B BIOLOGY

RAVEIN

JOHNSOIN




Part

The Origin of Living
Things

Unraveling the Mystery of How
Geckos Defy Gravity

Science is most fun when it tickles your imagination. This is
particularly true when you see something your common
sense tells you just can’t be true. Imagine, for example, you
are lying on a bed in a tropical hotel room. A little lizard, a
blue gecko about the size of a toothbrush, walks up the wall
beside you and upside down across the ceiling, stopping for
a few moments over your head to look down at you, and
then trots over to the far wall and down.

There is nothing at all unusual in what you have just
imagined. Geckos are famous for strolling up walls in this
fashion. How do geckos perform this gripping feat? Investi-
gators have puzzled over the adhesive properties of geckos
for decades. What force prevents gravity from dropping the
gecko on your nose?

The most reasonable hypothesis seemed suction—
salamanders’ feet form suction cups that let them climb
walls, so maybe geckos’ do too. The way to test this is to see
if the feet adhere in a vacuum, with no air to create suction.
Salamander feet don’t, but gecko feet do. It’s not suction.

How about friction? Cockroaches climb using tiny hooks
that grapple onto irregularities in the surface, much as rock-
climbers use crampons. Geckos, however, happily run up
walls of smooth polished glass that no cockroach can climb.
It’s not friction.

Electrostatic attraction? Clothes in a dryer stick together
because of electrical charges created by their rubbing to-
gether. You can stop this by adding a “static remover” like a
Cling-free sheet that is heavily ionized. But a gecko’s feet
still adhere in ionized air. It’s not electrostatic attraction.

Could it be glue? Many insects use adhesive secretions
from glands in their feet to aid climbing. But there are no
glands cells in the feet of a gecko, no secreted chemicals, no
footprints left behind. It’s not glue.

There is one tantalizing clue, however, the kind that ex-
perimenters love. Gecko feet seem to get stickier on some
surfaces than others. They are less sticky on low-energy
surfaces like Teflon, and more sticky on surfaces made of

Defying gravity. This gecko lizard is able to climb walls and
walk upside down across ceilings. Learning how geckos do this is
a fascinating bit of experimental science.

polar molecules. This suggests that geckos are tapping
directly into the molecular structure of the surfaces they
walk on!

Tracking down this clue, Kellar Autumn of Lewis &
Clark College in Portland, Oregon, and Robert Full of the
University of California, Berkeley, took a closer look at
gecko feet. Geckos have rows of tiny hairs called setae on
the bottoms of their feet, like the bristles of some trendy
toothbrush. When you look at these hairs under the micro-
scope, the end of each seta is divided into 400 to 1000 fine
projections called spatulae. There are about half a million of
these setae on each foot, each only one-tenth the diameter
of a human hair.

Autumn and Full put together an interdisciplinary team
of scientists and set out to measure the force produced by a
single seta. To do this, they had to overcome two significant
experimental challenges:

Isolating a single seta. No one had ever isolated a single
seta before. They succeeded in doing this by surgically
plucking a hair from a gecko foot under a microscope and
bonding the hair onto a microprobe. The microprobe
was fitted into a specially designed micromanipulator that
can move the mounted hair in various ways.

Measuring a very small force. Previous research had
shown that if you pull on a whole gecko, the adhesive
force sticking each of the gecko’s feet to the wall is about
10 Newtons (N), which is like supporting 1 kg. Because
each foot has half a million setae, this predicts that a sin-
gle seta would produce about 20 microNewtons of force.
That’s a very tiny amount to measure. T'o attempt the
measurement, Autumn and Full recruited a mechanical
engineer from Stanford, Thomas Kenny. Kenny is an ex-
pert at building instruments that can measure forces at
the atomic level.
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The sliding step experiment. The adhesive force of a single seta
was measured. An initial push perpendicularly put the seta in
contact with the sensor. Then, with parallel pulling, the force
continued to increase over time to a value of 60 microNewtons
(after this, the seta began to slide and pulled off the sensor). In a
large number of similar experiments, adhesion forces typically
approach 200 microNewtons.

The Experiment

Once this team had isolated a seta and placed it in Kenny’s
device, “We had a real nasty surprise,” says Autumn. For
two months, pushing individual seta against a surface, they
couldn’t get the isolated hair to stick at all!

"This forced the research team to stand back and think a
bit. Finally it hit them. Geckos don’t walk by pushing their
feet down, like we do. Instead, when a gecko takes a step, it
pushes the palm of the foot into the surface, then uncurls
its toes, sliding them backwards onto the surface. This
shoves the forest of tips sideways against the surface.

Going back to their instruments, they repeated their ex-
periment, but this time they oriented the seta to approach
the surface from the side rather than head-on. This had the
effect of bringing the many spatulae on the tip of the seta
into direct contact with the surface.

To measure these forces on the seta from the side, as well
as the perpendicular forces they had already been measur-
ing, the researchers constructed a micro-electromechanical
cantilever. The apparatus consisted of two piezoresistive
layers deposited on a silicon cantilever to detect force in
both parallel and perpendicular angles.

The Results

With the seta oriented properly, the experiment yielded re-
sults. Fantastic results. The attachment force measured by
the machine went up 600-fold from what the team had
been measuring before. A single seta produced not the 20
microNewtons of force predicted by the whole-foot mea-
surements, but up to an astonishing 200 microNewtons
(see graph above)! Measuring many individual seta, adhe-
sive forces averaged 194+25 microNewtons.

Closeup look at a gecko’s foot. The setae on a gecko’s foot are
arranged in rows, and point backwards, away from the toenail.
Each seta branches into several hundred spatulae (inset photo).

Two hundred microNewtons is a tiny force, but stupen-
dous for a single hair only 100 microns long. Enough to hold
up an ant. A million hairs could support a small child. A little
gecko, ceiling walking with 2 million of them (see photos
above), could theoretically carry a 90-pound backpack—talk
about being over-engineered.

If a gecko’s feet stick that good, how do geckos ever
become unstuck? The research team experimented with
unattaching individual seta; they used yet another micro-
instrument, this one designed by engineer Ronald Fearing
also from U.C. Berkeley, to twist the hair in various ways.
They found that tipped past a critical angle, 30 degrees,
the attractive forces between hair and surface atoms
weaken to nothing. The trick is to tip a foot hair until its
projections let go. Geckos release their feet by curling up
each toe and peeling it off, just the way we remove tape.

What is the source of the powerful adhesion of gecko feet?
The experiments do not reveal exactly what the attractive
force is, but it seems almost certain to involve interactions at
the atomic level. For a gecko’s foot to stick, the hundreds of
spatulae at the tip of each seta must butt up squarely against
the surface, so the individual atoms of each spatula can come
into play. When two atoms approach each other very
closely—closer than the diameter of an atom—a subtle nu-
clear attraction called Van der Waals forces comes into play.
These forces are individually very weak, but when lots of
them add their little bits, the sum can add up to quite a lot.

Might robots be devised with feet tipped with artificial
setae, able to walk up walls? Autumn and Full are working
with a robotics company to find out. Sometimes science is
not only fun, but can lead to surprising advances.

To explore this experiment further,
go to the Virtual Lab at
www.mhhe.com/raven6/vlabl.mhtml



The Science of Biology

Concept Outline
1.1 Biology is the science of life.

Properties of Life. Biology is the science that studies
living organisms and how they interact with one another and
their environment.

1.2 Scientists form generalizations from observations.

The Nature of Science. Science employs both deductive
reasoning and inductive reasoning.

How Science Is Done. Scientists construct hypotheses
from systematically collected objective data. They then
perform experiments designed to disprove the hypotheses.

1.3 Darwin’s theory of evolution illustrates how science
works.

Darwin’s Theory of Evolution. On a round-the-world
voyage Darwin made observations that eventually led him to
formulate the hypothesis of evolution by natural selection.
Darwin’s Evidence. The fossil and geographic patterns of
life he observed convinced Darwin that a process of evolution
had occurred.

Inventing the Theory of Natural Selection. The
Malthus idea that populations cannot grow unchecked led
Darwin, and another naturalist named Wallace, to propose
the hypothesis of natural selection.

Evolution After Darwin: More Evidence. In the century
since Darwin, a mass of experimental evidence has supported
his theory of evolution, now accepted by practically all prac-
ticing biologists.

1.4 This book is organized to help you learn biology.

Core Principles of Biology. The first half of this text is
devoted to general principles that apply to all organisms, the
second half to an examination of particular organisms.

FIGURE 1.1

A replica of the Beagle, off the southern coast of South
America. The famous English naturalist, Charles Darwin,
set forth on H.M.S. Beagle in 1831, at the age of 22.

ou are about to embark on a journey—a journey of

discovery about the nature of life. Nearly 180 years
ago, a young English naturalist named Charles Darwin set
sail on a similar journey on board H.M.S. Beagle (figure
1.1 shows a replica of the Beagle). What Darwin learned on
his five-year voyage led directly to his development of the
theory of evolution by natural selection, a theory that has
become the core of the science of biology. Darwin’s voyage
seems a fitting place to begin our exploration of biology,
the scientific study of living organisms and how they have
evolved. Before we begin, however, let’s take a moment to
think about what biology is and why it’s important.




1.1 Biology is the science of life.

Properties of Life

In its broadest sense, biology is the study of living things—the
science of life. Living things come in an astounding variety of
shapes and forms, and biologists study life in many difter-
ent ways. They live with gorillas, collect fossils, and listen
to whales. They isolate viruses, grow mushrooms, and ex-
amine the structure of fruit flies. They read the messages
encoded in the long molecules of heredity and count how
many times a hummingbird’s wings beat each second.

What makes something “alive”? Anyone could deduce
that a galloping horse is alive and a car is not, but why? We
cannot say, “If it moves, it’s alive,” because a car can move,
and gelatin can wiggle in a bowl. They certainly are not
alive. What characteristics do define life? All living organ-
isms share five basic characteristics:

1. Order. All organisms consist of one or more cells
with highly ordered structures: atoms make up mole-
cules, which construct cellular organelles, which are
contained within cells. This hierarchical organization
continues at higher levels in multicellular organisms
and among organisms (figure 1.2).

2. Sensitivity. All organisms respond to stimuli. Plants
grow toward a source of light, and your pupils dilate
when you walk into a dark room.

3. Growth, development, and reproduction. All or-
ganisms are capable of growing and reproducing, and
they all possess hereditary molecules that are passed to
their offspring, ensuring that the offspring are of the
same species. Although crystals also “grow,” their
growth does not involve hereditary molecules.

4. Regulation. All organisms have regulatory mecha-
nisms that coordinate the organism’s internal func-
tions. These functions include supplying cells with nu-
trients, transporting substances through the organism,
and many others.

5. Homeostasis. All organisms maintain relatively
constant internal conditions, different from their envi-
ronment, a process called homeostasis.

All living things share certain key characteristics: order,
sensitivity, growth, development and reproduction,
regulation, and homeostasis.

FIGURE 1.2

Hierarchical organization of living things. Life is highly orga-
nized—from small and simple to large and complex, within cells,
within multicellular organisms, and among organisms.
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1.2 Scientists form generalizations from observations.

The Nature of Science

Biology is a fascinating and important subject, because it
dramatically affects our daily lives and our futures. Many
biologists are working on problems that critically affect our
lives, such as the world’s rapidly expanding population and
diseases like cancer and AIDS. The knowledge these biolo-
gists gain will be fundamental to our ability to manage the
world’s resources in a suitable manner, to prevent or cure
diseases, and to improve the quality of our lives and those
of our children and grandchildren.

Biology is one of the most successful of the “natural sci-
ences,” explaining what our world is like. To understand
biology, you must first understand the nature of science.
The basic tool a scientist uses is thought. To understand
the nature of science, it is useful to focus for a moment on
how scientists think. They reason in two ways: deductively
and inductively.

Deductive Reasoning

Deductive reasoning applies general principles to predict
specific results. Over 2200 years ago, the Greek Era-
tosthenes used deductive reasoning to accurately estimate
the circumference of the earth. At high noon on the longest
day of the year, when the sun’s rays hit the bottom of a
deep well in the city of Syene, Egypt, Eratosthenes mea-
sured the length of the shadow cast by a tall obelisk in Al-
exandria, about 800 kilometers to the north. Because he
knew the distance between the two cities and the height of
the obelisk, he was able to employ the principles of Euclid-
ean geometry to correctly deduce the circumference of the
earth (figure 1.3). This sort of analysis of specific cases us-
ing general principles is an example of deductive reasoning.
It is the reasoning of mathematics and philosophy and is
used to test the validity of general ideas in all branches of
knowledge. General principles are constructed and then
used as the basis for examining specific cases.

Inductive Reasoning

Inductive reasoning uses specific observations to construct
general scientific principles. Webster’s Dictionary defines sci-
ence as systematized knowledge derived from observation
and experiment carried on to determine the principles un-
derlying what is being studied. In other words, a scientist
determines principles from observations, discovering gen-
eral principles by careful examination of specific cases. In-
ductive reasoning first became important to science in the
1600s in Europe, when Francis Bacon, Isaac Newton, and
others began to use the results of particular experiments to
infer general principles about how the world operates. If
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FIGURE 1.3
Deductive reasoning: How Eratosthenes estimated the cir-
cumference of the earth using deductive reasoning. 1. On a
day when sunlight shone straight down a deep well at Syene in
Egypt, Eratosthenes measured the length of the shadow cast by a
tall obelisk in the city of Alexandria, about 800 kilometers away.
2. The shadow’s length and the obelisk’s height formed two sides
of a triangle. Using the recently developed principles of Euclidean
geometry, he calculated the angle, 4, to be 7° and 12/, exactly s} of
a circle (360°). 3. If angle a = &5 of a circle, then the distance
between the obelisk (in Alexandria) and the well (in Syene) must
equal 25 of the circumference of the earth. 4. Eratosthenes had
heard that it was a 50-day camel trip from Alexandria to Syene.
Assuming that a camel travels about 18.5 kilometers per day, he
estimated the distance between obelisk and well as 925 kilometers
(using different units of
measure, of course).

5. Eratosthenes thus de- Sunlight LIl (237
duced the circumference et rTudday parallel
of the earth to be 50 X cDit'iSet:nce Stwe,

925 = 46,250 =i =800 4, 1

Well

Height of
obelisk

kilometers. Modern
measurements put the
distance from the well to
the obelisk at just over
800 kilometers. Employ-
ing a distance of 800
kilometers, Era-
tosthenes’s value would
have been 50 x 800 =
40,000 kilometers. The
actual circumference is

40,075 kilometers.

Length of
shadow

you release an apple from your hand, what happens? The
apple falls to the ground. From a host of simple, specific
observations like this, Newton inferred a general principle:
all objects fall toward the center of the earth. What New-
ton did was construct a mental model of how the world
works, a family of general principles consistent with what
he could see and learn. Scientists do the same today. They
use specific observations to build general models, and then
test the models to see how well they work.

Science is a way of viewing the world that focuses on
objective information, putting that information to work
to build understanding.




How Science Is Done

How do scientists establish which general principles are
true from among the many that might be true? They do
this by systematically testing alternative proposals. If these
proposals prove inconsistent with experimental observa-
tions, they are rejected as untrue. After making careful ob-
servations concerning a particular area of science, scien-
tists construct a hypothesis, which is a suggested
explanation that accounts for those observations. A hy-
pothesis is a proposition that might be true. Those hy-
potheses that have not yet been disproved are retained.
They are useful because they fit the known facts, but they
are always subject to future rejection if, in the light of new
information, they are found to be incorrect.

Testing Hypotheses

We call the test of a hypothesis an experiment (figure
1.4). Suppose that a room appears dark to you. To under-
stand why it appears dark, you propose several hypotheses.
The first might be, “There is no light in the room because

Observation

Question

Hypothesis 1
Hypothesis 2
Hypothesis 3
Hypothesis 4
Hypothesis 5

Potential
hypotheses

FIGURE 1.4

How science is done. This diagram il-
lustrates the way in which scientific in-
vestigations proceed. First, scientists
make observations that raise a
particular question. They develop a
number of potential explanations
(hypotheses) to answer the question.
Next, they carry out experiments in an
attempt to eliminate one or more of
these hypotheses. Then, predictions are
made based on the remaining
hypotheses, and further experiments
are carried out to test these predictions.
As a result of this process, the least
unlikely hypothesis is selected.

the light switch is turned off.” An alternative hypothesis
might be, “There is no light in the room because the light-
bulb is burned out.” And yet another alternative hypothe-
sis might be, “I am going blind.” To evaluate these hy-
potheses, you would conduct an experiment designed to
eliminate one or more of the hypotheses. For example, you
might test your hypotheses by reversing the position of the
light switch. If you do so and the light does not come on,
you have disproved the first hypothesis. Something other
than the setting of the light switch must be the reason for
the darkness. Note that a test such as this does not prove
that any of the other hypotheses are true; it merely dem-
onstrates that one of them is not. A successful experiment
is one in which one or more of the alternative hypotheses
is demonstrated to be inconsistent with the results and is
thus rejected.

As you proceed through this text, you will encounter
many hypotheses that have withstood the test of experiment.
Many will continue to do so; others will be revised as new
observations are made by biologists. Biology, like all science,
is in a constant state of change, with new ideas appearing
and replacing old ones.

Reject
hypotheses
1and 4

Hypothesis 2 Reject
Hypothesis 3 hypotheses
Hypothesis 5 2and 3
Remaining

possible

Last remaining

Hypothesis 5 possible hypothesis

hypotheses

Predictions

Experiment 4

Predictions
confirmed
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Establishing Controls

Often we are interested in learning about processes that are
influenced by many factors, or variables. To evaluate alter-
native hypotheses about one variable, all other variables
must be kept constant. This is done by carrying out two ex-
periments in parallel: in the first experiment, one variable is
altered in a specific way to test a particular hypothesis; in the
second experiment, called the control experiment, that
variable is left unaltered. In all other respects the two exper-
iments are identical, so any difference in the outcomes of
the two experiments must result from the influence of the
variable that was changed. Much of the challenge of experi-
mental science lies in designing control experiments that
isolate a particular variable from other factors that might in-
fluence a process.

Using Predictions

A successful scientific hypothesis needs to be not only valid
but useful—it needs to tell you something you want to
know. A hypothesis is most useful when it makes predic-
tions, because those predictions provide a way to test the va-
lidity of the hypothesis. If an experiment produces results
inconsistent with the predictions, the hypothesis must be re-
jected. On the other hand, if the predictions are supported
by experimental testing, the hypothesis is supported. The
more experimentally supported predictions a hypothesis
makes, the more valid the hypothesis is. For example, Ein-
stein’s hypothesis of relativity was at first provisionally ac-
cepted because no one could devise an experiment that in-
validated it. The hypothesis made a clear prediction: that
the sun would bend the path of light passing by it. When
this prediction was tested in a total eclipse, the light from
background stars was indeed bent. Because this result was
unknown when the hypothesis was being formulated, it pro-
vided strong support for the hypothesis, which was then ac-
cepted with more confidence.

Developing Theories

Scientists use the word theory in two main ways. A “theo-
ry” is a proposed explanation for some natural phenome-
non, often based on some general principle. Thus one
speaks of the principle first proposed by Newton as the
“theory of gravity.” Such theories often bring together
concepts that were previously thought to be unrelated,
and offer unified explanations of different phenomena.
Newton’s theory of gravity provided a single explanation
for objects falling to the ground and the orbits of planets
around the sun. “Theory” is also used to mean the body
of interconnected concepts, supported by scientific rea-
soning and experimental evidence, that explains the facts
in some area of study. Such a theory provides an indis-
pensable framework for organizing a body of knowledge.
For example, quantum theory in physics brings together a
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set of ideas about the nature of the universe, explains ex-
perimental facts, and serves as a guide to further questions
and experiments.

To a scientist, such theories are the solid ground of sci-
ence, that of which we are most certain. In contrast, to the
general public, theory implies just the opposite—a Jack of
knowledge, or a guess. Not surprisingly, this difference
often results in confusion. In this text, theory will always be
used in its scientific sense, in reference to an accepted gen-
eral principle or body of knowledge.

To suggest, as many critics outside of science do, that
evolution is “just a theory” is misleading. The hypothesis
that evolution has occurred is an accepted scientific fact; it is
supported by overwhelming evidence. Modern evolutionary
theory is a complex body of ideas whose importance spreads
far beyond explaining evolution; its ramifications permeate
all areas of biology, and it provides the conceptual frame-
work that unifies biology as a science.

Research and the Scientific Method

It used to be fashionable to speak of the “scientific meth-
od” as consisting of an orderly sequence of logical “ei-
ther/or” steps. Each step would reject one of two mutually
incompatible alternatives, as if trial-and-error testing
would inevitably lead one through the maze of uncertain-
ty that always impedes scientific progress. If this were in-
deed so, a computer would make a good scientist. But sci-
ence is not done this way. As British philosopher Karl
Popper has pointed out, successful scientists without ex-
ception design their experiments with a pretty fair idea of
how the results are going to come out. They have what
Popper calls an “imaginative preconception” of what the
truth might be. A hypothesis that a successful scientist
tests is not just any hypothesis; rather, it is an educated
guess or a hunch, in which the scientist integrates all that
he or she knows and allows his or her imagination full
play, in an attempt to get a sense of what might be true
(see Box: How Biologists Do Their Work). It is because
insight and imagination play such a large role in scientific
progress that some scientists are so much better at science
than others, just as Beethoven and Mozart stand out
among most other composers.

Some scientists perform what is called basic research,
which is intended to extend the boundaries of what we
know. These individuals typically work at universities, and
their research is usually financially supported by their in-
stitutions and by external sources, such as the government,
industry, and private foundations. Basic research is as di-
verse as its name implies. Some basic scientists attempt to
find out how certain cells take up specific chemicals, while
others count the number of dents in tiger teeth. The infor-
mation generated by basic research contributes to the
growing body of scientific knowledge, and it provides the
scientific foundation utilized by applied research. Scien-
tists who conduct applied research are often employed in



How Biologists Do

’

The Consent

Late in November, on a single night

Not even near to freezing, the ginkgo trees
That stand along the walk drop all their leaves
In one consent, and neither to rain nor to wind
But as though to time alone: the golden and
green

Leaves litter the lnwn today, that yesterday
Hud spread aloft their fluttering fans of light.
What signal from the stars? What senses took it
m?

What in those wooden motives so decided

To strike their leaves, to down their leaves,
Rebellion or surrender? And if this

Can bappen thus, what race shall be exempt?
What use to learn the lessons taught by time,
If a star at any time may tell us: Now.

FIGURE 1.A
A ginkgo tree.

Howard Nemerov

when the days get short enough in the fall,
each leaf responds independently by falling.

Hypothesis 3: A strong wind arose the night
before Nemerov made his observation,
blowing all the leaves off the ginkgo trees.

Next, the scientist attempts to eliminate
one or more of the hypotheses by conduct-
ing an experiment. In this case, one might
cover some of the leaves so that they can-
not use light to sense day length. If hypoth-
esis 2 is true, then the covered leaves
should not fall when the others do, because
they are not receiving the same informa-
tion. Suppose, however, that despite the
covering of some of the leaves, all the
leaves still fall together. This result would
eliminate hypothesis 2 as a possibility. Ei-
ther of the other hypotheses, and many
others, remain possibilities.

This simple experiment with ginkgoes
points out the essence of scientific
progress: science does not prove that cer-
tain explanations are true; rather, it proves
that others are not. Hypotheses that are
inconsistent with experimental results are

What is bothering the poet Howard Nem-
erov is that life is influenced by forces he
cannot control or even identify. It is the job
of biologists to solve puzzles such as the one
he poses, to identify and try to understand
those things that influence life.

Nemerov asks why ginkgo trees (figure
1.A) drop all their leaves at once. To find
an answer to questions such as this, biolo-
gists and other scientists pose possible an-
swers and then try to determine which an-
swers are false. Tests of alternative
possibilities are called experiments. To

learn why the ginkgo trees drop all their
leaves simultaneously, a scientist would
first formulate several possible answers,
called hypotheses:

Hypothesis 1: Ginkgo trees possess an inter-
nal clock that times the release of leaves to
match the season. On the day Nemerov de-
scribes, this clock sends a “drop” signal
(perhaps a chemical) to all the leaves at the
same time.

Hypothesis 2: The individual leaves of ginkgo
trees are each able to sense day length, and

rejected, while hypotheses that are not
proven false by an experiment are provi-
sionally accepted. However, hypotheses
may be rejected in the future when more
information becomes available, if they are
inconsistent with the new information. Just
as finding the correct path through a maze
by trying and eliminating false paths, sci-
entists work to find the correct explana-
tions of natural phenomena by eliminating
false possibilities.

some kind of industry. Their work may involve the manu-
facturing of food additives, creating of new drugs, or test-
ing the quality of the environment.

After developing a hypothesis and performing a series of
experiments, a scientist writes a paper carefully describing
the experiment and its results. He or she then submits the
paper for publication in a scientific journal, but before it is
published, it must be reviewed and accepted by other scien-
tists who are familiar with that particular field of research.
"This process of careful evaluation, called peer review, lies at
the heart of modern science, fostering careful work, precise
description, and thoughtful analysis. When an important
discovery is announced in a paper, other scientists attempt
to reproduce the result, providing a check on accuracy and
honesty. Nonreproducible results are not taken seriously
for long.

The explosive growth in scientific research during the
second half of the twentieth century is reflected in the
enormous number of scientific journals now in existence.
Although some, such as Science and Nature, are devoted to
a wide range of scientific disciplines, most are extremely
specialized: Cell Motility and the Cytoskeleton, Glycoconju-
gate Journal, Mutation Research, and Synapse are just a few
examples.

The scientific process involves the rejection of
hypotheses that are inconsistent with experimental
results or observations. Hypotheses that are consistent
with available data are conditionally accepted. The
formulation of the hypothesis often involves creative
insight.
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1.3 Darwin’s theory of evolution illustrates how science works.

Darwin’s Theory of
Evolution

Darwin’s theory of evolution explains
and describes how organisms on earth
have changed over time and acquired a
diversity of new forms. This famous
theory provides a good example of how
a scientist develops a hypothesis and
how a scientific theory grows and wins
acceptance.

Charles Robert Darwin (1809-1882;
figure 1.5) was an English naturalist
who, after 30 years of study and obser-
vation, wrote one of the most famous
and influential books of all time. This
book, On the Origin of Species by Means
of Natural Selection, or The Preservation
of Favoured Races in the Struggle for Life,
created a sensation when it was pub-
lished, and the ideas Darwin expressed
in it have played a central role in the
development of human thought ever
since.

In Darwin’s time, most people be-
lieved that the various kinds of organ-
isms and their individual structures re-
sulted from direct actions of the Creator
(and to this day many people still believe
this to be true). Species were thought to
be specially created and unchangeable,
or immutable, over the course of time.
In contrast to these views, a number of
earlier philosophers had presented the
view that living things must have
changed during the history of life on
earth. Darwin proposed a concept he
called natural selection as a coherent,
logical explanation for this process, and
he brought his ideas to wide public at-
tention. His book, as its title indicates,
presented a conclusion that differed
sharply from conventional wisdom. Al-
though his theory did not challenge the
existence of a Divine Creator, Darwin
argued that this Creator did not simply
create things and then leave them forev-
er unchanged. Instead, Darwin’s God

FIGURE 1.5

Charles Darwin. This newly rediscovered photograph taken in 1881, the year before
Darwin died, appears to be the last ever taken of the great biologist.

expressed Himself through the operation of natural laws tionary theory deeply troubled not only many of his con-
that produced change over time, or evolution. These temporaries but Darwin himself.

views put Darwin at odds with most people of his time, The story of Darwin and his theory begins in 1831, when
who believed in a literal interpretation of the Bible and ac- he was 22 years old. On the recommendation of one of his
cepted the idea of a fixed and constant world. His revolu- professors at Cambridge University, he was selected to serve
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FIGURE 1.6

The five-year voyage of H.M.S. Beagle. Most of the time was spent exploring the coasts and coastal islands of South America,
such as the Galdpagos Islands. Darwin’s studies of the animals of the Galdpagos Islands played a key role in his eventual
development of the theory of evolution by means of natural selection.

FIGURE 1.7

Cross section of the
Beagle. A 10-gun brig of
242 tons, only 90 feet in
length, the Beagle had a
crew of 74 people! After he
first saw the ship, Darwin
wrote to his college
professor Henslow: “The
absolute want of room is an

N A L M heeme’s Rl o Capiade’s Cals
evil that nothing can T | SR R

surmount.”

as naturalist on a five-year navigational mapping expedition
around the coasts of South America (figure 1.6), aboard
H.M.S. Beagle (figure 1.7). During this long voyage, Darwin
had the chance to study a wide variety of plants and animals
on continents and islands and in distant seas. He was able to
explore the biological richness of the tropical forests, exam-
ine the extraordinary fossils of huge extinct mammals in
Patagonia at the southern tip of South America, and observe
the remarkable series of related but distinct forms of life on
the Galdpagos Islands, off the west coast of South America.
Such an opportunity clearly played an important role in the
development of his thoughts about the nature of life on
earth.

When Darwin returned from the voyage at the age of 27,
he began a long period of study and contemplation. During
the next 10 years, he published important books on several

w i e o e My Cafm sk Dal o0 ag ded ind deis

o Pasdons y Cafkale’s SHpAET

different subjects, including the formation of oceanic islands
from coral reefs and the geology of South America. He also
devoted eight years of study to barnacles, a group of small
marine animals with shells that inhabit rocks and pilings,
eventually writing a four-volume work on their classification
and natural history. In 1842, Darwin and his family moved
out of London to a country home at Down, in the county of
Kent. In these pleasant surroundings, Darwin lived, studied,
and wrote for the next 40 years.

Darwin was the first to propose natural selection as an
explanation for the mechanism of evolution that
produced the diversity of life on earth. His hypothesis
grew from his observations on a five-year voyage around

the world.
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Darwin’s Evidence

One of the obstacles that had blocked the acceptance of
any theory of evolution in Darwin’s day was the incorrect
notion, widely believed at that time, that the earth was
only a few thousand years old. Evidence discovered during
Darwin’s time made this assertion seem less and less likely.
The great geologist Charles Lyell (1797-1875), whose
Principles of Geology (1830) Darwin read eagerly as he
sailed on the Beagle, outlined for the first time the story of
an ancient world of plants and animals in flux. In this
world, species were constantly becoming extinct while oth-
ers were emerging. It was this world that Darwin sought to
explain.

What Darwin Saw

When the Beagle set sail, Darwin was fully convinced that
species were immutable. Indeed, it was not until two or
three years after his return that he began to consider seri-
ously the possibility that they could change. Nevertheless,
during his five years on the ship, Darwin observed a number
of phenomena that were of central importance to him in
reaching his ultimate conclusion (table 1.1). For example, in
the rich fossil beds of southern South America, he observed
fossils of extinct armadillos similar to the armadillos that
still lived in the same area (figure 1.8). Why would similar
living and fossil organisms be in the same area unless the
earlier form had given rise to the other?

Repeatedly, Darwin saw that the characteristics of simi-
lar species varied somewhat from place to place. These
geographical patterns suggested to him that organismal lin-
eages change gradually as species migrate from one area to
another. On the Galdpagos Islands, off the coast of Ecua-
dor, Darwin encountered giant land tortoises. Surprisingly,
these tortoises were not all identical. In fact, local residents
and the sailors who captured the tortoises for food could
tell which island a particular tortoise had come from just by
looking at its shell. This distribution of physical variation
suggested that all of the tortoises were related, but that
they had changed slightly in appearance after becoming
isolated on different islands.

In a more general sense, Darwin was struck by the fact
that the plants and animals on these relatively young vol-
canic islands resembled those on the nearby coast of
South America. If each one of these plants and animals
had been created independently and simply placed on the
Galdpagos Islands, why didn’t they resemble the plants
and animals of islands with similar climates, such as those
off the coast of Africa, for example? Why did they resem-
ble those of the adjacent South American coast instead?

The fossils and patterns of life that Darwin observed on
the voyage of the Beagle eventually convinced him that
evolution had taken place.

12 PartI The Origin of Living Things

Table 1.1 Darwin’s Evidence
that Evolution Occurs

FOSSILS

1. Extinct species, such as the fossil armadillo in figure 1.8,
most closely resemble living ones in the same area,
suggesting that one had given rise to the other.

2. In rock strata (layers), progressive changes in characteristics
can be seen in fossils from earlier and earlier layers.

GEOGRAPHICAL DISTRIBUTION

3. Lands with similar climates, such as Australia, South Africa,
California, and Chile, have unrelated plants and animals,
indicating that diversity is not entirely influenced by climate
and environment.

4. The plants and animals of each continent are distinctive;
all South American rodents belong to a single group,
structurally similar to the guinea pigs, for example, while
most of the rodents found elsewhere belong to other
groups.

OCEANIC ISLANDS

5. Although oceanic islands have few species, those they do
have are often unique (endemic) and show relatedness to
one another, such as the Galdpagos tortoises. This suggests
that the tortoises and other groups of endemic species
developed after their mainland ancestors reached the islands
and are, therefore, more closely related to one another.

6. Species on oceanic islands show strong affinities to those on
the nearest mainland. Thus, the finches of the Galdpagos
Islands closely resemble a finch seen on the western coast of
South America. The Galdpagos finches do nor resemble the
birds on the Cape Verde Islands, islands in the Atlantic
Ocean off the coast of Africa that are similar to the
Galdpagos. Darwin visited the Cape Verde Islands and
many other island groups personally and was able to make
such comparisons on the basis of his own observations.

(a) Glyptodont

(b) Aw
FIGURE 1.8

Fossil evidence of evolution. The now-extinct glyptodont (#)
was a 2000-kilogram South American armadillo, much larger than
the modern armadillo (5), which weighs an average of about 4.5
kilograms. (Drawings are not to scale.)



Inventing the Theory
of Natural Selection

It is one thing to observe the results of evolution, but
quite another to understand how it happens. Darwin’s
great achievement lies in his formulation of the hypothe-
sis that evolution occurs because of natural selection.

Darwin and Malthus

Of key importance to the development of Darwin’s in-
sight was his study of Thomas Malthus’s Essay on the
Principle of Population (1798). In his book, Malthus
pointed out that populations of plants and animals (in-
cluding human beings) tend to increase geometrically,
while the ability of humans to increase their food supply
increases only arithmetically. A geometric progression is
one in which the elements increase by a constant factor;
for example, in the progression 2, 6, 18, 54, . . . , each
number is three times the preceding one. An arithmetic
progression, in contrast, is one in which the elements in-
crease by a constant difference; in the progression 2, 6, 10,
14, . . ., each number is four greater than the preced-
ing one (figure 1.9).

Because populations increase geometrically, virtually
any kind of animal or plant, if it could reproduce un-
checked, would cover the entire surface of the world
within a surprisingly short time. Instead, populations of
species remain fairly constant year after year, because
death limits population numbers. Malthus’s conclusion
provided the key ingredient that was necessary for Dar-
win to develop the hypothesis that evolution occurs by
natural selection.

Sparked by Malthus’s ideas, Darwin saw that although
every organism has the potential to produce more off-
spring than can survive, only a limited number actually
do survive and produce further offspring. Combining
this observation with what he had seen on the voyage of
the Beagle, as well as with his own experiences in breed-
ing domestic animals, Darwin made an important associ-
ation (figure 1.10): Those individuals that possess supe-
rior physical, behavioral, or other attributes are more
likely to survive than those that are not so well endowed.
By surviving, they gain the opportunity to pass on their
favorable characteristics to their offspring. As the fre-
quency of these characteristics increases in the popula-
tion, the nature of the population as a whole will gradu-
ally change. Darwin called this process selection. The
driving force he identified has often been referred to as
survival of the fittest.

54

Geometric
— progression

— 18
— Arithmetic
- progression
6
- ®
2 o 8
- ®
4 6

FIGURE 1.9

Geometric and arithmetic progressions. A geometric progression
increases by a constant factor (e.g., X 2 or X 3 or X 4), while an
arithmetic progression increases by a constant difference (e.g.,
units of 1 or 2 or 3) . Malthus contended that the human growth
curve was geometric, but the human food production curve was
only arithmetic. Can you see the problems this difference would
cause?

”C]an we doubt . . . that individuals /Qam’ng
any ac{uantage, howeoen i[igﬁt, oUEn
othens, would have the best chanes of
suroiving and procieating thein kind? On
the othen éarzc{, we may /55[ sure that any
variation in the [zast c[sg’zss infurious
would be nigidly destroyed. This
presenvation of favorable vaiations, [
call Natural Selzotion. g

FIGURE 1.10
An excerpt from Charles Darwin’s On the Origin of Species.
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Natural Selection

Darwin was thoroughly familiar with
variation in domesticated animals and
began On the Origin of Species with a
detailed discussion of pigeon breeding.
He knew that breeders selected certain
varieties of pigeons and other animals,
such as dogs, to produce certain char-
acteristics, a process Darwin called ar-
tificial selection. Once this had been
done, the animals would breed true for
the characteristics that had been select-
ed. Darwin had also observed that the
differences purposely developed be-
tween domesticated races or breeds
were often greater than those that sep-
arated wild species. Domestic pigeon
breeds, for example, show much
greater variety than all of the hundreds
of wild species of pigeons found
throughout the world. Such relation-
ships suggested to Darwin that evolu-
tionary change could occur in nature
too. Surely if pigeon breeders could
foster such variation by “artificial selec-
tion,” nature could do the same, play-
ing the breeder’s role in selecting the
next generation—a process Darwin
called natural selection.

Darwin’s theory thus incorporates
the hypothesis of evolution, the pro-
cess of natural selection, and the mass of new evidence
for both evolution and natural selection that Darwin
compiled. Thus, Darwin’s theory provides a simple and
direct explanation of biological diversity, or why animals
are different in different places: because habitats differ in
their requirements and opportunities, the organisms with
characteristics favored locally by natural selection will
tend to vary in different places.

FIGURE 1.11

an 1874 publication.

Darwin Drafts His Argument

Darwin drafted the overall argument for evolution by natu-
ral selection in a preliminary manuscript in 1842. After
showing the manuscript to a few of his closest scientific
friends, however, Darwin put it in a drawer, and for
16 years turned to other research. No one knows for sure
why Darwin did not publish his initial manuscript—it is
very thorough and outlines his ideas in detail. Some histo-
rians have suggested that Darwin was shy of igniting public
criticism of his evolutionary ideas—there could have been
little doubt in his mind that his theory of evolution by nat-
ural selection would spark controversy. Others have pro-
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Darwin greets his monkey ancestor. In
his time, Darwin was often portrayed
unsympathetically, as in this drawing from

posed that Darwin was simply refining
his theory all those years, although
there is little evidence he altered his
initial manuscript in all that time.

Wallace Has the Same Idea

The stimulus that finally brought Dar-
win’s theory into print was an essay he
received in 1858. A young English nat-
uralist named Alfred Russel Wallace
(1823-1913) sent the essay to Darwin
from Malaysia; it concisely set forth
the theory of evolution by means of
natural selection, a theory Wallace had
developed independently of Darwin.
Like Darwin, Wallace had been
greatly influenced by Malthus’s 1798
essay. Colleagues of Wallace, knowing
of Darwin’s work, encouraged him to
communicate with Darwin. After re-
ceiving Wallace’s essay, Darwin ar-
ranged for a joint presentation of their
ideas at a seminar in London. Darwin
then completed his own book, expand-
ing the 1842 manuscript which he had
written so long ago, and submitted it
for publication.

Publication of Darwin’s Theory

Darwin’s book appeared in November 1859 and caused an
immediate sensation. Many people were deeply disturbed by
the suggestion that human beings were descended from the
same ancestor as apes (figure 1.11). Darwin did not actually
discuss this idea in his book, but it followed directly from the
principles he outlined. In a subsequent book, The Descent of
Man, Darwin presented the argument directly, building a
powerful case that humans and living apes have common an-
cestors. Although people had long accepted that humans
closely resembled apes in many characteristics, the possibility
that there might be a direct evolutionary relationship was un-
acceptable to many. Darwin’s arguments for the theory of
evolution by natural selection were so compelling, however,
that his views were almost completely accepted within the in-
tellectual community of Great Britain after the 1860s.

The fact that populations do not really expand
geometrically implies that nature acts to limit
population numbers. The traits of organisms that
survive to produce more offspring will be more
common in future generations—a process Darwin
called natural selection.




Evolution After Darwin:
More Evidence

More than a century has elapsed since Darwin’s death in
1882. During this period, the evidence supporting his the-
ory has grown progressively stronger. There have also
been many significant advances in our understanding of
how evolution works. Although these advances have not
altered the basic structure of Darwin’s theory, they have
taught us a great deal more about the mechanisms by
which evolution occurs. We will briefly explore some of
this evidence here; in chapter 21 we will return to the the-
ory of evolution and examine the evidence in more detail.

The Fossil Record

Darwin predicted that the fossil record would yield inter-
mediate links between the great groups of organisms, for
example, between fishes and the amphibians thought to
have arisen from them, and between reptiles and birds. We
now know the fossil record to a degree that was unthink-
able in the nineteenth century. Recent discoveries of mi-
croscopic fossils have extended the known history of life on
earth back to about 3.5 billion years ago. The discovery of
other fossils has supported Darwin’s predictions and has
shed light on how organisms have, over this enormous time
span, evolved from the simple to the complex. For verte-
brate animals especially, the fossil record is rich and exhib-
its a graded series of changes in form, with the evolutionary
parade visible for all to see (see Box: Why Study Fossils?).

The Age of the Earth

In Darwin’s day, some physicists argued that the earth was
only a few thousand years old. This bothered Darwin, be-
cause the evolution of all living things from some single

Human Cat Bat

Porpoise

original ancestor would have required a great deal more
time. Using evidence obtained by studying the rates of ra-
dioactive decay, we now know that the physicists of Dar-
win’s time were wrong, very wrong: the earth was formed
about 4.5 billion years ago.

The Mechanism of Heredity

Darwin received some of his sharpest criticism in the area of
heredity. At that time, no one had any concept of genes or
of how heredity works, so it was not possible for Darwin to
explain completely how evolution occurs. Theories of he-
redity in Darwin’s day seemed to rule out the possibility of
genetic variation in nature, a critical requirement of Dar-
win’s theory. Genetics was established as a science only at
the start of the twentieth century, 40 years after the publica-
tion of Darwin’s On the Origin of Species. When scientists
began to understand the laws of inheritance (discussed in
chapter 13), the heredity problem with Darwin’s theory
vanished. Genetics accounts in a neat and orderly way for
the production of new variations in organisms.

Comparative Anatomy

Comparative studies of animals have provided strong evi-
dence for Darwin’s theory. In many different types of verte-
brates, for example, the same bones are present, indicating
their evolutionary past. Thus, the forelimbs shown in figure
1.12 are all constructed from the same basic array of bones,
modified in one way in the wing of a bat, in another way in
the fin of a porpoise, and in yet another way in the leg of a
horse. The bones are said to be homologous in the differ-
ent vertebrates; that is, they have the same evolutionary ori-
gin, but they now differ in structure and function. This con-
trasts with analogous structures, such as the wings of birds
and butterflies, which have similar structure and function
but different evolutionary origins.

FIGURE 1.12
Homology among vertebrate
limbs. The forelimbs of these
five vertebrates show the ways
in which the relative
proportions of the forelimb
bones have changed in relation
to the particular way of life of

" Horse each organism.
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Why Study Fossils¢

I grew up on the streets of New York City,
in a family of modest means and little for-
mal education, but with a deep love of
learning. Like many urban kids who be-
come naturalists, my inspiration came
from a great museum—in particular, from
the magnificent dinosaurs on display at the
American Museum of Natural History. As
we all know from furassic Park and other
sources, dinomania in young children (I
was five when I saw my first dinosaur) is
not rare—but nearly all children lose the
passion, and the desire to become a pale-
ontologist becomes a transient moment
between policeman and fireman in a chro-
nology of intended professions. But I per-
sisted and became a professional paleontol-
ogist, a student of life’s history as revealed
by the evidence of fossils (though I ended
up working on snails rather than dino-
saurs!). Why?

I remained committed to paleontology
because I discovered, still as a child, the
wonder of one of the greatest transforming
ideas ever discovered by science: evolution.
I learned that those dinosaurs, and all crea-
tures that have ever lived, are bound to-
gether in a grand family tree of physical re-
lationships, and that the rich and fascinating
changes of life, through billions of years in

Flight has evolved
three separate
times among ver-
tebrates. Birds and
bats are still with
us, but pterosaurs,
such as the one
pictured, became
extinct with the di-
nosaurs about 65
million years ago.

geological time, occur by a natural process
of evolutionary transformation—“descent
with modification,” in Darwin’s words. I
was thrilled to learn that humans had arisen
from apelike ancestors, who had themselves
evolved from the tiny mouselike mammals
that had lived in the time of dinosaurs and
seemed then so inconspicuous, so unsuc-
cessful, and so unpromising.

Now, at mid-career (I was born in 1941)
I remain convinced that I made the right
choice, and committed to learn and convey,
as much as I can as long as I can, about evo-
lution and the history of life. We can learn
a great deal about the process of evolution

Stephen Jay Gould
Harvard University

by studying modern organisms. But history
is complex and unpredictable—and princi-
ples of evolution (like natural selection)
cannot specify the pathway that life’s histo-
ry has actually followed. Paleontology holds
the archives of the pathway—the fossil
record of past life, with its fascinating histo-
ry of mass extinctions, periods of rapid
change, long episodes of stability, and con-
stantly changing patterns of dominance and
diversity. Humans represent just one tiny,
largely fortuitous, and late-arising twig on
the enormously arborescent bush of life.
Paleontology is the study of this grandest of
all bushes.

Molecular Biology

Biochemical tools are now of major importance in efforts to
reach a better understanding of how evolution occurs.
Within the last few years, for example, evolutionary biolo-
gists have begun to “read” genes, much as you are reading
this page. They have learned to recognize the order of the
“letters” of the long DNA molecules, which are present in
every living cell and which provide the genetic information
for that organism. By comparing the sequences of “letters”
in the DNA of different groups of animals or plants, we can
specify the degree of relationship among the groups more
precisely than by any other means. In many cases, detailed
family trees can then be constructed. The consistent pattern
emerging from a growing mountain of data is one of pro-
gressive change over time, with more distantly related
species showing more differences in their DNA than closely
related ones, just as Darwin’s theory predicts. By measuring
the degree of difference in the genetic coding, and by inter-
preting the information available from the fossil record, we
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can even estimate the rates at which evolution is occurring
in different groups of organisms.

Development

Twentieth-century knowledge about growth and develop-
ment further supports Darwin’s theory of evolution. Strik-
ing similarities are seen in the developmental stages of
many organisms of different species. Human embryos, for
example, go through a stage in which they possess the
same structures that give rise to the gills in fish, a tail, and
even a stage when the embryo has fur! Thus, the develop-
ment of an organism (its ontogeny) often yields informa-
tion about the evolutionary history of the species as a
whole (its phylogeny).

Since Darwin’s time, new discoveries of the fossil
record, genetics, anatomy, and development all support
Darwin’s theory.




1.4 This book is organized to help you learn biology.

Core Principles
of Biology

From centuries of biological observation and inquiry, one
organizing principle has emerged: biological diversity re-
flects history, a record of success, failure, and change ex-
tending back to a period soon after the formation of the
earth. The explanation for this diversity, the theory of evo-
lution by natural selection, will form the backbone of your
study of biological science, just as the theory of the covalent
bond is the backbone of chemistry, or the theory of quan-
tum mechanics is that of physics. Evolution by natural selec-
tion is a thread that runs through everything you will learn
in this book.

Basic Principles

The first half of this book is devoted to a description of the
basic principles of biology, introduced through a levels-of-
organization framework (see figure 1.2). At the molecular,
organellar, and cellular levels of organization, you will be in-
troduced to cell biology. You will learn how cells are con-
structed and how they grow, divide, and communicate. At
the organismal level, you will learn the principles of genetics,
which deal with the way that individual traits are transmit-
ted from one generation to the next. At the population level,

you will examine evolution, the gradual change in popula-
tions from one generation to the next, which has led
through natural selection to the biological diversity we see
around us. Finally, at the community and ecosystem levels,
you will study ecology, which deals with how organisms in-
teract with their environments and with one another to pro-
duce the complex communities characteristic of life on

earth.

Organisms

The second half of the book is devoted to an examination of
organisms, the products of evolution. It is estimated that at
least 5 million different kinds of plants, animals, and micro-
organisms exist, and their diversity is incredible (figure 1.13).
Later in the book, we will take a particularly detailed look at
the vertebrates, the group of animals of which we are mem-
bers. We will consider the vertebrate body and how it func-
tions, as this information is of greatest interest and impor-
tance to most students.

As you proceed through this book, what you learn at one
stage will give you the tools to understand the next. The
core principle of biology is that biological diversity is the
result of a long evolutionary journey.

o

Fungi

FIGURE 1.13

The diversity of life. Biologists categorize
all living things into six major groups
called kingdoms: archaebacteria,
eubacteria, protists, fungi, plants, and
animals.
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Chapter 1

Summary

1.1 Biology is the science of life.

http://www.mhhe.com/raven6e

Questions
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Media Resources

* Living things are highly organized, whether as single
cells or as multicellular organisms, with several hier-
archical levels.

1.2 Scientists form generalizations from observations.

1. What are the characteristics
of living things?

* Art Activity: Biological
organization

* Science is the determination of general principles
from observation and experimentation.

* Scientists select the best hypotheses by using
controlled experiments to eliminate alternative
hypotheses that are inconsistent with observations.

* A group of related hypotheses supported by a large
body of evidence is called a theory. In science, a
theory represents what we are most sure about.

However, there are no absolute truths in science, and

even theories are accepted only conditionally.

* Scientists conduct basic research, designed to gain
information about natural phenomena in order to
contribute to our overall body of knowledge, and

applied research, devoted to solving specific problems

with practical applications.

2. What is the difference be-
tween deductive and inductive
reasoning? What is a hypothesis?

3. What are variables? How are
control experiments used in test-
ing hypotheses?

4. How does a hypothesis
become a theory? At what point
does a theory become accepted
as an absolute truth, no longer
subject to any uncertainty?

5. What is the difference
between basic and applied
research?

1.3 Darwin’s theory of evolution illustrates how science works.

* Scientists on Science:
Why Paleonthology?

* Experiments:
Probability and
Hypothesis Testing in
Biology

* One of the central theories of biology is Darwin’s
theory that evolution occurs by natural selection. It

states that certain individuals have heritable traits that
allow them to produce more offspring in a given kind

of environment than other individuals lacking those
traits. Consequently, those traits will increase in
frequency through time.

* Because environments differ in their requirements
and opportunities, the traits favored by natural
selection will vary in different environments.

¢ This theory is supported by a wealth of evidence ac-
quired over more than a century of testing and
questioning.

1.4 This book is organized to help you learn biology.

6. Describe the evidence that led
Darwin to propose that evolu-
tion occurs by means of natural
selection. What evidence
gathered since the publication of
Darwin’s theory has lent further
support to the theory?

7. What is the difference be-
tween homologous and analo-
gous structures? Give an
example of each.

Introduction to
Evolution

Before Darwin

Voyage of the Beagle
Natural Selection

The Process of Natural
Selection

Evidence for Evolution

&

Student Research: The
Search for Medicinal
Plants on Science
Articles

140 Years Without
Darwin Are Enough
Bird-Killing Cats:
Nature’s Way of
Making Better Bids

* Biological diversity is the result of a long history of
evolutionary change. For this reason evolution is the
core of the science of biology.

* Considered in terms of levels-of-organization, the
science of biology can be said to consist of subdisci-
plines focusing on particular levels. Thus one speaks
of molecular biology, cell biology, organismal biolo-
gy, population biology, and community biology.
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8. Can you think of any alterna-
tives to levels-of-organization as
ways of organizing the mass of
information in biology?



The Nature
of Molecules

Concept Outline

2.1 Atoms are nature’s building material.

Atoms. All substances are composed of tiny particles called
atoms, each a positively charged nucleus around which orbit
negative electrons.

Electrons Determine the Chemical Behavior of Atoms.
Electrons orbit the nucleus of an atom; the closer an
electron’s orbit to the nucleus, the lower its energy level.

2.2 The atoms of living things are among the smallest.

Kinds of Atoms. Of the 92 naturally occurring elements,
only 11 occur in organisms in significant amounts.

2.3 Chemical bonds hold molecules together.

Ionic Bonds Form Crystals. Atoms are linked together
into molecules, joined by chemical bonds that result from
forces like the attraction of opposite charges or the sharing of
electrons.

Covalent Bonds Build Stable Molecules. Chemical
bonds formed by the sharing of electrons can be very strong,
and require much energy to break.

2.4 Water is the cradle of life.

Chemistry of Water. Water forms weak chemical
associations that are responsible for much of the organization
of living chemistry.

Water Atoms Act Like Tiny Magnets. Because electrons
are shared unequally by the hydrogen and oxygen atoms of
water, a partial charge separation occurs. Each water atom
acquires a positive and negative pole and is said to be “polar.”
Water Clings to Polar Molecules. Because the opposite
partial charges of polar molecules attract one another, water
tends to cling to itself and other polar molecules and to
exclude nonpolar molecules.

Water Ionizes. Because its covalent bonds occasionally
break, water contains a low concentration of hydrogen (H*)
and hydroxide (OH") ions, the fragments of broken water
molecules.

FIGURE 2.1

Cells are made of molecules. Specific, often simple, combina-
tions of atoms yield an astonishing diversity of molecules within
the cell, each with unique functional characteristics.

bout 10 to 20 billion years ago, an enormous explo-

sion likely marked the beginning of the universe.
With this explosion began the process of evolution, which
eventually led to the origin and diversification of life on
earth. When viewed from the perspective of 20 billion
years, life within our solar system is a recent development,
but to understand the origin of life, we need to consider
events that took place much earlier. The same processes
that led to the evolution of life were responsible for the
evolution of molecules (figure 2.1). Thus, our study of life
on earth begins with physics and chemistry. As chemical
machines ourselves, we must understand chemistry to
begin to understand our origins.
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2.1 Atoms are nature’s building material.

Atoms

Any substance in the universe that has
mass (see below) and occupies space is
defined as matter. All matter is com-
posed of extremely small particles
called atoms. Because of their size,
atoms are difficult to study. Not until
early in this century did scientists
carry out the first experiments sug-
gesting what an atom is like.

The Structure of Atoms

Objects as small as atoms can be
“seen” only indirectly, by using very
complex technology such as tunneling
microcopy. We now know a great
deal about the complexities of atomic
structure, but the simple view put
forth in 1913 by the Danish physicist
Niels Bohr provides a good starting
point. Bohr proposed that every atom
possesses an orbiting cloud of tiny
subatomic particles called electrons
whizzing around a core like the plan-
ets of a miniature solar system. At the
center of each atom is a small, very
dense nucleus formed of two other
kinds of subatomic particles, protons
and neutrons (figure 2.2).

Within the nucleus, the cluster of
protons and neutrons is held together
by a force that works only over short
subatomic distances. Each proton car-
ries a positive (+) charge, and each
electron carries a negative (-) charge.
Typically an atom has one electron
for each proton. The number of protons (the atom’s
atomic number) determines the chemical character of the
atom, because it dictates the number of electrons orbiting
the nucleus which are available for chemical activity. Neu-
trons, as their name implies, possess no charge.

FIGURE 2.2

Atomic Mass

The terms mass and weight are often used interchangeably,
but they have slightly different meanings. Mass refers to the
amount of a substance, while weight refers to the force
gravity exerts on a substance. Hence, an object has the
same 7z2ass whether it is on the earth or the moon, but its
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Basic structure of atoms. All atoms have a nucleus consisting of protons and neutrons,
except hydrogen, the smallest atom, which has only one proton and no neutrons in its
nucleus. Oxygen, for example, has eight protons and eight neutrons in its nucleus. Electrons
spin around the nucleus a far distance away from the nucleus.

weight will be greater on the earth because the earth’s grav-
itational force is greater than the moon’s. The atomic
mass of an atom is equal to the sum of the masses of its
protons and neutrons. Atoms that occur naturally on earth
contain from 1 to 92 protons and up to 146 neutrons.

The mass of atoms and subatomic particles is measured
in units called daltons. To give you an idea of just how small
these units are, note that it takes 602 million million billion
(6.02 x 10?%) daltons to make 1 gram! A proton weighs ap-
proximately 1 dalton (actually 1.009 daltons), as does a neu-
tron (1.007 daltons). In contrast, electrons weigh only g5 of
a dalton, so their contribution to the overall mass of an atom
is negligible.
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FIGURE 2.3
The three most abundant
isotopes of carbon. Isotopes

. Carbon-12
of a particular atom have 6 Protons
different numbers of 6 Neutrons
neutrons. 6 Electrons
Isotopes

Atoms with the same atomic number (that is, the same num-
ber of protons) have the same chemical properties and are
said to belong to the same element. Formally speaking, an
element is any substance that cannot be broken down to any
other substance by ordinary chemical means. However, while
all atoms of an element have the same number of protons,
they may not all have the same number of neutrons. Atoms of
an element that possess different numbers of neutrons are
called isotopes of that element. Most elements in nature exist
as mixtures of different isotopes. Carbon (C), for example,
has three isotopes, all containing six protons (figure 2.3).
Over 99% of the carbon found in nature exists as an isotope
with six neutrons. Because its total mass is 12 daltons (6 from
protons plus 6 from neutrons), this isotope is referred to as
carbon-12, and symbolized 1>C. Most of the rest of the natu-
rally occurring carbon is carbon-13, an isotope with seven
neutrons. The rarest carbon isotope is carbon-14, with eight
neutrons. Unlike the other two isotopes, carbon-14 is unsta-
ble: its nucleus tends to break up into elements with lower
atomic numbers. This nuclear breakup, which emits a signifi-
cant amount of energy, is called radioactive decay, and iso-
topes that decay in this fashion are radioactive isotopes.
Some radioactive isotopes are more unstable than others
and therefore decay more readily. For any given isotope,
however, the rate of decay is constant. This rate is usually
expressed as the half-life, the time it takes for one half of the
atoms in a sample to decay. Carbon-14, for example, has a
half-life of about 5600 years. A sample of carbon containing
1 gram of carbon-14 today would contain 0.5 gram of car-
bon-14 after 5600 years, 0.25 gram 11,200 years from now,
0.125 gram 16,800 years from now, and so on. By determin-
ing the ratios of the different isotopes of carbon and other
elements in biological samples and in rocks, scientists are
able to accurately determine when these materials formed.
While there are many useful applications of radioactivity,
there are also harmful side effects that must be considered in
any planned use of radioactive substances. Radioactive sub-
stances emit energetic subatomic particles that have the po-
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Carbon-13 Carbon-14
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tential to severely damage living cells, producing mutations in
their genes, and, at high doses, cell death. Consequently, ex-
posure to radiation is now very carefully controlled and regu-
lated. Scientists who work with radioactivity (basic re-
searchers as well as applied scientists such as X-ray
technologists) wear radiation-sensitive badges to monitor the
total amount of radioactivity to which they are exposed. Each
month the badges are collected and scrutinized. Thus, em-
ployees whose work places them in danger of excessive radio-
active exposure are equipped with an “early warning system.”

Electrons

The positive charges in the nucleus of an atom are counter-
balanced by negatively charged electrons orbiting at vary-
ing distances around the nucleus. Thus, atoms with the
same number of protons and electrons are electrically neu-
tral, having no net charge.

Electrons are maintained in their orbits by their attrac-
tion to the positively charged nucleus. Sometimes other
forces overcome this attraction and an atom loses one or
more electrons. In other cases, atoms may gain additional
electrons. Atoms in which the number of electrons does
not equal the number of protons are known as ions, and
they carry a net electrical charge. An atom that has more
protons than electrons has a net positive charge and is
called a cation. For example, an atom of sodium (Na) that
has lost one electron becomes a sodium ion (Na*), with a
charge of +1. An atom that has fewer protons than elec-
trons carries a net negative charge and is called an anion. A
chlorine atom (CI) that has gained one electron becomes a
chloride ion (CI), with a charge of —1.

An atom consists of a nucleus of protons and neutrons
surrounded by a cloud of electrons. The number of its
electrons largely determines the chemical properties of
an atom. Atoms that have the same number of protons
but different numbers of neutrons are called isotopes.
Isotopes of an atom differ in atomic mass but have
similar chemical properties.
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Electrons Determine the Chemical
Behavior of Atoms

The key to the chemical behavior of an atom lies in the ar-
rangement of its electrons in their orbits. It is convenient to
visualize individual electrons as following discrete circular
orbits around a central nucleus, as in the Bohr model of the
atom. However, such a simple picture is not realistic. It is
not possible to precisely locate the position of any individual
electron precisely at any given time. In fact, a particular
electron can be anywhere at a given instant, from close to
the nucleus to infinitely far away from it.

However, a particular electron is more likely to be locat-
ed in some positions than in others. The area around a nu-
cleus where an electron is most likely to be found is called
the orbital of that electron (figure 2.4). Some electron or-
bitals near the nucleus are spherical (s orbitals), while oth-
ers are dumbbell-shaped (p orbitals). Still other orbitals,
more distant from the nucleus, may have different shapes.
Regardless of its shape, no orbital may contain more than
two electrons.

Almost all of the volume of an atom is empty space, be-
cause the electrons are quite far from the nucleus relative
to its size. If the nucleus of an atom were the size of an ap-
ple, the orbit of the nearest electron would be more than
1600 meters away. Consequently, the nuclei of two atoms
never come close enough in nature to interact with each
other. It is for this reason that an atom’s electrons, not its
protons or neutrons, determine its chemical behavior. This

also explains why the isotopes of an element, all of which
have the same arrangement of electrons, behave the same
way chemically.

Energy within the Atom

All atoms possess energy, defined as the ability to do work.
Because electrons are attracted to the positively charged
nucleus, it takes work to keep them in orbit, just as it takes
work to hold a grapefruit in your hand against the pull of
gravity. The grapefruit is said to possess potential energy,
the ability to do work, because of its position; if you were
to release it, the grapefruit would fall and its energy would
be reduced. Conversely, if you were to move the grapefruit
to the top of a building, you would increase its potential
energy. Similarly, electrons have potential energy of posi-
tion. To oppose the attraction of the nucleus and move the
electron to a more distant orbital requires an input of en-
ergy and results in an electron with greater potential ener-
gy. This is how chlorophyll captures energy from light
during photosynthesis (chapter 10)—the light excites elec-
trons in the chlorophyll. Moving an electron closer to the
nucleus has the opposite effect: energy is released, usually
as heat, and the electron ends up with less potential energy
(figure 2.5).

A given atom can possess only certain discrete amounts
of energy. Like the potential energy of a grapefruit on a step
of a staircase, the potential energy contributed by the posi-
tion of an electron in an atom can have only certain values.

2s Orbital

y |
a /
X ” s TS x
| }

1s Orbital

Orbital for energy level K:
one spherical orbital (1s)

Orbitals for energy level L:
one spherical orbital (2s) and

2p Orbitals

Composite of
all p orbitals

three dumbbell-shaped orbitals (2p)

FIGURE 2.4

Electron orbitals. The lowest energy level or electron shell, which is nearest the nucleus, is level K. It is occupied by a single s orbital,
referred to as 1s. The next highest energy level, L, is occupied by four orbitals: one s orbital (referred to as the 2s orbital) and three p
orbitals (each referred to as a 2p orbital). The four L-level orbitals compactly fill the space around the nucleus, like two pyramids set base-

to-base.
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FIGURE 2.5

Atomic energy levels. When an electron

absorbs energy, it moves to higher energy M L

levels farther from the nucleus. When an Energy Energy

electron releases energy, it falls to lower level level
3 2

energy levels closer to the nucleus.

Every atom exhibits a ladder of potential energy values,
rather than a continuous spectrum of possibilities, a discrete
set of orbits at particular distances from the nucleus.

During some chemical reactions, electrons are trans-
ferred from one atom to another. In such reactions, the loss
of an electron is called oxidation, and the gain of an elec-
tron is called reduction (figure 2.6). It is important to real-
ize that when an electron is transferred in this way, it keeps
its energy of position. In organisms, chemical energy is
stored in high-energy electrons that are transferred from
one atom to another in reactions involving oxidation and
reduction.

Because the amount of energy an electron possesses is
related to its distance from the nucleus, electrons that are
the same distance from the nucleus have the same energy,
even if they occupy different orbitals. Such electrons are
said to occupy the same energy level. In a schematic dia-
gram of an atom (figure 2.7), the nucleus is represented as a
small circle and the electron energy levels are drawn as con-
centric rings, with the energy level increasing with distance
from the nucleus. Be careful not to confuse energy levels,
which are drawn as rings to indicate an electron’s energy,
with orbitals, which have a variety of three-dimensional
shapes and indicate an electron’s most likely location.

Electrons orbit a nucleus in paths called orbitals. No
orbital can contain more than two electrons, but many
orbitals may be the same distance from the nucleus and,
thus, contain electrons of the same energy.

FIGURE 2.7

Electron energy levels for helium and nitrogen. Gold balls
represent the electrons. Each concentric circle represents a
different distance from the nucleus and, thus, a different electron
energy level.
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FIGURE 2.6

Oxidation and reduction. Oxidation is the loss of an electron;
reduction is the gain of an electron.
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2.2 The atoms of living things are among the smallest.

Kinds of Atoms

There are 92 naturally occurring elements, each with a dif-
ferent number of protons and a different arrangement of
electrons. When the nineteenth-century Russian chemist
Dmitri Mendeleev arranged the known elements in a table
according to their atomic mass (figure 2.8), he discovered
one of the great generalizations in all of science. Mendeleev
found that the elements in the table exhibited a pattern of
chemical properties that repeated itself in groups of eight el-
ements. This periodically repeating pattern lent the table its
name: the periodic table of elements.

The Periodic Table

The eight-element periodicity that Mendeleev found is
based on the interactions of the electrons in the outer en-
ergy levels of the different elements. These electrons are
called valence electrons and their interactions are the
basis for the differing chemical properties of the elements.
For most of the atoms important to life, an outer energy

level can contain no more than eight electrons; the chemi-
cal behavior of an element reflects how many of the eight
positions are filled. Elements possessing all eight elec-
trons in their outer energy level (two for helium) are
inert, or nonreactive; they include helium (He), neon
(Ne), argon (Ar), krypton (Kr), xenon (Xe), and radon
(Rn). In sharp contrast, elements with seven electrons (one
fewer than the maximum number of eight) in their outer
energy level, such as fluorine (F), chlorine (Cl), and
bromine (Br), are highly reactive. They tend to gain the
extra electron needed to fill the energy level. Elements
with only one electron in their outer energy level, such as
lithium (Li), sodium (Na), and potassium (K), are also
very reactive; they tend to lose the single electron in their
outer level.

Mendeleev’s periodic table thus leads to a useful generali-
zation, the octet rule (Latin ocro, “eight”) or rule of eight:
atoms tend to establish completely full outer energy levels.
Most chemical behavior can be predicted quite accurately
from this simple rule, combined with the tendency of at-
oms to balance positive and negative charges.
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FIGURE 2.8

Periodic table of the elements. In this representation, the frequency of elements that occur in the earth’s crust is indicated by the height
of the block. Elements found in significant amounts in living organisms are shaded in blue.
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Table 2.1 The Most Common Elements on Earth and Their Distribution in the Human Body

Approximate
Percent of Percent of
Earth’s Crust Human Body
Element Symbol Atomic Number by Weight by Weight Importance or Function
Oxygen o 8 46.6 65.0 Required for cellular respiration;
component of water
Silicon Si 14 27.7 Trace
Aluminum Al 13 6.5 Trace
Iron Fe 26 5.0 Trace Critical component of hemoglobin in
the blood
Calcium Ca 20 3.6 1.5 Component of bones and teeth; trig-
gers muscle contraction
Sodium Na 11 2.8 0.2 Principal positive ion outside cells;
important in nerve function
Potassium K 19 2.6 0.4 Principal positive ion inside cells; im-
portant in nerve function
Magnesium Mg 12 2.1 0.1 Critical component of many energy-
transferring enzymes
Hydrogen H 1 0.14 9.5 Electron carrier; component of water
and most organic molecules
Manganese Mn 25 0.1 Trace
Fluorine F 9 0.07 Trace
Phosphorus P 15 0.07 1.0 Backbone of nucleic acids; important
in energy transfer
Carbon C 6 0.03 18.5 Backbone of organic molecules
Sulfur S 16 0.03 0.3 Component of most proteins
Chlorine Cl 17 0.01 0.2 Principal negative ion outside cells
Vanadium A% 23 0.01 Trace
Chromium Cr 24 0.01 Trace
Copper Cu 29 0.01 Trace Key component of many enzymes
Nitrogen N 7 Trace 33 Component of all proteins and nucleic
acids
Boron B 5 Trace Trace
Cobalt Co 27 Trace Trace
Zinc Zn 30 Trace Trace Key component of some enzymes
Selenium Se 34 Trace Trace
Molybdenum Mo 42 Trace Trace Key component of many enzymes
Tin Sn 50 Trace Trace
Iodine I 53 Trace Trace Component of thyroid hormone

Distribution of the Elements

Of the 92 naturally occurring elements on earth, only 11 are
found in organisms in more than trace amounts (0.01% or
higher). These 11 elements have atomic numbers less than
21 and, thus, have low atomic masses. Table 2.1 lists the
levels of various elements in the human body; their levels in
other organisms are similar. Inspection of this table suggests
that the distribution of elements in living systems is by no
means accidental. The most common elements inside or-
ganisms are not the elements that are most abundant in the

earth’s crust. For example, silicon, aluminum, and iron con-
stitute 39.2% of the earth’s crust, but they exist in trace
amounts in the human body. On the other hand, carbon at-
oms make up 18.5% of the human body but only 0.03% of
the earth’s crust.

Ninety-two elements occur naturally on earth; only
eleven of them are found in significant amounts in living
organisms. Four of them—oxygen, hydrogen, carbon,
nitrogen—constitute 96.3% of the weight of your body.

Chapter 2 The Nature of Molecules 25




2.3 Chemical bonds hold molecules together.

Ionic Bonds Form Crystals

A group of atoms held together by energy in a stable associ-
ation is called a molecule. When a molecule contains atoms
of more than one element, it is called a compound. The
atoms in a molecule are joined by chemical bonds; these
bonds can result when atoms with opposite charges attract
(ionic bonds), when two atoms share one or more pairs of
electrons (covalent bonds), or when atoms interact in other
ways. We will start by examining ionic bonds, which form
when atoms with opposite electrical charges (ions) attract.

A Closer Look at Table Salt

Common table salt, sodium chloride (NaCl), is a lattice of
ions in which the atoms are held together by ionic bonds
(figure 2.9). Sodium has 11 electrons: 2 in the inner energy
level, 8 in the next level, and 1 in the outer (valence) level.
"The valence electron is unpaired (free) and has a strong ten-
dency to join with another electron. A stable configuration
can be achieved if the valence electron is lost to another
atom that also has an unpaired electron. The loss of this
electron results in the formation of a positively charged
sodium ion, Na*.
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FIGURE 2.9

The chlorine atom has 17 electrons: 2 in the inner energy
level, 8 in the next level, and 7 in the outer level. Hence, one
of the orbitals in the outer energy level has an unpaired
electron. The addition of another electron to the outer level
fills that level and causes a negatively charged chloride ion,
CI, to form.

When placed together, metallic sodium and gaseous
chlorine react swiftly and explosively, as the sodium atoms
donate electrons to chlorine, forming Na* and CI- ions. Be-
cause opposite charges attract, the Na* and Cl- remain asso-
ciated in an ionic compound, NaCl, which is electrically
neutral. However, the electrical attractive force holding
NaCl together is not directed specifically between particular
Nat and CI- ions, and no discrete sodium chloride mole-
cules form. Instead, the force exists between any one ion and
all neighboring ions of the opposite charge, and the ions ag-
gregate in a crystal matrix with a precise geometry. Such ag-
gregations are what we know as salt crystals. If a salt such as
NaCl is placed in water, the electrical attraction of the water
molecules, for reasons we will point out later in this chapter,
disrupts the forces holding the ions in their crystal matrix,
causing the salt to dissolve into a roughly equal mixture of
free Na* and CI- ions.

An ionic bond is an attraction between ions of opposite
charge in an ionic compound. Such bonds are not
formed between particular ions in the compound;
rather, they exist between an ion and all of the
oppositely charged ions in its immediate vicinity.

Cl~ Na*t Cl~

Na* Clg Na*

Cl~ Na*t CI~
(b) NaCl crystal

The formation of ionic bonds by sodium chloride. (#) When a sodium atom donates an electron to a chlorine atom, the sodium atom
becomes a positively charged sodium ion, and the chlorine atom becomes a negatively charged chloride ion. (b)) Sodium chloride forms a

highly regular lattice of alternating sodium ions and chloride ions.
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Covalent Bonds Build
Stable Molecules

Covalent bonds form when two atoms
share one or more pairs of valence
electrons. Consider hydrogen (H) as an
example. Each hydrogen atom has an
unpaired electron and an unfilled outer
energy level; for these reasons the hy-
drogen atom is unstable. When two
hydrogen atoms are close to each
other, however, each atom’s electron
can orbit both nuclei. In effect, the nu-
clei are able to share their electrons.
The result is a diatomic (two-atom)
molecule of hydrogen gas (figure 2.10).

"The molecule formed by the two hy-
drogen atoms is stable for three reasons:

1. It has no net charge. The di-
atomic molecule formed as a result
of this sharing of electrons is not
charged, because it still contains
two protons and two electrons.

2. The octet rule is satisfied.
Each of the two hydrogen atoms
can be considered to have two or-
biting electrons in its outer energy
level. This satisfies the octet rule,
because each shared electron orbits
both nuclei and is included in the
outer energy level of both atoms.

3. It has no free electrons. The
bonds between the two atoms
also pair the two free electrons.

Unlike ionic bonds, covalent bonds

Covalent bond

H, (hydrogen gas)

FIGURE 2.10

Hydrogen gas. (#) Hydrogen gasis a
diatomic molecule composed of two
hydrogen atoms, each sharing its electron
with the other. (b)) The flash of fire that
consumed the Hindenburg occurred when
the hydrogen gas that was used to inflate the
dirigible combined explosively with oxygen
gas in the air to form water.

Molecules with Several Covalent
Bonds

Molecules often consist of more than
two atoms. One reason that larger mole-
cules may be formed is that a given atom
is able to share electrons with more than
one other atom. An atom that requires
two, three, or four additional electrons
to fill its outer energy level completely
may acquire them by sharing its elec-
trons with two or more other atoms.

For example, the carbon atom (C)
contains six electrons, four of which are
in its outer energy level. To satisfy the
octet rule, a carbon atom must gain ac-
cess to four additional electrons; that is,
it must form four covalent bonds. Be-
cause four covalent bonds may form in
many ways, carbon atoms are found in
many different kinds of molecules.

Chemical Reactions

The formation and breaking of chemi-
cal bonds, the essence of chemistry, is
called a chemical reaction. All chemi-
cal reactions involve the shifting of at-
oms from one molecule or ionic com-
pound to another, without any change
in the number or identity of the atoms.
For convenience, we refer to the origi-
nal molecules before the reaction starts
as reactants, and the molecules result-
ing from the chemical reaction as prod-
ucts. For example:

are formed between two specific atoms, giving rise to true,
discrete molecules. While ionic bonds can form regular crys-
tals, the more specific associations made possible by covalent
bonds allow the formation of complex molecular structures.

A—B+C—D — A—C+B+D
reactants products

The extent to which chemical reactions occur is influ-
enced by several important factors:

1. Temperature. Heating up the reactants increases
the rate of a reaction (as long as the temperature isn’t
so high as to destroy the molecules).

2. Concentration of reactants and products. Reac-
tions proceed more quickly when more reactants are
available. An accumulation of products typically
speeds reactions in the reverse direction.

3. Catalysts. A catalyst is a substance that increases the
rate of a reaction. It doesn’t alter the reaction’s equi-
librium between reactants and products, but it does
shorten the time needed to reach equilibrium, often
dramatically. In organisms, proteins called enzymes
catalyze almost every chemical reaction.

Covalent Bonds Can Be Very Strong

The strength of a covalent bond depends on the number of
shared electrons. Thus double bonds, which satisfy the oc-
tet rule by allowing two atoms to share two pairs of elec-
trons, are stronger than single bonds, in which only one
electron pair is shared. This means more chemical energy is
required to break a double bond than a single bond. The
strongest covalent bonds are triple bonds, such as those
that link the two nitrogen atoms of nitrogen gas molecules.
Covalent bonds are represented in chemical formulations as
lines connecting atomic symbols, where each line between
two bonded atoms represents the sharing of one pair of
electrons. The structural formulas of hydrogen gas and
oxygen gas are H—H and O=0, respectively, while their
molecular formulas are H, and O,.

A covalent bond is a stable chemical bond formed when
two atoms share one or more pairs of electrons.
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2.4 Water is the cradle of life.

FIGURE 2.11

Water takes many forms. As a liquid, water fills our rivers and runs down over the land to the sea. () The iceberg on which the penguins
are holding their meeting was formed in Antarctica from a huge block of ice that broke away into the ocean water. (4) When water cools
below 0°C, it forms beautiful crystals, familiar to us as snow and ice. However, water is not always plentiful. (c) At Badwater, in Death
Valley, California, there is no hint of water except for the broken patterns of dried mud.

Chemistry of Water

Of all the molecules that are common on earth, only wa-
ter exists as a liquid at the relatively low temperatures that
prevail on the earth’s surface, three-fourths of which is
covered by liquid water (figure 2.11). When life was origi-
nating, water provided a medium in which other molecules
could move around and interact without being held in
place by strong covalent or ionic bonds. Life evolved as a
result of these interactions, and it is still inextricably tied
to water. Life began in water and evolved there for 3 bil-
lion years before spreading to land. About two-thirds of
any organism’s body is composed of water, and no organ-
ism can grow or reproduce in any but a water-rich envi-
ronment. It is no accident that tropical rain forests are
bursting with life, while dry deserts appear almost lifeless
except when water becomes temporarily plentiful, such as
after a rainstorm.

The Atomic Structure of Water

Water has a simple atomic structure. It consists of an oxy-
gen atom bound to two hydrogen atoms by two single cova-
lent bonds (figure 2.124). The resulting molecule is stable: it
satisfies the octet rule, has no unpaired electrons, and carries
no net electrical charge.

The single most outstanding chemical property of wa-
ter is its ability to form weak chemical associations with
only 5 to 10% of the strength of covalent bonds. This
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FIGURE 2.12

Water has a simple molecular structure. (#) Each molecule is
composed of one oxygen atom and two hydrogen atoms. The
oxygen atom shares one electron with each hydrogen atom. ()
The greater electronegativity of the oxygen atom makes the water
molecule polar: water carries two partial negative charges (67) near
the oxygen atom and two partial positive charges (3*), one on each
hydrogen atom.

property, which derives directly from the structure of wa-
ter, is responsible for much of the organization of living
chemistry.

The chemistry of life is water chemistry. The way in
which life first evolved was determined in large part by
the chemical properties of the liquid water in which
that evolution occurred.




Water Atoms Act Like Tiny
Magnets

Both the oxygen and the hydrogen atoms attract
the electrons they share in the covalent bonds of
a water molecule; this attraction is called elec-
tronegativity. However, the oxygen atom is
more electronegative than the hydrogen atoms,
so it attracts the electrons more strongly than do
the hydrogen atoms. As a result, the shared
electrons in a water molecule are far more
likely to be found near the oxygen nucleus than
near the hydrogen nuclei. This stronger attrac-

An organic molecule

Hydrogen atom
Hydrogen bond

Oxygen atom

tion for electrons gives the oxygen atom two
partial negative charges (87), as though the elec-
tron cloud were denser near the oxygen atom
than around the hydrogen atoms. Because the
water molecule as a whole is electrically neu-
tral, each hydrogen atom carries a partial positive charge (6*).
The Greek letter delta () signifies a partial charge, much
weaker than the full unit charge of an ion.

What would you expect the shape of a water molecule to
be? Each of water’s two covalent bonds has a partial charge
at each end, &~ at the oxygen end and &* at the hydrogen end.
The most stable arrangement of these charges is a tetrahe-
dron, in which the two negative and two positive charges are
approximately equidistant from one another (figure 2.125).
The oxygen atom lies at the center of the tetrahedron, the
hydrogen atoms occupy two of the apexes, and the partial
negative charges occupy the other two apexes. This results
in a bond angle of 104.5° between the two covalent oxygen-
hydrogen bonds. (In a regular tetrahedron, the bond angles
would be 109.5° in water, the partial negative charges occu-
py more space than the hydrogen atoms, and, therefore, they
compress the oxygen-hydrogen bond angle slightly.)

The water molecule, thus, has distinct “ends,” each with a
partial charge, like the two poles of a magnet. (These partial

FIGURE 2.13
Structure of a hydrogen bond.

charges are much less than the unit charges of ions, how-
ever.) Molecules that exhibit charge separation are called
polar molecules because of their magnet-like poles, and
water is one of the most polar molecules known. The polarity
of water underlies its chemistry and the chemistry of life.

Polar molecules interact with one another, as the &~ of
one molecule is attracted to the §* of another. Because many
of these interactions involve hydrogen atoms, they are
called hydrogen bonds (figure 2.13). Each hydrogen bond
is individually very weak and transient, lasting on average
only m second (107! sec). However, the cumula-
tive effects of large numbers of these bonds can be enor-
mous. Water forms an abundance of hydrogen bonds,
which are responsible for many of its important physical
properties (table 2.2).

The water molecule is very polar, with ends that exhibit
partial positive and negative charges. Opposite charges
attract, forming weak linkages called hydrogen bonds.

Table 2.2 The Properties of Water

Property Explanation Example of Benefit to Life
Cohesion Hydrogen bonds hold water molecules together Leaves pull water upward from the
roots; seeds swell and germinate

High specific heat Hydrogen bonds absorb heat when they break, and release Wiater stabilizes the temperature of
heat when they form, minimizing temperature changes organisms and the environment

High heat of Many hydrogen bonds must be broken for water to evapo- Evaporation of water cools body

vaporization rate surfaces

Lower density Water molecules in an ice crystal are spaced relatively far Because ice is less dense than water,

of ice apart because of hydrogen bonding lakes do not freeze solid

High polarity Polar water molecules are attracted to ions and polar com-

pounds, making them soluble

Many kinds of molecules can move
freely in cells, permitting a diverse
array of chemical reactions
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Water Clings to Polar Molecules

The polarity of water causes it to be attracted to other polar
molecules. When the other molecules are also water, the at-
traction is referred to as cohesion. When the other mole-
cules are of a different substance, the attraction is called ad-
hesion. It is because water is cohesive that it is a liquid, and
not a gas, at moderate temperatures.

The cohesion of liquid water is also responsible for its
surface tension. Small insects can walk on water (figure
2.14) because at the air-water interface all of the hydrogen
bonds in water face downward, causing the molecules of the
water surface to cling together. Water is adhesive to any
substance with which it can form hydrogen bonds. That is
why substances containing polar molecules get “wet” when
they are immersed in water, while those that are composed
of nonpolar molecules (such as oils) do not.

The attraction of water to substances like glass with sur-
face electrical charges is responsible for capillary action: if a
glass tube with a narrow diameter is lowered into a beaker
of water, water will rise in the tube above the level of the
water in the beaker, because the adhesion of water to the
glass surface, drawing it upward, is stronger than the force
of gravity, drawing it down. The narrower the tube, the
greater the electrostatic forces between the water and the
glass, and the higher the water rises (figure 2.15).

Water Stores Heat

Water moderates temperature through two properties: its
high specific heat and its high heat of vaporization. The
temperature of any substance is a measure of how rapidly
its individual molecules are moving. Because of the many
hydrogen bonds that water molecules form with one anoth-
er, a large input of thermal energy is required to break
these bonds before the individual water molecules can be-
gin moving about more freely and so have a higher temper-
ature. Therefore, water is said to have a high specific heat,
which is defined as the amount of heat that must be ab-
sorbed or lost by 1 gram of a substance to change its tem-
perature by 1 degree Celsius (°C). Specific heat measures
the extent to which a substance resists changing its temper-
ature when it absorbs or loses heat. Because polar substanc-
es tend to form hydrogen bonds, and energy is needed to
break these bonds, the more polar a substance is, the higher
is its specific heat. The specific heat of water (1 calo-
rie/gram/°C) is twice that of most carbon compounds and
nine times that of iron. Only ammonia, which is more
polar than water and forms very strong hydrogen bonds,
has a higher specific heat than water (1.23
calories/gram/°C). Still, only 20% of the hydrogen bonds
are broken as water heats from 0° to 100°C.

Because of its high specific heat, water heats up more
slowly than almost any other compound and holds its tem-
perature longer when heat is no longer applied. This char-
acteristic enables organisms, which have a high water con-
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FIGURE 2.14

Cohesion. Some insects, such as this water strider, literally walk
on water. In this photograph you can see the dimpling the insect’s
feet make on the water as its weight bears down on the surface.
Because the surface tension of the water is greater than the force
that one foot brings to bear, the strider glides atop the surface of
the water rather than sinking.

FIGURE 2.15

Capillary action. Capillary action
causes the water within a narrow tube
to rise above the surrounding water;
the adhesion of the water to the glass
surface, which draws water upward, is
stronger than the force of gravity,
which tends to draw it down. The
narrower the tube, the greater the
surface area available for adhesion for a
given volume of water, and the higher
the water rises in the tube.

tent, to maintain a relatively constant internal temperature.
The heat generated by the chemical reactions inside cells
would destroy the cells, if it were not for the high specific
heat of the water within them.

A considerable amount of heat energy (586 calories) is re-
quired to change 1 gram of liquid water into a gas. Hence,
water also has a high heat of vaporization. Because the
transition of water from a liquid to a gas requires the input
of energy to break its many hydrogen bonds, the evapora-
tion of water from a surface causes cooling of that surface.
Many organisms dispose of excess body heat by evaporative
cooling; for example, humans and many other vertebrates
sweat.

At low temperatures, water molecules are locked into a
crystal-like lattice of hydrogen bonds, forming the solid we
call ice (figure 2.16). Interestingly, ice is less dense than liquid
water because the hydrogen bonds in ice space the water
molecules relatively far apart. This unusual feature enables
icebergs to float. Were it otherwise, ice would cover nearly all
bodies of water, with only shallow surface melting annually.
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FIGURE 2.16

The role of hydrogen bonds in an ice crystal. () In liquid
water, hydrogen bonds are not stable and constantly break and re-
form. (b)) When water cools below 0°C, the hydrogen bonds are
more stable, and a regular crystalline structure forms in which the
four partial charges of one water molecule interact with the
opposite charges of other water molecules. Because water forms a
crystal latticework, ice is less dense than liquid water and floats. If
it did not, inland bodies of water far from the earth’s equator
might never fully thaw.

Water Is a Powerful Solvent

Water is an effective solvent because of its ability to form
hydrogen bonds. Water molecules gather closely around
any substance that bears an electrical charge, whether that
substance carries a full charge (ion) or a charge separation
(polar molecule). For example, sucrose (table sugar) is
composed of molecules that contain slightly polar hydroxyl
(OH) groups. A sugar crystal dissolves rapidly in water be-
cause water molecules can form hydrogen bonds with indi-
vidual hydroxyl groups of the sucrose molecules. There-
fore, sucrose is said to be so/uble in water. Every time a
sucrose molecule dissociates or breaks away from the crys-
tal, water molecules surround it in a cloud, forming a hy-
dration shell and preventing it from associating with oth-
er sucrose molecules. Hydration shells also form around
ions such as Na* and CI- (figure 2.17).

Water Organizes Nonpolar Molecules

Water molecules always tend to form the maximum possi-
ble number of hydrogen bonds. When nonpolar molecules
such as oils, which do not form hydrogen bonds, are placed

Hydration shells
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FIGURE 2.17

Why salt dissolves in water. When a crystal of table salt dissolves
in water, individual Na* and CI- ions break away from the salt
lattice and become surrounded by water molecules. Water
molecules orient around Cl- ions so that their partial positive poles
face toward the negative Cl- ion; water molecules surrounding Na*
ions orient in the opposite way, with their partial negative poles
facing the positive Na* ion. Surrounded by hydration shells, Na*
and CI- ions never reenter the salt lattice.

in water, the water molecules act to exclude them. The
nonpolar molecules are forced into association with one an-
other, thus minimizing their disruption of the hydrogen
bonding of water. In effect, they shrink from contact with
water and for this reason they are referred to as hydropho-
bic (Greek hydros, “water” and phobos, “fearing”). In con-
trast, polar molecules, which readily form hydrogen bonds
with water, are said to be hydrophilic (“water-loving”).

The tendency of nonpolar molecules to aggregate in wa-
ter is known as hydrophobic exclusion. By forcing the hy-
drophobic portions of molecules together, water causes
these molecules to assume particular shapes. Different mo-
lecular shapes have evolved by alteration of the location
and strength of nonpolar regions. As you will see, much of
the evolution of life reflects changes in molecular shape
that can be induced in just this way.

Water molecules, which are very polar, cling to one
another, so that it takes considerable energy to separate
them. Water also clings to other polar molecules,
causing them to be soluble in water solution, but water
tends to exclude nonpolar molecules.
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Water Ionizes

The covalent bonds within a water molecule sometimes
break spontaneously. In pure water at 25°C, only 1 out of
every 550 million water molecules undergoes this process.
When it happens, one of the protons (hydrogen atom nu-
clei) dissociates from the molecule. Because the dissociated
proton lacks the negatively charged electron it was sharing
in the covalent bond with oxygen, its own positive charge is
no longer counterbalanced, and it becomes a positively
charged ion, H*. The rest of the dissociated water molecule,
which has retained the shared electron from the covalent
bond, is negatively charged and forms a hydroxide ion
(OH). This process of spontaneous ion formation is called
ionization:
H)0O — OH~ + H*

water hydroxide ion hydrogenion (proton)

At 25°C, a liter of water contains m (or
107) mole of H* ions. (A mole is defined as the weight in
grams that corresponds to the summed atomic masses of all
of the atoms in a molecule. In the case ofH*, the atomic
mass is 1, and a mole of H* ions would weigh 1 gram. One
mole of any substance always contains 6.02 x 10?3 mole-
cules of the substance.) Therefore, the molar concentra-
tion of hydrogen ions (represented as [H*]) in pure water is
107 mole/liter. Actually, the hydrogen ion usually associ-
ates with another water molecule to form a hydronium
(H;0%) ion.

pH

A more convenient way to express the hydrogen ion concen-
tration of a solution is to use the pH scale (figure 2.18).
This scale defines pH as the negative logarithm of the hy-
drogen ion concentration in the solution:

pH = —log [H"]

Because the logarithm of the hydrogen ion concentration is
simply the exponent of the molar concentration of H*, the
pH equals the exponent times —1. Thus, pure water, with an
[H*] of 107 mole/liter, has a pH of 7. Recall that for every
H+* ion formed when water dissociates, an OH- ion is also
formed, meaning that the dissociation of water produces H*
and OH~ in equal amounts. Therefore, a pH value of 7 indi-
cates neutrality—a balance between H* and OH—on the
pH scale.

Note that the pH scale is logarithmic, which means that a
difference of 1 on the scale represents a tenfold change in
hydrogen ion concentration. This means that a solution
with a pH of 4 has 10 times the concentration of H* than is
present in one with a pH of 5.

Acids. Any substance that dissociates in water to increase
the concentration of H* ions is called an acid. Acidic solu-
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H* lon Examples of
Concentration '———— Solutions

pH Value

10 1—— 1 Hydrochloric acid
Stomach acid
1072 2 Lemon juice
1073 —3 Vinegar, cola, beer
1074 —4 Tomatoes
1075 —5 Black coffee
Normal rainwater
106 — 6 Urine
Saliva
107 —7 Pure water
Blood
108 — 38 Seawater
107° —9 Baking soda
1010 — 10 Great Salt Lake
10— — 11 Household ammonia
10712 — 12
Household bleach
1013 — 13
Oven cleaner
10714 — 14 Sodium hydroxide

./

FIGURE 2.18

The pH scale. The pH value of a solution indicates its
concentration of hydrogen ions. Solutions with a pH less than 7
are acidic, while those with a pH greater than 7 are basic. The
scale is logarithmic, so that a pH change of 1 means a tenfold
change in the concentration of hydrogen ions. Thus, lemon juice
is 100 times more acidic than tomato juice, and seawater is 10
times more basic than pure water, which has a pH of 7.

tions have pH values below 7. The stronger an acid is, the
more H* ions it produces and the lower its pH. For exam-
ple, hydrochloric acid (HCI), which is abundant in your
stomach, ionizes completely in water. This means that 10!
mole per liter of HCI will dissociate to form 10-! mole per
liter of H* ions, giving the solution a pH of 1. The pH of
champagne, which bubbles because of the carbonic acid
dissolved in it, is about 2.

Bases. A substance that combines with H* ions when dis-
solved in water is called a base. By combining with H* ions,
a base lowers the H* ion concentration in the solution.
Basic (or alkaline) solutions, therefore, have pH values
above 7. Very strong bases, such as sodium hydroxide
(NaOH), have pH values of 12 or more.



Buffers

The pH inside almost all living cells, and in the fluid sur-
rounding cells in multicellular organisms, is fairly close to 7.
Most of the biological catalysts (enzymes) in living systems
are extremely sensitive to pH; often even a small change in
pH will alter their shape, thereby disrupting their activities
and rendering them useless. For this reason it is important
that a cell maintain a constant pH level.

Yet the chemical reactions of life constantly produce acids
and bases within cells. Furthermore, many animals eat sub-
stances that are acidic or basic; cola, for example, is a strong
(although dilute) acidic solution. Despite such variations in
the concentrations of H* and OH-, the pH of an organism is
kept at a relatively constant level by buffers (figure 2.19).

A buffer is a substance that acts as a reservoir for hy-
drogen ions, donating them to the solution when their con-
centration falls and taking them from the solution when
their concentration rises. What sort of substance will act in
this way? Within organisms, most buffers consist of pairs of
substances, one an acid and the other a base. The key buffer
in human blood is an acid-base pair consisting of carbonic
acid (acid) and bicarbonate (base). These two substances in-
teract in a pair of reversible reactions. First, carbon dioxide
(CO,) and H,O join to form carbonic acid (H,COs), which
in a second reaction dissociates to yield bicarbonate ion
(HCOs7) and H* (figure 2.20). If some acid or other sub-
stance adds H* ions to the blood, the HCOj;~ ions act as a
base and remove the excess H* ions by forming H,CO;.
Similarly, if a basic substance removes H* ions from the
blood, H,COj dissociates, releasing more H* ions into the
blood. The forward and reverse reactions that interconvert
H,COj; and HCOs~ thus stabilize the blood’s pH.

The reaction of carbon dioxide and water to form car-
bonic acid is important because it permits carbon, essential
to life, to enter water from the air. As we will discuss in
chapter 4, biologists believe that life first evolved in the
early oceans. These oceans were rich in carbon because of
the reaction of carbon dioxide with water.

1
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FIGURE 2.19

Buffers minimize changes in pH. Adding a base to a solution
neutralizes some of the acid present, and so raises the pH. Thus,
as the curve moves to the right, reflecting more and more base, it
also rises to higher pH values. What a buffer does is to make the
curve rise or fall very slowly over a portion of the pH scale, called
the “buffering range” of that buffer.

In a condition called blood acidosis, human blood, which
normally has a pH of about 7.4, drops 0.2 to 0.4 points on the
pH scale. This condition is fatal if not treated immediately.
The reverse condition, blood alkalosis, involves an increase in
blood pH of a similar magnitude and is just as serious.

The pH of a solution is the negative logarithm of the H*
ion concentration in the solution. Thus, low pH values
indicate high H* concentrations (acidic solutions), and
high pH values indicate low H* concentrations (basic
solutions). Even small changes in pH can be harmful to
life.

+ — ~—
\ - o
H,0 CO, H,CO, HCO,~ H*
Water Carbon dioxide Carbonic acid Bicarbonate Hydrogen
ion ion
FIGURE 2.20

Buffer formation. Carbon dioxide and water combine chemically to form carbonic acid (H,COj3). The acid then dissociates in water,
freeing H* ions. This reaction makes carbonated beverages acidic, and produced the carbon-rich early oceans that cradled life.
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Chapter 2

Summary

2.1 Atoms are nature’s building material.

http://www.mhhe.com/raven6e

Questions
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Media Resources

® The smallest stable particles of matter are protons, neutrons,
and electrons, which associate to form atoms.

® The core, or nucleus, of an atom consists of protons and
neutrons; the electrons orbit around the nucleus in a cloud.
The farther an electron is from the nucleus, the faster it
moves and the more energy it possesses.

® The chemical behavior of an atom is largely determined by
the distribution of its electrons and in particular by the num-
ber of electrons in its outermost (highest) energy level.
There is a strong tendency for atoms to have a completely
filled outer level; electrons are lost, gained, or shared until
this condition is reached.

1. An atom of nitrogen has 7
protons and 7 neutrons. What is
its atomic number? What is its
atomic mass? How many elec-
trons does it have?

2. How do the isotopes of a sin-
gle element differ from each
other?

3. The half-life of radium-226 is
1620 years. If a sample of mate-
rial contains 16 milligrams of ra-
dium-226, how much will it con-
tain in 1620 years? How much
will it contain in 3240 years?
How long will it take for the
sample to contain 1 milligram of
radium-226?

2.2 The atoms of living things are among the smallest.

i)
S

® Atomic Structure

* Basic Chemistry
* Atoms

* More than 95% of the weight of an organism consists
of oxygen, hydrogen, carbon, and nitrogen, all of
which form strong covalent bonds with one another.

2.3 Chemical bonds hold molecules together.

4. What is the octet rule, and
how does it affect the chemical
behavior of atoms?

¢ Jonic bonds form when electrons transfer from one
atom to another, and the resulting oppositely charged
ions attract one another.

¢ Covalent bonds form when two atoms share elec-

5. What is the difference be-
tween an ionic bond and a cova-
lent bond? Give an example of
each.

* Bonds
® Jonic Bonds

trons. They are responsible for the formation of most * Bonds
biologically important molecules.

2.4 Water is the cradle of life.

* The chemistry of life is the chemistry of water (H,O). 6. What types of atoms partici- * Water
The central oxygen atom in water attracts the elec- pate in the formation of hydro- * ph Scale

trons it shares with the two hydrogen atoms. This
charge separation makes water a polar molecule.

* A hydrogen bond is formed between the partial posi-
tive charge of a hydrogen atom in one molecule and
the partial negative charge of another atom, either in
another molecule or in a different portion of the same
molecule.

* Water is cohesive and adhesive, has a great capacity
for storing heat, is a good solvent for other polar
molecules, and tends to exclude nonpolar molecules.

* The H* concentration in a solution is expressed by
the pH scale, in which pH equals the negative loga-
rithm of the H* concentration.
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gen bonds? How do hydrogen
bonds contribute to water’s high
specific heat?

7. What types of molecules are
hydrophobic? What types are
hydrophilic? Why do these two
types of molecules behave differ-

ently in water?

8. What is the pH of a solution
that has a hydrogen ion concen-
tration of 10-3 mole/liter?
Would such a solution be acidic
or basic?
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The Chemical Building
Blocks of Life

Concept Outline

3.1 Molecules are the building blocks of life.

The Chemistry of Carbon. Because individual carbon
atoms can form multiple covalent bonds, organic molecules
can be quite complex.

3.2 Proteins perform the chemistry of the cell.

The Many Functions of Proteins. Proteins can be cata-
lysts, transporters, supporters, and regulators.

Amino Acids Are the Building Blocks of Proteins. Proteins
are long chains of various combinations of amino acids.

A Protein’s Function Depends on the Shape of the
Molecule. A protein’s shape is determined by its amino acid
sequence.

How Proteins Fold Into Their Functional Shape. The
distribution of nonpolar amino acids along a protein chain
largely determines how the protein folds.

How Proteins Unfold. When conditions such as pH or
temperature fluctuate, proteins may denature or unfold.

3.3 Nucleic acids store and transfer genetic information.

Information Molecules. Nucleic acids store information in
cells. RNA is a single-chain polymer of nucleotides, while
DNA possesses two chains twisted around each other.

3.4 Lipids make membranes and store energy.

Phospholipids Form Membranes. The spontaneous ag-
gregation of phospholipids in water is responsible for the
formation of biological membranes.

Fats and Other Kinds of Lipids. Organisms utilize a wide
variety of water-insoluble molecules.

Fats as Food. Fats are very efficient energy storage
molecules because of their high proportion of C—H bonds.

3.5 Carbohydrates store energy and provide building
materials.

Simple Carbohydrates. Sugars are simple carbohydrates,
often consisting of six-carbon rings.

Linking Sugars Together. Sugars can be linked together to
form long polymers, or polysaccharides.

Structural Carbohydrates. Structural carbohydrates like
cellulose are chains of sugars linked in a way that enzymes
cannot easily attack.

Al

FIGURE 3.1

Computer-generated model of a macromolecule. Pictured is
an enzyme responsible for releasing energy from sugar. This
complex molecule consists of hundreds of different amino acids
linked into chains that form the characteristic coils and folds seen
here.

olecules are extremely small compared with the fa-

miliar world we see about us. Imagine: there are
more water molecules in a cup than there are stars in the
sky. Many other molecules are gigantic, compared with wa-
ter, consisting of thousands of atoms. These atoms are or-
ganized into hundreds of smaller molecules that are linked
together into long chains (figure 3.1). These enormous
molecules, almost always synthesized by living things, are
called macromolecules. As we shall see, there are four gen-
eral types of macromolecules, the basic chemical building
blocks from which all organisms are assembled.
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3.1 Molecules are the building blocks of life.

The Chemistry of Carbon

In chapter 2 we discussed how atoms combine to form
molecules. In this chapter, we will focus on organic mole-
cules, those chemical compounds that contain carbon. The
frameworks of biological molecules consist predominantly
of carbon atoms bonded to other carbon atoms or to atoms
of oxygen, nitrogen, sulfur or hydrogen. Because carbon
atoms possess four valence electrons and so can form four
covalent bonds, molecules containing carbon can form
straight chains, branches, or even rings. As you can imag-
ine, all of these possibilities generate an immense range of
molecular structures and shapes.

Organic molecules consisting only of carbon and hydro-
gen are called hydrocarbons. Covalent bonds between car-
bon and hydrogen are energy-rich. We use hydrocarbons
from fossil fuels as a primary source of energy today.
Propane gas, for example, is a hydrocarbon consisting of a
chain of three carbon atoms, with eight hydrogen atoms
bound to it:

HHH
(.
H—C—-C—C—H
ol
H HH

Because carbon-hydrogen covalent bonds store consider-
able energy, hydrocarbons make good fuels. Gasoline, for
example, is rich in hydrocarbons.

Functional Groups

Carbon and hydrogen atoms both have very similar elec-
tronegativities, so electrons in C—C and C—H bonds are
evenly distributed, and there are no significant differences
in charge over the molecular surface. For this reason, hy-
drocarbons are nonpolar. Most organic molecules that are
produced by cells, however, also contain other atoms. Be-
cause these other atoms often have different electronegativ-
ities, molecules containing them exhibit regions of positive
or negative charge, and so are polar. These molecules can
be thought of as a C—H core to which specific groups of
atoms called functional groups are attached. For example,
a hydrogen atom bonded to an oxygen atom (—OH) is a
functional group called a hydroxyl group.

Functional groups have definite chemical properties that
they retain no matter where they occur. The hydroxyl
group, for example, is polar, because its oxygen atom, being
very electronegative, draws electrons toward itself (as we
saw in chapter 2). Figure 3.2 illustrates the hydroxyl group
and other biologically important functional groups. Most
chemical reactions that occur within organisms involve the
transfer of a functional group as an intact unit from one
molecule to another.
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Biological Macromolecules

Some organic molecules in organisms are small and sim-
ple, containing only one or a few functional groups. Oth-
ers are large complex assemblies called macromolecules.
In many cases, these macromolecules are polymers, mole-
cules built by linking together a large number of small,
similar chemical subunits, like railroad cars coupled to
form a train. For example, complex carbohydrates like
starch are polymers of simple ring-shaped sugars, pro-
teins are polymers of amino acids, and nucleic acids
(DNA and RNA) are polymers of nucleotides. Biological
macromolecules are traditionally grouped into four major
categories: proteins, nucleic acids, lipids, and carbohy-

drates (table 3.1).

Group Structural Ball-and- Found In:
Formula Stick Model
_ —£ b Carbohydrates,
Hydroxyl OH O =H alcohols
\C/
Carbonyl Il Formaldehyde
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Amino —N Ammonia
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FIGURE 3.2

The primary functional chemical groups. These groups tend to
act as units during chemical reactions and confer specific chemical
properties on the molecules that possess them. Amino groups, for
example, make a molecule more basic, while carboxyl groups
make a molecule more acidic.



Table 3.1 Macromolecules

Macromolecule Subunit Function Example
PROTEINS
Globular Amino acids Modified glucose Hemoglobin
Structural Amino acids Catalysis; transport Hair; silk
NUCLEIC ACIDS Support
DNA Nucleotides Encodes genes Chromosomes
RNA Nucleotides Needed for gene expression Messenger RNA
LIPIDS
Fats Glycerol and three fatty acids Energy storage Butter; corn oil; soap
Phospholipids Glycerol, two fatty acids, Cell membranes Lecithin
phosphate, and polar R groups
Prostaglandins Five-carbon rings with two Chemical messengers Prostaglandin E (PGE)
nonpolar tails
Steroids Four fused carbon rings Membranes; hormones Cholesterol; estrogen
Terpenes Long carbon chains Pigments; structural Carotene; rubber
CARBOHYDRATES
Starch, glycogen Glucose Energy storage Potatoes
Cellulose Glucose Cell walls Paper; strings of celery
Chitin Structural support Crab shells

Building Macromolecules

Although the four categories of macromolecules contain dif-
ferent kinds of subunits, they are all assembled in the same
fundamental way: to form a covalent bond between two sub-
unit molecules, an —OH group is removed from one sub-
unit and a hydrogen atom (H) is removed from the other
(figure 3.34). This condensation reaction is called a dehy-
dration synthesis, because the removal of the —OH group
and H during the synthesis of a new molecule in effect con-
stitutes the removal of a molecule of water (H,0). For every
subunit that is added to a macromolecule, one water mole-
cule is removed. Energy is required to break the chemical
bonds when water is extracted from the subunits, so cells
must supply energy to assemble macromolecules. These and
other biochemical reactions require that the reacting sub-
stances be held close together and that the correct chemical
bonds be stressed and broken. This process of positioning
and stressing, termed catalysis, is carried out in cells by a
special class of proteins known as enzymes.

Cells disassemble macromolecules into their constituent
subunits by performing reactions that are essentially the re-
verse of dehydration—a molecule of water is added instead
of removed (figure 3.35). In this process, which is called
hydrolysis (Greek hydro, “water” + lyse, “break”), a hydro-
gen atom is attached to one subunit and a hydroxyl group
to the other, breaking a specific covalent bond in the
macromolecule. Hydrolytic reactions release the energy
that was stored in the bonds that were broken.

FIGURE 3.3
Making and breaking @

macromolecules.

(@) Biological HO -@—Q H HOO— H
macromolecules are

polymers formed by (‘ Energy

linking subunits
together. The
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is formed by
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water molecule for
every bond formed. (5)
Breaking the bond
between subunits Energy
requires the returning
HO H HO H
of a water molecule
with a subsequent Hydrolysis
release of energy, a

process called (b)
hydrolysis.

Dehydration synthesis

Polymers are large molecules consisting of long chains
of similar subunits joined by dehydration reactions. In a
dehydration reaction, a hydroxyl (—OH) group is
removed from one subunit and a hydrogen atom (H) is
removed from the other.
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3.2 Proteins perform the chemistry of the cell.

The Many Functions of Proteins

We will begin our discussion of macromolecules that make
up the bodies of organisms with proteins (see table 3.1). The
proteins within living organisms are immensely diverse in
structure and function (table 3.2 and figure 3.4).

1. Enzyme catalysis. We have already encountered
one class of proteins, enzymes, which are biological
catalysts that facilitate specific chemical reactions. Be-
cause of this property, the appearance of enzymes was
one of the most important events in the evolution of
life. Enzymes are globular proteins, with a three-
dimensional shape that fits snugly around the chemi-

cals they work on, facilitating chemical reactions by

stressing particular chemical bonds.

2. Defense. Other globular proteins use their shapes
to “recognize” foreign microbes and cancer cells.
These cell surface receptors form the core of the

body’s hormone and immune systems.

3. Transport. A variety of globular proteins transport
specific small molecules and ions. The transport pro-
tein hemoglobin, for example, transports oxygen in
the blood, and myoglobin, a similar protein, transports
oxygen in muscle. Iron is transported in blood by the

protein transferrin.

Table 3.2 The Many Functions of Proteins

Function Class of Protein Examples Use
Metabolism (Catalysis) Enzymes Hydrolytic enzymes Cleave polysaccharides
Proteases Break down proteins
Polymerases Produce nucleic acids
Kinases Phosphorylate sugars and
proteins
Defense Immunoglobulins Antibodies Mark foreign proteins for
elimination
Cell recognition Toxins Snake venom Block nerve function

Transport throughout body

Cell surface antigens

Globins

Membrane transport Transporters
Structure/Support Fibers
Motion Muscle
Osmotic regulation Albumin
Regulation of gene action Repressors
Regulation of body functions Hormones
Storage Ion binding
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MHC proteins
Hemoglobin
Myoglobin
Cytochromes

Sodium-potassium pump

Proton pump
Anion channels
Collagen
Keratin

Fibrin

Actin

Myosin

Serum albumin

lac repressor
Insulin

Vasopressin
Oxytocin

Ferritin
Casein

Calmodulin

“Self” recognition

Carries O, and CO in blood
Carries O; and CO; in muscle
Electron transport

Excitable membranes
Chemiosmosis

Transport Cl- ions

Cartilage

Hair, nails

Blood clot

Contraction of muscle fibers
Contraction of muscle fibers

Maintains osmotic concentration

of blood

Regulates transcription
Controls blood glucose levels
Increases water retention by
kidneys

Regulates uterine contractions
and milk production

Stores iron, especially in spleen
Stores ions in milk

Binds calcium ions
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FIGURE 3.4
Some of the more common structural proteins. (#) Collagen: strings of a tennis racket from gut tissue; (b) fibrin: scanning electron
micrograph of a blood clot (3000x); (c) keratin: a peacock feather; (d) silk: a spider’s web; (e) keratin: human hair.

4. Support. Fibrous, or threadlike, proteins play struc-

tural roles; these structural proteins (see figure 3.4) in-
clude keratin in hair, fibrin in blood clots, and col-
lagen, which forms the matrix of skin, ligaments,
tendons, and bones and is the most abundant protein
in a vertebrate body.

. Motion. Muscles contract through the sliding mo-

tion of two kinds of protein filament: actin and myo-
sin. Contractile proteins also play key roles in the
cell’s cytoskeleton and in moving materials within
cells.

6. Regulation. Small proteins called hormones serve
as intercellular messengers in animals. Proteins also
play many regulatory roles within the cell, turning on
and shutting off genes during development, for exam-
ple. In addition, proteins also receive information, act-
ing as cell surface receptors.

Proteins carry out a diverse array of functions, including
catalysis, defense, transport of substances, motion, and
regulation of cell and body functions.
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Amino Acids Are the Building Blocks
of Proteins

Although proteins are complex and versatile molecules, they
are all polymers of only 20 amino acids, in a specific order.
Many scientists believe amino acids were among the first
molecules formed in the early earth. It seems highly likely
that the oceans that existed early in the history of the earth
contained a wide variety of amino acids.

Amino Acid Structure

An amino acid is a molecule containing an amino group
(—NH;), a carboxyl group (—COOH), and a hydrogen
atom, all bonded to a central carbon atom:

R

|

H,N—C—COOH
|
H

Each amino acid has unique chemical properties deter-
mined by the nature of the side group (indicated by R) cova-
lently bonded to the central carbon atom. For example,
when the side group is —CH,OH, the amino acid (serine) is
polar, but when the side group is —CH3, the amino acid
(alanine) is nonpolar. The 20 common amino acids are
grouped into five chemical classes, based on their side
groups:

1. Nonpolar amino acids, such as leucine, often have R
groups that contain —CH, or —CHj.

2. Polar uncharged amino acids, such as threonine, have
R groups that contain oxygen (or only —H).

3. Ionizable amino acids, such as glutamic acid, have R
groups that contain acids or bases.

4. Aromatic amino acids, such as phenylalanine, have R
groups that contain an organic (carbon) ring with al-
ternating single and double bonds.

5. Special-function amino acids have unique individual
properties; methionine often is the first amino acid in
a chain of amino acids, proline causes kinks in chains,
and cysteine links chains together.

Each amino acid affects the shape of a protein differently
depending on the chemical nature of its side group. Portions
of a protein chain with numerous nonpolar amino acids, for
example, tend to fold into the interior of the protein by hy-
drophobic exclusion.

Proteins Are Polymers of Amino Acids

In addition to its R group, each amino acid, when ionized,
has a positive amino (NH;3*) group at one end and a nega-
tive carboxyl (COO") group at the other end. The amino
and carboxyl groups on a pair of amino acids can undergo a
condensation reaction, losing a molecule of water and
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FIGURE 3.5

The peptide bond. A peptide bond forms when the —NH, end
of one amino acid joins to the —COOH end of another. Because
of the partial double-bond nature of peptide bonds, the resulting
peptide chain cannot rotate freely around these bonds.

forming a covalent bond. A covalent bond that links two
amino acids is called a peptide bond (figure 3.5). The two
amino acids linked by such a bond are not free to rotate
around the N—C linkage because the peptide bond has a
partial double-bond character, unlike the N—C and C—C
bonds to the central carbon of the amino acid. The stiffness
of the peptide bond is one factor that makes it possible for
chains of amino acids to form coils and other regular
shapes.

A protein is composed of one or more long chains, or
polypeptides, composed of amino acids linked by peptide
bonds. It was not until the pioneering work of Frederick
Sanger in the early 1950s that it became clear that each
kind of protein had a specific amino acid sequence. Sanger
succeeded in determining the amino acid sequence of insu-
lin and in so doing demonstrated clearly that this protein
had a defined sequence, the same for all insulin molecules
in the solution. Although many different amino acids occur
in nature, only 20 commonly occur in proteins. Figure 3.6
illustrates these 20 “common” amino acids and their side
groups.

A protein is a polymer containing a combination of up
to 20 different kinds of amino acids. The amino acids
fall into five chemical classes, each with different
properties. These properties determine the nature of
the resulting protein.




SPECIAL STRUCTURAL PROPERTY

FIGURE 3.6
The 20 common amino acids. Each amino acid has the
same chemical backbone, but differs in the side, or R, group

CH, it possesses. Six of the amino acids are nonpolar because
lS they have —CH, or —CHy3 in their R groups. Two of the
| six are bulkier because they contain ring structures, which
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A Protein’s Function Depends
on the Shape of the Molecule

The shape of a protein is very important because it
determines the protein’s function. If we picture a
polypeptide as a long strand similar to a reed, a pro-
tein might be the basket woven from it.

Overview of Protein Structure

Proteins consist of long amino acid chains folded
into complex shapes. What do we know about the
shape of these proteins? One way to study the
shape of something as small as a protein is to look
at it with very short wavelength energy—with X
rays. X-ray diffraction is a painstaking procedure
that allows the investigator to build up a three-
dimensional picture of the position of each atom.
The first protein to be analyzed in this way was
myoglobin, soon followed by the related protein
hemoglobin. As more and more proteins were add-
ed to the list, a general principle became evident:
in every protein studied, essentially all the internal
amino acids are nonpolar ones, amino acids such as
leucine, valine, and phenylalanine. Water’s tenden-
cy to hydrophobically exclude nonpolar molecules
literally shoves the nonpolar portions of the amino
acid chain into the protein’s interior. This posi-
tions the nonpolar amino acids in close contact
with one another, leaving little empty space inside.
Polar and charged amino acids are restricted to the
surface of the protein except for the few that play
key functional roles.

Levels of Protein Structure

The structure of proteins is traditionally discussed
in terms of four levels of structure, as primary, sec-
ondary, tertiary, and quaternary (figure 3.7). Because
of progress in our knowledge of protein structure,
two additional levels of structure are increasingly
distinguished by molecular biologists: mzotifs and do-
mains. Because these latter two elements play im-
portant roles in coming chapters, we introduce
them here.

Primary Structure. The specific amino acid se-
quence of a protein is its primary structure. This
sequence is determined by the nucleotide se-
quence of the gene that encodes the protein. Be-
cause the R groups that distinguish the various
amino acids play no role in the peptide backbone
of proteins, a protein can consist of any sequence
of amino acids. Thus, a protein containing 100
amino acids could form any of 2019 different ami-
no acid sequences (that’s the same as 10139 or 1
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FIGURE 3.7

Levels of protein structure. The amino acid sequence of a protein is called
its (#) primary structure. Hydrogen bonds form between nearby amino acids,
producing (b) fold-backs called beta-pleated sheets and coils called alpha
helices. These fold-backs and coils constitute the protein’s secondary
structure. A globular protein folds up on itself further to assume a three-
dimensional (¢) tertiary structure. Many proteins aggregate with other
polypeptide chains in clusters; this clustering is called the (d) quaternary
structure of the protein.



followed by 130 zeros—more than the number of atoms
known in the universe). This is an important property of
proteins because it permits such great diversity.

Secondary Structure. The amino acid side groups are
not the only portions of proteins that form hydrogen
bonds. The —COOH and —NH, groups of the main
chain also form quite good hydrogen bonds—so good that
their interactions with water might be expected to offset
the tendency of nonpolar sidegroups to be forced into the
protein interior. Inspection of the protein structures deter-
mined by X-ray diffraction reveals why they don’t—the
polar groups of the main chain form hydrogen bonds with
each other! Two patterns of H bonding occur. In one, hy-
drogen bonds form along a single chain, linking one amino
acid to another farther down the chain. This tends to pull
the chain into a coil called an alpha (o) helix. In the other
pattern, hydrogen bonds occur across two chains, linking
the amino acids in one chain to those in the other. Often,
many parallel chains are linked, forming a pleated, sheet-
like structure called a B-pleated sheet. The folding of the
amino acid chain by hydrogen bonding into these charac-
teristic coils and pleats is called a protein’s secondary
structure.

Motifs. The elements of secondary structure can combine
in proteins in characteristic ways called motifs, or some-
times “supersecondary structure.” One very common motif
is the B o B motif, which creates a fold or crease; the so-
called “Rossmann fold” at the core of nucleotide binding
sites in a wide variety of proteins is a B o B o f motif. A sec-
ond motif that occurs in many proteins is the B barrel, a B
sheet folded around to form a tube. A third type of motif,
the o turn o motif, is important because many proteins use
it to bind the DNA double helix.

Tertiary Structure. The final folded shape of a globular
protein, which positions the various motifs and folds non-
polar side groups into the interior, is called a protein’s ter-
tiary structure. A protein is driven into its tertiary structure
by hydrophobic interactions with water. The final folding
of a protein is determined by its primary structure—by the
chemical nature of its side groups. Many proteins can be
fully unfolded (“denatured”) and will spontaneously refold
back into their characteristic shape.

The stability of a protein, once it has folded into its 3-D
shape, is strongly influenced by how well its interior fits
together. When two nonpolar chains in the interior are in
very close proximity, they experience a form of molecular
attraction called van der Waal’s forces. Individually quite
weak, these forces can add up to a strong attraction when
many of them come into play, like the combined strength
of hundreds of hooks and loops on a strip of Velcro. They
are effective forces only over short distances, however;
there are no “holes” or cavities in the interior of proteins.
That is why there are so many different nonpolar amino
acids (alanine, valine, leucine, isoleucine). Each has a dif-

ferent-sized R group, allowing very precise fitting of non-
polar chains within the protein interior. Now you can un-
derstand why a mutation that converts one nonpolar ami-
no acid within the protein interior (alanine) into another
(leucine) very often disrupts the protein’s stability; leucine
is a lot bigger than alanine and disrupts the precise way the
chains fit together within the protein interior. A change in
even a single amino acid can have profound effects on pro-
tein shape and can result in loss or altered function of the
protein.

Domains. Many proteins in your body are encoded within
your genes in functional sections called exons (exons will be
discussed in detail in chapter 15). Each exon-encoded sec-
tion of a protein, typically 100 to 200 amino acids long,
folds into a structurally independent functional unit called a
domain. As the polypeptide chain folds, the domains fold
into their proper shape, each more-or-less independent of
the others. This can be demonstrated experimentally by ar-
tificially producing the fragment of polypeptide that forms
the domain in the intact protein, and showing that the frag-
ment folds to form the same structure as it does in the intact
protein.

A single polypeptide chain connects the domains of a
protein, like a rope tied into several adjacent knots. Often
the domains of a protein have quite separate functions—one
domain of an enzyme might bind a cofactor, for example,
and another the enzyme’s substrate.

Quaternary Structure. When two or more polypeptide
chains associate to form a functional protein, the individ-
ual chains are referred to as subunits of the protein. The
subunits need not be the same. Hemoglobin, for example,
is a protein composed of two o-chain subunits and two -
chain subunits. A protein’s subunit arrangement is called
its quaternary structure. In proteins composed of sub-
units, the interfaces where the subunits contact one an-
other are often nonpolar, and play a key role in transmit-
ting information between the subunits about individual
subunit activities.

A change in the identity of one of these amino acids can
have profound effects. Sickle cell hemoglobin is a mutation
that alters the identity of a single amino acid at the corner
of the B subunit from polar glutamate to nonpolar valine.
Putting a nonpolar amino acid on the surface creates a
“sticky patch” that causes one hemoglobin molecule to
stick to another, forming long nonfunctional chains and
leading to the cell sickling characteristic of this hereditary
disorder.

Protein structure can be viewed at six levels: 1. the
amino acid sequence, or primary structure; 2. coils and
sheets, called secondary structure; 3. folds or creases,
called motifs; 4. the three-dimensional shape, called
tertiary structure; 5. functional units, called domains;
and 6. individual polypeptide subunits associated in a
quaternary structure.
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How Proteins Fold Into
Their Functional Shape

Unfolded

How does a protein fold into a specific
shape? Nonpolar amino acids play a key
role. Until recently, investigators
thought that newly made proteins fold
spontaneously as hydrophobic interac-
tions with water shove nonpolar amino
acids into the protein interior. We now
know this is too simple a view. Protein
chains can fold in so many different
ways that trial and error would simply
take too long. In addition, as the open
chain folds its way toward its final form,
nonpolar “sticky” interior portions are
exposed during intermediate stages. If
these intermediate forms are placed in a
test tube in the same protein environ-
ment that occurs in a cell, they stick to
other unwanted protein partners, form-
ing a gluey mess.

Correctly

protein folded protein
— = %

\ /

YW

/

Chaperonins

How do cells avoid this? A vital clue
came in studies of unusual mutations
that prevented viruses from replicating
in E. coli bacterial cells—it turned out

Unfolded

=== Chaperone proteins present
=== Chaperone proteins absent

Incorrectly folded

\DP

Enzyme
é § degradation

of protein

the virus proteins could not fold prop-
erly! Further study revealed that nor-
mal cells contain special proteins called
chaperonins that help new proteins
fold correctly (figure 3.8). When the E.
coli gene encoding its chaperone pro-
tein is disabled by mutation, the bacte-
ria die, clogged with lumps of incor-
rectly folded proteins. Fully 30% of the
bacteria’s proteins fail to fold to the
right shape.

Molecular biologists have now identified more than 17
kinds of proteins that act as molecular chaperones. Many
are heat shock proteins, produced in greatly elevated
amounts if a cell is exposed to elevated temperature; high
temperatures cause proteins to unfold, and heat shock
chaperonins help the cell’s proteins refold.

There is considerable controversy about how chaper-
onins work. It was first thought that they provided a pro-
tected environment within which folding could take place
unhindered by other proteins, but it now seems more like-
ly that chaperonins rescue proteins that are caught in a
wrongly folded state, giving them another chance to fold
correctly. When investigators “fed” a deliberately mis-
folded protein called malate dehydrogenase to chaper-
onins, the protein was rescued, refolding to its active
shape.

FIGURE 3.8

proteolytic enzymes.
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A current model of protein folding. A newly synthesized protein rapidly folds into
characteristic motifs composed of « helices and B sheets, but these elements of structure are
only roughly aligned in an open conformation. Subsequent folding occurs more slowly, by
trial and error. This process is aided by chaperone proteins, which appear to recognize
improperly folded proteins and unfold them, giving them another chance to fold properly.
Eventually, if proper folding is not achieved, the misfolded protein is degraded by

Protein Folding and Disease

There are tantalizing suggestions that chaperone protein
deficiencies may play a role in certain diseases by failing to
facilitate the intricate folding of key proteins. Cystic fibrosis
is a hereditary disorder in which a mutation disables a pro-
tein that plays a vital part in moving ions across cell mem-
branes. In at least some cases, the vital membrane protein
appears to have the correct amino acid sequence, but fails to
fold to its final form. It has also been speculated that chaper-
one deficiency may be a cause of the protein clumping in
brain cells that produces the amyloid plaques characteristic
of Alzheimer’s disease.

Proteins called chaperones aid newly produced proteins
to fold properly.




How Proteins Unfold

If a protein’s environment is altered, the protein
may change its shape or even unfold. This pro-
cess is called denaturation. Proteins can be de-
natured when the pH, temperature, or ionic
concentration of the surrounding solution is
changed. When proteins are denatured, they are
usually rendered biologically inactive. This is (

particularly significant in the case of enzymes.

Because practically every chemical reaction in a T
living organism is catalyzed by a specific en- —N—C—
zyme, it is vital that a cell’s enzymes remain CH
functional. That is the rationale behind tradi-
tional methods of salt-curing and pickling: prior
to the ready availability of refrigerators and
freezers, the only practical way to keep microor-
ganisms from growing in food was to keep the
food in a solution containing high salt or vine-
gar concentrations, which denatured the en-
zymes of microorganisms and kept them from
growing on the food.

Most enzymes function within a very narrow
range of physical parameters. Blood-borne en-
zymes that course through a human body at a
pH of about 7.4 would rapidly become dena-
tured in the highly acidic environment of the
stomach. On the other hand, the protein-
degrading enzymes that function at a pH of 2 or
less in the stomach would be denatured in the
basic pH of the blood. Similarly, organisms that live near
oceanic hydrothermal vents have enzymes that work well at
the temperature of this extreme environment (over 100°C).
They cannot survive in cooler waters, because their en-
zymes would denature at lower temperatures. Any given
organism usually has a “tolerance range” of pH, tempera-
ture, and salt concentration. Within that range, its enzymes
maintain the proper shape to carry out their biological
functions.

When a protein’s normal environment is reestablished
after denaturation, a small protein may spontaneously re-
fold into its natural shape, driven by the interactions be-
tween its nonpolar amino acids and water (figure 3.9).
Larger proteins can rarely refold spontaneously because
of the complex nature of their final shape. It is important
to distinguish denaturation from dissociation. The four
subunits of hemoglobin (figure 3.10) may dissociate into
four individual molecules (two o-globin and two B-
globin) without denaturation of the folded globin pro-
teins, and will readily reassume their four-subunit quater-
nary structure.
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Every globular protein has a narrow range of conditions

in which it folds properly; outside that range, proteins
tend to unfold.
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FIGURE 3.9

Primary structure determines tertiary structure. When the protein
ribonuclease is treated with reducing agents to break the covalent disulfide bonds
that cross-link its chains, and then placed in urea or heated, the protein denatures
(unfolds) and loses its enzymatic activity. Upon cooling or removal of urea, it
refolds and regains its enzymatic activity. This demonstrates that no information
but the amino acid sequence of the protein is required for proper folding: the
primary structure of the protein determines its tertiary structure.
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FIGURE 3.10

The four subunits of hemoglobin. The hemoglobin molecule is
made of four globin protein subunits, informally referred to as
polypeptide chains. The two lower o chains, identical o-globin
proteins, are shaded pink; the two upper B chains, identical B-
globin proteins, are shaded blue.
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3.3 Nucleic acids store and transfer genetic information.

Information Molecules

The biochemical activity of a cell depends on production of
a large number of proteins, each with a specific sequence.
The ability to produce the correct proteins is passed be-
tween generations of organisms, even though the protein
molecules themselves are not.

Noucleic acids are the information storage devices of
cells, just as disks or tapes store the information that com-
puters use, blueprints store the information that builders
use, and road maps store the information that tourists use.
There are two varieties of nucleic acids: deoxyribonucleic
acid (DNA; figure 3.11) and ribonucleic acid (RNNA). The
way in which DNA encodes the information used to as-
semble proteins is similar to the way in which the letters
on a page encode information (see chapter 14). Unique
among macromolecules, nucleic acids are able to serve as
templates to produce precise copies of themselves, so that
the information that specifies what an organism is can be
copied and passed down to its descendants. For this rea-
son, DNA is often referred to as the hereditary material.
Cells use the alternative form of nucleic acid, RNA, to
read the cell’s DNA-encoded information and direct the
synthesis of proteins. RNA is similar to DNA in structure
and is made as a transcripted copy of portions of the
DNA. This transcript passes out into the rest of the cell,
where it serves as a blueprint specifying a protein’s amino
acid sequence. This process will be described in detail in
chapter 15.

“Seeing” DNA

DNA molecules cannot be seen with an optical micro-
scope, which is incapable of resolving anything smaller
than 1000 atoms across. An electron microscope can
image structures as small as a few dozen atoms across, but
still cannot resolve the individual atoms of a DNA strand.
This limitation was finally overcome in the last decade
with the introduction of the scanning-tunneling micro-
scope (figure 3.12).

How do these microscopes work? Imagine you are in a
dark room with a chair. To determine the shape of the
chair, you could shine a flashlight on it, so that the light
bounces off the chair and forms an image on your eye.
That’s what optical and electron microscopes do; in the lat-
ter, the “flashlight” emits a beam of electrons instead of
light. You could, however, also reach out and feel the
chair’s surface with your hand. In effect, you would be put-
ting a probe (your hand) near the chair and measuring how
far away the surface is. In a scanning-tunneling microscope,
computers advance a probe over the surface of a molecule
in steps smaller than the diameter of an atom.
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FIGURE 3.11

The first photograph of a DNA molecule. This micrograph,
with sketch below, shows a section of DNA magnified a million
times! The molecule is so slender that it would take 50,000 of
them to equal the diameter of a human hair.

FIGURE 3.12

A scanning tunneling micrograph of DNA (false color;
2,000,000x). The micrograph shows approximately three turns of
the DNA double helix (see figure 3.15).



The Structure of Nucleic Acids

Nucleic acids are long polymers of repeating subunits called
nucleotides. Each nucleotide consists of three components:
a five-carbon sugar (ribose in RNA and deoxyribose in
DNA); a phosphate (—PQOgy) group; and an organic nitrogen-
containing base (figure 3.13). When a nucleic acid polymer
forms, the phosphate group of one nucleotide binds to the
hydroxyl group of another, releasing water and forming a
phosphodiester bond. A nucleic acid, then, is simply a
chain of five-carbon sugars linked together by phosphodi-
ester bonds with an organic base protruding from each
sugar (figure 3.14).

Two types of organic bases occur in nucleotides. The
first type, purines, are large, double-ring molecules found in
both DNA and RNA; they are adenine (A) and guanine
(G). The second type, pyrimidines, are smaller, single-ring
molecules; they include cytosine (C, in both DNA and
RNA), thymine (T, in DNA only), and uracil (U, in RNA
only).
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FIGURE 3.13

Structure of a nucleotide. The nucleotide subunits of DNA and
RNA are made up of three elements: a five-carbon sugar, an
organic nitrogenous base, and a phosphate group.
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The structure of a nucleic acid and the organic nitrogen-containing bases. (#) In a nucleic acid, nucleotides are linked to one another
via phosphodiester bonds, with organic bases protruding from the chain. () The organic nitrogenous bases can be either purines or

pyrimidines. In DNA, thymine replaces the uracil found in RNA.
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DNA

Organisms encode the information
specifying the amino acid sequences
of their proteins as sequences of nu-
cleotides in the DNA. This method
of encoding information is very sim-
ilar to that by which the sequences
of letters encode information in a
sentence. While a sentence written
in English consists of a combination
of the 26 different letters of the al-
phabet in a specific order, the code
of a DNA molecule consists of dif-
ferent combinations of the four
types of nucleotides in specific se-
quences such as CGCTTACG. The
information encoded in DNA is used
in the everyday metabolism of the
organism and is passed on to the or-
ganism’s descendants.

DNA molecules in organisms ex-
ist not as single chains folded into
complex shapes, like proteins, but
rather as double chains. Two DNA
polymers wind around each other
like the outside and inside rails of a
circular staircase. Such a winding
shape is called a helix, and a helix
composed of two chains winding
about one another, as in DNA, is
called a double helix. Each step of
DNA’s helical staircase is a base-
pair, consisting of a base in one
chain attracted by hydrogen bonds
to a base opposite it on the other
chain. These hydrogen bonds hold
the two chains together as a duplex
(figure 3.15). The base-pairing rules
are rigid: adenine can pair only with
thymine (in DNA) or with uracil (in
RNA), and cytosine can pair only
with guanine. The bases that partici-
pate in base-pairing are said to be
complementary to each other. Addi-
tional details of the structure of
DNA and how it interacts with RNA
in the production of proteins are
presented in chapters 14 and 15.

FIGURE 3.15

RNA

RNA is similar to DNA, but with two major chemical
differences. First, RNA molecules contain ribose sugars
in which the number 2 carbon is bonded to a hydroxyl
group. In DNA, this hydroxyl group is replaced by a hy-
drogen atom. Second, RNA molecules utilize uracil in
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The structure of DNA. Hydrogen bond formation (dashed lines) between the organic
bases, called base-pairing, causes the two chains of a DNA duplex to bind to each other
and form a double helix.

place of thymine. Uracil has the same structure as thy-
mine, except that one of its carbons lacks a methyl (—
CH3) group.

Transcribing the DNA message into a chemically differ-
ent molecule such as RNA allows the cell to tell which is
the original information storage molecule and which is the
transcript. DNA molecules are always double-stranded (ex-
cept for a few single-stranded DNA viruses that will be dis-
cussed in chapter 33), while the RNA molecules tran-
scribed from DNA are typically single-stranded (figure
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DNA versus RNA. DNA forms a double helix, uses deoxyribose as
the sugar in its sugar-phosphate backbone, and utilizes thymine
among its nitrogenous bases. RNA, on the other hand, is usually
single-stranded, uses ribose as the sugar in its sugar-phosphate
backbone, and utilizes uracil in place of thymine.

3.16). Although there is no chemical reason why RINA can-
not form double helices as DNA does, cells do not possess
the enzymes necessary to assemble double strands of RNA,
as they do for DNA. Using two different molecules, one
single-stranded and the other double-stranded, separates
the role of DNA in storing hereditary information from the
role of RNA in using this information to specify protein
structure.

Which Came First, DNA or RNA?

The information necessary for the synthesis of proteins is
stored in the cell’s double-stranded DNA base sequences.
The cell uses this information by first making an RNA
transcript of it: RNA nucleotides pair with complementary
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ATP. Adenosine triphosphate (ATP) contains adenine, a five-
carbon sugar, and three phosphate groups. This molecule serves
to transfer energy rather than store genetic information.

DNA nucleotides. By storing the information in DNA while
using a complementary RNA sequence to actually direct
protein synthesis, the cell does not expose the information-
encoding DNA chain to the dangers of single-strand cleav-
age every time the information is used. Therefore, DNA is
thought to have evolved from RNA as a means of preserv-
ing the genetic information, protecting it from the ongo-
ing wear and tear associated with cellular activity. This ge-
netic system has come down to us from the very
beginnings of life.

The cell uses the single-stranded, short-lived RNA tran-
script to direct the synthesis of a protein with a specific se-
quence of amino acids. Thus, the information flows from
DNA to RNA to protein, a process that has been termed the
“central dogma” of molecular biology.

ATP

In addition to serving as subunits of DNA and RNA, nu-
cleotide bases play other critical roles in the life of a cell.
For example, adenine is a key component of the molecule
adenosine triphosphate (ATP; figure 3.17), the energy cur-
rency of the cell. It also occurs in the molecules nicotina-
mide adenine dinucleotide (NAD*) and flavin adenine dinu-

cleotide (FAD*), which carry electrons whose energy is used
to make ATP.

A nucleic acid is a long chain of five-carbon sugars with
an organic base protruding from each sugar. DNA is a
double-stranded helix that stores hereditary
information as a specific sequence of nucleotide bases.
RNA is a single-stranded molecule that transcribes this
information to direct protein synthesis.
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3.4 Lipids make membranes and store energy.

Lipids are a loosely defined group of molecules with one
main characteristic: they are insoluble in water. The most
familiar lipids are fats and oils. Lipids have a very high pro-
portion of nonpolar carbon-hydrogen (C—H) bonds, and so
long-chain lipids cannot fold up like a protein to sequester
their nonpolar portions away from the surrounding aqueous
environment. Instead, when placed in water many lipid mol-
ecules will spontaneously cluster together and expose what
polar groups they have to the surrounding water while se-
questering the nonpolar parts of the molecules together
within the cluster. This spontaneous assembly of lipids is of
paramount importance to cells, as it underlies the structure
of cellular membranes.

Phospholipids Form Membranes

Phospholipids are among the most important molecules of
the cell, as they form the core of all biological membranes.
An individual phospholipid is a composite molecule, made
up of three kinds of subunits:

1. Glycerol, a three-carbon alcohol, with each carbon
bearing a hydroxyl group. Glycerol forms the back-
bone of the phospholipid molecule.

2. Fuatty acids, long chains of C—H bonds (hydrocarbon
chains) ending in a carboxyl (—COOH) group. Two
fatty acids are attached to the glycerol backbone in a
phospholipid molecule.

3. Phosphate group, attached to one end of the glycerol.
The charged phosphate group usually has a charged
organic molecule linked to it, such as choline, etha-
nolamine, or the amino acid serine.

The phospholipid molecule can be thought of as having a
polar “head” at one end (the phosphate group) and two
long, very nonpolar “tails” at the other. In water, the non-
polar tails of nearby phospholipids aggregate away from the
water, forming two layers of tails pointed toward each oth-
er—a lipid bilayer (figure 3.18). Lipid bilayers are the basic
framework of biological membranes, discussed in detail in
chapter 6.
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H—(ll—Fatty acid
H—le—Phosphate group
i

Because the C—H bonds in lipids are very nonpolar,
they are not water-soluble, and aggregate together in
water. This kind of aggregation by phospholipids forms
biological membranes.
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