OH OH
a-D-Methylglucopyranoside B-p-Methylglucofuranoside

Question: What happens to the optical rotation when a freshly prepared solution of a-b-
methylglucopyranoside is allowed to stand?

It remains constant. Since a glycosidic ring cannot open, these structures do not display
mutarotation.

EXAMPLE 2.22
Give the structure for 8-nD-methylfructofuranoside.

Write the structure for p-fructose.
Convert this to the five-membered Haworth ring form (use Example 2.10 as a guide}.

Take the B anomer and substitute the anomeric hydroxyl with a methyl group.

CleOH
CO CH OH CH,OH
LIn ,0_ OCH,
LI — ]
OH, CH,0OH
H——
OH CH OH
H—3—OH
CH,OH
(1) (2) (3)

B-p-Methylfructofuranoside

The glycosidic bond is found in a very wide range of biological compounds. In addition, there
is a particularly important group of O-glycosides in which the glycosidic bond links two monosac-
charides, i.e., the aglycone is a sugar. Such compounds are called disaccharides. The anomeric
hydroxyl group of the second monosaccharide can itself glycosylate a hydroxyl group in a third
monosaccharide to give a trisaccharide, and so on. Polysaccharides are polymers in which a large
number of monosaccharides are linked by glycosidic bonds.

Question: What is an oligosaccharide?
An oligosaccharide is a compound consisting of an undefined but small number of monosac-
charides linked by glycosidic bonds.

Question: Why are the monosaccharide units in oligo- and polysaccharides called residues?
Tha faramntinm Af anch &lucncidia lhand mrvped acenatinze s agdo e hialh o wwrntar manalaasela g
1 N¢ 0rmatiocn o1 ¢acn ElybUDlulb OOIid lb a CORQernsdaiiorn redciiorn lll whnicnn @ watcl maoiccuic is
produced. Effectively then, all the monosaccharides, except the monosaccharide at one end, have

lost a water molecule; thus the term residue is justified.
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The name of a residue is formed by adding -osy/ to the root of the name of the sugar. Thus,
a trisaccharide made from three glucose molecules is glucosylglucosylglucose. In order to abbreviate
the written descriptions for oligo- and polysaccharides, a shorthand method for naming residues has
been introduced; e.g., Glc (glucosyl), Gal (galactosyl), Fru (fructosyl), GlcN (glucosaminyl), GIcNAc
(N-acetylglucosaminyl), GlcA (glucuronyl), NeuNAc (N-acetylneuraminyl).

The term glycan is used as an alternative to the word polysaccharide. This is a generic term, and
names such as glucan, xylan, glucomannan describe polymers composed, respectively, of glucose
residues, xylose residues, and glucose and mannose residues.

Tha grantact nrahlam ndarctanding tha ctructnirac nf n nvn: a
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the ways in which the glycosidic bonds are written.

EXAMPLE 2.23

The structures of two different disaccharides, both composed of glucose, are shown.

CH,OH CH,OH
0 )
H. OH Maltose
OH o-\OH ’ a-Gle-(1—4)-Glc
HO
OH OH
CH,OH CH,OH

o ¢}
Cellobiose
0
OH OH H, OH B-Gle-(1— 4)-Glc
HO
OH OH

The glycosidic bonds joining the glucose molecules are printed the way they are for the following reason. Consider
a disaccharide formed between two monosaccharides, A and B, in which the anomeric hydroxyl of A is used
to glycosylate the hydroxyl on C-4 of B:

CH, OH CH,OH
K0H®>_ ‘Xk.) H, OH
OH OH

This structure is ambiguous in two respects. It does not show the configuration at C-1 of A, i.e., whether the
glycosidic bond is a or 8. Nor does it show the configuration at C-4 of B, and therefore the identity of B is
not revealed. B could be either glucose (with the glycosidic O below the ring B) or galactose (with the glycosidic
O above ring B). Thus maltose and celiobiose are written as shown to indicate ciearly (1) whether the giycosidic
bond is a or 8 with respect to the glycosyl component and (2) what the identity of the other sugar is. The printing

of the glycosidic bonds as C  C and CO\]C is a pictorial device: it gives clearly the correct configuration of

LS 92

Quesiion: What are the systemauc names for maltose and celiobiose?
Maltose is a-p-glucosyl-(1 — 4)-p-glucose or, more specifically, a-p-glucopyranosyl-(1— 4)-p-
glucopyranose. Cellobiose is 8-D-glucosyl-(1— 4)-p-glucose.
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In the structure for maltose shown in Example 2.23, no conﬁguration is given for the anomeric
f the glucose unit on the right; the structure represents the state of maltose in solution—a

a and B anomers. In crystalline maltose, the anomeric hydroxyl is a, and maltose can

be described as a-p-glucosyl-(1— 4)-a-p-glucose.

Question: s maltose a reducing sugar?
Yes. Although it is a glycoside, the second glucose unit possesses an anomeric carbon atom and
its ring can open to give an aldehyde. For the same reason, solutions of maltose display

,-

mutarotation.

Question. Why doesn’t sucrose, another disaccharide, have reducing properties?

Sucrose, or cane sugar, is a disaccharide in which the anomeric hydroxyl of a-p-glucose is
condensed with the anomeric hydroxyl of B-p-fructose (Example 2.22). It is therefore both an
a-glucoside and a B-fructoside. Neither unit possesses an anomeric hydroxyl and neither ring can
open to give an aldehyde.

CH,OH

/O

OH
HO

]
HO

Fam
T

CH,OH

%O
H
CH,OH

0

o

Question: What is the systematic name for sucrose?

Either «-D-glucosyl-(1— 2)-B-p-fructoside (a-p-glucopyranosyl-(1— 2)-B-b-fructofuranoside)
or B-p-fructosyl-(2— 1)-a-D-glucoside (B-p-fructofuranosyl-(2 — 1)-a-p-glucopyranoside). In ab-
brevi' ted form_ thece are ov-Gle-(1 _-7\ R-prn Anr‘l R Frn {7__- l\-rv-nlf‘ [espe t}‘vIC!

a
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2.9 POLYSACCHARIDES

Polysaccharides function mainly either as structural components or as forms of energy
storage.

EXAMPLE 2.24

Starch and glycogen are polymers of glucose (or glucans) that serve as sugar storage molecules in plants
and animals, respectively. Starch exists as amylose, a linear polymer of a-p-glucose joined with a(1 — 4) linkages,
and as amylopectin, in which branching occurs through additional a(1— 6) linkages. Glycogen (Chap. 11) is
also a branched glucan, but the degree of branching is greater in glycugen than in amylopectin The long linear
chains of amylose can exist with adjacent residues randomly oriented with respect to each other, although there
is a tendency for the chains to take up a helical conformation. In the presence of iodine. interactions between
the glucose residues and iodine atoms stabilize the helical conformation, with iodine atoms enclosed within the

helix, and results in the development of a structure that has a bright blue color.



EXAMPLE 2.25

Cellulose, the major cell wall material of plants, is also a linear polymer of glucose, but connected by (1 — 4)
linkages.

Question. Why is cellulose insoluble, while starch, which appears to have a very similar structure,

is soluble?
The seemingly small difference in structure between starch and cellulose allows the lin
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hydrogen bonds, to produce an insoluble structure of high mechanical strength.

The (1 — 4) linkage is particularly stable with respect to hydrolysis. Cellulose cannot be digested
by mammals, but some insects (notably termites and wood-eating cockroaches), protozoans and fungi
possess cellulases, enzymes that can hydrolyze the 8(1— 4) linkages. Ruminants, such as sheep and
cattle, can digest cellulose because of the protozoans that live symbiotically in their digestive
system.

In addition to cellulose, plants contain pectins and hemicelluloses. Pectins are polymers comprised
of arabinose, galactose and galacturonic acid. Hemicelluloses are not derived from cellulose, but are
polymers of p-xylose, D-mannose or p-galactose. These compounds provide a matrix in which the
cellulose fibers are embedded.

The cell walls of many fungi, and the exoskeletons of insects and other arthropods, as well as
some molluscs, are largely comprised of chitin, a polymer of N-acetyl-8-p-glucosamine linked by
B(1— 4) glycosidic bonds.

The connective tissue of mammals is rich in polysaccharides known as glycosaminoglycans, or
mucopolysaccharides. Chondroitin sulfate is a polymer of a repeating unit comprising a(1 — 3) linked
disaccharide of glucuronic acid and N-acetylgalactosamine; the galactosamine is largely sulfated on
the hydroxyl of carbon 6. Hyaluronic acid, a lubricating material in the synovial fluid of joints such
as the elbow and knee, is a repeating polymer of a disaccharide of glucuronic acid and

N-ace l lnr‘neamlne
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Question: What is the (biological) function of the carboxyl and sulfate groups on glycosaminoglycans?
The negative charges on these groups at neutral pH lead to electrostatic repulsion which increases

the dimensions of the molecule. The large volume of solution occupied by such expanded molecules

contributes to high viscosity, and aids in the function of hyaluronic acid as a joint lubricant.

Solved Problems

THE STRUCTURE OF p-GLUCOSE

2.1. A solution of p-glucose contains predominantly the a and 8 anomers of p-glucopyranose, both
of which are nonreducing. Why is a solution of pD-glucose a strong reducing agent?

SOLUTION

Because there is some open-chain glucose present with reducing properties. As this reacts, the
equilibria between it and the nonreducing ring forms are disturbed, causing more of the open-chain form
to appear. Ultimately, all the glucose will have reacted via the open-chain form.
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What percentage of p-glucose in solution at equilibrium exists as the B anomer?
SOLUTION

By definition. 1g of 8-p-glucose in 1cm? will give a rotation of +19° in a 1-dm polarimeter tube.
Likewise 1 g of a-p-glucose will give a rotation of +112° (see Sec. 2.5). At equilibrium, let there be
bgcem * of B-p-glucose. There will be (1—b) g cm ™3 of a-p-glucose at equilibrium. The rotation at
equilibrium (+52° Example 2.11) will be due to a contribution from b g of 8-p-glucose and (1 - b) g
of e-p-glucose; i.e.. b(+19°) + (1 — b}(+112°) = +52°, from which b = 0.64 g. Therefore the percentage
of glucose present as the 8 anomer at equilibrium is 64 percent. {This answer assumes that the open-chain
form of glucose makes a negligible contribution to the equilibrium mixture, an assumption supported
by optical and NMR spectroscopy of the solution at equilibrium.)

THE CONFORMATION OF GLUCOSE

2.3.

2.4.

Write the Haworth structure for S-L-glucopyranose.

SOLUTION

By definition, this is the mirror image of B-D-glucopyranose. The structure can be drawn in six ways
by imagining a mirror placed (1) to the left, (2) to the right, (3) above, (4) below. (5) in front of, or
(6) behind the structure of B-p-glucopyranose. Three of these images are shown.

CH,OH CH,OH
Q0oH Ho ©
OH H
HO S OH
OH OH
B-b-Glucopyranose (2)
OH
0
H \
CH,0H HO PH
H OH HO CHZO/H
O
OH
(4) (5)

All six images represent the same structure and can be seen to be so by rotating any image about an
appropriate axis; e.g., rotating (4) toward you through 180° about a horizontal axis in the plane of the
paper will give (35).

What is the preferred conformation for 3,6-anhydro-p-glucose?
SOLUTION

3.6-Anhydro-D-glucose (1) is a glucose molecule in which a water molecule is lost between C-3 and
C-6. Although the preferred conformation of p-glucose is C1, this conformation is not possible with (1)
because the oxygen on C-3 is too far from C-6 for a bond to be formed between them (2). Consequently,
1C is a more iikely conformation {3}, but the large number of axial hydroxyi groups and the strain in
the ring bounded by C-3. C-4, C-5, C-6 and the O between C-3 and C-6 make this conformation unstable.
The preferred conformation for 3.6-anhydro-p-glucose is (4), with two fused, planar five-membered
rings.
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H,C

CH k
‘1__2 H,C HO -Frn

O\ "A'A,(:\I-lz -O Jl J\ /O\ .
b o T XM G9~0"7 H, OH

HO © HO

OH OH OH HO

(1) (2) 3) 4)

MONOSACCHARIDES OTHER THAN GLUCOSE

2.5.

2.6.

2.7.

Are p-mannose and D-galactose epimers?

SOLUTION

No. They differ in configuration at rwo carbon atoms.

Figure 2-2 shows the mutarotation that occurs when, B-p-ribose is dissolved in water. How
can this curve be interpreted?

(o]

-257 -

-20° -

\._/

152

¢ Time —

Fig. 2-2 Mutarotation of B-p-ribose dissolved in
H,0.

SOLUTION

Crystalline B-p-ribose is 8-p-ribopyranose (Sec. 2.7), and when this ribose is dissolved in water, the
pyranose ring opens. The resulting open-chain form will close to give furanose and pyranose ring forms,
Formation of the furanose ring is much faster since the random motion of the open-chain form allows
the hydroxyl group on C-4 to approach C-1 far more frequently than the hydroxyl group on C-5 can.
However, the pyranose ring is more stable because it is larger and the steric repulsion is less. Thus, the
initial changes in rotation shown in Fig. 2-2 are due to the appearance of a relatively high concentration
of furanose forms, and the later changes in rotation reflect the reappearance of increasing concentrations
of pyranose forms.

Show that L-ribitol 1-phosphate is identical with p-ribitol 5-phosphate.
SOLUTION

All carbon atoms of ribitol are in the same state of oxidation, and the carbon chain can be numbered
from either end. If numbered as shown in {a) below, and assuming C-1 was derived from an aldehyde,
then the compound would be related to p-ribose and can be called p-ribitol. p-Ribitol 5-phosphate would
be as shown in (b). However, if C-5 was derived from an aldehyde, then the compound would be related
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to L-ribose [turn the structure in (@) upside down] and called L-ribitol. L-Ribitol 1-phosphate would be
as shown in (c), clearly the same as the phosphate ester shown in (b).

lowy ML ML IT AN
N EPAS S S wrisUrl bnzuru3
H—3}——OH H—1—OH H—+—OH
H—4—OH H—+4—OH H—1—OH
H—4——OH H—4———OH H—+—OH
h)
CH,OH CH,OPO;" CH,OH
(a) (b) (c)

THE GLYCOSIDIC BOND

2.8, The disaccharide shown is lactose, the carbohydrate of mammalian milk. Give {a) its fuil name
and (b) its abbreviated name.

Ho/—©. O,
OH >V‘o OH )H, OH
OH OH
Lactose
SOLUTION
{a) p-Galactopyran y' {1 — 4)-glucopyranose

(b) B-Gal-(1— 4)-

2.9. Give the structure for a disaccharide, containing only glucose, that is nonreducing.
SOLUTION

For the disaccharide to be nonreducing, the anomeric carbons of both glucose molecules must be
linked via a glycosidic bond. The product is called trehalose, and it exists in three isomeric forms in which

the glucose molecules are linked a,a; 8,8; or a,8 (shown). a,8-Trehalose is a-p-glucopyranosyl-(1 — 1)-3-
D-glucopyranose.

CH,OH
o)

(on )
ol /|

CH,OH
)0,

OH
HO

OH

a, B-Trehalose
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POLYSACCHARIDES

2.10.

2.11.

2.12.

2.13.

2.14,

What products would result from the partial acid hydrolysis of chitin?

SOLUTION

The B(1— 4) linkage is relatively resistant to hydrolysis, so the major site of hydrolysis is that of
the N-acetyl group to yield poly(a-p-glucosamine) and acetic acid. This material is also known as
“chitosan’’.

How could one determine the degree of polymerization of a sample of amylose (i.e., the
average number of glucose residues per chain)?

SOLUTION

Amylose has only a single reducing group per polysaccharide chain: the group at carbon I of the
last residue in the polymer. Accurate and sensitive measurement of the concentration of reducing groups
in the sample would provide an estimate of the number of chains. Analysis of the total glucose
concentration would allow an estimate of the degree of polymerization from the ratio of the concentration

of total glucose to that of reducing groups.

Identify by class and by name the monosaccharides that occur in the following glycosides. Give the

configuration of each glycosidic bond.
XN
ap
0 CH,OH "
O—CH,CHCOO™ O
OH l
HO *NH;,
OH

OH OH
(a) (b)
CH,OH CH,OH
QNHCQCH LCHCOO" Q —(CH,),CH,
NHCOCH,
(c) (d)
Which of the following are reducing sugars?
(a) Galactose (e) Xylose (/) Glucosamine
(b) pB-Methylgalactoside (f) Fructose () Gluconic acid
(c) Maltose (g) Rhamnose (¥) Glucitol

(d) Mannose (h) Ribose

(a) Draw the structure of any B-p-aldoheptose in the pyranose form. (b) Draw the structures of the
anomer, the enantiomer, an epimer.
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2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.

2.29,

CARBOHYDRATES [CHAP. 2

A sugar (CsH,pQs) was treated by a method that reduces aldehyde groups and gave a product that was
optically inactive. Assuming the sugar was p, what are two possible structures of the product?

An aqueous solution of p-galactose has an [a]f of +80.2° after standing for some hours. The specific

rotations of pure a-p-gaiactose and B-p-galactose are +150.7° and +52.8°, respectively. Caiculate the
proportions of a- and B-p-galactose in the equilibrium mixture.

The specific rotation of maltose in water is +138°. What would be the concentration of a maltose solution
that had an optical rotation of +23° if a polarimeter tube 10 cm long was used?

An enzyme known as invertase catalyzes the hydrolysis of sucrose to an equimolar mixture of p-glucose

and p-fructose. During the hvdrolvsis, the optical rotation of the solution changes from (+) to { =), What
se. Durnng the hydrolysis, the optical rotation of the solution changesirom{+)to (—). Wnat

can you conclude from this observation?

Nojirimycin (5-amino-5-deoxy-p-glucose) 1s an antibiotic used in studies of the biosynthesis of
glycoproteins. Write its open-chain and pyranose ring structures.

There are two possible chair conformers of B-p-glucopyranose. How many boat conformers are
possible?

Show that in B-L-glucopyranose all the substituents on the ring carbon atoms are equatorial.

Write the preferred conformation for a,a-trehalose (see Prob. 2.9), the carbohydrate found in the
hemolymph of insects.

Erythritol is the reduction product of p-erythrose. Why is the prefix p-omitted from its name?

Galactitol, the reduced form of p-galactose, is the toxic by-product that accumulates in persons suffering
from galactosemia. Write its structure.

Write the open-chain structures for (a) p-gluconic acid and (&) p-glucuronic acid.

L-Iduronic acid is part of the structure of some polysaccharides found in connective tissue. How could
this sugar be formed in a one-step reaction from p-glucuronic acid?

Q

COOHY 1, oH
OH ’
HO

1
OH

Write the Fischer projection formulas for the sugar derivatives named in Example 2.20.

The name methylpentose is sometimes used to describe the sugars L-fucose and L-rhamnose. Is this name
valid? Explain your answer.

Are a-methyl-p-glucopyranoside and S-methyl-p-glucopyranoside anomers, isomers, or conformers?
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3.1 AMINO ACIDS

Amino Acids Found in Proteins

All proteins are composed of amino acids linked into a linear sequence by peptide bonds between
the amino group of one amino acid and the carboxyl group of the preceding amino acid. The amino
acids found in proteins are all a-amino acids; i.e., the amino and carboxyl groups are both attached
to the same carbon atom (the a-carbon atom; Fig. 3-1). The a-carbon atom is a potential chiral center,
and except when the —R group (or side chain) is H, amino acids display optical activity. All amino
acids found in proteins are of the L configuration, as indicated in Fig. 3-1.

There are 20 different amino acids used in the synthesis of proteins; these amino acids are listed
in Table 3,1, which also contains the two commonly used symbols for each amino acid. The three-letter
symbols are easier to remember, but the single-letter symbols are often used in writing long sequences.
In many proteins some of the amino acids are modified after incorporation into proteins; e.g., in
collagen, a hydroxyl group is added to each of several proline residues to yield hydroxyproline
residues. With the exception of proline, the a-amino acids that are incorporated into proteins can
be represented by the formula shown in Fig. 3-1.

00’

|

T
z
W——————p

Fig. 3-1 General structure
of a-amino acids
in the L configura-
tion; R is one of
over 20 different
chemical groups.

The side chains of the amino acids do not form a natural series, and thus, there is no easy way
to learn their structures. It is useful to classify them according to whether they are polar or nonpolar,
aromatic or aliphatic, or acidic or basic, aithough these ciassifications are not mutuaily exciusive.
Tyrosine, for example, can be considered to be both aromatic and polar, although the polarity
introduced by a single hydroxy! group in this aromatic compound is somewhat feeble.

The aromatic amino acids absorb light strongly in the ultraviolet region. Use may be made of
this in determining the concentration of these amino acids in solution. The Beer-Lambert relationship
states that the absorbance of light at a given wavelength by a substance in solution is proportional
to its concentration C (in mol L™} and the length / (in cm) of the light path in the solution:

A =¢ell ] 3.1
where A 1s the absorbance of the solution and ¢ is the molar absorbance coefficient. The absorbance
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Table 3.1 Amino Acids Used in Protein Synthesis, Grouped according to Chemical Type

Structure

Name

Abbreviation

1. Neutral Amino Acids
(a) Nonpolar, aliphatic

H
H,N—C—H
00"

H,&—~$—CH—CH,~CH,
€00~

Glycine

Alanine

Isoleucine

Gy | G

Ala A

]
<
o

P

o

Ile I

(b) Polar, aliphatic

H
H,S:—-CLCHZ——OH

éoo*

H OH

Serine

Threonine

Asparagine

Glutamine

Ser S

Thr T

Asn N

Gin Q
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Table 3.1 (Cont.)

Structure Name Abbreviation

(c) Aromatic

|
H,N—(I,‘—CH 7N Phenylalanine | Phe | F
C

)
H,I:I—?—CHIO—OH Tyrosine Tyr Y
COO~

Tryptophan Trp w

(d) 3Suifur-containing

H
H,N—C—CH,—SH Cysteine Cys | C
(lTOO’

H

.o -
H,N—?—CHZ—CHZ‘—S—CH,, Methionine Met M

COO"~

(e) Conwaining secondary amino group

CH,

VN

H,N CH,
\ / Proline Pro P
H—C—CH,

COO~

2. Acidic Amino Acids
H

H,I:I—ﬁli"—él-l ,—C00~ Aspartate Asp D
Co0o~
H

H,ﬁ—é"—éﬂrénl—coo Glutamate Gu | E

COO~
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Table 3.1 (Cont.)

Siructure Name Abbreviation
3. Basic Amino Acids
)
+ ] 3 I3 + .
H,N—C"—CH,—CH,~—CH,~CH,—NH, Lysine Lys | K
CoO-
T e
(8 ) ;J_f‘ el BN ¢ BN ¢ | _NU_J““;TMU A sl Aen
ll;l‘ T \Jllz \;llz \;llz 1vil L W l‘ll2 nlsllllllc nls I
COO~
H
Lo /N=cH
H,N—C—CH,—C ! Histidine His | H
I N\ _NH
C00" CH

The Greek symbols indicate the nomenclature of the carbon chains in certain amino acids, The carbon
atom carrying (1.c.. next to) the carboxyl group is labeled a.

is defined as the logarithm of the ratio of the intensity of incident light (/,) to that of transmitted
light ([):

A= logm% (3.2)

EXAMPLE 3.1

Given that the molar absorbance coefficient of tyrosine in water is 1,420 L mol~! cm™! at 275 nm. what is
the concentration of tyrosine in a solution of path length 1 cm for which the absorbance is 0.717
By use of the Beer-Lambert relationship:
A 0.71

C=— = ———=5x10""mol L™’
el 1420x 1.0

Nonprotein Amino Acids

A large number of amino acids involved in metabolism are not found in proteins; e.g., 8-alanine.
~O0OC—CH,—CH,—NH3{, is an intermediate in the synthesis of the B vitamin pantothenic acid, but
1t is not found in proteins. Although most naturally occurring amino acids are of the 1. configuration,
some p-amino acids are found in certain antibiotics and in the cell walls of some bacteria.

3.2 ACID-BASE BEHAVIOR OF AMINO ACIDS

Amino acids are amphoteric compounds; 1.¢., they contain both acidic and basic groups. Because
c -

abla Af baneicey n sant alamteinnl alhaesa i
LIC Ul pvtallllg a4 1lict ciclilival viiarge, will

)

1. et exban PR e
1 vl il

R S e
aturc

o1 tiis, ihf‘:'y‘ arc¢ capao
solution,

The charge carried by a molecule influences the way in which it interacts with other molecules:
use can be made of this property in the isolation and purification of amino acids and proteins.
Therefore. it is important to have a clear understanding of the factors that influence the charge carried
on amino acids.
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The Ionization of Water

The major biological solvent is water, and the acid-base behavior of dissolved molecules is
intimately linked with the dissociation of water. Water is a weak electrolyte capable of dissociating

to a proton and a hydroxyl ion. In this process, the proton binds to an adjacent water molecule to

which it is hydrogen-bonded (Chap. 4) to form a hydronium ion (H;0%):

H H , H
>o ..... H—0" == >o*—H + OH"
H H

In pure water at 25°C, at any instant there are 1.0 X 10" ’mol L' of H3;0" and an equivalent
concentration of OH™ ions. It must be stressed that the proton is hardly ever “*bare™ in water because
it has such a high affinity for water molecules. Hydrated complexes other than H3;O" have been
suggested, but since water is so extensively hydrogen-bonded, it is difficult to identify these species
experimentaily, and as a simplification the hydrated proton is often written as H*

The dissociation of water is a rapid equilibrium process for which we can write an equilibrium
constant:

ap,0* X aoH-
Ke — HJO g)ll (3‘3)
(aHzo)
Since, for dilute solutions, the acrivity a (Chap. 10) of water is considered to be constant and very
close to 1.0, and the activities of the solutes may be represented by their concentrations, we can define
a practical constant, K,,, called the ionic product of water:

K, = [H;O"[-[OH7] (3.9)

or, as is often seen, K,, = [H*][OH ], with the hydration of the proton ignored for simplicity. Note
that the square brackets denote concentrations of species in mol L™ 1.

o — —-14 i : . +1 —
At 25°C in pure water, X, = 107 Since, in pure water, [H") = [OH"]

[H*]=V10-14=10""mol L™!

In acid solution, [H*] is higher, and [OH™] is correspondingly lower, because the ionic product is
constant. The value of K,,, is temperature-dependent; at 37°C, for example, K, = 2.4 x 1074,

EXAMPLE 3.2

Calculate [OH ] in aqueous solution at 25°C when [H*] = 0.1 mol L™,
Since [H*]-JOH™] = 1071
-14

e 10"¥ molL™!

[OH ] =

The Danish chemist S. P. L. Sgrensen defined pH (potentia Hydrogenii) as:

— +
pH = —log,o[H"] (3-5)
Neutral solutions are defined as those in which [H*] = [OH |, and for pure water at 25°C
-7
pH = —log,(107) = 7.0 (3.6)

Note that distilled water normally used in the laboratory is not absolutely pure. Traces of CO;
dissolved in it produce carbonic acid that increases the hydrogen-ion concentration to about
10> mol L™ !, thus rendering the pH around 5.
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EXAMPLE 3.3
Calculate the pH of a 4 X 10 *mol L™} solution of HCI.
At this low concentration we may consider HCI to be completely dissociated to H* and Cl™. Therefore
[H*] =4 x 10" mol L™
and pH = —log (4 x 107%) = 3.40
Note that acid solutions (high H* concentrations) have low pH and alkaline solutions (high OH™ concentration

and low H™ concentration) have high pH. A 10-fold increase in [H*| corresponds to a decrease of 1.0
in pH.

Weak Acids and Bases

Acids

An acid is a compound capable of donating a proton to another compound (this is the so-called
. a___«_ 1 Y oL P | TL PERSDI P YT SONNT Y S s s D P L | rr_.__ . _ . o all
Drensed  dejriiior ). 1ne suuvsidaig Lrijluuri 15 dil alla, 4acelic Cid., rNnoOowcever, obccausc tne
dissociation of all the carboxyl groups is not complete when acetic acid is dissolved in water, acetic
acid is referred to as a weak acid. The dissociation reaction for any weak acid of type HA in
water is

HA + H20 = A™ + l’lg()+
The dissociation reaction for acetic acid is therefore

CH,COOH + H,0 = CH,CO0™ + H,0"
H* donor H" acceptor Conjugate Conjugate
(acid) (base) base acid

The donating and accepting of the proton is a two-way process. The H3;0™ ion that is formed is capable
of donating a proton back to the acetate ion to form acetic acid. This means that the H;O% ion is
considered to be an acid and the acetate ion is considered a base. Acetate is called the conjugate
base of acetic acid.

The two processes of association and dissociation come to equilibrium, and the resulting solution
will have a higher concentration of HyO™ than is found in pure water; i.e., it will have a pH
below 7.0.

A measure of the strength of an acid is the acid dissociation constant, K,

_ Ax,0t taa-
l\u -_—
apA - AH-0

o~
o
3

For acetic acid, K, is therefore

K = AH;0" " ACHRCOO"
ACHACOOH 4H-0

where a denotes the thermodynamic activity (Chap. 10) of the chemical species.

In dilute solutions, the concentration of water is very close to that of pure water, and the activity
of pure water, by convention, is taken to be 1.0. Furthermore, in dilute solutions, the activity of solutes
may be approximated by their concentrations; so we may write an expression for a practical acid
dissociation constant:
k,= A ] (3.8)

[HA]
For acetic acid, this becomes
K = [H*][CH;COO™]
“”  |CH;COOH]
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pK, = —log K, 3.9
Thus, the lower the value of the pK, of a chemical compound, the higher the value of K,, and the
stronger it is as an acid.

EXAMPLE 34

pK, = 4.6
For boric acid, K, = 10~°, while for acetic acid, K, = 107%% = 2.5 x 107%. Thus, acetic acid has the greater

K, and is therefore the stronger acid.

Bases
A base is a compound capable of accepting a proton from an acid. When methylamine, CH;—NH,,
dissolves in water, it accepts a proton from the water, thus leading to an increase in the OH™
concentration and a high pH.
CH3—NH2+H20 = CH:;—NH;_ + OH™
Base Acid Conjugate  Conjugate
acid base

As in the case of acetic acid, as the concentration of OH™ increases, the reverse reaction becomes
more significant and the process eventually reaches equilibrium.
We can write an expression for a basicity constant, K,:

K. = [CH;—NH{][OH™]
b [CH;—NH,]
However, the use of this constant can be confusing, as we would need to keep track of two different

types of constant, K, and K,. Since chemical equilibrium is a two-way process, it is perfectly correct,
and more convenient, to consider the behavior of bases from the point of view of their conjugate

acid. The latter can be considered to donate a proton to water:

CH,—NH+ +H,0 = CH.—NH, + u,0+

(3.10)

113 1N113 ] llz\l - w1 13 1N117 113
[CH3;—NH,][H;07]
K,= - .
and a [CH,—NH3] (3.11)
Of course, K, and K, are related as follows:
CH;—NH;|[H;07%] [CH3;—NH{][OH~
Ky Ky = P N,0 ] [CH TG O] _ 4,04)10m7)

(C3—Nri3 | {C3—INM,|

ie., K, K, =K, (3.12)

In other words, if we know K, for the conjugate acid, we can caiculate K, for the base. A base is
thus characterized by a low value of K, for its conjugate acid.

Buffers

A mixture of an acid and its conjugate base is capable of resisting changes in pH when small
amounts of additional acid or base are added. Such a mixture is known as a buffer.
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Consider again the dissociation of acetic acid:
CH;COOH + H,O0 = CH;COO™ + H30™

Additional acid causes recombination of H3O* and CH;COO™ to form acetic acid, so that a buildup
of H30" is resisted. Conversely, addition of NaOH causes dissociation of acetic acid to acetate,
reducing the fall in H3O* concentration.

This behavior can be quantified by taking logarithms of both sides of Eq. (3.8):

o _ [H')A]
" [HA]

Multiplying both sides by —1, we get
—logK, = —log[H*] - log[A~] + log[HA]

From Eq. (3.9), —log K, = pK,,, and from Eq. (3.5), —log{H"] = pH. By substitution, we therefore
get

[HA] [acid]
pK, =pH +log [A7] PH +lo [conjugate base] (3. 13a)
base
o PH = pK, +log lconiLEate] acid] (3.136)

These are two forms of the Henderson-Hasselbalch equation. This useful relationship enables us to
calculate the composition of buffers that have a specified pH. Note that if [HA] = [A7], then
pH = pK,.

EXAMPLE 3.5

(@) Calculate the pH of a solution containing 0.1 mol L™! acetic acid and 0.1 mol L™! sodium acetate. The
pK, of acetic acid is 4.7. (b) What would be the pH value after adding 0.05 mol L~! NaOH? (c¢) Compare the
latter value with the pH of a simple solution of 0.05molL~! NaOH.

(@) Using the Henderson-Hasselbalch equation (3.136),

H = pK, + log ~2c)
= o
pH = pR,+log (acid]
0.1
Therefore pH=47+ logb-T =47+0=47

(b) On adding 0.05 M NaOH, the concentration of undissociated acetic acid falls to 0.05 M, while the
acetate concentration rises to 0.15 M. Therefore,

Nn14
v.iJ

H=47+]
P 8 0.0

=4.7+10g3=4.7+0.48=5.18

(c) The pH of 0.05mol L™! NaOH is —log [H™] in the solution. If we assume the NaOH is fully dissociated
in water, the value of [OH™] is 0.05 mol L™, The known value of the ionic product of water is 10~!*

fmal ] “W2. sharaforae
\III\JI [ ] s LIIGINIVIN

[H*] = 1071%0.05
and pH = 12.7

In comparison with this, even after adding the same amount of alkali, the buffered solution changes
pH only slightly.
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Acid-Base Behavior of Simple Amino Acids

Many biological molecules have more than one dissociable group. The dissociation of one group
can have profound effects on the tendency for dissociation of the other groups. Amino acids,
containing both carboxyi and amino groups, iliustrate this phenomenon. In water, the carboxyi group
tends to dissociate a proton, while the amino group binds a proton. Both reactions can therefore
proceed largely to completion, with no buildup either of H;O0* or OH™. An important result is that
amino acids carry both a negative and a positive charge in solution near neutral pH; in this state
the compound is said to be a zwitterion.

A way of examining the zwitterionic behavior of amino acids is to study their titration. Suppose,
for example, that we begin with a solution of glycine hydrochloride, in which both groups are in
their acidic forms. Addition of sodium hydroxide brings about an increase in the pH of the solution,
and at the same time, dissociated protons react with the added hydroxyl ions to form water thus
allowing further dissociation to take place, as shown in Fig. 3-2.

Charge

+1 0 -1
pH W LI 'T T T T T [‘T L

I E
12 —

[

: S

- e g
8 [~ n
4 - ]

L i
0 I 1 1 1 | 1 R R | 1 | L L 1 S

0.0 0.5 1.0 1.5 2.0

Number of protons dissociated

Fig. 3-2 Titration of 10mmol glycine-HCI with NaOH solution. The
broken line shows the titration in the presence of formal-
dehyde.

The curve in Fig. 3-2 shows two distinct branches, one for each acidic group on glycine
hydrochloride. At point A, both groups are in the acid (protonated) form: HOOC—CH,—NHj7 and
the charge carried by the molecule is +1. After addition of 10 mmol of NaOH (point C, near pH
6.0), one group is almost completely deprotonated, and the molecuie carries no net charge. After
an additional 10 mmol of NaOH, the second group is also deprotonated (point E), and the form of
the molecule will be "OOC—CH;—NH,, with a charge of ~1.

In the vicinity of points B and D, the pH changes least for a given amount of added NaOH;
i.e., the solution is acting as a buffer. At point B, pH 2.3, half of the first group has been titrated

to its conjugate base and half remains in its acid form; i.e., [acid] = [conjugate base]. At this point,
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then, from Eq. (3.13), pK, = pH, or for this group, pK, = 2.3. The first group to titrate must be

a relatively strong acid, and this group would be expected to be the carboxyl group. Similar

S203s Al 1113y (3SR L SGIVVA Y

consnderatlons lead to a value of 9.6 for the pK, of the second group, the amino group.

EXAMPLE 3.6

What fraction of the first group (the carboxyl) has been titrated by pH 6.3?
Using the Henderson-Hasselbalch equation (3.13b):

[base]
pH = pK, +log T—
lacid]
At pH 6.3, for a group with a pK; of 2.3:
[base]
=63-23=40
[acid]
Therefore, [base] = 10* X [acid]. This result indicates that only 1 in 10,000 of the carboxyl groups (0.01 percent)

is protonated at pH 6.3.

The pH at which the molecule carries no net charge is called the isoelectric point. For glycine
the isoelectric point is pH 6.0. Of course, in a solution of glycine at pH 6, at any instant there will
be some molecules that exist as COOH—CH,—NH3, and an equal number as COO~—CH,—NH,,
and even fewer of COOH—CH,—NH,. Because of the symmetry of the titration curve around the
isoelectric point, it is possible to calculate the pH of the isoelectric point, given the individual pK,
values.

At the isoelectric point:

pKal + pKa2

H, =
phy 2

(3.19)

The Formol Tiiration

Chemical modification can be used to verify the assignment of pK, values in titrations of amino
acids. For example, by titrating in the presence of formaldehyde, we can show that pK,,, in Fig. 3-2
belongs to the carboxyl group, and pK,; to the amino group.

1 omenen s
HUWDS.

7

™ CH,—OH

R—NH, + 2HCHO —= R—N

Thus, the pK, of amino groups is altered in formaldehyde solutions, while the carboxyl groups remain
unaffected. Itis found that the pK,; of amino acids is unchanged in formaldehyde and therefore represents the
carboxyl group, while pK,; is lowered (see the broken line in Fig. 3-2). The extent of lowering depends on the
concentration of formaldehyde. Thus, pK,; reflects the dissociation of the amino group.

In general, among simple compounds, the carboxyl group is a stronger acid than the —NH3 group.
Carboxyl groups tend to have pK, values below 5 and —NH3 groups above 7.

Question: Why is the pK, of the glycine carboxyl (2.3) less than the pK, of acetic acid (4.7)?
In glycine solutions at pH values below 6, the amino group is present in the positively charged
form. This positive charge stabilizes the negatively charged carboxylate ion by electrostatic interaction.
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This means that the carboxyl group of glycine will lose its proton more readily and is therefore a
stronger acid (with a lower pK, value).

Acidic and Basic Amino Acids

Some of the amino acids carry a prototropic side chain: e.g., aspartic acid and glutamic acid
have an extra carboxyl, histidine has an imidazole, lysine has an amino, and arginine has a guanidino
group. The structures of these side chains are shown in Table 3.1, and their pK, values are listed

in Table 3.2.

The titration curves of these amino acids have an extra inflection, as shown for glutamic acid
in Fig. 3-3.
Table 3.2. pK, Values of Some Amino Acids
pKal pKa pKaR
Amino Acid (a-COOH) (a-NH7) (side chain)
Glycine 2.3 0.6 —
Serine 2.2 9.2 —
Alanine 23 9.7 —
Valine 2.3 9.6 —
Leucine 2.4 9.6 —
Aspartic acid 2.1 9.8 3.9
Glutamic acid 2.2 9.7 4.3
Histidine 1.8 9.2 6.0
Cysteine 1.7 10.8 8.3
Tyrosine 2.2 9.1 10.1
I vein 79 an 1N s
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Fig. 3-3 Titration of 10 mmol glutamic acid hydrochloride by NaOH.
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Charge on Polybasic Amino Acids

Recall that for amino acids, the various groups have a charge that depends on the pH of the
solution:

1. The protonated forms of the carboxyl groups and the tyrosine side chain are uncharged, while
the deprotonated forms are negatively charged, or anionic.

2. The protonated forms of the amino group, the imidazolium side chain of histidine and the
guanidinium group of arginine, are positively charged (or cationic), while the deprotonated forms
are uncharged.

At pH values below the pK, of a group, the solution is more acidic, and the protonated form
predominates. As the pH is raised above the pK, of a group, that group loses its proton; i.e.. the
—COOH group becomes the negative ~COO ™, while the positively charged acid form of the amino
group, —NH7, becomes uncharged NH,.

Isoelectric Point
By using the above arguments, we can consider the example of the isoelectric point of glutamic

acid, with the aid of the pK, values given in Table 3.2.
At pH values less than 2.2, all the groups are protonated. The predominant forms of glutamic
acid, present at different points during the titration shown in Fig. 3-3, are given below:

Point Charged Form Charge
A (pH1) COOH +1
CH,

B (pH 3.25) COOH 0

C (pHT7)

NH; —CH—COO"

D (pH 12) COO~ -2

NH,—CH—COO"

As the pH is increased through 2.2, the a-carboxyl dissociates to yield the zwitterion near pH 3. As
the pH is further increased through 4.3, the side-chain carboxyl dissociates to yield a molecule with
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two negative and one positive charges (i.e., a net charge of —1). Note that near pH 7 (i.e., in neutral

ol\luhnn hath olutamic arid and ocnorfu- aricd avigt as nlntomata and agnartate recnectively with
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ionized side chains. Finally, as the pH rises through the pK,,, the amino group dissociates to yield
the species with a charge of —2. Thus, the isoelectric point is flanked by the two pK,, values of 2.2

and 4.3. ’
So, it can be shown that for glutamic acid,

pH, = (pK.1 + pKar)/2 = (2.2 + 4.3)/2 = 6.5/2 = 3.25.

Thus, as a general rule, the isoelectric point of an amino acid is the average of the pK, values of
the protonation transitions on either side of the isoelectric species; this implies a knowledge of the

Aunne ~F

b £
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3.3 AMINO ACID ANALYSIS

After hydrolysis of proteins to amino acids (usually in concentrated HCl), the amino acids can

be separated from each other by means of ion-exchange chromatography. Three buffers of successively
higher pH are used to elute the amino acids from the chromatography column. The order of elution
depends on the charge carried by the amino acid. The basic amino acids (lysine, histidine, and
arginine) bind most tightly to the negatively charged ion-exchange resin. By using this technique,
it is possible to determine which amino acids occur in a given protein. Their relative abundance
can also be determined by measuring the concentration of each amino acid. The compound ninhydrin
reacts with amino acids to form a purple derivative. By measuring the absorbance at 570 nm of
the purple solution so formed, the relative concentrations of each amino acid can be determined
(Fig. 3-4).
Reaction of amino acids with ninhydrin:

on i
2 + R—?—COO"
OH 1}]}.]3
0]
Ninhydrin I Amino acid
O O
P
~ | eeN—c” N
=N— + R—C—H + CO, + 3H,0
N s N\ | . I 2 2
0] o
Purple pigment
Althanoh nrnl-nn Anac nat oiva a nirala - | "lnr\ troatod unth ninbhadeia + Anng o 14 wranlae
LRLIIVUER LD PIUII I UULD UL 51 Yo a }Iul Plb \’U Ul Wi Il b LU vl Il lllyUllll, ll (4161 lelU (1 wWiLdAUI
yellow pigment, which can be quantified. Proline can be located readily in a chromatogram during

amino acid analysis because the relative heights of the 570- and 440-nm absorbance profile are
reversed compared with the other amino acids.
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0.2 M cirate, pH 3.3 i 0.2 M citrate, pH 4.3 i 0.35 M citrate,
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Fig. 3-4 Separation of amino acids by ion-exchange chromatography. The areas under the peaks are
proportional to the amounts of amino acids in the solution.

EXAMPLE 3.8
A peptide was hydrolyzed, and the resulting solution was examined by amino acid analysis. The following
data were obtained:

Amino Acid umol
Asp 1.21
Ser (.60
Gly 1.78
Leu 0.58
Lys 0.6l

Determine the empirical formula of the peptide.
We may take leucine as a convenient reference compound and determine the proportion of each of the amino

acids relative to leucine. This yields the following stoichiometry:

Amino Acid Relative Concentration
Asp 2.086
Ser 1.03
Gly 3.07
Leu 1.00
Lys 1.05

Since there must be a whole number of each amino acid in the peptide. these values can be rounded off to integers
to give the most likely empirical formula: Asp,. Ser. Gly;. Leu, Lys.

3.4 THE PEPTIDE BOND

In protein molecules, a-amino acids are linked in a linear sequence. The a-carboxyl group of
one amino acid is linked to the a-amino group of the next through a special amide bond known as
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a peptide bond. The peptide bond is formed by a condensation reaction, requiring the input of
energy:

CH, H CH,

| ;% |

NH, —CH,—COO~ + NH;—CH—COO" ~no NH;——CHZ—(“:—N——CH—COO_
2
O
Giycine Alanine Glycylalanine

Note that the acidic and basic character of the carboxyl and amino groups taking part in forming
the bond are lost after condensation. The hydrolysis of the peptide bond to free amino acids is a
spontaneous process, but is normally very slow in neutral solution.

Nomenclature

In naming peptides, we start with the amino acid that has the free «-NH3 (the N rerminal) and
replace the -ine endings (except the last one) with the ending -y/. The amino acids in the peptide
are called residues, since they are the residues left after the removal of water during peptide bond

formation.

EXAMPLE 3.9

Distinguish between the dipeptides glycylalanine and alanylglycine.

We start naming a peptide from the amino terminus; thus, glycylalanine has a free a-amino group on the
glycine residue, while the free carboxyl group is that of the alanine residue.

Glycylalanine and alanylglycine are examples of sequence isomers; they are composed of the same amino

acids, but they are combined in different sequences.

Peptides

Compounds of two amino acids linked by a peptide bond are known as dipeptides, those with
three amino acids are called tripeprides, and so on. Oligopeptides contain an unspecified but small
number of amino acid residues, while polypeptides comprise larger numbers. Natural polypeptides
of 50 or more residues are generally referred to as proteins (Chap. 4).

EXAMPLE 3.10

The following peptides are not derived from proteins. How could this be deduced from an inspection of
their structures?

(@) Glutathione (y-L-glutamyl-L-cysteinylglycine)

H
NH; N (I:Hz
CH—CH,—CHZ—C—NH—CH—(ﬁ—NH—CHz—COO'
“00oC o)

The peptide bond between glutamic acid and cysteine is through the y-carboxyl of glutamic acid, not
the a-carboxyl group. All natural proteins are composed with a-peptide links (unless there have been

postsynthetic modifications).
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(6) Carnosine

€00 -
NH}A}Q—GL—W—NH—CH—thf=qr
o HN N
\C//

H

This compound contains S-alanine. Naturally occurring proteins are composed of a-amino acids
only.

3.5 REACTIONS OF CYSTEINE
The side chain of cysteine is important because of the possibility of its oxidation to form the
disulfide-bridged amino acid cystine:

NH; NH;
>CH—CH,——SH + HS—CHz—CH<
COO~ COoO~
NH, NH;
N\ e
/CH——CHZ—S—S—CHZ—CH\ + H,0
CoO~ COO™
Cystine

Disulfide bridges are often found in proteins if the cysteine side chains are close enough in the
tertiary structure (Chap. 4) to form a bridge. In addition, oxidation of free —SH groups on the surface
of some proteins can cause two different molecules to be linked covalently by a disulfide bridge. This
process may be biologically undesirable, and cells frequently contain reducing agents that prevent
or reverse this reaction. The most common of these agents is glutathione; it can reduce the oxidized
disulfide back to the sulfhydryl form, becoming itself oxidized in the process. Cells contain other
reducing systems linked to metabolism that can then re-reduce the glutathione.

Disulfide links can be broken in the laboratory by reagents similar to glutathione that carry a
free —SH group. The most common of these is mercaptoethanol, HO—CH,—CH,—SH.

There are more powerful disulfide reducing agents (lower standard redox potential, Chap. 10);
e.g., dithiothreitol carries two sulfhydryl groups, and oxidation of these causes ring closure, forming
a very stable disulfide. As a result, dithiothreitol is several orders of magnitude more powerful as
a reducing agent than mercaptoethanol.

CH, CH,
AN /
HO—CH SH HO—CH S + H,0
| s
—_——
! ! !
HO—CH SH HO—CH S
AN // N 7
CH, CH,

Reduced Dithiothreitol Oxidized Dithiothreitol
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Often it is necessary to prevent the oxidation of sulfhydryl groups, as the presence of disulfide
inks could lead to insolubility of a protein or to inability to determine its se

to block the reactive —SH groups with a range of chemical reagents.

alen
vl hi. 2 20 PRSIV

i. JTodoacetate. This reagent forms an S-carboxymethyl derivative of cysieine residues:
R—SH + [-CH,—COO~™ — RS—CH,—COO™ + HI

2. N-Ethylmaleimide. The reaction with N-ethylmaleimide results in a loss in absorbance of the
reagent at 305 nm; this characteristic can be used to measure the extent of reaction:

C 0
I H O
\ H— /C\
| NCH,CH, + RSH — |  NCH,CH,
/ H—C— ./
T Ly
o) R=S o

N-Ethylmaleimide

EXAMPLE 3.11

A solution of a protein containing 2 mg in 1 mL was treated with an excess of N-ethylmaleimide. During
the reaction in a cuvette of path length 1 cm, the absorbance at 305 nm fell from 0.26 to 0.20. Given a molar
absorbance coefficient for N-ethylmaleimide of 620 L mol™! cm™!, (a) calculate the concentration of sulfhydryl

groups in the solution; (b) what is the molecular weight of the protein, assuming there is only one cysteine residue
per molecule?

(a) The concentration of sulfhydryl groups originally in the sample is equal to the decline in
N-ethylmaleimide concentration. The Beer-Lambert law (Eq. 3.1) can be used to determine the
concentration change, given the change in absorbance:

A=ell
AA
AC= -

_0.26-0.20 _ 0.06

= =9.8x 103 mol L™!
620 x 1.0 620

(b) The protein concentration is 2mgmL~!, or 2gL~!. Since there is a single —SH per protein
molecule, then the molar protein concentration would also be 9.8 x 10~ molL~!. Therefore, molar
weight = 2/(9.8 x 107%) gmol™!; i.e., M, = 20,400.

Solved Problems

AMINO ACIDS

3.1.  Which of the following compounds are a-amino acids?
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e
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AP 3 l.2 1‘113 bnz + 1
| | | H,N——C—H
’?er CH, CH, |

+ ! | H,C( CH:

H—C—NH, CH, CH, C
| | ! VRN
Co0~ CO0O~ COO~ H OH
(a) Ornithine (b) B-Alanine (¢) vy-Aminobutyrate (d) Hydroxyproline
SOLUTION

3.2.

3.3.

34.

Ornithine (a) and hydroxyproline (d) are both a-amino acids, because an amino group is attached
to the same carbon atom as that which carries a carboxyl. Although ornithine is not used in protein
synthesis, it is an intermediate in the urea cycle (Chap. 15). 8-Alanine (b) and y-aminobutyrate (c) have
their amino group attached to a carbon atom different from that bearing the carboxyl, and are a 8- and
a y-amino acid, respectively. Strictly speaking proline is a secondary amino acid, because the amino

nitrogen is covalently connected to the side chain. It is sometimes referred to as an imino acid.
Which amino acids can be converted into different amino acids by mild hydrolysis, with the
liberation of ammonia?

SOLUTION

Both glutamine and asparagine have amide side chains. Amides can be hydrolyzed to yield the
carboxyl and free ammonia.

O\ O\ /O'
C—NH, N
(EH2 CH, R

+H,0 — | + NH,
CH CH
/N /N
O0OC NH, 00C NH,
Asparagine Aspartate

Why is phenylalanine very poorly soluble in water, while serine is freely water-soluble?

SOLUTION

The aromaiic side chain of phenyialanine is nonpoiar, and its soivaiion by water is accompanied
by a loss of entropy and is therefore unfavorable. On the other hand, the side chain of serine carries
a polar hydroxyl group that allows hydrogen bonding with water.

Many proteins absorb ultraviolet light strongly at 280 nm, yet gelatin does not. Suggest an
explanation.

SOLUTION

The ultraviolet absorbance of many proteins is due to the presence of amino acids with aromatic side
chains. Gelatin, a derivative of collagen (Chap. 4), has an unusual composition, with a low proportion
of aromatic amino acids.
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3.5,

3.6.

3.7.

ACID-BASE BEHAVIOR OF AMINO ACIDS

Write the conjugate bases of the following weak acids: (a) CH;COOH; () NH{; (¢) H,POy;
(d) CH;NH3
SOLUTION

Each acid forms its conjugate base by loss of a proton. The conjugate bases are thus: (a) CH;COO;
(b) NH;; (¢) HPO{™; (d) CH3NH,

Write the equations for the ionization equilibria of aspartic acid. Indicate the net charge carried
on each species.

SOLUTION
?OOH ('JOOH
C--z — CH + HY pk =21
I I 2 1 Peral *
CH CH
VRN +7 N\
H,N COOH 3 Ccoo
Charge: +1 Charge: 0
(IZOOH ?OO"
(IZHz == ICH2 + H* pK,g=39
CH CH
+ / \‘ _ -+ f/ \\
H,N CoO H,;N CoO~
Charge: 0 Charge: -1
(IJOO‘ (T‘_QQ"
CH, — (I:H2 + H* pK,=9.8
CH CH
.7\ 7\ _
H,N COO~ H,N CcCoo
Charge: -1 Charge: -2

Calculate the isoelectric point (pH;) of aspartic acid, using the information from Prob. 3.6.

Since the isoelectric species is flanked by transitions whose pK, values are 2.1 and 3.9,
respectively,

2.1+39

pH; =
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3.8.

3.9.

3.10.

3.11.

AMINO ACIDS AND PEPTIDES [CHAP. 3

Calculate the pH of 0.1 M acetic acid (pK, = 4.7).
SOLUTION

Acetic acid, although a weak acid, is a stronger acid than water. Therefore, as a first approximation,
we can ignore the protons from water and represent the dissociation as follows:

CH;COOH = CH;COO~ + H*

Now we can approximate [H*] = [CH;COO™| = x.
In addition, because acetic acid is a weak acid, the concentration of the undissociated acid will not
be appreciably lowered by dissociation. We can assume then that [CH;COOH] = 0.1 M.

[CH;,COO™|[H*]  »?
Thus Ka =

[CH;COOH] 0.1
¥ =01%xK,=0.1x10"*7

Therefore x=00014moiL™! and pH =285

Note: The second assumption made above could be tested by setting [CH;COOH] = 0.1 — x and
solving the quadratic equation for x. In that case, pH = 2.80. This answer is not very different from that
obtained employing the simplifying assumption. The assumption. therefore, was reasonable.

At what pH values would glutamate be a good buffer?
SOLUTION

By inspection of Fig. 3-3, it can be seen that the pH of a glutamate solution changes least rapidly
with NaOH concentration in the vicinity of the pK, values, i.e.. near pH 2.2, 4.3, and 9.7.

What amino acids would buffer best at pH values of (a) 2.0; (b) 6.0; (¢) 4.5: (d) 97 (Refer
to Table 3.2.)

SOLUTION

{a) Ali amino acids have a carboxylic group whose pK, is close to 2.0. So all amino acids wouid be
good buffers in this pH range.

(b) Histidine has a side chain whose pK, value is close to 6. Histidine would therefore be a good
buffer at pH 6.0. Inspection of Fig. 3-2 shows that the simple amino acids are very poor buffers
at this pH.

(¢) Glutamate has a side chain whose pK, value is close to 4.5, so glutamate would buffer in this
region.

(d) All amino acids have an a-amino group whose pK, value is near 9, so all would buffer well at this
pH value.

Derive a general equation that describes the average net charge (Z) on a prototropic group
in terms of the solution pH and the pK, of the group.

SOLUTION
By rearranging the Henderson-Hasselbalch equation (3.13). we obtain:

[acid]

—_— = 10PKe—pll)
[conjugate base]

if we define e« as the fraction of the group in the acid form, then

[acid] L

1
= 10(PH-PK 4
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3.14.

Therefore, if the group (such as the amino group) has a cationic acid form. a represents the fractional
positive charge:

r [=]

+1

(PH -pK

Z=+4a=——71""7
1+ 10(PH -pKL)

Note: When pH<€pK,, Z approaches +1.
On the other hand., for groups such as the carboxyl. with a neutral acid form and an anionic conjugate

base, a represents the fraction uncharged. The fractional charge is then:
-1

Z=—(l—a)=a—]=W

In this case, when pH < pK,, Z approaches zero.
In general, when the pH is more than 2 units below the pK, value. the group can be considered

completely protonated.

Using the pK, values for aspartic acid listed in Table 3.2, determine the average net charge
on the molecule at pH values of 1.0, 3.9, 6.8.

SOLUTION

From the solution to Prob. 3.11. the average net charge on each of the three groups can be
determined at each of the pH values. The results are as follows;

Average Charge

Group pH1.0 | pH3.9 | pH6.8
a-COOH -0.07] -0.98 -1.0
B-COOH 0 —0.5 -1.0
a-NH7 +1.0 | _+i.0 | _+1.0
Average net charge +0.93( -0.48] -1.0

In most amino acids, the pK, of the a-carboxyl is near 2.0, and that of the a-amino is near
9.0. However, in peptides, the a-carboxyl has a pK, of 3.8, and the a-amino has a pK, of
7.8. Can you explain the difference?

SOLUTION

In the free amino acids, the neighboring charges affect the pK, of each group. The presence of a
positive —NH;" group stabilizes the charged —COO~ group. making the carboxyl a stronger acid;
conversely, the negative carboxylate stabilizes the —NHj3 group. making it a weaker acid and thus raising
its pK,. When peptides are formed, the free a-amino and carboxylate are farther apart, and exert less

mutual influence.

A secondary effect is that the carbonyl of the first peptide group has an inductive electron-
withdrawing effect on the terminal a-amino, decreasing the stability of the —NH{ and lowering the pK,
slightly.

Predict the migration direction {anodal, cathodal, or stationary) for the following peptide at
pH 6.0: Lys-Gly-Ala-Glu.
SOLUTION

In peptides, the a-NH3 and a-COO™ groups involved in peptide bond formation have been lost;
only the N-terminal a-NH;" and C-terminal a-COQ~ groups remain. In addition, in the peptide above,
lysine carries a positively charged side chain at pH 6.0, and glutamate carries a carboxylate group. The
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two amino groups, both on lysine, have pK, values above 8. They will therefore both be nearly completely
protonated and positively charged at pH 6.0. The two carboxyl groups on glutamate have pK, valucs
near 4. They will therefore be nearly totally deprotonated ut pH 6.0. Thus, the peptide can be
written

NH; ?00‘
*NH,—Lys—Gly—Ala—Glu—COO0"~

and the net charge is zero. The peptide wiii therefore be stationary.

AMINO ACID ANALYSIS

3.15.

3.16.

3.17.

Serine phosphate

can be found in enzymatic hydrolysates of casein, a protcin found in milk, yet this is not onc
of the 20 amino acids coded for in protein synthesis. Expiain.

SOLUTION

In the synthesis of casein, serine is incorporated into the protein sequence. Subsequently, some of
these serinc residues are phosphorylated to form serine phosphate.

The elution profile shown in Fig. 3-4 indicates that glycine, alanine, valine, and leucine can
be separated clearly by ion-exchange chromatography; yet these four amino acids have aimost
indistinguishable sets of pK, values (Table 3.2). How can you account for this bchavior?

SOLUTION

These amino acids all differ in their polarity. The polystyrene matrix that carries the charged groups
of the ion-exchange resin is relatively nonpolar, and some separation will be achieved by means of
partition effects, as well as by means of ion exchange. Amino acids such as leucine interact more strongly
with the resin than do more polar amino acids such as serine, and this interaction retards passage through
the column.

A small peptide was subjected to hydrolysis and amino acid analysis. In addition, because acid
hydrolysis destroys tryptophan, the tryptophan content was estimated spectrophotometrically.
From the following data, determine the empirical formula of the peptide.

Amino Acid pmol

Ala 2.74
Glu 1.41
Leu 0.69
Lys 2.81
Arg 0.72

Trp 0.65
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3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

3.25.

3.26.
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SOLUTION

Taking leucine as a convenient reference, we determine the molar ratios of the amino acids. which
are 3.97, 2.04, 1.00, 4.07, 1.04, 0.94. Rounding these numbers off to integers yields the formula: Ala,,

G}uz uuu, L:y'S4 nfg Tfp

Supplementary Problems

List the amino acids with side chains capable of acting as (¢) H-bond donors; () H-bond acceptors.
List those amino acids that absorb ultraviolet light strongly.
Which amino acid found in proteins does not show optical activity?

Write the conjugate acids of the following weak bases:

~CH
=
HO-~CH,—CH,—S§" l/ \” b{ “N—H
~ "H=CH
(a) (b) (c)

N

Calculate the isoelectric point of arginine.
Calculate the isoelectric point of histidine.
Calculate the pH of 1 M acetic acid.

What is the average net charge on lysine at the following pH values: (a) 2.0: (b) 5.0; (¢) 10.0?

Using the information given in Prob. 3.13, determine the average net charge on the peptide
glycylglycylglycine at pH: (a) 2.0, (b) 5.0; () 9.0.



4.1 INTRODUCTION

Proteins are naturally occurring polypeptides of molecular weight greater than 5,000. These
macromolecules show great diversity in physical properties, ranging from water-soluble enzymes to
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What Biological Functions do Proteins Perform?
Proteins fulfill the following biochemical roles:

1. Enzymatic catalysis. Enzymes are protein catalysts, capable of enhancing rates of reactions by
factors of up to 10'2.

2. Transport and storage. Many small molecules and ions are transported in the blood and within
cells by being bound to carrier proteins. The best example is the oxygen-carrying protein
hemoglobin. 1ron is stored in various tissues by the protein ferritin.

Mechanical functions. Proteins often fulfill structural roles. The protein collagen provides tensile
strength in skin, teeth, and bone. The membranes surrounding cells and cell organelles are also
partly composed of proteins, having both functional and structural roles.

4. Movement. Muscle contraction is accomplished by the interaction between two types of protein
filaments, actin and myosin. Myosin also possesses an enzymatic activity for facilitating the
conversion of the chemical energy of ATP into mechanical energy.

(7S]

5. Protection. The antibodies are proteins, aided in mammals by complement, a complex set of
proteins involved in the destruction of foreign cells.

6. [Information processing. Stimuli external to a cell, such as hormone signals or light intensity, are
detected by specific proteins that transfer a signal to the interior of the cell. A well-characterized
example is the visual protein rhodopsin, located in membranes of retinal cells.

Question; What is a common feature among those functions listed above that may be explained in
terms of protein structure?

In all the above examples, the phenomenon of specific binding is involved. For example,
hemoglobin specifically binds molecular oxygen, antibodies bind to specific foreign molecules,
enzymes bind to specific substrate molecules and in doing so bring about selective chemical bond
rearrangement. The function of a protein, then, is understood in light of how the structure of the
protein allows the specific binding of particular molecules.

4.2 PURIFICATION AND CHARACTERIZATION OF PROTEINS

The first step in protein purification often involves separating the protein molecules from
low-molecular-weight solutes. Some degree of separation of different proteins can then be achieved

76
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on the basis of physical properties such as electrical charge, molecular size, and differential solubility

in various solvents. Finally, high purification can be attained on the basis of specific affinity for certain
compounds that are linked to some form of solid support, the process known as affinity
chromatography.

Dialysis
Protein molecules are of high molecular weight, by definition greater than 5,000. Thus, they will

wnn smnconoes ¢t connllae smvmlaniilae Thic calaaes

ass thi‘Ousu a cellopuane membrane that allows free paaaasc to smaller molecules. This selective
ability is the basis of the process termed dialysis, which is usually carried out by placing the
in solution inside a cellophane bag and immersing the bag in a large volume of buffer. The small
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molecules diffuse across the bag into the surroundlng buffer, while the proteins remain within the
bag. Dialysis tubing can be obtained with molecular weight cut-off limits ranging from 1,000 to more

than 10,000.

Selective Solubility

Proteins may be selectively precipitated from a mixture of different proteins by adding (1) neutral
salts such as ammonium sulfate (salting out), (2) organic solvents such as ethanol or acetone, or (3)
potent precipitating agents such as trichloroacetic acid. Proteins are least soluble in any given solvent
when the pH value is equal to their isoelectric point (pH;). At the isoelectric point, the protein carries
no net electric charge, and therefore electrostatic repulsion is minimal between protein molecules.
Although a protein may carry both positively and negatively charged groups at its isoelectric point,
the sum of these charges is zero. At pH values above the isoelectric point, the net charge will be
negative, while at pH values below the pH;, the net charge will be positive.

Electrophoresis

The movement of electrically charged protein molecules in an electrical field, termed
electrophoresis, is an important means of separating different protein molecules. In electrophoresis,
proteins are banded into narrow zones, providing that the effects of convection are minimized, for
example, by the use of a stabilizing support such as paper or polyacrylamide gel.

The terms anode and cathode are often used in electrophoresis and are often confused. Remember
that an anion is a negatively charged ion; anions move toward the anode.

AMPLE 4.1

In what direction will the following proteins move in an electric field [toward the anode. toward the cathode,
or toward neither (i.e., remain stationary)]: (a) egg albumin (pH; =4.6) at pH5.0: (b) B-lactoglobulin
(pH; = 5.2) at pH5.0; at pH 7.0?

(a) For egg albumin, pH 5.0 is above its isoelectric point, and the protein will therefore carry a small excess

negative charge. It will thus migrate toward the anode.

(b) For B-lactoglobulin, pH 5.0 is below its isoelectric point; at this pH, the protein will be p"sitively
charged and will move toward the cathode. At pH 7.0, on the other ha nd the protein will be negatively

charged and will move toward the anode.

Ion-exchange chromatography relies on the electrostatic interaction between a charged protein

and a stationary ion-exchange-resin particle carrying a charge of opposite sign. The strength of

attraction between the protein and the resin particle depends on the charge on the protein (and thus
on the solution pH) and on the dielectric constant of the medium [Eq. (4.2)]. The interaction can
be modified in practice by altering the pH or the salt concentration.
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EXAMPLE 4.2

A solution containing egg albumin (pH, = 4.6), B-lactoglobulin (pH; = 5.2), and chymotrypsinogen
(pH,; = 9.5) was loaded onto a column of diethylaminoethyl cellulose (DEAE-cellulose) at pH 5.4. The column
was then eluted with pH 5. 4 buffer. with an increasing salt concentration. Predict the elution pattern.

CH,
Diethylaminoethyl (DEAE) group

DEAE-cellulose carries a positive charge at pH 5.4. At this pH value, chymotrypsinogen also carries a
positive charge, and therefore does not bind. B-Lactoglobulin, carrying a very small negative charge. binds only
weakly and will be displaced as the salt concentration is raised. However, egg albumin, carrying a larger negative
charge. binds tightly and will be displaced only at high salt concentrations. or on lowering the pH to a value
at which its negative charge is reduced.

Separation of proteins on the basis of size can be achieved by means of gel filtration. This
technique relies on diffusion of protein molecules into the pores of a gel matrix in a column. A
commonly used type of gel material is dextran, a polymer of glucose, in the form of very small beads.
This material is available commercially as Sephadex in a range of different pore sizes.

When the protein is larger than the largest pore of the matrix. no diffusion into the matrix takes
place and the protein is eluted rapidly. Molecules smaller than the smallest pore can diffuse freely
into all gel particles and elute later from the column, after a larger volume of buffer has passed
through.

EXAMPLE 4.3

In what order would the following proteins emerge upon gel filtration of a mixture on Sephadex
G-200: myoglobin (M, = 16,000). catalase (M, = 500.000), cytochrome ¢ (M, = 12,000). chymotrypsinogen

A = YA MUY and coruum albimin (M — A5 (MWL
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Catalase is the largest protein in this set and would be excluded completely from the Sephadex beads
(exclusion limit approx. 200,000). That means that to the catalase molecules, the beads appear to be solid, and
s0 the catalase molecules can only dissolve in the fluid outside the beads (the void volume). They would be eluted
from the column when a volume of eluent equal to this void volume had passed through the column.

Cytochrome c¢ is the smallest protein of the set and would be able to diffuse freely into all the space within
the beads. The column would therefore appear to have a larger volume available to cytochrome ¢, which would
not emerge until the column had been flushed with a volume almost cqual to its total volume.

The order of elution would therefore be: catalase. scrum albumin, chymotrypsinogen, myoglobin. and
cytochrome ¢,

{
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Sequencing Proteins

The structure and properties of peptides and proteins depend critically upon the sequence of
amino acids in the peptide chain. The first complete amino acid sequence of a protein, that of insulin
(51 amino acid residues), was determined by F. Sanger in 1953. The process is now performed using
automated protein sequencers, and involves step-by-step identification of amino acids at the N
terminus of the protein using a chemical process known as Edman degradation.



N-Terminal Sequencing
The N-terminali residue, i.e., the first amino acid in the sequence of a peptide, can be determined
by reaction with phenylisothiocyanate. At neutral pH, this compound reacts with the a-amino group.

After mild acid hydrolysis, the reaction product cyclizes, releasing the terminal residue as a

phenylthiohydantoin (PTH) derivative (the Edman degradation, Fig. 4-1). The derivative can be
analyzed to determine its parent amino acid and its quantity.

vy
@-N=C=s + HzN—(;:— &—NH—(iZ —
| R, R,
Phenylisothiocyanate Neutral pH
R
ﬂf?f—N—C—N—?—C—NH—f—~~
\ R] RZ
l Acadic pH
H
: - )
Qe Rl
C.-N—H
O,// C\ 2

Phenylthiohydantoin
Fig. 4-1 The Edman degradation.

Other reagents capable of reacting with the amino-terminal residues, such as dansy! chloride and
fluoro-2,4-dinitrobenzene, may also be used to identify the N terminus.

H,C_  CH,

NN NO,

AN F Z~No,
Oﬁ?%o F
Cl
Dansyl chloride Fluoro-2,4-dinitrobenzene

EXAMPLE 4.4

Given a means of identifying and quantifying the N-terminal residue, describe a way of determining the
entire sequence of a protein.

If the phenylisothiocyanate method is used, the cyclization and release of the N-terminal derivative occurs
under mild conditions that leave the rest of the chain intact. It is therefore possible to take the protein chain,
now without its original N-terminal residue, and repeat the procedure to determine the second residue in the
sequence, and so on. Unfortunately, at each step, there is a finite chance of additional peptide hydrolysis or
incomplete reaction, and uncertainty tends to accumulate after 10 to 20 cycles.
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Specific Cleavage of Peptides
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the sequence of the whole molecule in one go, because of the buildup of uncertainty at each step.
It is therefore convenient first to cleave the nrntmn into smaller, maore manaogdb!e Ir')lP(‘P . Also the

protein may contain disulfide bridges Imkmg cysteine residues in different parts of the chain; these
links must be broken to allow sequencing to continue.
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Trypsin

One of the most frequently used means of breaking polypeptides into smaller fragments is
hydrolysis by the enzyme trypsin. This digestive enzyme, produced by the pancreas, hydrolyzes
peptide bonds on the carboxyl side of lysine and arginine (i.e.. positively charged) residues:

Trypsin

R,-Lys-Ala-R, — R,-Lys-COO~ + NH; -Ala-R,

Chymotrypsin

Another commonly used enzyme for selective cleavage of peptides is chymotrypsin, which
hydrolyzes peptide bonds on the carboxyl side of aromatic residues (phenylalanine, tyrosine, and
tryptophan):

Chymotrypsin
!
R,-Phe-Ser-R,— R,-Phe-COO~ + NH; -Ser-R,

Cyanogen Bromide Cleavage
A nonenzymatic. chemical method for specific cleavage of polypeptides involves the reaction of
cyanogen bromide, CNBr. with methionine residues:

| | T ¥
R,—("}—N—?H—ﬁ—N—RZ R,-—(”:—N—(ltﬂ—(|:=r:J—R2
0 CH, O 0 CH, O
| RN h
CH, 2
| N\
S—CH, CH,—S—CN
H,0
+ +
Br—C=N Br
H O
| Y
R,—C—N—CH—C .
|| | + H;N—R
0 CH, O
N/
CH,

Overlapping Peptides

When a protein is cleaved into manageable peptides and the sequence of each peptide is determined,
the next problem is that of ordering the peptides themselves in the correct sequence. For this, at least
two sets of peptide scquences from different selective cleavage methods are required.
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EXAMPLE 4.5

A peptide was broken into two smaller peptides by cyanogen bromide (CNBr). and into two different
peptides by trypsin (Tryp). Their sequences were as follows: CNBr 1. Gly-Thr-Lys-Ala-Glu; CNBr 2, Ser-Met;
Tryp 1, Ser-Met-Gly-Thr-Lys; Tryp 2, Ala-Glu. Determine the sequence of the parent peptide.

By arranging the sequences in an overlapping set, as follows, it is possible to determine the parent

sequence:

>, 11

CNBr 2:  Ser-Met

Tryp 1: Ser-Met-Gly-Thr-Lys-
CNBr 1t Gly-Thr-Lys-Ala-Glu
Tryp 2: Ala-Glu

Note: Some of this information is redundant; peptides Tryp 1 and CNBr 1 would be sufficient for
unambiguous sequence determination. In addition, in such a simple case, with only two peptides from each
cleavage reaction, we could detcrmine the sequence from either one of these cleavages alone using the fact that
the carboxyl sides of Met and Lys are the sites of cleavage with CNBr and trypsin, respectively.

Some proteins also contain other compounds, apart from amino acids. These proteins are known
as conjugated proteins and the non-amino acid part is known as a prosthetic group (Chap. 8); the
protein part is termed the apoprotein. Glycoproteins (Chap. 6) and proteoglycans (Chap. 5) contain
covalently bound carbohydrate, while lipoproteins (Chap. 6) contain lipid as the prosthetic
groups.

Molecular Weight Determination

Each protein has a unique molecular weight. Furthermore, the size or molecular weight of a
particular protein, under specified conditions, distinguishes it from many other proteins. Note that
the molecular weight (or more precisely, the relative molecular weight), M, is dimensionless, and
represents the mass of the molecule relative to 1/12 of the mass of an atom of '*C. Molecular mass,
on the other hand, is usually expressed in units of daltons (Da) or kilodaltons (kDa), where 1 Da
is 1/12 of the mass of an atom of '2C (1.66x 10724g). The molar mass is the mass of one mole
expressed in grams. All three quantities have the same numerical value, but have different units.
For example, serum albumin could be described as having a molecular weight of 66,000, a molecular
mass of 66 kDa, or a molar mass of 66 kg mol™".

The molecular weight is determined by the amino acid sequence of the protein, any
post-translational modifications such as glycosylation, and the presence of bound nonpeptide groups
such as metals and cofactors. While the exact weight of a polypeptide chain can be calculated from
its amino acid sequence, a rule-of-thumb calculation, based on the proportion of different amino acids
found in most proteins, gives the molecular weight as the number of residues multiplied by 110.

EXAMPLE 4.6

Human cytochrome ¢ contains 104 amino acid residues. What is its approximate molecular weight?
The moiecuiar weight is approximateiy 11,900, the sum of the poiypeptide moiecuiar weight (approx. 104 x 1j0)
and that of the heme prosthetic group (412). Alternatively, the molecular mass is approx. 11.9kDa.

Proteins that possess a quaternary structure are composed of several separate polypeptide chains
held together by noncovalent interactions. When such proteins are examined under dissociating
conditions (e.g., 8 M urea to weaken hydrogen bonds and hydrophobic interaction, 1mM
mercaptoethanol to disrupt disulfide bonds), the molecular weight of the component polypeptide
chains can be determined. By comparison with the native molecular weight, it is often possible to
dctermine how many polypeptide chains are involved in the native structure.

The molecular weight of a protein may be determined by the use of thermodynamic methods,

such as osmotic pressure measurement, and sedimentation analysis in the ultracentrifuge. Osmotic
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pressure is sensitive to the number of molecules in solution, and if one knows the total mass of protein

centrifuge depends directly on the mass of the molecule.

It is also possible to estimate the molecular weight of a protein by means of gel filtration, or
from measurement of its rate of migration through an electrophoresis gel (gel electrophoresis), in
comparison with a series of standards of known molecular weight. An absolute and very accurate
means of determining protein molecular weights is mass spectrometry.

Sedimentation Analysis

The molar mass (M) of a solute can be determined from measurements of the sedimentation
coefficient, s, and the diffusion coefficient, D (see Prob. 4.18), according to the Svedberg equation:
RTs
M_D(I—Jp) 4.1)
where R is the gas constant, T the absolute temperature, v the partial specific volume of the solute
(the reciprocal of its density), and p the solvent density. The sedimentation coefficient, s, which
depends on the molar weight of the solute, as well as its size and shape, is determined from the rate
at which the solute sediments in the gravitational field of an ultracentrifuge. The diffusion coefficient,
D, is dependent on size and shape and is determined from the rate of spreading of the boundary
between a solution and the pure solvent.
The sedimentation coefficient is often reported in Svedberg units, S, named in honor of Thé
Svedberg, the inventor of the ultracentrifuge: 1 S = 107"’ seconds. Sedimentation coefficients of some
selected proteins are listed below.

Protein M; )
Lysozyme 14,000 1.9S5
Hemoglobin 64,500 458
Catalase 248,000 11.3S
Urease 480,000 18.6 S

Gel Filtration

The volume required to elute a globular protein from a gel-filtration column is a monotonically

decreasing function of molecular weight. Thus, by comparing the elution behavior of an unknown
protein with that of a series of standards of known molecular weight, an estimation of molecular

weight can be interpolated (Fig. 4-2).

EXAMPLE 4.7

A series of standard proteins and an unknown enzyme were examined by means of gel filtration on Sephadex
G-200. The clution volume, V,,, for each protein is given below.

(a) Plot the data in the form of log M, versus elution volume. () From the line of best fit through the
points for the standards, determine the molecular weight of the unknown enzyme. (c) Explain why ferritin and
ovomucoid behave anomalously.

{a) Figure 4-2 shows the line of best fit for the data and indicates coordinates for the unknown.

(b) From Fig. 4-2, M, of the unknown enzyme = 126,000.

(¢) Ferritin contains an iron hydroxide core, and therefore its density is higher than that of the standards.
Ovomucoid is a glycoprotein of different density, and probably different shape, from the standards.
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Fig. 4-2 Gel filtration of proteins. Elution volumes V., are plotted for a
series of proteins of different M, applied to a column of Sephadex
G-200. The two data points denoted by @ were not used in
constructing the calibration curve.

Protein M, Ve (mL)
Blue dextran* 108 85
Lysozyme 14,000 200
Chymotrypsinogen 25,000 190
Ovalbumin 45,000 170
Serum albumin 65,000 150
Aldolase 150,000 125
Urease 500,000 90
Ferritint 700,000 92
Ovomucoid? 28,000 160
Unknown —_— 130

*Blue dextran 15 a high molecular-weight
carbohydrate with a covalently bound dye molecule.
Do not use for calibration.

Gel Electrophoresis

83

In the presence of the detergent sodium dodecy! sulfate (SDS), many proteins are disaggregated
and unfolded. As with elution volume, the electrophoretic mobility of SDS-denatured polypeptide
chains is a monotonically decreasing function of molecular weight, and the molecular weight of an

unknown protein may be inferred from the mobilities of standards.

Question: What assumptions are inherent in both of the above techniques for the determination

of molecular weight?

1. In both cases, the hydrodynamic behavior depends on the shape of the molecule. We must,
therefore, assume that the shape (i.e., spherical, ellipsoidal, etc.) of the unknown protein is the

same as that of the standards.
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2. The gel-filtration behavior really depends on the effective size, not mass. Therefore, if the protein
differs from the standards in density, an incorrect estimate of molecular weight will result.

3. Proteins bind SDS, and as a first approximation the amount of SDS bound per gram is the same
far all nrntmnc Differences in the amount bound per moelecule will result in differences in the

total charge, leading to differences in the electrophoretlc mobility, and an incorrect value of
molecular weight will be inferred.

Mass Spectrometry

Previous use of mass spectrometry to determine the molecular ufpluhfc of biolaogical macro-
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molecules was limited by the lack of a means of vaporizing the sample without causing thermal
decomposition. In recent years a number of techniques have been developed to overcome these
problems and mass spectrometry is becoming a routine tool in most biochemistry laboratories. The
methods which are now used to introduce the sample include: matrix assisted laser desorption
(MALDI), in which the sample is embedded in a low molecular weight organic matrix and is irradiated
with a pulsed UV laser; electrospray, in which a dilute acidic solution of the protein sample is sprayed
from a positively charged needle into the vacuum chamber (the solvent surrounding the protein is
rapidly evaporated leaving the bare protein molecules carrying multiple positive charges); and plasma
desorption, which uses high energy charged particles to liberate the sample from a metal support
(the positively charged particles are accelerated by an ¢electric field and then deflected by a magnetic
field, where they are separated by their mass-to-charge ratic). Mass spectrometry is accurate to about
0.01%, requires only picomoles of sample, and can be used to determine the molecular weights of
molecules ranging from single amino acids to proteins larger than 100 kDa.

4.3 PROTEIN FOLDING

In order to understand the functions of proteins, we need to know something about the
conformation, or the three-dimensional folding pattern, that the polypeptide chain adopts. Although
many artificial polyamino acids have no well-defined conformation and seem to exist in solution as
nearly random coils, most biological proteins adopt a well-defined folded structure. Some, such as
the keratins of hair and feathers, are fibrous and organized into linear or sheetlike structures with
a regular, repeating folding pattern. Others, such as most enzymes, are folded into compact, nearly

sphencal, globular conformations.

Question: Why do proteins fold?

The folding of a protein into a compact structure is accompanied by a large decrease in
conformational entropy (disorder) of the protein, which is thermodynamically unfavorable. The native,
folded conformation is maintained by a large number of weak, noncovalent interactions that act
cooperatively to offset the unfavorable reduction in entropy. These noncovalent interactions include
hydrogen bonds, and electrostatic, hydrophobic, and van der Waals interactions. These interactions
ensure that the folded protein is (often just marginally) more stable than the unfolded form.

Electrostatic Interactions

(4.2)
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where AE is the energy of the electrostatic interaction, Z, and Zg are the number of charges on

the two interacting species, rag is the distance between the two species, ¢ is the charge of an electron,

and D is the dielectric constant of the medium. When the two charges are of opposite sign, the
interaction energy decreases as they approach each other, and hence the interaction is favorable.
Thus, negatively charged moieties in proteins (such as the carboxylate side chains of Asp and
Glu residues) frequently interact with positively charged side chains of Lys, Arg, or His residues.
These electrostatic interactions often result in the formation of salt bridges, in which there is some
degree of hydrogen bonding in addition to the electrostatic attraction, as illustrated in Fig. 4-3.
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Fig. 4-3 A salt bridge between the side chains of an Arg and Glu residue.

Since water has a high dielectric constant of 80, the energy associated with an ion pair in a protein
ranges from as low as 0.5-1.5 kJ mol ™! for a surface interaction up to 15 kJ mol™! for an electrostatic
interaction between residues buried in the interior of the protein, where the dielectric constant is
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van der Waals Interactions

All atoms and molecules attract one another as a result of transient dipole—dipole interactions.
A molecule need not have a net charge to participate in a dipolar interaction; electron density can
be highly asymmetric if interacting atoms have different electronegativities.

Atoms with the greatest electronegativities have the largest “excess’” of negative charge: the
electronegativities of the atoms found in proteins are O, 3.44; N, 3.04; C, 2.55; and H, 2.20 (on a
scale of 0.8-4),

These transient dipolar interactions are known as van der Waals interactions. They are weak
and close-range, varying inversely as the sixth power of the interatomic distance. When atoms involved
in a van der Waals interaction approach too closely, there is a strong repulsive interaction. Thus,
the van der Waals interaction energy (E,qw) is usually given by the following equation:

a b
Eviw="13~ % (4.3)
where d is the interatomic distance, and a and b are positive constants. The first and second terms
in the equation represent the repuisive and attractive parts of the van der Waals interaction,
respectively. Eq. (4.3) is often referred to as the Lennard-Jones 6,12 potential.

The nntimal dictanca far 2 yan dar Waale intaractinn ic hon tha intaracting
1€ Optimar Gisiancd Ior 4 van GOr Waai:s ieraciion is wacil wid un\,lu\'uus atoms are se para ted

by 0.3-0.5 A more than the sum of their van der Waals radii (defined as the minimum contact distance
observed between the atoms in a crystal). The van der Waals interaction energy is rather small, usually
less than 1kJ mol™ 1,
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Hydrogen Bonds

A hydrogen bond results from an electrostatic interaction between a hydrogen atom covalently
bound to an elecrronegative atom (such as O, N or §), and a second electronegative atom with a lone

putr Ul nunuunacu elecirons:

—O—H 0=C
Donor Acceptor

Although the hydrogen atom is formally bonded to the donor group, it is partly shared between
the donor and the acceptor. Hydrogen bonds are highly directional and are strongest when all three
participating atoms lie in a straight line. Most hydrogen bonds in proteins occur between the backbone
C=0 and N—H groups, with an H.--O distance of 1.9-2.0 A. It has been estimated that an average
hydrogen bond of this type contributes ~5 kJ mol ™! to the stability of a protein in aqueous solution,
although this value may vary from 2kJmol ™! to 7.5k¥ mol™! (see Table 4.1).

Table 4.1. Types of Noncovalent Interactions Involved in
Stabilizing Protein Structure

Bond energy
Interaction Example (kJ mol™1)*
van der Waals C—-H---H-C 0.4-2.0
Electrostatic —COO ---H3N*— 0.5~15
Hydrogen bond —N—H::-O0=C— 2.0-75
Hydrophobic’ Burial of —CH,— ~3

*The bond energy is the energy to break the interaction.
"This value represents the frec energy required to transfer a
—CH,— group of a nonpolar side chain from a protein’s interior to

wator
Waitl.

Hydrophobic Interactions

a D tnmmbla Ao dasta s AF tha rmbaw

The ‘p laci ngo nonpola I group in water leads to energet ical ly unfavorable Oracfing o1 in€ waicr
molecules around it, i.e., a lowering of the entropy of the solution. Transfer of nonpolar groups from
water to a nonpolar envnronment is thus accompanied by an increase in entropy (of the water
molecules) and is spontanecus (Chap. 10). The folding of a protein chain into a compact globular
conformation removes nonpolar groups from contact with water; the increase in entropy arising from
the liberation of water molecules compensates for the decrease in entropy of the folded polypeptide
chain. Burial of a methylene (—CHj;—) group in the interior of a protein is as energetically favorable
(~3kJ mol™1) as a strong hydrogen bond.

Hydrophobic interactions are such an important driving force in the folding of water-soluble
globular proteins that we can formulate the general rule: hydrophobic residues tend to be buried in
the interior of proteins which minimizes their exposure to water.

EXAMPLE 4.8

=l £ P PRS- PN P, e AN

If the overall folding energy of a particular protein is only 40 kJ mol
to be broken in order to disrupt the structure?

Since each H bond contributes an average of ~5kJ mol™! of stabilizing energy, the breaking of about eight
such bonds would be sufficient to disrupt the native structure.

~1 bk swanemes LT binead
, IHUW llldlly 1 puUllu
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Protein Denaturants

Because the stabilization energy of most proteins is so small, many proteins show rapid, small
fluctuations in structure, even at normal temperatures. In addition, it is fairly easy to cause protein
moiecules to unfold, or denature. Common denaturation agents are:

(a) High temperature

(b) Extremes of pH
(¢) High concentrations of compounds such as urea or guanidine hydrochloride:

l‘H2=ﬁ¢—NH2 1‘H2_ %_Nﬂz
O “NH,CI~
Urea Guanidine hydrochloride

(d) Solutions of detergents such as sodium dodecyl sulfate, CH3(CH,);(CH,OSO3Na*

Protein Structure is Dictated by Amino Acid Sequence

Several proteins and enzymes, completely unfolded by urea and with disulfide bridges reduced,
are capable of refolding to the active, native state on removal of urea. This demonstrates that the
information for the correct folding pattern exists in the sequence of amino acids.

EXAMPLE 4.9

Ribonuclease, the enzyme that hydrolyzes ribonucleic acids (Chap. 7), contains four disulfide bonds that
help to stabilize its conformation. In the presence of 6 M guanidine hydrochloride, to weaken hydrogen bonds
and hydrophobic interactions, and 1 mM mercaptoethanol, to reduce the disulfide bonds, all enzymatic activity
is lost, and there is no sign of residual secondary structure. On removing the guanidine hydrochloride by dialysis
or gel filtration, enzymatic activity is restored, the native conformation is regained, and correct disulfide bonds

are reformed.

Many larger proteins require help in the form of chaperonins (which are themselves protein
molecules) in order to fold correctly. These chaperonins are thought to act by trapping incorrectly
folded intermediates, causing them to unfold and have another chance to fold correctly.

4.4 PROTEIN STRUCTURE

How Can the Structure of a Protein be Described?

One could completely describe the three-dimensional structure of a protein by placing it in a
Cartesian coordinate system and listing (x, y, z) coordinates for each atom in the protein. Indeed,
this is how experimentally determined protein structures are stored in the Protein Data Bank at the
Brookhaven National Laboratory in the United States of America. However, the structure of a protein
can be more succinctly described by listing the angles of rotation (forsion angles) of each of the bonds
in the protein (see Fig. 4-4). For example, the backbone conformation of an amino acid residue can
be specified by listing the torsion angies ¢ (rotation around the N—C, bond), ¢ (rotation around
the C,—C’ bond), and @ (rotation around the N—C’ bond).

The zero position for ¢ is defined with the —N—H group frans to the C_—C’ bond, and for ¢
with the C,~N bond trans to the —C=0 bond (Fig. 4-4). The peptide-bond torsion angle (w) is
generally 180° (see Example 4.10). A full description of the three-dimensional structure of a protein

also requires a knowledge of the side-chain y torsion angles.
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Amide plane 1

Fig. 4-4 Decfinition of protein torsion angles w, ¢, ¢. and y. The conformation shown is
obtained when w, ¢ and & are all set to 180°.

EXAMPLE 4.10

Why is the peptide group planar?

The C—N bond has a partial double-bond character owing to resonance between the two forms shown
below:

[,
—C—N— = —-C=T_
H H

The length of the C—N bond (0.132 nm) is intermediate between that of a C—N single bond (0.149 nm) and
a C=N double bond (0.129 nm). The partial double-bond character restricts rotation around the C—N bond,
such that the favored arrangement is for the O. C, N, and H atoms to lic in a plane. with the O and H atoms
trans; this corresponds to a torsion angle of @ = 180°. The cis conformation, which generally only occurs in
proteins at X-Pro peptide bonds, corresponds to w = 0°.

EXAMPLE 4.11

In the dipeptide glycylalanine, which bonds of the backbone allow free rotation of the attached groups?
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Glycylalanine

In this structure, the peptide group is indicated by the dashed lines. Because the peptide group itself is
rigid and planar, there is no rotation around the bond between the carbonyl carbon atom and the nitrogen atom
{the C'—N bond). However, free rotation is possible around the bond between the « carbon and the carbonyl
carbon atom (the C,—C’ bond) and about the bond between the nitrogen atom and the alanyl a-carbon atom
the (N—C,, bond). Thus, for every peptide group in a protein, there are two rotatable bonds, the relative angles
of which define a particular backbone conformation.

Question: Are there any restrictions on the structures that protein molecules can form?

Not all combinations of ¢ and ¢ angles are possible, as many lead to clashes between atoms in
adjacent residues. For all residues except glycine, the existence of such steric restriction involving
side-chain atoms reduces drastically the number of possible conformations. The possible combinations
of ¢ and y angles that do not lead to clashes can be plotted on a conformation map (also known
as a Ramachandran plot, named after the chemist who did much of the pioneering work in this field).
Figure 4-5 shows a Ramachandran plot for the allowed conformations of alanylalanine. The

TR I IIIIIIIF
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Fig. 4-5 Ramachandran plot for alanylalanine, showing the
fully allowed regions (double-hatched) and partially
allowed regions (single-hatched) of ¢ and ¢ angles
(see Fig. 4-4). The coordinates for the parallel and
antiparallel g structures (8, and B,. respectively) and
for the left-handed and right-handed a helices (a; and
ag. respectively) are indicated.
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double-hatched arcas represent conformations (combinations of ¢ and ¢) for which no hindrance
exists. The single-hatched areas represent conformations for which some hindrance exists, but which
may be possible if the distortion can be compensated for by interactions elsewhere in the
protein.

EXAMPLE 4.12

The right-handed « helix has ¢ and ¢ values of —57° and —47°, respectively. Would you expect an a helix
to be a stable structure?
Yes. These values put the nght-handed « helix into a particularly favorable area of the Ramachandran plot,

L LR,
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Proteins Often Contain Regular Repeating Structures

If the backbone torsion angles of a polypeptide are kept constant from one residue to the next,
a regular repeating structure will result. While all possible structures of this type might be considered
to be helices from a mathematical viewpoint, they are more commonly described by their appearance;
hence a helices and B pleated sheets.

Given the normal van der Waals radii of thc atoms, expected bond angles, and the planarity
of the peptide bond, only two regular, repeating structures exist without distortion and with maximum
hydrogen-bond formation:

1. The o hehix, found in the a-keratins

2. The B pleated sheets (parallel and antiparallel), as exemplified by the 8 form of stretched
keratin and silk protein

These regular repeating structures are also commonly found as elements of folding patterns in
the globular proteins as well as the principal structure of fibrous proteins. For many globular proteins,
a significant proportion of the polypeptide chain displays no regularity in folding. These regions may
have short sections of commonly found structures sueh as reverse turns, which often link the strands
of B sheets. Those regions without a regular repeating secondary structure are often referred to as
having a random-coil conformation. However, these regions may still be well-defined, cven if they
are not regular, and they are better referred to as disordered regions.

The o Helix

In the a helix, the polypeptide backbone is folded in such a way that the —C=0O group of
each amino acid residue is hydrogen-bonded to the —N—H group of the fourth residue along the
chain: i.e., the —C=0 group of the first residue bonds to the —N—H group of the fifth residue,
and so on.

Question: Do the —N—H groups on residues 1 to 4 also hydrogen bond to other groups in the o
helix?

There are no available —C=0 groups with which these amide groups can interact. Consequently,
they remain unbonded. Similarly, at the other end of the chain, four —C=0 groups remain unbonded.
If the polypeptide chain is very long, the lack of bonding at the ends has a negligible effect on the
overall stability. However, short a-helical chains are less stable because the end cffects are relatively

more important.

The backbone of the a helix winds around the long axis, as shown in Fig. 4-6. The hydrogen
bonds are all aligned approximately parallel to this axis, and the side chains protrude outward. Each
residue is spaced 0.15nm from the next along the axis, and 3.6 residues are required to make a
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Fig. 4-6 The right-handed « helix.
This diagram shows the
peptide groups repre-
sented as planar segments,
with the a -carbon atom at
the junctions of successive
pianes.

complete turn of the helix. Although both left and right screw senses are possible, the right-hand
screw sense is energetically favored with r-amino acids.

Because each —C=0 and —N—H group is hydrogen-bonded (except for the four at each end),
the a helix is strongly stabilized. However, for some amino acids, interactions involving the side chains
may weaken the « helix, making this conformation less likely in polypeptide chains containing high
proportions of such helix-destabilizing amino acids (Table 4.2).

Table 4.2. Tendency of Amino Acid Residues to Form « Helices

Helix formers Giu, Ala, Leu, His, Met, Gln, Trp, Val, Phe, Lys, lle

Helix breakers Pro, Gly, Tyr, Asn

Indifferent residues | Asp, Thr, Ser, Arg, Cys
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The $3-Sheet Structures

nnnnn A At o . l.—

The second major regu c ic, differs from the a helix in that
the polypeptide chains are a lmos completely extended, as in F 7(a) and hydrogen bonding occurs
between polypeptide strands, rather than within a single strar Ad, as shown in Fig. 4-7(c).

Adjacent chains can be aligned in the same dlrectlon (i.e., N terminal to C tcrmlnal) as in the
parallel B sheets, or alternate chains may be aligned in opposite orientations as in the antiparallel
B sheets, shown in Fig. 4-7(c). These structures often form extensive sheets, as shown in Fig. 4-7(b).
Sometimes it is possible for several sheets to be stacked upon one another. Because the side chains
tend to protrude above and below the sheet in alternating sequence, as shown in Fig. 4-7(b), the
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B-sheet structures are favored by amino acids with relatively small side chains, such as alanine and

parts of the
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EXAMPLE 4.13

Predict which regular, repeating structure is more likely for the two polypeptides (@) poly(Gly-Ala-Gly-Thr);
(b) poly(Glu -Ala-Leu-His).

ol s oAb
lldl B. E LC[J 101 Ald, 1
ol e is

nor
ypeptide is more likely

a

Polypepiide (a) is comprised largely of amino acid residues with small side ¢
of the residues favors helix formation, and Gly destabilizes the a helix. Thus, this po
to form g structures.

Polypeptide (b) is comprised of amino acid residues with bulky side chains that would destabilize 8
structures. However, all the amino acids are helix-stabilizing, and thus polypeptide (b) is more likely to form
an a helix.

EXAMPLE 4.14

The structures of many globular proteins are comprised of elements of « helix, 8 structures, and disordered
regions. It is instructive to represent the structures of these proteins using the stylized form shown in Fig. 4-8,
in which « helices are represented by coiled ribbons and 8 structures are represented by arrows pointing in the
N — C direction. Parallel 8 sheets have their arrows pointing in the same direction; antiparallel 8 sheets have
their arrows alternating. 8 proteins (e.g., retinol binding protein and antigen binding fragment) contain

nrnrlnmlngnflu R thPPt cnr-nnrlar\l tfrnr-hlrn u:h||n o nrnrn|ne (p o mvoolobin) are laroselv comnasad of o helices
preaecominantly o siaccl rys & pr SRl THYORaOULIN ) alC 18T gCa y COMPOUSTE O ¥ S8C0s,

a/f proteins (e.g., triosephosphate lsomerase) contain a mixture of a helices and 8 sheets,

The Collagen Triple Helix

The protein collagen, from skin and tendons, is composed of approximately 30 percent proline
and hydroxyproline and 30 percent glycine. This protein has an unusual structure in which three
chains, each with a conformation very similar to that of nnl\/nrn!mf- are twisted about each other

to mdke a triple helix. The three strands are hydrogen bonded to each other, through hydrogen bonds
between the —NH of glycine residues and the —C=0 groups of the other amino acids.

Question: Why is proline rarely found within a-helical segments?

The a-amino group of proline is a secondary amino group. When proline participates in peptide
bonds through its amino group, there is no longer an amide hydrogen to participate in the
hydrogen-bond stabilization of the a helix. In addition, because the side chain of proline is attached
to the a-amino group, there is no free rotation about the N—C, bond and proline cannot take up
the correct conformation for an a-helical residue.

Although proline cannot participate in a-helical conformations, polypeptides composed only of
proline can adopt a different type of helical conformation. This polyproline helix is not stabilized
by hydrogen bonding, but rather by the steric mutual repulsion effects of the prolyl side chains. The

nnl\/prnllnp helix is more extended than the o hf‘IIY with adurpnt residues epparatpd alnng the axis

AOIIIC R0 LA I8 TIIOT0 CARCIHIRACLD 18iall Ll & IERiiA

Why does collagen, with its polypeptide sequence that is largely (Gly-Pro-x-),. where x is another type of
amino acid residue, form a triple helix, while polyproline does not?

In the coltagen triple helix, every third residue is positioned toward the center of the helix and comes into
close contact with another chain. Only glycine, with its single hydrogen atom side chain, is small enough to fit
into this crowded space.
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{a) (b)

Retinol binding protem Antigen binding fragment

(c)

Triesephosphate fscmerase

Fig. 4-8 Stylized representations of protein structures in which « helices are represented
as coiled ribbons and 3 strands are represented by arrows pointing in the N— C
direction. B8 proteins contain predominantly S-sheet structure (e.g., retinol
binding protein and the antigen binding fragment of antibodies) while « proteins
contain predominantly « helices (e.g., myoglobin). o/ proteins contain a mixture
of & helix and B sheet (e.g., triosephosphate isomerase).

Optical Activity

Asymmetric molecules such as carbohydrates, amino acids, and proteins rotate the plane of
polarization of plane-polarized light. The amount of rotation depends on the concentration of the
substance and the path length of light in the sample (Chap. 2), in much the same way as for optical
absorbances (Chap. 3). The amount of rotation (and, in fact, even the direction of rotation) also
depends on the wavelength of the light. The dependence of the specific rotation [a] (the measured
rotation per unit concentration and path length) on the wavelength of light is known as the opfical
rotatory dispersion (ORD).

The conformation of a protein introduces an additional source of asymmetry that affects the ORD
spectrum. Helical regions in soluble proteins give rise to a particular ORD spectrum (see Fig. 4-9)
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quite distinct from that of disordered regions. By comparing the ORD spectrum of an unknown
protein with suitable standards of known conformation, it is possible to calculate the approximate
proportions of the different types of structure in the protein.

Hierarchy of Protein Structure

It is possible to consider the structure of a protein on several levels as originally proposed by
the Danish protein chemist, Kai Linderstrgm-Lang:

(@
)

(c)

Primary siruciure: the sequence of amino acids.

Secondary structure: the regular, repeating folding pattern (such as the a helix and 3 pleated-
sheet structures), stabilized by hydrogen bonds between peptide groups close together in
the sequence. The secondary structure elements in a protein are often summarized in the

form of a topoloov diagram (see Fln 1n\ which defines in two dimensions their extent

(1038 ] 4 WPV Y Miagidain (sou 2 YYABAWLAS WAL Iaiiw S Ria YO NIV ARIIVIIS LEIVEL CARC e

and relatlve orientations. These dlagrams are often used to show relationships within
families of proteins.

Supersecondary structure; common repeating patterns of secondary structure that occur in
many proteins. One common, recurring pattern is the B-a-8 motif, which has a segment
of B sheet, an intervening « helix, and a second segment of B-sheet hydrogen bonded to
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Fig. 4-10 Topology diagram for {a) retinol binding protein (RBP) and (b) triosephosphate
isomerase (TPI). The arrows represent g8 strands (numbered from N to C) and
the dark boxes represent ex helices. Note from Fig. 4-8 that both of these proteins
form a barrel structure comprised of eight B strands with the first strand hydrogen
bonded to last strand in order to “‘close” the barrel. However, whereas the 8
strands are antiparallel in RBP, they are arranged in parallel in TPI and are
surrounded by an outer layer of « helices which connect each 8 strand to the
next in the barrel.

the first (Fig. 4-11). Other motifs include: the 8 hairpin, which comprises two antiparallel
B strands connected by a tight reverse turn; the aa motif, comprised of two closely packed
antiparallel « helices; and § barrels, in which extended 8 sheets wrap around to form a
continuous cylinder.

(d) Tertiary structure: for a globular protein, the tertiary structure can be thought of as the way
that segments of secondary structure fold together in three dimensions, stabilized by
interactions often far apart in the sequence. For those proteins with little or no detectable
« helix or B structure, the tertiary structure can be considered as the way the protein folds
in three dimensions, stabilized by interactions between distant parts of the sequence.

(¢) Domain structure: domains are a common feature of many globular proteins, particularly
where the molecular mass is more than 20 kDa. Larger proteins are often folded so
that each domain is ~17kDa. For example, the enzyme glyceraldehyde 3-phosphate
dehydrogenase is folded into two domains, such that each has a separate function: one
domain of ~16 kDa binds the cofactor NAD™, while the other, catalytic domain, of ~21 kDa
binds the substrate glyceraldehyde 3-phosphate (Chap. 11).

() Quaternary structure: the interaction between different polypeptide chains to produce an
oligomeric structure, stabilized by noncovalent bonds only.

Families of Protein Structure

Now that a large number of globular protein structures have been determined experimentally,
it is possible to group them, or each of thcir domains, into classes which have similar organization.
The o/ family (which includes all of the glycolytic enzymes) contains repeating 8-a- motifs, whereas
the a + 3 family contains unrelated 8 sheets and « helices. The « and B families contain almost
exclusively o helix and B sheet, respectively. Most protein toxins belong to the family of small S-S
bridged proteins, in which a small hydrophobic core is maintained by a relatively large number of
disulfide bonds; for example, insect and scorpion defensins have only 3840 residues but they each
contain threc disulfide bonds.
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Fig. 4-11 Diagrammatic representation of the supersecondary B-a-8 folding unit of a
protein. 8 regions are represented by the arrows, while the a-helical segment
is indicated by the coiled structure. Approximate positions of hydrogen bonds
are shown with dashed lines.

EXAMPLE 4.16

For a spherical protein, how do (a) volume and (b) surface area depend on molecular weight?

(@) Given a uniform density, the volume V would be directly proportional to the mass, and therefore to
the molecular weight; i.e., Voc M.

() The surface area of a sphere is proportional to the square of the radius, while the volume is proportional
to the cube of the radius. Thus, A = V¥3. We have just seen that V « M, therefore, A « M,%*,

The above calculation shows that the volume of a spherical protein will increase more rapidly

with molecular weioht than will the surface area. Thus 1n order to accommodate all charoed nrnnn
with moliecular weignt nan wil nc suriace arc 2 0Uus, 11 Ooreer acCommoccarc a:i cnargcd groups

on the surface and all nonpolar groups in the interior, three strategies are possible:

1. Larger proteins may show altered composition, with increasing proportions of nonpolar
amino acid side chains occupying the increased interior volume.

2. Larger proteins may fold into separate domains, each domain being a globular folding unit
with its own interior and surface, and with an interconnecting strand of backbone linking

the domains

18 41 LalRzaciiaaS.

3. Large proteins may fold into more elongated or rodiike shapes.

4.5 SEQUENCE HOMOLOGY AND PROTEIN EVOLUTION

The protein myoglobin serves as an oxygen binder in muscle. It was among the first to be studied
I

with the aid of x- rav crystallogranhy which revealed a comnace ct
FYRLLL RBlW Gl VUL N ‘y ~i ]\,‘“llvsl “I«’ll] YY LIS LW Y wiliww o \'VIIIII L 2%

segments of « helix linked via short nonhelical segments.
Hemoglobin, the oxygen-carrying protein of vertebrate blood, is similar in structure to myoglobin.
However, hemoglobin is composed of four chains; i.e., it has a quaternary structure. The four chains

o
5
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are held together in a particular geometrical arrangement by noncovalent interactions. There are two
major types of hemoglobin polypeptide chains in normal adult hemogiobin, the o chain and the g
cham.

The polypeptide chain of myogiobin and the two chains of hemoglobin are remarkably similar,
both in primary and in tertiary structure. The two proteins are said to be homologous. Myoglobin
has 153 residues, the hemoglobin « chain has 141, and the hemoglobin g8 chain 146. The sequence
is identical for 24 out of 141 positions for the human proteins, and many of the differences show
conservative replacement. This means that an amino acid residue in one chain has been replaced by
a cnemlcauy simiiar residue at the Lorresponumg pObl[lOﬂ. in anotiher Cﬂdlﬂ for exampie. the
replacement of glutamate by aspartate.

Comnarison of the amino acid sequences of hemog o
compa 14 equences of hemog 1 and myog

species of animals shows that the chains from related species are similar. The number of differences
increases with phylogenetically more separated species. On the assumption that proteins evolve at
a constant rate, the number of differences between two homologous proteins will be proportional
to the time of divergence in evolution of the species.

lobin chains fro different
pin c from dqiterent

EXAMPLE 4.17

Draw an evolutionary tree for the human, rabbit, silkworm, and Neurospora (fungus) by using the data
in the following table for differences in the respective cytochrome ¢ sequence.

Number of Sequence Differences
Human Rabbit Silkworm | Neurospora
Human 0 11 36 71
Rabbit 0 35 70
Silkworm 0 69
Neurospora 0

These data allow us to construct an evolutionary tree, with branch lengths approximately proportional to
the number of differences between the species (see Fig. 4-10). The human and rabbit show most similarity and
therefore are connected by short branches, The silkworm cytochrome c is closer to both mammalian forms than
it is to Neurospora, and so should be connected to the mammalian junction. The length of the silkworm branch
will be approximately three times the length of the rabbit and human branches. Finally, Neurospora shows

annroximatelv the same number of differences with all the animal encr‘me and therefore can be |n|nf-(| to thetr
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common branch.

Neurospora Silkworm Human  Rabbit

Y

Fig. 4-12 Phylogenetic tree constructed from amino
acid sequences of cytochrome c.
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4.6 METHODS FOR PROTEIN STRUCTURE DETERMINATION

Most of our structural information comes from x-ray crystallographic analysis of protein crystals
and from the use of nuclear magnetic resonance spectroscopy in solution. Each of these techniques
has advantages and limitations which makes them suitabie for a compiementary range of probiems.
The first protein structure determined at a sufficient resolution to trace the path of the polypeptide
chain was that of myoglobin in 1960. Since that time many thousands of structures corresponding
to hundreds of different proteins have been determined. The coordinates of the atoms in many protein
and nucleic acid structures are available from the Protein Data Bank, which may be accessed via
the Internet or World Wide Web (http://www.pdb.bni.gov).

Question: What generalizations or folding rules can be drawn from the known data base of
experimentally determined protein structures?

1. Most electrically charged groups are on the surface of the molecule, interacting with water.

EXCCpuGﬁS to this rule are often catalyt.cauy ;mportam residues in CNZymcs, which may well
be partially stabilized by specific polar interactions within a hydrophobic portion of the
molecule.

2. Most nonpolar (e.g., hydrocarbon) groups are in the interior of the molecule, thus avoiding
thermodynamically unfavorable contact with water. Exceptions to this may function as specific
binding sites on the surface of the molecule for other proteins or ligands.

3. Maximal hydrogen hnndma occurs within the molecule.

4. Proline often terminates a-helical segments.

x-Ray Crystallography

x-Rays have a wavelength which approximates the distance between bonded atoms in a molecule
(eg.,a carbon carbon smgle bond is 1.5 A and the wavelength of x-rays from a tube with a copper
target is 1.54 A). When a beam of monochromatic x- rays interacts with a molecule it is diffracted
and the diffraction pattern contains information about the location of the atoms in the diffracting
molecule. If the sample is in solution the individual molecules of the protein will be randomly
orienting and only very iow resolution information on the overall shape of the molecules will be
obtained. Fibrous proteins and nucleic acids can be induced to form oriented gels or fibers. x-Ray
diffraction from such samples was used to define rcgmdr rcpedllng spdcmgs which characterized the
a helix and B sheet in proteins and the A and B forms of DNA and RNA. In these cases x-ray
diffraction is capable of being used only to refine a proposed geometric model but not to uniquely
and objectively define the structure.

The most powerful use of x-ray diffraction is in conjunction with single crystals of the sample.
Structures of molecules ranging in size from a few atoms to viruses with tens of thousands of atoms
have been solved. In a single crystal all the molecules lie on a three-dimensional lattice with fixed
relative positions and orientations. The intensities of each point in the diffraction pattern can be
measured and therefore information regarding the full three-dimensional structure can be ob-

tained.

Question: What are the advantages and limitations of protein crystallography?
1. The technique is applicable to a wide range of samples which includes proteins, enzymes,
nucleic acids and viruses, and is not limited by the size of the molecules.

2. Not all proteins can be crystallized. This is especially true of intrinsic membrane proteins
which need to be solubilized in the presence of detergents.



100 PROTEINS [CHAP. 4

3. Most protein crystals do not diffract to true atomic resolution. Due to an inherent lack of

nerfe(‘hnn n protein crystals the hlah angle component of the diffraction pattern, which
contains the ﬁne detall, is lost. For this reason the protein sequence must generally be
known.

Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy has only developed as a technique for protein structure determination in the
past decade; the first complete three-dimensional protein structure solved using this technique was
presented in 1986. The NMR phenomenon derives from the fact that the energy ievels of nuciei with
nonzero spin become unequal when the nuclei are placed in a magnetic field. The energy of the nuclei
can therefore be perturbed (i.e., moved between energy levels) by the application of radiofrequency
pulses whose wavelength corresponds to the gap between these energy levels. The ability to perturb
the nuclei in this way enables the observation of scalar and dipolar nuclear interactions. The first
type of interaction allows information to be obtained about protein torsion angles, while dipolar
interactions reveal information about interproton distances. The structure of the protein is calculated
using the amino acid sequence of the protein in combination with these measurements of dihedral
angles and interproton distances.

It should be noted that NMR studies are performed on proteins in their native solution state.
Since the protem molecules are moving around in solution, the NMR technique measures scalar

anantits {tarcin olac nd nternratan dictancac) thic i¢ fundama nto"u diffaront fro w_rou
uantities \lUlolUll uusl\.o ang uu.\.lylul.vu ulotuuuvo,, this 1S ungamental 1y aitferent from X- ray

crystallography in which the static crystal lattice allows a vector “image” of the molecule to be
obtained. Since NMR studies are performed on proteins in solution, the technique can be used to
probe intricate details of the dynamics of the protein.

Question: What are the advantages and limitations of protein NMR spectroscopy?

I. The technique is applicable to both proteins and nucleic acids in their native solution
state.

2. There is an upper size-limit of 3540 kDa. However, this means that most protein domains
can be studied using NMR spectroscopy.

3. The final resolution is not as good as x-ray crystallography but much useful information can

be obtained about the dynamics of the protein.

EXAMPLE 4.18

What is the relevance of a structure determined in a crystalline state to its native structure in solution?

Protein crystals have a solvent content of 40-70% by volume. Thus, there are few direct intermolecular
contacts between molecules which affect the structure. Structures of the same protein determined in different
crystal forms, and therefore containing different packing contacts, have generally been found to be the same.
This is also true of structures determined using both NMR spectroscopy and protein x-ray crystallography. It
has also been found that some enzymes are fully active in the crystalline state, implying that crystallization has
not altered the native conformation.

EXAMPLE 4.19

If one had a 20 kDa protein, what preliminary steps could be taken to decide whether it was suitable for
a structural study using protein crystallography and/or NMR spectroscopy?

(@) Gel filtration or analytical ultracentrifugation (sedimentation equilibrium) experiments could be
performed to determine if the protein self-associated to form oligomers. Oligomerization of the protein
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would preclude structure determination using NMR spectroscopy, as even a dimer would be at the
very upper molecular-weight limit of this technique.

(b) If the protein does not oligomerize, NMR studies could begin so long as a 250 uL sample of ~1 mM
concentration or greater could be obtained.

(c) Even if oligomerization occurred, crystallization studies could proceed so long as the oligomers were
all identical. Methods that explore large numbers of different parameters (such as buffer and pH)
can be used to find suitable crystallization conditions. Since proteins are least soluble at their isoelectric
point (pH,), this is often a good pH at which to begin crystallization trials.

Solved Problems
PURIFICATION AND CHARACTERIZATION OF PROTEINS
4.1. A pure heme protein was found to contain 0.426 percent of iron by weight. What is its minimum

4.2.

4.3.

molecular weight?

SOLUTION

The minimum molecular weight is the molecular weight of a molecule containing only a single
iron atom. Thus, if 0.426 g of iron is contained in every 100 g of protein, then 1 mol (56 g) iron is
contained in

100 % 56

0.4%6 = 13,145 g of protein

The mass of protein containing one gram atom of iron is 13,145 g, which therefore represents the molar
mass of the protein. The minimum molecular weight is thus 13,145. This is close to the molecular weight
of the heme protein cytochrome ¢, and is thus a reasonable value. However, had the molecule of protein
contained more than one atom of iron, the molecular weight would have been a multiple of 13,145.

Threonine constitutes 1.8 percent by weight of the amino acid content of insulin. Given that
the molecular weight of threonine is 119, what is the minimum molecular weight of
insulin?
SOLUTION

Since water is lost during the condensation of amino acids to form peptide bonds. the residue weight

of threonine will be 119 - 18 = 101. If we assume a single threonine residue per molecule, then 101
represents 1.8 percent of the molecular weight, and

Physical measurements in dissociating solvents confirm this value.

Hemoglobin A (the major, normal form in humans) has an isoelectric point of pH 6.9. The
variant hemoglobin M has a glutamate residue in place of the normal valine at position 67
of the a chain. What effect will this substitution have on the electrophoretic behavior of the

protein at pH 7.5?
SOLUTION

Since pH 7.5 is above the isoelectric point of hemoglobin A, the protein carries a negative charge
and will migrate to the anode. At pH 7.5 the glutamate side chain has a negative charge, while valine
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is uncharged. Hemoglobin M, therefore, carries an additional negative charge at pH 7.5 and will migrate
faster toward the anode.

The proteins ovalbumin (pH; = 4.6), urease (pH; = 5.0), and myoglobin (pH; = 7.0) were
applied to a column of DEAE-cellulose at pH 6.5. The column was eluted with a dilute pH 6.5
buffer, and then with the same buffer containing increasing concentrations of sodium chloride.
In what order will the proteins be eluted from the column?

SOLUTION

At pH 6.5, both ovalbumin and urease are negatively charged, and will bind to the DEAE-cellulose.
Myoglobin has a positive charge at pH 6.5 and will be eluted immediately. As the salt concentration
is raised, electrostatic interactions are weakened; urease will be eluted next, and ovalbumin will be
eluted last.

An enzyme of M; = 24,000 and pH; = 5.5 is contaminated with a protein of similar molecular
weight, but with pH; = 7.0, and another protein of M; = 100,000 and pH; = 5.4. Suggest a
purification strategy.

SOLUTION

Gel filtration will allow the high-molecular-weight contaminant to be removed. The remaining
mixture of lower-molecular-weight proteins can be separated by ion-exchange chromatography, as
described in Prob. 4.4,

(a) What peptides would be released from the following peptide by treatment with
trypsin?
Ala-Ser-Thr-Lys-Gly-Arg-Ser-Gly

(b) If each of the products were treated with fluoro-2,4-dinitrobenzene (FDNB) and
subjected to acid hydrolysis, what DNP-amino acids could be isolated?

SOLUTION
(@) Trypsin hydrolyses peptides at the carboxyl side of lysine and arginine residues. The resulting
peptides would be Ala-Ser-Thr-Lys, Gly-Arg, and Ser-Gly.

(b} Treatment with FDNB and hydrolysis will liberate DNP derivatives of the N-terminal amino acids:
DNP-Ala, DNP-Gly, and DNP-Ser. Note that the ¢-amino group of lysine can also react with FDNB;
however, the £-DNP derivative of lysine can be distinguished from the a-DNP derivative by its
chromatographic behavior.

The following data were obtained from partial cleavage and analysis of an octapeptide:

Composition: Ala, Gly,, Lys, Met, Ser, Thr, Tyr
CNBr: (1) Ala, Gly, Lys, Thr

(2) Gly, Met, Ser, Tyr
Trypsin: (1) Ala, Gly

(2) Gly, Lys, Met, Ser, Thr, Tyr
Chymotrypsin: (1) Gly, Tyr

(2) Ala, Gly, Lys, Met, Ser, Thr
N terminus: Gly
C terminus: Gly

Determine the sequence of the peptide.
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SOLUTION

A set of overlapping peptides can be prepared from the above data by making use of the fact that
one CNBr peptide must end in methionine, one tryptic peptide must end in either lysine or arginine,

A * *s
and onec chymotryptic peptide must end in an aromatic amino acid. The sequence of the peptide is,

therefore, Gly-Tyr-Ser-Met-Thr-Lys-Ala-Gly.

The enzyme carboxypeptidase A hydrolyzes amino acids from the C-terminal end of peptides,
provided that the C-terminal residue is not proline, lysine, or arginine. Fig. 4-13 shows the
sequential release of amino acids from a protein by means of treatment with carboxypeptidase
A. Deduce the sequence at the C terminus.

SOLUTION
The sequence at the C terminus is:

-Ser-His-lle

Ile

/’ His

/ Ser
1 -

o 10 20
Time (min)

Amino acid (umol)

Fig. 4-13

4.9. The artificial polypeptide poly-L-glutamate forms a helices in solution at pH 2, but not at pH 7.

Suggest an explanation.
SOLUTION

At pH 2, the side chains of poly-L-glutamate are largely uncharged and protonated. However, at
pH 7 they are negatively charged. The negative charges lead to mutual repulsion and destabilization of
the a helix.

Poly-L-giutamate in 100 percent a-heiicai form shows a trough in the ORD specirum with
[a)33 = —15,000°% in the random-coil form, [a];33 = —1,000° (the subscript 233 refers to the
wavelength of light used). Calculate the proportion of a helix in a protein for which

[a)z33 = —7,160°, assuming the presence of a-helical and disordered regions only,
SOLUTION
100 percent a helix corresponds to [a];3;3 = —15,000°; 0 percent a helix corresponds to [a]; =

—1,000°. Therefore

- - 1,000 6,160
[a];33 X 100% =

% helix = — 22—
15,000 — 1,000 14,000

X 100% = 44%
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Myoglobin in solution at pH values above 6.0 has a value of specific rotation [a];33 = —12,000°.

However, on adjusting the solution to pH 2.0, the specific rotation changes to —2,000°, Explain

the change.

Using the method of Prob. 4.10 the helical content of myoglobin can be calculated at both pH values,
if we assume the presence of a-helical and disordered regions only. At pH 6.0, the helical content is
79 percent. However, at pH 2.0 the helical content is only 7 percent. We may conclude, then, that at
low pH, the protein has lost its a-helical conformation; i.e., it has been denatured.

Partial sequence determination of a peptide gave the following:
-Gly-Pro-Ser-Gly-Pro-Arg-Gly-Leu-Hyp-Gly-

What conclusions can be made about the possible conformation of the protein from which
this peptide was derived?

SOLUTION

This sequence closely resembles that of collagen. In particular, the repeating (Gly-Pro-X) pattern
and the occurrence of hydroxyproline are characteristic of collagen. It is possible, then, that the peptide
was derived from a protein resembling collagen.

Insulin possesses two polypeptide chains, A and B, linked by disulfide bonds. Upon
denaturation and reduction of insulin, followed by reoxidation, only 7% recovery of activity
was obtained. This is the level of activity expected for random pairing of disulfide bridges.
How can these data be reconciled with the hypothesis that the amino acid sequence directs
protein folding?

SOLUTION

Insulin is synthesized as proinsulin. After synthesis and folding, a section of the molecule (the C
peptide) is excised, leaving the A and B peptides connected via disulfide bridges. Thus, native insulin,
lacking the C peptide, lacks some of the information necessary to direct the folding process.

Insulin and hemoglobin are both proteins that comprise more than one polypeptide chain.
Contrast the interactions between the component polypeptide chains of the two proteins.

SOLUTION

The two chains of insulin, fragments of what was originally a single chain, are held together by
covalent disulfide bonds. Hemoglobin has four polypeptide chains, held together by noncovalent
interactions only.

There are four disulfide bonds in ribonuclease. If these are reduced to their component
sulfhydryl groups and allowed to reoxidize. how many different combinations of disulfide bonds
are possible?

In forming the first disulfide bond, a cysteine residue may pair with any one of the remaining seven.
In forming the second bond, a cysteine residue may pair with one of the remaining five, and for the
third bond, a cysteine residue may pair with one of three. Once three bonds have formed. there is only
one way to form the last bond. Consequently, the number of possibilities is

Tx5x3 =105

Thus, the likelihood of forming the correct disuifide bonds by chance alone is

1
— = 0.0095, or 0.95%
105
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The glycine residue at position 8 in the sequence of insulin has torsion angles ¢ = 82°,
Y = —105°, which lie in the unfavorable region (marked X) of the Ramachandran plot in Fig.

le regio
4-5. How is this possible?

- - - a

SOLUTION

Glycine has a very small side chain, a single hydrogen atom. The plot of Fig. 4-5 was determined
for alanine, which has a methy! group as the side chain. Thus, there are conformations allowed for glycine
that are not possible for the methyl group of alanine.

Using the data of Example 4.7, estimate the molecular weight of an enzyme for which the
elution volume was 155 mL.

SOLUTION

From Fig. 4-2, the value of log M, corresponding to 155 mL elution volume is 4.8. The molecular
weight is therefore 63,000, providing that the density and shape of the enzyme are similar to those of

the calibration standards
fhe n stangargs.

An enzyme examined by means of gel filtration in aqueous buffer at pH 7.0 had an apparent
molecular weight of 160,000. When examined by gel electrophoresis in SDS solution. a single
band of apparent molecular weight 40,000 was formed. Explain these findings.

SOLUTION

minatio

................... Y, s

The un":tfl‘gl":i‘lt SDS causes the dissociation of quaternary structures a T 1
of molecular weight of the component subunits. The data suggest that the enzyme comprises four identical
subunits of M, = 40,000, yielding a tetramer of M, = 160,000.

P | Meac.o sl 1 oaa
alid HUWY LIC UCl

During an attempt to determine the molecular weight of the milk protein B-lactoglobulin, by
means of gel filtration, the following data were obtained with different sample concentra-

tions:

Protein Concentration Apparent M,
10gL™! 36.000
SgL™! 35.000
lgL™! 32,000
0.1gL"! 25,000

Electrophoresis in polyacrylamide gels containing SDS led to an apparent molecular weight of
18,000, consistent with the known amino acid sequence of this protein. Explain these data.

SOLUTION

These data show that the polypeptide chain of B8-lactoglobulin has a molecular weight of 18.000.
and that in high concentration, the protein exists as a dimer of M, = 36,000. However, on dilution,
the dimer, maintained by reversible, noncovalent interactions, undergoes a partial dissociation:
A, = 2A.

Calculate M, of a protein, given the following experimental data obtained at 20°C.

s=42x10"g
D=12x10""m?s"!
7=072mLg""
p=0.998gmL"!
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SOLUTION
From Eq. (4.1)
‘ RTs
M=—-
D(1 —vp)

where R (gas constant) = 8.314 J K~ ! mol ™!
T (absolute temperature) = 293 K
_ 8314JK 'mol™! x293 K x4.2x 1075
T 12x10710m? s x (1 -0.72 x 0.998)
10,231 x 10" P kgm?s"*mol ~'s
- 0.338 x 10710 m?s~!
=30kgmol ™! (to two significant figures) or 30,000 g mol ™!

Supplementary Problems

List (a) the major proteins of muscle, (&) the major protein of skin, connective tissue, and bone. and
(¢) the major protein of hair and feathers.

A pure heme protein was found to contain 0.326 percent iron. If the molecule contains only one iron
atom, what is its molecular weight?

In what direction (toward the anode, toward the cathode, or toward neither) will the following proteins
move in an electric field?

(@) Serum albumin (I.P. = 4.9) at pH 8.0

(b) Urease (1.P. =5.0) at pH 3.0; pH 9.0

(¢) Ribonuclease (I1.P. = 9.5) at pH 4.5; pH 9.5; pH 11.0

(d) Pepsin (I1.P. =10) at pH 3.5, pH7.0; pH 95

In what order would the following globular proteins emerge on gel filtration of a mixture on Sephadex
G-200: ribonuclease (M; = 12,000); aldolase (M, = 159,000); hemoglobin (M, = 64,000); B-lactoglobulin
(M, = 36,000); and serum albumin (M, = 65,000)?

Distinguish between the terms primary. secondary, and tertiary structures.

Of the following amino acid residues—methionine. histidine, arginine, phenylalanine, valine, glutamine,
glutamic acid—which would you expect to find on the (a) surface of a protein and which would you expect

to find (&) in the interior?

What functions would you expect to be served by residues such as (@) phenylalanine at the protein surface
or (b) aspartic acid in the interior?

What is meant by a domain of protein structure? Give an example of a domain in a real protein.

What is meant by the statement that a particular conformation of an amino acid residue lies in an
unfavorable region of the Ramachandran plot?
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(a) Why does urea cause protein denaturation? (b) Why do our kidneys not denature in the presence
of urinary urea?

(a) What are the important noncovalent interactions within proteins? (b) How do weak interactions result
in a stable structure?

The pitch (p) of a helix is defined as p = dn, in which n is the number of repeating units per turn and
d is the distance along the helix axis per repeating unit. Therefore, the pitch is a measure of the distance
from one point on the helix to the corresponding point on the next turn of the helix.

(a) What is the pitch of an « helix and the distance per residue?

(b) How long would myoglobin be if it were one continuous a helix?

(c) How long would myoglobin be if it were one strand of a 8 sheet?

(d) How long would myoglobin be if it were fully extended (distance/residue = 0.36 nm)?

Predict which of the following polyamino acids will form « helices and which will form no ordered
structures in solution at room temperature.

(a) Polyleucine, pH =7.0

(b) Polyisoleucine, pH = 7.0
(c) Polyarginine, pH=7.0

(d) Polyarginine, pH = 13.0

{e¢) Polyglutamic acid, pH = 1.5

(f) Polythreonine, pH = 7.0
What forces hold protein subunits in a quaternary structure?

Poly-L-proline can form a single-strand helix that is similar to that of a single strand of the collagen triple
helix. but it cannot form a triple helix. Why not?

Poly(Gly-Pro-Pro) is capable of forming triple helices. Why?

Compare and contrast the structures of (a) insulin, (b) hemoglobin, and (c) collagen, all of which are
proteins consisting of two or more chains but held together by different types of bonds.

What are the reasons for the marked stability of an a helix?

(a) In what important ways do the « helix and 8 structure differ? (b) How are they similar?



5.1 INTRODUCTION

Although proteins are large molecules they are small compared with a cell and even with
supramolecular structures which may be part of a cell, such as plasma and organelle membranes,
ribosomes, chromosomes, filaments, enzyme complexes and viruses (Chap. 1). Supramoleculai
structures are also prominent outside cells and are, for example, essential components of connective
tissues such as tendon, ligament, cartilage and bone. Supramolecular structures can consist of a variety
of different types of molecule from the small (such as membrane lipids) to macromolecules (such
as proteins, DNA and RNA).

These structures arc¢ involved in a huge variety of cellular and physiological processes and it is
not possible for an organism, or any cell within an organism, to function properly without them.
Some supramolecular structures, such as the cytoskeletal networks that support the microvilli of the
brush border cells lining the small intestine, appear to be relatively static: i.e., their structure remains
relatively unchanged throughout the lifetime of the cell. Most, however, are remarkably dynamic
in several senses. (1) The turnover of components within them may be high (such as occurs for most
membranes and some extracellular matrices). (2) They may perform mechanical work (such as cilia,
flagella and muscle fibers). (3) They may respond to mechanical work or some other external stimulus
(such as the oscillations of stereocilia on the surface of the inner hair cells in the ear in response
to sound, and the remarkable deformations of human red cells in response to shear stress and
hydraulic lines of flow as the cells navigate the circulation). (4) They may be built for a specific purpose
and then dismantled (such as the needle-like acrosomal process of sea-urchin sperm which is built
to assist the sperm in penetrating the extracellular material and membrane of the ovum, and is then
destroyed).

This Chapter will highlight some of the features relating to the structure and construction of
supramolecular structures that are primarily protein based. Examples of supramolecular structures
found outside cells (extracellular matrices) and within cells (cytoskeletal networks) will be given that
emphasize the relationships between the structure and function of these networks, the role of their
frequently dynamic nature, and the genetic and congenital errors that can lead to, or be associated

with, disease.

EXAMPLE 5.1

The dynamic features listed above are often combined in many types of supramolecular structure. The mitotic
and meiotic spindles are excellent examples. The spindles are built for the purpose of separating the chromosomes
to the daughter cells of a dividing cell and are then dismantled. The separation of chromosomes, of course,
requires mechanical work and the expenditure of energy by components in the spindle.

5.2 ASSEMBLY OF SUPRAMOLECULAR STRUCTURES

Many supramolecular structures are formed largely by the stepwise noncovalent association of
macromolecules, such as proteins. The processes of assembly are governed by the same chemical
and physical principles that govern protein folding and the formation of quaternary structures (see
Chap. 4). The driving force for the assembly process generally depends on the formation of a
multitude of relatively weak hydrophobic, hydrogen and ionic bonds that occur between complemen-

tary sites on subunits which are in van der Waals contact with each other. In addition, covalent

108
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crosslinking (such as disulfide bonding between cysteines on neighboring subunits) can also occur.
The specificity of complementary binding sites means that the subunits in the aggregate bear a fixed
orientation to each other.

Conformational changes within and between subunits are frequently cssential to the assembly
process. These conformational changes are often critical to the overall stability of the final structure
with respect to the individual components. They can also strongly contribute to the highly cooperative
nature of the assembly of supramolecular structures as well as contribute to the proper orientation
of subunits with respect to one another.

In some cases, the assembly process is brought about by the association of a number of identical
subunits to form a complex structure. This stepwise assembly process has certain advantages. First,
it reduces the amount of genetic information needed to code for a complex structure, and second,
it allows mistakes to be circumvented if faulty subunits can be excluded from the final structure (see
Prob. 5.1).

When all of the information for assembly of a supramolecular structure is contained within the
component molecules themselves, the process is termed self-assembly.

EXAMPLE 5.2

Ribosomes are large macromolecular complexes whose compenents contain all the information necessary
for self-assembly. The E. coli ribosome has a sedimentation coefficient of 70 S and consists of two subunits (50 S
and 30 S) with a total mass of 2.8 x 10° Da and with 58 different components. Three of these components are
RNA molecules that together comprise 65 percent of the mass and they act as a framework or template for the
ordering of the different proteins. When the pure dissociated components are mixed together in the proper order
under the correct conditions they spontaneously reassemble to form a fully active ribosome (Fig. 5-1).
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Fig. 5-1 Steps in the assembly of an E. coli ribosome.

= Certain viruses, notably tobacco mosaic virus (TMV), can also self-assemble. A TMV particle
can be dissociated into its component proteins and RNA and then reassembled into infective virus
particles on mixing the components together again.

EXAMPLE 5.3

TMYV consists of a cylindrical coat of 2,130 identical protein subunits enclosing a long RNA molecule of
6,400 nucleotides. In 1955, it was shown that the coat protein subunits and the RNA could be dissociated but
would, under appropriate conditions, spontaneously self-assemble to reform fully active virus particles. This
process is multistage, the critical intermediate being a 34-unit two-layered protein disc which, upon binding the
RNA, is converted to a helical structure with 16.33 protein subunits per turn (Fig. 5-2). In the absence of the
RNA, the protein may be polymerized into helical tubes of indefinite length. The presence of the RNA aids
the polymerization process and results in a virus particle with a fixed length of 300 nm.
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Fig. 5-2 The asscmbly of tobacco mosaic virus.

The construction of a viral coat from multiple copies of a comparatively small protein represents
a huge saving in genctic information. Even when the virus is more complex with several coat proteins,
the saving is still large. For instance, in the polio virus coat a 115 kDa precursor protein associates
to form a pentamer. Each of the polypeptide chains of thesc pentamers is then cleaved by proteolysis
to yield four proteins. Twelve of these proteolytically processed pentamers then associate to form
the complete coat. Note that, in this case, self-assembling of components is not the only factor required
for the full and proper formation of the final structure. In addition, input from outside the completed
system, in the form of processing by protcases, is needed.

Other examples of external input include the use of a scaffold or template to order the assembly
process. and the necessity for the information already stored in a structure to be used in the formation
of a new copy. Examples of these include the assembly of the bacteriophage T4 virus, which involves
the use of template proteins, and the formation of new mitochondria which arisc from the growth
and division of preexisting mitochondria.

EXAMPLE 5.4

The bacteriophage T4 is a complex virus capable of infecting certain bacteria. The virus’ protein coat (head,
tail and tail fibers) contains 40 structural proteins. T4 illustrates well the spatial and temporal control of the
stepwise assembly process and the role of external input in regulating that process. A further 13 proteins are
required for assembly but do not appear in the completed virus particle. Three of these act as a transient template
to promote the formation of the tail baseplate (Fig. 5-3). Another one is a protease which cleaves the major
protein of the head (from 55kDa to 45 kDa) but only after the head has been partially assembled. It is only
when the tail reaches its correct length that the cap protein is placed on top allowing the complcted head to
become attached (Fig. 5-3). Finally, the intact tail fibcrs are added at the baseplate, and this requires an
enzyme-catalyzed reaction to occur.

One of the most fascinating questions in biology is how organs, cells, organelles, filaments and
other macromolecular complexes, which are often constructed from a series of repeating units, reach
a defined size and then stop growing. The control of the length of the cylindrical coat of TMV is
a good example (Example 5.3). Here, it is clcar that the interaction between the coat protein and
the RNA which it encloses is critical. In other cases, such as the length of the bacteriophage T4 tail
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Fig. 5-3 The stepwisc assembly sequence of the bacteriophage T4 virus.

12 Units

Fig. 54 An example of the vernier principle.

and the highly regulated length of the repeating contractile units within skeletal muscle fibers, the
answers are not so clear.

There are several possible explanations, but one simple mechanism based on the vernier prineiple
is as follows. Two rod-like proteins of different lengths aggregate in parallel to form a linear complex
(Fig. 5-4). This will grow until the ends of cach rod exactly coincide. Now that there is no overlapping
segment the complex will grow no further.

5.3 PROTEIN SELF-ASSOCIATION

A large number of biologically active proteins exist in solution as large complexes. The simplest
cases of self-assembly involve the self-association of a single type of subunit. Many proteins possess
a quaternary structure in which identical subunits are assembled into geometrically regular structures:
e.g., the storage form of insulin contains six monomers arranged in the shape of a hexagon, while
the iron-storage protein ferritin contains 24 subunits arranged as an icosohedron. Some aspects of
symmetry and self-association are described below.

Symmetrical Dimers

Question: In what ways can proteins self-associate to form geometrically regular oligomers?

If the binding site is complementary to itself, then a symmetrical dimer will be formed [Fig. 5-5(b)].
There will be a diad (or twofold rotational) axis of symmetry between the two subunits, such that
a rotation of onc subunit by 180° about this axis will superimpose it onto the other subunit. (You
should prove to yourself that a diad axis of symmetry cannot be formed if the binding site is not
complementary to itself.) The dimer so formed may itself act as a subunit of larger aggregates; e.g.,
two dimers may associate through a different binding interface to generate a tetramer, with two axes
of symmetry. In such cases, where two different axes of symmetry exist, the symmetry is described
as dihedral.

The term protomer is often used to describe the basic unit taking part in a self-association reaction.
In the above question, the monomer is the protomer of the dimer. Similarly, since two identical dimers
associate to form the tetramer, hexamer and so on, the dimer could be described as the protomer
of the second association [Fig. 5-5(c)].
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Rotational Symmetry

If the binding site is complementary to a site elsewhere on the protein, then a chain will be formed.
For certain angles between the protomers. the chain will close upon itself and form a ring (Fig. 5-6).
This ring may vary in size from a dimer to larger oligomers. Such a regular ring possesses rotational
symmetry and this type of symmetry is commonly found in proteins having three, five or other uneven
numbers of protomers, although it may also be found among olipomers with an even number of
protomers (such as the storage form of insulin, which is a hexamer).

e

Fig. 5-6 Rings or helices can be formed when protein subunits interact
with each other at appropriate fixed angles.

EXAMPLE 5.5

Hemagglutinin, found in the membrane of the influenza virus, is a trimer (Fig. 5-7). Each protomer is a
single polypeptide chain folded into two segments: an a-helical “'stalk”™, and a globular head containing an

each protomer intcract through their nonpolar amino acid residues to form a left-handed superhelix. or coiled
coil. These hydrophobic interactions provide the major forces for stabilizing the trimer. The resulting threefold
cyclic axis of symmetry is shown in Fig. 5-7.

Indefinite Self-Association

.............. y 4 2 2 (ot f 34 of L3 AL ARl TOROUINCIS L4111 RO

to be added to the free binding sites at the ends of the chain without limit. This is termed an indefinite
self-association. If the angle between the protomers is fixed, the open-ended chain will be in the form
a helix (Fig. 5-6).

In manv cases. a chain can form which is ngn-pndp(l’ and additional protomers can continue
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Globular
head

Fig. 5-7 A diagrammatic representation of the hemagglutinin trimer from the influenza virus.

If two helical strands are wound around each other to form a double helix, or if monomers in
succeeding turns of the helix are in contact, there is a considerable increase in stability since each
monomer interacts with two monomers in the opposite strand as well as with its two neighbors in
its own strand [Fig. 5-8(a)].

Sheets and Closed Surfaces

Multiple interactions in the same plane can lead to the formation of sheets where, for example,
each monomer can interact with six neighbors in a hexagonal close-packing arrangement (Fig. 5-8).
Sheets can, with a slight readjustment, be converted into cylindrical tubes (Fig. 5-8) or even into
spheres. These closed structures can provide even greater stability since they maximize the number
of interactions that can bc made. The protein coats of certain viruses are excellent examples of this.
Microtubules, which consist of the protein tubulin, can be converted readily between sheet and tubular
forms, at least in the purified form.

QEESHOL LT P00
{a) Double helix, e.g., actin

() Sheet () Tube

Fig. 5-8 The formation of double helices, sheets and tubes, showing multiple interactions
(arrows) between subunits.
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EXAMPLE 5.6

In tomato bushy stunt virus, 180 identical protein subunits (M, = 41,000) form a shell which surrounds a
molecule of RNA containing 4,800 nucleotides. For geometrical reasons no more than 60 identical subunits can
be positioned in a spherical shell in a precisely symmetrical way. This limits the volume, so, in order to

accommodate a greater amount of RNA, a larger shell is needed. This can be achieved by relaxing the symmetry:
the subunits are divided into three sets of 60, each set packing with strict symmetry. However, the relationship

between each set is different so that the overall packing is only quasi-equivalent.

Equilibria

Association reactions can be charactenized by equilibrium constants. Experimental determination
of equilibrium constants for each step in an association reaction provides vital information about the
properties of the associating system. In particular, the mode of association (e.g., monomer—dimer,

monomer—tetramer, indefinite), and the strength of the association (that is, the degree to which various
nllonmprk can exist at various total r‘nn(‘f-ntratlnnc\ can be obtained. The evaluation of equilibrium

........ $ can exist at various total concentrati can be obtained. The evaluation of equilibrium
constdnts over a range of solution conditions (such as salt concentration and temperature) can be
used to obtain information on the enthalpy and entropy of the various steps in the association and
the types of bonds involved in the assembly process. Note that this information can be obtained in
the complete absence of structural information, although, of course, any available structural
information can be used to aid in the interpretation of the thermodynamic data.

EXAMPLE 5.7
The dimerization reaction of a solute:
A= Ay
can be characterized by a dimerization association constant,
Ky = [AJ)/[A] (5.1)

where the square brackets denote molar concentration. (This definition of the equilibrium constant is valid at
low concentrations of solute; that is, where the system is behaving ideally.) The relationship shows that the
proportion of dimer increases with the total concentration of the molecule. Conversely, dilution favors
dissoctation (see Prob. 5.4).

Question: Are the properties of an associating system observed in vitro always the same as the
properties of the same system in vivo?

Not necessarily! Experiments in vitro are usually performed under nearly ideal conditions. On
the other hand, in vivo conditions (such as the cytoplasm, or the interior of an organelle) are extremely
crowded. The total concentration of protein is usually in the range 200-500gL~!, and high
concentrations of small molecules are also present. Up to 50 percent or more of the aqueous
environment can be occupied by all of these solutes. These crowded environments are highly nonideal,
and the association properties of the system can be grossly altered as a result.

If, for example, the total volume occupied by a dimer is less than the total volume occupied
by two monomers, then the dimer will become more and more favored as the aqueous environment
becomes more and more crowded. The changes can be dramatic, with the association being barely
detectable under ideal conditions, but strongly favored under the crowded conditions found in
a cell.

Catalysis by enzymes can also be affected by crowding in a number of ways. For example, an

A tatram antt h 1y tho tat ic talytiaall :
[ Zy nc ul|5u|. UNAacrgo a MOonomer-ietiramer reaclion wiere Gn.y e weiramer is cataiyticauy active.

If tetramer formation is favored under crowded conditions then the rate of reaction will increase.
In this way, rate constants can be altered by several orders of magnitude.
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The binding of other molecules (small or large) may also change the degree of association. For
example, if the associated form binds a small molecule (or ligand) better than the protomer, then
the presence of that ligand will promote association. Conversely, if the ligand binds preferentially
to the protomer then dissociation is promoted. This provides one crucial means of regulating the
polymerization state, assembly and disassembly of supramolecular structures.

EXAMPLE 5.8

Rabbit muscle phosphorylase can exist in two forms; an essentially inactive dimer, phosphorylase b, and
an active tetramer, phosphorylase a. When AMP is noncovalently bound to phosphorylase ». or when
phosphorylase b is phosphorylated at a serine residue by phosphorylase kinase, the enzyme is converted to the
active, predominantly tetrameric, form (Chap. 11). The rcaction can be reversed by the removal of AMP or

the dephosphorylation of serines by phosphorylase phosphatase.

Pi or AMP
2 X Phosphorylase b \ _ Phosphorylase a
(Inactive) T (Active)

This example not only highlights the effect of noncovalent ligand binding on association (and catalysis) but
also the role played by covalent phosphorylation and dephosphorylation of selected residues (serine. threonine
and tyrosine) in proteins, Phosphorylation/dephosphorylation is an extremely important regulator of the
assembly, disassembly and other dynamic properties of many supramolecular structures.

Heterogeneous Association

Most supramolecular structures are heterogeneous. That is, they contain more than one type of
subunit. Frequently the different subunits have different functional roles, e.g., catalytic, regulatory,
or purely structural.

EXAMPLE 5.9

The enzyme aspartate transcarbamoylase catalyzes an early regulated step in the synthesis of pyrimidine
nucleotides (Chap. 15). The enzyme from E. coli can be dissociated into two kinds of subunit, a catalytic subunit,
C; (M, =100,000), and a regulatory subunit, R, (M, = 34,000). The catalytic subunit is a trimer and is
catalytically active, but is not regulated. The regulatory subunit is a dimer. It has no catalytic activity but will
bind the regulators ATP and CTP. When mixed, the subunits self-assemble, the resulting complex being fully
active and reguiated by the two nucleotides:

2C3+ 3R, = RCq

x-Ray diffraction studies show the two catalytic trimers lying back-to-back with the three regulatory dimers
fitting into grooves on the outside (Fig. 5-9). The catalytic (active) sites are in the center, near the threefold
rotational axis of symmetry, while the regulatory binding sites are on the outside, far from the active sites. The
binding of a regulatory molecule (ATP or CTP) causes a conformational change which is transmitted across the

onmnlov ta tha antiua cita
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In some instances, the specificity of an enzyme may be altered by its association with a modifier
subunit. An example is lactose synthase, the enzyme that catalyzes the linking of glucose and galactose
to form lactose. This enzyme consists of a catalytic subunit and a modifier subunit. By itself, the
mtal'yhc subunit catalyzes the addition of a galaciose residue o a carbohydrate chain of a glycoprotein;
in the presence of the modifier (a-lactalbumin) the specificity is changed and lactose is syn-
thesized.

It can be advantageous for a series of enzymes catalyzing a sequence of reactions in a metabolic
pathway to assemble into a multienzyme complex. This assembly increases the efficiency of the

pathway in that the product of one enzymatic reaction is in place to be the substrate of the next
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Fig. 5-9 The arrangement of the catalytic (C) and regulatory (R)
subunits in aspartate transcarbamoylase from E. coli.

(Chap. 9). The limitation imposed by the rate of diffusion of the reactants in solution is therefore
largely overcome.

EXAMPFLE 5.10

The pyruvate dehydrogenase complex catalyzes the conversion of pyruvate to acetyl-CoA. This conversion
links the breakdown of carbohydrates to the processes of respiration and oxidative phosphorylation (Chap. 12).
The overall reaction is:

Pyruvate + CoA + NAD"* = Acetyl-CoA + CO, + NADH + H*

However, this reaction is in fact the sum of five reactions catalyzed by three enzymes and requiring five
cofactors: coenzyme A (CoA), NAD™, FAD, thiamine pyrophosphate (TPP), and lipoic acid (an 8-carbon acid
with sulfhydryl groups at positions 6 and 8). The detailed steps of these reactions are shown in Fig. 12-7.

The lipoic acid is covalently attached to the fransacetylase (E;). It acts as a “swinging arm’, interacting with
pyruvate decarboxylase (E,) to accept the hydroxyethyl derivative of pyruvate, with CoA to produce acetyl-CoA,
and with dihydrolipoyl dehydrogenase (E,) so that it can be reoxidized.

In E. coli, the complex has a mass of about 4 x 10° Da and consists of 60 polypeptide chains. In the center
of the complex there is a core of eight trimers of E; arranged in cubic symmetry (Fig. 5-10). Dimers of E; are
bound to the six faces of the cube. Finally, pairs of E; bind to each edge of the cube encircling the dehydrogenase
dimers. The central position of the transacetylase (E,) allows the flexible lipoyl ‘arms’ to transfer reactants from
E, to E3 or to CoA.

The mammalian enzyme complex is even larger, containing almost 200 polypeptide chains to give a molecular
weight of over 7 x 10° As well as the enzymatic activities described above, the mammalian complex contains
two further enzymes which act as regulators by catalyzing phosphorylation/dephosphorylation of pyruvate
decarboxylase in response to the metabolic demand: the complex is activated by dephosphorylation when there
is a need for the product acetyl-CoA and inactivated by phosphorylation when acetyl-CoA is not required.

Enzyme complexes performing similar or identical tasks can vary widely between species. An
excellent example is the enzyme complex, fatty acid synthase, which catalyzes the synthesis of fatty
acids from acetyl-CoA and involves seven catalytic steps (Chap. 13). In E. coli and most bacteria
the complex consists of seven different enzymes. In more advanced bacteria and in eukaryotic cells
there are fewer types of subunit. For example, the yeast enzyme is a multienzyme complex
(M, =2.3x 10° with just two types of subunit (A and B) and a stoichiometry of AgBg. The
subunits are mudticatalytic. Subunit A (M, = 185,000) has three catalytic activities and subunit B
(M, = 175,000) has the remaining four. The mammalian liver complex is a dimer, with each subunit
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8 trimers of E, + 6 dimers of E, + 12 dimers of E,

Fig. 5-10 Model of the E. coli pyruvate dehydrogenase complex.

consisting of a single polypeptide chain (M, = 240,000) containing all the enzymatic activities
necessary for fatty acid synthesis.

5.4 HEMOGLOBIN

The ability to control biological activity can be enhanced by the formation of complexes
(Examples 5.8-5.10). The best documented example of this is hemoglobin. Hemoglobin is a tetramer
consisting of two & and two B chains (Chap. 4). The chains are similar in structure to each other
and to myoglobin. Each of the four chains folds into eight a-helical segments (the globin fold)
designated A to H from the N-terminus.

Quaternary Structure

There are two types of contact between the hemoglobin chains. The contacts within both the
a8 and ay8, dimers involve the B, G and H helices and the GH loop (Fig. 5-11). These are known
as the packing contacts. The contacts between these two dimers («a; with 8, and a; with B,) involve

Fig. 5-11 A view of the o8, dirner of hemoglobin.
The packing contacts (light gray) hold
the dimer together. The sliding contacts
(dark gray) form interactions with the
a3, dimer.
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Fig. 5-12 Diagrammatic representation of hemo-
globin showing its cyclic symmetry.

the C and G helices and the FG loop (Fig. 5-11). These are called the sliding contacts because
movement between dimers can occur here. About 20% of the surface area of the chains is buried
in forming the tetramer. These contacts are mainly hydrophobic with about one third of the contacts
involving polar side chains in hydrogen bonds and electrostatic interactions (or salt links).

The tetramer of hemoglobin may be considered to be a symmetrical moleculec made up of two
asymmetrical but identical protomers, the «f3; and a8, dimers. They are related by a twofold
rotational axis of symmetry: if onc dimer is rotated by 180° it will superimpose on the other (Fig.
5-12).

If the « and B chains are considercd to be identical, then hemoglobin has dihedral symmetry
with two rotational axes. and with the four subunits arranged at the apices of the tetrahedron.

Question: Why do hemoglobin chains associate while myoglobin chains do not?

Although the sequences of the myoglobin and hemoglobin chains are homologous and they all
adopt thc globin fold, there are important differences in the regions where the chains in hemoglobin
contact one another. In particular, some of the surface residues which are polar in myoglobin are
hydrophobic in hemoglobin. For example, residuc B1S (the 15th residuc in the B helix) is lysine in
myoglobin and leucine or valine in hemoglobin, and residue FG2 (the second residue in the loop
between the F and G helices) is histidinc in myoglobin and leucine in both chains of hemoglobin.
In hemoglobin, both these residues are part of the contact between the a and 8 chains.

Oxygen Binding and Allosteric Behavior

When hemoglobin binds oxygen to form oxyhemoglobin there is a change in the quaternary
structure. The a8, dimer rotates by 15° upon the a;3; dimer, sliding upon the a3, and a5, contacts,
and the two B chains come closer together by 0.7 nm.

The change in quatcrnary structurc is associated with changes in the tertiary structure triggered
by the movement of the proximal histidine (the histidine ncarest to the heme iron) when the heme
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Fig. 5-13 Effect of BPG and pH on the oxygen affinity
of hemoglobin.

iron binds oxygen. These changes cause the breakage of the constraining salt links between the
terminai groups of the four chains. Deoxyhemogiobin is thus a structure with a iow affinity for oxygen
(the so-called fense structure) while oxyhemoglobin has a structure with a high affinity for oxygen
(the so-called relaxed structure). Thus, as oxygen successively binds to the four heme groups of the
hemoglobin molecule, the oxygen affinity of the remaining heme groups increases. This cooperative
effect (Chap. 9) produces a sigmoidal oxygen dissociation curve (Fig. 5-13).

¢
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The compound 2,3-bisphosphoglycerate (BPG, also known as 2,3-diphosphoglycerate or DPG)
is produced within the red blood cell of many animal species, and acts to modify the oxygen binding
affinity of hemoglobin:

o) o)
N\ I
C—(IZH——CHZ—O—lI’—O
o (l) L

O=E|’—O -
o
2 3-Bisphosphoglycerate (BPG)

This polyanionic compound carries five negative charges under physiological conditions and binds
in the central cavity (the B-8 cleft) of deoxyhemoglobin, making salt links with cationic groups on
the B chains (Fig. 5-14). In oxyhemoglobin, the cavity is too small to accept BPG. The binding of
oxygen and BPG are thus mutually exclusive, with the effect that BPG reduces the oxygen affinity
of hemoglobin. (Compare, in Fig. 5-13, the dissociation curve at pH 7.6, where BPG is present, with
that labeled “No BPG™.)

Question: At high altitudes the concentration of BPG in the red blood cell can increase by 50%
(after 2 days at 4,000m). How does this assist adaptation to a lower partial pressure of oxygen?
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As the concentration of BPG increases, the affinity of oxygen for hemoglobin decreases and more
oxygen is released from the blood to the tissues. This compcnsates for the decreased arterial oxygen
concentration.

Fig. 5-14 Binding of 2,3-BPG in the -8 cleft of deoxyhemoglobin.

pH and CO,

Rapidly metabolizing tissues require increased levels of oxygen. and thereforc there is a
requirement for oxyhemoglobin to release more oxygen to the cells of these tissues. In rapidly
metabolizing tissues there is a fast build-up of CO, from the oxidation of fuels such as glucose. This
causes an increase in proton concentration (decrease in pH) through the following reaction:

H,O + CO, = HCO; + H*

Deoxyhemoglobin has a higher affinity for protons than does oxyhemoglobin, so that the binding
of protons competes with the binding of oxygen (though at different sites):

Hb(O5), + 2H* = Hb(H"), + 40,

This effect, known as the Bohr effect, arises from the slightly higher pK, of ionizing groups in
deoxyhemoglobin. Onc such group is histidine 8146 in which the pK, is raiscd as a consequence of
its proximity to a ncighboring aspartate in deoxyhemoglobin and which therefore has a higher affinity
for protons. In oxyhemoglobin, as a result of a changed geometry, histidinc 146 is frece and has
a more normal pK,. A decrease in pH from 7.6 to 7.2 can almost double the amount of oxygen
released in the tissues (sce Fig. 5-13). In the lungs, where the oxygen tension is very high, the two
reactions shown above are partly reversed, leading to the release of CO,.

Although much of the CO, in blood is transported as HCOz, some combines with hemoglobin
and acts as an allosteric effector (Chap. 9). CO, reacts with the unionized form of a-amino groups
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in deoxyhemoglobin to form carbamates which can form salt links, thus stabilizing the tense

ctructure:

Hb-NH, + CO, = Hb-NHCOO™ + H*

In conclusion, the interactions between the subunits of hemoglobin allow the release of oxygen
to be fine-tuned to physiological needs. The allosteric effectors BPG, H* and CO, all lower the affinity
of hemoglobin for oxygen by increasing the strength of the subunit interactions.

5.5 THE EXTRACELLULAR MATRIX

In multicellular organisms, the space between cells is largely occupied by an intricate network
of interacting macromolecules that constitute the extracellular matrix. This matrix surrounds, supports
and regulates the behavior of the cells, such as fibroblasts, that secrete the extracellular matrix.
Together, the matrix with these cells constitutes the connective tissue.

mhaodds
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The extracellular matrix is made up of fibrous proteins, such as collagen and elastin, embedde

in a gel-like ground substance of proteoglycan and water. Other proteins, such as fibronectin, play
a specialized role in binding the matrix components together. In calcified tissue, a filler of
hydroxyapatite crystals, Ca;o(PO,)s(OH),, replaces the ground substance to enable high load bearing.
Both the amount of connective tissue and the composition of the macromolecular components vary
greatly from one organ to another. This gives rise to an enormous diversity of forms, functions and
physical properties (compare marble-like bones and teeth to rope-like tendons; see Table 5.1).

CL

Table 5.1. Approximate Composition of Connective Tissues
(% of Dry Weight*)

Hydroxyapatite Collagen Elastin Proteoglycan
Bone 80 19 0 1
Cartilage 0 50 0 50
Tendon 0 950 9 1
Skin 0 50 5 45
Ligament 0 23 75 2
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The water content of bone is low ("‘IU Jo), but nlgn in the others ["'IU /o).

Collagen

Structure

The collagens are a widely distributed family of proteins; in mammals they make up over 25
percent of the total body protein. The typical collagen molecule consists of a stiff, inextensible,
triple-stranded helix (Chap. 4). Twenty five genetically different individual polypeptide chains have
now been described, and these combine in triplets to form 15 collagen types (Table 5.2). Of these,
type I, the most abundant, has been the most fuliy investigated. Each of its three a chains, with a
mass of 95,000 Da, contains about 1,000 amino acids, of which glycine constitutes one-third and

proline one-fifth. Early investigators denatured collagen to form gelatin and found molecular species

of approximately lO0,000, 200,000, and 300,000 Da, which they called a, 8, and y chains. In due
course, it was discovered that the B8 chains were dimers and the y chains trimers of the a chains,
but the nomenclature has remained.
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Table 5.2. Types and Properties of Collagen

[CHAP. 5

Type

Chain Designations,
Approximate Triplet
Composition and Length

Structural Form

Distribution

I

I

v

VI

VII

IX

2 al(I) and
1 a2(I);
300 nm

3 al(Il):
300 nm

3 al(II);
300 nm

2 al(IV).
1 a2(IV):
390 nm

al(V).
a2(V),
ald(V);
390 nm
al(VI),
a2(VI),
a3(VI);
150 nm
3 al(VIID);
450 nm

al{IX),
a2(1X),
a3(IX)
200 nm
3 al(X):
150 nm

Broad fibrils with
67-nm bands

Small fibrils
with 67-nm bands

Small reticulin
fibrils with 67-nm
bands
Nonfibrillar
cross-linked
network

Small fibers, often
associated with

type I

Fibrils with

100-nm bands,
associated with
type [

End-to-end dimers
that assemble
laterally

Laterally associated
with type II, bound
glycosaminoglycans

Form sheets

Most abundant; found
in skin, bone, tendon,
and cornea
Abundant, in
cartilage, vitreous
humor, and interver
disks

Abundant; found in
skin, blood vessels. and
internal organs

P S,
weordl

Found in all basement
membranes (a delicate
layer under the
epithelium of many
organs)

Widespread in
interstitial tissues

In most interstitial
tissues

Anchoring fibrils
between basement
membrane and stroma
Minor cartilage
protein

In hypertrophic or
mineralizing
cartilage

Question:

By what processes do three single a chains line up to form a regular triple helix?

The individual chains are synthesized as procollagen « chains, which, with a mass of 150,000 Da,
have additional extension peptides at both the amino and carboxyl termini. The amino- and
carboxyl-terminal regions from the three « chains each fold to form globular structures, which then
interact to guide the formation of the triple helix. Interchain disulfide bonds stabilize the
carboxyl-terminal domain and the triple helix coils up from this domain (Fig. 5-15).

Question;

Collagen is unusual in that it contains residues of both hydroxyproline and hydroxylysine.

As these amino acids cannot be directly incorporated into the polypeptide chain, how are they formed

in collagen?
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Fig. 5-15 Model of type I procollagen.

The enzyme prolylhydroxylase catalyzes the hydroxylation of proline residues, which lie

immediately before the repetitive glycine residues in the pro-a-chains:

-2+
re

—Prolylglycyl— + 2-Oxoglutarate + O, —>  —Hydroxyprolylglycyl— + Succinate + CO, + H*
Ascorbate

The enzyme lysylhydroxylase acts in a similar way on lysine residues. Note that the triple-

helical portion of collagen consists of (x-y-Gly),,, where x is often proline and y is commonly

hydroxyproline.

Question: Inscurvy, caused by a lack of ascorbate (vitamin C), the skin and the blood vessels become

extremely fragile. Why is that?

Without ascorbate, hydroxylation of proline and lysine residues does not take place. This has
three cffects: (1) It prevents the formation of interchain hydrogen bonds involving the hydroxyl groups
of hydroxyproline, and thus the triple helix is less stable. (2) It prevents glycosylation, which is the
addition of galactose units to hydroxylysine residues, followed in most cases by the addition of a
glucose to the galactose. (3) It limits the extent of cross- linking of mature collagen molecules (see

10N 1 e feae e Ly

Fig. 5-18). Most of the nonhydroxylated pro-a-chains are degraded within the cell.

Question: Once the procollagen molecule is hydroxylated, glycosylated, and coiled into a triple helix,
how is it processed to form higher structures?

The procollagen molecule is secreted from the cell, and the extension propeptides are excised
by two specific procollagen peptidases to form the tropocollagen molecule. The removal of the peptides
(M, = 20,000 and 35,000) allows the tropocollagen molecules to self-assemble to form fibrils. This

aqsnmhlv s rnonlnted to some extent hv the cells and hv other extracellular components to nrodi_ice

the WldC variety of structures found in collagen fibers.

For electron microscopy, collagen fibers are fixed and stained with heavy-metal reagents; they
show cross-striations of dark and light bands every 67 nm (Fig. 5-16). This effect arises from
accumulation of the heavy metal in the gap regions to produce the dark-stained bands. The individual
tropocollagen molecules assemble in such a way that adjacent molecules are staggered, i.e., displaced
longitudinally by approximately one-quarter of their length (67 nm) and leaving a gap between the
ends of each molecule.

This packing of the tropocollagen molecules with a displacement of 67 nm is caused by repeating
clusters of charged and uncharged residues along the polypeptide chains with a periodicity of 67 nm.

l‘lCI‘lLC lﬂC lllXmHlUlll IlUﬂlUCr Ul lmcrl‘nmccumr lllledLllU[lS kClCLlrUSldllL d[lU nyurupnum(.) lb 1ormcu

when the tropocollagen molecules are displaced by multiples of 67 nm.
However, it is more difficult to Pynlmn how the trnnnrnllaopn moleculeg pnck three- d!mensgona[lv

in the quarter-staggered array to prodUCe a cylindrical fibril. One favored model is a pentamicrofibril
consisting of groups of five tropocollagen molecules packing together in the 67-nm staggered pattern

(Fig. 5-17).
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Fig. 5-16 Schematic diagram showing how the staggered arrangement
of tropocollagen molecules gives rise to cross-striations in a
fibril negatively stained with phosphotungstic acid.
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Fig. 5-17 A possible model for the three-dimensional packing arrangement of
collagen molecules in a pentamicrofibril.

The size and arrangement of the collagen fibrils vary considerably from tissue to tissue, the
diameter ranging from 10 to 300 nm and the packing from being apparently random, as in mammalian
skin, to being in strict parallel bundles, as in tendon.

Cross-Linking of Collagen

The collagen fibrils are further strengthened to withstand high tensile forces through the
introduction of cross-links. Covalent cross-links are formed both within a tropocollagen molecule and
between different molecules. The first step is the enzymatic oxidative deamination of the e-amino
group of lysine residues to form the aldehyde group of allysine residues. These highly reactive
aldehydes then spontaneously react with each other or with lysine residues (Fig. 5-18) to form covalent
bonds, which can often react further with other residues such as histidine.

Collagen types I, 11, 111, V and XI form fibrillar structures. The others often contain nonhelical
regions but all aggregate to form a variety of supramolecular structures, with a variety of forms
(Table 5.2).
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Fig. 5-18 Reactions that produce cross-links in collagen.

EXAMPLE 5.11

The secreted form of type 1V collagen contains a globular region at the C terminus and a bend in the triple
helix near the N terminus. It polymerizes without any further processing and cannot associate laterally, but it
still polymerizes to form a two-dimensional sheetlike network. The asymmetric monomers aggregate only through
mutual association of their identical ends; the globular regions of two monomers bind together, while four
monomers are held together by their triple-helical N termini (Fig. 5-19).
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Fig. 5-19 A stylized model of the association of type 1V collagen in basement membrane.

Elastin
The other major protein in the extracellular matrix is elastin, which is the main component of
elastic fibers found in ligaments, large arteries, and lungs. After synthesis and partial hydroxylation

of proline residues, a 72 kDa molecule of tropoelastin is secreted into the matrix. This protein is rich

in nonpolar amino acnds and contains repeating sequences, such as (Val-Pro-Gly-Val-Gly). These
sections form an amorphous, random-coiled structure with frequent reverse turns. Other recurrent
sequences are rich in alanine with paired lysine residues, e.g., -Ala-Ala-Ala-Ala-Lys-Ala-Ala-Lys-
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u
with one lysine residue to form the heterocyclic complex amino acid desmosine, which

two or even three chains. A highly cross-linked network results.
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EXAMPLE 5.12

Elastin is not a truc rubber as it is not self-lubricating. It has elastic properties only in the presence of water.
At rest, elastin is tightly folded, stabilized by hydrophobic interactions between nonpolar residues: this has been
termed an oiled coil. On stretching, these hydrophobic interactions are broken, and the nonpolar residues are
exposed to water. This conformation is thermodynamically unstable, and once the stretching force is removed.
the elastin recoils to its resting state.

The amorphous clastin is organized into efastic fibers with a sheath of microfibrils surrounding
each 10 nm fiber. The major component of the sheath is the glycoprotein fibrillin, mutations in whose
gene causes Marfan syndrome.

Proteoglycans

The ground substance of the extracellular matrix is a highly hydrated gel containing large
polyanionic proteoglyan molecules, which are about 95 percent polysaccharide and S pereent
protein. The polysaccharide chains are made up of repeating disaccharide units and are called
glycosaminoglycans because one half of the disaccharide is always an amino sugar derivative. either
N-acetylglucosamine or N-acetylgalactosamine; the other half is usually a uronic acid, such as
glucuronic acid, giving a negative charge (Chap. 2).

Hyaluronan is a single, very long glycosaminoglycan chain having from 500 to several thousand repeating
disaccharide units, e.g.. [8-(1 — 4)-GlcA-8-(1 — 3)-GlcNAc-B-(1 — 4})],, (see Fig. 5-20). Thes¢ molecules have
molecular weights between 0.2 x 10° and 10 x 10° and may exist without being bound covalently to a protein.
Because of the carboxyl groups. this substance carries a large negative charge at neutral pH values. It is often
called hyaluronic acid, or. more appropriately, hyaluronate.

The core protein of the proteoglycan is unusually large (M, = 300,000}, with a globular head
(M;=75,000) and a long tail rich in serine and threonine residues. The glycosaminoglycans are
covalently attached to these hydroxyl amino acids via an oligosaccharide linkage (see Fig. 5-21).

During synthesis. the monosaccharides are added one at a time by a specific glycosyltransferase:.
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Fig. 5-20 Structural formula of the repeating disaccharide of hyaluronan.
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Fig. 5-21 Schematic representation of the linkage between the
glycosaminoglycan chondroitin sulfatc and a serine residue
of the core protein.

during the elongation of the chain, sulfate groups are added, usually to a hydroxyl group of the amino
sugar, to increase the negative charge of the molecules. In cartilage, the most abundant
glycosaminoglycan is chondroitin sulfate (M, = 10,000-30,000), and there may be over a hundred such
chains linked to the core protein. Sulfation may occur either on the 4’ or 6’ hydroxyl group of the
galactosamine.

EXAMPLE 5.14

As well as chondroitin sulfate, other glycosaminoglycans, such as keratan sulfate, with shorter chains
(M, =2500-5,000) are found in cartilage (Fig. 5-22). N-linked oligosaccharides similar to those found in
glycoproteins are also present. Note that keratan sulfate in other tissues, e.g., intervertebral disk or cornea, has
a longer chain (M, = 10,000-25,000) and may have a different oligosaccharide link to the core protein.

There is still a further level of assembly, for, in the presence of hyaluronan, most cartilage
proteoglycan molecules aggregate to form massive complexes, containing some 50 proteoglycan units,
to give a total mass around 10® Da. The globular heads of the core proteins interact with segments
of five disaccharide units along the length of the hyaluronan. This noncovalent interaction is stabilized
by the binding of a link protein (M, =50,000) to both the hyaluronan and the core protein
(Fig. 5-23).

The physical properties of proteoglycans are due almost entirely to the glycosaminoglycan

components; the core proteins act largely as spatial organizers. The number and length of the

glycosaminoglycan chains can vary considerably. The high density of negative charges causes
electrostatic repulsion, so that the glycosaminoglycan chains are fully extended and separated to form
a bottlebrush-like structure (see Fig. 5-24), which occupies a relatively large volume. The hydrophilic
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Fig. 5-22 Additional linked carbohydrates found in cartilage.
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Fig. 5-23 A diagrammatic representation of part of a proteoglycan aggregate from cartilage.



CHAP. §] PROTEINS: SUPRAMOLECULAR STRUCTURE 129

L —

N —

————
-
S
b——
e
b

| il | Sl

‘F\l |:l‘l”'l;77‘/'l L]
W e

Fig. 5-24 Portion of a proteoglycan aggregate showing the bottlebrush-like structure.
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groups of the glycosaminoglycans bind and immobilize large numbers of water molecules; the negative
charges attract cations. These two effects create a swelling pressure or turgor.

EXAMPLE 5.15

Hyaluronan is the most studied of the glycosaminoglycans; it is also the largest. In aqueous solution, it forms
a random coil and occupies a huge domain, whose volume is filled with immobilized water and to which small
molecules and ions have access but large ones do not. In a 0.01% solution, the hyaluronan domains will occupy

the total volume of the water; at higher concentrations, the hyaluronan molecules will interpenetrate neighboring
domains, producing very viscous solutions that have lubricating properties, such as are needed in joints.
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The space-filling character
particularly in the development of the skeleton. During these developmental processes, the presence
of hyaluronan appears to facilitate the migration of cells. This effect is stopped by the removal of

hyaluronan by hyaluronidase and by its replacement with aggregating proteoglycans.

Question: What are the functions of proteoglycans?

The large volume-to-mass ratio of proteoglycans, due to their ability to attract and retain large
amounts of water, produces a swelling osmotic pressure, or turgor, in thc extracellular matrix that
resists compressive forces. This is demonstrated clearly in tissues such as joint cartilage and
intervertebral disks. In degenerative diseases such as arthritis, proteoglycan is partially depleted and
disaggregated, leading to changes in tissue resilience. The polyanionic bottlebrush structure of
proteoglycans produces a sieving effect, so that the diffusion of macromolecules through connective
tissue is restricted while small molecules, especially if anionic, may even show enhanced rates
of diffusion. Other proteoglycans are much smaller and may contain only a few (1 to 10)
glycosaminoglycan chains. Many are integral components of plasma membranes where they bind and
regulate a variety of secreted proteins and can act as co-receptors for several growth factors.
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Fibronectin

Of the several other protein components of the extracellular matrix, the best understood is
fibronectin. This glycoprotein is a heterodimer composed of two very similar, but not identical,
disuifide-bonded polypeptide chains (M, = 22(,(00). it is found in several forms: as a bound compiex
on the surface of cells such as fibroblasts; as large aggregates in the extracellular space; and in a modified
form as the so-called cold-insoluble globulin (i.e., it readily precipitates at 0°C) in plasma.

Fibronectin is a multifunctional protein consisting of a series of globular domains connected by
flextible segments that are sensitive to proteolytic cleavage. These domains carry binding sites for
components of the extracellular matrix and for cell surfaces (see Fig. 5-25). Fibronectin can thus
form multiple interactions that are important in tissue homeostasis. For example, sulfated
glycosaminoglycans increase the rate of binding of fibronectin to collagen, thus increasing the stability
of the complex and allowing it to precipitate, forming large aggregates in the matrix.
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Domain A binds to heparin and fibrin.
Domain B binds to collagen.
Domain C binds to cell surfaces.

Domain D binds to heparin.

EXAMPLE 5.16

An important function of fibronectin is that of cell adhesion. Fibronectin forms a network that connects
the cell to other components of the extracellular matrix, especially collagen, anchoring the cell in position. The
connection to the cell is through a membrane protein, an integrin, that connects with the cytoskeleton. The
minimal structure in fibronectin required for binding to an integrin is the sequence Arg-Gly-Asp (RGD) which
is located at the apex of a surface loop of a module of the protein. Transformed cells produce less fibronectin
and fail to adhere. The addition of fibronectin to cultures of such cells causes adherence, and the cells change
to a more normal appearance. Metastasizing cancerous cells lack fibronectin or cause its proteolytic

breakdown.

Structural studies have indicated that fibronectin is composed of at least three types of modules,
internal amino acid sequence homologies that have been found in several other protein sequences
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with fibronectin in Table 5.3.

5.6 THE CYTOSKELETON

The complex network of protein filaments found in the cytoplasm of eukaryotic cells is called the
rvrncl'p]prnn Some of the more important and better studied roles include- (1\ nr@v!dmo a cell with

1ts appropriate shape and reinforcing plasma membranes against lysis and ves:culanon, (2) controlling
changes in cell shape; (3) allowing cells to migrate (cell motility), e.g., during the movement of

macrophages and granulocytes to sites of infection; and (4) transportation of large amounts of material
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Property Fibronectin Laminin Chondronectin
Molecular weight 440,000 820,000 ~170,000
Subunits 2 x 220,000 2 % 200.000 3 % ~55.000

1 % 400,000
Carbohydrate content 5-9% 12-15% ~8%
Shape Extended Cross shape: Compact
V shape 3 short arms,
1 long arm
Tissue Fibrous connective Basement Cartilage,
distribution tissue membranes vitreous body
Collagen-binding Types I-V; Type IV Type 11
best III and I
Glycosaminoglycan- Heparin, Heparan sulfate, Chondroitin
binding heparan sulfate heparin sulfate,
heparin
Cell-binding Fibroblasts Epithelial and Chondrocytes
endothelial cells

within, into and out of cells. These networks are therefore critical to cell homeostasis, and in sensing,
respondmg to, and sending signals. For example, endocytosis at the plasma membrane allows certain
nutrients and other material to be taken into a cell, packaged in small vesicles. Signal transduction
mechanisms (Chap. 6), which control the response of a cell to external stimuli. often involve
endocytosis. Fast and slow transport mechanisms inside cells distribute nutricnts, cellular material
and signalling molecules to appropriate areas of the cell. Material can be exported from cells in vesicles
by exocytosis. A specialized form of exocytosis, synapsis, permits neurons to rapidly signal to each
other.

Genetic errors in or damage to cytoskeletal components can play a central role in discase including
many forms of hemolytic anemia and the Duchenne and Becker muscular dystrophies. Appropriate
cell—cell contact (regulated through the cytoskeleton) appcars to be critical in preventing cells from
becoming cancerous and, indeed, many types of cancerous cell exhibit abnormal cytoskeletons.

A remarkable feature of cytoskeletal networks is that common elements can be incorporated into
widely different structures in various parts of a cell. Networks can be dismantled in onec part of a cell
while other networks are being constructed from similar components in another. In fact, some networks
undergo construction at one of their ends while simultaneously being dismantled at the other.

Microtubules, Intermediate and Thin Filaments

There are three main types of filament commonly found in the cytoskeletons of most cells. These
are (1) microtubules (25 nm in diameter) composed principally of tubulin, (2) thin filaments (or
microfilaments, 7 nm in diameter) which consist largely of polymerized actin and, (3) intermediate
filaments (10 nm in diameter) which are manufactured from several classes of related proteins. Both
tubulin and actin are globular proteins and are evolutionarily highly conserved. Their filaments tend
to be much more dynamic than intermediate filaments (see Section 5.1).

All three types of filament are poiar heiicai rods (i.e., they have chemicaiiy distinct “*heads™ and
“tails’”). In addition to the multiple contacts between subunits that serve to stabilize the filaments,

additional multiple binding sites are available to bind auxiliary proteins. These auxiliary proteins can

regulate the assembly and disassembly of the filaments, link filaments to one another and to other
cellular components including membranes, and allow the filaments to participate in encrgy-dependent
movement.
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Actin Filaments

Actin (M, ~41,800) is widely distributed in eukaryotic cells, often being the most abundant
protein, and commonly making up about 10 percent of the total cell protein. The protein is highly
conserved with only 17 of the 375 amino acids different between slime mold actin and rabbit muscle
actin. Monomeric actin is usually referred to as globular or G-actin while the polymer, filamentous
actin, is termed F-actin,

Actin contains a binding site for divalent cations (Ca?* or Mg?*) which must be occupied in
order to prevent the protein from denaturing. It can also bind ATP, or ADP and inorganic phosphate
(P;). In vitro, actin can be maintained in the G-form by keeping the ionic strength very low. However,
when the salt concentration is increased in the presence of ATP or ADP, polymerization to F-actin
can occur.

Polymerization with ADP

The polymerization process in the presence of ADP is shown in Fig. 5-26. When the salt
concentration is raised there is a characteristic lag period, usually of many minutes, before F-actin
appears. The lag period results from the fact that sufficient nuclei (containing 2—4 monomers) must
form before polymerization takes place. The nuclei are unstable, probably because they do not contain
all of the subunit-subunit contacts that stabilize monomers in a filament (see Fig. 5-8). Once sufficient
nuclei are available, polymerization proceeds rapidly from both ends of the nuclei. The filaments
themselves can contain several hundred actin monomers, each with a molecule of ADP bound. The
structure can be regarded as a right-handed double helix with 13,5 monomers per turn giving a helical
repeat of 36 nm (see Fig. 5-8).

Actin will only polymerize if its concentration exceeds the critical concentration (C.). Thus, at
chemical equilibrium, a pool of G-actin remains whose concentration equals C.. The equilibrium is
dynamic; at the critical concentration the rate at which actin monomers bind to the ends of the
filaments is equal to the rate at which they dissociate. If the system is diluted, however, there will
be a net loss of monomers from the filaments and this depolymerization will continue until the
concentration of G-actin is restored to the critical concentration.
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Fig. 5-26 Assembly and disassembly of actin filaments in the presence
of ADP.
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Question: How can the polarity of an actin filament be determined?

The protein myosin (Fig. 5-32) interacts specifically with each actin molecule in a filament and,
as a result, the filament becomes ‘‘decorated” with a pattern of arrow-heads all pointing the same
way. Because of this pattern, one end of the filament is known as the pointed end while the other
is called the barbed end.

Polymerization with ATP

Polymerization in the presence of ATP, as opposed to ADP, is more complex but physiologically
relevant. The main differences lie in the properties of F-actin (Fig. 5-27). The two ends of the filament
now become kirnetically distinct. When polymerization is initiated, monomers with ATP bound to them
add much more rapidly to the barbed end than to the pointed end.

The ATP bound to each actin monomer is hydrolyzed to ADP + P; soon after the monomer binds
to the filament. Thus, most of a growing filament contains actin with bound ADP, while the ends
contain small “‘caps”™ of ATP-actin. This irreversible hydrolysis of ATP means that the system can
never reach chemical equilibrium while the ATP is present in solution. Instead, a steady siate is
achieved with a different value of C. applying to each end; the value of C. is much lower at the barbed
end than at the pointed end. The concentration of G-actin at steady state lies berween the C, values
for each end.

Because of these differences in C., and the energy provided by the hydrolysis of ATP, the
filaments at steady state can treadmill. There is a net loss of monomers (mostly ADP-actin) from
the pointed (or minus) ends since the value of C_ is higher than the concentration of G-actin. There
is a net gain of ATP-actin at the barbed (or plus) ends since the value of C. is lower than the
concentration of G-actin.

ADP-actin released from the filaments can exchange ADP for ATP in solution and rebind to
the filaments. Due to a difference in conformation, monomers in filaments cannot exchange their
ADP for ATP.

Fig. 5-27 Steady-state properties and treadmilling of actin filaments in
the presence of ATP.
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Fig. 5-28 The cffect of different types of actin-binding protein on the
organization of actin.

Actin Binding Proteins and the Control of Actin Polymerization

Actin filaments are found throughout the cytoplasm of most cells, although, in general, a large
percentage of the actin is concentrated at the cell cortex, the region just beneath the plasma
membrane. The filaments arc arranged with respect to one another in a great variety of different
ways through the actions of actin binding proteins. These proteins, their regulators, and a range of
other mechanisms, scrve to control actin polymerization and the stability and dynamics of actin-based
nctworks.

Actin binding proteins can be divided into several classes, depending on where they bind to the
filament and the roles that they play; these classes are defined and examples given above (Fig.
5-28).

Monomer Binding

Several proteins are known to bind spccifically to actin monomers. In most cases these
monomer-binding proteins, as expected, inhibit polymerization, promote the depolymerization of
preformed filaments, and raise the critical concentration, C,.

EXAMPLE 5.17

In the fibroblast, and other cells, the concentration of monomeric actin can be as high as 200 pM and
represent up o 50% of the total actin in the cell. This contrasts sharply with the critical concentration of
ATP-actin in vitro which is typically | uM or less. Thymosin (M, = 5,000) is one protein that is responsible for
sequestering monomeric actin in these cells. A large pool of monomeric actin provides the opportunity to rapidly
assemblc an actin-based cytoskeletal network while leaving preexisting actin-based networks intact.
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Capping Proteins
Certain proteins can specificaily bind to either the barbed or pointed ends of actin filaments.
Capping the filaments in this way prevents, or retards, any further elongation or depolymerization

EXAMPLE 5.18
The best studied example of a barbed-end capping protein is gelsolin (M, = 90,000). Like many actin-binding

proteins, ag!golm S afﬁnltu for actin filaments is regulated by rhanoe< in the concentrations of CaZ* which occur
when cells are stimulated in particular ways. Approx1mdtely 10™ 6M Ca’* stimulates barbed-end capping and
promotes the depolymerization of actin, since the observed critical concentration of the system now increases

towards that of the pointed end alone.

Severing Proteins
Several prnt_ems are now known to sever actin filament

gels into less viscous sols. These gel-to-sol transmon are usually
in the cortex of many cells.
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EXAMPLE 5.19

Gelsolin can sever actin filaments in addition to binding their barbed ends. The severing activity is also Ca’*
dependent and involves substantial bending of the actin filaments. Following severing, gelsolin can prevent
reannealing of the filament by binding to the newly created barbed end.

Side-Binding Proteins

Proteins which bind exclusively to the sides of the actin filament (as opposed to capping the ends)
tend to promote the formation of filaments and lower the critical concentration. In some cases, the
mechanical stability and stiffness of the filament are also enhanced.

EXAMPLE 5.20

Tropomyosin is a coiled-coil dimer consisting of identical 35 kDa subunits. It binds to the grooves of the
actin filament spanning approximately seven actin subunits and serves to stiffen and straighten the filaments.
The protein binds F-actin cooperatively, meaning that once one molecule binds, the entire length of the filament
is likely to bind tropomyosin in its grooves.

The fnnntlnn of frnnr\muncln ic hect nnrlnrc od in the actom cin contractile annaratuc of ctriated necle

The function of tropomyosin is best understood in the actomyosin contractile apparatus of striated muscle
where it serves as part of the triggering mechanism for muscle contraction (see Force-Generating Proteins below).
In resting muscle, tropomyosin is held out of the groove of the actin filament by the troponin complex, which
consists of three polypeptides. This blocks the interaction of actin with the heads of the myosin molecules (Fig.
5-29). When calcium is released into the cytoplasm from intracellular stores following a nerve stimulus, it can
bind to troponin C, altering the conformation of the troponin complex. The tropomyosin can then move towards
the groove exposing the myosin binding site on actin and allowing the binding of myosin to actin.

Cross-Linking Proteins

Cross-linking proteins also bind to the sides of actin filaments but can simultaneously bind more
than one filament. There are several important subclasses of these proteins which arise from the
different modes of cross-linking. Bundling proteins, such as villin and a-actinin, cross-link actin
filaments into regular bundles with narrow gaps (<40 nm) between the filaments. Spacer proteins,

such as the ﬂp\nhlp hlnhlu elongated spectrin tetramer. cive rise to more looselv nacked filament
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aggregates with gaps of up to 200 nm between filaments. Gelation cross-linkers, such as the filamin
dimer, bind two filaments together at the point at which they overlap, regardless of the angle of the
filaments with respect to one another.
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Fig. 5-29 Modecl of the interaction between F-actin, tropomyosin, and
the troponin complex in resting muscle.
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Fig. 5-30 Bundling and membranc anchorage of F-actin in a
microvillus.

EXAMPLE 5.21

Villin is an example of a bundling protein. Villin is found in the microvilli of, for example, intestinal brush
border cells (Fig. 5-30). The microvilli greatly increase the surface arca of the cells. which is essential for effective
absorption to take place. Each microvillus extends about 2 ym into the lumen of the gut and is supported by
20 or so actin filaments tightly bundled by villin (and other proteins) at regular intervals. In a feature common
to many actin-based networks, all the filaments in the bundle are oriented with their barbed ends in the same
direction, in this case toward the tip of the microvillus where they terminate. Cross-linking of the actin filaments
to the plasma membrane occurs via a second protein from the myosin-1 family (a relative of the well-known
contractile protein myosin-II). This protein binds its “head” domain to the sides of the filaments and embeds
its ““tail” domain into the membrane.

EXAMPLE 5.22

The cytoskeleton of mature mammahan erythrocytes is as unusual as the highly differentiated cells
themselves. During maturation of the erythrocyte, the cytoskeleton becomes restricted to a two-dimensional
network lining the cytoplasmic face of the membrane (Fig. 5-31). This flcxible and durable membrane skeleton
plays a major role in preventing the cell from breaking up during its arduous passage through the circulation
while allowing it to be fiexible enough to squeeze through very narrow capillaries.

The main component is the spectrin heterotetramer (two a and two 8 chains), a very large (1,052 kDa),
highly elongated, flexible molecule which can cross-link actin using the binding sites at its ends. Protein 4.1 greatly
strengthens the interaction between spectrin and actin. Unlike other cells, the actin in crythrocytes forms
protofilaments consisting of only approximately 15 subunits. On average, six spectrins attach to ecach
protofilament, forming a largely hexagonal interlocking lattice. This lattice is attached to the membrane primarily
through ankyrin which binds to both the 8 chain of spectrin and the membrane-inserted anion channel.
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Fig. 5-31 The membrane skeleton of a mature mammalian eryvthrocyte.

Force-Generating Proteins

Myosin-II, the force-generating protein of the contractile apparatus of muscle and other cells,
was the first actin-binding protein described and characterized. The myosin protomer (M, = 520,000)
consists of two identical heavy chains (M, = 220,000) and two pairs of light chains (M, = 16-27.000
depending on the source). Each heavy chain contains a globular head linked by a hinge region to
a long a-helical tail. The tails from the two heavy chains form a coiled-coil 150 nm long (Fig. 5-32).
The light chains bind ncar the base of cach head.

The myosin protomers can self-associate to form a thick filament by the assembly of some 400
myosin tails in a staggered side-by-side packing with the myosin heads projecting at regular intervals
in a hclical array (Fig. 5-32). The thick filament is hipolar with a 150 nm barc zonc in the center
where two oppositely oriented sets of myosin tails come together. The center of this region is called
the M line. This thick filament forms part of a myofibril.

The myofibril also contains thin filaments of F-actin with tropomyosin dimers bound in the grooves
and about one troponin complex per tropomyosin dimer. The thin filaments are also arranged in
a bipolar fashion. All the pointed ends point away from ecach side of the Z-disk which contains a
number of proteins including a-actinin. e-Actinin serves to bundle the actin filaments very close to
their barbed ends and anchor them very firmly in the disk.

The thick filaments and the thin filaments of a myofibril partly interdigitate with six thin filaments
surrounding each thick filament. A single contractile unit. the sarcomere. is depicted in Fig. 5-32 and
1s about 1.5 um in diameter and 2.2 um long. A linear arrangement of sarcomeres forms the myofibril,
which, along with other myofibrils packed in parallel. can run the length of the muscle cell (up to
several centimeters).

Upon contraction, the thick and thin filaments in cach sarcomere of cach myofibril coordinately
slide past each other without changing length. The sarcomeres shorten and the interdigitation between
thick and thin filaments increases. This is the sliding filument nodel of muscle contraction.

Question: What is the mechanism by which mvosin generates mechanical force between thick and
thin filaments?

Mechanical force is gencrated by the cyelic interaction of myosin heads with actin and the encrgy
supplied from the hydrolysis of ATP (Fig. 5-33). Each myosin head can bind a single molecule of
ATP. Myosin is an ATPase. The ATPasc activity is constitutive but can be increased up to 200-fold
in the presence of actin.

The cycle begins with the myosin head hydrolyzing the bound ATP to ADP and P;. In this form,
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Fig. 5-32 Components of a skeletal muscle myofibril: (¢) myosin, (#) thick filament, and
{c) the contraction of a sarcomere. The polarities of the thin filaments are
indicated by the arrows.

the head binds to the side of an actin filament which stimulates the release of products, ADP and
P;, and causes a change in conformation around the myosin head. The head pulls back, dragging
the actin filament with it. This is the power stroke. The head then detaches from the actin and binds
a new molecule of ATP to begin the cycle over again. Each cycle can be as short as 0.2 s during rapid
contraction. Note the importance of the two hinges which permit fiexibility of movement.

Question: How is the generation of mechanical force initiated and regulated?

An increase in Ca®* (e.g., from 107% M to 107> M) acts as the trigger. In striated muscle, Ca’*
is released from the endoplasmic reticulum into the cytoplasm following stimulation of the muscle
cell via its attached motor nerve. The Ca* interacts with the troponin complex, causing a movement
of tropomyosin to expose the myosin binding sites on the thin filaments (see Example 5.21). In smooth
muscle, the released Ca®* indirectly activates myosin light chain kinase which phosphorylates the
light chains of myosin. Hence, the control is at the level of the thick filament. In some nonmuscle
cells, the control by Ca?* is at the level of the assembly of myosin into filaments.

In all cases, a fall in Ca?* concentration (e.g., by being pumped back into intracellular stores)
reverses the process. It should be noted that a continuing supply of ATP is required for the contraction
process. When ATP is completely depleted, rigor sets in.

Question: What regulates thin filament length and the position of the thick filaments in the
sarcomere?

Thin filaments in the sarcomere are of remarkably uniform length. In recent years, two proteins,
nebulin and tropomodulin, have been discovered in the sarcomere. Nebulin is a huge protein
consisting almost entirely of multiple 35-residue actin-binding motifs. Nebulin's length is that of the
thin filaments of the sarcomere and therefore it may serve to regulate thin filament length via the
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Fig. 5-33 Represeatation of the four steps in the contractile evele of muscle showing the
association and dissociation of myosin and actin driven by the hydrolysis of
ATP.

vernier principle (Fig. 3-4). Tropomodulin participates in this process by capping the pointed ends
of the filaments. preventing them from growing further. and is thus an example of a pointed-end
capping protcin.

Another reeently discovered protein. dtin. is also extremely large and highly clongated. Titin
molccules extend from the Z-disk to the thick filaments and may serve to center these filaments in
the sarcomere.

Microtubules

Microtubules are hollow cylinders with an internal diameter of 14 nm and an external diameter
of 23 nm. A complete cylinder contains 13 parallel protofilaments cach of which is a head-to-tail
polvmer of heterodimers forming a rod (Fig. 5-34). The heterodimers contain an a- and a B-tubulin

Fig. 5-34 A short segment of microtubule showing the tubulin dimers aligned into
protofilaments.
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subunit tightly bound together. These two subunits (each M, = 50,000) are synthesized from separate
genes but their amino-acid sequences are highly homologous.

Polymerizaiion, Treadmiiling and Dynamic Instability

The polymerization of tubulin has many similarities to that of actin. The protomer is the tubulin
heterodimer. Each subunit in the heterodimer can bind a nucleotide; in this case it is GTP. There
is a lag period associated with nucleation. Once sufficient nuclei are available, “explosive”
polymerization can proceed from both ends of the nuclei. Calcium ions and low temperature (4°C)
inhibit polymerization, while magnesium ions and high temperature (37°C) stimulate it. As with actin,
the microtubule is polar, and polymerization proceeds about three times more quickly from the plus
end than the minus end. Polymerization i1s accompanied by hydrolysis of GTP, on the B-tubulin only,
at or soon after the addition of the a/f protomer to the filament. GTP caps can therefore exist at
both ends of the filament with the cap likely to be larger, on average, at the plus end than at the
minus end.

At steady state, a pooi of free heterodimers {representing the critical concentration) coexists with
filaments. For these filaments, the critical concentration is lower at the plus end than at the minus
end. Thus, treadmilling can occur with a net loss of protomers from the minus end and net addition
at the plus end. However, for microtubules, treadmilling is generally overshadowed by a related and
much more dramatic phenomenon known as dynamic instability. 1f a filament loses its GTP cap at
either end, depolymerization at that end occurs extremely rapidly. Thus, even at steady state, some
filaments can be rapidly shortening at one or both ends while other filaments are rapidly growing
at one or both ends. Dynamic instability also occurs in vivo and s an essential factor in the proper
functioning of many microtubule-based networks.

Microtubule-Associated Proteins (MAPs)

MAPs can be classified in a similar manner to actin-binding proteins. Like their actin-binding
counterparts, MAPs can nucleate, cap, stabilize and cross-link microtubules. Several motor proteins
have been identified in the last few years which are involved in force generation in a number of
microtubule-based networks. As with actin-binding proteins, MAPs can be targeted, on a constitutive
or transient basis, to certain regions of a cell. This allows specialized microtubule-based networks
to be constructed and perform their tasks in specific locations. The properties and functions of some
of these MAPs will be explored in the examples given below.

Question: How are microtubules distributed inside cells?

During the interphase of almost all animal cells, most of the microtubules radiate from the
centrosome, a darkly staining region near the nucleus. The centrosome contains a pair of centrioles,
which themselves are small cylinder-shaped structures containing microtubules and other proteins
[see Fig. 5-36(a)]. Surrounding the centriole pair is the pericentriolar material which serves somehow
to nucleate the formation of new microtubules. For this reason the centrosome is known as one type
of microtubule organizing center, or MTOC. The microtubules radiate with their plus ends toward
the periphery of the cell and their negative ends embedded, and stabilized in the centrosome. The
microtubules remain highly dynamic in vivo with a half-life of the order of a few minutes. Some
microtubules might be stabilized by, for example, having their plus ends capped, thus preventing
depolymerization.

EXAMPLE 5.23

The interphase organization of microtubules serves many roles, among the most important of which is the
rapid transport of organelles and materials packaged in vesicles to various parts of a cell. This process was first
observed directly in the giant axons of squid and was therefore named fast axonal transport. In highly elongated
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cells, such as neurons, where simple diffusion of organelles and even proteins would be unacceptably slow, this
rapid transport mechanism serves to deliver essential material to distal parts of the cell and to retrieve other
material. Anterograde movement of small vesicles in the axon (i.e.. away from the cell body and toward the
plus end of the axonal microtubules) can be as fast as 5 um per second. Retrograde transport can be as much
as half this rate.

Fast transport is now known to occur in almost all animal cells. The microtubules act as “superhighways”
upon which large numbers of vesicles, and other organelles such as mitochondria, move.

Question: What is the mechanism of fast transport?

Fast transport in cells requires vehicles (the organelles or vesicles), motors and fuel. The motors
can be divided into two families, the cytoplasmic dyneins and the kinesins (Fig. 5-35). Each uses ATP
as a fuel, the energy being provided by its hydrolysis to ADP and P;. The motors can sense the polarity
of the microtubules; dyneins drive toward the minus end, while most kinesins drive toward the plus
end. Movement is generated by cyclic hydrolysis of ATP, conformational changes, and the reversible
attachment to microtubules.

Vesicle

Fig. 5-35 Dynein and kinesin motors and their interaction with wvesicles and
microtubules.

EXAMPLE 5.24

Cilia and flagella are stable microtubule-based structures which project from the plasma membranes of
particular eukaryotic cells. The energy-dependent oscillations of these structures can drive material over the
surface of a cell or propel the cell along. For example, the whip-like motions of cilia on the cells at the head
of the fallopian tube draw newly released ova from the ovaries into and along the oviduct. The snake-like
movements of the flagellum on a sperm provide these cells with movement.

Although the movements of cilia and flagella are somewhat different, the microtubule-based axoneme is
common to them both. The axoneme is cylindrical (~200 nm in diameter) and built from the 9 + 2** arrangement
of microtubules [Fig. 5-36(b)]. Note that the swo central microtubules are complete while each of the nine doublets
of outer microtubules contains one complete (A tubule) and one incomplete (B tubule) fused together.

A number of auxiliary proteins are associated with the axoneme at regular intervals. Every 24 nm, ciliary
dynein (a three-headed isoform of cytoplasmic dynein) extends pairs of arms from the A tubule of each doublet
toward the B tubule of the adjacent doublet. At intervals of 86 nm, nexin links adjacent doublets. Every 29 nm,
radial spokes project inward from the outer doublets toward the inner sheath which itself is connected to the
central pair of microtubules.
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Fig. 5-36 Representations of centrioles. basal bodies and axonemes within a cilium. (a)
Centriole/basal body showing the nine sets of triplet microtubules. () Cross-
section of a cilium/flagellum showing the 94 27 array of microtubules and
accessory proteins of the axoneme. (¢) View of a cell indicating the organizing
role of centrioles and basal bodies.

Without the cross-links. the dynein motors would simply cause the microtubules to slide past one another
until they were no longer in contact. The cross-links limit sliding. and play a role in the poorly understood
mechanism which promotes bending and cyelical beating.

Question: What organizcs the structurc of the axoneme?

An axoneme grows from a preexisting structure called the basal body which appears to be similar
in construction to a centriole in the centromere [Fig. 5-36(a)]. The basal body consists of nine triplet
sets of microtubules cross-linked by proteins at regular intervals. There are no central microtubules,
but protein “‘spokes” radiating inward to a central “hub™ can be seen in some cross-sections.

Each axoneme doublet grows from two of the tubules in cach triplet of the basal body. It is not
known how the growth of the two central microtubules of the axoneme 1s controlled. or how the
carcfully regulated length of the cilia and flagella is monitored.

EXAMPLE 5.25

The mitotic phase is the culmination of the cefl ¢vele in which two identical daughter cells are produced
cach with a full complement of genetic material. The process is extremely complex and dynamic and lasts little
more than an hour in a “typical™ cell. During this time. the microtubule-based mitoiic spindle (Fig, 5-37) must
be constructed and the chromosomes condense (prophase}. The nuclear envelope then disintegrates and the
chromosomes are “captured” by microtubules in the spindle (promeraphase). By metaphase. the spindle has
moved and aligned all of the chromosomes at the meraphase plaie, a plane midway between the spindle poles.
Anaphase begins when the connection between the sister chromatids of each chromosome suddenly breaks and
the sister chromatids are moved swiftly toward opposite spindie poles. The poles also move apart. Once at the
poles. the chromatids decondense and cach set is enclosed by new nuclear envelopes (relophase). Two new cells
are formed by cvtokinesis. which begins in late anaphasc. and involves a “pinching in™ or cleavage of the plasma
membrane at a point midway between the spindle poles.

Question: What is the source of the microtubules in the mitotic spindic?
The microtubule nctwork of the imerphase cell is depolymerized and reformed to make the mitotic
spindle. This requircs two MTOCGs, the first being the original centromere with its pair of centrioles.
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Fig. 5-37 Diagram showing («) the mitotic spindle at metaphase with chromosomes aligned
at the metaphase plate and (b) separation of the poles and sister chromatids
during anaphase.

The sccond arises from replication of the centrioles during the S and G, phases of interphase. During
prophase, the two pairs of centrioles move apart from one another and the pericentriolar material
surrounding them both can nucleate and stabilize microtubules. These two MTOCs become the
spindle poles.

Three types of microtubule can readily be defined in the mitotic spindle. Polar microtubules
overlap (and probably interact) between the poles and are involved in pushing the poles apart in
anaphase. Astral microtubules radiate in all directions and also help separate the poles. Kinetochore
microtubules attach themselves to specialized protein structures (kinetochores) located on each side
of the centromere of each chromosome. These microtubules are involved in moving the chromosomes
to the metaphase plate and in separating sister chromatids at anaphase. The microtubules in the
spindle are very dynamic and have a half-life of only a few seconds. This appears to be especially
important in the capture of chromosomes by the kinetochore microtubules. Microtubules that miss
the target kinetochores are quickly lost because their dynamic instability soon leads to depolymeriza-
tion. The new microtubules that form may hit the target and be partially stabilized through plus-end
capping.

Question: How are forces generated to move chromosomes and separate the poles?

The spindle contains a number of dynein- and kinesin-family motors (Fig. 5-37). These, together
with the dynamic instability and treadmilling of the microtubules, help control the movement and
relative positions of the chromosomes and the poles. The spindle is under constant fension resulting
from a range of forces.
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During metaphase. when all of the chromosomes are lined up at the metaphase plate. all of these
forces are in balance. Dynein motors in the kinetochores attempt to drag the chromosomes back to
the poles (i.c.. in the minus direction) along the kinetochore microtubules. Since each chromosome
contains two kinetochores. cach facing a different pole. the pull to cach pole cancels out [see arrows
in Fig. 5-37(a)}. Simultancously. at least two forces are acting to separate the poles. Wherc the polar
microtubules overlap. kinesin motors are present binding their tails to the sides of the microtubules
and using the motors in their heads to drive toward the plus-ends of others, thereby exerting a push
on the poles. In astral microtubules directed away from the center of the spindle. it appears that
dynein motors (perhaps attached to the cell cortex) exert a pull on the poles.

During anaphase. when the sister chromatids split at the centromere, this balance is lost
[Fig. 5-37(bh)}. The dynein motors in the kinetochores drive the sister chromatids to the poles. The
speed at which this happens may be regulated by the controlled depolymerization of the kinetochore
microtubules. The poles can now move apart and the overlap between polar microtubules shortens.
It would be completely lost but for rapid polymerization at the plus ends of these filaments.

membrane in the same plane as the metaphase plate. It is not known how the furrow is positioned.
The furrow is created and deepens due to the actions of the contractile ring which is an actomyosin
network assembled specifically for this purpose and dispersed afterward. Thus, the stability of this
network is quite ditferent from its analog in muscle. The dynamics of these networks are also different
(sce Prob. 5.16).

Intermediate Filaments

Intermediate filaments form a family of tough. insoluble protein fibers with diameters of about
10 nm. found in most cukaryotic cells. The protein subunits (Fig. 5-38) vary greatly in size
(M, = 40,000 to 200,000), but they all appear to have a common coiled-coil, a-helical region in the
center of cach subunit. The rodlike region is of constant length. with considerable sequence homology,
30-70 percent of the amino acids being identical between the various types: it also appears 10 be
the basis for the filamentous structure, about 25 subunits interlocking side by side to form the
cross-section of one filament. The terminal globular regions are the variable segments, which
differentiate the various types of intermediate filaments and which project from the filament into the
cyvtoplasm to play an as yet ill-defined role in the cell.

There are five classes (see Table 5.4) of intermediate hlaments, which can be differentiated by
biochemical, immunological, and molecular biological techniques. In genceral, one type of cell contains
only one class of intermediate filament. All the classes are believed to play a structural role within
the cell by resisting mechanical stress.

Caoiled-coil, a-helical domains
—T

35200 ~15 ~10 mnnl 1619 8 ' —12] 50-200
),\5/ Short random sections H

\J s
N-terminal globular region C-terminal globular region

Fig. §-38 A diagrammatic representation of the subunit of an intermediate filament. (The
figures represent the number of amino acid residues in cach structural
Jdomain,)
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Table 5.4. The Classes of Intermediate Filaments in Vertebrate Cells

Intermediate
Filaments Protein Components Cell Type

Cytokeratins Various: M, = 40,000 to 70,000 | Epithelium

Neurofilaments Three major: M, = 68,0X), Neurons
145,000, and 220,000

Vimeniin M, = 55,000 Mesenchyme, e.g., fibroblasis

Desmin M, = 53,000 Muscle

Glial filaments M, = 50,000 Some glial cells, e.g., astrocytes

Nuclear lamins Three major: Nuclear lamina of eukaryotic
M, = 65,000 to 70,000 cells

EXAMPLE 5.26

The most-studied class of intermediate filaments, and the most diverse is the cytokeratins, also called the
prekeratins, which are cross-linked by disulfide bonds. On reduction, several different polypeptide chains are
obtained from epithelial cells. with a spectrum of chains that varies from tissue to tissue. Some 19 different
cylokeralin polypeplides have been characterized from human tissues, and each has been shown to be the product

of a distinct individual genc and not formed Uy chfferential pl‘i‘)Ct‘:SSiﬁg There are two groups., the acidic keratins
and the neutral-basic keratins, which are believed to interact in a 1:1 ratio to form the keratin filaments. These
play an important role in cpithelial cells by forming a continuous network of fibers across a whole epithelial
sheet, giving it tensile strength. The cells are fastened by rivetlike connections, called spot desmosomes, which
act as anchoring points for the keratin filaments. Keratin fibers are abundant in the tough outer protective covering
of higher animals, and they become increasingly cross-linked as the cell matures and finally dies, producing the
keratinized outer skin layer, nails, and hair.

The intermediate filaments are generally more durable than F-actin and microtubules, and the
pool of unpolymerized subunits 1s very smail. However, their assembly and disassembly can be
regulated in various ways, including proteolysis and phosphorylation.

EXAMPLE 5.27

The inner nuclear membrane of the nucleus in mammalian cells is supported by a network of intermediate
filaments called the nuclear lamina which is comprised of lamins. 1n late prophase of mitosis, the nuclear
membrane fragments into vesicles triggered largely by phosphorylation of the lamins at various serine residues.
This serves to disassemble the nuclear lamina. At the completion of mitosis, dephosphorylation of the lamins
allows the wvesicles in cach of the new daughter cells to reform nuclear membranes surrounding the

chromosomes.

Solved Problems

ASSEMBLY OF SUPRAMOLECULAR STRUCTURES
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Compare thc frequencms of defective complexes produccd in the following two situations: (a)
The complex is synthesized in one step as one long polypeptide chain containing 8,000 amino
acid residues. (b) The complex is constructed in three steps. First, 24 polypeptides are

s
-
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synthesized: 8 X 200, 8 x 300, and 8 X 500 amino acid residues. Next, trimers consisting of one
of each chain type are formed. Last, these eight trimers are assembled to form the complex.

(Assume in both cases that the error frequency is 107 for each operation and that a single
mistake will cause complete rejection.)

SOLUTION

(a) The probability of incorporating an incorrect amino acid is 1 in 10°, Therefore, the frequency of
defective complexes would be 8 x 103 x 1073, i.e., eight of every 100 complexes are defective.

(b) Because defective poiypeptides wili be rejected as being unable to form trimers and any faulty trimers
will not assemble further, the frequency of defective complexes will be related only to the seven
steps required for the final assembly of the trimers to form the complex, and this would be equal
to 7 x 107*. Thus, the three-step process produces about 1,000 times fewer defective complexes than
the single-step process and, incidentally, requires one-eighth as much genetic information.

PROTEIN SELF-ASSOCIATION

5.2,

5.3.

For the dimerization reaction 2A = A,, the equilibrium constant in the mol L™! scale is

10°. What is the concentration in molL™! of dimer in equilibrium with 10 3mol L'
monomer?

SOLUTION

Rearranging Eq. (5.1). [A;] = K[A].
Thus. at equilibrium,

[Az] = 10510732 mol L™! = 0.1 mol L™}

For the dimerization reaction 2A A, in which A is a protein of molar weight

a2 ey

by weight of dimer when the total concentration of the protein is 1gL ™1

SOLUTION

It is important to convert all units to a consistent set. Here, it is most convenient to use the mol L ™!
scale. Thus, the molar concentrations are [A} = co/M and [A;] = c5,/2M, where c4 and ¢4, are the
concentrations in gL™! of A and A, respectively, and M is the molar weight of A.

Now, the total concentration of A is

CT = CaA + CA2
Hence, CA, = CT—Ca
By substituting in Equation (5.1). we get

- [A2] =(CT_CA)/2M
(A (ca/M)?

Rearranging and then solving the quadratic in c5 gives two roots, one negative, and thus physically
meaningless. and the other positive. The positive root is given by
~1+ (1 +8Kcr/M)'?2
c
A 4KIM

ca=0.13gL7!

Therefore, the percentage by weight of monomer is 13, and that of the dimer is 87.
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Repeat the above calculation for a total concentration of 10g L™

SOLUTION
Using the same procedure as in Prob. 5.3 and substituting into the expression for c5. we get
~1+ 1+ (8x10%x 10)/(4 x 10%]'2 -
C = [y
A 4 x 10%4 x 10° &
-1+ (2,001)!7
T S—

100

L '=0.437gL™!

This represents only 4.4 percent of the total at this new concentration, and thus the percentage by weight
of the dimer is 95.6 percent.

Note the general principle that can be drawn from this: As the total concentration of a self-associating
molecule increases, the proportion of the associated form increases. A corollary is that dilution favors
the monomeric species. This is an example of Ostwald’s dilution principle.

HEMOGLOBIN

5.5.

5.6.

Fetal hemoglobin (HbF) is a tetramer of two a chains and two y chains. The y chains are
similar to the @8 chains of HbA, but there are many sequence differences between them. One
significant difference is that the residue H21 is the positively charged histidine in the g8 chain
but the neutral serine in the y chain. (a) Explain why HbF has a higher oxygen affinity than
normal adult hemoglobin (HbA). (#) Why is this effect physiologically important?

SOLUTION

(a) The amino acid substitution at H21 affects the 3-8 cleft, where BPG is bound, there being two fewer
positive charges in HbF. Thus, BPG is bound less strongly to HbF, and oxygen is more tightly bound
and therefore is less readily released from HbF.

(b) This effect allows HbF to draw O, across the placenta from the maternal HbA for the use of the
fetus.

In vertebrate hemoglobins, it is the tetramer that shows cooperativity on binding with oxygen;
the dimer has no cooperative effect. The blood clam has been shown to contain two hemoglobins:
a tetramer consisting of two pairs of unlike chains and a homodimer of a third. each of these
chains having a tertiary structure similar to the globin fold. In the quaternary structure of the
blood clam hemoglobins, the E and F helices, which lie on the proximal and distal sides of
the heme group, are involved in subunit interactions forming an extensive contact between
the chains in the dimer. This is “back to front” when compared with the vertebrate
hemoglobins, where the E and F helices are on the outside of the molecule. Interestingly.
both the dimer and the tetramer clam hemoglobins bind oxygen cooperatively. Explain how
the mollusk dimer hemoglobin could demonstrate a cooperative effect.

SOLUTION

On combining with oxygen, the F helix, containing the proximal histidine residue, moves about 0.5 A.
In vertebrate hemoglobin, this movement, being on the surface of the molecule. has no direct effect.
acting only on the tetrameric structure (the a;8; dimers are quite rigid). In the clam. such a movement
will directly affect the structure of the dimer and may lead to an increase in the oxygen affinity. producing
cooperativity.

There are many abnormal or mutant hemoglobins, some of which cause pathological
conditions. One is sickle-cell hemoglobin (HbS), in which the glutamate residue in the sixth
position of the normal human hemoglobin (HbA) 8 chain has been replaced by valine. This
position, referred to as 86, is on the outside of the hemoglobin molecule. Individuals who
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are homozygous for HbS suffer from circulatory problems and anemia. This is because the
red blood cells become sickle-shaped in the venous circulation, causing blockages in the
capillaries, and are principally removed by the spleen. Why should such a small change, two
amino acids in a total of 574, produce such a drastic effect?

SOLUTION

Amino acid residues on the outside of soluble proteins are almost without exception polar. The
replacement of the strongly polar glutamate in HbA by the nonpolar valine in HbS leads to a hydrophobic
area on the exterior of the molecule. Such a ** Sggkv patch” would [e_n_dllv interact with a complementary
binding site on another molecule. HbS, but not oxyHbS, has such a site, and this allows HbS to polymerize
into long fiberlike chains that distort the red blood cell and produce the sickle shape. It is of interest
that the HbS gene is common in tropical Africa, because the heterozygous individual, who rarely has
sickling episodes, is protected against the most dangerous form of malaria. Should infection with malaria
occur, the red cells would tend to sickle because of the increased oxidative stress imposed on them; these

cells would then be removed from the circulation by the spleen.

Mutations in the a;,8; sliding contact of hemoglobin generally cause impairment of the
cooperative effect. In Hbxgmpsgy, the aspartate residue G1 in the 8 chain is replaced by
asparagine. This removes a hydrogen bond from the sliding contact (Fig. 5-12) that stabilizes
the tense structure of deoxyhemoglobin but is not involved in the relaxed structure of
oxyhemoglobin. What effect will this amino acid substitution have on the oxygen affinity of

Hbgempsey?
SOLUTION

As the stability of the tense structure is reduced by the loss of this interaction in the two sliding
contacts a;,8,. and a».8;, less energy is required for oxygen to bind to Hbggpmpsey. Thus, Hbxempsey
has a higher oxygen affinity (p50 = 15 torr} and a lower Hill coefficient (see Chap. 9 and Prob. 5.21).
Individuals with this hemoglobin compensate by producing more red blood cells.

THE EXTRACELLULAR MATRIX

5.9.

5.10.

There is a continual turnover of collagen molecules in the body, e.g., in the remolding of bone
and in wound healing. For many years it was believed that the triple helix was resistant to
attack by all proteolytic enzymes. In the last 20 years, many mammalian collagenases have
been found that cleave each of the three chains of the triple helix between a glycine and a
large hydrophobic residue (e.g., leucine, isoleucine, or phenylalanine) roughly three-quarters
of the distance from the N terminus. This is an unstable region, low in proline and
hydroxyproline. Explain how this cleavage of the triple helix allows the degradation of collagen
to proceed.

SOLUTION

The specific cleavage of collagen by mammalian collagenases produces two fragments that are
unstable at body temperature and begin to uncoil into individual chains. These are then susceptible to
attack by other proteolytic enzymes.

The monomers of type VI collagen are the shortest collagen molecules (150 nm), with only
one-third of the mass being the triple -helical domain, the other two-thirds being the two
I sy Alcer nmoi i an A =nt. chadauing fam tha Alastenn fAmAQAr Y
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the following structures are the most abundant of those observed:
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Explain the construction of the structures, and suggest how further assembly could occur to

CcO
form avtandad mi rvrnﬁ rilc
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SOLUTION

The structure on the left shows a dimer with two antiparallel collagen type VI molecules assembled
in a staggered manner, with the triple-helical segments overlapping by 75nm. The dimers align
symmetrically with the free (nonoverlapping) triple-helical ends crossing over like scissors to form the
tetramer shown on the right. This tetramer then acts as the protomeric form, which aggregates end to
end, with further crossing over of the ends to form the linear polymers of microfibrils.

The genes for the chains of fibrillar collagens (types I, 11, 111, and probably V) contain about
50 short exons (expressed regions), separated by long introns (nonexpressed regions); the
introns are removed before the genetic information is translated into the protein chain (see
Chap. 17). The exons for the triple-helical domain are unusual in that they all contain multiples
of nine base pairs, 54 being the most common, followed by 108. If three nucleotide bases code
af thic

iIOr Oonec amlnu u\,lu wilal lo uid oiguiu\,anvu

SOLUTION

On translation each exon produces a length of oligopeptide that is a multiple of three amino acids;
lengths of 18 and 36 amino acids are the most common, being equivalent to six or 12 turns of the triple
helix. Each exon begins with a codon for glycine, and this is followed every nine nucleotides by another.
It has been suggested that the collagen gene evolved from a small primordial gene and that the

nroanpahnn of the gene is now conserved to an Pytranrdlnarv extent.
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Defects in collagen synthesis can cause severe connective tissue disorders. In Ehlers-Danlos
syndrome VII, those affected suffer from thin, velvety skin, which heals poorly, and from
hypermobile joints and weak ligaments, a condition which leads to multiple joint dislocations.
It has been reported that in this syndrome, exon 46 (numbering from the C-terminal end) is
missing from the gene for the aZ(I) chain. This sequence includes the cleavage site for the
mennmllonsne A _mnmtcidncen nmd o luygiean enos idirn mmne thn el Al eaminafomee o PR § D s YA BY

prutuliagell iN- PCPLIUGDC ana a ly)ll.lC Iesiuauc 1ical th llUlllla} l‘ I.Clllllllub Ul lllC LUlldgCll ué\l}
chain. Describe the effect of the loss of this exon on the structure of type I collagen.

SOLUTION

The loss of the N-peptidase cleavage site would prevent the proper processing of the a2(1)
procollagen chain, and thus the mature chain would have a large N-terminal extension of about 50 amino
acids, which would disrupt the proper assembly of the triple-helical collagen molecules into a fibril. The

lack of the lysine residue would prevent the formation of one of the four major interchain cross-links

that the a2(I) chain makes with its quarter-staggered neighbors. The overall effect is to weaken tissues
that depend on type I collagen for tensile strength.

How many specific glycosyltransferases are required for the sequential addition of monosac-
charide units in the synthesis of chondroitin sulfate? Note that substrate specificity is strict.

SOLUTION

Six glycosyltransferases are required (Fig. 5-21) and they act in the following order: (1)
xylyltransferase, (2) galactyltransferase I (specific for xylose), (3) galactyltransferase Il (specific for
galactose), (4) glucuronate transferase I (specific for Gal-Gal), (5) N-acetylglucosamine transferase, (6)
glucuronate transferase II (specific for N-acetylglucosamine). Finally, a sulfotransferase will catalyze the

additian of the ilfata aroung
aGaiton of e suilate BIOUps.

CYTOSKELETON

5.14.

If the spectrin heterodimer can associate only head to head, explain the observation of higher
polymers as large as the dodecamer.
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5.15.
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—
B
A ‘B
/ﬁBmA\\
/ Hexamer \
Fig. 5-39
SOLUTION
The head of each spectrin chain interacts with the head of the complementary chain of another
hetel Udllll\vl }ll th\— tetramel th\yle a"“ palred lntvract‘ons ‘F'g ( 11 \, "V”hl!e ill hlsll\vl Ulls\llll\'lﬂ‘ Cl \-}Uobd

loop is formed, as the head region is quite flexible. This is shown for the hexamer in Fig. 5-39, but this
self-association may continue indefinitely.

Several cytoskeletal proteins contain long coiled-coil domains in which two or even three «
helices coil around each other. What sequence criteria would be necessary for the o helices
to form stable coiled coils in aqueous solutions?

SOLUTION

The « helix contains 3.6 amino acid residues per turn, and in a coiled coil, this produces seven
residues for every two turns of the « helix. If these seven residues are denoted a, b, ¢, d, e, f, and g,
then residues a and d (with ¢ as an alternative) would be expected to be hydrophobic. These residues
would be next to each other on one side of the a helix and in the center of the coiled coil, which is
thus stabilized by hydrophobic interactions. This is known as the heptad repeat.

Many assemblies of actin and myosin in cells are temporary structures. One example is the
beltlike contractile ring that appecars during cell division just below the plasma membrane. As
the ring contracts, the center of the cell is constricted until two daughter cells are produced.
What interactions and processes must occur for this constriction to take place, noting that the
ring remains a constant thickness?

SOLUTION

To allow the force generated between the actin and myosin to act upon the membrane, the contractile
ring must be anchored to the mcmbrane by specific actin-binding proteins. As the cell constricts, the
contractile ring must disassemble little by little to remain a constant thickness.

Expiain how the alkaloid drug coichicine, which binds tightly to tubulin dimers, biocks
mitosis.
SOLUTION

The binding of the tubulin dimer by colchicine not only will prevent polymerization and the formation
of microtubules but also, by reducing the concentration of free tubulin below the critical concentration,
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will cause depolymerization and breakdown of the mitotic spindle. Similar drugs have been used as
antitumor agents.

,,,,,,,,,, df

The nuclear envelope is a supramolecular assembiy that lines the inner surface of the nucleus.
The major proteins of the envelope are the A, B, and C lamins, and it has been suggested
that they may be members of the intermediate filament family. What characteristic features
should the lamins possess for this to be so?

SOLUTION

The intermediate filament family consists of proteins with a large central region with considerable
sequence homology, which folds up into an « helix, with the heptad repeat allowing the formation of
coiled-coil domains. The positions of the short random sections between the coiled-coil domains are
conserved. Strong sequence divergence in the two globular terminal regions would be expected.

Supplementary Problems

For the dimerization reaction 2A = A,, calculate the concentration in mol L™" of dimer for the following
conditions:

K [A] (mol L~ 1)
a 103 1077
(a)
(& | 10t 1072
() | 10® 10~*

For the dimerization reaction 2A = A,, in which A is a protein of molar weight 50,000 g mol ™}, calculate
the percentage by weight of the dimer when the total concentration of the protein is 1g L™! and the
equilibrium constant in the mol L™! scale is (a) 10,000; (b) 10%.

Early this century, A.V. Hill derived a useful equation that describes the oxygen dissociation curve of
hemoglobin fairly accurately. It is

v @Oy
(PO2)" + (pS0)"

where Y is the fraction of hemoglobin oxygen-binding sites occupied by oxygen, pO, the partial pressure
of O, p50 the partial pressure of oxygen when ¥ = 0.5 (i.e., 50 percent of the sites are filled), and n
the Hill coefficient, which is a measure of cooperativity. The value of n for human HbA is 2.8, while
that of myoglobin, which is not cooperative, is 1. Calculate the change in saturation AY for the situation
in which hemoglobin goes from lung to working muscle and in which pO, for lung is 100 torr and pO,

H nd thoe follawino meotan .
for muscle is 20 torr under the following circumstances:

Protein p50 (torr) n
{a} | HbA 26 2.8
(b) | Noncooperative Hb 26 1
{¢) | Mb-like Hb i i
(d) | HbA with high DPG 3 2.8
(e) | Clamlike dimer Hb 26 1.5
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5.31.

PROTEINS: SUPRAMOLECULAR STRUCTURE [CHAP. 5

One of the salt links stabilizing deoxyhemoglobin involves a chloride ion. Explain how this ion could
act as an allosteric effector.

In the abnormal hemoglobin Hbg ansas. residue G4 on the 8 chain is threonine instead of the asparagine
in HbA. This change weakens the interactions in the siiding contact in the reiaxed state of oxyhemogiobin
without affecting the tense state. How would the oxygen affinity of Hbg ansas compare with that of
HbA?

Which of the following synthetic polypeptides would be expected to form a triple helix similar to
collagen?

(@) (Pro-Gly),

(b) (Pro-Pro-Gly),

(¢} (Pro-Gly-Gly),

(d) (Pro-Gly-Pro-Pro),,

Of those which form a triple helix, which would be the most stable?

Why is the triple helix of collagen a better structure for providing tensile strength than the a helix?

The following is a sequence of part of a pro-a-chain of collagen: -Gly-Pro-Met-Gly-Pro-Ser-Gly-Pro-Arg-
Gly-Leu-Pro-Gly-Pro-Pro-Gly-Ala-Pro-Gly-Pro-Gln-Gly-Pro- Arg-Gly-Pro-Pro-Gly-Glu-Pro-Gly-Glu-
Pro-Gly-Ala-Ser-. (@) How many residues would be hydroxylated by the enzyme prolvihydroxylase?
(b) How many peptides would be produced after digestion by the collagenase from one of the gas
gangrene organisms Clostridium histolyticum? The specificity of the enzyme is to cleave the bond before
glycine in the sequence -Pro-X-Gly-Pro-.

In the calcification process of bone formation, the initial crystals of hydroxyapatite are found at intcrvals
of 67 nm along the collagen fiber. What is the reason for this?

In osteoarthritis, fragments of proteoglycans are produced. It is believed that those fragments are formed
by the action of proteases produced in response to inflammation. Where is the action of the proteases
on the proteoglycan most likely to occur?

In a 0.01% solution, the domains of hyaluronate occupy the total volume. What would be the ratio of
the volume occupied by one molecule of hyaluronate (M, = 1.5 x 10 to the volume occupied by five
molecules of collagen (M, = 300K}, diameter 1.5 nm; length 300 nm)?

Haw mioht th
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In fast axonal transport, dynein motors serve to bring vesicles from near the end of the axon (the plus
end of the microtubules) toward the cell body (the minus end of the microtubules). The distance traveled
can be as much as a meter. Since dynein is 2 minus-end directed motor, how does it get out to the plus
ends of the microtubules in the first place?
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6.1 INTRODUCTION
Lipids are defined as water-insoluble compounds extracted from living organisms by weakly polar
or nonpolar solvents. This definition is based on a physical property, in contrast to the definitions

of proteins, carbohydrates, and nucleic acids, which are based on chemical structure. Consequently,
the term lipid covers a structurally diverse group of compounds, and there is no universally accepted

scheme for classifying lipids.

EXAMPLE 6.1

Consider the following compounds, most of which are lipids:

CH,(CH,),,CO0" CH,CH,COO"
(1) Palmitate (2) Propionate
/\l
CH,(CH,),,CH,0H K)
(3) Cetyl alcohol (4) Benzene

R

/\ >‘.\ ~
(5) Limonene (6) Squalene

OH 0
7

I L/ \
H O/\/\ o .

(7) Chrysin

I PN
T T e~~~

)V\ O/R e T e T |
(8) Vitamin E
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(9) Prostaglandin E,

Comnp
Compo orig
The latter property arises because they contain a high proportion of carbon and hydrogen and are therefore
insoluble in water. Compound 4 is not a lipid because it does not occur free in living organisms. Compound
2 is water-soluble, but because it is a member of the same series of compounds as compound 1, it is usually

considered to be a lipid.

ounds 1. 3 and St0 Q@ are ||n|r|c because

thevy are biological in origin and ar
l, 2, use ey ng are

Qi ViV psvaa i 1Y

o
W
2.
&
[
]
Q
Gl

6.2 CLASSES OF LIPIDS

A common feature of all lipids is that, biologically, their hydrocarbon content is derived from
the polymerization of acetate followed by reduction of the chain so formed. (However, this process

also occurs for the synthesis of some compounds that are not lipids and therefore cannot be used
as a definition of lmlde \ For examnle nnlvmerﬂannn of acetate can mve rise to the fnlln\mno

1. Long, linear hydrocarbon chains:

HCH3COO— - — CH3COCH2CO e —> CH3CH2CH2CH2 tee

The products are fatty acids, CH3(CH,),COOH, which in turn can give rise to amines and
alcohols. Lipids containing fatty acids include the glycerolipids, the sphingolipids, and

2. Branched-chain hydrocarbons via a five-carbon intermediate, 1sopentene (isoprene):

CH,
l
3CH,COO0 —— —— (CH,—CH=C-—CH,—)——> —— terpenes

(including steroids and carotenoids)

3. Linear or cyclic structures that are only partially reduced:

o 0 Q COO0~
CH.COO — —> /LM\/\/
- CH n-3

3

These are called acetogenins (or sometimes polyketides). Many of these compounds are
aromatic, and their pathway of formation is the principal means of synthesis of the benzene
ring in nature. Not all are lipids, because partial reduction often leaves oxygen-containing
groups, which render the product soluble in water.

For the lipids in Example 6.1, the routes of synthesis (just discussed) are:

Compounds 1, 3, and 9 are made via route (1).
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Compounds 5 and 6 are made via route (2).
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For those lipids synthesized by route (2), the ways in which the isoprene units are linked are shown by the broken
lines in the foiiowing structurai formuias:

&h e X

’/ * l, _j__
~ X

Limonene

Squalene
\/\‘)/\
HO / X

X

6.3 FATTY ACIDS

Over 100 fatty acids are known to occur naturally. They vary in chain length and degree of
unsaturation. Nearly all have an even number of carbon atoms. Most consist of linear chains of carbon
atoms, but a few have branched chains. Fatty acids occur in very low quantities in the free state and

/

Vitamin E
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group is about 5, and under physiological conditions, this group will exist in an ionized state called
an acylate ion; e.g., the 1on of palmitic acid is palmitate, CH,(CH,),4,CO0~

EXAMPLE 6.3
The following are some biologically important fatty acids.

(a) Saturated:

CH5(CH;);4(COOH)  CH4(CH;),,COOH

Palmitic acid Stearic acid
(hexadecanoic acid) (octadecanoic acid)
16:0 18:0

(b) 1In unsaturated fatty acids, the double bond nearly always has the cis conformation:

H3(CH,)sCH=C1{(CH,);,COOH
Palmitoleic acid
(cis-9-hexadecenoic acid)
16:14°
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(¢) In polyunsaturated fatty acids, the double bonds are rarely conjugated:

Linoleic acid
(cis,cis-9,12-octadecadienoic acid)
18:2A%:12

A number notation used widely for indicating the structure of a fatty acid is shown under the
names of the fatty acids in Example 6.3. To the left of the colon is shown the number of C atoms
in the acid; to the right, the number of double bonds. The position of the double bond is shown
by a superscript A followed by the number of carbons between the double bond and the end of the
chain, with the carbon of the carboxylic acid group being called 1.

EXAMPLE 6.4

The number notations, systematic name, and trivial name, respectively, for three more fatty acids are:

@)

SNV SR e & NIV, & Ve, & SRY
113\\,112}7k,11—k,11\\,112}7C00H

9 cis-9-octadecenoic acid (oleic acid)

o

18:1
CH;CH,CH=CH—CH,—CH=CH—CH,—CH=CH(CH,),COOH
18:339-12.15 1] ¢5-9,12,15-octadecatrienoic acid (a-linolenic acid)
CH;3(CH,){CH=CH—CH;—CH=CH—CH,—CH=CH—CH,—CH=CH{(CH,);COOH
20:4458.11.14 3| ¢js-5 8 11,14-eicosatetraenoic acid (arachidonic acid)
The melting points of different fatty acids differ markedly. For example:
Palmitic acid, 63°C; stearic acid, 70°C; oleic acid, 13°C
Elaidic acid (srans-9-octadecanoic acid), 44°C
Linoleic acid, —5°C; a-linolenic acid, —11°C

Question: Why do differences in melting point exist between fatty acids containing the same number
of carbon atoms?

The preferred conformation of a chain of saturated C atoms is a long, straight structure. A cis
double bond will cause a bend in the structure, making it less likely to pack into a crystal than will
a saturated molecule of the same length. A trans double bond does not cause a bend in the chain.
For example:

1. Saturated chain
COOH

2. Chain with one trans double bond
COOH

/__/_ CoOH
_/_/

/\/\/\/\/I

3. Chain with one cis double bond
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Straight molecules can pack together more densely and give crystals of higher melting point than

the melting points of bent molecules of the same size; in other words, more energy is r

separate the molecules when they are heated.

s om
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The presence of cis rather than trans double bonds in unsaturated fatty acids ensures that lipids
containing fatty acids have low melting points and are therefore fluid at physiological tempera-
tures.

Question: Apart from unsaturation, what other structural feature of a fatty acid could affect its
maltino naint?
lll\tllllls lJUllll.

Branching. For example, stearic acid (18 carbons) and arachidic acid (20 carbons) are both
saturated and linear. They melt at 70°C and 75°C, respectively, whereas 10-methylstearic acid melts
at 10°C. However, branched fatty acids are rare in living systems and the evolution of synthetic

pathways for them has not occurred as a major device for keeping lipids fluid.
CH;3(CH,),CH(CH,)3sCOOH
l

CH;
10-Methylstearic acid

6.4 GLYCEROLIPIDS

Glycerolipids are lipids containing glycerol in which the hydroxyl groups are substituted in some
way. In terms of quantity, these are by far the most abundant lipids in animals. Somewhat similar
in structure, but occurring at levels of less than 1 percent of the glycerolipids, are lipids containing
diols, e.g., ethylene glycol (ethane diol) and 1,2- and 1,3-propanediol. Because of their rarity, lipids

based on diols will not be discussed further.
CH,OH CH,OH CH,OH
HOCH CH,OH HO(llH
CH,OH CH,
Giyceroli Ethylene glycol 1,2-Propanediol

Triacylglycerols

Triacylglycerols (TAGs) are neutral glycerolipids and are also known as triglycerides. In the TAGs
the three hydroxyl groups of glycerol are each esterified, usually by different fatty acids. This makes
the second carbon of the glycerol moiety chiral. A special convention is used for dealing with the
naming of TAGs and other glycerol derivatives. The derivative is drawn as a Fischer projection (Chap.
2) with the secondary hydroxyl to the left, and the carbon atoms are numbered 1, 2, and 3 from the
top. The prefix sn- (for stereospecifically numbered) precedes the name glycerol. For example,

CH.O-QCR

CH,0-OCR
R'CO-0—C—H
|
CH,0-OCR’
1,2,3-Triacyl-sn-glycerol
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EXAMPLE 6.5

The structure of 1-oleoyl-2-palmitoyl-sn-glycerol is

CIHzo-OC(CH,)TCH=CH(CH2),CH,
CH3(CH2),‘CO-O$H
CH,OH

This is a diacyigiyceroi. Diacyi- and monoacyigiycerois are found in ceiis, but oniy in smaii amounts; they are
metabolites of TAGs and phospholipids.

TAGs are the most abundant lipids found in animals. This is because they function as a food
store. Although found in most cells, TAGs are particularly present in the cells of adipose tissue where
they form depot fat. The hydrolysis of the ester bonds of TAGs and the release of glycerol and fatty
acids from adipose tissue is called fat mobilization. Depot fat is a water-free mixture of TAGs differing
from each other in the nature of the three fatty acyl groups from which they are built.

Question: Depot fat has a relatively high content of unsaturated fatty acids. What advantage does
this have for the cell?

The fat exists in a liquid state. Solid fat would present only a small surface area for enzymes
in the cytoplasmic water that mobilize it. Also, solid fat would render the adipose tissue rigid and
unyielding during mechanical stress.

Usually the melting point of depot fat is only a few degrees below body temperature. The fatty
acid composition of depot fat thus is a compromise between the requirement for keeping the fat liquid
and the ability to store as much energy as possible. {Unsaturated fatty acids yieid less energy than
saturated ones of the same size, when oxidized.)

Phosphoglycerides

Phosphoglycerides are polar giycerolipids and are often referred to as phospholipids. However,
some other lipids, not containing glycerol, also contain phosphorus, and the term phospholipid also
describes these. The term phospholipid will be used here to describe any lipid containing
phosphorus.

All phosphoglycerides are derived from sn-glycerol-3-phosphoric acid in which the phosphoric
acid moiety is esterified with certain alcohols and the hydroxyl groups on C-1 and C-2 are esterified
with fatty acids.

(,3H20H
HOCH 0
I I
CH,0—P—OH
r
OH

sn-Glycerol-3-phosphoric acid
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Question: In what form will sn-glycerol-3-phosphoric acid exist at physiological pH?
The pK, values of phosphomonoesters are ~1 and ~6; therefore, there will be two ionic species

at pH 7, with the dianion predominating:

CH,OH CH,OH
HOC'H 0 HOCH O
CHzG—Eﬂ—-—O‘ CHzﬁ—ﬂ—O‘
on &

The phosphoglycerides are named and classified according to the nature of the alcohol esterifying
the glycerol phosphate (Table 6.1).

In most phosphoglycerides, the fatty acid substituted on C-1 is saturated and that on C-2 is
unsaturated. Although phosphoglycerides are referred to in the singular (as in Table 6.1), they are
mixtures in which compounds with the same X group are esterified with a variety of different fatty
acids. In some instances C-1 is etherified (not esterified) with a long-chain fatty alcohol. This

Table 6.1. Some Major Classes of Phosphoglyceride

CH,0-OCR
R'CO-OCH O
{,0—P—0x
b

Name of X—OH

Structure of X

Name of Phosphoglyceride (Symbol)

Water
Ethanolamine

Choline
Serine

Glycerol
Phosphatidylglycerol

Inositol

—H
—CH.CH,NH,
—CH,CH, N(CH,),

—CH,CHNH,
CO0"
—CH,CH(OH)CH,OH

Phosphatidate

[ion of phosphatidic acid] (PA)
Phosphatidylethanolamine (PE)
Phosphatidylcholine (PC)
Phosphatidylserine (PS)

Phosphatidylglycerol (PG)
Diphosphatidylglycerol
[cardiolipin] (DPG)

Phosphatidylinositol (PI)
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phosphoglyceride is known as a plasmalogen:

CH,O-R
R'CO-OCH O
éH;}—g—ox
b-

Question: Why are phosphoglycerides often described as polar lipids?

The term arises because of the charges on the moiety bearing the esterified phosphate. The term
polar is used in a relative sense; i.e., relative to TAGs, the phosphoglycerides are polar. But in an
absolute sense, they are nonpolar overall and insoluble in water.

About 1 percent of the total phosphoglycerides that occur in animal cells are in the form of
lysophosphoglycerides, in which one of the acyl substituents, usually from C-2, is missing. The
lysophosphoglycerides are named by adding the prefix /yso- to the name of the parent phos-

phoglyceride.

Question: What is the structural formula for lysophosphatidyicholine?

L O OCD
A B AV AL UL OF N

HOCH O
CH20——I|’—O(CH2)ZI:J(CH3)3
-

Glycoglycerolipids

Glycoglycerolipids are similar in some respects to the phosphoglycerides; namely, they have
hydrophobic and polar (hydrophilic) parts, the latter being provided by a carbohydrate moiety rather
than by an esterified phosphate.

EXAMPLE 6.6

A typical glycogiycerolipid is 6-a-D-galactopyranosyi-g-p-galactopyranosyldiglyceride. The method for
writing the carbohydrate portion is explained in Chap. 2, and the structure of the lipid is:

?HJ}OCR
R'CO-OCH

HO
CH,0
OH 0—CH, ‘

1 /—o

CH,OH

oH HO
OH

OH
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6.5 SPHINGOLIPIDS

Sphingolipids are built from long-chain, hydroxylated bases rather than from glycerol. Two such
bases are found in animals: sphingosine and dihydrosphingosine (sphinganine), with the former being

much more common.
CH3(CHZ)IZCH=CH(|:H——(|:H——CHZOH CHs(CHz)12CH2CH2(|:H—(I:H—'CHZOH
OH *NH, OH "NH,

Sphingosine Sphinganine

Question: From which compounds is sphinganine synthesized in living systems?

Notice the polar part is related to the amino acid serine (a) and the nonpolar part resembles
palmitate (b). A reaction between these two compounds, with the elimination of CO,, is followed
by a reduction reaction which yields sphinganine.

‘OOC(leCHZOH CH,(CH,),,COO0"

*NH,
(a) (&)

When the amino group of sphingosine or sphinganine is acylated with a fatty acid, the product
is a ceramide,

CH,(CHZ)IZCH=CH(IEH——(liH—-CHZOH
OH rlm

CcO

I
R

The primary hydroxyl group is substituted in one of two ways to give two classes of sphingolipid;
these are the phosphosphingolipids and glycosphingolipids.

Phosphosphingolipids

In phosphosphingolipids, the primary hydroxyl group is esterified with choline phosphate. The
lipid is known as sphingomyelin. It has the structure:

[ .
CH3(CH2)IZCH=CHC|H——(|?H——CHZO——E|’—-O(CH2)2 N(CH,),

OH NH 0"

I i N s

I
co
|
R

Sphingomyelin
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The fatty acyl (R) groups found in sphingomyelin are unusual; e.g.:

Lignoceric 24:0

Nervonic 24:1415

Cerebronic 24:0, C-2 hydroxylated

Glycosphingolipids

In giycosphingoiipids, the primary hydroxyl group is giycosyiated, i.e., substituted with a
carbohydrate, either a mono- or an oligosaccharide. Glycosphingolipids that contain the sugar sialic

id in t
acid in the carbohydrate pu.t.un are called gangliosides. At least 50 types of glycosphingolipid are

known, based on differences in the carbohydrate portion of the molecule. In addition, each type
displays variation in the types of fatty acid found in the ceramide portion.

EXAMPLE 6.7

Some common glycosphingolipids are:
CHJ(CHz),ZCH=CHCIZH——(.FH—CH27'Gal

OH ITH

(lIO

1

R
Galactosylceramide

CH,(CH,),,CH=CH(fH—(EH— CHzT‘ Gle*—! Gal'—' Gal’;‘ GalNAc
OH ITIH

('fo
R
Globoside

CH,(CHZ),ZCH=CH$H—$H—CH27'Glc ﬂ‘Gal —'GalNAc

| 3

OH NH s
CIIO NeuNAc
R

Tay-Sachs ganglioside

ay

Note: Gic = glucosyi; Gal = gaiactosyl; GaiNAc = N-acetyigalactosaminyl; NeuNAc = siaiyl.

6.6 LIPIDS DERIVED FROM ISOPRENE (TERPENES)
The name terpene was applied originally to the steam-distillable oils obtained from turpentine
(an extract of pine). It was recognized that:

1. Most of the compounds present in the oil have the formula C,gHgs.

2. Terpenes with more than 10 carbons exist, the number of carbons being usually a multiple
of five. The structures are extraordinarily diverse.
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3. Many similar water-insoluble compounds are distributed very widely; particularly large
quantities are found in many plants, but they exist also in most other living organisms.

g o s
iLerpeney

Terpenes with 10 C atoms are known as monoterpenes. Two examples are:

A A

) [ o

X

Limonene Geraniol

Sesquiterpenes and diterpenes have 15 and 20 C atoms, respectively. Two examples are:

M W CHOH
AN N AN AN ~
“"C&/]\ k/”\

Farnesol Vitamin A

Triterpenes (30 C atoms) and fetraterpenes (40 C atoms) require special attention because they
give rise to steroids and carotenoids. Squalene (a triterpene) is compound 6 in Example 6.1,

\/!\\\\\\\'\\'\/1‘\/
pB-Carotene

Polyisoprenoid compounds exist, e.g., rubber, but in a biochemical context, the ubiguinones and
dolichols are particularly important (see Chap. 14).

8]

| ! |

l | H H /J\/ ' CH,OH
CH CH, 2
CH,0 NI SN S

M A3 ) —
(’5 ! 18-20

Ubiquinone Dolichol
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!:
O
A
Z
>
o
=N

Steroids

Structurally, steroids are derivatives of the reduced aromatic hydrocarbon perhydrocyclopen-
tanophenanthrene.

10
. - 8
A B
3 7
s
4 6

Perhydrocyciopentanophenanthrene

Although related structurally to phenanthrene, these compounds are not acetogenins but are true

ternenes that are svnthesized in living svstems from isoprene via squalene. {Compare the structure
l“l}}vll“a SAAEASE 31 W JJ AVAAW JAL Y NS A23 l'llle JJ WGiWwillg ARNRIS IJV}JI il W \i““lvllv \\Jvl.lyulv Lidw JLE WL

of squalene—compound 6 in Example 6.1—with that of perhydrocyclopentanophenanthrene.)

7

o

|
P
Phenanthrene

Sterols are steroids containing one or more hydroxyl groups. Some examples are cholesterol, a
component of the cytoplasmic membrane of animal cells, testosterone, a hormone, and cholic acid,

a constituent of bile. N
OH

Cholesterol Testosterone

COOH

Cholic acid
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m
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The fused-ring system is an essentially planar structure. Bonds shown m and 11, indicate the
substituents that are, respectively, in frons (B) and behind (a) the general plane of the sterol. The
configuration of substituents of the two carbon atoms shared between two fused rings determines
whether the rings are fused in the cis or trans conformation. Trans-fused rings are flat structures,

but cis-fused rings are bent structures. Cholesterol and testosterone have trans-fused rings and are
essentially planar structures.

§
|

Trans-fused rings Cis-fused rings

Question. What is the three-dimensional arrangement of the rings of cholic acid?

CH, C,H,COOH

ol
oo

Carotenoids

These are hydroxylated derivatives of the 40-carbon hydrocarbons called carotenes. Because these
compounds are highly conjugated, they absorb visible light; most of the yellow and red pigments
occurring naturally are carotenes and carotenoids. These pigments are often involved with the

interaction of living systems with light. Thus in animals, B-carotene (a tetraterpene) is metabolically
converted to vitamin A (both structures are shown earlier in this section), which in turn is necessary

for visual activity.

6.7 BEHAVIOR OF LIPIDS IN WATER

By definition, lipids are insoluble in water. Yet they exist in an aqueous environment, and their
behavior toward water is therefore of critical importance biologically.
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Many types of lipid are said to be amphiphilic, meaning they consist of two parts—a nonpolar
hydrocarbon region and a region that is polar, ionic, or both. (The term amphiphilic has tended to
rcplace amphipathic, used formerly.)

Quiestion:  Which of the following lipids are amphiphilic: fatty acids; acylate ions; TAGS; cholesterol;
phosphoglycerides; phosphosphingolipids; glycosphingolipids?

Fatty acids, TAGs, and cholesterol are not amphiphilic; what polarity they have is extremely
weak. All the others possess at least one formal charge or an abundance of hydroxyl groups in one
part of the molecule.

When amphiphilic molecules are dispersed in water, their hydrophobic parts (i.e., hydrocarbon
chains) segregate from the solvent by self-aggregation. The aggregated products are known as micelles
(for thosc aggregates dispersed in water) and monolayers (for those aggregates at the water-air
boundary). A diagram may be drawn (see Fig. 6-1) showing how an amphiphile (symbolized O—,
where © represents the polar head and — represents the hydrocarbon tail) will form a monolayer
on the surface of water. The polar heads are in contact with the polar water, thus ensuring that the
nonpolar tails are as remote as possible from water.

N r
H,0
e, —
Fig. 6-1

The tendency for hydrocarbon chains to become remote from the polar solvent, water, is known
as the hydrophobic effect (Chap. 4). Hydrocarbons form no hydrogen bonds with water, and a
hydrocarbon surrounded by water facilitates the formation of hydrogen bonds between the water
molecules themselves. The bulk watcr is more structured than it is in the absence of the hydrocarbon;
i.e.. it has lost entropy (Chap. 10) and is thus in a thermodynamically less favorable state. This state
is obviated by the hydrocarbon being organized so that it is remote from water, thus rendering the water
molecules near to it less ordered. Thus the hydrophobic effect is said to be entropically driven.

Only a small guantity of an amphiphilic lipid dispersed in water can form a monolayer (unless
the water is spread as a very thin film), in which case the bulk of the lipid will form soluble micelles.
Micelles can take a varicty of forms, each satisfying the hydrophobic effect. Fig. 6-2 shows one such
form, representing a spherical micelle, although cllipsoidal, diskoidal, and cylindrical variations are
possible.

veo
wo B we

Fig. 6-2
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{b) Sheet

Fig. 6-3 Forms of lipid bilayers.

Question: Are there other forms that amphiphilic lipids can adopt in water?

A bilayered structure in the form of a closed, hollow sphere is also possible [Fig. 6-3(a)]. This
type of structure is called a vesicle. The primary concept of a vesicle is two sheets of lipid with their
hydrocarbon chains opposed [a bilayer, Fig. 6-3(b)]. An isolated bilayer cannot exist as such in water,
because exposed hydrocarbon tails would exist at the edges of the sheet; however, this situation is
obviated by the sheet’s curving to form a self-sealed, hollow sphere.

Both micelles and bilayers arise through the operation of two opposing forces: (1) attractive forces
between hydrocarbon chains (van der Waals forces) caused by the hydrophobic effect forcing such
chains together and (2) repulsive forces between the polar head groups.

Question: What determines the lower limit of micellar size?
The hydrophobic effect does; a minimum number of hydrocarbon chains must associate before

the water-hydrocarbon interface is eliminated. This association process is a cooperative one, and the
micelles therefore have a minimum size.

Question. What determines the upper limit of micellar size?

The repulsion of the polar heads does. If there are rwo hydrocarbon chains per polar head group,
the nonpolar volume per head group is twice that of an amphiphilic lipid with one hydrocarbon chain.
The greater repulsive force in the latter prevents the lipid molecules from coming too close and thus
keeps the micellar size small. The weaker repulsive force