
 
 
 
 
 
 
 
 
 
 

Лекция 1. 
Что такое жизнь с точки зрения 
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P A R T

Foundations of Biochemistry

Fifteen to twenty billion years ago the universe arose with a cataclys-
mic explosion that hurled hot, energy-rich subatomic particles into all
space. Within seconds, the simplest elements (hydrogen and helium)
were formed. As the universe expanded and cooled, galaxies condensed
under the influence of gravity. Within these galaxies, enormous stars
formed and later exploded as supernovae, releasing the energy needed
to fuse simpler atomic nuclei into the more complex elements. Thus
were produced, over billions of years, the chemical elements found on
earth today. Biochemistry asks how the thousands of different biomol-
ecules formed from these elements interact with each other to confer
the remarkable properties of living organisms.

In Part I we will summarize the biological and chemical back-
ground to biochemistry. Living organisms operate within the same
physical laws that apply to all natural processes, and we begin by dis-
cussing those laws and several axioms that flow from them (Chapter 1).
These axioms make up the molecular logic of life. They define the
means by which cells transform energy to accomplish work, catalyze
the chemical transformations that typify them, assemble molecules of
great complexity from simpler subunits, form supramolecular com-
plexes that are the machinery of life, and store and pass on the instruc-
tions for the assembly of all future generations of organisms from sim-
ple, nonliving precursors.

Cells, the units of all living organisms, share certain features; but
the cells of different organisms, and the various cell types within a
single organism, are remarkably diverse in structure and function.
Chapter 2 is a brief description of the common features and the diverse
specializations of cells, and of the evolutionary processes that lead to
such diversity.

Nearly all of the organic compounds from which living organisms
are constructed are products of biological activity. These biomole-
cules were selected during the course of biological evolution for their
fitness in performing specific biochemical and cellular functions. The
biomolecules can be characterized and understood in the same terms
that apply to the molecules of inanimate matter: the types of bonds
between atoms, the factors that contribute to bond formation and bond
strength, the three-dimensional structure of molecules, and chemical
reactivities. Three-dimensional structure is especially important in
biochemistry; the specificity of biological interactions, such as those
between enzyme and substrate, antibody and antigen, hormone and
receptor, is achieved by close steric complementarity between mole-
cules. Prominent among the forces that stabilize three-dimensional

Facing page: Supernova SN 1987a (the bright
"star" at the lower right) resulted from the explo-
sion of a blue supergiant star in the Large Magel-
lanic Cloud, a galaxy near the Milky Way. Energy
released by nuclear explosions in such supernovae
brought about the fusion of simple atomic nuclei,
forming the more complex elements of which the
earth, its atmosphere, and all living things are
composed.
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structure are noncovalent interactions, individually weak but with sig-
nificant cumulative effects on the structure of biological macromole-
cules. Chapter 3 provides the chemical basis for later discussions of the
structure, catalysis, and metabolic interconversions of individual
classes of biomolecules.

Water is the medium in which the first cells arose, and the solvent
in which most biochemical transformations occur. The properties of
water have shaped the course of evolution and exert a decisive influ-
ence on the structure of biomolecules in aqueous solution. Many of the
weak interactions within and between biomolecules are strongly af-
fected by the solvent properties of water. Even water-insoluble compo-
nents of cells, such as membrane lipids, interact with each other in
ways dictated by the polar properties of water. In Chapter 4 we con-
sider the properties of water, the weak noncovalent interactions that
occur in aqueous solutions of biomolecules, and the ionization of water
and of solutes in aqueous solution.

These initial chapters are intended to provide a chemical backdrop
for the later discussions of biochemical structures and reactions, so
that whatever your background in chemistry or biology, you can imme-
diately begin to follow, and to enjoy, the action.



C H A P T E R

The Molecular Logic of Life

The Chemical Unity of Diverse Living Organisms

Living organisms are composed of lifeless molecules. When these mole-
cules are isolated and examined individually, they conform to all the
physical and chemical laws that describe the behavior of inanimate
matter. Yet living organisms possess extraordinary attributes not
shown by any random collection of molecules. In this chapter, we first
consider the properties of living organisms that distinguish them from
other collections of matter. After arriving at a broad definition of life,
we can describe a set of principles that characterize all living organ-
isms. These principles underlie the organization of organisms and the
cells that make them up, and they provide the framework for this book.
They will help you to keep the larger picture in mind while exploring
the illustrative examples presented in the text.

Living Matter Has Several Characteristics

What distinguishes all living organisms from all inanimate objects?
First, they are structurally complicated and highly organized. They
possess intricate internal structures (Fig. 1-la) and contain many
kinds of complex molecules. By contrast, the inanimate matter in our
environment—clay, sand, rocks, seawater—usually consists of mix-
tures of relatively simple chemical compounds.

Second, living organisms extract, transform, and use energy from
their environment (Fig. 1-lb), usually in the form of either chemical
nutrients or the radiant energy of sunlight. This energy enables living
organisms to build and maintain their own intricate structures and to
do mechanical, chemical, osmotic, and other types of work. By contrast,
inanimate matter does not use energy in a systematic way to maintain
structure or to do work. Inanimate matter tends to decay toward a
more disordered state, to come to equilibrium with its surroundings.

The third and most characteristic attribute of living organisms is
the capacity for precise self-replication and self-assembly (Fig. 1-lc), a
property that can be regarded as the quintessence of the living state. A
single bacterial cell placed in a sterile nutrient medium can give rise to
a billion identical "daughter" cells in 24 hours. Each of the cells con-
tains thousands of different molecules, some extremely complex; yet
each bacterium is a faithful copy of the original, constructed entirely
from information contained within the genetic material of the original
cell. By contrast, mixtures of inanimate matter show no capacity to
grow and reproduce in forms identical in mass, shape, and internal
structure, generation after generation.

• .

(c)
Figure 1-1 Some characteristics of living matter.
(a) Microscopic complexity and organization are
apparent in this thin section of vertebrate muscle
tissue, viewed with the electron microscope.
(b) The lion uses organic compounds obtained by
eating other animals to fuel intense bursts of mus-
cular activity. The zebra derives energy from com-
pounds in the plants it consumes; the plants derive
their energy from sunlight, (c) Biological reproduc-
tion occurs with near-perfect fidelity.
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Erwin Schrodinger
1887-1961

Figure 1-2 Diverse living organisms share com-
mon chemical features. The eagle, the oak tree,
the soil bacterium, and the human share the same
basic structural units (cells), the same kinds of
macromolecules (DNA, RNA, proteins) made up of
the same kinds of monomeric subunits (nucleotides,
amino acids), the same pathways for synthesis of
cellular components, and the same genetic code and
evolutionary ancestors.

The ability to self-replicate has no true analog in the nonliving
world, but there is an instructive analogy in the growth of crystals in
saturated solutions. Crystallization produces more material identical
in lattice structure with the original "seed" crystal. Crystals are much
less complex than the simplest living organisms, and their structure is
static, not dynamic as are living cells. Nonetheless, the ability of crys-
tals to "reproduce" themselves led the physicist Erwin Schrodinger to
propose in his famous essay "What Is Life?" that the genetic material
of cells must have some of the properties of a crystal. Schrbdinger's
1944 notion (years before the modern understanding of gene structure
was achieved) describes rather accurately some of the properties of
deoxyribonucleic acid, the material of genes.

Each component of a living organism has a specific function. This
is true not only of macroscopic structures such as leaves and stems or
hearts and lungs, but also of microscopic intracellular structures such
as the nucleus or chloroplast. Even individual chemical compounds in
cells have specific functions. The interplay among the chemical compo-
nents of a living organism is dynamic; changes in one component cause
coordinating or compensating changes in another, with the result that
the whole ensemble displays a character beyond that of the individual
constituents. The collection of molecules carries out a program, the end
result of which is the reproduction of the program and the self-perpetu-
ation of that collection of molecules.

Biochemistry Seeks to Explain Life in Chemical Terms

The molecules of which living organisms are composed conform to all
the familiar laws of chemistry, but they also interact with each other in
accordance with another set of principles, which we shall refer to col-
lectively as the molecular logic of life. These principles do not involve
new or as yet undiscovered physical laws or forces. Instead, they are a
set of relationships characterizing the nature, function, and interac-
tions of biomolecules.

If living organisms are composed of molecules that are intrinsically
inanimate, how do these molecules confer the remarkable combination
of characteristics we call life? How is it that a living organism appears
to be more than the sum of its inanimate parts? Philosophers once
answered that living organisms are endowed with a mysterious and
divine life force, but this doctrine (vitalism) has been firmly rejected by
modern science. The basic goal of the science of biochemistry is to de-
termine how the collections of inanimate molecules that constitute liv-
ing organisms interact with each other to maintain and perpetuate
life. Although biochemistry yields important insights and practical
applications in medicine, agriculture, nutrition, and industry, it is ulti-
mately concerned with the wonder of life itself.

Chemical Unity Underlies Biological Diversity

A massive oak tree, an eagle that soars above it, and a soil bacterium
that grows among its roots appear superficially to have very little in
common. However, a hundred years of biochemical research has re-
vealed that living organisms are remarkably alike at the microscopic
and chemical levels (Fig. 1-2). Biochemistry seeks to describe in molec-
ular terms those structures, mechanisms, and chemical processes
shared by all organisms and to discover the organizing principles that
underlie life in all of its diverse forms.
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Although there is a fundamental unity to life, it is important to
recognize at the outset that very few generalizations about living or-
ganisms are absolutely correct for every organism under every condi-
tion. The range of habitats in which organisms live, from hot springs to
Arctic tundra, from animal intestines to college dormitories, is
matched by a correspondingly wide range of specific biochemical adap-
tations. These adaptations are integrated within the fundamental
chemical framework shared by all organisms. Although generaliza-
tions are not perfect, they remain useful. In fact, exceptions often illu-
minate scientific generalizations.

All Macromolecules Are Constructed
from a Few Simple Compounds

Most of the molecular constituents of living systems are composed of
carbon atoms covalently joined with other carbon atoms and with hy-
drogen, oxygen, or nitrogen. The special bonding properties of carbon
permit the formation of a great variety of molecules. Organic com-
pounds of molecular weight (Mr) less than about 500, such as amino
acids, nucleotides, and monosaccharides, serve as monomeric sub-
units of proteins, nucleic acids, and polysaccharides, respectively. A
single protein molecule may have 1,000 or more amino acids, and de-
oxyribonucleic acid has millions of nucleotides.

Each cell of the bacterium Escherichia coli (E. coli) contains more
than 6,000 different kinds of organic compounds, including about 3,000
different proteins and a similar number of different nucleic acid mole-
cules. In humans there may be tens of thousands of different kinds of
proteins, as well as many types of polysaccharides (chains of simple
sugars), a variety of lipids, and many other compounds of lower molec-
ular weight.

To purify and to characterize thoroughly all of these molecules
would be an insuperable task were it not for the fact that each class of
macromolecules (proteins, nucleic acids, polysaccharides) is com-
posed of a small, common set of monomeric subunits. These monomeric
subunits can be covalently linked in a virtually limitless variety of
sequences (Fig. 1-3), just as the 26 letters of the English alphabet can
be arranged into a limitless number of words, sentences, or books.

Deoxyribonucleic acids (DNA) are constructed from only four
different kinds of simple monomeric subunits, the deoxyribonucleo-
tides, and ribonucleic acids (RNA) are composed of just four types of
ribonucleotides. Proteins are composed of 20 different kinds of amino
acids. The eight kinds of nucleotides from which all nucleic acids are
built and the 20 different kinds of amino acids from which all proteins
are built are identical in all living organisms.

Most of the monomeric subunits from which all macromolecules
are constructed serve more than one function in living cells. The nucle-
otides serve not only as subunits of nucleic acids, but also as energy-
carrying molecules. The amino acids are subunits of protein molecules,
and also precursors of hormones, neurotransmitters, pigments, and
many other kinds of biomolecules.

Monomeric subunits

Figure 1—3 Monomeric subunits in linear se-
quences can spell infinitely complex messages. The
number of different sequences possible (S) depends
on the number of different kinds of subunits (N)
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From these considerations we can now set out some of the princi-
ples in the molecular logic of life:

All living organisms have the same kinds of monomeric sub-
units.

There are underlying patterns in the structure of biological
macromolecules.

The identity of each organism is preserved by its possession of
distinctive sets of nucleic acids and of proteins.

[K + ] l a k e

[Na + ] l a k e

[Cl"] l a k e

[K+]body -
[Na+]body = [Na + ] l a k e

[Cl Jbody = [Cl ]lake

CO2

NH 3

1 K+

Na+

Monomeric
subunits

c\-

DNA, RNA,
protein, lipids, etc.

Energy Production and Consumption
in Metabolism

Energy is a central theme in biochemistry: cells and organisms depend
upon a constant supply of energy to oppose the inexorable tendency in
nature for decay to the lowest energy state. The synthetic reactions
that occur within cells, like the synthetic processes in any factory, re-
quire the input of energy. Energy is consumed in the motion of a bacte-
rium or an Olympic sprinter, in the flashing of a firefly or the electrical
discharge of an eel. The storage and expression of information cost
energy, without which structures rich in information inevitably be-
come disordered and meaningless. Cells have evolved highly efficient
mechanisms for capturing the energy of sunlight, or extracting the
energy of oxidizable fuels, and coupling the energy thus obtained to the
many energy-consuming processes they carry out.

Organisms Are Never at Equilibrium
with Their Surroundings

In the course of biological evolution, one of the first developments must
have been an oily membrane that enclosed the water-soluble molecules
of the primitive cell, segregating them and allowing them to accumu-
late to relatively high concentrations. The molecules and ions con-
tained within a living organism differ in kind and in concentration
from those in the organism's surroundings. The cells of a freshwater
fish contain certain inorganic ions at concentrations far different from
those in the surrounding water (Fig. 1-4). Proteins, nucleic acids, sug-
ars, and fats are present in the fish but essentially absent from the
surrounding water, which instead contains carbon, hydrogen, and oxy-
gen atoms only in simpler molecules such as carbon dioxide and water.
When the fish dies, its contents eventually come to equilibrium with
those of its surroundings.

Figure 1—4 Living organisms are not at equilib-
rium with their surroundings. Death and decay re-
store the equilibrium. During growth, energy from
food is used to build complex molecules and to con-
centrate ions from the surroundings. When the or-
ganism dies, it loses its ability to derive energy
from food. Without energy, the dead body cannot

maintain concentration gradients; ions leak out.
Inexorably, macromolecular components decay to
simpler compounds. These simple compounds serve
as nutritional sources for phytoplankton, which are
then eaten by larger organisms. (By convention,
square brackets denote concentration—in this case,
of ionic species.)
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Molecular Composition Reflects a Dynamic Steady State

Although the chemical composition of an organism may be almost con-
stant through time, the population of molecules within a cell or organ-
ism is far from static. Molecules are synthesized and then broken down
by continuous chemical reactions, involving a constant flux of mass
and energy through the system. The hemoglobin molecules carrying
oxygen from your lungs to your brain at this moment were synthesized
within the past month; by next month they will have been degraded
and replaced with new molecules. The glucose you ingested with your
most recent meal is now circulating in your bloodstream; before the
day is over these particular glucose molecules will have been converted
into something else, such as carbon dioxide or fat, and will have been
replaced with a fresh supply of glucose. The amount of hemoglobin and
glucose in the blood remains nearly constant because the rate of syn-
thesis or intake of each just balances the rate of its breakdown, con-
sumption, or conversion into some other product (Fig. 1-5). The con-
stancy of concentration does not, therefore, reflect chemical inertness
of the components, but is rather the result of a dynamic steady state.

_, synthesis TT . . . degradation
Precursors —> Hemoglobin > Breakdown products

(20 amino acids) (in erythrocyte) (20 amino acids)

When r1 = r2, the concentration of hemoglobin is constant

(a)

rtx Waste CO2
_, , ingestion utilization yf

—* Glucose /r* > storage fats
1 (in blood) \

(carbohydrates)
Other products

When 7*! = r2 + r3 + r4, the concentration of glucose in blood is constant

(b)

Figure 1—5 A dynamic steady state results when
the rate of appearance of a cellular component is
exactly matched by the rate of its disappearance.
In (a), a protein (hemoglobin) is synthesized, then
degraded. In (b), glucose derived from food (or from
carbohydrate stores) enters the bloodstream in
some tissues (intestine, liver), then leaves the blood
to be consumed by metabolic processes in other tis-
sues (heart, brain, skeletal muscle). In this scheme,
rlt r2, etc., represent the rates of the various pro-
cesses. The dynamic steady-state concentrations of
hemoglobin and glucose are maintained by complex
mechanisms regulating the relative rates of the
processes shown here.

Organisms Exchange Energy and Matter
with Their Surroundings

Living cells and organisms must perform work to stay alive and to
reproduce themselves. The continual synthesis of cellular components
requires chemical work; the accumulation and retention of salts and
various organic compounds against a concentration gradient involves
osmotic work; and the contraction of a muscle or the motion of a bacte-
rial flagellum represents mechanical work. Biochemistry examines the
processes by which energy is extracted, channeled, and consumed, so it
is essential to develop an understanding of the fundamental principles
of bioenergetics.

Consider the simple mechanical example shown in Figure 1-6. An
object at the top of an inclined plane has a certain amount of potential
energy as a result of its elevation. It tends spontaneously to slide down
the plane, losing its potential energy of position as it approaches the
ground. When an appropriate string-and-pulley device is attached to
the object, the spontaneous downward motion can accomplish a certain
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Mechanical example

Chemical example

. B

Reaction coordin.

Endergonic Exergonic

Figure 1-6 (Top) The downward motion of an ob-
ject releases potential energy that can do work. The
potential energy made available by spontaneous
downward motion (an exergonic process, repre-
sented by the pink box) can be coupled to the up-
ward movement of another object (an endergonic
process, represented by the blue box). (Bottom) A
spontaneous (exergonic) chemical reaction (B-+C)
releases free energy, which can pull or drive an
endergonic reaction (A—»B) when the two reactions
share a common intermediate, B. The exergonic
reaction B^C has a large, negative free-energy
change (AGB^c), and the endergonic reaction A^>B
has a smaller, positive free-energy change (AGA-^B)-
The free-energy change for the overall reaction
A-^C is the arithmetic sum of these two values
(AGA_̂ CX Because the value of AGA-̂ c is negative,
the overall reaction is exergonic and proceeds spon-
taneously.

amount of work, an amount never greater than the change in potential
energy of position. The amount of energy actually available to do work
(called the free energy) will always be somewhat less than the total
change in energy, because some energy is dissipated as the heat of
friction. The greater the elevation of the object relative to its final posi-
tion, the greater the change in energy as it slides downward, and the
greater the amount of work that can be accomplished.

In the chemical analog of this mechanical example (Fig. 1-6, bot-
tom), a reactant, B, is converted into a product, C. The compounds B
and C each contain a certain amount of potential energy, related to the
kind and number of bonds in each type of molecule. This energy is
analogous to the potential energy in an elevated object. Some of the
energy is available to do work when B is converted into C by a chemical
reaction that involves no change in temperature or pressure. This por-
tion of the energy, the free energy, is designated G (for J. Willard
Gibbs, who developed much of the theory of chemical energetics), and
the change in free energy during the conversion of B to C is AG.

We can define a system as all of the reactants and products, the
solvent, and the immediate atmosphere—in short, everything within a
defined region of space. The system and its surroundings together con-
stitute the universe. If the system exchanges neither matter nor en-
ergy with its surroundings, it is said to be closed. The magnitude of
the free-energy change for a process proceeding toward equilibrium
depends upon how far from equilibrium the system was in its initial
state. In the mechanical example, no spontaneous sliding will occur
once the object has reached the ground; the object is then at equilib-
rium with its surroundings, and the free-energy change for sliding
along the horizontal surface is zero.

In chemical reactions in closed systems, the process also proceeds
spontaneously until equilibrium is reached. The free-energy change
(AG) for a chemical reaction is a quantitative expression of how far the
system is from chemical equilibrium. Reactions that proceed with the
release of free energy are exergonic, and because the products of such
reactions have less free energy than the reactants, AG is negative.
Chemical reactions in which the products have more free energy than
the reactants are endergonic, and for these reactions AG is positive.
When all of the chemical species in the system are at equilibrium, the
free-energy change for the reaction is zero, and no further net conver-
sion of reactants into products will occur without the input of energy or
matter from outside the system.

As in the mechanical example, some of the energy released in a
spontaneous process can accomplish work—chemical work in this
case. In living systems, as in mechanical processes, part of the total
energy change in the chemical reaction is unavailable to accomplish
work. Some is dissipated as heat, and some is lost as entropy, a mea-
sure of energy due to randomness, which we will define more rigor-
ously later.

How is free energy from a chemical reaction channeled into energy-
requiring processes in living organisms? In the mechanical example in
Figure 1-6, it is clear that if one sliding object is coupled to another
object on another inclined plane, the energy released by the spontane-
ous downward sliding of one may be harnessed to produce upward
motion of the other, a motion that cannot occur spontaneously. This is
a direct analogy to a biochemical process in which the energy released
in an exergonic chemical reaction can be used to drive another reaction
that is endergonic and would not proceed spontaneously. The reactions
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in this system are coupled because the product of one (compound B) is
a reactant in the other. This coupling of an exergonic reaction with an
endergonic one is absolutely central to the free-energy exchanges that
occur in all living systems. In biological energy coupling, the simulta-
neous occurrence of two reactions is not enough. The two reactions
must be coupled in the sense of Figure 1-6 (bottom); the two reactions
share an intermediate, B.

A living organism is an open system; it exchanges both matter and
energy with its surroundings. Living organisms use either of two strat-
egies to derive free energy from their surroundings: (1) they take up
chemical components from the environment (fuels), extract free energy
by means of exergonic reactions involving these fuels, and couple these
reactions to endergonic reactions; or (2) they use energy absorbed from
sunlight to bring about exergonic photochemical reactions, to which
they couple endergonic reactions.

Living organisms create and maintain their complex, orderly
structures at the expense of free energy from their environ-
ment.

Exergonic chemical or photochemical reactions are coupled to
endergonic processes through shared chemical intermediates,
channeling the free energy to do work.

Cells and Organisms Interconvert Different Forms of Energy

The first law of thermodynamics, developed from physics and chemis-
try but fully valid for biological systems as well, describes the energy
conservation principle:

In any physical or chemical change, the total amount of en-
ergy in the universe remains constant, although the form of
the energy may change.

Not until the nineteenth century did physicists discover that en-
ergy can be transduced (converted from one form to another), yet
living cells have been using that principle for eons. Cells are consum-
mate transducers of energy, capable of interconverting chemical, elec-
tromagnetic, mechanical, and osmotic energy with great efficiency
(Fig. 1-7). Biological energy transducers differ from many familiar
machines that depend on temperature or pressure differences. The
steam engine, for example, coiiverts the chemical energy of fuel into
heat, raising the temperature of water to its boiling point to produce
steam pressure that drives a mechanical device. The internal combus-
tion engine, similarly, depends upon changes in temperature and pres-
sure. By contrast, all parts of a living organism must operate at about
the same temperature and pressure, and heat flow is therefore not a
useful source of energy. Cells are isothermal, or constant-tempera-
ture, systems.

Living cells are chemical engines that function at constant
temperature.

Potential energy
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Figure 1-7 During metabolic transductions, en-
tropy increases as the potential energy of complex
nutrient molecules decreases. Living organisms
(a) extract energy from their environment, (b) con-
vert some of it into useful forms of energy to pro-
duce work, and (c) return some energy to the envi-
ronment as heat, together with end-product
molecules that are less well organized than the
starting fuel, increasing the entropy of the uni-
verse.
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Electromagnetic
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(light)

Photons
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Figure 1-8 Sunlight is the ultimate source of all
biological energy. Thermonuclear reactions in the
sun produce energy that is transmitted to the earth
as light and converted into chemical energy by
plants and certain microorganisms.

The Flow of Electrons Provides Energy for Organisms

Virtually all of the energy transductions in cells can be traced to a flow
of electrons from one molecule to another, in the oxidation of fuel or in
the trapping of light energy during photosynthesis. This electron flow
is "downhill," from higher to lower electrochemical potential; as such,
it is formally analogous to the flow of electrons in an electric circuit
driven by an electrical battery. Nearly all living organisms derive their
energy, directly or indirectly, from the radiant energy of sunlight,
which arises from the thermonuclear fusion reactions that form helium
in the sun (Fig. 1-8). Photosynthetic cells absorb the sun's radiant
energy and use it to drive electrons from water to carbon dioxide, form-
ing energy-rich products such as starch and sucrose. In doing so, most
photosynthetic organisms release molecular oxygen into the atmo-
sphere. Ultimately, nonphotosynthetic organisms obtain energy for
their needs by oxidizing the energy-rich products of photosynthesis,
passing electrons to atmospheric oxygen to form water, carbon dioxide,
and other end products, which are recycled in the environment. All of
these reactions involving electron flow are oxidation-reduction
reactions. Thus, other principles of the living state emerge:

are provided, di-The energy needs of virtually all organisms
rectly or indirectly, by solar energy.

The flow of electrons in oxidation-reduction reactions under-
lies energy transduction and energy conservation in living
cells.

All living organisms are dependent on each other through ex-
changes of energy and matter via the environment.

Enzymes Promote Sequences of Chemical Reactions

The fact that a reaction is exergonic does not mean that it will neces-
sarily proceed rapidly. The reaction coordinate diagram in Figure 1-6
(bottom) is actually an oversimplification. The path from reactant to
product almost invariably involves an energy barrier, called the activa-
tion barrier (Fig. 1-9), that must be surmounted for any reaction to
occur. The breaking and joining of bonds generally requires the prior
bending or stretching of existing bonds, creating a transition state of
higher free energy than either reactant or product. The highest point
in the reaction coordinate diagram represents the transition state.

Activation barriers are crucial to the stability of biomolecules in
living systems. Although, when isolated from other ceiJular compo-
nents, most biomolecules are stable for days or even years, inside cells
they often undergo chemical transformations within milliseconds.
Without activation barriers, biomolecules within cells would rapidly
break down to simple, low-energy forms. The lifetime of complex mole-
cules would be very short, and the extraordinary continuity and orga-
nization of life would be impossible.
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(transition state, $)

VProducts (B)

Reaction coordinate (A —• B)

Figure 1-9 The energetic course of a chemical re-
action. A high activation barrier, representing the
transition state, must be overcome in the conver-
sion of reactants (A) into products (B), even though
the products are more stable than the reactants—
as indicated by a large, negative free-energy change
(AG). The energy required to overcome the activa-
tion barrier is the activation energy (AG*). Enzymes
catalyze reactions by lowering the activation bar-
rier. They bind the transition-state intermediates
tightly, and the binding energy of this interaction
effectively reduces the activation energy from
AG*ncat to AGjat. (Note that the activation energy is
unrelated to the free-energy change of the reaction,
AG.)

Virtually every cellular chemical reaction occurs because of en-
zymes—catalysts that are capable of greatly enhancing the rate of
specific chemical reactions without being consumed in the process (Fig.
1—10). Enzymes, as catalysts, act by lowering this energy barrier be-
tween reactant and product. The activation energy (AG*; Fig. 1-9)
required to overcome this energy barrier could in principle be supplied
by heating the reaction mixture, but this option is not available in
living cells. Instead, during a reaction, enzymes bind reactant mole-
cules in the transition state, thereby lowering the activation energy
and enormously accelerating the rate of the reaction. The relationship
between the activation energy and reaction rate is exponential; a small
decrease in AG* results in a very large increase in reaction rate. En-
zyme-catalyzed reactions commonly proceed at rates up to 1010- to 1014-
fold greater than the uncatalyzed rates.

Enzymes are, with a few exceptions we will consider later, pro-
teins. Each enzyme protein is specific for the catalysis of a specific
reaction, and each reaction in a cell is catalyzed by a different enzyme.
Thousands of different types of enzymes are therefore required by each
cell. The multiplicity of enzymes, their high specificity for reactants,
and their susceptibility to regulation give cells the capacity to lower
activation barriers selectively. This selectivity is crucial in the effective
regulation of cellular processes.

Without enzyme (uncatalvzed)

Time

Figure 1—10 An enzyme increases the rate of a
specific chemical reaction. In the presence of an
enzyme specific for the conversion of reactant A
into product B, the rate of the reaction may in-
crease a millionfold or more over that of the uncat-
alyzed reaction. The enzyme is not consumed in the
process; one enzyme molecule can act repeatedly to
convert many molecules of A to B.
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Figure 1—11 An example of a typical synthetic (an-
abolic) pathway. In the bacterium E. coli, threonine
is converted to isoleucine in five steps, each cata-
lyzed by a separate enzyme. (Only the main reac-
tants and products are shown here.) Threonine, in
turn, was synthesized from a simpler precursor.
Both threonine and isoleucine are precursors of
much larger and more complex molecules: the pro-
teins. (The letters A to F correspond to those in
Fig. 1-14.)

The thousands of enzyme-catalyzed chemical reactions in cells are
functionally organized into many different sequences of consecutive
reactions called pathways, in which the product of one reaction be-
comes the reactant in the next (Fig. 1—11). Some of these sequences of
enzyme-catalyzed reactions degrade organic nutrients into simple end
products, in order to extract chemical energy and convert it into a form
useful to the cell. Together these degradative, free-energy-yielding re-
actions are designated catabolism. Other enzyme-catalyzed path-
ways start from small precursor molecules and convert them to pro-
gressively larger and more complex molecules, including proteins and
nucleic acids; such synthetic pathways invariably require the input of
energy, and taken together represent anabolism. The network of
enzyme-catalyzed pathways constitutes cellular metabolism.

ATP Is the Universal Carrier of Metabolic Energy,
Linking Catabolism and Anabolism

Cells capture, store, and transport free energy in a chemical form.
Adenosine triphosphate (ATP) (Fig. 1-12) functions as the major
carrier of chemical energy in all cells. ATP carries energy between
metabolic pathways by serving as the shared intermediate that cou-
ples endergonic reactions to exergonic ones. The terminal phosphate
group of ATP is transferred to a variety of acceptor molecules, which
are thereby activated for further chemical transformation. The adeno-
sine diphosphate (ADP) that remains after the phosphate transfer is
recycled to become ATP, at the expense of either chemical energy (dur-
ing oxidative phosphorylation) or solar energy in photosynthetic
cells (by the process of photophosphorylation). ATP is the major
connecting link (the shared intermediate) between the catabolic and
anabolic networks of enzyme-catalyzed reactions in the cell (Fig. 1-13).

Figure 1-12 (a) Structural formula and (b) ball-
and-stick model for adenosine triphosphate (ATP).
The removal of the terminal phosphate of ATP is
highly exergonic, and this reaction is coupled to
many endergonic reactions in the cell.
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Figure 1-13 ATP is the chemical intermediate
linking energy-releasing to energy-requiring cell
processes. Its role in the cell is analogous to that
of money in an economy: it is "earned/produced" in
exergonic reactions and "spent/consumed"
in endergonic ones.

These linked networks of enzyme-catalyzed reactions are virtually
identical in all living organisms.

Metabolism Is Regulated to Achieve Balance and Economy

Not only can living cells simultaneously synthesize thousands of differ-
ent kinds of carbohydrate, fat, protein, and nucleic acid molecules and
their simpler subunits, they can also do so in the precise proportions
required by the cell. For example, when rapid cell growth occurs, the
precursors of proteins and nucleic acids must be made in large quanti-
ties, whereas in nongrowing cells the requirement for these precursors
is much reduced. Key enzymes in each metabolic pathway are regu-
lated so that each type of precursor molecule is produced in a quantity
appropriate to the current requirements of the cell. Consider the path-
way shown in Figure 1-14 (see also Fig. 1-11), which leads to the syn-
thesis of isoleucine (one of the amino acids, the monomeric subunits of
proteins). If a cell begins to produce more isoleucine than is needed for
protein synthesis, the unused isoleucine accumulates. High concentra-
tions of isoleucine inhibit the catalytic activity of the first enzyme in
the pathway, immediately slowing the production of the amino acid.
Such negative feedback keeps the production and utilization of each
metabolic intermediate in balance.

Living cells also regulate the synthesis of their own catalysts, the
enzymes. Thus a cell can switch off the synthesis of an enzyme re-
quired to make a given product whenever that product is available
ready-made in the environment. These self-adjusting and self-regulat-
ing properties allow cells to maintain themselves in a dynamic steady
state, despite fluctuations in the external environment.

Other
cellular work

Complex
biomolecules

Mechanical
work

Osmotic
work

Stored
nutrients

Ingested
foods

Solar
photons

reaction
pathways '

(endergonic) ATP

reaction
pathways

(exergonic)

co2

NH3

H 2 0

Products, preCV)

Living cells are self-regulating chemical engines, adjusted for
maximum economy.

Figure 1-14 Regulation of a biosynthetic pathway
by feedback inhibition. In the pathway by which
isoleucine is formed in five steps from threonine (Fig.
1-11), the accumulation of the product isoleucine
(F) causes inhibition of the first reaction in the
pathway by binding to the enzyme catalyzing this
reaction and reducing its activity. (The letters A to
F represent the corresponding compounds shown in
Fig. 1-11.)
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D
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Biological Information Transfer

The continued existence of a biological species requires that its genetic
information be maintained in a stable form and, at the same time,
expressed with very few errors. Effective storage and accurate expres-
sion of the genetic message defines individual species, distinguishes
them from one another, and assures their continuity over successive
generations.

Among the seminal discoveries of twentieth-century biology are
the chemical nature and the three-dimensional structure of the genetic
material, DNA. The sequence of deoxyribonucleotides in this linear
polymer encodes the instructions for forming all other cellular compo-
nents and provides a template for the production of identical DNA
molecules to be distributed to progeny when a cell divides.

Figure 1-15 Two ancient scripts, (a) The Prism of
Sennacherib, inscribed in about 700 B.C., describes
in characters of the Assyrian language some histor-
ical events during the reign of King Sennacherib.
The Prism contains about 20,000 characters, weighs
about 50 kg, and has survived almost intact for
about 2,700 years, (b) The single DNA molecule
of the bacterium E. coli, seen leaking out of a dis-
rupted cell, is hundreds of times longer than the
cell itself and contains all of the encoded informa-
tion necessary to specify the cell's structure and
functions. The bacterial DNA contains about 10
million characters (nucleotides), weighs less than
10^10 g, and has undergone only relatively minor
changes during the past several million years. The
black spots and white specks are artifacts of the
preparation.

Genetic Continuity Is Vested in DNA Molecules

Perhaps the most remarkable of all the properties of living cells and
organisms is their ability to reproduce themselves with nearly perfect
fidelity for countless generations. This continuity of inherited traits
implies constancy, over thousands or millions of years, in the structure
of the molecules that contain the genetic information. Very few histori-
cal records of civilization, even those etched in copper or carved in
stone, have survived for a thousand years (Fig. 1-15). But there is good
evidence that the genetic instructions in living organisms have re-
mained nearly unchanged over very much longer periods; many bacte-
ria have nearly the same size, shape, and internal structure and con-
tain the same kinds of precursor molecules and enzymes as those that
lived a billion years ago.

(a) (b)
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Hereditary information is preserved in DNA, a long, thin organic
polymer so fragile that it will fragment from the shear forces arising in
a solution that is stirred or pipetted. A human sperm or egg, carrying
the accumulated hereditary information of millions of years of evolu-
tion, transmits these instructions in the form of DNA molecules, in
which the linear sequence of covalently linked nucleotide subunits en-
codes the genetic message.

The Structure of DNA Allows for Its Repair and
Replication with Near-Perfect Fidelity

The capacity of living cells to preserve their genetic material and to
duplicate it for the next generation results from the structural comple-
mentarity between the two halves of the DNA molecule (Fig. 1-16).
The basic unit of DNA is a linear polymer of four different monomeric
subunits, deoxyribonucleotides (see Fig. 1-3), arranged in a precise
linear sequence. It is this linear sequence that encodes the genetic
information. Two of these polymeric strands are twisted about each
other to form the DNA double helix, in which each monomeric subunit
in one strand pairs specifically with the complementary subunit in the
opposite strand. In the enzymatic replication or repair of DNA, one of
the two strands serves as a template for the assembly of another, struc-
turally complementary DNA strand. Before a cell divides, the two DNA
strands separate and each serves as a template for the synthesis of a
complementary strand, generating two identical double-helical mole-
cules, one for each daughter cell. If one strand is damaged, continuity
of information is assured by the information present on the other
strand.

Genetic information is encoded in the linear sequence of four
kinds of subunits of DNA.

The double-helical DNA molecule contains an internal tem-
plate for its own replication and repair.

Old
strand 1 strand 2

New
strand 1

Old
strand 2

Figure 1—16 The complementary structure of
double-stranded DNA accounts for its accurate
replication. DNA is a linear polymer of four
subunits, the deoxyribonucleotides deoxyadenylate
(A), deoxyguanylate (G), deoxycytidylate (C), and
deoxythymidylate (T), joined covalently. Each nucle-
otide has the intrinsic ability, due to its precise
three-dimensional structure, to associate very spe-
cifically but noncovalently with one other nucleo-
tide: A always associates with its complement T,
and G with its complement C. In the double-
stranded DNA molecule, the sequence of nucleo-
tides in one strand is complementary to the se-

quence in the other; wherever G occurs in strand 1,
C occurs in strand 2; wherever A occurs in strand
1, T occurs in strand 2. The two strands of the DNA,
held together by a large number of hydrogen bonds
(represented here by vertical blue lines) between
the pairs of complementary nucleotides, twist about
each other to form the DNA double helix. In DNA
replication, prior to cell division, the two strands
of the original DNA separate and two new strands
are synthesized, each with a sequence complemen-
tary to one of the original strands. The result is
two double-helical DNA molecules, each identical
to the original DNA.
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Figure 1-17 The gradual accumulation of muta-
tions over long periods of time results in new bio-
logical species, each with a unique DNA sequence.
At top is shown a short segment of a gene in a
hypothetical progenitor organism. With the passage
of time, changes in nucleotide sequence (mutations,
indicated here by colored boxes) occur, one at a
time, resulting in progeny with different DNA se-
quences. These mutant progeny themselves undergo
occasional mutations, yielding their own progeny
differing by two or more nucleotides from the origi-
nal sequence.

Changes in the Hereditary Instructions Allow Evolution

Despite the near-perfect fidelity of genetic replication, infrequent, un-
repaired mistakes in the replication process produce changes in the
nucleotide sequence of DNA, representing a genetic mutation (Fig.
1-17). Incorrectly repaired damage to one of the DNA strands has the
same effect. Mutations can change the instructions for producing cellu-
lar components. Many mutations are deleterious or even lethal to the
organism; they may, for example, cause the synthesis of a defective
enzyme that is not able to catalyze an essential metabolic reaction.

Time

G-A-G-C-T-A--

Occasionally the mutation better equips an organism or cell to survive
in its environment. The mutant enzyme might, for example, have ac-
quired a slightly different specificity, so that it is now able to use as a
reactant some compound that the cell was previously unable to metab-
olize. If a population of cells were to find itself in an environment
where that compound was the only available source of fuel, the mutant
cell would have an advantage over the other, unmutated (wild-type)
cells in the population. The mutant cell and its progeny would survive
in the new environment, whereas wild-type cells would starve and be
eliminated.

Chance genetic variations in individuals in a population, combined
with natural selection (survival of the fittest individuals in a challeng-
ing or changing environment), have resulted in the evolution of an
enormous variety of organisms, each adapted to life in a particular
ecological niche.
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Molecular Anatomy Reveals Evolutionary Relationships

Biochemistry has confirmed and greatly extended evolutionary theory.
Carolus Linnaeus recognized the anatomic similarities and differences
among living organisms and provided a framework for assessing the
relatedness of different species. Charles Darwin gave us a unifying
hypothesis to explain the phylogeny of modern organisms—the origin
of different species from a common ancestor. Biochemistry has begun
to reveal the molecular anatomy of cells of different species—the se-
quences of subunits in nucleic acids and proteins and the three-dimen-
sional structures of individual molecules of nucleic acid and protein.
There is a reasonable prospect that when the twenty-first century
dawns, we will know the entire nucleotide sequence of all of the genes
that make up the biological heritage of a human.

At the molecular level, evolution is the emergence over time of
different sequences of nucleotides within genes. With new genetic se-
quences being experimentally determined almost daily, biochemists
have an enormously rich treasury of evidence with which to analyze
evolutionary relationships and to refine evolutionary theory. The mo-
lecular phylogeny derived from gene sequences is consistent with, but
in many cases more precise than, the classical phylogeny based on
macroscopic structures.

Molecular structures and mechanisms have been conserved in evo-
lution even though organisms have continuously diverged at the level
of gross anatomy. At the molecular level, the basic unity of life is read-
ily apparent; crucial molecular structures and mechanisms are re-
markably similar from the simplest to the most complex organisms.
Biochemistry makes it possible to discover the unifying features com-
mon to all life. This book examines many of these features: the mecha-
nisms for energy conservation, biosynthesis, gene replication, and gene
expression.

Carolus Linnaeus
1707-1778

Charles Darwin
1809-1882

The Linear Sequence in DNA Encodes Proteins with
Three-Dimensional Structures

The information in DNA is encoded as a linear (one-dimensional) se-
quence of the nucleotide units of DNA, but the expression of this infor-
mation results in a three-dimensional cell. This change from one to
three dimensions occurs in two phases. A linear sequence of deoxyribo-
nucleotides in DNA codes (through the intermediary, RNA) for the
production of a protein with a corresponding linear sequence of amino
acids (Fig. 1-18). The protein folds itself into a particular three-dimen-
sional shape, dictated by its amino acid sequence. The precise three-
dimensional structure (native conformation) is crucial to the pro-
tein's function as either catalyst or structural element. This principle
emerges:

The linear sequence of amino acids in a protein leads to the
acquisition of a unique three-dimensional structure by a self-
assembly process.

Once a protein has folded into its native conformation, it may asso-
ciate noncovalently with other proteins, or with nucleic acids or lipids,
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Gene 1 Gene 2 Gene 3 to form supramolecular complexes such as chromosomes, ribosomes,
and membranes (Fig. 1-18). These complexes are in many cases self-
assembling. The individual molecules of these complexes have specific,
high-affinity binding sites for each other, and within the cell they spon-
taneously form functional complexes.

Transcription of DNA sequence
into RNA sequence

RNA 1 RNA RNA 3

Translation on the ribosome of RNA sequence
into protein sequence and folding of protein

into native conformation

-

Protein 1 Protein 2 Protein 3

Formation of supramolecular complex

Figure 1-18 Linear sequences of deoxyribonucleo-
tides in DNA, arranged into units known as genes,
are transcribed into ribonucleic acid (RNA) mole-
cules with complementary ribonucleotide sequences.
The RNA sequences are then translated into linear
protein chains, which fold spontaneously into their
native three-dimensional shapes. Individual pro-
teins sometimes associate with other proteins to
form supramolecular complexes, stabilized by nu-
merous weak interactions.

:

Individual macromolecules with specific affinity for other mac-
romolecules self-assemble into supramolecular complexes.

Noncovalent Interactions Stabilize
Three-Dimensional Structures

The forces that provide stability and specificity to the three-dimen-
sional structures of macromolecules and supramolecular complexes
are mostly noncovalent interactions. These interactions, individually
weak but collectively strong, include hydrogen bonds, ionic interac-
tions among charged groups, van der Waals interactions, and hydro-
phobic interactions among nonpolar groups. These weak interactions
are transient; individually they form and break in small fractions of a
second. The transient nature of noncovalent interactions confers a flex-
ibility on macromolecules that is critical to their function. Further-
more, the large number of noncovalent interactions in a single macro-
molecule makes it unlikely that at any given moment all the
interactions will be broken; thus macromolecular structures are stable
over time.

Three-dimensional biological structures combine the properties
of flexibility and stability.

The flexibility and stability of the double-helical structure of DNA
are due to the complementarity of its two strands and the many weak
interactions between them. The flexibility of these interactions allows
strand separation during DNA replication (see Fig. 1-16); the comple-
mentarity of the double helix is essential to genetic continuity.

Noncovalent interactions are also central to the specificity and cat-
alytic efficiency of enzymes. Enzymes bind transition-state intermedi-
ates through numerous weak but precisely oriented interactions. Be-
cause the weak interactions are flexible, the complex survives the
structural distortions as the reactant is converted into product.

The formation of noncovalent interactions provides the energy for
self-assembly of macromolecules by stabilizing native conformations
relative to unfolded, random forms. The native conformation of a pro-
tein is that in which the energetic advantages of forming weak interac-
tions counterbalance the tendency of the protein chain to assume ran-
dom forms. Given a specific linear sequence of amino acids and a
specific set of conditions (temperature, ionic conditions, pH), a protein
will assume its native conformation spontaneously, without a template
or scaffold to direct the folding.
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The Physical Roots of the Biochemical World

We can now summarize the various principles of the molecular logic of
life:

A living cell is a self-contained, self-assembling, self-adjusting,
self-perpetuating isothermal system of molecules that extracts
free energy and raw materials from its environment.

The cell carries out many consecutive reactions promoted by
specific catalysts, called enzymes, which it produces itself.

The cell maintains itself in a dynamic steady state, far from
equilibrium with its surroundings. There is great economy of
parts and processes, achieved by regulation of the catalytic
activity of key enzymes.

Self-replication through many generations is ensured by the
self-repairing, linear information-coding system. Genetic infor-
mation encoded as sequences of nucleotide subunits in DNA
and RNA specifies the sequence of amino acids in each dis-
tinct protein, which ultimately determines the three-dimen-
sional structure and function of each protein.

Many weak (noncovalent) interactions, acting cooperatively,
stabilize the three-dimensional structures of biomolecules and
supramolecular complexes.

At no point in our examination of the molecular logic of living cells
have we encountered any violation of known physical laws; nor have
we needed to define new physical laws. The organic machinery of living
cells functions within the same set of laws that governs the operation
of inanimate machines, but the chemical reactions and regulatory pro-
cesses of cells have been highly refined during evolution.

This set of principles has been most thoroughly validated in stud-
ies of unicellular organisms (such as the bacterium E. coli), which are
exceptionally amenable to biochemical and genetic study. Although
multicellular organisms must solve certain problems not encountered
by unicellular organisms, such as the differentiation of the fertilized
egg into specialized cell types, the same principles have been found to
apply. Can such simple and mechanical statements apply to humans
as well, with their extraordinary capacity for thought, language, and
creativity? The pace of recent biochemical progress toward under-
standing such processes as gene regulation, cellular differentiation,
communication among cells, and neural function has been extraordi-
narily fast, and is accelerating. The success of biochemical methods in
solving and redefining these problems justifies the hope that the most
complex functions of the most highly developed organism will eventu-
ally be explicable in molecular terms.

The relevant facts of biochemistry are many; the student ap-
proaching this subject for the first time may occasionally feel over-
whelmed. Perhaps the most encouraging development in twentieth-

•
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century biology is the realization that, for all of the enormous diversity
in the biological world, there is a fundamental unity and simplicity to
life. The organizing principles, the biochemical unity, and the evolu-
tionary perspective of diversity, provided at the molecular level, will
serve as helpful frames of reference for the study of biochemistry.
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Cells

Cells are the structural and functional units of all living organisms.
The smallest organisms consist of single cells and are microscopic,
whereas larger organisms are multicellular. The human body, for ex-
ample, contains at least 1014 cells. Unicellular organisms are found in
great variety throughout virtually every environment from Antarctica
to hot springs to the inner recesses of larger organisms. Multicellu-
lar organisms contain many different types of cells, which vary in
size, shape, and specialized function. Yet no matter how large and com-
plex the organism, each of its cells retains some individuality and
independence.

Despite their many differences, cells of all kinds share certain
structural features (Fig. 2-1). The plasma membrane defines the
periphery of the cell, separating its contents from the surroundings. It
is composed of enormous numbers of lipids and protein molecules, held
together primarily by noncovalent hydrophobic interactions (p. 18),
forming a thin, tough, pliable, hydrophobic bilayer around the cell. The
membrane is a barrier to the free passage of inorganic ions and most
other charged or polar compounds; transport proteins in the plasma
membrane allow the passage of certain ions and molecules. Other
membrane proteins are receptors that transmit signals from the
outside to the inside of the cell, or are enzymes that participate in
membrane-associated reaction pathways.

Because the individual lipid and protein subunits of the plasma
membrane are not covalently linked, the entire structure is remark-
ably flexible, allowing changes in the shape and size of the cell. As a
cell grows, newly made lipid and protein molecules are inserted into its
plasma membrane; cell division produces two cells, each with its own
membrane. Growth and fission occur without loss of membrane integ-
rity. In a reversal of the fission process, two separate membrane sur-
faces can fuse, also without loss of integrity. Membrane fusion and
fission are central to mechanisms of transport known as endocytosis
and exocytosis.

The internal volume bounded by the plasma membrane, the cyto-
plasm, is composed of an aqueous solution, the cytosol, and a variety
of insoluble, suspended particles (Fig. 2-1). The cytosol is not simply a
dilute aqueous solution; it has a complex composition and gel-like con-
sistency. Dissolved in the cytosol are many enzymes and the RNA mol-
ecules that encode them; the monomeric subunits (amino acids and
nucleotides) from which these macromolecules are assembled; hun-
dreds of small organic molecules called metabolites, intermediates in
biosynthetic and degradative pathways; coenzymes, compounds of

Nucleus (eukaryotes)
or nucleoid (bacteria)
Contains genetic material—DNA and
associated proteins. Nucleus is
membrane-bounded.

Plasma membrane
Tough, flexible lipid bilayer.

Selectively permeable to
polar substances. Includes

membrane proteins that
function in transport,

in signal reception,
and as enzymes.

Cytoplasm
Aqueous cell contents and
suspended particles
and organelles.

centrifuge at 150,000 g

Supernatant: cytosol-^^^
Concentrated solution
of enzymes, RNA, building
block molecules,
metabolites,
inorganic ions.

Pellet: particles and organelles
Ribosomes, storage granules,
mitochondria, chloroplasts, lysosomes,
endoplasmic reticulum.

Figure 2—1 The universal features of all living
cells: a nucleus or nucleoid, a plasma membrane,
and cytoplasm. The cytosol is that portion of the
cytoplasm that remains in the supernatant after
centrifugation of a cell extract of 150,000 g for 1 h.
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intermediate molecular weight (Mr 200 to 1,000) that are essential par-
ticipants in many enzyme-catalyzed reactions; and inorganic ions.

Among the particles suspended in the cytosol are supramolecular
complexes and, in higher organisms but not in bacteria, a variety of
membrane-bounded organelles in which specialized metabolic machin-
ery is localized. Ribosomes, complexes of over 50 different protein and
RNA molecules, are small particles, 18 to 22 nm in diameter. Ribo-
somes are the enzymatic machines on which protein synthesis occurs;
they often occur in clusters called polysomes (polyribosomes) held
together by a strand of messenger RNA. Also present in the cytoplasm
of many cells are granules containing stored nutrients such as starch
and fat. Nearly all living cells have either a nucleus or a nucleoid, in
which the genome (the complete set of genes, composed of DNA) is
stored and replicated. The DNA molecules are always very much
longer than the cells themselves, and are tightly folded and packed
within the nucleus or nucleoid as supramolecular complexes of DNA
with specific proteins. The bacterial nucleoid is not separated from the
cytoplasm by a membrane, but in higher organisms, the nuclear mate-
rial is enclosed within a double membrane, the nuclear envelope. Cells
with nuclear envelopes are called eukaryotes (Greek eu, "true," and
karyon, "nucleus"); those without nuclear envelopes—bacterial cells—
are prokaryotes (Greek pro, "before"). Unlike bacteria, eukaryotes
have a variety of other membrane-bounded organelles in their cyto-
plasm, including mitochondria, lysosomes, endoplasmic reticulum,
Golgi complexes, and, in photosynthetic cells, chloroplasts.

In this chapter we review briefly the evolutionary relationships
among some commonly studied cells and organisms, and the structural
features that distinguish cells of various types. Our main focus is on
eukaryotic cells. Also discussed in brief are the cellular parasites
known as viruses.

Cellular Dimensions

Most cells are of microscopic size. Animal and plant cells are typically
10 to 30 /urn in diameter, and many bacteria are only 1 to 2 /xm long.

What limits the dimensions of a cell? The lower limit is probably
set by the minimum number of each of the different biomolecules re-
quired by the cell. The smallest complete cells, certain bacteria known
collectively as mycoplasma, are 300 nm in diameter and have a volume
of about 10"14 mL. A single ribosome is about 20 nm in its longest di-
mension, so a few ribosomes take up a substantial fraction of the cell's
volume. In a cell of this size, a 1 /AM solution of a compound represents
only 6,000 molecules.

The upper limit of cell size is set by the rate of diffusion of solute
molecules in aqueous systems. The availability of fuels and essential
nutrients from the surrounding medium is sometimes limited by the
rate of their diffusion to all regions of the cell. A bacterial cell that
depends upon oxygen-consuming reactions for energy production (an
aerobic cell) must obtain molecular oxygen (O2) from the surrounding
medium by diffusion through its plasma membrane. The cell is so
small, and the ratio of its surface area to its volume is so large, that
every part of its cytoplasm is easily reached by O2 diffusing into the
cell. As the size of a cell increases, its surface-to-volume ratio decreases
(Fig. 2-2), until metabolism consumes O2 faster than diffusion can
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supply it. Aerobic metabolism thus becomes impossible as cell size in-
creases beyond a certain point, placing a theoretical upper limit on the
size of the aerobic cell.

There are interesting exceptions to this generalization that cells
must be small. The giant alga Nitella has cells several centimeters
long. To assure the delivery of nutrients, metabolites, and genetic in-
formation (RNA) to all of its parts, each cell is vigorously "stirred" by
active cytoplasmic streaming (p. 43). The shape of a cell can also help
to compensate for its large size. A smooth sphere has the smallest
surface-to-volume ratio possible for a given volume. Many large cells,
although roughly spherical, have highly convoluted surfaces (Fig.
2-3a), creating larger surface areas for the same volume and thus
facilitating the uptake of fuels and nutrients and release of waste prod-
ucts to the surrounding medium. Other large cells (neurons, for ex-
ample) have large surface-to-volume ratios because they are long
and thin, star-shaped, or highly branched (Fig. 2-3b), rather than
spherical.

Figure 2—2 Smaller cells have larger ratios of sur-
face area to volume, and their interiors are there-
fore more accessible to substances diffusing into
the cell through the surface. When the large cube
(representing a large cell) is subdivided into many
smaller cubes (cells), the total surface area in-
creases greatly without a change in the total vol-
ume, and the surface-to-volume ratio increases ac-
cordingly.

Figure 2-3 Convolutions of the plasma membrane,
or long, thin extensions of the cytoplasm, increase
the surface-to-volume ratio of cells, (a) Cells of the
intestinal mucosa (the inner lining of the small in-
testine) are covered with microvilli, increasing the
area for absorption of nutrients from the intestine,
(b) Neurons of the hippocampus of the rat brain
are several millimeters long, but the long exten-
sions (axons) are only about 10 nm wide.

50 jum
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A dividing Escherichia coli cell. 0.25 (im

Saccharomyces cerevisiae (baker's yeast)

Usefulness of Cells and Organisms
in Biochemical Studies

Because all living cells have evolved from the same progenitors, they
share certain fundamental similarities. Careful biochemical study of
just a few cells, however different in biochemical details and varied in
superficial appearance, ought to yield general principles applicable to
all cells and organisms. The burgeoning knowledge in biology in the
past 150 years has supported these propositions over and over again.
Certain cells, tissues, and organisms have proved more amenable to
experimental studies than others. Knowledge in biochemistry, and
much of the information in this book, continues to be derived from a
few representative tissues and organisms, such as the bacterium Esch-
erichia coli, the yeast Saccharomyces, photosynthetic algae, spin-
ach leaves, the rat liver, and the skeletal muscle of several different
vertebrates.

In the isolation of enzymes and other cellular components, it is
ideal if the experimenter can begin with a plentiful and homogeneous
source of the material. The component of interest (such as an enzyme
or nucleic acid) often represents only a miniscule fraction of the total
material, and many grams of starting material are needed to obtain a
few micrograms of the purified component. Certain types of physical
and chemical studies of biomolecules are precluded if only microgram
quantities of the pure substance are available. A homogeneous source
of an enzyme or nucleic acid, in which all of the cells are genetically
and biochemically identical, leaves no doubt about which cell type
yielded the purified component, and makes it safer to extrapolate the
results of in vitro studies to the situation in vivo. A large culture of
bacterial or protistan cells (E. coli, Saccharomyces, or Chlamydomo-
nas, for example), all derived by division from the same parent and
therefore genetically identical, meets the requirement for a plentiful
and homogeneous source. Individual tissues from laboratory animals
(rat liver, pig brain, rabbit muscle) are plentiful sources of similar,
though not identical, cells. Some animal and plant cells proliferate in
cell culture, producing populations of identical (cloned) cells in quanti-
ties suitable for biochemical analysis.

Genetic mutants, in which a defect in a single gene produces a
specific functional defect in the cell or organism, are extremely useful
in establishing that a certain cellular component is essential to a par-
ticular cellular function. Because it is technically much simpler to pro-
duce and detect mutants in bacteria and yeast, these organisms (E. coli
and Saccharomyces cerevisiae, for example) have been favorite experi-
mental targets for biochemical geneticists.

An organism that is easy to culture in the laboratory, with a short
generation time, offers significant advantages to the research biochem-
ist. An organism that requires only a few simple precursor molecules in
its growth medium can be cultured in the presence of a radioisotopi-
cally labeled precursor, and the metabolic fate of that precursor can
then be conveniently traced by following the incorporation of the radio-
active atoms into its metabolic products. The short generation time
(minutes or hours) of microorganisms allows the investigator to follow
a labeled precursor or a genetic defect through many generations in a
few days. In higher organisms with generation times of months or
years, this is virtually impossible.

Some highly specialized tissues of multicellular organisms are
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remarkably enriched in some particular component related to their
specialized function. Vertebrate skeletal muscle is a rich source of actin
and myosin; pancreatic secretory cells contain high concentrations of
rough endoplasmic reticulum; sperm cells are rich in DNA and in fla-
gellar proteins; liver (the major biosynthetic organ of vertebrates) con-
tains high concentrations of many enzymes of biosynthetic pathways;
spinach leaves contain large numbers of chloroplasts; and so on. For
studies on such specific components or processes, biochemists com-
monly choose a specialized tissue for their experimental systems.

Sometimes simplicity of structure or function makes a particular
cell or organism attractive as an experimental system. For studies of
plasma membrane structure and function, the mature erythrocyte (red
blood cell) has been a favorite; it has no internal membranes to compli-
cate purification of the plasma membrane. Some bacterial viruses (bac-
teriophages) have few genes. Their DNA molecules are therefore
smaller and much simpler than those of humans or corn plants, and it
has proved easier to study replication in these viruses than in human
or corn chromosomes.

The biochemical description of living cells in this book is a compos-
ite, based on studies of many types of cells. The biochemist must al-
ways exercise caution in generalizing from results obtained in studies
of selected cells, tissues, and organisms, and in relating what is ob-
served in vitro to what happens within the living cell.

Evolution and Structure of Prokaryotic Cells

All of the organisms alive today are believed to have evolved from an-
cient, unicellular progenitors. Two large groups of extant prokaryotes
evolved from these early forms: archaebacteria (Greek, arche, "ori-
gin") and eubacteria. Eubacteria inhabit the soil, surface waters, and
the tissues of other living or decaying organisms. Most common and
well-studied bacteria, including E. coli and the cyanobacteria (for-
merly called blue-green algae), are eubacteria. The archaebacteria are
more recently discovered and less well studied. They inhabit more ex-
treme environments—salt brines, hot acid springs, bogs, and the deep
regions of the ocean.

Within each of these two large groups of bacteria are subgroups
distinguished by the habitats to which they are best adapted. In some
habitats there is a plentiful supply of oxygen, and the resident organ-
isms live by aerobic metabolism; their catabolic processes ultimately
result in the transfer of electrons from fuel molecules to oxygen. Other
environments are virtually devoid of oxygen, forcing resident organ-
isms to conduct their catabolic business without it. Many of the organ-
isms that have evolved in these anaerobic environments are obligate
anaerobes; they die when exposed to oxygen.

All organisms, including bacteria, can be classified as either
chemotrophs (those obtaining their energy from a chemical fuel) or
phototrophs (those using sunlight as their primary energy source).
Certain organisms can synthesize some or all of their monomeric sub-
units, metabolic intermediates, and macromolecules from very simple
starting materials such as CO2 and NH3; these are the autotrophs.
Others must acquire some of their nutrients from the environment
preformed (by autotrophic organisms, for example); these are hetero-
trophs. There are therefore four general modes of obtaining fuel and
energy, and four general groups of organisms distinguished by these

Nostoc sp., a photosynthetic cyanobacterium.
0.25 ij.
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Figure 2-4 Organisms can be classified according
to their source of energy (shaded red) and the form
in which they obtain carbon atoms (shaded blue)
for the synthesis of cellular material. Organic com-
pounds are both energy source and carbon source
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Figure 2—5 Landmarks in the evolution of life on
earth.

modes: chemoheterotrophs, chemoautotrophs, photoheterotrophs, and
photoautotrophs (Fig. 2-4).

As shown in Figure 2-5, the earliest cells probably arose about 3.5
billion (3.5 x 109) years ago in the rich mixture of organic compounds,
the "primordial soup," of prebiotic times; they were almost certainly
chemoheterotrophs. The organic compounds were originally synthe-
sized from such components of the early earth's atmosphere as CO,
CO2, N2, and CH4 by the nonbiological actions of volcanic heat and
lightning (Chapter 3). Primitive heterotrophs gradually acquired the
capability to derive energy from certain compounds in their environ-
ment and to use that energy to synthesize more and more of their own
precursor molecules, thereby becoming less dependent on outside
sources of these molecules—less extremely heterotrophic. A very sig-
nificant evolutionary event was the development of pigments capable
of capturing visible light from the sun and using the energy to reduce
or "fix" CO2 into more complex organic compounds. The original elec-
tron (hydrogen) donor for these photosynthetic organisms was prob-
ably H2S, yielding elemental sulfur as the byproduct, but at some point
cells developed the enzymatic capacity to use H2O as the elec-
tron donor in photosynthetic reactions, producing O2. The cyanobac-
teria are the modern descendants of these early photosynthetic O2

producers.

The atmosphere of the earth in the earliest stages of biological
evolution was nearly devoid of O2, and the earliest cells were therefore
anaerobic. With the rise of O2-producing photosynthetic cells, the
earth's atmosphere became progressively richer in O2, allowing the
evolution of aerobic organisms, which obtained energy by passing elec-
trons from fuel molecules to O2 (that is, by oxidizing organic com-
pounds). Because electron transfers involving O2 yield energy (they are
very exergonic; see Chapter 1), aerobic organisms enjoyed an energetic
advantage over their anaerobic counterparts when both competed in
an environment containing O2. This advantage translated into the pre-
dominance of aerobic organisms in O2-rich environments.

Modern bacteria inhabit almost every ecological niche in the bio-
sphere, and there are bacterial species capable of using virtually every
type of organic compound as a source of carbon and energy. Perhaps
three-fourths of all the living matter on the earth consists of micro-
scopic organisms, most of them bacteria.

Bacteria play an important role in the biological exchanges of mat-
ter and energy. Photosynthetic bacteria in both fresh and marine wa-
ters trap solar energy and use it to generate carbohydrates and other
cell materials, which are in turn used as food by other forms of life.
Some bacteria can capture molecular nitrogen (N2) from the atmo-
sphere and use it to form biologically useful nitrogenous compounds, a
process known as nitrogen fixation. Because animals and most
plants cannot do this, bacteria form the starting point of many food
chains in the biosphere. They also participate as ultimate consumers,
degrading the organic structures of dead plants and animals and recy-
cling the end products to the environment.
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Escherichia coli Is the Best-Studied Prokaryotic Cell

Bacterial cells share certain common structural features, but also
show group-specific specializations (Fig. 2-6). E. coli is a usually
harmless inhabitant of the intestinal tract of human beings and many
other mammals. The E. coli cell is about 2 /u,m long and a little less
than 1 /urn in diameter. It has a protective outer membrane and an
inner plasma membrane that encloses the cytoplasm and the nucleoid.
Between the inner and outer membranes is a thin but strong layer of
peptidoglycans (sugar polymers cross-linked by amino acids), which
gives the cell its shape and rigidity. The plasma membrane and the
layers outside it constitute the cell envelope. Differences in the cell
envelope account for the different affinities for the dye Gentian violet,
which is the basis for Gram's stain; gram-positive bacteria retain the
dye, and gram-negative bacteria do not. The outer membrane of E. coli,
like that of other gram-negative eubacteria, is similar to the plasma
membrane in structure but is different in composition. In gram-posi-
tive bacteria (Bacillus subtilis and Staphylococcus aureus, for exam-
ple) there is no outer membrane, and the peptidoglycan layer sur-
rounding the plasma membrane is much thicker than that in
gram-negative bacteria. The plasma membranes of eubacteria consist
of a thin bilayer of lipid molecules penetrated by proteins. Archaebac-
terial membranes have a similar architecture, although their lipids
differ from those of the eubacteria.

The plasma membrane contains proteins capable of transporting
certain ions and compounds into the cell and carrying products and
waste out. Also in the plasma membrane of most eubacteria are elec-
tron-carrying proteins (cytochromes) essential in the formation of ATP
from ADP (Chapter 1). In the photosynthetic bacteria, internal mem-
branes derived from the plasma membrane contain chlorophyll and
other light-trapping pigments.

From the outer membrane of E. coli cells and some other eubac-
teria protrude short, hairlike structures called pili, by which cells ad-
here to the surfaces of other cells. Strains of E. coli and other motile
bacteria have one or more long flagella, which can propel the bacte-
rium through its aqueous surroundings. Bacterial flagella are thin,
rigid, helical rods, 10 to 20 nm thick. They are attached to a protein
structure that spins in the plane of the cell surface, rotating the flagel-
lum.

The cytoplasm of E. coli contains about 15,000 ribosomes, thou-
sands of copies of each of several thousand different enzymes, numer-
ous metabolites and cofactors, and a variety of inorganic ions. Under
some conditions, granules of polysaccharides or droplets of lipid accu-
mulate. The nucleoid contains a single, circular molecule of DNA. Al-
though the DNA molecule of an E. coli cell is almost 1,000 times longer

Figure 2-6 Common structural features of bacte-
rial cells. Because of differences in cell envelope
structure, some eubacteria (gram-positive bacteria)
retain Gram's stain, and others (gram-negative bac-
teria) do not. E. coli is gram-negative. Cyanobacte-
ria are also eubacteria, but are distinguished by
their extensive internal membrane system, in
which photosynthetic pigments are localized.
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Figure 2—7 One view of how modern plants, ani-
mals, fungi, protists, and bacteria share a common
evolutionary precursor.

than the cell itself, it is packaged with proteins and tightly folded into
the nucleoid, which is less than 1 t̂m in its longest dimension. As in all
bacteria, no membrane surrounds the genetic material. In addition to
the DNA in the nucleoid, the cytoplasm of most bacteria contains many
smaller, circular segments of DNA called plasmids. These nonessen-
tial segments of DNA are especially amenable to experimental ma-
nipulation and are extremely useful to the molecular geneticist. In na-
ture, some plasmids confer resistance to toxins and antibiotics in the
environment.

There is a primitive division of labor within the bacterial cell. The
cell envelope regulates the flow of materials into and out of the cell,
and protects the cell from noxious environmental agents. The plasma
membrane and the cytoplasm contain a variety of enzymes essential to
energy metabolism and the synthesis of precursor molecules; the ribo-
somes manufacture proteins; and the nucleoid stores and transmits
genetic information. Most bacteria lead existences that are nearly in-
dependent of other cells, but some bacterial species tend to associate in
clusters or filaments, and a few (the myxobacteria, for example) dem-
onstrate primitive social behavior. Only eukaryotic cells, however,
form true multicellular organisms with a division of labor among cell
types.

Evolution of Eukaryotic Cells

Fossils older than 1.5 billion years are limited to those from small and
relatively simple organisms, similar in size and shape to modern pro-
karyotes. Starting about 1.5 billion years ago, the fossil record begins
to show evidence of larger and more complex organisms, probably the
earliest eukaryotic cells (see Fig. 2-5). Details of the evolutionary path
from prokaryotes to eukaryotes cannot be deduced from the fossil rec-
ord alone, but morphological and biochemical comparison of modern
organisms has suggested a reasonable sequence of events consistent
with the fossil evidence.

Eukaryotic Cells Evolved from Prokaryotes in Several Stages

Three major changes must have occurred as prokaryotes gave rise to
eukaryotes (Fig. 2-7). First, as cells acquired more DNA (Table 2-1),
mechanisms evolved to fold it compactly into discrete complexes with
specific proteins and to divide it equally between daughter cells at cell
division. These DNA-protein complexes, chromosomes, (Greek
chroma, "color" and soma, "body"), become especially compact at the
time of cell division, when they can be visualized with the light micro-
scope as threads of chromatin. Second, as cells became larger, a sys-
tem of intracellular membranes developed, including a double mem-
brane surrounding the DNA. This membrane segregated the nuclear
process of RNA synthesis using a DNA template from the cytoplasmic
process of protein synthesis on ribosomes. Finally, primitive eukary-
otic cells, which were incapable of photosynthesis or of aerobic metabo-
lism, pooled their assets with those of aerobic bacteria or photosyn-
thetic bacteria to form symbiotic associations that became
permanent. Some aerobic bacteria evolved into the mitochondria of
modern eukaryotes, and some photosynthetic cyanobacteria became
the chloroplasts of modern plant cells. Prokaryotic and eukaryotic cells
are compared in Table 2-2.



Table 2-1 DNA

Viruses
SV40
T7
T2

Prokaryotes
Mycoplasma
Bacillus
E. coli

Fungi
Yeast

Animals
Fruit fly
Chicken
Human

Plants
Peas
Trillium

content and genome complexity

Genome size Relative genome size
(nucleotide pairs) (E. coli = 1)

5 x 103

4 x 104

2 x 105

3 x 105

3 x 106

4 x 106

2 x 107

2 x 108

2 xlO 9

5 xlO 9

9 x 109

1 x 1O11

0.00125
0.01
0.05

0.075
0.75
1.00

5

50
500

1,250

2,250
30,000

Length of DNA
(mm)

0.0017
0.014
0.68

0.10
1.02
1.36

68

6.8
680

1,700

3,100
34,000
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Source: From Becker, W.M. & Deamer, D.W. (1991) The World of the Cell, 2nd edn, p. 363, The
Benjamin/Cummings Publishing Company, Menlo Park, CA.

Table 2-2 Comparison of prokaryotic and eukaryotic cells

Characteristic Prokaryotic cell Eukaryotic cell

Size
Genome

Cell division

Membrane-bounded
organelles

Nutrition

Energy metabolism

Cytoskeleton

Generally small (1-10 /xm)
DNA with nonhistone protein; genome

in nucleoid, not surrounded by
membrane

Fission or budding; no mitosis

Absent

Absorption; some photosynthesis

No mitochondria; oxidative enzymes
bound to plasma membrane; great
variation in metabolic pattern

None

Intracellular movement None

Generally large (10-100 /

DNA complexed with histone and nonhistone proteins
in chromosomes; chromosomes in nucleus with
membranous envelope

Mitosis including mitotic spindle; centrioles in many

Mitochondria, chloroplasts (in plants), endoplasmic
reticulum, Golgi complexes, lysosomes, etc.

Absorption, ingestion; photosynthesis by some

Oxidative enzymes packaged in mitochondria; more
unified pattern of oxidative metabolism

Complex, with microtubules, intermediate filaments,
actin filaments

Cytoplasmic streaming, endocytosis, phagocytosis,
mitosis, axonal transport

Source: Modified from Hickman, C.P., Roberts, L.S., & Hickman, F.M. (1990) Biology of Animals, 5th edn, p. 30, Mosby-Yearbook, Inc. St. Louis, MO.

Early Eukaryotic Cells Gave Rise to Diverse Protists

With the rise of primitive eukaryotic cells, further evolution led to a
tremendous diversity of unicellular eukaryotic organisms (protists).
Some of these (those with chloroplasts) resembled modern photosyn-
thetic protists such as Euglena and Chlamydomonas; other, nonpho-
tosynthetic protists were more like Paramecium or Dictyostelium.
Unicellular eukaryotes are abundant, and the cells of all multicell-
ular animals, plants, and fungi are eukaryotic; there are only a few
thousand prokaryotic species, but millions of species of eukaryotic
organisms.
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Major Structural Features of Eukaryotic Cells

Typical eukaryotic cells (Fig. 2-8) are much larger than prokaryotic
cells—commonly 10 to 30 ftm in diameter, with cell volumes 1,000 to
10,000 times larger than those of bacteria. The distinguishing charac-
teristic of eukaryotes is the nucleus with a complex internal structure,
surrounded by a double membrane. The other striking difference be-
tween eukaryotes and prokaryotes is that eukaryotes contain a num-
ber of other membrane-bounded organelles. The following sections de-
scribe the structures and roles of the components of eukaryotic cells in
more detail.

Figure 2-8 Schematic illustration of the two types
of eukaryotic cell: a representative animal cell (a)
and a representative plant cell (b).
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The Plasma Membrane Contains Transporters and Receptors

The external surface of a cell is in contact with other cells, the extracel-
lular fluid, and the solutes, nutrient molecules, hormones, neurotrans-
mitters, and antigens in that fluid. The plasma membranes of all cells
contain a variety of transporters, proteins that span the width of the
membrane and carry nutrients into and waste products out of the cell.
Cells also have surface membrane proteins (signal receptors) that
present highly specific binding sites for extracellular signaling mole-
cules (receptor ligands). When an external ligand binds to its specific
receptor, the receptor protein transduces the signal carried by that
ligand into an intracellular message (Fig. 2-9). For example, some
surface receptors are associated with ion channels that open when
the receptor is occupied; others span the membrane and activate or
inhibit cellular enzymes on the inner membrane surface. Whatever the
mode of signal transduction, surface receptors characteristically act
as signal amplifiers—a single ligand molecule bound to a single recep-
tor may cause the flux of thousands of ions through an opened channel,
or the synthesis of thousands of molecules of an intracellular messen-
ger molecule by an activated enzyme.

Transporter

Nutrient

Signal
receptor

Ligands

Ion
channel

Ions

Substrate
Nutrient Product Ions

(Intracellular signals)

Figure 2—9 Proteins in the plasma membrane
serve as transporters, signal receptors, and ion
channels. Extracellular signals are amplified by
receptors, because binding of a single ligand mole-
cule to the surface receptor causes many molecules
of an intracellular signal molecule to be formed, or
many ions to flow through the opened channel.
Transporters carry substances into and out of the
cell, but do not act as signal amplifiers.

Some surface receptors recognize ligands of low molecular weight,
and others recognize macromolecules. For example, binding of acetyl-
choline (MT146) to its receptor begins a cascade of cellular events that
underlie the transmission of signals for muscle contraction. Blood pro-
teins (Mr > 20,000) that carry lipids (lipoproteins) are recognized by
specific cell surface receptors and then transported into the cells. Anti-
gens (proteins, viruses, or bacteria, recognized by the immune system
as foreign) bind to specific receptors and trigger the production of anti-
bodies. During the development of multicellular organisms, neighbor-
ing cells influence each other's developmental paths, as signal mole-
cules from one cell type react with receptors of other cells. Thus the
surface membrane of a cell is a complex mosaic of different kinds of
highly specific "molecular antennae" through which cells receive, am-
plify, and react to external signals.

Most cells of higher plants have a cell wall outside the plasma
membrane (Fig. 2-8b), which serves as a rigid, protective shell. The
cell wall, composed of cellulose and other carbohydrate polymers, is
thick but porous. It allows water and small molecules to pass readily,
but swelling of the cell due to the accumulation of water is resisted by
the rigidity of the wall.
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Endocytosis and Exocytosis Carry Traffic
across the Plasma Membrane

Endocytosis is a mechanism for transporting components of the sur-
rounding medium deep into the cytoplasm. In this process (Fig. 2-10),
a region of the plasma membrane invaginates, enclosing a small vol-
ume of extracellular fluid within a bud that pinches off inside the cell
by membrane fission. The resulting small vesicle (endosome) can
move into the interior of the cell, delivering its contents to another
organelle bounded by a single membrane (a lysosome, for example; see
p. 34) by fusion of the two membranes. The endosome thus serves as
an intracellular extension of the plasma membrane, effectively allow-
ing intimate contact between components of the extracellular medium
and regions deep within the cytoplasm, which could not be reached by
diffusion alone. Phagocytosis is a special case of endocytosis, in
which the material carried into the cell (within a phagosome) is partic-
ulate, such as a cell fragment or even another, smaller cell. The inverse
of endocytosis is exocytosis (Fig. 2-10), in which a vesicle in the cyto-
plasm moves to the inside surface of the plasma membrane and fuses
with it, releasing the vesicular contents outside the membrane. Many
proteins destined for secretion into the extracellular space are released
by exocytosis after being packaged into secretory vesicles.

The Endoplasmic Reticulum Organizes
the Synthesis of Proteins and Lipids

The small transport vesicles moving to and from the plasma mem-
brane in exocytosis and endocytosis are parts of a dynamic system of
intracellular membranes (Fig. 2-10), which includes the endoplasmic
reticulum, the Golgi complexes, the nuclear envelope, and a variety of
small vesicles such as lysosomes and peroxisomes. Although generally
represented as discrete and static elements, these structures are in
fact in constant flux, with membrane vesicles continually budding
from one of the structures and moving to and merging with another.

The endoplasmic reticulum is a highly convoluted, three-dimen-
sional network of membrane-enclosed spaces extending throughout
the cytoplasm and enclosing a subcellular compartment (the lumen of
the endoplasmic reticulum) separate from the cytoplasm. The many
flattened branches (cisternae) of this compartment are continuous
with each other and with the nuclear envelope. In cells specialized for
the secretion of proteins into the extracellular space, such as the pan-
creatic cells that secrete the hormone insulin, the endoplasmic reticu-
lum is particularly prominent. The ribosomes that synthesize proteins
destined for export attach to the outer (cytoplasmic) surface of the en-
doplasmic reticulum, and the secretory proteins are passed through
the membrane into the lumen as they are synthesized. Proteins des-
tined for sequestration within lysosomes, or for insertion into the nu-
clear or plasma membranes, are also synthesized on ribosomes at-
tached to the endoplasmic reticulum. By contrast, proteins that will
remain and function within the cytosol are synthesized on cytoplasmic
ribosomes unassociated with the endoplasmic reticulum.

The attachment of thousands of ribosomes (usually in regions of
large cisternae) gives the rough endoplasmic reticulum its granu-
lar appearance (Fig. 2-10) and thus its name. In other regions of the
cell, the endoplasmic reticulum is free of ribosomes. This smooth en-
doplasmic reticulum, which is physically continuous with the rough
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Figure 2-10 The endomembrane system includes
the nuclear envelope, endoplasmic reticulum, Golgi
complex, and several types of small vesicles. This
system encloses a compartment (the lumen) distinct
from the cytosol. Contents of the lumen move from
one region of the endomembrane system to another
as small transport vesicles bud from one component
and fuse with another. High-magnification electron
micrographs of a sectioned cell show rough endo-
plasmic reticulum, studded with ribosomes, smooth
endoplasmic reticulum, and the Golgi complex.

The endomembrane system is dynamic; newly
synthesized proteins move into the lumen of the

rough endoplasmic reticulum and thus to the smooth
endoplasmic reticulum, then to the Golgi complex
via transport vesicles. In the Golgi complex, molec-
ular "addresses" are added to specific proteins to
direct them to the cell surface, lysosomes, or secre-
tory vesicles. The contents of secretory vesicles are
released from the cell by exocytosis. Endocytosis
and phagocytosis bring extracellular materials into
the cell. Fusion of endosomes (or phagosomes) with
lysosomes, which are full of digestive enzymes,
results in the degradation of the extracellular
materials.

endoplasmic reticulum, is the site of lipid biosynthesis and of a variety
of other important processes, including the metabolism of certain
drugs and toxic compounds. Smooth endoplasmic reticulum is gener-
ally tubular, in contrast to the long, flattened cisternae typical of rough
endoplasmic reticulum. In some tissues (skeletal muscle, for example)
the endoplasmic reticulum is specialized for the storage and rapid re-
lease of calcium ions. Ca2+ release is the trigger for many cellular
events, including muscle contraction.
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The Golgi Complex Processes and Sorts Protein

Nearly all eukaryotic cells have characteristic clusters of membrane
vesicles called dictyosomes. Several connected dictyosomes consti-
tute a Golgi complex. A Golgi complex (also called Golgi apparatus) is
most commonly seen as a stack of flattened membrane vesicles (cis-
ternae) (Fig. 2—10). Near the ends of these cisternae are numerous,
much smaller, spherical vesicles (transport vesicles) that bud off the
edges of the cisternae.

The Golgi complex is asymmetric, structurally and functionally.
The cis side faces the rough endoplasmic reticulum, and the trans side,
the plasma membrane; between these are the medial elements. Pro-
teins, during their synthesis on ribosomes bound to the rough endo-
plasmic reticulum, are inserted into the interior (lumen) of the cis-
ternae. Small membrane vesicles containing the newly synthesized
proteins bud from the endoplasmic reticulum and move to the Golgi
complex, fusing with the cis side. As the proteins pass through the
Golgi complex to the trans side, enzymes in the complex modify the
protein molecules by adding sulfate, carbohydrate, or lipid moieties to
side chains of certain amino acids. One of the functions of this modifi-
cation of a newly synthesized protein is to "address" it to its proper
destination as it leaves the Golgi complex in a transport vesicle bud-
ding from the trans side. Certain proteins are enclosed in secretory
vesicles, eventually to be released from the cell by exocytosis. Others
are targeted for intracellular organelles such as lysosomes, or for incor-
poration into the plasma membrane during cell growth.

Lysosomes Are Packets of Hydrolyzing Enzymes

Lysosomes, found in the cytoplasm of animal cells, are spherical vesi-
cles bounded by a single membrane. They are usually about 1 /um in
diameter, about the size of a small bacterium (Fig. 2-10). Lysosomes
contain enzymes capable of digesting proteins, polysaccharides, nu-
cleic acids, and lipids. They function as cellular recycling centers for
complex molecules brought into the cell by endocytosis, fragments of
foreign cells brought in by phagocytosis, or worn-out organelles from
the cell's own cytoplasm. These materials selectively enter the lyso-
somes by fusion of the lysosomal membrane with endosomes, phago-
somes, or defective organelles, and are then degraded to their simple
components (amino acids, monosaccharides, fatty acids, etc.), which
are released into the cytosol to be recycled into new cellular compo-
nents or further catabolized.

The degradative enzymes within lysosomes would be harmful if
not confined by the lysosomal membrane; they would be free to act on
all cellular components. The lysosomal compartment is more acidic
(pH < 5) than the cytoplasm (pH ~ 7); the acidity is due to the action of
an ATP-fueled proton pump in the lysosomal membrane. Lysosomal
enzymes are much less active at pH 7 than at pH < 5, which provides a
second line of defense against destruction of cytosolic macromolecules,
should these enzymes escape into the cytosol.

Vacuoles of Plant Cells Play Several Important Roles

Plant cells do not have organelles identical to lysosomes, but their vac-
uoles carry out similar degradative reactions as well as other func-
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tions not found in animal cells. Growing plant cells contain several
small vacuoles, vesicles bounded by a single membrane, which fuse
and become one large vacuole in the center of the mature cell (Fig.
2-11; see also Fig. 2—8b). The surrounding membrane, the tonoplast,
regulates the entry into the vacuole of ions, metabolites, and cellular
structures destined for degradation. In the mature cell, the vacuole
may represent as much as 90% of the total cell volume, pressing the
cytoplasm into a thin layer between the tonoplast and the plasma
membrane. The liquid within the vacuole, the cell sap, contains diges-
tive enzymes that degrade and recycle macromolecular components no
longer useful to the cell. In some plant cells, the vacuole contains high
concentrations of pigments (anthocyanins) that give the deep purple
and red colors to the flowers of roses and geraniums and the fruits of
grapes and plums. Like the contents of lysosomes, the cell sap is gener-
ally more acidic than the surrounding cytosol. In addition to its role in
storage and degradation of cellular components, the vacuole also pro-
vides physical support to the plant cell. Water passes into the vacuole
by osmosis because of the high solute concentration of the cell sap,
creating outward pressure on the cytosol and the cell wall. This turgor
pressure within cells stiffens the plant tissue (Fig. 2-11).

Figure 2—11 The vacuole of a plant cell contains
high concentrations of a variety of stored com-
pounds and waste products. Water enters the vacu-
ole by osmosis and increases the vacuolar volume.
The resulting turgor pressure forces the cytoplasm
out against the cell wall. The rigidity of the cell
wall prevents expansion and rupture of the plasma
membrane.

Peroxisomes Destroy Hydrogen Peroxide, and
Glyoxysomes Convert Fats to Carbohydrates

Some of the oxidative reactions in the breakdown of amino acids and
fats produce free radicals and hydrogen peroxide (H2O2), very reactive
chemical species that could damage cellular machinery. To protect the
cell from these destructive byproducts, such reactions are segregated
within small membrane-bounded vesicles called peroxisomes. The
hydrogen peroxide is degraded by catalase, an enzyme present in large
quantities in peroxisomes and glyoxysomes; it catalyzes the reaction
2H2O2 * 2H2O + O2.
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Glyoxysomes are specialized peroxisomes found in certain plant
cells. They contain high concentrations of the enzymes of the glyoxyl-
ate cycle, a metabolic pathway unique to plants that allows the con-
version of stored fats into carbohydrates during seed germination. Ly-
sosomes, peroxisomes, and glyoxysomes are sometimes referred to
collectively as microbodies.

Figure 2—12 The nucleus and nuclear envelope,
(a) Scanning electron micrograph of the surface of
the nuclear envelope, showing numerous nuclear
pores, (b) Electron micrograph of the nucleus of the
alga Chlamydomonas. The dark body in the center
of the nucleus is the nucleolus, and the granular
material that fills the rest of the nucleus is chro-
matin. The nuclear envelope has paired membranes
with nuclear pores; two are shown by arrows.

The Nucleus of Eukaryotes Contains the Genome

The eukaryotic nucleus is very complex in both its structure and its
biological activity, compared with the relatively simple nucleoid of pro-
karyotes. The nucleus contains nearly all of the cell's DNA, typically
1,000 times more than is present in a bacterial cell; a small amount of
DNA is also present in mitochondria and chloroplasts. The nucleus is
surrounded by a nuclear envelope, composed of two membranes sep-
arated by a narrow space and continuous with the rough endoplasmic
reticulum (Fig. 2-12; see also Fig. 2-10). At intervals the two nuclear
membranes are pinched together around openings (nuclear pores),
which have a diameter of about 90 nm. Associated with the pores are
protein structures (nuclear pore complexes), specific macromolecule
transporters that allow only certain molecules to pass between the
cytoplasm and the aqueous phase of the nucleus (the nucleoplasm),
such as enzymes synthesized in the cytoplasm and required in the
nucleoplasm for DNA replication, transcription, or repair. Messenger
RNA precursors and associated proteins also pass out of the nucleus
through the nuclear pore complexes, to be translated on ribosomes in
the cytoplasm; the nucleoplasm contains no ribosomes.
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transcription of

_T , ribosomal RNA
Nuclear pores-
specific transport
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Inside the nucleus is the nucleolus, which appears dense in elec-
tron micrographs (Fig. 2-12b) because of its high content of RNA. The
nucleolus is a specific region of the nucleus, in which the DNA contains
many copies of the genes encoding ribosomal RNA. To produce the
large number of ribosomes needed by the cell, these genes are continu-
ally copied into RNA (transcribed). The nucleolus is the visible evi-
dence of the transcriptional machinery and the RNA product. Riboso-
mal RNA produced in the nucleolus passes into the cytoplasm through
the nuclear pores. The rest of the nucleus contains chromatin, so called
because early microscopists found that it stained brightly with certain
dyes. Chromatin consists of DNA and proteins bound tightly to the
DNA, and represents the chromosomes, which are decondensed in the
interphase (nondividing) nucleus and not individually visible.

Before division of the cell (cytokinesis), nuclear division (mito-
sis) occurs. The chromatin condenses into discrete bodies, the chromo-
somes (Fig. 2-13). Cells of each species have a characteristic number of
chromosomes with specific sizes and shapes. The protist Tetrahymena
has 4; cabbage has 20, humans have 46, and the plant Ophioglossum,
about 1,250! Usually each cell has two copies of each chromosome; such
cells are called diploid. Gametes (egg and sperm, for example) pro-
duced by meiosis (Chapter 24) have only one copy of each chromosome
and are called haploid. During sexual reproduction, two haploid ga-
metes combine to regenerate a diploid cell in which each chromosome
pair consists of a maternal and a paternal chromosome.

Chromosomes and chromatin are composed of DNA and a family of
positively charged proteins, histones, which associate strongly with
DNA by ionic interactions with its many negatively charged phosphate
groups. About half of the mass of chromatin is DNA and half is his-
tones. When DNA replicates prior to cell division, large quantities of
histones are also synthesized to maintain this 1:1 ratio. The histones
and DNA associate in complexes called nucleosomes, in which the
DNA strand winds around a core of histone molecules (Fig. 2-13). The
DNA of a single human chromosome forms about a million nucleo-
somes; nucleosomes associate to form very regular and compact
supramolecular complexes. The resulting chromatin fibers, about
30 nm in diameter, condense further by forming a series of looped re-
gions, which cluster with adjacent looped regions to form the chromo-
somes visible during cell division. This tight packing of DNA into nu-
cleosomes achieves a remarkable condensation of the DNA molecules.
The DNA in the chromosomes of a single diploid human cell would
have a combined length of about 2 m if fully stretched as a DNA double
helix, but the combined length of all 46 chromosomes is only about
200 nm.

Figure 2-13 Chromosomes are visible in the elec-
tron microscope during mitosis. Shown here is one
of the 46 human chromosomes. Every chromosome
is composed of two chromatids, each consisting of
tightly folded chromatin fibers. Each chromatin
fiber is in turn formed by the packaging of a DNA
molecule wrapped about histone proteins to form a
series of nucleosomes. (Adapted from Becker, W.M.
& Deamer, D.W. (1991) The World of the Cell, 2nd
edn, Fig. 13-20, The Benjamin/Cummings Publish-
ing Company, Menlo Park, CA.)
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Figure 2-14 Mitosis and cell division in animal
cells. In the interphase (nondividing) nucleus (a),
the chromosomes are in the form of dispersed chro-
matin. As mitosis begins (b), chromatin condenses
into chromosomes and the mitotic spindle begins to
form; centrosomes, which typically contain centriole
pairs, dictate the orientation of the spindle. The
nuclear envelope disintegrates and the nucleolus
disappears (c), and the chromosomes align at the
center of the cell (d). The chromatids of each chro-
mosome move to opposite poles of the cell, pulled
by spindle fibers attached to their centromeres (e),
and a nuclear envelope forms around each new set
of chromosomes (f). Finally, two daughter cells
form by cell division (cytokinesis) (g). Although the
same basic process occurs in all eukaryotes, there
are differences in details of mitosis in plants, fungi,
and protists.

Before the beginning of mitosis, each chromosome is duplicated to
form paired, identical chromatids, each of which is a double helix of
DNA. During mitosis (Fig. 2-14), the two chromatids move to opposite
ends (poles) of the cell, each becoming a new chromosome. Small cylin-
drical particles called centrioles, composed of the protein tubulin, pro-
vide the spatial organization for the migration of chromatids to oppo-
site ends of the dividing cell. To allow the separation of chromatids, the
nuclear envelope breaks down, dispersing into membrane vesicles.
When the separation of the two sets of chromosomes is complete, a
nuclear envelope derived from the endoplasmic reticulum re-forms
around each set. Finally, the two halves of the cell are separated by
cytokinesis, and each daughter cell has a complete diploid complement
of chromosomes. After mitosis is complete the chromosomes decon-
dense to form dispersed chromatin, and the nucleoli, which disap-
peared early in mitosis, reappear.

Mitochondria Are the Power Plants
of Aerobic Eukaryotic Cells

Mitochondria (singular, mitochondrion) are very conspicuous in
the cytoplasm of most eukaryotic cells (Fig. 2-15). These membrane-
bounded organelles vary in size, but typically have a diameter of about
1 /u,m, similar to that of bacterial cells. Mitochondria also vary widely in
shape, number, and location, depending on the cell type or tissue func-
tion. Most plant and animal cells contain several hundred to a thou-
sand mitochondria. Generally, cells in more metabolically active tis-
sues devote a larger proportion of their volume to mitochondria.

Each mitochondrion has two membranes. The outer membrane is
unwrinkled and completely surrounds the organelle. The inner mem-
brane has infoldings called cristae, which give it a large surface area.
The inner compartment of mitochondria, the matrix, is a very concen-
trated aqueous solution of many enzymes and chemical intermediates
involved in energy-yielding metabolism. Mitochondria contain many
enzymes that together catalyze the oxidation of organic nutrients by
molecular oxygen (O2); some of these enzymes are in the matrix and
some are embedded in the inner membrane. The chemical energy re-
leased in mitochondrial oxidations is used to generate ATP, the major
energy-carrying molecule of cells. In aerobic cells, mitochondria are the
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principal producers of ATP, which diffuses to all parts of the cell and
provides the energy for cellular work.

Unlike other membranous structures such as lysosomes, Golgi
complexes, and the nuclear envelope, mitochondria are produced only
by division of previously existing mitochondria; each mitochondrion
contains its own DNA, RNA, and ribosomes. Mitochondrial DNA codes
for certain proteins specific to the mitochondrial inner membrane, but
other mitochondrial proteins are encoded in nuclear DNA. This and
other evidence supports the theory that mitochondria are the descen-
dants of aerobic bacteria that lived symbiotically with early eukaryotic
cells.

Chloroplasts Convert Solar Energy into Chemical Energy

Plastids are specialized organelles in the cytoplasm of plants; they
have two surrounding membranes. Most conspicuous of the plastids
and characteristically present in all green plant cells and eukaryotic
algae are the chloroplasts (Fig. 2-16). Like mitochondria, the chloro-
plasts may be considered power plants, with the important difference
that chloroplasts use solar energy, whereas mitochondria use the
chemical energy of oxidizable molecules. Pigment molecules in chloro-
plasts absorb the energy of light and use it to make ATP and, ulti-
mately, to reduce carbon dioxide to form carbohydrates such as starch
and sucrose. The photosynthetic process in eukaryotes and in cyano-
bacteria produces O2 as a byproduct of the light-capturing reactions.
Photosynthetic plant cells contain both chloroplasts and mitochondria.
Chloroplasts transduce energy only in the light, but mitochondria
function independently of light, oxidizing carbohydrates generated by
photosynthesis during daylight hours.

Chloroplasts are generally larger (diameter 5 fim) than mitochon-
dria and occur in many different shapes. Because chloroplasts contain
a high concentration of the pigment chlorophyll, photosynthetic cells
are usually green, but their color depends on the relative amounts of
other pigments present. These pigment molecules, which together can
absorb light energy over much of the visible spectrum, are localized
in the internal membranes of the chloroplast, which form stacks of
closed cisternae known as thylakoids (Fig. 2-16). Like mitochondria,
chloroplasts contain DNA, RNA, and ribosomes. Chloroplasts appear
to have had their evolutionary origin in symbiotic ancestors of the
cyanobacteria.
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Figure 2-15 Structure of a mitochondrion. This
electron micrograph of a mitochondrion shows the
smooth outer membrane and the numerous infold-
ings of the inner membrane, called cristae. (Note
the extensive rough endoplasmic reticulum sur-
rounding the mitochondrion.)
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Figure 2—16 A chloroplast in a photosynthetic cell.
The thylakoids are flattened membranous sacs that
contain chlorophyll, the light-harvesting pigment.
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Figure 2-17 A plausible theory for the evolution-
ary origin of mitochondria and chloroplasts. It is
based on a number of striking biochemical and ge-
netic similarities between certain aerobic bacteria
and mitochondria, and between certain cyanobacte-
ria and chloroplasts. During the evolution of eu-
karyotic cells, the invading bacteria became symbi-
otic with the host cell. Ultimately the cytoplasmic
bacteria became the mitochondria and chloroplasts
of modern cells.
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Mitochondria and Chloroplasts Probably
Evolved from Endosymbiotic Bacteria

Several independent lines of evidence suggest that the mitochondria
and chloroplasts of modern eukaryotes were derived during evolution
from aerobic bacteria and cyanobacteria that took up endosymbiotic
residence in early eukaryotic cells (Fig. 2—17; see also Fig. 2—7). Mito-
chondria are always derived from preexisting mitochondria, and chlo-
roplasts from chloroplasts, by simple fission, just as bacteria multiply
by fission. Mitochondria and chloroplasts are in fact semiautonomous;
they contain DNA, ribosomes, and the enzymatic machinery to synthe-
size proteins encoded in their DNA. Sequences in mitochondrial DNA
are strikingly similar to sequences in certain aerobic bacteria, and
chloroplast DNA shows strong sequence homology with the DNA of
certain cyanobacteria. The ribosomes found in mitochondria and chlo-
roplasts are more similar in size, overall structure, and ribosomal RNA
sequences to those of bacteria than to those in the cytoplasm of the
eukaryotic cell. The enzymes that catalyze protein synthesis in these
organelles also resemble those of the bacteria more closely.



Chapter 2 Cells 41

If mitochondria and chloroplasts are the descendants of early bac-
terial endosymbionts, some of the genes present in the original free-
living bacteria must have been transferred into the nuclear DNA of the
host eukaryote over the course of evolution. Neither mitochondria nor
chloroplasts contain all of the genes necessary to specify all of their
proteins. Most of the proteins of both organelles are encoded in nuclear
genes, translated on cytoplasmic ribosomes, and subsequently im-
ported into the organelles.

The Cytoskeleton Stabilizes Cell Shape,
Organizes the Cytoplasm, and Produces Motion

Several types of protein filaments visible with the electron microscope
crisscross the eukaryotic cell, forming an interlocking three-dimen-
sional meshwork throughout the cytoplasm, the cytoskeleton. There
are three general types of cytoplasmic filaments: actin filaments, mi-
crotubules, and intermediate filaments (Fig. 2-18). They differ in
width (from about 6 to 22 nm), composition, and specific function, but
all apparently provide structure and organization to the cytoplasm and
shape to the cell. Actin filaments and microtubules also help to produce
the motion of organelles or of the whole cell.

Each of the cytoskeletal components is composed of simple protein
subunits that polymerize to form filaments of uniform thickness. These
filaments are not permanent structures; they undergo constant disas-
sembly into their monomeric subunits and reassembly into filaments.
Their locations in cells are not rigidly fixed, but may change dramati-
cally with mitosis, cytokinesis, or changes in cell shape. All types of
filaments associate with other proteins that cross-link filaments to
themselves or to other filaments, influence assembly or disassembly,
or move cytoplasmic organelles along the filaments.

Figure 2-18 The three types of cytoplasmic fila-
ments. The upper panels show epithelial cells pho-
tographed after treatment with antibodies that bind
to and specifically stain (a) actin filaments bundled
together to form "stress fibers," (b) microtubules
radiating from the cell center, and (c) intermediate
filaments, extending throughout the cytoplasm. For
these experiments, antibodies that specifically rec-
ognize actin, tubulin, or intermediate filament pro-
teins are covalently attached to a fluorescent com-
pound. When the cell is viewed with a fluorescence
microscope, only the stained structures are visible.
The lower panels show each type of filament as vis-
ualized by electron microscopy.

list!
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Actin Filaments Are Ubiquitous in Eukaryotic Cells

Actin is a protein present in virtually all eukaryotes, from the protists
to the vertebrates. In the presence of ATP, the monomeric protein
spontaneously associates into linear, helical polymers, 6 to 7 nm in
diameter, called actin filaments or microfilaments (Fig. 2-19).

Fodrin

Filamin

Actin
subunits

Actin (thin)
filaments 6—7 ran

Figure 2—19 Individual subunits of actin polymer-
ize to form actin filaments. The protein filamin
holds two filaments together where they cross at
right angles. The filaments are cross-linked by an-
other protein, fodrin, to form side-by-side aggre-
gates or bundles.

The importance of actin polymerization and depolymerization is
clear from the effects of cytochalasins, compounds that bind to actin
and block polymerization. Cells treated with a cytochalasin lose actin
filaments and their ability to carry out cytokinesis, phagocytosis, and
amoeboid movement. However, chromatid separation at mitosis is not
affected, ruling out an essential role for actin in this process. Com-
pounds such as cytochalasins, which are naturally occurring poisons or
specific toxins, are often very helpful in experimental studies in pin-
pointing the important participants in a biological process.

Cells contain proteins that bind to actin monomers or filaments
and influence the state of actin aggregation (Fig. 2-19). Filamin and
fodrin cross-link actin filaments to each other, stabilizing the mesh-
work and greatly increasing the viscosity of the medium in which the
filaments are suspended; a concentrated solution of actin in the pres-
ence of filamin is a gel too viscous to pour. Large numbers of actin
filaments bound to specific plasma membrane proteins lie just beneath
and more or less parallel to the plasma membrane, conferring shape
and rigidity on the cell surface.

Myosins Move along Actin Filaments
Using the Energy of ATP

Actin filaments bind to a family of proteins called myosins, enzymes
that use the energy of ATP breakdown to move themselves along the
actin filament in one direction. The simplest members of this family,
such as myosin I, have a globular head and a short tail (Fig. 2-20). The
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head binds to and moves along an actin filament, driven by the break-
down of ATP. The tail region binds to the membrane of a cytoplasmic
organelle, dragging the organelle behind as the myosin head moves
along the actin filament. It appears likely that myosins of this type
bind to various organelles, providing specific transport systems to
move each type of organelle through the cytoplasm. This motion is
readily seen in living cells such as the giant green alga Nitella; endo-
plasmic reticulum, as well as mitochondria, nucleus, and other mem-
brane-bound organelles and vesicles, move uniformly around the cell at
50 to 75 jum/s in a process called cytoplasmic streaming (Fig. 2-20).
This motion has the effect of mixing the cytoplasmic contents of the
enormous algal cell much more efficiently than would occur by diffu-
sion alone.
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with
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and vesicles
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Figure 2—20 Myosin molecules move along actin
filaments using energy from ATP. Cytoplasmic
streaming is produced in the giant green alga
Nitella as myosin pulls organelles around a track of
actin filaments. The chloroplasts of Nitella are lo-
cated in the layer of stationary cytoplasm that lies
between the actin filaments and the cell membrane.

A larger form of myosin is found in muscle cells, and also in the
cytoplasm of many nonmuscle cells. This type of myosin also has a
globular head that binds to and moves along actin filaments in an
ATP-driven reaction, but it has a longer tail, which permits myosin
molecules to associate side by side to form thick filaments (see Fig.
7-31). Contractile systems composed of actin and myosin occur in a
wide variety of organisms, from slime molds to humans. Actin-myosin
complexes form the contractile ring that squeezes the cytoplasm in two
during cytokinesis in all eukaryotes. In multicellular animals, muscle
cells are filled with highly organized arrays of actin (thin) filaments
and myosin (thick) filaments, which produce a coordinated contractile
force by ATP-driven sliding of actin filaments past stationary myosin
filaments.
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Figure 2—21 Microtubules are formed from dimers
of the proteins a- and jS-tubulin. Colchicine blocks
the assembly of microtubules, and can be used to
arrest mitosis in cells.
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Figure 2-22 Kinesin and dynein are ATP-driven
molecular engines that move along microtubular
"rails."

Microtubules Are Rigid, Hollow Rods
Composed of Tubulin Subunits

Like actin filaments, microtubules form spontaneously from their
monomeric subunits, but the polymeric structure of microtubules is
slightly more complex. Dimers of a- and /3-tubulin form linear poly-
mers (protofilaments), 13 of which associate side by side to form the
hollow microtubule, about 22 nm in diameter (Fig. 2-21). Most micro-
tubules undergo continual polymerization and depolymerization in
cells by addition of tubulin subunits primarily at one end and dissocia-
tion at the other. Microtubules are present throughout the cytoplasm,
but are concentrated in specific regions at certain times. For example,
when sister chromatids move to opposite poles of a dividing cell during
mitosis, a highly organized array of microtubules (the mitotic spindle;
Fig. 2-14) provides the framework and probably the motive force for
the separation of chromatids. Colchicine, a poisonous alkaloid from
meadow saffron, prevents tubulin polymerization. Colchicine treat-
ment reversibly blocks the movement of chromatids during mitosis,
demonstrating that microtubules are required for this process.

Microtubules, like actin filaments, associate with a variety of pro-
teins that move along them, form cross-bridges, or influence their state
of polymerization. Kinesin and cytoplasmic dynein, proteins found in
the cytoplasm of many cells, bind to microtubules and move along
them using the energy of ATP to drive their motion (Fig. 2-22). Each
protein is capable of associating with specific organelles and pulling
them along the microtubule over long distances at rates of about
1 /im/s. The beating motion of cilia and eukaryotic flagella also in-
volves dynein and microtubules.
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The Motion of Cilia and Flagella Results from
Movement of Dynein along Microtubules

Cilia and flagella, motile structures extending from the surface of
many protists and certain cells of animals and plants, are all con-
structed on the same microtubule-based architectural plan (Fig. 2-23).
(Although they bear the same name, the flagella of bacteria (p. 28) are
completely different in structure and in action from the flagella of eu-
karyotes.) Eukaryotic cilia and flagella, which are sheathed in an ex-
tension of the plasma membrane, contain nine fused pairs of micro-
tubules arranged around two central microtubules (the 9 + 2
arrangement; Fig. 2-23). Ciliary and flagellar motion results from the
coordinated sliding of outer doublet microtubules relative to their
neighbors, driven by ATP. The motions of cilia and flagella propel pro-
tists through their surrounding medium, in search of food, or light, or
some condition essential to their survival. Sperm are also propelled by
flagellar beating. Ciliated cells in tissues such as the trachea and ovi-
duct move extracellular fluids past the surface of the ciliated tissue.

The contraction of skeletal muscle, the propelling action of cilia
and flagella, and the intracellular transport of organelles all rely on
the same fundamental mechanism: the splitting of ATP by proteins
such as kinesin, myosin, and dynein drives sliding motion along micro-
filaments or microtubules.

Intermediate Filaments Provide Structure in the Cytoplasm

The third type of cytoplasmic filament is a family of structures with
dimensions (diameter 8 to 10 nm) intermediate between actin fila-
ments and microtubules. Several different types of monomeric protein
subunits form intermediate filaments. Some cells contain large
amounts of one type; some types of intermediate filament are absent
from certain cells; and some cell types apparently lack intermediate
filaments altogether. As is the case for actin filaments and microtu-
bules, intermediate filament formation is reversible, and the cytoplas-
mic distribution of these structures is subject to regulated changes.

The function of intermediate filaments is probably to provide inter-
nal mechanical support for the cell and to position its organelles. Vi-
mentin (Mr 57,000) is the monomeric subunit of the intermediate fila-
ments found in the endothelial cells that line blood vessels, and in
adipocytes (fat cells). Vimentin fibers appear to anchor the nucleus and
fat droplets in specific cellular locations. Intermediate filaments com-
posed of desmin (Mr 55,000) hold the Z disks of striated muscle tissue
in place. Neurofilaments are constructed of three different protein sub-
units (Mr 70,000, 150,000, and 210,000), and provide rigidity to the
long extensions (axons) of neurons. In the glial cells that surround
neurons, intermediate filaments are constructed from glial fibrillary
acidic protein (Mr 50,000).

The intermediate filaments composed of keratins, a family of struc-
tural proteins, are particularly prominent in certain epidermal cells of
vertebrates, and form covalently cross-linked meshworks that persist
even after the cell dies. Hair, fingernails, and feathers are among the
structures composed primarily of keratins.
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Plasma
membrane

Microtubule
doublet

Dynein arms
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Figure 2—23 Cilia and eukaryotic flagella have the
same architecture: nine microtubule doublets sur-
round a central pair of microtubules. Cross section
of cilia shows the 9 + 2 arrangement of microtu-
bules.
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The Cytoplasm Is Crowded, Highly Ordered, and Dynamic

The picture that emerges from this brief survey is of a eukaryotic cell
with a cytoplasm crisscrossed by a meshwork of structural fibers,
throughout which extends a complex system of membrane-bounded
compartments (see Fig. 2-8). Both the filaments and the organelles
are dynamic: the filaments disassemble and reassemble elsewhere;
membranous vesicles bud from one organelle, move to and join an-
other. Transport vesicles, mitochondria, chloroplasts, and other organ-
elles move through the cytoplasm along protein filaments, drawn by
kinesin, cytoplasmic dynein, myosin, and perhaps other similar pro-
teins. Exocytosis and endocytosis provide paths between the cell inte-
rior and the surrounding medium, allowing for the secretion of pro-
teins and other components produced within the cell and the uptake of
extracellular components. The intracellular membrane systems segre-
gate specific metabolic processes, and provide surfaces on which cer-
tain enzyme-catalyzed reactions occur.

Although complex, this organization of the cytoplasm is far from
random. The motion and positioning of organelles and cytoskeletal ele-
ments are under tight regulation, and at certain stages in a eukaryotic
cell's life, dramatic, finely orchestrated reorganizations occur, such as
spindle formation, chromatid migration to the poles, and nuclear enve-
lope disintegration and re-formation during mitosis. The interactions
between the cytoskeleton and organelles are noncovalent, reversible,
and subject to regulation in response to various intracellular and ex-
tracellular signals. Cytoskeletal rearrangements are modulated by
Ca2+ and by a variety of proteins.

Organelles Can Be Isolated by Centrifugation

A major advance in the biochemical study of cells was the development
of methods for separating organelles from the cytosol and from each
other. In a typical cellular fractionation, cells or tissues are disrupted
by gentle homogenization in a medium containing sucrose (about
0.2 M). This treatment ruptures the plasma membrane but leaves most
of the organelles intact. (The sucrose creates a medium with an os-
motic pressure similar to that within organelles; this prevents diffu-
sion of water into the organelles, which would cause them to swell,
burst, and spill their contents.)

Organelles such as nuclei, mitochondria, and lysosomes differ in
size and therefore sediment at different rates during centrifugation.
They also differ in specific gravity, and they "float" at different levels
in a density gradient (Fig. 2-24). Differential centrifugation results in
a rough fractionation of the cytoplasmic contents, which may be fur-
ther purified by isopycnic centrifugation. In this procedure, organelles
of different buoyant densities (the result of different ratios of lipid and
protein in each, type of organelle) are separated on a density gradient.
By carefully removing material from each region of the gradient and
observing it with a microscope, the biochemist can establish the posi-
tion of each organelle and obtain purified organelles for further study.
In this way it was established, for example, that lysosomes contain
degradative enzymes, mitochondria contain oxidative enzymes, and
chloroplasts contain photosynthetic pigments. The isolation of an or-
ganelle enriched in a certain enzyme is often the first step in the purifi-
cation of that enzyme.
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In Vitro Studies May Overlook Important
Interactions among Molecules

One of the most effective approaches to understanding a biological pro-
cess is to study purified individual molecules such as enzymes, nucleic
acids, or structural proteins. The purified components are amenable to
detailed characterization in vitro; their physical properties and cata-
lytic activities can be studied without "interference" from other mole-
cules present in the intact cell. Although this approach has been re-
markably revealing, it must always be remembered that the inside of a
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Figure 2-24 A tissue such as liver is mechanically
homogenized to break cells and disperse their con-
tents in an aqueous buffer. The large and small
particles in this suspension can be separated by
centrifugation at different speeds (a), or particles of
different density can be separated by isopycnic cen-
trifugation (b). In isopycnic centrifugation, a centri-
fuge tube is filled with a solution, the density of
which increases from top to bottom; some solute
such as sucrose is dissolved at different concentra-
tions to produce this density gradient. When a mix-
ture of organelles is layered on top of the density
gradient and the tube is centrifuged at high speed,
individual organelles sediment until their buoyant
density exactly matches that in the gradient. Each
layer can be collected separately.
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cell is quite different from the inside of a test tube. The "interfering"
components eliminated by purification may be critical to the biological
function or regulation of the molecule purified. In vitro studies of pure
enzymes are commonly done at very low enzyme concentrations in
thoroughly stirred aqueous solutions. In the cell, an enzyme is dis-
solved or suspended in a gel-like cytosol with thousands of other pro-
teins, some of which bind to that enzyme and influence its activity.
Within cells, some enzymes are parts of multienzyme complexes in
which reactants are channeled from one enzyme to another without
ever entering the bulk solvent. Diffusion is hindered in the gel-like
cytosol, and the cytosolic composition varies in different regions of the
cell. In short, a given molecule may function somewhat differently
within the cell than it does in vitro. One of the central challenges of
biochemistry is to understand the influences of cellular organization
and macromolecular associations on the function of individual en-
zymes—to understand function in vivo as well as in vitro.

Figure 2-25 A gallery of differentiated cells,
(a) Secretory cells of the pancreas, with an exten-
sive endoplasmic reticulum. (b) Portion of a skele-
tal muscle cell, with organized actin and myosin
filaments, (c) Collenchyma cells of a plant stem.
(d) Rabbit sperm cells, with long flagella for motil-
ity. (e) Human erythrocyte. (f) Human embryo at
the two-celled stage.

Evolution of Multicellular Organisms
and Cellular Differentiation

All modern unicellular eukaryotes—the protists—contain the organ-
elles and mechanisms that we have described, indicating that these
organelles and mechanisms must have evolved relatively early. The
protists are extraordinarily versatile. The ciliated protist Paramecium,
for example, moves rapidly through its aqueous surroundings by beat-
ing its cilia; senses mechanical, chemical, and thermal stimuli from its
environment, and responds by changing its path; finds, engulfs, and
digests a variety of food organisms, and excretes the indigestible frag-
ments; eliminates excess water that leaks through its membrane; and
finds and mates with sexual partners. Nonetheless, being unicellular
has its disadvantages. Paramecia probably live out their lives in a very
small region of the pond in which they began life, because their motil-
ity is limited by the small thrust of their microscopic cilia, and their
ability to detect a better environment at a distance is limited by the
short range of their sensory apparatus.
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At some later stage of evolution, unicellular organisms found it
advantageous to cluster together, thereby acquiring greater motility,
efficiency, or reproductive success than their free-living single-celled
competitors. Further evolution of such clustered organisms led to per-
manent associations among individual cells and eventually to speciali-
zation within the colony—to cellular differentiation.

The advantages of cellular specialization led to the evolution of
ever more complex and highly differentiated organisms, in which some
cells carried out the sensory functions, others the digestive, photosyn-
thetic, or reproductive functions. Many modern multicellular organ-
isms contain hundreds of different cell types, each specialized for some
function that supports the entire organism. Fundamental mechanisms
that evolved early have been further refined and embellished through
evolution. The simple mechanism responsible for the motion of myosin
along actin filaments in slime molds has been conserved and elabo-
rated in vertebrate muscle cells, which are literally filled with actin,
myosin, and associated proteins that regulate muscle contraction. The
same basic structure and mechanism that underlie the beating motion
of cilia in Paramecium and flagella in Chlamydomonas are employed
by the highly differentiated vertebrate sperm cell. Figure 2-25 illus-
trates the range of cellular specializations encountered in multicellu-
lar organisms.

The individual cells of a multicellular organism remain delimited
by their plasma membranes, but they have developed specialized sur-
face structures for attachment to and communication with each other
(Fig. 2-26). At tight junctions, the plasma membranes of adjacent
cells are closely apposed, with no extracellular fluid separating them.
Desmosomes (occurring only in plant cells) hold two cells together;
the small extracellular space between them is filled with fibrous, pre-
sumably adhesive, material. Gap junctions provide small, reinforced
openings between adjacent cells, through which electric currents, ions,
and small molecules can pass. In higher plants, plasmodesmata form
channels resembling gap junctions; they provide a path through the
cell wall for the movement of small molecules between adjacent cells.
Each of these junctions is reinforced by membrane proteins or cytoskel-
etal filaments. The type of junction(s) between neighboring cells varies
from tissue to tissue.
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Figure 2-26 Three types of junctions between
cells, (a) Tight junctions produce a seal between
adjacent cells, (b) Desmosomes, typical of plant
cells, weld adjacent cells together and are rein-
forced by various cytoskeletal elements, (c) Gap
junctions allow ions and electric currents to flow
between adjacent cells.
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Viruses: Parasites of Cells
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Viruses are supramolecular complexes that can replicate themselves
in appropriate host cells. They consist of a nucleic acid (DNA or RNA)
molecule surrounded by a protective shell, or capsid, made up of pro-
tein molecules and, in some cases, a membranous envelope. Viruses
exist in two states. Outside the host cells that formed them, viruses are
simply nonliving particles called virions, which are regular in size,
shape, and composition and can be crystallized. Once a virus or its
nucleic acid component gains entry into a specific host cell, it becomes
an intracellular parasite. The viral nucleic acid carries the genetic
message specifying the structure of the intact virion. It diverts the host
cell's enzymes and ribosomes from their normal cellular roles to the
manufacture of many new daughter viral particles. As a result, hun-
dreds of progeny viruses may arise from the single virion that infected
the host cell (Fig. 2-27). In some host-virus systems, the progeny viri-
ons escape through the host cell's plasma membrane. Other viruses
cause cell lysis (membrane breakdown and host cell death) as they are
released.

A different type of response results from some viral infections, in
which viral DNA becomes integrated into the host's chromosome and is
replicated with the host's own genes. Integrated viral genes may have
little or no effect on the host's survival, but they often cause profound
changes in the host cell's appearance and activity.

Hundreds of different viruses are known, each more or less specific
for a host cell (Table 2—3), which may be an animal, plant, or bacterial
cell. Viruses specific for bacteria are known as bacteriophages, or
simply phages (Greek phagein, "to eat"). Some viruses contain only
one kind of protein in their capsid—the tobacco mosaic virus, for exam-
ple, a simple plant virus and the first to be crystallized. Other viruses
contain dozens or hundreds of different kinds of proteins. Even some of
these large and complex viruses have been crystallized, and their de-
tailed molecular structures are known (Fig. 2—28). Viruses differ
greatly in size. Bacteriophage (£X174, one of the smallest, has a diame-
ter of 18 nm. Vaccinia virus is one of the largest; its virions are almost
as large as the smallest bacteria. Viruses also differ in shape and com-
plexity of structure. The human immunodeficiency virus (HIV) (Fig.
2-29) is relatively simple in structure, but devastating in action; it
causes AIDS.

Table 2-3 summarizes the type and size of the nucleic acid compo-
nents of a number of viruses. Some viruses are highly pathogenic in
humans; for example, those causing poliomyelitis, influenza, herpes,
hepatitis, AIDS, the common cold, infectious mononucleosis, shingles,
and certain types of cancer.

Biochemistry has profited enormously from the study of viruses,
which has provided new information about the structure of the ge-
nome, the enzymatic mechanisms of nucleic acid synthesis, and the
regulation of the flow of genetic information.

Exit by breakdown Exit by outward
of cell envelope budding

Figure 2-27 Infection of a bacterial cell by a bac-
teriophage (left), and of an animal cell by a virus
(right) results in the formation of many copies of
the infecting virus.
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50 nm
Figure 2-28 The structures of several viruses,
viewed with the electron microscope. Turnip yellow
mosaic virus (small, spherical particles), tobacco
mosaic virus (long cylinders), and bacteriophage T4
(shaped like a hand mirror).
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Figure 2—29 Human immunodeficiency viruses
(HIV), the causative agent of AIDS, leaving an in-
fected T lymphocyte of the immune system.

Table 2-3 Some

Virus

Adenoviruses

SV40
Herpes
Vaccinia

Parvovi ruses
Retroviruses
Reoviruses

Influenza
Vesicular

stomatitis

Sindbis

Poliomyelitis
Human immuno-

deficiency (HIV)

well-studied animal

Known hosts

Vertebrates

Primates

Vertebrates
Vertebrates

Vertebrates
Vertebrates and (?)
Vertebrates

Mammals
Vertebrates

Insects and
vertebrates

Primates
Primates

viruses

Genomic
material

DNA

DNA

DNA

DNA

DNA

RNA/DNA
RNA

RNA

RNA

RNA

RNA

RNA

Genome
size (kilobases)*

36

5

150

200

1-2

5-8

1.2-4.0+

1.0-3.3f

12

10

7

9.7

Source: From Darnell, J., Lodish, H., & Baltimore D. (1990) Molecular Cell Biology, 2nd edn,
p. 183, Scientific American Books, Inc., New York.

* Size is given in kilobases (1 kilobase = 1,000 nucleotides) "or single-stranded nucleic acids, or
kilobase pairs for double-stranded molecules.
f Reoviruses have ten double-stranded RNA segments, and influenza has eight single-stranded
RNA segments; the length of each segment is in the range indicated.
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Summary

Cells, the structural and functional units of living
organisms, are of microscopic dimensions. Their
small size, combined with convolutions of their
surfaces, results in high surface-to-volume ratios,
facilitating the diffusion of fuels, nutrients, and
waste products between the cell and its surround-
ings. All cells share certain features: DNA contain-
ing the genetic information, ribosomes, and a
plasma membrane that surrounds the cytoplasm.
In eukaryotes the genetic material is surrounded
by a nuclear envelope; prokaryotes have no such
membrane.

The plasma membrane is a tough, flexible per-
meability barrier, which contains numerous trans-
porters as well as receptors for a variety of extra-
cellular signals. The cytoplasm consists of the
cytosol and organelles. The cytosol is a concen-
trated solution of proteins, RNA, metabolic inter-
mediates and cofactors, and inorganic ions, in
which are suspended various particles. Ribosomes
are supramolecular complexes on which protein
synthesis occurs; bacterial ribosomes are slightly
smaller than those of eukaryotic cells, but are simi-
lar in structure and function.

Certain organisms, tissues, and cells offer ad-
vantages for biochemical studies. E. coli and yeast
can be cultured in large quantities, have short gen-
eration times, and are especially amenable to ge-
netic manipulation. The specialized functions of
liver, muscle, and fat tissue, and of erythrocytes,
make them attractive for the study of specific pro-
cesses.

The first living cells were prokaryotic and an-
aerobic; they probably arose about 3.5 billion years
ago, when the atmosphere was devoid of oxygen.
With the passage of time, biological evolution led to
cells capable of photosynthesis, with O2 as a by-
product. As O2 accumulated, prokaryotic cells ca-
pable of the aerobic oxidation of fuels evolved. The
two major groups of bacteria, eubacteria and ar-
chaebacteria, diverged early in evolution. The cell
envelope of some types of bacteria includes layers
outside the plasma membrane that provide rigidity
or protection. Some bacteria have flagella for pro-
pulsion. The cytoplasm of bacteria contains no
membrane-bounded organelles but does contain
ribosomes and granules of nutrients, as well as a
nucleoid which contains the cell's DNA. Some pho-
tosynthetic bacteria have extensive intracellular
membranes that contain light-capturing pigments.

About 1.5 billion years ago, eukaryotic cells
emerged. They were larger than bacteria, and their
genetic material was more complex. These early
cells established symbiotic relationships with pro-

karyotes that lived in their cytoplasm; modern mi-
tochondria and chloroplasts are derived from these
early endosymbionts. Mitochondria and chloro-
plasts are intracellular organelles surrounded by a
double membrane. They are the principal sites of
ATP synthesis in eukaryotic, aerobic cells. Chloro-
plasts are found only in photosynthetic organisms,
but mitochondria are ubiquitous among eukary-
otes.

Modern eukaryotic cells have a complex system
of intracellular membranes. This endomembrane
system consists of the nuclear envelope, rough and
smooth endoplasmic reticulum, the Golgi complex,
transport vesicles, lysosomes, and endosomes. Pro-
teins synthesized on ribosomes bound to the rough
endoplasmic reticulum pass into the endomem-
brane system, traveling through the Golgi complex
on their way to organelles or to the cell surface,
where they are secreted by exocytosis. Endocytosis
brings extracellular materials into the cell, where
they can be digested by degradative enzymes in the
lysosomes. In plants, the central vacuole is the site
of degradative processes; it also serves as a storage
depot for a variety of side products of metabolism
and maintains cell turgor.

The genetic material in eukaryotic cells is orga-
nized into chromosomes, highly ordered complexes
of DNA and histone proteins. Before cell division
(cytokinesis), each chromosome is replicated, and
the duplicate chromosomes are separated by the
process of mitosis.

The cytoskeleton is an intracellular meshwork
of actin filaments, microtubules, and intermediate
filaments of several types. The cytoskeleton con-
fers shape on the cell, and reorganization of cyto-
skeletal filaments results in the shape changes
accompanying amoeboid movement and cell divi-
sion. Intracellular organelles move along filaments
of the cytoskeleton, propelled by proteins such as
dynein, kinesin, and myosin, using the energy of
ATP. Dynein and tubulin are central to the motion
and structure of cilia and flagella, and myosin and
actin are responsible for the contractile motion of
skeletal muscle. The organelles can be separated
by differential centrifugation and by isopycnic cen-
trifugation.

In multicellular organisms, there is a division of
labor among several types of cells. Individual cells
are joined to each other by tight junctions or gap
junctions, and (in plants) desmosomes or plas-
modesmata. Viruses are parasites of living cells,
capable of subverting the cellular machinery for
their own replication.
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Problems

Some problems on the contents of Chapter 2 fol-
low. They involve simple geometrical and numeri-
cal relationships concerning cell structure and ac-
tivities. (For your reference in solving these
problems, please see the tables printed on the in-
side of the back cover.) Each problem has a title for
easy reference and discussion.

1. The Size of Cells and Their Components Given
their approximate diameters, calculate the approx-
imate number of (a) hepatocytes (diameter 20 /urn),
(b) mitochondria (1.5 /xm), and (c) actin molecules
(3.6 nm) that can be placed in a single layer on the
head of a pin (diameter 0.5 mm). Assume each
structure is spherical. The area of a circle is nr2,
where TT = 3.14.

2. Number of Solute Molecules in the Smallest
Known Cells Mycoplasmas are the smallest
known cells. They are spherical and have a diame-
ter of about 0.33 /um. Because of their small size
they readily pass through filters designed to trap
larger bacteria. One species, Mycoplasma pneumo-
niae, is the causative organism of the disease pri-
mary atypical pneumonia.

(a) D-Glucose is the major energy-yielding nu-
trient of mycoplasma cells. Its concentration
within such cells is about 1.0 IDM. Calculate the
number of glucose molecules in a single myco-
plasma cell. Avogadro's number, the number of
molecules in 1 mol of a nonionized substance, is
6.02 x 1023. The volume of a sphere is STTT3.

(b) The first enzyme required for the energy-
yielding metabolism of glucose is hexokinase
(Mr 100,000). Given that the intracellular fluid of
mycoplasma cells contains 10 g of hexokinase per
liter, calculate the molar concentration of hexoki-
nase.

3. Components of E. coli E. coli cells are rod-
shaped, about 2 /um long and 0.8 /urn in diameter.
The volume of a cylinder is irr2h, where h is the
height of the cylinder.

(a) If the average density of E. coli (mostly
water) is 1.1 x 103 g/L, what is the weight of a sin-
gle cell?

(b) The protective cell wall of E. coli is 10 nm
thick. What percentage of the total volume of the
bacterium does the wall occupy?

(c) E. coli is capable of growing and multiplying
rapidly because of the inclusion of some 15,000
spherical ribosomes (diameter 18 nm) in each cell,

which carry out protein synthesis. What percent-
age of the total cell volume do the ribosomes oc-
cupy?

4. Genetic Information in E. coli DNA The genetic
information contained in DNA consists of a linear
sequence of successive code words, known as co-
dons. Each codon is a specific sequence of three
nucleotides (three nucleotide pairs in double-
stranded DNA), and each codon codes for a single
amino acid unit in a protein. The molecular weight
of anE. coli DNA molecule is about 2.5 x 109. The
average molecular weight of a nucleotide pair is
660, and each nucleotide pair contributes 0.34 nm
to the length of DNA.

(a) Calculate the length of an E. coli DNA mole-
cule. Compare the length of the DNA molecule
with the actual cell dimensions. How does the DNA
molecule fit into the cell?

(b) Assume that the average protein in E. coli
consists of a chain of 400 amino acids. What is the
maximum number of proteins that can be coded by
an E. coli DNA molecule?

5. The High Rate of Bacterial Metabolism Bacte-
rial cells have a much higher rate of metabolism
than animal cells. Under ideal conditions some
bacteria will double in size and divide in 20 min,
whereas most animal cells require 24 h. The high
rate of bacterial metabolism requires a high ratio
of surface area to cell volume.

(a) Why would the surface-to-volume ratio have
an effect on the maximum rate of metabolism?

(b) Calculate the surface-to-volume ratio for the
spherical bacterium Neisseria gonorrhoeae (diame-
ter 0.5 /nm), responsible for the disease gonorrhea.
Compare it with the surface-to-volume ratio for
globular amoeba, a large eukaryotic cell of diame-
ter 150 /am. The surface area of a sphere is 4TJT2.

6. A Strategy to Increase the Surface Area of Cells
Certain cells whose function is to absorb nutrients,
e.g., the cells lining the small intestine or the root
hair cells of a plant, are optimally adapted to their
role because their exposed surface area is in-
creased by microvilli. Consider a spherical epithe-
lial cell (diameter 20 /nm) lining the small intes-
tine. Since only a part of the cell surface faces the
interior of the intestine, assume that a "patch" cor-
responding to 25% of the cell area is covered with
microvilli. Furthermore, assume that the micro-
villi are cylinders 0.1 /xm in diameter, 1.0 /xm long,
and spaced in a regular grid 0.2 /nm on center.
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Arrangement of microvilli on the "patch"

(a) Calculate the number of microvilli on the
patch.

(b) Calculate the surface area of the patch, as-
suming it has no microvilli.

(c) Calculate the surface area of the patch, as-
suming it does have microvilli.

(d) What percentage improvement of the ab-
sorptive capacity (reflected by the surface-to-
volume ratio) does the presence of microvilli pro-
vide?

7. Fast Axonal Transport Some neurons have
long, thin extensions (axons) as long as 2 m. Small
membrane vesicles carrying materials essential to
axonal function move along microtubules from the
cell body to the tip of the axon by kinesin-depen-
dent "fast axonal transport." If the average velocity
of a vesicle is 1 /xm/s, how long does it take a vesicle
to move the 2 m from cell body to axonal tip? What
are the possible advantages of this ATP-dependent
process over simple diffusion to move materials to
the axonal tip?

8. Toxic Effects of Phalloidin Phalloidin is a toxin
produced by the mushroom Amanita phalloides. It
binds specifically to actin microfilaments and
blocks their disassembly. Cytochalasin B is an-
other toxin, which blocks microfilament assembly
from actin monomers (see p. 42).

(a) Predict the effect of phalloidin on cytokine-
sis, phagocytosis, and amoeboid movement, given
the effects of cytochalasins on these processes.

(b) A specific antibody (a protein of Mr ~
150,000) binds actin tightly and is found to block
microfilament assembly in vitro (in the test tube).
Would you expect this antibody to mimic the effects
of cytochalasin in vivo (in living cells)?

9. Osmotic Breakage of Organelles In the isolation
of cytosolic enzymes, cells are often broken in the
presence of 0.2 M sucrose to prevent osmotic swell-
ing and bursting of the intracellular organelles. If
the desired enzymes are in the cytosol, why is it
necessary to be concerned about possible damage
to particulate organelles?
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Biomolecules

The chemical composition of living material, such
as this jellyfish, differs from that of its physical
environment, which for this organism is salt water.

Biochemistry aims to explain biological form and function in chemical
terms. One of the most fruitful approaches to understanding biological
phenomena has been to purify an individual chemicaL component, such
as a protein, from a living organism and to characterize its chemical
structure or catalytic activity. As we begin the study of biomolecules
and their interactions, some basic questions deserve attention. What
chemical elements are found in cells? What kinds of molecules are
present in living matter? In what proportions do they occur? How did
they come to be there? In what ways are the kinds of molecules found
in living cells especially suited to their roles?

We review here some of the chemical principles that govern the
properties of biological molecules: the covalent bonding of carbon with
itself and with other elements, the functional groups that occur in com-
mon biological molecules, the three-dimensional structure and stereo-
chemistry of carbon compounds, and the common classes of chemical
reactions that occur in living organisms. Next, we discuss the mono-
meric units and the contribution of entropy to the free-energy changes
of reactions in which these units are polymerized to form macromole-
cules. Finally, we consider the origin of the monomeric units from sim-
ple compounds in the earth's atmosphere during prebiological times—
that is, chemical evolution.

Chemical Composition

By the beginning of the nineteenth century, it had become clear to
chemists that the composition of living matter is strikingly different
from that of the inanimate world. Antoine Lavoisier (1743-1794) noted
the relative chemical simplicity of the "mineral world," and contrasted
it with the complexity of the "plant and animal worlds"; the latter, he
knew, were composed of compounds rich in the elements carbon, oxy-
gen, nitrogen, and phosphorus. The development of organic chemistry
preceded, and provided invaluable insights for, the development of bio-
chemistry.

We will briefly review some fundamental concepts of organic chem-
istry: the nature of bonding between atoms of carbon and of hydrogen,
oxygen, and nitrogen; the functional groups that result from these
combinations; and the diversity of organic compounds that are derived
from these elements.
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essential to animal life and
(shaded orange) are struc-

Living Matter Is Composed Mostly of the Lighter Elements

Only about 30 of the more than 90 naturally occurring chemical ele-
ments are essential to living organisms. Most of the elements in living
matter have relatively low atomic numbers; only five have atomic
numbers above that of selenium, 34 (Fig. 3-1). The four most abundant
elements in living organisms, in terms of the percentage of the total
number of atoms, are hydrogen, oxygen, nitrogen, and carbon, which
together make up over 99% of the mass of most cells. They are the
lightest elements ca*pable of forming one, two, three, and four bonds,
respectively (Fig. 3-2). In general, the lightest elements form the
strongest bonds. Six of the eight most abundant elements in the

tural components of cells and tissues and are re-
quired in the diet in gram quantities daily. For
trace elements (shaded yellow), the requirements
are much smaller: for humans, a few milligrams
per day of Fe, Cu, and Zn, even less of the others.
The elemental requirements for plants and microor-
ganisms are very similar to those shown here.
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Figure 3-2 Covalent bonding. Two atoms with
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covalent bonds with each other by sharing electron
pairs. Atoms participating in covalent bonding tend
to fill their outer electron shells.
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Table 3-1 Elemental abundance in seawater, the human body,
and the earth's crust*

Seawater (%) Human body (%)

H
0
Cl
Na
Mg
S
Ca
K
C

66
33
0.33
0.28
0.033
0.017
0.0062
0.0060
0.0014

H
0
C
N
Ca
P
Cl
K

63
25.5

9.5
1.4
0.31
0.22
0.08
0.06

* Values are given as percentage of total number of atoms.

Earth's crust (%)

0
Si
Al
Fe
Ca
Na
K
Mg

47
28

7.9
4.5
3.5
2.5
2.5
2.2

Table 3-2 The biological functions of some
trace elements

Element Example of biological function

Fe

Cu

Mn

Zn
Co
Mo
Se

V

Ni
I
Mg

Electron carrier in oxidation-
reduction reactions

Component of mitochondrial
oxidase

Cofactor of the enzyme arginase
and other enzymes

Cofactor of dehydrogenases
Component of vitamin B12

Component of N2-fixing enzyme
Component of the enzyme

glutathione peroxidase
Cofactor of the enzyme nitrate

reductase
Cofactor of the enzyme urease
Component of thyroid hormone
Cofactor in photosynthesis
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• c- + c • C : : : C • — C E B C —

Figure 3-3 Versatility of carbon in forming cova-
lent single, double, and triple bonds (in red), partic-
ularly between carbon atoms. Triple bonds occur
only rarely in biomolecules.

human body are also among the nine most abundant elements in sea-
water (Table 3-1), and several of the elements abundant in humans
are components of the atmosphere and were probably present in the
atmosphere before the appearance of life on earth. Primitive seawater
was most likely the liquid medium in which living organisms first
arose, and the primitive atmosphere was probably a source of meth-
ane, ammonia, water, and hydrogen, the starting materials for the
evolution of life. The trace elements (Fig. 3—1) represent a miniscule
fraction of the weight of the human body, but all are absolutely essen-
tial to life, usually because they are essential to the function of specific
enzymes (Table 3-2).

Biomolecules Are Compounds of Carbon

The chemistry of living organisms is organized around the element
carbon, which accounts for more than one-half the dry weight of cells.
In methane (CH4), a carbon atom shares four electron pairs with four
hydrogen atoms; each of the shared electron pairs forms a single bond.
Carbon can also form single and double bonds to oxygen and nitrogen
atoms (Fig. 3-3). Of greatest significance in biology is the ability of
carbon atoms to share electron pairs with each other to form very sta-
ble carbon-carbon single bonds. Each carbon atom can form single
bonds with one, two, three, or four other carbon atoms. Two carbon
atoms also can share two (or three) electron pairs, thus forming
carbon-carbon double (or triple) bonds (Fig. 3-3). Covalently linked
carbon atoms can form linear chains, branched chains, and cyclic and
cagelike structures. To these carbon skeletons are added groups of
other atoms, called functional groups, which confer specific chemical
properties on the molecule. Molecules containing covalently bonded
carbon backbones are called organic compounds; they occur in an
almost limitless variety. Most biomolecules are organic compounds; we
can therefore infer that the bonding versatility of carbon was a major
factor in the selection of carbon compounds for the molecular machin-
ery of cells during the origin and evolution of living organisms.
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Organic Compounds Have Specific Shapes and Dimensions

The four covalent single bonds that can be formed by a carbon atom are
arranged tetrahedrally, with an angle of about 109.5° between any two
bonds (Fig. 3-4) and an average length of 0.154 nm. There is free rota-
tion around each carbon-carbon single bond unless very large or
highly charged groups are attached to both carbon atoms, in which
case rotation may be restricted. A carbon-carbon double bond is
shorter (about 0.134 nm long) and rigid and allows little rotation about
its axis. (Fig. 3-4). No other chemical element can form molecules of
such widely different sizes and shapes or with such a variety of func-
tional groups.

Functional Groups Determine Chemical Properties

Most biomolecules can be regarded as derivatives of hydrocarbons,
compounds with a covalently linked carbon backbone to which only
hydrogen atoms are bonded. The backbones of hydrocarbons are very
stable. The hydrogen atoms may be replaced by a variety of functional
groups to yield different families of organic compounds. Typical fami-
lies of organic compounds are the alcohols, which have one or more
hydroxyl groups; amines, which have amino groups; aldehydes and
ketones, which have carbonyl groups; and carboxylic acids, which have
carboxyl groups (Fig. 3-5).

Hydroxyl R1—CH2—O—H

Carbonyl R1—CH2—C—H
(aldehyde) I

Carbonyl R1—CH2^C—CH2—R2

Ether R1—CH2—O—CH2—R2

Amino R1—CH2—N

(ketone) k
Amido R1—CH2—C— N

Carboxyl R1—CH2—C—OH

O

H

Methyl R1—CH2—C—H

H

H H

Ethyl R1—CH2—C—C—H

H H

H H
C = C/ \
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H H
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Guanidino R1—CH2—N—C—N ; H

N H
\

Imidazole R1—CH2 C=CH
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Disulfide R1—CH2—S—S—CH2—R2

OH
Ester R ^ C H a - C - O - C H . - R 2 Phosphoryl R ^ C H . - O - P - O H

O O
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(c)

Figure 3-4 (a) Carbon atoms have a characteristic
tetrahedral arrangement of their four single bonds,
which are about 0.154 nm long and at an angle of
109.5° to each other, (b) Carbon-carbon single bonds
have freedom of rotation, shown for the compound
ethane (CH3—CH3). (c) Carbon-carbon double
bonds are shorter and do not allow free rotation.
The single bonds on each doubly bonded carbon
make an angle of 120° with each other. The two
doubly bonded carbons and the atoms designated
A, B, X, and Y all lie in the same rigid plane.

Figure 3-5 Some functional groups frequently en-
countered in biomolecules. All groups are shown in
their uncharged (un-ionized) form.
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Many biomolecules are polyfunctional, containing two or more dif-
ferent kinds of functional groups (Fig. 3-6), each with its own chemical
characteristics and reactions. Amino acids, an important family of mol-
ecules that serve primarily as monomeric subunits of proteins, contain
at least two different kinds of functional groups: an amino group and a
carboxyl group, as shown for histidine in Figure 3—6. The ability of an
amino acid to condense (see Fig. 3—14e) with other amino acids to form
proteins is dependent on the chemical properties of these two func-
tional groups.

COOH carboxyl
I

HoN—C—H

CH9

alcohol r l r l phenyl

C-NH
CH

imidazole

Histidine

methyl CH3 j ^-"- w—v>
XN—C—C—C C—OH

\ \ \ //
fj fj C—C hydroxyls

H

methyl
-CH"

O O—CH3 methyl ester

V
-QH

\
CH

H OH car

H H

o c-c

Epinephrine

^ • C H - O - C - C CH
ester C=C

Cocaine

H H
phenyl

imidazole

methyl diphosphoryl

amido amido H CH3 OH OH

HS—CH2—CH2^NH—C—CH2—CH2—NH—C—C C—CH2—O—P—O—P—O—

J , I! II I I II I!
sulfhydryl Q O OH CH3 O O

1 methyl
hydroxyl -^Figure 3—6 Representative biomolecules with mul-
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Three-Dimensional Structure

Although the covalent bonds and functional groups of biomolecules are
central to their function, they do not tell the whole story. The arrange-
ment in three-dimensional space of the atoms of a biomolecule is also
crucially important. Compounds of carbon can often exist in two or
more chemically indistinguishable three-dimensional forms, only one
of which is biologically active. This specificity for one particular molec-
ular configuration is a universal feature of biological interactions. All
biochemistry is three-dimensional.
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O OH

Y
H—C—H

H

(a)

Figure 3—7 Models of the structure of the amino
acid alanine. (a) Structural formula in perspective
form. The symbol — represents a bond in which
the atom at the wide end projects out of the plane
of the paper, toward the reader; dashes represent
a bond extending behind the plane of the paper,
(b) Ball-and-stick model, showing relative bond
lengths and the bond angles. The balls indicate the
approximate size of the atomic nuclei, (c) Space-
filling model, in which each atom is shown having
its correct van der Waals radius (see Table 3-3).

(c)

Each Cellular Component Has a Characteristic
Three-Dimensional Structure

Biomolecules have characteristic sizes and three-dimensional struc-
tures, which derive from their backbone structures and their substitu-
ent functional groups. Figure 3-7 shows three ways to illustrate the
three-dimensional structures of molecules. The perspective diagram
specifies unambiguously the three-dimensional structure (stereochem-
istry) of a compound. Bond angles and center-to-center bond lengths
are best represented with ball-and-stick models, whereas the outer
contours of molecules are better represented by space-filling models. In
space-filling models, the radius of each atom is proportional to its van
der Waals radius (Table 3-3), and the contours of the molecule repre-
sent the outer limits of the region from which atoms of other molecules
are excluded.

The three-dimensional conformation of biomolecules is of the ut-
most importance in their interactions; for example, in the binding of a
substrate (reactant) to the catalytic site of an enzyme (Fig. 3-8), the
two molecules must fit each other closely, in a complementary fashion,
for biological function. Such complementarity also is required in the
binding of a hormone molecule to its receptor on a cell surface, or in the
recognition of an antigen by a specific antibody.

The study of the three-dimensional structure of biomolecules with
precise physical methods is an important part of modern research on
cell structure and biochemical function. The most informative method
is x-ray crystallography. If a compound can be crystallized, the diffrac-
tion of x rays by the crystals can be used to determine with great
precision the position of every atom in the molecule relative to every
other atom. The structures of most small biomolecules (those with less
than about 50 atoms), and of many larger molecules such as proteins,
have been deduced by this means. X-ray crystallography yields a static
picture of the molecule within the confines of the crystal. However,
biomolecules almost never exist within cells as crystals; rather, they
are dissolved in the cytosol or associated with some other component(s)
of the cell. Molecules have more freedom of intramolecular motion in
solution than in a crystal. In large molecules such as proteins, the
small variations allowed in the three-dimensional structures of their
monomeric subunits add up to extensive flexibility. Techniques such as
nuclear magnetic resonance (NMR) spectroscopy complement x-ray
crystallography by providing information about the three-dimensional
structure of biomolecules in solution. Knowledge of the detailed three-
dimensional structure of a molecule often sheds light on the mecha-
nisms of the reactions in which the molecule participates.

Table 3—3 van der Waals radii and covalent
(single-bond) radii of some elements*

Element
van der Waals

radius (nm)
Covalent radius

for single bond (nm)

H
0
F
N
C
s
Cl
p
Br
I

0.1
0.14
0.14
0.15
0.17
0.18
0.18
0.19
0.20
0.22

0.030
0.074
0.071
0.073
0.077
0.103
0.099
0.110
0.114
0.133

* The van der Waals radius is about twice the covalent radius
for each element. The distance between nuclei in a van der
Waals interaction or a covalent bond is about equal to the sum
of the values for the two atoms. Thus the length of a carbon-
carbon single bond is about 0.077 + 0.077 = 0.154 nm.

Figure 3—8 Complementary fit of a substrate mol-
ecule to the active or catalytic site on an enzyme
molecule. The enzyme shown here is chymotrypsin,
an enzyme that acts in the intestine to degrade die-
tary protein. Its substrate (shown in red) fits into a
groove at the active site of the enzyme.
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Figure 3-9 Molecular asymmetry: chiral and
achiral molecules, (a) When a carbon atom has four
different substituent groups (A, B, X, Y), they can
be arranged in two ways that represent nonsuper-
imposable mirror images of each other (enantio-
mers). Such a carbon atom is asymmetric and is
called a chiral atom or chiral center, (b) When
there are only three dissimilar groups around the
carbon atom (i.e., the same group occurs twice),
only one configuration in space is possible and the
molecule is symmetric, or achiral. In this case the
molecule is superimposable on its mirror image: the
molecule on the left can be rotated counterclock-
wise (when looking down its vertical bond from A
to C) to create the molecule on the right.

Most Biomolecules Are Asymmetric

The tetrahedral arrangement of single bonds around a carbon atom
confers on some organic compounds another property of great impor-
tance in biology. When four different atoms or functional groups are
bonded to a carbon atom in an organic molecule, the carbon atom is
said to be asymmetric; it can exist in two different isomeric forms
(stereoisomers) that have different configurations in space. A special
class of stereoisomers, called enantiomers, are nonsuperimposable
mirror images of each other (Fig. 3-9). The two enantiomers of a com-
pound have identical chemical properties, but differ in a characteristic
physical property, the ability to rotate the plane of plane-polarized
light. A solution of one enantiomer rotates the plane of such light to the
right, and a solution of the other, to the left. Compounds without an
asymmetric carbon atom do not rotate the plane of plane-polarized
light.

Mirror
image of
original

molecule

Chiral
molecule:
Rotated
molecule
cannot be
superimposed
on mirror
image of
original

Mirror
image of
original

molecule

Achiral
molecule:
Rotated
molecule
can be
superimposed

(a) (b)

Louis Pasteur
1822-1895

Louis Pasteur, in 1843, was the first to arrive at the correct expla-
nation for this phenomenon of optical activity. Investigating the
crystalline material that accumulated in wine casks ("paratartaric
acid," also called racemic acid, from Latin racemus, "grape"), he had
used a fine forceps to separate two types of crystals identical in shape,
but mirror images of each other (Fig. 3-10). Both proved to have all of
the chemical properties of tartaric acid, but one type rotated polarized
light to the left, the other, to the right, but to the same extent. He later
described the experiment and its interpretation:

In isomeric bodies, the elements and the proportions in which they are
combined are the same, only the arrangement of the atoms is different.. . .
We know, on the one hand, that the molecular arrangements of the two
tartaric acids are asymmetric, and, on the other hand, that these arrange-
ments are absolutely identical, excepting that they exhibit asymmetry in
opposite directions. Are the atoms of the dextro acid grouped in the form of
a right-handed spiral, or are they placed at the apex of an irregular tetra-
hedron, or are they disposed according to this or that asymmetric arrange-
ment? We do not know.*

* From Pasteur's lecture to the Societe Chimique de Paris in 1883, quoted in DuBos, R.
(1976) Louis Pasteur: Free Lance of Science, p. 95, Charles Scribner's Sons, New York.
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Now we do know. X-ray crystallographic studies in 1951 confirmed
that the levorotatory and dextrorotatory forms of tartaric acid are mir-
ror images of each other, and established the absolute configuration of
each (Fig. 3-10). The same approach has been used to demonstrate
that the amino acid alanine exists in two enantiomeric forms (Chapter
5). The central carbon atom of the alanine molecule is bonded to four
different substituent groups: a methyl group, an amino group, a car-
boxyl group, and a hydrogen atom. The two stereoisomers of alanine
are nonsuperimposable mirror images of each other, and thus are
enantiomers.

Compounds with asymmetric carbon atoms can be regarded as oc-
curring in left- and right-handed forms, and are therefore called chiral
compounds (Greek chiros, "hand"). Correspondingly, the asymmetric
atom or center of chiral compounds is called the chiral atom or chiral
center (Fig. 3-9). All but one of the 20 amino acids have chiral cen-
ters; glycine is the exception.

More generally, variations in the three-dimensional structure of
biomolecules are described in terms of configuration and conformation.
These terms are not synonyms. Configuration denotes the spatial
arrangement of an organic molecule that is conferred by the presence
of either (1) double bonds, around which there is no freedom of rotation,
or (2) chiral centers, around which substituent groups are arranged in
a specific sequence. The identifying characteristic of configurational
isomers is that they cannot be interconverted without breaking one or
more covalent bonds.

Figure 3—lla shows the configurations of maleic acid, which occurs
in some plants, and its isomer fumaric acid, an intermediate in sugar
metabolism. These compounds are geometric or cis-trans isomers;
they differ in the arrangement of their substituent groups with respect
to the nonrotating double bond. Maleic acid is the cis isomer and fu-
maric acid the trans isomer; each is a well-defined compound that can
be isolated and purified. These two compounds are stereoisomers but
not enantiomers; they are not mirror images of each other.

HOOC1 4COOH
\2 3/

2R,3fl-Tartaric acid
(dextrorotatory)

HOOC*

HO/

4COOH

"VH
OH

2S,3S-Tartaric acid
(levorotatory)

Figure 3-10 Pasteur separated crystals of two
stereoisomers of tartaric acid and showed that solu-
tions of the separated forms each rotated polarized
light to the same extent but in opposite directions.
Pasteur's dextrorotatory and levorotatory forms
were later shown to be the R,R and S,S isomers
shown here. For compounds with more than one
chiral center, the RS system of nomenclature is
often more useful than the D and L system de-
scribed in Chapter 5. In the RS system, each group
attached to a chiral carbon is assigned a priority.
The priorities of some common substituents are:
-OCH2 > —OH > - N H 2 > —COOH > —CHO >
—CH2OH > —CH3 > —H. The chiral carbon atom
is viewed with the group of lowest priority pointing
away from the viewer. If the priority of the other
three groups decreases in counterclockwise order,
the configuration is S; if in clockwise order, R. In
this way each chiral carbon is designated as either
R or S, and the inclusion of these designations in
the name of the compound provides an unambigu-
ous description of the stereochemistry at each
chiral center.

c=c
7 XCOOH

Maleic acid (cis)

HOOC H

HX XCOOH
Fumaric acid (trans)

(a)

All-irans-Retinal

Figure 3—11 Configurations of stereoisomers.
(a) Isomers such as maleic acid and fumaric acid
cannot be interconverted without breaking covalent
bonds, which requires the input of much energy.
(b) In the vertebrate retina, the initial event in
light detection is the absorption of visible light by
11-cts-retinal. The energy of the absorbed light
(about 250 kJ/mol) converts 11-cis-retinal to all-
fraras-retinal, triggering electrical changes in the
retinal cell that lead to a nerve impulse.

(b)
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Figure 3—12 Many conformations of ethane are
possible because of freedom of rotation around the
carbon-carbon single bond. When the front carbon
atom (as viewed by the reader) and its three at-
tached hydrogens are rotated relative to the rear
carbon atom, the potential energy of the molecule
rises in the fully eclipsed conformation (torsion
angle 0°, 120°, etc.), then falls in the fully staggered
conformation (torsion angle 60°, 180°, etc.). The en-
ergy differences are small enough to allow rapid
interconversion of the two forms (millions of times
per second), thus the eclipsed and staggered forms
cannot be isolated separately.

Figure 3-13 Stereoisomers that are distinguished
by sensory receptors for smell and taste in humans,
(a) Two stereoisomers of carvone, designated R and
S (see Fig. 3-10, legend). i?-carvone (from spear-
mint oil) has the characteristic fragrance of spear-
mint; S-carvone (from caraway seed oil) smells like
caraway, (b) Aspartame, the artificial sweetener
sold under the trade name NutraSweet, is easily
distinguishable by taste from its bitter-tasting
stereoisomer, although the two differ only in the
configuration about one of the two chiral carbon
atoms (in red).
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Molecular conformation refers to the spatial arrangement of sub-
stituent groups that are free to assume different positions in space,
without breaking any bonds, because of the freedom of bond rotation.
In the simple hydrocarbon ethane, for example, there is nearly com-
plete freedom of rotation around the carbon-carbon single bond. Many
different, interconvertible conformations of the ethane molecule are
therefore possible, depending upon the degree of rotation (Fig. 3-12).
Two conformations are of special interest: the staggered conformation,
which is more stable than all others and thus predominates, and the
eclipsed form, which is least stable. It is not possible to isolate either of
these conformational forms, because they are freely interconvertible
and in equilibrium with each other. However, when one or more of the
hydrogen atoms on each carbon is replaced by a functional group that
is either very large or electrically charged, freedom of rotation around
the carbon-carbon single bond is hindered. This limits the number of
stable conformations of the ethane derivative.

Interactions between Biomolecules Are Stereospecific

Many biomolecules besides amino acids are chiral, containing one or
more asymmetric carbon atoms. The chiral molecules in living organ-
isms are usually present in only one of their chiral forms. For example,
the amino acids occur in proteins only as the L isomers. Glucose, the
monomeric subunit of starch, has five asymmetric carbons, but occurs
biologically in only one of its chiral forms, the D isomer. (The conven-
tions for naming stereoisomers of the amino acids are described in
Chapter 5; those for sugars, in Chapter 11). In contrast, when a com-
pound having an asymmetric carbon atom is chemically synthesized in
the laboratory, the nonbiological reactions usually produce all possible
chiral forms in an equimolar mixture that does not rotate polarized
light (a racemic mixture). The chiral forms in such a mixture can be
separated only by painstaking physical methods. Chiral compounds in
living cells are produced in only one chiral form because the enzymes
that synthesize them are also chiral molecules.

Stereospecificity, the ability to distinguish between stereoiso-
mers, is a common property of enzymes and other proteins and a char-
acteristic feature of the molecular logic of living cells. If the binding
site on a protein is complementary to one isomer of a chiral compound,
it will not be complementary to the other isomer for the same reason
that a left glove does not fit a right hand. Two striking examples of the
ability of biological systems to distinguish stereoisomers are shown in
Figure 3-13.

' N H ,

OOC
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^OCH3
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C ^
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H
L-Aspartyl-L-phenylalanyl methyl ester

(aspartame) (sweet)

II
0

H" SCH
OCH3

HC

HC.

^CH

H
L-Aspartyl-D-phenylalanyl methyl ester

(bitter)

(a) (b)
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Chapter 3 Biomolecules

Chemical Reactivity

Saturated hydrocarbons—molecules with carbon-carbon single bonds
and without double bonds or substituent groups—are not easily at-
tacked by most chemical reagents; biomolecules, with their various
functional groups, are much more chemically reactive. Functional
groups alter the electron distribution and the geometry of neighboring
atoms and thus affect the chemical reactivity of the entire molecule.
The breakage and formation of chemical bonds during cellular metabo-
lism release energy, some in the form of heat.

It is possible to analyze and predict the chemical behavior and
reactions of biomolecules from the functional groups they bear. En-
zymes recognize a specific pattern of functional groups in a biomole-
cule and catalyze characteristic chemical changes in the compound
that contains these groups. Although a large number of different chem-
ical reactions occur in a typical cell, these reactions are of only a few
types, readily understandable in terms that apply to all reactions of
organic compounds.

Bond Strength Is Related to the Electronegativities
of the Bonded Atoms

When the two atoms sharing electrons in a covalent bond have equal
affinities for the electrons, as in the case of two carbon atoms, the
resulting bond is nonpolar. When two elements that differ in electron
affinity, or electronegativity (Table 3-4), form a covalent bond (e.g., C
and 0), that bond is polarized; the shared electrons are more likely to
be in the region of the more electronegative atom (O) than of the less
electronegative (C). In the extreme case of two atoms of very different
electronegativity (Na and Cl, for example), one of the atoms actually
gives up the electron(s) to the other atom, resulting in the formation of
ions and ionic interactions such as those in solid NaCl.

The strength of chemical bonds (Table 3-5) depends upon the rela-
tive electronegativities of the elements involved, the distance of the
bonding electrons from each nucleus, and the nuclear charge. The
number of electrons shared also influences bond strength; double
bonds are stronger than single bonds, and triple bonds are stronger
yet. The strength of a bond is expressed as bond energy, in joules. (In
biochemistry, calories have often been used as units of energy—bond
energy and free energy, for example. The joule is the unit of energy in
the International System of Units, and is used throughout this book.
For conversions, 1 cal is equal to 4.18 J.) Bond energy can be thought of
as either the amount of energy required to break a bond or the amount
of energy gained by the surroundings when two atoms form the bond.
One way to put energy into a system is to heat it, which gives the
molecules more kinetic energy; temperature is a measurement of the
average kinetic energy of a population of molecules. When molecular
motion is sufficiently violent, intramolecular vibrations and intermo-
lecular collisions sometimes break chemical bonds. Heating raises the
fraction of molecules with energies high enough to react.

In chemical reactions, bonds are broken and new ones are formed.
The difference between the energy from the surroundings used to
break bonds and the energy gained by the surroundings in the forma-
tion of new ones is virtually identical to the enthalpy change for the
reaction, AH. (The energy difference becomes exactly equal to the en-
thalpy change after a slight correction for any volume change in the

Table 3-4 'Fhe electronegativities
of some elements

Element

F
0
Cl
N
Br
S

c
I
Se
P
H
Cu
Fe
Co
Ni
Mo
Zn
Mn
Mg
Ca
Li
Na
K

Electronegativity*

4.0
3.5
3.0
3.0
2.8
2.5
2.5
2.5
2.4
2.1
2.1
1.9
1.8
1.8
1.8
1.8
1.6
1.5
1.2
1.0
1.0
0.9
0.8

* The higher the number, the more electro-
negative is the element.
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Table 3-5 Strengths of bonds common

Type of bond

Single bonds

O - H

H-H

P - 0

C—H

N - H

0—0
c-c
S - H

C - N

c-s
N—0
s—s

Bond dissociation
energy (kj/mol)

461

435

419

414

389

352

348

339

293

260
222
214

in biomolecules

Type of bond

Double bonds

C = O

C = N

P = O

Triple bonds

C=C
NEEEN

Noncovalent bonds
or interactions

Hydrogen bonds
van der Waals

interactions
Hydrophobic

interactions
Ionic interactions

Bond dissociation
energy (kJ/mol)

712

615

611

502

816

930

4-20

system at constant pressure.) If heat energy is absorbed by the system
as the change occurs (that is, if the reaction is endothermic), then AH
has, by definition, a positive value; when heat is produced, as in exo-
thermic reactions, AH is negative. In short, the change in enthalpy for
a covalent reaction reflects the kinds and numbers of bonds that are
made and broken. As we shall see later in this chapter, the enthalpy
change is one of three factors that determine the free-energy change
for a reaction; the other two are the temperature and the change in
entropy.

Five Types of Chemical Transformations Occur in Cells

Most cells have the capacity to carry out thousands of specific, enzyme-
catalyzed reactions: transformation of simple nutrients such as glucose
into amino acids, nucleotides, or lipids; extraction of energy from fuels
by oxidation; or polymerization of subunits into macromolecules, for
example. Fortunately for the student of biochemistry, there is a pat-
tern in this multitude of reactions; we do not need to learn all of these
reactions to comprehend the molecular logic of life.

Most of the reactions in living cells fall into one of five general
categories (Fig. 3-14): functional-group transfers (a), oxidations and
reductions (b), reactions that rearrange the bond structure around one
or more carbons (c), reactions that form or break carbon-carbon
bonds (d), and reactions in which two molecules condense, with the
elimination of a molecule of water (e). Reactions within one category
generally occur by similar mechanisms.
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Group transfer
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Figure 3-14 Examples of five general types of
chemical transformations that occur in cells. The
reactions (a) through (d) are enzyme-catalyzed re-
actions that take place in your tissues as you use
glucose as a source of energy (Chapter 14). In (a) a
phosphoryl group is transferred from ATP to glu-
cose; (b) an aldehyde is oxidized to a carboxylic
acid and an oxidized electron carrier (NADP*) is

reduced; (c) a rearrangement converts an aldehyde
to a ketone; (d) a molecule is cleaved to form two
smaller molecules. Reaction (e) represents the con-
densation of two amino acids with the elimination
of H 20 to form a peptide bond; condensation reac-
tions occur in many cellular processes in which
larger molecules are assembled from small precur-
sors.
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Table 3-6 Some functional groups that
act as nucleophiles within cells

Water

Hydroxyl (alcohol)

Alkoxyl

Sulfhydryl

Sulfide

Amino

Carboxylate

Imidazole

HOH

ROH

RO:

RSH

RS"

RNH2

xo-
T>

. N ^ J S T H

The mechanisms of biochemical reactions are not fundamentally
different from other chemical reactions. Many biochemical reactions
involve interactions between nucleophiles, functional groups rich in
electrons and capable of donating them, and electrophiles, electron-
deficient functional groups that seek electrons. Nucleophiles combine
with, and give up electrons to, electrophiles. Functional groups con-
taining oxygen, nitrogen, and sulfur are important biological nucleo-
philes (Table 3-6). Positively charged hydrogen atoms (protons) and
positively charged metals (cations) frequently act as electrophiles in
cells. A carbon atom can act as either a nucleophilic or an electrophilic
center, depending upon which bonds and functional groups surround
it.

Macromolecules and Their Monomeric Subunits

Many of the molecules found within cells are macromolecules, poly-
mers of high molecular weight assembled from relatively simple pre-
cursors. Polysaccharides, proteins, and nucleic acids, which may have
molecular weights ranging from tens of thousands to (in the case of
DNA) billions, are produced by the polymerization of relatively small
subunits with molecular weights of 500 or less. The synthesis of macro-
molecules is a major energy-consuming activity of cells. Macromole-
cules themselves may be further assembled into supramolecular com-
plexes, forming functional units such as ribosomes, membranes, and
organelles.

Table 3-7 Molecular components of an
E. coli cell

Water

Proteins

Nucleic acids
DNA
RNA

Polysaccharides
Lipids

Monomeric
subunits and
intermediates

Inorganic ions

Percentage of
total weight

of cell

70

15

1
6

3

2

2

1

Approximate
number of
different

molecular
species

1

3,000

1
>3,000

5

20

500

20

The Major Constituents of Organisms Are Macromolecules

Table 3-7 shows the major classes of biomolecules in a representative
single-celled organism, Escherichia coli. Water is the most abundant
single compound in E. coli and in all other cells and organisms. Inor-
ganic salts and mineral elements, on the other hand, constitute only a
very small fraction of the total dry weight, but many of them are in
approximate proportion to their distribution in seawater (see Table
3-1). Nearly all of the solid matter in all kinds of cells is organic and is
present in four forms: proteins, nucleic acids, polysaccharides, and lip-
ids.

Proteins, long polymers of amino acids, constitute the largest
fraction (besides water) of cells. Some proteins have catalytic activity
and function as enzymes, others serve as structural elements, and still
others carry specific signals (in the case of receptors) or specific sub-
stances (in the case of transport proteins) into or out of cells. Proteins
are perhaps the most versatile of all biomolecules. The nucleic acids,
DNA and RNA, are polymers of nucleotides. They store, transmit, and
translate genetic information. The polysaccharides, polymers of sim-
ple sugars such as glucose, have two major functions: they serve as
energy-yielding fuel stores and as extracellular structural elements.
Shorter polymers of sugars (oligosaccharides) attached to proteins or
lipids at the cell surface serve as specific cellular signals. The lipids,
greasy or oily hydrocarbon derivatives, serve as structural components
of membranes, as a storage form of energy-rich fuel, and in other roles.
These four classes of large biomolecules are all synthesized in conden-
sation reactions (Fig. 3-14e). In macromolecules—proteins, nucleic
acids, and polysaccharides—the number of monomeric subunits is



very large. Proteins have molecular weights in the range of 5,000 to
over 1 million; the nucleic acids have molecular weights ranging up to
several billion; and polysaccharides, such as starch, also have molecu-
lar weights into the millions. Individual lipid molecules are much
smaller (Mr 750 to 1,500), and are not classed as macromolecules. How-
ever, when large numbers of lipid molecules associate noncovalently,
very large structures result. Cellular membranes are built of enormous
aggregates containing millions of lipid molecules.
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Macromolecules Are Constructed from Monomeric Subunits

Although living organisms contain a very large number of different
proteins and different nucleic acids, a fundamental simplicity under-
lies their structure (Chapter 1). The simple monomeric subunits from
which all proteins and all nucleic acids are constructed are few in num-
ber and identical in all living species. Proteins and nucleic acids are
informational macromolecules: each protein and each nucleic acid
has a characteristic information-rich subunit sequence (Fig. 3-15).

-A-C-T-C-G-A-C-G-A-
(DNA)

Glc-Glc-Glc-Glc-Glc-
(cellulose)

tfej J J J U

Figure 3-15 Informational and structural macro-
molecules. A, T, C, and G represent the four deoxy-
nucleotides of DNA, and glucose (Glc) is the repeat-
ing monomeric subunit of starch and cellulose. The
number of possible permutations and combinations
of four deoxynucleotides is virtually limitless, as is
the number of melodies possible with a few musical
notes. A polymer of one subunit type is informa-
tion-poor and monotonous.

Polysaccharides built from only a single kind of unit, or from two
different alternating units, are not informational molecules in the
same sense as are proteins and nucleic acids (Fig. 3-15). However,
complex polysaccharides made up of six or more different kinds of sug-
ars connected in branched chains do have the structural and stereo-
chemical variety that enables them to carry information recognizable
by other macromolecules.

Monomeric Subunits Have Simple Structures

Figure 3-16 shows the structures of some monomeric units, arranged
in families. We have already seen that the most abundant polysaccha-
rides in nature, starch and cellulose, are constructed of repeating units
of D-glucose. The monomeric subunits of proteins are 20 different
amino acids; all have an amino group (an imino group in the case of
proline) and a carboxyl group attached to the same carbon atom,
called, by convention, the a carbon. These a-amino acids differ from
each other only in their side chains (Fig. 3-16).

The recurring structural units of all nucleic acids are eight differ-
ent nucleotides; four kinds of nucleotides are the structural units of
DNA, and four others are the units of RNA. Each nucleotide is made up
of three components: (1) a nitrogenous organic base, (2) a five-carbon
sugar, and (3) phosphate (Fig. 3-16). The eight different nucleotides of
DNA and RNA are built from five different organic bases combined
with two different sugars.
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The 20 amino acids of proteins
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Figure 3-16 The organic compounds from which
most larger structures in cells are constructed: the
ABCs of biochemistry. Shown on these two pages
are (a) the 20 amino acids from which the proteins
of all organisms are built (the side chains are
shaded red), (b) the five nitrogenous bases, two
five-carbon sugars, and phosphoric acid from which
all nucleic acids are built, (c) five components

found in many membrane lipids, and (d) a-D-
glucose, the parent sugar from which most carbohy-
drates are derived. Note that phosphoric acid is a
subunit of both nucleic acids and membrane lipids.
The five-carbon and six-carbon sugars are shown
here in their ring forms rather than their straight-
chain forms (Chapter 11). All components are
shown in their un-ionized form.
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The components of nucleic acids
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Lipids also are constructed from relatively few kinds of subunits.
Most lipid molecules contain one or more long-chain fatty acids, of
which palmitic acid and oleic acid are parent compounds. Many lipids
also contain an alcohol, e.g., glycerol, and some contain phosphate
(Fig. 3-16). Thus, only three dozen different organic compounds are the
parents of most biomolecules.

Each of the compounds in Figure 3—16 has multiple functions in
living organisms (Fig. 3-17). Amino acids are not only the monomeric
subunits of proteins; some also act as neurotransmitters and as precur-
sors of hormones and toxins. Adenine serves both as a subunit in the
structure of nucleic acids and of ATP, and as a neurotransmitter. Fatty
acids serve as components of complex membrane lipids, energy-rich
fuel-storage fats, and the protective waxy coats on leaves and fruits.
D-Glucose is the monomeric subunit of starch and cellulose, and also is
the precursor of other sugars such as D-mannose and sucrose.

Subunit Condensation Creates Order and Requires Energy

It is extremely improbable that amino acids in a mixture would sponta-
neously condense into a protein with a unique sequence. This would
represent increased order in a population of molecules; but according
to the second law of thermodynamics (Chapter 13) the tendency is to-
ward ever-greater disorder in the universe. To bring about the synthe-
sis of macromolecules from their monomeric subunits, free energy
must be supplied to the system (the cell).

(c)

Amino acids

Adenine

Palmitic acid

Proteins
Peptide hormones
Neurotransmitters
Toxic alkaloids

Nucleic acids
ATP
Coenzymes
Neurotransmitters

Membrane lipids
• Fats
• Waxes

Cellulose
Starch
Fructose
Mannose
Sucrose
Lactose

Figure 3-17 Each simple component in Fig. 3-16
is a precursor of many other kinds of biomolecules.

Glucose
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J. Willard Gibbs
1839-1903

The randomness of the components of a chemical system is ex-
pressed as entropy, symbolized S. Any change in randomness of the
system is the entropy change, AS, which has a positive value when
randomness increases. J. Willard Gibbs, who developed the theory of
energy changes during chemical reactions, showed that the free-
energy content (G; recall Chapter 1) of any isolated system can be de-
fined in terms of three quantities: enthalpy (H) (reflecting the number
and kinds of bonds; see p. 66), entropy (S), and T, the absolute temper-
ature (Kelvin). The definition of free energy is: G = H - TS. When a
chemical reaction occurs at constant temperature, the free-energy
change is determined by AH, reflecting the kinds and numbers of
chemical bonds and noncovalent interactions broken and formed, and
AS, the change in the system's randomness:

AG = AH - T AS

Recall from Chapter 1 that a process tends to occur spontaneously only
if AG is negative. How, then, can cells synthesize polymers such as
proteins and nucleic acids, if the free-energy change for polymerizing
subunits is positive? They couple these thermodynamically unfavora-
ble (endergonic) reactions to other cellular reactions that liberate free
energy (exergonic reactions), so that the sum of the free-energy
changes is negative:

Amino acids

ATP

proteins

AMP + 2POf

AGi is positive (endergonic)

AG2 is negative (exergonic)
Sum: Amino acids + ATP - —> proteins + AMP + 2POI

The sum of AGi and AG2 is negative (the overall process is exergonic).

There Is a Hierarchy in Cell Structure

The monomeric subunits in Figure 3-16 are very small compared with
biological macromolecules. An amino acid molecule such as alanine is
less than 0.5 nm long. Hemoglobin, the oxygen-carrying protein of
erythrocytes, consists of nearly 600 amino acid units covalently linked
into four long chains, which are folded into globular shapes and associ-
ated in a tetrameric structure with a diameter of 5.5 nm. Protein mole-
cules in turn are small compared with ribosomes (about 20 nm in
diameter), which contain about 70 different proteins and several
different RNA molecules. Ribosomes, in their turn, are much smaller
than organelles such as mitochondria, typically 1,000 nm in diameter.
It is a long jump from the simple biomolecules to the larger cellular
structures that can be seen with the light microscope. Figure 3-18
illustrates the structural hierarchy in cellular organization.

In proteins, nucleic acids, and polysaccharides, the individual sub-
units are joined by covalent bonds. By contrast, in supramolecular
complexes, the different macromolecules are held together by noncova-
lent interactions—much weaker, individually, than covalent bonds.
Among these are hydrogen bonds (between polar groups), ionic interac-
tions (between charged groups), hydrophobic interactions (between
nonpolar groups), and van der Waals interactions, all of which have
energies of only a few kilojoules, compared with covalent bonds, which
have bond energies of 200 to 900 kJ/mol (see Table 3-5). The nature of
these noncovalent interactions will be described in the next chapter.
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The large numbers of weak interactions between macromolecules in
supramolecular complexes stabilize the resulting noncovalent struc-
tures.

Although the monomeric subunits of macromolecules are so much
smaller than cells and organelles, they influence the shape and func-
tion of these much larger structures. In sickle-cell anemia, a heredi-
tary human disorder, the hemoglobin molecule is defective. In the two
(5 chains of hemoglobin from healthy individuals, a glutamic acid resi-
due occurs at position 6. In people with sickle-cell anemia, a valine
residue occurs at position 6. This single difference in the sequence
of the 146 amino acids of the /3 chain affects only a tiny portion of
the molecule, yet it causes the hemoglobin to form large aggregates
within the erythrocytes, which become deformed (sickled) and function
abnormally.

Figure 3—18 The structural hierarchy in the mo-
lecular organization of cells. The nucleus of this
plant cell, for example, contains several types of
supramolecular complexes, including chromosomes.
Chromosomes consist of macromolecules—DNA and
many different proteins. Each type of macromole-
cule is constructed from simple subunits—DNA
from the deoxyribonucleotides, for example.
(Adapted from Becker, W.M. & Deamer, D.W. (1991)
The World of the Cell, 2nd edn, Fig. 2-15, The Ben-
jamin/Cummings Publishing Company, Menlo Park,
CA.)

Prebiotic Evolution

Because all biological macromolecules are made from the same three
dozen subunits, it seems likely that all living organisms descended
from a single primordial cell line. These subunits are proposed to have
had, singly and collectively, the most successful combination of chemi-
cal and physical properties for their function as the raw materials of
biological macromolecules and for carrying out the basic energy-trans-
forming and self-replicating features of a living cell. These primordial
organic compounds may have been retained during biological evolution
over billions of years because of their unique fitness.
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Figure 3-19 Lightning evoked by a volcanic erup-
tion that resulted in the formation of the island of
Surtsey off the coast of Iceland in 1963. The intense
fields of electrical, thermal, and shock-wave energy
generated by such cataclysms, which were frequent
on the primitive earth, could have been a major
factor in the origin of organic compounds.

Electrodes

Mixture of
NH3, CH4,
Hx), and
H2Oat
80 °C

Figure 3-20 Spark-discharge apparatus of the
type used by Miller and Urey in experiments dem-
onstrating abiotic formation of organic compounds
under primitive atmospheric conditions. After sub-
jecting the gaseous contents of the system to elec-
trical sparks, products were collected by condensa-
tion. Biomolecules such as amino acids were among
the products (see Table 3-8).

Biomolecules First Arose by Chemical Evolution

We come now to a puzzle. Apart from their occurrence in living organ-
isms, organic compounds, including the basic biomolecules, occur only
in trace amounts in the earth's crust, the sea, and the atmosphere.
How did the first living organisms acquire their characteristic organic
building blocks? In 1922, the biochemist Aleksandr I. Oparin proposed
a theory for the origin of life early in the history of the earth, postulat-
ing that the atmosphere was once very different from that of today.
Rich in methane, ammonia, and water, and essentially devoid of oxy-
gen, it was a reducing atmosphere, in contrast to the oxidizing environ-
ment of our era. In Oparin's theory, electrical energy of lightning dis-
charges or heat energy from volcanoes (Fig. 3-19) caused ammonia,
methane, water vapor, and other components of the primitive atmo-
sphere to react, forming simple organic compounds. These compounds
then dissolved in the ancient seas, which over many millenia became
enriched with a large variety of simple organic compounds. In this
warm solution (the "primordial soup") some organic molecules had a
greater tendency than others to associate into larger complexes. Over
millions of years, these in turn assembled spontaneously to form mem-
branes and catalysts (enzymes), which came together to become pre-
cursors of the first primitive cells. For many years, Oparin's views
remained speculative and appeared untestable.

Chemical Evolution Can Be Simulated in the Laboratory

A classic experiment on the abiotic (nonbiological) origin of organic
biomolecules was carried out in 1953 by Stanley Miller in the labora-
tory of Harold Urey. Miller subjected gaseous mixtures of NH3, CH4,
water vapor, and H2 to electrical sparks produced across a pair of elec-
trodes (to simulate lightning) for periods of a week or more (Fig. 3-20),
then analyzed the contents of the closed reaction vessel. The gas phase
of the resulting mixture contained CO and CO2, as well as the starting



Chapter 3 Biomolecules 75

materials. The water phase contained a variety of organic compounds,
including some amino acids, hydroxy acids, aldehydes, and hydrogen
cyanide (HCN). This experiment established the possibility of abiotic
production of biomolecules in relatively short times under relatively
mild conditions.

Several developments have allowed more refined studies of the
type pioneered by Miller and Urey, and have yielded strong evidence
that a wide variety of biomolecules, including proteins and nucleic
acids, could have been produced spontaneously from simple starting
materials probably present on the earth at the time life arose.

Modern extensions of the Miller experiments have employed "at-
mospheres" that include CO2 and HCN, and much improved technol-
ogy for identifying small quantities of products. The formation of hun-
dreds of organic compounds has been demonstrated (Table 3-8). These
compounds include more than ten of the common amino acids, a vari-
ety of mono-, di-, and tricarboxylic acids, fatty acids, adenine, and
formaldehyde. Under certain conditions, formaldehyde polymerizes to
form sugars containing three, four, five, and six carbons. The sources of
energy that are effective in bringing about the formation of these com-
pounds include heat, visible and ultraviolet (UV) light, x rays, gamma
radiation, ultrasound and shock waves, and alpha and beta particles.

In addition to the many monomers that form in these experiments,
polymers of nucleotides (nucleic acids) and of amino acids (proteins)
also form. Some of the products of the self-condensation of HCN are
effective promoters of such polymerization reactions (Fig. 3-21), and
inorganic ions present in the earth's crust (Cu2+, Ni2+, and Zn2+) also
enhance the rate of polymerization.

Table 3-8 Some of the products shown to
form under prebiotic conditions

Amino acids
Glycine
Alanine
a-Aminobutyric acid
Valine
Leucine
Isoleucine
Proline
Aspartic acid
Glutamic acid
Serine
Threonine

Sugars
Straight and branched

pentoses and hexoses

Carboxylic acids
Formic acid
Acetic acid
Propionic acid
Straight and branched

fatty acids (C4—Clo)
Glycolic acid
Lactic acid
Succinic acid

Nucleic acid bases
Adenine
Guanine
Xanthine
Hypoxanthine
Cytosine
Uracil

Source: From Miller, S.L. (1987) Which organic compounds
could have occurred on the prebiotic earth? Cold Spring Harb.
Symp. Quant. Biol. 52, 17-27.
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Figure 3—21 Among the products of electrical dis-
charge through an atmosphere containing HCN are
compounds such as those in (a). These compounds
promote the polymerization of monomers such as
amino acids into polymers (b).

In short, laboratory experiments on the spontaneous formation of
biomolecules under prebiotic conditions have provided good evidence
that many of the chemical components of living cells, including pro-
teins and RNA, can form under these conditions. Short polymers of
RNA can act as catalysts in biologically significant reactions (Chapter
25), and it seems likely that RNA played a crucial role in prebiotic
evolution, both as catalyst and as information repository.
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Creation of prebiotic soup, including nucleotides,
from earth's primitive atmosphere

Production of short RNA molecules
with random sequences

Selective replication of self-duplicating
catalytic RNA segments

Synthesis of specific peptides,
catalyzed by RNA

Increasing role of peptides in RNA replication;
coevolution of RNA and protein

Primitive translation system develops,
with RNA genome and RNA-protein catalysts

Genomic RNA begins to be copied into DNA

DNA genome, translated on RNA-protein complex
(ribosome) with protein catalysts

Figure 3-22 One possible "RNA world" scenario,
showing the transition from the prebiotic RNA
world (shades of yellow) to the biotic DNA world
(orange).

RNA Molecules May Have Been
the First Genes and Catalysts

In modern organisms, nucleic acids encode the genetic information
that specifies the structure of enzymes, and enzymes have the ability
to catalyze the replication and repair of nucleic acids. The mutual de-
pendence of these two classes of biomolecules poses the perplexing
question: which came first, DNA or protein?

The answer may be: neither. The discovery that RNA molecules
can act as catalysts in their own formation suggests that RNA may
have been the first gene and the first catalyst. According to this sce-
nario (Fig. 3—22), one of the earliest stages of biological evolution was
the chance formation, in the primordial soup, of an RNA molecule that
had the ability to catalyze the formation of other RNA molecules of the
same sequence—a self-replicating, self-perpetuating RNA. The con-
centration of a self-replicating RNA molecule would increase exponen-
tially, as one molecule formed two, two formed four, and so on. The
fidelity of self-replication was presumably less than perfect, so the pro-
cess would generate variants of the RNA, some of which might be even
better able to self-replicate. In the competition for nucleotides, the
most efficient of the self-replicating sequences would win, and less effi-
cient replicators would fade from the population.

The division of function between DNA (genetic information stor-
age) and protein (catalysis) was, according to the "RNA world" hypoth-
esis, a later development (Fig. 3-22). New variants of self-replicating
RNA molecules developed, with the additional ability to catalyze the
condensation of amino acids into peptides. Occasionally, the peptide(s)
thus formed would reinforce the self-replicating ability of the RNA,
and the pair—RNA molecule and helping peptide—could undergo fur-
ther modifications in sequence, generating even more efficient self-
replicating systems. Sometime after the evolution of this primitive
protein-synthesizing system, there was a further development: DNA
molecules with sequences complementary to the self-replicating RNA
molecules took over the function of conserving the "genetic" informa-
tion, and RNA molecules evolved to play roles in protein synthesis.
Proteins proved to be versatile catalysts, and over time, assumed that
function. Lipidlike compounds in the primordial soup formed relatively
impermeable layers surrounding self-replicating collections of mole-
cules. The concentration of proteins and nucleic acids within these
lipid enclosures favored the molecular interactions required in self-
replication.

This "RNA world" hypothesis is plausible but by no means univer-
sally accepted. The hypothesis does make testable predictions, and to
the extent that experimental tests are possible within finite times (less
than or equal to the life span of a scientist!), the hypothesis will be
tested and refined.

Biological Evolution Began More Than
Three Billion Years Ago

The earth was formed about 4.5 billion years ago, and the first defini-
tive evidence of life dates to about 3.5 billion years ago. An interna-
tional group of scientists showed in 1980 that certain ancient rock for-
mations (stromatolites; Fig. 3-23) in western Australia contained
fossils of primitive microorganisms. Somewhere on earth during that
first billion-year period, there arose the first simple organism, capable
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(a) (b)

of replicating its own structure from a template (RNA?) that was the
first genetic material. Because the terrestrial atmosphere at the dawn
of life was nearly devoid of oxygen, and because there were few micro-
organisms to scavenge organic compounds formed by natural pro-
cesses, these compounds were relatively stable. Given this stability
and eons of time, the improbable became inevitable: the organic com-
pounds were incorporated into evolving cells to produce more and more
effective self-reproducing catalysts. The process of biological evolution
had begun. Organisms developed mechanisms for harnessing the en-
ergy of sunlight through photosynthesis, to make sugars and other
organic molecules from carbon dioxide, and to convert molecular nitro-
gen from the atmosphere into nitrogenous biomolecules such as amino
acids. By developing their own capacities to synthesize biomolecules,
cells became independent of the random processes by which such com-
pounds had first appeared on earth. As evolution proceeded, organisms
began to interact and to derive mutual benefits from each other's prod-
ucts, forming increasingly complex ecological systems.

Figure 3-23 Ancient reefs in Australia contain
fossil evidence of microbial life in the sea of 3.5 bil-
lion years ago. Bits of sand and limestone became
trapped in the sticky extracellular coats of cyano-
bacteria, gradually building up these stromatolites
found in Hamelin Bay, Western Australia (a). Mi-
croscopic examination of thin sections of stromato-
lite reveals microfossils of filamentous bacteria (b).

Summary

Most of the dry weight of living organisms consists
of organic compounds, molecules containing cova-
lently bonded carbon backbones to which other car-
bon, hydrogen, oxygen, or nitrogen atoms may be
attached. Carbon appears to have been selected in
the course of biological evolution because of the
ability of carbon atoms to form single and double
bonds with each other, making possible formation
of linear, cyclic, and branched backbone structures
in great variety. To these backbones are attached
different kinds of functional groups, which deter-
mine the chemical properties of the molecules.
Organic biomolecules also have characteristic
shapes (configurations and conformations) in three

dimensions. Many biomolecules occur in asymmet-
ric or chiral forms called enantiomers, stereoiso-
mers that are nonsuperimposable mirror images of
each other. Usually, only one of a pair of enantio-
mers has biological activity.

The strength of covalent chemical bonds, mea-
sured in joules, depends on the electronegativities
and sizes of the atoms that share electrons. The
enthalpy change (AH) for a chemical reaction re-
flects the number and kind of bonds made and bro-
ken. For endothermic reactions, AH is positive; for
exothermic reactions, negative. The many different
chemical reactions that occur within a cell fall into
five general categories: group transfers, oxidation-
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reduction reactions, rearrangements of the bonds
around carbon atoms, breakage or formation of
carbon—carbon bonds, and condensations.

Most of the organic matter in living cells con-
sists of macromolecules: nucleic acids, proteins,
and polysaccharides. Each type of macromolecule
is composed of small, covalently linked monomeric
subunits of relatively few kinds. Proteins are poly-
mers of 20 different kinds of amino acids, nucleic
acids are polymers of different nucleotide units
(four in DNA, four in RNA), and polysaccharides
are polymers of recurring sugar units. Nucleic
acids and proteins are informational macromole-
cules; the characteristic sequences of their sub-
units constitute the genetic individuality of a spe-
cies. Simple polysaccharides act as structural
components, but some complex polysaccharides
also are informational macromolecules.

There is a structural hierarchy in the molecular
organization of cells. Cells contain organelles, such
as nuclei, mitochondria, and chloroplasts, which in
turn contain supramolecular complexes, such as
membranes and ribosomes, and these consist in
turn of clusters of macromolecules that are bound
together by many relatively weak, noncovalent

forces. The macromolecules consist of covalently
linked subunits. The formation of macromolecules
from simple subunits creates order (decreases en-
tropy); this synthesis requires energy and there-
fore must be coupled to exergonic reactions.

The small biomolecules such as amino acids and
sugars probably first arose spontaneously from
atmospheric gases and water under the influence
of electrical energy (lightning) during the early his-
tory of the earth. Such processes, called chemical
evolution, can be simulated in the laboratory. The
monomeric subunits of cellular macromolecules
appear to have been selected during early biologi-
cal evolution as being the most fit for their biologi-
cal functions. These subunit molecules are rela-
tively few in number, but are very versatile;
evolution has combined small biomolecules to yield
macromolecules capable of diverse biological func-
tions. The first macromolecules may have been
RNA molecules that were capable of catalyzing
their own replication. Later in evolution, DNA took
over the function of storing genetic information,
proteins became the cellular catalysts, and RNA
mediated between these, allowing the expression
of genetic information as proteins.
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Problems

1. Vitamin C: Is the Synthetic Vitamin as Good as
the Natural One ? One claim put forth by purvey-
ors of health foods is that vitamins obtained from
natural sources are more healthful than those ob-
tained by chemical synthesis. For example, it is
claimed that pure L-ascorbic acid (vitamin C) ob-
tained from rose hips is better for you than pure
L-ascorbic acid manufactured in a chemical plant.
Are the vitamins from the two sources different?
Can the body distinguish a vitamin's source?

2. Identification of Functional Groups Figure 3—5
shows the common functional groups of biomole-
cules. Since the properties and biological activities
of biomolecules are largely determined by their
functional groups, it is important to be able to
identify them. In each of the molecules at right,
identify the constituent functional groups.

3. Drug Activity and Stereochemistry The quanti-
tative differences in biological activity between the
two enantiomers of a compound are sometimes
quite large. For example, the D isomer of the drug
isoproterenol, used to treat mild asthma, is 50 to
80 times more effective as a bronchodilator than
the L isomer. Identify the chiral center in isoproter-
enol. Why would the two enantiomers have such
radically different bioactivity?
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Phosphoenolpyruvic acid,
an intermediate in
glucose metabolism

(c)

HO O

Y
CH2

CH2

NH

C = O

H—C—OH

CH3—C—CHa

CH2OH
Pantothenic acid,

a vitamin
(e)

H

H - C - O H

H - C - O H

H-C—OH

H
Glycerol

(b)

COOH

H2N—C—H

H—C-OH

CH;!

Threonine, an
amino acid

(d)

Y
H-C-NH 2

HO—C—H
I

H—C—OH
H-C-OH

CH2OH

D-Glucosamine

(f)
Problem 2



Part I Foundations of Biochemistry

4. Drug Action and Shape of Molecules Some
years ago two drug companies marketed a drug
under the trade names Dexedrine and Benzedrine.
The structure of the drug is shown below.

H

NHo

The physical properties (C, H, and N analysis,
melting point, solubility, etc.) of Dexedrine and
Benzedrine were identical. The recommended oral
dosage of Dexedrine (which is still available) was
5 mg/d, but the recommended dosage of Benze-
drine was significantly higher. Apparently it re-
quired considerably more Benzedrine than Dexe-
drine to yield the same physiological response.
Explain this apparent contradiction.

5. Components of Complex Biomolecules Figure
3-16 shows the structures of the major compo-
nents of complex biomolecules. For each of the
three important biomolecules below (shown in
their ionized forms at physiological pH), identify
the constituents.

(a) Guanosine triphosphate (GTP), an energy-
rich nucleotide that serves as precursor to RNA:

o o o
- O—P—O—P—O—P—O—CH

I
O" O

OH OH

(b) Phosphatidylcholine, a component of many
membranes:

CH3 O-

CH3—
+N—CH2—CH2—O—P—O—CH2

CH3

6. Determination of the Structure of a Biomolecule
An unknown substance, X, was isolated from rab-
bit muscle. The structure of X was determined
from the following observations and experiments.
Qualitative analysis showed that X was composed
entirely of C, H, and O. A weighed sample of X was
completely oxidized, and the amount of H2O and
CO2 produced was measured. From this quantita-
tive analysis, it was concluded that X contains
40.00% C, 6.71% H, and 53.29% 0 by weight. The
molecular mass of X was determined by a mass
spectrometer and found to be 90.00. An infrared
spectrum of X showed that it contained one double
bond. X dissolved readily in water to give an acidic
solution. A solution of X was tested in a polarime-
ter and demonstrated optical activity.

(a) Determine the empirical and molecular
formula of X.

(b) Draw the possible structures of X that fit
the molecular formula and contain one double
bond. Consider only linear or branched structures
and disregard cyclic structures. Note that oxygen
makes very poor bonds to itself.

(c) What is the structural significance of the
observed optical activity? Which structures in (b)
does this observation eliminate? Which structures
are consistent with the observation?

(d) What is the structural significance of the
observation that a solution of X was acidic? Which
structures in (b) are now eliminated? Which struc-
tures are consistent with the observation?

(e) What is the structure of X? Is more than
one structure consistent with all the data?

H H

O HC—O-C-(CH2)7—C=C—(CH2)7—CH3

O

CH 2 -O-C-(CH 2 ) 1 4 -CH 3

O

(c) Methionine enkephalin, the brain's
own opiate:

HO

H O H H H O CH2 H H
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[ H ( H H H (
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Water: Its Effect on
Dissolved Biomolecules

Water is the most abundant substance in living systems, making up
70% or more of the weight of most organisms. Water pervades all por-
tions of every cell and is the medium in which the transport of nutri-
ents, the enzyme-catalyzed reactions of metabolism, and the transfer
of chemical energy occur. The first living organisms probably arose in
the primeval oceans; evolution was shaped by the properties of the
medium in which it occurred. All aspects of cell structure and function
are adapted to the physical and chemical properties of water. This
chapter begins with descriptions of these physical and chemical prop-
erties. The strong attractive forces between water molecules result in
water's solvent properties. The slight tendency of water to ionize is also
of crucial importance to the structure and function of biomolecules,
and we will review the topic of ionization in terms of equilibrium con-
stants, pH, and titration curves. Finally, we will consider the way in
which aqueous solutions of weak acids or bases and their salts act as
buffers against pH changes in biological systems. The water molecule
and its ionization products, H+ and OH", profoundly influence the
structure, self-assembly, and properties of all cellular components, in-
cluding enzymes and other proteins, nucleic acids, and lipids. The non-
covalent interactions responsible for the specificity of "recognition"
among biomolecules are decisively influenced by the solvent properties
of water.

Weak Interactions in Aqueous Systems

Hydrogen bonds between water molecules provide the cohesive forces
that make water a liquid at room temperature and that favor the ex-
treme ordering of molecules typical of crystalline water (ice). Polar
biomolecules dissolve readily in water because they can replace ener-
getically favorable water-water interactions with even more favorable
water—solute interactions (hydrogen bonds and electrostatic interac-
tions). In contrast, nonpolar biomolecules interfere with favorable
water-water interactions and are poorly soluble in water. In aqueous
solutions, these molecules tend to cluster together to minimize the en-
ergetically unfavorable effects of their presence.

Hydrogen bonds and ionic, hydrophobic (Greek, "water-fearing"),
and van der Waals interactions, although individually weak, are nu-
merous in biological macromolecules and collectively have a very sig-
nificant influence on the three-dimensional structures of proteins, nu-
cleic acids, polysaccharides, and membrane lipids. Before we begin a

This view of the earth from space shows that most
of the planet's surface is covered with water. The
seas, where living organisms probably first arose,
are today the habitat of countless modern organ-
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detailed discussion of these biomolecules in the following chapters, it is
useful to review the properties of the solvent, water, in which they are
assembled and carry out their functions.

• - : g -

(a) (b)

104.5

Hydrogen bond
0.177 nm

Covalent bond
0.0965 nm

(c)

Figure 4—1 The dipolar nature of the H2O mole-
cule, shown (a) by ball-and-stick and (b) by space-
filling models. The dashed lines in (a) represent
the nonbonding orbitals. There is a nearly tetrahe-
dral arrangement of the outer shell electron pairs
around the oxygen atom; the two hydrogen atoms
have localized partial positive charges and the oxy-
gen atom has two localized partial negative
charges, (c) Two H2O molecules joined by a hydro-
gen bond (designated by three blue lines) between
the oxygen atom of the upper molecule and a hy-
drogen atom of the lower one. Hydrogen bonds are
longer and weaker than covalent O—H bonds.

Hydrogen Bonding Gives Water Its Unusual Properties

Water has a higher melting point, boiling point, and heat of vaporiza-
tion than most other common liquids (Table 4-1). These unusual prop-
erties are a consequence of strong attractions between adjacent water
molecules, which give liquid water great internal cohesion.

Table 4—1 Melting point,
some common liquids

Water
Methanol (CH3OH)
Ethanol (CH3CH2OH)
Propanol (CH3CH2CH2OH)
Butanol (CH3(CH2)2CH2OH)
Acetone (CH3COCH3)
Hexane (CH3(CH2)4CH3)
Benzene (C6H6)
Butane (CH3(CH2)2CH3)
Chloroform (CHC13)

boiling point, and

Melting
point (°C)

0
- 9 8

-117
-127
- 9 0
- 9 5
- 9 8

6
-135
- 6 3

heat of vaporization of

Boiling
point (°C)

100
65
78
97

117
56
69
80
-0.5
61

Heat of
vaporization

(J/g)*

2,260
1,100

854
687
590
523
423
394
381
247

* The heat energy required to convert 1.0 g of a liquid at its boiling point, at atmospheric pres-
sure, into its gaseous state at the same temperature. It is a direct measure of the energy re-
quired to overcome attractive forces between molecules in the liquid phase.

What is the cause of these strong intermolecular attractions in
liquid water? Each hydrogen atom of a water molecule shares an elec-
tron pair with the oxygen atom. The geometry of the water molecule is
dictated by the shapes of the outer electron orbitals of the oxygen atom,
which are similar to the bonding orbitals of carbon (see Fig. 3-4a).
These orbitals describe a rough tetrahedron, with a hydrogen atom at
each of two corners and unshared electrons at the other two (Fig. 4-1).
The H—O—H bond angle is 104.5°, slightly less than the 109.5° of a
perfect tetrahedron; the nonbonding orbitals of the oxygen atom
slightly compress the orbitals shared by hydrogen.

The oxygen nucleus attracts electrons more strongly than does the
hydrogen nucleus (i.e., the proton); oxygen is more electronegative (see
Table 3-4). The sharing of electrons between H and O is therefore
unequal; the electrons are more often in the vicinity of the oxygen atom
than of the hydrogen. The result of this unequal electron sharing is two
electric dipoles in the water molecule, one along each of the H—O
bonds; the oxygen atom bears a partial negative charge (S~), and each
hydrogen a partial positive charge (S+). The resulting electrostatic at-
traction between the oxygen atom of one water molecule and the hy-
drogen of another (Fig. 4-lc) constitutes a hydrogen bond.

Hydrogen bonds are weaker than covalent bonds. The hydrogen
bonds in liquid water have a bond energy (the energy required to
break a bond) of only about 20 kJ/mol, compared with 460 kJ/mol for
the covalent O—H bond. At room temperature, the thermal energy of
an aqueous solution (the kinetic energy resulting from the motion of
individual atoms and molecules) is of the same order as that required
to break hydrogen bonds. When water is heated, its temperature
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increase reflects the faster motion of individual water molecules.
Although at any given time most of the molecules in liquid water
are hydrogen-bonded, the lifetime of each hydrogen bond is less than
1 x 10~9 s. The apt phrase "flickering clusters" has been applied to the
short-lived groups of hydrogen-bonded molecules in liquid water. The
very large number of hydrogen bonds between molecules nevertheless
confers great internal cohesion on liquid water.

The nearly tetrahedral arrangement of the orbitals about the oxy-
gen atom (Fig. 4-la) allows each water molecule to form hydrogen
bonds with as many as four neighboring water molecules. At any given
instant in liquid water at room temperature, each water molecule
forms hydrogen bonds with an average of 3.4 other water molecules.
The water molecules are in continuous motion in the liquid state, so
hydrogen bonds are constantly and rapidly being broken and formed.
In ice, however, each water molecule is fixed in space and forms hydro-
gen bonds with four other water molecules, to yield a regular lattice
structure (Fig. 4-2). To break the large numbers of hydrogen bonds in
such a lattice requires much thermal energy, which accounts for the
relatively high melting point of water (Table 4-1). When ice melts or
water evaporates, heat is taken up by the system:

H2O(s)

H2O(1)

H2O(1)

H2O(g)

AH = +5.9 kJ/mol

AH = +44.0 kJ/mol

During melting or evaporation, the entropy of the aqueous system
increases as more highly ordered arrays of water molecules relax into
the less orderly hydrogen-bonded arrays in liquid water, or the wholly
disordered water molecules in the gaseous state. At room temperature,
both the melting of ice and the evaporation of water occur spontane-
ously; the tendency of the water molecules to associate through hydro-
gen bonds is outweighed by the energetic push toward randomness.
Recall that the free-energy change (AG) must have a negative value for
a process to occur spontaneously: AG = AH - TAS, where AG repre-
sents the driving force, AH the energy from making and breaking
bonds, and AS the increase in randomness. Since AH is positive for
melting and evaporation, it is clearly the increase in entropy (AS) that
makes AG negative and drives these transformations.

Water Forms Hydrogen Bonds with Solutes

Hydrogen bonds are not unique to water. They readily form between
an electronegative atom (usually oxygen or nitrogen) and a hydrogen
atom covalently bonded to another electronegative atom in the same or
another molecule (Fig. 4-3). However, hydrogen atoms covalently
bonded to carbon atoms, which are not electronegative, do not partici-
pate in hydrogen bonding. The distinction explains why butanol
(CH3CH2CH2CH2OH) has a relatively high boiling point of 117 °C,
whereas butane (CH3CH2CH2CH3) has a boiling point of only -0.5 °C.
Butanol has a polar hydroxyl group and thus can form hydrogen bonds
with other butanol molecules.

Uncharged but polar biomolecules such as sugars dissolve readily
in water because of the stabilizing effect of the many hydrogen bonds
that form between the hydroxyl groups or the carbonyl oxygen of the
sugar and the polar water molecules. Alcohols, aldehydes, and ketones
all form hydrogen bonds with water, as do compounds containing
N—H bonds (Fig. 4-4), and molecules containing such groups tend to
be soluble in water.

Figure 4—2 In ice, each water molecule forms the
maximum of four hydrogen bonds, creating a regu-
lar crystal lattice. In liquid water at room tempera-
ture, by contrast, each water molecule forms an
average of 3.4 hydrogen bonds with other water
molecules. The crystal lattice of ice occupies more
space than the same number of H2O molecules oc-
cupy in liquid water; ice is less dense than liquid
water, and thus floats.

Hydrogen Hydrogen
donor acceptor

— O - H n i O = C /

—O—HniN

—O—HIMO

N - H I M O = C X

N—H111O

X N—

Figure 4-3 Common types of hydrogen bonds. In
biological systems, the electronegative atom (the
hydrogen acceptor) is usually oxygen or nitrogen.
The distance between two hydrogen-bonded atoms
varies from 0.26 to 0.31 nm.
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Figure 4—4 Some hy-
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cal importance.
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Figure 4-5 Directionality of the hydrogen bond.
The attraction between the partial electric charges
(see Fig. 4-1) is greatest when the three atoms in-
volved (in this case O, H, and O) lie in a straight
line.
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Hydrogen bonds are strongest when the bonded molecules are ori-
ented to maximize electrostatic interaction, which occurs when the
hydrogen atom and the two atoms that share it are in a straight line
(Fig. 4-5). Hydrogen bonds are thus highly directional and capable of
holding two hydrogen-bonded molecules or groups in a specific geomet-
ric arrangement. We shall see later that this property of hydrogen
bonds confers very precise three-dimensional structures upon protein
and nucleic acid molecules, in which there are many intramolecular
hydrogen bonds.

Water Interacts Electrostatically with Charged Solutes

Water is a polar solvent. It readily dissolves most biomolecules, which
are generally charged or polar compounds (Table 4-2); compounds that
dissolve easily in water are hydrophilic (Greek, "water-loving"). In
contrast, nonpolar solvents such as chloroform and benzene are poor
solvents for polar biomolecules, but easily dissolve nonpolar biomole-
cules such as lipids and waxes.

Water dissolves salts such as NaCl by hydrating and stabilizing
the Na+ and Cl~ ions, weakening their electrostatic interactions and
thus counteracting their tendency to associate in a crystalline lattice
(Fig. 4—6). The solubility of charged biomolecules in water is also a
result of hydration and charge screening. Compounds with functional
groups such as ionized carboxylic acids (—C00~), protonated amines
(—NHjf), and phosphate esters or anhydrides are generally soluble in
water for the same reason.

Water is especially effective in screening the electrostatic interac-
tions between dissolved ions. The strength, or force (F), of these ionic
interactions depends upon the magnitude of the charges (Q), the dis-
tance between the charged groups (r), and the dielectric constant (e) of
the solvent through which the interactions occur:

F = Q1Q2

The dielectric constant is a physical property reflecting the number of
dipoles in a solvent. For water at 25 °C, e (which is dimensionless) is
78.5, and for the very nonpolar solvent benzene, e is 4.6. Thus ionic
interactions are much stronger in less polar environments. The de-
pendence on r2 is such that ionic attractions or repulsions operate over
limited distances, in the range of 10 to 40 nm (depending on the elec-
trolyte concentration) when the solvent is water.
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Table 4-2 Some examples of polar, nonpolar, and amphipathic
biomolecules

Biomolecule

Polar

Glucose

Glycine

Aspartic acid

Lactic acid

Glycerol

Nonpolar

Typical wax

Amphipathic

Phenylalanine

Phosphatidyl-
choline

Ionic form at pH 7

HO

OH

H OH

NH3—CH2—COO

+NH3

OOC—CH2—CH-COO

CH3—CH—COO

OH

OH

HOCH2—CH—CH2OH

\
0x13(0112)7—CH—CH—(CH2)6—CH2—C

o
CH3—(CH2)7-CH=CH—(CH2)7—CH2

+NH3

CHo-CH-COO-

O

CH3(CH2)15CH2-C-O-CH2

CH3(CH2)15CH2-C-O-CH O

O

+N(CH3)3

CH2—P—O—CH2—CH2

Entropy Increases as Crystalline Substances Dissolve

As a salt such as NaCl dissolves, the Na+ and Cl~ ions leaving the
crystal lattice acquire far greater freedom of motion (Fig. 4—6). The
resulting increase in the entropy (randomness) of the system is largely
responsible for the ease of dissolving salts such as NaCl in water. In
thermodynamic terms, formation of the solution occurs with a favor-
able change in free energy: AG = AH - TAS, where AH has a small
positive value and TAS a large positive value; thus AG is negative.

cr Na 4

Hydrated
Cl" ion

Hydrated
Na+ ion

Figure 4—6 Water dissolves many crystalline salts
by hydrating their component ions. The NaCl crys-
tal lattice is disrupted as water molecules cluster
about the Cl" and Na* ions. The ionic charges are
thus partially neutralized, and the electrostatic at-
tractions necessary for lattice formation are weak-
ened.
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Nonpolar Gases Are Poorly Soluble in Water

The biologically important gases CO2, O2, and N2 are nonpolar. In the
diatomic molecules O2 and N2, electrons are shared equally by both
atoms. In CO2, each C=O bond is polar, but the two dipoles are oppo-
sitely directed and cancel each other (Table 4-3). The movement of
these molecules from the disordered gas phase into aqueous solution
constrains their motion and therefore represents a decrease in en-
tropy. These gases are consequently very poorly soluble in water (Table
4-3). Some organisms have water-soluble carrier proteins (hemoglobin
and myoglobin, for example) that facilitate the transport of O2. Carbon
dioxide forms carbonic acid (H2CO3) in aqueous solution, and is trans-
ported in that form.

Two other gases, NH3 and H2S, also have biological roles in some
organisms; these are polar and dissolve readily in water (Table 4—3).

Table 4-3

Gas

Nitrogen

Oxygen

Carbon
dioxide

Ammonia

Hydrogen
sulfide

Solubilities

Structure*

N=N

0 = 0

s s-

o=c=o

N

V H
s

s-

of some gases in water

Polarity

Nonpolar

Nonpolar

Nonpolar

Polar

Polar

Solubility
in water (g/L)

0.018

0.035

0.97

900

1,860

Temperature
(°C)

40

50

45

10

40

* The arrows represent electric dipoles; there is a partial negative charge (S ) at the head of the
arrow, a partial positive charge (§'; not shown here) at the tail.

Nonpolar Compounds Force Energetically Unfavorable
Changes in the Structure of Water

When water is mixed with a hydrocarbon such as benzene or hexane,
two phases form; neither liquid is soluble in the other. Shorter hydro-
carbons such as ethane have small but measurable solubility in water.
Nonpolar compounds such as benzene, hexane, and ethane are hydro-
phobic—they are unable to undergo energetically favorable interac-
tions with water molecules, and they actually interfere with the hydro-
gen bonding among water molecules. All solute molecules or ions
dissolved in water interfere with the hydrogen bonding of some water
molecules in their immediate vicinity, but polar or charged solutes
(such as NaCl) partially compensate for lost hydrogen bonds by form-
ing new solute-water interactions. The net change in enthalpy (AH)
for dissolving these solutes is generally small. Hydrophobic solutes
offer no such compensation, and their addition to water may therefore
result in a small gain of enthalpy; the breaking of hydrogen bonds
requires the addition of energy to the system. Furthermore, dissolving
hydrophobic solutes in water results in a measurable decrease in en-
tropy. Water molecules in the immediate vicinity of a nonpolar solute
are constrained in their possible orientations, resulting in a shell of
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Hydrophilic
"head group"

"Flickering clusters" of H2O
molecules in bulk phase

Highly ordered H2O molecules form
"cages" around the hydrophobic alkyl chains

(a)

highly ordered water molecules around each solute molecule. The
number of water molecules in the highly ordered shell is proportional
to the surface area of the hydrophobic solute. The free-energy change
for dissolving a nonpolar solute in water is thus unfavorable: AG =
AH - TAS, where AH has a positive value, AS a negative value, and
thus AG is positive.

Amphipathic compounds contain regions that are polar (or
charged) and regions that are nonpolar (Table 4-2). When amphi-
pathic compounds are mixed with water, the two regions of the solute
molecule experience conflicting tendencies; the polar or charged, hy-
drophilic region interacts favorably with the solvent and tends to dis-
solve, but the nonpolar, hydrophobic region has the opposite tendency,
to avoid contact with the water (Fig. 4-7a). The nonpolar regions of the
molecules cluster together to present the smallest hydrophobic area to
the solvent, and the polar regions are arranged to maximize their in-
teraction with the aqueous solvent (Fig. 4-7b). These stable structures
of amphipathic compounds in water, called micelles, may contain
hundreds or thousands of molecules. The forces that hold the nonpolar
regions of the molecules together are called hydrophobic interac-
tions. The strength of these interactions is not due to any intrinsic
attraction between nonpolar molecules. Rather, it results from the sys-
tem's achieving greatest thermodynamic stability by minimizing the
entropy decrease that results from the ordering of water molecules
around hydrophobic portions of the solute molecule.

Many biomolecules are amphipathic (Table 4—2); proteins, pig-
ments, certain vitamins, and the sterols and phospholipids of mem-
branes all have polar and nonpolar surface regions. Structures com-
posed of these molecules are stabilized by hydrophobic interactions
among the nonpolar regions. Hydrophobic interactions among lipids,
and between lipids and proteins, are the most important determinants
of structure in biological membranes; and hydrophobic interactions
between nonpolar amino acids stabilize the three-dimensional folding
patterns of proteins.

Dispersion of
lipids in H2O
Each lipid
molecule forces
surrounding H2O
molecules to become
highly ordered.

Clusters of lipid
molecules
Only lipid portions
at the edge of
the cluster force the
ordering of water.
Fewer H2O molecules
are ordered, and
entropy is increased.

Micelles
All hydrophobic
groups are
sequestered from
water; no highly
ordered shell of
H2O molecules
is present, and
entropy is increased.

(b)

Figure 4-7 (a) The long-chain fatty acids have
very hydrophobic alkyl chains, each of which is sur-
rounded by a layer of highly ordered water mole-
cules, (b) By clustering together in micelles, the
fatty acid molecules expose a smaller hydrophobic
surface area to the water, and fewer water mole-
cules are found in the shell of ordered water. The
energy gained by freeing immobilized water mole-
cules stabilizes the micelle.
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Hydrogen bonding between water and polar solutes also causes
some ordering of water molecules, but the effect is less significant than
with nonpolar solutes. Part of the driving force for the binding of a
polar substrate to the complementary polar surface of an enzyme is the
entropy increase resulting from the disordering of ordered water mole-
cules around the substrate (reactant), as the enzyme displaces
hydrogen-bonded water from the substrate.

van der Waals Interactions Are Weak Interatomic Attractions

When two uncharged atoms are brought very close together, their sur-
rounding electron clouds influence each other. Random variations in
the positions of the electrons around one nucleus may create a tran-
sient electric dipole, which induces a transient, opposite electric dipole
in the nearby atom. The two dipoles are weakly attracted to each other,
bringing the two nuclei closer. The force of this weak attraction is the
van der Waals interaction. As the two nuclei draw closer together,
their electron clouds begin to repel each other, and at some point the
van der Waals attraction exactly balances this repulsive force (Fig.
4-8); the nuclei cannot be brought closer, and are said to be in van der
Waals contact. For each atom, there is a characteristic van der Waals
radius, a measure of how close that atom will allow another to ap-
proach (see Table 3-3).

Figure 4-8 The changes in energy as two atoms
approach. Two opposite forces operate on the atoms,
plotted here as a function of the distance between
the atoms: an attraction that increases as the two
approach (blue), and a repulsion that increases very
sharply as the atoms come so close that their outer
electron orbitals overlap (black). The net energy of
the interaction is the sum of these two (red); an
energy minimum occurs just before the repulsive
effect dominates (at rme). The closest approach that
is energetically feasible, rv, defines the van der
Waals radii; it is the sum of the van der Waals
radii of the two atoms.

Weak Interactions Are Crucial to
Macromolecular Structure and Function

The noncovalent interactions we have described (hydrogen bonds and
ionic, hydrophobic, and van der Waals interactions) are much weaker
than covalent bonds (see Table 3-5). The input of about 350 kJ of en-
ergy is required to break a mole (6 x 1023) of C—C single bonds, and of
about 410 kJ to break a mole of C—H bonds, but only 4 to 8 kJ is
sufficient to disrupt a mole of typical van der Waals interactions (Table
4—4). Hydrophobic interactions are similarly weak, and ionic interac-
tions and hydrogen bonds are only a little stronger; a typical hydrogen
bond in aqueous solvent can be broken by the input of about 20 kJ/mol.

van der Waals
radii

Distance between centers of atoms
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Table 4-4 Four weak interactions among biomolecules
solvent

Weak interaction

Hydrogen bonds
Between neutral groups

Between peptide bonds

Ionic interactions

Attraction

Repulsion

Hydrophobic interactions

van der Waals interactions

C=OniH—O—

C=OniH—NX

/ \

0

—TNH3 - • « - -0—C—

—+NH3 <—• H3N+—

C H 3 / C H 3 CH3 CHS

CH2 CH2

Any two atoms in
close proximity

in aqueous

Stabilization
energy

(kJ/mol)

8-21

8-21

42

- 2 1

4-8

4

In aqueous solvent at 25 °C, the available thermal energy is of the
same order as the strength of these weak interactions. Furthermore,
the interaction between solute and solvent (water) molecules is nearly
as favorable as solute-solute interactions. Consequently, hydrogen
bonds and ionic, hydrophobic, and van der Waals interactions are con-
tinually formed and broken.

Although these four types of interactions are individually weak
relative to covalent bonds, the cumulative effect of many such interac-
tions in a protein or nucleic acid can be very significant. For example,
the noncovalent binding of an enzyme to its substrate may involve
several hydrogen bonds and one or more ionic interactions, as well as
hydrophobic and van der Waals interactions. The formation of each of
these weak bonds contributes to a net decrease in free energy; this
binding free energy is released as bond formation stabilizes the sys-
tem. The stability of a noncovalent interaction such as that of a small
molecule hydrogen-bonded to its macromolecular partner is calculable
from the binding energy. Stability, as measured by the equilibrium
constant (see below) of the binding reaction, varies exponentially with
binding energy. The unfolding of a molecule stabilized by numerous
weak interactions requires many of these interactions to be disrupted
at the same time; because the interactions fluctuate randomly, such
simultaneous disruptions are very unlikely. The molecular stability
bestowed by two or five or 20 weak interactions is therefore much
greater than would be expected from a simple addition of binding
energies.
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Macromolecules such as proteins, DNA, and RNA contain so many
sites of potential hydrogen bonding or ionic, van der Waals, or hydro-
phobic interactions that the cumulative effect of the many small bind-
ing forces is enormous. The most stable (native) structure of most
macromolecules is that in which weak-bonding possibilities are
maximized. The folding of a single polypeptide or polynucleotide chain
into its three-dimensional shape is determined by this principle. The
binding of an antigen to a specific antibody depends on the cumulative
effects of many weak interactions. The energy released when an en-
zyme binds noncovalently to its substrate is the main source of cata-
lytic power for the enzyme. The binding of a hormone or a neurotrans-
mitter to its cellular receptor protein is the result of weak interactions.
One consequence of the size of enzymes and receptors is that their
large surfaces provide many opportunities for weak interactions.
At the molecular level, the complementarity between interacting bio-
molecules reflects the complementarity and weak interactions be-
tween polar, charged, and hydrophobic groups on the surfaces of the
molecules.

Ionization of Water, Weak Acids, and Weak Bases

Although many of the solvent properties of water can be explained in
terms of the uncharged H2O molecule, the small degree of ionization of
water to hydrogen ions (H+) and hydroxide ions (OH") must also be
taken into account. Like all reversible reactions, the ionization of
water can be described by an equilibrium constant. When weak acids
or weak bases are dissolved in water, they can contribute H~ by ioniz-
ing (if acids) or consume H+ by being protonated (if bases); these pro-
cesses are also governed by equilibrium constants. The total hydrogen
ion concentration from all sources is experimentally measurable; it is
expressed as the pH of the solution. To predict the state of ionization of
solutes in water, we must take into account the relevant equilibrium
constants for each ionization reaction. We therefore turn now to a brief
discussion of the ionization of water and of weak acids and bases dis-
solved in water.

The Equilibrium Point of Reversible Reactions
Is Expressed by an Equilibrium Constant

Water molecules have a slight tendency to undergo reversible ioniza-
tion to yield a hydrogen ion and a hydroxide ion, giving the equilibrium

H2O ; H~ + OH- (4-1)

This reversible ionization is crucial to the role of water in cellular func-
tion, so we must have a means of expressing the extent of ionization of
water in quantitative terms. A brief review of some properties of re-
versible chemical reactions will show how this can be done.

The position of equilibrium of any chemical reaction is given by its
equilibrium constant. For the generalized reaction

A + B . C + D (4-2)

an equilibrium constant can be defined in terms of the concentrations
of reactants (A and B) and products (C and D) present at equilibrium:

eq
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(Strictly speaking, the concentration terms should be the activities, or
effective concentrations in nonideal solutions, of each species. Except
in very accurate work, the equilibrium constant may be approximated
by measuring the concentrations at equilibrium.)

The equilibrium constant is fixed and characteristic for any given
chemical reaction at a specified temperature. It defines the composi-
tion of the final equilibrium mixture of that reaction, regardless of the
starting amounts of reactants and products. Conversely, one can calcu-
late the equilibrium constant for a given reaction at a given tempera-
ture if the equilibrium concentrations of all its reactants and products
are known. We will show in a later chapter that the standard free-
energy change (AG°) is directly related to Keq.

The Ionization of Water Is Expressed
by an Equilibrium Constant

The degree of ionization of water at equilibrium (Eqn 4-1) is small; at
25 °C only about one of every 107 molecules in pure water is ionized at
any instant. The equilibrium constant for the reversible ionization of
water (Eqn 4-1) is

[H+][OH]
* • " [H2O] ( 4 ~ 3 )

In pure water at 25 °C, the concentration of water is 55.5 M (grams of
H2O in 1 L divided by the gram molecular weight, or 1000/18 = 55.5 M),
and is essentially constant in relation to the very low concentrations of
H+ and OH", namely, 1 x 10~7 M. Accordingly, we can substitute
55.5 M in the equilibrium constant expression (Eqn 4-3) to yield

[H+][OH-]
55.5 M

which, on rearranging, becomes

(55.5 M)(Keq) = [H-][OH-] = Kw (4-4)

where Kw designates the product (55.5 M)(Keq), the ion product of
water at 25 °C.

The value for Keci has been determined by electrical-conductivity
measurements of pure water (in which only the ions arising from the
dissociation of H2O can carry current) and found to be 1.8 x 10~16 M at
25 °C. Substituting this value for KeQL in Equation 4-4 gives

(55.5 M)(1.8 x l ( r 1 6 M) = [H+][OH-]

99.9 x 1(T16M2 = [H-][OH"]

1.0 x 10 14 M2 = [H-][OH"J = Kv,

Thus the product LH+][OH~] in aqueous solutions at 25 °C always
equals 1 x 10~14 M2. When there are exactly equal concentrations of
both H' and OH", as in pure water, the solution is said to be at neu-
tral pH. At this pH, the concentration of H+ and OH" can be calcu-
lated from the ion product of water as follows:

= [H+]2

Solving for [H+J gives

[H+l = VK^ = V l x 10-14 M2
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BOX 4-1 The Ion Product of Water: Two Illustrative Problems

The ion product of water makes it possible to calcu- 2. What is the concentration of OH in a solution
late the concentration of H+, given the concentra-
tion of OH-, and vice versa; the following problems
demonstrate this.

1. What is the concentration of H+ in a solution of
0.1 M NaOH?

in which the H+ concentration is 0.00013 M?

K. = [H+][OH-]

Solving for [OH"] gives

lxl0"1 4M2

[OH"] =

Solving for [H*~] gives

[H+] 0.00013 M

1 x 10-14
 M2

1 x
[OH ]

IP'1 4
 M2

10-XM

0.1 M

= IO-13 M (answer)

1.3 x IO-4 M

= 7.7 x 10 u M (answer)

Table 4-5

[H+]
(M)

10°(l)
I O 1

10-2

10-3

10-4

10-5

io-6

10-7

10 ~8

10-9

io-10

io-11

10 "1 2

10 13

io-1 4

The pH scale

pH

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14

[0H-]
(M)

10-14

10~13

10-1 2

io-11

IO 1 0

10 9

10"8

10-7

io-6

10"5

10-4

10-3

1 0 2

I O 1

10-0(1)

pOH*

14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

* The expression pOH is sometimes used to describe the basic-
ity, or OtT concentration, of a solution; pOH is defined by the
expression pOH = -log [OH ], which is analogous to the ex-
pression for pH. Note that for all cases, pH + pOH = 14.

As the ion product of water is constant, whenever the concentration of
H+ ions is greater than 1 x 1CT7 M, the concentration of OH- must
become less than 1 x 10"7 M, and vice versa. When the concentration of
H+ is very high, as in a solution of hydrochloric acid, the OH- concen-
tration must be very low. From the ion product of water we can calcu-
late the H+ concentration if we know the OH- concentration, and vice
versa (Box 4-1).

The pH Scale Designates the H+ and OH~ Concentrations

The ion product of water, Kw, is the basis for the pH scale (Table 4-5).
It is a convenient means of designating the actual concentration of H~
(and thus of OH") in any aqueous solution in the range between 1.0 M
H+ and 1.0 M OH . The term pH is defined by the expression

pH = log
[H-]

= -log [H-]

The symbol p denotes "negative logarithm of." For a precisely neu-
tral solution at 25 °C, in which the concentration of hydrogen ions is
1.0 x 1Q-7 M, the pH can be calculated as follows:

pH = log
1

1 x 10

= 0 + 7.0

= 7.0

— = log (1 x 107) = log 1.0 + log IO7

The value of 7.0 for the pH of a precisely neutral solution is not an
arbitrarily chosen figure; it is derived from the absolute value of the
ion product of water at 25 °C, which by convenient coincidence is a
round number. Solutions having a pH greater than 7 are alkaline or
basic; the concentration of OH" is greater than that of H"1". Conversely,
solutions having a pH less than 7 are acidic (Table 4-5).

Note that the pH scale is logarithmic, not arithmetic. To say that
two solutions differ in pH by 1 pH unit means that one solution has ten
times the H+ concentration of the other, but it does not tell us the
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absolute magnitude of the difference. Figure 4—9 gives the pH of some
common aqueous fluids. A cola drink (pH 3.0) or red wine (pH 3.7) has
an H+ concentration approximately 10,000 times greater than that of
blood (pH 7.4).

The pH of an aqueous solution can be approximately measured
using various indicator dyes, including litmus, phenolphthalein, and
phenol red, which undergo color changes as a proton dissociates from
the dye molecule. Accurate determinations of pH in the chemical or
clinical laboratory are made with a glass electrode that is selectively
sensitive to H+ concentration but insensitive to Na+, K+, and other
cations. In a pH meter the signal from such an electrode is amplified
and compared with the signal generated by a solution of accurately
known pH.

Measurement of pH is one of the most important and frequently
used procedures in biochemistry. The pH affects the structure and ac-
tivity of biological macromolecules; for example, the catalytic activity
of enzymes. Measurements of the pH of the blood and urine are com-
monly used in diagnosing disease. The pH of the blood plasma of se-
verely diabetic people, for example, is often lower than the normal
value of 7.4; this condition is called acidosis. In certain other disease
states the pH of the blood is higher than normal, the condition of alka-
losis.

1 M NaOH

- Household bleach

Household ammonia

Figure 4-9 The pH of
some aqueous fluids.

Solution of baking
soda (NaHCO3)

- Seawater, egg white

- Human blood, tears

- Milk, saliva

Black coffee

- Beer
— Tomato juice

- Red wine

Cola, vinegar

Lemon juice

- Gastric juice

1M HC1
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Table 4-6 Some conjugate acid-base pairs*

Proton
donor

Proton
acceptor

CH3COOH (acetic acid)

H3PO4 (phosphoric acid)

H2PO4 (dihydrogen phosphate)

HPO4- (hydrogen phosphate)

NH4 (ammonium)

H2CO3 (carbonic acid)

HCO3 (bicarbonate)

+NH3 0

CH2—CX (glycine)
XOH

+NH3 0

CH2—C

V

CH3COO
H2PO4-

HP01-

por
NH3

HCO3-

co|-
+NH3

CH2—C

NH2

CH2-cf
\

?
xo-
0

0 -

* Each pair consists of a proton donor and a proton acceptor.
Some compounds, such as acetic acid, are monoprotic; they can
give up only one proton. Others are diprotic (H2CO3 and gly-
cine) or triprotic (H3PO4).

Weak Acids and Bases Have
Characteristic Dissociation Constants

Hydrochloric, sulfuric, and nitric acids, commonly called strong acids,
are completely ionized in dilute aqueous solutions; the strong bases
NaOH and KOH are also completely ionized.

Biochemists are often more concerned with the behavior of weak
acids and bases—those not completely ionized when dissolved in water.
These are common in biological systems and play important roles in
metabolism and its regulation. The behavior of aqueous solutions of
weak acids and bases is best understood if we first define some terms.

Acids may be defined as proton donors and bases as proton accep-
tors. A proton donor and its corresponding proton acceptor make up a
conjugate acid-base pair (Table 4-6). Acetic acid (CH3COOH), a
proton donor, and the acetate anion (CH3COO-), the corresponding
proton acceptor, constitute a conjugate acid-base pair, related by the
reversible reaction

CH.COOH

Each acid has a characteristic tendency to lose its proton in an
aqueous solution. The stronger the acid, the greater its tendency to
lose its proton. The tendency of any acid (HA) to lose a proton and form
its conjugate base (A ) is defined by the equilibrium constant (K) for
the reversible reaction

which is
K =

[HA]

Equilibrium constants for ionization reactions are more usually called
ionization or dissociation constants. The dissociation constants of
some acids, often designated Ka, are given in Table 4-7. Stronger
acids, such as formic and lactic acids, have higher dissociation con-
stants; weaker acids, such as dihydrogen phosphate (H2PO4), have
lower dissociation constants.

Also included in Table 4-7 are values of pKa, which is analogous to
pH and is defined by the equation

The more strongly dissociated the acid, the lower its pKa. As we shall
now see, the pKa of any weak acid can be determined quite easily.

Table 4—7 Dissociation constant and pî a of some common weak
acids (proton donors) at 25 °C

Acid K.(M)

HCOOH (formic acid)
CH3COOH (acetic acid)
CH3CH2COOH (propionic acid)
CH3CH(OH)COOH (lactic acid)
H3PO4 (phosphoric acid)
H2PO4 (dihydrogen phosphate)
HPOl~ (monohydrogen phosphate)
H2CO3 (carbonic acid)
HCO3 (bicarbonate)
NH4 (ammonium)

1.78 x 10-*
1.74 x 10"5

1.35 x 10-5

1.38 x 10-4

7.25 x 10"3

1.38 x 10-7

3.98 x 10-13

1.70 x 10~4

6.31 x 10-11

5.62 x 10-10

3.75
4.76
4.87
3.86
2.14
6.86

12.4
3.77

10.2
9.25
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Titration Curves Reveal the pKa of Weak Acids

Titration is used to determine the amount of an acid in a given solu-
tion. In this procedure, a measured volume of the acid is titrated with a
solution of a strong base, usually sodium hydroxide (NaOH), of known
concentration. The NaOH is added in small increments until the acid is
consumed (neutralized), as determined with an indicator dye or with a
pH meter. The concentration of the acid in the original solution can be
calculated from the volume and concentration of NaOH added.

A plot of the pH against the amount of NaOH added (a titration
curve) reveals the pKa of the weak acid. Consider the titration of
a 0.1 M solution of acetic acid (HAc) with 0.1 M NaOH at 25 °C (Fig.
4-10). Two reversible equilibria are involved in the process:

H2O

HAc

OH

H+

(4-5)

(4-6)

The equilibria must simultaneously conform to their characteristic
equilibrium constants, which are, respectively,

Ksv = [H+][OH-] = 1 x 1(T14 :

„ [H+][Ac-
[HAc]

= 1.74 x 10"5
 M

(4-7)

(4-8)

At the beginning of the titration, before any NaOH is added, the acetic
acid is already slightly ionized, to an extent that can be calculated from
its dissociation constant (Eqn 4-8).

pH

[CHoCOOH] = [CH,COCT]

-^- pH 5.26
Buffering region
-L- pH 4.26

0.5

OH~ (equivalents)

1.0

Figure 4-10 The titration curve of acetic acid.
After the addition of each increment of NaOH to
the acetic acid solution, the pH of the mixture is
measured. This value is plotted against the fraction
of the total amount of NaOH required to neutralize
the acetic acid (i.e., to bring it to pH ~ 7). The
points so obtained yield the titration curve. Shown
in the boxes are the predominant ionic forms at the
points designated. At the midpoint of the titration,
the concentrations of the proton donor and proton
acceptor are equal. The pH at this point is numeri-
cally equal to the pi^a of acetic acid. The shaded
zone is the useful region of buffering power.

As NaOH is gradually introduced, the added OH combines with
the free H+ in the solution to form H2O, to an extent that satisfies the
equilibrium relationship in Equation 4—7. As free H+ is removed, HAc
dissociates further to satisfy its own equilibrium constant (Eqn 4-8).
The net result as the titration proceeds is that more and more HAc
ionizes, forming Ac~, as the NaOH is added. At the midpoint of the
titration (Fig. 4-10), at which exactly 0.5 equivalent of NaOH has been
added, one-half of the original acetic acid has undergone dissociation,
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so that the concentration of the proton donor, [HAc], now equals that of
the proton acceptor, [Ac"]. At this midpoint a very important relation-
ship holds: the pH of the equimolar solution of acetic acid and acetate
is exactly equal to the pKa of acetic acid (pKa = 4.76; see Table 4-7 and
Fig. 4—10). The basis for this relationship, which holds for all weak
acids, will soon become clear.

As the titration is continued by adding further increments of
NaOH, the remaining undissociated acetic acid is gradually converted
into acetate. The end point of the titration occurs at about pH 7.0: all
the acetic acid has lost its protons to OH", to form H2O and acetate.
Throughout the titration the two equilibria (Eqns 4-5 and 4-6) co-
exist, each always conforming to its equilibrium constant.

Figure 4-11 compares the titration curves of three weak acids with
very different dissociation constants: acetic acid (pifa = 4.76); dihydro-
gen phosphate (pifa = 6.86); and ammonium ion, or NHJ (pifa = 9.25).
Although the titration curves of these acids have the same shape, they
are displaced along the pH axis because these acids have different
strengths. Acetic acid is the strongest and loses its proton most readily,
since its Ka is highest (pifa lowest) of the three. Acetic acid is already
half dissociated at pH 4.76. H2PO4 loses a proton less readily, being
half dissociated at pH 6.86. NH4 is the weakest acid of the three and
does not become half dissociated until pH 9.25.

The most important point about the titration curve of a weak acid
is that it shows graphically that a weak acid and its anion—a conju-
gate acid-base pair—can act as a buffer.

Figure 4—11 Comparison of the titration curves of
three weak acids, CH3COOH, H2PC>4, and NH^.
The predominant ionic forms at designated points
in the titration are given in boxes. The regions of
buffering capacity are indicated at the right. Conju-
gate acid-base pairs are effective buffers between
approximately 25 and 75% neutralization of the
proton-donor species.

[CH.COOH] = [CHoCOCT]

0.5

OH" (equivalents)

1.0
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Buffering against pH Changes in
Biological Systems

Almost every biological process is pH dependent; a small change in pH
produces a large change in the rate of the process. This is true not only
for the many reactions in which the H^ ion is a direct participant, but
also for those in which there is no apparent role for H+ ions. The en-
zymes that catalyze cellular reactions, and many of the molecules on
which they act, contain ionizable groups with characteristic pifa val-
ues. The protonated amino (—NH3) and carboxyl groups of amino
acids and the phosphate groups of nucleotides, for example, function as
weak acids; their ionic state depends upon the pH of the solution in
which they are dissolved. As we noted above, ionic interactions are
among the forces that stabilize a protein molecule and allow an en-
zyme to recognize and bind its substrate.

Cells and organisms maintain a specific and constant cytosolic pH,
keeping biomolecules in their optimal ionic state, usually near pH 7. In
multicellular organisms, the pH of the extracellular fluids (blood, for
example) is also tightly regulated. Constancy of pH is achieved primar-
ily by biological buffers: mixtures of weak acids and their conjugate
bases.

We describe here the ionization equilibria that account for buffer-
ing, and show the quantitative relationship between the pH of a buf-
fered solution and the pKa of the buffer. Biological buffering is illus-
trated by the phosphate and carbonate buffering systems of humans.

Buffers Are Mixtures of Weak Acids and
Their Conjugate Bases

Buffers are aqueous systems that tend to resist changes in their pH
when small amounts of acid (H+) or base ( O H ) are added. A buffer
system consists of a weak acid (the proton donor) and its conjugate
base (the proton acceptor). As an example, a mixture of equal concen-
trations of acetic acid and acetate ion, found at the midpoint of the
titration curve in Figure 4-10, is a buffer system. The titration curve of
acetic acid has a relatively flat zone extending about 0.5 pH units on
either side of its midpoint pH of 4.76. In this zone there is only a small
change in pH when increments of either H+ or OH" are added to the
system. This relatively flat zone is the buffering region of the acetic
acid-acetate buffer pair. At the midpoint of the buffering region,
where the concentration of the proton donor (acetic acid) exactly equals
that of the proton acceptor (acetate), the buffering power of the system
is maximal; that is, its pH changes least on addition of an increment of
H+ or OH". The pH at this point in the titration curve of acetic acid is
equal to its pKa. The pH of the acetate buffer system does change
slightly when a small amount of H+ or OH" is added, but this change
is very small compared with the pH change that would result if the
same amount of H+ (or OH") were added to pure water or to a solution
of the salt of a strong acid and strong base, such as NaCl, which have
no buffering power.

Buffering results from two reversible reaction equilibria occurring
in a solution of nearly equal concentrations of a proton donor and its
conjugate proton acceptor. Figure 4-12 helps to explain how a buffer
system works. Whenever H+ or OH" is added to a buffer, the result is
a small change in the ratio of the relative concentrations of the weak

Acetic acid
(CH3COOH)

OH"

HAc

H2O

Acetate
(CH.,COO")

K.=
[HAcJ

Figure 4-12 Capacity of the acetic acid-acetate
couple to act as a buffer system, capable of absorb-
ing either H+ or OH through the reversibility of
the dissociation of acetic acid. The proton donor, in
this case acetic acid (HAc), contains a reserve of
bound H*, which can be released to neutralize an
addition of OH" to the system, forming H2O. This
happens because the product [H+][OH"] transiently
exceeds Kw (1 x 10"14 M2). The equilibrium quickly
adjusts so that this product equals 1 x 10"14 M2 (at
25 °C), thus transiently reducing the concentration
of H+. But now the quotient [H*][Ac"]/[HAc] is less
then Ka, so HAc dissociates further to restore equi-
librium. Similarly, the conjugate base, Ac", can
react with H* ions added to the system; again, the
two ionization reactions simultaneously come to
equilibrium. Thus a conjugate acid-base pair, such
as acetic acid and acetate ion, tends to resist a
change in pH when small amounts of acid or base
are added. Buffering action is simply the conse-
quence of two reversible reactions taking place si-
multaneously and reaching their points of equilib-
rium as governed by their equilibrium constants,
Km and KR.



98 Part I Foundations of Biochemistry

acid and its anion and thus a small change in pH. The decrease in
concentration of one component of the system is balanced exactly by an
increase in the other. The sum of the buffer components does not
change, only their ratio.

Each conjugate acid-base pair has a characteristic pH zone in
which it is an effective buffer (Fig. 4-11). The H2PO4 /HPOf" pair has a
pKa of 6.86 and thus can serve as a buffer system near pH 6.86; the
NH4/NH3 pair, with a pKa of 9.25, can act as a buffer near pH 9.25.

A Simple Expression Relates pH, pK, and
Buffer Concentration

The quantitative relationship among pH, the buffering action of a mix-
ture of weak acid with its conjugate base, and the pKa of the weak acid
is given by the Henderson—Hasselbalch equation. The titration
curves of acetic acid, H2PO4, and NH4 (Fig. 4-11) have nearly identi-
cal shapes, suggesting that they all reflect a fundamental law or rela-
tionship. This is indeed the case. The shape of the titration curve of any
weak acid is expressed by the Henderson-Hasselbalch equation,
which is important for understanding buffer action and acid-base bal-
ance in the blood and tissues of the vertebrate organism. This equation
is simply a useful way of restating the expression for the dissociation
constant of an acid. For the dissociation of a weak acid HA into H* and
A", the Henderson-Hasselbalch equation can be derived as follows:

[HA]

First solve for [H

[H-] = K,
[HA]
[A-]

Then take the negative logarithm of both sides:

. . [HA]
a - l O g "-log [H+] = -

Substitute pH for -log LH+] and

PH = PKa - log

[A-]

for - log Ka:

[HA]
[A |

Now invert -log [HA]/[A ], which involves changing its sign, to obtain
the Henderson-Hasselbalch equation:

pH =

which is stated more generally as

log
[A-]
[HA]

pH = p# a + log
[proton acceptor]

[proton donor]

This equation fits the titration curve of all weak acids and enables us
to deduce a number of important quantitative relationships. For exam-
ple, it shows why the pifa of a weak acid is equal to the pH of the
solution at the midpoint of its titration. At this point [HA] = [A ], and

pH = log 1.0 = pKB + 0 = pKs
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BOX 4-2 Solving Problems with the Henderson-Hasselbalch Equation

1. Calculate the pKa of lactic acid, given that when
the concentration of free lactic acid is 0.010 M
and the concentration of lactate is 0.087 M, the
pH is 4.80.

pH = pKa + log

= pH - log

[lactate]
[lactic acid]

[lactate]
[lactic acid]

0 087
= 4.80 - log j ^ = 4.80 - log 8.7

= 4.80 - 0.94 = 3.86 (answer)

2. Calculate the pH of a mixture of 0.1 M acetic
acid and 0.2 M sodium acetate. The pKa of acetic
acid is 4.76.

pH = pKa + log

= 4.76

[acetate]
[acetic acid]

0.301

3. Calculate the ratio of the concentrations of ace-
tate and acetic acid required in a buffer system
of pH 5.30.

pH = pKa + log

[acetate]
log — = pH - pAas [acetic acid] F P a

[acetate]
[acetic acid]

= 5.30 - 4.76 = 0.54

[acetate]
-rrr = antilog 0.54 = 3.47 (answer)[acetic acid]

= 5.06 (answer)

The Henderson-Hasselbalch equation also makes it possible to
calculate the pKa of any acid from the molar ratio of proton-donor and
proton-acceptor species at any given pH; to calculate the pH of a conju-
gate acid—base pair of a given pKa and a given molar ratio; and to
calculate the molar ratio of proton donor and proton acceptor at any pH
given the pKa of the weak acid (Box 4—2).

Weak Acids or Bases Buffer Cells and Tissues
against pH Changes

The cytoplasm of most cells contains high concentrations of proteins,
which contain many amino acids with functional groups that are weak
acids or weak bases. The side chain of the amino acid histidine (Fig.
4-13) has a pi?a of 6.0, and proteins containing histidine residues can
therefore buffer effectively near neutral pH. Nucleotides such as ATP,
as well as many low molecular weight metabolites, contain ionizable
groups that can contribute buffering power to the cytoplasm. Some
highly specialized organelles and extracellular compartments have
high concentrations of compounds that contribute buffering capacity:
organic acids buffer the vacuoles of plant cells; ammonia buffers urine.

CH + H+

Figure 4—13 The amino acid histidine, a compo-
nent of proteins, is a weak acid. The pKa of the
protonated nitrogen of the side chain is 6.0.
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Phosphate and Bicarbonate Are Important Biological Buffers

The intracellular and extracellular fluids of all multicellular organ-
isms have a characteristic and nearly constant pH, which is regulated
by various biological activities. The organism's first line of defense
against changes in internal pH is provided by buffer systems. Two
important biological buffers are the phosphate and bicarbonate
systems. The phosphate buffer system, which acts in the cytoplasm
of all cells, consists of H2PO4 as proton donor and HPOi~ as proton
acceptor:

H2PO4 ; Hf

The phosphate buffer system works exactly like the acetate buffer sys-
tem, except for the pH range in which it functions. The phosphate
buffer system is maximally effective at a pH close to its pKa of 6.86 (see
Table 4—7 and Fig. 4—11), and thus tends to resist pH changes in the
range between about 6.4 and 7.4. It is therefore effective in providing
buffering power in intracellular fluids; in mammals, for example, ex-
tracellular fluids and most cytoplasmic compartments have a pH in the
range of 6.9 to 7.4.

Blood plasma is buffered in part by the bicarbonate system, con-
sisting of carbonic acid (H2CO3) as proton donor and bicarbonate
(HCO^) as proton acceptor:

H2CO3 7 I T + HCO3

This system has an equilibrium constant

^ [H+][HCO3]
1 [H2CO3]

and functions as a buffer in the same way as other conjugate acid-base
pairs. It is unique, however, in that one of its components, carbonic
acid (H2CO3), is formed from dissolved (d) carbon dioxide and water,
according to the reversible reaction

CO2(d) + H2O , 1 H2CO3

which has an equilibrium constant given by the expression

K9 =
[H2CO3]

[CO2(d)][H2O]

Carbon dioxide is a gas under normal conditions, and the concentra-
tion of dissolved CO2 is the result of equilibration with CO2 of the gas
phase:

CO2(g) : CO2(d)

This process has an equilibrium constant given by

[CO2(d)]
[CO2(g)]

The pH of a bicarbonate buffer system depends on the concentration of
H2CO3 and HCOJT, the proton donor and acceptor components. The
concentration of H2CO3 in turn depends on the concentration of dis-
solved CO2, which in turn depends on the concentration or partial pres-
sure of CO2 in the gas phase; thus the pH of a bicarbonate buffer ex-
posed to a gas phase is ultimately determined by the concentration of
HCO^ in the aqueous phase and the partial pressure of CO2 in the gas
phase (Box 4-3).
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BOX 4-3 Blood, Lungs, and Buffer: The Bicarbonate Buffer System

In animals with lungs, the bicarbonate buffer sys-
tem is an effective physiological buffer near pH 7.4
because the H2CO3 of the blood plasma is in equi-
librium with a large reserve capacity of CO2(g) in
the air space of the lungs. This buffer system in-
volves three reversible equilibria between gaseous
CO2 in the lungs and bicarbonate (HCO3) in the
blood plasma (Fig. 1). When H+ is added to blood as
it passes through the tissues, reaction 1 proceeds
toward a new equilibrium, in which the concentra-
tion of H2CO3 is increased. This increases the con-
centration of CO2(d) in the blood (reaction 2), and

thus increases the pressure of CC>2(g) in the air
space of the lungs (reaction 3); the extra CO2 is
exhaled.

Conversely, when OH" is added to the blood
plasma, the opposite events occur: the H+ concen-
tration is lowered, causing more H2CO3 to dissoci-
ate into H+ and HCO3 . This in turn causes more
CO2(g) from the lungs to dissolve in the blood
plasma. The rate of breathing, that is, the rate of
inhaling and exhaling CO2, can quickly adjust
these equilibria to keep the blood pH nearly con-
stant.

Aqueous
phase (blood)

H+ + HCO3

reaction 1

2co 3

reaction 2

H , 0

CO2(d)

Gas phase
(lung air space) CO,

reaction 3

(g)

Figure 1 The CO2 in the air space of the lungs is
in equilibrium with the bicarbonate buffer in the
blood plasma passing through the lung capillaries.
Because the concentration of dissolved CO2 can be
adjusted rapidly through changes in the rate of
breathing, the bicarbonate buffer system of the
blood is in near-equilibrium with a large potential
reservoir of CO2.

Human blood plasma normally has a pH close to 7.40. Should the
pH-regulating mechanisms fail or be overwhelmed, as may happen in
severe uncontrolled diabetes when an overproduction of metabolic
acids causes acidosis, the pH of the blood can fall to 6.8 or below, lead-
ing to irreparable cell damage and death. In other diseases the pH may
rise to lethal levels. Although many aspects of cell structure and func-
tion are influenced by pH, it is the catalytic activity of enzymes that is
especially sensitive. Enzymes typically show maximal catalytic activ-
ity at a characteristic pH, called the optimum pH (Fig. 4-14). On
either side of the optimum pH their catalytic activity often declines
sharply. Thus a small change in pH can make a large difference in the
rate of some crucial enzyme-catalyzed reaction. Biological control of
the pH of cells and body fluids is therefore of central importance in all
aspects of metabolism and cellular activities.

I
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Figure 4-14 The pH optima of some enzymes:
pepsin, a digestive enzyme secreted into gastric
juice (black); trypsin, a digestive enzyme that acts
in the small intestine (red); alkaline phosphatase of
bone tissue (blue).
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Water as a Reactant

Water is not just the solvent in which the chemical reactions of living
cells occur; it is very often a direct participant in those reactions. The
formation of ATP from ADP and inorganic phosphate is a condensation
reaction (see Fig. 3-14) in which the elements of water are eliminated
(Fig. 4—15a). The compound formed by this condensation is called a
phosphate anhydride. Hydrolysis reactions are responsible for the
enzymatic depolymerization of proteins, carbohydrates, and nucleic
acids ingested in the diet. Hydrolytic enzymes (hydrolases) catalyze
the addition of the elements of water to the bonds that connect mono-
meric subunits in these macromolecules (Fig. 4-15). Hydrolysis reac-
tions are almost invariably exergonic, and the formation of cellular
polymers from their subunits by simple reversal of hydrolysis would be
endergonic and as such does not occur. We shall see that cells circum-
vent this thermodynamic obstacle by coupling the endergonic conden-
sation reactions to exergonic processes, such as breakage of the anhy-
dride bond in ATP.

Figure 4-15 Water participates directly in a vari-
ety of reactions, (a) ATP is a phosphate anhydride
formed by a condensation reaction (loss of the ele-
ments of water) between ADP and phosphate. R
represents adenosine monophosphate (AMP). This
condensation reaction requires energy. The hydroly-
sis (addition of the elements of water) of ATP re-
leases an equivalent amount of energy, (b), (c), and
(d) represent similar condensation and hydrolysis
reactions common in biological systems.

0 0

R—0—P—O—P—O"

0" 0"
(ATP)

+ H2 0

0

. R—0—P-

0"
(ADP)

OH

0

+ HO—P—0

0 "

Phosphate anhydride
(a)

o o

R—O—P—0" + H 20 . R—OH + HO—P—O"

O" 0~

Phosphate ester

R1—(f + H20
X0R2

Carboxylate ester

O O

R—C—O—P—O" + H 2 0

6
Acylphosphate anhydride

(b)

(c)

0
R1—(/ +H0-R2

X0H

V
R—C + HO—P—O"

X0H L
(d)

You are (we hope!) consuming oxygen as you read. Water and car-
bon dioxide are the end products of the oxidation of fuels such as glu-
cose. The overall reaction of this process can be summarized by the
equation:

C6H12O6 + 6O2 > 6CO2 + 6H2O
Glucose

The "metabolic water" thus formed from stored fuels is actually enough
to allow some animals in very dry habitats (gerbils, kangaroo rats,
camels) to survive without drinking water for extended periods.
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Green plants and algae use the energy of sunlight (represented by
hv, the energy of light of frequency v; h is Planck's constant) to split
water in the process of photosynthesis:

2H2O + 2A - ^ - O2 + 2AH2

In this reaction, A is an electron-accepting species, which varies with
the type of photosynthetic organism.

The Fitness of the Aqueous Environment
for Living Organisms

Organisms have effectively adapted to their aqueous environment and
have even evolved means of exploiting the unusual properties of water.
The high specific heat of water (the heat energy required to raise the
temperature of 1 g of water by 1 °C) is useful to cells and organisms
because it allows water to act as a "heat buffer," permitting the tem-
perature of an organism to remain relatively constant as the tempera-
ture of the air fluctuates and as heat is generated as a byproduct of
metabolism. Furthermore, some vertebrates exploit the high heat of
vaporization of water (see Table 4-1) by using (thus losing) excess body
heat to evaporate sweat. The high degree of internal cohesion of liquid
water, due to hydrogen bonding, is exploited by plants as a means of
transporting dissolved nutrients from the roots to the leaves during
the process of transpiration. Even the lower density of ice than of liq-
uid water has important biological consequences in the life cycles of
aquatic organisms. Ponds freeze from the top down, and the layer of ice
at the top insulates the water below from frigid air, preventing the
pond (and the organisms in it) from freezing solid. Most fundamental
to all living organisms is the fact that many physical and biological
properties of cell macromolecules, particularly the proteins and nucleic
acids, derive from their interactions with water molecules of the sur-
rounding medium. The influence of water on the course of biological
evolution has been profound and determinative. If life forms have
evolved elsewhere in the universe, it is unlikely that they resemble
those of earth, unless their extraterrestrial origin is also a place in
which plentiful liquid water is available as solvent.

Aqueous environments support a myriad of species.
Soft corals, sponges, bryozoans, and algae compete
for space on this reef substrate off the Philippine
Islands.
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Summary

Water is the most abundant compound in living
organisms. Its relatively high freezing point, boil-
ing point, and heat of vaporization are the result of
strong intermolecular attractions in the form of
hydrogen bonding between adjacent water mole-
cules. Liquid water has considerable short-range
order and consists of short-lived hydrogen-bonded
clusters. The polarity and hydrogen-bonding prop-
erties of water make it a potent solvent for many
ionic compounds and other polar molecules. Non-
polar compounds, including the gases CO2, O2, and
N2, are poorly soluble in water. Water disperses
amphipathic molecules to form micelles, clusters of
molecules in which the hydrophobic groups are
hidden from water and the polar groups are ex-
posed on the external surface.

Four types of weak interactions occur within
and between biomolecules in an aqueous solvent:
hydrogen bonds and ionic, hydrophobic, and van
der Waals interactions. Although weak individu-
ally, these interactions collectively create a very
strong stabilizing force for proteins, nucleic acids,
and membranes. Weak (noncovalent) interactions
are also at the heart of enzyme catalysis, antibody
function, and receptor-ligand interactions.

Water ionizes very slightly to form H+ and OH"
ions. In dilute aqueous solutions, the concentra-
tions of H f and OH" ions are inversely related by
the expression Kw = [H+HOH"] = 1 x 1CT14 M2 (at
25 °C). The hydrogen-ion concentration of biologi-
cal systems is usually expressed in terms of pH,
defined as pH = -log [H+]. The pH of aqueous so-
lutions is measured by means of glass electrodes
sensitive to H+ concentration.

Acids are defined as proton donors and bases as
proton acceptors. A conjugate acid-base pair con-
sists of a proton donor (HA) and its corresponding
proton acceptor (A"). The tendency of an acid HA
to donate protons is expressed by its dissociation
constant {Ka = [H+][A"]/[HA]) or by the function
pKa, defined as -log .Kg, which can be determined
from an experimental titration curve. The pH of a
solution of a weak acid is quantitatively related to
its pKa and to the ratio of the concentrations of its
proton-donor and proton-acceptor species by the
Henderson-Hasselbalch equation.

A conjugate acid-base pair can act as a buffer
and resist changes in pH; its capacity to do so
is greatest at a pH equal to its pKa. Many types
of biomolecules have functional groups that con-
tribute buffering capacity. H2CO3/HCO3 and
H2PO4/HPO4" are important biological buffer sys-
tems. The catalytic activity of enzymes is strongly
influenced by pH, and it is essential that the envi-
ronments in which they function be buffered
against large pH changes.

Water is not only the solvent in which metabolic
reactions occur; it participates directly in many of
the reactions, including hydrolysis and condensa-
tion reactions.

The physical and chemical properties of water
are central to biological structure and function.
The evolution of life on earth was doubtless influ-
enced greatly by both the solvent and reactant
properties of water.
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Problems

1. Artificial Vinegar One way to make vinegar
(not the preferred way) is to prepare a solution of
acetic acid, the sole acid component of vinegar, at
the proper pH (see Fig. 4-9) and add appropriate
flavoring agents. Acetic acid (Mr 60) is a liquid at
25 °C with a density of 1.049 g/mL. Calculate the
amount (volume) that must be added to distilled
water to make 1L of simulated vinegar (see
Table 4-7).

2. Acidity of Gastric HCl In a hospital laboratory,
a 10.0 mL sample of gastric juice, obtained several
hours after a meal, was titrated with 0.1 M NaOH
to neutrality; 7.2 mL of NaOH was required. The
stomach contained no ingested food or drink, thus
assume that no buffers were present. What was
the pH of the gastric juice?

3. Measurement of Acetylcholine Levels by pH
Changes The concentration of acetylcholine, a

neurotransmitter, can be determined from the pH
changes that accompany its hydrolysis. When in-
cubated with a catalytic amount of the enzyme ace-
tylcholinesterase, acetylcholine is quantitatively
converted into choline and acetic acid, which disso-
ciates to yield acetate and a hydrogen ion:

H,o
0 CH3

CH3—C—O—CH2—CH2—
+N—CH3 -

CH3

Acetylcholine

CH3

HO-CH 2 -CH 2 — + N-CH 3 + C H 3 - C - O -

CH3 O
Choline Acetate

H4
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In a typical analysis, 15 mL of an aqueous solu-
tion containing an unknown amount of acetylcho-
line had a pH of 7.65. When incubated with acetyl-
cholinesterase, the pH of the solution decreased to
a final value of 6.87. Assuming that there was no
buffer in the assay mixture, determine the number
of moles of acetylcholine in the 15 mL of unknown.

4. Significance ofthepKa of an Acid One common
description of the pKa of an acid is that it repre-
sents the pH at which the acid is half ionized, that
is, the pH at which it exists as a 50:50 mixture of
the acid and the conjugate base. Demonstrate this
relationship for an acid HA, starting from the equi-
librium-constant expression.

5. Properties of a Buffer The amino acid glycine is
often used as the main ingredient of a buffer in
biochemical experiments. The amino group of gly-
cine, which has a pKa of 9.6, can exist either in the
protonated form (—NHJ) or as the free base
(—NH2) because of the reversible equilibrium

R—NHg R-NH,

(a) In what pH range can glycine be used as an
effective buffer due to its amino group?

(b) In a 0.1 M solution of glycine at pH 9.0, what
fraction of glycine has its amino group in the
—NH3 form?

(c) How much 5 M KOH must be added to 1.0 L
of 0.1 M glycine at pH 9.0 to bring its pH to exactly
10.0?

(d) In order to have 99% of the glycine in its
—NHJ form, what must the numerical relation be
between the pH of the solution and the pKa of the
amino group of glycine?

6. The Effect of pH on Solubility The strongly
polar hydrogen-bonding nature of water makes it
an excellent solvent for ionic (charged) species. By
contrast, un-ionized, nonpolar organic molecules,
such as benzene, are relatively insoluble in water.
In principle, the aqueous solubility of all organic
acids or bases can be increased by deprotonation or
protonation of the molecules, respectively, to form
charged species. For example, the solubility of ben-
zoic acid in water is low. The addition of sodium
bicarbonate raises the pH of the solution and
deprotonates the benzoic acid to form benzoate ion,
which is quite soluble in water.

O

C—OH

Benzoic acid

3—0-

Benzoate ion

Are the molecules in (a) to (c) (below) more solu-
ble in an aqueous solution of 0.1 M NaOH or 0.1 M
HC1? (The dissociable protons are shown in red.)

OH

/3-Naphthol
pK, •» 10

(b)

O
H

OHCH3 N-C-CH S

H t
0 X X O - C H 3

iV-Acetyltyrosine methyl ester
pKa ~ 10

(c)

7. Treatment of Poison Ivy Rash Catechols substi-
tuted with long-chain alkyl groups are the compo-
nents of poison ivy and poison oak that produce the
characteristic itchy rash.

,—CH3

If you were exposed to poison ivy, which of the
treatments below would you apply to the affected
area? Justify your choice.

(a) Wash the area with cold water.
(b) Wash the area with dilute vinegar or lemon

juice.
(c) Wash the area with soap and water.
(d) Wash the area with soap, water, and baking

soda (sodium bicarbonate).

8. pH and Drug Absorption Aspirin is a weak acid
with a pKa of 3.5.
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It is absorbed into the blood through the cells
lining the stomach and the small intestine. Ab-
sorption requires passage through the cell mem-
brane, which is determined by the polarity of the
molecule: charged and highly polar molecules pass
slowly, whereas neutral hydrophobic ones pass
rapidly. The pH of the gastric juice in the stomach
is about 1.5 and the pH of the contents of the small
intestine is about 6. Is more aspirin absorbed into
the bloodstream from the stomach or from the
small intestine? Clearly justify your choice.

9. Preparation of Standard Buffer for Calibration
of a pH Meter The glass electrode used in commer-
cial pH meters gives an electrical response propor-
tional to the hydrogen-ion concentration. To con-
vert these responses into pH, glass electrodes must
be calibrated against standard solutions of known
hydrogen-ion concentration. Determine the weight
in grams of sodium dihydrogen phosphate
(NaH2PO4 • H2O; formula weight (FW) 138.01) and
disodium hydrogen phosphate (Na2HPO4; FW
141.98) needed to prepare 1 L of a standard buffer
at pH 7.00 with a total phosphate concentration of
0.100 M (see Table 4-7).

10. Control of Blood pH by the Rate of Respiration
(a) The partial pressure of CO2 in the lungs can

be varied rapidly by the rate and depth of breath-
ing. For example, a common remedy to alleviate
hiccups is to increase the concentration of CO2 in
the lungs. This can be achieved by holding one's
breath, by very slow and shallow breathing (hypo-
ventilation), or by breathing in and out of a paper
bag. Under such conditions, the partial pressure of
CO2 in the air space of the lungs rises above nor-
mal. Qualitatively explain the effect of these proce-
dures on the blood pH.

(b) A common practice of competitive short-
distance runners is to breathe rapidly and deeply
(hyperventilation) for about half a minute to re-
move CO2 from their lungs just before running in,
say, a 100 m dash. Their blood pH may rise to 7.60.
Explain why the blood pH goes up.

(c) During a short-distance run the muscles pro-
duce a large amount of lactic acid from their glu-
cose stores. In view of this fact, why might hyper-
ventilation before a dash be useful?
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