SCHAUM'S

ouTlines

BIOLOGY

Second Edition
GEDRGE L FRIED, PLD.  GESRGE J. RADEMENDS, Fr.d.

Tt it md loor Betbor gradhes!

Cowrry al oowrs fundament
sapplemnis any dans Test

il priguanation for 8 MCAT

S5 probems Ry
ol

Ideal for independen
atucyd

Ror i Fdl ST o Vo sl b e g
o iy B+ Dby ey Py L



SCHAUM’S OUTLINE OF

THEORY AND PROBLEMS

OF

BIOLOGY
Second Edition

GEORGE H. FRIED, Ph.D.

Professor of Biology
Brooklyn College

GEORGE J. HADEMENOS, Ph.D.
Visiting Assistant Professor
Department of Physics
University of Dallas

SCHAUM’S OUTLINE SERIES
McGRAW-HILL

New York St. Louis San Francisco Auckland Bogoté Caracas Lisbon
London Madrid Mexico City Milan Montreal New Delhi
San Juan Singapore Sydney Tokyo Toronto



GEORGE H. FRIED is Professor of Biology at Brooklyn College. He
received his A.B. from Brooklyn College, and his M.S. and Ph.D. from the
University of Tennessee at Knoxville. His research interests have centered
on metabolic aspects of comparative physiology and the enzymatic factors
in genetic and experimental obesities. From 1983 to 1987 he served as
chairperson of the Biology Department of Brooklyn College. He has taught
courses in general biology and animal physiology and has developed a
course in Biology and Society during a 30-year teaching career.

GEORGE J. HADEMENGOS is a Visiting Assistant Professor of Physics at
the University of Dallas. He received his B.S. from Angelo State University,
his M.S. and Ph.D. from the University of Texas at Dallas, and completed
postdoctoral fellowships in nuclear medicine from the University of
Massachusetts Medical Center and in radiological sciences/biomedical
physics at UCLA Medical Center. His research interests have involved
potential applications of physics to the biological and medical sciences,
particularly with cerebrovascular diseases and stroke. He has published his
work in journals such as American Scientist, Physics Today, Neurosurgery,
and Stroke. In addition, he has written two books: The Physics of
Cerebrovascular Diseases: Biophysical Mechanisms of Development, Diag-
nosis, and Therapy, published by Springer-Verlag, and Schaum’s Outline of
Physics for Biology, Allied Health, and Pre-Med Students, published by
McGraw-Hill. Among other courses, he teaches general physics for biology
and pre-med students.

Schaum’s Outline of Theory and Problems of
BIOLOGY

Copyright © 1999, 1990 by The McGraw-Hill Companies, Inc. All rights reserved.
Printed in the United States of America. Except as permitted under the
Copyright Act of 1976, no part of this publication may be reproduced or
distributed in any form or by any means, or stored in a data base or retrieval
system, without the prior written permission of the publisher.

2345678910 11 12 PRS PRS 9 9
ISBN 0-07-022405-6

Sponsoring Editor, Mary Loebig-Giles
Production Supervisor, Clare Stanley
Editing Supervisor, Peggy Lamb

Library of Congress Cataloging-in-Publication Data

McGraw-Hill

A Division of The McGraw-Hill Companies



Preface

Biology has undergone tremendous changes since the seminal contributions of
Watson and Crick inaugurated the era of molecular biology (1953). The more
descriptive aspects of the field, long associated with the older notion of biology as
natural history, have been complemented by investigative insights that afford an
understanding of life in terms of the precise characteristics of macromolecules such
as DNA, RNA, and protein. To a marked extent, heredity, development, the control
of cell function and even evolution have become better understood by applying the
probes of molecular biology.

However, the drama of life and its evolving diversity and scope, requires a
perspective of time and an appreciation of meticulous descriptive detail to be truly
appreciated. To cover these descriptive and historical aspects while elucidating with
thoroughness the biochemical and molecular approaches imposes a daunting
challenge to anyone undertaking a concise treatment of modern biology. Maintain-
ing such a balance has been a continuing aim here.

In the outline format, each chapter independently summarizes the material of
its major theme and is followed by a series of solved problems which provides both
greater depth and an opportunity to clarify material which the student has not
completely understood. All of the major themes expected in a one-year biology
course at the introductory level are covered in the thirty-three chapters.

Although this book could serve as a primary text in elementary college biology,
it is primarily intended as a supplementary text to improve the student’s under-
standing and achievement in the course. In providing solutions to the problems in
the latter part of each chapter, emphasis has been placed on clarity and the
importance of mastering fundamentals. Many of the problems used here are
derived from actual classroom situations.

Biology need not demand relevance. Qur very aliveness underscores the
intimacy of the connection between the discipline of biology and our everyday
concerns. I trust that the material which has been gathered here will inspire
understanding in its readers and promote an excitement and reverence for life as
well as responsible conserving citizenship.

1 should like to thank Elizabeth Zayatz, who played a significant role in
encouraging us and filtering our original product through her keen editorial
acumen. Thanks are due also to Meg Tobin, who guided the final steps of
manuscript preparation. But our greatest debt is to the generations of students who
shared in the adventure of the pursuit of knowledge.

GeoRGE H. FrieD
GEORGE J. HADEMENOS

iii



To my wife, Lillian, for her patience

and to Sylvia, Ellen, and Judy
G.HFE

To Kelly and Alexandra,
for their undying love

and tireless support.
G.J.H.



Contents

PART I Fundamentals of Biology

Chapter 1 THE BASIC STRUCTURE OF SCIENCE .. ........................... 1
The Methods of Science. Biology as a Science. The Significance of Evolution.
Organization of Life.

Chapter 2 THE CHEMISTRY OF LIFE: AN INORGANIC PERSPECTIVE . . . .. 11
Atoms, Molecules, and Chemical Bonding. Chemical Reactions and the Concept
of Equilibrium. Colligative Properties of Solutions. The Laws of
Thermodynamics. The Special Case of Water. Maintaining Stable pH in Living
Systems.

Chapter 3 THE CHEMISTRY OF LIFE: THE ORGANICLEVEL . ... .. ... . ... 29
Introduction. Carbohydrates. Proteins. Structure and Functions of Lipids. The
Chemical Basis of Living Systems.

PART 11 Biology of the Cell

Chapter 4 THE CELLULAR ORGANIZATIONOFLIFE ... ... ... ... ... .. .. 41
The Cell Doctrine. Cellular Organization. Cellular Organelles. Plant and Animal
Cells: Tissue Organization. Cell Size and Its Constraints. Movement Into and
Out of the Cell.

Chapter 5 ENERGY TRANSFORMATIONS ........... . ........................ 60
Energy and Life. Thermodynamics. Cell Mctabolism. Bioenergetics.

Chapter 6 PHOTOSYNTHESIS ... .. . 80
An Overall View, The Light Reaction. The Dark Reaction {Calvin-Benson
Cycle). Photorespiration. The C, Pathway. Structure and Function in the
Chloroplast.

PART Il1 Genetics and Inheritance

Chapter 7 THE NATUREOFTHEGENE ......... ... ....................... 93

The Concept of Information Processing in the Cell. The Search for the Chemical
Bases of Inheritance. Encoding Information—The Language of the Gene.
Processing the Information —Protein Synthesis. Reproduction of Information —
DNA Replication. Modification of Information—Mutation. Genetic
Engineering.



vi

CONTENTS

Chapter 8 CELL REPRODUCTION ... ... ... ... 11
Cell Cycles and Life Cycles. The Chromosomes as Packaged Genes. Mitosis.
Meiosis. A Possible Mechanism for Crossing Over. Sexual Reproduction and
Genetic Variability.

Chapter 9 THE MECHANISM OF INHERITANCE ............................. 125
Pre-Mendelian Concepts. Mendel’s Laws. Linkage. Mapping the Chromosomes.
Sex Linkage. Variations in Gene Expression. Chromosomes and Gene
Expression. Treating Genetic Diseases.

Chapter 10 CONTROL MECHANISMS IN GENETICS .......................... 141
The Operon Hypothesis. Cistron, Recon, and Muton. Gene Regulation in
Eukaryotes. Cancer as a Genetic Aberration.

Chapter 11 EMBRYOLOGY .. . 153
Animal Development. Human Development. Plant Development. Control of
Differentiation. Major Contributions to the Field of Embryology.

Chapter 12 ANIMAL REPRODUCTION ........ ... ... . i, 170
An Evolutionary Survey. Male Reproductive System in Humans. Female
Reproductive System in Humans. Sexual Response in Humans. Contraception.
Sexual Preference. Sexual Dysfunction.

PART IV Plant Biology

Chapter 13 BASIC STRUCTURE AND FUNCTION IN VASCULAR PLANTS .. 182
Plant Nutrition. Movement of Water and Minerals in Xylem. Movement of
Food Through the Phloem.

Chapter 14 INTERACTIONS OF VASCULAR PLANTS WITH THEIR
ENVIRONMENT ... . 197
Tropisms. Plant Hormones. Photoperiodism. Plant Diseases.

PART YV Animal Biology

Chapter 15 HOMEOSTASIS : REGULATION OF PHYSIOLOGICAL

FUNCTIONS . 206
Overview. Feedback Control. Regulation of Temperature. Regulation of Blood
Sugar.



CONTENTS

Chapter 16 ANIMAL NUTRITION AND THE DIGESTIVE SYSTEM ....... . ... 216
Food Procurement. Digestion and Absorption. The Vertebrate Liver. Diet and
Health. Special Case of the Vitamins. Obesity and Eating Disorders.
Deficiency Diseases.

Chapter 17 THE EXCRETORY SYSTEM .. ... ... .. ... i, 235
Excretion in Invertebrates. Structure of the Vertebrate Kidney. Functioning of
the Vertebrate Kidney. Human Kidney Function. Homeostatic Function of the
Kidney. Accessory Excretory Structures.

Chapter 18 THE CIRCULATORY SYSTEM ... ... ... ... .. . 247
Comparative Cardiovascular Systems of Vertebrates. The Human Heart.
Arteries, Veins, and Capillaries. Control of Blood Pressure. Constituents of
Blood and Lymph. Osmoregulation.

Chapter 19 IMMUNOLOGY ... 263
The Human Immune Systems. The Immune Response. Hybridomas. AIDS.
Human Blood Groups.

Chapter 20 THE RESPIRATORY SYSTEM ... ... ... ... ... .. . i, 273
Mechanisms of External Respiration. Mammalian Respiration. Regulation of
Breathing. Exchange of O, and CO; in the Blood.

Chapter 21 HORMONES AND THE ENDOCRINE SYSTEM .................... 285
Early Endocrine Systems. Vertebrate Endocrine Systems. Mode of Action of
Hormones.

Chapter 22 THE NERVOUS SYSTEM ........ ... .. ... ... .. ... ... ....... 301
Overview. Phylogenetic Development of the Nervous System. The Neuron as
the Functional Unit of Nervous Activity. The Neural Impulse. The Synapse.
Reflex Arc. Receptors and Effectors. Special Sense Organs. Brain and Spinal
Cord. Autonomic Nervous System.

Chapter 23 THE MUSCULOSKELETAL SYSTEM: SUPPORT AND
MOVEMENT . 319
Invertebrate Support Systems. The Vertebrate Endoskeleton. Anatomy and
Physiology of Vertebrate Muscle.

Chapter 24 ANIMAL BEHAVIOR ... ... ... i 328

What Is Behavior? Components of Behavior. Cyclic Behavior Patterns. Sexual
Behavior. Social Organization. Modes of Communication. Biological
Determinism and Behavior.

vii



viii CONTENTS

PART VI Evolution and Ecology

Chapter 25 EVOLUTION: THE PROCESS ........ .. ... .. ... ................ 340
A Brief History of the Concept of Change in Organisms. The Notion of a Gene
Pool: Hardy-Weinberg Equilibrium. Natural Selection: A Modern Synthesis.
Punctuated Equilibrium. Molecular Biology of Evolutionary Change. Control
of Gene Pools. Speciation. Microevolution versus Macroevolution.

Chapter 26 ECOLOGY ......... ... i, 352
Anatomy of an Ecosystem. Types of Ecosystems. Stability and Ecological
Succession. Biomass and Species Dispersal. Upsetting the Stability of an
Ecosystem.

Chapter 27 ORIGINOFLIFE ... .. . 365
The Oparin Hypothesis. Heterotroph to Autotroph. Origin of Cells.

PART V11 Biological Diversity

Chapter 28 THE KINGDOM MONERA (THE PROKARYOTES) ...... ... .. ... mn
Archaebacteria and Eubacteria. The Significance and Origin of Organelles.
Bacteria, the Ecosphere, and Human Interactions.

Chapter 29 THE KINGDOM PROTISTA . ... .. ... . 377
Protozoans. Algal Protists. Fungilike Protists.

Chapter 30 THE KINGDOMFUNGI ... ... ................................... 388
Basic Structure of Fungi. Divisions of Fungi. Reproductive Strategies of the
Fungi. Fungi as Friends and Foes.

Chapter 31 THE KINGDOM PLANTAE ...... ... ... .. . ... ... 3%
Bryophytes and the Challenge of a Terrestrial Environment. The Vascular Plants.
Seed Plants. Economic Importance of Plants. The Green Revolution.

Chapter 32 THE KINGDOM ANIMALIA ... .. .. .. .. .. 406
Subkingdom Parazoa: The Sponges. Radiata: Cnidaria and Ctenophora.
Bilateria: Deuterostomes and Protostomes. Acoelomates. Pseudocoelomates:
Rotifera and Nematoda. Protostome Coelomates. Deuterostome Coelomates.

Chapter 33 THE PRIMATES .. . 424
Primate Lineages. Primate Characteristics. Humankind and its Destiny.
Misconceptions of the Evolutionary Relationship Between Humans and Apes.

GLOSS A RY . 433

A BIOLOGICAL LEXICON ... 445

INDEX ...... 447



PART I:  Fundamentals of Biology

Chapter 1

The Basic Structure of Science

1.1 THE METHODS OF SCIENCE

Science is an organized system for the systematic study of particular aspects of the natural world.
The scope of science is limited to those things that can be apprehended by the senses (sight, touch,
hearing, etc.). Generally, science stresses an objective approach to the phenomena that are studied.
Questions about nature addressed by scientists tend to emphasize how things occur rather than why
they occur. It involves the application of the scientific method to problems formulated by trained minds
in particular disciplines.

In the broadest sense, the scientific method refers to the working habits of practicing scientists as
their curiosity guides them in discerning regularities and relationships among the phenomena they are
studying. A rigorous application of common sense to the study and analysis of data also describes the
methods of science. In a more formal sense, the scientific method refers to the model for research
developed by Francis Bacon (1561-1626). This model involves the following sequence:

Identifying the problem

Collecting data within the problem area (by observations, measurements, etc.)

Sifting the data for correlations, meaningful connections, and regularities

Formulating a hypothesis (a generalization), which is an educated guess that explains the
existing data and suggests further avenues of investigation

Testing the hypothesis rigorously by gathering new data

6. Confirming, modifying, or rejecting the hypothesis in light of the new findings

halb i N

©

Scientists may be interested in different aspects of nature, but they use a similar intellectual approach
to guide their investigations.

Scientists must first formulate a problem to which they can then seek an answer. The answer
generally involves an explanation relating to order or process in nature. The scientist is primarily
interested in the mechanisms by which the natural world works rather than in questions of ultimate
purpose.

Once a question has been raised, the scientist seeks answers by collecting data relevant to the
problem. The data, which may consist of observations, measurements, counts, and a review of past
records, are carefully sifted for regularity and relationships.

An educated guess, called a hypothesis, is then drawn up; this places the data into a conceptual
framework.

The hypothesis makes up the lattice-work upon which scientific understanding is structured. Often
called an “‘educated guess,” the hypothesis constitutes a generalization that describes the state of
affairs within an area of investigation. The formulation of fruitful hypotheses is the hallmark of the
creative scientific imagination. Inductive logic is used to formulate a hypothesis.

In logic, induction usually refers to a movement from the particular to the general. Thus, the
creation of a hypothesis (a generalization) from the particulars (specifics) of the data constitutes an
inductive leap within the scientific method. Since the scientific method involves such an inductive
process at its very core, it is often described as the inductive method.

It is of considerable historic interest that Bacon, who first developed what we now call the scientific
method, was extremely suspicious of the inductive step for the development of hypotheses. He thought
that with the garnering of sufficient data and the establishment of a large network of museums, the
hidden truths of nature would be apparent without invoking induction.

1



2 THE BASIC STRUCTURE OF SCIENCE [CHAP. 1

EXAMPLE 1 A man takes up birdwatching and has occasion to observe mated pairs of many different kinds of
birds. The man repeatedly sees only the drabber bird of any given pair lay eggs. From these observations, the
man concludes that all male birds are colorful and all female birds are drab.

A hypothesis must be both logical and testable. Although the conclusion in Example 1 demonstrates
the use of inductive logic, the conclusion cannot be tested and so, as stated, is useless as a scientific
hypothesis. Deductive logic, in which the thought process is from the general to the specific, is used to
state a hypothesis that can be tested. The “If ..., then ... format is often used for this.

EXAMPLE 2 The conclusion in the previous example could be restated as: If birds of a particular species (i.e.,
birds capable of interbreeding to produce viable young) differ in color, then the more colorful ones are the males.*

After a workable hypothesis has been formulated, it is tested by constructing experiments and
gathering new data, which in the end will either support or refute the hypothesis. Note: the application
of the scientific method can be used to disprove a hypothesis, but it can never prove anything absolutely.
Hence, a hypothesis that withstands the rigors of today's tests may have to be altered in the light of
tomorrow’s evidence.

An experiment must be so structured that the data gathered are free of bias and sampling error.
Therefore, the validity of an experiment depends on a careful selection of organisms for the control
and experimental groups, so that differences in age, genetic factors, previous treatment, etc., will not
influence the results. Adequate numbers of individuals within each group are also crucial, since with
small groups, individual peculiarities may be magnified. In addition, an experiment must be reproduc-
ible—t.e., other scientists must be able to repeat the experiment and get the same results.

EXAMPLE 3 A scientist wishes to know whether the addition of bone meal to the diet of cattle will improve
their growth. On the basis of previous evidence of dietary benefits of bone meal to other animals, the scientist sets
forth the hypothesis that the addition of bone meal to cattle feed will enhance growth in cattle. ( Note: since all
the cattle that have ever lived cannot be examined, this general statement can never be proved completely.)

To test the hypothesis, the scientist sets up two comparable groups of cattle. The experimental group is given
bone meal in addition to other requisites for growth, while the second group, the control group, receives identical
treatment except no bone meal is given. In a properly constructed experiment, any differences that develop between
the control and experimental groups will be due to the single factor being tested. The two groups in this case differ
only in presence or absence of bone meal in their diet, so any differences in growth patterns must be attributed
to this substance. If the experimental group demonstrates improved growth relative to the control group, the results
would support the hypothesis. Should the experimental group fail to undergo improvement in growth in comparison
with the control group, then the hypothesis would be refuted. A poorer growth performance by the experimental
group would not merely refute the hypothesis, but would suggest a possible inhibitory effect of bone meal on
cattle growth; such a finding would lead to a new hypothesis.

As seen in Example 3, once the experiments have been completed, the results must be weighed to
see if the hypothesis should be accepted, modified, or rejected.

It should be noted that scientists only rarely follow a prescribed program in a rigid manner.
Hypotheses may precede the actual accumulation of data, or the data may be accumulated and analyzed
and the hypothesis developed simulitaneously rather than in an orderly progression. Also, although
scientists are very inquisitive and highly creative in their thought processes, their curiosity may be
constrained by previous, long-accepted views. Revolutionary departures from established concepts are
relatively rare.

* Although this is often the case, the reverse is true for some species of sexually dimorphic birds.
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1.2 BIOLOGY AS A SCIENCE

Biologists apply the methods of science to arrive at an understanding of living organisms. Within
the context of biology, it is useful to regard life as complex matter that is susceptible to analysis by
chemical and physical approaches. Although there are many phenomena within living systems that
appear to lie beyond this mechanistic approach, biologists have been most successful at reaching an
understanding of life by focusing on those processes involving transformations of matter and energy.
A living organism may thus be defined as a complex unit of physicochemical materials that is capable
of self-regulation, metabolism, and reproduction. Furthermore, a living organism demonstrates the
ability to interact with its environment, grow, move, and adapt.

Biologists cannot study all of life in their own lifetimes. Therefore, they divide the vastness of the
living world into many different kinds of organisms and may confine their investigations to a particular
type of organism or, alternatively, may study particular aspects of different kinds of organisms and
their interactions with one another.

EXAMPLE 4 Entomologists, specialists in insect biology, devote their efforts to understanding the various facets
of insects but do not become involved with other kinds of organisms. On the other hand, developmental biologists
investigate the characteristics of embryo development in many different kinds of organisms but do not venture
into investigating other areas.

The boundaries that mark these different areas of investigation provide biology with its specific
disciplines, but these boundaries are in a constant state of flux.

1.3 THE SIGNIFICANCE OF EVOLUTION

In pursuing their investigation of the living world, biologists are guided by theories that bring order
to life’s diversity. In science, a theory is a hypothesis that has withstood repeated testing over a long
period of time (in contrast to the lay meaning of unproved supposition or fanciful idea). The single
significant theme that unifies all branches of biology is the concept of evolution, the theory that all
living organisms have arisen from ancestral forms by continual modification through time. Evolution
conveys the notion of change and development. The patterns of these changes reflect upon major
investigative trends in all disciplines of biology.

The acceptance of evolution as an explanation of present-day biological diversity is comparatively
recent. Many respected biologists of the nineteenth and early twentieth centuries firmly believed in the
fixity of species. Even Charles Darwin only reluctantly came to accept evolution as an explanation for
the diversity of life. A vestige of this long history of undynamic explanations for speciation {differentiation
into new species) is the current creationist movement.

Although not widely accepted until recently, the concept of evolution is not new; however, an
understanding of the mechanism of evolutionary change is only a little more than a century old. In
1801, Jean Baptiste Lamarck proposed the first comprehensive explanation for the mechanism of
evolution. Lamarck believed that an adult organism acquired new characteristics in direct response to
survival needs and then passed these new characteristics on to its offspring. We now know that
inheritance is determined by genes, so that acquired characteristics cannot be passed on to offspring.
Today, the main mechanism of evolution is believed to be natural selection, a concept outlined by
Charles Darwin in his book On the Origin of Species by Means of Natural Selection, published in 1859.
In the book, Darwin presented a cogent series of arguments for evolution being the pervading theme
of life.

Darwin was influenced not only by his experiences as a naturalist (biologist) during his 5-year
voyage aboard a surveying vessel, the Beagle, but also by the findings of geologists, economists, and
even farmers of his community. The universality of science is aptly illustrated in Darwin’s conceptual
development.

Natural selection favors the survival of those individuals whose characteristics render them
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best-adapted to their environment. Slight variations occur among offspring of all species, making them
slightly different from their parents. If a variation is not favorable for survival, then the individuals
having that trait either do not survive to reproduce or survive but produce fewer offspring. As a result,
the unfavorable trait eventually disappears from the population. If, however, a variation enhances
survival in that particular environment, the individuals possessing it are more likely to reproduce
successfully and thereby pass the trait on to their offspring. In the-course of time, the trait favoring
survival becomes part of the general population.

EXAMPLE 5 Gibbons are small apes that spend most of their time in the uppermost parts of trees; they rarely
descend to the ground and travel instead by brachiating (swinging from branch to branch). They feed on the
foliage and fruits found in the tops of trees in their native southeastern Asia and East Indies. Gibbons® hands are
long and spindly, with very short, thin thumbs. This anatomy enables gibbons to grasp branches easily and to
dangle from branches, as well as to pluck fruits and buds. They cannot, however, easily pick up objects off a flat
surface (e.g., the ground) or be otherwise dextrous with their hands (in contrast to gorillas and chimpanzees). The
gibbons’ environment does not require the latter characteristics for survival.

Descended from a common ancestor of all apes, the gibbons are possessed of a hand anatomy that evolved
by the chance occurrence of traits that were then acted on by natural selection pressures of their environment—
the tops of trees, a place where the species encounters little competition for food and faces few dangers from
predators.

1.4 ORGANIZATION OF LIFE

The study of evolution is particularly useful for classifying organisms into groups because it reveals
how organisms are chronologically and morphologically (by form and structure) related to each other.
The classification of organisms is known as taxonomy. Taxonomists utilize evolutionary relationships
in creating their groupings. Although classification schemes are, of necessity, somewhat arbitrary, they
probably do reflect the “family tree” of today’s diverse living forms.

All organisms belong to one of five major kingdoms. A kingdom is the broadest taxonomic
category. The five kingdoms are Monera, Protista, Fungi, Plantae, and Animalia. The Monera consists
of unicellular organisms that lack a nucleus and many of the specialized cell parts, called organelles.
Such organisms are said to be prokaryotic (pro = “before”™; karyotic = “kernel,” “nucleus’) and
consist of bacteria. All of the other kingdoms consist of eukaryotic (eu = “true”) organisms, which
have cells that contain a nucleus and a fuller repertory of organelles. Unicellular eukaryotes are placed
in kingdom Protista, which includes the protozoans and plant and funguslike protists. Multicellular
organisms that manufacture their own food are grouped into kingdom Plantae; flowers, mosses, and
trees are examples. Uni- and multicellular plantlike organisms that absorb food from their environ-
ment are placed in kingdom Fungi. which includes the yeasts and molds. Multicellular organisms that
must capture their food and digest it internally are grouped into kingdom Animalia; snakes and
humans are examples.

Solved Problems

1.1 Are hypotheses always designed to be true assumptions of an actual state of affairs?

Hypotheses are not designed to be true for all time. In fashioning a hypothesis, the scientist is aiming
for operational truth, a “‘truth” that works as an explanation of the data but may be replaced as new data
are found, rather like a mountain climber who clambers from one handhold to another in scaling a mountain,
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1.2

13

14

1.5

1.6

A hypothesis must be consistent with all data available and must provide a logical explanation of such
data. However, many hypotheses do just that but appear to contradict a commonsense notion of truth. For
example, light was found to exhibit the properties of a wave. Later, it was discovered to act also as a
discrete particle. Which is correct? A hypothesis called guantum theory maintains that light is both a wave
and a particle. Although this may offend our common sense and even challenge our capacity to construct
a model of such a contradictory phenomenon, quantum theory is consistent with the data, explains it, and
is readily accepted by physicists.

What are the characteristics of a good hypothesis?

1. A good hypothesis must be consistent with and explain the data already obtained.
2. A good hypothesis must be falsifiable through its predictions; that is, results must be obtainable that
can clearly demonstrate whether the hypothesis is untrue.

What is the fate of hypotheses after they have been formulated?

A hypothesis undergoes rigorous testing and may be confirmed by experimental testing of its predictions.
Repeated confirmations elevate the hypothesis to the status of a theory. Occasionally, the major tenets of
a hypothesis are confirmed, but some modification of the hypothesis may occur in light of new evidence.
When hypotheses have been repeatedly confirmed over long periods of time, they are sometimes designated
as laws, although some philosophers of science disagree with the use of the term “'scientific law.” When
hypotheses are substantially contradicted by new findings, they are rejected to make way for new hypotheses.

What factors might lead to the formulation of a hypothesis that does not stand up to further
evidence?

Hypotheses are designed to explain what is currently known. New developments may lead to a
broader view of reality that exposes inadequacies in a hypothesis formulated at an earlier time. More
often, an investigator uncovers a group of facts not truly representative of the total and bases a hypothesis
on this small or unrepresentative sample. Such sampling error can be minimized by using statistical
techniques. Also, while science deservedly prides itself on its objectivity and basic absence of prejudgment,
a subjective bias may intrude during the collection of data or in the framing of a hypothesis and thereby
lead an investigator to ignore evidence that does not support a preconceived notion. Bias may also be
involved in the tendency to assume the well-accepted ideas of established authorities.

What is a living organism?

A living organism is primarily physicochemical material that demonstrates a high degree of complexity,
is capable of self-regulation, possesses a metabolism, and perpetuates itself through time. To many biologists,
life is an arbitrary stage in the growing complexity of matter, with no sharp dividing line between the living
and non-living worlds.

Living substance is composed of a highly structured array of macromolecules, such as proteins, lipids,
nucleic acids, and polysaccharides, as well as smaller organic and inorganic molecules. A living organism
has built-in regulatory mechanisms and interacts with the environment to sustain its structural and functional
integrity. All reactions occurring within an individual living unit are called its metabolism. Specific molecules
containing information in their structure are utilized both in the regulation of internal reactions and in the
production of new living units.

What are the attributes of living organisms?
Living organisms generally demonstrate:

1. Movement: the motions within the organisms or movement of the organisms from one place to another
{locomotion)
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2. Irritability: the capacity of organisms to respond in a characteristic manner to changes—known as
stimuli—in the internal and external environments

3. Growth: the ability of organisms to increase their mass of living material by assimilating new materials
from the environment

4. Adaptation: the tendency of organisms to undergo or institute changes in their structure, function,
or behavior that improve their capacity to survive in a particular environment

5. Reproduction: the ability of organisms to produce new individuals like themselves

How do biologists study living organisms?

The vast panorama of life is much too complicated to be studied in its entirety by any single investigator.
The world of living things may be studied more readily by (1) dividing organisms into various kinds and
studying one type intensively or (2) separating the investigative approaches and specializing in one or
another of them.

Systems of classification of living organisms that permit the relative isolation of one or another type
of organism for organized investigation have been constructed within biology. At one time all living
organisms were subdivided into two fundamental groups, or kingdoms: the plants, the subject matter of
botany, and the animals, the subject matter of zoology. At present, there are grounds for classifying all of
life into five kingdoms. These kingdoms are further subdivided into smaller categories that give particular
disciplines their subject material. Thus, biologists who study hairy, four-legged creatures that nurse their
young (mammals) are called mammologists. Those who investigate soft-bodied, shelled animals are malacol-
ogists. The study of simple plants such as the mosses is carried out by bryologists.

Biological disciplines may also be differentiated according to how living organisms are studied. For
example, morphologists concentrate on structure, while physiologists consider function. Taxonomists
devote themselves to the science of classification, and cyrologists study the cells, which are the basic units
of all life. Ecologists deal with the interaction of organisms with each other and with their external
environment. A relatively new but extremely exciting and fruitful branch of biology is molecular biology,
which is the study of life in terms of the behavior of such macromolecules as proteins and nucleic acids.
It is this branch of biology that has enabled us to understand life at the molecular level and even to change
the hereditary characteristics of certain organisms in order to serve the needs of society.

Why does evolutionary theory occupy a central position in biology?

The variety and complexity of life require organizing principles to help understand so diverse a subject
area. Evolution is a concept that provides coherence for understanding life in its totality. It presents a
narrative that places living things in a historical perspective and explains the diversity of living organisms
in the present. It also illuminates the nature of the interaction of organisms with each other and with the
external environment. Classification today is almost entirely based on evolutionary relationships. Even the
findings of molecular biology have been focused on the nature of evolutionary changes. Evolution is the key
to understanding the dynamic nature of an unfolding world of living organisms.

What is evolution?

Evolution is a continuously substantiated theory that all living things have descended with modification
from ancestral organisms in a long process of adaptive change. These changes have produced the organisms
that have become extinct as well as the diverse forms of life that exist today. Although the pace of
evolutionary changes in the structure, function, and behavior of groups of organisms is generally thought
to be constant when viewed over very long periods of time, lively debate has ensued about the tempo of
change when examined over shorter periods. The rate of change may not always be even but may occur
in rapid bursts, and such abrupt changes have, in fact, been observed in some organisms.

Are there alternatives to the theory of evolution?

Although almost every practicing biologist strongly supports the theory of evolution, some nonbiologists
believe that all living forms were individually created by a supernatural being and do not change in time.
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This view, known as special creation, is consistent with the biblical account of the origin and development
of life. More recently, certain scientific facts have been incorporated into 2 more cohesive theory of scientific
creationism, which attempts to meld the scientific with the biblical explanations by stating that life has
indeed had a longer history than biblical accounts would support, but that living organisms show only
limited changes from their initial creations. Although scientific creationists have sought to downplay the
religious aspects of their theory and have demanded an opportunity to have their views represented in
biology texts, most biologists do not accept these concepts as being valid scientifically. Thus far, the courts
of the United States have interpreted scientific creationism to be an intrusion of religion into the secular
realm of education.

What is the difference between evolution and natural selection?

Evolution is a scientifically accepted theory of the origin of present organisms from ancestors of the
past, through a process of gradual modification. Natural selection is an explanation of how such changes
might have occurred, i.e., the mechanism of evolution.

The concept of evolution existed among the Greeks of Athens. In the eighteenth century, the French
naturalist Comte Georges de Buffon suggested that species may undergo change and that this may have
contributed to the diversity of plant and animal forms. Erasmus Darwin, grandfather of Charles, also
subscribed to the concept of changes in the lineage of most species, although his ideas do not seem to
have played a role in the development of Charles Darwin’s concept of evolutionary change.

The first comprehensive theory of a mechanism of evolution was advanced by Lamarck in 1801. Like
Charles Darwin, Lamarck was profoundly influenced by new findings in geology, which suggested that the
earth was extremely old and that present-day geological processes operated during past millennia.

What are the basic concepts of Lamarck’s theory of the mechanism of evolution?

Lamarck believed that changes occur in an organism during its lifetime as a consequence of adapting
to a particular environment. Those parts that are used tend to become prominent, while those that are not
tend to degenerate (use-disuse concept). Further, the changes that occur in an organism during its lifetime
are then passed onto its offspring; i.e., the offspring inherit these acquired characteristics. Integral to
Lamarck’s theory was the concept of a deep-seated impulse toward higher levels of complexity within the
organism, as if each creature were endowed with the will to seek a higher station in life.

The chief defect in Lamarck’s theory is the view that acquired characteristics are inherited. With our
present understanding of the control of inheritance by the genetic apparatus, we realize that only changes
in the makeup of genes could lead to permanent alterations in the offspring. However, at the time of
Lamarck’s formulation, little was known of the mechanism of genetics. Even Darwin incorporated some
of the Lamarckian views of the inheritance of acquired characteristics into his own thinking.

Lamarck’s theory of evolution should not be regarded as being merely a conceptual error. Rather, it
should be viewed as a necessary step in a continuing development of greater exactness in the description
of a natural process. Science moves in slow, tentative steps to arrive at greater certainty. The truths of
today’s science are dependent on the intellectual forays of earlier investigators. They provide the shoulders
on which others may stand to reach for more fruitful explanations.

How does the theory of natural selection explain the process of evolution?

The Darwinian theory of the mechanism of evolution accounts for change in organisms as follows:

1. Ineach generation many more young are produced than can possibly survive, given the limited resources
of a habitat, the presence of predators, the physical dangers of the environment, etc.

2. As a result, a competition for survival ensues within each species.

3. The original entrants in the competition are not exactly alike but, rather, tend to vary to a greater or
lesser degree.

4. In this contest, those organisms that are better adapted to the environment tend to survive. Those that
are less fit tend to die out. The natural environment is the delineating force in this process.

5. The variants that survive and reproduce will pass their traits on to the next generation.
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6. Over the course of many generations, the species will tend to reflect the characteristics of those who
have been most successful at surviving, while the traits of those less well adapted will tend to die out.

Darwin was not certain about the source of variation in offspring, but he was aware of the existence
of heritable variations within a species. We would now attribute these variations to the shuffling of genes
associated with sexual reproduction (Chap. 8) and to the changes, known as mutations, in the structure of
genes.

What does “‘survival of the fittest”” mean?

The selection process arises from the fact that the best-adapted organisms tend to survive, almost as
if nature had handpicked a fortunate few for perpetuation. At its heart, fitness has little to do with which
individuals survive the longest or are the strongest; rather, it is determined by which ones pass on their
genes to the next generation. It is true, though, that the longest-lived individual may have more time to
produce offspring and the strongest may have more opportunity to mate. In both cases, therefore, reproductive
success is the key. Present organisms can trace their lineage through a long series of past reproductive
winners in the battle for survival.

It should be realized that reproductive success is not just a matter of active combat for resources and
mates, but may involve cooperative and altruistic features by which individual success may be enhanced.
Nor is the competition an all-or-none affair in which there is a single winner and many losers. Rather, one
might view the struggle for existence and the survival of the fittest as a mechanism for differential
reproduction—those with better adaptations outproduce those of lesser “fitness.”” Over long periods of
time, the species tends to hoard those genes that are passed on by the better-adapted individuals.

If evolution results in increasing fitness within each species, will we eventually reach a point of
perfect fitness and end the possibility of further change?

No. This will not occur, because the environment is constantly changing and today's adapted group
becomes tomorrow's anachronism. Thus, the process is never-ending. More than 95 percent of all the
species that have evolved in time have become extinct, probably because of the changing features of the
earth. Fossils, which are preserved remnants of once-living organisms, attest to the broad range of species
that have perished in the continued quest for an adaptiveness that can produce only temporary success.
The continual changes in lifestyie of all organisms are inextricably linked to the continuity of change upon
the surface of the earth itself.

It should be noted that much of the success of human beings in populating the world has resulted
from our ability to alter the environment to suit our needs, rather than having evolved into a form that is
perfectly adapted to an ever-changing environment.

How can natural selection, a single mechanism for change, produce such diversity in living
forms?

Mutation and shuffling of genes through sexual reproduction and chromosomal rearrangement produce
tremendous variation, even among individuals of the same species. This variation provides the potential
for many possible adaptive responses to selection pressure. The imperative to adapt or die operates in a
similar fashion everywhere, but the interplay between the myriad of environmental pressures existing on
earth and the genetic variability available to meet these stresses has resulted in the vast diversity of life
forms, each with its unique solution for survival.

Organisms are not required to follow a set path in their assembling of traits during their evolutionary
development. The final result of evolution is not an ideal living type, but rather a set of features that works
(much like a hypothesis). The sometimes strange assortment of creatures found on this planet is itself a
form of evidence for evolutionary development as opposed to special creation, in which greater perfection
and elegance of body plan might be expected.

Can order be imposed upon the diversity of life?

For purposes of clarity and convenience, all organisms are arranged into categories. These categories,
or taxa, start with the broadest division: the kingdom. Kingdoms are subdivided into phyla. Phyla are
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further divided into classes, classes into orders, orders into families, families into genera, and genera into
species. The species is the smallest and best-defined classification unit. A species is a group of similar
organisms that share a common pool of genes; upon mating, they can produce fertile offspring. The
assignment of an organism to a particular set of taxonomic categories is based on the presumed evolutionary
relationships of the individual to other members of the taxonomic group. Thus monkeys, apes, and humans
share characteristics that place them in the same kingdom, phylum, class, and order, but they diverge from
one another at the level of family.

What are the five kingdoms and the chief distinguishing features of each?

Examples of
Kingdom Distinguishing Characteristics Organisms

1. Monera Single-celled, prokaryotic organisms: cells lack nuclei Bacteria
and certain other specialized parts

%]

. Protista Single-celled, eukaryotic organisms: cells contain nuclei Protozoa
and many specialized internal structures

3. Plantae Multicellular, eukaryotic organisms that manufacture Ferns, trees
their food
4. Fungi Eukaryotic, plantlike organisms, either single-celled or Yeasts, molds

multicellular, that obtain their food by absorbing it from
the environment

5. Animalia Eukaryotic, multicellular organisms that must capture Fishes, birds,
their food and digest it internally cows

Supplementary Problems

Science tends to deal primarily with questions of (a) why. (b) how. (c) ethics. (d) logic.

Induction is involved in (a) testing hypotheses. (b) discovering correlations among facts.
(c) developing hypotheses.  (d) none of the above.

The scientific method was originated by (z) Darwin. (&) Buffon. (c¢) Bacon. (d) Lamarck.

A good hypothesis should be (a) falsifiable. (b) consistent with the data. (c) the simplest explana-
tion. (d) all of the above.

A hypothesis that has been confirmed many times is called (a) a theory. (b) a religious law.
(¢) pseudoscience. (d) none of the above.

Life to a biologist is essentially (a) spiritual. (b) physicochemical. (c¢) mechanical. (d) none of the
above.

The study of animals is called (a) botany. (b) zoology. (c¢) cytology. (d) evolution.

The fixity (unchangingness) of species is assumed by (a) Lamarckians. (b) special creationists.
(¢) evolutionists. (d) ecologists.
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Evolution and natural selection are identical concepts.
(a) True (b) False

Lamarck believed in the inheritance of acquired characteristics.
(a) True (b) False

Evolution is a process played out upon an unchanging carth.
(a) True (b) False

Humans and apes belong to the same species.
(a) True (&) False

Bacteria have cells with large nuclei.
(a) True (b) False

Answers
119 (b) 123 (a) 1.27 (b) 131 (b)
120 (0 124 (b) 128 (a)
121 () 125 (b) 1.29 (b)

1.22 (d) 1.26 (h) 1.30 (b)
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Chapter 2

The Chemistry of Life: An Inorganic Perspective

2.1 ATOMS, MOLECULES, AND CHEMICAL BONDING

All matter is built up of simple units called atoms. Although the word atom means something that
cannot be cut (a = “without,” tom = *““cut”), these elementary particles are actually made up of many
smaller parts, which are themselves further divisible. Elements are substances that consist of the same
kinds of atoms. Compounds consist of units called molecules, which are intimate associations of atoms
(in the case of compounds, different atoms) joined in precise arrangements.

Matter may exist in three different states, depending on conditions of temperature, pressure, and
the nature of the substance. The solid state possesses a definite volume and shape; the liguid state has
a definite volume but no definite shape; and the gaseous state possesses neither a definite volume nor
a definite shape. Molecular or atomic movement is highest among gases and relatively low in solids.

Every atom is made up of a positively charged nucleus and a series of orbiting, negatively charged
electrons surrounding the nucleus. A simple atom, such as hydrogen, has only one electron circulating
around the nucleus, while a more complex atom may have as many as 106 electrons in the various con-
centric shells around the nucleus. Each shell may contain one or more orbitals within which electrons may
be located. Every atom of an element has the same number of orbiting electrons, which is always equal
to the number of positively charged profons in the nucleus. This balanced number of charges is the aromic
number of the element. The atomic weight, or mass, of the element is the sum of the protons and neutrons
in its nucleus. However, the atomic weights of atoms of a given element may differ because of different
numbers of uncharged reutrons within their nuclei. These variants of a given element are called isotopes.

EXAMPLE 1 Oxygen is an element with an atomic number of 8 and an atomic weight of 16. Its nucleus contains
eight protons and eight neutrons. There are eight circulating electrons outside the nucleus. Two of these electrons

L shell (4 orbitals)

K shell

2e 2e

2e

Fig. 2.1
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are contained in the one spherical orbital of the first (K) shell, or energy level. The second (L) shell, which can
accommodate as many as eight electrons, contains the remaining six electrons. They are distributed in orbitals,
each of which contains two electrons. In the case of oxygen, one of the four orbitals of the second shell is not
occupied by a pair of electrons. (See Fig. 2.1.)

Those electrons that occupy orbitals close to the nucleus have less energy associated with their
rapid orbital revolution than the electrons occupying orbitals farther away from the central nucleus.
Thus, when an atom absorbs energy, an electron is moved from a lower-energy-level orbital that is
close to the nucleus to a higher-energy-level orbital farther away. Since electrons cannot be found
between the discrete orbitals of the atom, according to modern theory (see Schaum’s QOutline of College
Chemistry), energy exchanges involving the atom can occur only in definite “‘packets™ called quanta
(singular: quantum), which are equal to the average difference in energy between any two orbitals.
When an excited electron jumps back to its original orbital, the energy difference is accounted for by
the emission of quanta from the atom in the form of light. Electrons also possess other properties, such
as spin.

Atoms interact with one another to form chemical communities. The tightly knit atoms making up
the communal molecules are held together by chemical bonding. These bonds result from the tendency
of atoms to try to fill their outermost shells. Only the noble gases—inert elements like neon and
helium—have completely filled outer shells. The other elements will undergo changes that lead to more
stable arrangements in which the outer shells are filled with electrons.

One way of achieving this more stable state is for an atom with very few electrons in its outer shell
to donate them to an atom with an outer shell that is almost complete. The atom that donates the
electrons will then have more protons than electrons and assume a positive charge, it is called a cation.
The atom receiving the electrons assumes a negative charge and is called an anion. These two oppositely
charged ions are electrostatically attracted to each other and are said to have an Jonic, or polar, bond.

EXAMPLE 2 Sodium (Na), a corrosive metal, has an atomic number of 11, so that its third (M) shell has only
one electron. (Shell K holds two electrons; shell L can hold eight; this leaves one electron for shell M ) Chiorine
(Cl), a poisonous gas, with an atomic number of 17, has seven electrons in its outermost shell (17 —2 - 8 = 7).
In the interaction between these two atoms, sodium donates an electron to chlorine. Sodium now has a complete
second shell, which has become its outermost shell, while chiorine now has eight electrons in its outermost shell.
Na, having given up an electron, has a positive charge of +1; Cl, having absorbed an electron, now has a negative
charge of —1 and will bond electrostatically with sodium to form NaCl, table salt.

A second way in which atoms may join with one another to bring about a filling of their outermost
shells is by sharing a pair of electrons. The two bonding atoms provide one electron each in creating
the shared pair. This pair of electrons forms a covalent bond that holds the two atoms together. It is
represented by a solid line in the formula of a compound.

EXAMPLE 3 Hydrogen (H) contains only one electron in its outer (K) shell but requires two for completing
that first shell. Oxygen (O) has six electrons in its outer shell and requires eight for completion. A single hydrogen
atom may move within the sphere of influence of the outer shell of an oxygen atom to share its electron with the
oxygen. At the same time one of the electrons of the oxygen atom is shared with the hydrogen atom to bring the
hydrogen's outer shell up to the required two. If a second hydrogen is used to repeat this process, the oxygen will
then have eight electrons and each hydrogen will have two electrons. In this process, two hydrogens have become
covalently bonded to one oxygen to produce a molecule of water, H,0 (see Fig. 2.2).

ORORGEN

Fig. 2.2

6,
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In many molecules covalent bonding may occur not just singly (sharing a single pair of electrons),
but may involve the formation of double or triple bonds in which two and even three pairs of electrons
are shared. These double and triple bonds tend to fix the position of the participating atoms in a rigid
manner. This differs from the situation of the single bond in which the atoms are free to rotate or spin
on the axis provided by the single bond.

EXAMPLE 4 Carbon dioxide (CO,) is a compound in which cach of two oxygen atoms forms a double bond with
a single carbon (C) atom. which in its unbonded state has four clectrons in its outer shell. In this reaction, two
electrons from a carbon atom join with two clectrons from an oxygen atom 10 form one double bond; the
remaining two electrons in the outer shell of the C atom join two electrons from the outer shell of a second O atom
to form a second double bond. In this molecule. the C atom has a full complement of eight electrons in its outer
shell. and cach of the O atoms has cight clectrons in its outer shell. as shown in Fig. 2.3,

0 - x e .e
0!l + "0 + xCx —= OXCXO,_ or 0=C=0
Fig. 2.3

In many covalent bonds, the electron pair is held more closely by one of the atoms than by the
other. This imparts a degree of polarity to the molecule. Since oxygen nuclei have a particularly strong
attraction for electrons, water behaves like a charged molecule, or dipole, with a negative oxygen end
and a positive hydrogen end. Such molecules are considered to be polar in their activities, and the
bond is classified as a polar covalent bond. Many properties of water, including its ability to bring
about the ionization of other substances, are based on this polarity of the molecule.

Each type of molecule has bonding properties that fall somewhere along a continuous range from
the totally polar bonds formed by electron transfer between atoms to the nonpolar situation found in
most organic compounds, in which an electron pair is shared equally by the bonded atoms.

Occasionally, a pair of electrons present on a single atom may be shared with a second atom or
ion that does not share its electrons. In the formation of an ammonium ion (NH;), an ammonia
molecule (NH;) may attract a hydrogen ion (H™) to a pair of electrons present on the N atom that are
not tnvolved in covalent bonding with the hydrogens already present in the molecule. This type of
bond, in which a pair of electrons coming from one of the interacting moieties (parts) provides the
“glue,” is called a coordinate covalent bond. Such a bond is actually no different in its chemical
significance from the more common covalent bonds previously described.

The gravitational (attractive) forces between molecules are known as van der Waals forces. These
attractions do not effect chemical changes but are significant in influencing the physical properties of
gases and liquids.

Even more significant in biology is the hydrogen bond, in which a proton (H") serves as the link
between two molecules or different portions of the same large molecule. Although H bonds are
considerably weaker than covalent bonds and do not lead to new chemical combinations, they play an
important role in the three-dimensional structure of large molecules such as proteins and nucleic acids.
It is H bonding that accounts for the loose association of the two polynucleotide chains in the double
helix structure of DNA. Hydrogen bonding between adjacent water molecules accounts for many of
the properties of water that play an important role in the maintenance of life.

The chemical properties of atoms are largely due to the number of electrons in their outer electron
shells. All atoms with one electron in their outer shells behave similarly, while those with two electrons
in their outer shells share another set of chemical properties. Atoms may be arranged in a table in
accordance with their increasing atomic numbers. Each horizontal row starts with an atom containing
one electron in its outer shell and ends with an atom containing a full outer shell. Such an arrange-
ment of atoms is demonstrated in Fig. 2.4 and is called the periodic table of the elemenis. The vertical
rows of elements have the same number of electrons in their outer shells, so that a periodicity (recurrence)
of chemical properties happens as we move through the table from simpler to more complex elements.
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Helium, neon, argon, etc., all belong to the noble gases, and their particular property of nonreactivity
will recur each time we reach the group that has a complete outer shell of electrons. A similar relation
holds for the metals lithium, sodium, potassium, etc., all of which have in their outer shell one electron,
which tends to be removed in interaction with other atoms. The arrangement of atoms into a table of
this type conveys a sense of order among the more than 100 elements and readily demonstrates the
relationship of atomic structure to chemical function as we move from simpler to more complex atoms.

2.2 CHEMICAL REACTIONS AND THE CONCEPT OF EQUILIBRIUM

Chemical reactions are represented by equations in which the reacting molecules (reactants) are
shown on the left and the products of the reaction are shown on the right. An arrow indicates the
direction of the reaction. The participants in the reaction are indicated by empirical formulas, which
are a shorthand method of indicating the makeup of the molecules participating in the reaction. Each
element in the molecule is denoted by a characteristic symbol (e.g., H for hydrogen and O for oxygen),
and the number of each of these atoms is given by a subscript to the right of each symbol (e.g., H,0).
The number of molecules involved is indicated by a numerical coefficient to the left of each participating
molecule (e.g., 2H,0).

In some reactions a simple decomposition occurs and is shown as AB » A + B. Other reactions
involve a simple combination: A + B » AB. More complex reactions might involve the interaction of
two or more molecules to yield products that are quite different from the reactant molecules: A + B »
C + D. In all these reactions, the numbers and kinds of atoms that appear on the left must be accounted
for in the products on the right.

Most reactions do not go to completion; instead, they reach a state of equilibrium, in which the
interaction of reactants to form products is exactly balanced by the reverse reaction in which products
interact to form reactants. The law of mass action states that at equilibrium the product of the molar
concentrations of the molecules on the right-hand side of the equation divided by the product of the
molar concentrations of the reactants will always be a constant. (Molar concentrations are explained
below.} If the reaction tends to reach equilibrium with a greater amount of product, then the equilibrium
constant will be high. If reactants tend to predominate (i.e., the reaction does not proceed very far to
the right), then the equilibrium constant will be small. Should any molecules of reactant or product
be added to the system, the reaction will be altered to reach a state in which the concentrations once
again provide a ratio that is equal to the equilibrium constant. In the equation A + B - C + D, the
mass action formulation would be represented as

[C]- D] _
[A]-(B] ~ "

where [ ] stands for the molar concentration and K, is the equilibrium constant.

Concentration is a measure of the amount of a particular substance in a given volume. Since the
tendency of most reactions to occur is based partly on how crowded the reacting molecules are,
concentration is a significant factor in the determination of chemical events. A common way to express
the concentration of a solution is in moles of solute per liter of solution (molarity). A mole (mol),
which is the molecular weight of a given molecule expressed as grams, may be thought of as a specific
number of atoms or molecules. One mol of any given compound contains 6.02 X 10** molecules known
as Avogadro’s number. Thus 1 mol of H,O contains the same number of molecules as 1 mol of CO,,
as is true for 2 mol or  mol. By similar reasoning, a 1-molar (1 M) solution contains twice as many
solute molecules as a 0.5 M solution. Since molecules are the units involved in chemical transforma-
tions, the molar concentration assures a uniform measurement of interacting units and is more
meaningful than absolute weights in assessing chemical interactions.

In some cases, normality ( N')-rather than molarity is preferred as a means of expressing concentra-
tion. Since normality is essentially molarity divided by the valence, or chemical power, of a molecule,
it more precisely measures the chemical reactivity of materials in solution. Substances with a combining
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power of 2 need be present in only half the concentration of those with a valence of 1 to bring about
a particular effect.

EXAMPLE 5 The base NaOH reacts with the acid H,SO, to form water, H,0 and the salt Na,SO,. A balanced
equation for this reaction is
2NaOH + H,S0, » Na,S0,; + H,0

If we were to use one liter of | M NaOH. we would need one liter of only 0.5 M H.SO, to provide sufficient acid
for the reaction to occur, since the equation shows that only half as many moles of H,SO, are required. However,
if we were measuring concentration using normality, for one liter of | N NaOH we would also use one liter of
1 N H,SO,. This is because a 1 N solution of H.SO, is also a 0.5 M solution. Similarly, 2 1.0 N solution of H,PQ, is
also a 0.33 M solution. In the case of ions, a 1.0 N solution of Na* is also a 1.0 M solution of Na*, and a 1.0 N solution
of Ca* is also a 0.5 M solution.

2.3 COLLIGATIVE PROPERTIES OF SOLUTIONS

The presence of solutes (dissolved particles) in a solvent tends to lower the vapor pressure, or
escaping tendency, of the liquid molecules. The freezing point is also lowered, and the boiling point
is raised by the solute particles. Osmotic pressure, as explained below, is also increased by solute
particles. These properties, taken together, are known as the colligative properties of a solution. They
are influenced only by the number of particles, not by the kinds or chemical reactivity of these particles.
If a particular molecule dissociates into several ions, it will influence the colligative properties to the
extent of its dissociation; e.g., if a compound dissociates into two ions, a 1 M solution of the substance
will behave as if it were closer to 2 M in terms of its effects on osmosis, freezing-point depression, etc.

If we were to divide a container into two compartments by means of a membrane that was
impermeable to solute but allowed solvent to pass through (a semipermeable membrane) and were to
place different concentrations of a solution on each side of the membrane, the solute molecules would
be unable to pass through the membrane but the solvent molecules would move to the region where
they are less crowded. Since the more dilute compartment contains more solvent molecules than the
more concentrated compartment, water or some similar solvent would move from less concentrated
solute concentrations to more concentrated solute concentrations. This phenomenon is known as osmosis.
The pressure exerted by the tendency of solvent molecules to move across the membrane is called
osmotic pressure. As the volume increases in one compartment relative to the other, the solution will
rise until the gravitational forces associated with the increase in height in the more concentrated
compartment equals the osmotic pressure associated with the difference in concentration. If the
continued changes in concentration are accounted for, measurement of the rise of a column of liquid
in a container may be used to determine the actual osmotic pressure.

24 THE LAWS OF THERMODYNAMICS

Thermodynamics deals with the transformations of energy in all of its forms. Although the word
literally means the “movement” or “‘change of heat,” all forms of energy may be degraded to heat, so
that those rules that apply to heat transformations may describe energy changes in general.

Energy is the capacity to do work. Work is traditionally defined as a force operating through a
distance. Force refers to a push or a pull that alters the motion of a body. In biology energy is used
to counter natural physical tendencies, as in the migration of sugar molecules against their concentration
gradient.

Energy exists in various forms. Heat is the energy associated with the rapid internal movement of
molecules of liquids and gases. Mechanical energy is the energy found in the motion of bodies; chemical
energy is the energy contained in the bonds that hold atoms together within molecules; and radiant
energy is derived from the sun and other sources of wave-propagated energy. All forms of energy may
exist either in actualized form, such as the kineric energy of a falling stone, or in potential form, such
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as the potential energy of a stone positioned atop a mountain or of certain organic molecules with
high-energy bonds, which will release energy when they are broken.

The three laws of thermodynamics govern all transformations of energy in the natural world. The
first law, the law of conservation of energy, asserts that energy can be neither created nor destroyed.
Physicists now view matter as a special case of energy, so that the reactions associated with atomic
fission or fusion may be understood in terms of the first law. In atomic and hydrogen bombs, a small
amount of mass is converted to great amounts of energy in accordance with Albert Einstein's equation
E = mc?, where the mass lost is multiplied by the velocity of light squared.

The second law of thermodynamics is sometimes stated in terms of the transfer of heat: heat moves
from hot bodies to cold bodies. However, this formulation does not provide sufficient insight into the
real significance of the second law. A better explanation is that in any transformation, energy tends to
become increasingly unavailable for useful work. Since useful work is associated with producing order,
we may also express the second law as the tendency in nature for systems to move to states of increasing
disorder or randomness. The term for disorder is entropy, although this term is also defined as a measure
of the unavailability of energy for useful work (a consequence of disorder). The second law may also
be viewed in terms of potential energy: in any spontaneous reaction, one in which external energy does
not play a role, the potential energy tends to be diminished. All these formulations can be condensed
into the somewhat pessimistic conclusion that the universe is running down and that eventually all
energy will be uniformly distributed throughout an environment in which no further energy exchanges
are possible, because entropy has been maximized.

The third law states that only a perfect crystal, a system of maximum order, at —273 °C (absolute
zero) can have no entropy. Since this ideal condition can never actually be met, all natural systems
are characterized by some degree of disorder.

All reactions that result in the release of free energy, the form of energy associated with the
performance of useful work, are classified as exergonic reactions. These are reactions that tend to occur
spontaneously. In living systems exergonic reactions are usually associated with the breakdown of
complex molecules, whose bonds represent a storage of ordered forms of energy, into simpler molecules
containing bonds of much lower orders of energy. An analogy that illustrates the nature of such
exergonic reactions is a stone rolling down from the top of a hill. The energy that went into placing
the stone on the hilltop exists as potential (stored) energy in the stone by virtue of its position. The
stone can move downhill without additional energy input and, in doing so, will release its stored energy
in mechanical form as it moves to the battom. The energy of motion is called kinetic energy, from a
Greek root meaning “‘movement.”” Although the stone has a tendency to move down the hill, it may
require an initial push to get it over the edge. This represents the energy of activation that is required
to cause even spontaneous reactions to begin. Not all the stored energy is released as mechanical
energy, since a portion of the starting energy will be given off as heat during the movement of the
stone as it encounters friction with the hill’s surface.

Those reactions that involve a change from a lower energy state to a higher one are called endergonic
reactions. In this case, free energy must come into the system from outside, much like a stone being
rolled uphill by means of the expenditure of energy. In biological systems, endergonic reactions are
only possible if they are coupled with exergonic reactions that supply the needed energy. A number
of exergonic reactions within living systems liberate the free energy that is stored in the high-energy
bonds of molecules like adenosine triphosphate (ATP). This ATP is broken down to provide energy
to drive the various endergonic reactions that make up the synthesizing activities of organisms.

2.5 THE SPECIAL CASE OF WATER

Water is the single most significant inorganic molecule in all life forms. It promotes complexity
because of its tendency to dissolve a broad spectrum of both inorganic and organic molecules. Because
of its polar quality, it promotes the dissociation of many molecules into ions, which play a role in
regulating such biological properties as muscle contraction, permeability, and nerve impulse trans-
mission.
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Water is instrumental in preventing sharp changes in temperatures that would be destructive to the
structure of many macromolecules within the cell. It has one of the highest specific heats of any natural
substance; that is, a great deal of heat can be taken up by water with relatively small shifts in temperature.
It also has a high latent heat of fusion, meaning that it releases relatively large amounts of heat when
it passes from the liquid to solid (ice) phase. Conversely, ice absorbs relatively large amounts of heat
when it melts. This quality produces a resistance to temperature shifts around the freezing point. The
high latent heat of vaporization of water (the heat absorbed during evaporation) serves to rid the body
surface of large amounts of heat in conversion of liquid water to water vapor.

EXAMPLE 6 Each gram (g) of water absorbs 540 calories (cal) upon vaporization. Calculate the amount of heat
lost over 5 square centimeters (cm”) of body surface when 10 g of water is evaporated over that surface.

Since 1 g of water absorbs 540 cal upon vaporization, 10 g of water will take up 5400 cal over the 5-cm” area,
or 1080 cal per cm®. This avenue of heat dissipation is lost if the air is saturated with water so that evaporation
cannot occur, which explains the discomfort associated with a hot, muggy day.

The characteristics mentioned above, as well as a high surface tension and water's anomalous
property of expanding upon freezing, are largely due to the tendency of water molecules to cohere
tightly to one another through the constant formation of hydrogen bonds between adjacent water
molecules.

Finally, water is transparent; thus, it does not interfere with such processes as photosynthesis (at
shallow depths) and vision, both of which require light.

2.6 MAINTAINING STABLE pH IN LIVING SYSTEMS

Acidity and alkalinity are measured by a standard that is based on the slight ionization of water.
Acidity is determined by the concentration of H*, while alkalinity is a function of the concentration
of OH; therefore, the ionization of water H,O - H* + OH  theoretically yields a neutral system. In
pure water, dissociation occurs so slightly that at equilibrium 1 mol (18 g) of water yields 107" mol of
H* and 107" mol of OH ™. We may treat the un-ionized mass of water as having a concentration of
1 M, since its ionization is so small. Thus

[HJ[OH ] _ [1077][{1077] _
[H;0] 1 -

The meaning of this relationship in practical terms is that the molar concentration of H™ multiplied
by the molar concentration of OH™ will always be 1/100,000,000,000,000, or 10~ ", the equilibrium
constant. Thus, as the concentration of H' increases, the OH™ concentration must decrease. To avoid
using such cumbersome fractions or negative exponents, a system has been devised that allows us to
express acidity in terms of positive integers. The expression pH stands for “power of H™ and is defined
as the negative logarithm (or 1/logarithm) of the hydrogen-ion concentration. Since pH is a power, or
exponential function, each unit of pH represents a 10-fold change in H" concentration. The lower the
pH, the greater the hydrogen-ion concentration (e.g., a pH of 3 represents 107* mol of H™ ions, but a
pH of 2 indicates the presence of 10 "* mol). Neutral solutions have a pH of 7, while the maximum
acidity in aqueous solutions is given by a pH of 1. A pH above 7 indicates an alkaline solution, while
the maximum alkalinity is given by a pH of 14.

The pH encountered within most organisms and their constituent parts is generally close to neutral.
Should the pH of human blood (7.35) change by as much as 0.1 unit, serious damage would result.
(Although the digestive fluids of the stomach fall within the strong acid range, the interior of this organ
is not actually within the body proper; rather, it represents an “interior external” environment: in
essence, during development the body folded around an exterior space, thereby forming an interior
tube.) Excess H™ or OH™ ions produced during metabolic reactions are neutralized, or absorbed, by
chemical systems called buffers. These buffer systems often consist of a weak acid and its salt. Excess
H" ions are captured by the anion of the salt to yield more of the weak acid, which remains relatively

K. = 107"
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undissociated. Excess OH™ will combine with the weak acid and cause it to release its H* ion into
solution. This will prevent a large decrease in hydrogen-ion concentration and consequent rise in pH.
Among the buffer systems that maintain relative constancy of pH are the carbonic acid-bicarbonate
ion system of the blood and the acetic acid-acetate ion system in some cells. Buffer systems are effective
in dealing with moderate pH insults but may be overwhelmed by large increases in acid or base.
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Solved Problems

What is an atom?

An atom is the basic unit of all substances (elements). It consists of a positively charged nucleus
surrounded by rapidly moving, negatively charged electrons. The number of electrons revolving around
the nucleus of an atom in an un-ionized state is equal to the number of positively charged protons within
the nucleus.

What is the difference between the atomic number and the atomic weight of the atoms of an
element?

The atomic number is equal to the number of protons in the nucleus or the number of orbiting electrons.
The atomic weight is equal to the number of protons plus the number of neutrons present in the nucleus.
The neutron is a nuclear particle with a mass approximately equal to that of the proton but with no
electrical charge. The various particles found within the nucleus are known as aucleons, but for biologists
it is the neutrons and protons that are of principal interest. Physicists believe that many of the nucleons,
once thought to be fundamental particles, are themselves composed of much smaller units called quarks.

Are all the atoms of an element identical in their structure?

All atoms of the same element share a common atomic number but may differ in their atomic weights.
This difference is due to a variation in the number of neutrons within the atomic nucleus. These variants
are known as isotopes. The standard atomic weights given in chemical tables are derived by averaging the
specific isotopes in accordance with their relative frequencies. Many isotopes are unstable because of the
changes that additional neutrons produce in the structure of the nucleus. This leads to the emission of
radioactive particles and rays. Such radioactive isotopes are of importance in research because they provide
a marker for particular atoms.

Since the chemical properties of an atom are based on the arrangement of the orbiting electrons, so
the various isotopes of an element behave alike in terms of their chemical characteristics.

How are the electrons arranged around the nucleus?

In older theories, the electrons were thought to revolve around the nucleus in definite paths like the
planets of the solar system. It is now believed that electrons may vary in their assigned positions, but that
they have the greatest probability of being in a specific pathway, or orbital, surrounding the nucleus. In
some formulations, the orbitals are shown as clouds (shadings), with the greatest density of these clouds
corresponding to the highest probability of an electron’s being in that particular region. The position of
an electron in the tremendous space around the nucleus of an atom can ultimately be reduced to a
mathematical equation of probability.

What would you guess keeps electrons in their orbit around the nucleus?

The stability of electrons traveling in their assigned orbitals is due to the balance of the attractive
force between the positively charged nucleus and the negatively charged electron and the centrifugal force
(pulling away from the center) of the whirling electrons.
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What is the difference between an orbital and a shell?

The shell is an energy level around the nucleus that may contain one or more orbitals. The first shell,
designated as the K shell, contains one spherical orbital, which may hold up to two electrons. The second
shell, farther from the nucleus, contains four orbitals. Since each of these orbitals can hold two electrons,
this second, higher-energy shell may hold as many as eight electrons before it is full. This second shell is
designated the L shell; a third shell, called the M shell, may contain from four to nine orbitals. In all, there
are as many as seven shells (K through Q) that may be present around the nucleus of successively more
complex atoms. The first shell consists of a single spherical orbital. The second shell contains a spherical
orbital and three dumbbell-shaped orbitals whose central axes are oriented perpendicularly to one another.

The elegance of atomic structure is based on the stepwise addition of electrons to the concentric shells
that surround the nucleus. The simplest atom, hydrogen, contains one electron revolving around its nucleus.
Helium contains two electrons in its K shell. Lithium, with an atomic number of 3, has a complete inner
K shell and one electron in its L shell. Succeeding atoms increase in complexity by adding electrons to
open shells until each of these shells is complete. Generally (but not invariably), the shells closest to the
nucleus are completed before electrons are added to outer shells, since atomic stability is associated with
the lowest energy level for a particular arrangement of electrons in space.

What is the basis for the interaction of atoms with one another?

All the chemical reactions that occur in nature appear to be due to the necessity of atoms to fill their
outer electron shells. Those atoms that already possess a full complement of electrons in their outer shell
are chemically unreactive; they constitute a series of relatively inert elements known as the noble gases.
Examples are helium, with an atomic number of 2 and a satisfied K shell, and neon, with an atomic number
of 10 and a satisfied L shell.

Almost all other atoms interact (react) with one another to produce configurations that result in
complete outer shells. Such combinations of atoms are called molecules. Some molecules may be highly
complex, consisting of hundreds or even thousands of atoms, while others may have as few as two or three
atoms. Just as single kinds of atoms are the units of an element, so combinations (molecules) of different
kinds of atoms make up a compound.

Name four types of interactions that occur between atoms or molecules.

lonic bonds, covalent bonds, hydrogen bonds, and van der Waals forces.

Calcium (Ca) has an atomic number of 20. Given that it readily forms ionic bonds, what charge
would you expect calcium to have in its ionic form? What compound would you expect it to
form with chlorine (C1)?

Calcium has two extra electrons in its outer shell (20 = 2 — 8 — 8 - 2). By losing these two electrons
it can assume a stable configuration of eight electrons in its outer shell. Therefore, in its ionized form, it
has a charge of +2 and is designated Ca™". Since chlorine needs one electron to fill its outer shell, two
chlorines each accept one of calcium’s electrons and form the ionic compound CaCl,, calcium chloride.

Nitrogen has an atomic number of 7 and forms covalent bonds with itself, yielding N,. Explain
the covalent bonding of N, in terms of electrons.

With a total of seven electrons, nitrogen has five electrons in its second shell and thus needs three
more electrons to create a stable outer shell of eight. By forming a triple bond, in which each nitrogen
shares covalently three of its electrons with the other nitrogen, both nitrogen atoms achieve stability in
their outer shells.

What is the relationship between the chemical reactions that elements undergo and their position
in the periodic table?
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The periodic table, first developed by Dmitri Mendeleev in 1869, represents an arrangement of all of
the elements according to their increasing weights. There are currently about 106 different elements, but
in the nineteenth century only about 89 were known. It was found that the chemical properties of the listed
elements demonstrated a periodicity, or recurring regularity. If the elements are arranged according to
increasing atomic number, a pattern emerges, with horizontal rows of atoms ranging from one electron in
the outer shell to a complete outer shell. The first row starts with hydrogen, and helium is the second and
last member, since helium is complete with two electrons in its K shell. However, lithium, the element
with the next-highest atomic number of 3, again has only one electron in its outer shell. It is followed by
six other elements with increasing numbers of electrons in their outer shells. The last of these is neon with
an atomic number of 10 and a complete outer shell of eight electrons. The third row then begins with
sodium, with an atomic number of 11, and ends with the noble gas argon, with an atomic number of 18.

Each horizontal row of increasing atomic number is known as a period. The vertical rows, which are
similar in the numbers of outer electrons they contain, constitute a group. The noble gases, as the last
elements of a series of periods, form one group, all the elements with one electron in their outer shell
make up another group. Since the chemical properties of the elements are directly related to the configuration
of their outer electrons, all the elements making up a single group will generally have similar chemical
propertics. This is the basis for the periodicity first observed in the properties of all chemical elements.

How are chemical reactions described?

All chemical reactions involve a reshuffling of bonds. These reactions are usually described in the
form of a chemical equation, in which the reactants (molecules undergoing change) are placed on the left
and the products to be formed are placed on the right. An arrow denotes the direction of the reaction from
reactants to products. A typical reaction might be shown as A + B - C + D. Each of the molecules (or
atoms) participating in the reaction will be written as a formula, a shorthand expression of the kinds and
numbers of atoms involved. Thus, if A were water, it would be written as H,0, since H is the symbol for
hydrogen and O is the symbol for oxygen; two atoms of hydrogen are covalently bonded to oxygen in a
molecule of water.

Why must both sides of a chemical equation balance? Balance the equation for the production
of water from elemental hydrogen (H,) and oxygen (0,).*

Because the law of conservation of matter tells us that matter can be neither created nor destroyed,
all equations must be balanced, that is, the number and kinds of atoms appearing on one side of the
equation cannot be destroyed and so must appear in the same number and kind on the other side. In
representing the formation of water by the simple addition of hydrogen and oxygen we might select the
equation

H, + 0, » H;O

However, this equation is not balanced, because there are different numbers of atoms on each side of
the equation. Balance is achieved by manipulating the coefficients, which indicate how many of each of
the molecules are involved in the equation:

2H, + 0, » 2H,0O

Now the equation is balanced.

Do all chemical reactions go to completion?

In actual fact, most chemical reactions do not go to completion. A state of balance, or equilibrium,
is reached in which the concentrations of the reactants and the concentrations of the products reach a
fixed ratio. This ratto is known as the equilibrium constant and is different for each chemical reaction.

* Elements such as hydrogen or oxygen tend to occur in nature as molecules of two or more atoms of the elements,
rather than as single atoms.
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An equation may be viewed as a balance between two reactions—a forward reaction in which the
reactants are changed to products and a reverse reaction in which the products interact to form reactants.
Most reactions are reversible, and it might be more appropriate to write a chemical equation with the

arrows going in both directions:
A+B=C+D

When reactants are first mixed, the forward reaction predominates. As the products are formed, they
interact to produce reactants and the reverse reaction will increase.

It should be noted that at equilibrium both forward and reverse reactions continue but there is no net
change; i.e., the forward reaction is exactly balanced by the reverse reaction. This equilibrium situation
is obtained only under specified conditions of temperature, pressure, etc. If these environmental variables
are altered, the equilibrium will shift. The formation of a substance that leaves the arena of chemical
interaction tends to shift the equilibrium as well. In reactions in which a gas or precipitate is produced,
the reaction will be pushed in the forward direction, since the products do not have as much opportunity
to interact with one another to produce a reverse reaction. Although some chemists view all reactions as
theoretically reversible, there are many reactions in which the forward or reverse reactions are so overwhelm-
ing that for all practical purposes they may be regarded as irreversible.

How do molecules or atoms actually interact to bring about chemical changes?

The basis of the “‘social interactions” of all chemical substances is the tendency of atoms to form
bonds that complete their outer electron shell. These bonds may be disrupted and new bonds created just
as friendships and marriages may undergo change and realignment. However, most chemical substances
will not undergo change unless the participating molecules are in close contact with one another. Solid
blocks of substances do not appreciably interact with one another except at their boundaries. Gases and
materials that are dissolved in a liquid to form solutions are far more likely to interact with one another.
According to the kinetic molecular hypothesis of gases, the molecules of a gas are in constant rapid motion
and undergo continuous collision. It is these collisions that provide the basis for chemical change. In
similar fashion, the dissolved particles (solute) within the liquid (solvent) of a solution are finely dispersed
and in rapid random motion and thus have an opportunity for chemical change.

An increase in temperature will speed up the movement and number of collisions of the particles and
increase the rate of interaction. So too will the degree of dispersion of the molecules within the medium
(fully dissolved molecules interact more often than partially precipitated ones). An increase in the concentra-
tion of reacting molecules also tends to speed up the rate of a reaction, since it enhances the possibility
of more collisions.

How is concentration measured in a solution?

The concentration of any substance is the amount of that substance in a specific volume of a particular
medium. Concentrations of the constituents of blood are often expressed as a percentage denoting the
number of milligrams (mg) of a specific substance in 100 milliliters (mL) of blood. Thus, a blood sugar
concentration of 95 percent means that there are 95 mg of sugar (usually glucose) in every 100 mL of whole
blood.

Percentage by weight is not the best method of expressing concentrations, since the same percentage
of a solution containing heavy molecules will have fewer molecules than one containing lighter molecules.
This is apparent when we consider that 1000 lb worth of obese people in a room will comprise fewer
individuals than the same weight of thin people. Since chemical reaction rates depend on the number of
molecules present, it would be preferable to use a standard for concentration that takes only the number
of molecules into account.

A mole may be defined as the molecular weight of a substance expressed in grams. Thus, a mole of
water would consist of 18 g of water, while a mole of ammonia (NH;) would contain 17 g of the gas. Since
a mole of any molecule (or atom) contains the same number of molecules (or atoms), molar concentration
is more useful in comparing reactants and products in chemical equations. Molar concentration (M) is
expressed as the number of moles of solute dissoived in one liter of total solution. Equimolar concentrations
of any substance will have equal numbers of molecules. The number of molecules present in a 1 M solution
of any substance is 6.02 x 10°3, also known as Avogadro’s number. This is also the number of molecules
present in 22.4 liters of any gas at standard temperature and pressure.
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Some molecules consist of atoms or ionic groups with a capacity to unite with more than one simple
atom such as hydrogen. Thus, oxygen can form two covalent bonds with two different atoms of hydrogen.
Similarly, the sulfate ion (SO37) can ionically bind to two sodium ions. This combining capacity of atoms
or ions is known as valence. Obviously, an atom with a valence of 3 will be as effective in chemical
combination as three atoms with a valence of 1. To account for the difference in combining power,
concentrations are sometimes expressed in terms of normality (N). This unit is the number of gram
equivalent weights per liter of solution. A gram equivalent weight is the molar weight divided by valence.
Similar normalities of various solutions will always be equivalent to one another when the volumes involved
are the same.

Diffusion is the tendency of molecules to disperse throughout a medium or container in which
they are found. How does diffusion differ from osmosis; how is it similar?

Diffusion involves movement of solute particles in the absence of a semipermeable membrane. Osmosis
is a special case of diffusion involving movement of solvent molecules through a semipermeable membrane.
The two processes are similar in that movement of the molecules in each is driven by their collisions and
rebounds with their own kind and proceeds toward areas in which collisions are less likely, namely, areas
with fewer molecules of their kind (from crowded to less crowded regions).

Why does putting a lettuce leaf in water make the leaf crisper?

When living cells are placed in a medium, they may be in osmotic equilibrium with their surroundings,
in which case there will be no net flow of water into or out of the cell. Such a medium is designated as
isotonic, or isosmotic. If the concentration of the solutes of the medium is greater than that of the cell, the
surroundings are hypertonic, and water will be drawn from the cell by the more concentrated medium, with
its higher osmotic pressure. If the cell is placed in an environment that is more dilute than the cellular
interior, it will draw water from this hyporonic environment and tend to swell. The crisping of lettuce by
conscientious salad preparers is achieved by placing the leaves of lettuce in plain water, causing the cells
to absorb water and swell against the restraining cell wall, thus producing a general firmness. Another
osmotic phenomenon is the tendency of magnesium salts to draw water into the interior of the intestine
and thereby act as a laxative.

Describe the laws that govern exchanges of energy.

The laws dealing with energy transformations are the three laws of thermodynamics. The first law
(conservation of energy) states that energy can be neither created nor destroyed, so that the energy input
in any transformation must equal the energy output.

The second law states that energy as it changes tends to become degraded to scattered states in which
the capacity for useful work diminishes. Entropy is a measure of the disordered, random property of energy,
and the second law may be phrased in terms of the natural tendency for entropy to increase in a
transformation. Thus, while the total energy input is always equal to the total energy recovered, the ability
of this energy to be utilized for useful work continuously decreases. In living systems, which must maintain
a high degree of complex order, the enemy that is continuously resisted is entropy, or the drift to disorder.

The third law states that a perfect crystal at a temperature of absolute zero possesses zero entropy;
i.e., it is in a state of maximum order. This law is not as useful for the biologist as the first two laws, but
it does emphasize the prevalence of disorder in almost all natural states, which clearly do not involve ideal
crystalline states or the unattainable temperature of absolute zero in which no molecular movement may
occur.

Why doesn’t the apparent discrepancy between energy input and output in nuclear reactions
contradict the first law of thermodynamics?

The release of tremendous amounts of energy in nuclear transformations such as fission or fusion (as
occurs in atomic and hydrogen bombs) is accounted for by the disappearance of mass during these reactions
and the conversion of this mass to energy in accordance with Einstein’s equation E = mc?. Matter (mass)
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is now regarded as a special case of energy, and the mass lost during nuclear reactions is multiplied by
¢?, which is the speed of light squared, to yield the awesome energy releases associated with nuclear devices.

What is meant by an exergonic reaction?

An exergonic reaction is one in which energy is released during the course of the reaction. The potential
energy of the initial state is greater than that of the final state, so this reaction will tend to occur spontaneously,
much as a stone atop a hill will tend to roll down. Although an exergonic reaction will tend to occur, it
may require an activation process for its initiation, just as a stone must be pushed over the edge of a hill
before it can begin its descent. The role of enzymes in initiating reactions or in altering reaction velocities
is discussed in Chap. 3.

A mathematical analysis may be helpful in fully understanding the concept of an exergonic reaction.
The total energy of a system is designated as H (heat). In any reaction there will be a change in the total
energy relative to the starting system. Since the Greek letter delta (A) refers to change, the symbol AH
represents this change in total energy (also known as change in enthalpy). The change in total energy
consists of two components. One is the change in free energy of the system, represented by AG. Free energy
is that component that can perform useful work or be stored for later performance of such work.

The second component of the total energy is the change in entropy AS. If entropy increases, then the
total amount of energy made available also increases because the system is moving “downhill.”” Since
entropy change is related to temperature, the entropy factor is denoted as 7TAS. Now we have an equation
for the total heat (or energy) change of any transformation:

(1) AH =AG + TAS

If AH is negative, heat will be given off to the surroundings and the reaction is an exothermic one. However,
not all exothermic reactions are also exergonic (capable of doing work). In order for a reaction to be
considered exergonic, it must liberate free energy (AG must be negative). From Eq. 1, it is clear that AH
can be negative (exothermic) even though AG is positive (endergonic) if the change in entropy (A5) is
negative and sufficiently large. Perhaps a better way to express Eq. 1 is in the form

(2) AG = AH - TAS

Here we see clearly that AG may also be negative (liberate free energy) even though AH is positive
(absorb heat) provided that the increase in entropy is high enough. If ether is applied to the skin, it will
evaporate, although the evaporation is accompanied by an absorption of heat from the surroundings (AH
is positive). This exergonic reaction is a downhill, or spontaneous, phenomenon even though heat (energy)
is absorbed. The increase in entropy involved in the formation of a gas is so great that the value of G is
negative.

What is meant by an endergonic reaction, and how does it differ from an endothermic reaction?

Endergonic reactions are essentially uphill reactions and are characterized by positive G values. In
endergonic reactions, free energy is taken up in the reaction process; in chemical reactions, this free energy
may be stored in high-energy bonds in the products. Since this free energy cannot be created, it must come
from an accompanying exergonic reaction in which free energy is liberated to drive the endergonic process.
The various endergonic, or building-up processes within an organism are always associated with an
exergonic process in which energy-rich molecules are degraded. In an automobile, mechanical movement
is achieved by the degradative conversion of energy-rich fuel to energy-poor by-products such as water
and carbon dioxide.

Although most endergonic processes are also endothermic, in that heat will be absorbed by the system,
this is not necessarily the case. Once again, the change in entropy must be taken into account. In biology
we are usually interested in whether a reaction is exergonic, occurring spontaneously, or whether it is
endergonic, requiring the infusion of free energy. The transfer of heat is generally of secondary significance.

What characteristic of the water molecule endows water with so many qualities essential to life?

Those properties of water that promote life functions are largely due to the arrangement of the bonds
between hydrogen and oxygen within the molecule and the consequent distribution of electrons. Although
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the hydrogens and oxygen in water form covalent bonds, the shared electron pairs lie more closely within
oxygen's sphere of influence and thus form a dipole. The hydrogens of any one H,O molecule are the
positive ends of the dipole, while the oxygen end is a double-negative pole. The two hydrogen ends of
one H,0 molecule are attracted to the oxygen ends of two other water molecules, while the double-negative
charge of the oxygen end attracts hydrogen ends from two more water molecules. This hydrogen bonding
to four other water molecules produces the properties of water that tend to stabilize aqueous systems. The
hydrogen bonds are continuously formed and broken, a process that allows water to flow while simul-
taneously maintaining a strong cohesion that keeps it a liquid through a broad range of temperatures and
pressures.

In what specific ways does the dipole nature of water promote the maintenance of life?

Living material is extremely complex. Any medium that supports such complexity would have to
accommodate a broad variety of substances. Since water is a universal solvent, taking up more different
kinds of solute than any other known liquid, it is the ideal medium for supporting complexity. Water is
also one of the most stable substances in existence. This assures a long-term continuation of water-based
substances. Water’s tendency to remain a liquid also assures that drying out or freezing will not readily
occur. This feature is enhanced by the influence of dissolved solutes, which raise the already high boiling
point and lower the freezing point of liquid water. Water also has a tendency to adhere to the sides of a
containing vessel. In the case of thin tubes (capillaries) the water will actually rise to considerable heights
as the adherent molecules haul other molecules of water up with them because of hydrogen bonding. This
property plays a significant role in bringing water through minute spaces in the soil to the roots of plants.
The great cohesiveness existing between adjacent molecules of water also accounts for the high surface
tension of water, enabling some insects actually to walk on the compacted surface molecules. Surface
tension when high may be reduced by a variety of surface-active substances, called surfactants. This lowering
of surface tension may facilitate some necessary movement within organisms. Perhaps most peculiar in
the behavior of water is its tendency to expand upon freezing. Like all other substances, water tends to
shrink as its temperature drops. Thus, its density (weight per unit volume) increases with a lowering of
temperature. But at 4 °C water begins to expand as the temperature decreases further. At freezing there is
a further expansion, so that ice is even less dense than liquid water at similar temperatures. There are
several practical results of this anomalous expansion at low temperatures. When ice forms it tends to float
at the surface of a pond or stream, so that these bodies of water will freeze from the top down and form
an insulating cap of ice at the surface, which allows aquatic organisms to survive and maintain their
activities below it during freezing weather. Also, the surface and bottom waters of lakes and ponds will
undergo an exchange (vertical convection) twice each year that brings nutrient material to the surface and
carries oxygen to the lower layers. This is directly due to the increased density of water associated with a
plunge in temperature followed by the expansion below 4 °C that causes extremely cold water to move
back toward the surface as it nears 0 °C and begins to freeze. Finally, water offers organisms both internal
and external stability against temperature fluctuations (see Prob. 2.25).

How does water provide internal and external temperature stability for organisms?

Water plays a most significant role in the maintenance of temperature both within the organism and
in its supporting external environment. Since extremes of temperature threaten the structural components
of cells and may also alter the tempo of chemical reactivity, the role of water as a temperature buffer within
and without living organisms is vital to life. Water has one of the highest specific heats of any common
substance, a property referring to the amount of heat absorbed in comparison with the rise in temperature
accompanying this heat absorption. One gram of water absorbs one calorie to bring its temperature up by
one degree, whereas a substance like aluminum will show a similar rise of one degree with only a fraction
of a calorie. In this aspect, water acts like a heat sink; it absorbs a great deal of heat with only a modest
rise in temperature. Because of this buffering, land areas that are near large bodies of water tend to have
more moderate temperatures than those in the interior of continents.

Water also has a high latent heat of fusion, a phenomenon involving the liberation of heat when liquid
water forms solid ice. Thus, the freezing of water produces heat that counteracts a further drop in temperature.
A mixture of ice and water constitutes a temperature-stable system—a drop in temperature will produce
freezing and heat will be released; a rise in temperature will cause the ice to melt and approximately
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80 cal of heat will be absorbed. In the environment, these transformations resist sharp changes in
temperature and permit organisms to adjust more readily to temperature fluctuations with the changing
seasons.

Water also has the highest latent heat of vaporization of any common natural substance. This property,
closely associated with the strong attractive forces between water molecules, refers to the amount of heat
energy required to convert 1 g of liquid water to 1 g of water vapor at the boiling temperature (100 °C).
Water, however, evaporates or vaporizes at lower temperatures as well, and whenever this occurs, a great
deal of heat is taken up to change liquid molecules into the more rapidly moving vapor molecules. This
explains why sweating and the ensuing evaporation tend to cool the surface of the body and prevent
excessive buildup of heat on a hot day. On humid days evaporative cooling is inhibited.

Why is there a lower limit of 0 and an upper limit of 14 in the range of pH values?

This range of 0 to 14 is associated with aqueous systems. A pH of 0 indicates a [10°], or 1 M,
concentration of H', which is the maximum encountered with even the strongest acids dissolved in water.
Although stronger concentrations of acid can theoretically be obtained, they will not dissociate beyond
the 1 M level of H'. A similar situation exists with regard to strong bases at high pH levels.

If there are 6.02 x 10'* molecules of OH ™ per liter of aqueous solution, what is the solution’s pH?

Since pH is based on molar concentrations, it is first necessary to determine the moles per liter of
OH" ions:
1 mol

6.02 x 10'* molecules x =10%"M
6.02 x 10%* molecules

The solution therefore contains a 10 * M concentration of OH ions. However, pH is based on the
concentration of H” ions. This concentration can be determined from the equation for the equilibrium
constant of water.

[H'JOH ] =10""M

Therefore [H'10 " =10"M
[H'] =10"°M
and pH = ~log [H'] = ~log 10 * = ~(-6) = 6

When carbon dioxide (CO,) is released into the extracellular fluid by the cells as a by-product
of metabolism, much of it combines with water to form carbonic acid:

CO; + H,0 = H,CO,

Given the narrow range of pH in which cells can function properly, why does this introduction
of an acid not harm the organism?

The extracellular uid in higher animals is buffered by, among other things, a carbonic acid-bicarbonate
ion system. The salts of the bicarbonate ion (HCOj ), such as sodium, potassium, magnesium, and calcium
bicarbonate, bufler the fluids against the introduction of H* ions caused by the dissociation of carbonic
acid and thus prevent an appreciable lowering of pH.

Supplementary Problems

The chemical properties of an atom are most closely associated with its (a) atomic number. (b) atomic
weight. (¢) number of neutrons in the nucleus. (d) all of the above. (e) none of the above.
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Atoms with the same atomic number but different atomic weights are called

The second shell of electrons contains (at maximum) (a) a total of two electrons. (b) a total of eight
electrons. (¢) two orbitals. (d) four orbitals. (e) both (b) and (d).

The noble gases readily unite with other elements.
(a) True (b) False

Polar bonds arise from a sharing of a pair of electrons between two atoms.
(a) True (b) False

Hydrogen bonds are relatively weak but play a significant role in the three-dimensional structure of proteins
and nucleic acids.
(a) True (b) False

The atoms constituting a single group in the periodic table share similar chemical properties.
(a) True (b) False

A high value for the equilibrium constant indicates that at equilibrium the reaction lies farther to the right,
since the products of the reaction (C, D) exceed the reactants (A, B) in concentration.
(a) True (b) False

A 3 M concentration of any substance will be one-third as concentrated as a 1 M concentration of that
substance.
(a) True (b) False

The colligative properties of a solution are due to the number of solute particles in the solution.
(a) True (b) False

Lettuce may be crisped by placing it into a hypertonic solution.
(a) True (b) False

A 1 N solution of H,S0, will contain approximately 0.5 mol of the compound per liter of solution.
(a) True (b) Faise

What useful property of water permits light reactions like those of photosynthesis to occur in the ocean?

If an amoeba is isotonic with a solution that is hypertonic for a crab, into which organism will water
show a net flow when these organisms are immersed in the solution? (a)amoeba. (b)crab. (c) neither.
(d) both.

Why does the addition of solutes to water act as an antifreeze?

If 3 g of H,0 evaporate from a surface, the number of calories absorbed will be
What is the pH of a 0.001 M acid solution?

Do fish obtain their oxygen from the water molecules of the medium?
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(a)
Isotopes
(e)
(b)
(b)
(a)

2.35
236
2.37
2.38
2.39
2.40

(a)
(a)
(b)
(a)
(b
(a)

Answers

241
242
243
2.44
245
2.46

Transparency

(c)

Additional solute lowers the freezing point.

1620 calories

pH = —log 0.001 = ~log 107* = - (-3) =3

No, their oxygen comes from oxygen in the air that is
dissolved in the water.



Chapter 3

The Chemistry of Life: The Organic Level

3.1 INTRODUCTION

Organic compounds are the relatively complex compounds of carbon. Since carbon atoms readily
bond to each other, the backbone of most organic compounds consists of carbon chains of varying
lengths and shapes to which hydrogen, oxygen, and nitrogen atoms are usually attached. Each carbon
atom has a valence of 4, which significantly promotes complexity in the compounds that can be formed.
The ability of carbon to form double and even triple bonds with its neighbors further enhances the
possibility for variation in the molecular structure of organic compounds.

EXAMPLE 1 Among the organic compounds found in nature are the hydrocarbons, the molecular associations
of carbon and hydrogen, which are nonsoluble in water and are widely distributed. Aldehydes are organic molecules
with a double-bonded oxygen attached to a terminal carbon atom; this carbon-oxygen combination is referred to
as a carbonyl group. Ketones contain a double-bonded oxygen attached to an internal carbon atom. An organic
alcohol contains one or more hydroxyl (OH) groups, and an organic acid contains a carboxyl group (a hydroxyl
and a double-bonded oxygen attached to a terminal carbon atom). The many classes of organic compounds were
once thought to arise only from living organisms, but with the synthesis of urea in 1828 (Wohler), it was apparent
that organic compounds could be synthesized from simpler inorganic compounds.

Among the organic compounds most closely associated with basic life processes are carbohydrates, proteins,
lipids, and nucleic acids (polynucleotides). This last class of compounds will be discussed in Chap. 7, The Nature
of the Gene, because the polynucleotides are centrally involved in the processing of information within the cell.

3.2 CARBOHYDRATES

Carbohydrates are hydrates of carbon with a general empirical formula of C ,(H,0),. Carbohydrates
include sugars. The basic sugar unit is a monosaccharide, or simple sugar. It may contain from three
to seven or more carbon atoms, but the most common monosaccharides contain six carbon atoms and
are known as hexoses.

EXAMPLE 2 A typical hexose monosaccharide such as glucose (also called dextrose) consists of a carbon chain
to which are attached hydroxyl groups. (Figure 3.1 shows the structural formula for glucose and for another hexose,
fructose.) These —OH groups confer both sweetness and water solubility upon the molecule. An =0 is attached

l~l{ H
I
\ ("—O H—?C—‘OH
= S |
HO-,—.‘\(IT——H HO—;i-\C—H
H',TJ\C—'OH H—G\C—OH
3 \.vzl
H—=C—OH H—C—OH
S | ‘\._i_/,l
H—C— OH H76\C—OH
| &
H H
Glucose Fructose

Fig. 3.1
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to a terminal carbon in glucose, making it an aldo sugar. If an internal C=0 group is present (as in fructose), the
monosaccharide is designated a keto sugar.

Monosaccharides may fuse through a process known as condensation, or dehydration synthesis. In
this process two monosaccharides are joined to yield a disaccharide, and a molecule of water is liberated
(an —OH from one monosaccharide and a —H from the second are removed to create the C—Q—C
bond between the two monomers, or basic units). Common table sugar is a disaccharide—formed by
the condensation of glucose and fructose. Condensation may occur again to yield trisaccharides and
eventually polysaccharides.

Glycogen is the major polysaccharide associated with higher animal species. The principal polysac-
charides of plants are starch and cellulose. All these polysaccharides are composed of glucose units
as the basic monomer.

Glycogen is a highly branched chain of glucose units that serves as a calorie storage molecule in
animals, principally in liver and muscle. The straight-chain portion is associated with 1 - 4 linkages
of the glucose units [that is the C-1 (first carbon) atom of one glucose unit is joined to the C-4 of a
second glucose], while the branched portions are produced by 1 - 6 linkages. The enzyme glycogen
synthase promotes formation of the straight-chain portion of glycogen, and amylo-(1,4 > 1,6)-
transglycosylase catalyzes branch formation. Glycogen degradation is effected by two enzymes, one
that cleaves the 1 » 4 linkages, glycogen phosphorylase, and one that cleaves the 1 > 6 linkages,
a (1 » 6)-glucosidase. Breaking the bonds is accomplished by a reversal of the condensation process:
water is added back to the molecule. Thereby the —OH and —H are restored and the bond is broken.
The process is called hydrolysis.

Enzymes promoting the synthesis of glycogen from glucose are increased by insulin, a hormone
released into the bloodstream when blood glucose levels begin to rise. Glycogen may be broken down
to its constituent glucose molecules by enzymes such as phosphorylase, which are activated by the
hormones epinephrine and glucagon.

In plants, starch is the primary storage form of glucose. It occurs in two forms: a-amylose, which
consists of long, unbranched chains, and amylopectin, a branched form with 1 — 6 linkages forming
the branches. The primary structural component in plants is cellulose, a water-insoluble polysaccharide
that forms long, unbranched chains of 1 — 4 linkages. These chains are cemented together to form the
cell walls of plants. Their parallel structure and lack of branching give them strength and resistance to
hydrolysis. Because of the variation in cellulose’s 8(1 — 4) linkages, animal enzymes normally
associated with polysaccharide digestion are ineffective with cellulose. Ruminants and other animals that
digest cellulose are able to do so because of symbiotic bacteria in their digestive tracts that have the
enzyme cellulase, which can degrade cellulose.

A structural polymer similar to cellulose, but commonly found in fungi and in the exoskeletons of
insects and other arthropods, is chitin. This is composed of chains of glucose with an amino group
substituted for one of the hydroxyls.

3.3 PROTEINS

Proteins are a class of organic compounds consisting almost entirely of carbon, hydrogen, oxygen,
and nitrogen. The protein is actually a polymer composed of many subunits {monomers) known as
amino acids. The amino acids usually found in proteins show the following structure:

NH; o

l 4
R—C—C

I N\

H OH

The COOH (carboxyl) group is characteristic of all organic acids and is attached to the same carbon
as the NH, group. This carbon is designated the a-carbon atom; the entire amino acid is known as an
a-amino acid. The R is a general designation for a variety of side groups that differentiate the 20
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different amino acids found in nature, as shown in Fig. 3.2. Such properties of a protein as its water
solubility or charge are duc to the kinds of R groups found in its constituent amino acids.

In a manner similar to the way monosaccharides join to form higher-order polysaccharides, amino
acids join by expelling a molecule of water. An —OH is removed from the carboxyl group of one
amino acid, and a —H is removed from the amino group of a second. The resultant bond between the
C and N atoms of the carboxyl and amino groups is called a peptide bond, and the compound formed
is a dipeptide. A dipeptide may unite with another amino acid to form a second peptide bond, and this
will yield a tripeptide. If many amino acids are joined in this condensation process, the result is a
polypeptide; such chains of amino acids may range from less than 100 amino acids to as many as 1000.
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PRIMARY, SECONDARY, TERTIARY, AND QUATERNARY STRUCTURE

The linear order of amino acids in a protein establishes its primary structure. This primary structure
is actually encoded in the genetic blueprint that is preserved and passed on from parent to child in
the DNA of the chromosomes.

The interactions between the bonded amino acids of the primary structure may lead to folding,
kinking, or even pleating of the protein chain. Hydrogen bonding is largely responsible for these changes
in the configuration of the protein chain, which constitute the secondary structure of the protein molecule.
Among the shapes assumed in secondary structure is the o helix—a configuration similar to a winding
staircase or stretched spiral. Another kind of secondary structure is the pleated sheet arrangement, in
which side-by-side polypeptide chains are cross-linked by hydrogen bonds to form a strong but flexible
molecule that tends to resist stretching. A third type is the triple helix structure of collagen.

Superimposed on the secondary structure may be striking alterations, consisting of superfolding
or a complex twisting that yields highly intricate spheres or globules, in the three-dimensional shape
of the molecule. This constitutes the tertiary structure of a protein. Such characteristic folding is
particularly associated with proteins like myoglobin and many of the enzymes—proteins that function
as catalytic and carrier molecules. Many of these proteins are influenced in their final tertiary configur-
ation by disulfide bridges and charge interactions as well as by hydrogen bonding. The three-dimensional
configuration of a protein is also called its conformation.

Finally, some proteins are actually composed of two or more separable polypeptide chains. The
aggregation of multiple polypeptides to form a single functioning protein is called the quaternary
structure of a protein. Many of the enzymes that function in metabolism consist of as many as four to
six polypeptide subunits. Changes in the kinds or arrangements of these subunits lead to alternative
forms of the enzyme called isozymes.

EXAMPLE 3 The diversity of amino acids and their interactions have led to many different types of proteins.
Fibrous proteins (hair, silk, tendons) consist of long chains, frequently comprising repeating patterns of particular
amino acids, a feature of primary structure that is reflected in the a-helical and B-pleated sheet configurations of
the secondary structure. They are most often involved in structural roles. Globular proteins lack the regularity in
primary and secondary structure seen in fibrous proteins, but exhibit complex folding patterns that produce a
globular tertiary structure. Although they do in some instances serve structural functions, as in the case of
microtubules, they more often occur as enzymes, hormones, and other active molecules.

Environmental insults, such as from heat or an appreciable change in pH, can lead to alterations
in the secondary, tertiary, and quaternary structure of a protein. This is known as denaturation. Denatured
proteins generally lose their enzymatic activity and may demonstrate dramatic changes in physical
properties. This demonstrates the importance of conformation in the properties of a protein.

Many proteins are intimately attached to nonprotein organic or inorganic groups to form conjugated
proteins. Among such nonprotein (prosthetic) groups commonly encountered are carbohydrates (gly-
coproteins), lipids (lipoproteins), and such specialized compounds as the heme portion of hemoglobin.
These prosthetic groups may profoundly change the properties of proteins to which they are bound.

PROTEINS AS ENZYMES—ACTIVE SITE AND CONFORMATION

Proteins are important to living organisms both as basic structural units and as enzymes. Their
structural role will be considered in subsequent chapters. As enzymes, proteins serve as catalysts that
regulate the rates of the many reactions occurring in the cell and thus control the flow of molecular
traffic necessary for cell viability. Enzymes, typically characterized by the suffix -ase, facilitate many
biochemical reactions involved in cellular metabolism by lowering the activation energy of these
reactions, as shown in Fig. 3.3. The catalyzed reaction proceeds at velocities between 10°-10°-fold
greater than the velocity of the uncatalyzed reaction. Enzymes are generally complex globular proteins
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Fig. 3.3 An uncatalyzed reaction requires a higher activation energy, E,, than does a catalyzed reaction. AG
represents the amount of energy released in the chemical reaction and is the same in both catalyzed and
uncatalyzed reactions.

with a special region in the molecule known as the active site. The substance that the enzyme acts upon,
the substrate, fits into a cleft, or groove, of the active site and attaches to areas of complementary
charge found in the active site. As a result of this attachment, the substrate is stretched or otherwise
distorted and thus more readily undergoes appropriate chemical change. Essentially the union of
substrate and enzyme lowers the resistance of the substrate to alteration and promotes the reaction in
which the substrate is changed to its products.

Formerly the active site was regarded as a rigid region of adjacent amino acids within the protein
molecule, into which the substrate would fit like a key in a lock. Later investigation by Daniel Koshland
and his research group at Berkeley revealed that the three-dimensional structure of the active site is
rather flexible and its final conformation occurs as the substrate attaches to the enzyme, in much the
same way that a hand determines the final form of a glove into which it is inserted. The active site may
include nonadjacent regions of the protein molecule’s primary structure, since the ultimate folding of
the molecule may bring once-distant regions of the protein into close apposition to produce the final
enzyme-substrate complex.

ESSENTIAL AMINO ACIDS

Proteins are made up of 20 naturally occurring amino acids. The kinds and number of amino acids
vary with each protein. In many cases, an organism can convert one amino acid into another, so that
the food ingested by that organism need not consist of proteins containing every one of the 20 amino
acids. However, eight or nine of the amino acids, such as tryptophan and phenylalanine, are not
synthesized from other amino acids, particularly in animal species. These are called essential amino
acids and must be supplied from the food taken in. Many of the essential amino acids are richly
supplied in meat and dairy products but tend to be in low quantities in vegetables.

A broad variety of proteins in the diet will ensure adequate provision of all the amino acids
necessary for the manufacture of proteins. A dietary deficiency of the essential amino acids will result
in the production of faulty proteins or may even prevent the building of some proteins entirely. This
means that key enzymes and structural proteins may be nonfunctional or absent.

The body normally degrades (by deamination and oxidation) a certain amount of its own protein
into the constituent amino acids. When this loss is not countered by a compensatory intake of protein,
more nitrogen leaves the body than comes in; this results in a negative nitrogen balance. Gradually this
leads to a wasting of muscle and other vital organs and, ultimately, to death.
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3.4 STRUCTURE AND FUNCTION OF LIPIDS

Lipids are a class of organic compounds that tend to be insoluble in water or other polar solvents
but soluble in organic solvents such as toluene or ether. They consist largely of carbon, hydrogen, and
oxygen, but they may contain other elements as well.

Triglycerides and other lipids have much more energy associated with their bonding structure than
do the carbohydrates or proteins. One gram of most carbohydrates yields approximately 4.3 kcal upon
oxidation, 1 g of protein yields 4.6 kcal, while the oxidation of 1 g of triglyceride produces more than
9kcal. Fats as energy storage media also take up much less room and involve less weight than
carbohydrates do. This is because carbohydrates incorporate water during their storage, while fats do
not require water in their final storage form or in the intermediate conversions that produce storage
molecules.

Besides serving as media of energy storage, certain kinds of lipids cushion and protect the internal
organs of the body, while others, in the form of a layer of fat just below the skin in many mammals,
provide insulation against possible low environmental temperatures.

Lipids are more difficult to categorize than the carbohydrates or proteins, since there is such diversity
in the lipid group. Among the major classes of lipids functioning within living organisms are the neutral
fats (triglycerides), the phospholipids, and the steroids. Waxes are found as protective layers on the
surfaces of many plants and animals.

TRIGLYCERIDES AND PHOSPHOLIPIDS

The neutral fats, or triglycerides, are the most common and familiar of the lipids. They are
composed of three fatty acids joined to each of the three hydroxyl groups of the triple alcohol glycerol
(see Fig. 3.4). Since the union of an acid and an alcohol yields an ester, triglycerides are also known
as triesters.

H 0O
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| 0 ]
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Glycerol Long-chain fatty acids Triglyceride

Fig. 3.4

Fatty acids can be classified according to their level of saturation. Saturation refers to the amount
of hydrogen in the long carbon chains of the fatty acids found in neutral fats. If the carbon chain of
each fatty acid is holding a maximum number of H atoms, it is said to be saturated; beef and pork
contain saturated fats. However, if there are double or triple bonds between any of the carbon atoms
so that there is consequent reduction in the amount of H atoms held by those carbon atoms, the fat is
considered to be unsaturated. Unsaturated fats tend to have kinked chains, rather than the straight
chains of saturated fats, because of the multiple bonding. Should there be many such double and triple
bonds in the fatty acid chains, the fat is classified as polyunsaturated; fish and vegetables are rich in
polyunsaturated fats. If a triglyceride is solid under ordinary conditions, it is called a fat. If it is a
liquid under such conditions, it is called an oil. Both fats and oils are extremely rich sources of energy.
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Phospholipids are similar in chemical makeup to the triglycerides. The first two hydroxyl groups
of glycerol are joined in ester linkage to two fatty acids, but the third position is occupied by a phosphate
group. Most phospholipids also contain another charged group attached to the phosphate portion. A
typical phospholipid is shown in Fig. 3.5. Note the charges occurring in the phosphate portion. It is
these charges that give phospholipids their unique properties—one end is polar and soluble in water,
while the bulk of the molecule is nonpolar and insoluble in water. Phospholipids play an important
role in the cell membrane in maintaining the polar-nonpolar layering structure. Phospholipids are also
useful in the transport of lipid material within such aqueous media as blood.

H 0

| I
H—C—O0—C—R,

Nonpolar _| 0
end I

Polar end
Fig. 3.5
STEROIDS

The steroids are markedly different in structure from the neutral fats and phospholipids. They are
classified as lipids because of their insolubility in water. They consist of four interconnecting rings of
carbon atoms, three of which are six-membered rings and one of which is a five-membered ring.

EXAMPLE 4 Cholesterol is typical of the structure of a steroid (see Fig. 3.6). Although cholesterol is associated
with the advent of arteriosclerosis in humans, it is actually a vital structural component of the cell membrane and
plays a key role in the proper function of such diverse animal tissues as nerve and blood. Cholesterol is not found
in plants.

In addition to cholesterol, steroids include such fat-soluble vitamins as vitamin D; the sex hormones and the
hormones of the adrenal cortex are steroids that seem to be derived from cholesterol produced within the body,

HO
Fig. 3.6

WAXES

A wax is a lipid because of its nonpolar solubility characteristics as well as its extremely hydrophobic
(water-hating) properties. Waxes are composed of a single, highly complex alcohol joined to a long-chain
fatty acid in a typical ester linkage. Waxes are important structural lipids often found as protective
coatings on the surfaces of leaves, stems, hair, skin, etc. They provide effective barriers against water
loss and in some situations make up the rigid architecture of complex structures such as the honeycomb
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of the beehive. They serve a commercial use as well, in furniture polish, automobile coating compounds,
and floor finishes.

3.5 THE CHEMICAL BASIS OF LIVING SYSTEMS

All living organisms are composed of complex systems of organic and inorganic compounds. The

boundary between a highly complex nonliving system and the simpler emergent life forms is somewhat
arbitrary.

EXAMPLE 5 Viruses may be classified as either “living™ or “nonliving.” depending on one’s point of view. The
complexity of living systems is one necessary condition. but the ability of complex systems to grow, to reproduce
themselves, to maintain internal order, and to process information is ¢ven more crucial to the status of “living
entity.” (For an in-depth discussion of this issue. see Probs. 1.5 to 1.7.)

3.1

3.2

3.3

Solved Problems

What is the difference between the empirical and structural formulas for a monosaccharide?

An empirical formula merely sums up the number and kinds of atoms present in a molecule but does
not show the arrangement of these atoms. The empirical formula C,H,.Q, refers to many different kinds
of monosaccharides, including glucose, fructose, mannose, and galactose. The structural formula provides
an insight into the number, kinds, and arrangements of the atoms making up the molecule. Thus, glucose
may be ditferentiated from its isomer fructose by the structural formula, given either as a straight chain
or in the form of a ring (see Fig. 3.1). Monosaccharides exist in both forms.

What are the major differences among the common polysaccharides glycogen, starch, and
cellulose?

All three of these polysaccharides are composed of long, often branching chains of glucose molecules.
Both glycogen and starch are principally used as storage forms of energy and are readily broken down by
enzymes, which liberate the glucose monomers for further metabolic degradation. Cellulose is significant
as a major structural macromolecule found in the cell walls of most plants and is not easily degraded to
its constituent monosaccharides. Those organisms that can subsist on wood or grass can do so only because
of microorganisms within their digestive tracts that are capable of digesting cellulose. If humans could
develop such a symbiotic relationship with those cellulose-digesting microorganisms, the world food crisis
could be eased considerably as we could all go out and graze.

Cellulose differs from both starch and glycogen in that it forms long unbranched chains that confer
both strength and rigidity to the polymer. Further, the chemical makeup of cellulose and the nature of its
bonds tend to produce long strands that are linked at particular points to vield a strong, fibrillar structure,
much like the cables that are used on bridges to provide interlocking tensile strength. Starches contain
both straight-chain and branched units, while glycogen has considerable branching. The branching within
both starch and glycogen confers some slight solubility upon these molecules and also leads to their greater
vulnerability to enzymic degradation.

What is the composition of chitin?

Chitin is a major constituent of the exoskeleton of insects and other arthropods and is also found
among the fungi. It is a tough, water-resistant polymer consisting of long chains of a glucose derivative to
which a nitrogen-containing group has been added. Although not, strictly speaking, a polysaccharide, it
may be viewed as a modified polysaccharide. The modification consists of the substitution of

—NH
|
O=C|
CH;

for the hydroxyl (—OH) group on the second carbon atom of each glucose.
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3.6

Describe the interplay of hormones and enzymes in controlling glycogen levels.

The discovery and investigation of glycogen by Claude Bernard, an eighteenth-century French physiol-
ogist, led to a recognition of the role that antagonistic processes play in maintaining a constant internal
environment in living organisms. This concept, later called homeostasis, was key to the realization that
function, in both health and disease, involves a balance between mechanisms which tend to increase a
particular constituent in body fluids and those which tend to decrease that constituent. Glycogen levels
are controlled by the interaction of hormones and enzymes. Glycogen production is enhanced by high
levels of glucose 6-phosphate, a precursor of glycogen, which stimulates glycogen synthase while inhibiting
glycogen phosphorylase. Insulin stimulates the activation of glycogen synthase and, thus, the production
of glycogen. Opposing insulin is glucagon, which along with epinephrine promotes the degradation of
glycogen into glucose. Thus, the maintenance of an equilibrium for blood sugar is achiéved by the careful
elaboration of hormones: some promote the storage of glucose as glycogen when monosaccharide levels
are high; others induce the breakdown of glycogen when blood glucose levels fall.

The genetic information in DNA comprises a code for the primary structure of a protein. What
determines the important arrangements of secondary, tertiary, and quaternary structure for the
protein?

Once the primary structure, which constitutes the linear array of amino acids making up the protein,
is determined, the higher orders of structure are assumed automatically. These changes, involving alterations
in the three-dimensional configuration of the protein, are produced by charge interactions within the
molecule or by the coming together of hydrophobic or hydrophilic regions. In addition, the formation of
H bonds between adjacent or even initially distant regions of the protein chain contributes to the folding,
kinking, pleating, etc., involved in higher levels of structure. Particularly important in the association of
individual polypeptides making up the quaternary structure is the formation of S—S bonds from the
sulfhydryl groups ( —SH) found on single polypeptide molecules. These S—S bonds are found, for example,
as links between the two polypeptide strands of the insulin molecule.

How are proteins similar and different?

All proteins share certain common properties. They are assemblages of amino acids joined by peptide
bonds to produce long chains known as polypeptides. They all undergo modifications in the shape of these
polypeptide chains, which produce the secondary structure, and further alterations of configuration, which
produce the superfolding or complex bending of tertiary structure. A number of polypeptide chains may
be joined to produce the quaternary structure. However, beyond these commonly shared properties, proteins
may demonstrate great differences, particularly in their degree of complexity.

Fibrous proteins, insoluble proteins particularly significant as structural entities, generally exist as long
chains with regular sequences of particular amino acids. This regularity in amino acid composition imparts
a regularity in the configuration of the fibrous protein. Many of the fibrous proteins show an «-helical
secondary structure (a-keratins such as hair), while others show the pleated sheet arrangement (8-keratins
such as silk). Tertiary structure is generally simpler and more regular than in other types of proteins.
Collagen is a fibrous protein which exhibits a third type of structure, made up of three polypeptide chains
that are tightly wound around each other to form a complex helix. These chains, whose internal “'glue™ is
largely composed of H bonds, are extremely strong and contribute to the toughness of tendons and ligaments.

Globular proteins demonstrate far greater complexity than that found in the fibrous proteins, yet they
tend to be relatively soluble. They generally lack the regularity in primary structure associated with the
fibrous proteins and are highly irregular in their secondary structure. Their tertiary structure is particularly
striking, involving complex folding patterns that yield a globular conformation. The quaternary structure
involves complex interdigitation of already highly folded polypeptide chains.

Some globular proteins serve a structural role, as in the case of a- and 8-tubulin, which aggregate
to form the microtubules of the cell; however, most are involved in more dynamic physiological processes.
For example, the proteins of the blood, enzymes, and the protein hormones are all globular proteins. Many
of these proteins are conjugated; i.e., they consist of a nonprotein molecule attached to the protein moiety.
Hemoglobin is a conjugated protein in which four prosthetic heme groups are associated with the four
independent, but intertwined, globular polypeptide chains.
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Given the fact that many enzymes and blood proteins are conjugated proteins, what role might
the prosthetic groups of such proteins play in the life of the cell?

The prosthetic group of a conjugated protein is usually an organic molecule loosely or tightly bound
to the protein, but it may be a much simpler molecule or even a single atom or ion. The presence of the
prosthetic group may profoundly alter the properties of the protein to which it is attached. In the case of
metabolic enzymes, the prosthetic group may actually provide an attachment point for some of the
constituents involved in the reaction. For example, many of the enzymes involved in dehydrogenation
reactions contain a prosthetic group to which the hydrogens attach during the course of the reaction. These
prosthetic groups are also called coenzymes because of their helper role in the overall catalytic reaction.

In the terminology originally developed for enzyme reactions, the protein portion is called the
apoenzyme, while the prosthetic group and apoenzyme together are termed the holoenzyme. The apoenzyme,
as a complex protein, is sensitive to heat and does not readily diffuse across a membrane; the prosthetic
group is generally resistant to heat and does readily diffuse.

What is the likely result of a diet that lacks one or more of the essential amino acids?

Essential amino acids, by definition, cannot be produced by the body. Thus, if they are not taken in
through diet, they will be unavailable for incorporation during protein synthesis. This in most cases would
either stop production of any protein requiring a missing amino acid or yield proteins of diminished or
altered function—in both cases with dire consequences for the organism. Other amino acids might even
be excreted because of the absence of a particular amino acid.

What is the result of a diet lacking adequate protein?

A lack of suitable amounts of protein or the incompleteness of the protein ingested could lead to a
state of negative nitrogen balance, a serious condition in which more nitrogen (a measure of protein) leaves
the body than is taken in. Eventually the wasting of muscle and other vital tissues associated with protein
depletion would lead to death. Such ravaging diseases as kwashiorkor (lack of protein) and marasmus
{lack of protein and other nutrients) are the obvious signs of dietary protein deficiency in famine-bound
regions. Unfortunately, restoring adequate protein to the diet is more difficult and expensive than providing
calories from carbohydrates or even lipids.

Healthy adults are usually in nitrogen balance. Nitrogen lost through protein breakdown is replaced
by an intake of nitrogen-containing protein. During growth and in convalescence from disease, a person
may show positive nitrogen balance, more protein being taken in than lost.

Why are the steroids classified as lipids although their structures are so different from those of
neutral fats (oils) and phospholipids?

The inclusion of the steroids in the lipid group is based entirely on their solubility. They share with
other lipids a tendency to dissolve in such fat solvents as chloroform and toluene and to remain undissolved
in water. It is also true that the metabolic pathways for the degradation of fats may interact with those for
the conversion of cholesterol. Diseases that manifest themselves in the inability to handle neutral fats may
sometimes be accompanied by symptoms of poor cholesterol metabolism as well.

Since steroids are relatively soluble in lipid, steroid hormones may accumulate in fat-rich tissues such
as adipose tissue. This may pose a health problem for those who eat meat that comes from animals treated
with steroids. Such treatment is a rather common practice among farmers seeking to increase the muscle
mass of their livestock.

Saturated triglycerides tend to form fats, whereas polyunsaturated triglycerides tend to be oils.
What is a possible explanation for this fact, and what are the implications in terms of health?

Polyunsaturated chains, because they are kinked, cannot lie next to each other as well as the
straight-chain saturated fats can. This means they cannot form hydrophobic bonds as readily as saturated
fats can, and therefore they tend to be less cohesive and heat-stable. This explains why they occur more
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3.12

3.13

3.14

3.15

3.16

often as liquid oils than as solid fats. Because they tend to remain liquid, they may be less likely to solidify
in arteries. There is some evidence that diets high in saturated fat may be linked to atherosclerosis and
cardiovascular diseases—a fact that has led some nutritionists to urge that fish and vegetable sources of
protein be substituted for the red meat that makes up a significant component of the diet in affluent societies.

Solid vegetable shortenings are produced by treating plant oils with a stream of gaseous hydrogen
in the presence of metal catalysts such as platinum. How does this process work?

Under these conditions the double bonds of the unsaturated oils open, hydrogen is covalently bound
to the carbons, and a solid saturated (hydrogenated) fat is produced.

Plants have much lower levels of fats than animals do. Why is this?

Plants are generally not placed at a disadvantage in using starch as a principal energy storage
macromolecule, because of their sedentary lifestyle. In situations where efficient (and therefore lightweight)
storage of calories is advantageous in plants, triglycerides may be found. Seeds, which must store a maximum
of calories in a limited space, are often rich in fats and oils. Oil-rich seeds, such as those from the cotton
plant, are valuable commercial sources of oil.

Animals, because of their increased locomotion relative to plants, benefit from lighter-weight sources
of energy and, hence, have evolved mechanisms to produce and store higher levels of fats than plants do.
An illustration of the importance of fat storage in advanced vertebrate animal forms is their gradual
development of a special organ, the adipose tissue mass. Among fish, fat is stored in an irregular fashion
within muscle. Amphibians possess fat bodies, and reptiles have a rudimentary adipose organ. In birds
and mammals, however, a metabolically competent adipose organ exists that is not merely a storage depot
for lipid but is actively involved in the synthesis of lipid from carbohydrate. In mammals, the fat tissue is
exquisitely sensitive to a variety of hormones and may even be used diagnostically to test for the activity
of such hormones. Insulin, the major hormonal influence in the conversion of carbohydrate to fat, is
assayed by measuring its effect on the uptake of glucose by adipose tissue.

Soaps are formed by the treatment of triglycerides or fatty acids with strong bases (usually
NaOH or KOH). They are basically the salts of long-chain fatty acids, e.g.,

O
o’
\O_
Given the disparate nature of the two ends of a soap molecule, what is the mechanism that
makes soap an effective detergent?

R + Na”

The basis of soap’s action is the ready association of the nonpolar portion (the long carbon chain)
with oils, grease, and other lipids (the main constituents of dirt), which are then washed away with the
entire molecule of soap by water, which associates with soap’s charged polar end. This “*dual allegiance™
of soap to the world of oil and the world of water explains its function in the removal of dirt and contaminants.

Identify several enzymes involved in cellular metabolism and the corresponding reactants that
the enzyme acts on.

Amylase — starches: lipasc — lipids (fats); ribonucleasc — RNA: deoxyribonuclease — DNA;
phosphatase — nucleotides; lactase — lactose; sucrase — sucrose; carboxypeptidase — polypeptides:
cellulase — cellulose.

Identify several factors which influence enzyme behavior.

Enzyme behavior. which dictates the rate at which the biochemical reaction proceeds, can be
influenced by several factors, including pH, temperature, and substrate concentration.
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Supplementary Problems

Name the following organic compounds:
H o}
| 7
(a) R—C=0 (b) R—ﬁ—R (c) R—C\ (d) R—OH
o] OH

A pentose will contain how many carbon atoms?

The union of three monosaccharides to form a trisaccharide yields how many molecules of water?

In what way do glucose and dextrose differ?

Which two hexoses are found in common table sugar, a disaccharide?

Which polysaccharide is associated with animal organisms?

The great strength and resistance to hydrolysis of cellulose are due to which of its structural features?
How many amino acids exist in nature?

Which two atoms are joined in a peptide bond?

The linear order of amino acids in a protein, which constitutes its primary structure, is maintained by what
type of bonding?

The union of several polypeptide chains to form a complete protein is regarded as what level of protein
structure?

A healthy infant will be in what state of nitrogen balance?

Lecithin is an example of a(n) ?

Hormones produced in the ovary belong to which class of lipid?

The protective cuticle of a leaf is particularly rich in what substance?

Which two lipids should be reduced in the diets of people suffering from cardiovascular disease?
Which derived polysaccharide is found in the cell walls of fungi and the exoskeletons of insects?
Name two globular proteins that play a primarily structural role.

Which portion of an enzyme is resistant to boiling?

Answers
(a) Aldehyde (b) Ketone 3.23 Parallel arrangement of 3.29 Phospholipid
(c¢) Organic acid (d) Alcohol fibers and lack of branching 3.30 Steroids
Five 324 20 331 Wax
Two 3.28 Carbon and nitrogen 3.32 Saturated fats and cholesterol
None; they are the same 3.26 Covalent 3.33 Chitin
Glucose and fructose 3.27 Quaternary 3.34 - and B-turbulin

Glycogen 3.28 Positive 3.35 The prosthetic group



PART Il: Biology of the Cell

Chapter 4

The Cellular Organization of Life

4.1 THE CELL DOCTRINE

All living things are made up of cells. The cell is the unit of life. In the kingdoms Monera and
Protista the entire organism consists of a single cell. In most fungi and in the animal and plant kingdoms,
the organism is a highly complex arrangement of up to trillions of cells. The human brain alone contains
billions of cells. So vital are cells and their activities to an understanding of life that the cell doctrine
has become a central organizing principle in the field of biology. Today, the concept of the cell is taken
for granted, but this has not always been true.

Although the cell doctrine is generally credited to Matthias Schleiden (1838) and Theodor Schwann
(1839), itis actually a result of the efforts of many biologists. Highlights of its development are as follows:

e van Leeuwenhoek refines the making of lenses and microscopes (middle seventeenth to early
eighteenth centuries).

¢ Hooke publishes a paper on the cellular nature of cork {1665).

e Lamarck states that all living organisms must possess cellular tissue (1809).

e Dutrochet asserts that all living matter is made up of tiny globular cells, which increase in both
size and number (1824).

* Brown describes the nucleus (1831).

e Schleiden publishes studies of plant cells (1838).

e Schwann publishes studies of animal cells (1839).

e Virchow concludes that all cells come from preexisting cells (1858).

By the nineteenth century the celiular organization of all living material was apparent, and the
resulting cell doctrine maintained that:

1. All living things are made up of cells and the products formed by cells.
2. Cells are the units of structure and function.

In 1858, Virchow added a third statement:
3. All cells arise from preexisting cells.

By the close of the nineteenth century, cells were also recognized as the basis for understanding
disease; i.e., when people were sick, it was because their cells were sick. Until the middle of the twentieth
century, pathology (the study of disease) largely involved a cellular (cytological) approach.

4.2 CELLULAR ORGANIZATION

In the nineteenth century, the cell was described merely as having a limiting outer membrane, an
interior nucleus, and a large mass of cytoplasm surrounding the nucleus. Little, beyond its actual
existence, was known of it. However, ever sharper methods of probing the cell gradually brought its
internal structure to light. Early microscopes used thinly sliced specimens through which light could
be shone to illuminate cellular features. Improved staining methods enabled researchers to heighten
the visibility of cellular structures selectively. These methods killed the cells being studied; however,
later techniques, using the way that certain characteristics of light (such as polarization) are affected
by the density and regularity of cellular structures, achieved even greater contrast between those
structures, without killing the specimens. Vital stains were also employed to study living cells. By this
point, many subce]lular features had been studied, including the chromosomes and nucleolus of the
nucleus. With the development in the 1930s of the electron microscope, which employs electrons rather
than light, the elaborate membrane architecture of the cytoplasm was more completely resolved.
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With the elucidation of the numerous subcellular structures, it became clear that the functions of
the cell are accomplished by specialized structures comparable to the organs of the body; consequently,
these structures were called organelles. These organelles provide regional separateness, like the rooms
of a house, and permit specialization.

The arrangement of the organelles is compatible with a division of labor within the cell. Generally,
organelles develop as organized systems of membranes within the cell and may be seen as compartments
in various shapes. The form assumed by an organelle is related to its functions. This intimate association
of structure (form) and function is universal in biology and can be observed at every level—cell,
multicellular organism, and even the ecosystem.

EXAMPLE 1 Nerve cells are a particularly apt illustration of the form-function relationship. These cells maintain
a communication network throughout the body by the transmission of electrical impulses to muscles and glands
and the similar movement of electrical signals into the “switchboard™ of brain and spinal cord. The carrying of
electrical signals can be best accomplished by long thin processes that extend throughout the body. The nerve

cells consist of such long extensions of their cytoplasm, resembling the network of wires in a telephone or electrical
system.

43 CELLULAR ORGANELLES

Many cellular organelles appear to be derived from membranes, which are thin sheets of living
material within a surrounding amorphous medium. Some organelles, however, do not have a membrane
structure. These include ribosomes, microtubules and microfilaments, flagella, cilia, and centrioles. The
prokaryotes have only a limited repertoire of organelles in their cytoplasm, and these are generally
nonmembranous, such as the ribosomes. They lack cilia, centrioles, microfilaments, and microtubules.
Eukaryotes are rich in the numbers and kinds of organelles that are present, and they include both
membranous and nonmembranous types (see Fig. 4.1). In both prokaryotic and eukaryotic cells a cell
membrane (plasma membrane) is always present.

The cell membrane is the outer layer of the living cell. It controls the passage of materials into and
out of the cell. An older view of the cell membrane, the unit membrane hypothesis, describes the
membrane as an inner and outer dense protein layer surrounding a thicker but less dense phospholipid
layer. This sandwich structure was indicated by electron microscope studies of many membranes.
Channels were also seen to run through the membrane to the exterior.

More recently S. J. Singer and G. L. Nicholson have introduced the fluid mosaic model (see Fig.
4.2). Like the earlier model, it proposes a double layer of phospholipids, with their polar ends facing

ghyeoprotein glycolipid
carbohydrate O

5 3 :T_'Hydrophobic PhDSpthipid
Double layer of

phospholipid

intrinsic L
protein o .
extrinsic proteins

Fig. 4.2
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the inner and outer surfaces and the hydrophobic, nonpolar ends apposed at the center of the bilayer.
However, the fluid mosaic model better explains the dynamic nature of the membrane proteins.
According to this model, these proteins may reside on the exterior or interior face of the lipid bilayer
(extrinsic proteins) or may be located in the phospholipid matrix (intrinsic proteins), some may be
embedded in the bilayer but project through to the exterior, the interior, or both surfaces of the
membrane. The primary and tertiary structures of the proteins are compatible with their locations on
or in the membrane. Intrinsic proteins tend to have predominantly hydrophobic amino acids, and they
assume conformations that segregate any hydrophilic amino acids from the hydrophobic bilayer;
extrinsic proteins, conversely, tend to have hydrophilic residues, which can bond with the polar end
of the phospholipids and interact with the surrounding aqueous solution. According to this model,
some lateral circulation of phospholipid and protein is possible.

In many cells the outer membrane is surrounded by a rigid wall or a tough pellicle. These extraneous
structures are nonliving additions to the membrane surface that do not substantially affect the permeabil-
ity of the cell. In plants, fungi, and bacteria, this outer coat is called a cell wall and is composed,
respectively, of cellulose, chitin, or a variety of complex carbohydrate and amino acid combinations.
The cell wall provides support and may even keep the cell from bursting in hyposmotic environments.
Most animal cells contain an outer layer of short carbohydrate chains covalently bonded to the membrane
and called a glycocalyx. This covering contains receptors that bind with external substances controlling
internal cell activity. The glycocalyx also contains the antigenic glycoproteins that give cells their
immunological identities. Other external structures serve to anchor cells tightly together or may provide
intercellular spaces for transport between cells. The shells that surround and protect various vertebrate
and invertebrate eggs are another form of barrier outside the cell membrane.

The endoplasmic reticulum (ER) is a series of membranous channels that traverse the cytoplasm of
most eukaryotic cells (see Fig. 4.3). It forms a continuous network extending from the cell membrane
to the nuclear membrane. In some regions of the cell it may appear as a series of flattened disks or
sacs. In many parts of the cell the endoplasmic reticulum is associated with small dense granules lying
along the outer border of its membrane. These structures are known as ribosomes. They impart a rough
appearance to the endoplasmic reticulum, so that the ER is called the rough endoplasmic reticulum
(RER) in these regions, which are usually associated with active protein synthesis. The smooth
endoplasmic reticulum (SER) does not contain ribosomes and is associated with cellular regions which
are involved in the synthesis and transport of lipids or the detoxification of a variety of poisons.

Ribosomes Lumen

/ — A
-

Lumen
(@) Rough endoplasmic reticulum (b) Smooth endoplasmic reticulum

Fig. 4.3

Similar in their membrane structure to the ER are the organelles known as the Golgi apparatus
(Fig. 4.4a). They exist as stacks of flattened sacs, or vesicles, that are continuous with the channels of
the SER. Their major function is the storage, modification, and packing of materials produced for
secretory export, since these organelles are particularly prominent in secretory cells such as those of
the pancreas. The outer portion of the Golgi apparatus releases its secretory material within membrane-
enclosed globules (secretory vesicles) that migrate to the surface of the cell. It may also provide material
for the cell membrane. The Golgi apparatus may actually be part of a dynamic system of membranous
channels within the cell in which all elements such as the nuclear envelope, the ER, the Golgi apparatus,
and the cell membrane are connected to each other without sharp boundaries.
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Mitochondria are rounded or cigar-shaped organelles (see Fig. 4.4b) that are particularly prominent
in cells with high metabolic activity (see Chap. 5). Their name derives from their threadlike appearance
(Greek mitos, “thread’) under the light microscope. Mitochondria have a double wall: an outer smooth
membrane which forms the outer boundary and an inner membrane which is extensively folded. The
folds, or cristae, project into the interior of the organelle and have a variety of enzymes embedded in
them. These enzymes are involved in the systematic degradation of organic molecules to yield energy
for the cell. Like the chloroplasts of plants, the mitochondria contain their own DNA and ribosomes;
they replicate independently of the rest of the cell and appear to control the synthesis of their membranes.

Lysosomes are similar in shape to mitochondria but are smaller and consist of a single boundary
membrane. They contain powerful enzymes that would digest the cellular contents if they were not
contained within the impermeable lysosomal membrane. Rupture of this membrane releases these
enzymes. The lysosome plays arole in intracellular digestion and may also be important in the destruction
of certain structures during the process of development. In the metamorphosis of a frog, lysosomal
enzymes help destroy those structures of the tadpole that are no longer useful in later developmental
stages. The raw materials arising from degradation of such regions as the tail are then used in the
formation of more mature parts. Lysosomes are also involved in such autoimmune diseases as rheumatoid
arthritis.

Peroxisomes are similar to lysosomes except that the enzymes contained in these organelles are
oxidative in function. Peroxisomes are involved in the oxidative deamination of amino acids, a reaction
vital to the conversion of proteins to other kinds of compounds.

Flagella and cilia (see Fig. 4.5a) are hairlike projections anchored at one end and capable of
various movements at the other. They are encased in a membrane continuous with the cell membrane.
They play an important role in cell motility because of their coordinated beating motion.

EXAMPLE 2 A human sperm cell has an active beating flagellum at its posterior end. The energy for this flagellar
activity is derived from a mitochondria-rich midpiece, to which the flagellum is attached. The payload of the sperm
cell, the anterior nucleus, is propelled by the flagellum along the female reproductive tract, where it may eventually
fertilize an egg in the oviduct. Failure of the sperm to achieve sufficient motility may lead to inability to fertilize
the egg.

Flagella and cilia may be treated as a single kind of organelle: if the structures are few in number and
relatively long, they are called flagella; if short and numerous, they are considered cilia.
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Both flagella and cilia derive their motility from structures called microtubules. As their name
implies, these are elongated, hollow, cylindrical structures; they are assembled from two protein subunits
called a- and B-tubulin, which combine to form a unit building block for the microtubule. These unit
pairs are stacked end on end to form a long string called a protofilament. Thirteen of the protofilaments
are aligned parallel to each other in a circle like the posts of a circular fence and thus form the
microtubule (see Fig. 4.5b).

The flagella and cilia of eukaryotes contain an outer circle of nine pairs of microtubules that
surround a central core of two microtubules. A basal body, to which each flagellum or cilium is attached,
lies just under the surface of the cell. It is similar in its underlying structure to the cilium or flagellum
that extends from it except that it contains a peripheral arrangement of nine triplet microtubules with
no central dyad of microtubules (see Fig. 4.6).
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Centrioles are present as a pair of cylindrical rods in many eukaryotic cells. They lie just above
the nuclear envelope (membrane), and since their longitudinal axes are perpendicular to one another,
they form a cross. The microtubular structure of the centriole is the same as that of the basal body and
may have arisen from primitive basal bodies during cellular evolution. Centrioles probably play a role
in the formation of the spindle apparatus, which is an essential feature of both mitosis and meiosis
(see Chap. 8).
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Functions of cellular support and movement are supplied by the cell’s cytoskeleton, which comprises
three different types of protein—microtubules, microfilaments, and intermediate filaments—together
with a number of auxiliary proteins. Microtubules, in addition to being constituents of cilia and basal
bodies and the spindle apparatus, form a structural network around the periphery of many protozoans.
Microfilaments are formed from the protein actin. The actin subunit is polymerized into a long strand,
and two of these strands unite in a double helix to form the microfilament. Microfilaments radiate
throughout the cytoplasm and thus maintain cell shape. In combination with the protein myosin, they
form sliding filaments associated with muscle contraction and changes in cell shape. The intermediate
filaments, so called because their diameter is intermediate to the other two structural filaments, are
longer-lived than the other two and are found, for example, in dense meshworks that give tensile
strength to epithelial tissue sheets.

Vacuoles are discrete, clear regions within the cell that contain water and dissolved materials. The
vacuole may act as a reservoir for fluids and salts that might otherwise interfere with metabolic processes
occurring in the cytoplasm. The membrane surrounding the vacuole is called a ronoplast. Many
protozoans have a contractile vacuole, which periodically contracts and forces fluid and salts out of
the cell. The structure serves to prevent an accumulation of fluids in organisms that live in fresh water.
Vacuoles containing digestive enzymes may also be formed around ingested food particles in a variety
of cells. In the cells of many plants, a large central vacuole is a prominent feature; this vacuole may
swell, press against the rigid cell wall, and give the cell a high degree of rigidity, or turgor.

In almost all plant cells a variety of tiny membrane-enclosed sacs are found that contain pigments
or provide storage space for starch. These organelles are called plastids. Chloroplasts are included in
this group. The plastids move passively along with the cytoplasm that streams within healthy plant cells.

The nucleus is a round or oval body lying near the center of the cell. It is surrounded by a double
membrane, the nuclear membrane or envelope. These membranes coalesce in certain portions of the
nuclear envelope, and in these regions, pores (openings) may be formed that provide a route for
materials to leave the nucleus directly. Since the outer membrane of the nuclear envelope is continuous
with the endoplasmic reticulum, the pores may actually permit passage from the interior of the nucleus
to the channels of the endoplasmic reticulum.

Within the nucleus, one or more nucleoli may be seen. These are dense bodies containing the
subunits for the ribosomes, the cytoplasmic organelles involved in the synthesis of protein. The nucleolus
is involved in the assembly and synthesis of ribosomes. It is usually attached to a specific chromosome
in the nucleus. Each chromosome exists as a tiny individual rod or string throughout the life of the
cell, but in the resting (nondividing) cell the chromosomes look like a single network of thin threads.
The gene material of the cell is found in the chromosomes.

4.4 PLANT AND ANIMAL CELLS: TISSUE ORGANIZATION

Eukaryotic cells occur in all animals and plants, but there are a number of significant differences
between the cells of organisms in these two kingdoms (see Fig. 4.1a and b). Plant cells almost always
contain an extracellular cell wall, which is made up of cellulose. Animal cells do not generally possess
a cell wall. Cell walls are also found in fungi and bacteria, but they are not composed of cellulose in
these organisms. Plastids are a feature of most plant cells but are not found in the cells of animals.
Vacuoles are quite prominent in plant cells, but are far less significant in or absent from animal cells.
While animal cells invariably demonstrate a pair of centrioles lying just outside the nucleus, centrioles
are not usually found in plants. As will be discussed in Chap. 8, plants differ markedly from animals
in specific details of the process of cell division (mitosis), although the general features of this
reproductive function are similar in the two groups.

In both plants and animals, groups of similar cells are organized into loose sheets or bundles called
a tissue. Tissues carry out a specific activity. A variety of different tissues, in turn, are arranged in
discrete structures of definite shape known as organs. Organs carry out a specific function within the
organism; e.g., the kidney is an organ that removes wastes from the blood and excretes them as urine.
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A number of organs may be associated as an organ system, a complex that carries out some overall
function. Thus, stomach, mouth, intestine, etc., form the digestive system of animal organisms. The
sequence of cell - tissue — organ — organ system - organism represents a hierarchical structure
in which higher levels integrate the processes derived from lower levels.

PLANT TISSUES

One method of classification for advanced plants divides all plant tissues into meristematic tissue
and permanent (differentiated) tissue. The meristematic tissue, which is found at the growing ends of
roots and stems as well as in peripheral areas of stems, tends to have cells that are undifferentiated,
small, compact, and packed with metabolically active cytoplasm.

The permanent tissue is subdivided, in one scheme, into lining tissues, fundamental tissues, and
vascular tissues. The lining tissue is generally epidermis, a thin-walled layer of cells with prominent
vacuoles. On some epidermal layers a thick cuticle of wax is secreted that protects the plant from water
loss. In older perennial plants the surface of roots and stems consists of periderm, a tissue composed
of several layers of corky cells that are resistant to water.

Fundamental tissues are found in the interior of the plant. The most widely distributed is parenchyma,
thin-walled cells active in photosynthesis and highly diffuse in arrangement. Cells with irregular
thickening make up the collenchyma. Thick-walled cells which impart structural support for the plant
make up the sclerenchyma, a fibrous layer which can also exist as the hard part of many seed shells
and pits.

The vascular tissues of the plants are primarily xylem and phloem (see Fig. 4.7). Xylem serves as
a continuous passageway for the transport of water and dissolved solutes, primarily in an upward
direction. Two types of cells associated with xylem are vessels and tracheids. These cells are arranged
in bundles, and upon maturity they lose their living material. The cell walls then serve as tubular
containers for the transport of fluids and also provide structural support for the plant. Wood consists
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largely of xylem vessels and tracheids, many of which have become plugged so that they no longer
function in fluid transport.

Phloem functions in the transport of carbohydrates, amino acids, oligopeptides (i.e., peptides having
fewer than 10 amino acids; oligo means *few”’), and some lipids. Unlike xylem, it remains alive while
performing its transport function, although some of its cell types lose their nuclei.

These three major tissue types are restricted mainly to the higher land plants, and their hierarchical
ordering into organs and systems is not apparent.

ANIMAL TISSUES
Animal tissues are of four major types (see Fig. 4.8):

Epithelia—a covering tissue

Connective—a connecting and supporting tissue
Nerve—a conducting tissue

Muscle—a contracting tissue

P -

Epithelial tissue consists of densely packed cells that line the surfaces of the body. It often functions
as a barrier, regulating absorption of materials or offering protection from dehydration, cold, microbial
invasion, etc. Skin, for example, is made up largely of epithelial tissue; the digestive tract and the other
cavities of the body, as well as the ducts and blood vessels, are also lined with epithelial tissue. The
three cell types constituting epithelial tissue (the thin, flat squamous cells; the cuboidal cells; and the
columnar cells) usually have one end anchored in a fibrous basement membrane, while the other end
varies with function.

Connective tissue occurs in diverse forms but is characterized by the extracellular matrix in which
its cells lie. For example, bone consists primarily of an extracellular matrix, with the relatively few
bone cells residing in lacunae (hollow spaces) in the solid matrix. Other forms of connective tissue are
blood, cartilage (the tough, flexible support material of the ear, for example), and the various types of
support fibers that impart strength and, sometimes, elasticity to the body and frequently connect tissues
(for example, tendons, which attach muscle to bone).

Nervous tissue is made up of neurons (nerve cells), some of which may be over a meter long. Nerve
impulses pass from the cell body of the neuron along its axon and toward the cell body of the neuron
along one of its dendrites. Sensory neurons are often highly specialized to respond to specific stimuli
(touch, sound, smell, etc.). Motor neurons are responsible for activating muscular response and are
usually coordinated with sensory neurons through association neurons. Nervous tissue is found
throughout the body, most notably in the brain and spinal cord.

Muscle tissue is a contractile tissue comprising three distinct types: skeletal or striated muscle
produces voluntary movement; smooth muscle eflects most involuntary movement, for example, the
peristalsis of the digestive tract; and cardiac muscle forms the muscle of the heart.

The organization of tissues into organs and organ systems is readily observable in almost all animal
groups.

4.5 CELL SIZE AND ITS CONSTRAINTS

With a few exceptions, cells tend to be very small, rarely exceeding microscopic dimensions. This
is particularly true for cells with high metabolic rates. The needs of the cell for oxygen and food are
met by the passage of these substances from the exterior across the surface membrane into the interior
of the cell. However, as with all spheres, as the radius of the cell increases, the contents (volume) of
the cell increase proportionally with the cube of the radius but the surface area of the cell increases
only by the square of the radius. Therefore, the ability of the surface to pass materials across its
membrane increases by the square of the radius, but the needs of the cell grow by the cube of the
radius. A point is reached in cell size at which the surface is too small to support the metabolic needs
of a more rapidly expanding interior.
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Another factor involved in cell size is the necessity for the nucleus to maintain control over cellular
activity. As the cell increases in size, its outlying parts are farther from the central nucleus. This makes
the integration of cell function by the nucleus extremely difficult. Even the passage of materials from
one region of the cytoplasm to another takes longer in large cells and further slows the integration of
response.

4.6 MOVEMENT INTO AND OUT OF THE CELL

The property of membranes that permits movement across their surface is called permeability. The
internal environment of the cell is carefully maintained by the selective permeability of the cell
membrane. Many materials pass across the membrane in accordance with their concentration gradients.
At one time the membrane was thought to play only a passive role in the movement of solutes and
water into and out of the cell through diffusion and osmosis. We now know that a variety of mechanisms
exist within the membrane to initiate or speed up the transport process. If the movement of molecules
across the membrane is in accordance with the concentration gradient and energy is not used, then
transport is passive. If the flow is opposed to the concentration gradient, energy must be expended and
the term active transport is used.

A variety of nonlipid materials, such as Na* and K™, probably pass across the membrane through
special channels or pores. These channels may be transient or relatively permanent and are thought to
facilitate the passage of particular molecules or ions on the basis of their diameter, charge, or ability
to form weak bonds between the migrant species and some constituent of the channel. Channels that
tend to be a permanent part of the membrane may exist in an “open” or “shut” condition depending
on the state of a protein gate; these gates provide a means for altering permeability with a change in
environmental conditions.

A variety of components within the membrane function as carriers. In facilitated transport systems,
the carriers combine with small molecules or ions that are plentiful at one surface to form a complex;
this complex then moves along its concentration gradient to the other surface, where it releases the
transported molecule. In active transport systems the carrier system may be an enzyme (permease) that
undergoes conformational change when it combines with its passenger molecule and resumes its original
shape when the passenger is discharged. Unlike facilitated transport carriers, however, the complex
can move against solute concentration gradients. The enzyme ATPase has been suggested as an enzymic
carrier in the movement of Na* and K* across the membrane.

Carriers that are specific for the transport of ions are known as ionophores.

EXAMPLE 3 The antibiotic valinomycin provides an instructive example of ionophore action. This organic
molecule combines with K*, as well as Na*, to form a small circle with an interior polar region and an exterior
hydrophobic ring. This arrangement provides for an interior hold on the ion while the entire complex passes easily
across the hydrophobic region of the membrane.

Substances that are of macromolecular size generally do not penetrate the membrane. However,
large particles may get into the cell in a bulk transport phenomenon known as endocytosis. Such particles
may attach to specialized receptors on the membrane. The particle-membrane complex lengthens and
invaginates and then pinches off to form vesicles within the cytoplasm. The surface engulfment of large
structures such as bacteria by protozoans or white blood cells is a type of endocytosis known as
phagocytosis (see Fig. 4.9a). Pinocytosis is a form of endocytosis in which the particles are relatively
small; tiny indentations of the surface permit an interior migration of the particles and their surrounding
fluid, which are then collected in tiny vacuoles or vesicles at the blind end of the indentation (see Fig.
4.9b). Many of the vesicles arising in pinocytosis show a fuzzy coating at an early stage of their
formation. This coating, made up of a highly ordered array of protein, may be involved in the interaction
of the vesicles with other components of the cytoarchitecture of the cell.
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In exocytosis, materials enclosed in 2 membranous vesicle are brought to the surface membrane.

Fusion occurs with the surface membrane, and the vesicular surface bursts to release the enclosed
material to the exterior. Materials of large size which are no longer needed by the cell or even substances
which are produced by the cell to be used in other parts of the organism may regularly be extruded
by exocytosis.

4.1

4.2

Solved Problems

Describe the evolution of the celi doctrine.

Robert Hooke was the first scientist to describe cellular structure. He studied thin sections of cork
and noted its boxlike structure in a paper published in 1665. The honeycomb arrangement of these box
units reminded him of the tiny rooms of a monastery, which are called cellulae in Latin. '

Hooke could not have seen what were actually the nonliving cell walls of his cork preparation were
it not for the microscope, an instrument that uses a system of magnifying lenses to reveal the features of
objects too small to be seen by the unaided eye. As early as 300 B.C. the Greeks had used curved glass
containers filled with water to magnify nearby objects, but it was not until the seventeenth century that
Anton van Leeuwenhoek refined the grinding process to produce lenses that could be used effectively in
simple microscopes.

In 1809 Lamarck recognized that all living things show cellular structure. In 1824 Dutrochet stated
unequivocally that all living tissucs are made up of tiny globular cells. Further. he realized that growth
involved both an increase in the size of existing cells and an increase in the number of cells. In 1831, Robert
Brown described the nucleus, which is a feature of almost all eukaryotic cells. In 1838 Schleiden published
his studies of the cellular structure of plants, and Schwann relcased his parallel findings on the cellular
makeup of animal tissue the following year. Because of the clarity of their description and the vigor with
which they campaigned for acceptance of their notions, Schleiden and Schwann are gencrally credited with
formulating the cell doctrine and placing the cell in the center of investigations into the nature of life.
When Rudolph Virchow asserted in 1858 that all cells come from preexisting cells. the cell assumed the
role of a continuous living chain in time by which life was to be understood.

Trace the evolution of the microscope in the study of cell structure.

The structural components of the cell are best seen with a microscope. Early microscopes utilized light
that passed through extremecly thin sections of cellular material. These scctions were first fixed with
substances such as formaldehyde that stabilized the components of the cell. Appropriate strains were then
applied that could render visible specific organelles. The cells were, however, killed by the preparation
process. With the development of the interference and phase-contrast microscopes, living material could be
studied without the intervention of fixing and staining. These microscopes make use of the fact that light
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traveling through materials of different densities can be altered by special devices that tend to emphasize
the contrast between adjacent structures. Polarizing microscopes utilize a beam of polarized light (wave
movement in a single plane rather than in all directions) to distinguish those areas of a cell in which there
is a regular alignment of constituent parts.

Perhaps most fruitful in the study of cellular organization is the electron microscope. a device
employing a beam of electrons rather than light.

The electron microscope requires a vacuum chamber, since electron beams are dissipated by air. A
magnified image from the electron beam is visualized on a fluorcscent screen and may also be permanently
recorded on a photographic plate. The preparation of the specimen for clectron microscopy is more
tedious and requires even greater care than that for light microscopy.

The utility of an optical instrument such as the microscope can be characterized by its resolution or
resolving power. The resolving power represents a measure of the minimum distance by which two closely
spaced objects can be clearly elucidated and identified. The resolving power of a light microscope is
0.25pm. By comparison. the resolving power of the human cye is 0.2 mm. The use of electrons permits a
resolution (separation of neighboring particles) that is more than 1000 times better than that of the light
microscope. Thus, two points that arc only 0.2 nm apart can be scen distinctly with the electron
microscope.

With centrifugation, a heterogeneous solution is exposed to centrifugal force by being spun, and
its constituent parts are separated according to their relative densities. How and why would this
technique have been used in cell studies?

The first step involves the disruption and dispersal of cell preparations in a fluid to produce a
homogenate. The homogenate contains all the material of the intact cell but in a scattered arrangement.
Subsequent sequential centrifugation of the homogenate produces fractions containing specific organellar
material that can be studied and tested. At comparatively low centrifugal force, a sediment will accumulate
containing mostly nuclei, unbroken cells, and other large, dense fragments. Higher speeds of the centrifuge
will next remove mitochondria and lysomes. Extremely high speeds will then produce a pellet rich in a
complex of ribosomes and endoplasmic reticulum (microsomes). The remaining fluid of the homogenate
will contain a variety of soluble molecules and some miscellaneous low-density materials. The various
fractions obtained can be analyzed biochemically, stained for enzyme activity, or observed in the light or
electron microscope. Radioactive tracer molecules may be particularly useful in clarifying the role of many
of these fractions.

Describe the unit membrane hypothesis.

The unit membrane hypothesis of J. D. Robertson was based on electron micrographs taken of red
blood cells and the outer myelin sheath that usually surrounds the nerve fibers of all vertebrates. This
sheath is derived from the winding growth of Schwann cells around the axon. These micrographs suggested
that the membrane possessed a trilaminar (three-layer) structure, in which two electron-dense layers
surrounded a broader, less dense layer, much as two slices of bread enclose an inner layer of cheese in a
sandwich. The dense inner and outer *‘bread” layers were postulated to be protein, while the lighter interior
layer was described as a double layer of lipid. This lipid layer was believed to be largely phospholipid
with some cholesterol.

Robertson’s model of the cell membrane tended to support an earlier hypothesis of membrane structure
developed by J. F. Danielli of London in 1940. Danielli reasoned that the permeability characteristics of
red blood cells and other types of cells were consistent with a membrane containing a double layer of lipid
and surrounded by an inner and an outer protein coat. Danielli further suggested that the double layer of
lipid was oriented so that the outermost, polar ends of each phospholipid layer faced the inner or outer
protein surfaces while the innermost, nonpolar ends of each phospholipid layer lay next to one another.
The membrane was also traversed by nonlipid channels scattered randomly throughout its structure. In a
number of ways the electron micrograph interpretations of Robertson were consistent with the theoretical
model developed by Danielli; this led to the popularization of the unit membrane hypothesis as the basis
for all membrane structure within the cell.
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Describe the fluid mosaic model.

By the late 1960s evidence was accumulating that the unit membrane hypothesis was inadequate to
account for the dynamic nature of membrane proteins, although it was clearly in harmony with the known
distribution of membrane lipids. In 1972, a new hypothesis of membrane structure was developed by Singer
and Nicholson. Known as the fluid mosaic model, it views the membrane as a double layer of fluid
phospholipid into which proteins are inserted in various ways (a mosaic) rather than maintained as a
continuous layer. The proteins that are associated with the exterior or interior face of the lipid mosaic are
called extrinsic proteins. In different membranes they are highly variable and may even be absent. The
proteins found within the lipid bilayer are known as intrinsic proteins. They may be confined entirely to
the lipid bilayer, or they may project through either the interior or exterior surface. In some cases a large
intrinsic protein may extend through both surfaces. The proteins found within the lipid matrix tend to be
rich in hydrophobic amino acids, which permit a maximum amount of interaction between these proteins
and the surrounding medium; the extrinsic proteins, on the other hand, tend to be rich in hydrophilic
groups, which promote interaction with the surrounding water and the ions it may contain. In many cases,
single proteins associated with the membrane twist and fold so that their hydrophobic portions remain
embedded in the lipid matrix, while their charged, or hydrophilic, regions tend to project past the surface
into the surrounding aqueous medium.

Separate proteins in the membrane may interact with one another to form a complex unit such as a
channel or pore. The linking of proteins within the membrane may also provide some measure of stability
for the protein arrangement, a necessary condition to assure the functional continuity of the membrane.
The fluid phospholipid layer is relatively free to move in a direction parallel to the plane of the membrane
itself, since the lipid molecules are generally held together by weak forces rather than by covalent bonding.
However, both cholesterol and intrinsic proteins may inhibit such movement within the membrane and
impose a modest degree of rigidity.

Although recent studies with the electron microscope tend to confirm the predictions of the fluid
mosaic model, the unit membrane hypothesis has been of great value in guiding membrane studies and
should not be viewed as a false step in our gradually increasing understanding of membrane structure.
The fluid mosaic model itself may well be supplanted by a more useful concept in the future.

Are plasma membranes the outer boundaries of all cells?

No, in many cells the plasma membrane is encased within an extraneous coat of nonliving matenal
that usually confers some rigidity on the cell it surrounds. Although not affecting permeability, this rigid
coat affords considerable protection to the underlying cell, especially in dilute solutions in which the cell
might take in water and tend to swell. The coat is known as a cell wall in plant cells, fungi, and bacteria.
This wall is composed of cellulose (see Chap. 3) in all plant cells. Cellulose is the major component of
wood and certain other commercially useful plant products. In fungi, the walls are composed of chitin, a
complex carbohydrate rich in amino-containing sugars. Bacterial cell walls consist of complex carbohydrates
and linked short peptides, but there is considerable variation in the chemical makeup of these mixed polysac-
charide and amino acid chains in different bacterial strains.

In most animal cells there may be a layer of carbohydrate lying outside the plasma membrane, but
this is not a separable coat. It is called a glycocalyx and exists in intimate association with the membrane.
The carbohydrates themselves are generally short chains but are covalently bound to the lipids or proteins
of the membrane to produce a thin, furlike cover for the cell. The glycocalyx contains receptors for a
variety of substances with which the cell may interact. The blood types of humans are based on the antigenic
properties of the glycocalyx of the red blood cell. The sites on many cells that signal “*self" or “foreigner™
to the immune system of host organisms occur within the glycocalyx as well. Thus, in dealing with the
possibility of whether a transplanted tissue or organ will be rejected, a major focus is on the glycoproteins
formed within the glycocalyx. Collectively, the chief set of such glycoproteins is known as the major
histocompatibility antigens, and these antigens are coded for by a group of genes known as the major
histocompatibility complex (MHC).

In many cells, special structures are formed that anchor the cells firmly together. These structures,
particularly associated with epithelial tissue, include tight junctions, in which there is virtually no intercellular
space, and desmosomes, in which a highly layered, narrow space can be discerned. Such structures may
also play a role in the transport of materials from one cell to another. Animal cells involved in absorption,
such as the cells that line the intestine, often have filaments extending out from the plasma membrane.
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These filaments, which are rich in carbohydrates, are known as microvilli. They increase the absorptive
surface of the cell and may also contain enzymes that function in digestion.

Another type of extracellular coat is formed by the layers of polysaccharide that surround the eggs
of many vertebrate and invertebrate species. These coats, usually added to the egg proper as it passes along
the reproductive tract before hatching, must be penetrated by the sperm at the time of fertilization. The
enzymes associated with the acrosome found in the head of most sperm cells aid in carrying out this task.
Among many protista a highly elastic pellicle overlies the plasma membrane, but the function of this
structure is not completely clear. In Euglena it consists of flexible protein strips.

A continuous system of membranous channels is believed to connect the nucleus with the cell
membrane. Describe the organelles prominent in this system.

Keith Porter first described a membranous network extending throughout the cytoplasm in 1945, He
called this organelle the endoplasmic reticulum (ER). These membranes, now recognized as a universal
feature of all eukaryotic cells, can be seen in electron micrographs as tiny canals, flattened sacs, or parallel
tubules within the cytoplasm. The channels of the ER are fluid-filled spaces segregated from the cvrosol, or
fluid lying outside the ER.

Attached to the outer surface of some sections of the ER are tiny granules called ribosomes. These
ribosomes are concerned with the synthesis of proteins. The ER that is partnered with ribosomes assumes
a rough appearance and is called the rough endoplasmic reticulum (RER). The ER that is free of ribosomes
has a smooth appearance and is called the smooth endoplasmic reticulum (SER).

Closely associated with the SER are the membrane-lined, parallel sacs of the Golgi apparatus. The
Golgi apparatus is similar in structure to the SER, but it tends to be limited to particular regions of the
cell. Although first described by Camillo Golgi in 1898, this organelle was long shrouded in controversy
about whether it was real or artifact. With the application of electron microscopy the reality of this organelle
of localized, flattened stacks of sacs was clearly established. It was also shown that the Golgi is closely
associated with the secretory process in many cells.

Describe the interrelationship of function among the organelles of this membranous network.

The functional relationship of these interconnecting organelles has been fairly clearly established.
Ribosomes found free in the cytosol are apparently involved in the synthesis of proteins that are destined
to function within the cytosol, especially enzymes that are not membrane-bound. On the other hand,
proteins produced either for export outside the cell or for incorporation into membrane organelles of the
cell are found within the RER. Signals probably exist that direct the newly synthesized protein from the
ribosomes (attached to the outside of the RER) through tiny channels in the RER wall into the fluid matrix
of the RER sacs. The protein is then moved through the RER into the smooth ER and thence into the
Golgi apparatus, which abuts the SER. Some modification of the transported protein may occur within
the RER and SER, but it is in the Golgi apparatus that the major modification of the protein occurs. For
example, protein may be conjugated with other molecules, or molecules may be readied for export by
packaging them in membrane-enclosed secretory vesicles. These secretory vesicles may coalesce with the
cell surface through exocytosis, which extrudes the secretory product and also adds new membrane to the
plasma membrane of the cell. '

The constituents of all these organelles are in a continuous state of movement and exchange. The
outer layer of the double membrane surrounding the nucleus is continuous with the membrane lattice of
the endoplasmic reticulum, so that a continuous pathway from the interior of the nucleus through the
cytoplasm and on to the exterior of the cell is present. These membrane channels not only provide a unique
transport system within the cell but also extend the surface area along which key enzymes may influence
the chemical makeup of molecules passing through the network.

Compare lysosomes and peroxisomes.

Lysosomes have been well known since they were described by Christian de Duve in the early 1950s.
They are small, usually oval organelles that contain powerful digestive enzymes in an acidic environment.
The membrane surrounding the organelle is single and functions to maintain a high degree of internal
acidity. The potentially destructive enzymes of the lysosome are probably synthesized by ribosomes, which
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then pass the enzymes through the endoplasmic reticulum to the Golgi apparatus. The lysosomes appear
to bud off the Golgi apparatus in some cells. Lysosomes play a role in cellular digestion. They may fuse
with other bodies within the cell to effect the digestion of a variety of materials. In phagocytosing white
cells, such as the mammalian neutrophil, lysosomes bring about the breakdown of bacteria and other
foreign material engulfed by the cell. Lysosomes are also involved in the destruction of cells that have
been injured or are no longer viable. During the development of the frog, the long tail, which is a feature
of the tadpole, is resorbed through the action of lysosomes and its molecules used for newly emergent
structures. In the thyroid gland, the lysosomes act on thyrogiobulin to produce the actual active hormone
thyroxin. As might be expected, the degradative enzymes of lysosomes work best at low (acid) pH.

Peroxisomes, originally called microbodies, are small organelles bounded by a single membrane and
usually contain a fine granular matrix. In plants they play a significant role in photorespiration (see Chap.
6). Those peroxisomes that participate in the metabolic cycle involving the formation of glyoxylate have
been termed glyoxysomes. All of the peroxisomes thus far studied contain enzymes for oxidizing materials,
in contrast to the hydrolytic (digestive) enzymes of the lysosomes. Generally, hydrogen peroxide (H,O,)
is producéd during these oxidations, but the enzyme catalase quickly decomposes the H,O, to prevent a
harmful buildup of peroxides. The precise steps by which peroxisomes are assembled are not completely
clear, but they appear to be closely associated with the endoplasmic reticulum.

The bundle of microtubules of the cilium (or flagellum) is called an axoneme. Compare the
axoneme with the pattern of microtubules found in basal bodies and centrioles.

In cross section, the cilium is bounded by a membrane (extended from the cell membrane) and within
its cytoplasmic matrix are nine pairs of fused microtubules arranged along the periphery and two separate
microtubules lying in the center. This 9 + 2’ arrangement appears to be a universal feature of cilia and
flagella. The ciliary beat appears to arise from within the cilium itself and probably involves a sliding of
ciliary tubules.

The basal body (granule) into which the cilium is anchored presents a slightly different cross-sectional
structure. Here nine triplet tubules are peripherally distributed, and there are no central microtubules. In
each triplet of microtubules the central microtubule is complete, but the inner lining of the adjacent
microtubules is shared with the central microtubule. The cilium (or flagellum) that arises from the basal
body is continuous with the elements of that structure. However, the doublets in the cilium are formed as
extensions of two of the three microtubules of the basal body triplets. The basal body seems to control the
development of the microtubular structure of the cilium. However, the two central single tubules of the
axoneme may arise from the tip of the cilium, since no central counterpart of microtubules exists within
the basal granule.

The centrioles, which lie just above the nuclear membrane in most animal ceils, have the same
microtubular structure (9 + 0) as the basal body. Evidence exists that these two structures are interchange-
able. In some sperm cells, structures that begin as centrioles migrate to the periphery and assume a basal
body role. The centrioles generally occur in pairs oriented at right angles to one another. They are usually
embedded in a region of the cytoplasm known as the centrosome, a zone rich in radiating microtubules.

The actin monomer can add monomers (grow) at one end faster than at the other end. At the
slower end, monomers also tend to dissociate (break off) more readily. How might this be useful
in cell movement?

Given proper physiological conditions, a state can be reached in which new monomers are being
added at one end at the same rate as monomers at the other end are being lost. This assembly-disassembly
phenomenon is called treadmilling and can produce lateral movement in the direction of the growing end,
rather like the progress of a tank tread. Among the factors that are probably involved in the regulation
of the assembly-disassembly process are levels of Ca’", availability of cyclic AMP or other cyclic
nucleotides, phosphorylation of proteins, and concentration of the actin monomer.

The endosymbiotic hypothesis, advanced most cogently by Lynn Margulis of Boston University,
states that certain organelles of the eukaryotic cell arose as prokaryotic invaders of eukaryotic
precursors. What organelles would you guess are included in this hypothesis?
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Mitochondria, chloroplasts, and even basal bodies demonstrate characteristics that are entirely con-
sistent with this view. Both mitochondria and chloroplasts, for example, contain their own DNA, as well
as their own ribosomes. They replicate independently of the rest of the cell and appear to control the
synthesis of their membranes. Further, the characteristics of the DNA and ribosomes of these organelles
are very similar to those of present-day prokaryotes. The existence of many one-celled organisms that
contain smaller photosynthetic prokaryotes within their cytoplasm also supports the theory. However, some
mitochondrial enzymes are coded for by the genetic information of nuclear chromosomes, so that the
independence of the mitochondrial organelle is limited. Nevertheless, there seems to be a consensus favoring
the endosymbiotic hypothesis for the origin of certain organelles.

Why is the nucleus centrally positioned in most eukaryotic cells?

The nucleus is the chief organelle involved in cellular reproduction. During the life of the cell, the
nucleus also directs the metabolic activity of the cell and helps shape the cell into its final form. Instructions
for the synthesis of key proteins continuously pass from the nucleus to the cytoplasm, particularly through
the channels of the endoplasmic reticulum. Even the basic material of the protein-synthesizing ribosomes
are synthesized within the nucleolus of the nucleus, stored, and then passed to the ribosomes.

These key functions of the nucleus suggest that it should receive a maximum degree of protection. A
position deep within the interior of the cell provides such protection. Those cells that developed this
arrangement presumably were better adapted and tended to survive.

Why are plant tissues so much harder to classify than animal tissues?

Tissues are groups of similar cells that carry out a particular activity. Animal tissues each show a
marked distinctiveness; however, boundaries between tissue types in plants tend to blur, and one type may
change to another in the course of development. Also, structural features, so distinct in animal cells, are
very indefinite among plant cells.

How does connective tissue differ from the three other tissue types in animal organisms?

Muscle, nerve, and epithelial tissue are all characterized by the properties of the cells they contain.
The various types of muscle tissue show contractility because of the contractile properties of skeletal,
smooth, and cardiac muscle tissue cells. The lining properties afforded by the various types of epithelial
tissue are likewise derived from the closely apposed and densely packed layer of epithelial cells. Nerve
cells, with their long axonal processes and often branching dendrites, provide the basis for the conduction
properties of the tissue.

In connective tissue an entirely different situation obtains. The properties of the tissue are a function
of the extracellular material produced by the cells rather than of the cells per se. The variation in connective
tissue types far exceeds that found in each of the other tissue classes.

If we examine these variant connective tissue types, the significance of the extracellular component
becomes clear. Vascular tissue is derived from and contains cells, but the bulk of it consists of extracellular
fluid such as plasma and lymph. In yellow elastic tissue the elastic fibers that are responsible for tissue
elasticity lie outside the cells. Most striking are the properties of cartilage and bone. In the latter case, a
network of bone cells is moored within a matrix of hard, calcareous material that is laid down by the
bone cells. Even in fat cells, a large oil globule, carried within a thin rim of cytoplasm, could be viewed
as nonliving material lying outside the living portion of the cell.

How does the organ level of organization differ in plants and animals?

The organ level of organization is much less definite in plants than it is in animals. At most, we might
distinguish roots, stems, leaves, and reproductive structures. Clear-cut functions, the distinguishing features
of organs, can be assigned to each of these structures. Roors are involved in anchoring the plant and
procuring water and minerals. The shoot or stem supports the entire plant, while the leaves are primarily
organs for food procurement. Flowers or other reproductive structures are involved in producing progeny
for the next generation.
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In animals, organ development is far more complex and defined. Organs are parts of organ systems
where total functions are carried out. Thus, excretion is handled by the kidneys, ureters, bladder, and
urethra. The nervous system consists of the brain, spinal cord, and peripheral nerve network. Associated
with the complexity and discreteness of the organ systems of animals is a far greater range of functions
and activities than is found in plants.

What challenges face a cell that undergoes a great increase in size?

The cell must exchange materials with the environment across the surface membrane. An increase in
size will result in a relatively greater increase in volume and mass than in surface area, so that the cell will
lose effective exchange capacity. This will impose restrictions on the amount of food and oxygen that can
move across the membrane to service the metabolic needs of the increased living mass in the interior.
Waste materials, produced in greater abundance, will be excreted with greater difficulty.

The distribution of materials by diffusion will also take longer as the cell grows larger. Many portions
of the cell may well suffer deprivation of vital fuel materials or other essential molecules as a result of
enlargement.

Nuclear control of the activities of cytoplasmic structures depends on chemical communication between
the nucleus and cytoplasm. In an enlarged cell the efficiency of such communication will be inhibited by
the increase in distance involved.

Lipids, small molecules, and uncharged particles pass into and out of the cell with relative ease.
What characteristics of the cell membrane can be inferred from these observations?

Permeability exists in all membranes and is a function of the structure of the membrane. The tendency
of lipid-soluble materials to move readily across most membranes is thought to be owing to the large
amount of lipid found in the membrane. Similarly, the greater ease with which smaller molecules enter
the cell compared with larger molecules of the same general type suggests that there are tiny openings or
channels in the membrane that confer the properties of a sieve on the outer cell boundary. Membranes
usually have a positive charge on their outer surface, and this may explain why uncharged particles can
enter the cell more readily than charged particles, which tend to interact with the charged field of the
membrane.

List six ways in which substances are transported into a cell.

(1) Osmosis, (2) diffusion through pores, (3) facilitated transport, (4) active transport, (5) endocytosis,
(6) pinocytosis.

Supplementary Problems

According to the cell doctrine, all cells arise from (a) inorganic material. (b) organic material.
(c) preexisting cells. (d) petri dish cultures.

Cells were named by (a) Dutrochet. (b) Schleiden. (c¢) Schwann. (d) Hooke.
A true nucleus is absent in cells of kingdom

The rough endoplasmic reticulum (RER) differs from the smooth endoplasmic reticulum (SER) in its
association with

A double membrane encloses which two organelles?
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A reservoir and possible regulation center for fluid and electrolytes is provided by the
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is a plastid containing chlorophyll.

Cellular digestion is associated with which organelle?

Oxidations may occur in both mitochondria and peroxisomes.
(a) True (b) False

Meristematic tissues are unspecialized.

(a) True (b) False

The sliding filament hypothesis explains the conduction of nerve impulses.
(a) True (b) False

The surfage of a sphere is proportional to r?, while the volume of a sphere is proportional to r.
(a) True (b) False

Semipermeable membranes are involved in osmotic phenomena.
(a) True (b) False

Membranes usually have a negative charge on their outer surface.
(a) True (b) False

Robertson is best known for the fluid mosaic model of membrane structure.
(a) True (b) False

4.20
4.21
4.22
4.23
4.4

(c)

(d)

Monera

Ribosomes

Nucleus and mitochondria

Answers

428
4.26
427
4.28
4.29

Vacuole or contractile vacuole
Chloroplast

Lysosome

(a)

(a)

4.30
4.31
4.32
4.33
4.34

(b)
(a)
(a)
(b)
(b)



Chapter 5

Energy Transformations

5.1 ENERGY AND LIFE

The highly complex organization of living systems requires a constant infusion of ordered energy
for development and maintenance. The source of this energy is the sun—a giant hydrogen bomb. Green
plants, the initial trappers of the sun’s energy, convert solar radiant energy into chemical energy that
is stored in the bonds of organic substances such as glucose. This energy moves through the living
world as green plants are eaten by herbivorous animals, which in turn are eaten by carnivorous predators,
in a progression of dining relationships known as a food chain or web. Each organism in the chain
transforms the energy contained in its meal and creates a store of chemical energy that undergoes
continuous transformations at the cellular and subcellular levels. Because transformations increase the
disorder (entropy) of the energy, some of the energy’s capacity to perform useful work is lost from the
organism’s system in each conversion and must be replaced by new supplies of ordered energy. Thus
each link in the food chain passes on less energy than it received from the preceding link.

Metabolism encompasses those processes by which organisms both extract energy from the chemical
bonds of foods and synthesize important compounds. The general nature of metabolism was suggested
by Antoine Lavoisier’s recognition in the eighteenth century of a basic similarity between combustion
in nonliving materials and respiration in animals. The chemistry of metabolism, however, can be
understood only against a backdrop of thermodynamics.

5.2 THERMODYNAMICS

As we saw in Chap. 2, the first law of thermodynamics dictates that the total energy of the products
of a reaction will be equal to the total energy of the entering substances (reactants). However, the
second law indicates that the potential (useful) energy of the products will be less than the potential
energy of the reactants, i.e., energy tends to be degraded. In nature, this usually means that the
randomness (entropy) of any system will tend to increase. Therefore, the reactions that are spontaneous
may be viewed as downhill events in which entropy (disorder) increases and energy is released. These
reactions are classified as exergenic. In contrast, endergonic reactions are uphill reactions in which the
randomness of the system decreases. Endergonic reactions can occur only with the input of free energy
from an outside source, thus increasing the disorder within that source. Thus the many endergonic
reactions occurring in living organisms, which create highly ordered systems, must *“pay” for this order
by promoting exergonic reactions as well, such as the catabolism (breakdown) of glucose molecules.

The relationship between free energy and entropy is expressed by

AG = AH - TAS

where A stands for “‘change (in),” G is free energy, H is heat, T is the absolute temperature, and §
is the entropy (randomness, disorder).

Confusion sometimes occurs between the terms exergonic and exothermic. Exergonic refers to the
release of free energy (AG is negative), while exothermic refers to the release of heat (AH is negative).
Exothermic reactions are generally, but not always, exergonic. A few endothermic (heat-absorbing)
reactions, such as the evaporation of water, are also exergonic, in spite of a positive AH value. This
is because the change in structure from the liquid form to the more amorphous gas produces a sufficiently
great increase in entropy to offset the heat absorption, and thus results in a negative value for AG.

EXAMPLE 1 Why is the free-energy change of the combustion of glucose greater than the change in the heat
content of the system?

60
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The total free energy available for useful work is determined by the equation
AG = AH - TAS

The change in heat content AH has been determined by calorimetry to be —673 Cal (kcal) per mole of glucose.
Under standard conditions the T AS term is 13 Cal. Then
AG = AH - TAS
—673 Cal — 13 Cal
—686 Cal

The change in free energy is determined by both the change in heat and the change in entropy. Note that the
change in entropy is subtracted from the change in heat. In this reaction, therefore, the change in entropy augments
the release of heat.

5.3 CELL METABOLISM

Life essentially involves order and organization in a universe that appears to be governed by a
tendency to disorder. The reactions that characterize metabolism maintain order by supplying energy
and raw materials for the struggle against disorder.

Cellular combustion of fuels such as carbohydrates, fats, and even proteins releases the potential
energy stored in these molecules by disrupting their chemical bonds. The energy released is stored in
ATP molecules, which are in turn broken down by the cell and the released energy used for such
activities as movement, reproduction, and synthesis. Since the release of a great amount of energy at
one time would harm the cell, the breakdown of fuel molecules is controlled and occurs in a series of
coordinated steps known as a metabolic pathway.

ANAEROBIC PATHWAYS

The first stage in the breakdown of a typical cellular fuel such as glucose involves a metabolic
pathway called glycolysis (also called the Embden-Meyerhof pathway, in honor of its discoverers).
Interestingly enough, glycolysis does not involve the intervention of molecular oxygen. It is therefore
an anaerobic process and probably served the needs of cells long before the earth’s atmosphere contained
molecular oxygen.

Glycolysis and fermentation refer to essentially the same process, although their end products difer.
The former is usually applied to animal cells, while the latter is used for the reaction in bacteria and
yeast. Although glycolysis involves the breakdown of glucose or related carbohydrates to pyruvic acid,
it should be borne in mind that other foodstuffs may **plug in" to the process at a variety of key places.
The details of glycolysis are shown in Fig. 5.1.

Four major events which characterize glycolysis are:

Preliminary phosphorylation—uses up two ATP molecules

Splitting of the molecule

Oxidation and formation of a high-energy phosphate bond—produces NADH and ATP
Molecular rearrangement to form a high-energy phosphate bond—produces another ATP

el

1. Preliminary phosphorylation: The initial step of glycolysis involves a breakdown of ATP to the
less energetic ADP molecule during the formation of glucose 6-phosphate. This may be viewed as
an investment of ATP by the cell to yield a greater return of ATP at a later stage. Another investment
of ATP occurs in the formation of fructose 1,6-diphosphate.

2. Splitting of the molecule: The doubly phosphorylated hexose (i.e., fructose 1,6-diphosphate) is
cleaved and two trioses are formed: phosphoglyceraldehyde (PGAL) and dihydroxyacetone phos-
phate (DHAP). Note that DHAP may be converted to PGAL, so that the products of the ensuing
reactions are doubled.
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Fig. 8.1 Glycolysis

3. Oxidation and formation of a high-energy phosphate bond: The PGAL then undergoes oxidation
(accomplished without molecular oxygen) to 1,3-diphosphoglyceric acid* and in the process
accomplishes two important changes: (1) a pair of electrons and hydrogen ions are passed to the
coenzyme NAD" to form the more highly energetic NADH and (2) inorganic phosphate (P,) is
picked up from the cytoplasm to form a second phosphate bond that will produce an ATP for the
cell in the next reaction.

4. Molecular rearrangement to form a high-energy phosphate bond: From the internal molecular
rearrangements that follow, another molecule of ATP is generated. The end product is pyruvic acid.

*In many texts, the term glycerate is used rather than glyceric acid, since under cellular conditions, the free acid is more likely
to exist as the salt.
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Under anaerobic conditions, pyruvic acid generally reacts with hydrogen to form either ethyl alcohol
(most plants and bacteria) or lactic acid (animals and some bacteria). (This reduction of pyruvic acid
is essential so that the NAD™ necessary in the glycolytic conversion of PGAL to 1,3-diphosphoglyceric
acid is regenerated. Without it, glycolysis would stop.) However, glycolysis proper ends with the
formation of pyruvic acid.

Because each starting glucose yields two trioses at the aldolase step of glycolysis, proper bookkeeping
dictates a net product of two pyruvic acids and therefore a return of four ATPs to the cell. Since the
cell used up two ATPs in the process, the actual energetic yield of glycolysis is two ATPs. In some
situations the DHAP formed upon cleavage of the hexose is used to synthesize fat rather than to provide
PGAL for further ATP production, so that the pathway does not always yield the same net output of
ATP.

Although many of the enzymatic steps of this pathway are reversible, some key reactions, such as
the formation of ketopyruvic acid from enolpyruvic acid, are not. Therefore, other routes are utilized
within the cell to shunt (bypass) the irreversible steps when it is necessary to move toward the formation
of glucose from metabolites such as lactic acid or the various amino acids. These alternative routes
collectively constitute the gluconeogenic pathway (see Prob. 5.28).

AEROBIC PATHWAYS—THE KREBS CYCLE

With the formation of molecular oxygen in the atmosphere billions of years ago, it became possible
to degrade fuels still further to tap the enormous energy stored within their bonds. In these pathways,
oxygen serves as the final electron acceptor in cellular oxidations.

The Krebs cycle is the major aerobic pathway for oxidative degradation of the products of glycolysis.
It is also known as the tricarboxylic acid (TCA) cycle because of the involvement in the pathway of
organic acids with three carboxyl groups. The Krebs cycle components are found within the
mitochondria.

The Krebs cycle may be summarized as follows (see Fig. 5.2):

Formation of a 6-carbon molecule by combining a 4-carbon and a 2-carbon molecule
Oxidation of the 6-carbon molecule to form a 5-carbon molecule
Oxidation of the 5-carbon molecule to form a 4-carbon molecule
Molecular rearrangement to form the starting 4-carbon molecule

_a.uu.—

Before entering the Krebs cycle, pyruvic acid (the end product of glycolysis) is degraded to
acetaldehyde (a 2-carbon molecule), with the loss of CO,. The acetaldehyde is then oxidized to acetic
acid and attached to coenzyme A (CoA), with NAD" being reduced to NADH in the process. The
acetyl-CoA then enters the Krebs cycle.

1. Formation of a 6-carbon molecule: Acetyl-CoA is highly reactive, and the 2-carbon acetyl group
combines with the 4-carbon molecule, oxaloacetic acid, to form citric acid, a 6-carbon compound.

2. Oxidation of the 6-carbon molecule: Citric acid is oxidized, with loss of CO,, to a 5-carbon
substance, a-ketoglutaric acid.

3. Oxidation of the 5-carbon molecule: «a-Ketoglutaric acid is oxidized, with loss of CO,, to a 4-carbon
molecule, succinic acid.

4. Molecular rearrangement and oxidation: In the subsequent reactions, oxaloacetic acid is regener-
ated, and the cycle begins anew with another acetyl-CoA produced from pyruvic acid.

For each pyruvic acid entering the cycle, three molecules of CO, are generated. The reduced
coenzymes produced within the cycle, as well as the ATP eventually generated from the GTP (guanosine
triphosphate) formed in the transformation of succinyl-CoA, result in a net production of 36 molecules
of ATP for each glucose molecule entering glycolysis and proceeding through the Krebs cycle and the
electron-transport chain (see next section). Many texts give 38 molecules of ATP as the total yield,
they do not include in their count the loss of ATP encountered when the NADH produced during
glycolysis is brought across the mitochondrial membrane (see Prob. 5.26).
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Fig. 5.2 Krebs cycle

EXAMPLE 2 As can be seen from Figs. 5.1 and 5.2, P, is involved in some reactions. Of what significance is P,
in these metabolic pathways?

P, denotes inorganic phosphate in ionized form in the cytoplasm. Its incorporation in these reactions constitutes
substrate-level phosphorylation. This process involves the direct production of ATP from inorganic phosphate in
association with several reactions in either glycolysis or the Krebs cycle. The formation of ATP during the conversion
of phosphoenolpyruvic acid to pyruvic acid is an example.

AEROBIC PATHWAYS—ELECTRON-TRANSPORT CHAIN AND OXIDATIVE PHOSPHORYLATION

The electron-transport chain (ETC) represents a series of respiratory pigments of the mitochondrion
that function as a “‘bucket brigade” for the passage of electrons from reduced coenzymes (NADH,
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FADH,) to oxygen (see Fig. 5.3). Since electrons associated with the reduced coenzymes are at a
comparatively high energy level, whereas their union with oxygen constitutes a markedly lower energy
level, the passage of electrons down the ETC results in the release of energy. The energy released is
used to form ATP: two ATP molecules are produced when FADH, is the electron donor, and three
ATP molecules are produced when the more highly energetic NADH contributes its electrons.

FADH,

O|®
© © © © ©

Substrate -+ NAD Fp CoQ » cyth OVl (| et CYL €

® D) ® @ o

ATP ~ ATP

H.0

Fig. 5.3 Electron-transport chain

Electron transport may be envisioned as a functional spoke radiating from each oxidative step of
the Krebs cycle. The stepwise passage of the electrons and their accompanying hydrogen ions (protons)
permits efficient formation of ATP from the energy released. The pigments (cytochromes) of the ETC
are embedded in the cristae of the mitochondria; this ensures ready access of the reduced coenzymes
produced in the Krebs cycle to the ETC.

The redox (oxidation-reduction) reactions occurring during electron transport couple oxidation
with phosphorylation and are known as oxidative phosphorylation. The localization of oxidative phos-
phorylation in the mitochondrion has earned that organelle the title of *‘powerhouse of the cell.”” The
efficiency of that powerhouse is considerably enhanced by the precision of the repetitive arrangement
of the pigments of the ETC within the inner membrane of the mitochondrion. Each electron-transport
unit is considered to act as an independent respiratory assembly. Most of the enzymes of the Krebs
cycle, on the other hand, are found loosely dissolved within the matrix of the mitochondrion. The fixed
spatial arrangement of the ETC may also account for the creation of a *“'proton potential”” across the
inner membrane in the chemiosmotic theory of oxidative phosphorylation.

There are currently three major theories about how the energy of the transported electrons is
transferred to form ATP:

1. Chemical model: The phosphorylation of ADP to ATP is accomplished enzymatically (much like
glycolytic phosphorylation) and is coupled to the oxidation of the electron carriers.

2.  Chemiosmotic model: The electron flow along the ETC pumps protons across the mitochondrial
membrane, against a proton gradient. As the protons ““fall” back to their original position, the
energy released is used by a membrane-bound protein to phosphorylate ADP to ATP (see Fig. 5.4a).
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3. Conformational model: The energy released by the flow of electrons changes the conformation of
the large molecules residing in the mitochondrion. The return of these molecules to their original
shape releases sufficient energy for phosphorylation to occur (see Fig. 5.4b).
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Fig. 5.4

BIOSYNTHESIS

The degradative pathways described above also play a role in the synthesis of vital cellular molecules,
For example, the glycolytic process can be reversed (with special enzymatic steps to overcome the
irreversible reactions) to form glucose from small molecules. Polysaccharides may also be produced
from such metabolites as giucose 6-phosphate through the action of such enzymes as glycogen synthetase.

The synthesis of neutral fats requires a-glycerophosphate, which is supplied by glycolysis or by
phosphorylation of glycerol. The fatty acids of such lipids may be enzymatically chopped into 2-carbon
fragments (acetyl-CoA) and enter the Krebs cycle for further degradation. However, acetyl-CoA
molecules may also be utilized to synthesize long-chain fatty acids by a special cluster of enzymes and
ancillary molecules lying outside the mitochondria. This synthesis requires, among other factors,
appreciable amounts of NADPH. This reduced coenzyme is supplied by several oxidative reactions,
chief among them being a pathway called the pentose shunt, which involves the direct oxidation of
glucose 6-phosphate in association with NADP". Reduced NADP' is required for many reductive
syntheses, e.g., the formation of steroids, production of milk in the mammary gland, and photosynthesis.
As can be seen, a vital link exists between catabolism and anabolism within the cell.

Amino acids and proteins may also participate in the metabolic mill. The amino groups can be
stripped from their basic carbon skeletons (deamination) and attached to different ones. Such metabolites
as pyruvic acid or ketoglutaric acid can be formed from the amino acids alanine or glutamic acid.

Generally, the major fuel molecules are interconvertible. The direction of molecular traffic, then,
is not limited by the starting molecular types, but by the actions of hormones on enzymes, the ratio of
ATPto ADP, the availability of coenzymes, the ratio of their reduced to oxidized forms, etc. See Fig. 5.5.

54 BIOENERGETICS

The energy economy of the whole organism in its interaction with the environment constitutes the
subject matter of bioenergetics. Bioenergetics is fundamental in understanding how organisms stay
alive and maintain a dynamic ‘‘steady state,” an internal balance known as homeostasis (Chap. 15).
However, bioenergetics is also involved in a host of more practical concerns, such as evaluating the
cost-effectiveness of livestock by balancing the expense of feed against the return in work or profit



CHAP. 5} ENERGY TRANSFORMATIONS 67

thexokinase)
glucobinase

Glucose —  Glucose 6—® Fauty acids + glycerol

Lipase

GLYCOLYSIS

Fat

PENTOSE SHUNT

Fructose 1, 6-di ®

FATTY ACID l
SYNTHESIS
l 1 w-GlyPd
PGAL DHAP o-Gly(P) + Fatty acids
(NAD) %
o -GlyPd
Lactic —— Pyruvic DHAP <a——m= a—GIy@
a(‘id (NAD) acid
Fig. 5.5

from the sale of the animals. In clinical terms, obesity may be regarded largely as a bioenergetic
defect—too many calories taken in as opposed to too few expended in work.

The energy economy of the whole organism is mediated by the cellular metabolic pathways described
earlier. Generally, only about 40 percent of the energy of metabolized fuel can be captured in the
high-energy bonds of ATP or similar energy currencies. The remainder is liberated as heat. Under
standard dietary conditions, the relationship between oxygen uptake and heat release is rather constant.

ENDOTHERMY AND ECTOTHERMY

Most organisms are “cold-blooded” and they are commonly referred to as poikilotherms — that is,
they demonstrate fluctuating body temperature depending on the temperature of their surroundings.
Because they are cold-blooded, these organisms rely on external heat, primarily the sun, to regulate
their internal temperature. Thus, another related term used to describe such organisms is ectotherms.
Although they may move to a more congenial environment, they cannot alter this dependency. Since
temperature has a profound effect on metabolic activity [the rate doubles with each 10°C increase in
ambient (surrounding) temperature], ectotherms are severely restricted by the circumstances of their
habitat in their attempts to find food, seek mates, and move about: low temperatures cause them to
react sluggishly, while high temperatures produce an increase in activity that may not always be
advantageous.

Some organisms, such as birds and mammals, are ‘“warm-blooded” and are commonly referred to
as homeotherms—that is, they possess the ability to regulate their internal temperature and thus are
not dependent on ambient temperature. Because they use internally produced body temperature to
maintain all metabolic processes, these organisms are also known as endotherms. Endothermy, which
appears imperfectly even in some reptiles, involves the utilization of metabolic heat as well as the
insulating action of epidermal modifications (hair, feathers). Such organisms maintain a uniformity of
metabolic activity and are free to explore a wide variety of environments to satisfy their needs. The
more uniform temperatures of the seas and even freshwater environments suggest that endothermy
was not an adaptive imperative until dry land was invaded by the early reptilian ancestors of birds and
mammals. The major source of heat for endotherms is the large muscle mass covering the entire body.
Contractions of the musculature may account for more than 80 percent of the total heat produced by
these organisms. Ectotherms may also take advantage of muscle contractions for sudden surges of heat
production preceding expected activity.



68 ENERGY TRANSFORMATIONS [CHAP. 5

BODY SIZE AND METABOLIC RATE

Heat production and oxygen consumption depend on the size of the animal. On a specific basis
(per gram of body weight), smaller animals produce more heat and consume more oxygen than larger
animals (see Fig. 5.6). This inverse relationship between metabolic rate and body size is universal and
is demonstrated by plants, as well as by both endotherms and ectotherms.

Shrew

Metabolic Rate

Elephant

Body Weight
Fig. 5.6

Early investigators hypothesized that an organism’s metabolic rate was proportional to its surface
area, across which heat is lost to the environment. Because relative surface area tends to decrease as
an organism increases in size (refer back to cell size and its constraints in Chap. 4), smaller animals
have to compensate for their relatively greater heat loss with a higher metabolic rate. Later investigators
showed that other factors were also involved, including a greater proportion of low-metabolizing
supporting tissue in larger organisms.

EXAMPLE 3 The summated respiration of individual tissues removed from an organism may not account
completely for the total respiration in the intact animal, because such tissues, when isolated, may not reflect their
in vivo metabolic rates. However, it is of interest that such tissues from larger animals demonstrate lower activities
of respiration than the corresponding tissues of small animals. It has also been demonstrated that a variety of
specific respiratory enzymes are lower in activity in tissues from larger animals.

The shrew is probably the smallest mammal possible, given the great metabolic intensity associated
with its tiny size. Because it must eat its own weight in food each day merely to stay alive, the shrew
is constantly foraging and feeding. Other small mammals modify their activities through a process
called hibernation, a state of metabalic torpor close to death, which offers some respite from the grim
necessity of constantly supplying fuel to the raging metabolic fires associated with small body size.

Solved Problems

5.1 What is the relationship between the laws of thermodynamics and the nature of living systems?

As described in Chap. 3. energy can be understood as the capacity 1o perform useful work, Living
systems are highly organized. and their great degree of organization is subject to decay into randomness,
in accordance with the universal tendency toward disorder (entropy) in the universe. Only through
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the capture and utilization of new highly ordered forms of energy, whose energy can be used to build
highly organized living systems, can this drift toward randomness be resisted. The kinetic cnergy of
heat that leaves the organism must be replaced by the potential energy of ingested ordered molecules
such as carbohydrates, proteins, and lipids to sustain life. Living systems must work (expend energy)
to stay alive.

If energy can be neither created nor destroyed, why do we require continuous supplies of fresh
energy to stay alive? Why don’t we simply recycle the energy we have?

The laws of thermodynamics apply essentially to closed systems, i.e., systems that are sealed and not
in contact with the outside. Living organisms, such as human beings, are open systems that exchange matter
and energy with an outside environment and hence constantly lose their supplies of both. Actually, even
if we were isolated from the environment, we would fall prey to the second law of thermodynamics, which
stipulates that in any energy transformation there is a tendency toward greater disorder of the energy
produced. With their lowered potential, such disordered forms of energy as heat given off by living organisms
are no longer capable of producing useful work under ordinary circumstances.

If there is a universal tendency toward disorder and randomness, how can one explain growth,
development, and increasing complexity in living organisms?

The tendency toward randomness occurs in terms of a total picture. Within living organisms an uphill
increase in order in one part is coupled with a downhill decrease in order in another part. The randomness
of the entire system is increased, but an isolated portion of that coupled system may demonstrate increased
order. In thermodynamic terms, endergonic reactions (in which new patterns of order are produced) are
coupled with exergonic reactions (those that yield decreased order) to permit specific kinds of syntheses.

What is the role of ATP in energy transformations within living organisms?

This universally occurring molecule of the world of life represents an energy currency, a medium of
energy exchange, that simplifies the complexity of metabolic cycles within the cell. Thus, the many different
mechanisms by which energy is released from fuel foods all lead to the creation of ATP from precursors
like ADP. Similarly, diverse energy-consuming processes, such as muscle contraction, and active transport,
all utilize ATP as an energy source and degrade it back to ADP. Occasionally, related nucleotides (see
Chap. 7) such as cytosine triphosphate (CTP) and guanosine triphosphate (GTP) may substitute for ATP.
The energy associated with these nucleotides is stored in the last two phosphate bonds of the molecule.
These high-energy bonds are usually designated with a tilde (~), e.g., adenosine-P~P~P.

What is glycolysis and how does it contribute to the welfare of the cell?

Glycolysis literally means the “'splitting, or degradation, of glucose.” Tt involves a series of approximately
nine related reactions in which glucose is gradually broken down to two molecules of the simpler compound
pyruvic acid. The pyruvic acid may be converted anaerobically to one of several reduced forms, e.g., lactic
acid or ethyl alcohol, or it may enter the Krebs cycle.

Each step in glycolysis is catalyzed by a specific enzyme. The presence of these enzymes in close
proximity to one another permits glycolysis to occur as an integrated metabolic pattern called a pathway.
All the enzymes of glycolysis are soluble proteins that have been isolated and crystallized, so that scientists
know a great deal about their structure and function. Glycolysis occurs within the cytoplasm of the cell
rather than within a specific organelle. The reactions of glycolysis produce a net gain of two molecules of
ATP for the activities of the cell, as well as two molecules of reduced NAD", which can ultimately generate
additional amounts of ATP. Thus, glycolysis is a pathway that taps some of the energy locked within the
starting glucose molecule.

Since glycolysis has evolved as a mechanism for producing energy (generating ATP) from the
partial degradation of glucose, why are two molecules of ATP used up early in the process?
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A molecule of ATP is spent in the initial generation of glucose 6-phosphate from glucose, and shortly
thereafter still another molecule of ATP is expended in producing fructose 1,6-diphosphate from fructose
6-phosphate. Since ATP is formed through the transfer of phosphate, this phosphorylation is essential. Thus,
the expenditure of ATP in these early steps of glycolysis can be compared to an investment that leads to
a later payoff. The triose (3-carbon sugar) that arises from the splitting of fructose 1,6-diphosphate will be
oxidized and then eventually converted to pyruvic acid. These later steps result in the production of two
ATP molecules for each triose—part of the return on the initial investment. Since two trioses are generated
from each glucose molecule, a total of four ATP molecules will be generated in the process. However, if
we subtract the two ATPs invested initially, we arrive at a net yield of two ATPs for the entire process.

5.7  Describe the phosphorylation of glucose in glycolysis.
CH; OH

hexokinase or glucokmasc Mg**

Glucose Glucose 6-phosphatc

The terminal phosphate group of ATP is transferred to the carbon in the sixth position of glucose. This
is an exergonic reaction, and some of the energy released is conserved in the chemical bond that links the
phosphate to the glucose. The transformed glucose will eventually be used to convert ADP to ATP which
will require the donation of its terminal phosphate group to ADP, which is less energetic. The
phosphorylation of glucose energizes the molecule and makes it more reactive. Also, the cell membrane
is less permeable to the phosphorylated molecule than it is to the free sugar; thus, the phosphorylated
molecule is prevented from escaping the cell before it has been property processed.

—o0-® CH,—0—@

0 O CH,0H
H H H phosphohexose isomerase 2
OH H " NH HO
HO OH H OH
OH HO H
Glucose 6-phosphate Fructose 6-phosphate

After phosphorylation, the structure of the glucose molecule is altered from a six-sided ring to the
five-sided ring of fructose. Note that the number of carbon atoms is the same in both, since fructose is an
isomer of glucose. An isomer is an alternative arrangement of the same number and kinds of atoms of a
given molecule.

The phosphorylation of glucose is regulated by hexokinase or glucokinase. These enzymes are similar
in function but differ in their specificity for the substrate. Note that each reaction of glycolysis is regulated
by specific enzymes.

5.8  Why is fructose 6-phosphate phosphorylated in the next reaction?

—0—® CH,—0—(®)

8]
CHIOH phosphofructokinase, Mg?* CH2_0—®
H HO
H OH H H HO OH
ATP ADP
HO H HO
Fructose 6-phosphate Fructose ],6-diphosphate

Through phosphorylation, fructose gains a second phosphate. This enables it to supply two phosphory-
lated trioses upon cleavage. Each triose thereby becomes capable later of yielding ATP.
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What regulates the phosphorylation of fructose 6-phosphate?

Phosphofructokinase catalyzes the phosphorylation of fructose 6-phosphate. It interacts allosterically
with ATP; that is, it binds ATP at a site other than its active site, incurring a change in shape and a
consequent change in its ability to catalyze the phosphorylation. In this case, the ATP inhibits the reaction
by binding to the enzyme—the change in shape induced in phosphofructokinase renders it unable to bind
fructose 6-phosphate and thereby effect the phosphorylation.

Is the allosteric interaction between ATP and phosphofructokinase important?

Yes, because this interaction controls ATP production in glycolysis in accordance with the ATP needs
of the cell. If cellular ATP levels are sufficient to bind to the enzyme (and thus prevent phosphofructokinase
from interacting with fructose 6-phosphate), glycolysis stops. As the cell depletes its store of ATP, the ATP
bound to the phosphofructokinase is released. The enzyme then reverts to its active configuration and

glycolysis proceeds.

Of what significance is the aldolase step?

The aldolase splits the doubly phosphorylated fructose into two 3-carbon sugars (trioses).

* [— —_
e} ?:0 Dihydroxyacetone phosphate (DHAP)
» — 0)—
CHZ o ® aldolase CH;OH

Iphosphotriose isomerase

H\ ! OH
' H—C=0
HO ' H [
—C— dehyd
Fructose 1,6-diphosphate H (]f OH Phosphoglyceraldehyde (PGAL)
CH,—0-—-®

Through subsequent reactions, each PGAL yields two molecules of ATP. Because DHAP may eventually
be converted to PGAL, all subsequent reaction yields are doubled.

Why is the next step, the oxidation of PGAL, so important?

This oxidation-reduction reaction is the first to net energy for the cell, in the form of a high-energy
phosphate bond and a molecule of NADH formed from the oxidation.

6]
H—C=0 g—o~®
H—CII—OH glyceraldehyde J-:hosphale dehydrogenase H —Cl—OH
CH—0-@® / \ Ci—0-@
Phosphoglyceraldehyde (PGAL) NAD® + H* | 3.Diphosphoglyceric acid

How can glycolysis proceed under anaerobic conditions when a key step in the process involves
the oxidation of phosphoglyceraldehyde (PGAL)?

Oxidation may be defined as the removal of electrons or whole hydrogen atoms from a compound.
Although oxygen is one of the commonest oxidizing agents (hence the contribution of its name to the
process), it is by no means the only one, nor is its presence necessary for oxidation to occur. In a key step
in glycolysis, PGAL is oxidized (loses hydrogen) and thereby converted to 1,3-diphosphoglyceric acid. The
electrons (in pairs) and accompanying hydrogen ions (which are stripped from the aldehyde to yield
the acid) are accepted by the coenzyme NAD™. The NAD™ thereby becomes reduced to NADH and the
aldehyde is oxidized. Since the free energy liberated in this highly exergonic reaction is so great, a phosphate
group is picked up from the surrounding medium and attached as a high-energy phosphate (~P) to the
end of glyceric acid. This high-energy phosphate will be used to form ATP in the next reaction.
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What is NADH used for?

NADH may be used for further production of ATP through the electron-transport chain, with each
NADH yielding three ATP molecules in this aerobic pathway. In the absence of oxygen, NADH may be
used to form either ethanol (bacteria) or lactic acid (animals). The NAD" consequently formed is then
recycled for use in glycolysis.

What happens to the 1.3-diphosphoglyceric acid?
It loses its high-energy phosphate to ADP and forms ATP.

i
Cl‘—0~® (I‘OOH
hosphoghceric kinase, Mg~
H-C—OH e : H-C—OH
CH,—0—-® CH,—0-@®
_ ADP ATP -
1,3-Diphosphoglyceric acid 3-Phosphoglyceric acid

Is the above an exergonic or an endergonic reaction?

Much energy is released in the transfer of the high-energy phosphate from 1,3-diphosphoglyceric acid
to ADP. The AG is therefore negative, and the reaction is exergonic. Some of the energy released is
conserved in the chemical bond of the ATP formed.

What is the purpose of the molecular rearrangements that follow the creation of 3-phospho-
glyceric acid?

The rearrangements occur so that another high-energy phosphate bond may be formed, which again
will yield an ATP for the cell. The first step in these rearrangements is to transfer the remaining phosphate
to the 2 position:

COOH COOH
H *(I‘-OH phosphoglyceric mutase H—(l‘ —O—®
| !
CH,—0—-® CH,OH
3-Phosphoglyceric acid 2-Phosphoglyceric acid

This permits the removal of a molecule of water while concentrating energy in the bond of the phosphate:

COOH H,O COOH
H—é—O—@ «Ai——*é~o~®
(l“HQOH i gHz
2-Phosphoglyceric acid Phosphoenolpyruvic acid

The high-energy phosphate is then transferred to ADP and forms another molecule of ATP.

COOH COOH

ﬁ_OH spontaneous $:O

CH, CH,
Phosphoenolpyruvic Enolpyruvic Ketopyruvic

acid acid acid



CHAP. §] ENERGY TRANSFORMATIONS 73

5.18

5.19

5.20

Summarize the reactions of glycolysis in a diagram.

Glucose — Phosphorylation of glucose «» Structural change to fructose

2N
ATP ADP

Cleavage into two interconvertible trioses «<» Phosphorylation of fructose

/\
ADP ATP

Oxidation and phosphorylation < Dephosphorylation < Molecular rearrangement

VS 7N
NAD* NADH ADP ATP

Pyruvic acid « Dephosphorylation

/—\
ATP ADP

What are the likely mechanisms of control of the rate of glycolysis in the cell?

A number of factors play a role in determining both the rate of glycolysis and the direction of many
of the reversible reactions in the pathway. As was seen in Chap. 2, increasing concentrations of particular
metabolites will exert a “push” in promoting the reactions for which they serve as substrates, while
diminishing concentrations of other metabolites will exert a **pull” on the enzyme reactions of which they
are the products. For example, in the reaction A — B, an increasing amount of A will push the forward
reaction, while a decreasing amount of B will pull the forward reaction. Diminishing amounts of A or
increasing amounts of B will exert a braking effect.

Since one step in glycolysis, the oxidation of PGAL to 1,3-diphosphoglyceric acid, requires NAD™,
the availability of this coenzyme in the oxidized state will also exert a regulatory action. Similarly, the
amount of P, (inorganic phosphate) within the cytosol may become a limiting factor, aithough this is rare.
Perhaps the most significant control mechanism for glycolysis and a variety of other metabolic pathways
is the existence of allosteric enzymes within the system. These enzymes contain within their three-dimensional
structure (conformation) both an active site for the attachment of the substrate and an additional, allosteric
region where modifying substances may attach. These modifying substances change the overall conformation
of the enzyme and thereby alter its catalytic activity. As seen in Prob. 5.9, one such allosteric enzyme in
glycolysis is phosphofructokinase (PFK). the enzyme that catalyzes the formation of fructose 1.6-
diphosphate from fructose 6-phosphate. ATP tends to bind to the allosteric site of the enzyme and inhibit
its activity. Thus, in a cell that contains sufficicnt amounts of ATP. the inhibition of PFK will tend to shut
down glycolysis until there is once again a need to produce more energy currency.

Under anaerobic conditions, degradation of the end product of glycolysis (pyruvic acid)
produces lactic acid or cthyl alcohol. Why is this step beyond glycolysis necessary?

Glycolysis always produces pyruvic acid as an end product. In the one oxidative step in the process
in which PGAL is converted to 1,3-diphosphoglyceric acid, an NAD™ is reduced to NADH. If glycolysis
is to continue, this NAD” must continually be regenerated through the oxidation of NADH. Under
anaerobic conditions, this is accomplished in animals by “*dumping” the electrons and hydrogen ions of
NADH onto pyruvate to form lactic acid, and thus NAD" is regenerated (see Fig. 5.1). The enzyme lactic
dehydrogenase plays a key role in the reaction in many organisms. In bacteria, a carbon atom is first
removed from the pyruvate, and the resulting 2-carbon compound is reduced to ethyl alcohol, with a
consequent regeneration of NAD™. The carbon is actually removed as a molecule of CO,. (This gas acts
as the leavening agent that causes bread to rise when the dough contains fermenting yeast.) In some insects,
one of the products arising from the splitting of fructose 1,6-diphosphate, namely, dihydroxyacetone
phosphate (DHAP), receives the electrons and hydrogen ions from NADH to form an important reduced
product known as a-glycerol phosphate, a substance that may be used in the synthesis of neutral fats.
Thus a variety of metabolic mechanisms have evolved to reoxidize NADH, with the consequent formation
of characteristic reduced products.
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What is the significance of the Krebs (tricarboxylic acid) cycle in the economy of the cell?

The Krebs cycle is a metabolic mill or merry-go-round in which the pyruvic acid arising from glycolysis
is aerobically degraded, or oxidized, to carbon dioxide and water with the generation of great amounts of
ATP. Like glycolysis, the Krebs cycle is a metabolic pathway in which a variety of enzymatic steps are
integrated into a cohesive pattern. The enzymes of the Krebs cycle are found within the mitochondria;
many of these enzymes are loose in the matrix, while others are attached to the inner membrane of this
organelle. Glycolysis, which can proceed in the absence of oxygen, may be viewed as the anaerobic, initial
phase of carbohydrate degradation; the Krebs cycle can be considered the terminal, aerobic phase of this
process.

Does pyruvic acid enter the Krebs cycle directly?

No, pyruvic acid is first acted upon by a multienzyme complex within the mitochondria, where it is
oxidatively decarboxylated (loses its carboxyl group as CO,) to acetic acid; the acetic acid is attached to
a molecule of coenzyme A and, as a highly reactive acetyl-CoA, enters the Krebs cycle proper. In the
formation of acetyl-CoA, a molecule of NADH is produced. Acetyl-CoA then unites with oxaloacetic acid
(C,) to form citric acid (C,). In elaborating the specific steps of the cycle in his early experiments, Sir Hans
Krebs was aware of the initial formation of citrate, and this led to the use of citric acid cycle as the common
descriptive name of the pathway.

Why is the Krebs pathway known as a cycle?

Since the citric acid produced in the initial condensation reaction of acetyl-CoA with oxaloacetic acid
runs through the “mill”” and eventually yields another molecule of oxaloacetic acid, the sequence may be
seen as returning to its starting point in typical cyclical fashion. A new acetyl-CoA will then join the
oxaloacetic acid to initiate another turn of the merry-go-round. An apt characterization of the Krebs cycle
would be a metabolic system in which the products of glycolysis are first modified and then ground down
to low-energy products with the help of ancillary pathways closely connected to the main cycle.

What is the relationship between the Krebs cycle and the electron-transport chain (ETC)?

Within the Krebs cycle, oxidations of involved metabolites occur at specific steps. Each of these steps
is catalyzed by an enzyme that works with a helper called a coenzyme, usually NAD™ or FAD. It s actually
the coenzyme which acts as an acceptor for the electrons and hydrogen ions which are stripped from
specific substrates, the metabolites of the Krebs cycle, and it is the coenzyme that is the connecting link
between the Krebs cycle and the ETC. The action of the Krebs cycle is indeed one of completely oxidizing
the pyruvic acids that are continuously being fed into it. However, while the individual carbons of the
entering molecules are oxidized to lower energy levels, the electrons and hydrogens attached to the reduced
coenzymes (NADH and FADH;) are still in a highly energized state. This energy is tapped through the
intervention of the ETC, a series of pigments that acts like a bucket brigade in carrying electrons and
hydrogen ions to lower energy levels. The complete participation of this chain, starting with NADH, results
in the creation of three ATP molecules. If this chain is entered farther down, as is the case with FADH,,
only two molecules of ATP are produced from the energy released in the downhill path. Since ATP is
produced through the repeated removal of electrons from the pigments of the electron-transport chain, the
total process is called oxidative phosphorylation. The components of the ETC are embedded in the cristae
of the inner mitochondrial membrane, closely apposed to the enzymes of the Krebs cycle. They are arranged
for maximum efficiency of electron transport.

What is the actual mechanism by which oxidations with the ETC are coupled with the synthesis
of ATP?

This problem has been the subject of considerable investigation and extensive speculation. Older
notions stressed the participation of specific phosphorylating enzymes along the ETC, enzymes that were
thought to be concentrated at the ends of little tufts embedded in the inner membrane. The more generally
accepted idea at present involves a pumping of hydrogen ions across the inner mitochondrial membrane
to the outside compartment during the migration of electrons along the ETC (see Fig. 5.4). This imbalance
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of hydrogen ions, or protons, creates an energized state. The ensuing movement of protons to an equilibrium
state releases the stored energy, which is utilized by membrane enzymes to create ATP. This view has been
termed the chemiosmotic model. Still another theory focuses on the possibility of changes in the three-
dimensional structure of membrane proteins during the migration of electrons along the chain. The return
of these proteins to their original shape, much like the resumption of the spherical shape of a squeezed
rubber ball, releases enough energy for ATP production.

What is the total yield of ATP from the complete oxidation (respiration) of a molecule of
glucose?

Although some difference of opinion exists about the exact total of ATP produced, the consensus of
opinion among biochemists is that 36 ATPs are produced. Glycolysis alone results in four ATPs, but two
are used up in the early phosphorylating steps to yield a net of two. The NAD reduced in the formation
of 1,3-diphosphoglyceric acid will yield three ATPs, or a total of six ATPs, since one glucose molecule will
produce two molecules of 1,3-diphosphoglyceric acid. However, in bringing these NADH molecules into
the mitochondria, where they will join the ETC, one molecule of ATP may be used up for each of the two
NADH molecules transported, so the net yield from glycolysis under aerobic conditions is six ATPs
[(4 —2) + (6 — 2)]. The oxidative decarboxylation of pyruvic acid produces an NADH within the
mitochondrion; hence another six ATPs (two pyruvic acids are generated for each glucose molecule) are
produced. Finally, the generation of 12 ATPs for each turn of the Krebs cycle means that a starting molecule
of glucose will produce 24 ATPs, for a grand total of 36 (6 + 6 + 24). Thus, the availability of aerobic
mechanisms for the degradation of carbohydrates like glucose enhances the energy yield by 18-fold.
However, organisms like the tetanus bacterium continue to live today although they are confined to the
relatively inefficient modes of an anaerobic metabolism. Within human organisms great bursts of energy
may be supported by glycolysis alone when the muscie demands for energy exceed the capacity of the
bloodstream to bring sufficient oxygen for aerobic pathways. Under these conditions, lactic acid will
accumulate as an “‘oxygen debt,” to be repaid when normal conditions resume, at which time the lactic
acid can be reconverted to pyruvic acid, which will enter the usual aerobic pathways.

Are carbohydrates such as glucose the only source of energy for the cell?

No, the cell can utilize fats and proteins for fuel as well as sugars. Proteins to be used as a fuel are
degraded to their constituent amino acids. These amino acids are then stripped of their amino group in a
process called deamination. The deamination may involve an oxidation or a transfer to a keto acid. The
resultant products may then enter the pathways utilized for carbohydrates. Thus, alanine may be oxidatively
deaminated to pyruvic acid and become a metabolite for the Krebs cycle:

CH, CH,
H(ij——NHz + H,0 <2 (|:=o + NH,OH (NH,-H,0)
0 o
C/ C//
AN N
Alanine Pyruvic acid

The ammonia may be excreted as such or may combine with CO, to form urea.
In similar fashion, the S-carbon glutamic acid may be converted to a-ketoglutaric acid, an intermediate

of the Krebs cycle. Polysaccharides can be hydrolyzed to simple sugars. In the case of fats, most of the
caloric potential resides in the fatty acids attached to the glycerol backbone of the molecule. These fatty
acids may be split from the alcohol groups of glycerol. They then undergo a process called B oxidation,
in which 2-carbon fragments are continually chipped from the carboxyl end of the fatty acid chain and
attached to coenzyme A. This compound is the acetyl-CoA, which serves as fodder for the Krebs cycle.
Since many more acetyl-CoA molecules are generated in the oxidative breakdown of fats than arise from
glycolysis, fats are a richer source of energy than carbohydrates.
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Can glycolysis or the Krebs cycle be reversed to produce glucose from metabolites arising in
these processes?

Theoretically, this could occur and, in general, does take place. However, many of the steps in both
glycolysis and the Krebs cycle are almost irreversible, so that "“end runs” around these blocking steps are
necessary in the building up (anabolism) of complex substances such as glucose. An example of such an
anabolic modification is the conversion of glucose 6-phosphate to free glucose. The initial step of glycolysis,
you will recall, involves the phosphorylation of glucose to glucose 6-phosphate at the expense of an ATP
and with the catalytic assistance of hexokinase or glucokinase. This step cannot easily be reversed, and an
enzyme called glucose 6-phosphatase is required to split off the phosphate group and generate free glucose.
This enzyme and others used in succeeding steps in the reversal process form part of a pathway known
as gluconeogenesis (*“forming glucose anew™). The enzymes of gluconeogenesis are stimulated by cortisone
and other hormones of the adrenal cortex; this accounts, in part, for the elevation of blood sugar level
under conditions of anger or fear, since these emotional states heighten activity of the adrenal gland.
Gluconeogenesis generally takes place in the liver and kidneys.

How are proteins and fats synthesized within the cell?

The amino acids for the synthesis of proteins may be produced by adding amino groups to metabolites
generated within the glycolytic pathway, the Krebs cycle, or still other pathways. The amino acids are then
joined by enzymes promoting the formation of peptide bonds to yield protein.

Fats are formed in a two-step process. The significant first step, known as lipogenesis, involves the
formation of a long-chain fatty acid. This occurs outside the mitochondria and involves the participation
of a multienzyme complex. NADPH, a reduced coenzyme that is active in a variety of syntheses, plays a
significant role in the generation of the highly reduced fatty acid. In the second step, the fatty acids are
joined to an activated glycerol molecule to form a triglyceride in a process known as esterification. In both
processes, the products of carbohydrate metabolism play an important role in promoting the synthesis.
This has led some biochemists to the conclusion that fats are forged in a carbohydrate flame. In diabetes
an insufficient supply of insulin, the major regulator of carbohydrate metabolism, occurs. Advanced diabetics
cannot convert their carbohydrate to fat, nor can they efficiently degrade and oxidize fat. Death in diabetics
often results from the accumulation of incompletely oxidized metabolites of fat, called ketone bodies, since
these substances drastically increase the acidity of blood and body fluids. Although most of the various
pathways in metabolism are interconnected, the linkage between the transformations of carbohydrate and
fat is especially crucial.

What are the advantages of endothermy in birds and mammals?

Since metabolic activity, as well as the general movement, of an organism is a function of temperature,
ectotherms are limited in their lifestyle by the temperature of the environment. In extreme cold they become
remarkably sluggish as life processes slow; as the temperature rises, they become increasingly active. By
contrast, the endothermic birds and mammals maintain an internal temperature that is relatively constant
owing to their evolution of mechanisms for both the retention and dissipation of heat. It should be recalled
that cellular respiration (involving glycolysis, the Krebs cycle, and the electron-transport chain) is about
40 percent efficient. The energy that is not effectively stored as ATP (60 percent) is given off as heat, which,
if eflectively hoarded, contributes to the maintenance of the constant body temperature of endotherms.
Consequently, birds and mammals enjoy the luxury of a lifestyle that is not subject to extreme fluctuations
in tempo. Since the body temperature of these endotherms is maintained at relatively high levels (37-40 °C),
their activity levels are uniformly high and they can have more intensive levels of movement, foraging,
exploration of the environment, etc. They are also more flexible in choosing their habitats, since they can
maintain their internal temperature in a variety of settings. This provides a competitive edge in their
struggle with other kinds of organisms.

Why are smaller mammals much more active than larger mammals?

Among all organisms there is a tendency for the specific metabolic rate to vary inversely with body
size. Specific metabolic rate is the metabolic activity per unit mass of living organism. This is particularly
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evident among the small mammals, in which heart rate, specific oxygen consumption, breathing rate, etc.,
are extremely high. In fact, there is a lower limit of size among mammals, since too small an organism
would not be able to provide enough food and oxygen to sustain its intense metabolic activity. A shrew
(~3.5-5cm or 1.4-2in) actually eats its own weight of food in little more than 24 hours just to stay alive.

The inverse relationship between size and metabolic rate is related to the tendency of any structure
to increase ‘in volume or weight much more rapidly than in surface area as it increases in overall size. In
mathematics we learn, for example, that the volume of a sphere is proportional to the cube of its radius,
while its surface is proportional to the square of its radius. Thus, smaller bodies have a relatively greater
surface area than larger ones. Since heat is lost at the surface and most of the other significant exchanges
between an organism and its environment occur at the surface, it is readily apparent that smaller organisms
must work harder to maintain constant temperature and other equilibrium conditions than larger ones.
Many years ago, Rubner advanced the surface law to explain these differences associated with body size.
Now we realize that the situation is even more complex, since specific metabolic rate is not merely a
function of surface-volume ratios. The fact that larger organisms have a relatively greater amount of less
active supporting tissue also plays a role in the decreasing metabolic intensity of these groups.

Are the differences in metabolic intensity among mammals of different sizes expressed at the
celtular level or do they involve central controls operating at the organismic level?

There is evidence that the cells in the active tissues of smaller mammals do have higher levels of both
some enzymes of the Krebs cycle and pigments of the electron-transport chain. Researchers have noted
an increased population of mitochondria in the liver cells of these small mammals, as well as an increased
oxygen consumption by slices of liver. However, the total oxygen consumption of the intact organism is
not merely the summated oxygen consumption of extirpated individual structures, so the significance of
these tissue studies has not been clearly established. The role of central factors such as hormones and
nervous stimulation must be significant, since tissues with a characteristic metabolic apparatus are capable
of wide variation in response under the influence of specific hormones. Cellular metabolic features probably
impose limits on the range of metabolic responses, while the central control mechanisms impose specific

activity levels.

Supplementary Problems

What is the source of the cnergy that flows through the living world? (a) photosynthesis. (b) chemical
bonds. (c) green plants. (d) the sun.

What eighteenth-century scientist is credited with overthrowing the phlogiston theory and establishing the
actual nature of chemical oxidations or combustions and their similarity to respiration in animals?
(a) Joseph Priestley. (b) Antoine Lavoisier. (c) Jean Baptiste van Helmont. (d) Gregor Mendel.

An exergonic reactionis (a) a spontaneous reaction in which energy is given off.  (b) an uphill reaction
requiring input of energy. (c¢) an oxidation reaction. (d) an anaerobic reaction.

In the combustion of glucose. what is the change in the (a) heat content and (b) free energy of the
system?

Why is the frec-energy change in the combustion of glucose greater than the change in heat content?

(a) The heat loss is subtracted from the total change in free energy.

(b) Most of the reactions of glucose combustion are reversible and therefore spontaneous, exergonic
reactions.

(c) The increase in cntropy augments the heat loss of the system.

(d) Free energy is added to the system by the enzymes involved in the breakdown of glucose.
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How do green plants store the radiant energy of the sun that they capture?

What is the balanced equation for the complete cellular degradation of glucose?

Glucose enters glycolysis by the action of hexokinase (glucokinase) to yield what compound?

In the one oxidative step of glycolysis, electrons and hydrogen ions are accepted by what substance?
Fructose 1,6-diphosphate is split in glycolysis to yield what two trioses?

Glycogen may enter glycolysis without ATPs being used to form a glucose phosphate ester. What would
be the net ATP yield from glycolysis if we start with glycogen as the substrate?

What is the advantage of glycolysis, since it taps only a small fraction of the energy available in the glucose
molecule?

(a) It may be used when oxygen is unavailable.
(b) It is cyclical, so that less substrate is required.
(c) It requires no investment of ATP.

(d) Itis composed only of spontaneous reactions.

The pentose shunt, or direct oxidative pathway for the degradation of glucose, provides a metabolic
alternative. What is the advantage of its prominence in tissues where synthesis of lipid is high?

(a) 1t can occur in the absence of oxygen.

(b) It provides the NADPH necessary for this synthesis.

(c) Itis faster.

(d) It recycles NAD" for glycolysis.

The iron-containing cytochrome pigments are involved in which metabolic pathway? (a) Glycolysis,
(b) Krebs cycle, (c) gluconeogenesis, (d) electron-transport chain.

Which component of the electron-transport chain is lipid soluble? (a) Coenzyme Q, (b) flavoprotein,
(¢) cytochrome a, (d) FADH,.

A cell can carry out its constant and intensive metabolic activities with relatively small amounts of such
vital components as ATP, NAD", coenzyme A, etc., because it can

(a) bypass reactions that require these compounds.

(b) rapidly recycle these compounds.

(c) incur an oxygen debt until these compounds become available.
(d) utilize substitute molecules in place of these compounds.

The primary advantage of hibernation to small homeotherms is that it

(a) eliminates the need for seasonal migration.

(b) enhances survival through regeneration of cells.
(c) reduces the risk of predation.

(d) reduces the need for food.

Q.0 is the ratio of biological activity at a particular temperature to the same activity at a temperature 10 °C
lower. If the metabolic rate of a typical mammal is denoted as X at 0 °C, what will be the metabolic rate
at 20°C if Qg is 27
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Answers

(d)

(b)

()

(a) AH = —673 Cal/mol

(b) AG = —686 Cal/mol

(c)

Chemical bonds

C¢H,,0¢ + 60, — 6CO, + 6H,0 + energy
Glucose 6-phosphate

NAD*
Phosphoglyceraldehyde and
dihydroxyacetone phosphate

5.43
5.44
5.45
5.46
5.47
5.48
5.49
5.50

Three ATPs

(a)

(b)

(d)

(a)

(b)

(d)

A @, of 2 means that a doubling of
metabolic activity occurs with each 10°C
increase in ambient temperature. So, at
10°C, the metabolic rate would be 2.X; at
20°C, it would be 2(2X) or 4X.



Chapter 6

Photosynthesis

6.1 AN OVERALL VIEW

Photosynthesis is the process by which high-energy, complex food molecules are produced from
simpler components by green plants and other autotrophic organisms in the presence of light energy.
In the process of photosynthesis, photons (unit packets) of light are captured by specific pigment
molecules. Electrons within these pigment molecules are excited by the absorbed photons, and these
excited electrons eventually liberate their energy to the cell as they fall back to the unexcited ground
state. Many cells use this energy to reduce carbon dioxide to a carbohydrate.

Photosynthesis is the major endergonic reaction of the living world—an uphill process in which
low-energy molecules such as carbon dioxide and water interact to form high-energy carbohydrates
and eventually lipids and proteins. The photosynthetic reaction is essentially a reversal of the exergonic
process of cellular respiration.

EXAMPLE 1 In respiration, energy is released when molecules such as glucose (C,H,,0,) are oxidized to CO,
and H.O. The released energy is stored as ATP. Most of the ATP formed during respiration is derived from
reactions that occur in the mitochondria. In photosynthesis, energy from the sun is absorbed by pigment systems
within the chloroplast, and this energy is utilized first to produce ATP and then to form a sugar molecule. In the
process, oxygen gas is liberated.

The wavelengths of light used for photosynthesis are only a small fraction of the total spectrum
of electromagnetic radiation. In the higher plants, violet, blue, and red appear to be most etfective in
promoting photosynthesis. These colors of the visible spectrum have wavelengths ranging from approxi-
mately 380 to 750 nanometers (nm), respectively. The ability of light to dislodge electrons is related to
the wavelength rather than to the brightness (intensity) of the light beam. Only a small percentage of
light reaching the plant is actually absorbed. Most of the light either passes through the plant (is
transmitted ) or is reflected from the plant’s surface.

The process of photosynthesis consists of a series of complicated metabolic pathways that may be
summarized as follows: a light-dependent reaction sequence produces both NADPH and ATP, which
are then used to reduce CO; to a carbohydrate in the “dark™ reaction. The light reaction requires light

Table 6.1 Evolution of Photosynthetic Theory

Event Date

Joseph Priestley demonstrates that green plants give off oxygen 1771
Jan Ingenhousz shows that photosynthetic evolution of O, requires sunlight and occurs only

in green parts of plants 1779
Nicholas Theodore de Saussure shows that water is necessary in sugar production by plants 1804
James Clerk Maxwell develops the wave model of light, leading to recognition that light is

the source of energy in photosynthesis 1864
F. F. Blackman demonstrates that photosynthesis has both a light-dependent, temperature-

independent step and a light-independent, temperature-dependent step 1905
C. B. van Niel proposes that O, evolved in photosynthesis is derived from H,O not CO, 1930s

Melvin Calvin and his colleagues use carbon 14 to trace the conversion of CO, to
carbohydrate 19405

30
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for only one or two steps in its sequence. Table 6.1 presents the milestones in unlocking the pathways
of photosynthesis.

6.2 THE LIGHT REACTION

In the light reaction of photosynthesis (see Fig. 6.1), a photon of appropriate wavelength is absorbed
by various pigment molecules (chlorophyll a and b, carotenoids) of photesystem I and its energy is
transferred to a particular chlorophyll a molecule in the reactive site. An electron of this chlorophyll
a molecule is boosted to a high-energy state, combines with a receptor molecule, moves down a free
energy gradient, and eventually returns to its starting point. In the process, a small amount of ATP is
generated; as in mitochondria, the generation of ATP is believed to occur chemiosmotically through
the creation of a H' gradient. Because ATP is formed in association with the absorption of light, the
reaction is termed photophosphorylation. The chlorophyl! electron that is energized eventually completes
a circuit, so this particular pathway is known as cyclic photophosphorylation.

o pathway 1o phosphory o

H

energy carnicd by the clectrons

[
ACCESSOry prgments ACCESSONY Pigmenis

Photosystent 1 Photossstem 1

Fig. 6.1 A summary of the light reaction

A second option, probably developed later in the evolution of photosynthesis, is available to the
excited electrons produced by the absorption of light in photosystem I. These electrons may combine
with a receptor molecule, but then, instead of returning to their starting point, they move along a chain
that terminates in the coenzyme NADP" and convert it to NADPH. In their passage to NADP*, the
electrons, as with the first option, move down an energy gradient and are involved in the generation
of ATP. Both ATP and NADPH will be used in the dark reaction to reduce CO, to a carbohydrate.

The electrons removed from chlorophyll and accepted by NADP” are eventually returned through
the intervention of a second light event involving a different pigment system from the one used in the
first. In this second light event, chlorophyll molecules of photosystem Il absorb light and transfer
excited electrons to an acceptor that initiates their passage along an energy gradient to photosystem 1.
This restores the electron “hole™ of photosystem I but creates a hole in photosystem I1. This hole is
filled from a reaction in which water is split by the energy of absorbed photons to form electrons, H”,
and oxygen. The electrons are taken in by the chlorophyll molecules of photosystem II to restore them
to their original condition. The H™ will move along with the electrons captured by NADP" to effect
the reduction of CO, in the dark reaction, with O, being liberated in the process. The overall pathway
in which electrons move from water to photosystem 11, to photosystem 1, to NADP" is called noncyclic
photaphospharylation.
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There are many variants of the photosynthetic theme. In all probability the earliest autotrophs did
not have a synthetic dark reaction. They merely absorbed light energy, using pigment molecules whose
electrons were raised to a high-energy state, and then passed this energy indirectly to other pathways
in the cell. Also, certain bacteria use H,S instead of H,0 as a source of replacement of electrons and
H™; they liberate S, instead of O,.

6.3 THE DARK REACTION (CALVIN-BENSON CYCLE)

The dark reaction is the pathway by which CO, is reduced to a sugar. Its components are found
in the stroma of the chloroplast. This reaction does not actually require darkness; it is merely
light-independent. Since CQ, is an energy-poor compound, its conversion to an energy-rich carbohydrate
involves a sizable jump up the energy ladder. This is accomplished through a series of complex steps
involving small bits of energy (see Fig. 6.2).

3 molecules of

3 molecules of

a transient 6-carbon compounD
(10

6 molecules of

-

{  3-phosphoglyceric acid

3 molecules of —

ribulose biphosphate\ (5C)
(RuBP) /T 6 ADP

. 6 molecules of
1 ADP 1.3-diphosphoglyceric acid (3C)
* k (PGA)
3 w

( 6 [NADPH]
‘ 6 NADP*

S molecules of

glyceraldehyde phosphate
(PGAL) 60O

6 ®

glyceraldehyde phosphate (3C)
(PGAL)

6 molecules of

| molecule of H\C/O
glyceraldehyde phosphate (3C) I
(PGAL) H—C—OH
I
H

glucose and other sugars

Fig. 6.2 The dark reaction of photosynthesis

The initial reaction involves the union of CQ, with a 5-carbon compound called ribulose biphosphate
{(RuBP). An elusive 6-carbon compound is probably formed that breaks down to two molecules of the
3-carbon compound phosphoglyceric acid (PGA), which we encountered in the discussion of glycolysis
in Chap. 5. Each of the molecules of PGA is then reduced to the highly energetic phosphoglyceraldehyde
(PGAL), an actual sugar, which is the first stable end product of photosynthesis.
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EXAMPLE 2 1In glycolysis, a critical step is the oxidation of PGAL to diphosphoglyceric acid, with NAD" acting
as the electron acceptor. In photosynthesis, essentially a reversal of the degradation of carbohydrate represented
by glycolysis, PGA is reduced to PGAL, with NADPH serving as the electron donor. In many reductive syntheses,
NADPH is the coenzyme involved, while in the degradation reactions for energy liberation, NAD" is usually the
active coenzyme. The ratio between PGAL and PGA may be a crucial measure of the balance between synthesis
and breakdown in the cell.

For every six molecules of PGAL produced, five will be used to form new RuBP so that CO, can
be continually fixed and indirectly converted to PGAL. Although the remaining molecule of PGAL
can be converted to glucose through a reversal of the usual glycolytic pathway, it is not stored as such
in the cell. Instead, a disaccharide such as sucrose may be formed, or, more usually, starch will
accumulate at the site of the photosynthetic activity. The plant cell may also convert the PGAL to the
lipids and proteins it may require.

64 PHOTORESPIRATION

The enzyme that incorporates CO, into RuBP in the first steps of the dark reaction is called ribulose
biphosphate carboxylase. Under conditions of low CO, and high O, concentrations, this enzyme binds
with O, (instead of CO,) and thereby catalyzes the oxidation of RuBP first to glycolic acid and then
to CO, in the peroxisomes. This oxidative breakdown of a vital intermediate of the dark reaction is
called photorespiration. Although, through a complex series of reactions, much of the CO, may be
salvaged by the cell rather than lost, photorespiration appears to be very wasteful. It does not serve
any known useful purpose to the plant and may reduce the food yield of many crops. Photorespiration
occurs during very hot, sunny, dry days when the stomata are closed to prevent water loss and O, tends
to accumulate within the leaf. It does reduce those oxygen levels but with no benefit to the plant.
Photorespiration is inhibited by the C, pathway.

6.5 THE C, PATHWAY

The C, pathway is an alternative to the Calvin-Benson cycle of the dark reaction and was first
clearly delineated by M. D. Hatch and C. R. Slack. Known as the Hartch-Slack pathway of C,
photosynthesis (Fig. 6.3), it is based on the formation of a 4-carbon compound acid, oxaloacetic acid,
by a union of CO, with the 3-carbon phosphoenolpyruvic acid (PEP). Just as RuBP carboxylase
catalyzes the carboxylation (CO, fixation) of RuBP, so a PEP carboxylase is involved in the addition
of a CO, to PEP.

mesophyll cell bundle sheath celit
1 1
€O | —pEp U PEP /\ )
Calvin-
PEP o Benson
{ @ Lo
oxaloacetic . .
g - malic malic RuBP
acid & acid acid ~CO;=%
. m )
plasmodesmata
Fig. 6.3

The oxaloacetic acid arising from the union of PEP and CO, has several possible fates, but it is
usually reduced to malic acid by NADPH. Such a reduction parallels the conversion of PGA to PGAL
in the Calvin-Benson cycle. Malic acid moves into the' cells that surround the vascular elements of a
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variety of plants—the bundle-sheath cells. These cells are particularly rich in starch but have a paucity
of grana.

EXAMPLE 3 The chief organs of photosynthesis in vascular plants are the leaves (see Fig. 6.4). Many leaves of
the familiar land plants consist of a thin stalk called a petiole to which a broad, thin blade is attached. The upper

and lower surfaces of the blade consist of epidermis. The epidermal cells are coated with a layer of wax, called
a cuticle, which is generally quite heavy on the upper surface. Between the upper and lower epidermal layers a
great number of parenchymal cells can be seen. These thin-walled cells, forming the mesophyll, are particularly
rich in chloroplasts and hence contribute greatly to the total photosynthetic activity of the leaf.
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Fig. 6.4 Anatomy of C; and C, leaves

Generally the mesophyll is arranged in two distinct layers. An upper columnar layer consisting of a regular
arrangement of cylindrical cells is aptly called the palisade mesophyil. Below the columns of the palisade mesophyll
are the irregularly scattered spongy mesophyll, Ramifying throughout the blade of the leaf is a system of veins
(tubules) making up the vascular system of the leaf. Each vein contains both xylem and phloem and is often

surrounded by a dense covering of bundle-sheath cells.
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In the bundle-sheath cells the malic acid, strangely enough, breaks down into CO, and PEP. The
PEP passes back to regular mesophyll cells in the leaf, but the CQO, is picked up by RuBP in the
bundle-sheath cells and enters the Calvin-Benson cycle.

Since the Calvin-Benson cycle appears to be the only significant producer of carbohydrate,
investigators wondered why a cycle exists in which a 4-carbon intermediate is formed in the fixation
of CO, before the standard Calvin-Benson cycle. The answer seems to lie in the fact that plants in hot,
dry environments, where the Hatch-Slack pathway is particularly active, tend to keep their stomata
(openings in the epidermis of leaves and other plant parts, see Fig. 6.4) partially closed most of the
time to prevent water loss. This closure reduces the influx of CO, and might act as a brake on
photosynthetic activity. The C, pathway, a mechanism for binding CO, and transporting it more deeply
into the leaf, provides a “'sink’ for holding onto CO, and assures a ready supply of CO, for the
Calvin-Benson cycle. It should also be noted that PEP carboxylase more avidly binds CO, than does
the RuBP carboxylase, especially when CQO, levels are low and O, levels are high. This assures that
free CO, levels in the mesophyll cells will always be low, and hence CO, in the environment will tend
to move into the leaf when the stomata are open. The Hatch-Slack pathway thus appears to be a
mechanism for survival in plants that have evolved in hot, dry climates.

6.6 STRUCTURE AND FUNCTION IN THE CHLOROPLAST

The outer and inner membranes of the choloroplast (Fig. 6.5) are congruent in shape and lie close
to each other. The unstructured portion of the fluid-filled space enclosed by the inner membrane is
called the srroma. Distributed throughout the stroma is the thylakoid membrane system. This is a network
of channels that cccasionally forms grana, stacks of flattened sacks or disks. The components of the
light reaction are generally tightly bound to this thylakoid membrane (see Fig. 6.6) and are accessible
to molecules found in the stroma, where the reactions of the Calvin-Benson cycle occur.

stroma Outer membrane

inner membrane intermembrane space

-granum

intrathylakoid space thylakoid

Fig. 6.5 Structure of a chloroplast

A chemiosmotic system is believed responsible for the generation of ATP during the course of the
light reaction. Protons are pumped into the inner thylakoid compartment, and a proton gradient is
thereby created between the inner thylakoid space and the external stroma. A difference of up to 4 pH
units may exist between these two compartments. It is currently felt that H" ions tend to migrate out
of the thylakoid space through an ATP synthetase system attached to the thylakoid membrane. The
energy of the electrochemical gradient is used to generate ATP at a specific site of the complex called
the CF, region.
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Fig. 6.6 Structure of the thylakoid apparatus

Solved Problems

Criticize the following statement: Plants carry on photosynthesis; animals carry on respiration
instead.

This is an incorrect view. Both plants and animals carry on respiration as a major source of energy
for vital functions. Only plants, however, are also capable of carrying out photosynthesis. The components
of photosynthesis are sequestered within the chloroplast, whereas the major steps of respiration occur
within the mitochondrion. Thus, both processes may be occurring simultaneously in any plant cell, since
the compartmentalization of these functions precludes their interfering with each other. Many of the
sequences in the pathways of respiration are found as part of the photosynthetic process; this suggests a
close evolutionary association of the two processes. The balance between respiration and photosynthesis
will determine whether there is a net uptake of O, or CO, from a particular plant region.

What is the history of our understanding of the photosynthetic process?

In 1771 an English pastor, Joseph Priestley, who is credited with the discovery of oxygen, demonstrated
that over several days a green plant could restore the air that had been “injured” by a burning candle.
Without recognizing the fact, Priestley had demonstrated that green plants produce O, during photosynthesis
and that this evolution of O, balances the uptake of O, for respiration within the living world.

In 1779 Jan Ingenhousz reported his investigations which showed that sunlight is necessary for the
evolution of oxygen in photosynthesis and that this process occurs only in the green parts of a plant. In
1804 the Swiss scientist Nicholas Theodore de Saussure showed that water is necessary for green plants
to produce sugar.

Later in the nineteenth century James Clerk Maxwell developed the wave model of light, which led
to the recognition that the energy for photosynthesis derives from absorbed visible light.
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6.3

In the first decade of this century, F. F. Blackman demonstrated that photosynthesis is a twofold
process. The first set of reactions is light-dependent but temperature-independent, while the second sequence
(dark reactions) does not require light but shows a strong dependence on temperature.

In the 1930s C. B. van Niel conducted experiments suggesting that the oxygen evolved during
photosynthesis comes from water, not carbon dioxide as was previously believed (see Prob. 6.3).

In the 1940s a special radioactive isotope of carbon, '*C, was used to follow the fate of CO, labeled
with this isotopic carbon. In the late 1940s Melvin Calvin and his group utilized '*C to elucidate the
mechanisms involved in the conversion of CO, to a carbohydrate—a pathway now called the Calvin-Benson
cycle.

Present research is focused on the nature of the carriers involved in noncyclic photophosphorylation,
the relationship between the proton gradient within the chloroplast compartments and the formation of
ATP, and the precise ultrastructure of the thylakoid membrane apparatus.

Some bacteria split H,S instead of H,O during photosynthesis and evolve sulfur. It was in the
study of these bacteria that van Niel first realized that the oxygen evolved in more highly evolved
plants during photosynthesis is derived from water. What reasoning, would you say, led him to
this conclusion?

Before van Niel proposed his theory in the 1930s, plant physiologists thought that oxygen was split
from the carbon of CO, and liberated, while the carbon joined with water to form a carbohydrate. On the
basis of his studies with bacteria, van Niel questioned this interpretation and proposed the following
equation:

CO, + 2H;S —® s CH.0 + H,0 + S,

Clearly, the S, evolved comes from the H,S molecule. Since in higher plants H,0O is substituted for H,S,
it seemed, by parallel reasoning, that the O, evolved came from the H,O molecule, not from the CO,.
Likewise, for bacteria, since there is no oxygen in H,S, the oxygen incorporated into the carbohydrate
must come from CO,; in all likelihood, therefore, it probably comes from CO, in higher plants as well.
Van Niel theorized that a variety of compounds similar to H,O and H,S could provide hydrogens for the
reduction of CO,. A general equation for photosynthesis thus becomes:

CO, + 2H,A —%%, (CH,0) + H,0 + A,

In all higher plants, water is the source of reducing equivalents (electrons and H™) for CO,, and oxygen
is liberated.

The broad spread of photosynthetic organisms more than 2 billion years ago led to the oxygen
revolution—the creation of large amounts of free oxygen in the atmosphere. Although oxygen can be toxic
to many organisms, its presence sparked the development of the aerobic pathways in opportunistic survivors,
which provided so much more energy from the degradation of organic fuel molecules.

Describe the basic characteristics of a photosystem and explain how photosystem I differs from
photosystem II.

Both photosystems consist of arrays of pigment closely associated with the thylakoid membrane. They
each contain up to 400 macromolecules consisting of chlorophyll a, chlorophyll b, and carotenoid pigments.
In some algae, still other types of chlorophyll may be found. The actual reaction center of either photosystem
is a chlorophyll @ molecule that can be excited by the absorption of an appropriate photon of light. The
many pigment molecules surrounding the reactive site act as antennae to absorb light and pass the energy
of the photon to the chlorophyll a of the reaction center. An electron is then raised to a higher energy
level and bound to an acceptor molecule. This leaves the chlorophylf a of the active center an electron
short. What transpires then will be dealt with in the next solved problem.

In photosystem I the chlorophyll a molecule has an absorption peak at 700 nm and is called pigment
700 (P700). In photosystem II the central chlorophyll a absorbs light maximally at 680 nm and so is known
as P680.

Photosystem II, which plays a role in noncyclic photophosphorylation, probably evolved after photosys-
tem I had become established. Both cyclic and noncyclic photophosphorylation involve photosystem 1.
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How does cyclic photophosphorylation differ from noncyclic photophosphorylation?

In cyclic photophosphorylation, involving photosystem 1, an electron from P700 is raised to a
high-energy state and is attached to a specialized receptor enzyme (FeS), as shown in Fig. 6.1. It then
passes down an energy gradient which includes a series of redox carriers which eventually bring it back
to its starting point. Although each step is exergonic and free energy is released, only one of the steps
[plastoquinone (PQ) to cytochrome f] is used by the cell for the production of ATP. Since a cycle is
completed in this process, it is appropriately labeled cyclic photophosphorylation. 1t probably represents the
more ancient technique for converting captured light energy into ATP.

In noncyclic photophosphorylation an electron is also boosted from P700 to a high-energy state and
trapped by FeS. But following the transfer to ferredoxin (Fd), the electron, with much of its energy still
intact, is transferred to NADP™ and produces reduced NADP. The electron taken from P700 is eventually
restored by the second light event, in which a molecule of P680 is energized and its excited electrons are
passed first to acceptor Q and then along an energy gradient to P700. But what of the electron gap now
in P6807? The absorption of light by P680 is associated with the splitting of H,O by an enzyme complex
called Z into 305, 2 ¢ , and 2 H™. The released electrons restore the condition of P680, the H' ions travel
with reduced NADP to effect the reduction of CO- in the dark reaction, and the O, is liberated. Because

the entire route of noncyclic photophosphorylation can be diagrammed as a Z, this pathway has also been
called the Z scheme in some texts.

The action spectrum is a graph that shows the efficiency of photosynthetic activity at the various
wavelengths of light. An absorption spectrum is a graph that shows the degree to which various
wavelengths of light are absorbed by a given material. Why does the action spectrum for
photosynthesis (Fig. 6.7) differ from the absorption spectrum for chlorophyll a if chlorophyll
a must be excited to initiate the photosynthetic process?

100 —
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Fig. 6.7 Action and absorption spectra

If chlorophyll a were the only pigment involved in the capture of photons, the action spectrum should
coincide with the actual absorption of light (absorption spectrum) by chlorophyll a. However, a variety of
accessory pigments are present in each photosystem, and these extend the potential for carrying out
photosynthesis even when chlorophyll a has not absorbed light directly. Other chlorophylls, as well as the
carotenoid pigments, may absorb light in accordance with their absorption spectra and pass the energy
acquired along the pigments of the photosystem until it reaches chlorophyll a in the reaction center. This
is why even light in the yellow and green range can be used for photosynthesis, although it is much less
effective than either red or blue light.
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6.7

6.8

6.9

6.10

It has been estimated that of the total light that falls on a cornfield only 0.1 percent can be
utilized for photosynthesis. Why is this?

Most of the light may not be usable because of geometric considerations related to the plant surfaces
available. Of the light that does actually reach the plant, three alternatives exist: (1) The light may pass
through the cells, especially in the case of algae for which cells may exist singly or in thin layers. This is
called transmitted light, in solution chlorophyll a is green in transmitted light. This suggests that green
light is not of a wavelength used in photosynthesis, since it is not absorbed. (2) Light may strike the surface
and bounce back to yield reflected light. Such reflected light from a plant surface containing chloroplasts
or from a chlorophyll a solution is also green. (3) Light may be absorbed, with the consequent boosting
of electrons. to higher energy levels.

The light absorbed by photosystems may be utilized for useful work by the plant if all other conditions
are attuned to photosynthetic activity. If more light is captured by the plant’s photosystems than can be
handled by its photosynthetic pathways, some of the light energy will be lost as heat and the rest reemitted
to the exterior at a longer wavelength (less energy). This is called fluorescence. Fluorescence in chlorophyll
solutions generally results in the emission of red light.

In what ways do the reactions of the Calvin-Benson cycle resemble glycolysis?

Both of these pathways occur in the nonmembranous space of an organelle. In the case of glycolysis,
the enzymes are soluble and are associated with the cell sap rather than assembled along a membranous
structure. In the Calvin-Benson cycle the enzymes are also soluble and are found in the unstructured stroma
of the chloroplast. In both processes an equilibrium between PGA and PGAL is a key to relative rates.
Similar steps occur in each process but with a marked difference in terms of the direction of the reaction.

By the early 1940s a radioactive isotope of carbon ('*C) was made available to the research
community by Samuel Rubin and Martin Kamen. How do you suppose Calvin and Benson were
able to work out the steps of the dark reaction, using this research tool?

Calvin and his collaborators used the isotope to label the C of the CO, they were studying. Stopping
the photosynthetic reaction at various times, they were able to trace the intermediates formed in the dark
reaction cycle by following which metabolites contained the '“C. If they stopped the reaction in a matter
of seconds after introducing the '*CO,, only the early compounds in the cycle were labeled with "*C. If
they waited for an appreciable interval, a greater variety of substances were found to be labeled. PGA was
found to be an early intermediate, but the first stable product of the reaction, accumulating over time, was
PGAL. Although many of the intermediate steps have been identified, the nature of the 6-carbon compound
arising from the union of CO, and RuBP is still uncertain.

At the beginning of the present century, plant anatomists noted that a seed plant native to hot,
dry climates, rather than exhibiting a palisade mesophyll, has a ring of mesophyll cells surround-
ing the bundle-sheath cells. The arrangement has the appearance of a crown—hence the German
word Kranz for the structure (see Fig. 6.4). This ring of Kranz cells exhibits a high level of C,
activity. What might the function of the Kranz structure be?

Under conditions of high temperature and the threat of water loss, the stomata of desert plants remain
closed for long periods of time. As CO, is used up in photosynthesis, its levels will fall within the leaf and
O; levels will rise. (O, is a waste product of photosynthesis.} This situation would encourage the wasteful
diverting of RuBP into photorespiration, literally an unfixing of CO,. But the mesophyll cells that wreath
the bundle sheath are characterized by C, photosynthesis. They are able to fix CO, and form a C,
intermediate. The C, intermediate formed in the mesophyll cells then passes into the bundle-sheath cells
and releases its CO, to the Calvin-Benson cycle operating there. The Kranz anatomy maximizes contact
between the mesophyll and bundle-sheath cells and therefore maximizes the pumping of CO, into the
bundle-sheath cells so that photosynthesis may continue under the adverse conditions of a hot, dry
environment. It is essentially a structural mechanism for sequestering the CO,-capturing step from the
carbohydrate-generating process to maintain photosynthetic efficiency.

Corn. which grows in a temperate climate but can trace its ancestry to desert plants, possesses the
Kranz anatomy:; so too do sugarcane and that perennial lawn pest, crabgrass.
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Compare the ultrastructure and function of the chloroplast with those of the mitochondrion.

In many respects the chemical events associated with the fine structure of the mitochondria are
paralleled within the chloroplast. Both organelles have a double membrane; a membrane-linked electron-
transport chain, in which are embedded such pigments as the cytochromes; and an elaborate chemiosmotic
apparatus for building up an electrochemical gradient of H* ions between two compartments within the
organelle. The subsequent movement of H* ions through an enzyme complex releases energy and results
in the formation of ATP. In the chloroplast, however, the inner membrane is not folded and indented but
tends to remain close to the outer membrane. A third membrane system instead provides a convoluted set
of membranous vesicles—the thylakoid membrane system. It is across this membrane that the H* gradient
is developed. The energy of this electrochemical gradient is used to generate ATP at a specific site of the
complex called the CF; region. This is analogous to the F, region of the inner mitochondrial membrane,
which is similarly involved in the generation of ATP from the flow of protons. It is felt that the chemiosmotic
apparatuses in these two organelles have a common evolutionary origin.

Supplementary Problems

What are organisms called that manufacture their food from simple chemical substances?

The “oxygen revolution” involved (a) the formation of metal oxides from organic acids. (b) the formation
of free oxygen in the atmosphere as a result of photosynthesis. {c) Lavoisier’s death in the French
revolution. (d) the origin of the Krebs cycle. (e) none of the above.

Oxygen in photosynthesis is evolved from the splitting of CO,.
(a) True (b) False

Light travels in discrete energy packets called photons.
(a) True (b) False

The green color of chlorophyll indicates that green is the most efficient wavelength of light in terms of
photosynthetic activity.
(a) Trae (b) False

Carbon 14 was used by van Niel to show that H,0 was the source of the oxygen evolved during

photosynthesis.
(a) True (b) False

Chlorophyll a is the reaction center for photosystems I and II.
(a) True (b) False

Only light that is absorbed can be used for photosynthesis.
(a) True (b) False
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Which is greater (a) the molecular weight of chlorophyll a or (b) the molecular weight of RuBP?

Which has greater NADPH production (a) cyclic photophosphorylation or  (b) noncyclic photophos-
phorylation?

Which is greater (a) the energy in the bonds of PGA or (b) the energy in the bonds of PGAL?

When chlorophyll is extracted from the leaf, it may still absorb light but will shortly reemit it at a lower
energy level. This phenomenon, which also occurs to a limited extent in the intact leaf, is called
(a) phosphorescence. (b) fluorescence. (c) red shift. (d) photorespiration. (e) none of these.

P700 is (a) found in photosystem 1. (b) a form of chlorophyll a. (c) the reaction center for
photosystem 1. (d) all of the above. (e) none of these.

Pigments such as ferredoxin and plastocyanin are unique to photophosphorylation, but pigments
encountered in both photophosphorylation and the electron-transport chain of respiration are the
(a) cytochromes. (b) flavoproteins. (c) coenzyme Q. (d) bothaand &. (e) both b and c.

Cyclic photophosphorylation is probably an older, more primitive pattern of photosynthesis.
(a) True (b) False

Carbon fixation (union of CO, with an organic compound) occurs during the light reaction.
(a) True (b) False .

An electron hole created during noncyclic photophosphorylation is filled by an electron coming from

photosystem 11
(a) True (b) False

The ultimate source of electrons and H* for the reduction of NADP” in an initial phase of photosynthesis

is the splitting of water.
(a) True (b) False

All the oxygen liberated during photosynthesis derives from the water that is split during the light

reaction.
(a) True (b) False

The grana consist of stacks of thylakoid membranes.
(a) True (b) False

A hydrogen-ion gradient between the thylakoid space and the stroma of the chloroplast provides the
energy for ATP formation in photophosphorylation.
(a) True (b) False

In the Calvin-Benson cycle, five of the six PGAL molecules formed by three turns of the cycle are used
for (a) the formation of sugar. (&) the formation of more RuBP. (c) both @ and b. (d) none of
these.

Photorespiration involves the oxidation of (a) PGA. (b) RuBP. (c) chlorophylla. (d) both a and
b. (e) none of these.
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PART lll: Genetics and Inheritance

Chapter 7

The Nature of the Gene

7.1 THE CONCEPT OF INFORMATION PROCESSING IN THE CELL

The complex activities of single cells, and of multicellular organisms as well, are controlled and
guided by a set of blueprints (genes) locked in the chromosomes. Essentially the blueprints contain
information for the synthesis of specific proteins. Since proteins make up both the basic cytoarchitecture
and the enzymes that direct metabolism, the nature of the proteins made will determine the structural
and functional characteristics of the cell or organism.

Modern molecular biology focuses on (1) how the information is arranged (encoded) in the
chromosome, (2) how the information is processed, (3) how the blueprint replicates itself whenever
the cell divides so that each cell may have a copy of the blueprint, and (4) how the information can
be modified to provide new message material. Regulation and control of each of these information
transactions constitute yet another aspect of molecular biology, a discipline that provides an understand-
ing of life through an understanding of the roles played by macromolecules.

We now realize that the properties of a single macromolecule, DNA, can explain the entire agenda
of information encoding, processing, replication, and modification (mutability). DNA is a blueprint
that directs the destiny of the cell during its lifetime. It also is, in a certain sense, the material of
immortality, since it is DNA that passes from one generation to the next to maintain genetic continuity
between parent and progeny. In some viruses RNA, a close relative of DNA, takes on the central
informational role.

Like a mold for a bronze casting, DNA creates a messenger molecule of complementary structure
rather than perform the job of creating proteins directly. The necessity of using a messenger lies in
the importance of DNA, the primary gene material, and the dangers that lurk in the cytoplasm where
protein synthesis occurs. Although DNA is a relatively stable, long-enduring macromolecule, it can be
degraded by enzymes called DNAses or altered by changes in its immediate environment. Just as a
general does not enter the thick of battle during a war, so too, DNA (in eukaryotes) is sequestered
behind the lines of the nuclear membrane, from which protected site it can produce one, none, or many
copies of the messenger molecule that will effect the production of a specific protein.

The production of a messenger molecule from a DNA template is called transcription. The messenger
molecule is a particular species of RNA called messenger RNA (mRNA). The mRNA will later join
with the ribosomes of the cytoplasm and some other accessory molecules to synthesize a protein. This
step is called translation. Thus, the specialized information or code for the assembling of amino acids
into a protein is first transcribed from DNA onto an RNA “tape’ and then translated into a protein.
The DNA itself undergoes replication whenever a cell divides so that the information of one generation
may be passed along to each member of the next generation.

In the process of encoding information, transmitting that information along until a protein is
assembled, and replicating the blueprint, a high degree of fidelity is required. If the message becomes
garbled at any of these steps, a lack of coherency in producing proteins will occur. However, some
change in message is possible within the conservative nature of the information apparatus. Physical
alteration in the substructure of DNA leads to changes in the coded sequence called mutations. These
mutations, relatively rare events, provide new genetic sequences to be tested in the course of evolutionary
modifications. Sex shuffles the deck; mutations add new cards to the old.

7.2 THE SEARCH FOR THE CHEMICAL BASES OF INHERITANCE

IMPLICATING THE CHROMOSOMES AND DNA

At the same time that Gregor Mendel (see Chap. 9) was performing his genetics experiments on
the garden pea (1865-1870), a young Swiss biochemist named Friedrich Miescher was isolating a
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hitherto unknown substance from the nuclei of pus cells and, later, fish eggs. He called this acidic
material nuclein. Later it was named nucleic acid because of its properties and location. The sticky
material that Miescher painstakingly extracted from the smelly, pus-soaked bandages he collected from
hospital patients was actually DNA, the very material which comprised the genes of Mendel’s crosses
and which provides the basis for modern molecular biology.

In 1882, Walther Flemming stained the chromosomes of cells undergoing mitosis (see Chap. 8)
and described the complex process of cell division by which a constancy of chromosome number is
maintained. Later, Theodor Boveri described the meiotic process that results in a precise reduction of
chromosome number from two sets (2n) to one set (n) in the formation of gametes (sperm/eggs).

Despite the seemingly obvious significance of the chromosomes in the life of the cell and the
mechanisms of heredity, most biologists tended to dismiss their importance until 1918, when a series
of experiments in sex linkage (see Chap. 9) conducted by C. B. Bridges showed conclusively that
chromosomes are the physical basis of inheritance; i.e., they carry the genes, the units of heredity. Quite
often in the sciences there is a lag of many years between a discovery and its recognition and acceptance
by the general research community.

At the start of World War I, the German chemist Robert Feulgen developed a method for staining
DNA and later showed that DNA is found virtually exclusively in the chromosomes. In the 1920s the
chemical properties of DNA were worked out by P. A, Levene. He showed that the basic unit of this
macromolecule is a nucleotide (see Fig. 7.1), a molecule consisting of a phosphate group, a 5-carbon
sugar called a deoxyribose, and a single nitrogenous base (see Fig. 7.2) selected from a pool of two
purines (adenine or guanine) and two pyrimidines (thymine or cytosine).

purine-containing nucleotides pyrimidine-containing nucleotides
NH-
|
Base:
adenine thymine
Phosphate
0]
Lo
~
H—N/ C \
“ /C—H guanine cytosine
H,N—C C
2 NN
Cl)_
“0— P—0~—CH,
I (o}
o
H H
H H
OHH

Fig. 7.1 The nucleotides
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Fig. 7.2 N-bases

Levene went on to propose that DNA was a tetranucleotide, that the macromolecule consisted of
four nucleotides joined together. Each nucleotide of the tetranucleotide was thought to contain usually
a different nitrogenous base, so that the four bases would then be present in approximately equal
amounts in all DNA. Such a simple structure for the molecule led scientists to mistakenly conclude
that DNA could not be the primary material for heredity and the control of cellular metabolism. A
molecule possessing the properties of a genetic language would have to be capable of carrying a great
many variations within its fundamental structure in order to account for the many bits of information
required to regulate cell structure and function.

A greater complexity of the DNA was suggested in the 1940s by the elegant series of experiments
carried out by Erwin Chargaff and his associates. Chargaft showed that the four common bases of
DNA are not present in equal parts but instead demonstrate considerable variation. The repertoire of
variation is consistent with the possibility that DNA is the blueprint material of the cell. Chargaff also
showed that within the pattern of variability for the bases, one constant rule obtains: the amount of
adenine (A) always equals the amount of thymine (T) and the amount of guanine (G) always equals
the amount of cytosine (C). It follows from this that the total amount of purines (A + G) is equal to
the total amount of pyrimidines (T + C). These regularities were particularly revealing when added to
the finding that the amount of DNA in all somatic (nonsex) cells of an organism is always the same
but that the gametes (cells of reproduction) have half the total found in somatic cells.

Evidence continued to accumulate implicating DNA as the fundamental hereditary material:
pneumococci (bacteria that cause pneumonia) of one strain could be permanently altered (the process
of transformation) by the DNA of a second strain; viruses were shown to multiply by capturing the
protein-synthesizing machinery of a bacterial cell and subverting it to the needs of the viral DNA; and
the sexual recombination of bacteria clearly involved the manipulation of DNA. What was needed was
the establishment of the structure of DNA in order to explain in terms of molecular architecture how
DNA could encode information, process this information, replicate itself, and even alter its own
structure on occasion to produce new message units.

DNA’S SECRET IS UNRAVELED: THE DOUBLE HELIX

Using the x-ray diffraction photographs of DNA by Rosalind Franklin and the findings of many
other investigators, as well as their own brilliant interpretations of the available data, Watson and Crick
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developed a model for the structure of DNA. They found that it is not a single, large polynucleotide
but, rather, a double-stranded twin. Each strand is a helix, and the two strands are entwined around
one another. One complete coil is 10 bases long (see Fig. 7.3).
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Fig. 7.3 Structure of DNA

EXAMPLE 1 The easiest way to visualize the structure of DNA is to regard it as a twisted ladder. Each side of
the ladder is made up of alternating sugars and phosphate groups. Jutting out of each sugar are the bases. A base
from one strand is hydrogen bonded with a base from the adjoining strand. These pairs of bases, one from each
strand, make up the rungs of the ladder and thus fasten one strand to another. DNA may exist in at least four
geometric formations. The form described by Watson and Crick is B-DNA (Fig. 7.4b). A partially unwound form
is known as A-DNA, while a tightly coiled, extremely compact configuration is known as C-DNA. Z-DNA is a
form in which the helix is wound opposite in direction to that of B-DNA and the backbone of the molecule
demonstrates a zigzag shape (Fig. 7.4a).

The hydrogen bonding of the bases (along with hydrophobic interactions between them) holds the
double helix together. Although each H bond is relatively weak, in the aggregate, with so many H
bonds, the attachment of the two strands is quite strong. Because of the respective sizes and chemical
makeup of the bases, adenine is always cross-linked with thymine (by two hydrogen bonds) and cytosine
is always linked with guanine (by three hydrogen bonds). Adenine and thymine are therefore said
to be complementary bases, as are guanine and cytosine. This complementary relationship explains
Chargaff’s findings that in DNA, A = Tand G = C.

Each sugar forming the backbone of the strand is joined by a phosphate molecule at carbon atom
5 (C-5) to the sugar above; a phosphate at C-3 joins it to the sugar below. One end of the strand,
having a sugar with no sugar above it and thus a free or phosphorylated carbon at the C-5 position,
is called the 5" end; the other end, at which the terminal sugar has no sugar below it and thus has a
free or phosphorylated carbon at C-3, is called the 3" end (see Fig. 7.3). The prime (') is used in
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(@) Z form (b) B form

Fig. 7.4 Alternate forms of DNA

numbering the carbons in the sugar to distinguish them from the carbons in the attached base. Each
strand runs opposite in polarity to its complementary strand. The 5’ end of one strand is at the same
end as the 3’ end of the associated strand. They are thus said to be antiparallel. This suggests that the
strands may actually have been synthesized in opposite directions.

It should be noted that since a relatively large purine base will always be associated with a relatively
small pyrimidine, the long DNA molecule will not bulge or constrict but will tend to maintain a uniform
width throughout the double helix. Since the average cell contains about 2 m of DNA, there is a great
necessity to compact the molecule within the nucleus. The fundamental packing unit is the nucleosome
{Fig. 7.5), which contains both DNA and various types of a small basic protein called a histone. The
nucleosome is a beadlike structure that considerably diminishes the extended length of the DNA.

1.10 nm

Histones
H2A, H2B, H3, H4

Histone H1

5.5 nm
Linker DNA

Core Linker DNA
DNA

Fig. 7.5 The nucleosome
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7.3 ENCODING INFORMATION—THE LANGUAGE OF THE GENE

Watson and Crick published their hypothesized model for the structure of DNA in a one and
one-half page paper in the journal Nature in 1953. This landmark event began the era of molecular
biology. Shortly thereafter an active search began to understand precisely how the structure of DNA
could account for information encoding, information processing (transcription and translation), replica-
tion of the information-carrying macromolecules, and occasional alteration of the message itself.

George Gamow was among the first to realize that if DNA carried the code for assembling amino
acids into proteins, then the code must have a minimum of 20 different ‘‘words” (codons) to account
for the arrangements of the 20 naturally occurring amino acids. Since phosphates and sugars are
arranged in an unvarying alternating sequence along the long axis of each polynucleotide strand, these
moieties of the nucleotide cannot represent a language with a broad range of structural options.
Obviously, then, it is the arrangement of the bases along the strands that is the encoding mechanism.
Could this language, or code, with its alphabet of bases consist of codons with one letter? No, because
four different bases could provide only four different codons. Similarly, four different bases taken two
at a time would yield only 16 different combinations, as follows:

AT TT CT GT
AG TG CG GG
AC TC CC GC
AA TA CA GA

If we take three bases as the unit codon, we have 4°, or 64, different arrangements possible, more
than enough words to control the assembly of 20 amino acids. Gamow hypothesized the triplet codon,
and later Crick demonstrated its operative validity. (To determine the 64 triplet codons add each of
the four bases in turn to the 16 doublets shown above.)

The genetic code, consisting of a linear sequence of three bases, appears to be universal for all
living forms, from bacteria to humans. It is also degenerate (redundant) in that a number of different
codons may represent the same amino acid. For example, from Table 7.1, we can see that leucine has
six codons: UUA, UUG, CUU, CUC, CUA, and CUG. Since there are many more codons than are
necessary for the insertion of 20 amino acids into a protein chain, some of the codons may be used as
punctuation, i.e., starting or stopping signals, during the synthesis of a protein.

Meaningful information about the synthesis of a protein can be contained in only one of the strands
of the double helix. Any codon on the opposite strand in that region is the complement of its respective
codon on the sense strand. For example, reading both strands from their respective 5" ends, a triplet
sequence of CTG on the sense strand would create the sequence CAG on the opposite strand. Even
though the complementary sequences may well code for amino acids, and not gibberish, they will
probably not be the same amino acids as coded for by the codons on the sense strand, and will thus
place the wrong amino acids into the protein. However, for a different protein, the complementary
strand may become the sense strand in another portion of the DNA.

7.4 PROCESSING THE INFORMATION—PROTEIN SYNTHESIS
TRANSCRIPTION

The information contained in the sequence of bases in the sense strand of DNA is impressed upon
a deputy molecule, messenger RNA.

EXAMPLE 2 RNA stands for ribonucleic acid. RNA resembles DNA but is single-stranded and has ribose sugar
rather than deoxyribosc sugar (a hydroxy! instead of a hydrogen is attached at the 2’ carbon of the ribose sugar).
It also differs from DNA in using the pyrimidine uracil in place of thymine.

Transfer of the information is accomplished by the DNA strand acting as a template for the arrangement
of RNA bases with a sequence complementary to that of the DNA. The sequence begins with bases
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Table 7.1. Codon-Amino Acid Assignments of the Genetic Code

Second Position
First Position Third Position

(59 U C A G (39
8) Phe Ser Tyr Cys U
Phe Ser Tyr Cys C

Leu Ser (CT) (CT) A

Leu Ser (CT) Trp G

C Leu Pro His Arg U
Leu Pro His Arg C

Leu Pro Gln Arg A

Leu Pro Gin Arg G

A Ile Thr Asn Ser U
lle Thr Asn Ser C

Ile Thr Lys Arg A

Met(CI) Thr Lys Arg G

G Val Ala Asp Glv U
Val Ala Asp Gly C

Val Ala Glu Gly A

Val(CI) Ala Glu Gly G

The codons shown are for mRNA, so uracil (U) replaces thymine.
C = cytosine, A = adenine; G = guanine. The amino acids encoded for are:
Ala = alanine; Arg = arginine; Asn = asparagine; Asp = aspartate; Cys =
cysteine; Gln = glutamine; Glu = glutamate; Gly = glycine; His =
histidine; Ile = isoleucine; Leu = leucine; Lys = lysine; Met = methionine;
Phe = phenylalanine; Pro = proline; Ser = serine; Thr = threonine; Trp =
tryptophan; Tyr = tyrosine; Val = valine. CI = chain initiation; CT = chain
termination.

that will later permit the mRNA to attach to a ribosome. The balance of the relatively long mRNA
molecule codes for the amino acid sequence of the protein that will be constructed during the translation
process and ends with a codon that will signal termination of the synthesis of the protein.

Unwinding proteins begin transcription by breaking the H bonds between complementary bases,
so that the DNA opens, in sporadic fashion, along its length. The enzyme RNA polymerase attaches
to the promoter region of DNA. Synthesis begins at this 3’ position of DNA with the creation of the
5" end of RNA (an antiparallel arrangement).

Each base of the exposed DNA template attracts a complementary base from a pool of free bases
in the nuclear sap. These free bases exist as the nucleotide triphosphates ATP, GTP, UTP, and CTP
(adenosine, guanosine, uridine, and cytidine triphosphate) and so contain a great deal of energy, which
facilitates their assembly {polymerization) into a polynucleotide. The nitrogenous base of each nucleo-
tide hydrogen bonds (according to the base pairing rule) to its complementary base on the DNA sense
strand. It is the RNA polymerase that catalyzes the attachment of the nucleotides to each other to form
a strand. Thus, complementary RNA codons represented by a sequence of free bases are first built
upon a DNA template, and then these bases are joined into a single-stranded RNA molecule. A
termination signal marks the 3’ end of the finished mRNA molecule, which is released and soon migrates
out of the nucleus. Note that the direction of RNA synthesis is 5'—3'.
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Depending on the number of protein molecules to be manufactured, many copies of mRNA will
be formed. Some mRNAs will be long-lived, while others will have only a transitory existence and
produce only one or a few proteins.

The transcription process in eukaryotes is complicated by the existence of long sequences of bases
in DNA (introns) that do not contain meaningful information for protein synthesis. During transcription,
both the introns and the DNA sections that are subsequently translated (exons) are transcribed into
the mRNA. In the nucleus, this slurry of primary transcripts is referred to as hererogeneous nuclear
RNA, or hnRNA. Before the mRNA leaves the nucleus, the sections representing the introns are excised
and the remaining sections are annealed; this yields functional mRNA, which migrates out of the
nucleus for the next stage of protein synthesis, translation.

TRANSLATION

The next step in the processing of the information is the actual production of protein, the translation
of the code. Translation requires the integrated functioning of ribosome, mRNA, and a small species
of RNA called transfer RNA (tRNA), which is responsible for carrying amino acids to the mRNA for
incorporation into the protein chain. One end of each tRNA binds to a specific amino acid; the other
end contains an anticodon (Fig. 7.6), a base triplet sequence that is complementary to one of the mRNA
codons for the amino acid at the other end. Thus, there are at least as many tRNAs as there are codons
for amino acids.

o

attachment site for an amino acid

binds with
amino-acid
activating
enzyme

binds with the
ribosome

hydrogen bonds

anticodon

Fig. 7.6 Transfer RNA

The process of translation (Fig. 7.7) begins with the migration of mRNA to the cytoplasm, where
the 5’ end binds to the smaller (30 S) of the two subunits of a ribosome. (S stands for Svedberg unit,
a specific measure of sedimentation in a gravitational field.) A tRNA with the appropriate anticodon
is attracted to the starting position of the mRNA; at the same time the tRNA attaches to the first of
two binding sites on the larger (50 S) ribosomal subunit. When the second binding site is occupied by
a second tRNA-amino acid complex, the two respective amino acids are joined with a peptide bond
produced by an enzyme (peptidyltransferase) located in the 50 S subunit. The first tRNA molecule is
then freed as the ribosome shifts over to the next codon. This brings the second tRNA-amino acid
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Fig. 7.7 Translation

complex into the first (P) site on the larger subunit and permits yet another tRNA to bring a third
amino acid into position. Each time the ribosome shifts to a new codon on the mRNA, the second (A)
position is made available to, and filled by, the tRNA-amino acid complex appropriate to the codon
being read. The new amino acid is joined to the polypeptide chain, and the process is repeated. When
the ribosome reaches a termination signal, it releases the polypeptide extending from its 50 S subunit,
which may then move through the channels of the endoplasmic reticulum.

Several ribosomes may be simultaneously translating a single mRNA, so that several copies of a
protein are in various stages of production along a single strand of mRNA. Such a configuration of a
single mRNA with a number of ribosomes is known as a polysome.

The fundamental dogma of molecular biology is summed up as DNA — RNA — protein. It assumes
the primacy of DNA as initiating the entire process and being free of influence from either RNA or
protein. This one-way flow of information was accepted until the discovery of reverse transcriptase, an
enzyme associated with certain RNA viruses (retroviruses). This enzyme catalyzes the formation of
DNA on an RNA template and thus reverses the usual flow of information. Although a special case,
the situation in the retroviruses challenged the universality of the fundamental dogma of Watson and
Crick.

7.5 REPRODUCTION OF INFORMATION—DNA REPLICATION

Watson and Crick recognized that each strand of DNA could serve as a template for a complementary
strand. If the double helix could unwind and separate, the individual strands could attract their
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complementary bases (as in mRNA synthesis); each original strand would thus again be associated
with its complement, and two identical double helices would have been created. This is considered
semiconservative replication because each double helix created consists of one “parent” strand and one
newly synthesized strand.

This model of DNA replication is generally accepted today. Unwinding of the double helix appears
to be accomplished by a number of proteins. Topoisomerases cut one of the strands so that it can begin
to unwind and also serve to relieve pressures in the coil caused by its unwinding. Single-stranded DNA
binding protein (SSB protein) destabilizes the helix and thus facilitates unwinding. The actual unwinding
is accomplished by helicases, which can be found at the replication fork (the fork created by the
unwinding strands). Chain growth is initiated by a primase and is extended by a DNA polymerase.
Growth occurs in a 5—3' direction (i.e., from the 3’ end of the template). Exonucleases can remove
sections of DNA, and abutting segments of unjoined DNA can be annealed by ligases. Although
variations exist, this general pattern seems to hold for both prokaryotes and eukaryotes.

7.6 MODIFICATION OF INFORMATION—MUTATION

The message in DNA is read in terms of the linear array of bases in one direction along the sense
strand. Each word or codon consists of a triplet of bases. A change in the sequence of triplet codons
is termed a mutation. One kind of mutation is caused by the addition of an extra base. This insertion
of an extra base drops the reading frame back one letter (base) from the point of insertion and thus
changes all the codons subsequent to it.

If the insertion occurs at the beginning of the gene message, it will probably halt production of the
protein. This is the kind of mutation that may underlie a number of genetic diseases in humans in
which an enzyme is missing (Tay-Sachs disease, galactosemia). Should the insertion occur toward the
end of the gene *‘tape,” then only one or several terminal amino acids would be affected and a functional,
but slightly altered, protein would be produced.

A similar shift in the reading frame would occur if a base were deleted from the gene. In this case
the reading frame would be advanced one letter, and all the subsequent codons would be changed.

[abe] [def] (ght] (k1] —— ki
Here, too, the strong likelihood would be that no functional protein would be produced.

Less likely to eradicate the synthesis of a protein would be a mutation called substitution, in which
one base is substituted for another. In such an event one amino acid is substituted for another, because
only a single codon is changed. If the new amino acid is similar in its properties to the original one,
no damage would be expected to result. In humans, the blood disease sickle-cell anemia is caused by
the substitution of valine for the usual glutamine. Although only one base substitution and one amino
acid change occur, the properties of valine (hydrophobic) are sufficiently different from those of the
polar amino acid glutamine that a hemoglobin is produced that cannot adequately carry out its
oxygen-transport function.

Recently, the phenomenon of transposition (jumping genes) has become better understood as a
source of genetic variation. In this situation relatively long stretches of DNA jump from one chromosome
to another in some still unexplained manner.

EXAMPLE 3 In 1983, Barbara McClintock was awarded the Nobe! Prize for Physiology or Medicine for having
demonstrated the phenomenon of transposition. This involves the wholesale movement of genetic material from
one area of a chromosome to a completely different area within the family of chromosomes. This notion that genes
could jump from site to site was actually ridiculed when first introduced by McClintock in the late 1940s to explain
unusual color patterns in corn. At present we recognize that the transposon is probably one or several genes that
not only can jump from one location to another but also may bring about larger changes in other parts of the
chromosome, such as gene duplication. Transposons are generally transferred as circular strips of DNA and are
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capable of producing the enzyme that enables them to intrude within the new chromosomal site. In a later chapter
we will discuss alterations in the genetic message ascribed to changes in the chromosome.

The agents that cause mutations are known as mutagens. Among the most potent of mutagens are
various chemicals and ionizing radiation, such as x-rays and cosmic rays; alpha, beta, and gamma rays,
which are ionizing radiations produced by a variety of radioactive elements; and ultraviolet light, which
is a high-energy radiation, although not energetic enough to strip electrons from an atom.

7.7 GENETIC ENGINEERING

Genetic engineering refers to a broad group of procedures by which the machinery of genetic
information is intentionally altered. The biologist becomes an engineer and reconstructs the DNA
molecule or the whole genome (entire set of genes) within the nucleus for purposes of ameliorating
specific genetic diseases or gaining a better understanding of the genetic apparatus.

DNA recombinant procedures (gene splicing) are the best-known examples of genetic engineering.
DNA from a foreign organism, usually an entirely different species, is introduced to and integrated
with an existing genome. A new, hybrid genome is obtained with characteristics of the donor organism
reflected in the recipient.

EXAMPLE 4 The introduction of the gene for synthesizing human insulin into bacteria illustrates this procedure.
These bacteria are, in a certain sense, part human because they are capable of producing a human protein. Since
bacteria divide every 20 min or so, many billions of bacteria with the human gene can be cultured and the insulin
they produce harvested. Individual genes for human growth hormone and interferon (an animal protein that
inhibits viruses) have also been introduced into bacteria.

For recombinant DNA studies the major tools are restriction enzymes {endonucleases), plasmids,
and viruses. Restriction enzymes were isolated at the same time that the retroviruses were discovered.
They act like a pair of scissors to permit the DNA to be cut at precise regions. A plasmid is a small
circular piece of DNA lying outside the chromosome in bacteria and some yeast. It may contain a
single gene, a few genes, or many genes. In many bacteria the plasmid contains genes that confer
resistance to many kinds of antibiotics.

In one recombinant technique, foreign DNA is incubated with plasmids that have been opened by
the restriction enzymes. These enzymes create in the plasmids “‘sticky ends™ that readily permit a
reassembling of DNA strands. The foreign DNA is incorporated into the plasmids, which then close
and are taken up by recipient bacteria. When the bacteria divide, the plasmid replicates and passes on
to each daughter cell.

Another technique for bringing foreign DNA into a bacterium is to use viral particles as a vector.
Viral DNA is incubated with foreign DNA fragments and incorporates this foreign DNA into its
genome. The virus then invades a bacterial cell and integrates its total genome, foreign and viral DNA,
into the bacterial chromosome. This technique is essentially transduction, a phenomenon described in
1952 and used to demonstrate the blueprint role of DNA within the cell.

Genetic engineering involving the whole genome has been carried out in the melding (union) of
nuclei from different species. Usually the chromosomes of one species remain functional, while those
of the other species tend to break down. However, some chromosomes of the second species may
continue to function within the combined nucleus. These experiments are most useful for delineating
the specific functions of the genes on the few chromosomes of the second species that continue to
function.

Cloning is a technique in which many copies of a single gene, chromosome, or whole individual
may be produced. Clone comes from a Greek root meaning “twig.” Nonreproductive tissues are used
in cloning entire individuals; thus sexual recombination is not involved. Cloning in carrots was carried
out by Fred Steward in the late 1950s. He used fully differentiated cells from the vascular tissue of the
plant, which are ordinarily not capable of producing a new organism. By manipulating the medium in
which these cells were grown, Steward’s group “fooled” these mature cells into returning to the
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embryonic condition in which they could produce all the components of a new carrot. In the case of
vertebrates, the cloning of frogs has been achieved, but only by placing nuclei of mature cells into eggs
from which the nucleus had been removed. The clone develops into a frog with all the characteristics
of the organism from which the transplanted nucleus was taken. The only purpose of the egg cytoplasm
seems to be to provide a hospitable environment for growth and development. With advancing
technology, scientists have been able to successfully clone small mammals such as mice and have
recently cloned an adult mammal.

Solved Problems

7.1 What is a gene?

A gene is a unit of information that directs the activity of the cell or organism during its lifetime. It
passes its message along to the progeny when the cell or organism divides or reproduces, so that the gene
is also a unit of inheritance. In the classic experiments of George Beadle and Edward Tatum (1940) the
gene was shown to carry the information required to make a single enzyme or, as the hypothesis was later
modified, a single protein. Actually a single gene carries the information for the synthesis of a single
polypeptide chain, whereas many proteins consist of a number of polypeptide chains (quaternary structure).

At one time, the genetic unit for creating a functional protein (the cistron) was believed to be different
from the length of DNA required to produce a mutation {muton) or to effect a recombination of genetic
alignment along the chromosome (recon). This separation of various gene functions, however, has not
been seen in the recent literature. We may view the gene as a length of DNA that codes for a specific
product. Usually this product is a polypeptide chain, but it may also be a type of RNA, such as tRNA
or ribosomal RNA (rRNA). A given gene may exist in one of several alternative forms, or alleles (see
Chap. 9).

7.2 What was the evidence that led to the acceptance of DNA as the primary hereditary material?

The eukaryotic chromosome, long recognized as the bearer of life’s blueprint, was known to be rich
in both DNA and protein. Either of these molecules could have been the primary blueprint material. But
in 1928 Fred Griffith showed that dead, virulent pneumococci (containing a capsule), when injected into
mice, could transform live, nonvirulent pneumococci (without a capsule) into live, virulent bacteria with
a capsule. Since the capacity for virulence, associated with the capsule, was governed by hereditary factors,
Griftith had demonstrated the possibility of effecting hereditary changes in live bacteria by presenting them
with some substance found in dead bacteria. Later, Dawson repeated these experiments in vitro. In 1943
Oswald Avery and his collaborators carefully extracted the transforming principle (substance) from the
bacteria and found it to be DNA. Thus it was DNA that could literally reach out from the grave and
produce a permanent hereditary change in a living organism. A variety of traits were soon found to be
susceptible to transformation in bacteria; this lent strong support to the concept that DNA was the significant
information molecule.

In 1952, Alfred Hershey and Martha Chase showed with radioactive labeling that when protein and
DNA of an infectious virus (bacteriophage) were administered to host bacteria, it was only the DNA of
the virus that got into the cell and brought about the production of new viral material. Since the protein
of the virus did not even enter the bacterial cell, it was concluded that DNA was the genetic material of
the bacteriophage.

Recombination of genetic traits occurs in bacteria, an organism once thought to be free of sexual
exchanges. Careful study of the recombination process showed that it involved the creation of a protoplasmic
bridge ( pilus) between two or more bacteria along which the opened chromosomal ring of one bacterium
could be transferred into a recipient bacterium. This conjugation process, clearly seen in electron micro-
graphs, would, during replication, result in the creation of new chromosomes containing genetic material
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from two sources. Since the chromosomes of bacteria are naked lengths of DNA, the sexual recombination
of bacteria further strengthened the concept of DNA as the primary hereditary material.

Another line of evidence pointing to DNA as the primary hereditary material comes from transduction.
This phenomenon, similar in some ways to transformation, involves the exchange of genetic information
between two bacterial species with a virus acting as a vector to effect the exchange. Viral DNA enters one
bacterium, where it subverts the bacterial information processing system to produce new viral material. In
the process some of the DNA of the bacterial cell is integrated with the viral genome. When the virus
leaves the first cell and infects another cell, it brings the DNA from the first cell along with it to mix with
the DNA of the second cell. At the same time, hereditary characteristics of the first cell appear in the
second one. Since it is only DNA that passes into the bacterium from the virus, this transfer of genetic
information from one bacterial cell to the next implicates DNA as the primary blueprint material.
Transduction represents another technique for genetic engineering. A virus, treated with foreign gene
material, provides a probe for bringing genes into a recipient cell.

What are introns, and how do they affect the processing of genetic information?

Introns, a feature of eukaryotic DNA, are intervening stretches of DNA lying between the exons. The
exons represent message material that actually gets translated into protein, whereas the introns must
eventually be excised from the final mRNA product. Initially, both introns and exons are coded into an
mRNA transcript. The existence of introns and exons was demonstrated when it was discovered that only
about one-third of the primary transcript of DNA was used to make protein. In a highly complicated
process the intron regions are removed from the rough primary transcript on the DNA template to produce
a secondary, mature mRNA that codes only for the exons. It is now clear that initiator and terminator
signals must mark the beginning and end of each intron within a gene.

Despite the fact that the intron is not directly involved in shaping the final protein product, it appears
to be essential to the synthesis of a functional mRNA. The process of excising the intron regions involves
the participation of RNA as an enzyme. This catalytic RNA is part of a protein-RNA particle known as
the small nuclear ribonucleoprotein particle.

If a DNA codon, reading from the 5" end, is C-A-T, what will the base sequence be, reading
from the 5 end, of the corresponding anticodon? (Hint: tRNA alignment with mRNA is
antiparallel.)

Since the 3’ end of mRNA aligns with the 5 end of DNA in transcription, the complementary base
sequence of the mRNA, reading from the mRNA’s 3’ end, will be G-U-A. Note that uracil is substituted
for thymine in RNA. Since the 5’ end of tRNA aligns with the 3’ end of mRNA, the tRNA base sequence,
from the tRNA’s 5' end, will be C-A-U (see Fig. 7.8). Except for the substitution of uracil, anticodons are
the same as the original DNA triplets they are translating.

The 50 S ribosomal subunit has two sites that receive tRNA. Describe how they relate to each
other.

The first site, designated the peptidy! site, or P site, receives the initial IRNA-amino acid complex. A
second tRNA-amino acid complex moves into the second site, designated the aminoacy! site, or A site. An
enzyme, peptidyl transferase, catalyzes the formation of a peptide bond between the two amino acids, and
the tRNA in the P site is released from the resulting dipeptide and leaves. The ribosome then moves to
the next codon on the mRNA and thereby brings the second tRNA and its attached dipeptide from the A
site into the P site. The A site is now free to receive a third tRNA-amino acid complex, and the elongation
process can be repeated.

Would you expect the polypeptide chains of a polysome to be longer at the 5’ or the 3' end of
the mRNA?

Translation begins at the 5" end of the mRNA molecule. As the ribosome moves along the mRNA
toward the 3’ end, it adds amino acids to the protein chain. Therefore, the farther the ribosome has
progressed toward the 3’ end, the more amino acids it has added to the protein and the longer its protein
will be.
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(a)

(b)

Fig. 7.8 Direction of translation

In eukaryotic cells does the type of protein being produced determine where it is produced?

Yes, there are spatially separate processes involved in the synthesis of different classes of protein.
Those proteins that are destined to remain in the cytoplasmic compartment of the cell are translated in
the cell sap through the association of mRNA and free ribosomes. However those proteins that will be
incorporated into ER or secreted from the cell are translated on the RER. In the latter case, the mRNA
involved begins the translation process by associating with the two ribosome subunits necessary for
translation. Translation then pauses until the mRNA and its associated ribosome bind to the RER. At this
point translation resumes, and the polypeptide chain emanating from the ribosome is extruded into the
channel of the endoplasmic reticulum, where it passes through the smooth ER and the Golgi apparatus
and on out of the cell. If designed for the ER itself, the protein will be incorporated directly into the RER
channels.

Discuss the different kinds of RNA present in the cell.

There are more than three types of RNA present, and each kind is coded for by a specific gene in the
chromosome. All three types are usually single-stranded, but in some cases the strand may fold upon itself
to produce a local region of double-strandedness.

One type of RNA is found in the ribosome (rRNA). It is produced on the chromosome, is stored in
the nucleolus, and eventually becomes part of the ribosome. A second type, usually extremely long, is the
mRNA that represents the product of transcription. These transcripts vary in their usable life in
accordance with the number of copies of a given protein that are to be made. Transfer RNA (tRNA)
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represents a third type of RNA; it is also coded for by the DNA of the nucleus. There must be at least 20
different species of tRNA, corresponding to each of the 20 different amino acids. Actually there are as
many as 40 specific tRNAs. Each transfer RNA is a single strand but folded back on itself to produce a
clover leaf. Four loops arc produced, and the free tip of the second loop contains a triplet known as the
anticodon, which binds to a specific codon on the mRNA. At the 3’ end of the molecule a terminal CCA
codon is bound to the activated amino acid that is carried by the tRNA.

A number of specialized types of RNA are also found in the nucleus, such as those components that
play a role in the removal of introns. Some of the RNA produced from DNA in organelles (mitochondria,
chloroplasts) differs slightly in coding sequences from the RNA produced by nuclear DNA.

Starting with activated nucleotides, a segment of DNA, and cell-free extracts containing requisite
enzymes, Arthur Kornberg was able to effect the in vitro synthesis of new DNA, identical with
the original segment; this supports the belief that DNA acts as a template in its own replication.
However, these experiments did not elucidate whether replication was semiconservative or
conservative (i.e., kept the original DNA intact, not hybridized with the new, but somehow
effected the synthesis of an identical double helix). The semiconservative nature of DNA
replication was later demonstrated by Matthew Meselson and Franklin Stahl, using two isotopes
of nitrogen. How would you guess this was done?

Meselson and Stahl used two isotopes of nitrogen, "*N and '°N, to specifically delineate the source
of each chain of DNA during periods of replication. When chains containing bases that were derived from
N (heavy chains) were incubated in a medium in which only '*N was available for nucleotide synthesis,
a single replication cycle produced DNA of intermediate chain weight. All the DNA, on rigorous analysis,
was found to contain one heavy chain (derived from a parent '*N strand) and one light chain (newly built
from '*N). This clearly showed that DNA replication occurs in semiconservative fashion.

Construct a flowchart showing the generalized events in DNA replication and the enzymes and
other proteins involved in bringing these about.

. topoisamerase L. helicases R SSB protein .. .
Double helix Nicking of a strand ———— Unwinding - Destabilization and
iopoisomerase
primase NA polymerase DNA ligase
relief of pressure ——— Initiation o poymey Elongation ———— Closing of nicks

Because DNA replication occurs only in the 5—3" direction of the new DNA strand and because
the two strands of the double helix are antiparallel, uninterrupted replication would seem possible
only on one of the template strands (the 3’5" template strand). How do you suppose replication
occurs on the 5'—3’ template strand?

Fork movement (opening of the helix) for the second template strand is in the 5—3’ direction, and
therefore the polymerases, which can elongate a growing strand in the 5'—3' direction only and so must
always move in a 3'—>5’ direction on a template, must replicate DNA in a direction opposite to fork
movement. Replication cannot be continuous on this strand (the lagging strand), since the polymerases
must wai for new stretches on the template to be exposed by the unwinding helix and then work backward
from the fork. The result is a series of unconnected segments (Okazaki fragments) that eventually are
joined to form an uninterrupted strand.

Replication is far slower in eukaryotes (40-50 base pairs per second) than in prokaryotes (500
base pairs per second), yet the eukaryotic genome is much more complex. What mechanism
would you guess has evolved in eukaryotes to compensate for their slow rate of replication?

Replication in prokaryotes tends to proceed from a single origin, or initiation point. Eukaryotes begin
replication at multiple initiation sites; thus, though the rate of replication at each replicon (replication
segment) is slower, the replicons are much smaller and so replication takes less time overall.
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How might chemical mutagens and ionizing radiation iead to mutations?

The chemical mutagens may mimic the structure of the naturally occurring bases and become incorpor-
ated into the DNA strand where they block transcription. In some cases a chemical mutagen may act on
the bases to convert one into another and thereby create a substitution. The mutagenic capability of a
substance may be related to its carcinogenicity, since the induction of cancerous properties into the cell
may involve an alteration in the regular information processes of the cell.

The basis for the action of ionizing radiation is, in all probability, the breaking of DNA strands.
Secondarily this may lead to additions, deletions, or base substitutions. In the case of ultraviolet radiation,
the mechanism for mutation seems to be the creation of bonds between two adjacent thymine bases along
the same strand. These thymine bases can no longer bond to their complementary bases {adenine) on the
adjacent strand, this effectively blocks both transcription and replication at the site of dimer formation (T-T).

Although cloning is most often associated with complete organisms, at the macromolecular level
specific genes can be cloned. Suggest one possible way, using reverse transcriptase, to produce
multiple copies of a specific gene.

Reverse transcriptase catalyzes the formation of DNA on an RNA template. In a cell actively producing
the protein coded for by the desired gene, the corresponding mRNA can be isolated. This mRNA can be
used as a template with reverse transcriptase to fashion a DNA molecule containing the desired gene. This
molecule can then be inserted into a plasmid and used to make multiple copies of the gene within a
bacterial culture that has absorbed the plasmid as the cells divide.

The development of genetic engineering has raised various concerns, moral and scientific. What
might some of these be?

In many bacteria, the plasmids used in recombinant studies contain the gene conferring resistance to
antibiotics. It was feared, during early attempts to effect DNA transplantation, that bacteria would be
created that would be resistant to all known antibiotics. The possibility of an uncontrolled plague that
would sweep through the human population was only one of many concerns that arose from consideration
of the consequences of tinkering with the genetic apparatus.

Cloning also presents scientific and ethical questions. Since the cloning technique does not involve
the usual sexual process for recombining genetic material, it short-circuits a mechanism for providing
variability, which in turn deprives the organism of adaptive potential and thus leaves it more vulnerable
to selection pressures. Questions also have arisen about the legal status of a possible human clone, since
it would be a genetic replica of one individual but would be born to a woman who has provided a foster
womb without making a genetic contribution to the clone. Questions exist about who the parents of the
clone would be, what family relationships the cloned person would have, etc. These considerations involve
the legal and religious communities as well as biologists. In some countries, special panels have been set
up to deal with the ethical and biological issues involved in genetic engineering.

Supplementary Problems

In 1964, Marshall Nirenberg broke the genetic code by showing that UUU is the mRNA codon for the
amino acid (a) glycine. (b) tryptophan. (c) valine. (d) threonine. (e) none of these.

The virulence of pneumococcus is associated with its  (a) chromosome. (b) ribosome. (c¢) capsule. (d)
lysosomes. (e) none of these.

DNA was first discovered by (a) Feulgen. (b) Griffith. (c¢) Mendel. (d) Miescher. (e) none of these.
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The eukaryotic chromosome contains (a) DNA. (b) protein. (¢) RNA. (d) nucleosome spools. (e)
all of these.

There are three hydrogen bonds between complementary adenine and thymine bases.
(a) True (b) False

One complete coil of the DNA helix is 10 bases long.
(a) True (b) False

A significant piece of data influencing Watson and Crick was the x-ray diffraction photographs of B-DNA
taken by Rosalind Franklin.
(a) True (b) False

The two helical strands of DNA are held together by covalent bonds.
{a) True (b) False

DNA polymerase is involved in the formation of mRNA.
(a) True (b) False

Meselson and Stahl showed clearly that DNA replication was semiconservative.
(a) True (b) False

The promoter region plays a role in transcription.
(a) True (&) False

The primary transcript is much longer than mature mRNA because of the presence in the former of introns.
(a) True (b) False

Translation of the genetic code takes place on the ribosome.
(a) True (b) False

Introns are found in the circular chromosomes of prokaryotes.
(a) True (b) False

Transfer RNA is double-stranded throughout its length.
(a) True (b) False

Which is longer (a) tRNA or (b) mRNA?

Which is more stable (a) DNA or (b) mRNA?

Which are larger (a) the purines or (b) the pyrimidines?

Which is more complex (a) the human chromosome or (b) the bacterial chromosome?

Which weighs more (a) ribose or (b) deoxyribose?
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Chapter 8

Cell Reproduction

8.1 CELL CYCLES AND LIFE CYCLES

CELL CYCLES

Most eukaryotic cells reproduce at a regular rate to produce new daughter cells that contain the
distributed materials of the original cell. The distribution of nuclear materials, particularly the chromo-
somes, is known as mitosis. The apportionment of cytoplasm is called cytokinesis. These processes (see
Fig. 8.1) are part of a larger sequence of events known as the cell cycle—a rhythmic recurrence of
growth within the cell followed by reproduction of the cell. In many cells the entire cycle, from G, to
cytokinesis, is completed within a few hours; in other cells, it takes many days, while in still other cells
it is permanently arrested in one phase.

cell divisigp

Fig. 8.1 Cell Cycle

The significant vegetative (nonreproductive) functions of the cells occur during G,. These include
growth, increase in the number of organelles, and production of materials for both export and
intracellular use. Those cells that do not continue to divide are usually arrested in G, of their cycle.

During the S period, the DNA of the nucleus doubles (in preparation for the later division of the
nucleus and its chromosomes). Proteins associated with the chromosomes may also be formed at this
time, while metabolic activity of the cell is considerably reduced.

Following this synthesis stage a second gap, G, occurs during which materials for the specialized
structures required for chromosome movement and cell replication are organized.

The cell begins the active process of division as G, gives way to mitosis proper. The chromosomes
become visible and undergo an ordered movement, and then a set of replicates (chromatids) migrate
to each pole of the cell. The cytoplasm divides, and two new cells are formed from the contents of the
original cell. The cell cycle is now ready to begin again with a new G,.

LIFE CYCLES

In those rare single-celled organisms that reproduce only asexually, the cell cycle represents the
entire sequence of events occurring during the life of the cell. In organisms, whether single-celled or
multicellular, that reproduce sexually the cell cycle is incorporated into a more complex sequence of
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events. In the sexual process two significant events invariably occur. One of these is the union of special
sex cells (gametes}, which incorporate genetic material from two different sources. The fusion product
is the zygote. In some organisms the gametes that fuse are alike, but in most organisms the gametes
are dimorphic, specialized structures known as sperm and egg. They each have only half the number
of chromosomes found in the nonreproductive (somatic) cells of the organism. Whether gametes are
alike (isogameres) or not (heterogametes), their union, called fertilization, results in a doubling of the
chromosome number. Each gamete generally contains one set of chromosomes, and so fertilization will
produce a zygote (usually a fertilized egg) with two sets of chromosomes. This latter condition is called
the diploid state (designated 2n), while possession of only a single set of chromosomes is known as the
haploid state (In). A process of chromosome reduction called meiosis intervenes between one sexual
event and another. Meiosis, occurring in diploid cells, produces up to four haploid cells. A series
of successive sexual unions could not occur without an intervening meiotic stage. because the
chromosome number would double with each fertilization.

In multicellular organisms there is usually a characteristic organismic form associated with haploid
and diploid phases. This alternation between haploid and diploid phases brought about by meiosis
and fertilization makes up the life cycle of all organisms.

EXAMPLE 1 The prominent phase in the life cycle of a fern is the diploid state. The fern plant made up of
diploid cells is called the sporophyte, and it consists of roots, stems, and leaves. Meiosis occurs within a group of
specialized sacs on the underside of the leaf, and numerous haploid spores are produced. These spores leave the
sac and divide to form the haploid gametophyte phase, a very small, thin heart-shaped structure. Within this
gametophyte plant, sperm and egg are produced and unite in fertilization to give rise eventually to another
sporophyte. This swing from a haploid gametophyte to a diploid sporophyte is called the alternation of generations.

8.2 THE CHROMOSOMES AS PACKAGED GENES

Information for carrying out the activities of every cell is contained within a vital blueprint molecule.
Since the 1940s, DNA has been known to be this fundamental molecule of life. (Some strains of viruses,
which are only on the borderline of life, utilize RNA as the blueprint material.) In bacteria, the single
circular strand of naked DNA that makes up the bacterial chromosome contains almost all the DNA of the
cell. Some DNA is found as small circlets (plasmids; See Chap. 7) outside the chromosome. In eukaryotes,
the chromosomes exist as numerous linear rodlike bodies. The DNA of the eukaryote chromosome
exists in intimate association with small basic proteins called histones. A set of eight histone molecules
(see Chap. 7. Fig. 7.5) forms a unit called a nucleosome, around which several hundred base pair
lengths of DNA are wound. The entire chromosome is made up of repeating nucleosome units.
Further coiling of the DNA brings the nucleosomes closer together until the chromosome appears to be
a dense band 30 nm wide called chromatin fibers. During mitosis, the bands themselves are coiled,
producing the characteristic thickness seen in chromosomes during this phase of the cell cycle.

In both prokaryotes and eukaryotes the genes exist as specific stretches of DNA along the
chromosome. In prokaryotes, the structural genes lie in a continuous array along the length of the
chromosome, separated only by regulatory regions and the starting and stopping signals associated with
turning transcription on or off (see Chap. 7). In eukaryotes, the DNA is packaged into coiled nucleosome
units. This chain of spooled structures is not neatly separable into specific gene units, but the gene
material does exist as a specific region within the chromosome. It is estimated that a typical gene
comprises about four nucleosome units along the chromosome. It has also been shown that less than one
tenth of the DNA within the eukaryotic chromosome is actually translated into protein. The prokaryotic
chromosome exists as a single unit (is haploid), and so each gene may be expressed without interaction
with a corresponding gene on a homologous chromosome. The eukaryotic chromosomes exist as
homologous pairs (are diploid) during much of the life cycle of the organism. and so their gene
expression is subject to modulation from gene-gene interaction.

Most of the genes of prokaryotic forms are contained within the single circular chromosome, with a
few more possibly on a plasmid. No introns are present. In eukaryotes the genes are scattered among the
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complement of chromosomes making up the characteristic set for the species. Every species has a
particular number and characteristic morphology (karvorype) for its chromosome sets, and particular
genes are generally found in the same locus of a specific chromosome. Alteration in the number of
chromosomes or in their structure is usually associated with genetic abnormalities.

EXAMPLE 2 The normal karyotype for humans consists of 23 pairs of chromosomes. The chromosome pairs
are numbered according to relative size. The twenty-third pair constitutes the sex chromosomes, which consist of
a pair of X chromosomes in the female or an X and Y chromosome in the male. In some people a third chromosome
21 is found in the cells; this situation, known as trisomy, is associated with Down’s syndrome. Such people are
retarded and may show developmental abnormalities; they have a characteristic rounded face and epicanthic
eyefolds, and often develop leukemia in later life.

8.3 MITOSIS

Mitosis is the process during which the chromosomes are distributed evenly to two new cells that
arise from the parent cell undergoing division. During the S phase of interphase before mitosis proper,
each chromosome will have replicated. The two chromosomal strands (chromatids) are identical in
their genetic material and are joined at a constricted region called the centromere. Within the centromere
are one or more rings of protein known as kinetochores. The kinetochores will play a significant role
in the attachment of the spindle fibers to the chromosomes and in the subsequent migration of the
chromosomes.

Mitosis has four main stages—prophase, metaphase, anaphase, and telophase (see Fig. 8.2). In
prophase, the relatively long first stage of division, the nuclear membrane breaks down and the spindle
forms.

EXAMPLE 3 In most animal cells and some fungi a centrosome region exists just outside the nuclear membrane.
Within the centrosome are two pairs of centrioles. Centrioles occur in pairs, each being a cylindrical rodlet that
lies perpendicular to its partner. The centriole pairs migrate to opposite poles of the cell, where they appear to be
associated with the spindle apparatus of the cell. The centrioles replicate during interphase. When centrioles are
present, an array of microtubular rays known as asters may form around them at each pole in a starlike cluster.
Centrioles and asters are rarely present in higher plants. The microtubular threads making up the spindle apparatus
produce a barrel-shaped structure in plants, but in animals each end of the spindle is pointed. This difference may
be associated with the influence of the centrioles.

The chromosomes condense and begin to move toward the equatorial (middle) plane of the cell.
Metaphase is characterized by the precise lineup of the chromosomes along the equatorial plane. At
the start of anaphase the centromeres of each chromosome split so that each chromatid now exists as
a separate chromosome. Guided by the mooring spindle fiber, one chromatid of each pair is moved to
one pole, while the other chromatid is moved to the opposite pole.

EXAMPLE 4 The precise migratory movements of the chromosomes during mitosis (and meiosis) are largely
owing to the spindle apparatus. This rigid, semisolid network of microtubules consists of at least three types of
hollow fibers. One type of fiber extends continuously from either pole, almost reaches the opposite pole, and
overlaps with fibers from the opposite pole. A second type is attached to kinetochore rings within the centromere
and may even arise from these kinetochore structures. A third type occurs within the space that separates migrating
chromatids as they move to opposite poles.

The basic subunits of the spindle fibers are already present in the cell before mitosis. Thus, assembly of the
spindle apparatus, as well as its disassembly, may occur extremely rapidly.

Despite the fact that a doublet chromosome early in mitosis has a single centromere region, the two chromatids
each have their own kinetochore from which spindle microtubules may extend. The kinetochore of one chromatid
is associated by microtubules to one pole, while the kinetochore of the sister chromatid is associated with the
other. This accounts for the ability of each chromatid to move in a direction opposite to that of its sister chromatid.
Analysis of the centromere indicates that it has a unique base composition.
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Fig. 8.2 Mitosis (Animal)

Once the chromosomes reach opposite poles, the last phase of mitosis, telophase, begins. The
chromosomes gradually lose their stainability as they begin to lose their supercoiling. The nucleolus,
which tended to disappear during prophase, begins to re-form at specific nucleolar organizing regions
of certain chromosomes. The spindle apparatus breaks down to its constituent macromolecules, and a
new nuclear membrane begins to form around each of the two clumps of chromosomes aggregated at
their respective poles. Telophase may be regarded as a prophase run backwards.

With the completion of the nuclear division events, the cytoplasm usually begins its division—a
process known as cytokinesis. Although accomplished differently in animals and plants, the results are
the same: the creation of two separate cells.

In animal cells a cleavage furrow begins as a puckering along the surface of the cell in the region
of the equatorial plane. It extends and deepens until the original cell is completely cut in two, with
each part containing a complement of chromosomes as a result of the antecedent mitosis. In some
primitive plants, an inward growth of both plasma membrane and cell wall material from the surface
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occurs until a complete partition is formed. However, in all higher plants, cytokinesis begins near the
middle of the cell with the formation of an internal cell plate along the line of the equatorial plane,
the center of the old spindle. A ringed structure made up largely of protein, the phragmoblast, is
observed first and then the creation of the flattened cell plate. This plate gradually extends to the
surface of the cell and partitions it into two new cells. New cell wall material is brought to the partition
in membranous sacs derived from the Golgi apparatus to complete the process of cell division. In
prokaryotes (bacteria and blue-green algae) cell division is less complex. A single circular strand of
DNA fastened to the plasma membrane at one end constitutes the complete karyotype of the cell. At
the time of division, the chromosome begins to replicate. By the time replication is complete, the
resulting chromosomes are both attached to the plasma membrane. The entire cell undergoes elongation
even before chromosome replication so that cytokinesis occurs immediately following the attachment
of the replicate chromosome to the membrane. Newly synthesized membrane and even cell wall material
extend from the surface along the midline of the cell and completely partition it into two new daughter
cells, which separate into independent entities.

84 MEIOSIS

A union of gametes in sexual reproduction always yields a doubling of the chromosome number.
To maintain homeostasis in terms of chromosome number, the uniting gametes may be haploid rather
than diploid owing to a unique pair of cell divisions that segregate homologous chromosomes into
separate cells. The process by which this is accomplished is called meiosis, from a Greek word meaning
“to diminish.” Meiosis probably evolved as a modification of mitosis and incorporates many of its
features.

In animals, the two divisions of meiosis produce the haploid gametes, which eventually unite to
form a diploid zygote. In many algal cells, meiosis occurs immediately after fertilization to produce
haploid cells that constitute the dominant life form of these organisms. In many plant cells meiosis
occurs some time after fertilization, with alternating haploid and diploid phases occurring in the plants.
More primitive plants spend a greater portion of their life cycle in the haploid (gametophyte) stage,
whereas more advanced plants are characterized by a dominant diploid (sporophyte) stage. These
variations in meiotic timing within the living world should not obscure the significance in all organisms
of an intervening reduction process to compensate for the increase in chromosome number from sexual
union.

THE FIRST MEIOTIC DIVISION

Meiosis begins in similar fashion to mitosis (see Fig. 8.3): each chromosome replicates in the S
phase of interphase, and prophase begins after G, with an increasing coiling and condensation of each
of the doublet chromosomes. As in mitosis, the nuclear membrane begins to break down, centrioles
move to opposite poles of the cell, and the chromosomes begin to migrate toward the equatorial plane.
Spindle fibers start to aggregate from microtubules, and nucleoli disappear. Important differences,
however, soon become apparent. The prophase of meiosis 1 is a very much longer and more extensive
process than the prophase of mitosis and is actually divided into substages. The most dramatic difference
occurs early in the prophase when the homologous chromosomes mysteriously start to come together
in pairs (synapsis). Homologues touch at one or several points; then the chromatids appear to zip
together to form an intimate four-stranded structure known as a tetrad. When the tetrad begins to
loosen late in prophase, the individual chromosomes from each tetrad start to separate. At this point
there may still be a few physical links between chromatids of one homologous chromosome and those
of another. These clinging structures that seem to defy the tendency of the homologues to separate are
called chiasmata (sing., chiasma). Each of the chiasmata formed along the various homologues
represents a point at which a section from one chromatid has physically broken off and been exchanged
with the corresponding chromatid section on the homologous chromosome. Such an exchange of
chromosome parts between the chromatids of two homologous chromosomes is known as crossing over
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Fig. 8.3 Meiosis

and results in the formation of hybrid chromosomes with mixed genetic material (see Sect. 8.6 and
Fig. 8.5).

The metaphase of meiosis I consists of a lining up of pairs of homologous chromosomes, now
largely separated, at the equatorial plane. These structures continue to be identified as tetrads, since
the homologues are still closely apposed to one another. However, instead of a single line of centromeres
at the equator, which is characteristic of mitotic metaphase, there will be a double line of centromeres.
The total number of tetrads at the equator will be equal to the haploid (1n) number.
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During the anaphase of meiosis I no splitting of centromeres occurs. Instead, whole chromosomes
separate, with one homologue moving to one pole and the other to the opposite pole. This results in
single sets of chromosomes (with two chromatids) aggregating at each of the poles and effectively
reduces the diploid (2n) condition to the haploid (1n) condition. This first division of meiosis is
consequently called the reduction division.

In the ensuing telophase it is chromosomes with two chromatids that slowly lose their density, a
new nuclear membrane forms around each haploid set of doublet chromosomes, and the usual events
of telophase ensue. A short stage called interkinesis occurs between telophase I and prophase II.
However, no synthesis of genetic material occurs, and in some cases the chromosomes do not completely
lose their condensed configuration before moving into the second metotic division.

THE SECOND MEIOTIC DIVISION

In the second meiotic division, called the equational division, a haploid set of replicate chromosomes
in each new cell migrates to the equatorial plane and lines up in a single line of centromeres. The
centromeres now split, and the former chromatids of each chromosome migrate to opposite poles. Each
of the two cell products of meiosis I will produce two new cells, a total of four haploid cells during
the full meiotic process. In some cases, only one functional cell arises from the meiotic process, since
in many species each of the two meiotic divisions produces one functional cell and one very tiny polar
body, which quickly degenerates. The first polar body may even undergo the second meiotic division
before disintegrating. The production of gametes (gametogenesis) in females (oogenesis) is similar to
gamete production in males (spermatogenesis) in terms of the behavior of chromosomes. However, in
the apportionment of cytoplasm to the resultant cells and their modification, differences often arise
between the sexes (see Fig. 8.4).
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EXAMPLE 5 Eggs, or ova, are produced from diploid cells called oogonia, which are found in follicles within
the ovary. These oogonia may enlarge and undergo modification preparatory to meiotic division, at which time
they are designated primary oocytes. Following the first meiotic division, a large secondary oocyte is produced
(containing most of the original cytoplasm) along with a tiny polar body. Both the secondary oocyte and polar
body have a haploid complement of chromosomes, but the oocyte contains most of the food material of the cell.
During the second meiotic division, a large cell and a second polar body are produced. This large cell develops
into a mature egg, and the polar body disintegrates. Should the first polar body undergo meiosis 11, its polar body
products would quickly break down as well. The result of meiosis in female animals is the production of a single,
large haploid egg.

In males, diploid spermatogonia proliferate mitotically within the testes in special structures called, appropri-
ately enough, seminiferous tubules, i.e., 'seed-bearing sacs.”” At maturity these spermatogonia undergo modification
to become primary spermatocytes, the cells which undergo the first meiotic division to form haploid secondary
spermatocytes. The secondary spermatocytes each undergo meiosis I to form a total of four haploid cells with
single-stranded chromosomes, since the second meiotic division is equational and merely separates the chromatids
of haploid sets of chromosomes.

All four cells are viable and generally have equal amounts of cytoplasm, unlike the polar-body phenomenon
in oogenesis. The cells produced at the end of meiosis are called spermatrids. They must undergo considerable
cytoplasmic modification before they can be released as functional sperm (spermatozoa). In this process, using
humans as an example, almost all the cytoplasm is modified to form a midpiece motor apparatus and a long tail.
The midpiece is rich in mitochondria, which supply the energy necessary for this substructure to whip the tail,
the basis for sperm motility. The head of the sperm, which is analogous to the explosive payload of a rocket, is
essentially the naked sperm nucleus. Near the head of the sperm is a specialized structure, derived from sperm
Golgi vesicles, called the acrosome. It contains a variety of hydrolytic enzymes that enable the sperm to penetrate
the protective jelly that surrounds the ovum. A short neck region separates the head from the midpiece. The tail
is formed as an extension of the midpiece.

In humans, the female fetus begins creating cells (oogonia) that, upon her birth and development, will
ultimately be sequestered as eggs (ova) in her ovaries. These cells begin meiosis while still in the embryo but are
arrested in the prophase of meiosis I. They remain in “‘suspended animation™ until shortly before fertilization and
undergo the second meiotic division only after fertilization. In males, meiosis does not begin until maturity.

8.5 A POSSIBLE MECHANISM FOR CROSSING OVER

There is evidence that in chromosomes undergoing synapsis a series of axial elements made up of
protein extend along each chromosome to provide a thin backbone for the chromatids. Later, protein
crossbridges extend between the two axes to form a highly complex structure in which loops of DNA
are arranged along with RNA. The longitudinal protein rods of each chromosome and the lateral
processes that weld them into a complex connecting all four chromatids are called the synaptinemal
complex. It is in its formation and continued influence within the paired homologues that the
individual elements of the tetrad are brought into perfect alignment with one another.

When the chromosomes disjoin later in meiosis (in the process of disjunction), the synaptinemal
complex begins to disassemble. Some have attributed the tendency of twin chromatids to remain attached
to one another during meiosis [ to the synaptinemal complex. However, the bulk of cytological opinion
attributes this phenomenon to the failure of the centromeres to divide.

Strong evidence exists that in some species proteinaceous thickening occurs within the crossbands
of the synaptinemal complex at sites that later develop chiasmata. These recombination nodules are
thought to play a part in snipping homologous chromatids at the same site and interchanging the two
resulting chromatid segments. This splicing of a length of maternal chromatid on a paternal chromatid
“stump” and subsequent annealing of the corresponding paternal chromatid segment on a maternal
stump produce the hybrid chromosomes that contribute to genetic variability.

When chromosomes begin to separate late in the prophase of meiosis I, they tend to remain attached
at the chiasmata. The fact that the number of chiasmata is about equal to the number of recombination
nodules formed within the synaptinemal complex is regarded as strong evidence for a role of recombina-
tion nodules in crossing over. The regularity in the number of chiasmata that appear during meiosis
suggests that crossing over is not a fortuitous or accidental event, but rather an established mechanism
for increasing genetic variability.
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8.6 SEXUAL REPRODUCTION AND GENETIC VARIABILITY

One explanation for the ubiquity of sexual reproduction is the variability it provides for the forces
of evolution to act on. If all the organisms of a single species were exactly alike, they might all be
destroyed should the environment become inhospitable. However, if individual members of that same
species were more variable in their characteristics, changes in the environment which destroyed some
of the variants would leave others unharmed. Variation, in providing flexibility within a species,
enhances the potential for survival of the species in the face of environmental challenge.

We have already seen that genetic mutation is a source of variation; however, it is not necessarily
dependent on sexual reproduction for its expression. Sexual reproduction, by bringing together two
entirely different genomes, greatly increases genetic variability. Meiosis introduces two sources of
genetic recombination that add to this variability.

The first involves the recombination of whole chromosomes. Remember that in the diploid zygote,
for each pair of homologous chromosomes one was provided by the male (paternal chromosome) and
one by the female (maternal chromosome); half the chromosomes are thus paternal and half maternal.
However, the organism that develops from the zygote will produce haploid gametes. Because during
meiosis I paternal and maternal homologues line up opposite each other randomly on either side of
the equatorial plane, each resulting daughter cell will contain a haploid mixture of maternal and
paternal chromosomes (and maternal and paternal genes and traits). Some of these combinations may
never before have occurred in the haploid state. The more pairs of chromosomes an organism possesses,
the greater potential variability there is in the gametes. The significance of this mixing of chromosomes
will be studied in detail in Chap. 9 on the mechanism of inheritance.

EXAMPLE 6 In a cell with only one pair of homologous chromosomes, there will be two general classes of
gametes produced at the end of meiosis—cells with the maternal chromosome and cells with the paternal
chromosome. In the large numbers of gametes produced by gametogenesis, approximately half will contain the
maternal and half the paternal homologue. In those cells in which the diploid number is 4, two tetrads will be
formed, M, P, and M,P,. Therefore, four different classes of gametes may be produced in the course of meiosis:
M;M;, M,P,, PIM;, and P,P,. The formula giving the number of classes of gametes from a cell undergoing meiosis
is 2", where n represents the haploid number (number of tetrads). For humans, with an n of 23, there will be 2%
(over 8 million) different classes of gametes produced, based only on the recombination of maternal and paternal
chromosomes in the gametes. A sperm or egg may contain all maternal or all paternal chromosomes, or some
combination of the two.

The second source of variation through chromosomal combination is crossing over. Again mixing
occurs between paternal and maternal chromosomes, but within one set of homologues. As with the
independent assortment of whole chromosomes, crossing over increases the types of gametes that can
be produced and, thus, variability.

EXAMPLE 7 Suppose a chromosome has an allele (B) for blue blossoms and at another gene locus an allele
(C) for curly leaves (see Fig. 8.5). Further assume that the homologous chromosome has at these respective gene
loci alleles for red blossoms (R) and fringed leaves (F). Without crossing over, only two types of gametes could
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be produced with respect to these alleles: BC and RF. However, because of crossing over, two other gamete types
are possible: BF and RC.

When the thousands of gene loct are considered, the potential for variation through crossing over
is enormous. Heightening the effect of this variation is the fact that gene loci on a chromosome often
interact and thereby produce effects greater than the simple addition of the activities of the individual
loci involved.

Solved Problems

8.1 For single-celled, asexually reproducing organisms the cell cycle and the life cycle are one and
the same. Explain.

Asexual, single-celled organisms do not undergo fertilization; consequently, they require no homeostatic
process beyond mitosis to maintain a constant number of chromosomes. Sexually reproducing organisms
would double their complement of chromosomes with each fertilization if they could not first halve that
number through meiosis. This alternation of generations between a diploid stage and a haploid gametic
stage, which is in addition to the cell cycle, is unnecessary in asexual organisms. Thus, the life cycle includes
only the events of the cell cycle.

8.2 How does cellular reproduction differ in prokaryotes and eukaryotes?

Cell division in prokaryotes is less complex than in eukaryotes, in part because of the presence of
only a single chromosome. The complex network of ancillary structures that aid in separating the homologous
chromosomes of eukaryotes is unnecessary. As the single, circular strand of DNA replicates, the resulting
two circlet strands merely attach to the plasma membrane. The cell then undergoes cytokinesis, with the
membrane and wall growing in, and the two daughter cells separate.

In eukaryotes, the often numerous threadlike chromosomes are each replicated and then go through
the more complicated process of mitosis. In this process, considerable modification of the chromosomes
occurs, and the spindle apparatus and other structures effecting chromosome migration arise.

The special form of cell reproduction that results in a reduction of chromosome number (meiosis) is
not found in prokaryotes, since they exist only in the haploid condition. Sex does aqccur in prokaryotes,
at least in bacteria, but it does not involve the formation and union of gametes. Instead, bacteria
conjugate and in that process, which is not clearly associated with reproduction, exchange gene matenal
(see Chap. 7).

8.3 How does mitosis differ in plant and animal cells?

The basic nuclear events in plants and animals during mitosis are similar. The major differences exist
in terms of cytokinesis as well as in the ancillary structures associated with the movement of chromosomes.
These differences are most striking in the cells of higher plants and animals. In protistan and fungal cells
the variations are less uniform and the characteristics of either plant or animal mitotic patterns may be found.

8.4  Given the volatile nature of microtubule assembly and disassembly and the various sorts of
microtubules found in the spindle apparatus, what sort of mechanisms might be responsible for
chromosome migration?

How the spindle fibers etfect chromosomal migration is still not certain. Several mechanisms are
possible. One explanation, supported by the V shape of most migrating chromosomes, is that the kinetochore
actively moves along the microtubular track; another is that the kinetochore may be pulied passively by
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8.5

8.6

8.7

its shortening fiber as the fiber loses subunits at the poles. Yet another notion is that elongation of the
original spindle forces the poles apart and carries the chromosomes along with the extending spindle
apparatus. Finally it is considered possible the extension of the spindle fibers that form between the
migrating chromatids could also produce migration. All or some of these mechanisms may be operative
in the migration process in a variety of cells. A vital part of several of these mechanisms involves the
continuous dynamic state of assembly and disassembly of the microtubular units of the spindle fibers.

During mitosis, sister chromatids separate and migrate to opposite poles. Why does this not
occur during meiosis 1?

During mitosis, the two respective kinetochores of a chromosome are attached through microtubules
to different (opposite) poles. Thus they move in opposite directions during migration. In meiosis I, the
two chromatids of a chromosome are attached at the centromere to only one pole (with the homologous
chromosome attached to the other pole); therefore, at anaphase they move in the same direction.

How does the prophase of meiosis I differ from the prophase of mitosis?

The prophase of the first meiotic division is of much longer duration than the prophase of mitosts. It
is subdivided into the following functional stages:

1. Leptotene. Chromosomes have begun to coil and condense and are visible as long, slender threads.
Replication has, of course, occurred during the S period of interphase, but individual chromatids
cannot yet be seen. The nuclear membrane begins to break down, and centrioles, when present, move
toward the poles. Nucleoli disappear as discrete structures.

2. Zygotene. Homologous chromosomes begin the process of synapsis by making contact at several
points along their length. Spindle fibers begin to appear.

3. Pachytene. Synapsis is complete, with each gene locus of one homologue closely apposed to the
corresponding gene locus of the other homologue. Since two chromosomes are joined, the resultant
configuration is called a bivalent (two parts).

4. Diplotene. The two chromatids of each of the paired chromosomes are now distinctly visible, and the
entire structure is known as a tetrad because of its four-stranded appearance. It is during this period
that a great deal of RNA synthesis may occur along the length of the chromosomes. Often associated
with such RNA synthesis is the formation of loops of DNA to which RNA and histone are usually
adhered. These loops may cause the chromosomes to assume a “lampbrush’ appearance when examined
microscopically.

5. Diakinesis. The chromosomes have undergone maximum compacting and are highly coiled. At this
stage the synapsed chromosomes seem to be pulling apart and are held together only at specialized
places called chiasmata. The thickened chromosomes of diakinesis migrate toward the equatorial plane;
the long prophase of meiosis I becomes metaphase when the chromosome pairs are lined up along
the equatorial plane.

The major distinctions of the prophase of meiosis I are its great length, synapsing (joining) of
homologous chromosomes, exchange of complementary regions between homologous chromosomes
(crossing over), and attachment of spindle fibers along one side only of whole chromosomes so that each
chromosome moves to the pole opposite that to which its homologue migrates. Nevertheless, many of the
features of the first meiotic prophase are similar to mitotic prophase, especially the behavior of the nuclear
membrane, nucleoli, and centrioles and the mechanism of formation of the spindle.

Are there differences between meiosis II and an ordinary mitosis?

Despite the frequent comparison of meiosis Il to an ordinary mitotic division, certain differences
should be recognized. Immediately preceding a mitotic division, the DNA, as well as the chromosome
strands, replicates. In meiosis II there is no replication of DNA or chromosomal material following the
completion of meiosis 1. Meiosis I prophase may begin, at least in some organisms, right after the telophase
of meiosis I with no breakdown and ensuing reconstitution of visible chromosomes, whereas in mitosis
the cell starts with a diffuse chromatin distribution. Meiosis II always involves a haploid complement of
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chromosomes produced during the first meiotic division, whereas mitosis may occur within haploid or
diploid cells. Also, each chromosome present during meiosis I may contain a mixture of maternal and
paternal chromosome material because of crossing over. None of these differences change the basic similarity
in mechanism of chromosome movement during the two processes or the parallel techniques for cytokinesis.

What are some possible mechanisms that could cause homologous chromosomes to recognize
one another and synapse during meiotic prophase?

The mechanisms that permit synapsis are unclear. A molecular basis for synapsis could involve
complementary base pairing, the concurrence of repetitive sequences of bases along the homologues, or
the action of protein molecules along the chromosomes (as with the synaptinemal complex).

Which chromatids may actually participate in crossing over and chiasma formation?

Either of the chromatids of one homologue may exchange corresponding parts with either of the two
chromatids of the other homologue. In the usual diagram of a tetrad,

which is represented as a two-dimensional construct, it would appear that only strands 2 and 3 could
exchange parts. Actually, strand I can exchange with either strand 3 or strand 4, while strand 2 can likewise
exchange with either strand 3 or 4. Any exchange, if it occurs at all, between sister chromatids would be
of no genetic consequence because these strands are genetically identical.

Chromosomal proteins are made in the cytoplasm and must move back into the nucleus. What
mechanisms, would you guess, are used to get these proteins into the nucleus?

Some of these proteins, such as the histones, are small enough to pass across the pores of the nuclear
membrane. Other proteins, generally larger than the histones, may have more difficulty getting into the
nucleus and perhaps require a form of endocytosis involving the nuclear envelope to achieve it.

Abnormalities in chromosome number give rise to diseases of karyotype. How might these
aberrations occur?

Under usual conditions of meiotic division each tetrad separates into its constituent homologous
chromosomes. One homologue migrates to one pole and the other homologue to the opposite pole during
anaphase of the first meiotic division. If this separation does not occur, all the tetrads may move to one
pole, while the opposite pole may receive no chromosomes at all. This would eventually produce diploid
cells as gametes (in those organisms in which meiosis is involved in gamete formation). Should such a
diploid gamete unite with a more typical haploid gamete, a zygote would be produced with three sets of
chromosomes, a triploid individual. In plants, the formation of triploid and even higher orders of polyploidy
represents a mechanism for producing new species of the organism in the course of evolution. This alteration
of ploidy is less common in animals.

More commonly, a single tetrad will fail to separate into its constituent chromosomes. This will
eventually result in gametes that have a double dose of one chromosome and others that have no
representative for that particular chromosome. In Down’s syndrome, a sperm or egg with two chromosomes
21 unites with a normal haploid sperm or egg to produce a zygote with three such chromosomes. The
failure of tetrads to disjoin is called nondisjunction. and disorders arising from the phenomenon are known
as discases of nondisjunction. They include Down’s, Klinefelter’s (XXY male genotype). and Turner’s
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(XO, i.e., having only one X chromosome, female genotype) syndromes. Fragmentaton, deletion, and
internal inversion of chromosomes or chromosome parts may also produce diseases of karyotype.

We have seen that an important contribution to genetic variation is provided by the various
combinations in the gamete of maternal and paternal chromosomes, either in their entirety or
as segments (through crossing over). Since these chromosomes existed completely mixed together
in the diploid somatic cells, how, do you suppose, recombination during meiosis can produce
greater variation than this?

The answer to this problem lies in the way alleles of a given gene interact with each other and with
the alleles of other genes to produce the characteristics we see in the organism. For example, on a maternal
chromosome a particular allele, say, for curly leaves, may for biochemical reasons always be expressed,
no matter what the paternal allele would express if it were not dominated by the curly allele. If recombination
did not occur, all other genes on the maternal chromosomes (for example, one with an allele coding for
blue flower coior) would always be linked to plants with curly leaves. However, through recombination,
the maternal chromosome containing the gene for blue flower color may be included in the gamete with
the paternal chromosome containing the allele, say, for smooth leaves (instead of curly). If this gamete
unites with another one containing a chromosome having a “smooth™ allele and thus allows smooth leaves
to be produced, the blue color will have escaped its bondage to curly leaves and a new type of plant will
have been produced, even though no new alleles have been introduced into the population. Given the
thousands of characteristics coded for in the genome, recombination permits millions of juxtapositions
that would not occur without it, and thus millions of variations in physical characteristics with which to
face selection pressures. Such recombination will be considered in detail in Chap. 9.

Supplementary Problems

The DNA doubles and chromosomes replicate during which phase of the cell cycle? (a) G,. (b)
metaphase. (c) S period of interphase. (d) G,. (e) cytokinesis.

Sperm and egg are (a) isogametes. (b) isomorphs. (c) heterogametes. (d) diploid cells. (e) all of
these.

In meiosis, the chromosomes replicate  (a) during interkinesis. (b) during the S phase of interphase. (¢)
only once during the entire process. (d) both a and b. (e) both b and ¢

In the fern, the sporophyteis  (a) the dominant form. (&) diploid. (c)the source of haploid spores. (d)
each of these. (e) none of these.

In many organisms, particularly evident within the plant kingdom, an alternation of haploid and diploid
forms (generations) occurs. This two-stage life style is known as (a) the reductive system. (b) the life
cycle. (c) synthesis. (d) synapsis. (e) neotony.

The basic structural unit of a chromosome is (a) the centromere. (b) the nucleosome. (c) the
telomere. (d) all of these. (e) none of these.

Some human males have three sex chromosomes (XXY) and suffer from a genetic disease known as
Klinefelter's syndrome. The symptoms include a failure to develop sexually and an impairment of intel-
ligence. This is an example of a disease of (a) karyotype. (b) point mutation. (c¢) homeostasis. (d)
bacterial origin. (e) old age.
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In humans, the number of tetrads formed during mitosis is (a) 23. (b) 46. (c) 0. (d) 4. (e) none
of these.

The centromere, or primary constriction of the chromosome, contains rings of protein that are intimately
associated with a spindle fiber. These rings are called (a) secondary constrictions. (b) centrioles. (c)
asters. {d) kinetochores. (e) somites.

The two sets of chromosomes present in the cells of diploid organisms are derived from (a) doubling of
a haploid cell. (b) the contribution of one haploid set from each parent. (c) a reduction process within
a tetraploid cell. (d) all of these. (e) none of these.

In both mitosis and meiosis the replication of DNA and the chromosomes occurs at the same stage.
(a) True (b) False

Crossing over is accompanied by chromosome breakage.
{a) True (b) False

Polar bodies lack chromosomes.
(a) True (b) False

An organism with a diploid number of 10 would contain 20 tetrads during the prophase of meiosis I.
(a) True (b) False

The organelles that provide the power for the motorlike midpiece of the sperm are the mitochondria.
(a) True (b) False

Answers
8.13 (o) 8.17 (b) 8.21 (d) 8.25 (b)
8.14 (¢) 8.18 (b) 8.22 (b) 8.26 (b)
8.15 (e) 8.19 (a) 8.23 (a) 8.27 (a)

8.16 (d) 8.20 (¢) 824 (a)



Chapter 9

The Mechanism of Inheritance

The fact that children resemble their parents is an example of inheritance or heredity. Thus, cats
have kittens, dogs have pups, and people have babies. Within these groups the specific hereditary traits
of the parents are found to varying degrees in the children. The mechanism of heredity is signified by
the modern term genetics.

9.1 PRE-MENDELIAN CONCEPTS

Early folklore reflects the ideas that primitive people held about heredity. Among some isolated
tribes there was no clear connection made between human or animal sexual intercourse and pregnancy.
In Egypt and Babylon, however, selective plant and animal breeding was developed more than 2500
years ago.

At the time that sperm (seventeenth century) and egg (nineteenth century) were discovered, a lively
discussion developed over the notion that a tiny human being was actually preformed within these
gametes. Thus, the hereditary characteristics were thought to be present before fertilization had occurred.
In more recent times the feeling that blood bore the hereditary determinants was popular. Aristocrats
were spoken of as bearing “'blue blood,” and deleterious traits were thought to be the result of “bad™
blood. During World War 11 the blood of different ethnic groups was segregated because of the popular
notion that race and ethnicity were rooted in the blood. This idea is still part of the vocabulary of
popular sociology.

Both Aristotle and Darwin believed, at least in part, in pangenesis, the concept that representatives,
called gemmules, from every part of the body gathered in the gametes and were involved in directing
the construction of the new individual. This “‘parliament of genetic parts™ was weakened as a theory
by the evidence that even humans who lacked an arm or a leg from birth could produce perfectly
normal offspring.

9.2 MENDEL’S LAWS

Gregor Mendel was born in Austria in 1822 and later became a monk in a monastery located in
what is now Brno, Czechoslovakia (then a part of the Austro-Hungarian Empire). He was given a small
garden in which to conduct experiments on garden peas. His efforts to solve the riddles of the genetics
of his day succeeded beyond his wildest scientific dreams, but, even so, he had no idea that he had laid
a permanent foundation for what is called classical genetics. Only after his death did his observations
and theories become the recognized fundament of modern genetics.

In Mendel’s time, heredity was believed to be the additive outcome of maternal and paternal
influence, a blending of lineages much like the mixing of paints. What Mendel showed was that heredity
involved the interaction of discrete separable factors—a particulate theory of inheritance rather than
a blending process. He was a painstaking scientist whose success was due to many factors, but especially
to his quantification of the data and to his maintenance of careful records.

Pea plants are extremely useful for genetic studies because they are cheap and easy to procure,
produce children in a single growing season, and cover their sexual parts with modified petals so that
philandering will not intrude upon a careful experiment. Specific, known pollen from the male can be
sprinkled upon the female pistil and eventually will send a sperm nucleus to unite with the egg. Such
a genetic cross can then be analyzed. Mendel chose seven distinct traits to study, e.g., stem length, seed
surface, and seed color. The significant experiments that produced his two major laws were completed
in less than five years, but he continued to refine his experimental probes until age, obesity, and
administrative responsibilities caught up with him.

125
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MENDEL'S FIRST LAW

Mendel was an expert plant breeder, and he was able to produce varieties of plants that always self
bred true, generation after generation. He selected strains that were true breeders but of opposite types
and made crosses between them for each of the seven different characteristics he had selected.

EXAMPLE 1 Mendel bred a strain of peas that was always tall. He crossed them genetically with a strain that
bred true for shortness. In the first filial (f,) generation [progeny of the original (P,) parental cross) he found that
all the offspring were tall, exactly like the tall parent. This certainly was inconsistent with the conventional wisdom
that would have predicted that the progeny would all be intermediate in size. But Mendel did not stop there. He
crossed all the f, progeny with themselves. This is relatively easy in garden peas, since the plants contain both
male and female parts in the lower and generally are self-fertilizing. In the f, generation that arose from the f,
cross, Mendel found that there were both tall and short individuals. The short trait, which was not expressed in
the f, generation, reappeared as if by magic in the f, generation. Of the 1064 young pea plants in the f, generation,
787 were tall and 277 were short—close to a 3:1 ratio—with none of the offspring intermediate in size.

Mendel studied his results and realized that a trait like pea-plant height did not run a spectrum
of values but existed in two clearly distinguished classes, tall or short. He hypothesized that the
determinants of a trait also existed as discrete separable factors, a factor for tallness and a factor for
shortness. (We would now call these factors genes.) Tall plants had the tall factor, and short plants the
short factor.

Confronted with the fact that the tall plants of the f, generation were able to produce both tall
and short f, plants, Mendel realized that individuals did not have a single factor for any inheritable
trait, but a pair of factors. This accords with the fact that all sexually reproducing beings, including
pea plants and people, have a pair of parents each of whom contributes a factor for a trait. One form
of the factor (tallness, in this case) tends to be dominant over the other (shortness), which is said to
be recessive; so when both are present, only the dominant one is expressed in the way the offspring
looks (its phenotype). This accounts for the fact that in the f, generation all the offspring were tall;
however, lurking in the genetic underpinnings is the factor for shortness.

By keeping track of the alleles in the parents’ gametes, it is possible to explain Mendel’s results.

EXAMPLE 2 The gene for height in Mendel's peas exists in two allelic (alternate) forms. The allele for tall
stature will be designated T and that for short stature 1. The genotype (kinds of alleles present) for the homozygous
(same alleles) tall parent would be TT, while that for the homozygous short parent, 1.

P,y cross: TT x

The gametes of the tall plants would ail have the T allele; the gametes of the short plant, all r alleles, since each
of the parents would have only one kind of allele to contribute to the haploid gamete.

In the f,, the T and ¢ gametes unite to produce individuals with a Tt (heterozygous) genotype. Each of these
progeny produces gametes, some of which contain the T allele and some the ¢ allele. These gametic classes are
produced in equal numbers. The various combinations of the f, can be shown by placing classes of sperm along
one axis and classes of egg along its perpendicular. All possible crosses are then shown as the intersections of
gametic columns and rows:

T
T | Tt

t| Tt t

The square formed is called a Punnett square after the English geneticist who used that device to illustrate genetic
crosses.

The f, shows a 1 TT : 2 Tt : 1 # genotypic ratio, but a 3:1 phenotypic ratio of dominant to recessive pea
plants, since the presence of the T allele confers the dominant trait upon the individual.
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Mendel’s first law is called the law of segregation. Simply stated it affirms the existence of a pair
of particulate factors (genes) which control each trait and which must segregate (separate) at gamete
formation and then come together randomly at fertilization. Further, one of these factors tends to be
expressed at the expense of the other when both are present.

Given that Mendel was not a cytologist and knew nothing of mitosis and meiosis, his first law is
a remarkable reflection of the behavior of chromosomes. However, it was not until 35 years after he
presented his results that this remarkable connection was laid bare.

As discussed in Chap. 8, the gene is actually a stretch of DNA representing a blueprint unit. The
gene for height, or any other trait, may exist in two or more alternative forms known as alleles, e.g.,
tallness and shortness. If a pair of alleles in an individual are the same, the individual is said to be
homozygous for the trait in question. An individual with a pair of contrasting (different) factors is
heterozygous, or hybrid. The alleles that are present in the genome make up an individual’s genotype;
they are a significant but not the sole determiner of the individual’s appearance, or phenotype. The
genotype interacts with the environment to produce a final phenotype. Thus, if the genotype of a pea
plant were for tallness but such a plant were deprived of sun and nutrients, it would not become tall.

EXAMPLE 3 Siamese cats are dark only at their extremities, such as their face and paws. An enzyme for dark
pigment production is produced by all cells in a Siamese cat, but this enzyme is destroyed by the relatively high
temperature of the cat’s body. Only the extremities are cool enough to permit this enzyme to function and produce

dark patterns.

MENDEL'S SECOND LAW

Mendel determined that the law of segregation applied to all seven of the contrasting traits he
studied. He then began a study to determine whether two traits examined simultaneously were inherited
independently or were influenced by one another’s hereditary patterns. If we cross a pure-breeding
(homozygous) tall plant that is also homozygous for yellow seed color (dominant) with a plant that is
homozygous recessive for both traits, i.e., short height and green seed color, will these traits sort out
independently or will offspring that are dominant for one trait also be dominant for the second trait?
In other words, does the inheritance of one trait influence, or is it otherwise linked to, the inheritance
of a second (or third, fourth, etc.) trait?

When Mendel performed crosses similar to his first group of experiments, but involving two traits
at a time, he found that the assortment of alleles was completely ‘*democratic.” A gamete that received
the dominant allele for height during the segregation process could also receive either the dominant
or recessive allele for seed color. All possible combinations of traits could appear in the f, generation.

EXAMPLE 4 The f, progeny are heterozygous for height (one “tall” allele T and one “short™ allele r) and for
seed color (a Y allele for yellow and a y allele for green). If independent assortment occurs, each heterozygote
can produce four classes of gametes—TY, Ty, tY, and ty. A Punnett square can be used to show the possible
combinations of these gametes.

TY Ty tY ty

TY | TTYY | TTYy | T'YY | TtYy

Ty | TTYy | TTwy TiYy Tiyy

tY! TtYY | TtYy nYy 1Yy

iy Tty Ttyy 1Yy 1nyy

As can be seen from the Punnett square, there are four possible phenotypes that can result from the independent
assortment of the genes for height and seed color—tall plants with yellow seeds, tall plants with green seeds, shorn
plants with yellow seeds, and short plants with green seeds. The Punnett square shows that these are expected to
occur in the ratio 9:3:3:1.
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Mendel's second law, called the law of independent assortment, or the law of unit characters, expresses
the concept that traits are inherited independently (recall Prob. 8.12 in the preceding chapter). Further-
more, the ratios of the different phenotypes are easily calculated from the laws of probability for each
class.

EXAMPLE 5 In statistics, chance events are readily assessed in terms of their probability, since each event has
the same probability of appearing as any other event (there are no favorites for the gods of chance). The probability
of any event is always one over the total number of events possible. A coin can land either heads or tails. The
chance of producing a head then is 1/2 (1 out of 2). These same laws of probability affirm that the chance of two
independent events occurring at the same time is the chance of the first event’s occurring multiplied by the chance
of the second event’s occurring, i.e., the probability of two or more events happening concurrently is the product
of their respective probabilities. Thus the chance of obtaining three heads if we toss three coins in the air is 1/8.
[Since the chance for heads for each coin is 1/2, we merely multiply (1/2) (1/2) (1/2) for the three coins.]

Mendel used the same logic to predict the frequency of classes obtained when dihybrid (heterozygous
for two different traits) f, crosses were made in the studies of the inheritance of two or more traits.
Contiguous independent events could always be predicted by multiplying the individual probabilities
for each single event.

EXAMPLE 6 In a monohybrid cross, three-fourths of the progeny demonstrate the dominant character and
one-fourth the recessive trait, the *3/4, 1/4 rule.” Since unlinked traits are inherited independently, the chances
of two traits’ appearing together will be the products of the individual probabilities. Thus, if 3/4 of the offspring
are dominant in appearance in monohybrid crosses for each one of the two traits, then (3/4) (3/4) = 9/16 of the
offspring will be dominant for both traits in a dihybrid cross. In the same way (3/4) (1/4) = 3/16 of the offspring
will be dominant for the first trait and recessive for the second. Those recessive for both traits will be 1/16 of the
total [(1/4) (1/4)].

This same approach permits us to predict ratios obtained for particular combinations of traits in trihybrid
crosses. A mere 27/64 of progeny will show the three dominant traits in such a cross. Only 1/64 will be recessive
for all three traits. If one selects 3/4 to represent the frequency of any one dominant phenotype and 1/4 to represent
the frequency of its recessive phenotype, then any problem involving hybrid crosses is readily solvable.

In later years Mendel turned to a common plant called hawkweed to determine whether the laws
of heredity worked out for garden peas would apply for other test organisms. Alas, for Mendel, his
crosses did not produce similar results, and he died a bitterly disappointed man, although he had risen
to abbot of his monastery. Hawkweed is capable of reproducing parthenogenetically—an egg develops
into a new individual without the genetic contribution of the sperm arising from the pollen. Mendel's
crosses with hawkweed were not really crosses at all but more a ““double cross™ by his obstreperous
weed—a sad ending to a saga of incomparable accomplishment.

STATISTICAL VERIFICATION OF MENDEL'S LAWS

As we have seen, the results of experiments in genetics are often expected to fit certain predicted
ratios. Sometimes the data are so close to the ratios that there is little doubt that they conform to the
predictions. Frequently, however, results deviate sufficiently from predictions so that a question arises
about whether the deviation is due to chance or to a faulty hypothesis. In such cases, statistical analysis
1§ necessary.

In 1900 the statistician Karl Pearson developed a technique [ chi-square ( x°) analysis] for determin-
ing the goodness of fit of a particular set of data with a hypothesis. For example, if a cross is made
between heterozygous tall pea plants and homozygous short plants, our hypothesis would be that we
should get a 1:1 ratio of tall to short phenotypes in the progeny. Deviations from a 1:1 ratio could be
interpreted in one of two ways:

1. The deviations are caused by chance alone and are not sufficient to make us suspect that the
variation is significantly different from the expected 1:1 ratio. An assumption that there is no
significant difference between the real and the expected results is called the null hvpothesis.
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2. The differences are so great (chi square is high) that there is little likelihood that chance
fluctuations are responsible. In such a case the null hypothesis would be rejected, and the ratio
would not be regarded a 1:1 distribution.

In performing a chi-square analysis, the difference (deviation) between the observed value (O)
and the expected value (E), for each component of the ratio, is determined. Each deviation is then
squared and divided by this predicted value E, or

(0 - E)
E

x’ is derived by summating these values and then comparing the sum with a figure in a chi-square
table of probabilities. (An exact fit would yield a chi square of 0.) If the calculated sum (x7) is very
high, we would probably reject the hypothesis that the ratio fits the expected distribution, since the
probability for such a high value by chance alone would be very low. The probability figure chosen
from the table will depend on the level of confidence desired; if the probability of getting a chi square
that we have computed 1s less than 0.05, then we would reject the null hypothesis with the confidence
that 95 times out of 100 instances this was not a case of the expected ratio.

EXAMPLE 7 For the cross between heterozygous tall pea plants and homozygous short pea plants, suppose
we obtain a ratio of 30 tall plants to 38 short plants. Is the deviation from the expected 1:1 ratio significant at the
0.05 level (i.e., is the deviation sufficiently great that 95 percent of the time we would be correct in rejecting the
hypothesis that the data fit a 1:1 ratio)?
Since 68 plants were produced, we would expect 34 tall ones and 34 short ones. Computing x>, we get
2 2
= (30 — 34) + (30 — 38)
34 34
Chi-square probability tables show x3s = 3.84. Our calculated figure is less. We can then accept the hypothesis
at the 0.05 level, since our value for chi square will occur by chance alone with a greater frequency than S out of
100 times. We could actually expect to get a chi square as high as 0.94 from 30 to 50 percent of the time by
chance alone.

=047 + 047 =094

This same statistical tool may be used to evaluate other ratios, such as the 3:1 phenotypic ratio of
a hybrid cross. We may also test results in which we have three or more classes in our results.

CONNECTING MENDEL'S LAWS TO THE CHROMOSOMES

Mendel’s only paper of his results was published in 1866, but it received little attention from other
scientists. In 1900, Mendel was ‘““discovered” by three separate groups, each of whom had independently
worked out the law of segregation. They included Hugo De Vries of Holland, Carl Correns of Germany,
and Erich Tschermak von Seysenegg of Austria.

In 1901, William Sutton, a graduate student at Columbia University in New York, was studying
the migration of chromosomes during meiosis, which had first been described by Theodor Boveri.
Mendel’s newly discovered work was being talked about at Columbia at that time. Sutton put the two
ideas together and developed the concept that chromosomes are the physical basis of inheritance. It
is the chromosomes that contain a pair of alleles, since each chromosome shares with its colleague an
identical locus for the same gene. It is the chromosomes which segregate from one another during
gamete formation, and it is the chromosomes of sperm and egg which come together randomly at
fertilization to provide even further variety in the recombination of chromosomes. For Sutton it was
clear that genes are chromosome parts, and yet most cytologists and geneticists for the next 17 years
would contend that chromosomes were casual constructs in the nucleus and not associated with the
genes themselves.

9.3 LINKAGE

In the early 1900s, Thomas Hunt Morgan set up a genetics laboratory at Columbia University that
launched several Nobel laureates and provided the superstructure for the foundations of classical
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genetics. Morgan worked with the tiny fruit fly, Drosophila melanogaster, which was easy to use, cheap
to maintain, and had a generation time of less than a month.

Working in a relatively small space dubbed the “‘fly room,” Morgan's group found early on that
Mendel’s law of independent assortment was not always true. A number of traits of Drosophila were
inherited together rather than separately.

As we have seen, when dihybrids are crossed, we expect all combinations of the traits to show up
in the next generation. This is because each trait is inherited independently, according to Mendel. With
two traits involved there are four phenotypic classes possible: dominant for first, recessive for second;
dominant for first, dominant for second; recessive for first, recessive for second; and recessive for first,
dominant for second.

In Morgan’s laboratory, it was found that certain dihybrid combinations produced only two of the
four possible classes. Those traits that did not segregate independently were said to be linked. Linkage
occurs between genes that lie on the same chromosome. Independent assortment of alleles for such
genes cannot occur, because during gametogenesis they migrate as a unit (i.e., they migrate together
on their chromosome). Thus, an allele at locus 1 does not have a choice of entering a gamete either
with the allele at locus 2 on its own chromosome or with the allele at locus 2 on the homologous
chromosome. It must migrate only with the locus 2 allele on its own chromosome. (As will be discussed
in the next section, such linkage can be broken by crossing over.)

EXAMPLE 8 Assume that at the gene locus for lower color a dominant mutation occurs that causes blossoms
to be blue, instead of the normal red. If, on the same chromosome, a nearby gene locus that codes for leaf shape
has a dominant allele for round leaves, these two alleles, because of their linkage, will always enter gametes
together (discounting crossing over), and, whenever blue blossoms are present, only round leaves (not the other,
unlinked alleles for leaf shape) will accompany them.

Morgan and his collaborators found that there were four linkage groups in Drosophila. Each of
the many traits manifested by the flies could be assigned to one of these four groups. Drosophila also
contains four chromosomes as a haploid set. This certainly constituted a strong argument that chromo-
somes are the physical basis for heredity, the carriers of the genes.

94 MAPPING THE CHROMOSOMES

One would assume that linkage, like pregnancy, is an all-or-none affair. But in many of the crosses
prepared by Morgan’s group, linkage appeared to be “‘leaky.” Although only two of the four possible
phenotypic combinations would occur for most of the offspring studied (a clear indication of linkage),
out of hundreds of these offspring a very few would show reassortment (separation) of the linked traits.
How could traits be linked and then show evidence of being unlinked? The answer is simple in light
of what we now know about crossing over (Chap. 8). Genes that are linked may, during crossing over,
break that linkage through an exchange of parts between homologous chromosomes. If genes A and
B are found on one homologue and a and b on the other, the two genes are said to be linked. Linkage
dictates that gametes would contain the AB homologue or the ab homologue; a gamete with an Ab
or aB combination would supposedly not form. However, if crossing over occurs anywhere along the
length of the chromosome that lies between the two gene loci, the exchange of chromatids would
interchange one of the loct, while leaving the other locus unmoved. This would produce these ‘‘odd”
combinations of alleles and permit the unexpected outcomes.

It was actually a young associate of Morgan, A. H. Sturtevant, who realized that the frequency of
recombination of linked genes (the “‘leakiness” of linkage) could be an indication of how far apart
genes were positioned along the linear chromosomes. Since crossover sites are random occurrences
along the chromosomes, the further apart two linked genes are located on their chromosome, the greater
the likelihood that crossover events, which will break the linkage, witl occur between them. Obviously,
genes that are close together will be very tightly linked, since only a rare crossover event will occur
between them to break their linkage.
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By carefully determining the relative frequency of linkage leakiness between all the traits of
Drosophila, taken two at a time, Sturtevant was able to draw hypothetical maps of the relative positions
of all the genes. This involved an inordinate number of crosses to establish recombination frequencies.
These maps actually reflected recombination (leakiness) rather than actual linear distances, but it is
presumed that the two are closely related.

9.5 SEX-LINKAGE

In the crosses that Mendel performed, the results did not depend on which parent contributed a
particular set of alleles to the zygote. The cross of a homozygous dominant with a homozygous recessive
was always the same regardless of whether the mother or father was dominant. The neutrality of gender
in most genetic crosses in the fruit fly was also apparent, but for some traits gender did influence the
outcome. In those situations, first discovered by Charles Bridges in Morgan's laboratory, where traits
are inherited differently in males than in females, we use the term sex-linkage.

Traits that are sex-linked have genes on the sex chromosomes. The best known of these traits are
those associated with the X chromosome. In both Drosophila and humans (and other mammals) the
male is usually XY and the female is XX. Since the male has only one X and a Y that has comparatively
few genes, a recessive mutation occurring on the X chromosome of the male will be expressed, because
there is no homologous chromosome to contain an allele that might suppress the recessive. In the
female, only the homozygous recessive will produce expression of the mutation, since a dominant
wild-type allele (the more common allele occurring in nature) on one of the X chromosomes would
suppress expression of the one recessive mutation on the other X chromosome.

EXAMPLE 9 In Drosophila, white eye is a mutant recessive trait, while red eye is the wild type. White-eyed
males crossed with homozygous red-eyed females produce offspring all of whom are red-eyed. This is what one
would expect from any homozygous dominant and recessive cross. On the other hand, white-eyed females crossed
with red-eyed males produce offspring in which the females are all red-eyed while the males are all white-eyed.
Since the gender of the offspring is a factor in the pattern of inheritance, this is a classic case of sex-linkage. All
female offspring must receive an X chromosome from the male parent. In the latter cross, since the dominant
red-eye allele was on the males’ only X chromosome, all females received the dominant allele and were red-eyed.
All male offspring must receive an X chromosome from the female parent; in this cross the males received the
recessive allele for white eyes and, lacking a homologous allele, expressed the recessive.

In humans a variety of karyotypic diseases involving sex-linkage have been described. Hemophilia,
a disease in which blood-clotting mechanisms are impaired, is caused by a recessive allele for a gene
lying on the X chromosome. Women with one wild-type allele and one mutant allele are of normal
phenotype but are carriers for the disease. Half their sons will have the disease and half will be normal.
Color blindness is also carried as a mutant recessive on the X chromosome, and the dynamics of its
inheritance parallel those for hemophilia.

At one time it was thought that there were few functional genes on the Y chromosome. We now
know that there are genes with phenotypic expression that lie on the Y chromosome. In humans, a
gene for baldness probably has its locus on the Y chromosome, and only males are involved in its
inheritance.

In 1948 Murray Barr and Dewart Bertram discovered a dark-staining locus in the nuclei of female
mammals that was not present in the nuclei of male cells. Dubbed Barr bodies, these deeply stained
structures were later found in the cells of men who suffered from Klinefelter's syndrome (XXY genotype).

Some years later, the British geneticist Mary Lyon provided an explanation for the appearance of
the Barr body. It represents a highly condensed inactivated X chromosome. Whenever two X chromo-
somes are present together, only one will exert a genetic effect; the other will remain inactive as a
tightly coiled mass of heterochromatin. The logic underlying the phenomenon is elegant: only one X
chromosome is present and active in the cells of the male so that an equivalent gene dosage is present
in the female as a result of the inactivation of one of her X chromosomes. Lyon maintained that the
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inactivation is a random event. so that some of the cells of the female are influenced by the paternal
X and others by the maternal X. Descendants of a cell in which a particular X had been inactivated
continue to have the same X inactivated.

In a variety of karyotypic diseases, multiple copies of the X chromosome may arise. The evidence
is strong that only one X is ever active in these cells, and two or more Barr bodies may be found. The
inactivation of the X occurs after gender has been determined, since the two X chromosomes are
necessary to effect primary sexual differentiation. Because inactivation may occur late or even be
incomplete, there may be an abnormal dosage of gene activity in these cells.

9.6 VARIATIONS IN GENE EXPRESSION

We have already seen that a dominant gene can suppress the expression of a recessive one; however,
this is just one of many ways in which genes interact with each other and with their environments.
These interactions all influence how the gene is ultimately expressed. In the case of the four-o’clock
flower, for example, a cross between pure-bred red flowers and pure-bred white flowers produces an
f, with pink flowers. This phenomenon was called “*blending™ at one time, but it is an unfortunate
usage because there is, in reality, no dilution of gene action. If the f, generation is crossed, we get
offspring which are red, white, and pink in a 1:1:2 ratio. Thus, the individual alleles for color have not
actually blended; instead, the explanation is that neither allele (red or white) is completely dominant.
In this case, incomplete dominance, both red and white alleles independently produce products which,
when combined, give a phenotype of pink.

Still another aspect of gene expression was discovered by the English geneticist William Bateson.
Termed epistasis, it involves the effect of the alleles of one gene on the expression of the alleles of an
entirely different gene. Thus, 