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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. Maintaining 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 understanding 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. Our 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.

I 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. FrRIED
GEORGE J. HADEMENOS
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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

5. Testing the hypothesis rigorously by gathering new data

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

AW 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.

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 reproducible—i.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 simultaneously 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.



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.

Darwinwasinfluenced not only by his experiences as anaturalist (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 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 environment 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. 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 quantum 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.

1.2. 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.



1.3.

1.4.

1.5.

1.6.

1.7.

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)

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 malacologists. The study of
simple plants such as the mosses is carried out by bryologists.
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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 cytologists 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.
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 a 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
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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 anecessary 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. In each 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.
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.

The variants that survive and reproduce will pass their traits on to the next generation.

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 lifestyle 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.
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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.

1.17. Can order be imposed upon the diversity of life?

For purposes of clarity and convenience, all organisms are arranged into categories: These categories, or faxa,
start with the broadest division: the kingdom. Kingdoms are subdivided into phyla. Phyla are 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.

1.18. What are the five kingdoms and the chief distinguishing features of each?
KINGDOM DISTINGUISHING CHARACTERISTICS EXAMPLES OF ORGANISMS

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

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

3. Plantae Multicellular, eukaryotic organisms that manu- Ferns, trees
facture their food

4. Fungi Eukaryotic, plantlike organisms, either single- Yeasts, molds
celled or multicellular, that obtain their food by
absorbing it from the environment

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

SUPPLEMENTARY PROBLEMS

1.19.
1.20.

1.21.
1.22.

1.23.

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 (a) Darwin. (b) Buffon. (¢) Bacon. (d) Lamarck.

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

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



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

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

1.26. The fixity (unchangingness) of species is assumed by (a) Lamarckians. (b) special creationists.
(c) evolutionists. (d) ecologists.

1.27. Evolution and natural selection are identical concepts.
(a) True (b) False

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

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

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

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

ANSWERS
119 (») 123 (a) 1.27 (b) 1.31 (b)
1.20 (o 1.24 (b) 1.28 (a)
1.21 (o) 1.25 (b) 1.29 (b)

1.22 () 1.26 (b) 1.30 (»)



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 arom 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
concentric 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 protons in the nucleus. This balanced number of charges is the
atomic 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 neutrons 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 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 Outline 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.
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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 ionic, 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.)
Chlorine (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 chlorine 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,O (see Fig. 2.2).
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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 each of two oxygen atoms forms a double
bond with a single carbon (C) atom, which in its unbonded state has four electrons in its outer shell. In this
reaction, two electrons from a carbon atom join with two electrons from an oxygen atom to 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 each of the O atoms has eight electrons in its outer shell, as shown in Fig. 2.3.
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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 involved 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 arrangement of atoms is demonstrated in Fig. 2.4
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Fig. 2.4 Periodic table of the elements




and is called the periodic table of the elements. 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. 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,O). 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

D]
=K

[d-1D]
[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 transformations, 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



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>O and the salt Na,SO,. A balanced
equation for this reaction is

2NaOH + H,S0, — Na,S0, + 2H,0

If we were to use one liter of 1 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 1 N NaOH we
would also use one liter of 1 N H,SO,. This is because a 1 N solution of H,SOy is also a 0.5 M solution.
Similarly, a 1.0 N solution of H3PO, 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 com-
partment, 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.

2.4 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 kinetic energy of a falling stone, or in potential form, such 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 £ = 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 bottom. 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). 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
transmission.

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' 4+ OH" theoretically yields a neutral system. In pure water,
dissociation occurs so slightly that at equilibrium 1 mol (18 g) of water yields 10~7 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

[HTJ[OH"] _ [1077)[1077]

= =K, =101
[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~ !4, 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 10~* mol of H" ions, but a pH of 2 indicates the
presence of 1072 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 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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2.5.

2.6.

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 nucleons, 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.

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.
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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.
Ionic 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 (Cl1)?

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?

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

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

Hz +02 — H20

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:

2H2 + 02 — 2H20

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 ratio is
known as the equilibrium constant and is different for each chemical reaction.

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 nef 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 overwhelming 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

* 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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molecules interact more often than partially precipitated ones). An increase in the concentration 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 1b 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 (NH3) 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 dissolved 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 1023, 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.

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 (SOﬁ_) 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 (V). 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 hypotonic
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
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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., itisin 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 £ = mc?. Matter (mass) 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 T AS. 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 (end ergonic) if the change in entropy (AS) 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 downbhill, 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.
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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 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 HO 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 simultaneously 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
apond 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 80 cal of heat will be absorbed. In the
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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 O 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

=108%Mm
6.02 x 1023 molecules

6.02 x 10" molecules x

The solution therefore contains a 1078 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.

[HY][OH ] = 107" M

Therefore
[H*][107°] = 107" M
HY]=10"°M

and

pH = —log[H"] = —log 107 = —(—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 fluid in higher animals is buffered by, among other things, a carbonic acid-bicarbonate ion
system. The salts of the bicarbonate ion (HCO3 ), such as sodium, potassium, magnesium, and calcium bicarbonate,
buffer 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

2.29.

The chemical properties of an atom are most closely associated with its (@) atomic number.
(b) atomic weight. (c) number of neutrons in the nucleus. (d) all of the above. (e) none of the above.



2.30. Atoms with the same atomic number but different atomic weights are called

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

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

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

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

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

2.36. 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

2.37. 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

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

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

2.40. A1 N solution of H,SO,4 will contain approximately 0.5 mol of the compound per liter of solution.
(a) True (b) False

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

2.42. 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.

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

244. If 3 g of H,O evaporate from a surface, the number of calories absorbed will be

2.45. What is the pH of a 0.001 M acid solution?

2.46. Do fish obtain their oxygen from the water molecules of the medium?

ANSWERS

2.29 (a) 237 (b) 2.44 1620 calories

2.30 Isotopes 238 (a) 2.45 pH= log 0.001

231 (e) 239 (b) =—log 103 =—(-3)=3

232 (b) 240 (a) 2.46 No, their oxygen comes from

233 (b) 2.41 Transparency oxygen in the air that is

234 (a) 242 (o) dissolved in the water.

2.35 (a) 2.43 Additional solute lowers the

236 (a) freezing point.



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.

EXAMPLE1 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 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 kefo 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



cC=0 H-—=C—OH
o o)
H@C—OH ®CH,0H @C=0 @
| H Oy | HOCH, O_ H
HO@C—-H H@ HO@C—H
| = ® OH H ® [ pr——— @KH HO I®
H—=C—OH H—C—OH
@] HO OH @I HO CH,OH
H—C—OH @ @ H—C—OH A @®
o) H OH ®) OH H
H—C— OH H—eC—
® e
H H
Glucose Fructose
Fig. 3.1

(an —OH from one monosaccharide and a —H from the second are removed to create the C—O—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 poly-
saccharides 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,
o (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: x-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 (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:

I|~IH2 /o
4
R—C—-C
| AN
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 «-amino
acid. The R is a general designation for a variety of side groups that differentiate the 20 different amino
acids found in nature, as shown in Fig. 3.2. Such properties of a protein as its water solubility or charge are
due 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.

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 configuration 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 o-helical and S-pleated sheet
configurations of the secondary structure. They are most often involved in structural roles. Globular proteins
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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, globular proteins 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.
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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.

Many proteins are intimately attached to nonprotein organic or inorganic groups to form conjugated
proteins. Among such nonprotein (prosthetic) groups commonly encountered are carbohydrates (glyco-
proteins), 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 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.

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 9 kcal. 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