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Preface

“The key to every biological problem must finally be sought in
the cell, for every living organism is, or at sometime has been, a
cell.”

E. B. Wilson, cell biologist (1925)

The eight decades since Wilson wrote these words have seen a transforma-
tion in our understanding of how cells work. The key to the central mys-
tery—how cells store, use, and transmit hereditary information—has been
found, and it has opened up a new world. This revolution in biology is
among the great adventures of human discovery. Through the perspective
of cell biology, we can now explain the fundamental machinery of life and
begin to map out a unified picture of the astonishing diversity of organisms
and phenomena that it gives rise to, from the chemistry of a bacterium or
the shaping of a leaf to the processes that allow us to move, think, talk, and
experience the world around us. We can trace the ancestry of our own
chemical components through the genetic instructions that specify them—
instructions that we share with other organisms to an extent that Wilson
could never have imagined. In this way, we have learned to see ourselves in
a new light, as close cousins to all other living things.

The new knowledge has brought many practical benefits, including
improvements in human health and prosperity. At the same time, it has led
to ethical debates and conltroversy over issues such as genetic testing for
inherited diseases, the balancing of environmental risks with benefits,
genetic modification of crops and animals, the use of DNA fingerprinting in
court cases, and the possibility of human reproductive cloning. These are
only a few of the biology-based issues that we have to grapple with today.
The successful application of the new knowledge will require many difficult
decisions for us as citizens. A basic understanding of cell biology is needed
if these decisions are to be intelligent ones.

Our original purpose in writing this book was to provide a straightfor-
ward explanation of the workings of a living cell. By “workings,” we mean
principally the way in which the molecules of the cell—especially the pro-
tein, DNA, and RNA molecules—cooperate to create a system that feeds,
moves, grows, divides, and responds to stimuli—one, in short, that is alive.
By “straightforward,” we mean an account that can be easily understood by
a reader approaching modern biology for the first time. The need for a
short, clear account of the essentials of cell biology became apparent to us
while we were writing Molecular Biology of the Cell (MBoC). which is now in
its fourth edition. MBoCis a large book aimed at advanced undergraduates
and graduate students specializing in the life sciences or medicine. Many
students and educated lay people who require an introductory account of
cell biology would find this text too detailed for their needs. Essential Cell
Biology (ECB). in contrast, is designed to provide the fundamentals of cell
biology that are required by anyone to understand the biomedical, as well
as the broader biological issues that affect our lives.

ECB is as short and simple as we can make it, and we have reduced
technical vocabulary to a minimum. In this second edition, we have
brought the book completely up to date, with a new emphasis on genomes,
including an overview of the human genome sequence and a new chapter
on How Genes and Genomes Evolve. [n response to requests from many
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users of the first edition, we have added a chapter on Genetics, Meiosis, and
the Molecular Basis of Heredity. There are also new sections on many top-
ics that are frequently in the news, including stem cells, cloning, DNA
microarrays, programmed cell death, and cancer, The second edition also
features a new series of “How We Know” sections, one for each chapter.
Using both classical and current experiments, these sections illustrate how
biologists tackle important questions and how their experimental results
shape future ideas. As before, the diagrams in ECB emphasize central con-
cepts and are stripped of unnecessary details. The key terms introduced in
each chapter are highlighted when they first appear and are collected
together at the end of the book in a large, illustrated glossary. We have not
listed references for further reading: those wishing to explore a subject in
greater depth are encouraged to consult the extensive reading lists in
MBoC4 and on the MBoC4 Web site.

A central feature of the book is the many questions that are presented
in the text margins and at the end of each chapter. These are designed to
provoke students to think about what they have read and to encourage
them to pause and test their understanding. Many questions challenge the
student to place the newly acquired information in a broader biological
context, and some have more than one valid answer. Others invite specula-
tion. Answers to all the questions are given at the end of the book; in many
cases these provide a commentary or an alternative perspective on material
presented in the main text.

For those who want to develop their active grasp of cell biology further
and to get a deeper understanding of how cell biologists extract conclusions
from experiments, we recommend Molecular Biology of the Cell, Fourth
Edition: A Problems Approach, by John Wilson and Tim Hunt. Though writ-
ten as a companion to MBoC, this contains questions at all levels of diffi-
culty and is a goldmine of thought-provoking problems for teachers and
students. We have drawn upon it for some of the questions in ECB, and we
are very grateful to its authors.

As never before, new imaging and computer technologies have
increased our access to the inner workings of living cells. We have tried to
capture some of the excitement of these advances in Essential Cell Biology
2 (ECB2) Interactive, a CD-ROM disk that is included with each book. It con-
tains over one hundred video clips, animations, molecular structures, and
high-resolution micrographs—all designed to complement the material in
individual book chapters. One cannot watch cells crawling, dividing, segre-
gating their chromosomes, or rearranging their surface without a sense of
wonder at the molecular mechanisms that underlie these processes. We
hope that ECB2 Interactive will motivate and intrigue students while rein-
forcing basic concepts covered in the text, and thereby will make the learn-
ing of cell biology both easier and more rewarding. Each chapter of the
book concludes with a list of multimedia highlights from ECB2 Interactive.

The authors of the first edition are pleased to welcome Karen Hopkin
to the team. Trained as a biochemist, Karen now writes about science, and
her main responsibility has been to make the book clear, accessible, and fun
to read. As with MBoC, each chapter of ECB is the product of communal
effort, with individual drafts circulating from one author to another. In
addition, many people have helped us, and these are credited in the
Acknowledgements that follow. We would be remiss, however, if we did not
offer special thanks to Bill Sullivan: as an experienced teacher of genetics,
he was instrumental in shaping the new chapter on Genetics, Meiosis, and
the Molecular Basis of Heredity.

Despite our best efforts, it is inevitable that there will be errors in the
book. We encourage readers who find them to let us know at science@gar-
land.com, so that we can correct these errors in the next printing.
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Instructor’s Resources

Art of Essential Cell Biology, Second Edition

This CD-ROM contains all of the images from the book,
available in two convenient formats: PowerPoint and
JPEG. The images have been pre-loaded into
PowerPoint presentations, one presentation for each
chapter of the book. The images are also available as
individual JPEG files, which are contained in separate
folders from the PowerPoint presentations. The individ-
ual JPEG files have been optimized for printing and Web
display.

The CD also contains “concept building”
PowerPoint slides, which are new to this edition. These
slides break down individual pieces of art into their
component parts, displaying each component, one at a
time, as a separate PowerPoint slide, until the figure is
completed. ‘

Cell Biology for Life

Created by Katayoun Chamany, founder of the
“Science, Technology and Society Program” at Eugene
Lang College of the New School University, Cell Biology
for Life (CBL)is aWeb-accessible curricular supplement
that encourages undergraduates to view cell biology as
a dynamic field of study whose applications can be seen
in everyday life. Inquiry-based assignments and class-
room activities highlight the fundamental principles
and methods of cell biology through an exploration of
three key topics: botulinum toxin use and abuse, the
stem cell research debates, and the relationships
between the human papilloma virus and cancer. The
materials developed for each topic include teaching
suggestions and assessment tools, primary and second-
ary literature, visual media, and detailed references. For
additional information and access to the Web site,
please visit www.garlandscience.com.

Testbank

The new testbank has been written by Kirsten R.
Benjamin, Research Fellow, Center for Genomic
Experimentation and Computation, Molecular Sciences
Institute, Berkeley and Linda Huang, Assistant Professor
of Biology, University of Massachusetts, Boston.

The Second Edition testbank includes a variety of ques-
tion formats, from multiple choice and fill-in-the-blank
to discussion questions, all keyed to concepts in the text-
book. It also includes more challenging “thought” ques-
tions. Drawing upon the new “How We Know" sections of
the book, a selection of questions are written to test stu-
dents' understanding of modern approaches in experi-
mental biology. The testbank is based on the philosophy
that a good exam should do much more than simply test
students’ ability to memorize information: it should
require them to reflect upon and integrate information as
a part of a sound understanding. This testbank provides a
comprehensive sampling of questions that can be used
either directly or as inspiration for instructors to write
their own test questions. For more information about
accessing the testbank, contact science@garland.com.

Classwire™

The Classwire course management system, available at
www.classwire.com/garlandscience, allows instructors
to build Web sites for their courses easily. It also serves as
an online archive for instructor’s resources. After register-
ing for Classwire, you will be able to download all the fig-
ures from the book, as well as the animations, videos and
molecular structures from the CD. Additional instructor’s
resources for Garland Science textbooks are also avail-
able on Classwire. Please contact science@garland.com
for additional information on accessing the Classwire
system. (Classwire™ is a trademark of Chalkfree, Inc.)

Instructor’s DVD

This DVD contains 90 videos, animations, and molecu-
lar models from the Essential Cell Biology 2 Interactive
CD-ROM. The selected movies from the CD have been
rendered in a full-screen, DVD format for optimal dis-
play in the classroom or a large teaching theater. The
DVD may be played on either a computer with a DVD
drive and software, or on a standard DVD player.

Overhead Transparencies

250 full-color overhead transparencies for classroom
projection are available to qualified instructors.
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What does it mean to be living? People, petunias, and pond scum are all
alive; stones, sand, and summer breezes are not, But what are the fun-
damental properties that characterize living things and distinguish
them from nonliving matrer?

The answer begins with a basic fact that is taken for granted by biol-
ogists now, but marked a revolution in thinking when first established
170 years ago. All living things are made of cells: small, membrane-
enclosed units filled with a concentrated aqueous solution of chemicals
and endowed with the extracrdinary ability to create copies of them-
selves by growing and dividing in two. The simplest forms of life are soli-
tary cells. Higher organisms, including ourselves, are communities of
cells derived by growth and division from a single founder cell: each ani-
mal, plant, or fungus is a vast colony of individual cells that perform
specialized functions coordinated by intricate systems of communica-
tion.

Cells, therefore, are the fundamental units of life, and it is to cell
biclogy that we must look for an answer to the question of what life is
and how it works. With a deeper understanding of the structure, func-
tion, behavior, and evolution of cells, we can begin to tackle the grand
historical problems of life on Barth: its mystericus origins, its stunning
diversity, its invasion of every conceivable habitat. At the same time, cell
biology can provide us with answers to the questions we have about
ourseives: Where did we come from? How do we develop from a single
fertilized egg cell? How is each of us different from everv other person
on Earth? Why do we get sick, grow old, and die?

[n1 this chapter we begin by looking at the great variety of forms that
cells can show, and we also take a preliminary glimpse at the chemical
machinery that all cells have in common. We then consider how cells
are made visible under the microscope and what we see when we peer
inside them. Finally, we will discuss how we can exploit the similarities
of living things to achieve a coherent understanding of all the forms of
life on Barth—{rom the tiniest bacterium to the mightiest oak.

JNITY ani Lversitvy ot .el

Cell biologists often speak of “the cell” without specifying any particu-
lar cell. But cells are not all alike; in fact, they can be wildly different. [t
is estimated that there are at least 10 million—perhaps 100 million—
distinct species of living things in the world. Before delving deeper into
cell biology, we must take stock: what do the cells of these species have
in commeon—:the bacterium and the butterfly, the rose and the doiphin?
And in what ways do they differ?

Unity and Diversity of Cells

Cells Vary Enormously in Appearance and
Function

Living Cells All Have a Similar Basic
Chemistry

All Present-Day Cells Have Apparently
Evolved from the Same Ancestor

Genes Provide the Instructions for Cellutar
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Figure 1-1 Cells come in a vanety of
shapes and sizes. (A) A nerve cell from the
cerzbellum (a part of the brain that
controls movement), This cell has a huge
branching tree of processes, through which
it receives signals from as many as
100,000 other nerve cells.

(B) Paramecium. This protozoan—a single
giant cell—swims by means of the beating
cilia that cover iis surface. (C) A section of
a young plant stem in which cellulose is
stained red and another cell wall
component, pectin, is stained orange. The
outermost layer of cells is at the top of the
photo. (D) A tiny bacterium, Bdeflovibrio
bacteriovorus, that uses a single terminal
flagellum o propel itself. This bacterium
attacks, kills, and feeds on other, larger
bacteria. (E) A human white blood cell

{a neutrophil) approaching and engulfing a
red blood cell. (A, courtesy of Constantino
Sotelo; B, courtesy of Anne Fleury, Michel
Laurent, and André Adoutle; [, couriesy
of Murry Stein; E, courtesy of Stephen E.
iialawista and Anne de Boisfleury
Chevance.)

Chapter 1: Infroduction 1o Ceailis

Cells Vary Enormously in Appearance and Function

Let us begin with size. A bacterial cell—say a Lactobacillus in a piece of
cheese—is a few micrometers, or um, in length. A frog’s egg—which is
also a single cell—has a diameter of about 1 millimeter. If we scaled
them up so that the Lactobacillus were the size of a person, the frog’s egg
would be half a mile high.

Cells vary no less widely in their shapes and functions. Consider the
gallery of cells displayed in Figure 1-1. A typical nerve cell in your brain
is enormously extended; it sends out its electrical signals along a fine
protrusion that is 10,000 times longer than it is thick, and it receives sig-
nals from other cells through & mass of shorter processes that sprout
from its body like the branches of a tree. A Paramecium in a drop of
pond water is shaped like a submarine and is covered with tens of thou-
sands of cilic—hairlike extensions whose sinuous beating sweeps the




cell forward, rotating as it goes. A cell in the surface laver of a plant is a
squat, immaobile prism thar surrounds itself in a rigid box of cellulose,
with an outer waterproof coating of wax. A Bdellovibrio bacterium is a
sausage-shaped torpedo driven forward by a rotating corkscrew-like
flagelliem that is attached to its sten, where it acts as a propeller. A neu-
trophil or a macrophage in the bedy of an animal crawls through is-
sues, constantly pouring itself into new shapes and engulfing debris,
toreign microorganisms, and dead or dying cells.

Some cells are clad only in a flimsy plasima memibrane; others aug-
ment this membranous cover by cloaking themselves in an outer layer
of slime, building themselves rigid cell oalls, or surrounding themsalves
with a hard, mineralized material, such as that found in bone.

Cells are also enormously diverse in their chemical requirements
and activilies, Some require oxygen to live; for others it is deadly. Some
consume little more than air, sunlight, and water as their raw malterials;
others need a comptex mixture of molecules produced by other cells.
Some appear to be specialized factories for the production of particular
substances, such as hormones, starch, fat, latex, or pigments. Some are
engines, like muscle, burning fuel to do mechanical work; or electvicity
generators, like the modified muscle cells in the elecuic eel.

Some modilications specialize a cell so much that they spoil its
chances of leaving any descendants. Such specialization would be
senseless for a species of cell that lived a solitary life. In a multicellular
organism, however, there is a division of labor among cells, allowing
some cells to become specialized 1o an extreme degree for particular
tasks and leaving them dependent on their fellow cells for many basic
requirements. Even the most basic need of all, that of passing on the
genetic instructions to the next generation, is delegated to specialists—
the egg and the sperm.

Living Cells All Have a Similar Basic Chemistry

Despite the extraordinary diversity of plants and animals, people have
recognized from time immemoria! that these organisms have some-
thing in common, something that entitles them all to be called living
things. With the invention of the microscope, it became clear that plants
and animals are assemblies of cells, thar cells can also exist as inde-
pendent organisms, and that cells individually are living in the sense
that they can grow, reproduce, convert energy from one form into
another, respond to their environment, and so on. But while it seemed
easy enough to recognize life, it was remarkably difficult to say in what
sense all living things were alike. Textbooks had to settle for defining life
in abstract general terms related to growth and reproduction.

The discaveries of biochemistry and molecular biclogy have made
this problem disappear in a most spectacular way. Although they are
infinitely varied when viewed from the outside, all living things are fun-
damentally similar inside. We now know that cells resemble one another
to an astonishing degree in the derails of their chemistry, sharing the
same machinery for the most basic functions. All cells are comnposed of
the same sorts of melecules that participate in the same types of chemi-
cal reactions (discussed in Chapter 2). In all living things, genetic
instructions—genes—arve stored in ONA molecules, written in the same
chemical code, constructed out of the same chemical building blocks,
interpreted by essentially the same chemical machinery, and duplicated
in the same way to allow the organism to reproduce. Thus, in cvery cell,
the long DNA polymer chains are made from the same set of four
monemers, calied nucleotides, strung together in different sequences
like the letrers of an alphabet to convey different information. [n every
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Figure 1-2 In all living cells, genetic
information flows from DNA to RNA
(transcription} and from RNA to protein
(translation). Together these processes are
known as gene expressian.

Figure 1-3 All living organisms are
constructed from cells, A bacterium, a
buttarfiy, a rose, and a dolphin are all
mada of cells that have a fundamentally
similar chemistry and operate according to
the same basic nrnciples. (A, couriesy of
Tony Brain and Science Pholo Library;

B, courtesy of J.5. and E.J. Woolmer,

= Oxford Scientific Films: C, courtesy of
{rie fohn Innes Foundation: D, courtesy of
Ionathan Gordon, [FAW.)

cell, the instructions in the DNA are read out, or fanscribed, into a
chemically related set of molecules, made of RNA (Figure 1-2). The mes-
sages carried by the RNA molecules are in turn translated into vet
another chemical form: they are used to direct the synthesis of a huge
variety of large profein molecules that dominate the behavior of the cell,
serving as structural supports, chemical catalysts, molecular molors,
and so on. In every living thing, the same set of 20 amino acids is used to
make proteins. But the amino acids are linked in different sequences,
conferring different chemical propertes on the protein molecules, just
as different sequences of letters spell different words. In this way the
same basic biochemical machinery has served to generate the whole
gamut of living things (Figure 1-3). A more detailed discussion of the
structure and function of proteins, RNA, and DNA is presented in
Chapters 4 through 8.

If cells are the fundamental unit of living matter, then nothing less
than a cell can truly be called living. Viruses, for example, contain some
of the same lypes of molecules as cells but have no ability to reproduce
themselves by their own efforts; they get themselves copied only by par-
asitizing the reproductive machinery of cells that they invade. Thus,
viruses are chemical zombies, inert and inactive outside of their host
cells, but exerting a malign control ance they gain enty.

All Present-Day Cells Have Apparently Evolved from
the Same Ancestor

A cell reproduces by duplicating its DNA and then dividing in two, pass-
ing a copy of the genetic instructions encoded in the DNA to each of its
daughter cells. That is why the daughter cells resemble the parent cell.
The copyving is not always perfect, and the instructions are occasionally




corrupted. That is why the daughters do not always match the parent
exactly. Mufarions—changes in the DNA—can create offspring that are
changed for the worse (in that they are less able to survive and repro-
duce); changed for the better (in that they are better able to survive and
reproduce); or changed neutrally (in that they are genetically different,
but equally viable). The struggle for survival eliminates the [rst, favors
the second, and tolerates the third. The genes of the next generatdon will
be the genes of the survivars. Intermittently, the pattern of descent may
be complicated by sexual reproduction, in which two cells of the same
species fuse, pooling their DNA; the genetic cards are then shuffled, re-
dealt, and distributed in new combinations to the next generation, to be
tested again for their survival value.

These simple principles of change and selection, applied repeat-
edly over billions of cell generations, are the basis of evolution—the
process by which living species become gradually modified and
adapted to their environment in more and more sophisticated ways.
Evolution offers a startling but compelling explanation of why present-
day cells are so similar in their fundamentals: they have all inherited
their genetic instructions from the same commeon ancestor. It is esti-
mated that this ancestral cell existed between 3.5 billion and 3.8 billion
vears ago, and we must suppose that it contained a prototype of the uni-
versal machinery of all life on Earth today. Through mutation, its
descendants have gradually diverged to fill every habitat on Earth with
living things, exploiting the potential of the machinery in an endless
variety of ways.

Genes Provide the instructions for Cellular Form,
Function, and Complex Behavior

A cell's genome—that is, the entire library of genetic information in its
DMNA—provides a genetic program that instructs the cell how to func-
tion, and, for plant and animal cells, how to grow into an organism with
hundreds of different cell types. Within an individual plant or animal,
these cells can be extraordinarily varied, as we shall discuss in Chapter
21. Fat cells, skin cells, bone cells, and nerve cells seemn as dissimilar as
any cells couid be. Yet all these differentiated cell types are generated
during embryonic development from a single fertilized egg cell, and all
contain identical copies of the DNA of the species. Their varied charac-
ters stem from the way that individual cells use their genetic instruc-
tions. Different cells express different genes—that is, they turn on pro-
duction of sonie proteins and not others, depending on the cues that
they and their ancestor cells have received from their swrroundings.

The DNA, therefore, is not just a shopping list specifying the mole-
cules that every cell must have, and a cell is not just an assembly of all
the items on the list. Each cell is capable of carrying out a variety of hio-
logical tasks, depending on its environment and its history, using the
information enceded in its DNA to guide its activities. Later in this
book, we shall see in detail how DNA defines both the parts list of the
cell and the rules that decide when and where these parts are to be
made.

Cells Under the Microscope

Today we have the technology to decipher the undeilving principles
that govern the structure and activity of the cell. But cell biology began
without these tools. To appreciate the predicament facing those who
first glimpsed cells, imagine the perplexity of a scientist of a bygone
era—a Leonardo da Vinci, let us say—trying to grasp the workings of a
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modern-day laptop computer. He would have no wayv of knowing that
the key to understanding how this machine works lies in identifving and
decoding its resident programs. After examining the laptop’s external
case, lifting the screen, and poking the keys, this learned and curious
individual rmight pry the thing open to see what lay inside: no gears or
levers, no tiny imp writing messages on the screen. Instead, he would
confront mysterious boards covered with metallic tracks and studded
with rectangular black wafers; a heavy, bricklike object that gives off
small sparks when poked with a paiv of metal tweezers; and various
other deeply puzzling bits and pieces. The earliest cell biologists
engaged in a similar kind of exploration. They began by simply looking
ar tissues and cells, then breaking them open or slicing them up and
attempting to peer jnside. What they saw was to them, as to the
Renaissance scholar confronted with the computer, profoundly bat-
fling. Nevertheless, this type of visual investigation was the first step
roward understanding, and it remains essential in the study of cell biol-
ogy.

Cells, in general, are very small—too small to be seen with the
naked eve. Thev were nor made visible until the seventeenth century,
when the microscope was invented, For hundreds of years afterward,
all that was known about cells was discovered using this instrument.
Lighr microscopes, which use visible light to illuminate specimens, are
still vital pieces of equipment in the cell hialogy laborartory.

Although these instruments now incorporate many sophisticated
improvements, the properties of light itself sel a limit to the fineness of
detail they can reveal. Electron microscopes, invented in the 1930s, go
beyond this limit by using beams of electrons instead of beams of light
as the source ofillumination, greatly extending our ability to see the fine
details of cells and even making some of the larger molecules visible
individually. A survey of the principal types of microscopy used to
examine cells is given in Pane) 1-1 (pp. 8-9).

The Invention of the Light Microscope Led to the
Discovery of Cells

The development of the light microscope depended on advances in the
production of glass lenses. By the seventeenth century, lenses were
refined to the point that they could serve to make simple microscopes.
Using such an instrument, Robert Hooke examined a piece of cork and
in 1665 reported to the Roval Society of London that the cork was com-
posed of a mass of minute chambers, which he called “cells.” The name
“cell” stuck, even though the structures Hooke described were only the
cell walls that remained after the living plant cells inside them had died.
Later, Hooke and some of his contemporaries were able to see living
cells.

For almost 200 vears, the light microscope remained an exolic
instrument, available only to a few wealthy individuals. It was not until
the nineteenth century that it began to be widely used to look at cells.
The emergence of cell biology as a distinct science was a gradual
process to which many individuals contributed, but its official birth is
generally said to be signaled by two publications: cne by the botanist
Matthias Schleiden in 1838 and the other by the zoologist Theodor
Schwann in 1839. In these papers, Schleiden and Schwann documented
the results of a systematic investigation of plant and animal tissues with
the light microscope, showing that cells were the universal building
bloclks of all living tissues. Their work, and that of other nineteenth-cen-
tury microscopists, slowly led to the realizatian that all living cells are
formed by the division of existing cells—a principle sometimes referred



to as the cell theory (Figure 1-4). The implication that living organisms
do not arise spontaneously but can be generated only from existing
organisms was hotly contested, but it was finally confirmed by experi-
ments performed in the 1860s by Louis Pasteur.

The principle that cells are generated only [rom preexisting cells
and inherit their characteristics from them underlies all of biology and
gives the subject a unique flavor: in biology, questions abourt the pres-
ent are inescapably linked to questions about the past. To understand
why present-day cells and organisms behave as they do, we need to
understand their history, all the way back to the misty origins of the Frst
cells on Earth. Darwin’s theory of evolution, published in 1859, provided
the key insight that makes this history comprehensible, by showing how
random variation and natural selection can drive the production of
organisms with novel fearures, adapted to new ways of life. The theory
of evolution explains how diversity has arisen among organisms that
share a commeon ancestry. When combined with the cell theory, it leads
us to a view of all life, from its beginnings to the present day, as one vast
family tree of individual cells. Although this book is primarily aboul how
cells work today, we shall encounter the theme of evolution again and
again.

Cells, Organelles, and Even Molecules Can Be Seen
Under the Microscope

IF you cut a very thin slice of a suitable plant or animal tissue and place
it under a light microscope, you will see that the tissue is divided into
thousands of small cells. These may be either closely packed or sepa-
rated fromm one another by an extracellular marrix, a dense material
often made of protein fibers embedded in a polysaccharide gel (Figure
1-5). Bach cell is typically about 5-20 pm in diameter (Figure 1-6). If vou
have taken care to keep your specimen under the vight conditions, you
will see that the cells show signs of life: particles move around inside
them, and if you watch paliently, you may see a cell slowly change shape

50 urm

Figure 1—4 Early microscopes revealed
new cells forming by division of existing
cells. {A) In 1880, Ecuard Strasburper
drew a living plant cell {a hair call |
Tradescantia flower), which he
dividing into two daughter cells over a
period of 2.5 haurs. (B) A comparable
living cell photographies recently through a
modern light microscope. {B. courtesy of
Peler Mepler.)




Panel 1-1 Light and electron microscopy

THE LIGHT MICROSCOPE b FLUORESCENCE N
MICROSCOPY

eye

-

eyepiece —[ E..___

A

<?‘\
Ty beam-splitling

ﬂ J *‘lt::j:r \\\\ 7 mirrar

4 |

'1'- > . ! |
7

eyep noi
{ocular)

The hight mecroscope affows us to

microscope. First, a hright light must

he focused onto the speciman by

lerses in the condenser. Second, Lhe
I' specimen must be carefully prepared 1o light

magnify cells up to a thousand times, 1 = N
and 1o rasolve details as small as - obiective lens
0.2 urm {a limitation imposed by the objective | — object
J wavel| ke nature of light, nol by the b o
uality of the lenses). Three things are | _ 2
g ' o . L ng specimen-— Fluorescent dyes used for staining cells are detected with
required for viewing celis in a light “, . . RN
f condenser the aid of a fluorescence microscope. This is similar to an
|

ordinary light microscope except that the illuminating light
is passed through two sets of filters. The first { 1 1 filters |
the light before it reaches the specimen, passing only those

allow light to pass through it, Third, an source 7 ‘\_ wavelengths that excite thg p.arlicular fluorescent dye. The "
appropriate set of lenses {objective and _ _ second { 4 ) blo;ks out this light and passes only those.

| eyepiace) must be arranged to focus an tl_ﬁe |Igh_l path in a wavelenglhs gmli‘ted when the dye fluoresces. Dyed objects |
image of the specimen in the eve. light microscope show up in bright color on a dark background. Ib

\_ | 1 _ o ‘f_]: S
II."J-.—_ e —-3'-‘\-/4-/-—\__——_——\_,—\_————-;_\1' ‘/' ‘\-&-‘sf‘i I

1

LOOKING AT FLUORESCENT PROBES
LIVING CELLS Dividing cells seen with a fluorescence microscope
The same unstained, after staining with specific fluorescent dyes.

living animal cell
(fihroblast) in culture
viewed with (A)
straightforward {bright-
field) optics; {B) phase-
confrast aptics;

{C} interferance-contrast
optics. These latter
systems exploit
differences in the way
1B} ) light travels through
regions of the cell with
differing refractive
indexes. All three images
can be obtained on the
same microscope simply
by interchanging optical
components.

Fluorescent dyes absori light at one wavelength
FIXED SAMPLES e e ] and emit it at another, longsr wavelength. Some
such dyes hind specifically to particular molecules
in cells and can revesl their location when examined
with a fluorescence microscope. An example is the
stain for DNA shown here {grean). Other dyes can
be coupled to antibody molecules, which then serve
as highly specific and versatile staining reagents
that hind selectively to particular macromaolecules,
allowing us to see their distribution in the cell. In the
example shown, a microtubule protein in the mitotic
| spindle is stained red with a fluorescent antibady. |
{Courtesy of William Sullivan i |

-

Most tissues are neither small enough nor
transparent enough ta examine directly in
the microscope. Typically, therefore, they
are chemically fixed and cut into very thin
slices, or sections, that can be mounted
on & glass microscope slide and
sub=equently stained to reveal different
campanents of the cells. A stained section
of & plant root tip is shown here (D).

| (Courtesy of Catherine Kidner) D) e
\ 50 pm /
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( CONFOCAL MICROSCOPY

A confocal microscope is a fluorescence microscope with a laser as its source of
illumination. This is focused onto a single point at a specific depth in the specimen,
and a pinhole aperture in the detecior allows only fluarescence emitted from the
; _Jl- exact point of focus to be included in the image. Scanning the laser beam across
. the specimen generates a sharp two-dimensional image of the plane of focus. A
. series of optical sections at different depths allows a three-dimensional image to be |
f:‘| constructed. An intact insect embryo is shown here stained with a fluorescent
probe for actin {a type of protein. {A) Canventional fluorescence microscopy
generates a blurry image due to the presence of fluorescent structures above and
betow the plane of focus. (B) Confocal microscopy provides a crisp optical section
. of the cells in the embryo. (A, courtesy of Richard Warn; B, courtesy of Peter Shaw.)
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has been coated with a very thin film of a heavy matal, is scanned
by a beam of electrons brought to 8 focus on the specimen by the
electromagnetic coils that, in electron microscopes, act as lenses,
The guantity of electrons scattered or emitted as the beam
bombards each successive point or the surface of the specimen
is measured by the detector, and is used (o contral the intensity
of successive points in an image built up on a video screen. The
microscope creates striking images of three-dimensional

ohjecis with great depth of focus and can resolve detalls aown

to somewhere between 3 nm and 20 nm, depending on the
instrument.

‘ In the scanning electron micrascope (SEN) the specimen, which
|
|

05um 2 |
The transmission glectron microscope (TEM) is in principle |
sitiiiiar to an inverted light microscope, but it uses a beam of |
| ¢lectrons instead of a beam of light, and magnetic coils 1o focus

the beamn instead of glass lensss. The specimen, which is placed
- inoa vacuum, must be very thin. Contrast is usually introduced |

by electron-dense heavy-metal stains that locally absorb or I

scatter electrons, removing them from the beam as it passes |

e |
5L
Scanning elgctron micragraph
of the sterencilia projecting
from a hair ce!ll in the inner sar
{lefti, For comparison, the
same structure is shown
by light microscopy, at

through the specimen. The TEM has a useful magnification of the limit of its resolution

up to a million-fold and with biological specimens can resolve ' (aGove). (Courtesy of Rlshard
K Jacols and Jemeas Hudspeth.)
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Figure 1-5 Cells form tissues in plants
and animals. (A) Cellz in the root lip of a
fern, with red nuclei and each surrounded
by & thin celi wall (Llue). (B Cells in the
urine-collecting ducts of the widney, Each
curt is made of closely packed cells (with
nuclel stained red) that appaar as a ring in
{his cross section. The ring s surrounded

‘ llular matilx, stained purole.

f Jamss Mauseth, University
om PR, Wheater ef al.,
Functional Histolzgy, 2nd edn. Edinburgh

Crourchill Civingstors, 1987.)
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and divide info two (see Figure 1-4). {(Some speeded-up movies of cell
division are included on the CD-ROM that accompanies this book.)

To see the internal structure of a cell is difficult, not only because
the parts are small but also because they are mansparent and mostly
colotless. One approach is to stain cells wilh dyes that color particular
components differently (see Figure 1-5). Alternatively, one can exploit
the fact that cell components differ slightly from one another in refrac-
tive index, just as glass dilfers in refractive index from water, causing
light ravs to be dellected as they pass from the one medium into the
other. The small differences in refractive index can be made visible by
sophisticated optical techniques, and the resulting images can be
enhanced further by electronic processing (see Panel 1-1, pp. 8-91.

The cell thus revealed has a distinct anatomy (Figure 1-7). It has a
sharply defined boundary, indicating (he presence of an enclosing
membrane. I the middle, a large, round body, the nucleus, is promi-
nent. Around the nucleus and f{illing the cell’s interior lies the cyto-
plasm, a transparent substance crammed with what seems at {irst to be
a jumble of miscellaneous tiny objects. With a good light microscope,
one can begin to distinguish and classify specific components in the
cytoplasim (Figure 1-7B). Fowever, structures smaller than about 0.2
um—about hall the wavelength of visible light—cannot be resolved
{points closer than this are not distinguishable bus appear as a single
blur).

For higher magnification and better resolution one must turn to an
electron microscope, which can reveal details down to a few nanome-
ters, or nm (see Figure 1-6). Cell samples for the electron microscope
require painstaking preparation. Fven for light microscopy, a tissue usu-
ally has to be fixed (that is, preserved by pickling in a reactive chemical
solution), supported by embeddingin a solid wax or resin, sectioned into
thin slices, and stained before it is viewed. For electron micrascopy, sim-
ilar procedures are required, but the sections have o be much thinner
and there is no possibility of looking at living, wet cells.

When the sections are cut, stained, and placed in the electron
microscope, much of the jumble of cell components becomes sharply
resolved into distinct organelles—separate, recognizable substructures
that are only hazily defined under the light microscape. A delicate
membrane, about 5 nm thick, is visible enclosing the cell, and similax
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membranes form the boundary of many of the organelles inside (Figuve
1-8A, B). The external membrane is called the plasma membrane, while
the membranes surrounding organelles are called infernal memnbranes.
With an electron microscope, even some of the individual large mole-
cules in a cell can be seen (Figure 1-8C}.

The type of electron microscope used to lool at thin sections of tis-
sue is known as a fransmission eleciron microscope. This is in principie
similar to a light microscope, only it transmnits a beam of electrons
rather than a beam oflight through the sample. Another type of electron
microscope—the scanning eleciron microscope—scatters electrons off
the sample and so is used to look at the surface detail of cells and other
structures {see Panel 1-1, pp. 8-9). Electron microscopy enables hicla-
gists to see the structure of biological membranes, which are only two
(large) molecules thick (described in detail in Chapters 11 and 12). Even
with the most powerful electron microscopes, however, one cannot see
the individual atoms that make up molecules (Figure 1-9).

The microscope is not the only tool that ;mmodern biologists use to
study the details of cell components. Techniques such as X-ray crystal-
lography, for examyple, can be used to determine the three-dimensional
structure of protein molecules (discussed in Chapter 4). We shall
describe other methods for probing the inner workings of cells as they
arise throughout the hook.

The Procaryotic Cell

Of all the types of cells revealed by the microscope, bacteria have the
simplest structure and come closest to showing us life stripped down to
its essentials. Indeed, bacteria contain essentially no organelles—nor
even a nucleus to hold their DNA. This property—the presence ov
absence of a nucleus—is used as the basis for a simple but fundamen-
tal classification of all living things. Organisms whose cells have a
nucleus are catled eucaryotes (from the Greek words en, meaning "well”
or "truly,” and karyon, a “kernel” or "nucleus™. Organisms whose cells
do not have a nucleus are called procaryotes ([rom pro, meaning
“before”}. The terms “bacterium” and “procaryote” are often used inter

changeably, although we shall see that the category of procaryotes also
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Figure 1-7 The internal structures of a
living cell can be seen under a light
microscope. (&) A cell taken from human
skin and growing in tissue culture was
pheotographed through 2 fight microscope.
Fibers and organelles, particularly the

nucleus, can be distinguished, (B) Detail oi

part of & newt cell growing in culture. The
video image, at high magnification, has
been computer-enhanced, and numerous
orgarelles and Fbers can be seer.

(A, couresy of Casey Cunningharn;

B, courtesy of Lynne Cassimers.}
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Figure 1-2 (opposite page) The fine structure of a cell can be seen in a
transmission electron microscope. (A) Thin s=clion of a liver cell showing the
enarmous amount of detail that is visible. Some of the componeni= to be discussed
latar in the chapter are labeled; they are identifiabie by their size and shape.

{B) A small region of the cytoplasm at somewhiat higher meagnification. The smaliest
structures that are clearly visible are the ribosomes, each of which is made of
80-80 or so individual large malecules. (C) Portion of a lonz, threzdlike DNA
molecule isolated from 2 cell and seen by eleciron microscopy. (A end B, courtesy of
Dantel 5. Friend; C, courtesy of Mei Lie Wong.)

Figure 1-5% How big is a cell and how big are its parts? This diagram conveys a sense of scale betwesn [ving cells and atoms. Each
panel shiows an image that is then magnified by a factor of 10 in an imaginary progression from a thuimb, through skin cells, o a
ribosome, and ultimately to a cluster of atoms forming part of one of the many protein malecules in our bodies. Details of molecular
siructure, as shown in the last two paneis, are beyond the power of the electron microscope.
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Figure 1-10 Bacteria come in different
shapes and sizes. Typical sphatical,
rodlike, and spiral-shaped bacteria are
drawn 12 scale. The spiral celis shown are
the crzarisms that cause sypiilis.

Note on biological names

Species of living organisms are offi-
cially identified by a pair of Latin
words, usually printed in italics,
analogous [0 a person's given name
and surname. The genus (fischerichia,
correspe :

stated first; the second term (coli)
gualifies this, identifying a particular
species belonging (o thar genus, Far
5] genus name may be
abbreviated (E colf}, or the species
label may be dropped (so that we
often speak of the ilv Drosophila,
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meaning Drosoplila

nding w0 a surname) is
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Figure 1-11 The bacterium Escherichia
coli (E. coli) is understood mare
thoroughly than any other living
organism. An elzctron micrograph of a
nngitudinal section is shown here; the
= DMA is concertrated in the lightly
oo region. {Courtesy of
C. kellenbergen)
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spherical ¢oils,
&.9.. Streplococcus

spiral cells,
e.q., Treponema palhidum

rod-shaped cells,
e.g.. Escherichia cofi.
Salmonella

includes another class of cells, so remotely related to ordinary bacteria
that they are given a separate name.

Bacteria are typically spherical, rodlike, or corkscrew-shaped, and
small—just a few micrometers long (Figure 1-10). They often have a
tough protecrive coat, called a cell wall, surrounding the plasma mem-
brane, which encleses a single compartiment containing the cvtoplasm
and the DNA. In the electron microscope this cell interior rypically
appeats as a matrix of varying texture withcur any obvious organized
infernal structure (Figure 1-11). The cells veproduce quickiy by dividing
in two. Under optimuin conditions, when food is plentiful, a procaryotic
cell can duplicate itself in as little as 20 minutes. In less than 11 houss, by
repeated divisions, a single procaryote can give rise to 5 billion progeny
{(which is approximately equal to the total number of humans presently
on earth). Thanks to their large numbers, rapid growth rates, and ability
to exchange bits of genetic material by a process akin to sex, populations
of procaryotic cells can evolve fast, rapidly acquiring the ability to use a
new food source ot to resist being killed by a new antibiotic.

Procaryotes Are the Most Diverse of Cells

Most procarvotes live as single-celled organisms, although some join
together to form chains, clusters, or other organized multicellular struc-
tures. In shape and structure procaryotes may seem simple and limited,
butin terms of chemistry they are the most diverse and inventive class
of cells. These creatures exploir an enormous range of habitats, from hot
puddles of velcanic mud to the interiors of other living ceils, and they
vastly outnumber other living organisims on Earth. Some are aerobic,
using oxygen to oxidize food molecules; some are strictly anaerobic and
are killed by the slightest exposure to oxygen. As we will see later in this
chapter, niifochondria—the organelies that generate energy for the
eucaryotic cell—are thought to have evolved from aerobic bacteria that
took to living inside the anaerobic ancestors of today’s eucaryotic cells.
Thus our own oxygerni-based metabolism can be regarded as a product
of the activities of bacterial cells.

Virtually any organic material, from wood to petroleum, can be
used as food by one sort of bacrevium or another. Still more remarkable,
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some procaryotes can live entirely on inorganic substances: they gel
their carbon from CO» in the atmesphere, their nitrogen from atmos-
pheric Na, and their oxygen, hvdrogen, suliur, and phosphotus from air,
water, and inorganic minerals. Some of these procaryotic cells, like
plant cells, perform phorosynthesis, getting the energy they need for
biosynthesis from sunlight (Figure 1-12); others derive energy from the
chemical reactivily of inorganic substances in the environment (Figure
1-13). In either case, such procaryotes play a unique and fundamental
part in the econamy of lite on Earth: other living things depend on the
organic compounds that these cells generate from inorganic materials.
Plants, too, can capture energy from sunlight and carbon from
atmospheric CO». But plants unaided by bacteria cannot capture Ny from
the atmosphere, and in a sense even plants depend on bacteria for pho-
tosynthesis. It is almost certain that the organelles in the plant cell that
perform photosynthesis—the chioroplasts—have evolved from photo-
synthetic bacteria thal found a home inside the plant cell’s cytoplasm.

The World of Procaryotes Is Divided into Two Domains:
Eubacteria and Archaea

Traditionally, all procaryotes have been classified together in one layge
group. But moelecular studies reveal that there is a gulf within the class
of procarvotes, dividing it into two distinct domains, called the eubeac-
teria (or simply bacteria) and the archaea. Remarkably, at a molecular
level, the members of these two domains differ as much from one
another as either does from the eucaryotes. Most of the procaryotes
familiar from everyday life—the species that live in the soil or make us
ill—are eubacteria. Archaea are not only found in these habitats, but
also in environments hostile to most other cells: there are species that
live in concentrated brine, in hot acid volcanic springs, in the airless
depths of marine sediments, in the sludge of sewage treatiment plants.
in pools beneath the frozen surface of Antarctica, and in the acidic,
oxygen-free environment of a cow’s stomach, where they break down

Figure 1-13 A sulfur bacterium gets its energy from HS.
Hogoiatoa, a procaryote that lives in sulfurous environments, oxicizes
H-S and can fix carbor even m the dark, Wi this hght micrographi.
yeliow deposits of sulfur can be seen inside the calis. (Courtesy of

Ralph W, Wolfe )

Figure 1-12 Some bacteria are
photesynthetic. (A) Anabacna cvindrica
forms long. multicellular filaments. This
light micrograph shows specialized cells
that etther fix nitrogen (that i=, caplure Ny
from the atmosphere znd Incorporale it into
organic compounds; labeled H), fix CO;
(through pholosynthesis; V), or become
resistant spares (). (B) An electron
micrograph of Pharmidlium laminosum
shows the infracellular memoranes where
photosyrithesis occurs. Noie that even
some protanyoles can form simple
multicellular organisma. (A, couri=sy of
David Adams; B, courtesy of D.F HIll
and C.J. Howe.}

(uestion 1-4

A bacterium  weighs
aboul 10-1® g and can
divide every 20 minutes.
If a single bacterial cell
carried on dividing ai
this rate, how long
would it take betore the mass of bac-
teria would equal that of the Earth (6

1% kgi? Contrast your result with
the fact that bacteria originated at
least 3.5 billion years ago and have
been dividing ever since. Explain the
apparent paradox. (The number of
cells & in a culture at rime f 15
described by the equation N = Ny x

e T4 B

,where Ny is the number of cells
at zero time and G is the population
doubling time. )

Thes Procomyoiis Csl 15
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Figure 1-14 Yeasts are simple free-living
eucaryotes. The cell shown in this light
mcrograph belongs to the same species
ihat makes dough rise and turns malted
bariey Juice into beer, It reproduces by
forming a bud and then dividing
aszymmetrically into a large and a small
daughter cell. (Courtesy of Soren
Mogelsvang and Natzlia Gomez-Ospina.)

nuclear
envelope

nucleus

cellulase and generate methane gas. Many of these environments
resemble the harsh caonditions that must have existed on the primitive
Earth, where living things first evolved, before the atmosphere became
rich in oxygen.

The Eucaryotic Cell

Eucaryortic cells, in general, are bigger and more elaberate than bacteria
and archaea. Some live independent lives as single-celled organisms,
such as amoebae and yeasts (Figure 1-14); others live in multicellular
assemblies. All of the maore complex multicellular ovganisms—includ-
ing plants, animals, and fungi—are formed from eucaryotic cells.

By definition, all eucaryotic cells have a nucleus, But possession of
a nucleus goes hand-in-hand with possession of a variety of other
organelles, most of which are likewise common to all these eucaryotic
organisms. We will now take a look at the main organelles found in
eucarvotic cells from the point of view of their functions.

The Nucleus Is the Information Store of the Cell

The nucleus is usually the most prominent organelle in a eucaryotic cell
(Figure 1-15). It is enclosed within two concentric membranes that

Figure 1-15 The nucleus contains most of the DNA in a eucaryotic cell. (A} in this schemalic diagram of a typical
animal cell—comolete with its extensive sysiem of membrane-enclosed orzaneties-—the nucleus is colored Srown, the
nuclear envelope is green, and the cytoplasm (the interior of the cell outside the nusleus) 1s white. (B) The nucieus is the
most prominent organelle in this thin section of a mammalian cell examined (0 the electron microscope. Individual
chromesomes are not visible because the DRA is dispersed as fine threads throughout the nucleus at this stage of he
cel's growth (B, courtesy of Daniel 3. Friznd.)
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form the nuclear envelope, and it contains molecules of DNA—
extremely long polymers that encode the genetic information of the
organism. In the light microscope, these giant DNA molecules become
visible as individual chromosomes when they become more compact
as a cell prepares to divide into twa daughter ceils (Figure 1-16). DNA
also stores the genetic infermation in procaryotic cells; these cells lack
a distinct nucleus not because they lack DNA, but because they do not
keep it inside a nuclear envelope, segregated from the vest of the ceil
contents,

Mitochondria Generate Usable Energy from Food to
Power the Cell

Among the most conspicuous organelles in the cytoplasin, mitochon-
dria are present in essentially all eucarvetic cells (Figure 1-17). These
organelles have a very distinctive structure when seen under the elec-
tron microscope: each mitochondrion appears sausage- or worm-
shaped, from one to many micremeters long; and each is enclosed in
fwo separate mermbranes. The inner membrane is formed into foids
that project into the interier of the mitochondrion (Figure 1-18).
Mitochondria contain their own DNA and reproduce by dividing in twa.
Because mitochondria resemble bacteria in so many ways, they are
thoughrt to derive from bacteria that were engulfed by somie ancestor of
present-day eucaryotic cells (Figure 1-19). This evidently created a sym-
hiotic relationship—one in which the host eucaryote and the engulfed
bacterium helped one another to survive and reproduce.

Observation under the microscope by itself gives little indication of
what mitochondria do. Their funcrion was discovered by breaking open
cells and then spinning the soup of cell fragments in a centrifuge; this
separates the organelles according to their size, shape, and density.
Purified mitochondria were then tested to see what chemical processes
they could perform. This revealed that mitochondria are generators of
chemical energy for the cell. They harness the energy from the oxidation
of food molecules, such as sugars, to produce adenosine miphosphate,
or ATP—the basic chemnical fuel that powers most of the cell’s activities.
Because the mitochondrion consumes oxygen and releases carbon
dioxide in the course of this activity, the entire process is called cellular
respiration—essentially, breathing on a cellularlevel. The process of cel-
tular respiration will be considered in more detail in Chapter i4.

Without mitochondria, animals, fungi, and plants would be unable
{0 use oxygen io extract the maximum amount of energy [rom the food
molecules that nourish them. Oxygen would be a poison for them,
rather than an essential requirement. There are, in fact, a few anaerobic
eucaryotes that lack mitochondria and live only in environments that
are oxygen-free.

Figure 1-16 Chromosomes become
visible when a cell is about to divide.
As a call prepares to divide, s DNA
condenses nto threadlike chromuosomes
thal can be disting ed in the light

microscops. nographs show three
SUC e stens in this p 55 in a
cultured cell fram a nawt's lung. (Courtesy

of Conly L, Rieder.)

Figure 1-17 Mitochondria serve as
cellutar powerhouses. 71 :

seen with a light mic
generatars that oxi

7 almast

produce useful chemical on

all eucaryotic cells, Mitochn are guite
variable in shape; in th's cultures
mammalian call thay are sfained green
with a fiuorescent dye and appear
wormlike, The nucleus Is stained five.

(Courtesy of Lan Bo Chen.}
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Figure 1-18 The electron microscope
reveals the folds in the mitochondrial
membrane. (A) A cross section of a
mitochondrion. (B} This thvze-dimensional
representation of the arrangement of the
mitochondrial memmbranes shows the
smooth outer membrane and lhe highly
convoluted inner membrare. The inner
mambrane contains most of the proteins
resnonsible for cellular respiration, and it is
nighly folded to previae a iarge surface
area ior ivis activiy. (G in this schematic
cel, the interior space of the mitochondrion
= colored. (A, courtesy of Daniel

3. rf!ﬂnd)

Figure 1-19 Mitochondria most likely
evolved from engulfed bacteria. It is
virtually certain that mitochonatia originate
fram bacteria that were engulfed by an
zricestral eucaryotic cell and survived

inzide 14, living in symbiosis with their host.
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Chloroplasts Capture Energy from Sunlight

Chloroplasts are large green organelles that are found only in the cells
of plants and algae, not in the cells of animals or fungi. These crganelles
have an even more complex structure than mitochendria: in addition to
their two surrounding membranes, chloroplasts possess internal stacks
of membranes containing the green pigment chiorophyil (Figure 1-20).
When a plant is kept in the dark, its greenness fades; when put back in
the light, its greenness returns. This suggests that the chioraphyll-——and
the chloroplasts that contain it—are crucial to the special relationship
that plants and algae have with light. But what is that relationship?
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Animals and plants all need enesgy to live, grow, and reproduce.
Animals can use only the chemical energy they obtain by feeding on the
products of other living things. But plants can get their energy directly
from suntight. and chloroplasts are the organelles that enable them 10
do so. From the standpoint of life on Earth, chloroplasts carry out in
even more essential task than mitochondria: they perform photosyn-
thesis - thatis, they trap the energy of sunlight in chlorophyl? melecules
and use this energy to drive the manufacture of energy-rich sugar mol-
ecules. In the process they release oxygen as a molecular by-product,
Plant cells can then extract this stored chemical energy when they need
it, by oxidizing these sugars in their mitochondria, just as animal cells
can. Chloroplasts thus genevate both the food molecules and the oxy-
gen that all mitochondria use. How they do so will be explained in
Chapter 14.

Like mirochondria, chloroplasts contain theiv own DNA, reproduce
by dividing in two, and are thought to have evolved from bacteria—in
this case from photosynthetic bacteria that were somehow engulfed by
an early eucaryotic cell (Figure 1-21).

internal Membranes Create Infraceliular Compartments
with Different Functions -

Nuclei. mitochondria, and chloroplasts are not the only membrane-
enclosed organelles inside eucarvotic cells. The cytoplasin contains a
profusion of other organelles—most of them enclosed by single mem-
branes—that perform many distinct functions. Most of these strucrures
are involved with the cell’s ability to import raw materials and to export
manufactured substances and waste products. Some of these mem-
brane-enclosed organeclles are enormously enlarged in cells that are
specialized for secretion of proteins; others are particularly plentiful in
cells specialized for digestion of toreign boclies.

The endoplasmic reticulum (ER)—an irregular maze of intercon-
nected spaces enclosed by a folded membrane (Figure 1-22)—is the site
at which most cell membrane components, as well as materials des-
lined for export from the cell, are made. Stacks of flattened membrane-
enclosed sacs constitute the Golgl apparatis (Figure 1-23), which
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Figure 1-20 Chloroplasts capture the
energy of sunlight in plant cells. {A) Leaf
cells in & moss, viewed in a light
microscape, each cortfain m

reen

o

chlaroplasts. (B} Electron micrograph of 3
chizroplast in @ grass leal shows the
organelle’s extensive systern of interral
membranes. The flatiened sacs of

Question 1-5

According (o
1-19, why does the mito-
chondrion have hoth an
puter and an inner
Which ol
the two mitochondrial
membranes should be—in evolu-
tionary terms—derived from the cell
membrane of the ancestral eucary

Figure

memhbrane?

otic cell? In the electron micrograph
of a mitochondrion in Figure 1-184,
identify the space that contgins the

mitochondrial DNA, ie., the space

that corresponds 10 the cviosol of

the bacterium that was
by the ancestral
shown in Fig

internalized
eucarvotic

ire 1-19.

cell
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Figure 1-21 Chloraplasts, like
mitochondria, have evolved from engulfed
bacteria. Chloroplasis are thought to nave
originatad from syribiotic photogynihetic
baclena, wilich wem taken up by early
eucaryotic cells that alraady centained
mitochandria.

Figure 1-22 Many cellular companents
are produced in the endoplasmic
reticulum (ER}. (A} Schematic diagram of
an animal cell shows the endopiasmic
culum in green (B) Electron micrograph
of & thin section o 2 marmmalian
pancieatic cell shows a small part of the
oplasmic reticulum, of which there are
Piracts in this cell type, which is
spacialized for protein secelion. Note that
the ER 1s continunus with the mambrang of
the nuclear envelope, The black particies
studding the particular region of the ER
shown here are ribosames—the molecular
assemblies that perform prolein synthosis.
Hecause of s appearance, ribosgme-
coated ER is eften called “rough ER.”

(2, courtesy of Lelio Orci.)
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receives and often modifies chemically the molecules made in the
endoplasmic reticuluun, and then directs them to the exterior of the cell
or to various other locations. Lysosomes arve small, irtegularly shaped
organelles in which intracellular digestion occurs, releasing nuirients
from food particles and breaking down unwanted molecules for recy-
cling or excretion. And peroxisomes are small, membrane-enclosed
vesicles that provide a contained environment for reactions in which
hvdrogen peroxide, a dangerously reactive chemical, is generated and
degraded. Membranes also form many different types of small vesicles
involved in the transport of materials berween one membrane-
enclosed organelle and another. This whole system of related organelles
is sketched in Figure 1-24A.

A continual exchange of materials takes place between the endo-
plasmic reticulum, the Golgi apparatus, the lysosomes, and the outside
of the cell. The exchange is mediated by small membrane-enclosed
vesicles that pinch off from the membrane of one organelle and fuse
with another, like tiny soap bubbles budding frem and vejoining larger
bubbles. At the surface of the cell, for example, portions of the plasma
membrane tuck inward and pinch off to form vesicles that carry into the
cell material captured fromm the external medium (Figure 1-25). These

endoplasimic retiaulum

nucleus

nuciear envelops
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Figure 1-23 The Golgi apparatus resembles a stack of
flattened discs. This organelle, just visible under the light
microscope but often inconspicucus, is involved in the
synthasis and packaging of molecules daestined to be
sacratad from the cell, as well as in the rauting of newly
synthesized pateing io he corract cellular compartment.
{A} Schemalic diagram of an animal cel! with the Galgzi
apparaius colorad red. (B) Drawing of the Golgi apparatus
reconstructed irom election microscope images. Tha
arganelle is composed of flattened sacs of membrane
stacked in layers. from which small vesicles pinch off and
fuse. Only cne stack is shown nere. but several can ha
present in each cell. (C) Electron micrograph of the Golgi
apparatus from a typical animal cell. (C, courtesy of Bij
J. Gupta)
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generally fuse with lysosomes, where the imported material is digested.
Animal cells can engulf very large particles, or even entire foreign cells,
by this process of endocytosis. The reverse process, exocylosis, whereby
vesicles from inside the cell fuse with the plasma membrane and release
their contents into the external medium, is also a common cellular activ-
ity (see Figure 1-25). Hormones, neurotransmitters, and other signaling
molecules are secreted from cells by exocytosis. How the membrane-
enclosed organelles transport proteins and other molecules from place
to place inside the cell will be discussed in more detail in Chapter 15.
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Figure 1-24 Membrane-enclosed
organelles are distributed throughout the
cytoplasm. (A} A variety of membrane-
enclosed compartments exist within
eucaryotic cells, each specialized 1o
perform a different function. (B) The rest of
the cell, excluding all these organelles, is
called the cytosol (colored Hluel This
region is the site of many vital cellular
aclivities.
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Figure 1-25 Cells engage in endocytosis
and exocytosis. Cels can imnort materials
from the external medium by capturing
them in vesicles that pinch off from the
plzema membrane. The vesicles uftimately
with lysosomes, where intracellular
tion ooccurs. By a converse process,
«-ua\:, they have

racellular compartments:

; sred in the intracelluiar
viesicles and released to the F‘(teﬂ or when
fese vesicles Tuse with the plasma
nembrane.

Question 1-6

Suggest a reason why it
would be advantageous

[or eucarvotic cells to

evolve elaborate inter-

nal membrane svsiems

that allow them to

import substances from the oulside,
shown in Figure 1-25.

Chootsr 1 Inbodh acion o Cells

The Cytosol Is a Concentrated Aqueous Gel of Large
and Small Mclecules

If we were to strip the plasma membrane from a eucaryotic cell and
then remove all of its membrane-enclesed organelles, including
nucleus, ER, Golgi apparatus, mitochondria, and chloroplasts, we
would be left with the cytosol (Figure 1-24B). In most cells the cytosol
fills the largest single compartment, which in bacteria is generally the
only intracellular compartment. The cytosel contains a host of large and
small molecules, crowded together so closely that it behaves more like a
waler-based gel than a liquid solution (Figure 1-26). It is the site of
many chemical reactions that are fundamental to the cell's existence.
The early steps in the breakdown of nutrient molecules rake place in the
cytosol, for example, and it is here too that the cell performs one of its
key synthetic processes—the manufacture of proteins. Ribosomes, the
tiny molecular machines that make the protein molecules, are visible
with the electron microscope as small particles in the cytosol, often
attached to the cytosolic face of the ER (see Figures 1-8B and 1-22B).

The Cytoskeleton Is Responsible for Directed Cell
Movements

The cvtoplasm is not just a structureless soup of chemicals and
organelies. Under the electron microscope one can see that in eucary-
otic cells (but not in bacteria), the cytosol is crisscrossed by long, fine fil-
aments of protein. Frequently the filaments can be seen to be anchored
at one end to the plasma membrane or (o radiate out from a central site
adjacent to the nucleus. This system of filaments is called the cytoskele-
ton (Figure 1-27). The thinnest of the flaments are actin filamenis,
which are present in all eucaryotic cells but occur in especially large
numbers inside muscle cells, where they serve as part of the machinery
that generates confractile forces. The thickest filaments are called
microrubules, because they have the form of minute hollow tubes. They
become reorganized into spectacular arrays in dividing cells, where
they help pull the duplicated chromosomes in opposite directions and
distribute them equally to the two daughter cells (Figure 1-28).
Intermediate in thickness between actin filaments and microtubules
are the intermediate filaments, which serve te strengthen the cell
mechanically. These three types of filaments, together with other pro-
teing that attach to them, form a system of girders, ropes, and motors
that gives the cell its inechanical strength, controls its shape, and drives
and guides its movements.

Figure 1-26 The cytoplasm is stuf-fed with organelles and a host of large and
small molecules. Thiz schamatic drawing, bazed on the known sizes and
concerirations of molecules in the cylesol, shows oW LFOWd :d the cytopiasm is,
The pancrama begins on the far left at the cell surface: moves through the
endoplasmic reticulum, Golgi apparatus, and & mitochandrion; and encs on the
right vt the nucleus. Note tL at some riboscmes (farge pink obyecis) are Tfreg in the
cytosol, while others arc attached to the ER. (Courtasy of D. Goodsell.
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Because the cytoskeleton governs the internal organization of the
cell as well as its external features, it is as necessary to a plant cell—
boxed in by a tough wall of extracellular matrix—as it is to an animal cell
that freely bends, stretches, swims, or crawls. In a plant cell, for exam-
ple, organelles such as mitochondria are driven in a constant stream
around the cell interior along cytoskeletal tracks. And animal cells and
plant cells alike depend on the cytoskeleton to separate their internal
components into two daughter sets during cell division. We will exam-
ine the cytoskeleton in detail in Chapier 17. We will examine its role in
cell division in Chapters 18 and 19, and in Chapter 16 see how signals
from the environment alter its structure.

The Cytoplasm Is Far from Static

It is helpful to have a sense of the pace of movements inside a cell. The
cytoskeleton itself is constantly changing, a dynamic jungle of ropes
and rods that are continually being strung together and taken apart; fil-
aments can assemble and then disappear in a matter of minuies. Along
these tracks and cables, organelles and vesicles hurry to and fro, racing
across the width of the cell in a fraction of a second. The ER and the
maolecules that fill every free space are in frantic thermal commotion—
with unattached proteins buzzing avound so fast that, even though they
move at random, they visit every corner of the cell within a few seconds,
constantly colliding with an even more tumultuous dust storm of
smaller organic molecules.

Of course, neither the bustling nature of the cell's interior nor the
details of cell structure were appreciated when scientists first peered
into a microscope; our knowledge of cell structure accurmulared slowly.
A few of the key discoveries are listed in Table 1-1. Panel 1-2 summa-
rizes the dilferences between animal, plant, and bacterial cells.

Figure 1-27 The cytoskeleton is a
network of filaments that helps define a
cell’s shape. Fitaments made of proiein
provide all eucaryctic celis with an internal
framewoik thal helps organize the internal
activities of the cell and underiios 113
movements and changes of shape.
Different types of filaments can be delected
using different fluorsscent stains. Shown
here are (A) actin llaments, (B)
microtubules, and (C) intermadiate
fllaments. (A, courtesy of Simon Barry and
Chiris D'Lacey; B, colrtasy of Nanoy
Kedersha; C, courtesy of Clive Lioyd.}
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Figure 1-28 Microtubules help distribute
the chromosomes in a dividing ceil. When
a cell divides, its nuclear enveiope breaks
down and its DNA condenses into pairs of
i - chromosomes. which are pulled
apart Into separate cells by microtubules.
The microtubuies radiatz from foci at
apposite ends of the dividing cell.
(Photograph courlesy af Conly L. Rieder.)

— Question 1-7

Discuss  the relative
advantages and disad-
vantages of light and
MICIOsCopy.,

best

electron
How could vou
visualize (a) a living skin

¥

cell, (b) a yeast mitochondrion, (c) a
Bacrerivm, and (d) a micratubule?

[

. bundle of /\Nd—-_/l

microtubules

Eucaryotic Cells May Have Originated as Predators

Eucaryotic cells are typically 10 times the length and 1000 times the vol-
ume of procaryotic cells (although there is huge size variation within
each category). As we have seen, eucaryotes possess in addition a whole
collection of other features—a cytoskeleton, mitochondria, and ather
organclles—that set them apart from bacteria and archaea.

When and how eucaryotes evolved these systems remains some-
thing of a mystery. Although eucaryotes, bacteria, and archaea must
have diverged from one another very early in the history of life on Earth
{discussed in Chapter 14), the eucaryotes did not acquire all of their dis-
tinctive features at the same time (Figure 1-29). According to one the-
ory, the ancesual eucaryotic cell was a predator that fed by capturing

Table 1-1 Historical Landmarks in Determining Cell Structure

Hooke uses 2 piimilive microscope o describie =mall pores in sections of cork that he calls “cells.”

leeuwerhoek reports Mis discovery of protozoa, MNing years fater, e sees bacteria for the first time.

Brown publishes his micrscopic onservalions of orchids, clearly describing e cell nucleus.

ef cell is the universal buliding Block of plant and

Flermming describes with great clarity chromasome behavior during mitosis 1n animat cells,

ant oiher histelogists develop staining methods thal reveal the siructure of nerve cells and the organization of neural

Goigl first sees, and describes, the Golgi apparatus by staining cells with silvar nitrate.

Boven links chromosomes and heredity by observing chroamosomes hahavior during s2xual reproduction.

Patade, Porter, and Sjostrand develop methods of electron micrascopy that enable many intracelluar siructures 1o b
ontains arrays of probi

for the first time. In one of the first applications of these technigues, Huxley shows that muscle ¢

Robertzon describes the bilayer structure of the cell membrane, seen for the first time in the electron microscops.

Kendrew describes the first detailed protein structure (sperm whale myoglobin} Lo a resoution of 0.2 nm using X-ray
crystallography. Perutz proposes a lower-resolution structure for hemoglobin.

azarides and Weber develop the use of fluorescent antibodies o stzin the cyloskeleton,

Chalfle and collaberators Introcuce green fluorescent protein (GFP} 8s a marker in microscopy.

1665

1674

1833

1838 scnieimen and Schwann propose e cell theory, =iating that the nus
amimal tiesues

1857 Koliker describes mitochondria in mivscle cells.

1879

1881 Cajal a
tigsue

1893

1502

1952
filaments—the first evidence of a cytoskeleton.

1957

1550

1968 Petran and cailaborators maike thz first confocal microscope.

1974

1994

. 1 Jton o O




Panel 1-2 Cells: the principal features of animal, plant, and bacterial cells
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Three cell rypes are drawn
here in a more realistic

manner than in the schematic
drawing in Figure 1-24. The
same colors are used, however,

10 distinguish the main ::S;\Iu:;alin .
components of the cell. The
animal cell drawing is based ““Cp‘g?l: e

on a fibroblast, a cell that
crawls through connective
tissue, depositing extracellular
matrix. A micrograph of a
living fibroblast is shown in migrotublile— — _.r_.
Figure 1-7A, The plani cell |
drawing is typical of a young

leaf cell, containing chloroplasts vacuole
ribosomes in - and a large, fluid-filled vacuole.  {Nuid-filled)
The bacterium is a rod-shaped

bacillus with a single flagellum

for motility.
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Figure 1-29 Where did eucaryotes come
from? The cucaryotic, eubaciera!, and
archaean lincages diverged from one
tlu, By mUUOﬂ of life on
, the eucaryotes
acquired nh-_l-..lw-.- : later still, a subsel
of sucaryoles acguired ciloroplasts,
'hlorh’)ndna are esserilially the same in
amis, animals, and fungi, and therefore
are thought to have been acquired oelore
these lines diverged.

anolher very ¢ 'a'\, i
Earth. Saome (i

Figure 1-30 One protozoan eats
another. (A) The micrograph shows
Oichinium on s own, with its
circumferentiat rings of beating cilia

d its gl the top. (B) Didinium
15 sean ingesting another ciliated
protozoan, Paramecium. (Courlesy

of D. Bariow.}
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other cells. Such a way of life requires a large size, a flexible membrane,
and a cytoskeleton to help the cell move and eat. The nuclear compart-
ment may have evolved to protect the fragile DNA from being damaged
by the movement of the cytoskeleton.

Such a primitive eucaryote, with a nucleus and cytoskeleton, was
mast likely the sort that engulfed the free-living, oxygen-metabolizing
eubacteria that were the ancestovs of the mitochondria. This pariner-
ship is thought to have been established 1.5 billion years ago, when the
Farth's anmosphere first became rich in oxygen. A subset of these cells
fater acquired chloroplasts by engulfing photosynthetic bacteria (see
Figure 1-23).

That single-celied eucarvotes can prey upon and swallow other
cells is borne out by the behavior of many of the free-living actively
motile microorganisms called protozoans. Didinitan, for example, is a
large, carniverous protozoan with a diameter of about 150 pm—per-
haps 10 times that of an average human cell. Tt has a globular body
encircled by two fringes of cilia, and its front end is flattened except for
a single protrusion rather like a snout (Figure 1-30). Didiniwn swims at
high speed by means of its beating cilia. When it encounters a suitable
prey, usually another type of protezoan, it releases numerous simall,
paralyzing darts from its snout region. Then Didiniwm attaches to and

B}




devours the other cell, inverting like a hollow ball to engulf its victim,
which is almost as large as itself.

Protozoans include some of the most complex cells knpwn. Figure
1-31 conveys something of the variety of forms of protozoans, and their
hehavior is just as diverse: they can be photosynthetic or carniverous,
molile or sedentary. Their cellular anatomy is often elaborate and
includes such structures as sensory bristles, photoreceptors, beating
cilia, stalklike appendages, mouthparts, stinging darts, and musclelike
contractile bundles. Although they are single cells, protozeans can be as
intricate and versatile as many multicellular organisms.

Model Organisms

Because all cells are descended from a comumon ancestor and thejr fun-
damental properties have been conserved through evolution, knowledge
gained from the study ol one organism contributes to owr understanding
of others, including ourselves. But certain organisms ave easier than oth-
ersto study in the laboratory. Some reproduce rapidly and vield readily 1o
genetic inanipulations; others are, for example, mulficellular but trans-
parent, so that one can directly match the development of all their inter-
nal tissues and organs. For these reasons, large communities of biologists
have become dedicated to studying different aspects of the biology of a
few chosen species, pooling their knowledge so as (o gain a deeper
understanding than could be achieved if their efforts were spread over
many different species. Information obtained from these studies con-
tributes to our understanding of how all cells work. In the lollowing sec-
tions, we wili examine some of these representative model organisms

Figure 1-31 An assortment of protozoans
illustrates the enormous variety within
this class of single-celled microorganisms.
These drawings are done {o different
scales, but in each case the scale kar
represents 10 pm. The organisms in (A),
(B}, (E) {F}. and (1} are ciliatos; (0) = 5

euglencid; (D) is an amosba; (G) (5 28
dinofagellate; and (H) is a heliczoan.
(From M.A. Sleigh, The Biology of
Protozoa. London: Edward Armold, 19/2)
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Question 1-8

Your next-door neigh-
bor has donated $100 in
support of  cancer
research and is horrilied
1o learn that her money
is being spent on study-
ing brewers veast. How could vou
pul her mind at ease?

Figure 1-32 The yeast Saccharomyces
cerevisiae is a model eucaryote. [0 (s

scanning elscton micrograph a few yeast
cells are seen i

Anpther mic

oel

v fims il e a
It Herskowilz a

and review the benefits each offers to the smudy of cell biology and, in
many cases, to the prontiodon ol human health.

Molecular Biologists Have Focused on E. coli

In the world of bacteria, the spotlight of molecular biology has lallen
chieflv on just one species: Escherichia coli, or £ coli for short [see
Figure 1-11}. This small, rod-shaped eubacterial cell normally lives in
the gut of humans and other vertebrates, but it can be grown easily in a
simple nuirient broth in a culture bottle, . coli copes well with variable
chemical conditdons in its environment, and it reproduces rapidly. Its
genetic instructions are contained in a single, circular, double-stranded
molecule of DNA, approximately 4.6 million nucleotide pairs long, and
it makes 4300 different kinds of proteins.

In moteculay terms, we understand the workings of E. coli more
thoroughly than those of any other living organisim. Most of our knowl-
edge of the undamental mechanisms of lile—inciuding bow cells repli-
cate their DNA and how they decode these genetic instructions to make
proteins—has come from studies of £, coli. Subsequent research has
confirmed that these basic processes occur in essentially the same way
in cur own cells as they do in £ coli.

Brewer's Yeast Is a Simple Eucaryotic Cell

We tend (o be preoccupied with eucaryotes because we are eucaryotes
curselves. But human cells are complicated and difficult to work with,
and if we want to undersiand the fundamentals of eucaryotic cell biol-
ogy, it is often more eflective to concentrate on a species that, like E. coli
amuong the bacteria, is simple and robust and reproduces rapidly. The
popular choijce for this role of minimal model eucaryote has been the
yeast Saccharomyces cerevisiae (Figure 1-32)—the same microorganism
that is used for brewing beer and baking bread.

5. cerevisiae 1s a small, single-celled [ungus and thus, according to
modern views, is at least as closely related 10 animals as it is 1o plants.
Like other fungi, it has a rigid cell wall, is relatively immobile, and pos-
sesses milochondria but not chilovoplasts. When nutrients are plentiful,
it reproduces almost as rapidly as a bacterium. As its nucleus contains
only about 2,5 times as much DNA as E. coli, the yeast is also a good sub-
ject [or genetic analysis. Even though its genome is small (by eucarvotic
standards), the veast carries oul all the basic tasks every encaryaiic cell
must perform. Genetic and biochemical studies in yeast have been cru-
cial to understanding many basic mechanisms in eucaryatic cells,
including the cell-division cycle—the chain of events by which the
nucleus and all the other components of a cell are duplicated and
parceled out to create two daughter cells. In fact, the machinery that
governs cell division has been so well conserved over the course af evo-
lution that many of its companents can functon interchangeably in
veast and human cells. If a mutant yeast lacks a gene essential for cell
division, providing {1 with a copy of the corresponding gene from a
human will cure the yveast's defect and enable it to divide normally (see
How We Know, pp. 30-31).

Arabidopsis Has Been Chosen Out of 300,000 Species
as a Model Plant

The large multicellular organisms that we see around us—the flowers
and trees and animals—seem fantastically varied, but they are much




closer to one another in their evolutionary origins, and more similar in
their basic cell biology, than the great host of micrascopic single-cell
organisms. Whereas bacteria and eucaryotes sepavated from each other
mare than 3 billion vears ago, plants, animals, and fungl are separated
by only about 1.5 hillion vears, fish and mammals by only about 450
million years, dlld the different species of flowering plants by less than
200 million years,

The close evolutionary relationship among all flowering planis
means that we can get insight into the cell and molecular biology of
flowering plants by locusing on just a few convenient species for
detailed analysis. Out of the several hundred thousand species of flow-
ering plants on Earth today, molecular biologists have recently focused
their efforts on a small weed, the commen wall cress Arabidopais
thealiana (Figure 1-33), which can be grown indoors in large numbers
and produces thousands of alfspring per plant within 8 1o 10 weeks.
Arabidopsis has a genome of approximately 110 million nucleotide
pairs, about 8 times as many as yeast, and its complete sequence is
known. By examining the genetic instructions that Arabidnpsis carries,
we are beginning to learn more about the genetics, molecular biology,
and evolution of Alowering plants, which dominate nearly every ecosys-
tem on land. Because genes found in Arabidaopsis have counterparts in
apricultural species, studying this simple weed provides insights into
the development and pliyvsiology of the crop plants upon which our
lives depend, as well as all the other plant species that are our compan-
ions on Earth.

The World of Animails Is Represented by a Fly, a Worm,
a Mouse, and Homo sapiens

Multicellular animals account for the majority of all named species of
living organisms, and the majority of animal species are insects. [Uis fit-
ting, therefore, that an insect, the small [ruit fly Drosophila
melanogaster (Figure 1-34), should oceupy a central place in biclogical
research. In fact, the foundations of classical genetics were buill 1o a
large extent on studies of this insect. More than 80 years ago, for exam-
ple, studies of the fruit iy provided delinitive proot that genes—the
units of hereditv—are carried on chrompsomes. In more recent times, a
concentrated systematic effort has been made to elucidate the genetics

Figure 1-33 Arabidopsis thaliana, the
common wall cress, is a model plant.
[his small weed has become the favorite
of plant molecular
al bic I’\tvl'i 5. |

i the Jobin inne

Figure 1-34 Drosophila mefanogaster is a
favarite among deuelnpmemal blolaysts

and geneticists. Mole
on this s mll fly ha
unde {
{Couresy of | B, Lewis )




W1 living things are made of cells, and cells—as we have
fig l.SSEC in this chapter—are all fundamentally similar
inside: they store their genelic instructions in DMNA miole-
.JI.;J_ which direct the production of proteins, and proigins
in turn carry out the cell's chemical reactions, give it its
shape, and control its behavior. But how deep do these
similarities really run? Are parts from one iype of cell inter-
eable wilh parts from another? Would an enzyme
digests g'tl’-"ce in a bacterium be able to break down
the same sugar i it were askad to function inside a yeast,
a lohster, or a human? What about the molacular machines
that copy and interpret genetic information? Are they func-
tionally equivalent from cre organism to ancther? Are their
impenent moiecules  interchangeable? Answers have
come from many sources, but most strikingly from experl
ments on one of the mest fundamenlal orocesses of life:
cell division.

chang

Divide or die

All cells come from other cells, and the only way to make
a new cell is through division of a preexisting cell. To repro-
luce, a parent cell must execute an orderly sequence of
rzactions through which it duplicales its contents and
civides in two. This critical process of duglication and divi-
sion. known as the cell cycle, is complex and carefully con-
=d. Defects in any of the proteins invalved in the cell
cycle can be fatal

fortunately, the lethal effects of cell-cycle mutations
present a probiem if one wants to discover the compor 1ents
of the cali-cycle control machinery and find out how they
wiark, Scientists depend on mutants 1o |'_.|_-:.1|U gones and

How We Know: Life's Common Mechanisms

proteins on the basis of their funciions: if a gene is essan-
tial for a given process, a mutation that disrupts the gene
will show up as a disturbance of that procese. By analyz-
ing the misbehavior of the mutant organism, cne can oin-
point the function for which the gene is needed, and by
analyzing the DNA of the mutant one can track down tlrr.,
gene itself.

For such an analysis, however,
enough: one needs a large colony of cells carying

utation. And this is the problem. If the rnL“-ﬂ"r-r' disrupis
a p ocess critical to life, such as cell division, how can
ever obtain such a colony? Geneticists have tound
ingenicus soiution. Mutants defective In call-cycle ge 2nes
can be maintained and studied if thei GF:‘L-.I,t Is condi-
tionai—that is, if the gene product fails to funclicn only
under certain specific conditions. In particular, one can
often find mutations that are "(_"ﬂEEI'EJIU"EfSE'“-Sl[:'"'-'

utant prolein functions correctly when the arganism is
kent cool, aliowing the cells fo reproduce, bul fails when
the temperaiure is warmer, allowing the celis o display
thelr interesting defect (Figure 1-35). The study of such
conditional mutants in yeast has zllowed the discovery of
the genes thal control the cell-division cycle-—the cdc
genes—and has led to an understanding of how they work

a single mutant cell is nof
the

all

The same tempﬁratu sensitive mutanis, it iwms out, offe
an oppartunity to see whether proteins from ane arganism
can function interch: angeably in another. Can & protein from
"'1’ erent org:'n%m cure a cell -“yrlc de.ctt in a mutant
ast and anable it o reproduce normally? The first exper
mant was pmfuimeﬁ Lsing two dltt rent specles of yeast.

Next of kin

Yeasls—unicellular fungi-—are
S opular organisms for studie
P c.ﬁjg:'-épé% p - -
e W of cell division because they
e i o Do
o e 7"~ mutant c2ll that divides are eucaryotes, il us, vet
/\k_‘_____ [ gl clbepaniabie they are small, simple, rapidly
T ing, an sy ic
colonies replicated % T ?g:,:,d;fltr;g PR reproclicing, . and ‘ed d I
onto 1wo identical /Q“Z-.C-_Dﬂ 5—-@\ per: manipulate  experimentally
plales and incubated  (&/'® T 06 -2 "=) Saccharomyces cer’evis{af? the
; ! at two different -tq:__,__‘f:i;—e_“ =4 :
mutagenized cells plated temperatures Boc=ee"d most widely studie x-‘:asl
ot in Petri dish grow into b i £ oy
colonies at 23°C e— 380 divides oy forming a small bud
that grows steadily ..mnl il :,~
Figure 1-35 Yeast cells that contaln a temperature -sensitive mutation can be generated rates from the mather cell
in the iaboratory ed with a chemical thal generates mutations in their {see Figures 1-14 and
DNA. These cells are spread onto & plate and alloward 1o grow at a permissive lemperature, A second specie
wal is, one at which the cells divide norma Hy The caloni=s are tran lt‘.d 0 two fdentica Schizosaccharomy
=t dishes using a technigue called replica plating. Cne of these plates is incubated at the is also popular f , studies
coaler, “parmissive” temperature, the of hr>r at athmllfl temperalure. CUHS conaining = cell growth and division.
A = - i Al
tmwpeaatum -sansitive mutant. in a geri essenfial for proliteration can divide at the Named after the African heer
missive lemperature but fail to divide at the warmer, nonpemissive lemperaiure. ) = )
from which it was first isolated

A/ 5. pombe is a rod-shaped




yeast thal grows by elongation at its ends and divides hy
fisslon of thiz rod into two, through the formation of a par-
tition in the center of the rod

Although they differ in their style of cell division, hoth
yeasts must copy their DNA and parcel this material fo
their progeny. To establish whether the preteing controlling
lhe whole process in S. cerevisiae and S. pombe are func-
tionally equivalent, Pau! Nurse ana his coll 5 set aut
to defermine whether 5. pombe cell-cycle mutants could
be rescucd by a gene from S, cerevisiae. The slarting point
was a colony of temperature-sensitive 5. pormbe mutarnis
ihat were incapabie of proceeding through the cell cycie

when grown at a warm 35°C. These mutant cells hac a
defect in a gene called cdc?2, whmh IS required to frigger
several key events in the cell division cycle. The
researchers then introduced into these defective calls a caol-
lection of DMA fragments prepared from S0 cerevisiae
{Figure 1-36).

When these cultures were incubated at 35°C, the
researchears found that some of the cells had regainad the
ability 1o reproduce: spread onfo a plate of medium
cells could divide again and again, forming small colonies
containing millions of yeast cells {see Figure 1-35). These

' T
introduce l
fragments of ,--.-‘: ‘Jj
yeast or ez =
humien DA -
T
f
5 .
a4 .
B . 5. pombe cells with
. e
’\1_'_:/ temperature-sensitive

cdc? gena cannot

+ spread cells over plate divide at high temperature

»incuhate at high, non-
perimissive, tempenture

cells in this colony received
a functional human or 5. cerevisine
substitute for the cdc? gone and
can civide successfully

Figure 1-36 Temperature-sensitive S. pembe mutants
defective in a cell-cycle gene can be rescued by the
equivalent gene from S. cerevisiae—or from humans.
DNA 1= collected from 5 cerevisiae (or from humans) and
broken into large fragments, which are introduced into a
culture of temperature-sensifive S0 pombe mutants. We will
learn how DNA can be manipulated and moved inlo
diticrent cell types in Chapter 10, The yeast cells that

erel wn DNA are the n soread on (o a piate and
on-permissive emperature, The rare cells
that survive and grow on these plates contain a
allows the cells 1o divide normally.
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human
5. pombe
S, cerevisias

Figure 1-37 The cell-division-cycle proteins from yeasts
and human are very similar in their amino acid
sequences. |dentities between the amino acid sequences
of a region of the human CDC?2 protein, the cde? protein of
S, moibe, and cac28 of S, cerevisiae are boxed. fach
arming acid is represented by & singie .etier.

\, A
“cured” yeast cells, the researchers discoverad, had
received a fragment of DNA containing cdc28, a gene from
S. cerevisiae thal was already familiar from pionesring cell
division-cycle studies (by Lee Hartwell and colleag P'S) in

the budding yeast. The cdc28 gene encodes a protein that
gerioims the same function in budding yeast as cac? does
in the fission yeast.

Perhaps the result is not all that surprising. How different
can one yeast be from ax'f}lhn 7 What about more distant
relatives? To find out, the researchers performed the same
experiment, this time using human DNA o rescue the
yeast cell-cycle mutants. The results wera the same. A
human gane, which the investigators dubbed COC2, could
substitute for ils equivalent in yeast, enabling the cells (o
divide normally.

Reading genes

Mot only are the human and yeasl proleins functionally
zguivalent, they are almost the exacl same size and closely
similar in the arder of the amino acids of which they are
made. When the Nurse tearm examined the amino acid
juences of the proteins, it found that human CDC2 is
identical to the 5. pornbe cde?2 pratein in 63% of its amino
acids and 58% identical CDC28 from S. cerevisiae
(Figure 1-37).

poy =

These experiments show that proteins from different organ-
isms can be functionally interchangeab's. In fact, the mal-
ecules that orchestrate cell division in eucaryoles are 56 fun-
damenially important tnat they have been canserved almost
uncnanged over more than a billion years of eucaryatic evo-
.Irl'._J. 5

e same F"-'["-L'I"H'ICI’"- IW'Chligiﬂs arntner, even more basic
point. The n tinjec-
tion of the hu.mal. r,:wml-au ‘ l.Jt by introduction of a piece of
hAuman DNA. The yeast could read and use this informa-
tion correctly, because the molecular machinery for these
fundamental pracesses is also similar from cell to celi and
rom organism to organism. A yeast cell has all the [:Llip-
ment it needs 1o interpret the instructions encoded in a
fAuman gene and to use that information o direct \Iw S Io-
duction of a fully functional human protein.
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Figure 1-32 Caenorhabditis elegans was
the first multicellular organism whose
complete genome was sequenced. This
srall nematode worm [ives in the soil, lts
devetopment, fram the fertilized egg cell to
e 050 gellz of the adult body, has heen
trarad in extraordinary detail, and a great

is known about the underlying genetic

j tindividuals are

hermaphrodites, mroducing both eggs and
sperm. (Courtzsy of lan Hope.)

fra Ceslls

of Drosophila, and especially the genetic mechanisms underlying its
embryonic and larval development. Through this work on Drosophila,
we are at last beginning to understand in detail how living cells achieve
their most spectacular feat: how a single fertilized egg cell (or zygote)
develops into a multicellular organism comprising vast numbers of
cells of differing types, organized in an exactly predictable wayv.
Drosophila mutants with body parts strangely misplaced or oddly pat-
terned have provided the kev to identifving and characterizing the
genes that are needed to make a properly swuctured adult body, with
gut, wings, legs, eyes, and all of the other bits in their correct places.
These genes—which are copied and passed on to every cell in the
body—define how each cell will behave in its social interactions with its
sislers and cousins, and in that way they control the structures that the
cells create. Drosophila, more than any other organism, has shown us
how to race the chain of cause and effect from the genetic instructions
encoded in the DNA 10 the structure of the adult multicellular organ-
ism. Mozeover, the genes of Drosophila have turned out to be amazingly
similar to those of humans—Far more similar than one would suspect
from outward appearances. Thus the fly serves as a model for studying
human development and disease. The fly genome—185 million
nucleotide pairs encoding just over 13,000 genes—contains counter-
parts for most of the genes known to be critical in human diseases.

Another widely studied organism, smaller and simpler than
Drosophila, is the nematode worm Caenorhabditis elegans (Figure
1-38), a harmless relative of the eelworms that attack the roots of crops.
This creature develaps with clockwork precision from a fertilized egg
cell into an adult with exactly 959 bady cells (plus a variable number of
egg and sperm cells)—an unusual degree of regularity for an animal. We
now have a minutely detailed description of the sequence of events by
which this occurs—as the cells divide, move, and become specialized,
according to strict and predictable rules. Its genome-—-some 97 million
nucleatide pairs containing about 19,000 genes—has also been
sequenced, and a wealth of murants is available for testing how these
genes function. [t appears that 70% of hurnan proteins have some coun-
terpart in the worm, and C. elegans like Drosophila has proven 1o be a
valuable model for many of the processes that occur in ow own bodies,
Studies of nematode development, for example, have led 1o an under-
standing of programmed cell death, a process by which swplus cells are
disposed of in the body—a topic of importance for cancer research (dis-
cussed in Chapters 18 and 21).




At the other extreme, mammals are among the most complex of
animals, with 2 to 3 times as many genes as Drvasophila, 25 times as
much DNA per cell, and millions of times more cells in their adult bod-
ies. The mouse has long been used as the model organisim in which ta
study mamimalian genetics, development, immunalogy, and cell biol-
ogy. New techiniques have given it even greater importance. It is now
possible to breed mice with deliberately engineered mutations in any
specilic gene, or with artificially constructed genes intreduced into
them. In this way, cne can test what a given gene is required for and how
it functions. And almost every human gene has a counterpart in the
mouse, with similar DNA sequence and function.

Bul humans are not mice—or worms or flies or yeast—and so we
also study human beings themselves. Research in many areas of cell
biology has been largely driven by medical interests, and a great deal of
what we know has come trom studies ol human cells. The medical data-
base an human cells is enormous, and although naturally occurring
mutations in any given gene are rare, the consequences of mutations in
thousands of different genes are known without resort to genetic engi-
neering. This is because humans demonstrate the unique behavior of
reporting on and recording their own genetic defects, in no other
species are billions of individuals so intensively examined, described,
and investigated.

Nevertheless, the extent of our ignorance is still dawnting. The
mammalian body is enormeusty complex, and one might despair of
ever undesstanding how the DNA in & fertilized mouse egg cell makes it
generate a mouse, or how the DNA In a human egg cell directs the devel-
opment of a human. Yet, the revelations of molecular biology have
made the task seem possible, As much as anything, this new optimism
has come from the realization that the genes of one type of animal have
close counterparts in most other types of animals, apparently serving
similar [unctions (Figure 1-39). We all have a common evelutionary ori-
gin, and under the surface it seems that we share the same molecular
mechanisms. Tlies, worms, mice, and humans thus provide a key to
understanding how animals in general are made and how their cells
operate.

Comparing Genome Sequences Reveals Life's
Commeon Hetitage

Ara molecular level, evolutionary change has been remarkably slow. We
can see in present-day organisms many features that have been pre-
served through more than 3 billion years oflife on Earth, or about a fifih
oi the age of the universe. This evolutionary conservatism provides the

Figure 1-39 Different living species share
similar genes. The human b and the
maouse shown here nave simiiar while

both ha

Kit}, reguired for the development and
maiten of pigment czlls. (Courtesy of
R.A. Fleischman, from Proc, Natl Acad.

Sci. U.8.A. 88:10885-10889, 1991,

i National Academy of Sciences.)
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foundation on which the study of molecular biology is built. To set the
scene for the chapters that follow, therefore, we end our introduction by
considering a little more closely the family relationships and basic sim-
ilarities among all living things. This topic has been dramatically clari-
fied in the past few years by analysis of genome sequences—the
sequences in which the four universal nucleotides are strung together
to form the DNA of a given species (as discussed in more detail in
Chapter 9). DNA sequencing has made it easy to detect family resem-
blances betwecn genes: if two genes from different organisms have
closely similar DNA sequences, it is highly probable that both genes are
descended from a common ancestral gene. Genes (and gene products)
related in this way are said to be homologous. Given the complete
genome sequences of representative organisms from all three domains
of life—archaea, eubacteria, and eucaryotes—one can search systemat-
ically for homologies that span this enormous evolutionary divide. In
this way, we can begin to take stock of the common inheritance of all
living things and to trace lile’s origins back to the earliest ancestral cells.
There are difficulties in this enterprise: some ancestral genes are lost,
and some have changed so much that they are not readily recognizable
as relatives. Despite these uncertainties, comparing genome sequences
from the most widely separated branches of the tree of life can give us a
sense of which genes are fundamental necessities for living cells.

A comparison of the complete genomes of five eubacteria, one
archaean, and one eucaryote (a yeast) revealed a core set of 239 families
of protein-coding genes that have representatives in all three domains.
Most of these genes can be assigned a function, with the largest number
of shared gene families being involved in amino acid metabolism and
transport, and in the production and function of ribosomes. Thus the
minimum number of genes needed for a cell to be viable in today’s envi-
ronments is probably not much less than 200-300.

Most organisms possess significantly more than this. Even procary-
otes—frugal cells that carry very little superfluous genetic baggage—
typically have genomes that contain at least 1 million nucleotide pairs
and encode 1000 to 8000 genes (468 genes, in the bacterium
Mycoplasma genitalium, is the minimum so far recorded for any
species). With these few thousand genes, bacteria are able to thrive in
even the most hostile environments on Earth.

The compact genomes of typical bacteria are dwarfed by the
genomes of typical eucaryotes. The human genome, for example, con-
tains about 700 times more DNA than the E. coli genome, and the
genome of a fern contains about 100 times more than that of a human
(Figure 1-40). In terms of gene numbers, however, the differences are
not so great. We have only about seven times as many genes as E. coli. if
we count a gene as the stretch of DNA that contains the specifications
for a protein molecule. Moreover, many of our 30,000 genes and corre-
sponding proteins themselves [all into closely related family groups,
such as the family of hemoglobins, which has nine closely related mem-
bers in humans. The number of fundamentally different proteins in a
human is thus not very many times more than in a bacterium, and the
number of human genes that have identifiable counterparts in the bac-
terium is a significant fraction of the total.

The rest of our human DNA—the vast bulk that does not code for
protein—is a mixture of sequences that help to regulate the expression
of the genes, and sequences that seem to be dispensable junk, retained
like a mass of old papers because, if there is no pressure to keep an
archive small, it is easier to save everything than to sort out the valuable
information and discard the rest. The large quantity of regulatory DNA
allows for enormous complexity and sophistication in the way different
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genes in a eucaryotic multicellular organism are brought into action at

different times and places. But the basic list of parts—the set of proteins

that our cells can make, as specified by the DNA—is not much longer
than the parts {ist of an automobile, and many of those parts are com-
mon naot anly to all animals, but to the entire living world.

That a length of DNA can program the growth, development, and
reproduction of living cells and complex organisms is truly an amazing
phenomenon. In the rest of this book, we will try to explain how cells
work—in part by examining their component patts, in part by investi-
gating how their genomes direct the manufacture of these components
so as to reproduce and run each living thing.

Essential Concepts

» Cells are the fundamental units of life. All present-day cells are
believed to have evolved from an ancestral cell that existed more
than 3 billion vears ago.

« All cells, and henee all living things, grow, convert energy from onc
form to another, sense and respond to their environment, and
reproduce themselves.

» All cells are enclosed by a plasma membrane that separates the
inside of the cell from the environment.

» All cells contain DNA as a store of genetic information and use it to
guide the synthesis of proteins.

+  Cells in a multicellular organism, though thev all contain the same
DNA, can be very different. They use their genetic information (o
direct their biochemical activities according (o cues they receive
from their environment.

+ Cells of animal and plant (issues are typically 5-20 um in diameter
and can be seen with a light microscope. which also reveals some of
their internal components, or organelles. The electron microscope
permits the smaller organelles and even individual molecules to be
seen, but specimens require elaborate preparation and capnot be
viewed alive.

* Bacteria, the simplest of present-day living cells. are procaryotes:
although they contain DNA, they lack a nucleus and other arganelles
and probably resernble most closely the ancestral cell.

Figure 1-40 Organisms vary enormously
in the sizes of their genomes Ganaome

size is measurad | lectide pairs of
DNA per haploid genome, that is, per
single copy of the genome. (The calls of
sexyally reproducing organisms 2uch as
ourseives are geneally dinloid: they
contain two gopies o the genome, one
inherited from the mother, the other from
the father.) Ciosely relzled crganisms can
vary widely in the guanlity o ) 1A in Lheir
genomes, even though they contain swmllar

numbers of funclionally disti
{(Data frem W.-H. Li, Molecular Evo
Pp. 4U-355. Sundetand, MA;

Sinauer, 1997.]
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Different species of procarvotes are diverse in their chemical capa-
bilities and inhabit an amazingly wide range of habirats. Two funda-
mental evolutionary subdivisions are recognized: eubacteria and
archaesa.

Fucaryvotic cells possess a nucleus. They probably evolved i a series
of stages lrom cells more similar ro bacteria. An important step
to have been the acguisition of mitochendria, originating as
engulfed bacteria living in symbiosis with larger anaerobic cells.
['he nucleus is the most prominent arganelle in most plant and ani
mal cells. It contains the genetic information of the organism, stoved
in DNA molecules. The rest of the cell’s contents, apart from the
nuclens, constitute the eytoplasm.

Within the cytoplasm, plant and animal cells contain a variety of
internal membrane-enclosed organelles with specialized chemicid
functions. Mitochondria carry out the oxidation of food molecules.
In plant cells, chloroplasts perform photosynthesis. The endoplas-
mic reticulum, the Golgi apparatus, and Jysosomes permit cells 1o
synthesize complex molecules for export from the cell and {or inser-
ticn in cell membranes, and to import and digest large molecules.
I'he remaining intracellular component, excluding the membranc-
enclosed organelles, is the cytosol. This contains a concenirated
mixture of large and small molecules that carry out many essential
binchemical processes.

A gystem ol protein filaments called the cytoskeleton extends
throughout the cytosol. This governs cell shape and movement and
enables organelles and molecules (o be transported from one loca-
tion to another in the cytoplasm.

Free-living single-celled eucaryotic microorganisms include some of
the most complex eucaryotic cells known, and they are able to swi,
mate, hunt, and devour food. Other types of eucaryotic cells, derived
from a fertilized egy, coaperate to form large, complex muliicellular
orzanisims composed of thousands of billions of cells.

Binlogists have chosen a small number of otganisms as a focus tor
intense investigation. These include the bacterium £ coli, brewer's
yenst, a nematode worm, a fly, a small plant, a mouse, and the
humin species itself.

Although the minimum number of genes needed for a viable cell is
probably jess than 400, most cells contain significantly mare. Yet
even such a complex organism as a human has only about 30,000
genes—wice as many as a fly, seven times as many as . coli.
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Questions

Question 1-9

By now vou should be familiar with the following cel-
hilar components. Briefly deline what they are and
whal function they provide for cells.

A, cytosol
B, cyv
C. mitoct
D

i

k.

3

AT

wondria
nucieus
chloroplasts
lysnsomes
clhirnmosomes

H. Go

“i apnaratus

L. pcl'u\.'i%_sOI‘.'L‘S

L plasma membrane

K. endoplasmic reticulum

L. cyioskeleton

Question 1-10

Which of the following statements are correct? Explain

YOur dnswers,

The hereditary information of a cell s passed

on by its proieins.

Bacterial DNA is found in the cytosol.

Plants are composed of procaryolic cells.

All cells of the same organism have the same

nuimber of chromosomes (with the exception

ol ezg and sperm cells).

E. The cviosol conlains membrane-enclosed
organetles, such as lysosomes.

i Muclel and mitochondria are surrounded by a
double membrane.

(. Protozoans dre complex organisms with a set
of specialized cells that form tssues, such as
flagella, mouthparts, stinging darts, and leglike
appendages.

F. lysosomes and peroxisomes are the site of
degradation of unwanted maierials.

= =

oo

(Juestion 1-11

i et a feeling for the size of cells (and to practice the
use of the metric system) consider the foliowing: (he
human brain weighs about 1 kg and contzins about
10" cells. Calculate the average size of a brain cell
talthough we know that their sizes vary widely).
assuming that each cell is entirely filled with water (1
ci® of water weighs 1 gj. What would be the length of
one side of this average-sized brain cell if it were a
simple cube? If the cells were spread put as a thin laver
that is only a single cell thick, how many pages of this
book would this layer cover?

Uuestion 1-12

Identily the different organelles indicated with letters
in the electren micrograph shown in Figure Q1-12.
Estimate the length ol the scale bar in the ligure.

Question 1-13
There are three w classes of filaments thatr nu
1p the cytoskeleton. What are they
ditfere g in their funciions? Whit

IS W

and what are the
oskeletal fila
ould be most plentiful in a muscle cell orin an
epidermal cell making up the outer laver of the skin?
Explain your answers,

Question 1-14
Natural selection is such a powerlul force in evelution
because cells with e
quickly outgrow their

a smali growth acdwv:
competitors. To illustrat
msider a call culture that contains 1 mitlion
ial cells that double every 20 minutes. A single
cell in this culture acquires a mutation that allows it 1o

intage

ag
e this

divide faster, with a generation time of only 15 min-
utes. Assuming that there is an unlimited food supply
and no cell death, how long would it take belore the
progeny of the mutated cell became predominant in
the culiure? (Before you go through the calculation,
make a guess: do you think it would take ahout a dav,
a weck, a month, or a year?) How manv cells of either
tvpe are present in the culture at this time? [ The nium-
ber of cells Vin the culture at time ¢ is described by the
equalinn V= Ng» 27 where Ny is the numiber of cells
al zero time and 7 is the generation time.)

Question 1-15

When bacteria are grown under adverse conditions,
i.¢., in the presence of a poison such as an anribiotic,
muost cells grow slowlv. But it is not nncommaon that
the growth rate ol a bacterial culture kept in the pres-
ence of the poison is restored aller a few days ro that
observed in its absence. Suggest why this mav be the
case.

Question [-16

Apply the principle of exponential growih as described
in Queston 1-14 to the cells in a muliicellular argan-
isin, such as voursell. There are about 10" cells in your
bindy. Assume that one cell acquires a mutation that
allows it to divide in an uncontrolled manner (thart is,

Figure G1-12 7um
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it becames a cancer cell). Same cancer cells can grow
with a generation time ol about 24 hours. If none of the
cancer cells died, how long would it take before 10!
cells in your body would be cancer cells? (Use the
equation N = Ny x 2% with ¢, the time, and G, the
length of each generation. Hint: 1013 = 243 )

Question 1-17

Discuss the following statement: "The structure and
function of a living cell are dictated by the laws of
physics and chemistry.”

Question 1-18
What, if any, are the advantages in being multicellular?

Question 1-19

Draw to scale the outline of two spherical cells, one a
bacterium with.a diameter of 1 um, the other an ani-
mal cell with a diameter of 15 wm. Calculate the vol-
ume, surface area, and surface-to-voluime ratio for
each cell. How would this latter value change if you
included the internal membranes of the cell in the cal-
culation of surface area (assume internal membranes
have 15 tinies the area of the plasma membrane)? (The
volume of a sphere is given by 4nR%/3 and its surface
by 4rR?, where R is its radius.) Discuss the following
hypothesis: “Internal membranes allowed bigger cells
to evolve.”

Question 1-20

What are the arguments that all living cells evolved
from a common ancester cell? Imagine the very early
days of evolution of life on earth. Would you assume
that the primordial ancestor cell was the firsr and only
cell to form?

Question 1-21

In Figure 1-28. proteins are blue, nucleic acids are
orange or red, lipids are vellow, and polysaccharides
are green. [dentify major organelles and other impor-
tant cellujar structures shown in this slice through a
eucaryotic cell.

Highlights from Essential Cell Biology 2 Interactive CD-ROM

1.1 Keratocyte Dance
1.2 Crawling Amoeba
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Chemical Components
of Cells

[tis at first sight difficult to accept that living creatures are merely chem-
ical systems. Their incredible diversity of ferm, their scemingly pur-
poseful behavior, and their ability to-grow and reproduce all seem to set
them apart from the world of solids, liquids, and gases that chemistry
normally describes. Indeed, until the nineteenth century it was widely
accepted that animals contained a vital force—an "animus”—rhat was
responsible for their distinctive properties.

We now know that there is nothing in living organisms that dis-
obeys chemical or physical laws. However, the chemistry of life is
indeed a special kind. Firs(, it is based overwhelmingly on carbon com-
pounds, the study of which is known as organic chemistiy. Second, it
denends almost exclusively on chemical reactions that take place in a
walery, ot agueaus, solution and in the relatively narrow range of tem-
peratures experienced on Earth. Third, it is enormously complex: even
the simplest ceil is vastly more complicated in its chemistry than any
other chemical system known. Fourth, it is dominated and ceordinated
by enormous polymeric nolectites—chains of chemical subunits linked
end-to-end—whose unique properties enable cells and organisms to
grow and reproduce and to do all the ather things thal are characteris-
tic of life. Finally, it is tightly regulated: cells deploy a variety of mecha-
nisms to make sure that all their chemical reactions occur at the proper
place and time.

Chemistry, in a sense, dictates all of biology. In this chapier, there-
(ore, we briefly survey the chemistry of the living cell. We will meet the
molecules from which cells are made and examine their structures,
their shapes, and their chemical properties. These molecules determine
the size, structure, and function of living cells. By understanding how
these molecules Interact, we can begin to see how cells exploit the laws
of chemistry and physics to stay alive.

Chemical Bonds

Matter is made of combinations of elenmenis—substances such as
hydrogen or carbon that cannot be broken down or converted into
olher substances by chemical means. The smallest particle of an ele-
ment that still retains its distinetive chemical properries is an afom. The
characteristics of substances other than pure elements—including the
materials from which living cells are made—depend on which atroms
they contain, and the way these utoms are linked together in groups to
form molecides. In order to understand how living organisms are built
from inanimate matter, therefore, it is crucial to know how rhe chemical
bonds that hold atoms together in molecules are formex.

Chemical Bonds
Cells Are Made of Relatively Few Types of
Aloms

The Qutermosl Elecirons Determine How
Aloms Interact

lonic Bonds Form by the Gain and Loss of
Electrons

Covalent Bonds Farm oy the Shanng of
Elections

Covalen! Bonds Yaory in Strength

There Are Differen! Types of Covalent Bonds

Water 15 Held Together by Hydrogen Bondls

Some Poiar Molecuies Form Acids and Bases
in Water

Molecules in Cells

A Cell Is Formed from Carbon Compounds

Cells Contain Four Major Famiiies of Small
Organic Molecules

Sugairs Are Energy Sources for Cells and
Subunits of Polysaccharides

Fatlty Acids Are Componenlts of Cell
fembranes

Aming Acids Are the Subunils of Proteins

Nuclectides Are the Subunits of DNA and
RNA

Macromolecules in Cells

Macromolecules Contain a Speciflic
Seqguence of Subunils

Noncovalent Bonds Specily the Precise
Shape of a Macromolecule

Noncovalent Bonds Allow a Macromolecule
o Bind Cther Selected Molecules
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Cells Are Made of Relatively Few Types of Atoms

Each atom has at its center a dense, positivelv charged nucleus, which
is surrounded at some distance by a cloud of negatively cha Ued elec-
troms, held in orbit by electrostatic attraction to the nucleus (Figure
2-1). The nucleus consists of two kinds of subatomic particles: protons,
which are pasitively charged, and neutrons, which are electrically neu-
tral. The number of protons present in an atomic nucleus determines its
atomic number. Anatom ol hydrogen has a uf!f-mmmpou'u ol asin
gle proton; so hydrogen, with an atomic number of 1, is lhel shitest ele-
men;. An atem of carbon has six protons in its nucleus and an aromic
number ol & (Figure 2-2), The electric charge carried by each proton is
exactly equal and opposite to the charge carried by a single electron.
Because the whole atom is clectrically neutral, the number ol negatively
charged electrons surrounding the nucleus is equal to the nunber ¢
positively charged protens that the nucleus contains; thus the number
of elecirons in an atom also equals the atomic number. All atoms of a
given element have the same atomic number, and we shall shortly see
that this number dictates the chemical behavior of the element

Meulrons are uncharged subatomic particles with essentially the
same mass a5 protons. They contribute to the structural stabilicy of the
nucleus—if there are too many or too few, the nucleus may disintegrate
by radioactive decay—bult they do not alter the chemical properiies of
the atom. Thus an element can exist in several physically distinguish-
able bui chemically identical forms, called isofopes, eachisotope having
a diderent number of nevtrons but the same number of protons.
Multiple isotopes of almost all the elements occur naturally, including
some thatarc unstable. For example, while most carbon on Farth exists
as the stable isotope carbon 12, with six protens and six neutrons, there
are also =mall amounts of an unstable isotope, the radivactive carbon
14, whase atoms have six protons and eight neutrons. Carbon 14 um,ier—
goes radivactive decay at a slow but steady rate, which is the basis for
the technique of carbon 14 dating of organic materiul in archaeclogy.

The atomic weight of an atom, or the molecular weight of a4 mole-
cule, is its mass relative to that of a hydrogen atom. This is essentially
equal to the nuunber of protons plus neutrons that the atom or molecule
contains, because the elecirons are so lighr that they contribure almost
nothing to the total mass. Thus the major isorope of carbon has an
atomic weight of 12 and is symbolized as '*C. The unstable carbon iso-
tope just mentoned has an atomic weight of 14 and is written as '*C.
The mass of an atom or a molecule is often specified in daltons, one dal-
tan being an atomic mass unit approximately equal to the mass of a
hvdrogen atom.

neulron alesiron

proton

mygragan aiGim

atomic number - 6 alomic numper = 1




Atoms are so small that it is hard to imagine their size. An individ-
ual carbon atom is roughly 0.2 nm in diameter, so that it would take
about 5 million of them, laid out in a straight line, 1o span a millimeter.,
One proton or neutron weighs approximately 1/(6 10} gram,
Hydrogen lias only one proton, with an atemic weight of one, so one
gram of hydrogen contains 6 x 10° atoms. For carbon, with an atomic
weight of twelve, 12 grams of carbon contain 6 x 10%* atoms. This huge
number (6 x 10°, called Avogadro’s number) is the key scale factor
describing the relationship between evervday quantities and nombers
of individual atoms or molecules. If a substance has a molecular weighit
of M, a mass of M grams of the substance will contain 6 » 10* maole-
cules. This quantity is called one mafe of the substance (Figure 2-3). The
cencept of mole is used widely in chemistry as a way to represent the
number of molecules that are available to participate in chemical reac-
lions,

There are 92 naturally occurring elements, each ditfering from the
others in the number of protons and electrons in iis atoms, Living
organisms, however, are made of only a small selection of these cle-
ments, four of which—carbon {C), hydrogen (F), nitrogen (N}, and oxy-
gen (O)—make up 96.5% of an organism’s weight. This composition dif-
fers markedly from that of the nonliving inorgandc environment (Figure
2—4) and is evidence of a distinctive type of chemistry.,

The Qutermaost Electrons Determine How Atoms Interact

To understand how ztoms bond together to form the molecules that
malke up living organisms, we have to pay special aitention Lo their elec-
trons. Protons and neutrons are welded tightly to one another in the
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Figure 2-5 An element's chemical
reactivity is based on how its outermost
electron shell is filled. &ll of the elements
commenly found in living crzanisms have
umnt | outermost she
s participate in
itorms. Inert gases {yellow), in

ontrast, have only filled shells and are
-hemically unreactive.
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nucleus and change pariners only under extreme conditions—during
radioactive decay, for example, or in the interior of the sun or of a
nuclear reactor. [n living tissues, only the electrons of an atom undergo
rearrangements. They form the accessible part of the atom and specity
the rules of chemistry by which atoms combine to form molecules,

EFlectrons are in continuous motion around the nucleus, but
motions on this submicrosceopic scale abey different laws from those we
are familiar with in everyday life. These laws dictate that electrons in an
atom can exist only in certain discrete regions of movement—roughly
speaking, discrete orbits—and that there is a strict limit to the number
of electrons that can be accommodated in an orbit of a given tvpe, a so-
called electron shell. The electrons closest on average to the positive
nucleus are attracted most strongly to it and occupy the inner, most
tightly bound shell. This innermost shell can hold a maximum ol two
electrons. The second shell is farther away from the nucleus, and its
electrons are less tightly bound. This second shell can hold up to eight
electrons. The third shell contains electrons that are even less tightly
bound; it can also hold up to eight electrons. The fourth and fifth shells
can hold 18 electrons each. Atoms with more than four shells are very
rare in biological molecules.

The arrangement of electrons in an atom is most stable when all the
electrons are in the most tightly bound states that are possible for
them—that is, when they occupy the innermost shells, closest to the
positively charged nucleus. Therefore, with certain exceptions in the
larger atoms, the electrons of an atom fill the shells in order—the first
betore the second, the second before the third, and so on. An atom
whose outermost shell is entirely filled with electrons is especially sta-
ble and therefore chemically unreactive. Examnples are hetium with 2
electrons {and an atomic number of 2), neon with 2 + § (atomic number
10), and argon with 2 + 8 + 8 {atomic number 18); these are all inert
gases. Hydrogen, by centrast, has only one electron, which leaves its
outermost shell half-filled, so it is highly reactive. The atoms found in
living tissues all have incomplete outer eleciron shells and are therefore
able to react with one another to form molecules (Figure 2-3].

Because an unfilled eleciron shell is less stable than a filled one,
atoms with incomplete outer shells have a strong tendency to interact
with other atoms so as to either gain or lose enough electrons to achieve
a completed outermost shell. This electron exchange can be achieved
either by transferring electrons from one atom to another or by sharing
electrons between two atoms. These two strategies generale the two
types of chemical bonds that bind atoms to ene another: an ionic bond



is formed when electrons are donated by one atom to another, whereas
a covalenr bond is formed when two atoms share a pair of electrons
(Figure 2-6). In the case of the covalent bond, the pair of electrons is
often shared unequally, with ane atom atiracting the shared electrons
maore than the other; this results in a polar covalent bond, as we will dis-
cuss later.

An H atom, which needs only one more electron to fill its shell, gen-
erally acquires it by sharing—forming one covalent bond with another
alom; in many cases this bond is polar. The other most conunon ele-
ments in living cells—C, N, and O, which have an incomplete second
shell, and P and S, which have an incomplete third shell (see Figure
2-5)—generally share electrons and achieve a filled outer shell of eight
electrons by forming several covalent bonds. The number of elecirons
an atom must acquire or lose {either by sharing or by transfer) to attain
a lilled outer shell is known as its valence.

Because the state of the outer electron shell determines the chem-

ical properties of an element, when the elements are listed in order of

their atomic number we see a periodic recurrence of elements with sim-
ilar properties: an element with, say, an incomplete second shell con-
taining one electron will behave in much the same way as an element
that has filled its second shell and has an incompiete third shell con-
taining one electron, The metals, for exarmple, all have incomplete outer
shells with just one or a few electrons, whereas, as we have just seen, the
inert gases have full outer shells. This arrangement gives rise (o the
famous periodic table of the elements, which is outlined in Figure 2-7.
Elements found in living organisms are hightighted.

lonic Bonds Form by the Gain and Loss of Electrons

lenic bonds are most likely to be formed by atems that have just one ov
two electrons in their unfilled outer shell or are just one or two electrons
short of acquiting a filled outer shell. These atoms can generally attain
a completely filled outer electron shell most easily by giving electrons
to—or accepting electrons from-—another atom, rather than by sharing
theni. For example, returning to Figure 2--5, we see that a sodium (Na)
atom, with atormnic number 11, can strip itself down to a filled shell by
giving up the single electron external to its second shell. By contrast, a
chlorine (Cl) atom, with atamic number 17, can complete its outer shell
by gaining just one electron. Consequently, if a Na atom encounters a Cl
atom, an electron can jump from the Na to the C}, leaving both atoms

atoms atams

SHARING OF TRANSFER OF
ELECTRONS ELECTAON
= -7—‘\ //' <
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Figure 2-5 Atoms can aftain a more
stable arrangement of electrons in their
outermost shell by interacting with cone

another. A covalent bond s formed when
lectrons are shared between atoms., An
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bwi cazes shown reprasent exdr 13
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transfer {unequal sharing of electrons,,
Ulting in a polar covalent bond (see, for

cxample, Figure 3-12).
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Figure 2-7 Elements ordered by their
atomic number form the periodic table.
Elements fzll inte groups that show similar
perties based an the number of

trang each elemeni possesses in fis
outer shell. For example, Mg and Ca tend
¢ away the lwe clectrons in their
shells; C, N, and O compl
T —

by shigr lect

ir efemants highlighted i
3% of the fotal number of atoms present
the hurnan body. An additional sever

tghlighted in blue, logether
=present ahout 0.9% of the total. Othe
elements, shown in green, are required ir
trace amounts by humans. It remains

ser th s shown i
humans or not. The
seems, is therefore

emisiry of lighter

1se elerr

unclear wnelher

emistry of fite

TS

[rons in the alomic

in wary with the particular

: the etement. The atomic weights
shawn here are those of the most cormnmon
isolope of each element.

Figure 2-8 Sodium chloride is held
together by ionic bond formation.
&) An atom of sodium (Na) reacts with an
chiorire {CI}. £
shown in e
mons in Lhe chemically reactive
filled) shells are shiown i
The rea 5 place with transfar
singla electron from sodium to
zhlonng, forming two elecincally charged
atoms, or ions, each with camplete sets o
s n their adtermost levels. The two
opnosile charge are heid logethe

~HHo [akes

action between sodium and

ine, crystalline sadium chlorids,

ns sodivm and chioride ions packed
in a regular array in which

the chargss arg exar 1y balanced. {C) Color

photograph of crystals of sodivm chloride.
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with filled outer shells. The offspring of this marriage between sodium,
a soft and intensely reactive 1metal, and chlorine, a toxic green gas, is
table salt (NaCl).

When an electron jumps from Na to Cl, both atoms become electri-
cally charged ions. The Na atom that lost an electron now has one less
electron than it has protons in its nucleus; it therefore has a net single
positive charge (Na*}. The Cl atom that gained an electron now has one
more electron than it has protens and has a single negative charge (Cl7).
Positive ions are called cations, and negative ions, anions. lons can be
further classified according (o how many elecirons are iost or gained.
Na and potassium (K) have one electron to lose, so they form cations
with a single positive charge (Na® and K*); magnesium and calcium
have two electrons (¢ lose and farm cations with two positive charges
{Mg** and Ca®").

Because of their opposite charges, Na* and Cl- are attracted o each
other and are thereby held together in an ionic bend. A salt crystal con-
tains astronomical numbers ol Na* and Cl™packed together in a precise
three-dimensional array with their opposite charges exactly balanced—
a crystal only 1 mm across contains about 2 x 10'? ions of each type
(Figure 2-8). Substances such as NaCl, which are held together solely by
jionic bonds, are generally called salts rather than molecules.
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l[onic bonds are just one ol several types of noncovalent bonils that
can exist between atems. We will meet another example of a noncova
lent bond, the hydrogen bond, later in this chapter. Because of a favor-
able interaction between ions and waler molecules [which are polar),
many salts (including NaCl) are highly soluble in water. They dissociate
inte individual ions (such as Na* and CI7), each surrounded by a group
of water molecules. For the same reason, the stength ol a hvidrogen
bond between two molecules is signilicantly reduced i warter In con-
trasl, covalent bond strengths are not affected by i interaction with
waler. '

Covalent Bonds Form by the Sharing of Electrons

All of the characteristics of a cell depend on the molecules it contains.
A molecule is a cluster of atoms held together by covalent bonds, (n
which electrons are shared rather than transferred heoween atoms, The
shared electrons complete the outer shells of both atoms. In the sim-
plest passible molecule—a meolecule of hydrogen (Ha)—twa H atoms,
each with a single electron, share their two electrons, thus [illing their
outermost shells. The shared electrons lorm a cloud of negative charge
that is densest between the two posilively charged nuclei. This electron
density helps to hold the nuciei together by opposing the mutual
repulsion between the like charges that would otherwise furce them
apart. The attractive and repulsive forces are in balance when the
nuclei are separated by a characteristic distance, called the bond lengrh
(Figure 2-4).

Whereas an H atom can form only a single covalent bond, the other
common atoms that form covalentbonds in cells-— 0. N, §, and B as well
as the all-important C-—can form more than one. The outermost shells
of these atomis, as we have seen, can accommodate up to ecight elec-
wons, and they form covalent bonds with as many other atoms as nec-
essary to reach this number. Oxygen, with six electrons in its outer shell,
is most stable when it acquires two extra electrons by sharing with other
atoms and it therefore forms up to two covalent honds. Nitrogen, with
five outer electrons, forms a maximum of three covalent bonds, while
carbon, with [our outer electrons, forms up to four covalent bonds—
thus sharing four pairs of electrons (see Figure 2-5.

When one atom forms covalent bonds with several others, these
multiple bonds have definite orientations in space relative 1o one
another, reflecling the orientations of the orbits of the shared electrons.
Covalent bonds between multiple atoms are therefore characierized by
specific bond angles as well as bond lengths and bond energies (Figure
2-10). The lour covalent bonds that can form around & carbon atom, lor
example, are arranged as if pointing to the four corners of a regular
tetrahedrorn. The precise orientation of the covalent bonds around car-
bon is the basis lor the three-dimensional geomeiry of argaiic maole-
cules.

Figure 2-59 The hydrogen molecule is held together by a covalent

bond. Each hydrogen atom (n isolaticn has a single € i, u
means that Its first {and only} electron shell s incompletely filled, E
coming fo, zr the two atoms are able to shame the two electens,
| h completely filled first shell, with the share
- o et atoknd e tee nuetel The coveian
nd twi gioms has a definite 1 Il WEre
closer fogether, the positive nuciel would repel sach other: it they were

part than this distance, (hey would not be able (o shae
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Figure 2-10 Covalent bonds are
characterized by particular geometries.
[A) The spatial arrangement of the covalent
is that can be 1ammed by oxygen,
gerl, and carcon. (B) Molecutes formed
i {hese atoms therelore have 2 precise
three-dimensicnal structure, as shown here
C ater and propane, defined by the bond
angles and bond lengths for each covalent
cage. A water molocule, for example,
forms 2 V" shape with an angle close to
1087 In these ball-and-stick rodels, the
different cofored balis are the atoms, and
the aficks are the covalent bonds. The
calors traditionally wsed to represent the
Hifferent aloms—apfack for carbon. white for
Irogen, bive for nitrogen, and red for
axygen—were established by the chemist
A 265 when

ipuet Wilhelm Hofmann in 1265
ne used a set of eolared croquet balls to
aulld molecular miodels for a public lecture

on the “combining powsr” of atoms

Table 2-1 Covalent and noncovalent

chemical bonds have different lengths

and strengths. Bond strengths are

ieasured by the encray reguired to break

e, In kilocalories o kilojoules per mele

& Glossary for definitions of these units).

gth of a hydrogen band X-H-X is

d { as the disiance between the two

nonhydrogen atoms (X}, The bond

sirengths and lengihs listed are

approximate, because the exact values will
iend on the atoms involvad. The

L types of noncovalent bonils are
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Covalent Bonds Vary in Strength

We have already seen thar the covalent bond between two atoms has a
characteristic length that depends on the atems involved. A further cru-
cial property of any bond—covalent or noncovalent—is its strength.
Bond strength is measured by the ameount of energy that must be sup-
plied to break a band, usually expressed today in units of either kilo-
calories per mole (kcal/mole} or kilojoules per mole (k]J/mole). A kilo-
calorie is the amount of energy needed to raise the temperature of one
liter of water by ane degree centigrade. Thus if 1 kilocalorie of energy
must be supplied to break 6 x 104? bonds of a specific type (that is, 1
mole of these bonds), then the strength of that bond is 1 keal/mole. The
other unit, kJ/mole, derived from the SI units (Systéme Internationale
d'Unités) universally employed by physical scientists, is increasingly
accepted by cell biologists. One kilocalorie is equal to about 4.2 kilo-
joules. Typical strengths and lengths of the main classes of chemical
bonds are given in Table 2-1.

To get an idea ol what bond strengths mean, it is helpful to com-
pare them with the average energies of the impacts that molecules
continually undergo owing to collisions with other molecules in their

EMNGTH (nm) STRENGTH (kcal/mole

M ACLILIM M WATER

Caovalent 0.15 Gl (377) OO (377}
Noncowvalent:  ionic 0.25 80 (335) 3{12.6)
hydrogen 0.30 4(16.7) 1{4.2}
van der Waals 0.35 0.1 (0.4] 0.1 {D.4)
allracbion tpar aton
“Values In parentheses are khniale. 1 calanie = 4,184 joules,
f et




environmeni—their thermal, or heat, energy. Typical covalent bonds
are stronger than these thermal energies by a factor ol 100, so they are
resistant to being pulled apart by thermal motions—heating—and are
normally broken only during specific chemical reactions with other
atoms and melecules. The making and breaking of covalent bonds are
violent events, and in living cells these events are carefully controlled by
highly specific catalysts, called enzynies. Noncovaleni bands as a rule
are much weaker; we shall see later that they are critically importantin
the cell in the many situations where molecules have to associate and
dissociate readily to carry out their functions.

There Are Different Types of Covalent Bonds

Mast covalent bonds involve the sharing of two electrons, one donated
by each participating atom; these are called single bonds. Some cavalent
bonds, however, involve the sharing of more than one pair of electrons,
Four electrons can be shared, for example, two coming from each par-
ticipating atom; such a bond is called a double bond. Double bonds are
shorter and stronger than single bonds and have a characteristic effect
on the three-dimensional geomelry of molecules containing them. A
single covalent bond between fwo atoms generally allows the rotation
of one part of a molecule relative to the other around the bond axis. A
double bond prevents such rotation, producing a more rigid and less
flexible arrangement of atoms fFigure 2-11). This restriction has a major
influence on the three-dimensional shape of many macromolecules.
Panel 2-1 (pp. 66-67) reviews the chemical bonds commonly encoun-
tered in biological molecules.

Some moelecules contain atoms that share electrons in a way that
produces bonds that are intermediate in character between single and
double bonds. The highly stable benzene molecule, for example, is
made up of a ring of six carbon atoms in which the bonding ejectrons
are evenly distributed (alithough the arrangement is sometimes
depicted as an alternating sequence of single and double bonds, as
shown in Panel 2-1).

When the atoms joined by a single covalent bond belong to differ-
ent elements, the two atoms usually atiract the shared electrons to dif-
ferent degrees. Compared with a C atom, for example, O and N atoms
attract electrons relatively strongly, whereas an H atom atiracts elec-
trons relatively weakly (hecause of the relative differences in their posi-
tive charges). By definition, a polar structure (in the electrical sense) is
one in which the positive charge is concentrated roward one end of the
molecule (the positive pole) and the negative charge is concentrated
toward the other end (the negative pole). Covalent bonds in which the
electrons are shared unequally in this way are therefore known as polar
covalent bands. For example, the covalent bond between oxygen and
hydrogen, —-O-H, or between nitrogen and hyvdrogen, -N-H, is polar,
whereas the bond between carbon and hydrogen, -C-H, has the elec-
trons attracted much morve equally by both atoms and is velatively non-
potar (Figure 2-12).

Polar covalent bonds are extremely important in biology because
they allow molecules to interact through electrical forces. Any large
molecule with many paolar groups will have a pattern of partial positive

Figure 2-12 In polar covalent bonds, the electrons are shared

unequally. Co an of electran distribulions in polar molecules
such as water (Hz0) and nonpolar molecules such as oxyaen (Os)
&1 indicates partial positive charge; & indicates partial negative

CCe

{Al ethane

(B) ethene

Figure 2-11 Carbon-carbon double bonds
are shorter and more rigid than C-C
single bonds. (A) The ethans molecule,

willl a single covalen! bond petwesn the
two carbon atoms, shows the tetrahedral

amangement ol SiNgle covalenl tonas

y carbon. Cne of the CH3 groups

ible bond betwesn the two
carbon atoms in a molecule of ethene
tethylanel aliers the hond geometry of the
carbion atoms and brings all the atoms into
the same olane; the double hond prevents
the rotation of ane CH> group relative to
the oiher.

il
- .
1 = o
H H
water
0—0

47



Question 2-3

- ;E-. Discuss whether the fol-
’ ' :!!'.-ll'l;; statement is cor-
:'C—, rect: "An ienic bond
3 can, in principle, be

- thought of as a very
polar covalent bond.

Polar covalent bhonds, then, Fall
somewhere between ionic honds at
one end of the spectrum and nonpo-
lar covalent bonds at the ather end.”

Figure 2-13 Proteins can bind to oneg
another through complementary charges
an their surfaces.
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and negative charges on its surface. When such a molecule encounters
a second molecule with a complementary set of charges, the two will be
atiracted (o each ather by weak noncovalent ionic bonds that resemble
(but are weaker than) the jonic bonds that hold together salts such as
NaCl. When enough of these weak noncovaleni bonds form belween
two large malecules, their surfaces will stick specifically to each other,
as illustrated in Figure 2-13.

Water Is Held Together by Hydrogen Bonds

Water accounts for about 70% of a cell's weight, and most intracetlular
reactions occur in an aqueous environment. Life on Earth is thought to
have begun in the ocean, and the conditions in that primeval environ-
ment put a permanent stamp cn the chemistry of living things. Life
therefore hinges on the properties of water.

In each molecule of water (H,(O) the two H atoms are linked to the
O atom by covalent bonds. The two bonds are highly polar because the
O is strongly atrractive for electrons, whereas the H is only weakly
attractive. Consequently, there is an unequal distribution of electrons in |
a water molecule, with a preponderance of paositive charge on the two
H atoms and negative charge on the O (see Figure 2-12 and Panel 2-2,
pp. 68-69). When a positively charged region of one water molecule
(that is, one of its H atoms) comes close to a negatively charged region
(that is, the O) of a second water molecule, the electrical attraction
between them can establish a weak bond called a hydrogen bond.
These bonds are much weaker than covalent bonds and are easily bro-
ken by the randon thermal motions due to the heat energy of the mol-
ecules, so each bond lasts only an exceedingly short time. But the com-
bined effect of many weak bands is far from trivial. Each water molecule
can form hydrogen bonds through its two H atoms to two other walter
molecules, producing a network in which hydrogen bonds are being
continually broken and formed. [t is because of these interlocking
hydrogen bonds that water at room temperature is a liquid—with a high
boiling point and high surface tension—and not a gas. Without hydre-
gen bonds, life as we know it could not exist. The biologically significant
properties of water are reviewed in Pane] 2-2.

Not all hydrogen atoms Form hydrogen bonds. In general, a hydro-
gen bond can form whenever a positively charged H held in one mole-
cule by a polar covalent linkage comes close to a negativelv charged
atom—typically an oxygen or a nitrogen——belonging to another mole-
cule. Hydrogen bonds can also occur between different parts of a single
large molecule, where they often help create special shapes. But the
hydregen bond is just one member of a family of weak noncovalent
bonds that play a crucial role in allowing large molecules to fold up in
unique ways and to bind selectively to other molecules, as we will dis-
cuss later in this chapter.

Molecules, such as alcohols, that contain polar bonds and that can
form hydrogen bonds mix well with water. As mentioned previously,
molectitles carrying positive or negative charges (lions) likewise dissolve
readily in water. Such molecules are termed hydrophilic, meaning that
they are “water-loving.” A large proportion of the molecules in the aque-
ous environment of a cell necessarily fall into this category, including
sugars, DNA, RNA, and a majority of proteins. Hydrophobic (water-
fearing) molecules, by contrast, are uncharged and form few or no
hydrogen bonds, and so da not dissolve in water. Hydrocarbens are an
important example of hydrophobic cellular constituents (see Panel 2-1,
pp. 66-671. In these molecules the H atoms are covalently linked to C
atoms by a largely nonpolar bond. Because the H atoms have almaost no
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net positive charge, they cannot form effective hydregen bonds to other
molecules. This makes the hydrocarbon as a whole hydrophobic—a
property that is exploited by cells, whose membranes are constructed
from molecules that have long hydrocarbon tails, as we shall see in
Chapter 11. Because they do not dissolve in water, the hydrophobic
hydrocarbons can form the thin membrane barriers that keep the aque-
ous interior of the cell separate from the surrcunding, also aqueous,
environment.

Some Polar Molecules Form Acids and Bases in Water

One of the simplest kinds of chemical reaction, and one that has pro-
found significance in cells, takes place when a molecule possessing a
highty polar covalent bond between a hydrogen and another atom dis-
solves in water. The hvdrogen atom in such a molecule has given up its
electron almost entirely to the companion atom, and so exists as an
almost naked positively charged hydrogen nucleus—in other words, a
proion (H'). When the polar molecule becomes surrounded by water
molecules, the proton will be attracted to the partial negative charge on
the G ator of an adjacent water molecule; this proton can dissociate
from its ariginal partner and associate instead with the oxyvgen atom of
the water molecule, generating a hydroninm ion (Ha0") (Figure 2-11A).
The reverse reaction also takes place very readily, so one has to imagine
an equilibrium state in which billions of protons are constantly flitting
to and fro, between one molecule in the aqueous solution and another.

Substances that release protons when they dissolve in water, thus
forming HzO*, are tevmed acids. The higher the concentration of H30*,
the move acidic the solution. HsO" is present even in pure water, at a
concentration of 1077 M, as a result of the movement aof protons from
one water molecule to another (IFigure 2-14B}. By wadition, the HsO*
concentration is usually referred to as the H* concentration, even
though most pretons in an agueous solution are present as Hz O

Acids are characterized as being strong or wealk, depending on how
readily they give up their protons to water. Strong acids. such as HCL,
lose their protons quickly. Acetic acid, on the other hand, is a weak acid
because it tends 1o hold onto its proton when dissolved in water. Many
of the acids important in the cell—such as molecules containing a car-
boxyl (COOH) group—are weak acids (see Panel 2-2, pp 68-69). Their
tendency ro dissociate with some reluctance is a useful characieristic in
the cellular environment.

Because the proton of a hydronium jon can be passed readily to
many types of molecules in cells, altering rheir character, the concen-
tration of HyO" inside a cell (the acidity) must be closely regulated.
Acids—especially wealk acids—will give up their protons more readily if

Figure 2-14 Proions are an the move in
agueous solutions. (A The reacton fhat
fakes place when a moleculs of acstic acic
dissolves in wals
continually excha

B) Water moleculss are

riging protans with each

onther to form hydronium and hydroxy! ions.
These fons in turn rapidiy hine to
form water moleculss,
Question 2-4 2
Wh II anything, :‘
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ng statemer Vhen R
] alved in
water mol
losest to the ions
ill tend to preferentially orient
that their oxyvgen
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Question 2-5
'l.'-".":. A. Are there any Hy0O*
i0ns present in pure
water at neutral pH (i.e.,
at pH = 7.007 If 50, how

are they formed?

B. If they exist, whar is
he ratio of HzO* ions to H:0 mole-

sules at neutral pHY (Hint; the

er is 18, and

ler of water weighs 1 ki)

the concentration of H3O* in solution is low and will tend to receive
them back if the concentration in solution is high.

The opposite of an acid is a base. Any molecule capable of accept-
ing a proton is called a base. Just as the defining property of an acid is
that it raises the concentration of F30* jons by donating a proton to a
water molecule, so the defining property of a base is that it raises the
concentration of hydroxyl (OH") ions by removing a proion from a
water molecule. Thus sodium hydroxide (NaOH) is basic {the term alka-
lineis also used) because it dissociates in aqueous solution ro form Na*
ions and OH~ ions. Because NaOH dissociates readily in water, it is
called a strong base. More important in living cells, however, are the
weak bases—those that have a weak tendency to reversibly accept a
proton from water. Many biologically important weak bases contain an
amino (NHz) group. This group can generate OH™ by taking a proton
from water: -NHz + HoQ — —NH3" + OH™ {see Panel 2-2, Pp- 68-69;.

Because an OH™ ion combines with a H30" ion to form two water
molecuies, an increase in the OH™ concentration forces a decrease in
the concentration of H30%, and vice versa. A pure solution of water con-
tains an equally low concentration (1077 M) of both ions; it is neither
acidic nor basic and is therefore said to be neutral.

'To avoid the use of unwieldy numbers, the concentration of FI;0* is
expressed using a logarithmic scale called the pH scale, as illustrated in
Panel 2-2. Pure water has a pH of 7.0 and the inside of cells is also keprt
close to neutrality. Acidic solutions have a pH « 7, and basic solutions a
pH=>"7.

Molecules in Cells

Having looked at the ways atoms combine into smali molecules, and
how these molecules behave in an agueous environment, we now
examine the main classes of small molecules found in cells and their
biological roles. Amazingly, we will see that a few basic categories of
molecules, formed from a handful of different elements, give rise to all
the extraordinary richness of form and behavior shown by living
things.

A Cell Is Formed from Carbon Compounds

If we disregard water, nearly all of the molecudes in a cell are based on
carbon. Carbon is outstanding among all the elements ir its ability to
form large molecules; silicon—an element with the same electron con-
figuration in its outer shell—is a poor second. Because carbon is small
and has four electrons and four vacancies in its outermost shell, a car-
bon atom can form four covalent bonds with other atoms. Most impot-
tant, one carbon atom can join to other carbon atoms through highly
stable covalent C-C bonds to form chains and rings and hence generate
large and complex molecules with no obvicus upper limit to their size
(see Panel 2-1, pp. 66-67). The small and large carbon compounds
made by cells are called orgarnic molecules. All other molecules, includ-
ing water, are said to be inorganic by contrast.

Certain combinations of atoems, such as the methy! (-CHa),
hydroxyt {(-QH), carboxyl (-COOH), carbonyl (-C=0), phosphoryl
(-PO3*), and amino (-NHj;) groups, occur repeatedly in organic mole-
cules. Each such group has distinct chemical and physical properties
that influence the behavior of the molecule in which the group occurs—
whether they tend to gain or lose protons and which molecules they
interact with, for example. Becomning familiar with these groups and
their chemical properties greatly simplifies one's view of the chemistry

Chapter 2- Chemiza: Components of Cealls




Table 2-2 The Approximate Chemical Composition of a Bacterial Cell

Water 70 1
Inorganic 1 0
Shgars ar CUMS0es 1 2
Amino acids and precursors 0.4 10
MNucleotices and nracursors .4 100
Fatty acids and precursors 1 d
Other small molacules ~

Macromolecules (proteins, nucleic 26 ~ 5000

acids, and poly=accharides)

of life. The most common chemical groups and some of thelr proper-
ties are summarized in Panet 2-1 (pp. 66-67).

Cells Contain Four Major Families of Small Organic
Molecules

The small organic molecules of the cell are carbon compounds with
molecular weights in the range 100 to 1000 that contain up to 30 ot so
carbon atoms. They are usually found free in solution in the cytoplasm
and have many different fates. Some are used as mononier subunits to
construct the giant polymeric macromolecules-—the proteins, nucleic
acids, and large polysaccharides—of the cell. Others act as energy
souwrces and are broken down and transformed into ather small mole-
cules in a maze of intracellular metabolic pathways. Many small mole-
cules have move than one role in the cell—acting, for example, as both
a potential subunit for a macromolecule and as an energy source. It is
critical to recognize that small organic molecules are much less abun-
dant than the organic macromolecules in living erganisms, accounting
for only about one-tenth of the total mass of organic matter in a cell
(Table 2-2). As a rough guess, there may be a thousand different kinds
of these small malecules in a typical cell.

All organic molecules are synthesized from—and are broken down
inlo—the same set of simple compounds. Both their synthesis and their
breakdown cccur threugh sequences of simple chemical changes that
are limited in variety and follow definite step-by-step rules. As a con-
sequence, the compounds in a cell are chemically related and most
can be classified into a small number of distinct families. Broadly
speaking, cells centain four major families of small organic molecules:
the sugars, the fafry acids, the amino acids, and the nucleorides (Figure
2-15). Although many compounds present in cells do not fit into these
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Figure 2-15 Sugars, fatty acids, amino
acids, and nucleotides constitute the four
main families of small organic molecules
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Figure 2-16 The structure of glucose,
a simple sugar, can be represented in
several ways. In in

shaown in (A), the
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categories, these four families of small organic molecules, together with
the macromotecules made by linking them into long chains, account for
a large fraction of a cell's mass (see Table 2-2).

Sugars Are Energy Sources for Cells and Subunits of
Polysaccharides

The simplest sugars—ihe monosaccharides—are compounds with the
general formula (CH2O),, where 5 s usually 3, 4, 5, or G, Sugars, and the
maolecules made from them, are also called carbohydraies because of
this simple formula. Glucose, for example, has the [formula CgH 2Oy
(Figure 2-16). The formula, however, does not [ully define the molecule:
fhe same setof carbons, hydrogens, and oxyzens can be joined together
by covalent bonds in a varfety of ways, creating structures with different
shapes. Glucose, lor example, can be converted into a different sugar—
mannose or galactose—simply by switching the orientations of specific
OH growps elative o the rest ol the molecule (Panel 2-5, pn. 70-71).
Each of these sugars, moreover, can exist in either of two forms, called
the p-form and the 1-form, which are mirror images of each other. Sets
ol malecules with the same chiemical formula but different structures
are called isomers, and mirror-image pairs of molecules are called opii-
cal isomers. Isomers are widespread among organic molecules in gen-
eral, and they play a major part in generating the enormous variety of
sugars. A more complete outline of sugar structures and chemisiry is
presented in Panel 2-3.

Monosaccharides can be linked by covalent bonds Lo form larger
carbohvdrates. Two monosaccharides linked together make a disaccha-
ride, such as sucrose, which is composed of a glucose and a fructose
unir. Larger sugar polvmers range from the oligosaccharides (trisaccha-
rides, tetrasaccharides, and so on) up to giant polysaccharides, which
can contain thousands of monoesaccharide units. In most cases, the pre-
fix “oligo-" is used to refer to macromolecules made of a small number
of monomers, between 3 and 50 or so. Polymers, in contrast, can con-
tain hundreds or thousands of subunits.

The way that sugars are linked together illustrates some comman
features of biochemical bond formation. A bond is formed between an
—OH group on one sugar and an -OH group an another by a condensa-
tion reaction, in which a molecule of water is expelled as the bond is
formed (Figure 2-17). Subunits in other binlogical polymers, such as
nucleic acids and proteins, are also linked by condensation reactions in




which water is expelled. The bonds created by all of these condensation
reactions can be broken by the reverse process of hydrolysis, in which a
maolecule of water is consumed {(see Figure 2-171.

Because each monopsaccharide has several free hydroxyl groups
that can form a link to another monosaccharide (or to some other com-
pound), sugar polymers can be branched, and the number of pnnlnh
poelysaccharide structures is extremely large. For this reason it is much
more difficult 1o determine the arrangement of sugars in a polysaccha-
ride than (o determine the nucleotide sequence al a DNA molecule,
where cach unit is jeined to the next in exactly the same way.

The monosaccharide glucose has a central role as an energy source
for cells. 11 is Brroken down tu smaller molecules in a series of reactions,
releasing energy that the cell can harness to do useiul work, a5 we will
explain in Chapter 13. Cells use simple potvsaccharides composed only

i ;11 icose units—principally glycogen inanimals and starch in plants—
s long-term storves of glucose, held in reserve for energy production,

Sugars do not I|'nr"i='nr1 exclusively in the producti
energy. They are also used, for example, to make mechanical supports.
The 105t zulullmzn:l organic molecule on Harth—the cellidose that

orms plant cell walls—is a polysaccharide of glucase. Another extraor-
dinarily lh.unicml organic substance, the chitin of insect exoskelelons
and [ungal cell walls, is also a polysaccharide—in this case a linear
polymer of a sugar derivative called N-acervlglucosamine (see Panel
2-3, pp. 70-71). Other polysaccharides, with their tendency w be slip-
pery when wet, are the main compaonents of slime, mucus, and gristle.

Smalley uliy"x'zc(“l"uidﬂs can be covalently linked (o proteins to
form glycoproteins, or to lipids Lo [orm gheolipids (Panel 21, pp. 72-73),
which are bioth found in cell membranes, The surfaces of most cells are
decorated with sugar polvmers that belong to glycoproteins and glyeol-
ipids in the plasma membrane. These sugar side chains are often recog-
nized selectively by other cells, Differences in the wpes of cell-surface

sugars form the molecular basis tor different human blood aroups,

Fatty Acids Are Components of Cell Membranes

fatty acid molecule, such as pafmitic acid (Figure 2-11), has two
chemically distinet regions. One is a long hyvdrocarbon chain, which is

hydroutilic

L _
1 &
CH . =
i ’
CH s
CHy o A
o s T
CH pe
| xﬂ(
LH, , A
i i?:-‘ hydrophafic
( ! d:q# hyurocarbon tail
("!-l, oo
L | =5
CHs o
| - S
CH. q‘w g
2% )=
(;\ fcﬁ;
CH, 1
(l‘Hk pe
3 L“f#
UH e
(Al (B} 1Ch

on and storage of

monas Ve mionosaccharids
.- N AT
N ./ N
. ) |
", |
5 J_ .__\’_ it ] E; | //
| |
CONDEMNSATICN HYDROLYSIS

i

waler expeltad

e consumed

A0

J | £ N

o

in disacchande

Figure 2-17 Two monesaccharides can
be linked to form a disaccharide. This
re legpD [
reactions termed condensation rear
in which two molecules join togst
to the Inss of 3 water molecul
reverse reaclion dn o which walsr
15 termed hydrolysis.

tion Belongs 1o a gener

Figure 2-18 Fatty acids have both
hydrophobic and hydlupmllt u:ﬂrnpannnta
The hyx lscp !

attached o
group. Palmitic
Different fatly acids fiffer
I’%;-rme:arbu <. {A) Stuctural formiulz,
The carhoxylic acid head group s shown In
its lonized form. (B) Bali-anud-stick model.
(C) Space-lling modal,




54

i | ;
Lalycerol | { Iyeerol |/
A i g

e S

g

Choplal 2. Che

[
| | i
s .\ / )
q ~
oy ue) .
W |/ .
g
saturated unsaturated
faity acids fatty acids
(A) iB)

ol Comparmsnis

Figure 2-19 The properties of fats depend on the fatty acid side
chains they carry. Fatty acids are stored in the cytoplasm of many
cells in the form of droplets of triacylgiycerol compounds made of
three fatty acid chains joined to a glycerol molecule. (A) Saturated
fats, such as tristearate, are found in meat and dairy products, The
lack of doubils bonds in the faity acid chains allows these molacules
lo pack together tightly, which is why butter and lard are solid at room
temperature. (B) Plant s, such as the carn oil, conlain unsaiurated
fatty acids,which may be monounsatursied {contains one double
pond) or nalyunsalurated (containing multiple double bonds). The
double bonds produce kinks in the fatty acid chains that prevents the
fats from packing close together; for this reason, plant oils are liquid
at room temperatura. Although fals are essential in the diet, saturaled
fats raise the conceniraiions of cholesterol in the blood and can cause
arteries to become clogged with fat, a condition that can lead to heart
disease.

hydrophobic and not very reactive chemically. The other is a carboxyl
{(—COOH) group, which behaves as an acid {carboxylic acid): it is ionized
in solution (-CO07), extremely hydrophilic, and chemically reactive.
Almost all the fatty acid molecules in a cell are covalently linked to other
molecules by their carboxylic acid group {see Panel 2-4, pp. 72-73).
Meolecules such as fatty acids, which possess both hydrophobic and
hydrophilic regions, are termed amphipathic.

The hydrocarbon tail of palmitic acid is safurated: it has no double
bonds between its carbon atoms and contains the maximum possible
number of hydrogens. Stearic acid, another one of the commaon fatty
acids in animal far, is also saturated. Some other fatty acids, such as
oleic acid, have unsanirated tails, with one or more double bonds along
their length. The double bonds create kinks in the molecules, interfer-
ing with their ability to pack together in a solid mass. How tightly the
fatty acids found in cell membranes pack affects the fluidity of the
membrane. And it is the absence ot presence of these double bonds that
accounts for the difference between hard (saturated) and soft {polyun-
saturated) margarine. The many different fatty acids found in cells dif-
fer only in the length of their hydrocarbon chains and in the number
and position of the carbon—carbon double bonds (see Panel 2-4).

Fatty acids serve as a concentrated food reserve in cells: they can be
broken down 1o produce about six times as much usable energy, weight
for weight, as glucose. Fatty acids are stored in the cytoplasm of many
cells in the form of droplets of triacylglycerol melecules—compounds
made of three fatty acid chains joined to a glycerol molecule (see Panel
2-4}. These molecules are the animal fats found in meat, butter, and
cream, and the plant oils such as corn oil and olive oil (Figure 2-19),
When a cell needs energy, the fatty acid chains can be released from ivi-
acylglycerols and broken down into two-carbon units, These two-car-
bon units are identical to those derived from the breakdown of glucose,
and they enter the same energy-yielding reaction pathways, as will be
described in Chapter 13,

Fatty acids and their derivatives, including triacylglycerols, are
examples of lipids. This class of biological molecules is a loosely defined
collection with the common feature that they are insoluble in water and
soluble in fat and organic solvents such as benzene. Lipids typically
contain Jong hydrocarbon chains, as in the fatty acids and isoprenes—or
multiple linked aromatic rings, as in the steroids (see Panel 2-4).

The most important function of fatty acids in cells is in the con-
struction of cell membranes. These thin sheets enclose all cells and
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surround their internal organelles. They are composed largely of phos-
pholipids, which are small molecules rhar, like triacylglycerols, ate
constructed mainly from fatty acids and glycerol. In phospholipids the
glvcerol is joined to two fatty acid chains, rather than to three as in tri-
acylglvcerols. The “third” site on the glycerol is linked to a hydrophilic
phosphate group, which is in turn attached to a small hydrophilic com-
pound such as choiine (see Panel 2—4, pp. 72-73). Phospholipids are
strongly amphipathic: each phospholipid molecule has a hydrophobic
tail, composed of the two fatty acid chains, and a hydrophilic head,
where the phosphate is located. This gives them different physical and
chemical properties from triacylglycerols, which are predominantly
hydrophobic. Other lipids present in the cell membrane contain one or
mare sugars instead of a phosphate group. Several of these glycolipids
play an important role in intracellular cell signaling, as we will see in
Chapter 16.

The membrane-forming property of phospholipids results from
their amphipathic nature. Phospholipids will spread over the surtace of
water to form a monolayer of phospholipid molecudes, with the
hydrophobic tails facing the air and the hydrophilic heads in contact
with the water. Two such miclecular layers can readily combine tail-to-
tail in water ro make a phospholipid sandwich, or lipid bilayer, which
forms the structural basis of all cell membranes (Figure 2-20; discussed
further in Chapter 11).

Amino Acids Are the Subunits of Proteins

Amino acids are a varied class ol molecules with one defining property:
they all possess a carbaxylic acid group and an amino group, both
linked to the same carbon atom called the o-carbon (Figure 2-21). Their
chemical variety comes from the side chain that is also attached to the
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Question 2-7
Whv do vou suppose
only L-amino acids an
100 4 random mixiurs

of the L- and D-forms of

N=H

Figure 2-22 Proteins are held together by
pept;de bends. The four amino acid
dues shown are linked together by three
peptide bmds, one of which is highlightad
in veliow. One of the aming acids is shaded
srzy. The amino acid side chains are
shown in red. The two ends of a
lypeptide chaln are chemically distingt.
Une end, the M-termnus, is capped by an
amino greup, and the other, the
lerminus, ands in & carboxyl groug, The
erjuznce of amino acid residues in a
lein or nolypeptide is abbreviated using
& three-letter or a one-letter code,
rd the sequence s always read fram the
erminus (see Panel 2-5). In the
@ given, the sequence is
-Glu-Lys {or FSEK).

Cory

o-carbon. Cells use amino acids to build proteins, which are polymers
of amino acids joined head-to-tail in a long chain that is then folded
into a three-dimensional structure unique to each type of protein.

The covalent linkage between two adjacent amino acids in a pro-
tein chain is called a peptide bond, the chain of amino acids is also
known as a polypeptide (Iigure 2-22). Peptide bands are formed by
condensation reactions thatlink one amino acid to the next. Regardless
of the specific amino acids from which it is made, the polypeptide
always has an amino (NHz) group at oue end (its N-rerminus) and a car-
boxyl (COOH) group at its other end {its C-rerminus). This gives a pro-
tein or polypeptide a definite directionality—a structural (as opposed to
electrical) polarity.

Twenty types of amina acids are commonly found in proteins, each
with a diffarent side chain attached to the a-carbon atom (Panel 2-5
pp. 74-75). The same 20 amino acids occur over and cver again in all
proteins, whether they hail from bacteria, plants, or animals. How this
precise set of 20 amino acids came to be chosen is one of the mysteries
surrounding the evolution of life; there is no obvious chemical reason
why other amino acids could not have served just as well. But once the
seleciion had been locked into place, it could not be changed; too much
chemistry had evolved to exploit it. Switching the types of aimnino acids
used by cells would require every living creature to retool its entire
metabolism, and genelic code, (o cope with the new huilding blocks.

Like sugars, all amino acids (exceprt glycine) exist as optical isomers
in p- and t-forms (see Panel 2-5). But only i-forins are ever found in
proteins (although D-amino acids occur as part of bacterial cell walls
and in some antibiotics). The origin of this exclusive use of i-amino
acids to malke proteins is another evolutionary mystery.

The chemical versatility that the 20 standard amino acids provide is
vitally important to the function of proteins. Five of the 20 amino acids
have side chains that can form ions in solution and can therefore carry
a charge (lysine and ghitamic acid, for example, shown in Figure 2-22).
The others are uncharged. Some amine acids are polar and hydrophilic,
and some are nonpolar and hydrophobic {see Panel 2-5). As we will dis-
cuss in Chapter 4, the collective properties of the amino acid side chains
underlie all the diverse and sophisticated functions of proteins.

Nucleotides Are the Subunits of DNA and RNA

A nucleoside js a molecule made of a nitrogen-centaining ring com-
pound linked to a five-carbon sugar, which can be either ribose or
deoxyribose (Panel 2-6, pp. 76-77). A nucleoside sporting one or more
phosphate groups atiached ro its sugar is called a nucleotide.
Nucleotides containing ribase are known as ribonucleotides, and those
containing deoxyribose as deoxyribonucleotides.

The nitrogen-containing rings are generally referred to as bases f(n
historical reasons: under acidic conditions they can each bind a |
(proton} and thereby increase the concentration of OH™ lons in aquemus
solution. There is a strong family resemblance between the different
nucleotide bases. Cyiosine (C), rhymine (T), and wracii (U) are called
pyrimidines because they all derive from a six-membered pyrimidine
ring; guanine (G) and adenine (A) are purine compounds, which bear a
second, five-membered ring fused to the six-membered ring. Each
nucleotide is named after the base it contains (see Panel 2-6).

Nucleotides can act as short-term carriers of chemical energy.
Above all others, the ribonucleotide adenosine triphosphate, or ATP
{Figure 2-23), participates in the transfer of energy in hundreds of cel-
lular reactions. ATP is formed through reactions thar are driven by the

=nfs of Cells
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energy released by the oxidative breakdown ol Foodstulfs. Its three
phosphates are linked in series by two phosploanhydride bonds (sce
Panel 2-6, pp. 76-77). Rupture of these bonds releases large amounts of
useful energy. The terminal phosphate group in particular is frequerntly
split off by hydrolysis (Figure 2-24}. In many situations, transfer of this
phosphate to other molecules releases eneray that drives cnergy
requiring biosynthetic reactions. Other nucleotide derivatives serve as
carriers for the wansfer of other chemical groups, as will be described
in Chapter 3.

The most lundamental role ol nucleotides in the cell is in the stor-
age and retrieval of biclogical informarion. Mucleotides serve as build-
ing blocks for the construction of nucieic acids—long polymers in which
nucleotide subunits are covalently linked by the formation of a phos-
plrodiester bond between the phospharte group attached to the sugar of
one hucleotide and a hydroxvl group on the sugar ol the next nucleotide
(Figure 2-251. Nucleic acid chains are synihesized from energy-rich
nucleaside (riphosphates by a condensation reaction that releases
inorganic pyrophosphate during phosphodiester bond formation {see
Panel 2-6).

I'herc are two main types of nucleic acids, which differ in the tvpe
of sugar they use in their sugar-phosphate backbone. Thase based on
the sugar ribose are known as ribonucleic acids, or RNA, and contain
the bases A, G, C, and U. Those based on deoxvribose (in which the
hydroxyl at the 2’ position of the ribose carhon rinig is replaced by a
hydrogen; see Panel 2-6) are known as deoxyribonucleic acids, or DNA,
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Figure 2-23 Adenosine triphosphate
(ATP} is a nucleotide whose reactivity
resides in its terminal phosphate groups.
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Question 2-8

Figure 2-26 Macromolecules are
abundant in cells. The anprosimal
1position of a bal
e composition of ar

tenal cell is shown,
aniimal cell 15

Figure 2-25 A short length of ane chain of a deoxyribonuctleic acid
(DNA} molecule shows the bonds linking four consecutive

nucleotide residues. One of the phosphatos linking adjac:

nucleotides by phosphodiester bands is d in yefiow and nne

of the n 23 is enciosed in a gray box. Nucleolides are joined by

3 phosphodiester linkage | n specific carban atoms of the sugar
ng, kaown as the 5 and 3° atoms. For this reasan, one end of

polyriugle chain, the 5 end, will have a free pho

and the oifer, the 37 end, a fres hydroxyl group. Th

of nuclectide residuzs in & polynucleoticde chain is commaonly

abbreviated by a one-letter code, anc the sequence 15 always reag

from the 5" end. In the exampla ilustrated the ==quence is G-A-T-C.

and contain the bases A, G, C, and T (T is chemically similar to the U in
RNA} ( see Figure 2--25). RNA uswlly occurs in cells in the [orm of a sin-
gle-stranded polynuclectide chain, but DNA is virtually always in the
form of a double-stranded molecule, the DNA double helix that is com-
posed of two polynucleotide chains running antiparallel to each other
and held together by hydrogen-bonding between the bases of the two
chains (Panel 2-7, pp. 78-79).

The linear sequence of nucleotides in a DNA or an RNA encodes
genetic information. The two nucleic acids, however, have somewhat
different roles in the cell. DNA, with its more stable, hydrogen-bonded
helices, acts as & long-term repository for hereditary information, while
single-stranded RNA is usually a more transient carrier of molecular
instructions. The abifity of the biases in dilferent nucleic acid molecules
to recognize and pair with each other by hydrogen-bonding (called
base-pairing—G with C, and A with either T or U—underlies all of
heredity and evolution, as explained in Chapter 5.

Macromolecules in Cells

On the basis of weight, macromolecules are by [av the most abundant of
the carbon-containing molecules in a living cell (Figure 2-26). They are
the principal building blocks from which a cell is constructed and also
the components that confer the most distinctive properties of living
things. Intermediate in size and complexity between small molecules
and cell organelles, macromolecules are polymers that are constructed
simply by covalently linking small organic molecules (called
monomers, ol subunits) into long chains, or polymers (Figure 2-27 and
How We Know, pp. 60-61). Yet they have many unexpected properties

iy | ions, small
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that could not have been predicted from thelr simple consiituents. For
example, DNA and RNA molecules (the nucleic acids) store and trans-
mit hereditary information.

Proteins are especially versatile and perform thousands of distinet
functions in cells. Many proteins serve as enzymies thal catalyze the
chemical reactions that take place in the cell. All of the reactions
whereby cells extract energy from food molecules are catalyzed by pro-
feins serving as enzymes. Enzymes also synthesize important mole-
cules. For exarnple, an enzyme called ribulose bisphosphate carboxy
lase, found in chloroplasts, converts COp ta sugars in plants; this protein
thereby creates most of the organic matter used by the rest of the living
world. Other proteins are used to build structural componentis: tubulin
self-assembles to make the cell's leng, stifl microrubules (see Figure
1-27). Histone proteins pack the cell's DNA in chromosomes. Yet other
prateins act as molecular motors (o produce force and movement, as in
the case of myosin in muscle. Proteins also have a wide variery of other
functions, and we will examine the molecular basis of many of them
later in this book. Here we consider only some general principles of
maciomolecular chemistry that make such functions pessible.

Macromolecules Contain a Specific Sequence of
Subunits

Although the chemical reactions for adding subunits to each polymer
are different in detail for proteins, nucleic acids, and polysaccharides,
they share important features. Bach polymer grows by the addition of a
monomer onto the end of a growing polymer chain via a condensaticn
reaclion, in which a molecule of water is lost with each subunit added
iFigure 2-28; see also Ligure 2--17). In all cases the reactions are cat-
alyzed by specific enzymes, which ensure that anly monomers of the
appropriate type are incorporated.

The stepwise polvmerization of monomers inte a long chain is a
simple way (o manufacture a large, compiex molecule, because the sub-
units are added by the same reaction performed over and over again by
the sanie set of enzymes. In a sense, the process resembles the repelitive
operation of a machine in a factory—except in one crucial respect.
Apart from some of the polysaccharides, most macromolecules me
made from a set of monomers that ave slightly different from one
another, for example, the 20 different amino acids from which proteins
are made (see Panel 2-5, pp. 74-75). Most important, the polymer chain
is nof assembled at random Trom these subunits; instead (he subunits
are added in a particular order, or sequeiice.

The mechanisms that specify polymer sequence in the cell are dis-
cussed in Chapters 6 and 7. These mechanisms are central to biology
because the biological function of proteins, nucleic acids, and many
polysaccharides is absolutely dependent on the particular sequence of
subunits in the linear chain. The possibility of varying the sequence of
subunits creates enormous diversity in the polymeric molecules that
can be produced. Thus, for a protein chain 200 amino acids long, there
are 20°™ possible combinations (20 = 20 » 20 = 20 .. . multiplied 200
times), while for a DNA maolecule 10,000 nucleotides long (sinall by DNA

Figure 2-28 Macromalecules are formed by adding subunits to one
end. In a condensation reaction, a molecule of water is losl with the
addition of each monomer to one end of the growing chain. The
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The idea that proteins, polysaccharides, and nucleic acids
are large molecules that are constructed from smaller sub-
units, linked ong -.1r|-=.= another into long molecular chains,
may seam falrl-r- obvious today. But this was not always the
case, In th y part of the twenlieth century, few scien-
Lisls !JI'J||'_"-r'f_":U in the existence of such mac rumul cules—
polymers bullt from repeating units held together by cova-
lent bonds. The notion that such “frighteningly large” com-
pounds could e assembled from simple bullding blocks
was considered “downright shocking” by chemists af the
day. Instead, they thought that proteins and other
ngly large molecules were simply heteropenecus agere-
gates of small molecules held together by weak “c 3
tion forces” (Figure 2-29).

The idea that protei nd other palymears were |arge came
from observing thair behavior in solution, At the time, sci-
entists were working with a variety of prateins and carbo-
hydrates derived from foodstufis and natural materials—
albumin from ega whites, casein from milk, collagen from
gelatin, and cellulose from wood, Their chemical compaosi-
tion seemed simple enough—Iike othe -::r;.;a.r-u: malecules
they contained carbon, hydrogen, oxygen, and, in the case
of proteins, nitrogen. But they behaved addly in solution,
showing, for example, an inability o diffuse through a fine
filter,

What was not clear, however, was why these molecules
mishehaved in soluticn. Were they really giant mal
composed of an unusual number of covalently |||1Iar-'l

4 N

Figure 2-29 What might a macromolecule look like?
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How We Know: What Are Macromolecules?

atoms? Or werg they more like a colloidal suspension of
particles—a big, sticky hodgepodge of simpler molecules
that associate only loosely?

One way to distinguish between the two possibilities was
{o determine the actual size of one of these molecules. |
substance such as serum albumin was made of malecules
of vnifarm size, that would suppart the existence of true
maciomalacules. If albumin wers instead a miscellaneous
conglomeration of peptides, a solution of it should harbor
maolecules of a variety of sizes.

Unfortunately, the techniques available to scientists in the
garly 19005 weare not ideal for measuring the sizes of such
large molecules. Some chemists estimated & protein's size
by determining how much it would depress a solution's
freezing naint; others measured the osmotic pressure of
protein solt ulon'T These methods were susceptible to
experimental error and gave variable results, Different 1ech-
nigues, for {—xan"nh- suggested that cellulose was any-
where from 6000 to 102,000 daltens in mass. Such vari-
ation helped to fuel the hypothesis that proteins and car-
bahydrates were loose ageregates rather than macromole-
cules,

Many scientists simply had trouble belisving that mole-
cules heavier than about 4000 daltans—ths largest com-
pound that had been synthesized by organic chemists
could exist at all. Take hemoglobin, the axygen-carrying
protein in red blood cells, Rese ars trigd toestimate s
size by breaking it down into its chemical components. |n
addition fo cart .,.1 I.,:..olﬁer. nitregen, and oxygen, hemo-
globin containg & small amount of iran. Working oul the
percentages, it appeared that hemoglobin had one atom of
iran for every 712 atoms of carben—and a minimum
welght of 16,700 daltons. Could a molecule with bun
dreds of carbon atoms in one long chain remain Intact in a
celi and perform specific functions? Emil Fischer, the
prganic chemist who determinad that the amino acids in
proteins are linked by peptide bonds, thought that a
polypepticle chain could grow no longer than about 30 ar
A0 aming acids. As for hemoglobin with {15 purported 700
carbon atoms, the existerice of maiecular chains of such
“truly fantastic lengths” was deemed “very improbable™ by
leading chemists

Definitive resalution of the debate had 1o await the deve
opment of new technigues. Convincing evidence that pro
teins are macromolecules came from studies using the
uitracentrifuge—a device that uses centrifugal force to sep-
arate molecules according to their size { 2-30

igure 2-30; see
also Panel 4-3, pp. 160-161). Theodor Svedberg, who
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designed the machine in 1925, performed Lhe first studies.
If & protein were really an aggregate of smaller molecules,
he reasoned, it would appear as a smear of maolecules of
different size when sedimented in an ultracentrifuge. Using
hemaglabin as his test pratein, Svedberg found that the
centrifuged samiple revealed a single, sharp band with a
malecular weight of 68,000 daltons. His resulls strangly
supparted the theory thal proleins are frueg mMacromoles

cLles,

Additional evidence continued © accumulate throughout
the 1930s, as other researchers began to prepare crystals
of pure protein that could be studiad by X-ray diffraction.
Cnly molecules with a uniform size and shape can form
highly ordered crystals and diffract X-rays in such a way
that thelr three-dimensional structure can be determined,

as we shall seg in Chapter 4. A heterogeneous si
could not be studied in this way.

We now take it for granted that large macromolecules carry
out many of the mast important activities in living cells,
But respected chemists once viewed the existence of such
polymers with the same sort of skepticism that a zoologist
might show on be
phants that are 500 feef long and 100 feet high. It took
decades for researchers lo master the techniguas they
needed 1o one that melecules 10 times

Y
had ever encounterad were a cor-

12 tald that somewhere in Africa live ele-

convince

such a labored |
Jress in science is often driven by @

athway o discowvery is nof unusual, and

fvances in meas-




Figure 2-31 Most proteins and many

RMA mo

fecules fold into only one stable

conformation. If (NS woak tonds

[

ing this stable conformation are

!, the molecule Becomes & flaxible
at usually has no badogical value.

standards], with its four different nucleotides there are 41997 different
possibilities, an unimaginably Jarge number. Thus the machinery of
polymerization must be subject to a sensitive control that allows it (o
specily exactly which subunit should be added next to the growing poly-
mer.

Noncovalent Bonds Specify the Precise Shape of a
Macromolecule

Most of the single covalent bonds in a macromolecule allow rotation of
the atoms they join, so that the polymer chain has great flexibility. In
principle, this allows a macromolecule to adopt an almost unlimited
number of shapes, or conformations, as the pelymer chain writhes and
rotates under the influence of random thermal energy. However, the
shapes of most bislegical macromaolecules are highly constrained
because of wealker noncovalent bonds that form between different
parts of the molecule. 1f these weaker bonds are formed in sufficient
numbers, they will prevent the random movemenis and the polvmer
chain may then adopt preferentially one particular conformation, as
determined by the linear sequence of menomers in its chain. Virtually
all protein moiecules and many of the small RNA molecules found in
cells fold tightly into one highly preferred conformation in this way
(Figure 2-31).

The noncovalent bonds important in biological molecules include
two types described earlier in this chapter—ionic bonds and hydrogen
bonds (Panel 2-7, pp. 78~79). lonic bonds, although suong on their
own, are quite wealk in water. This is because charged groups are
shielded by their interactions with water molecules or with other salts
present in the aqueous solution. lonic bonds, however, are very impaor-
tant in biological systems. An enzyme that binds a positively charged
substrate will often use a negatively charged amino acid side chain
guide ils substrate into the proper position. And we have already men-
tioned the importance of hydrogen bonds in establishing the unique
properties of water. Hydrogen bonds also held two strands of the DNA
double helix together. Because individual hvdrogen bonds are weak,
enzymes can easily unzip the helix—for example, when a cell needs to
copy its genetic material.

A third type of weak bond results from van der Waals attractions,
which are a form of elecirical attraction caused by fluctuating electric
charges that arise whenever two atoms come within a very short distance

many unsiahle one stabla folded
conformations comloimatian




of each other. Although van der Waals interactions are weaker than
hydrogen bonds, in large numbers they play an important role in the
attraction between large molecules with complementary shapes. All of
these noncovalent forces are reviewed in Panel 2-7, pp. 78-79.

Another impoitant noncovalent force is created by the three-dimen-
sional structure of water, which forces hyvdrophobic groups logether in
order to minimize their disruptive effect on the hydrogen-honded net-
work of water molecules {see Panel 2-7, and Panel 2-2, pp. 68-69). This
expulsion from the agueous solution generates what is sometimes
thought of as & fourth kind of weak noncovalent bond, called a
hydrophobic inferaction. This interaction forces phosphelipid mole-
cules together in cell membranes, and it also gives most protein mole-
cules a compact, globular shape.

Noncovalent Bonds Allow a Macromolecule to Bind
Other Selected Molecules

Although noncovalent bonds are individually very weak, they can add
up to create a sirong attraction between two molecules when these
molecules fit together very closely, like a hand in a glove, with many
noncovalent bonds between them (see Panel 2-7). This form of molec-
wiar interaction provides for great specificity in the binding of macro-
molecules to other molecules, hecause the multipoint contacts raquired
for strong binding make it possible for a macromolecule to select—
through binding interactions—just one of the many thousands of dif-
[erencmolecules present inside a cell. Moreover, because the strength of
the binding depends on the number of noncovalent bonds that are
formed, interactions of almost any strength are possible.

Binding of this type underlies all biological catalysis, making it pos-
sible for proteins to function as enzymes. Noncovalent bonds can also
stabilize associations between two different macromolecules if their
surfaces match closely (Figure 2-32}. These bonds thereby allow macro-
melecules 1o be used as building blocks for the formation of much
larger structures. For example, proteins often bind together into multi-
protein complexes, thereby forming intricate machines with multiple
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Figure 2-32 Noncavalent bonds mediate interactions between macromaolecules.
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Figure 2-33 Small molecules join together to form macromelecules, which can assemble into large macromolecular

complexes.
ake pro

enough o see in fhe election microscope. The micn

Fach nbosome

ubunits, proteins, and a ribosome are drawn to scale, Ribosocmes are part of the machinen
compesed of aboul 90 macromolecules {proteins and RMA molecules], and is large

miembranes in the cell, (Courtesy of | el Orel.)

¢ the call uses to

F

raph on the right shows numarous nbasomes attached to

moving parts that perform such complex tasks as DNA replication and
protein synthesis (Figure 2-33). Thus noncovalent bonds account for
much of the specificity that we associate with living cells,

Essential Concepts

"

Living cells obey the same chemical and physical laws as nonliving
things. Like all other forms of matter, they are composed of atoms,
which are the smallest units of chemical elements that retain dis-
tinctive chemical properties.

Atoms are made up of smaller particles. The nucleus of an atom con-
tains protons, which are positively charged, and uncharged neu-
trons The nucleus is surrounded by a cloud of negatively charged
electrons.

The number of electrons in an atom is equal 1o the number of pro-
tons in its nucleus. The nuclei of different isotopes of the same ele-
ment contain the same number of protons but different numbers of
neutrons.

Living cells are made up of a limited number of elements, four of
which—C H N, O—make up 26.5% ol their mass.

The chemical properties of an atom are determined by the number
and arrangement of 15 electrons, An atom is most stable when all of
its electrans are at their lowest passible energy level and when each
electron shell is completely filled.

Chemical bonds form between atoms as electrons move to reach a
more stable arrangement. Clusters of two or more atoms held
together by chemical bonds are known as mofecules.

When an electron jumps rom one atom to another, two ions of
npposite charge are Jurmed,; ionic bonds then arise by the mutual
attraction of these charged atoms.

A covalent bond consists of & pair of electrons shared between adja-
cent atoms. If two pairs of electrons are shared, a double bond is
formed.




Living nrganisms contain a distinctive and restricted set of small car-
bon-based molecules that are essentially the same for every living
species. The main categories are sugars, fatty acids, amino acids, and
nucleoticles,

sugars are a primary source of chemical energy for cells and can be
incorporated into polysaccharides for energy storage,

Fatty acids are also important for energy stornge, but their most
essential function is in the formation of cell membranes.

The vast majority of the dry mass of a cell consists of macromole-
cules, formed as polymers of sugars, amino acids, or nucleotides.
Macromolecules are intermediate both in size and complexity
between small molecules and cell organelles. They have many
remarkable praperties that are not easily deduced from the subunits
fromm which they are made.

Polymers consisting of amino acids constitute the remarkably
diverse and versatile class of macromolecules known as proteins.
Nucleotides play a central part in energy tansfer and are the sub-
unies from which the informational macromolecules, RNA and DNA,
are made.

Macromolecules are made as polyvmers of subunits by repetitive con-
densation reactions. Their remarkable diversity arises from the fact
that each macromolecule has a unique sequence of subunits,

Weak noncovalent bonds form between different regions of a macro-
molecule. These can cause the macromolecule (o fold into a unique
three-dimenisional shape with a special chemistry, as seen most con-
spicuously in proteins.

~
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Panel 2-1 Chemical bonds and groups

A covalent bond forms whan o atoms coma very close
together and share one or moare of their electrons.

Each atom forms a fixed number of covalent bonds in a
defined spatial arrangement.

EINGLE BONDS: 2 electrons sharecd/hond

. 0.

DOLUBLE BONDS: 4 slectrons shared/bond

The precise spatial arrangement of covalent bands influence
the three-dimentional structure—and chamistry—of molecules.
In this review panel, wa see how covalent bonds are used in a
\_\ran'ety of biological molecules.

Atoms joined by two

or more covalent honds
cannoat rotate freely
around the bond axis.
This rastriction is a

major influence on the
three-dimensional shapa
of many macromolecules,

-
ALTERNATING DOUBLE BONDS

The carbon chain can include double
honds. [fthese are on alternate carbon
atoms, the bonding elecirons move
within the molecule, stabilizing the
structure by a phenomenon called

JC —— C\ f.: — C\ C
C Bl e
/ ¥ 7 5

Alternating double bonds ina ring
can generalg a very stable structure.

resonance. H H
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the ruth is somewhers between |
these two sirustiires H H
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aften writlen as C/I\I

( =
CARBON SKELETONS
Carbon has a unique role in the cell because of its
ability 1o form strong covalent bonds with other or branched irees oF rings.
carbon atoms. Thus carbon atoms can join o form
chains \ \/
N / \ ~ . Co ok
, , - C— N s s S
NS N/ N \‘/“ N s —E [l_ Clﬁ
D N N — e | _ |
c\ C /(_ <.\ \c/ N - —/L\ N /c‘\ﬁ
/ /NN 4 C C
& /> ANVA
| also written as \/\/\\/\ aiso written as >—< also writlen as OQ
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COVALENT BONDS C-H COMPOUNDS

Carbon and hydrogen togethar
maka stable compounds for
groups} ca'led hydrocarbons.
These are nonpolar, do not form
hydrogen bonds, and are
generally insoluble in water.

mnathane rmathyl group

N
Ly

HaC

part of the hyurocarbon “tall
of a fatty acig molesule
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C-0 COMPOUNDS C-N COMPOUNDS
Many biclogical compounds contlain a carbon Amines and amides are two impaortant examples of
bonded to an oxygen. For example, compounds containing a carbon linked 1o a nitrogen.
alcakial H Amings in water combine with an H* ion to become
I The -CH is called a positively charged.
——=—00H
I hydrosy group. - l H
H B —C—N +H = —C—nN—H
el ol ‘:?rl' H l H | H
_—
" Armides are formed by combining an acid and an
The C=0is called 2 amine. Unlike amines, amides are uncharged in water.
katone \C E carbinnyl group, An example is the peptide bond that joins amino acids
e \ in a protein.
=10
i C/ 7 I /
,\ / /
/ | _C\ + HN—C— — —C\ | + H.0
carboeylie acid L ) The —COOH is called a OH ‘ WN—C —
—_— d carhiosyl group. In water acid arnine H | amide
x"l."l | this loses an H™ ion to
’ become -COD™.
Nitrogen also oceurs in several ring compounds, including
imporiant constituents of nucleic acids: purines and pyrimidines.
wElEry Esters are formed by combining an
acid and an alcchol. NiH,
H
o | 2 N /(\ C/
| Jf - | '/// | Il cytosine (a pyrimiding)
—C—(.\ + HO—C— — —CfC\ | + H.o G C
T N TN
| OH ! | L—C— o~ I‘r H
i ' H
agcid alcohol ester k
( _ R
PHOSPHATES
Inorganic phosphate is a stahle ion formed from Phasphate esters can form between a phosphate and a free hydroxyl group.
phospharic acid, HyPO,. It is often writien as P, Fhosphoryl groups are often attached to proteing in this way.
© | 0o | O alsc
I _ I o Il written as
HO_FI)—O —C—OH+ HO—P—0 T —C—0—F (1 4+ H0 | I
I -c—o—{F
[ON o 3 ‘ _O
The combination of @ phosphate and a carboxyl group, or two or more phosphate groups, gives an acid anhydride,
H, O
/0 C"> I //o
i + HO—P—O —C L4 high-energy acyl phosphate also W'_’;:en o
i | ; \ IE bond {carboxylic-phosphoric o
OH o H,0 O—peali acid anhydride} found in _C\ s
i o some metabolites | c—dy
' 140
i) O 0l L) . i
i I I ] I phosphoanhydride—a high- aleo WRMAN G
—O—P—0OH + HO—P—Q — =P —— P energy bond found in o phirgl =3
Iy I I | | rmolecules such as ATP o—E—®
O o HaO) (B o




Panel 2-2 The chemical properties of water

4 "
HYDROGEN BONDS b TaHiGE
Bacause they are polarized, two — (-’;"-]'
adjacent Hy0 molecules can form L H L, hydrngen bond
a linkage known as a hydrogen ' A B H . 0.27 nm
binne. Hydrogen borrls have — T
anly about 1/20 the strength I He) 25 O wmmi [- — O —
of a covalent bond. o e
_ ny ! H 0.10 nm
Hydrogen bonds are sirgngest when e A hydrogen bond covdisntbend
the three atoms lie in & straight line. i
% D N
WATER WATER STRUCTURE
Twao atams connected by a covalent bond may exert different attractions Tor Maoleculas of water join togethear transiently
the glectrons of the bond. In such cases the bond is palar, with one end i@ hydrogen-bonded lattice.
slightly negatively charged (57) and the other slightly positively charged (67
Bleciropositive
region
electronagative <
région
Although a water maolecule has an overall nautral charge {having the same
number of electrons and protons|, the electrons are agymmetrically distributed,
making the molecula polar, The oxygen nucleus draws electrons away from
the hydrogen nuclel, leaving these nuclei with a small nat pesitive charps,
The axcess of eleatron density on the oxygen atom creates weakly negalive The cohesive natura of water is
regions at the other two corners of an imaginary tetrahedron. On these pages responsible for many of ils unusual
we review the chemical properties of water and see how water influences the properties, such as high surface tension,
behavior of biological molecules. specific heat, and heat of vaporization.
¥y O\ J
7 ™~ w
HYDROFPHILIC MOLECULES HYDROPHOBIC MOLECULES
Substances that dissolve readily inwater are termed hydiophilio. They are Molecules that contain a preponderance of non-
composed of lons or polar molecules that attract water molecules through polar bonds are usually insoluhle in water and are
glactrical charge effects. Water molecules surround each ion or polar molecule termed hydrophobic. Water molecules are not
on the surface of a solid substance and carry it into solution. attracted to such malecules and sa have little
H tendency to surround them and carry them
H H... j/ inta salution,
{
H H o H —:;
d Y H
H ) 0 ;
\ P O 3 !
” 0,- O—H My HT H \ \ H H—0)
| & ke 2 H B — i 0 .
Oa - S o H H\\ 5 gkt H % ; e H.\ ;"H Ii\ ﬁl
' g~ == £ 4
/ i J ) ”;Ll & \".1 @:E ='(._\ H 2 {": QFH ...,D\”
H =t t ! | il N—Hjinm0” LY / \H H
H N P \ -
} =td { i ]
' H “ H ' Lk o
H = o He /
; ( : W
lonie substances such as sodium chioride Nid g H . f[—\ __f__'lll\
dissolve because water molacules are ' 1 H H /H H
attrected to the positive INz*| or negativa Palar sulstances such as urea .. (-13
{CI ) eharge of gach ion. tlisgoive because thelr molecules ~H H
form hydrogen b swith the . .
o wd.' MER s I T Hydrocarbans, which contain many C-H bonds,
surrounding water molecules . :
are especially hydrophaobic.

. A .




WATER AS A SOLVENT

Many substances, such as houschold sugar, dissclve nwater, That s, thaic
molecules separate from each other, each becoming surrounded by waler moleceies,

Substanges that release hydrogen ions info solution
are called acids.

Sia
hydiochloric achid
(atrong acid)

—

H*
hydrogan ion

¢l
chioride fon
Many of the acids Important in the cell are anly partially

the carboxyl group (-COOHL, which dissociates to give a
hwidrogan ion in solulion.

/O 0
P . &
—_ — H + —
. Y
1A 0
{waak acid)

Mote that this is a reversible raaction.

dissociated, and they are tharefore wesk acids—For exampla,

T T i
I When a substance dissolves in a
O Y Ve w_a liguid, the mixture is termed a salution.
B o B@g ® e The dissolved substance {in this case
sugar - :;B [ ﬂnﬁ “ﬂ g a sugar} is the solute, and the liguid that
digsolves 20,0 B;" n o Bﬂ‘g does the dissolving (in this case watar)
nﬂuﬂan a En 2 “a is the solvent, Water is an excellent
g@ﬂuﬁ 5 “Q? ﬂa oy | solvent for many substances because
'::il;;;u,e \‘HE‘? o ﬂt\ fga . af its polar bonds.
sugar clrvmnl sugar maleculs
\. J
g \ ( \
ACIDS HYDROGEN 10N EXCHANGE

Positively charged hydrogen ions (H') can spontaneously
move from ane water molecule to another, thereby creating
two lonic spacies.

H F H H

% B
0

>, (%)
—H

P, ™ C
oo

;
I H
hydronium ion hydroxyl ion
lweater #cling &  [water acting as

%
CHiE - —

+

a wank basal a waak acidl
often written as: M. —\"r H’ +  OH
Iyelrsgan hydraxyl
lon iori

Because the process is rapidly reversible, hydrogen fons are
cantinually shutling betwaan water molecules. Pure watear
contains 8 steady-stale cancentration af hydrogen ions and
hydroxyl ions (both 1077 M.

ke J J
pH BASES
H” Substances that reduce the number of hydregen ions in
CIO""T; pH golution are called basas, Some bases, such 85 ammonia,
Tiesscidity of & mearier combine directly with hydrogen lons,
» 5 " 10 i &
solution is defined B E: , “H, 4+ H — NH.™
Iy thee concentration 107" 2 : el
+ i [ amimonia hl,-ljrog:&n lon BMMOnIUm on
of H" ions it possesses, = 10 s 3
For convenience we - 10 1 Other basas, such as sedium hydroxide, reduce the number of
use the pH scale, whare Jo % — & H* ians indiractly, by making OH™ ions that than cambine
N ; directly with H ons to make H,0.
pH = —lagglHY ] L 10 i B
e 7 MallH —— Mat g o
= 8 sodiurm hydroxids sadium hyrtrooey |
10 2 (strong basal lan o
For pure watar z e 10
= - " Many basas found in cells are panialiy dissociated and are termed
[H*] = 1077 molesiiter "E" S 3 weak Bases, This is true of compounds that contain an amino
e M aroup (~MH.), which has a weak tendency to reversibly acocapt an
pH =70 1 1 H* ion from walter, ingreasing the quantity of free OH icns,
bl 1 =
|
] = —_ = N
ISR H —— mHy
o F N J'




Panel 2-3 An outline of some of the types of sugars

r
MOMNOSACCHARIDES

3-carbon (TRIOSES!

5-carbon (PENTOSES)

Monosaccharides usually have the general formula {CH.O) ., where ncan be 3, 4, 5, or 6, and have two or mare hydraxyl groups.
They either contain an aldehyde group 1—L‘fH Vand are called aldoses or a ketone group | ;c=u} and are called ketoses.

B-carban {HEXOSES)

In srueous solution, the aldehyde or ketone group of a sugar
molecule tends to react with a hydroxyl group of the same
mualecule, thereby closing the molecule into a ring.

H, O
ol CH.OH
4 1
H—C~—0H >
(I: H A N)H
‘_| —_ —-H 1 CIC S
07 Kow :
ngﬁOH HO H
L ]
— | |
H=C—OH L Ak
CH,0OH
CH,OH
S _?O s 11
C
H—C—OH ribye
o
H—¢—OH
H=C~OH
CH,OH

Motz that each carbon atom has a number.

-

Hir o
\c#’
H !
\L'lz“ﬁo H— Cl —{H
0 —_— T — -} x S e N
i H\ //,O H (‘: O HO (l. H
8 @ H—C —O3H H=-C —OK
E - \ |
HW(T_*OH H*(‘:*—E}Z-I H7(|j e
H—(‘:—OH H—C -—0OH H—CF—(J'H
H H R
aivceraldahyils i e flucass
H
L
rl H—CI:—('JH
H—C - (|:=U
ﬁ T C={ HO*?
= H—C —Ok H—?—UH H—?—Mi
& I
{|f = I*Iﬁ(l.' —OH Hﬁ(lf —0H
H—C—0OH H—C —OQH H—C—0H
| | I
H H I
dihydroxyacelons ril e friigiose
r-
RING FORMATION ISOMERS

Many monosaccharides differ only in the spatial arrangement
of atoms—that is, they are =uie 0, For example, glucose,

galactose, and mannose have the same formuta (C5H,,05) but
differ in the arrangement of groups arcund one or two carbon

atomes.
CHLOH

iunoEe

mannoss

These small differences make only minor changes in the
chemical properties of the sugars. But they are recognized by
enzyimes and other proteins and therefore can have important
biclogical effects.

"
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o AND B LINKS

The hydroxyl group on the carbon that carries the
aldehycde or ketone can rapidly change from cne
position to the other. These two positions are called
oand f3.

0 O
‘\\OH
—
=)
OH

[ hydrasyl w Nydrexyl

As soon as one sugar is linked to another, the @ oy
|3 form is frozen.

7~
SUGAR DERIVATIVES

The hydroxyl groups of

@ simple monocsaccharide
can be replaced by other
groups. For example,

OHi )
Nacolylpluoosaming

gluguronio neird

.

.

DISACCHARIDES

The carbon that carries the aldehyde
or the ketone can react with any
hydroxyl group on a second sugar
molecule to form a dizacchande,
Three common disaccharides are

maltose {(glucose + glucose)
lactose (galactose + glucose!
sucrose (glucose + fructase}

The reaction farming sucrose is
shown here.

\.

CH.OH

i glucoses

CHLOH

O O
BIGT Do

(DLIGOSACCHARlDES AND POLYSACCHARIDES

Large linear and branched molecules can be made from simple repeating units,
Short chains are called olinosaccharices, while long chains are called

polysacchardes, Glycagan, for example, is a polysaccharide made entirely of
glucose units joined together.

branch points =

COMPLEX OLIGOSACCHARIDES S CH,OH

|
HiE T/‘—m\

CH.OH

In many cases a sugar se(Lence

15 nonrepetitive. Many diffarent
molacules are possible. Such
complex oligosaccharides are
usually linked tg proteins or to lipids, [
as i this oligosaccharide, which is B
part of a cell-surface molecule

Lirat defines a particular blood group.

H

\ [ | J




Panel 2-4 Fatty acids and other lipids

~
FATTY ACIDS Hundreds of differant kinds of fatty acids axist. Some have ane or more double bands in thalr
hydrocarbon tail and are said to be unsaiurated. Fatty agids with no double bonds are saturated,
Al fatty acids have carboxyl groups -0 a
with loeng hydrocarbon tails. o
G
(l:ﬂ{_ll'l COGH  COOH
CHy | H fl Hy
‘I:Hs LIH: TH This double band
CHy CH; CFs ig rigid_ and crentes
[ - | | - Pl keirk in the chain.
CHy CH CHy The rest of the chain sTal.an:
| i | is free to rotate i
?H: {l:l'l lfH_- about the other C-C
CH. {[I-l : r.i_H . bands.
'IT"H_. CH, &lfH,
CHy  CH, CH
|_ | _|| { .:
T": FH: tl H space-filling model carkion skelgton ) Tt
Cb  CHy ey LUNSATURATED SATURATED
| 1 2 o o
CHy  CH;  CHs
I [ I f
CH, Fy.  GHa 7 N
| L | TRIACYLGLYCEROLS Fatty acids are stored as an energy reserve
CHy  CH; CHs F :
| | it ifats and oils} through an estar linkage to
I|:H; ':]_-H. qI'HJ (|.|) glyoarol to form triacylglycerols. ’_I-'ll-' —DOH
CHs CH CHa P N N ML —H
, I, ik Ho—0 _\/\/\/ .uT I
Sk E;Sm 2 (I-H—' o H,C—OH
CHy 1Ese) CHy HE —r:r’": R VN N glycernl
slEaric olale L“}
acid acid e g
Byl (i) ||_-I_'—|'J'/ N N WW
\ J J
CARBOXYL GROUP W ( PHOSPHOLIPIDS Phospholipids are the major constituents
! of call membranes.
N
Inydrophilic At | a
if iree, the carhoxyl group of a - ; ygroup T K. jl choline
fatty acid will be ionized. o oX
- O=p—er '
RTINS N A 2
L
- |
._rle:—L?!-m-r:H2
But more often if s linked to
nthar groups to form either ssizrs
L)
&
P POV AWEFAN LS AV L
f1—0—
| o~ .. hydrophobic
*fatty acid &l
or amides.
i
& =
A E
z \f/\//\n/ \\/\/\\..-/\/ %,
ri"_ In phospholipids twe of the ~0OH groups in
I glyceral are linked to fatty acids, while the third
general siructure of —-OH group is lirked to phospharic acid. Tha
@ plinsphodpid phosphale is further linked to one of @ variaty

| lcohels).
\_ J \ of small polar groups (alcohels) P
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LIPID AGGREGATES

Fatty acids have a hydrophilic head .
and a hydrophobic mail. !
|

nunglle

In weater they can form a surface film
or form small micelles.

Their derivatives can form larger sogregates held togather by hydrophobic forces:

Triglycerides farm large spherical Fat
draplets in the cell cytoplasm,

Phospholipids and glycalipids form self-sealing lipid

./}‘_______ = ':_‘_\__‘}
i/l W : -

20|]1n|11 -Irllr 1|I'-I\\I ﬂ
a1 g I

' "Ct-.,& J &=

bilayers that are the basis for all celiular membranes.

4 nim |
y
OTHER LIPIDS Lipids are defined as the water-insolubile i
molecules in cells that are solubla in organic AR .
solvents. Two nther cormmon lypes of lipids f{ —CH=CH;
are steroids and pelyisoprencids. Both are s |spprane
made from isoprana units,
"
7
STERQIDS Steroids have 8 common multiple-ring struciure.
CHH
TR oy =
H 1
cholesterol—found in many membranes testosterone—male steraid honmone
e

GLYCOLIPIDS

Lika phosphelipids, these compounds are composed of 8 hydrophobic
region, containing twe long hydrocarbon tails, and & polar region,
which, however, containg one or more sugar residuss and no phosphate.

H OH G

| | =
- - sUgar
N Co G| _TH, A
= AR AT TN A e g residue
I H
H
\-o-"'fx\/\ v“"’"\/\/\\/’ 'ﬁ\"\/\/f\“\.
,i"'N” it simple
. T y A dhyecolipid

bydrocarpon tails

(

POLYISOPRENOIDS

long-chain polymers
of isopreng

?-
O=PF—0

.‘\If\/\\_ Ot

\
i

A

MMM A A,

Y

N

dotichal phosphate—used
to carry activated sugars

i the membrane-associated
synthesis of glvcoproteins
and some polysaccharides

_\




Panel 2-5 The 20 amino acids found in proteins

4 \ [
FAMILIES OF BASIC SIDE CHAINS
AMINO ACIDS
lysine arginine histidine
The commeon amino acids {Lys, or K) {Arg, or R} (His, or H)
are grouped according to \ )
whether their side chains ’_fl ':") Ir CH) | ?
are —N—C—C— —T—r—c— —N—C—(—
[ | I
aoidic H CH H e H CH
hiagic | |
uncharged polar ‘l' | CHy & -
nanpolar P This group is . I-IT CH
very basic AT
Thase 20 amino acids B oo s e 7 B
are giVen hoth Threeflf_‘tt.er | 1 pGSi'tiVe Chkarge These niirogens héve 8
and one-letter abbreviations. M is stabilized by { relatively weak affinity for an
rescnance. LT TRH H* and are oniy partly positive
Thus: alanine = Ala = A at neutral pH.
*
_-'\I (" It b t i i
e u-carbon atom is asymmetric,
THE AMINO ACID OPTICAL ISOMERS allowing T6r two milrrorimage
The general formula of an aminag acid is tor stereo-] isomers, L and o.

W - wegarbon atom

aming - carboxyl

aroup |-1_.N—{|2-CL'}-‘.'.'II-1 graup
- S
“gide-chain group
! ' L o
R is commoniy one of 20 different side chains,
At pH 7 both the amine and carboxyl groups
are ionized.
H
i | (=) These pagas preésant
HN—C—CO0 tha amino acids found
f in proteins and show )
F haw they are linked. Proteins consist exclusively of L-amino acids.
\. J
ra
PEPTIDE BONDS
Amino acids are commeonly joined tegether by an amide linkage, The four atoms in each poptics band \gray box) farm a rigid
called a peptide bond. planar unit. There is no rotation around the C-N band.
Ha
H H R
H 0 - 0 y
| s I I SN Y
N—C—C + N—CL—C N—C == =N —C
H/ | \DII H | \OH ¥ ' | A H
(11 H H I H- H O
SH
amino, or . | \ carboxyl, or
Froteins are long polymers N-, terminus F‘I ‘\||.) || "3 ,l-l T C terminus
of amino acids linked by b R - SRR ¢ -
peptide honds, and they ‘ | I |
are always written with the CH H (@] i
N-terminus toward the left. | ! . ol
The sequence of this tripeptide L '\j Al

is histiding-cysteine-valine. - CH These two single bonds allow rotation, so that fong chains of

aminc acids are very flexible.
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ACIDIC SIDE CHAINS

- aspartic acid
(Asp, or D}

H 0

\,

glutamic acid
(Glu, or )
H
[ 1
—N—C — =

[

£H,

f_

L

UNCHARGED POLAR SIDE CHAINS

“glutamine
{GlIn, or Q}
H )]
|

—N—C—C—

The -OH group is polar. -~

Altheugh the amide N is not charged at
neutral pH, it is polar.

saring thraaning tyrosine
{Ser, or 8 [Thr, or T} (Tyr, or Yl
H 0 @] H O
[l | [
JTl?—c— ——— e — —ﬁ—%—c—
|
H GH; H EH—{H H €H
| 1
y: )
I“"h_,r
| |
: £IH
! -

f’
MOMNPOLAR SIDE CHAINS

alaning
{Ala, or A)

TR

leusine
{Leu, or L}
H O

L
—N—C—C—

4 \l_-*l,

praling
[Pro, ar P}

aetualy an L H
imino agid)

methionine
[Met, or M)

S—CH;,

glycing
{Gly, or G}

N

wvaline
(Val, or V)

isleucine

{lie, or 1}

phenylalanine
(Phe, or F)

H O

—N—C—C—

L. Il

H  EHy

O

tryptophan
{Trp, or W)

cysteing
(Cys, or C)

Disuilile bonds can form between two cysteine side chains in prateins,

- —CH—S5—%—CH,- -




Panel 2-6 A survey of the nucleotides

~\
BASES ('i Rk,
( C
" I-I(""f HNH adaning /N‘:"C'/-I.%N
G “ 1. |, urac| _ L HC j[ A !
l e C The bases are nitragen-containing ring : cEE
C e \\ compounds, either pyrimidines or purines. N éf'
. 4 O H L
HC e H
|..|.[l| Wz .-_|: cytosing o
v AN O ”
N \O T
H | o
N s i
e g )
I_; i) I quaning f;,"‘-c e -ﬁc\,\
HC P C H N NH,
thyming ™ 8]
H
o J
r N\ £ N .
PHOSPHATES NUCLEQTIDES BASIC SUGAR
S A : 3 LINKAGE
The phosphates are normally joined to A nucleotide consists of a nitrogen-containing
the 5 hydroxyl of the rihose or basa, a five-carbon sugar, and one ar more
deoxyribose sugar {designated 5'). Mono-, phosphate groups.
di-, and triphosphates are common. y
N-glycosidic
3 tond
] :
asin
T g
R r]* i 0 AMP
P |
Q PHOSPHATE
1 0
Tlﬁlq—ﬂ—ﬂ—o asin i ‘l? -
€ g (g
[} &)
H H " as in
P AN R _(:._0 e I L The base is linked to
| l | = ! are th OH the same carbon (C1}
[ o & 5 ]
subunits of m used in sugar-sugar
The phosphate makes a nucleotide the nuclaic acids, bonds.
negatively charged.
J © J \ J
™
r"_SL.J'GARS
HOCH, OH
[-o-ribose
N used in ribonucleic acid
i U oH
a five-carbon sugar two kinds are used
HEXH, OH
I [l
[Fo-2-daasyriboss
Each numbered carbon an the sugar of 3 nucleotide is used in deoxyribonugcieic acid
followed by a prime mark; therefore, one speaks of the H H
"B-prime garbon,” etc.




NOMENCLATURE

The names can be confusing, but the abbraviations are clear.

hucleotides are aboreviated by

three capital letters. Some examples
| adenine adenosine A follow: :
BASE + SUGAR = NUCLEOSIDE
guanine guanosine G AMP = adenosine monophosphate
dAPAP = deoxyadenosine monophosphate
cylosing cytidine e UDF = uridine diphosphate
ATP = adenosine triphosphate
uracil uridine U
L thymine thymidine T
k_ BASE + SUGAR + PHOSPHATE = MUCLEDTIDE _)
f 4 =
NUCLEIC ACIDS NUCLEOQTIDES HAVE MANY OTHER FUNCTIONS
Nucleotides are jnined together by a
gﬁ:::g;:!':zlr‘:sI;g‘“f‘:ﬁit}:ﬁé\;:iﬂaﬁijgd i'@ They carry chemical energy in their easily hydrolyzed phosphoanhydride honds.
The linear sequernce of nucleotides in a NH,
nucleic acid chain is commonly phosphoanhydrids bonds B
abbreviated by a one-letter code, <l N /Lﬁ .
A—G—C—T—T—A—C—A, with the 5 - / e
2 [N L] Ll :
end of the chain at the left. i I I nt )
TO—P—0O—P—0—P—0O—CH, M
| IRl o |
L4 e L i |
example: AT tor ] ‘ aH - OH
l@' They combine with other groups to form coenzymes.
H H O H H O H CHyH (8] 0
| I | ! i
HS—C —C —N—C = --? = N—C fCl —C = —G—AFl'—L‘.I——Il'—D —CH,
I i ! )
H H H H H H HCY CHy H CF 5 3 |
H0 d axarnple: coenzyma A (Cok) O OH
O 5 end of chain |
i o=p-0
“O— P —0O—CH, ; )
\ ﬁ-} They are used as signaling moiecules in the cell. L2
o
MH,
example: cyclic AP
3 2
phosphodiester ? E!
linkage “0O—P=0(} )
4} N
I
G
|
exampla: LA |
30k
\_ 3 gnd ol enain \ 7




Panel 2-7 The principal types of weak noncovalent bonds
e D )

WEAK CHEMICAL BONDS VAN DER WAALS ATTRACTIONS
Organic metecules can interact with other molecules g
theGiiah Show-rahge noncovalont foress if two atoms are too close together they repal each other

very strongly. For this reason, an atom can aften ba
treated as a sphere with a fixed radius. The characteristic
“size” for each atom is specified by a unigue van dar
Waals radins, The contact distance between any bwo non-
covalently bonded atoms is the sum of their van der

Waals radii.
@ 0
0.12 nm Q.2 nm 015 nm 0,14 nm
radius radius radius radius

At very short distances any two atoms show a weak
bonding interaction due to their fluctuating eiectrical
charges. The two atoms will be attracted to each other
in this way until the distance between their nuclei is
approximately equal to the sum of their van der Waais
radii. Although they are individually very weak, van dar
\- _) Waals attractions can become impoertant when two
rmacromolecular surfaces fit very close together,

because many atomns are involved.

Note that when two atoms form a covaient bond, the

Waak chamical bonds have less than 1/20 the strength of a strong
covalant bond. They are strong enough to provide tight binding
only when many of them are formed simultanzously.

( "\1 centers of the two atoms (the two atomic nuclei} are
HYDROGEN BONDS much closer together than the sum of the two van der
As already described for water (see Panel 2-2, pp. 68-63) Waals radii. Thus,

[rydrogen bones form when a hydrogen atom is
“sandwiched” between two electron-attracting atoms
lusually oxygen or nitrogen).

Hydrogen bonds are strongest when the three atoms ara L — o
in a straight line: 0.4 nm 0.15 nm 0.13 nm
two non-bonded single-bonded double-honded
carbon atomns carbans carbons
% " "
C—H [l == e
N/ e J
1
Examples in macromolecules: i
Aminag acids in polypeptide chains hydrogen-bonded HYDROGEN BONDS IN WATER
together. Any molecules that can form hydregen honds to each other
{’ TEEEna—— \ can alternatively form hydrogen bands t¢ water molecules.
| I Because of this competition with water molecules, the
N | I hydrogen bonds formed between twa moiecules dissolved
| | in water are relatively weak.
I C=Q I H—N
‘ peptide
R—? —H R—C—H !—%ﬁc‘ —R (1? i
| | :
?zﬁ' I H—N [ —C—giemme—C —  2H,0 ‘ ﬁ) ‘
I
! | l }',lt | —C —E —  —
Sormmo s ‘ s £ | B
= H
Two bases, G and C, hydrogen-bonded in DNA or RNA. - =
by ﬁ -
H H_'Tf]" H/D H I {l:l} "
H ! |
H N I 2H.O _ P -
\C . r_/N H|IIIIIIO\C k ;r\I‘\,\__\{C E 2 *Q‘“ - ]il {]—
i % = i}‘,‘ ! = H
H*C\ .'KN 111 |—N‘ C "N\ | ';I:r |
N—:\ \(:Z;NI ~ —C ——L =M —
7 o=~ | . |
\ ki
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HYDROPHCBIC FORCES

- LY i
A i s ® um i

|:|_ H

A
\"\(_‘ Yiim T

i
o
%

Water forces hydrophobic groups together
0 order to minimize their disruptive
effects on the hydrogen-bonded water
natwork. Hydrophobic groups held
together in this way are sometimes said
to be heid together by "hydrophobic
honds,” even though the attraction is
aciually caused by a repulsion from the
water.

\

-
IONIC BONDS IN AQUEQUS SCLUTIONS

Charged groups are shielded by their
interactions with water molecules,
lanic honds are therefore quits weak
in water.

0 H Oy

—O—P—07" | E  »
L:i H” Oy fH .. H A

o L}ﬁ-";- Hr—(g o

H & g

[ONIC BONDS

lonic interactions occur either between
fully charged groups {ionic bond] or
between partially charged groups.

——'@}?n!ni:f(ij_—

The force of attraction hetween the two
charges, 6" and &, falls off rapidly as the
distance belween the charges increases.

In the absence of watar, ionic forces
are very strong. They are responsible
for the strength of such minerals as
marhle and agate.

a crystal of
salt, NaCl

N H L. i S H
) S k@)
2 0 ;o
3 .
H

Similarly, other ions in solution can cluster around
charged groups and further wenken ionic bonds.

lonic honds are very important

in biological systems; many enzymes
guide substrates into position using
ionic interactions.

H O~y
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esTlons
Question 2-11
Which of the following stalerments are correct? Explain
YOur answers.

A, An atomic nucleus contains protons and neu-
rons.

B. Anaiom has maore electrons than protons.

C. The nucleus is surrounded by a double mem-
brane.

D.  All atoms of the same element have the same
number of neutrons.

E. The number of neutrons determines whether
the nucleus of an atom is stable or radioactive.

E  Both fatty acids and polysaccharides can be
important energy stores in the cell.

G. Hydrogen bonds are weak and can be broken
by thermal energy, yet they contribute signifi-
cantly to the specificity of interactions
between macromolecules.

Question 2-12

1o gain a better feeling for atomic dimensions, assume
that the page on which this guestion is printed is made
entirely of the polysaccharide cellulose, whose mole-
cules are described by the formula (C,H»,0,), where n
can be a quite large number and is variable from one
molecule to another. The atomic weights of carbon,
hydrogen, and oxygen are 12, 1, and 186, respectively,
and this page weighs 5 g.

A. How many carbon atoms are there in this
page?

B. Incellulose, how many carbon atoms would be
stacked on (op of each other to span the thick-
ness of this page {the size of the page is 21 cm
x 27.5 cm, and itis .07 mm thick)?

C. Now consider the problem rom a different
angle. Assume that the page is composed only
of carbon atoms. A carbon atom has a diame-
ter of 2 x 10°'" m (0.2 nm); how many carbon
atoms of 0.2 nin diameter would it take to span
the thickness of the page?

D. Compare your answers from parts B and C and
explain any differences.

Question 2-13

A. How many electrons can be accommodated in
the firsi, second, and third electron shells of an
atom?

B. How many electrons would atoms of the ele-
ments listed below preferentially gain or lose
in order to obtain completely filled sets of
energy levels?

hydrogen gain lose
helium gain __ lose
OXygen gain __ lose
carbon gain __ lose
sodium gain __ lose
chlorine gain __ lose

Shrdal T o

C. What do the answers tell you about the chemi-
cal properties of the elements and the bonds
that can form between sodium and chlorine,
between oxygen and hydrogen, between car-
bon and oxygen, and between carbon and
hydrogen?

Question 2-14

Oxygen and swlfur have similar chemical properties
because both elements have six electrons in their out-
ermost electron shells. Indeed, both elements form
molecules with two hydrogen atoms, water (Ho0} and
hydrogen sulfide (H,S). Surprisingly, water is a liquid,
vet 25 is a gas, despite the fact that sulfur is much
larger and heavier than oxygen. Explain why this
might be the case.

Question 2-15

Write the chemical formula for a condensation reac-
tion of two amino acids to form a peptide bond. Write
the formuta for its hydrolysis.

Question 2-16

Which of the following statements are correct? Explain
VO dNSWers.,

A Proteins are so remarkably diverse because
each is made from a unique mixture of amino
acids that are linked in random order.

B. Lipid bilayers are macromoelecules that are
made up mostly of phospholipid subunits.

C. Nucleic acids contain sugar groups.

D. Many amino acids have hydrophobic side
chains.

E.  The hydrophobic tails of phospholipid mole-
cules are repelled from water.

E  DNA contains the four different bases A, G, U,
and C.

Question 2-17

A, How many different molecules composed of
{a) two, (b) three, and (¢) four amino acids,
linked together by peptide bonds, can be made
from the set of 20 naturally occurring amino
actds?

B.  Asswme you were given a mixture consisting of
one molecule each of all possible sequences of
a smallish protein of malecular weight 4800.
Haow big a container would you need to hold
this samplef Assume that the average molecu-
lar weight of an amino acid is 120.

C. What does this calculation tell you about the
fraction of possible proteins that are currently
in use by living organisms (the average molec-
ular weight of proteins is about 30,000)?

Question 2-18

This is a biology textbook. Explain why the chemical
pringiples that are described in this chapter are impor-
tant in the context of modern cell biclogy.




Question 2-19

A

Describe the similarities and differences
between van der Waals attractions and hydro-
gen bonds.

Which of the two boends would form ({a)
between two hydrogens bound to carbon
atoms, (b) between a nitrogen atom and a
hydrogen bound to a carbon atom, and (c)
between a nitrogen atom and a hvdrogen
bound o an oxvgen atom?

Question 2-20

What are the forces that determine the folding of a
macromaolecule into a unique shape?

H H
t ® S}
HaN LI'—coo:—l HN—C —CO0
CH; CH,
B 9
iA) {B)
) (;‘:' {
) | =
O=P—P—P-—0—CH, O "@
o [
|01 o Y K |
Pl 1| CHy—CHL—OH
(E) CAt OH iF)
CH,OH
,i— —(2
) . OH
e
. HO |
& B & 1‘ = |
Q=C=0 OH
il )

Figure Q222

Highlights from Essenfial Cell Biology

2.1 Glucose Molecule

2.

Patimitic Acid

2.3 ATP

Question 2-21

Fatty acids are said ro be "amphipathic.” What is
meant by this term, and how does an amphipathic
molecule behave in water? Draw a diagram to illus-
trate your answer.

Question 2-22

Are the formulas in Figure (32-22 correct or incorrect?
Explain your answer in each case.

. NH
| .
| . N/ S
N | ,
I }!3 \N/ﬁl\'
{ci .
COO®
‘ H
H—C —Hua
. %
H—C —H g
I (9]
H—C—H :
H\ H
= & i
I \ . Na—Cl
H i |
(G) hydragen bond it
H
f — e

(K}
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Chloroplasts. Most of the energy that powers life on Earth derives ultirnately from sunlignt.
Electromagnstic energy from the sun is trapned by chlorophyll misiacules in the chloroplasts of plants
and 15 converted to chemical bond energy. Fifty or so of these green disc-like chiloroplasts can be seen
here 1 a single cell that has been isclaled from the interior of & leal. (Courtesy of Preeti Dahiya.)




Energy, Catalysis, and
Biosynthesis

One properly above all makes living things seem almost miraculously
ditferent from nonliving matter: they create and maintain order, in a
universe that is tending always toward greater disorder. 1o create this
order, the cells in a living organism must carry out a never-ending
stream of chemical reactions. In some of these reactions, small organic
molecules-—amino acids, sugars, nucleotides, and lipids—are taken
apart or modilied to supply the many other small inolecules that the cell
requires. In other reactions, these small molecules are used to construct
an enormously diverse range of proteins, nucleic acids, and other
macromolecules that endow living systems with all of their most dis-
tinctive properties. Fach cell can be viewed as a tiny chemical factory,
performing many millions of reactions every second.

To carry out the many chemical reactions riceded 1o sustain it, a liv-
ing organism requires not only a source of atoms in the form of food
molecules, bul also a source of energy. Both the atoms and the encrgy
musl come, ultimately, vom the nonliving environment. [n this chapter
we discuss why cells require energy, and how they use this energy and
ihe atoms from their environment to create the molecular order that
makes life possible.

The chemical reactions that every cell perforims would normally
occur anly at lemperatures that are much higher than those that exist
inside cells. For this reason, each reaction requires a specific boost in
chemical reactivity. Bul rather than being an inconvenience, this pre-
requisite is a henefic not only does it allow reactions to proceed at tem-
peratures that occur inside a cell, but it allows the cell to precisely con-
trol its metabolism-—a feature central to the chemistry of life. Both the
boost in reactivity and the precise chemical control are provided by spe-
cialized proteins called enzyines, each of which acceleraies, or caralizes,
just one ol the many possible kinds of reactions that a particuilar mole-
cule might undergo. Enzyme-catalyzed reactions are usually connected
in series, so that the product of one reaction hecomes the starting mate-
rial, or substrate, for the next (Figure 3-1), These long linear reacrion
pathways, or metabolic pathways, are in twn linked to ene another,
forming a complex web of interconnected reactiens that enable the cell
to survive, grow, and reproduce (Figure 3-2].

Two opposing streams of chemical reactions occur in cells. The
catabolic pathways break down foodstufls into smaller molecules,
thereby gencerating both a useful form of energy for the cell and some
of the small molecules that the cell needs as building blocks; and the
anabolic, or biosynthetic, pathways use the energy harnessed by calab-
olism to drive the synthesis of the many molecules that form the cell.
Together these two sets of reactions constitute the metabolism of the
cell (Figure 3-3).

Catalysis and the Use of Enargy by

Cells

Biological Crder Is Made Poszibie by the
Release of Heal Enegy from Cell:

Photosynthetic Organisms Use Surlicht to
Zynihesize Organic Molecuies

Cells Obiain Energy by the Oxi:
Crganic Molecules

Oxidaiion and Reduction Invalve Eleciron
Transters

Enzyrnes Lower the Bariers Thai Biock
Chemical Reactions

The Free-Energy Change for a Feaclion
Delermines Whether It Can Cocu

The Conceniration of Reactanis Influences
ihe Free-Energy Change and @ Reaction's
Direclion

The Equilibriumn Constant Indicate
Strength of Molecular Interactions

For Sequential Recictions, the Chonges in
tee Energy Ave Acditive

Rapid Diffusion Allows Enzymeas io Find Thab
Substrates

Vimax and £y Measure Enzyme Performance

fion of

Actlvated Carrier Molecules and

Biosynthesis

The Formation of an Activatled Carrier Is
Coupled fo an Energetically Fovorable
Reaction

ATP s the Most Widely Used Activaied Carrler
Malecule

Energy Stored in ATP Is Oiten Hameszed to
Join Two Moleculas Together

NADH and NADPH Are Imporiani Eleciion
Carriers

There Are Many Other Activated Carrier
Molecutes In Cells

The Synthesis of Biclogical Polyres Requires
an Epergy npui




Figure 3-1 A series of enzyme-catalyzed molecule molecule melecule moiecule molecule moiecule

i h ., - A,
reactions forms a metabolic pathway. p— (& — |if o' —F ‘ —
R Tk JEE - catalysis by catalysis by " catalysis by ™= catalysis by catalysis by =
= = Zyme Cﬁ-d-b'hl'h) a particular enzyme 1 enzyme 2 enzyme 3 enzyme 4 enzyme 5
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Cell metabeclism is the subject maiter of biochemistry and the
details need not concern us here. Burt the general principles bv which
cells obtain energy from their envivoniment and use it to create order are
cenfral to cell biology. These principles are outlined in this chapter,
starting with a discussion of why a constant input of energy is needed ta
sustain living organisms.

Catalysis and the Use of Energy by Cells

Nonliving things left to themselves eventually become disordered:
buildings crumble and dead organisms decay. Living cells, by contrast,
not only maintain but actually generate order at every level, from the
large-scale structure of a butterfly or a flower down to the organization
of the atoms in the molecules from which these organisms are made
(Figure 3—4). This property of life is made possible by elaborate cellular
mechanisms that extract energy from the environment and convert it

Figure 3—2 In a typical cell, the metabolic
pathways are linked to generate a
complex interconnected network. About

500 common metgholic reactions are

Choiar 5: Enemly Fobysis, cn




Figure 3-3 Catabolic and anabolic pathways together consiitute the
cell's metal:unllsm Note that because a major porfion of the engrg,
stored in the chemical bonds of food molecules ipated a5 heat,
the mass of fo i
anargy fron’ cata huhs.n is i tI. in the mas
molecules that can be produced |J_\." anabollsm.

into the energy stored in chemical bonds, which can be used by the cell
to drive the constant generation of biological order. This cellular manip-
ulation of energy guarantees that biological structures maintain their
form, even as the materials of which they are maile are replaced and
recycled: vour body today has the same basic structure as it did 10 yeavs
ago, even though you now contain atoms that, for the most part, were
not in your hody then.

Biclogical Order Is Made Possible by the Release of Heat
Energy from Cells

The universal tendency of things to become disordered is expressed in
a fundamental law of physics—the second law of thermodynamics —
which states that in the universe, or in any isolated system (a collection
of matter that is completely isolated from the rest of the universe), the
degree of disorder (or entropy) can only increase. This law has such pro-
found implications for all living things that it is worth restating in sev-
eral ways.

For example, we can present the second law in terms of probability
and state that systems will change spontaneousty toward those arrange-
ments thar have the greatest probability. If we consider, for example, a
box of 100 coins all lying heads up, a series of accidents that disturbs the
box will tend to move the arrangement toward a mixture of 50 heads
and 50 tails. The reason is simple: there are a huge number of possible
arrangenents of the individual coins in the mixture that can achieve the
50-50 result, but only one possible arrangement that keeps all of the
cainsg oriented heads up. Because the 50-50 mixiure accommodates a
greater number of possibilities and places fewer constraints on the
detailed configuration of each individual coin. we say that it is more
“disordered.” For the same reason, it is a common experience that one's
living space will become increasingly disordered without intentional
effort: the movement toward disorder is a spontaneous process, requir-
ing a periodic effort to reverse it (Figure 3-5).

The amount of disorder in a system can be quantified. The measure
of a system's disorder is called the entropy of the system: the greater the
disorder, the greater the entropy. Thus, another way to express the sec-
ond law of thermodynamics is to say that systems will change sponta-
neously toward arrangements with greater entiopy.
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Figure 3-5 The spontaneaus drive toward
dzsorder is an everyday experience.
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Living cells—by surviving, growing, and forming C(}mple\ organ-
isms—are generating order and thus might appear to defy the second
law of thermodynamics. But this is not the case. A cell is not an isolated
system: it {akes in energy [rom its environment—in the form of food, or
photons [rom the sun {or even, for some chemosynthetic bacteria, from
inorganic molecules alone)—and it then uges this energy (known as fiee
energy) (o generate order within itself, forging new chemical bonds or
building large macromolecules. In the course of performing the chemi-

cal reactions that generate order, chemical bond energy is converted
into heat. Heat is energy in its most disordered form—the random
jostling ol molecules. (]hmk of the coins in the box.) Because the cell is
not an isalated system, the heat energy that its reactions generate is
quicklv dispersed into the cell’s surroundings. There the heal increases
ihe intensity of the thermal maotions of the resident molecules, thereby
increasing the randomness, or disorder, of the environment (Figure
3-6].

The amount of heal released by the cell must be such that the order
generated inside a cell is more than compensated for by a greater
decrease in order in the environment. Only in this case is the second law
of thermodynamics satisfied, because the total entropy of the system—
that of the cell plus its environment—will increase as a result of the
chemical reactions inside the cell.
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Where does the heat that the cell releases come from? Here we
encounter another important law of thermodynaniics. The firse law of
thermodinamics states that energy can be converted from one form to
another, but that it cannot be created or destroved. Some forms of
energy are illustrated in Figure 3-7. The amount of energy present in dif-
ferent forms will change as a result of the chemical reactions inside the
cell, but the first law tells us that the total amount of energy in the uni-
verse must always be the same. For example, an animal cell takes in
foodstuffs and converts some of the energy present in the chemical
bonds between the aloms of these food imolecules (chemical bond
energy) into the random thermal motion of molecules (heat energy). As
we have explained, this conversion of chemical energy inte heat energy
is essential if the reactions inside the cell are to cause the universe as a
whole to become more disordered—as required by the second law.

The cell cannot derive any benelit [rom the heat energy it produces,
however, unless the heat-generating reactions inside the cell are directly
linked to the processes that maintain molecular order. It is the tight
coupling of heat production lo an increase in order thar distinguishes
the metabolism of a cell from the wastelul burning of fuel in a fire. Later
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Figure 3-8 With few exceptions, the
radiant energy of sunlight sustains all of
the tife around us. Trappad by plants and
seme microorganisms through

wnthesis, light from the sun is the

uitmate source of all energy for humans
and other animals. (Courtesy of Museum
Folkwang, Essen.)

Figure 3-9 Photosynthesis takes place in
two stages. The energy carriers craated in
the Tirst slage are two molecules that we
will discuss shortly—ATP and NADPH.

in this chapter, we shall illustrate how this coupling occurs. For the
moment, it is sulficient to recognize that a direct linkage of the “burn-
ing” of food molecules to the generation of biological order is required
if cells are to be able to create and maintain an island of order in a uni-
verse tending taward chaos.

Photosynthetic Organisms Use Sunlight to Synthesize
Organic Molecules

All animals live on energy stored in the chemical bonds of organic mol-
ecules made by other organisms, which they take in as food. The mole-
cules in food also provide the atoms that animals need to construct new
living matter. Some animals obtain their food by eating other animals.
Buf at the bottom of the animal food chain are animals that eat plants.
These plants, before being consumed, were busy trapping energy from
sunlight. As a result, all of the energy used by animal cells is derived ulti-
mately from the sun (Figure 3-8).

Solar energy enters the living world through photosynthesis car-
ried out by plants and photosynthetic bacteria. Photosynthesis allows
the electromagnetic energy in sunlight to be converted into chemical
bond energy in the cell. Plants are able to otlain all of the atoms they
need from inorganic sources: carbon from atmospheric carbon dioxide,
hydrogen and oxygen from water, nitrogen from ammonia and nitrates
in the soil, and other elements needed in smaller amounts from inor-
ganic salts in the soil. They use the energy they derive from sunlight to
form chemical bonds between these atams, linking them into small
chemical building blocks such as sugars, amino acids, nucleotides, and
fatty acids. These small molecules in turn are converted into the macro-
moleciles—the proteins, nucleic acids, polysaccharides, and lipids—
that form the plant. All of these substances serve as food melecules for
animals, and for fungi or bacteria, when these plants are later con-
sumed.

The reactions of photosynthesis take place in two stages (Figure
3-9). In the [irst, light-dependent stage, energy from sunlight is cap-
tured and transiently stored as chemical bond energy in specialized
small molecules that carry energy in their reactive chemicat groups. (We
discuss these activated carrier molecules in more detail later.)
Molecular oxygen (O gas), derived [rom the splitting of water by light,
is released as a by-product of this first stage.

In the second stage of photosynthesis, the molecules that serve as
energy carriers are used to help drive a carbon-fixation process in which
sugars are manufactured from carbon dioxide gas (CO;) and waler
(H20). By producing sugars, these light-independent reactions generate
a critical source of stored chemical bond energy and materials—both
for the plant itself and for any animals that eat it. We describe the ele-
gant mechanisms that underlie these two stages of photosynthesis in
Chapter 14,
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The net result of the entire process of photosynthesis, so far as the
green plant is concerned, can be summarized simply in the equation

light energy + CO» + HaO — sugars + Oz + heat energy

The sugars produced are then used beth as a source of chemical
bond energy and as a source of materials to make the manyv other smali
and large organic molecules that are essential to the plant cell,

Cells Obtain Energy by the Oxidation of Organic
Molecules

All animal and plant cells are powered by chemical energy stored in the
chemical bonds of organic molecules—either the sugars that a plant has
photosynthesized as food for itsell or the mixture of large and small
maolecules that an animal has eaten. Ta use this energy to live, grow, and
reproduce, organisms must extract it in a usable form. In both plants
and animals, energy is extracted from food molecules by a process of
gradual oxidation, or controlled burning.

The Earth's atmosphere contains a great deal of oxygen, and in the
presence of oxygen the most energetically stable form of carbon is CO
and that of hydrogen is H.0. A cell is therefore able to obtain energy
fram sugars or other organic molecules by allowing their carben and
hydrogen atoms to combme with oxygen Lo plOdUCB CQ2 and H20,
respectively—a process known as cellular respiration.

Photosynthesis and respiration are complementary processes
(Figure 3—10). This means that the transactions berween plants and ani-
mals are not all one way. Plants, animals, and microorganisms have
existed tagether an this planet for so long that many of them have
become an essential part of each others’ environments. The oxvgen
released by photosynthesis is consumed in the combustion of organic
molecules by nearly all organisms. And some of the CO» malecules that
are fixed today into organic molecules by photosynthesis in a green leaf
were released yesterday into the atmosphere by the respiration of an
animal—or by a fungus or bacterium decomposing dead organic mat-
ter. We therefore see that carbon utilizarion forms a huge cycle that
involves the Liosphere (all of the living erganisms on Earth) as a whole,
crossing boundaries between individual organisms (Figure 3-11).
Similarly, atoms of nitrogen. phosphorus, and sulfur move between the
living and nonliving worlds in cycles that involve plants, animals, fungi,
and bacteria. Procaryotes, in [act, are estimated to contain nearly half
the carbon stored in living organisims. And they are the single largest
reservoir of nitrogen and phosphorus on tarth, congaining 10 times
more of these nutrients than plants.
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Figure 3-11 Carbon atoms cycle
continuously through the hiosphere.
Individual carbon atoms are incorporated
i canic molecuiss of the living world
he photosynthetic activity of plants,
acteria, and marine algae, They pass to
arnimais, microorganisms, and organic
waterial in soil and ozeans in cyelic
ways. G0z Is restored to the
isphere when organic melecules are
il by cells or curmned by humans as
fLiels.
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Onidation and Reduction Involve Electron Transfers

The cell does not oxidize organic molecules in one step, as occurs when
organic material is burned in a fire. Through the use of enzyme cata-
lysts, metabolism carries the molecules through a large number of reac-
tions that only rarely involve the direct addition of oxygen. Before we
consider some of these reactions and the purpose behind them, we
need to discuss what is meant by oxidation.

Oxidation does not mean only the addition of oxvgen atoms; the
term also applies more generally to any reaction in which electrons are
transferred from one atom to another. Oxidation, in this sense, refers to
the removal of electrons, and reduction—the converse of oxidation—
refers to the addition of electrons. Thus, Fe?* is oxidized if it loses an
electron to become Fe’s, and a chlorine atom is reduced if it gains an
electron to become Cl°. Because the number of electrons is conserved
in a chemical reaction (there is no net loss or gain), oxidation and
reduction always occur simultaneously: that is, if one molecule gains an
electron in a reaction (reduction), a second molecule loses the electron
(oxidation). When a sugar molecule is oxidized to CO; and Hz0, for
example, the O; molecules involved in formmg H»0 gain electrons and
thus are said ta have been reduced.

The terms “oxidation” and “reduction” apply even when there is
only a partial shift of electrons between atoms linked by a covalent
bond (Figure 3-12A). When a carbon atom becomes covalently bonded
to an atom with a strong affinity for electrons—aoxygen, chlorine, or sul-
fur, for example—it gives up more than its equal share of electrons and
forms a polar covaient bond. The positive charge of the carbon nucleus
now slightly exceeds the negative charge of its elecirons: the carbon
atom therefore acquires a partial positive charge and is said to be oxi-
dized. Conversely, a carbon atom in a C-I linkage has somewhat moze
than its share of electrons, and so it is said to be reduced (Figure 3-12B).

When a molecule in a cell picks up an electron (e7), it often picks up
a proton (H*) at the same time (protons being freely available in water).
The net effect in this case is to acdd a hydrogen atom to the molecule

Ade +H"—= AH

Bven though a proton plus an electron is involved {instead of just
an electron), such hydrogenation reactions are reductions, and the
reverse, dehydrogenation reactions, are oxidations. It is especially easy
to tell whether an organic molecule is being oxidized or reduced: redue-
tion is occurring it its number of C-H bonds increases, whereas oxida-
tion is occurring if its number of C-H bonds decreases.

Cells use enzymes to catalyze the oxidation ol erganic molecules in
small steps, through a sequence of reactions that allows useful energy to
be harvested.
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In which aof the lollowing
ns does the red

Enzymes Lower the Barriers That Block Chemical al ?-':'|.I--g;.g-. an oxid:
Reactions tion?

Consider the reaction:
paper + Oz — smoke + ashes + heat « COz + 0O B. Cl—C (Cl atom — Cl-ion

The paper burns readily, releasing into the atrnosphere both water and . CH3CH2OH — CH3CHO
carbon dioxide as gases, and energy as heal. But the reaction is one- lethanol —
way: smoke and ashes never spontaneously gather carben dioxide and . CH3OHO — CHRCOOH
water from the heated atmosphere and reconstitute themselves info ;
paper. When paper bumns, its chemical energy is dissipated as heat—not

lost [rom the universe, since energy can never be created or idesiroyed.
but irretrievably dispersed in the chaotic random thermal motions of
molecules. At the same time, the atoms and molecules of the paper
become dispersed and disordered. [n the language of thermodynamics,
there has been a release of free energy, that is, of energy that can be har-
inessed o do work or drive chemical reactions. This loss reflects a loss of
orderliness in e way the energy and molecules had been stored in the
paper. We will discuss free energy in more detail shortly, but the general
principle is clear enough intuitively: chemical reactions proceed only in
the direction rhat leads to a loss of free energy; in other words, the spon-
tancous direction for any reaction is the direction that goes “downhill.”
A"downhill” reaction in this sense is often said e be energetically fivor-
able.

Although the most energetically favorable form of carbon under
ordinary conditions is COs, and that of hydrogen is H»0, a living organ-
ism will not disappear in a puff of smoke, and the book in your hands
will not burst spontaneously into flames. This is hecause the molecules
both in the living organisim and in the book are in a relatively stable

state, and they cannot be changed to lower-energy staies without an
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initial input of energy. In other words, a molecule requires activation
energy—a boost over an energy harrier—before it can undergo a chem-
ical reaction that moves it to a lower-energy (more stable) state (Figure
3-13A). In the case of a burning book, the activation energy is provided
by the heat of a lighted match. For the molecules in the watery solution
inside a cell, the boost is delivered by an unusually energetic random
collision with surrounding molecules—collisions that become more
violent as the temperature is raise.

In aliving cell, the push over the energy barrier is greatly aided by a
speciatized class of proteins—the enzymes. Each enzyme binds tighty
to one or two molecules, called substrates, and holds them in a way that
greatly reduces the activation energy needed to facilitate a specific
chemical interaction between themn {Figure 3-13B). A substance that
can lower the activation energy of a reaction is termed a catalyst; cata-
lysts increase the rate of chemical reactions because they allow a much
larger proportion of the random collisions with surrounding molecules
to kick the substrates over the energy barrier, as illustrated in Figure
3-14 and Figure 3-15A. Enzymes are among the most effective catalysts
known, often speeding up reactions by a tactor of as much as 10" (tril-
lions of times faster than the same reactions would proceed without an
enzyme catalyst). Enizymes thereby allow reactions that would not oth-
erwise occur to proceed rapidly at normal temperatures. Without
enzymes, life could not exist.

Enzvines are alse highly selective. Each usually catalyzes only one
particular reaction: in other words, it selectively lowers the activation
energy for only one of the several possible chemical reactions that its
bound substrate molecules could undergo. In this way enzymes direct
each of the many different molecules in a cell along specific reaction
pathways (Figure 3-15B and ().
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The success of living organisms is artributable 1o the cell’s abiliry ro
make enzymes of many tvpes, each with precisely specified properties.
Each enzyme has a unique shape containing an acéive site, a pocket or
groove in the enzyme into which only particular substrates will [it
{Figure 3-16). Like all other catalysts, enzvime molecules themselves
remain unchanged after participating in a reaction and therefore can
function ever and over again. In Chapter 4, we will discuss further how
enzymes work, after we have looked in detail at the molecular structure
of proteins.

The Free-Energy Change for a Reaction Determines
Whether It Can Occur

Although enzymes speed up reactions, they cannot by themselves [orce
energetically unfavorable reactions to occur. To use a water analogy,
enzymes by themselves cannot make water run uphill. Cells, however,
must do just that in order to grow and divide: they must build highly
ordered and energy-rich molecules from small and simple ones. We will

floving

Stream

uncatalyzed reaction—wavies not laige calalyzed reaction—wavos often surmount bairier
enough to surmaount harner

LA}

(B) uncatilyzed enzymea catzlysis of redction 1

eRergy

(C}

Figure 3-15 Enzymes catalyze reactions
by lowering the activation energy barrier.
(A) The dam represants the activation
energy, which is fowered hy erzyme
catalysis. The green bhall represents a
potential substrate {hat is bouncing up and
downt In energy level dug o constant
encountars with waves, an analogy for the
thermal bombardment of the substrate with
&r malsculess, When
activation energy—is lowered
the halls {substrates)

c1anif aHy 1t aliows
Signimncantly, 1T adoww

activation energy harriers for four different
amical reachions that are all energetically
ie because the products are at lower
y levels than the subsirates, In the
iefll-hand box, none of these reactions

enargy |

energy barriers. In the right-hand box,

enzyme catalyais lowers the activation
energy for reaction number | only; now the
fostling of the waves allows nessage of thi
malecule over only this energy barrier,
inducing reaction 1. {C) A bra
I a ==t of barrier dam
sarves 1@ jllustrats
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Figure 3-16 Enzymes convert substrates
to products while remaining unchanged
themselves. Cach enzyme has an active
site 1o which one or two subsirate

lzcules kind, forming an

—substrate complex. 4 reaction

=x, The product is
n released, allowing the enzyme 1o bind
aciditional substrate molecules.
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see thati this is done through enzymes that directly couple energetically
favorable reactions, which release energy and produce heat, to energet-
icafly unfavorable reactions, which produce biological order.

Before examining how such coupling is achieved, we must consider
more carefully the lerm “energetically favarable.” According to the sec-
ond law of thermodynamics, a chemical reaction can proceed only if it
results in a net (or overall) increase in the disorder of the universe (see
Figure 3-6). Disorder increases when useful energy that could be har-
nessed to do work is dissipated as heat. The criterion for an increase of
disorder can be expressed most conveniently in terms of the free
energy, G, of a system. The value of Gis of interest only when a system
undergoes a change, so that the free-energy change, denoted AG (“delta
G"), can be specified. Suppose that the system being considered is a coi-
lection of molecules. Because of the way free energy is defined, AG
measures the amount of disorder created in the universe when a reac-
tion takes place that involves these molecules. Energetically favorable
reactions, by definition, are those that create disorder by decreasing the
free energy of the system to which they belong; in other words, they
have a negative AG (Figure 3-17).

A familiar example of an energetically favorable reaction on a
macroscopic scale is the “reaction” by which a compressed spring
relaxes to an expanded state, releasing its stored elastic energy as heat
to its surroundings; an example on a microscopic scale is the dissolving
of salt in water. Conversely, energetically unfavorable reactions, with a
positive AG—such as those in which two amino acids are joined
together to form a peptide bond—by themselves create order in the uni-
verse. Because these reactions require energy, they can take place only
if they are coupled to a second reaction with a negative AG so large that
the net AG of the entire process is negative (Figure 3-18}. These con-
cepts are summarized, with examples, in Panel 3-1 (pp. 96-97).

The Concentration of Reaciants Influences the
Free-Energy Change and a Reaction’s Direction

As we have just described, a reaction Y = X will go in the directionY = X
when the associated free-energyv change, AG, is negative, just as a tensed
spring leit to itsell will relax and lose its stored energy to its surround-
ings as heat. For a chemical reaction, however, AG depends not only on
the energy stored in each individual molecule, but also on the concen-
trations of the molecules in the reaction mixture. Remember that AG
reflects the degree to which a reaction creates a more disordered—in
other words, a more probable—state of the universe, Recalling our coin
analogy, it is very likely that a coin will flip from a head to a tail orienta-
tion if a jiggling box contains 90 heads and 10 tails, but this is a less
probable event if the box contains 10 heads and 80 tails. For exactly the
same reason, for a reversible reaction Y = X, a large excess of Y over X
will tend to drive the reaction in the direction ¥ — X; that is, there will

synthess



be a tendency for there to be more molecules making the transition
Y — X than there are moiecules making the transition X — Y. Therefore,
the AG becomes more negative for the transition ¥ — X (and more pos-
itive for the transition X — Y) as the ratio of Y to X increases.

How much of a concentration difference is needed to compensate
far a given decrease in chemical bond energy (and an accompanying
heat release)? The answer is not intuitively ehvious, but it can be deter-
mined from a thermodynamic analvsis that separates he concentra-
tion-dependent and the concentration-independent parts of the free-
energy change. The AG for a given reaction can thereby be written as the
sum ol twi parts: the first, called the siindard fiec-cnergy change, AG®,
depends on the intrinsic characters of the reacting molecules. based on
their behavior under ideal conditions; the second depends on theircon-
centrations. For the simple reaction Y - X at 37°(,

AG = AG® + 0.616 In f‘]
where AG is in kilocalories per mole, [V and [X] denote the concentra-
tions of Y and X, 0.616 is a constant, and In is the natural logarithm.

Note thal AG equals the value of AG® when the molar concentra-
tions of Y and X are equal (In 1 =0). As expected, AG becomes imore neg-
ative as the ratio of X 1o Y decreases (the In of a number < 1 is negative).

Chemical equilibrium is reached when the lorward and reverse
reaction rates are equal, resulting in a state at which the ratio of reactant
to product remaing consiant. In other words,

X

= T

where Kis the equilibrium constant. This expression portrays the point
at which the concentration effect just balances Lhie push given to the
reaction by AGY, so that there is no net change of [ree energy to drive the
reaction in either direction (Figure 3-191. Here A6 = 0, and so the con-
centrations of Y and X arc such that

_?;]I = AG°=1.42 log 39
Because linis log,, this means that there is chemical equilibrivm at 37°C
{our body temperature) when

N

~0.6161In ['\2

D‘:I _ g MGFIOGI6 _ (Al 1a2

Table 3-1 shows how the equilibrium ratio of Y 10 X {expressed as an
equilibrium constant, K) depends on the intrinsic character of tie mol-
ecules, as expressed in the value of AG™

We have (hus far discussed the simplest of reactions, Y — X, in
which a single substrate is converted into a product. But what happens
in the more common situation, where two reacrants conibine to form a
single product, A + B = AB?

The same principles apply, except that now the equilibrium con-
stant, K, depends on the concentrations of both of the reactants in addi-
tion to the product:

K= [AB]/[A][B]

The concentrations ol both subhstrates are multiplied because the
formation of product AB depends on the collision ol A and B, and these
encounters occur at a rate that is proportonal 1o [Al = [B].

The Equilibrium Constant Indicates the Strength
of Molecular Interactions

Because the equilibrium constant (K of a reaction is related divectly to

the standard [ree-energy change (AGY), it is conunonly emploved as a

Cagilysis

4
positive
AG
X

The energetically unfavorable
reaction ¥ —Y is drivan by the
enargetically favorable reactiocn
C —= [, bacause the free-enargy
change far the peir of coupled
reactions 15 lesa than zero.

Figure 3- 18 Reaction coupling can drive
an energetically unfavorable reaction.

Question 3-3

Consider again the anal-

of the jiggling box

oy

containing coins that was

described in the text. The
reaction, the flipping of
coins that either face

heads up (H) or tails up (1

described by the equation H

A& What are AG and AG® in this
analogy?

B. What corresponds to the
temperature at which the
reaction proceeds? What
corresponds to the activation
energy of the reaction? Assume
vou have an "enzyme,” called
jigelase, thal catal

on. What would the effect

of jigglase be and what,
mechanically, might jigelase do
in this analogy?
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Panel 3-1 Free energy and biological reactions

’

\

FREE ENERGY

This pane| reviews the concept of free energy and offars

examplas showing how changes in free enargy determing
whather—and how—biological reactions oseuy

Tha maolecules of g living celi possess energy because of their
vibrations, rotations, and movement through space, and
begause of the energy (hat is stored i the bonds hetween
individual atormns.

The free oneroy, 5 (n kealimole or kd/mole; 1 kilocalorie is
equal to 4,184 kilojoules), measures the energy of a molecule
that could in principle be used to do vseful work at constant
temperature (as in a living cell).

~

-

REACTIONS CAUSE DISORDER

Think of a chemical reaction occurring in an isclated cell with
constant temperature and volume. This reaction can produce
disorder in fwo ways.

T Changes of hond energy of the reacting molecules can

rause heat to be released, which disorders the environment.

heil

2 The reaction can decrease the amount of order in the
reacting moleculas—for example, by breaking apart a long
rhain of molecules, or by disrupting an interaction that
prevents bond rotations,

NORSS

(.

fl.r"_

REACTION RATES

A spontaneous reacticn is not necessarily an instantaneous
reaction: a reaction with a negative free-energy change (AG)
will not necessarily occur rapidly by itself. For the combustion
of glucose in oxygen:

CH,OH
H L 9 oH
| | .

o ML o+ 60, —= 600, + BH,0
N4
MO C=——C H

| |

H QH

VG = -BBE kealimale

But even this highly favorabis reaction may not occur for
caniuries unless there are enzymes to speed up the process.
Cormvaersaly, enzymes are able to catalyze reactions and speed
ug their rate, but they do not change the AG® of the reaction.

7

AG("DELTA G”)

Changes in free energy occurring in a reaction are
denoted by (5, where “A" indicates a difference. Thus
for the reaction:

A+B—= C+D

A7 = free energy {C = D) minus free energy (A + B)

AG measures the armount of disorder caused by a
reaction: the change in order inside the cell, plus the
cnange in order of the surroundings caused by the heat
released.

AG is useful because it measures how far away from
equilibrium a reaction is. Thus the reaction

B0 — [ + @

has a large negative AG bacause ceils keep it a long way
fram equilibrium by continually making fresh ATP.
However, if the cell dies, then most of its ATP becomeas
hydrolyzed, until equilibrium is reached (forward and
backward reactions occur at equal rates) and AG = 0.

r’_

SPONTANEQUS REACTIONS

From the second law of thermodynamics, we know

that the disorder of the universe can only increase. AG

is negative if the disorder of the universe {reaction
plus surroundings) increases.

I ather words, s chemical reaction that ocours
spontanaously must have a negative AG

G, - @

products asetants = 4G < 0

EXAMPLE: The difference in free energy of 100 ml of

10 mM sucrose {commeon sugar} and 100 ml of 10 mM
glucose plus 10 mM fructose is about -5.5 calarias.

Therefore, the hydrolysis reaction (sucrose — glucose
+ fructose) can proceed spontaneously.

N \\____H_{/‘
-
0, @ e ©°
*e g

giucose +
fructase

sucrose

In contrast, tha reverse reaction (glucose + fructose —»
sucrose), which has a AG of +5.5 calor 25, could not

occur without an input of energy from a coupted
reaction.
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PREDICTING REACTIONS

To predict the outcome of a reaction {will it proceed o
the right or to the left? at what point will it stop?), we
must measure its standard free-energy change (4G°).
This guantity represents the gain or loss of free energy
as one mole of reactant is converted to one mole of
product under “standard conditions” {all malecules
present at a concentration of 1 M and pH 7.0},

LG for some reactions

glucose-1-P — glucose-6-P -1.7 keai/mole

sucrose —e glucose + fructose —5.5 kcal/mole

driving forc

ATP —= ADP + P, -7.3 keal/mole

glucose + 60, — BCO, + 6H,0  -686 kcal/mole

\

fr
CHEMICAL EQUILIBRIA

A fixed relationship exists batween the standard free-
energy change of a reaction, (i, and its equilibrium
constant k. For example, the reversible reaction

Y o X

will proceed until the ratio of concentrations {X1/[Y] is
equal to K (nale: square brackets [ | indicate
concentration). At this point the free energy of the
system will have its lowest value.

equilibrium
point
free

Bnergy lowes!
of ayatam . B e e t— [riEn
/ enargy
'
1X] ;
[¥1
At 37°C, AG® ==1.42 log oK

K T T
For example, the reaction

CIH,OH CHLO-(F

@ W

glucose-1-F pluctse-6-F

has AG" = -1.74 kcal/mole. Therefore, its equilibrium

constant

K 1D-IJQH L?!= 10|'?H|= 1?

So the reaction will reach staady state when
[glucoea-6-P1glucose-1-P| = 17

-

N

COUPLED REACTIONS

Reactions can be "coupled” together if they share
one or more intermediates. In this case, the overall
free-energy change is simply the surn of the
individual AG® values. A reaction that is unfavorahle
{has a positive AG”) can for this reason be driven by
a secand, highly favorable reaction.

SINGLE REACTION

e - & — a8

alucose fructose

AG*
+5.5 kpalimole
SUCTOSE

MET RESLLT: will not occur!

COUPLED REACTION

® + rr— @@ + 0P|

glucose glucose- -

L 2CERN Eod o KNG

uvlucose-1-P fruclese

AGY =

-1.8 keal/male

SUCTOSE

MET RESULT: Sucrose is made in a reaction driven
by the hydrolysis of ATP.

ri'_

HIGH-ENERGY BONDS

One of the most common reactions in the cell is
hydrolyas, inwhich a covalent bond is split by
adding water.

hydrobyets
e

OH + HF—-

The AG® for this reaction is sometimes loosely termed
the “bond energy.” Compounds such as acetyl
phosphate and ATP that have a large negative AG® of
hydrolysis are said to have “high-energy” bonds.

AGe

(kcal/mole)
ﬂCEW'@ —  acetale + ~10.3
ATP  —= ADP + (7)) 73
glucose-6-P—=  glucose + @ -3.3

(Note that, for simplicity, water is omittad from
the above equations.)

J
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Figure 3-15 Reactions will eventually
reach a chemical ethbnum When
reaction reaches equilibrum, the forward

ward 1 f rear
s are enual and

Table 3-1 Relationship Between the
Standard Free-Energy Change, AG®,
and Equilibrium Constant

R oFY
100 =71 (=29.7)
10# 5.7 (-23.8)
103 -42(-18.0)
102 28117
10 ~1.4(-59)

1 0 (0

107! 1.4055)

102 281(11.7)

10— {18,0)
3 B}
7.1(29.7)

e simpee chemical reaction
= X using the equation given in the texl.

= AGT given here is 'n kilocalories per
ale at 37°C, with Llojoules per mole in
parentheses (1 kilocalorie is equal to

LE4 Wilojoules). As explained in [he toxt,
AST peprasents the fee-enermy difference

nponents are proscot at a concentlatiol

i 1.0 molsfiter)

Froem this table, we zoe thal if Lere 153
favorabie free-s inge of

4 fdimila) for the
trans Y — K, ihers witl e 1000 time
more molecules in staie X than in stals .

The formation of X is enargetically favored in this example. But dus to thermal
ombardments, there will shways be some X converting to Y and vice varsa,

SLIPPOSE WE START

WITH AN EGLIAL NUMBER:OF ¥ AND ¥ MOLECULES
For each f,-" =3 ; ¥
individual {"“L_: - 0 0
molecule v
¥ ¥
00—
X

therafore the ratio of X 10Y
miplegules will increass

convarsion af
Yoo X owill
coour often.

{"l [raees Canversionof Xto Y

y d will noour less often,
because it requires a
more energetic collision
Lhan the transition
Y = X,

EVENTUALLY there will be a largs
compensate for the slow rate of X — %

Lp— V590,
C— 000 80

AT EQUILIBRIUM  the number of ¥ maleculas being converled 10 X moleciles
each second is exacily egqual 1o the sombier of J\' mnlecilos being converted to
¥ molecules each second, so that there is no net change in the ratio of Y to X,

nough uxeess of X over Y 16 just
Equilibrium will then be attainad.

measure of the binding strength between molecules. This value is very
useful as it indicates the specificity of the interactions between the mol-
ecules,

Consider the reaction shown in Figure 3-20, where molecule A
interacts with molecule B. The reaction proceeds until it reaches equi-
libriurmn, at which peint the number of association evenis precisely
equals the number of dissociation events; at this peint, the concentra-
tions of reactants and of the complex AB can be used to determine the
equilibrium constant.

This equilibrium constant becomes larger as the binding energy
between the two molecules increases. And the larger the equilibrium
constant, the greater the difference in free energy benween the associ-
ated and dissociated states (Figure 3-208]. Stronger binding energy
therefore favors the interaction of the substrates. Even a change of a few
noncovalent bonds can have a striking effect on a binding interaction,
as illustrated in Figure 3-21. In this example, eliminating a few hydro-
gen bonds from a binding interaction causes a dramatic decrease in the
amount of complex that exists at equilibrium.

The equilibrium constant governs all of the many associations and
dissociations of macromolecules and small molecules inside a living
cell—including the binding of enzymes to theiv substrates.

For Seguential Reactions, the Changes in Free Energy
Are Additive

The course of most reactions can be predicted quantitarively. A large
body of thermodynamic data has been collected that makes it possible
to calculate the standard change in free energy, AGS, for most of the
important metabolic reactions of the cell. The overall free-energy




lissnmiation

A B — i . B The relati sk i s
(N[44
M S sl . _ dissociation . concantration rants
dissocalion e = L constant of AB
frae
BrgY
2 [AB] o 4 TS
f assaciation E K free energy
i — s A of A 4+ B
association — association | soncentralion LConcentration lkeal/male)
rate raie constant of A of B 1 0
10 -1.4
1c° -2.8
1 1
) 16 7
AT EQUILIBRILM 168 71
10° 8.6
association rate = dissociation rate 107 -10.0
5
ke 1ATIB] =k [AB] 10!_‘ -11.4
107 =129
0'® —14.2
uilih i i R
J -15.6
(A B}

Figure 3-20 The energy of binding interactions is reflected in the
equilibrium constant. (A) The equilibrium between molecules A and

B and the complex AB is maintained by a balance e |
¥lale ! wn in (1) and {2). Mc s Aand B
in I the associalio is theraf

proportional o the product of their individual concanirations |A] = [B],

I

shiere the symbol | " indicates concentralion. As shawn in (3}, lhe
ratio of the rate caonstanis for the association and the cissociation

ns is agual to the egullibrium constant (K for the reaction.
(B} T quilibrium const 2l is L far the reaction
A + B = AB, and the larger i1s value, 5ls 21 i 1t ding

n A and B. For ovi ry 1.4 kealimole (5.9 kJ/moled of free
anergy difference, the equilionium consiznt changes by a faclor of 10,

change for a metabolic pathway is then simply the sum ol the free-
energy changes in each of its component steps. Consider, for example,
(wo sequential reactions

X=YandyY =7

where the AG® values are +5 and -13 keal/mole, respectively. (Recall that
amoleis 6= 107 molecules of a substance.) I{ these two reactinns occur
sequentially, the AG® for the coupled reaction will be -8 kcal/mole.
Thus, the unfavorable reaction X — Y, which will not occur sponta-
neously, can be driven by the favorable reaction Y — 7, provided that the
second reaction lollows the first.

Cells can therefore cause (he energetically unfavorable wansition,
X =Y, to occur il an enzyme catalyzing the X -+ Y reaction is supple-
mented by a second enzyme thal catalyzes the energetically favorable
reaction, Y — Z. In effect, the reaction Y — 7 acls as a “siphon,” pulling
the conversion of all of molecule X to melecule Y, and thence (o mole-
cule Z (Figure 3-22). For example, several ol the reactions in the leng
pathway that converts sugars inte CO» and F-»0 are energetically unfa-
vorable. But the pathway nevertheless proceeds rapidly o completion
because the Lotal AG® for the series of sequential reactions has a large
negative value.

But ferming a sequential pathway is not adequate for many pur-
poses. Often the desired pathway is simply X — Y, without furtlier con-
version of Y to some other product. Fortunately, there are other, more

Consider 1000 meiaculss of A and
1000 molecuies of B in a eucaryotic

cell. The concentration of both will
e about 1077 B
If the equllibrium constant (K

far &+ B = 3 1™ 1 1
irium thera will be

270 270 130

A B AE
molecules maolecule

{ the equilibrium ¢
weaker at 101", whi
1 loss of 2.8 ke

iands, then there will he

q9156 a35
A B “B
moletulas maolecules  molecsies

Figure 3-21 Small changes in the

number of weak honds can have drastic

effects on a hinding interaction. 175
nole i ) .

the presance or

P —— } A=t B

ncavalent bonds in @ biclog

= 29
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Figure 3-22 An energetically unfavarabie
reaction can be driven by a second
reaction, which acts as a chemical
siphon. (A) Al equilibrium, there are twice
as many X molecules as Y molegulos,
because X is of lower enargy than Y.

{B) At equilibrium, there are 25 times more
Z melecules than Y molecules, because 7
Is of much lower energy than Y. (C) If the
reactons in (A) and (B) are coupled, nearly
all of the X molecules will be converted to
Z moleculas, as shown.

(Question 3-4

Look carefully at Figure
3-22. Skerch an energy

diagram similar to thal
in Figure 3-13 for the
two reactions alone and
tor the combined reac-
tions. Indicate the standard fee-

energy changes for the reactions X —
Y Y = Z and X = Z in the graph.
Indicate how enzymes that catalyze
these reactions would change the
energy diagram.

distance
traveled

Chaprer &0 Enargyy. Caloivsis, ang Biosyn

LIE,  #, -89

edpibibeiun poirt for
X—=% rgaclion alang

aquilibrium point for
Y¥—Z reaction elone

| a)?,

equilibrium point for sequential reactions X —=Y-=2

general ways of using enzymes to couple reactions together, involving
production of activated carrier maolecules that can shuttle energy from
one reaction site {o another. We will see shoitly how these systems work.

Rapid Diffusion Allows Enzymes to Find Their Substrates

Enzymes and their substrates are both present in relatively small num-
bers in a cell. Yet a typical enzyme can capture and process about a
thousand substirate molecules every second. This means that an
enzyme must be able to release its product and bind a new substrate in
a fraction of a millisecond. How can these molecules find each other so
quickly inside the cell?

Rapid binding is possible because motions are enormously fast at
the molecular level. Because of heat energy, molecules are in constant
motion and consequently will explore the space inside the cell very effi-
ciently by wandering randomly through it—a process called diffusion.
In this way, every molecule in a cell collides with a huge number of
ather molecules each second. As the molecules in a liquid collide and
bounce off one another, an individual molecule moves first one way and
then another, its path constituting a radorm walk (Figure 3-23). In such
a walk, the average distance that each molecule travels (as the crow
flies) from its starting point is proportional to the square reot of the time
it takes: that is, il if takes a molecule 1 second on average to travel 1 um,
it takes 4 seconds to travel 2 um, 100 seconds to travel 10 pm, and so an.
Thus diffusion only works well for very short distances. To quickly maove
molecules over larger distances, cells need to rely on more active and
directed methods of transport—processes that inevilably require an
expenditure of cellular energy.

Figure 3-23 A molecule traverses the celi by taking a random walk.
Malecules i solution move in a randorn f2shion due to the condnual
buffeting they receive in collizions with other molecules. This
maovement allows small molecules lo diffuse rapidly from one part of
the celi to ancther.




Figure 3—24 The cell cytoplasm is crowded with various melecules.
@ is approximately (o scale. Only the macromoleculas are

showr: RMAs are shown in Dlue, ribosomes in gr
lecules diffuse

s AN ather macron
y interach witl
mall molecules, by contrast L

3 in water, (Adapted from D.5. Goc
16:203-206, 1991 )

The inside of a cell is very crowded (Figure 3-24). Nevertheless,
experiments in which luorescent dyes and other labeled molecules are
injected into cells show that small organic melecules diffuse through
the dense aqueous gel of the cytosol nearly as rapidly as they do through
water. A small organic molecule, n substrate, for example, takes only
about ane-fifth of a second on average to diffuse a distance of 10 pm.
Diffusion is therefore an efficient way for small molecules to move Jim-
ited distances in the cell.

Enzymes and other macromolecules, however, diffuse through the
cytoplasm much more slowly than do small molecules. Because
enzymes move mare slowly than their substrates, we can think of them
as sitting still. The rate of encounter of each enzyme molecule with its
substrate thus depends on the concentration of the substrate molecule.
For example, some abundant substrates are present in the cell at a con-
cenfration of 0.5 mM. Because pure water is 55 M, there is only about
one such substrate molecule in the cell for every 10° warer molecules.
Nevertheless, the active site on an enzyme molecule that binds this suls-
strate will be bombarded by about 500,000 random collisions with the
substrate molecule per second. For a substrate concentration tenfold
lower (6.05 mM), the number of collisions drops to 50,000 per second,
and so on. A random encouster between the surface of an enzyme and
the matching surface of its substrate molecule often leads immediately
to the formation of an enzyme-substrate complex that is ready to reacl.
A reaction inn which a covalent bond is broken or formed can now occur
extremely rapidly. Once one appreciates how quickly molecules move
and react, the observed rates of enzymatic catalysis do not seem so
amazing.

When an enzyme and substrate have collided and snuggled
tegether properly at the active site, they form multiple weak bonds with
each other that persist until random thermal motion causes the mole-
cules to dissociate again. These weak interactions can include hydrogen
bonds, van der Waals attractions, and ionic bonds {as discussed in
Chapter 2). In general, the stronger the binding of the enzyme and sub-
strate, the slower their rate of dissociation. When two celliding mole-
cules have poorly matching surfaces, few noncovalent bonds are
formed and their total energy is negligible compared with that of ther-
mal motion. In this case the two molecules dissociate as rapidly as they
come together (see Figure 2-32). This is what prevents incorrect and
unwanted associations from forming between nrismalched molecules,
such as between an enzyme and the wrong substrate.

Vmax and Ky Measure Enzyme Performance

To catalyze a reaction, an enzyme first binds its substrate. The substrate
then undergoes a reaction to form the product, which inidally remains
hound to the enzyme. Finally, the product is released and diffuses away,
leaving the enzyme free to bind to anorher substrate molecule and

Question 3-5

e enzvme carbonic
anhydrase is one of the
speedies eNZYIMmes :

known. It catalyzes the ‘
hydration of CO: 1o -
HCOy (COs + HaD = HCOa + HY).
['he rapid conversion of CO» gas into
the much more soluble bicarbonate
ion (HCOg7) is very important for the
efficient transport of COs from tis
sue, where COz is produced by respi-
ration, to the lungs, where it is
exhaled. Carbonic anhydrase accel-

erates the reaction 10'-fold, hydrat
ing 107 COy moleciles per second at
its maximal speed. What do you sup
pose limits the speed of the enzyme?
Sketch a diagram analogous to the
one shown in Figure 3-14 and indi-
cate which portion of your diagram
has been designed to display the 10-

fold acceleration.
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Figure 3-25 An enzyme’s performance
depends on how rapidly it can process its
substrate. The rate of an enzyme reaction
(V) ases as the substrate concentration
ses until a maximum valug (Vi) is
=chied. At this point all substrate-binding
e5 on the enzyme molecules are fully
occupied, and the rate of reaction is limited
oy the rate of the caalytic process on the
enzsyma surface. For most enzymes the

E Ttration of substrate at which the

mzasure of how tightly the substrate is

nd, with a large value of Ky (a large
unt of subsirate readed) corresponding

to weak binding,

(Juestion 3-6

In cells, an enzyme cat-

alyzes the reaclion AB —

A+ B It was isolated,

however, as an enzyme

that carries out the
opposite Teaction A + B — AR
Explain the paradox.

Figura 3-26 Enzymes cannot change the
equilibrium point for reactions. Enzymes,
like all catalysts, spead up the lorward and
Dachwesrd 1ales of a reaction by the same
factor. Therefare, for ooin the catalyzed
=nrl the uncetalyzed reactions shown here,
ez number of moscules undergoing the
fransiton X — Y s equal 1o the number of
molecules undergeing the transition

X when the ratio of Y moleculzs to
:cules is 3.5 W 1. In olher words,
he catalvzad and uncatalyzed

tons will evenrually reach the same
equilinrium point.

FOpter 3 Energy. Camab/sis

tion rate is hali-maximal (K} is a direct

and B

rate of reaction —w

substrate concentration ==

catalyze another reaction (see Figure 3-16). The rates of these different
steps vary widely from one enzyme to another, and they can be meas-
ured by mixing purilied enzymes and substrates together under care-
fully defined conditions.

If the concentration of the substrate is increased progressively from
a very low value, the concentration of the enzvme-substrate complex—
and therefore the rate at which product is formed—initially increases in
a linear fashion in direct proportion to subsirate concentration.
However, as more and more enzyme molecules become occupied by
substrate, this rate increase tapers off, until at a very high concentration
of substrate it reaches a maximum value, termed Vipay - Af this point, the
active sites of all enzyme molecules in the sample are fuily occupied
with substrate, and the rate of product formation depends only on haw
rapidly the substrate molecule can be processed. For many enzymes,
this turnover number is of the order of 1000 substrate molecules per
second, although turnover numbers between 1 and 10,000 have been
measured.

The concentration of substrate needed to make the enzyme work
efliciently is often measured by a different parameter, the Michaelis'
constant, &y, named after one of the biochemists who worked out this
relationship. An enzyme's Ky is the concentration of substrate at which
the enzyme works at half its maximum speed (0.5 Vinay; Figure 3-25). In
general, a low value of Ky indicates that a substrate binds very tightly to
the enzyime, and a lavge value corresponds to weak binding. For a dis-
cussion of how we measure these parameters, and how we can use them
to model biochemical pathways—and potentiaily to design betier cata-
lysts—see How We Know, pp. 103-105.

It is important to recognize that when an enzyme (or any catalyst)
lowers the activation energy for the reaction ¥ — X, it also lowers the
activation energy for the reaction X — Y by exactly the same amount
{see Figure 3-13). The forward and backward reactions will therefore be
accelerated by the same factor by an enzyme, and the equilibrium point
for the reaction (and AG®) will remain unchanged (Figure 3-26).
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Metabolic Pathways

At first glance, it seems that a cell's metabiolic pathways

are pretty well |'!‘.r“-|ir-per" out. If the complex web of reac-
tiors outlined in Figure 3-2 is any indication, each reac-

icr appears to proceed prediciably to the next—subsirate
X iz converted to product Y, which is passed along to
enzyme Z. 30 why would anyone need to know r*'sturlly
how tightly a particular enzyme clutches its substrate? Or
whether it can process 100 or 1000 subsirate melecules
every second?

In reality, these elaborate maps merely suggest which path-
ways & cell mipht follow as i convarts nulrients into smiall
molecules, chemical energy, and the larger buildirg blocks
of life. They do not reveal precisely how a cell will behave
under a particular set of conditions—which pathways it will
take when it is starving, when it is well fed, when oxygen is
scarce, when it is s'ressed, or wnan it decides o divide. The
'C’y of an enzyme’s kinetics—how fast it cperates, how it
5 subst f:ll.'.. lar-w i'Q AL:['w-i‘v is r'ﬂ'"ﬁrn’ Iﬂn:i—-ﬂ'-Wm«-‘ﬂ

dict how
now \t WIH interact W|_h othu tnzylms ina nethIH.

\.ll..\‘..h
knowledge leads to a deeper understanding of cell biclogy,
and it opans the door to leaming how to harness enzymes

How We Know: Using Kinetics to Model and Manipulate

in a test tu

B

2, how rapidly the reaction proceads in the
ence of c1|uf-.rrr.r“.-t concentrations of substrate: the rate
should inc as the amount of trate rises until the
reaction reaches I8 Ve The velocity of the reaction is
measurad by monitoring how quickly the substrate 13 con-
sumed or how rapidly the product accurmulates. In many

cases, the appearance of product ar the disappearance of
substrate can bo observed directly wilh a spect om'nlumﬁ-
e This instrument detects the presence of malecules that

absarb light at a selected wavelength; MADH, for example.
absorbs light at 340 nm, while its oxidized counterpart
NAD* does not. So a reaction that generates NADH (by
reducing NAC "} can be monitored by [ollowing Lhe forma-
tion of NADH specirophotometrically.

To determine the Vi, of a reaction, one seis up a series af
test tubes, each tube containing a different concentration
of substrate. For each tube, one adds the same amaount of
enzyme and then measures the velocity of the reaction—
the number of micromoles of substrate consumed or prod-
uct gererated per minute. Because these numbers will
tend to decrease over lime, the rate used is the velocity
measured early in the reaction. These initial velocity values

to perform dasired reactions. {v) are then plotted against the substrate concentration,
yielding a curve like the one shown in Figure 3-27.
Speed
The first step 1o understanding now an enzyme perfarms Looking at this plot, however, It is difficult fo determine the
involves determining the maximal velocity, Vpa., for the exacl value of V., as it is not clear where the reaction rate
reaction 1 catahyzes. This s accomplishied by measunng will reach its plateau. To get around this problem, the data
g G
(A (8 )/. (Cl
[ ,CJ’L' z |
/ \/I 151 c K,
Ve 5 F
= 18] £ &
E
-y B KM
= v = (VISH + 1V, ..
IR Y \ max
incraasing [S] — TV UV,
8]t 1B)  (ph
Figure 3-27 Reaction rate data are plotted to determine Vi and K. (A} A series of substrale concentraiions is prepared,
p (LS
and initial s =g gdatermined. (B) The initial velocilies are plofited against the sut f ntrations. The
o describing such 8 rocla is y 3x/(0 + x). Subst 2 L c [erma, the equation becomes rate
\Equ\'ﬂ F1S1), where v is the initial velocity, Vi 15 the asymptote of IIL curve (Ihe value of y at an infinite value of 1), and
KM is equal 10 the subsirate cencentration, where v is ane-half V... This is called 1he Michaslis-Menten equation, na
pischemists who [ fld i} e ic retationship. (C) In the double-reciprocal plat, 1/v is plotted against 1/(5).
The eguaticn describing this straight | 5 1f (! Venand % LAS] + 1/ when 1/15) = D, the y intercept (1/v) is
When 1/ = O, the x intercept (l,/IS].- is —1/Ku. By convention, lowercase are used for variables (hence v for ve
uppercass leters are used for constants (hence Vg,
o v,




dre converted to their reciprocals and graphed in a "dau-
ble-reciprocal plot," where the inverse of the velocity {1/v)
appears on the v axis and the inverse of the substrate can-
centration (1/[S]) on the x axis (see Figure 3-27C). This
graph yields a straight line whose y intercept (the point
where the line crosses the v axis) represents 1/V e and
whose x intercept corresponds to —1/Ky. These values are
then easily converted to values for Vi and K.

Enzymologists use this technique to determine the kinetic
parameters of many enzyme-catalyzad reactions (although
these days camputer programs automatically plot the data
and spit out the scught-altar values). Some reactions, hiow-
ever, happen foo fast to be monitored in this way; the
action is essentially complete—the substrate entirely con-
sumed—uwithin thousandths of a second. For these reac-
tions, a special piece of equipment must be used to follow
what happens during the first few milliseconds when an
enzyme and subsimte meet (Figure 3-28).

Control

Subsirates are nof the only molecules that influence how
well or how quickly an enzyme works. Many enzymes can
also be controlled by preducts, alternative substrates, sub-
strate look-alikes, inhibitors, toxing, and other small mole-
cules that either increase or decrease their activity. This
regulation allows cells to control when and how rapidly
various reactions occur, a process we will consider in more
detail in Chapter 4.

Determining how an inhibitor decreases an enzyme's activ-
ity can reveal how a mielabolic pathway is regulated—and

can sugeast how those control points can be circumvented
by carefully designed mutations in specific genes.

The effect that an inhibitor has an an enzyme's activity is
monitered in the same way that we measured the
enzyme's kinetics. A curve is generated showing the veloc-
ity of the reaction between enzyme and substraie, as
described previously. But now additional curves are also
produced for reactions in which an inhibitor molecule has
been included in the mix.

Comparing these curves, with and without inhibitor, can
also reveal how a parficular inhibiior impedes enzyme
activity. For example, some inhibitors bind to the same site
ot an enzyme as its subslrate, These competitive inhibitors
block enzyme activity by competing directly with the sub-
strate for the enzyme's atiention. They resemble the sub-
strate enough to lie up the enzyme, but they differ enough
in structure to avoid getting converted to product. This
blockiape can be avercome by adding enough substrate so
that enzymes are more likely to encounter a substrate mal-
ecule than an inhibitor. From the kinefic data, we can see
that competitive inhibitors do not change the Ve of a
reaction; in other words, add encugh substrate and the
enzyme will encounter mostiy substrate molecules and will
reach Ils maximum velocity (Figure 3-29).

Competitive inhibition can be used to treat patients who
have been poisoned by ethylene glycol, an ingredient in
commercially available antifreeze. Althaugh ethylene gly-
col is ilself not Talally loxic., a by-product of its metabo-
lism, oxalic acid, can he lethal To prevent oxalic zcid from
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Figure 3-28 A stopped-flow apparatus is used to observe reactions during the first few milliseconds. In 1his isce of
mant, the enzyms and substrate are rapidly injected inlo 4 mixing chamber through two syringes, The enzyme @nd its sut
izl as they shoot (hrough the mixing tube at flow rates that can easily reach 1000 emisec. They then pass through anagiher
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Figure 3-29 A competitive inhibitor directiy blocks substrate binding. (A) Diagran showing a compelitive inhiblior and &
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forming, the patient is given a large (though nof quite
intoxicating) dose of ethanol. Ethanol compeles with tha
ethylene glycol tor binding to alcohol dehydrogenase, the
fiist enzyme In the pathway to oxalic acid formation, The
nonmelabolized ethylene glycol is then safely eliminated
from the body,

Dther types of inhibitors may interact with sites on the
enzyme distant from where the substraie binds. For exam-
ple, chelating agents that bind reversibly to ions such as
Mg will inhibit enzymes that require such metals for
their activity. In this case, the substrate can bind, but the
anzyme-substrate complex may not form as quickly as i
would in the absence of inhibitor. Such inhibition would
nol be overcome by the addition of maore substrate.

Design

With the kinetic data in hand, one can take advaniage of
modeling programs to predict how an enzyme will perform,
and even how a cell will respond whean exposed lo differ-
ent conditions—such as the addition of a particular sugar
or amino acid to the culture medium, or the addition of a
poison or a pollutant. Seeing how a cell manages its
resources—which pathways it favars for dealing with par-
ticular biochermical challengas—can also suggest stralegies
we can follow {0 design better calalysts for reactions of
medical or commercial importance: producing drugs or
detoxifying indusinial waste, for example. Using such lac-
tics, bacterla have even been engineerad to produce large
amounts of indigo—the dye, criginally extracted from
planis, thai makes your blue jeans blue,

Several computer programs have been developed to facil-
itate the dissection of complex reaction pathways. Ona
such program provides information about individual reac-
lions—velocities, concentrations of cnzymes, subsirates,
mroducts, inhibitors, and other regulatery molecules—and
the program predicts how molecules will flow through the
pathway, which products will be generated, and where
any hottlenecks might be. The process is not unlike bal-
ancing an algebraic cquation in which every atom of car-
bon, nitrogen, oxygen, and so on, must be properly
gccounted for. Such careful accounting allows one fo
rationally design ways to manipulate the pathway
rafouting it around a botileneck, eliminating an important
inhihitor, redirecting the reactions to favor the generalion
of predominantly one product, or exlending the pathway
o pracduce a novel molecula, Of course such models must
be tested and validated in cells, which may nol always
behave as predicted.

Implementing most such designs requires using genetic
engineering technigues to infroduce the gene or genes of
choica into a cell that can be manipulated and maintained
in the laboratory, usually a bacterium. We discuss these
methods at greater length in Chapter 10. Hamessing the

power of cell biology for commercial purposes—even (o
preduce something as simple as an amino acid such as
ryplophan—is currently a billion-dollar industry. And as
more genome dala come in, presenting us with mare
enzymes to exploil, Il may not ba long before vats of cus-
tom-made bacteria are churning oul drugs and chemicals
that represent the bialogical equivalent of pure gold.
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Figure 3-30 Activated carriers can store
and transfer energy needed for
metabolism. By serving &s energy shuttles,
activated carrier melecules perform their

f on as go-betweens that link the

cieakdown of food molecules and the
clease of energy (czfabolism) o the
energy-requiring biosynthesis of small and
arge arganic molecuies (anadofism).

Chopler 2 Enacy Cotalysis, and 2k

Activated Carrier Molecules and Biosynthesis

The energy released by the oxidation of food melecules must be stored
temporarily belore it can be channeled into the consiruction of either
other small organic molecules or the larger and more complex mole-
cules needed by the cell. In most cases, the energy is stored as chemical
bond energy in a small set of activated “carrier molecules,” which con-
tain one or more energy-rich covalent bonds. These molecules diffuse
rapidiy throughout the cell and thereby carry their bond energy from
the sites of energy generation to the sites where energy is used lor
biosynthesis and other needed cell activities (Figure 3-30).

Activated carriers store energy in an easily exchangeable form,
either as a readily transferable chemical group or as high-energy elec-
trons, and they can serve a dual role as a source of both energy and
chemical groups for biosynthetic reactions. The most important of the
activated carrier molecules are ATP and two molecules that are closely
related to each other, NADH and NADPH—as we discuss in detail
shortly. We shall see that cells use activated carrier molecules like
marney to pay for reactions that otherwise could not take place.

The Formatian of an Activated Carrier Is Coupled to an
Energetically Favorable Reaction

When a fuel molecule such as glitcose is oxidized in a cell, enzyme-cat-
alyzed reactions ensure that a large part of the free energy that is
released by oxidation is captured in a chemically useful form, rather
than being released wastefully as heat. (Burning sugar in a cell allows
you to power metabolic reactions, while burning a chocolate bar in the
street will get you nowhere, energetically speaking.} In living systems,
this energy capture is achieved by means of a coupled reaction, in
which an energetically favorable reaction is used to drive an energeti-
cally unfavorable one that produces an activated carrier molecule or
some other useful motecule. Coupling mechanisms require enzymes,
and they are fundamental to all of the energy transactions of the cell.
The nature of a coupled reaction is illustrated by a mechanical
analogy in Figure 3-31, in which an energetically favorable chemical
reaction is represented by rocks falling from a cliff. The energy of falling
rocks would normally be entirely wasted in the form of heat generated
by friction when the rocks hit the ground (Figure 3-31A). By careful
design, however, part of this energy could be used to drive a paddle
wheel that lifts a bucket of warer (Figure 3-31B}. Because the rocks can
now reach the ground only after moving the paddle wheel, we say that
the energetically Tavorable reactian of racks falling has been directly
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coupled o the energetically unfavorable reaction of lifting the bucket of
water. Note that because part of the energy is used to do work in (B), the
rocks hit the ground with less velocity than in {A), and correspondingly
less energy is wasted as heal.

Analogous processes accur in cells, where enzymes play the role of
the paddle wheel in our example. By mechanisms that will be discussed
in Chapter 13, enzymes couple an energelically favorable reaction, such
as the oxidation of foodstuffs, to an energetically unfavorable reaction,
such as the generation of an activated carrier malecule. As a result, the
amount of heat released by the oxidation reaction is reduced by exactly
the amount of energy that is stored in the energy-ricl covalent bonds of
the activated carrier molecule. The activated carrier molecule in turn
picks up a packet of energy that is large enough to power a chemical
reaction elsewhere in the cell.

ATP Is the Most Widely Used Activated Carrier Molecule

he mostimportant and versalile ol the activated carriers in cells is ATP
(adenosine 5°-triphosphate). Just as the energy stored in the raised
bucket of water in Figure 3-31B can be used (o drive a wide variety of
hydraulic machines, ATP serves as a convenient and versatile siore. or
currency, of energy to drive a variety of chemical reactions in cells. As
shown in Figure 3-32, ATP is synthesized in an energetically unfavor-
able phosphorylation reaction in which a phosphate group is added to
ADP (adenosine 5'-diphosphate). When required, ATP gives up this
energy packet in an energetically favorable hydrolysis to ADP and inor-
ganic phosphate. The regenerated ADP is then available to be used for
another round of the phosphorvlation reaction that forms ATE creating
an ATP cycle in the cell.

The energetically favorable reaction of ATP hydrolysis is coupled to
many otherwise unfavorable reactions through which other molecules
are synthesized. We shall encounier several of these reactions later in
this chapter and see exactly how this is done. Such hydrolysis reactions
olten involve the transfer of the terminal phosphate in ATP to anather
molecule, as illustrated in Vigure 3-33. Any reaction that involves the
transier ol a phosphate group (0 a molecule is termed a phosphoryvia-
fion reaction. Phosphorvlation reactions are involved in many impor-
tant cellular functions: they activate substrates, they facilitate the

ket of water, and a cormaspandingly
aller amount is transformel into heast

usad (o drve b
Iy out a varely

Figure 3-31 A mechanical model
illustrates the principle of coupled

chemical reactions. 7 e spontansol
reaclion showin in LA) could serve as an
nalGgy lor rect oxiclation of E_|IZZ- e
to COs and H:0, which produ heat anl
I (B} the same reaction is coupled to a
510 | reaction: tf and reaction could
e i
tivated carrigr lecutes, TI
produced in (B) is ina moe
than in {AY and can ke used r_ﬂwe a

variaty of otherwise energeiizally
uniavorsble resctions (C).

Question 3-7
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Flgure 3-32 The interconversion of ATP
and ADF occurs in a cycle. The two
cutermost phosphates in ATP are held to
the rest of the molecute by high-energy
ohosphoanhydride honds and are readily
transferred. Water can be added to ATP to
+ ADP and inorganic phosphate ().
This hydrolysis of the terminal phosphate
of ATP vields betwesn 11 and 13
keal/mole of usahle energy {46 to 54
l/male), depending on the intracellular
ons. The large negative AG of this
n arises from a number of faclors.
Release of the terminal phosphate group
FEMOVes an uniavoraile repulsion between
2 acent negative charges; in addition, the
rganic phosphate lon (Py) released is
izbilized by resonance and by faverable
nvrirogen-bond formation with water. The
formation of ATP from ADP and P, reverses
fe hycrolysis reaction. Because this
condensalion is energatically unfavorable, it
must be coupled to an energetically more

1Ol

Question 3-8

The phosphoanhydride
bond that links rwo
phosphate groups in

1 ATP in a high-ens
“ linkage has a AG® of 7.
kcal/mole. Hydrolysis
of this hond liberates from 11 to 13
al/mole of usable energy. How can
e? Why do you think a range of
energies is given, rather than a pre-

ise number as for AG™

Figure 3-23 The terminal phosphate of
ATP can be readily transferred to other
molecules. Because an energy-rich
phosphoanhydride bond in ATP is
converted o a phosphoester bond, this
cticn is energetically favorable, having a
negative AG. Phosphorylation

ions of this type are involved in the
thesis of phespholipids and in the initial
of the reactions that catabolize

Chapter 3 Enargy, Cololsis, and B
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exchange of chemical energy, and they help to control cell signaling
processes.

ATP is the most abundant energy carrier in cells. It is used, for
example, to supply energy for many of the pumps that transport sub-
stances into and out of the cell (discussed in Chapter 12); it also powers
the molecular motors that enable muscle cells to contract and nerve
cells to transport materials from one end of their long axons to another
(discussed in Chapter 17). Why evolution selected this particular
nucleotide over the others as the major carrier of energy, however,
rermains a mystery.

Energy Stored in ATP Is Often Harnessed fo Join Two
Molecules Together

We have previously discussed one way in which an energetically favor-
able reaction, ¥ — Z, can be coupled to an energetically unfavorable
reacton, X — Y, so as to enable it to occur. In that scheme a second
enzyme catalyzes the energetically favorable reactionY — Z, pulling all
of the X to Y in the process (see Figure 3-22). But when the required
product is Y and not Z, this mechanism is not useful.
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A frequent type of reaction that is nceded for biosynthesis is one in
which two molecules, A and B, are joined togeiber to produce A-B in the
energetically unfavorable condensution reaction

A-H + B-OH — A-B + H0

There is an indirect pathway that allows A-H and B-OH to form A-B, in
which a coupling to ATP hydrolysis malkes the reaction go. Here energy
from ATP livdrolysis is (irst used to convert B-OH to a higher-energy
intermediate compound, which then reacts directly with A-H to give
A-B. The simplest possible mechanism involves the transfer of a phos-
phate from ATP to B-OH to make B-0O-POs, in which case the reaction
pathway contains only two steps:

1. B-OH + ATP — B-0-PO3 + ADP
2.A-H+B-0-PO3 5 A-B + P

Net result: B=-OH + ATP + A-H — A-B + ADP + P;

The condensation reaclion, which by itself is energetically unfavorable,
has been forced to occur by being directly coupled to ATP hvdrolysis in
an enzyme-catalyzed reaction pathway (Figure 3-34A).

A biosynithefic reaction of exactly this type is emploved to synthe-
size the amino acid glutamine, as illustrated in Figure 3-34B. We will see
shortly that very similar (but more complex) mechanisms are also used
to produce nearly all of the large molecules of the cell.

NADH and NADPH Are Important Electron Carriers

Other important activated carrier molecules participate in oxidation-
reduction reactions and are commonly part of coupled reactions in
cells. These activated carviers are specialized to carry both high-energy
electrons and hydrogen atoms. The most important of these electron
carriers are NADY (nicotinamide adenine dinucleotide) and the closely
related molecule NADP* (nicutinamide adenine dinucleotide phos-
phate). Later, we will examine some of the reactions in which they par-
ticipate. NAD* and NADP™ each pick up a “packet af energy” in the lorm
of two high-energy electrons plus a proton (H°), becoming NADH

ammonia

CONDENSATION

STEP
producis ol
ATP hydrolysis O KH

v S

¢

H
3

H N—CH—C0R0H
Hutamne

Fizure 3-34 An energetically unfavorahle
biosynthetic reaction can be driven by

ATP hydrolysis. (&) Schemalic llustration
of the formation of A-B in the
condensation reaction described in the tex
{B) The Dlosynthesis of the aming acid
glutamine, Glutamic acid is first converted
to a high-energy phosphorylated
internizdiate (corresponding o the

compound B-0-PO- describad in the text),

which then reacts with ammaoniz
(corresponding to A-H) to form glutamine.
[ this exempls both steps occur on the
surface ol the same 2nzyme, glutamine
syl : at, for ¢l f1ie amino
acids are ¢ healr uncharged form.
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Figure 3-35 NADPH is an important
carrier of electrons. (A) NADPH is
nroduced in reactions of the ganeral type
shown on the left, in which two hydrogen
atoms are removed from a substrate, The
oxidized form of the carriar molecule,
MADP T, receives one hydrogan atomn plus
an efectron (a hydride ion), and the proton
H- 1 from the other H atom is released irto
slution. Because NADPH holds its hydride
a high-znargy linkage, the added
fvcride ion can easily be transferred to
athier molecules, as shown on the right.
(B The structure of NADP - and NADPH.
Tre part of the NADP* molecule known as
the ricatinamide ning accepts two electrons
iogether with @ proton (the equivatent of a
hydiide ion, HY), forming NADPH. The
lzcules NAD' and NADH are identical
o structure to NADPT and NADPH,
re ;2ly, except that the indicated

nosphate group is absent from both.
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(reduced nicotinamide adenine dinucleotide) and NADPH (reduced
nicotinamide adenire dinucleotide phosphate), respectively. These
molecules can therefore also be regarded as carriers of hydride ions (the
H* plus twa electrons, or H7).

Like ATP. NADPH is an activated carrier that participates in many
important biosynthetic reactions that would otherwise be energetically
unfavorable. NADPH is produced according to the general scheme
shown in Figure 3-35. During a special set of energy-yielding catabolic
reactions, a hydrogen atom and two electrons are removed from the
substrate molecule and added to the nicotinamide ring of NADP* to
form NADPH. This is a typical oxidation-reduction reaction; the sub-
strate is oxidized and NADP* is reduced.

The hydride ion carried by NADPH is given up readily in a subse-
quent oxidation-reduction reaction, because the ring can achieve a
more stable arrangement of electrons without it. In this subsequent
reaction, which regenerates NADP™, the NADPH becomes oxidized and
the substrate becomes reduced—thus completing the NADPH cycle.
NADPH is efficient at donating its hydride ion to other molecules for the
same reason that ATP readily transfers a phosphate: in both cases the
transfer is accompanied by a large negative free-etiergy change. One
example of the nse of NADPH in biosynthesis is shown in Figure 3-36.

The ditference of a single phosphate group has no effect on the
electron-transfer properties of NADPH compared with NADH, but it is
crucial for their distinctive roles. The extra phosphate group on NADPH
{s far from the region involved in electron transfer (see Figure 3-35B).
But it serves to give a molecule of NADPH a slightly different shape
from that of NADI, making it possible for NADPH and NADH to bind
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as substrates o different seis of enzymes. These two types ol carriers are
thereby used to deliver electrons {or hydride ions| to different destina-
tions.

Why should there be this division of laber? The answer lies in the
need to regulate two sels of electron-transfer reactions independently.
NADPH gperates chiefly with enzymes that catalveze anabolic reactions,
supplying the high-energy electrons needed to synthesize energy-rich
biolegical molecules. NATDH, by contrast, has a special role as an inter-
mediate in the catabolic system of reactions that generate ATP through
the oxidation of food molecules, as we discuss in Chapter 13. The genesis
of NADH from NAD* and that of NADPH [rom NADP* occur by different
pathways and are independently regulated, so that the cell can adjust the
supply of electrons for these two contrasting purposes. Thus, inside the
cell the ratio of NAD* to NADH is kept high, whereas the ratio of NADP*
to NADPH is kept low. This provides plenty of NAD? to act as an oxidizing
agent and plenry of NADPH 1o act as a reducing agent—as required for
their special roles in catabolisim and anabolism, respectively.

There Are Many Other Activated Carrier Molecules in
Cells

Other activated carriers alsc piclk up and carry a chemical group in an
easily translerred, high-energy linkage [Table 3-2). For example, coen-
zyme A carries an acelyl group in a readily transferable linkage and in
ithis activated form is known as acetyl CoA (acetyl coenzyme A). The
structure of aceryl CoA is illustrated in Figure 3-37; it is used to add two
carbon units in the biosynthesis of larger molecules.

In acetyl CoA and the other carrier molecules in Table 3-2, the
transferable group makes up only a small part of the molecule. The rest
consists of a large organic portion that serves as a convenient “handle,”
facilitating the recognition of the carrier molecule by specific enzymes.
As with acetyl Co4, this handle portion very often contains a nucleotide.
This curious fact may be a relic from an early stage of cell evolution. Tt is
thought that the main catalysts for early life-forms on the Earth were
RNA molecules {or their close relatives) and that proteins were a later
evolutionary addition (discussed in Chapter 7). It is therefore tempting
to speculate that many of the carrier molecules that we find today orig-
inated in an earlier RNA world, where their nucleotide portions would
have been useful for binding these carriers to RNA enzymes.

In addition to the transfer reactions catalvzed by the activated car-
rier molecules ATP (transfer of phosphatel and NADPH (wransfer of
electrons and hydrogen), other important reactions involve the trans-
fers of methy!, carboxyl, and glucose groups from acrivated carrier mol-
ecules for the purpose of biosynthesis. The activated carriers are usually

Table 3-2 Some Activated Carrier Molecules Widely Used in Metabolism

ACTIVATED CARRIER GROUP CARRIE | HIGH-EMERGY

NMADH, NADPH, FADH» eleitrons and hydiogens

Acatyt CoA acebyl group
Carbogylated bictin C ORR-UMHE
S-avenosylirethioning mthyl group

Lirigdi phate gl gl

7-DEHYDROCHOLESTEROL

DA
_i fr/u ]

e Sy

NADP'

1T

NN
pes

Figure 3-36 NADPH participates in the
final stage in one of the biosynthetic

CHOLESTEROL

4

routes leading te cholesterol. 2= i many

cther blosynthetic reaction eduction
of the C=C bond is achieved by the
transfer of a hydride i irrier
molecule NADPH, plus a proton (H*) from

Ihe selution.
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Figure 3-37 Acetyl coenzyme A (CoA)

is another important activated carrier
molecule, A space-filling model is shown
above the structure of acetyl CoA. The
sulfur atom (yelfow) lanms a thicesler bond
o acetale, Because the thioester bond is a
high-energy linkage, il releases a large
yunt of free energy when it is

T o

olyzed; thus the acetyl group carried
oy | can te readily ransferred to other
nalecules,
nuclaotide
f s, -~
- -
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bond ) 4
0
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aceiyl group CoA
Figure 3-38 An activated carrier generated in reactions coupled to ATP hydrolysis (Figure 3-38).
molecule transfers a carboxyl group to a Therefore, the energy that enables their groups to be used for biosyn-
substrate molecule. Carboxylaled bictin is thesis wtimately comes from the catabolic reactions that generate ATP.
Lses by the enzyme pyruvate carboxylase Similar processes occur in the synthesis of the very large molecules of
to franster a carbouy! group for the the cell—the nucleic acids, proteins, and polysaccharides—which we
production of oxalodcetate, a malecule discuss next.
iz in the citric agid cycle. The
accepdor moleculs for this group transfer . ) ) ]
reaction is pyruvate. Dther enzymes use The Syn1h95|5 of BlOlOglCGl POlymerS Reqtﬂres an
hictin to transfer carboxyl graups o ather Energy Inpuf
accepior molecules, Note that synthesis of
carbnsylated biotin requires energy derived The macromolecules of the cell constitute the vast majority of its dry
frorm ATP-—a general feature of many mass—that is, the mass not due to water. These molecules are made
activaled carriers.
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Fizure 3-39 Condensation and hydrolysis

=

) } are opposite reactions. The
macromolecules of the cell are pelymears
+ 18 &1 k el t B that frrm from subunits ©
CONDENSATION HYDROLYSIS tha ormed 1 Ll !
energetically energetically monomers) Oy a conde i TES m’"‘_'
unfavorable favorable broken down by hydrolysis. Condensation
reactions are all energetically unfavora

fraom subunits (or menomers) that are linked together by a condensa-
tior reaction, in which the constituents of a water inolecule {OH plus H)
are removed from the two reactants. Consequently, the reverse reac-
tion—the breakdown of polymers—oecurs through the enzyme-cat-
alyzed addition of water (hydrolysisi. This hydrolysis reaction is ener-
getically favorable, whereas the biosynthetic reactions require an
energy inputl and are more complex (Figure 3-39}.

The nucleic acids (DNA and RNA), proteins, and polysaccharides
are all polymers that are produced by the repeated addition of a subrinit
onto one end of a growing chain. The mode of synthesis of each of these
types of macromolecules is outlined in Figure 3-40. As indicated, the
condensation step in each case depends on energy from hydrolysis of a

POLYSACCHARIDES MUCLEIC ACIDS
glucose glycogen ;
C1H,0H CH,OH CH.OH Ax iy
A O =0 el i
L /_ : LY CH, () Cl (&
NOH oy f OH i | .09 L
HO 1 d oy [ o \17 ROk L~ i 2 B!
| i b [
OH CH OH ol -
} I |
enargy- from nucleoside o OH D
triphosphate hydralyss O==—0" H
| |
RNA O O
CIH_:l CHLOM CHLOH | .
CH {e
—(J /I = — O 7o - | e
Y e N N s |
\t iH O \\{)I\ i b
HOvEY —o—N V-0 V6o---- g —_
= ] I |
OH OH OH OF  OH $ o OH
giycogen 1 Q=P r
S — o e ——— ] k]
]
PROTEINS o et CIIPS
. : s k-
protein amino acid 1 - *
H: D R 5 [ H ~ icleotide CH o )
I [ y 1 o - o Wk
R e T N—C —0 il 2 OH
| | - s | LS K 2 RNA
B [ H H R OH |
|
OH O
eneriy from nuciadsdn
thphasphiie Bvdralys:s S — . 2 2 .
Fligure 3-40 The synthesis of polysaccharides, proteins, and nucleic
acids requires an input of energy. Synthiozis of each kind of higlogics
H' 0 R D & olymer involves the loss of water in a condenzation reaction. Not
[ s \ 2
- . (/ shown 13 the consumption of high-energy nucteoside triphosphat
| | AN that is requirsd to activale each subunil prior o ils ad
B H' H H R OH contfast, the revarse reaction—the brezkdown af all thres types of
proiein parymers—occurs through the simple addition of waler (hydrolysis),
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F-- Question 3-9

Which of the following

reactions will ocecur

. mlucose } COa + a0

B. €0z + Ha0 — glucose + Oy
LICIEDS riphosp -
DMNA

il. NLuUC |'.:'i'.ll'i'l 1585 — Tl
rriphosphates
E. ADP+{P — ATP

Figure 3-41 In an alternative route for
the hydrolysis of ATP, pyrophosphate is
first formed and then hydrolyzed. This
wule releases about twice as much free
ey as the reaction shown earlier in
jure 3-32. (Al In the lwo successive
rolysis reactions, auygen atoms from
it ting water molecules are
ned in the producis whareaz the
yrirogen atoms dissaciale to form free
hydrogen ions, H*. (B} Qverall reaction
howr in summary form.

nucleaside triphosphate. And yer, except for the micleic acids, there are
no phosphate groups left in the final product molecules. How. then, are
the reactions that velease the energy of AT hydrolysis coupled to poly-
mer synthesis?

For each type of macromolecule, an enzyme-catalyzed pathway
exists which resembles that discussed previously for the synthesis of the
aming acid glutamine {see Figure 3-34). The principle is exactly the
same, in that the OH group that will be removed in the condensation
reaction is first activated by becoming involved in a high-energy linkage
to a second molecule. But the mechanisms used to link ATP hydrolysis
o the synthesis of proteins and polysaccharides are more complex than
that used for glutamine synthesis. In the bicsynthetic pathways leading
to these macromolecules, a series of high-energy intermediates gener-
ates the final high-energy bond that is broken during the condensation
step {as discussed in Chapter 7 for protein synthesis).

There are limits to what each activated carrier can do in driving
biosynthesis. For example, the AG for the hydrolysis of ATP to ADP and
inorganic phosphate (P} depends on the concentrations of all of the
reactanis, and under the usual conditions in a cell it is between -11 and
-13 keal/mole. In principle, this hydrolvsis reaction can be used to drive
an unfavorable reaction with a AG of, perhaps. +10 kcal/mole, provided
that a suitable eaction path is available. For some biosynthetic reac-
tions, however, even -13 kcal/mole may not be enough. In these cases
the path of ATP hydrolysis can be altered so that it initially produces
AMP and pyrophesphate (PP, which is itselfl then hydrolyzed in a sub-
sequent step (Figure 3—11)1. The whole process makes available a total
free-cnergy change of about -26 kcal/mole. An imporiant biosynthetic
reaction that is driven in this way, nucleic acid (pelynucleotide) synihe-
sis, is illustrated in Figure 3-42.
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Essential Concepts

Living organisms are able Lo exist because of a continual input of
energy. Part of this energy is used to carry out essential functions—
reactions that support cellular metabolism, growth, and veproduc-
tion—and the remainder is lost in the form of heat.

The primary source of energy for most living organisms is the sun.
Plants and photosynthetic bacteria use solar energy o produce
organic molecules from carben dioxide. Animals obtain lood by cat-
ing plants or by eating animals that feed on plaits.

FEach of the many hundreds of chemical reactions that occur in a
cell is specilically catalyzed by an enzyme. Large numbers of differ-
ent enzyimes work in sequence to form chains of reactions, called
metabolic pathways, each performing a particular set of functions
in the cell.

Catabolic reactions break down food molecules through oxidative
pathways and release energy. Anabolic reactions generate the many
complex molecules needed by the cell, and they require an energy
input. In animal cells, both the building blocks and the energy
required for the anabolic reactions are obtained by catabolism.
Enzymes catalyze reactions by binding to particular substrate mole-
cules in a way that lowers the activation energy required for making
and breaking specific covalent bonds.

The rate at which an enzyme catalyzes a reaction depends on how
rapidly it finds its substrates and how quickly the product forms and
then diffuses away. These rates vary widely lrom one enzyme (o
another, and they can be measured after mixing purilied enzymes
and substrates togelher under a set of defined conditions.

The only chemical reactions possible are those Lhat increase the total
amount of disorder in the universe. The free-vnergy change for a
veaction, AG, measures this disorder, and it must be less than zero {or
a reaction to proceed.

I'he free-energy change for a chemical reaction, AG. depends on the
concentrations of the reacting molecules, and it may be calculated

Figure 3-42 Synthesis of a polynucleo-
fide, RNA or DNA, is a multistep process
driven by ATP hydrolysis. .1 ©

S

& nuclzoside moncphasphate is aclivated
by the sequentizl transfe the termina
phosphate groups 1 i 4T
[he high-energy ints iate f l—a
nucleoside thphosphate—exists free in

tion until it reacts with the growin
of an RNA& ar a Dh 1in with release of
pyrophosphate. Hydrolysis of the latter (o
inorganic phosphate is highly favorable an

) d g overall react lhe
C iU 3y

115



mnad

-

from these concentrations if the equilibrium constant (K] of the
reaction (or the standard free-energy change AG® for the reactants| is
known.

Equilibriuni constants govern all of the associations {and dissocia-
tions) that occur between macromolecules and small molecules in
the cell. The larger rhe binding energy between two molecules, the
larger the equilibrium constant and the more likely that these mole-
cules will be paired.

By creating a reaction pathway that couples an energetically favor-
able reaction o an energetically unfavorable one, enzyines cause
otherwise impossible chemical transformations to occur.

A small set of activated carrier molecules, in particular, ATE NADII
and NADPH, plays a central part in these coupling events, ATP car
ries high-energy phosphate groups, whereas NADH and NADDPI
carly high-energy electrons.

food molecules provide the carbon skeletons for the formation of
larger molecules. The covalent bonds of ihese larger molecules are
typically produced in reactions that are coupled o energetically
favorable bond changes in activated carrier malecules such as ATP

and NADPH.

acetyl Coh
activated carrier
activation energy

erzyme NADPT, NADPH
equilibriem oxidation

equilibrium constant, K photosynthesis

ADP. ATFP free energy reduction
catalys AG, AG® respiration
= ation hydrolysis substrate

coupled reaction
diffusion
entropy

i

turnover number
metabolism Vo
NAD*, NADH

Questions E The rule that oxidation§ release eneryy,
whereas reductions require energy input,
Question 3-10 applies to qJ] ('.}'1('31111(;&1] reacticns, not just those
l ; e L that occur in living cells,
Which of the following statements are correct? Explain G. Cold-blooded animals have an energetic dis-
FoE ””SWHS'_ 7 » . aclvantage because they give less heat to the
A.  Seme enzyme-catalyzed reactions cease com- environment than warm-blooded animais do.
pl.etely Hithelr snzyme 1= absent, _ This slows their ability to make ordered macro-
B. High-energy electrons (suich as those found in molacnles
the activated carriers NADH and NADPH] H. Linking the reaction X — Y to a second, encr-
C Igge}fa:jl:rll\:?su?d I?;l_xo?\l;\z;%c;ius' rovide getifzz.aﬂyl favorable reaction & 2 L will. shift the
i 3 PGS ) b S equilibrium constant of the firsi reaction.
almost twice the energy of ATP hydrolysis to
form ADP Question 3-11
. A partially oxidized carbon atom has a smiailer Consider the transition of X — Y in Figure 3-19.

diameter than a more reduced one.

Assume that the only diflerence between Xand ¥ is tie

L. Some activated carrier molecules can transfer presence of three hydrogen bonds in'Y that are absent

energy and chemical groups.

AT | A I

inn X. What is the ratio of X to Y when the reaction is in



equilibrivm? Approximate vour answer by using Table
3-1 (p. 98], with 1 keal/mole as the energy of cach
hydrogen bond. Assume Y has three additional hyilro-
gen bonds, i.e., atotal of six, that distinguish it from
How would that change the ratio?
Question 3-12
Protein A binds to protein B to form a complex, AB. A
cell contains an equilibrium mixture of protein A at a
concentration of 1 uM, proicin B at a conceniration of
1 uM, and protein AB {produced when A binds 1o 1)
also at 1 uM.
A, Referring to Figure 3-20, calculate the equilib-
rivm constant for the reaction A + 15 = AB.
B.  What would the (-quilibril_m constant be if A
B, and AB were each present in equilibrium at
the much lower concentrations of] nM each?
C. How many extra hydrogen bonds would be
needed to hold A to B at this lower concentra-
tion so that a similar portion of the molecules
are found in the AR comples? [Remember thal
each hvdrogen bond coniributes aboul 1
keal/mole.)

Question 3-13

Discuss the statement: “Whether the AG for a reaction
is larger, smaller, or the same as AG” depends on the
concentration of the compounds that participate In
the reaction.”

Question 3-14

A. How many ATP molecules conld maximally be

generated from one molecule of glucose, if the

complete oxidation of 1 mole of glucose 1o L0
and H20 yields 686 keal and the uselul chemi-
cal energy available in the high-energy phos
phate bond of 1 mole of ATP is 12 keal?

B. Respiration produces 30 moles of ATP {rom 1
mole of glucose. Compare this number with
vour answer above, What is the overall ¢ffi-
ciency of ATP production from glucose?

C. Il ihe cells of vour body oxidize | mole ol glu-
cose, by how much would the temperature of
your bady (assume that vouwr body consists of
75 kg of water) increase il the heal were not
dissipared into the environment? (Recall thar a
kilocalorie |keal] is defined as thal amount of
energy that heats I kg of water by 1°C.)

Do What would the consequences be if the cells of
your body could convert the energy in food
substances with only 209 efficiency? Would
your body—as it is presently consiructed —{a)
work jusl fine, (b} overheat, or (¢) freeze?

. Aresting human hydrolyzes about 40 kg ol ATP
every ’1 heurs. The oxidation of how much
gluc ase would procduce this amount of energy?
(Hint: Jlook up the structure of AT in Figure

2-23 to calculate its molecular weight; the
atomic weights ol H, C, N, O, and P are |, |
14, 16, and 31, respectively.)

Cuestion 3-15

A prominent scientist ¢claims to have isolated mutant
cells that can convert 1 molecule of glucose into 57
molecules ol ATE Should this discovery be celebrated,
or do you suppose that something might be wrong

with it? Explain your answer.

Question 3-16
[n a simple reaction A = A", a molecule is intercon
ertible between two forms that differ in standard free
energy by 4.3 keal/mole, with A" having the higher (7.
(A) Use Table 3-1 (p. 98) to find how many more mole
cules will be in state A* compared with state A at equi
fibrium. (B) If an enzyme lowered the activation
energy of the reaction by 2.8 keal/maole, how would thi
ratio of & to A* change?
Question 3-17
A reaction in a single-step biosynithetc pathway that
converts a metaboelite into a particul: u‘lv vicious poli
son is energetically highly unfavorable (metabolite =
peisonl. The reaction is normally driven by ATP
hydrolysis. Assume rthal a mutation in the enzyime that
catalyzes the veaction prevents it from utilizing ATE
burt still allows it 1o catalyze the reaction.

A, Do you suppose it might be safe for you o eat
the mutant organism? Base your answer on an
estimation of how much less poison lln- Organ-
ism would produce, assuming the reaction is
i equilibrivm and most of the gy stored in
ATP is used o drive the unfavorable reaction.

B. Would vour answer be different for another
mutant enzvine that couples the reaction (o
ALP hydrolysis but works 100 times slower?

Question 3-18
Consider the effects of
alyzes the reaction
ATP + GDP = ADP + GTP

whierceas enzyme B catalyzes the reaction

NADH + NADP* = NAD™ + NADDPH
Discuss whether the enzymes would be ber
detrimental to cells.

Question 3-19

Discuss the following statement:
arc alike in rhat both can speed up reactions that
although thermodynamically feasible—do not occur
atan appreciable rate because they require a high acti-
vation energy. Diseases that are treated by the carelul
application af heal, such as by ingestion of hot chicken
soup, are therefore Iilw ly 10 be due to the insulficient
function of an enzvme!

two enzymes. Fnzvime A cat-

weficial or

Enzymes and heat

Question 3-20

e curve
Nichs

]

shown in Figure 3-25 is descri
elis—Menten equation:

rate = Vi [ST[S] + Kl
Can you convince voursell that the leatures

tively

bed by the

gualiti-

described in the text ave accuraiely represented

il
el
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by this equation? In particular, how can the equation
be simplified when the substrate concentration is in
one of the following ranges: (A) the substrate concen-
tration 5] is much smaller than the Ky, (B) the sub-
strate concentration [S] equals the Ky, and (C) the
substrate concenfration [S] is much larger than the

Ko

Question 3-21
The rate of a simple enzyme reaction is given by the
standard Michaelis—Menten equation

rate = Viux 1S]/{15] + Kni)
If the Vi of an enzyine is 100 wimole/sec and the Ky
is 1 mM, at what substrate concentration is the rate 50
pmole/sec? Plot a graph of rate versus substrate con-

centration (S) for [S] = 0 to 10 mM. Convert this to a
plot of 1/rate versus 1/]5]. Why is the latter plot a
straight line?

Question 3-22

select the correct options in the following and explain
vour choices. If [S!is much smaller than Ky, the active
site of the enzyme is mostly occupied/unoccupied. 1
[5] is very much greater than Ky, the reaction rate is
limited by the enzyme/substrate concentration.

{Juestion 3-23

A, The reaction rates of the reaction S — P cat-
alyzed by enzyme E were determined under
conditions such that only very litle product
was formed. The following data were meas-

ured:
Substrate Reaction Rate
Concentration (uM) (umole/min}
0.08 0.15
0.12 0.21
0.54 0.7
1.23 1.1
1.82 1.3
2.72 1.5
4.94 1.7
10.00 1.8

Plot the above data as a gragh. Use this graph
io find the Ky and the Vigay for this enzyme.

As described in How We Know {(pp. 103-105), to
determine these values mote precisely, a trick
is generally used in which rhe Michaelis-
Menten cquation is transformed so that it is
possible 10 plot the data as a straight line. A
simple rearrangement yields

L/vate = (Ky/ Vipad (LSD + 1/ Vigax
that is, an equation of the formy=ax + b
(Calculate 1/rate and 1/15] for the data given in
part {A) and then plot L/rate versus 1/[S] as a
new graph. Determine Ky and Vg from the
intercept of the line with the axis, where 1/(5] -
0, combined with the slope of the line. Do your
resulls agree with the estimates made from the
lirst graph of the raw data?
Note that part (A) states that only very little
product was formed under the reaction condi-
tions. Why is this important?
Assume the enzyme is regulated: upon phos-
phorylatien, its Ky increases by a factor of 3
without changing its Vi Is this an activation
or inhibition? Plot the data vou would expect
for the phosphorylated enzyime in both the
graph for (A) and the graph for (B).

Highlights from Essential Cell Biology 2 Interactive CD-ROM

3.1 Analogy of Enzyme Catalysis

4.2 Random Walk




Protein Structure and
Function

wWhen we ook at a cell through a tuicroscope or analyze irs electrical or
biochemical activity, we are, in essence, observing proteins. Proteins are
the building blocks from which cells are assembled, and they constitute
most af the cell's dry mass. But in addition to providing the cell with
shape and structure, proteins also execute nearly all its myriad func-
tions. Enzymes promote intracellular chemical reactions by providing
intricate molecular surfaces, contoured with particular bumps and
crevices, that can cradle or exclude specific molecules. Proteins embed-
ded in the plasma membrane form the channels and pumps that con-
trol the passage of nutrients and other small molecules into and out of
the cell. Other proteins carry messages from one cell to another, or act
as signal integrators that relay inlormation from the ptasina vicimbrane
to the nucleus of individual cells. Yet others serve as tiny molecular
machines with moving parts: some proteing, such as kinesin, prapel
organelles through the cytoplasm: others, such as topoisomerase,
untangle knotted DNA molecules. Specialized proteins also act as anti-
bodies, toxins, hormones, antifreeze molecules, elastic {ibers, or lumi-
nescence generitors. Before we can hope to understand how genes
work, how muscles contract, how nerves conduct electricity, how
embryos develop, or how our bodies function, we must understand pro-
weins.

The multiplicity of functions performed by proteins (Panel 4-1,
p. 120) arises [rom the huge number of different shapes they adopt:
structure dictates lunction. So we begin ovur description of (hese
remarkable macromolecules by discussing thelr three-dimensional
structures and the properties that lhese struclures conler. We next ook
at how proteins worlke how enzymes catalvze chemical reactions, how
some proteins act as molecular switches, and how others generate
coherent movement. Finally, we examine how protein activity is regu-
lated in cells, and how changes in a protein’s structure affect its func-
tion. In this chapter, we also present a brief guide o the technigues thar
biologists use to study proteins, including methods for purifyving pro-
teins and determining their structures.

The Shape and Structure of Proteins

From a chemical point of view, proteins are by far the most structurally
complex and functionally sephisticated maolecules known. This is per-
haps not surprising, considering that the struciure and activity of each
protein has been developed and fine-tuned over billions ol vears of evo-
lutionary history. We start by considering how the position of each amino
acid in the long string of amino acids that forms

-

protein derermines
mensional shape, o structure stabilized by noncovalent
interactions between different parts of the molecule. Undersianding

its three-«

The Shape and Structure of Proteins
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Panel 4-1 A few exa

ENZYME

tuetion: Catalyzes covalent bond breakage
or formation.

sarnpdes Living cells contain thousands of
oiffarent angymes, each of which catalyzes
[spends upl one particular reaction. Examples
include: trypiophan synthetase—makes the
aming acid fryptophan; pepsin—degrades
fiEtEny proteing in the sitomach; fibwlose
tsphospliete cacboxylase—hiips convert
carbon dioxide into sugars in plants; DVA
polymerase—copies DNA; grofein
kinase—adds a phosphate group 1o &

\ protein molacule. Y,

WMOTOR PROTEIN

Il 1 Generates moversent in cells and

TISSues.

camples Myasin in skelatal muscle calls
provides the motive foreg for humans Lo
micrvir; kimesii intaracts with micretubules to
miwve organglias around the cell; dynein
anablas eucaryotic cilia and flagalla 1o beat.

7

RECEFTOR PROTEIN

o Detects stgnals and transmits them
1o thie cell's response machingny,

[ ST e

Ay Rhodapsin in the retina deteats
light: the acetylcholine receptor in the
mambrana of a muscle cell receivas chemical
signals releasad from a nerve anding; the
irsnlin recenior atlows a lver gell (o fespond
10 the hormone insolin by taking up glucoss,
the adrenargic receptor on heart muscle

increases tha rate of heartbeat when it binds .

\\ 16 adrenaling,

STRUCTURAL PROTEIN

functione Provides mechanical support to
cells and tissuns,

cxamplisl Cutside cells, collagen and 2/astin
are common constituents of extraceilular
matrix and ferm fibers in tendons and
ligaments. Inaide calls, tubolin forms long,
auff microtubuites and aetin forms fitaments
thar underhie and support the plasma
mermbrane; o kerati forms fibers thal
reinforce epithelial cells and is the major
~IL‘-‘-_|:|.'|_|I,£!i|1 ir hair and horn.

functon: Stores small molecules or ione,

auAmples: Iron is stored in the fivar by
binding (o the small protein ferritin;
ovalbumin in egg white is used as a anuren
of amino acids for the developing bird
embryo; casainin mitk is @ source of amino
acids for baby mammals.

7
STORAGE PROTEIN \w

ome general protein functions

~\ (
TRANSPORT PROTEIN

finetion: Carries smatl molecules orions.

auamplas Inthe blomdstream, serum albumin
carries lipids, hemoglobin carries oeygen, and
transferrin cardes iron. Many proteins embedded
in cell membranes transport ions ar simall
maolecules across the membrane. For example,
the bacterial protein bacteriorhedopsinis a light
activated proton pump that irasisports H' ions
out of the cail; the piucose carrer shutlies
glucose inw and out of liver cells; and a Ca*”
pump it muscle cells pumps 1he calcium jons
needed 1o trigger muscle contraciion into the
.\-Tdop-r.r:amic retculun, where they are stored,

-

SIGNAL PROTEIN

tunction: Carries sigeals from cell to call.

Many of the harmones and growth
factors thal coordinate physiological function
inanimals are protains; insulin, for example,
is a smai) protein that controls giucose levels
in the blocd; netrin attracts growing nerve
cells in a specific direction in a developing
embryo; nerve growth factor (NGF)
stimulales some types of nerve ceils to grow
aX0Ns; epidermal growih factor (EGF)
stimulates the (rawih and division of

epithelial celis,

-

r
GENE REGULATORY PROTEIN

Bincds 10 DNA to switch geoes on

ar off.

cunmples The lactose repressor (0 Boctiria
silences the gens fof the enzymes that
degrade the suqar lactose; many different
hoimeodomaln proleing act as genstic

switches (o cantrot development in
multicellular siganisms, including humans.

/

.

( SPECIAL-PURPOSE PROTEIN

function

Highly varisble,

examples Organisme make many proteing with
highly specialized properties, These molecules
illystiate tha amerng range of funciions that
proteins can parform. The antifresze proteing of
Arctic and Antarciic fishes protect their blooi
against trezzing; green Ruorascent protein from
ellylisn omits o groon Hghty monelfing a protein
found in an Afiican plant, has an intensely swisnt
taste; mussels dnd other marine crganisms
sacrate giue pratens that attach them firmly to
'\_rocks, even when immersed in seawater.




Figure 4-1 Amino acids are linked

alycine i S together by peptide bonds. A ¢
1 c peptide pond forms when the carbon al
from the carboxy! group af one amino acid
) i . shares glecin with the nitrogen ator
% [blee) from the ami roup of a second
ImIno acid. As Indicaled, a molecule o
wabar is genaratad during this condensation
Y00,
PEPTIOE BOND
TION WATH wate!

FORMY

AL OF WAT

pentide bond in glyeylalanine

protein structure at the atomic level will allow us 1o describe how the
precise shape of each protein derermines its function in the cell.

The Shape of a Protein Is Specified by Its Amino Acid
Sequence

Proteins, as vou may recall from Chapter 2, are assembled [rom a set of
20 different amino acids, each with dilferent chemical properties. A
protein molecule is made from a long chain of these amino acids, each
linked to its neighber through a covalent peptide bond (Figure 1-1}.
Proteins, therefore, are also calied polypeptides. Fach tvpe of protein
has a unique sequence of amino acids, exactly the same from one mol-
ecule to the next. One molecule of insulin, for example, has the same
amino acid sequence as every cther molecule of insulin. Many thou-
sands of different proteins have been identified; each has its own dis-
tinct amino acid sequence.

Fach polypeptide chain consists of a backbone that supports the
different amino acid side chains. The polypeptide backbone is formed
from the repeating scquence of atoms along rthe polypeptide chain.
Attached to this repetitive chain are any of the 20 different amino acid
side chains-—the parts of the amino acids that are notinvolved in form-
ing the peptide bond (Figure 4-2]. These side chains give each amino
acid its unique properties. Seme are nonpolar and hydrophobic
(“waler-fearing”!, some are negatively or positively charged, some are
chemically reactive, and so on. The atomic siructures of the 20 amino
acids in proleins are presented in Panel 2-5 {pp. 74-73), and a brief list
of amino acids, with their abbreviations, is provided in Figure 4-3.

Long polypeptide chains are very flexible: many of the covalent
bonds thatlink carbon atoms in an extended chain of amino acids allow
free rotation of the atoms they join. Thus proteins can in principle fold in
an enormous number of ways. Each folded chain is constrained by many
different sets of weak noncovalent bonds that form within proteins.
These bonds involve atoms in the polypeptide backbone as well as

Tha Shape orid Siusfure of Prote 121
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Flgure 4-2 Proteins are made of a polypeptide backbone with attached side chains. Lach typs o
protein differs in its amino acid sequence. Thus the seguential position of the chiemically distine:

S0 chaing gives each protein its individual properties. The two ends of each polypeptide chain are
hemically different: the end that carries the free amino group (WHz ™, also writien NH23 is called
the aming, or N-, terminus; and the end carrying the free carbosyl group {COO0-, also written COOH)
s the carbaxyl, or C-, terminus, The amino acid sequence of a protein is always presented in the

Moo G direction, reading from left to rightl.

atoms in the amino acid side chains. The noncovalent bonds that help
proteins maintain their shape include hydrogen bonds. ionic bonds, and
van der Waals attractions, which are described in Chapter 2 (see Panel
2-7, pp. 78-79). Because individual noncovalent bonds are much
weaker than covalent bonds, it takes many noncovalent bonds to hold
two regions of a polypeptide chain together tightly. The stability ol each
folded shape will therefore be affected by the combined strength of
large numbers of noncovalent bonds (Figure 4-4).
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ACID SIDE CHAIMN

A1
Asparticacid Asp D nagative Alanine
Glutamic acid Glu E  negative Glyeing
Arginine Arg R positive Yaline
Ly=ing Lys K positive Leucine
Histidine His H positive Isoleucing
Asparagine Asn N uncharged polar Proline
Glutamine Gin Q uncharged polar Phenylalaning
Serine Ser §  unchargad polar Methionine
Threonine Thr T uncharged polar Tryptaphan
Tvrosine Tyr Y  uncharged polar Cysteine

A fourth weak force also plays a central role in determining the
shape of a protein. As discussed in Chapter 2, hvdrophobic molecules,
including the nonpolar side chains of particular amino acids, tend to be
forced together in an aqueous, watery envivonment to minimize their
disruptive effect on the hydrogen-bonded network of the surrounding
water molecules (see p. 48 and Panel 2-2, pp. 68-69). Therefore, an
important factor governing the folding of any protein is the distribution
ofits polar and nonpolar amino acids. The nonpolar (hydrophobic) side
chains—which belong to amino acids such as phenylalanite, leucine,
valine, and tryptophan—tend to cluster in the interior of the folded pro-
tein (just as hydrophobic cil droplets coalesce to form one large
dgroplet), Tucked away inside the folded protein, hydrophobic side
chains can avoid contact with the aqueous cytosol that surrounds them
inside a cell. in contrast, polar side chains—-such as those belonging to
arginine, gluramine, and histidine—tend to arrange themselves near
the outside of the folded protein, where they can form hydrogen bonds
with water and with other polar molecules (Figure 4-5). When polar
amine acids are buried within the protein, they are usually hydrogen-
bonded to other polar amino acids or to the polypeptide backbone
(Figure 4-6).

_LLH_' = winie band
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=
na /
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H H
H L“i i,
CH,

AMING ACID SIDE CHAIMN

Ala A nonpolar
Gly. G nonpolar
Yal N nonpolar
Lew L nponpolar
e | nonpalar
Pro P nonpolar
Phe F  nanpolar
Met M nonpolar
Trp. W  naonpolar
Cys C nonpolar
AMIND ACIH

Figure 4-3 Twenty different amino acids
are found in proteins. Both three-lelier and

one-letter abbreviations are presented. As
shown, there are an equal nur of pola
and nonpolar side chains. For alomic
structures, see Panal 2-5 ( 75}

Figure 4-4 Three types of noncovalent
bonds help proteins fold. Altnough 2
single one of these bonds is quile weak,
marty of them often form togsther 1o create
a strong bonding arrangement, as in the
small peptide shown (center). R is a
general designation for a side ¢l
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Figure 4-5 Hydrophobic forces help

proteins foid into compact conformations.

[h= polar amine acid side chains tend to
gather on the outside of the folded protein,
whizie they can interacl with water; lhe
nonpoigr aming acid side chains are
buned on the inside to form a highly
packed hydrophobic core of atoms that are
lidden from water. In this very schematic
drawing, the pretein conta :

ming acids.

Figure 4-& Hydrogen bonds can form
within a protein molecule. Large numbers
¢ hydrogen bonds form belwesn adjacent

K.

cions of the folded polypeptide chain and

its three-dimensional shape.
fepi 1 is a portion of the
ysozyme, and the hydmgen bonds
e2n the three possinle pairs of

erg have been cifiererly colored, as
cated. (After CK. Malhews,

van Holde, ang K.G. Ahern,
nemistry, 3rd edn. San Francisco:
immin Cummings, 2000
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Proteins Faold info a Conformation of Lowest Energy

Each type of protein has a particular three-dimensional structure,
which is determined by the ovder of the amino acids in its chain. The
final folded structure, or conformation, adopted by any polypeptide
chain is determined by energetic considerations: a protein generally
folds into the shape in which the free energy (G} is minimized. Protein
folding has been studied in the laboratory using highly purified pro-
teins. A protein can be unfolded, or denatured, by treatment with ces-
tain solvents that disrupt the noncovalent interactions holding the
folded chain together. This treatment converts the protein into a flexi
ble polypeptide chain that has lost its natural shape. When the denatur-
ing solvent is removed, the protein often refolds spontaneously, or rena-
tures, into its original conformation (Figure 4-7). The fact that & rena-
tured protein can, onits own, regain the correct conformation indicates
that all the information necessary to specify the three-dimensional
shape of a protein is contained in its amino acid sequence.

Fach protein normally folds into a single stable conformation. This
conformation, however, often changes slightly when the protein inter-
acts with other molecules in the cell. This change in shape is crucial to
the function of the protein, as we shall see later in this chapter.
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When proteins fold improperly, they can form aggregates that can
damage cells and even whole tissues. Aggregated proteins underlie a
number of neurodegenerative disorders, including Alzheimer’s disease
and Huntington's disease. Prion diseases—such as scrapie in sheep,
bovine spongiform encephaloparthy (BSE, or “mad cow” disease) in cat-
tie, and Creutzfeldt-Jacob disease (CJD} in humans—are also caused by
protein aggiregates. The prion protein, Prf can adopt a special mis-
folded form that is considered “infectious,” as it can convert properly
folded prion proteins into the abnormal conformation (Figure 4-8).
This allows the misfolded form ol PrP to spread rapidly from cell to cell
in the brain, causing the death of the infected animal or human.

Although a protein chain can fold into its correct conformation
without outside help, protein folding in a living cell is generally assisted
by special proteins called molecidlar cheperones. These proteins bind to
partly folded chains and help them to fold aleng the most energetically
favarable pathway. Chaperoncs are vital in the crowded conditions of
the cytoplasm, because they prevent newly synthesized pratein chains
from associaling with the wrong partneis. However, the final three-
dimensional shape of the protein is still specified by its amino acid
sequence: chaperones merely make the folding process move efficient
and reliable.

Proteins t.ome in a Wide Variety of Complicated Shapes

Proteins are the most structurally diverse macromolecules in the cell.
Although they range in size from about 30 amino acids to more than
10,000, the vast majority of proteins are between 50 and 2000 amino
acids Jong. Proteins can be globular or fibrous: they can form filaments,
sheets, rings, or spheres. Figure 4-9 presents a sampiing of proteins
whose exact structures are known. We will encounter many of these
proteins later in this chapter and throughourt the book.

Resolving a protein’s structure often begins with determining its
amino acid sequence. First, cells are broken open and the proteins sep-
arated and purified. The precise order of the amine acids in a pure pre-
tein can then be established in a number of ways. For many years, pro-
tein sequencing was accomplished by analyzing the amino acids in the
protein directly, the first protein sequenced being ihe hormane insulin,
in 1955. Today we can determine the order of amino acids in a protein
more easily by sequencing the gene ihat encodes it 'discussed in
Chapter 10). Although indirect, this method is much fasier. Once the
order of the nucleotides in the DNA that encodes a protein is kiown, it
can then Le converted into an amino acid sequence by appiying the
genetic code (discussed in Chapter 7). The amino acid sequences of
tens of thousands of proteins have already been determined in this way.

A combination of direct and indirect methods can also be used to
identify and characterize unknown proteins. Now that complete
genome sequences for many organisms are available, a protein can

Fizure 4-7 Denatured proteins can

recover their natural shapes. 7 /e ol

experiment dermonstrates that 1
conformation of 3 profain s determined
salely by 1ts amino acid sequence

Renaturation works best for.sm

proteins.
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Figure 4-8 Prion diseases are caused by
rare proieins whose misfolding is
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often be identified by determining the amino acid sequence of a few
short peptide fragments and then using those fingerprints to search the
full DNA sequence of the organism for its gene.

Although all of the information required for a polypeptide chain to
fold is contained in its amino acid sequence, we have not yet learned
how to predict reliably a protein’s detailed three-dimensional confor-
mation—the spatial arrangement of its atoms. At present, the only way
to discover the precise folding partern of any protein is by experiment,
using either X-ray or nuclear magnetic resonance methods (see How We
Know, pp. 129-131). So far, the structures of abourt 10,000 different pro-
teins have been completely analyzed by these techniques. Most have a
three-dimensional conformation so intricate and irregular that their
structure would require an entire chapter to describe in detail,

We can atterapt to illustrate the intricacies of protein conformation
by examining the structure of an unusually small protein, the phos-
phocarrier HPr. This small transport protein—a mere 88 amino acids
in length—facilitates sugar transport into bacterial cells. In Panel 4-2
(pp. 132-133), the compiete structure of HPr is displayed in several dif-
ferent ways: as a polypeptide backbone model (A}, as a ribbon model
(B), as a wire model that includes the amino acid side chains (C), and as
a space-fillingmodel (D). As indicated in the panel, each model empha-
sizes different features of the protein. The three horizontal rows show
the protein in different orientations, and the images are colored to dis-
tinguish the path of the polypeptide chain, from its N-terminus (purple)
to its C-terminus (red). We will describe the different structural ele-
ments in this protein shoertly.

Clearly a protein’s conformation is amazingly complex, even for a
protein as small as HPr. To visualize such complicated structures, scien-
tists have developed various graphical and computer-based tools that
allow them to generate a variety of images of selected proteins that can
be displayed and rotated on the screen, such as those depicted in Panel
4-2 {see CD-ROM). In addition, describing and presenting such com-
plex protein structures is made easier by recognizing that several com-
mon folding patterns underlie these conformatians, as we discuss in the
next sections.

The o Helix and the 3 Sheet Are Common Folding
Patterns

When the three-dimensicnal structures of many different protein mol-
ecules are compared, it becomes clear that, although the overall conlor-
mation of each protein is unique, two regular folding patterns are oflen
found in parts of them. Both were discovered about 50 years ago from
studies of hair and silk. The first folding pattern to be discovered, called
the o helix, was found in the protein a-keratin, which is abundant in
skin and its derivatives—such as hair, nails, and horns. Within a year of
the discovery of the « helix, a second folded structure, called a p sheet,
was found in the protein fibroin, the major constituent of silk.
(Biologists often use Greek letters to name their discoveries, with the
first example receiving the designation o, the second 3, and so on.)
These two folding patterns are particularly common because they
result from hydrogen bonds forming berween the N-H and C=0 groups
in the polypeptide backbone. Because the amino acid side chains are
not involved in forming these hydrogen bonds, ¢ helices and § sheets
can be generated by many different amino acid sequences. In each case,
the protein chain adopts a regular, repeating form or motif. Both struc-
tural features, and the shorthand cartoon symbols that are used to rep-
resent them in ribbon models of proteins, are presented in Figure 4-10.
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Figure 4-9 Proteins come in a variety of shapes and sizes. Fach piofein is shown a3 a space-filling model, represented 21 1he
camiz scale. [0 (e {op feft corner is thie phosphocarier protein HPr, which s featured in greater detail in Panel 4-2 (pp. 132-133).
Pari of a molecule of DMA (gray) is shown for comparison. (After David S. Goodsell, Our Molecular Nature. New York:

Sprnger-Verlag, 1996.)

The Shope ond Suctue of Protaing 127

 ——



!'I\
'y amino acid
Q (R side chain

= |
¥
Y = oxygen
= I e
¥ ¢/ H-bond 0.54 nm
LR
hy;drogen !-
nitrogen - earbon
/}-ﬁj
(A) {B)

amino acid
H-bch sld/e chain
hydrogen—_.
nitrogen 0.7 nm
(m
peptide
bond a
|
(D) (E)

7

(o

ft shest.

f [ ] | ]
|Ii | |-., |

— & -l

Figure 4-10 Polypeptide chains often fold into one of two orderly repeating forms known as the o helix and the p sheet. In an
o helix (A, B, and C), the N-H of every peptide bond is hydrogen-bonded 1o the C=0 of a neighboring peptide bond located four
peptide bonds away in the same chain. In the case of the B sheet (D, E, and F), the individual polypeptide chains {(strands} in the
sheet are held together by hydrogen-bonding between peptide bonds in different strands, and the aming acid side chains i1 each
sirand project alteriiately above and below the plane of the sheet, [n the examipla shown, the acjacent peptide chains run 1 epposite
directions, forming an antiparalte! f sheet. (A) and (D) show all of the atoms in the polypeplide backiong, but the amino acid side
chains are denoted by R. (B} and (E) show the backbone atoms enly, while (C) and (F) display the shorthand cartoon symbels that
are used to represent the o helix and the B shect in ribbon drawings of proteins (see Pancl 4-28, p. 132).

128 Chapter 4: Profein Skucture ond Funaction

E—



Coiled-coils o helices and B sheets: how do we know that
these structures exist? How can we see them? And how
can we delerinine which of these or other structures a par-
ticular proiein adopts—and whether .a protein’s shape
changes as it doss its job?

Mast proteins are small—too small fo be sean in any detail,
even with a powerful electron microscope. To follow ihe
paths that the string of amino acids takes inside a good-
sized protein molecule, you need to be able to see the
atoms that form the individual aming acids. For that job,
you generally need X-rays. Like light, X-rays are a form of
electromagnetic radiation. But they have a wavelength of
0.1 nanometer {nm)—the approximate diameter of a
hydrogien alom—so they allow you to look at very small
and detailed structures.

Befare you can examine youy piotein with X-rays, you have
lo isolale it in a pure form. You must also determine its
amino acid seguence, so that the X-ray data (or other types
of structural information) are easier to interpret, With that
in mind, we will now review how to go about solving the
three-c¢imensional structure of a protein.

Isolation

Maybe you are interested in studying a set of proteins that
is involved in copying DNA, processing RNA, or degrading
damaged proteins. Each of these cellular processes is car-
ried out by a molecular machine that contains many dif-
ferent proteins, as we discuss in Chapters & and /.

If you know the identity of any one of the proteins in such
a complex, you may be able to identify some of the other
proteins in the complex by pretein affinity chramatography,
E “sen‘tially vou break open cells, separate all of the solu-
ke proteins by centrifugation, and then pass those proteins
through a column matrix that contains either the nure tar-
get protein, ar an antibody that binds this protein tightly. In
oither case, protein complexes will collect en the column
and often can be eluted with salt or by changing the pH of
the solution. Proteins that are physically asscciated wilh
the target protein can thereby be identified and isolated.
These techninues are cescribed in greater detail in Panels
4-3 through 4-6 (pp. 160-165).

The next siep involves visualizing, and than isolating,
these proteins by electrophoresis through a pelymer gel,

which mpamtﬂs polypeptides on the basis of their smw
W the purification vields a great many proteins, or if the
proteins are very similar in size, they can he resolved
using two-dimensional gel electrophoresis, which sepa-
rates proteins by both size and overall electrical charge
{spe Panel 4-5, p. 163). Both techniques vield a num-

How We Know: Probing Protein Structure

ber of bands or spots, each one containing a different
protein.

Once a protein has been selected for further study, you are
ready o determine its amino acid sequence. The small
amount of protein that is present in the gel actually pro-
vides enough material for this analysis.

tdentification

Before a protein is sequenced (i.e., the order of its amino
acids is delermined), it is generally broken into smaller
pieces using a selective protease. The enzyme trypsin, for
example, cleaves polypeptide chains on the carboxyl side
of lysine or arginine residues. So if a protein has nine
lysines and seven arginines, digestion with trypsin should
cut it into 17 peptide fragments.

Mass spectrometry can then be used to determine the exact
mass of each peptide lragmenl-—information that will allow
you {0 identify your pratein from the list of all proteins pro-
duced by the organism as determined from the DNA
sequence of its gencme. The process works like this, The
peptides from the tryptic digest are dried onto a metal plate.
The sample is then blasted with a laser, which heals the
peplides, causing them 1o become “ionized"—ejected from
the plate in the form of a gas. Accelerated by a powerful
electric field, the peptide ions then fly toward a detector, and
the time it takes them 1o get there is related to their mass
and their charge. (The larger the peptide is, the slower it
moves, while the more highly charged it is, the faster it
moves.) Knowledge of the exact mass of each of the protein
fragmcnts produced by lrypsin cleavage serves as a “finger-
print,” which allows the idenfification of the protgin's gene
(Figure 4-11) and thus its amino acid seguence,

You now need to produce enough protein to do a structural
analysis. Using recombinant DNA technology {(which we
discuss in detail in Chapter 10}, you insert the gene into
cells, usually bacteria, and get the cells to produce large
amounts oi the protein. Once the protein is purified {by the
techniques described in Panel 4-3, pp. 160-161), you are
ready to attempt to solve its structure.

Interrogation

The toughest part is yel to come. Te determine a prolein's
structure using X-ray crystallography, you first need to coax
the protein into forming crystais—large, highly ordered
arrays in which every protein has the same conformation
and is perfectly aligned with its neighbors. Growing such
crystals is still something of an arl, as it reguires a trial-
and-error process of determining the proper conditions for

forming the highest-quality crystals—selecting the right
ions, the optimal temperature, and so on.
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Figure 4-11 Mass spectrometry can be used to identify
proteins by determining the precise masses of peptides
derived from them. In this example, the profein of intarest
15 excised from a two-dimensianal polyacrylamide gel and
fhen digested with trypsin. The peptide fragmeants are
Inaded onto the mass spectrometer and their exact masses
measured, Senuence dalabases are then searched to find
tha protein whiose calculated tryptic digest profile malches
these values. (Mizrograph courtesy of Patrick O'Farrell.)

With crystals in hand, you are ready for the X-ray analysis.
When a narrow heam of X-rays is directed at a protein crys-
tal, the aioms in the protein molecules scatter the incom
ing X-rays. These scattered waves either reinforce ar can-
cet ene another, producing a complex diffraction pattern
that is collected by electronic detectors. The position and
intensity of each spot in the diffraction patlem contains
information ahout the position of the atoms in the protein
crystal (Figure 4-12).

Because these pattarns are so complex—even a small pro
fein can generate 25,000 discrete spols—computers are
used o interpret thern. By combining information obtained
from such maps with the amino acid sequence of the pro-
tein, you can generate an atomic model of the protein's
structure. To determine if the protein undergoes conforma-
tional changes in its structure when it hinds a ligand that
boosts ii5 aclivity, you might subsequently try crystallizing
il in the presence of the ligand. With crystals of sufficient
quality, even simall alomic movements can be detected by
comparing the structures obtained in the presence and
absence of stimulatory or inhibitory ligands.

There is a different way to salve the structure of your pro-
tein, one thal does not require oblaining protein crystals.
I the protein is small—say, 40,000 dalions o less—you
can determine its structure by nuclear magnetic reso-
nance {(MMR) spectroscapy. This technigue takes advan-
lage of the fact that the nuclei of many atoms are intrin-
sically magnetic and ihat their behavior is influenced by
surrounding atoms. In NMR spectroscopy, a solution of
pure protein is placed in a strong magnetic lield and then
hombarded with radic waves of cifferent frequenciss. The
hydrogen nuclel in the protein will gererate an NIMR sig-
nal ihat can be used io determine the distances between
the amino acids and between different parts of the pra-
tein. Again, combined with the known amino acid
seqguence, an NMR spectrum can allow you o compute
the three-dimensional structure of the protein (Figure
4-13).

It the protein is larger than 40,000 dalions, you can try to
break the polypeptide up info its constituent functional
dormains and then perform this type of NMR analysis on
each domain.

Recenily, X-ray crystallography was used te determine
the structure of the ribosome, a complex cellular machine
made of several RNAs and mare than 50 proteing, In the
future, improvemants in A-ray crystaliography and NMR
spactroscopy should permit rapid analysis of many maore
proteins and protein machines. And once engl
iures have been determinegn, we may be able {p génerate
algorithms far accurately pradicting structure based solely
on the amino acid sequence iself. After all, 1t is the

SELIC-

sequence of the amino acids along that determines how
each protein folds up into its three-dimenionsal structure.
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Figure 4-12 The structure of a protein can be determined by

X-ray crystallography. Ribulose bisphosphate carboxylase is an enzyme
thal ptays a central role in CO; fixation during photosynthesis. (A) X-ray
diffraction apparatus; (B) photograph of crystal; (C) diffraction patiern;
(D) three-dimensional structure determined from the pattern (@ helices
are shown in green, and P shests in red). (B, courtesy of C. Branden;
C, courtesy of J.Haidu and |. Anderson; D, adapted from original
provided by B. Furugren.}

—
Figure 4-13 NMR spectroscopy can be o B ST

used to determine the structure of small
proteins or protein domains.

(A} Two-dimensional NMR spectrum
derived from the C-terminal domain of the
enzyme cellulase. The spots represent
interaclions between neighboring

M aloms. (B) The set of overlapping
structures shown all satisly the distance
constraints equally well. {Courtesy of

P Kraulis.}
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Panel 4-2 Four different ways of depicting a small protein

(A} Hackboni: Shows the averall arganization of the polypeptide chain; {B) I bhon: Easy way to visualize secondary structures, such as « helices
a clzan way 10 compare structures of related proteins. ant ) sheets.
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(Cy i Highlights side chains and their relative proximities; useful for
preticting which amino acids might be involved in a protein's activity,
pariicularly if the protein is an enzyme.

\_ P,

(D} Space-fillog: Provides contour map of the protein; gives a feel for
the shape of the protein and shows which amino acid side chains are
exposed on its surface. Shows how the protein might look 1o a small
molecule, such as water, or to another proteiil.

(Courtesy of David Lawson.)




134

Figure 4-14 The helix is a regular
biclogical structure. A helix will form when
2 series of subunits bind to sach other in a
regutar way (A-D). At the hottom, [he
interaction between two subunits is shown;
pehind thermn are the helices that result,

i hese helices have two (A), three {B), or
sin \C and D) subunits per halical turn.

At the top, the arrangement of subunits has
Leen pholographed from directly above the
. Mote that the helix in (D} has a

witder path than that in (C), but the same
number of subuniis par tumn, (E) A helix
can be either right-handed ar laft-handed.,
s a reference, it is useful to remember
that standard metal screws, which

nsert when turnad clockwise, are right-
handed. Note that a helix preserves the
came handedness when il is turned

Lpside down.

(Juestion 4-2

Look at the models of the
small protein in Panel
4-2, pp. 132-133. Are the
i helices right- or left-
handed? Are the three
chains that form the
largest region of the f sheet parallel or
antiparallel? Starting at the N-termi-
nus (the purple end), trace your finger
along the peptide backbone. Are
thers any knots? Why, or why not?

I S

( i.r:::':_f:" _ ::f' e STk

e candd F

left-
hander

right-
handed

(E}

Helices Form Readily in Biological Structures

The abundance of helices in proteinsis, in a way, not surprising. A helix
is an unexceptional regular structure that resembles a spiral staircase,
as illustrated in Figure 4-14. 1t is generated simply by placing many sim-
ilar subunits next to each other, each in the same strictly repeated rela-
tionship to the one befere. Because it is very rare for subunits to join up
in a straight line, this arrangemeni will generally result in a helix.
Depending on the hwist of the staircase, a helix is said to be either right-
handed or left-handed (Figure 4-14F). Handedness is nat alfected by
turning the helix upside down, but it is reversed if the helix is reflected
in the mirror.

An a helix is generated when a single polypeptide chain turns
around itself to form a structurally rigid cylinder. A hydrogen bond is
made between every fourth peptide bond, linking the C=0 of one pep-
tide bond to the N-H of another (see Figure 4-10A). This gives rise to a
regular helix with a complete turn every 3.6 amino acids.

Short regions of o helix are especially abundant in the proteins
located in cell membranes, such as transport proteins and receptors. We
will see in Chapter 11 that those portions of a transmembrane protein
that cross the lipid bilayer usually form an o helix that is composed
largely of amino acids with nonpolar side chains. The polypeptide back-
bone, which is hydrophilic, is hydrogen-bonded to itself in the « helix,
and it is shielded from the hydrophobic lipid environment of the mem-
brane by its protruding nonpolar side chains (Figure 4-15).

Sometimes a pair of ¢ helices will wrap around one another to form
a particularly stable structure, known as a coiled-coil. This structure
forms when the tweo o helices have most of their nonpolar (hydropho-
bic) side chains on one side, so that they can twist around each other
with these side chains facing inward—minimizing their contact with
the aqueous cytosol (Figure 4-18). Lang, rodlike coiled-coils form the
structural framework for many elongated proteins. Examples include -
keratin, which forms the intracellular fibers that reinforce the outer




layer of the skin, and myuosin, the protein responsible for muscle con-
traction (discussed in Chapter 17).

B Sheets Form Rigid Structures at the Core of Many
Proteins

HPr, the small protein we examined in Panel 4~2, contains both o helix
and i sheet structures. As shown previously in Figure 4-10D, p sheets
are made when hydrogen bonds form between segments of polypeptide
chains lying side by side. When the structure consists of neighboring
polypeptide chains that run in the same orientation (say, from the
N-terminus io the C-terminus), it is considered a parallel B sheet; when
it forms from a pelypeplide chain that folds back and forth upon itself—
with each section of the chain running in the direction epposite to that
ol its immediate neighbors—the structure is an antiparallel 3 sheet
(Figure 4-17). Both types of (f sheet produce a very rigid, pleated struc-
ture, and they form the core of many proteins.

B sheets give silk fibers their remarkable tensile strength. And they
can help keep insects from freezing in the cold. In one type of antilreeze
protein, isolated from beetles that frequent cold climates, a series of
parallel B sheets forms a beautifully flat surface along one side of the
protein meolecule (Figure 4-18). This array appears (o offer a perfect
platform for binding to the regularly spaced water molecules that are
present in an ice lattice. By adhering to the ice crystals that form when
water is cooled below its freezing point, the antifreeze protein prevents
the ice crystals from growing—thereby keeping the insects' cells from
freezing solid.
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Figure 4-15 A segment of o helix can
cross a lipid bilayer. The hydrophobic side
chains of the amino acids forming the o
helix cantact the hydrophobic hydrocarbon
tails of the phospholipid molecules, while
the hydronhilic parts of the polypeptide
backbone form hydrogen bonds with one
anather in the interior of the helix. About
20 amino acids are required o span a
membrane in this way.

Figure 4-15 Intertwined o helices can
form a coiled-coil. in {A) a single o helix is
shown, with successive aming acid side
chains labeled in a sevenfold sequence
“abcdefg.” Amino acids “a" and “d” in such
a sequence lie close fogether on the
cylinder surface, forming a siripe (shaded
in red) that winds slowly around the

o, hehx. Proteins that form w!: co:ls
typically have nongolar amino acids a
positicns “a” and “d." Coms:o uently, as
shown in (B), the two ¢ helices can wrap
around each other with the nonpolar side
chains of one & helix interacting with the
nonpolar side chains of the other, while the
more hydrophilic amine acid side chains
are left exposed to the agueous
environment. {C) The atomic structure of a
coiled-coll determined by X-ray
crystaliography. The red side chains are
nonpolar.
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Figure 4-17 p sheets come in two

varieties. {A) Antiparallel [} sheet {(see also
Flgure 4-100). (B) Paratlel B sheet. Both
of these structures are common in proteins,
By convention, the arrows point toward the
C-tzrminus of the polypeotide chain.
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Ouestion 4-3

Remembering thar the side ehains project

ing from each polypeptide backbone in a

} sheet point allernately above and below

the plane of the sheel (see Figure 4-10D],

consider the following protein sequence:

Leu-Lys-Val-Asp-Ile-Ser-Leu-Arg-Leu-Lys-
lle-Arg-Phe-Glu. Do you find anything remarkable
about the arrangement of the amino acids in this
sequence when Incorporated into a [ sheet? Can you
make any predictions as to how the § sheet might be
arranged in a protein? (Hint: consult the properties of
the aminp acids listed in Figure 4-3,)

Proteins Have Several Levels of Organization

A protein’s structure does not end with o helices and 3 sheets; there are
also higher levels of organization. These levels are not independent, but
are built one upen the next until the three-dimensional structure of the
entire protein has been fully defined. A protein’s structure begins with
its amino acid sequence, which is thus consideved its primary structure.
The next level of organization includes the « helices and [ sheets that
form within certain segments of a polypeptide chain; these folds are
elements of the protein's secondary structure. The full, three-dimen-
sional conformation formed by an entire polypeptide chain—including
the o helices, § sheets, random coils, and any other loops and folds that
form between the N- and C-termini—is sometimes referred to as the
tertiary striccture (see the HPr structures shown in Panel 4-2, for exam-
ple}. Finally, if a particular protein molecule is formed as a complex of
more than one polypeptide chain, then the complete structure is desig-
nated its quaternary structure.

Studies of the conformation, function, and eveclution of proteins
have also revealed the importance of a level of organization distinct
from those just described. This is the protein domain, which is defined
as any segment of a polypeptide chain that can fold independently into
a compact, stable structure. A domain usually consists of 100 to 250
amino acids (folded into o helices and § sheets and other elements of
secondary structure), and it is the modular unit from which many larger
proteins are constructed (Figure 4-19). The different domains of a pro-
tein are often associated with different functions. For example, the bac-
terial catabolite activator protein (CAP), illustrated in Figure 4-19, has
two domains: the small domain binds to DNA, while the large domain
hinds cyclic AME an intracellular signaling molecule. When the large
domain binds cyclic AMP, it causes a conformational change in the pro-
tein that enables the small domain to bind te a specific DNA sequence
and promote expression of adjacent genes.

A small protein niolecule like HPr contains only a single domain.
Larger proteins can contain as many as several dozen domains, which
are usually connected by relatively unstructured lengths of polypeptide
chain. Ribbon models of three differently organized domains are pre-
sented in Figure 4-20.

Figure 4-18 [ sheets provide an ideal ice-binding surface in an
antifreeze protein. The six paraliel [ strands, shown here in red, form
a flat surface with 10 hydroxyi groups (blue) arranged at distances
that correspond to water molecuies in an ice laltice. The protein can
therefore bind to ice crystals. preventing their growth. (After Y.C. Liou
at al., Mature 406:322-324, 2000))
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Few of the Many Possible Polypeptide Chains
Will Be Useful

[n theory, a vast number of different polypeptide chains could be made.
Because each of the 20 amino acids is chemically distinct and each can,
in principle, occur at any position in a protein chain, a polypeptide
chain four amino acids long has 20 x 20 x 20 x 20 = 160,000 different
possible sequences. [n other words, for a polypeptide that is 7 amino
acids long, 207 different chains are possible. For a rypical protein length
of 300 amino acids, move than 20%% {that’s 10%%) structurally different
polypeptide chains could theoretically be made.

However, only a very small fraction of this unimaginably large
number of polypeptide chains would adopt a single stable three-dimen-
sional conformation. The vast majority of individual protein molecuies
would have many different conformarions of roughly equal stability,
each conformarion having different chemical properties. So why do

-%
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Figure 4-15 Many proteins are composed
of separate functional domains. Elerents
of secendary structure such as o helices
and B sheets pack together into stabile,
independently folding globular elements
called domains, A typical protgin molecule
is built from ane or more domains, ofien
linked through relatively unsiructured
rezinns of polypeptide chain. The ribbon
diagram on the right s of the bacteiial
oene regulalory protein CAF, will one large
{oullinad I blize) and one small (cutlined
in gray) domain.

Flgure 4-20 Ribbon models show three
different protein domains. (4} Cytochrome
bige, 2 single-domain protein invalved in
eimﬁro* transfer in £, coli, is composed
almost entirely of o helices. (B) The
NAD-Linding domain of the enzyme lactic
dehydrogenase 15 composed of a mixture of
o helices and B sheets. (C) The variable
domain of an immunoglobulin (antibody)
light chain is composed of a sandwich of
two P shects, In these exampies, the

o hddices are shown In green, whils
strands organized as [} sheets are denoted
by red arrows. The protruding loop regions
[yeliow} often form the binding sites for
other molecules. (Drawings couriesy of
Jang Richardson.)
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Question 4—4

IMULHIGNS
rarely result in
changes 1n a

protein
ness forthe cell, yet use-
ful mutations are

elected in evolot

Because these
each useful
are innumerable

mutations that lead o either no

1825 are s0 rare, [of

a
o
mutation there
LINproveInent ol nacrive :II."':|"||_"§.

Why, then, do cells not contain mil-

lions of different proteins that are of

Figure 4-21 Serine proteases belong to a
family of proteolytic enzymes. The
nackbone conformations of elastase and
chymaotrypsin, Although only those amino
ac.ds in the polypeptide chain shaded in
green are the same in the two proteins,
the two conformations are very similar

arly everywhere. The active site of each
Fvme is circled in red; this is where the
peptice bonds of the proteins that serve as
substrates are bound and cleaved by
hydrolysis. The serine proteases derive
ihzir name from the amino acid serine,
whinse side chain is part of the active site
of each enzyme and directly participates in
= cleavage reaction.

-

virtually all proteins present in cells adopt unigue and stable confor-
mations? The answer is that a protein with many different conforma-
tions and variable properties would not be biologically useful, for it
would be like a tool that unexpectedly changes its function. Such pro-
teins would therefore have been eliminated by natural selection
through the long trial-and-error process that underlies cellular evolu-
tion (discussed in Chapter 9).

Because of natural selection, the amino acid sequence of each
present-day protein has evolved to guarantee that the polypeptide will
adopt an exiremely stable conformation—a structure that bestows
upon the protein the exact chemical properties that will enable it to
perform a particular catalytic or structural function in the cell. Proteins
are so precisely built that the change of even a few atoms in one amino
acid can sometimes distupt the structure of a protein and thereby elim-
inate its function. In fact, many protein structures are so stable and
effective that they have been conserved throughout evolution among
many diverse organisms. The three-dimensional structures of the DINA-
binding domains from the yeast o2 protein and the Drosophila
engrailed protein, for example, are almost completely superimposable
even though these organisms are separated by more than a billion years
of evolution.

Proteins Can Be Classified into Families

Omnce a protein had evolved a stable conformation with useful proper-
ties, its structure could be modified over time to enable it to perform
new functions. We know that this occurred quite often during evolution,
because many present-day proteins can be grouped into protein fami-
lies, in which each family member has an amino acid sequence and a
three-dimensional conformation that closely resembles that af the
other family members.

Consider, for example, the serine proteases, a family of protein-
cleaving (proteolytic) enzymes that includes the digestive enzymes chy-
motrypsin, trypsin, and elastase, as well as severzal proteases involved in
blood clotting. When any two of these enzymes are compared, portions
of their amino acid sequences are found to be nearly the same. The sim-
ilarity of their three-dimensional conformations is even more striking:
most of the detailed twists and turns in their polypeptide chains, which
are several hundred amino acids long, are virtually identical (Figure
4-21). The various serine proteases nevertheless have distinct enzy-
matic activities, each cleaving different proteins or the peptide bonds

5 e HOOC

clastase chymotryasin
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between different types of amino acids. Slight differences in structure
allow each of these proteases to prefer different substrates; thus each
carries ouf a distinet function in an organism.

Large Protein Molecules Often Contain More Than One
Polypeptide Chain

The same weak noncovalent bonds that enable a polypeptide chain to
fold into a specific conformation also allow proteins to bind to each
other 10 produce Jarger structures in the cell. Any region on a protein’s
surface that interacts with another molecule through sets of noncova-
lent bonds is termed a binding site. A protein can contain binding sites
for a variery of molecules, large and small. If a binding site recognizes
the surface of a second protein, the tight binding of two folded polypep-
tide chains at this site will create a larger protein molecule with a pre-
cisely defined geometry. Each polypeptide chain in such a protein is
called a subunit. Each of these protein subunits may contain more than
one domain, a portion of the polypeptide chain that folds up separately.

In the simplest case, two identical folded polypeptide chains will
bind to each other in a “head-to-head” arrangement, forming a sym-
melrical complex of two protein subunits {called a dimer) that is held
together by interactions between two identical binding sites. The CAP
protein discussed previously is in fact 2 dimeric protein in the bacter-
ial cell (Tigure 4-22A}; it is formed from two identical copies of the pro-
tein subunit shown previously in Figure 4-19. Many other symmetrical

dimar of the CAP protein

Figure 4-22 Many protein molecules contain multiple copies of a single protein subunit. (A) A symmetrical
dimer. The CAP protein exists as a complex of two identical polypeptide chains (see ziso Figure 4-19).

(BY A symmetrical tetramer. The enzyme neuraminidase exists as a ring of four identical polypeptice chains.
For both (A) and (B}, a small schematic below the structure emphasizes how the repeated use of the same
binding interaction forms the structure.
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Figure 4-24 Proteins can assemble into
complex structures. {A) A protein with just
one binding site can form a dimer with
ancther idertical protein. (B) Identical
proteins with two different binding siles will
often form a long helical filament. {(C) If the
two binding sites are disposed

a riately in relation to each other, the

rotein subunits will form a closed ring
instead of a helix (see also Figure 4-228).

Figure 4-23 Some proteins are formed as a symmetrical assembly
of two different subunits, Hemoglobin, a profein abundant in red
blood cells, contains two copies of a-globin and two copies of
[-globin. Each of these four polypeptide chains contains a heme
molecule (red reclangle), which is the site where oxygen (O2) is
bound. Thus, each molecule of hemoglobin in the blood carries four
molecules of oxygen.

protein complexes, formed from mulriple copies of a single polypeptide
chain, are commonly found in cells. The enzyme newraminidase, for
example, consists of a ring of four identical protein subunits (Figure
4-22B}.

Other proteins contain two or more different types of polypeptide
chains. Hemaoglobin, the protein that carries oxygen in red blood cells, is
a particularly well-studied example {Figure 4-23). The protein contains
two identical o-globin subunits and two identical B-globin subunits,
syminetrically arranged. Such multisubunit proteins are numerous in
cells and can be very large.

Proteins Can Assemble into Filamenis, Sheets, or Spheres

Proteins can form even larger assemblies than those discussed so far.
Most simply, a chain of identical protein molecules can be formed if the
binding site on one protein molecule is complementary to another
region on the surface of another proiein molecule of the same type.
Because each protein molecule is bound to its neighbor in an identical
way, the molecules will often be arranged in a helix that can be extended
indefinitely (Figure 4-24). This type of arrangement can produce an
extended protein fllament. An actin filament, for example, is a long hel-
ical structure formed from many molecules of the protein actin {Figure
4-25}. Actin is extremely abundant in eucaryotic cells, where it forms
one of the major filament systems of the cytoskeleton {discussed in
Chapter 17). Other sets of proteins associate to form extended sheets or
tubes (Figure 4-206), as in the microtubules of the cell cytoskeleton; or
cagelike spherical shells, as in the protein coats of virus particles (Figure
4-27).

Many large structures, such as viruses and ribosomes, are built from
a mixture of one or more types of protein plus RNA or DNA molecules.
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actin helix

These structures can be isolated in pure form and dissociated into their
constituent macromolecules. It is often possible to mix the isolated
components back together and watch them reassemble spontaneausly
into the original structure. This demonstrates that all the information
needed for assembly of the complicated structure is contained in the
macromolecules themselves. Experiments of this type show that much
of the structure of a cell is self-organizing: if the required proteins are
produced in the right amounts, the appropriate structures will form.

Some Types of Proteins Have Elongated Fibtous Shapes

Most of the proteins we have discussed so far are globular proteins, in
which the polypeptide chain folds up into a compact shape like a ball
with an irregular surface. Enzymes tend to be globular proteins: even
though many are large and complicated, with multiple subunits, most
have an overali rounded shape (see Figure 4-9). In contrast, other pro-
teins have roles in the cell which require that they span a large distance.
These proteins generally have a relarively simple, elongated three-
dimensional structure and are commonly referred to as fibrous pro-
teins.

One large class of infracellular fibrous proteins resembles w-ker-
atin, which we met eavliet. Keratin filaments are extremely stable: Jong-
lived structures such as hair, hern, and nails are composed mainly of
this protein. An a-keratin molecule is a dimer of two identical subunits,
with the long o helices of each subunit forming a coiled-coil (see Figure
4-16). These coiled-coil regions are capped at either end by globuwlar
domains containing binding sites. These sites allow the molecules in
this class to assemble into ropelike intermediaie filaments—a compo-
nent af the cell cytoskeleton that creates a structural scaffold for the
cell’s interior (discussed in Chapter 17).

Fibrous proteins are especially abundant sutside the cell, where
they form the gel-iike extracellular matriv that helps cells bind together
to form tissues. These proteins are secreted by the cells into their sur-
roundings, where they often assemble into sheets or long fibrils.
Collgen is the most abundant of these fibrous proteins in animal tis-
sues. The collagen molecule consists of three long polypeptide chains,
each centaining the nonpolar amine acid glvcine at every third posi-
tion. This regular structure allows the chains to wind around one
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Figure 4-25 An actin filament is
composed of identical protein subunits.
The hefical array of actin molecules often
extends for thausands of m = anrd

for micrometers in the cell.

Figure 4-26 Single protein subunits can
pack tc form a filament, a tube, or a
spherical shell.
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Figure 4-27 Viral capsids are made of
spherical protein assemblies. The
structure of tomato bushy stunt virus,
shown here, was delermined by X-ray
crystallography and is known in atomic

sil. (Courtesy of Robart Grant, Stephan
ranic, and James M. Hogle.)

another to generate a long regular triple helix (Figure 4-28A). Many col-
lagen molecules then bind to one another side-by-side and end-to-end
to create long overlapping arrays—thereby generating the extremely
strong cellagen fibrils that hold tissues together, as described in
Chapter 21.

In complete condrast to collagen is another protein in the extracel-
lular matrix, eflastin. Elastin molecules are formed from relatively loose
and unstructured polypeptide chains that are covalently cross-linked
into a rubberlike elastic meshwork. The resulting elastic fihers enable
skin and other tissues, such as arteries and lungs, to stretch and recoil
without tearing. As illustrated in Figure 4-28B, the elasticity is due to the
ability of the individual protein molecules to uncoil reversibly whenever
they are stretched.

Extracellular Proteins Are Often Stabilized by
Covalent Cross-Linkages

Many protein molecules are either attached to the outside of a cell’s
plasma membrane or secreted as part of the extracellular matrix. All
such proteins are direcily exposed to extracelluiar conditions. To help
maintain their structures, the polypeptide chains in such proteins are
often stabilized by covalent cross-linkages. These linkages can tie
together two amino acids in the same protein, or connect different
polypeptide chains in a multisubunit protein. The most common cross-
links in proteins are covalent sulfur-sulfur bonds. These disulfide
bonds (also called -8 bonds) form as proteins are being exported from
cells. Their formation is catalyzed in the endoplasmic reticulum by a
special enzyme that links together two -SH groups from cysteine side
chains that are adjacent in the folded protein (Figure 4-29). Disulfide
bonds do not change the conformation of a protein, but instead actas a
sort of “atomic staple” ro reinforce its most favored conformation. For
example, lysozyme—an enzyme in tears that can dissclve bacterial cell

elastic fiber

5Clnml\_,‘ e =

)-—shorﬁ section of a e = a—

, ! _coliagen fibril Q.D
i (c? \’a
(...

collagen

molecule ™) \_&“
/\ o étg-rs-’th\\&:l

T

{A)

1.5 nim Sl -..hﬁ-?r_"""- = _}

STRETCH RELAX

single elaslin molecule

" //’ cross-link—___ .
= "!""--._.--""""F— -.--""’_I_h- -———l-..._..

Fipure 4-28 Collagen and elastin are abundant fibrous proteins. (A) Collagen is a triple helix formed by three extended protein
chains that wiap around one another. Many rodiike collagen molecules are cross-linked fogether In the extracellular space to form
collagen fibrils (fop) that have the tensile strength of steel. The striping on the collagen fibiil is caused by the regular repeating

ngement of the callagen moleculas within the fibril. (B} Elastin polypeptide chains are cross-linked together fo form rubberiike,
> fibers. Each elastin molecule unceils into a more extended conformation when the fiber is streiched and will recoil

spontaneously as soon as the streiching force is relaxed.
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walls—retains its antibacterial activity for a long time because it is sta-
bilized by such cross-linkages.

Disulfide bonds generally do not form in the cell cytosol, where a
high coneentration of reducing agents cenverts such bonds back ro cys-
teine ~SH groups. Apparently, proteins do not require this type of struc-
tural reinforcement in the relatively mild environment inside the cell.

How Proteins Work

Proceins are not inert lumps of material, Because of their different
amino acid sequences, proteins come i an enormous variety of differ-
ent shapes—each with a unique surface topography of chemical
groups. And a protein’s conformation endows it with a unique function
based on its chemical properties and its precisely engineered parts
whose actions are coupled to chemical events. This union ol structure,
chemistry, and activity gives proteins the extraordinary ability to
orchestrate the dynamic processes that occur in living cells.

For proteins, then, form and function are inexorably linked. But the
fundamental question remains: how do proteins accomplish their func-
tion? In this part of the chapter, we will see that the activity of proteins
depends on their ability to bind specifically to othier molecules, allow-
ing them to act as catalysts, signal receptors, and tinv motors, The
exampies we review here by no means exhaust the vast functional
repertoire of proteins, However, the specialized functions of many of
the proteins vou will encounter elsewhere in this book are based on
similar principles.

All Proteins Bind to Other Molecules

The biological properties ol a protein molecule depend on its physical
interaction with other molecules. Antibodies attach to viruses or bacte-
ria as a signal to the body’s defenses, the enzyme hexokinase binds glu-
cose and ATP to catalyze a reaction between them, aciin molecules bind
to each other to assemble into long filaments, and so on. Indeed, all
proteins stick, or bind, to other molecules. In some cases this binding is
very tight; in others it is weak and short-lived. But the binding always
shows great specificizy, in the sense that each protein moelecule can bind
to just one or a few molecules out of the many thousands of different
molecules it encounters. Any substance that is bound by a protein—
whether it is an ion, a small molecule, or a macromolecule—is referred
to as a ligand for that protein (from the Latin ligare, “to bind”}.

Figure 4-29 Disulfide bonds help
stabilize a favored protein conformation.
This diagram illustrates how covalent

If ds form between adjacent
deine side chains. As incicated, these
cross-linkages can join either two parts of
the same polypaptide chain or teo different
polypeptide chains, Because the energy
required 1o hreak one covalent bond is
much larger than the cnergy recuied (o
break even @ whole set of noncavalent
bonds (see Tabie isulfide
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Figure 4-30 The hinding of a protein to
another molecute is highly selective.
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The ability of a protein to hind selectively and with high affinity to
a ligand is due to the formation of a set of weak, noncovalent bonds—
hydrogen bonds, ionic bonds, and van der Waals attractions—plus
favorable hydrophobic interactions (see Panel 2-7, pp. 78-79). Fach
individual bond is weak, so that an effective interaction requires that
many weak bonds be formed simultaneously. This is possible only if the
surface contours of the ligand molecule it very closely to the protein,
matching it like a hand in a glove (Figure 4-30).

When molecules have poorly matching suifaces, few noncovalent
bonds are formed and the two molecules dissociate as rapidly as they
come together, This is what prevents incorrect and unwanted associa-
tions from forming between mismaiched melecules. At the other
extreme, when many noncovalent bonds are formed, the association
can persist for a very lang time. Strong interactions occur in cells when-
ever a biological function requires that molecules remain tightly associ-
ated for a long time—for example, when a group of macromolecules
come together to form a subcellular structure such as a ribosome.

The region of a protein that associates with a ligand, known as its
binding site, usually consists of a cavity in the protein surface formed
by a particular arrangement of amino acids. These aminoe acids belong
to widely separated regions of the polypeptide chain that are brought
together when the protein folds (Figure 4-31). Other regions on the sur-
face often provide binding sites for different ligands, allowing the pro-
tein's activity to be regulated, as we shall see later. Yet other parts of the
protein may be required to attract or aitach the protein to a particular
location in the cell—for example, the hydrophobic o helix of a mem-
brane-spanning protein allows it to be inserted into the lipid bilayer of
a cell membrane (discussed in Chapter 11).

Although the atoms buried in the interior of the protein have no
direct contact with the ligand, they provide an essential scaffold that
gives the surface its contours and chemical properties. Even small
changes to the amine acids in the interior of a protein molecule often
change its three-dimensional shape and destroy the protein's ability to
function.

The Binding Sites of Antibodies Are Especially Versatile

All proteins must bind to particular ligands to carry out their various
functions. Bur this binding capacity seems to have beenn most highly
developed for proteins in the antibody family: our bodies have the
capacity to produce a unique antibody that is capable of recognizing
and binding tightly to the structure of any molecule imaginable.
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Antibodies, or immunoglobulins, are proteins produced by the Flgure 4-31 Binding sites aliow a protein

immune system in response to foreign molecules, such as those on the
surface of an invading microorganism. Each antibody binds Lo a partic-
ular target molecule extremely fightly, either inactivating the target
directly or marking it [or destruction. An antibody recognizes its tavget
{called an antigen) with remarkable specificity, and because there are
potentially billions of different antigens that a person might encounter,
we have to be able to produce billions of different antibodies. The prop-
erties of antibodies—how they are made, how they help fight infection,
and how they can he used to purify and study other proteins in the lab-
aratory-—are summarized in Panel 4-6 (pp. 164-165).

Antibodies are Y-shaped molecules with two identical binding sites
that are each complementary to a small poeriion of the surface of the
antigen molecule. A detailed examination of the antigen-binding sites
of anribodies reveals that they are formed from several loops of
polypeptide chain that protrude from the ends of a pair of closely juxta-
posed protein domains {Figure 4-32). The amino acid sequence in these
loops can be changed by mutation without altering the basic structure
of the antibody. An enormous diversity ol anrigen-binding sites can be
generated by changing only the length and amino acid sequence of the
loops, which is how the wide variety of different antibodies is formed.

Loops ol this kind are ideal for grasping other molecules. They
allow a large number of chemical groups to surround a ligand so that
the protein can link to it with many weak bonds. For this reason, pep-
tide laops are used to forim the ligand-binding sites in many proteins.

Enzymes Are Powerful and Highly Specific Catalysts

For many proteins, binding te another molecule is their only function.
An antibody molecule need only bind to its target molecule on the sur-
face of a bacterium or a virus and its job is done; an actin molecule need
orly associate with other actin molecules ta form a filament. There are
other proteins, however, for which ligand binding is simply a necessary
first step in their function. This is Lhe case for the large and very impor-
tant class of proteins called enzymes. These remarkable molecules
determine all of the chemical transformations that occur in cells.
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Figure 4-32 An antibody is Y-shaped and
has two identical binding sites for its
antigen, one on each arm of the Y.
(A} Schematic drawirng of a typica
antihody molecule. The protein is

smiposed of four polypeptide chains {(two
identical heavy chains and two identical
1aller light chains) held together by
de bonds. Each chain is ma
erzl different demains, here shaded
pither Hlue or gray. [he antigen-binding
site i formed where a heavy-chain variable
domain (Vi) and a lignt-chain variable
domain (V) come close together, These are
the domains that differ most in their
sequence and struct
aniibodies. (BY Ribbon drawing of a single
lignt chain showing the parts of the
W domEin most clasely invelved In binding
to the antigen in these contribute half
of the fingerlike loops that fold around each
of the antigen molecules in (A).
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Enzymes bind to one or more ligands, called substrates, and convert
them into chemically modified products, doing this aver and over again
with amazing rapidity. They speed up reactions, often by a factor ol a
million or more, without themselves being changed—that is, enzymes
act as catalysts that permit cells to make or break covalent bonds at will.
This catalysis of organized sets of chemical reactions by enzymes cre-
ates and maintains the cell, making life possible.

Enzymes can be grouped into lunctional classes that carry out
similar chemical reactions {Table 4-1). Each type of enzyme is highly
specific, catalyzing only a single type of reaction. Thus, hexokinase adds
a phosphate group to D-glucose but will ignare its optical isomer 1-glu-
cose; the blood-clotting enzyme thrombin cuts one type of blood pro-
tein between a particular arginine and its adjacent glycine and nowhere
else. As discussed in detail in Chapter 3, enzymes often work in teams,
with the product of one enzyme becoming the substrate for the next,
The result is an elaborate netwark of metabolic pathways that provides
the cell with energy and generates the many large and small molecules
that the cell needs.

Lysozyme lllustrates How an Enzyme Works

To explain how enzymes catalyze chemical reactions, we will use the
example of lysozyme—an enzyme that acts as a natural antibiotic in egg
white, saliva, tears, and other secretions. Lysozyme severs the polysac-
charide chains that form the cell walls of bacteria. Because the bacter-
ial cell is under pressure due to osmotic forces, cutting even a small
number of polysaccharide chains causes the cell wall to rupture and the
bacterium to burst. Lysozyme is a relatively small and stable protein
that can be isolated easily in large quantities. For these reasons, it has
been intensively studied, and it was the first enzyme whose structure
was worked out in atomic detail by X-ray crystallography.

The reaction catalyzed by lysozyme is a hydralysis: the enzyme
adds a molecule of water to a single bond between two adjacent sugar
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groups in the polysaccharide chain, thereby causing the bond to break.
The reaction is energetically favorable because the free energy of the
severed polysaccharide chain is Jower than the free energy of the intact
chain. However, the pure polysaccharide can sit for years in water
withoul being hvdrolyzed to any detectable degree. This is because
there is an energy barrier to the reaction, as discussed in Chapter 3.
For a colliding water molecule to break a bond linking two sugars, the
polysaccharide molecule has to be distorted into a particular shape—
the transition state-—in which the atoms around the bond have an
altered geometry and electron distribution. To generate this distortion,
a large input of energy, called the activarion energy, musi be supplied
through random molecular collisions. Without the activation energy,
the reaction will not take place. In aqueous solution at room tempera-
ture, the energy of collisions almost never exceeds the activation energy.
Consequently, hydrolysis occurs extremely slowly, if at all, under these
canditions.

This is where the enzyme comes in. Like all enzymes, lvsozyme has
a special binding site on its surface, rermed an active site, that cradles
the contours of its substrate molecule. Here the catalysis of the chemi-
cal reaction occurs. Because its substrate is a polymer, lysozyme’s active
site is a long groove that holds six linked sugars at the same time. As
soon as the polysaccharide binds to form an enzyme-substrate com-
plex, the enzyme cuts the polysaccharide by adding a water molecule
across one of its sugar-sugar bonds. The product chains are then
quickly released, freeing the enzyme for further cycles of reaction
(Figure 4-33).

The chemistry that underlies the binding of lysczyme to its substrate
is the same as that for antibody binding--the formation of multiple non-
covalent bonds. However, lysozvme holds its polysaccharide substrate in
a particular way, so that ene of the two sugars involved in the bond ta be

Table 4-1 Some Common Functional Classes of Enzymes

Hydrolase General term for enzymes that catalyze a hydrolytic cleavage reaclion.

MNuclease Break down nucielc ackds by hydrolyzing bonds between nucleotides.

Prolzase Break down proteins by hyarolyzing pastide bonds batween amino acids.

Synthase Genreral name used fo ymes that synthesize molecules in anabiolic reaction z
two maolecules together

Isomerase Catalyze the rearrangement of bonds within a single molecule.

Polymaraze Catalyze pelymarization reactions such as the synthesis of DNA and RMNA

Kinase Catalyze the additon of ohicsphate groups o molecules. Protein kinases are an important group of
kinases that attach phosphate groups to proteins.

Phosphatase Catalyze the hydrolytic ramoval of @ phosphate group from a molecule.

Oxido-redurtase General nama 1or enzymas that calalyze reaciions in which one molecule is cxidizes while the
other 15 reduced. Enzymes of this ype ar= often called oxideses, reduciasss, and deliydrogenases.

Al Pase Hydrolyze ATE. Many proteing with a wide range of roles have an energy-harmessing ATP:
activity as part of their function, for example, maotor proteins such as myosin and membrane
transoort proleins such as the sodium-potassium pump.

Enzyrme names typically end in "-ase,” with the exception of some enzvimes, such as pepsin, trypsin, thrombir, lysozyme, ard o on, which wer

discovered and named before the convantion became genmally accented gt the =rd of the ninsteenth c2niury. The comman name of 2n enzym iy

tes ff ture of the reaction catalyzed. For axam) 1# syrithase caalyzes the syrithesis of citrat £

acelyl CoA and oxaloacetat
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broken is distorted from its normal, most stable conformation. The bond
to be broken is also held close to two amino acids with acidic side
chains: a glutamic acid and an aspartic acid within the active site.

Conditions are thereby created in the microenvironment of the
lysozyme active site that greatly reduce the activation energy necessary
for the hydrolysis to take place. Figure 4-34 shows the main intermedi-
ates in this enzymatically catalyzed reaction.

1. The enzyme stresses its bound substrate by bending some critical
chemical bonds in one sugar, so that the shape of this sugar more
closely resembles the shape of high-energy transition states
formed during the veaction.

2. The negatively charged aspartic acid reacts with the C1 carbon
atom on the distorted sugar, breaking this sugar—sugar bond and
leaving the aspartic acid covalently linked to the site of bond
cleavage.

3. Aided by the negatively charged glutamic acid, a water molecule
reacts with the C1 carbon atom, displacing the aspartic acid and
completing the process of hydrolysis.

The overall chemical reaction, from the initial binding of the poly-
saccharide on the surface of the enzyme through the final release of the
severed chains, occurs many millions of times faster than it would in the
absence of enzyme.

Other enzymes use similar mechanisms to lower activation ener-
gies and speed up the reactions they catalyze. In reactions involving two
or more substrates, thie active site also acts like a template or mold that
brings the reactants together in the proper orientalion for chemistry (o
oceur berween them {Figure 4-35A). As we saw for lysozyme, the active
site of an enzyme ccntains precisely positioned atoms that speed up a
reaction by using charged groups to alter the distribution of electrons in
the substrates (Figure 4-35B). As we likewise saw, the binding to the
enzyme will also change substrate shapes, bending bonds se as to drive a
substrate toward a particular transition state (Figure 4-35C). Finally, like
lysozvime, many enzymes participate intimately in the reaction by bricfly
forming a covalent bond between the substrate and a side chain of the
enzyme, Subsequent steps in the reaction restore the side chain to its
original state, so that the enzymc remains unchanged after the reaction.

Figure 4-33 Lysozyme cleaves a polysaccharide chain.
(A) Schem me vigw of the enzyme lysozyme (dencted E), which
tatyzes the cut irg of a polysaccharide chain, which is its substrate
(denotad S), The enzyme first binds to the chain to form an
enz '“.“—subs;trate complex {ES) and then catalyzes the cleavage of a
SpE' fic covalent bond in the backbone of the pelysaccharide, forming
an erzyme—product complex (EP) that rapicly dissociales. Release of
the se Jereﬂ chain (the produc*f P) leaves e enzyme free o act on
anather substrate molecule. (B) A space-filling model of the lysozyme
ll2 bound ta a short length of polysaccharide chain prior 1o
cleavage, (B, couresy of Richard J. Feldmann. )
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sUbSIrang products

This substrate i= an oligosaccharide of six sugars, The final products are an oligosaccharide of four sugars

labeled A-F. Only sugars [ and E are shown in detadl. tleitl and a disaccharide (right), produced by hydralysis.
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In the enzyme-subatrate complex (ES), the The Asp 52 has formead a covrient band between  The reaction of the water maolacule {red}
enzyme forees sugar D into a strained tha anzyme and 1the ©1 carbon atom of sugar D. completen the hydrolysls and returns the enzyme
confarmation, with Glu 36 positioned to serve as The Glu 3E ther polanzes a water malecule (red),  to s inltal siate, forming the [inal enzyma-
an acid thot atiacks the adjacent sugar-sugar so that its oxygen caii readily atiack ihe C1 product complex {EP).

xand by donating @ proton (H' ) to sugar E, and carban alom and displace Asp 52,
Asp 52 poised 1o attack the Cl carbon atom.

Figure 4-34 In the active site of lysozyme, bonds are bent and broken. The top left and top right drawings
depict the free substrate and the free products, respectively, whereas the other three drawings depict sequential
evenis at the enzyme active site. Mote the change in the conformation of sugar D in the enzyme—subsirate
complex; this is the sugar that is alse disloried in unstable transition siafes. (Based on D.J. Vocadlo et &, Nature
412:£45-838, 2001 )

Tightly Bound Small Molecules Add Extra Functions to
Proteins

Although the order of amino acids in proteins gives these molecules
their shape and the versatility to perform different functions, some-
rimes the amino acids by themseives are not enough. Just as we use
tools to enhance and extend the capabilities of our hands, so proteins
often empley small nonprotein molecules to perform functions that
would be difficult or impossible using amino acids alone. Thus the sig-
nal receptor protein rfiodopsin—which is the purple, licht-sensitive

Flgure 4-35 Enzymes can encourage
catalysis in several ways. |4} Holding

TA eneyme Dinds 10 two (81 binding of substrate (C) enzyime stiains the §L1bszrates together “? A prec|se .EIH‘-_!.I'IFFWBN,
subgirata malgculas and to eNzyrne rearrangss uind substrate '~B) Charge stabilization of reaction
orients them precisaly o electrons in the subsirate, mizlecule, forcing it intermed ates. () Alterlng hond angles in
prcourage @ reaction to creating partial negative toweard @ trangition et L e U b
oceur between them and positive chargss state to faver a reaction the substrate to incresse the rate of a
that favor a reaction particutar reaction
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Figure 4-36 Retinal and heme enhance COOH CO0OH
the function of certain proteins. (A} Th: [
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pigment made by the rod ceils in the retina—detects light by means of
a small molecule, retinal, embedded in the protein (Figure 4-36A).
Retinal changes its shape when it absorbs a photon of light, and this
change is amplified by the protein to trigger a cascade of enzymatic
reactions that eventually leads to an electrical signal being carried to
the brain.

Another example of a protein that contains a nonprotein portion is
hemoglobin (see Figure 4-23). A molecule of hemoglohin carries four
frere groups, ring-shaped molecules each with a single central iron
atom (Figure 4-36B). Heme gives hemoglobin (and blood) its red color.
By binding reversibly to oxygen gas through its iron atom, heme enables
hernoglobin to pick up oxygen in the lungs and release it in the tissues.

Sometimes these small imolecules are attached covalentiv and per-
manently to their protein, thereby becoming an integral part of the pro-
tein molecule itself. We will see in Chapter 11 that proteins are often
anchored to cell membranes through covalently attached lipid mole-
cules. And membrane proteins exposed on the surface of the cell, as
well as proteins secreted outside the cell, are ofter modified by the
covaltent addition of sugars and oligosaccharides.

Enzymes frequently have a simall moclecuie or metal atom tghtly
associated with their active site that assists with their catalytic function.
Carboxypeptidase, an enzyme that cuts polypeptide chains, carries a
tightly bound zinc ion in its active site. During the cleavage of a peplide
bond by carboxypeptidase, the zinc ion forms a (ransient bond with one
of the substrate atoms, thereby assisting the hydrolysis reaction. n
other enzymes, a small organic molecule serves a similar purpose.
Biotin, for example, is found in enzymes that transfer a carboxylate
group (-COO") from one molecule to another (see Figure 3-38). Biotin
participates in these reactions by forming a transient covalent bond 1o
the —COO™ group to be transferred; this small molecule is better suited
for this function than any of the amino acids used to make proteins.
Because biotin cannot be synthesized by humans, it must be provided
by the diet; thus biotin is classified as a vitamin. Other vitamins are sim-
ilarly needed to malke small melecules that are essential components of
our proteins; vitamin A. for example, is needed in the diet to make reti-
nal, the light-sensitive part of rhodopsin.

How Proteins Are Controlled

Thus far we have exanlined how proteins do their jobs—how binding to
ather proteins or small molecules allows them to perform their specific
functions. But inside the cell, most proteins and enzymes do not work
continuausly, or at full speed. Instead, their activity is regulated so that
the cell can maintain itself in & state of equilibrium, generating only
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those molecules it requires to thrive under the current conditions. To
achieve this balance, the activities of cellular proteins are contrelled in
an integrated fashion, with consideration of what reactions are occur-
ring in other parts of the cell. By coordinaling when—and how vigor-
ously-—proteins function, the cell ensures that it docs not deplete its
energy reserves by accumulating molecules it does not require while
exhausting its stockpiles af critical substrates. We now consider how
cells regulate the activity of proteins and enzymes. As we shall see, pro-
teins can be switched on——or switched off—by a variety of mechanismis.

The Catalytic Activities of Enzymes Are Often Regulated
by Gther Molecules

Aliving cell contains thousands of enzymes, many of which operalte at
the same time and in the same small volume of the cytosol. By their cat-
alytic action, enzymes generate a complex web of metabolic pathways,
each composed of chains of chemical reactions in which the product of
ane enzyme becomes the substrate of the next. In this maze of path-
ways there are many pranch points where different enzymes compete
for the same substrate, The system is so complex {see Figure 3-2) that
elaborate contrals are required to regulate when and how rapidly each
reaction occurs.

Regulation of enzyme activity occurs at many levels. At one level,
the cell controls how many molecules of each enzyvime it makes by reg-
ulating the expression of the gene that encodes that protein (discussed
in Chapter 8). At another level, the celi conlrols enzymatic activities by
confining sets of enzymes to particular subcellular compartments,
enclosed by distinct membranes (discussed in Chapters 14 and 15). But
the most rapid and general process used o adjust reaction rates oper-
ates at the level of the enzyme itself. In this case, an enzyme’s activity
changes in response to other specific molecules that it encounters.

The most common type of control occurs when a molecule other
than a substrate binds to an enzyme at a special regulatory site outside
of the active site, altering the rate at which the enzyme conveits its sub-
strates to products. In feedback inhibition, an enzyme acting early in a
reaction pathway is inhibited by a late product of that pathway. Thus,
whenever large quantities of the final product begin to accumulate, the
product binds to the first enzyme and slows down its catalytic action,
limiting further entry of substrates into that reaction pathway (Figure
4-37). Where pathways branch or intersect, there are usually multiple
points of control by different final products, each of which works to reg-
ulate its own synthesis (Figure 4-38). Feedback inhibition can work
almaost instantaneously and is rapidly reversed when the product levels
Cull,

Feedback inhibition is negaiive regulation: it prevents an enzyme
from acting. Enzymes can also be subject to positive reguiation, in
which the enzymes activity is stimulated by a regulatory molecule
rathier than being shut down. Positive regulation occurs when a product
in one branch of the metabolic maze stimulates the activity ol an
enzyme in another pathway. As one example, the accumulation of ADP
activates several enzymes involved in the oxidation of sugar molecules,
thereby stimulating the cell to convert more ADP to ATP,

Allosteric Enzymes Have Two Binding Sites
That Influence One Another

[here was one feature of feedback inhibition that was initially puzzling
to those who discovered it: the regulatory molecule often has a shape
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Figure 4-38 Feedback inhibition at
multiple sites regulates connected
metabolic reactions. In this example,
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that is totally different from the shape of the enzyme’s preferred sub-
strate. Indeed, when this form of regulation was discovered in the 1960s,
it was termed allostery (from the Greek ailo, “other,” and stere, “solid” or
“shape™). As more was learmed about feedback inhibition, researchers
realized that many enzvmes must have at least two different binding
sites on their surface—the active site that recognizes the subsirales and
a second site that recognizes a regulatory molecule. Furthermore, these
two sites must somehow “communicate” in a way that allows the cat-
alytic events at the active site to be influenced by the binding of the reg-
ulatory molecule at its separate site on the protein’s surface.

The interaction between sites that are located on separate regions
of a protein molecule is now known to depend on a conformational
change in the protein: binding at one of the sites causes a shift in the
proteins structure from one folded shape to a slightly different folded
shape. Many enzymes have two conformations that differ in activiry,
each stabilized by the binding of different ligands. During feedback
inhibition, for example, the binding of an inhibitor at one site on the
protein causes the protein to shift to a conformation in which its active
site—tocated elsewhere in the protein—becomes less accommodating
to the substrate molecule (Figure 4-39).

Many—if not most—protein molecules are allosteric: they can
adopt two or more slightly different conformaticns, and by a shift from
one to another, their activity can be regulated. This is true not only for

Chaooter 4. Praien Struciue and Funclion



bound CTP
maolecule

ACTIVE ENZYME

INACTIVE ENZYME

enzymes but for many other proteins—including receptors, structural
proteins, and motor proteins. The chemistry invelved here is extremely
simple in concept: because each protein conformation will have some-
what different contours on its surface, the protein’s binding site for lig-
ands will be altered when the protein changes shape. Each ligand will
stabilize the conformation that it binds to most strongly—and at high
enough concentrations, the ligand will tend to “switch” the population
of proteins to the conformation that it favors (Figure 4-40).

Phosphorylation Can Conirol Protein Activity by
Triggering a Conformational Change

Enzymes are not only regulated by the binding of small molecules. A
second method commonly used by eucarvotic cells to regulate protein
activity involves attaching a phosphate group covalently to one of its
amino acid side chains. Because each phosphate group carries two neg-
ative charges, the enzyme-catalyzed addition of a phosphate group to a
protein can cause a major conformational change by, for example,
attracting a cluster of positively charged amino acid side chains. This
conformational change can, in turn, affect the binding of ligands else-
where on the protein surface—thus altering the protein’s activity.
Remnoval of the phosphate group by a second enzyme returns the pro-
tein to its original conformation and restores its initial activity.

This reversible protein phosphorylation controls the activity of
many different types ol proteins in eucaryotic cells; in fact, this method
is used so extensively that more than a third of the 10,000 or so proteins

INACTIVE T
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Flgure 4-39 Feedback inhibition triggers
a conformational change. An enzyme used
in eaily studies of allosteric regulation was
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in a typical mammalian cell appear to be phosphorylated at any one
time. The addition and remaoval of phosphate groups from specific pro-
teins ofien occurs in response to signals that specify some change in a
cell's state. For example, the complicated series of events that takes
place as a eucaryotic cell divides is timed in this way (discussed in
Chaprer 19}. And many of the signals generated by hormones and neu-
rotransmitters are carried from the plasima membrane to the nucleus by
a cascade of protein phosphorylation events (discussed in Chapter 16).

Protein phosphorylation involves the enzyme-catalyzed transfer of
the terminal phosphate group of ATP to the hydroxyl group on a serine,
threonine, or tyrosine side chain of the protein. This reaction is cai-
alyzed by a protein kinase. The reverse reaction—removal of the phos-
phate group, or dephosphorylarion—is catalyzed by a protein phos-
phatase (Figure 441). Cells contain hundreds of different protein
lkinases, each responsible for phosphorytating a different protein or set
of proteins. Cells also contain many different protein phosphatases;
some of these are highly specific and remove phosphate groups from
only one or a few proteins, whereas others act on a broad range of pro-
teins. The state of phosphorylation of a protein at any moment in time,
and thus its activity, will depend on the relarive activities of the protein
kinases and phosphatases that act on it.

For many proteins, a phosphate graup is added o a particular side
chain and then removed i a continuous cvele. Phosphorylation cycles
of this kind allow proteins to switch rapidly from one state o another.
The more rapidly the cycle is "turning,” the faster the concenuation of a
phospheryiated protein can chunge in response to a sudden stimulus,
The energy required to drive this cycle is derived [rom the free energy of
hydrolysis of ATE, one molecule of which is consumed with each turn of
the cycle.

GTP-Binding Proteins Are Also Regulated by the Cyclic
Gain and Loss of a Phosphate Group

Eucaryotic cells have a second way to regulate protein activity by phos-
phate addition and removal. In this case, instead of being enzymatically
transferred from ATP to the protein, the phosphate is part of a guanine
nucleotide—either guanosine triphosphate (GTP) or guanosine diphos-
phate (GDP)—that is bound tightly to the protein. Such GTP-hinding
proteins are in their active conformations with GTP bound; the protein
itself then hydrolyzes this GTP to GDP—releasing a phosphate—and
flips to an inactive conformation. As with protein phosphorylation, this
process is reversible. The active conformation is regained by dissocla-
tion of the GDE followed by the binding of a fresh molecule of GTP
(Figure 442}

There are a large number of related GTP-hinding proteins that
function as molecular switches in cells. The dissociation of GDP and its
replacement by GTP which tuins the switch on, is often stimulated in
response to a signal received by the cell. The GTP-binding proteins
often bind to other proteins to control enzyme activities, and their cru-
cial role in intracellular signaling pathways will be discussed in detail in
Chapter 16. Here we shall look at their general mechanism of action by
examining the bacterial elongation factor EF-Tu, a small GTP-binding
pratein that helps to load tRINA molecules onto ribosomes during pro-
tein synthesis.

Analysis of the three-dimensional structure of EF-Tu has revealed
how an allosteric transition triggerved by the gain or loss of a phos-
phate on the bound guanine nucleotide can cause a major shape
change in a GTP-binding protein. Figure 4-43 shows how the loss of a



Figure 4-42 GTP-binding protems form
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Nucleotide Hydrolysis Allows Motor Proteins to Produce
Large Movements in Cells

We have seen how conformational changes in proteins play a central
part in enzyme regulation and cell signaling. But conformaiional
changes also play another important role in the operaticn of the cell;
they enable proteins whose major function is to move other molecules,
the mater proteins, to generate the forces responsible for muscle con-
traction and the dramatic movements of cells. Motor proteins also power
smaller-scale intracellular movements: they help move chromosomes to
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opposite ends af the cell during mirosis (discussed in Chapter 19), move
organelles along molecular tracks within the cell {discussed in Chapter
17), and move enzymes along a DNA strand during the synthesis of a
new DNA molecule (discussed in Chapter 6). An understanding of how
proteins can operate as molecules with moving parts is therefore essen-
tial for understanding the molecular basis of cell behavior.

How are shape changes in proteins used to generate ¢rderly move-
ments in cells? If, for example, a protein is required to wall along a nar-
row thread such as a DNA molecule, it can do this by undergoing a
series of conformational changes—as illustrated in Figure 4-44.
However, with nothing to drive these changes in an arderly sequence—
in one direction only—they will be perfectly reversible and the protein
will wander randomly back and forth along the thread. We can look al
this situation in another way. Because the directional movement of a
protein does net werk, the laws of thermodynamics demand that such
movernent utilize free energy from some other scurce, say, Ue hydroly-
sis of ATP. (Otherwise the protein could be used to make a perpetual
motion machine!) Therefore, without an inpur of energy, the protein
molecule can only wander aimlessly.

How, then, can one make the series of conformational changes uni-
directional? To force the entive cycle to proceed in one direction, it is
erough to make any one of the steps irreversible. For most proteins that
are able to walkin a single direction for long distances, this irreversibil-
ity is achieved by coupling one of the conformational changes to the
hydrolysis of an ATP molecule bound 1o the protein. The mechanism is
similar to the one that drives allosteric shape changes by GTP hydroly-
sis. Because a great deal of free energy is released when ATP (o1 GT7P) is
hydrolyzed, it is very unlikely that the nucleotide-binding protein will
undergo a reverse shape change—us required for moving backward—
since this would require that it also veverse the ATP hydrolysis by adding
a phosphate molecule to ADP to form AT

In the highly scliematic model shown in Figure 4-45, ATP binding
shifts a motor protein from conlormation 1 to conformation 2. The
bound ATP is then hydrolyzed to produce ARP and inorganic phos-
phate (P;), causing a change from conformation 2 to conformation 3.
Finally, the release of the bound ADP and Pj drives the protein back to
conformation 1. Because the transition 2 — 3 is driven by the energy
provided by ATP hydrolysis, this series of conformational changes will
be effectively irreversible, Thus the entire cycle will go in only one
directicn, causing the protein molecule to walk continucusly to the
right in this example. Many motor proteins generate directional
movement in this general way, including the muscle motor protein
nmyasin—which “runs” along actin filaments to generate muscle con-
traction (discussed in Chapter 17)—and the kinesin protein involved
in chromosome movements at mitosis (discussed in Chapter 19}. Such
movements can be rapid: some of the motor proteins involved in DNA
replication prepel themselves along a DNA strand at rates as high as
1000 nucleorides per second.

Proteins Often Form Large Complexes That Function as
Protein Machines

As one progresses from small, single-domain proteins to large proteins
formed from many dorains, the functions that the proteins can per-
form become more elaborate. The most impressive tasks, however, are
carried out by large protein assemblies formed {rom many protein mol-
ecules. Now thatitis possible to reconstruct biological processes in cell-
free systems in the laboratory, it is clear that each central process in a



Figure 445 An allosteric motor protein, driven by ATP hydrolysis,
maoves in one direction. An orderly transition among three

conformations is driven by the hydrolysis of 2 bound ATP molecule
Because one of these transitions is coupled to the hydroly

the entire cycle is essentiatly irreversible. By repeated cycls

protein maves continuously 1o the right aleng the thread.

cell—such as DNA replication, protein synthesis, vesicle budding, and
transmembrane signaling—is catalyzed by a highly coordinated, linked
set of 10 or more proteins. In most such protein machines the hydroly-
sis of bound nucleoside triphosphates (ATP or GTP) drives an ordered
series of conformational changes in some of the individual protein sub-
units, enabling the ensemble of proteins to move coordinately. In this
way, the appropriate enzymes can be moved directly into the positions
where they are needed to carry out successive reactions in a series as,
for example, in protein synthesis on a ribosome (discussed in Chapter
7)., or in DNA replication—where a large multiprotein complex moves
rapidly along the DNA. A simple mechanical analogy is illustrated in
Figure 446,

Through evolution, cells have built protein machines that are capa-
ble of carrying ocut most biological reactions. Cells employv protein
machines for the same reason that humans have invented mechanical
and electronic machines: for almost wy task, manipulations that are
spatially and temporally coordinated through linked processes are
much more efficient than is the sequential use of individual tools.

Large-Scale Studies of Protein Structure and Function Are
Increasing the Pace of Discovery

We have made an enormous amount of progress in understanding the
structure and function of proteins over the past 150 years (Table 4-2).
These advances are the fruits of decades of painstaking research on iso-
lated proteins, performed by individual scientists working tirelessly on
single proteins or protein families, one by one, sometimes for their
entire careers. But many future advances may come from proteomics,
the large-scale study of cellular proteins in which the activities or struc-
tures of hundreds—even thousands—of proteins are analyzed at once.
If scientists can perfect such methods, they might someday be able 1o

46 “Protein machines” can carry out complex functions. Proten

alies often contain one or more protein subunits that can move in arn
way when dnven by the hydrolysis of a hound nucleotide {see Flgurs
Conformationat changes of this type are especially useful to the call if

they occur In a large protein assembly in which the activities of several different
protein molecules car coordinated by the movements within the complex.
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lable 4-2 Historical Landmarks in Our Understanding of Proteins

&

5

The name “protein” (from the Greek proieios, "primary”) was suggested by Berze
subsiance found in the cells of all animal's and plants.

Most of the 20 commaon amino acids found in proteing wame discovered.
Foppe-Seyler crystallized, and named, the protein hemoglobin.

Flachar proposed e lock-and-key analogy for enryme-subsirate ntgraclions.

i-hner and Buchner showed that celi-free sxiracts of yeast can ferment susrose |

thgreby laying the foundations of enzymaology.

Sumner cryslallized urease in purg form, demonstrating that proteing could possess
sberg developed the first analytical ultracentrifuge and used it {0 estimate the

<
femogloti
Tiselius introduced electrophoresis for separating proteins in =clution.

Bemal and Crowfool prasented the Tiest detziled X-ray diffraction pzliems of a pro!

lius for the complex nitrogen-rich

orm carbon dioxide ann ethan

the catalytic activity of enzymes;
caorrect molacular welght of

in, obtained from cryslals of ihe

BNIYyME pepsin.

Martin and Synge developed chromatography, a technigue now widely usea to separale proteins.

Pauling and Carey propoased the struclure of a hielical conformation of a chain of ariino acids—the o helix-—and the
structure of the B sheet, both of which wers later found in mary oratein

Sanger determined the analysis of the amino acid sequence of insulin, the firsl protein whose amino acid sequance

was determined.

zram prociuced the firs! protein fingerprints, showing that the difference between sickle-cell hemaoglobin ard normal
hemoglobin is due to a change in a single amino acid,

Kendrew des
G2

comfarmation.

Question 4-9
Explain wlty the
enzymes in Figure 4—46

have a great advantage

in opening the vault i
they work as a I'““l':il.
complex, as apposed to
working in an unlinked

seue tial manner.

cribed the firsl detalled three-dimensional structure of a prolein (sperm whale myoglobin) {0 a resclution «f
o Perutz proposed a lower-resolution structure for hemaogiobin,

rod, Jacab, and Changrux recopnizes thal many enzymas are regulaled through allosteric changes in et

monitor all of the proteins that are present in a cell-—assessing whether
they are switched on (or off) and seeing which proteins they are part-
nered with-—all in a single experiment.

Large-scale analyses of protein structures are already under way.
Techniques are being scated up and automated, aliowing researchers to
rapidly clone genes, produce proteins, grow crystals, and collect X-ray
diffraction data for hundreds of proteins at a time. The goal is to cataiog
representative structures for every folding pattern that protein domains
adopt in nature. The 2000 folding patterns already solved are estimated
to comprise anywhere from one-fifth to one-half of the total. When the
ultirnate goal has been reached, one hopes to be able to take any amino
acid sequence and predict the structure and function of the protein.

These powerful rechniques should bring us closer to understanding
the fundamental basis of living cells: how proteins work together to
make it possible to create and maintain order in a universe that is
always tending roward disorder.

Essential Concepts

« Living celis contain an enormously diverse set of protein molecules,
each made as a linear chain of amino acids covalently linked
together.

» Each type of protein has a unique amine acid sequence that deter-
mines both its three-dimensional shape and its biological activity.

s The folded structure of a protein is stabilized by nonceovalent inter-
actions between different parts of the polypeptide chain,

* Hydrogen bonds between neighboring regions of the polypeptide
bhackbone can give rise to regular folding patterns, known as «
helices and P sheets.



* The structure of many proteins can be subcivided into smaller glob-
ular regions of compact three-dimensional structure, kilown as pro-
tein domains.

¢ The biological function of a protein depends on the detailed chemi-
cal properties of its surface and how it hinds te other molecules,
called ligands.

« Enzymes are proteins that first bind tightly to specilic molecules,
called substrates, and then catalyze the formation or breakage of
covalent bonds in these molecules.

* At the active site of an enzyme, the amino acid side chains of the
folded protein are precisely positioned so that they favar the forma-
tion of the high-energy transition states that the substrates must
pass through (o be converted to product.

¢ The three-dimensional structure of many proteins has evolved so
that the binding of a small ligand can induce a significant change in
protein shape.

* Mostenzymes are allosteric proteins that can exist in two conforma-
tions that differ in catalytic activity, and the enzyme can be turned
on or off by ligands that bind to a distinct regulatory siie to stabilize
either the active or the inactive conformation.

* The activities of mast enzymes within the cell are strictly reguiated.
Ore of the most cornmon forms of regulation is feedback inhibition,
in which an enzyme eaily in a metabolic pathway is inhibited by its
binding to one of the pathway's end products.

»  Many thousands of proteins in a typical eucarvotic cell are regulated
either by cycles of phosphorylation and dephospharylation, ar by
the binding and hydrolysis of GTP by a GTP-binding protein.

*  The hydrolysis of ATP to ADP by motor proteins produces directed
movements in the cell.

* Highly eflicient protein machines are formed by assemblies of
allosteric proteins in which conformaticnal changes are coordinated
to perform complex cellular functiens.

s "\
Key Terms
active site helix
allosteric ligand
o helix motor protein
amino acid sequence polypentide backbone
antibody protein
antigen profein domain
B sheet protein family
binding site protein kinase
coiled-coil pratein machine
conformation protein phosphatase
disulfide bond protein phosphorylation
enzyiie secondary structure
feedback innibition side chain
fibrous protein substrate
globular protein subunit
GTP-binding protein transition state
e J
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DIFFERENTIAL CENTRIFUGATION
Centrifugation separates cell components on the basis of size and density. The larger
Repeated centrifugation at prograssively and denser components experiance the greatest centrifugal force and move most
higher speeds will fractionata cell rapidly. They sediment fo forin a pellet at the bottom of the tube, while smaller, less
homogenates into their componeants. dense components remain in suspensicn above, a partion called the supernatant.
_l SLPERMATAN ‘ e _Ir_'.|_||==_;!::A'r.:.'.-' 3
MEDILUM-SFEED HIGH-SPEED [- WERY HIGH-SFEED
CENTRIFUGATION CENTRIFUGATION |CENTHRIFUGATION
| A
| [id e
| \t;.ﬁ'.’
|| cell } }
' hammoganate PELLET 9 PELLET 2 FELLET 3 FELLET 4
whale cells mitochondrin IMICEOSGMTIES ribosomes
nuclel ysasames othar sinall viruses
cytoskelatons pefopises vesicles large macromolecules
— — —
p —
{ VELOCITY SEDIMENTATION
|
1
| - sample CENTRIFUGATION FRACTIONATION,
centrifuge tube pierced
stabilizing | fiuw'-seciimenting atits base
4 SLLrHEe camuunent
gradient E R sutomated rack of small
| - fast-sedimenting S callecting tubes allows
campanent L

&l

Subeellular components sediment at different rates according lo their

-

fractions to be coliected
Y

size afier being carefully layered over a dilute salt solution and then
centrifuged through it. In order to siabilize the sedimenting
companents against convective mixing in the tube, the sclution
contains a continuous shallow gradient of sucrose that increases in
concentration toward the bottom of the tube. This is typically 5-20%
sucrose, When sedimented through such a dilute sucrose gradient,
different call components separate into distinct bands that can be
coltecied individually.

EQUILIBRIUM SEDIMENTATICN

The sample is distibuted
I throughout the sucrose
) density gradient
. The ultracentrifuge can &iso be used to separate
cellular components on the basis of their

buoyant denaity, independently of their

CENTRIFUGATION

—— e

JUUUL
After an appropriate centrifugation time the
bands may be collected, most simply by

puncturing the plastic centrifuge tutre and
collecting drops from the bottom, as shown here.

— J

At equilibrium, components
lave rigrated to a region In
the gradient 1thet matches
their own density.

CENTRIFUGATION ‘
R e Al 4 L5 loww—buoyiant

reaches a position where its density matches
itz surroundings and then will inove no further.
A series of distinet bands will cventually be
produced, with those nzarest the bottom of the
fube containing the components of highest
uoyant density. The method is also called
dansity gradient centrifugation,

START

BEFORE ECHLMLIBAILIM

A sucrose gradient is shown here,

bl denser gradients can be formed with
cosium chlonde that are particularly useful

for separating the nucleic acids {DNA and RNA).

size or shape. Tha sample is usually either [~ sample l Al gf.’:f’.ﬁ’mm
layared on top of, or dispersed within, a

sleep density gradient that contains a Kt “;ighfhuovﬁnr
vEry high concentration of sucrose or cesium SLEEOEN :J‘nsr')lg’nem
chioride, Each subceilular component will gragien L

move up or down when centrifuged until it fe.g., 20-70%)

ECUILIBRILIM

The final bands can be
collected from the base of
the tube, as shown above.
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PROTEIN SEPARATION

i B
| J
| /
] |
& |

Proteins are very diverse. They differ by
size, shape, charge, hydrophobicity, and
their affinity for other molecules. All of
thesa properties can be exploited to
separate them from one another so

that they can be stuaied individually.

THREE KINDS OF
CHROMATOGRAPHY

Although the material used to form
thi matrix for column chromatagraphy
varies, if is usually packed in the
column in the form of small beads.

A typical protein purification strategy
might employ in turn each of the
thrae kinds of matrix described
below, with a final protein
surification of up to 10,000-fold.

ity can easily be assessed by gel
elecirophoresis (see opposite page).

solvent flow

o * =
L o AR positively
N 1 charged
. S
oty i bead
+ + i
1 @
4,
¥ i P bound
bk ., negalively
+ & ok — charged
+ L +
pe L ; + @ molecule
’ o = + e iree
9 . T positively
charged
molecule
Al ION-EXCHANGE CHROMATOGRAPHY

lon-exchange columins are packed with
small beads carrying either positive or
negative charges that retard protains
of the opposite charge. The

association between a protein and the
matrix depends on the gH and ionic
strength of the solution passing down
the column. These can be varied in a
controtled way to achieve an effective
separation.

ChopEr £ Fofein S

Lz &

COLUMN CHROMATOGRAPHY

Proteins are often fractionated by

size, or ability to bind to particular chemical groups (see befow).

sclvent continuously
applied to the top of
column from a large

sample

applied reservoir of solvent

o

matri>i -~ 0
poro’-us 0
plug

test -
tube

time

salvent fiow

narous beads

[
e o
L & small molzcules
® B retarded
L @ . e— large melecules
& ® uriretarded

B} GEL-FILTRATION CHROMATOGRAPHY

Gel-filtration columns separate
proteins according to their size. The
matrix consists of tiny porous beads.
Protein molecules that are small
enough to enter the holes in the heads
are delayed and travel more slowly
through the column. Proteins that
cannot enter the beads are washed out
of the column first. Suck columns also
allow an estimate ol protein size.

Jrapiy. A mixture of proteins in
sclution is applied to the top of a ¢cylindrical column fillad with a permeable solid matrix
immersed in solvent, A large amount of salvent is then pumped through the columr.
Because different proteins are retarded to different extents by their interaction with the
matrix, they can be collected separately as they flow out from the bottom. According to
the choice of matrix, proteins can be separated according to their charge, hydrophohicity

-

[ ]
il b

fractionated molecules

eluted and coliscted

savent flow

bead with
=ntly

bound
. enzyme
moletuls

(C] AFFINITY CHEOMATOGRAFPHY

Affinity columns contain a matrix
cavalently coupied to a maolecuie that
interacts specifically with the protain
of interest le.g., an antibody, or an
enzyme substrate). Proteins that pind
specifically to such a column can
subsequently be released by a pH
change or by concentratad salt
solutions, and they emerge highly

purified.

W




GEL ELECTROPHORESIS

protein with two
subunits, A and B,

sample loaded onte gel CH joincd Evaczisu\f‘ae single subunit
b bridge protain
by pipene I
so!ubnue CHaz
S AN R proteing s far SDS 1
o p.l\.slu, casing polyacrytamie- CHa
\% (‘:i—lw
B I (;Hg
IT: (]
| | \ CI
E I
buffer ” H2
! 'fl,|| WEER | == i
gel —| : [ 2 1
CH i | , : )
|~ negatively —
g charged 508
| T maolecules
£ |
e —— O=a=a POLYACRYLAMIDE-GEL ELECTAOPHORESIS
L 0 Na® l l
R e
When an eleciric field is applied to a solution sns
containing protein moiecules, the molecules
will migrate in a direction and at a speed that sk SER B L AT B N—
reflects their size and net charge. This forms the "'d'\”ql Al ol p G s horrh a.compaex With .
basis of the technique called oo 1o ] negatively charged molecult_s of sodium dodecyl C e
sulfate (SDS) and therefore migrate as a negatively
charged SDS-protein r:omplcx through a slab of
porous polyacrylamide gei. The apparatus used for
ISOELECTRIC FOCUSING this electrophoresis technigue is shown above (feft). Al N—
A reducing agent umercaptoethanol) is usually added
For any prolein there is a characteristic to break any -5-5- linkages in or between proteins.
i, called the , @t which Under these conditions, proteins migrate at a rate | @
the protein has no net charge and that reflects their molecular waight. 5lab of polyacrylamide o=l
therefare will not move in an electric
field. In | | . proteins
are electrophoresed in a narrow tube of
polyacrylamide gel in which a pH
gradient is estabiished by a mixture of TWO-DIMENSIONAL POLYACRYLAMIDE-GEL ELECTROPHORESIS
special buffers. Each protein moves to a tarai] L o ) " Tl i ; Fiabe Bk
point in the gradisnt that gorrespands omplex mixtures of proteins cannot be rclejso ved we I(;r\ one-dimensiona gcls ; u
to its isoelectric point and stays there. e, oamihiming ryo diffassnt salaration Imathods, oan
he U%Ld to resolve maore than 1000 proteins in a two-dimensional protein map. In the
stabliy oH gradient first step, native proteins are saparated in a narrow gel on the basis of their intrinsic
L R charge using isoelectric focusing (see Jeft). In the second step, this gel is placed on top of
E— = a gel slab, and the proteing are subjected to SDS-PAGE (see aove) in a direction
+ - i M " . . .
— perpendicular to that used in the first step. Each protein migrates to form a discrete spot.
+ 4+
ey = G
] " .
| e | Alt the proteins in bt —— stabla pH gradient —a acidic
. — - g an £. coli bacterial S
AL high ph, Allave: pH, cell are separated {
the protoin the protein tn this 2.0 ael. in I
is negativily is positively 1n 1_”3 2-D gel, in i o
chargecl. charged, which each spot :
i _ corresponds 1o a i ‘
different B
&) | polypeptide chain, E i F— =
i Thay are separaiad =
ot &) P [ 2
\ - f'a[:cordm'g to i‘hEII’ Z I - =4 s
isoelectric point o = T e - . .
. from left to right LE 25 - - . ol R "= =
- and to their a A = o i
| — @ molecular weight i | - .
1 3 e
e from top to bottom. * = - -
£ & {Courtasy of Patrick Y, g "
AT O'Farrell.) el SR g =

Vi protein shown Geri: has an isorlectric pH of 6.5.
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Panel 4-6 Making and using anfibodies

\
THE ANTIBODY MOLECULE

antigen-binding siies Antibodies are proteins
: ; that bind very tightly to
their Largets (antigens).
They are produced in
vertehrates as a defense
against infection. Each
antibcdy molecule is
made of two identigal
light chains and two
identical heavy chains,
so the two antigen-
binding sites are

light chain

fieavy chain

e |
5nm identical.
o -
r’"
ANTIBODY SPEC'FIC'TY An individual animal

can make billions of
different antibody
molecules, each wilh a
distinct antigen-binding
site. Each antibody
recognrizes its antigen
with great specificity.

heavy chain

\ \
light chain \

n'll.
antigen

'

8

B CELLS PRODUCE ANTIBODIES

Antibodies are made by a class of white blood cells called B
lymphocytes, or B cells. Each resting B cell carries a different
membrane-bound antibody molecule on its surface that serves
as a receptor for recognizing a specific antigen. When antigen
binds to this receptor, the B cell is stimulated to divide and to
secrete large amounts of the same antibody in a scluble form.

dilferant B cells

Ly ¥

Antigen binds to
B cell sporting
antibody Lhat fits

%@
1" *‘@@4

: 4
Yk Pt ¥ ¥

B celi is stimulated to make and secrete more of same antibody.

-

N

P o
ANTIBODIES DEFEND US AGAINST INFECTION

VIruses

I i

foreign
molecules

bacteria

Aue,
RASE
Har e A
ot s

Aninedy and antigen
andreniies are ingested

by phagocytis cells.

Special proteins in
blood kill antibody-
coiated hacteria or viruses.,

/

(.

RAISING ANTIBODIES IN ANIMALS

Antibodies can be made in the {aboratory by injecting an animal
(usually a8 mouse, rabbit, sheep, or goat) with antigen A,

g
—e
N

N

s

inject antigen A

take blood latsr

Repeated injections of the same antigen at intervals of several weeks
stimulate specific B cells to secrete large amounts of anti-A
antibodies into the bloodstream.

4
3

Fo

L5

gz

58

£F

=]

33

Ec

m ©
i L} 4 time
A A A

Because many different B cells are stimulated by antigen A, the
blocd will contain a variety of anti-A antibodies, each of which
binds A in a slightly different way.




USING ANTIBODIES TO PURIFY MOLECULES

mixture of molecules

IMMUNOPRECIPITATION IMMUMNOAFFINITY N o
COLUMN 5 " elute
. p €' m CHROMATOGRAPHY : g . wash antigen A
WX o oR | ! - bt
3 B | 1 il

=" A 5 head coated with
anti-A antibodies

o
v - e

;fm:ji-ipgﬁitfitodies —f }"'/ .
rl")-}\' column packed

with these beads | &

mixture of molecules

collect aggregate of A molecules plus '
anti-A antibodies by centrifugation .

g

discard flow-through wash collect pure antigen A
MONOCLONAL ANTIBODIES USING ANTIBODIES AS MOLECULAR TAGS
Large guantilies of a single type of antibody
molecule can be obtained by fusing a B cell Y )_ couple to fluarescent dye,
(taken from an animal injected with antigen A) 35— colloidal 9‘_3|d particle, or
with a tumor cell. The resulting hvbrid cell divides ). "k other special tag _
indefinitely and secretes anti-A antibodies of a it . )
single {monoclonal) type. SPE?'“C ant.lbodles o
against antigen A labeled antibadias
\ o Ry T e e e e |
B cell from animal Tumor cell from Sk @ ‘
injected with antigen cell culture divides e #
A makes anti-A indefiniely but = R 7 A iy oy "
antibody but does does not make o i g T 37
5 . = - - 5 wall
not divide forever. antibody. %) b N e :
I-uf ¢ A e
e {HN] ET
Y. T A
b '3 | O
Il 'I. II o = L e L L e —_—
\ / "o / = T T
%— 'b B o 8 Fluorgscent antibody binds to Gold-labeled antibody binds
Eg antigen A in tissue and is to antigen A in tissue and is
% detected by fluorescence in a light  detected in an electron micro-
=

microscope. The antigen here is  scope. The antigen is pectin
pectin in the cell walls of a slice  in the cell wall of a single
FUSE ANTIBODY-SECRETING of plant tissue. plant cell.

B CELL WITH TUMOR CELL 7

= LE
o L]
E — A . . .
ﬁ — Antigen A is incubation with the
T | separaied from labeled antiboadies
. — 1
ol Hybrid cell (= — other molecules that hind to antigen A
# & makes anti-A :(' — by electrophoresis. allows the position of the
. | antibody and = — antigen fo be determined.
J 5l iz = —
e divides b —_— I]
- indafinitely. g —
o s
It e Labaled second antibody
—=| {bfue) binds to first
S - | — antibody (black).
| &l. - '3!9 "% -~ —g.' ‘&9 5? '"_"-_ b Note: In all cases, the sensitivity can
@& 2@ T2,

i _ Jg' . % he greatly increased by using multiple _5 - -'
(@ y (T ~ o) Qﬁ_ layers of antibodies. This “sandwich” antigen O\ bl K
— — : : method enables smaller numbers of - L

antigen molecules to be detected. .,—n_n:;-.uﬁzm_e
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IUuestions

Question 4-10

Which of the following statements are correct? Explain
YOUT answers.

A, The active site of an enzyme usually occupies
only a small fraction of its surface.

B. Catalysis by some enzymes involves the forma-
tion afa covalent bond between an amino acid
side chain and a substrate molecule.

C. A psheet can contain up to five strands, but no
more.

D. The specificity of an antibody molecule is con-
tained exclusively in loops on the surface of the
folded light-chain demain.

E. The possible linear arrangements of amino
acids are so vast that new proteins almost
never evolve by alteration of old ones.

F  Allosteric enzymes have two or more binding
sites.

G. Noncovalent bonds are too weak to influence
the three-dimensional structure of macromol-
ecules.

H. Affinity chromatography separates molecules
according ro their intrinsic charge.

1. Upon centrifugation of a cell homogenate,
smaller organelles experience less [riction and
thereby sediment faster than larger ones.

Queslion 4-11

What commeon feature of o helices and B sheets makes
them universal building blocks for proteins?

Question 4-12

Protein structure is determined solely by a protein’s
amino acid sequence. Should a genetically engineered
protein in which the order of all amino acids is
reversed therefore have the same structure as the orig-
inal protein?

Question 4-13

Consider the following protein sequence as an ¢ helix:
Leu-Lys-Arg-lie-Val-Asp-Ile-Leu-Ser-Arg-Leu-Phe-
Lys-Val. How many turns does this helix make? Do you
find anything remarkable about the arrangement of
the amino acids in this sequence when folded into an
@ helix? (Hint: consult the properties of the amino
acids in Figure 4-3.)

Question 4-14

Simple enzyme reactions often conform to the equa-
tion
E+S=LES—=EP=LE+P
where E, 5, and P are enzyme, substrate, and product,
respectively.
A, What does ES represent in this equation?
B.  Why is the first step shown with bidirectional
arrows and the second step as a unidivectional
arrow?

C. Why does E appear at both ends of the equa-
rion?

D.  One often finds that high concentrativns of P
inhibit the enzyme. Suggest why this might
occul.

E. Compound X resembles S and binds to the
active site of the enzyme but cannot undergo
the reaction catalyzed by it. What effects would
you expect the addition of X to the reaction to
have? Compare the effects of X and of accumu-
lation of P

Question 4-15

Which of the following amino acids would you expect
to find more often near the center of a {olded globular
protein? Which ones would you expect to find more
often exposed to the outside? Explain your answers,
Ser, Ser-P (a Ser residue that is phosphoryvlated), Leu,
Lys, GIn, His, Phe, Val, Ile, Met, Cys-S-5-Cys (two Cys
residues that are disulfide-bonded), and Glu. Where
would you expect to find the most N-ferminal amino
acid and the most C-terminal amino acid?

Question 4-16

Assume you want to make and studv fragments of a
protein. Would you expect that any fragment of the
polypeptide chain would fold the same way as the cor-
responding sequence folds in the intact protein?
Consider the protein shown in Figure 4-19. Which
fragments do you suppose are most likely to fold cor-
rectly?

Question 4-17

An enzyme isolated from a mutant bacterium grown at
20°C works in a rest tube at 20°C but not at 37°C (37°C
is the temperature of the gut, where this bacterium
normaliy lives). Furthermaore, once the enzyme has
been exposed to the higher temperature, it no longer
works at the lower one. The same enzvime isclated
from the normal bacterium works at both tempera-
tures. Can you suggest what happens at the molecular
level to the mutant enzyme as the temperature
increases?

Question 4-18

A motor protein moves along filaments in the cell. Why
are the elements shown in the illustration not suffi-
cient to provide unidirectionality to the movement
(Figure Q4-18)? With reference te Figure 1-45, modify
the illustration shown here o include other elements
that are required to create a unidirectional motor, and
justify each modification you make to the illustration.

,
%
&

Figure G418




Question 4-19 Question 4-20

Gel-filtration chromatography separates molecules Both an o helix and the coiled-cail that forms from it
according to size (see Panel 4-4, p. 162). Smaller mole- are helical structures., but do they have the same hand-
cules diffuse faster in solution than larger ones, vet edness (refer ta Figure 4-14)?

smaller molecules migrate more slowly thiough a gel-
tiltration calumn than larger ones. Explain this para-
dox. What should happen at very rapid flow rates?

Highlights from Essenfial Cell Biology 2 Interactive CD-ROM
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Erc-af-Choptar Siuesiors 1467




DNA sequencing. The oulpul from an automated DNA sequencing machine usad by the Human Genome Project lo determing the
complete human DNA sequence. Each vertical lane shows the sequence of nucleotides in a given stretch of DMA. Each of the four
different nucleotides is labeled with ane of the four colored dyves. The order of the nuclectides is analyzed by & computer and
assembled to give the continuous nucleotide sequence of each chromosome. This image shows the sequence of only a finy part of
ore chromosome, (Courtesy of Sanger [nstitute/Wellcome Photo Library.)
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Life depends on the ability of cells to store, retrieve, and translate the
genetic instructions required to make and maintain a living organism.
This hereditary information is passed on from a cell to its daughter cells
at cell division, and from generation to generation of organisms
through the reproduciive cells. These instructions are stored within
every living cell in its genes—the information-containing elements that
determine the characteristics of a species as a whole and of the individ-
uals within it.

At the beginning of the twentieth century, when genetics emerged
as a science, scientists became intrigued by the chemical nature of
genes. The information in genes is copied and transmitted from cell to
daughter cell millions of times during the life of a multicellular organ-
ism, and it survives the process essentially unchanged. What kind of
molecule could be capable of such accurate and almost unlimited repli-
cation, and also be able to direct the development of an organism and
the daily iife of a cell? What kind of instruclions does the genetic infor-
mation contain? How are these instructions physically organized so that
the enormous amount of information required for the development
and maintenance of even the simplest organism can be contained
within the tiny space of a cell?

The answers to some of these questions begun to emerge in the
1940s, when il was discovered from studies in simple fungi that genetic
information consists primarily of instructions for making proteins.
Proteins are the macromolecules that perform most cellular functions:
they serve as building blocks for cellular structures, they form the
enzymes that catalyze all of the cell’s chemical reactions, they regulate
gene expression, and they enable cells to move and 1o communicate
with each other. With hindsight, it is hard to imagine what other type of
instructions the genetic information could have contained.

The other crucial advance made in the 1940s was the recognition
that deoxyribonucleic acid (DNA) was the likely carrier of this genetic
information. But the mechanism whereby the hereditary information is
copied for transmission from cell to cell, and how proteins are specified
by the instructions in the DNA, remained mysterious until 1953, when
the structure of DNA was determined by James Watson and Francis
Crick. The structure immediately revealed how DNA might be copied,
or replicated, and provided the first clues about how a molecule of DINA
might encode the instructions for making proteins. Today, the fact that
DNA is the genetic material is so fundamental to biclogical thought that
it is difficuit to appreciate what an enormous intellectual gap this dis-
covery filled.

In this chapter we begin by describing the structure of DNA. We
see how, despite its chemical simplicity, the structure and chemical

The Structure and Function of DNA
A DNA Molecule Consists of Two
Complementary Chains of Nucleolides

The Siructure of BNA Provides a Mechanism
for Heredity
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Chromoscmes Contcin Long Strings of
Genes
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Within the Nucieus
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Condensed

Nuclecscmes Are the Basic Unils of
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Chromatin

Changes in Nucleosome Structure Allow
Access to DNA
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properties of DNA make it ideally suited as the raw material of genes.
The genes of every cell on Earth are made of DNA, and insights into the
relationship between DNA and genes have come from experiments in a
wide variety of organisms. We then consider how genes and other
important segments of DNA are arranged on the long molecules of DNA
that are present in chromosomes. Finally, we discuss how eucaryotic
cells fold these long DNA molecules into compact chromosomes. This
packing has to be done in an orderly fashion so that the chromosomes
can be replicated and apportioned correctly between the two daughter
cells at each cell division. [t must also allow access of chromosomal
DNA to enzymes that repair it when it is damaged and to the specialized
proteins that direct the expression of its many genes.

This is the first of five chapters that deal with basic genetic mecha-
nisms—the ways in which the cell maintains, replicates, expresses, and
occasionally improves the genetic information carried in its DNA. [n the
following chapter (Chapter 6) we discuss the mechanisms by which the
cell accurately replicates and repairs DNA; we alsa describe how DNA
sequences can be rearranged through the process of genetic recombi-
nation. Gene expression—the process through which the information
encoded in DNA is interpreted by the cell to guide the synthesis of pro-
teins—is the main topic of Chapter 7. In Chapter 8, we describe how
gene expression is controlled by the cell to ensure that each of the many
thousands of proteins encrypted in its DNA is manufactured at the
proper time and place in the life of the cell. We turn in Chapter 9to a dis-
cussion of how present-day genes and genomes evolved from distant
ancestors. Following these five chapters on basic genetic mechanisms,
we present an account of the experimental techniques used to study
DNA and the role it plays in these fundamental cellular processes
{Chapter 10).

The Structure and Function of DNA

Well before biolegists understood the structure of DNA, they had recog-
nized that genes are carried on chromosomes, which were discovered in
the nineteenth century as threadlike structures in the nucleus of the
eucaryotic cell that become visible as the cell begins to divide (Figure
5-1). As biochemical analysis became possible, researchers learned that
chromosomes contain both DNA and protein. But which of these com-
ponents encoded the organism’s genetic information was not immedi-
ately clear.

We now know that the DINA carries the hereditary information of the
cell, and that the protein components of chromosoemes function largely
to package and control the enormously long DNA molecules. But biolo-
gists in the 1940s had difficulty accepting DNA as the genetic material
because of the apparent simplicity of its chemistry {see How We Know,
pp. 172-174). DNA was thought of as simply a long polymer compased of
only four types of subunits, which resemble one another chemically.

Then, early in the 1950s, DNA was examinad by X-ray diffraction
analysis, a technique for determining the three-dimensional atomic
structure of a molecule (discussed in Chapter 4, pp. 129-131). The early
X-ray diffraction resuits indicated that DNA was composed of two
strands wound into a helix. The observation that DNA was double-
stranded was of crucial significance. It provided one of the major clues
that led, in 1953, to a correct model for the structure of DNA. Only when
the Walson-Crick model of DNA structure was proposed did its poten-
tial for replication and information enceding become apparent.

In this section, we examine the structure of the DNA molecule and
explain in general terms how it is able to store hereditary information.




A DNA Molecule Consists of Two Complementary Chains
of Nucleotfides

A DNA molecule consists of two long polynucleotide chains known as
DINA chains, or DNA strands. Bach of these chains js composed of four
types of nucleotide subunits, and the two chains are held together by
hivdrogen bonds between the base portiuns of the nudeotides (Figure
5-2). As we saw in Chapter 2 (Panel 2-6, pp. 76-77], nucleotides are
composed ol a live-carbon sugar 1o which are attached one or more
phosphate groups and a nitregen-conlaining base. In the case of the
nucleotides in DNA, the sugar is deoxyribose attached to a single phos-
phate group (hence the name deoxyribonucleic acid], and the base may
be either adenine (Al cytosine (C), guanine (), or thymine (7). The
nucleotides are covalently linked together in a chain through the sugars
and phosphates, which thus form a “backbone” of alternating
sugar-phosphate-sugar—phasphate (see Figure 5-2). Because it is only
the base that difiers in each of the four types of subunits, each polvinu
cleotide chain in DNA can be thought of as a necklace (the backbone)
strung with four types of beads (the four bases A, C, G, and T}, These
same syinbols (4 C, G, and T) are also commuanly used 1o denote the
four dilferent nucleotides, that is, the bases with their attached sugar
and phosphaie groups.

The wayv in which the nucleotide subunits are linked together gives
# IINA strand a chemical polarity. If we imagine that each tiucleotide
has a knob (the phosphate) and a hole (see Figure 5-2], each completed
chain, formed by interlocking knobs with hales, will have all of its sub-

units lined up in the same orientation. Moreover, the two ends ol the
biuilding blocks af DNA DB strand
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By the 1920s, scientists generally agreed that genes reside
arn chromesomes, and they knew that chromosomes are
composed of both DNA and proteins. But the connection
belwesn genes and DNA was not immediately accepted.
Eecause DNA is so chemically simple, rasearchers naturally
assumed that genes had fo be made of proleins, which are
much more chemically diverse. Even when the experimen-
fal evidence sugzested otherwise, this assumplion proved
hard 1o shake.

Messages from the dead

Ihe case for DNA began to take shape in the late 1920s,
when a British medical officer mamed Fred Griffith made an
asfonishing discovery. He was studying Streptococcus
preumoniae, the bacterium that causes pneumonia. As
antibiofics had not yet been discovered, infection with this
organism was usuzlly fatal. When grown in the laboratary,
the bacteria come in two forms-—a lethal form that causes
dizease when injected into animals, and a harmiess form
that is easily conqueru_. by the animal's immune system and
produces na infection.

in the course of his investigations, Griffith injecled various
praparations of these bacieria into mice. He confirmed the
dizease-causing tendencies of the two strains, and showed
that pneumococci lha‘.r had been killed by healing were
unable to cause infection. The surprise came when Griffith
injected both heat-killed pathogenic cells and live harmless
cells inw the same mouse. This mixture proved a lethal
ombination: not only did the animal die of pneumaonia, but
Griffith found that its blood was teeming with living bacteria
of the pathogenic form (Figure 5-3). The heat-killed pneu-
mococel had somehow converted the innocuous bacteria
into the lethal form. What's mare, Griffith found that the
change was permanent: he could grow these transformed
bacteria in culture and ‘Iw; remained virulent. But what
was this mysterious material that turned harmless bacteria
into killers? And how was this change passed on {o progas
bacteria?

Blowing bubbles

Griffith's remarkable finding set the stage for Lhe
ments that would provide the first strong evidence
zre mace of DMNA. The American bacieriol
O=swald Avery, following up on Griffith’s waork, disco
[hat the harmless pneumococel couid be transformed info a
pathogenic strain in a culiure tube by exposing It {0 an
exfract prepared from the disease-causing strain. it would

experi-
that

genes

take another 15 years, however, for Avery and his col-
caples Colin Macleod and Maclyn McCarty 1o successiully

How We Know: Genes Are Made of DNA

purify the "transforming principle" from this soluble exiract
and to demanstrate that the active ingredient was DNA.
Because the transforming principle caused z heritable
change in the bacteria that received it, DNA must be tha

very stufl of which genes are made.

The delay was in part a refleclion of the academic climale—
and the widespread supposition that the genetic matarial
was likely to be made of protein. Because of the potential
ramifications of their work, the researchers wanted to be
absolulely certain that the T,rans[omun_g principie was DNA
before they announced their findings. As Avery noted in a
letter to his brother, aiso a bacteriologist, “It's Iots of fun 1o
blow bubbles, but it's wiser to prick them yourself before
someone else fries {0." So ithe researchers subjected the
material to a battery of chemical lasts (Figure 5-4}. They
found thal the transforming principle exhibited all the chem-
ical properiies charactaristic of DMA; furthermore, they
showed that enzymes that destroy proteins and RNA did not
affect its ahbility fo transform bacteria, while enzymes that
digesied DNA inactivated it. And like Griffith bdorc them,
the [nvestigators found that their purified preparation
changed the bacteria permanently: DNA from the virulent
species was taken up by the harmless species, and this
Changﬂ was faithfully passed on 1o subsequent generations
of bacteria.

can acl as geni ‘tl(, mater |al Dut he msuirmg paper drew
remarkably little attention. Despite the meticulous care with
which these experiments were periormed, genelicists were
not immediately convinced that DNA is the heredifary mate-
rial. Many argued that the transformation might have been
caused by some trace protein contaminant in the prapara-
tions. Or that the extract might contain & rnuldb n that alters
the genetic material of the harmless hac nver
to the pathogenic form—rather than containi
material itself.

Virus cocktails

The debate was not seftled definitively until 1952, whern
Alfred Hershey and Martha Chase fired up their laboratory
blender and demonstrated, once and for all, that genes ara
made of DNA. The researchers were studying T2—a virus
that infects and eventually dastroys the hacterium E. coli.
These bacteria-killing viruses behave like little molecular

syringes: they inject their genetic matenal into the host cail,
while the empty virus heads remain outside the infected
bacterium (Figure 5-5A). Once inside the cell, the viral
genes direct the formation of new viral particles. Within

i
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that lock dome-shaped and :l‘.:Juth, hence it is designated the S form. The harmiless sirain of the pneumococus, on the
other hand, lacks this proteclive coat; it forms colonies that appear flat and 1ough—hence, it is referred to as the R form.
Griffith found that 2 substance present in the virulent S strain could permanently change, of ransform, the nonlethal R strain
inlo the deadly 5 sirain.
minutes, the infected cells explode, spewing thousands of The beauty of T2 is that these viruses contain anly two kinds

new viruses into the madium, These then infect neighboring
bacteria, and [he process begins again.

of molecules: DNA and protein, So the genetic
The experiment was fairly

o be ane ar the other. But which?

waterial hadd




E-grrain colis

fractionation of call-fres

extract inlo classes of
mioleculig

T

RiNA DNA lipid carbahydrate

molecules tested for transformation of R-strain cells

profenn

= 1T B i) =
lia) f ®

o & ()
R R s R R
strain strain strair strain strain

COMCLUSION: The molecule that
carried tha haritabie information
is DNA,

Figure 5-4 Avery, MacLeod, and McCarty demonstrate
that DNA is the genetic material. These researchers

i fram the disease-causing S strain and
Efnrming principle” 1hat would

e R-strain pnumor el into the lethal
. This was 1he first gwi DNA

dence that y could

I as D\l

J

straightfarward. F%G';auar-' the viral genes enter the bacterial
cell, while the rest of the viral particle remains outside, the
researchers decided o radioactively label the protein in ane
batch of virus and the DNA in another. Then all -'he‘,n' had to
do was follow the radioactivity to see whether the DNA or
tne protein winds up inside ﬁ- bacteria. To dr:n ~.r-'s the
researchers incubated their labeled viruses with £. coli; after
allowing a few minutes for infection o take they
poured the mix into a Waring blender and nit “puree.” The
blender’s spinning blades sheared the empty virus heads
from the surfaces of the cells. The researchers then cen-
trifuged the sample to separate the heavier, infected bacte-
ria, which formed a pellet at the bottom of the centrifuge
tubg, from the emply viral coats, which remained in sus-
pension (Figure 5-5B).

,."aut‘,

As you have probably sunmised, Hershey and Chase found
that the radicactive DNA entered the baciarial cells, whils
the labeled proteins remained wrlh the emptly virus heads.
This radioactively labeled DNA, they found. was also incor-
porated into the next -ranon of virus particles. The
experiment demaonstrated conclusively that wviral DNA
enters bacterial host cel Ic whereas viral protein doss not
Thus the genetic material in this virus had to be made of
DNA.

Macleod, and
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Together with the studies done by Avery,
McCarty, this evidence clinched the case
agent of heredity.
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chain will be easily distinguishable, as one has a hole (the 3" hydroxvl)
and the other a knob (the 5 phosphate) at its terminus. This polarity in
a DNA chain is indicated by referring to one end as the 3" end and the
other as the 57end. This convention is based on the details ol the chem-
ical linkage between the nucleotide subunits.

The two polynuclectide chains in the DNA double helix are held
tegether by hydrogen-bonding between the bases on the different
strands. All the bases are therefore on the inside of the Lielix, with the
sugar—phosphate backbones on the outside {sce Figure 5-21. The bases
do not pair at random, however: A always pairs with T, and G with C
(Figure 5-6). In each case, a bulkier two-ring base (a purine; discussed
in Chapter 2} is paired with a single-ring hase {a pyrimidinel. This com-
plementary hase-pairing enables the hase pairs to be packed in the
energetically most favorable arvangement in the interior of the double
helix. In this arrangement, each base pair is of similar width, thus hold-
ing the sugar-phosphate backbanes an equal distance apart along the
DNA molecule (Figure 5-71. The two sugar-phosphate backbones twist
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Figure 5-6 Complementary base pairs are
formed in the DNA double helix. The
shapes and chemical structure of

: = LUkl
en bands to form efficiently
n Adand T and bety 3 and
where afoms that are abie
hydrogen bonds (ses Panet 2-1
pp. B66-67) can be browght close together
without perturiing the double helis. Two
ydrogen bonds farm betwi and T,
while three farm between G and C. Th
pases can pair m s way only
polynuclentide chains thal contain them

are antipara
polarities.

Figure 5-7 The two strands of the DNA
double helix are held together by base

pairing, A short tion of the double helix
viewed from it side. Four basa pairs are
: T ucleotides are linked together
) )T one
i e 5 phosphate (PO4) of the
nexl. Thus, gach polyn g h

a chemical polarity; that s, its two ends

are chemically differs The 37 Arres
an unilinked -OH group attached 1o the 37
position on the sugar ring; the 5" end
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Figure 5-8 The DNA double helix has a
major and a minor groove. This space-
filling model shows 1.5 tums of the DNA
l2 halix. The colling of the o slrands
sround each other creates two grooves i

the double helix, As indicated in the figure,
the wider groove 15 called the major
vz, end the smaller, the minor grogve.
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around one another to form a double helix containing 10 bases per hel-
ical turn (Figure 5-8). This winding also contributes to the energetically
favarable conformation of the DNA double helix.

The members of each base pair can fit together within the double
helix only if the two strands of the helix are antiparallel, that is, only it
the polarity of one strand is oriented opposite to that of the other strand
{see Figure 5-2). A consequence of these base-pairing requirements is
that each strand of a IDNA molecule conrtains a sequence of nucleotides
that is exactly complementary to the nucleotide sequence of its partner
strand. This is of cruciul importance for the copying of DNA, as we shall
see in Chapter 6.

The Structure of DNA Provides a Mechanism for Heredity

Genes carry biological information that must be copied and transmit-
ted accurately when a cell divides to form two daughter cells. This situ-
ation poses twa central biological problems: how can the information
for specifying an organism be carvied in chemical form, and how is it
accurately copied? 'I'he discovery of the structure of the DNA double
helix was a landmark in twenticth-century biology because it immedi-
ately suggested answers to these two questions, and thereby resolved at
rthe molecular level the problem of heredity. In this chapier we outline
the answer to the first question, and in the next chapter we address in
detail the answer to the second.

DNA encodes information in the order, or sequence, of rhe
nucleotides along each strand. Each base—A, C, T, or G—can be con-
sidered as a letter in a four-letter alphabet that is used to spell cul bio-
logical messages in the chemical structure of the DNA (Figore 5-9).
Crganisms differ from one another because their respective DNA male-
cules have different nucleotide sequences and, consequently, cairy dif-
ferent biological messages. But how is the nucleotide alphaber used to
make up messages, and what do they spell out?

It had already been established some time before the structure of
DNA was determined that genes contain the instructions for producing
proteins (Figure 5-10j). The DNA messages, lherefore, must somehow
encode proteins. Consideration of the chemical character of proteins
makes the problem easier to define. As discussed in Chapler 4, the func-
tlon of a protein is determined by its three-dimensional structure, and
its structure in turn is determined by the sequence of the amino acids of
which itis compaosed. The linear sequence of nucleotides in a gene must
therefore somehow spell our the linear sequence ol amino acids in a
protein.

The exact correspondence between the 4-letter nucleotide alpha-
bet of IINA and the 20-letter amino acid alphabet of proteins—the
genetic code—is not obvious from the structure of the DNA malecule,

genia A gene B

™

DNA
doubile
helix

OQENE BXPrEESION

I

—— ettt =

gene C

protein A pro{ein B prote?C

Figure 5-10 Genes centain information to make proteins.




Figure 5-11 Gene sequences can be written down and read like
any text. Prasented hare s the sequence of nucleslides in the human
j-glabin gene. This gene carries | niormat ar the 1
sequence of one of the two types of subunits of the hemoglotin
minlecuie, which carres magen in the blood, A different gene, the

a-glob :ne, carres the informaltion for the other ype of

hemoglobin
suburit {a hemoglobin molecule has four subunils, two of each lype).
Only one of the two strands of the DNA doubi i taining the
-globin gene is shawn; the other strand has the exact
complementary secuence. The senuence should be read left 1o right
in successive lines down the page as if it were nomal Englisk text.

The DINA sequences highlighted in color shiow the three regions of the

gene that specify the amine sequence for the B-zlobin pintein, We will
see in Chapter 7 how the cell connects these three sequences
together in order o synthesize a fuli-lenpth B-globin protaein,

and it took more than a decade after the discovery of the couble helix to
work it out. In Chapter 7, we describe this code in detail in the course of
elaborating the process, known as gene expression, through which a cell
converts the nucleotide sequence of a gene into the amino acid
sequence of a protein.

The complete set of information in an organism's DNA is called its
genome (the term is also used to refer to the DNA that carries this infor-
mation). The total amount of this information is staggering: written out
in the four-lerter nuclentide alphabel, the nucleciide sequence of a
small gene from humans occupies a quarter of a page of text (Figure
5-11), while the complete sequence of the human genome would fili
more than 1000 books the size of this one. Herein lics a problem that
atfects the architecture of all eucaryotic chromosomes: how can all this
information be packed neatly into every cell nucleus? In the remainder
of this chapter we discuss the answer (o this fundamental question.

The Structure of Eucaryotic Chromosomes

Large amounts of DNA are required to encode all the information
needed 1o make just a single-celled bacterium, and far more DNA is
needed to encode the instructions for the development of multicellwlar
organisms like ourselves. Each human cell contains abour 2 m of DNA;
vet the cell nucieus js only 5 to 8 pm in diameter. Tucking all this mate-
rial into such a small space is the equivalent of trying to feld 40 km (24
miles) of extremely [ine thread into a tennis ball.

[n eucaryotic cells, enormously long double-stranded DNA mole-
cules are packaged into chromosornes that not only [it readily inside the
nucleus but can be easily apportioned between the two daughter cells
at each cell division. As we see in this section, the complex tasl of pack-
aging DNA is accomplished by specialized proteins that bind to and fold
the DNA, generating a series of coils and loops that provide increasingly
higher levels of organization and that prevent the DNA [rom becoming
an unmanageable tangle. Amazingly, the DNA is compacted i1 such an
orderly fashion that it can become accessible ta alt of the enzymes and
other preteins that replicate it, repair it, and use its genes to produce
proteins.

Bacteria typically carry their genes on a single, circular DNA mole-
cule. This DNA is also associated with proteins that condense DNA, but
they differ from the proteins that package eucaryotic DNA. Although it
is often called a bacterial “chromosome,” this procaryotic DNA does nort
hiave the same structure as eucaryotic chromosomes, and less is known
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Figure 5-12 Each human chromosome
can be “painted" a different color to allow
its unambiguous identification under the
light microscope, |12 chi
a mali, were isolated from 2 cell
undergzing nuclear division {milgsis) and
re thersfore in a highly compact state
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about haw it is packaged. Our discussion of chromosome structure in
this chapter will therefore focus entirely on eucaryotic chromosomes.

Eucaryotic DNA Is Packaged into Chromosomes

Iin eucarvotes, such as ourselves, the DNA in the nucleus is distributed
among a set of different chromosemes. The human genome, for exam-
ple, conlains approximately 3.2 x 10% nucleotides distributed over 24
chromosomes. Each chromosome consists f a singie, enormously lang,
linear DNA molecule associated with proteins that fold and pack the
fine thread of DNA into a more compact structure. The complex of DNA
and protein is called clromarin (from the Greek chroma, “color,”
hecause of its staining properties}. In addirion to the proteins involved
in packaging the DNA, chromosomes are also associated with other
proteins involved in gene expression, DNA replication, and DNA repair.

With the exception of the germ cells (sperm and eggs) and highly
specialized cells that lack DNA entircly (such as the red blood cell)
human cells each contain two copies of each chromosome, one inher-
ited from the mother and one from the father; the maternal and pater-
nal chromosomes of a paiy are called homologous chromosonies
(homologs). The enly nonhomologous chromosome pairs are the sex
chromosomes in males, where a Y chromosome is inherited from the
tather and an X chromaosome [rom the mother.

Human chromosomes can be distinguished by DNA hybridization
(described in detail in Chapter 10): the lechnique uses a set ol DNA mal-
ecules coupled to [luorescent molecules to “paint” each chromosome a
different color (Figure 5-12). But the more traditional way of distin-
guishing one chromosome from another is 1o stain the chromosomes
with dyes that bind to certain types of DNA sequences. These dves
mainly distinguish between DNA thatis rich in A-T nucleotide pairs and
DNA that is G-Crich, and they produce a striking and reliable pattern of
bands along each chromosome (Figure 5-13). The pattern of bands on
each type of chromosome is unique, allowing each chroniosome to be
identified and numbered.

A display of the full se1 of 46 human chromosomes is called the
human karyotype. [f parts of a chromosome are lost, or switched
between chromosomes, these changes can be detected by changes in
the banding parterns. Cytogeneticists use alterations in banding pat-
terns to detect chromosomal abnormalities that are associated with
some inherited deflects (Figure 5-14) and with certain types of cancer,
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Chromosomes Contain Long Strings of Genes

['he most impertant function of chromosores is to carry genes—the
functional units ol heredity [Figure 5-151. A gene is usually delined as a
segment of DNA that contains the instructions for making a particular
prolein (or, in some cases, a set of closely related proteins). Although
this definition fits the majority of genes, some genes direct the produc-
tion of an RNA molecule, instead of @ pratein, as their final product. Like
proteins, RNA molecules perform a diverse set of structural and cat-
alytic [unctions in the cell, as we will see in lister chapters.

As might be expected, a correlation exists hetween the complexity
ofan organism and the number of genes in its genome. For example, the
total number of genes range from less than 500 for a simple bacterium
to about 30,000 for humans. Bacteria and some single-celled cucaryotes
have especially compact genomes: the DNA molecules that make up
their chromosomes are little more than strings of closely packed genes.
However, chromasomes lrom many eticarvotes (including humans)
contain, in addition to genes, a large excess ol interspersea DNA 1hat
does not seem (o carry critical informution. This DNA is sometimes
called junk DNA, as its usefulness to the cell has not yvet been clearly
demonstrated. Although the particular nucleotide sequence of (his
DNA may not be important, the DNA itseif—acting
may be crucial for the long-term evolution of the
proper activity of genes.
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Figure 5-15 feppasite page) The genes carried on a portion of chromosame 2 from the fruit fly

Drosephila melanogaster are depicted. This fizure represents approximately 3% of 1
genome, arranged as six contiguous segments. As sumimarized in the key, the symbali
are rainbove-colored horizontal bar, G-C base-pair col

and pradicted] coded on one strand of DNA (boxas above the midling]
strand (bars befow t ne) icated in the key, the height of sach
certainty with which it represents a lrug gene: the highar the bar, th
of E\\"! =i [ bar (:" L "Il--" L ."' M i' 'f' i ’.'.:.':il‘:i -\--"]E‘.‘-"' (=] C:‘
organisms ple, MWY means the gene has close retatives in
Caenorhahdilis elegans, and in the yeast Saccharomy

relalives in mammals and the warm
267:2180-2155, 2000, = AAAS)

2 Mmic e). As ind

but not in yveast. (From Mark D. Adams &t al., §

In general, the more complex an organism is, the larger its genome.
But this relationship does not always hold true. The human genome, for
example, is 200 times larger than that of the yeast 5. cerevisiae, but 30
times smaller than that of some plants and 200 times smaller than that
of a species of amoeba. Furthermore, how the DNA is apportionec over
chromosomes also differs from ane species to another. Humans have 46
chromosomes, but a species of small deer has only G, while certain carp
species have more than 100. Even closely related species with similar
genome sizes can have very different numbers and sizes of chromo-
somes (Figure 5-16). Thus, although gene number is roughly correlated
with species complexity, there is no simple relationship between gene
number, chromosome number, and total genome size. The genomes
and chromosomes of modern species have each been shaped by a
unique history of seemingly random genetic events, acted on by selec-
tion pressures.

Chromosomes Exist in Different States Throughout
the Life of a Cell

To form a functional chromosome, a DNA molecule must do more than
simply carry genes: it must be able to replicate, and the replicated
copies must be separated and partitioned reliably into daughter cells at
each cell division. These processes occur through an ordered series of
stages, known collectively as the cell cycle. This cvcle ol cell growth is
briefly suminarized in Figure 5-17 and will be discussed in detail in
Chapter 19. Only two of these stages need concern us in this chapter:
interphase, when chromosomes are duplicated; and mitosis, when they
are distributed to the two daughter nuclei.

During interphase, the chromosomes are extended as long, thin, tan-
gled threads of DNA in the nucleus and cannot be easily distinguished in
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helix,
nucleotide
nm apart
Use Figure 5-13 1o esfi
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Chromosome | if it were unraveled

numan

and stretched out. If the actual
length of Chromosome 1 at this
stage of mitosis is approximately
10 ym, what is the degree of com-
paction of the DNA in this state?

Figure 5-16 Closely related species can
have very different chromosome numbers.
In the evelulion of the Indian muntjac deer,
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Figure 5-17 Replicatien and segregation
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ordered series of stages, called the cell
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the light microscope. We refer (o chromosomies in this extended state as
interphase chramosomes. Specialized DNA sequences found in al
eucarvotes ensure Lhat the interphase chromosomes replicale effi-
ciently (Figure 5-18). One tvpe of nucleotide sequence acls as a replica-
tion prigin. the locatinn at which duplication of the DNA begins, as we
discuss in Chapter 6. Fucaryotic chromosomes contain many replica-
tton origins to ensure that the entire chromosome can be replicated
rapidly. Anather DNA sequence forms the telomeres found at each of
the two ends of a chromosome. Telomeres contain repeated nucteotide
sequences that enable the ends of chromosomes to be replicated. They
also protect the end of the chromosome from being mistaken by the cell
as a broken DNA molecule in need of repalr, We discuss telumere repli-
cation and function further in the following chapters.

As the vell cycle proceeds, the DNA coils up, adapting a more and
more compact struccure, until the highly condensed miitoric clironio-
somes bave been formed. This is the form in which chromosomes are
most easily visualized: in fact, all of the images of chromosaomes shown
so far in the chapter are of mitotic chromosomes. In this highlv con-
densed state, duplicated chromosomes can be easily separated when
the cell divides. It is the presence of the third specialized DNA sequence,
the centromere, that aliows one copy of each duplicated chromosome

to be apportioned o each daughter cell (see Figure 5-171.

Flgure 5-18 Three DNA sequence
elements are needed to produce a
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Inferphase Chromosomes Are Organized Within
the Nucleus

Despite the fact that the chromosomes of cells in interphase are very
much longer and finer than mitotic chromesomes, they are thought to
be well organized within the nucleus. The nucleus is delimited by a
nuclear envelope formed by two concentric membranes. The nucicar
envelope is supported by two nerworks of protein filaments {discussed
in Chapter 17}: one, called the nuciear lamina, forms a thin layer under-
lying and supporting the inner nuclear membrane; while the other, less
regularly organized, surrounds the outer nuclear membrane (Figure
5-19). The two membranes are punctured at intervals by nuclear pores,
which actively transport selected melecules to and from the cytosol.

The interior of the nucleus is not a random jumble of its many DNA,
RNA, and protein components. Each interphase chromosome probably
accupies a particular region of the nucleus so that different chromo-
somes do not become entangled with each other. This organization is
thought to be achieved at least in part by attachment of parts of the chro-
mosoeines (o sites on the nuclear envelope or the nuclear lamina.

The most obvious example of chromosome organization in the
interphase nucleus is the nucleolus, which is the most prominent strize-
ture evident in the interphase nucleus under the light microscope. This
is a region where the parts of the different chromosomes carrying genes
for ribosomal RNA cluster together {see Figures 5-13 and 5-19). Here,
ribesomal RNAs are synthesized and combined with proteins to form
ribosemes, the cell’s protein-synthesizing machines (discussed in
Chapter 7).

The DNA in Chromosomes Is Highly Condensed

As we have seen, all eucaryotic cells, whether in interphase or mitosis,
package their DNA tightly into chromosomes. Human Chromosome 22,
for example, contains about 48 million nucleotide pairs; stretched out
end-to-end, its DNA would extend about 1.5 cm. Yet, during mitosis,
Chromosoitie 22 measures only about 2 um in length—that is nearly
10,000 times more compact than its extended form. This remarkable
feat of compression is performed by proteins that coil and fold the
DNA into higher and higher levels of organization. The DNA of inter-
phase chromosomes, although less condensed than that of mitotic
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Figure 5-20 DNA in interphase
chromosomes is |less compacit than that
in mitotic chromosomes. (4 A0 election
micrograph showing &n encrmous langle of
hromosomal DNA spilling out of a lysed
rphase nuc (B} A scanning

nosome, which is a duplicated
nosome in which the two new
chromasomes are sul linkes together
isee Figure 5-18). The constricted region
ates the positicn of the centromers
[tz the difference in scales.

I, courtesy of Vicicriz Foe:; B, courtesy
of Terry DL Allen))

10 in
(A)

chromosomes (Figure 5-20), is still packed tightly, with a compacticn
ratio of about 1000-fold.

In the next sections, we inireduce the specialized proteins that
make this compression possible. Bear in mind, though, that chromo-
some structure is dynamic. Not only do chromosoimes condense and
refax in concert with the cell cycle, but different regions of the inter-
phase chromosome must unpack to allow cells to access specific DNA
sequences for replication, repair, or gene expression. Chromosome
packaging must therefore be flexible enough to allow rapid, localized,
on-demand access [0 DNA.

Nucleosomes Are the Basic Units of Chromatin Structure

The proteins that bind to the DNA o forin eucaryotic chromosomes are
traditionally divided into two general classes: the histones, and the
nonhistone chromosomal proteins. Hisiones are present in enormous
quantities (about 60 million molecules of several different tvpes in each
cell), and their total mass in chromosomes is abour equal to that of the
DNA itself. The complex of both classes of protein with nuclear DNA is
called chromatin.

Histones are responsible for the first and most lundamental level of
chromatin packing, the nucleosome, which was discovered in 1974,
When interphase nuclej are broken open very gently and their contents
examined under the electron microscope, most of the chromatin is in
the form of a fiber with a diameter of about 30 nm (Figure 5-21A). If this

(A)

Figure 5-21 Nucleosomes can be seen in
the electron microscope. (A} Chromiatin
‘solated directly from an interphase nuslous
appears in the electren Mmicioscops as a
thread 30 nm thick. {B) This electron
aph shows a langih of chromatin
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Figure 5-22 Nucleosomes contain DNA wrapped around a protein

core of eight histone molecules. As indizated, the nucicosane core
particle is released Irom chromatin by digestion of the linker DNA with
1 ruch izyme that breaks down DMA. (The nuclease can

cegrade the exposed DNA but cannot attack the DNA v
around the nuclensome C ore.} After dissociation of the

ruc h, Thi

nund I-b'ﬂly

I ‘.rlr'-."-‘idr_’ pairs is

sufficient to wrap a
cafe.

chromatin is subjected to reatments that cause il to unfold parvtally, it
can then be seen under the electron microscope as a sexies of “beads on
a string” {Figure 5-21B). The string is DNA, and ench bead is a nucleo-
some core particle that consists of DNA wound around a core of proteins
formed from histones.

The structure of nucleosomes wis determined afier tirst isolating
them from the unfolded chromatin by digestion with particular
enzymes (called nucleases) that break down DNA by cutting belween
the nucleotides. After digestion for a short period, the exposed DNA
between the nucleosome core particles, the linker DNA, is degraded. An
individual nucleosome core particle consists of a complex of cight his-
tone proteins—two molecules each of histones H2A, H2B, H3, and H4
and a double-stranded DNA of about 146 nucleotide pairs that winds
around this histone octamer [Figure 5-223. The high-resolution struc-
ture of the nucleosome core particle was solw.d in 1997, revealing in
atomic detail the disc-shaped histone complex around which the DNA
is tightly wrapped, making 1.65 turns in a left-handed coil {Figure 5-23).

Fach nucleosome core particle is separated from the next by a
region of linker DNA, which can vary in length from a few nucleotide
pairs up to about 80. (The term "nucleosome” Lechnically refers to a
nucleoseme core particle plus one of its adjacent DNA linkers, but is
often used synonymously with “nucleosome core particle.”) Formation
ol nucleosomes converts a DNA molecule into a chromatin thread
approximately one-third ol'its inirial length, and provides the first ievel
of DNA packing.

All four of the histones that make up the nuclensome core are rela-
tively sinall proteins with a high proportion of positively charged amino
acids {lysine and arginine). The positive charges help the histones bind
tightly to the negatively charged sugar-phosphate backbone of DNA.
These numerpus mteractions explain in part why DNA of virtually any
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Figure 5-23 The structure of the
nucleosome core particle, as determined
by X-ray diffraction analysis, reveals how
DNA is tightly wrapped around a disc-
shaped histone core. Lacn Wistone 5
colored according te 1he scheme shown in
Figure 5-22: tha DNA Lelis is -Hy A
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Figure 5-24 Chromatin packing occurs
on several levels. This schematic drawing
shows some of the orders o chromatin
packing thought to give rise @ the highly
condensed mitotic chromosome,

Chogtar & CNA ond Chromosomes

sequence can bind to a histone core. Fach of the core histones also has
a long N-terminal amine acid "tail,” which extends out from the DNA
histone core. These histone tails are subject to several types of covalent
modification that control many aspects of chromatin structure, as we
will see shorly.

The histones that form the nucleosome core are among the most
highly conserved of all known eucaryotic proteins: there are only (wo
differences between the amino acid sequences of histone H4 from peas
and cows, for exainple. Recently, histones have been found in archaea—
procarvotes that forin a phylogenetic kingdom distinct from eucaryotes
and eubacteria (discussed in Chapter 1). This extreme evolutionary
conservation reflects the vital structural role of histones in forming
chromatin.

Chromosomes Have Several Levels of DNA Packing

Although long strings of nuclecsomes form on most chromosomal
DNA, chromatin in the living cell rarely adopts the extended beads-on-
a-string form seen in Figure 5-21B. Instead, the nucleosomes are fur-
ther packed upon one another to generate a more compact structure,
the 30-nm fiber (see Figure 5-21A). Packing of nucleosomes into the 30-
nm fiber depends on a fifth histone called histone H1, which is thought
to pull the nucleosomes together into a regular repealing array. The
structure that results is illustrated, as pari of a larger schemaric of the
various levels of chromasome packing, in Figure 5-24.
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Several models have been proposed to explain how nucleosomes
are packed in the 30-nm chromatin fiber; the one most consistent with
the available data is a series of structural variations known collectively
as the zigzag model (Figure 5-23). The 30-nm structure found in chro-
mosames is probably a fluid mosaic of the different zigzag variations.

We know that the 30-nm chromatin fiber can e compacted still
further. We saw earlier in this chapter that during mitosis chromatin
becomes so highly condensed thal the chromosomes can be seen under
the light microscape. How is the 30-nm fiber folded to produce mitotic
chiromosomes? The answer to this question is not vet known in derail,
but it is thought that the 30-nm f{iber is further organized into loops
emanating from a central axis (Figures 5-24 and 5-26). Finally, this
string of loops is thought to undergo at least one more level of packing
to form the mitotic chremosome (see Figure 5-24).

Interphase Chromosomes Contain Both Condensed and
More Extended Forms of Chromatin

As the daughter cells complete their separation following mitosis, the
mitotic chromosomes unfold into a more extended form—the inter-
pthase chromosomes (see Figure 5-18). However, the chromatin in an
interphase chromosome is not in the same packing state throughout
the chromosame. In general, regions of the chromosome that contain
genes thatare being expressed are more extended, while those that con-
tain guiescent genes are maore compact. Thus, the detailed structure of
an interphase chromaosome can differ from one cell type to the next,
depending on which genes are being expressed.

Figure 5-2& The mitotic chromosome is formed from tightly packed
chromatin. This scanning electron micrograph shows a region near
nne end af @ typical mitohic chrommosore. Each knoblike projection 1s
believed to represent the tip of a separaie logp of chromatin, The
hromosome in this picture has duplicated, bul the two new

chromozones (alse cafled chromatids) are still held together (see
Figure 5-20B). The ends of the lwo chromosomes can be easil
shed in this micrograph. (From M P Marsden and

LK. Laemmli, Celf 17:849-8568, 1989, © Elsevier,)

Y
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Figure 5-25 Chromatin fibers may he
packed accerding to a zigzag model.

{A and B) Electron microscopic evidence
for the top and bottom-lefl model struclures
shown in {C). The structure of the 30-nm
chromatin may be a combination of
these rigzag variations. An ir nversion
between these three varialions may ocour
through an accordionlike expansion and
contraction of the fiber Naote thal the
histong cores are omitiad from the
diagrams in (C), (From J. Bednar et al.,
Proc. Natl. Acad. Sci U.S. A
85:14173-14178, 1998, © Natlonal
Academy of Sciznces.)
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Figure 5-27 Expression of a gene can be
altered by moving it to another location in
the genome. Shown are twe examnles of
sition effects, in which the aclivity of a
i is an ifs position alang a
romescme. (A The veast ADEZ2 gene at
= normal chromesomal location is
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The mast highly condensed form of interphase chromatin is called
heterochromatin (from the Greek feteros, meaning “different,” plus
chromatin). It was {irst observed under the light microscope in the
1930s as discrete, strongly staining regions within the mass of chro-
matin. Heterochromatin typically makes up about 10% of an interphase
chromaseme, and in mammalian chromosomes, it is typically concen-
trated around the centromere region and in the teloimeres at the ends of
the chromosames. Most DNA that is folded into heterochromatin does
not contain yenes, However, genes that do become packaged into hete-
rochromatin usually become resistant to being expressed because het-
erochromatin is unusually compact (Figure 5-27). The rest of the inter-
phase chromatin, which is in a variety of more extended states, is called
eucliromarin (from the Greek er, meaning “orue” or “normal,” plus chro-
matin). It is not yel understood which of the levels of chromosome
packaging shown in Figure 5-24 best describe euchromatin and hete-
rochromatin; it is likely that both include mixrures of several packaging
states.

Although most eucaryotic chromosames contain regions of both
euchromatin and heterochromatin, some important exceptions exist.
Perhaps the most siriking example is found ir the interphase X chro-
mosomes of female mammals. Female cells contain two X chromo-
somes, while male cells contain one X and one Y. Because a double
dose of X-chromosome products would be lethal, female mammals
have evolved a mechanism (o permanently inactivate one of the two X
chromosomes in each cell: at random, ane or the other of the two X
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chromosemes in each cell becomes highly condensed into heterochro-
matin early in embryonic development. Thereafter, in all of the many
progeny of the cell; the condensed and inactive state of that X chromao
some is inherited (Figure 5-28).

Changes in Nucleosome Structure Allow Access to DNA

3o far we have discussed how DNA is packed carefully and tightly into
chromatin; we now turn to the question of how this packaging can be
dynamic, allowing rapid access to the underlying DNA. We have seen
that the DNA in cells carries enormous amounts of coded information,
and it is especially important that cells have on-demand access to it. As
we shall see, direct access to DNA is typically localized, exposing only
those regions of the genome that the cell needs at any particular time.

Fucaryotic cells have several ways to rapidly adjust the local struc-
ture of their chromatin. One approach takes advantage of chromatin
remodeling complexes, protein machines thar use the energy of ATP
hydrelysis to change the structure of nuclensomes (Figure 5-29). These
complexes can make the underlying DNA more accessible to other pro-
teins in the cell, especially those invoived in DNA replicarion, repair,
and gene expression. During mitosis, at least some of the chromatin
remodeling complexes are inactivated, which may help mitotic chro-
mosomes maintain their tightly packed structure.

Another approach to the changing chromatin structure relies on
the reversible modification of histone rails. The N-terminal tails ol each
of the four core histone proteins perform crucial functions in regulating

Figure 5-28 An individual X chromosome
can be completely inactivated by
heterochromatin formation. Cels in Lhe

earty female mammalian embrvo contain
bwir ¥ chromosames, one from the mother
(Xem) and the other from the father (Xa). At
an early siage of development, one of these
two chromasomes in gach cell becomes

condensed into heterachromatin

apparently at random. Al each division
fter this stage, the same chromosame
becomes condensed in all the descendants

of that eriginal cell.
X-chromaosn s betweer
the third and sizth f development. In
umans, oo, A-inactivation er
early in development. before cells have
Leen allocated 0 any pariicular
developmental pathw . Thus Ihe Temale
ends up as a meosaic of cells bearing
maternal or pate tivaied

X CHICMesnmes Y
organs abioul half the
type and the other !

DCCUTS vary

(Juestion 5-3

|

viutations in a particulsa
gene on the X chromo-
some  result in color
blindness. All men carry- .
ing & mutant gene ar ‘
color-blind. Most wonmen

carrying a mutant gene have proper

SOt 1 i 1144 3
colar vision oul sec color 1mages

with reduced resolution. as though
[unctional cone cells (the cells that
cantain the color photoreceptors)
1Me sPar ed farthe dpart 1 normial
in the retina. Can you give a pl
ble explanation for this ocbhservation?
lor-blind, wl

uld you say about her father?

\bout her mother? Explain your
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Figure 5-29 Chromatin remodeting
complexes alter nucleosome structure.
Accaording to this model, different
chromatin remodeling complexes disrupt
ared re-iorm omes, although, in
iple, the same complex might catalyze
[:ath reactions. The DNA-pinding proteins
ould be involved in gena expression, DNA
replication, or DNA repair

[T
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chromatdn structure. Each tail is subject to several types of covalent
modification, which are added and removed after the nuclessome has
been assembled by enzymes that reside in the nucleus. Although mod-
ifications of the histone tails have little direct effect on the stability of an
individual nucleosome, some seem to directly affect the stability of the
30-nm chramatin fiber and of some of the higher-order structures dis-
cussed earlier.

However, the most profound effect of modified histone tails seems
to be their ability to bind to and thereby attract specific proteins to
stretches of chromatin. Different patterns of histone tail modifications
attract different proteins; some of these proteins cause further conden-
sation of the chromatin, others facilitate access to the DNA. Together,
different combinations of tail modifications and different sets of his-
tone-binding proteins can signal different things to the ceil: one pattern
mighr indicate that a particular stretch of chromatin has been newiv
replicated, ancther that gene expression should take place (Figure
5-30).

As is true for the chromatin remodeling complexes, the enzymes
that modify histone tails are tightly regulated. They are hrought to a par-
ticular region of chromatin by other cues, particularly by their interac-
tions with proteins that bind ta specific sequences in DNA, a subject we
discuss in Chapter 8. It is likely that these histone-modifying enzymes
work in concert with the chromaltin remodeling complexes to condense
and relax stretches of chromatin, allowing local chromatin structure (o
rapidly change according to the needs of the cell.

remodeling
complax A
restoration of
standard
nuclecsomes

o

dissociation
of addition of
DNA-binding i DMNA-binding
priteins rEmodsling proteing

complex 8

GEME EXPRESSION, DNA REPLICATION, ANDOTHER PROCESSES THAT
RECIUIRE ACCESS TO DMA PACKAGED IN NUCLEGSOMES
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Essenfial Concepts

Life depends on stable and compact storage ol genetic information.,
Genetic information is carried by very long DNA molecules and
encoded in the linear sequence of nucleotides A, T, G, and €,

A molecule of DNA is in the form of & double helix composed of a
pair of complementary strands ol nucleotides held ogether by
hydrogen bonds between G-C and A-T base pairs.

Each strand of DNA has a chemical polarity due 1o the linkage of

allernating sugarsand phosphates in its backbone. The two sorands
of the DNA double helix run antiparallel—thatis, in opposite orien
Lations.

‘The genetic material of a eucaryotic cell is contained within one or
more chiromosomes, each formed (rom a single, enormously long
DA molecule that contains many genes.

The DNA in & eucarvotic chiromosome contains, in addition (o
genes, many replication origins, one centromere, and mwo telomeres.
These sequences ensure that the chromosome can be replicated
efliciently and passed on to daughter cells.

Chromosnimes in eucaryotic cells consist of DNA tightly bound (o a
roughly equal mass of specialized proteins. These proteins lold the
DNA into a more compact form so that it can {it into a cell nucleus.
Fhe complex of DNA and protein in chromesomes is called chro-
mslin

Chromosomal proteins include the histones, which pack DNA Into a
repeating array of DNA-protein particles called nucleosomes.
Nucleosomes pack together, with the aid of histone H1 molecules, to
form a 30-nm fiber. This fiber can be further coiled and folded, pro-
dlucing more compact chromalin structures.

some forms of chromatin are so highly compacted that the packaged
genus caniot he l.::-i|!l|'(‘ﬁ"\(’l[ into }]I'd')l{"il'l.

Chromatin structure is dynamic: by emporarily altering irs struc-
ture—using chromatin remodeling complexes and enzymes that
modily histone tails-——the cell can ensure thil proteins involved in
gene expression, replication, and repair have rapid, localized access
to the necessary DNA sequences.

Figure 5-30 The pattern of modification
of histene tails may dictate how a stretch
of chromatin is treated by the cell.

(Al Each histone can be modified by the
covalent attachiment of a number of
lifferent molecules. Histone H3, for

meample, can receive an ac
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aroup (Ac),
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Note thal seme positions (2., Iysing 9

ind 273 can be madified in more than one
way. (B) Diflerent combinalions ol histone
{all modifications may constitute a type of
“histone code.” According 1o the histone
:.,”.nl._ I',-,“":'II::' cic each 5‘-‘-‘I|i'\:i|\-'_j -":"I'I-..'-'-)_‘-'-. 4
specific meaning o the stretch of
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Key Terms
antiparallel gene
base pair genome
chromatin heterochromatin
chromatin remodeling complex histone
chromnsome karyotype
complementary nucleosome
deoxyribonucleic acid (DNA} replication origin
double helix telomere
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Questions g 3 3 e
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Question 54 N\ H |
A, The nucleotide sequence of one DNA strand of \ F‘ 0 ! !
a DNA double helix is NEC T M
CI0aINe ! !
5-GGATTTTTGTCCACAATCA-3". P _CHEN
What is the sequence of the complementary o7 N TN H M ST
strand? i H (! : s
B. Inthe DNA of cerlain bacrerial cells, 13% of the H WTOONT g
nucleotides are adenine. What ave the percent- N v H L ,l
ages ol the other nucleotides? TS Tad H
C. How many possible nucleotide sequences are ' | H . :
there for a stretch of DNA that is Nnucleotides  #dnine < e Sefilic”
long, if it is (a] single-stranded ov (b) double- A | g Il
stranded? P =4) : N,
\ . . £ L i
. Suppose vou had a method of cutting DNA at H \ p : e
- - . * - atlenmne
specific sequences of nucleotides. How many o 4 alas 5
nuclecrides long (on average) would such a "
sequence have to be in order to make jusr one y 5 4
cut in a bacterial genome of 3 > 10% nucleotide ¥ i P
a9 (

pairs? How would the answer differ for the
genome of an animal cell that contains 3 x 107
nucleotide pairs?
Question 5-5
An A-T base pair is stabilized by orly two hyvdrogen
bonds. Hydrogen-bonding schemes of very similar
strengths can alse be drawn between other base
combinations, such as the A-C and the A-G pairs
shiown in Figure Q5-5. What would happen if these
pairs formed during DNA replication and the
inappropriate bases were incorporated? Discuss why
this does not happen often. (Hint: see Figure 5-6.)
Question 5-6
A, Amacromolecule isolated from an extraterres-
trial source superficially resembles DNA but
upon closer analysis reveals quite different
base structures (Figure Q5-6) in place of A, T,
G, and C. Look at these structures closely
Could these DNA-like melecules have been
derived from a living organism that uses prin-
ciples of genetic inheritance similar to those

W

Figure G5-5

used by cells on Earth? If so, what can you say
aboutits propertics?

B.  Simply judged by their potential for hvdrogen-
bonding, could any of these extraterrestrial
bases veplace terrestrial A, T, G, oy € in terres-
trial DNA? Explain your answers.

(Question 5-7
The two strands of DNA double helix can be separated
by heating. If vou raised the tempervature of a solution
containing the following three DNA molecules, in
what order do you suppose they would “melt"? Explain
your answer.

A, Y-GCGGGECCAGLCCGAGTEGSTAGCCCAGG-3
¥ -CECCLGGTCGRECTCALCCATLC =5
B 5-ATTATAARRATATTTAGATACTATATTTACRL-3’
- TARTATTTTATAAATCTATGATATARATGTT-5
C. B-nincc J

3 -TCTCGATCTAGCTA
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Question 5-8

The total length of DNA in the human genome is about
I m, and the diameter of the double helix is about 2
nm. Nucleotides in a DNA double helix are stacked at
an interval of (.34 nm. If the DNA were enlarged so
that its diameter equaled that of an eleclrical
extension cord (5 mm), how long would the extension
cord be from one end to the other (assuming that it is
completely stretched outy? How close would the bases
be to ecach other? How long would a gene of 1000
nucleotide pairs be?

Question 5-9

A comnact disc {CD) stores about 4.8 x 107 hiis of
information in a 96 cm? area. This informartion is
stored as a binary code—that is, every bit is either a 0
oral.
A, How many bits would it take to specify each
nucleotide pair in a DNA sequence?
B. How many CDs would it take (o store the infor-
rmation contained in the human genome?

Question 5-10

Which of the following statements are correct? Explain
VOur answers.

[9 EBach eucaryotic chromosome must contain
the following DNA sequence elements: multi-
pie origins of replication, two telomeres, and
One centromere.

B.  Nucleosome core particles are 30 nim in diam-
eter and, when lined up, form 30-nm fila-
ments.

Question 5-11

Define the following terms and their relationships to
one another:

Interphase chromosome

Mitotic chromesome

Chromatin

Heterochromatin

IHistones

Nucleosome

mMEOOE P

Question 5-12

Cavefully consider the result shown in Figure 5-27A.
Each of the two colonies shown is a clump of
approximately 100,000 yeast cells that has grown up
from a single cell thart is now somewhere in the middle
of the colony. As explained in the figure caption, the
lower colony contains mostly red cells, because the
ADEZ gene is inactivared when it is positioned near the
telomere. Explain why the white sectors have formed
near the rim of the colany. Based on the existence of
these sectors, what can you conclude about the
propagation of the transcriptional state of the ADE2
gene from mother (o daughter cells?

Question 5-13

The two electron micrographs in Figure (Q5-13 show
nuclei of two different cell rypes. Can vou tell from
these pictures which of the two cells is transcribing
mote of its genes? Explain how vou arrived at your
dainswers.

Figure Q5-13
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(Juestion 5-14
DMNA forms a right-handed helix. Pick out the right-
handed helix from those shown in Figure ()5-14.

{A} B (Lo}
z M

: e
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L 74

- s

A 7O S
7l = ‘
Figure Q5-14

Question 5-15

A single nucleosome is 11 nm long and contains 146
bp of DNA (0.34 nm/bp). What packing ratio [DNA
length to nucleosome length) has been achieved by
wrapping DNA around the histone octamer?
Assuming that there are an additional 54 bp of
extended DNA in (he linker between nuclessomes,
how condensed is "beads-on-a-string” DNA relative to
fully extended DNA? What fraction of the 16,000-lold
condensation that occurs at milosis does this first level
ol packing represen(?

Highlights from Essential Cell Biology

5.1 DNA Structure
5.2 Chromosome Coiling
5.3 Liver Cell; View 6

0 [ R T
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Question 5-16

Assuming that the histone octamer forms a cylinder 9
nm in diameter and 5 nm in height and that the
human genome forms 32 million nucleosomes, what
volume of the nucleus (6 pm in diameter) is occupied
by histone octamers? (Volume of a cvlinder is nrh:
volume of a sphere is 4/3 m*.) What fraction of the
total volume of the nucleus does the DNA and the
histone octameys occupy?

Question 5-17

Histone proteins are among the most highly
conserved proteins in eucaryotes. Histone H4 proteins
from a pea and a cow, for example, differ in only 2 of
102 amino acids. Comparison of the gene sequences
shows many more differences, but only two that
change encoded amino acids. These observations
indicate that mutations that change amina acids must
be selected against. Why do vou suppose that amino
acid-altering mutations in histone genes arc
deleterions?

> Interactive CD-ROM




DNA Replication, Repair,
and Recombination

The ability of a cell to maintain order in a chaolic environment depends
on the accurate duplication of thie vast quantity of genetic inlormarion
carried in its DNA, This duplication process, called DNA replication,
must occur before a celi can produce two genetically identical daughter
cella. Maintaining order in a cell also requires the continual surveillance
and repair of its genetic information, as DMNA is subject to damage by
chemicals and radiation from the environment, and by accidents and
reactive molecules that occur inside the cell. As we shall see in this
chapter, each cell contains elaborate machinery for accuratelv copying
its store ol genetic information, as well as specialized enzvimes for
repairing DNA when itis damaged. These enzvmes catalyze some of the
most rapid and accurate processes that take place within cells, and their
actions refiect the elegance and elficiency of cellular chemistry.

Despite these systems {or protecting the genetic instructions from
copying errors and accidental damage, permanent changes, or muia-
tions, sometimes do occur, Mutations in the DNA olten aifect the intor-
mation it encodes. Occasionally, this can benelit the nrganisim in which
a mutation occurs: for example, mutations can make bacteria resistant
to antibiotics that are used to kill them. Indeed, the accumulation of
changes in DNA over millions ol years provides the variety in genetic
imaterial thal makes one species distinet from anotlier, as we discuss in
Chapter 9. Mulations also produce the smaller variations that underlie
the differences between individuals of the same species that we can eas-
ily see in humans and other animals (TFigure 6-1).

However, mutations are often detrimmental: in humans, muotations
are responsible for thousands of inherited discases. and murtations that
arise in the cells of the body throughout the lifetine of an individual
may also cause disease, most notably the many types of cancer, Thus
survival of a cell or organism can depend on preventing changes to its
DNA. Without the cellular systems that are continually monitoring and
repairing damage to DNA, it is questionable whether life conld exjst at
all.

In this chapier, we begin by reviewing the cellular mechanisms—
DNA replication and repali—that are responsible for keeping mutations
o a minimum. We next consider some of the intriguing ways inn which
cells alter their genetic information, including DNA recomibineaiion and
the movement of the special DNA sequences in our chromosnmes called
transposable elemenis. Finally, we consider viruses—little more than
genes protecied by a protein coat—which can move from cell to cell,

DMA Replication
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DiA Synihesis Bagin: at Rephication Ciiging

Mew DMA Synthesis Ocours at Replicalion
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For eucaryotic ceils
To transmit its
must copy its enti

pletely. And it mu

replication is a monumental task,
etic information to its daughters, a ceil
re genome quickly, accurately, and com-
st copy its genetic material once and only
once during each round of cell dwltlm Faillure to perform
these lasks properly—essentially perfectly—can have cata-
strophic consequences. If the whole genome is not repli-
§ critical information may be lost: copying some infor-
rmation more than once can be equally disastrous. Eath sit-
uations can cause mutations, duplications, rearrangements,
EYEN Massive chr-j“nosmfm' .'re*r"i‘mgr-—:sefﬂr"'ﬁ that in a
multicellular organism can cause cancer or other diseases.

But how do cells control this complicated molecular maneu-
r? We know quife a bit about the control of replication
procaryotes, where the situation Is simpler: the relatively
small, circular bacterial genome has a single origin of repli-
cation, s0 all a bacterial cell has to do is to start replication
and make sure that it finishes

Eucaryolic gencmes, on the other hand, contain many ori-
gins of replication—hundrads in simple yeasls, thousands in
hiumans—and not all of these origins are equal. Same are
Lsen faithfully in sach round of replication; others are used
periadically, occasionally, or even rarely. Furthermore, differ-
ent origing are called Inte service at different times curing S
phase, the stage in the cell cycle when DNA is replicated.
“fire” early n S phase, others launch replication later,

Some

How We Know: Finding Replication Origins

Their activity depends, at least in part, on where in the

genome they are loca

With so many replication origins all over the genome, firing
at different times, how does g cell cocrdinate the overall
process of geneime replication with such extraordinary accu-
racy. Current studics aiimed al identifying and locating repli-
cation origing, and delermining when they are used, are
beginning o reveal some answers as to how origins are cho-
sen, how the timing of their activity is determined, and how
the whale process is controlled.

Origins at work

Unlike the situation in procaryoltes, origins of replication in
eucaryotes do not contain an easily identifisble DNA
sequence. Most replication origins in the yeast genome
contain variations of an 1 1-nuclestide sequence, but not all
DNA fragments with '.l'll':s sequence can act as origins. In
other eucaryoles, rr'any different sequences seem capable
of initiating replication. So how can researchers idenfify an
origin?

The simplest approach to determining whether 2 piecs of
DNA contains an origin is to see whather the fragment can
direct the replication of & plasmid. Plasmids are small loops
of DNA that can exist inside a veast or bacterial call, sepa-
rate from the cell's own ganome. These circular DNA mala-
cules have their own replication origins, which allow them

-

randomly seleated vaast DNA fragments

HIS HiS HIS

ABSENCE OF HISTIDINE

| | |

setective medivim without histidine

DMAfrag

nenti Lgreaen )
lacks an angif
of replication

5 A Orgin
of replication

INTRODUCTION OF PLASMID DNA INTO YEAST CELLS THAT
LACK THE HIS GEME AND THEREFORE CANNOT GROW IN THE

N

Figure 6-5 Segments of DNA can be
analyzed for their potential to serve as a
replication origin by inserting them into a
plasmid. Handorm ONA fragments are inserted
rite a plasmid whose ongin of replication has
peen removed, This plasmid, which contains a
gaeng that allows yeast Ic ,%':":'-'-

histiding, Is then introduced into yeast calls,
which are grown in medium lacking histidi
To survive an divide in this medium,
must contain plasmid. Thus any
cells thal multiply 1o form colonies will contain a
plasrmid that boars a DMA fragment that can
drive replication. It the fragment does not
support plasmid replication, the celis will not
SUNIVE,

n the absence of

a replicating

BRA fragment (hlue )
COnLaing an origin
al raplicaton




to replicate independently of the host cell's gename; they are 4 N\

A s EEC CTGA
described in greater detail in Chapler 10. —ATAT ___AAGG G —
Using recombinant DNA techniques {which we also discuss l :a;lelw-._u Dt r:l-D_[:-;:cnﬁriDn
i 10 . H mirie o Bedin ai orng
in Chapter 10}, an investigator can remove a plasmid’s ofi- B ‘
gin of repl ication and replgcu it with a DMNA [l.-':g! f"-u_'.l that f’-.f,-_'_‘&\._ -
might contain a yeast replication origin. The modified plas- _ATAT L= GECC  CTGA
mids are then in*rw.':duced mAto a yeast cell anq tng— cells are \%j{/
incubated 1o allow replication to occur: rexlication of the sy

plasmid can anly occur if its inserted DMNA r'u.agrr|=--1r contains
an origin of replication. In this way, yeast origins of replic
tion can be identified (Figure 6-6).

&
o)

& _ATAT ‘E@: o fﬁcc&

Arrays to the rescue & o TCTeA.

The plasmid maintanance method works well when one has Taeel '

just one piece of DNA—or a small collection of DNA frag- T

ments—that potentially contain a replication origin. But

what if a researcher has no idea where the origins lie, or

wishes to identify and study all of ‘.I'1.c-:- origins in & i:ucalygte adik lsbiiad Teagerenis oo

such as yeast? Powerful new techniques are now allowing DNA microarray

investigators to locate the replication origins across a whole aliow complemantary
base-pairing lo ocour

genome—and determine when they fire—in one fell swoop.

c.

To map the positions and timing of all the replication origins
in the yeast genome, researchers have tumed o DNA
micivarrays —arids studded with thousands of DNA frag-
menis of known sequence. As we will see in Chapter 1C,
these microarrays are used to determine whether nucleotids
fragments of a particular sequence are present in a sample.
They are widely used, far example, to monitor which genes
are being expressed in a cell, Because the exact sequence—
and position—of every DMA fragment on the microarray is
known, the exact sequence of any nucleotide fragment that
binds to its complementary sequence in the array can ba
ascertained simply by determining to which position on the
array 1t is bound.

For the replication origin experiment, researchers use a
micrearray that contains DNA fragmeants that cover the entire

yeast genome—tens of twusands of probes thal represant
unigue sequences found at consecufive intervals of, say,
500 nuclectides along the genome. The yeast are allowed ©
bepin replication and their ONA is collected, broken nio
frapments, and labeled with a fluorescent marker (Figure
67} These fragments are washad over the whole-genome

| with flugrescem scanngr

spot contaming replicated DMNA& appears
_.J twice as bright as other spots on the micrearray

-

Figure 6-7 DNA microarrays can be used to locate DNA replication origins. A culture of yeast cells is aliowsd to begin
replication, and the partially replicated DNA is collectzd. This DNA is bioken into fragments, separated into single stranc
then label=d with a flucrescent marker. The labeled fragments are washed over a micragray composed of genomic DN
nd are allowed o bind w complementary fragments on the array. When this microarray is examined under a fluorescence
scanner, the posili ed DMNA has bound will light up, The more ONA bound 1o a spot, the brighter that spot will
appear. Sp g replicated DNA will appear twice as bright, as they will bind twice as much DNA as spots representing
novceplicated ONA. Shown here is a grid spotted with four different DNA Tragments only four nucleotides in fenath. Actual
microarrays contain thousands of DNA fragments, typically tens to hundreds of nucleotides in length, For simplicity, sach spat on
the microarray drawn here shiows cnly two DNA fragments bound to it; in reality, each spot on a microarray contains millions of
CMA fragments of identical sequence.

L 7

ols representin




culture of yeast cells
arrested before DA
replication begins

— . /!-\‘ -

|'- - —1 1

bl ———n — |

— ] — —_—— -
T allaw il |—| [

replication |
i to begin Ax ol
0 min 5 min 10 min 20 min

=il

fragment DNA

separata strands

fluorescently fajie

—

l

l

ND REPLICATION REPLICATIDN
BEGIMNS AT

ORIGIN

apphed to the microarray as shown in Figure 6-7. Replicatio

delermined by monitoring which spols light up first.

8

Figure 6-8 Collecting DNA at different times after replication begins allows an investigator to monitor the progress of
replication through the genome. Cells aie synchronized so thai they begir
N begins at an arigin and proceeds, bidirectionally, until the e
gznoeme has beer copied. For simplicity only ane origin is shown here. In yeast cells, realication beging at hundrads of or g
|ocatea throughout the genome. The spols on these microarrays represent conseculive sequences along 1he yeast ge
&1 spots are shown here, hut the actual arrays contain tens of thousands of sequences that span the entira yeast genome.
Hrcause the sequence of the DNA al each spot on the microarray is known, the location of every replication ongin can be
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microarrey and allowed fo bind lo their complemeniary
sequencss fixed to the surface of the array. Researchers
can then locate the replication origins by seeing which DNA
sepments are duplicated first. As shown in Figure 67, DNA
chmﬁms that have been replicated will be present af twice
the concentration of nonreplicated segments, generating a
flucrescent spot with twice the intensity on the DNA
microarray.

Ready, set, replicate

The situation outlined in Figure B-7 i5 an overly simple
ane: it shows replication beginning at a single origin and
proceading for only a shaort distance. In reality, replication
in yeast cells is initiated at hundreds of origins that fire at
different times. Fortunately, the same experimental proto-
col can be adapted to determine which regions of DNA
replicate first, wiich start later, and how quickly replication
sweeps through different segments of the genome,

To follow replication over time, researchers collect DNA
from veast cells at different times after the start of replica-
tion (Figure 6-8). They begin by synchronizing the yeast
Lells so that each cell in the popuiation will begin to repli-

cate its DNA at exactly the same time. This can be done by
exposing the yeasts to a melecule that will cause them to
arrest in Gy, the phase of the cell cycle in which the repli-
cation machinery assembles on the origins but in which
DNA synthesis has yet to begin. When the drug is
removed, the yeast cells will all enter S phase together.

DNA samples ara collected, fluorescently labeied, and
washed over the microarray as hefore. Now, however,
researchers can monitor the progression of replication
throughout the genome. Using such microarray-based
techniques, researchers have identified some 300 ¢riging
of replication in the yeast genome; some of these had pre-
viously been identilied using the plasmid maintenance
methods described above, but many are new. They also
found that replication origins are activated throughout! S
phase, with most firings occurring near mid-S phase.

Although the experiment was performed with yeast DNA,
this method can be adapted to look far re pllcatr origing
in human DNA. Such studies should enhance our under-
standing of how all cells achieve such exquisits ol
over a process as critical and camplex as DNA replication.




New DNA Synthesis Occurs al Replication Forks

DINA molecules in the process of being replicated can be observed in
the electron microscope (Figure 6-9), where it is possible (o see Y-
shaped junctions in the DNA, called replication forks. At these forks,
the replication machine is moving along the DNA, opening up the two
strands of the double helix and using each strand as a template 1o make
a new daughter strand. Two replication forks are formed starting from
each replication origin, and they move away from the origin in both
directions, unzipping the DNA as they go. DNA replication in bacterial
and eucaryotic chromosomes is therefore termed bidirectional. The
forks move very rapidly—at about 1000 nucleotide pairs per second in
bacteria and 100 nucleotide pairs per second in humans. The slower
rate of fork movement in humans (indeed, in all eucaryotes) may be due
to the difficulties in replicating through the more complex chromatin
structure found in these higher organisms.

At the heart of the replication machine is an enzyme called DNA
polymerase, which synthesizes new DNA using one of the old strands
as a lemplate. This enzyme catalyzes the addition of nucleotides to the
3" end of a growing DNA strand by furming a phosphediester bend
between this end and the 5-phosphate group of the incoming
nucleotide (Figure 6-10). The nucleotides enter the reaction jvitially as
energy-rich nucleoside tviphosphates, which provide the enevgy for the
polymerization reacdon. The hydrolysis of one phosphoanhydride
bond in the nucleoside triphosphate provides (he energy for the con-
densation reaction that links the nucleotide monemer to the chain and
releases pyrophosphate (PP;). The DNA polymerase couples the release
of this energy to the polymerization reaction. Pvrophosphate is further
hydrolyzed to inorganic phesphate (F;), which makes the polymeriza-
tion reaction effectively irreversible (see Figure 3-41).

DNA polymerase does not dissociate [rom the DNA each time it
adds a new nucleotide to the growing chain; rather, it stays associated
with the DNA and moves along the templare strand stepwise for many
cyeles of the polymerization reaction. We will see, later in this chapter,
how a special protein keeps the polymerase attached in this way.
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Figure B-10 DNA is synthesized in the
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The Replication Fork is Asymmetricat

The 5-1t0-3" direction of the DNA polvmerization mechanism poses a
problem at the replication fork. We saw in Figure 5-2 that the
sugar-phosphate backbone of each strand of a DNA double helix has a
unique chemical direction, ar polarity, determined by the way each
sugar residue is linked to the next, and that the two strands in the dou-
ble helix run in opposite orientarions. As a consequence, at the replica-
tion fork, one new DNA strand is being made on a template that runs in
one direction (3" to &), whereas the other new strand is being made on
a template that runs in the opposite direction (5" to 37 (Figure 6-11).
The replication fork is therefore asymumetrical. Both of the new DNA
strands appear to be growing in the same direction, that is, the divection
in which the replication fork is moving. On the face of it this suggests
that one strand is being synthesized in the 3'-to-5" direction and one is
being synthesized in the 5°-t0-3° direction.

DNA polymerase, however, can catalyze the growth of the DNA
chain in only one direction; it can add new subunits only to the 3" end
of the chain (see Figure 6--10). As a result, a new DNA chain can be syn-
thesized only ina 53°-to-3" direction. This can easily account for the syn-
thesis of one of the two strands of DNA at the replication fork, but not
the other. One might have expected a second type of DNA polymerase
to synthesize the other DNA strand-—one that works by adding subunits
to the 5" end of a IINA chain. However, no such enzyme exists. Instead,
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the problem is sotved by the use ol a "backstitching” maneuver. The
DNA strand whose 5 end must grow is made discontinnously, in suc-
cessive separate small pieces, with the DNA polymerase waorking back
ward from the replication fork in the 3'-to-37 direction for each new
piece. These pieces—called Okazalki fragments after the biochemist
who discoviered them—are later “stitched” together to form a continu-
ous new strand (Figure 6-121. The DNA strand that is synthesized dis-
continuously in this way is called the lagging strand: the strand that is
synthesized continuously is called the leading strand.

Although they differ in subtle details, the replication forks of all
cells, procaryotic and eucaryotic, have leading and lagging strands. This
common fealure arises from the fact thar all of the DNA polymerases
used to replicate DNA polymerize in the 5-to-3" direction only. We shall
look at events on the lagging strand in more detail later in this chapter;
first, we consider another feature of DNA polymerase that is commion o
all cells.

DNA Polymerase Is Self-correcting

DNA polvmerase is so accurate that it makes only about one error in
every 107 nucleotide pairs it copies. This error rate is much lower than
can be accounted for simply by the accuracy of complementary base-
pairing. Although A-T and C-G are by far the most stable base pairs,
other, less stable base pairs—for example, G-T and C-A——can also be
formed. Such incorrect base pairs are formed much less frequently than
correct ones, but they occur often enough that they would kill the cell
through an accumulation of mistakes in the DNA it they were allowed to
remain. This catastrophe is avoided because DNA polymerase can cor-
rect its mistakes. As well as catalyzing the polvmerization reaction, DNA
polymerase has an error-correcting activity called proofreading. Before
the enzyme adds a nucleotide to a growing DNA chain, it checks
whether the previous nucleotide added is correctly base-paired to the
template strand. If so, the polymerase adds the next nucleotide; if not,
the polymerase removes the mispaired nucleotide by cutting the phos-
phodiester bond it has just made, releases the nucleatide, and ties
again (Figure 6-13). Thus, DNA polymerase possesses both a 3'-to-3
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Figure 6-14 DNA polymerase contains
separate sites for DNA synthesis and-
editing. (A) The structure of an £. coff DNA
polymerase molecule, as determined by
X-ray crystaliography. Roughly speaking,
("e enzyme resembles a right hand in
which the palm, fingers, and thumb grasp
the DNAL (B) A cutaway oulline of the
structures of DNA polymerase complexed
willl the DNA template in the polymerizing
nede (feft) and the editing mode {right).
The catalytic site for the error-correcting
exonuclease activity (E) and the
polymerization activity {P) are indicated. To
determine these structures by X-ray
crysiallography, reseaichers "froze” the
polyrmerases in these two states, by using a
mutant polymerase defective in the
exonuclease domain (rght) or by
viiihiholding the Mg2- required for
palymerization (fefi). These drawings

fratz a DNA polymerase that functions
urng DNA repair, but the enzymes that
replicate DNA have similar features.

{4, adapted from L.S. Beese, V. Derbyshire,
and T.A. Sleiz, Science 260:352-355.
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polymerization activity and a 3'-10-5" exonuclease (nucleic acid-degrad-
ing) activity. These activities are carried out by different domains within
the pelvmerase molecule (Figure 6-14).

This proofreading mechanism explains why DNA polymerases syn-
thesize DNA only in the 5'-ta-3" direction, despiie the need this imposes
for a cumbersome backstitching mechanism at the replication fork. As
shown in Figure 6-15, a hypathetical DNA polymerase that synthesized
in the 3’-tn-5" direction {and would thereby circumvent the need for
backstitching) would be unable to proofread: if it removed an incor-
rectly paired nucleotide, the polymerase would create a chain end that
is chemically dead, in the sense that it would no longer be able to elon-
gate. Thus, for a DNA polymerase (o function as a self-correcting
enzyme that removes its own polymerization errors as it moves along
the DNA, it must proceed only in the 5-to-3 direction.

Short Lengths of RNA Act as Primers for DNA Synihesis

We have seen that the accuracy of DNA replication depends on the
requirement of the DNA polymerase for a correctly base-paired end
before it can add more nucleotides. But because the polymerase can
join a nucleotide enly to a base-paired nucleotide in a DNA double
helix, it cannot start a completely new DNA strand. A different enzyme
is needed to begin a new DNA strand, an enzyme that can begin a new
polynucleotide chain simply by joining two nucleotides together with-
out the need fora base-paired end. This enzyme does rnot, however, syn-
thesize DNA. It makes a short length of a closely related type of nucleic
acid—RNA (ribonucleic acid)—using the DNA strand as a template.
This short length of RNA, about 10 nucleotides long, is base-paired (o
the template sirand and provides a base-paired 3’ end as a starting point
for DNA polymerase. It thus serves as a priner for DNA synthesis, and
the enzyme that synthesizes the RNA primey is known as primase. A
strand of RNA is very similar chemically to a single strand of DINA except
that it is made of ribonucleotide subunits, in which the sugar is ribose,
not deoxyribose; RNA also differs from DNA in that it contains the base
uracil (U) instead of thymine (T) (see Panel 2-6, pp. 76-77). However,
because U can form a base pair with A, the RNA primer is synthesized
on the DNA strand by complementary base-pairing in exactly the same
way as is DNA.

For the leading strand, an RNA primer is needed oniv (o star¢
replication at a replication origin; once a replication fork has been

ond [eamornbindlion
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by proofreading (see Figure 6-13).

established, the DNA polymerase is continuously presented with a
base-pairec 3”end as it tracks along the templarte strand. But on the lag-
ging strand, where DNA synthesis is discontinuous, new primers are
needed continually, as one can see from Figure 6-12. As the movement
of the replication fork exposes a new streich of unpaired bases, & new
RNA primer is made at intervals along the lagging strand. DNA paoly-
merase adds a deoxyribonucleotide to the 3" end of this primer to start
a DNA strand, and it will continue to elongate this strand until it runs
into the next RNA primer (Figure 6-16).

Ta produce a continuous new DNA strand from the many sepa-
rale pieces of RNA and DNA made on the lagging strand, three addi-
fional enzymes are needed. These act quickly to remove the RNA
primer, replace it with DNA, and join the DNA fragments together; a
nuclease breaks apart the RNA primer, a DNA polymerase called a
repair polymerase replaces the RNA with DNA (using the adjacent
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Okazaki fragment as a primer), and the enzyme DNA ligase joins the 5'-
phosphate end of one new DNA fragiment Lo the 3-hyvdroxy] end of the
Discuss the following next [see Figure 6-16). ATP or NADH is required for ligase activity. We

Question 6-2

statement: “Primase is a will discuss these three enzymes in more detail in the section on DNA

sloppy  enzyme  thai repair later in this chapter.

makes many mistakes Primase can begin new polynucleotide chains, but this activity is

Eventually, the RNA possible because the enzyme does nol proofread its work, As a resull,

primers it makes are primers contain a high frequency of mistakes, But because primers are
disposed of and replaced with [DNA made of RNA instead of DNA, they stand out as "suspect copy” to be

polymerase with higher fidelity automatically removed and replaced by DNA. This DNA is put in by

H

['his is wasteful would be maore DNA repair polymerases, which, like the replicative polymerases, proof-
gy-efficient if a DNA polymerase read as they synthesize. In this way, the cell’s replication machinery is
made an accurate copy in the first able to begin new [DNA chains and, at the same time, ensure that all of

the DNA is copied faithfully.

Proteins at a Replication Fork Cooperate to Form a
Repilicafion Machine

As mentioned earlier, DNA replication requires a variety of proteins that
act in eoncert with DNA polymerase. Here, we will discuss the addi-
tional proteins that, together with DNA polvimerase and primase, form
the proiein machine that powers the replication lork forward and sym-
thesizes new DNA behind it. Although it weuld make good sense {or the
three proteins that replace RNA primers with DNA—the nuclease,
repair polymerase, and ligase—to also be a part of the replication
machine, it is not yet known whether this is the case.

Al the head of the replication machine is a felicase. a protein that
uses the energy of ATP hydrolysis to speed along DNA, unzipping the
double helix as it moves (Figure 6-17). We saw earlier in this chapter that
the DNA double helix must be opened to begin DNA replication. and it
must also be apened continuously as the replication fork progresses, in
order ro provide exposed templates for the polymerase. Ancther com-
ponent of the replication machine-—single-strand binding protein—

nev: RNA primer clings to the single-stranded DNA exposed by the helicase and tran-
BB LN siently prevents it from re-forming base pairs. Yet another protein,
called a sliding clamp, keeps the DNA polymerase firmly attached to the
el DNA template; on the lagging strand, the sliding clamp releases the
DNA polymerase adds 10 1w polymerase from the DNA each time an Okazaki fragment is completed.
A primer 1o start new This clamp protein forms a ring around the DNA helix and binds poly-
it merase, allowing it to slide along a template strand as it synthesizes new
DNA isee Figure 6-17).
Muost of the proteins involved in DNA replication ave thought to be
held rogether in a large multienzyme complex that moves as a unit
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fragments. In eucaryotes, RNA primers ale made at inlervals of about

old RNA primer grased " e going =tes 1 aael SR EETer i
atie replacad iy DNA 200 nuclzstides on the Igéé B ¢ frand, wd each RMA pri g is
approximately 10 nucleohides long. In the Bacterium £, cofl the
IIErs and Ok i fragments are about 5 and 10 clentides
e E— - ;,nm IS5 ar O\azai«\lfr. g are dhout § 100 : nu il 5
£ fong, respectivaly, Primers are remaoved by nuclzases (hat recoghize an
ANA slrand in an RNADMA halix and degrade if; this leaves gaps that
rick sealing by DMA llgase re fllli 1 by a DNA repalr polymeras: afread as it fills
TR LN g i the gaps. The completed fragments ars fi I together by an
2 rowing chigl T 4 . : ¢ .
nzyme called DMA ligase, which catalyzes the formatio
3 N hodiester bond betweean the 3°-0H end of ong | e
5 3 -P end-of 1 st thus flink B the sugar-phos L 3




(A}
ieading-strand 1emplate

el lamp

RMA primer

new Okazaki fragmeant
™~ R

1B)

oyl
G 1=t

L . l\'._ [
S 2 ___,.. ' Ii; .:__ )
e fp. \ ¥ AU

new Okazaki
fragment

DNA palymerase qi
lgading strand

" DNA helicase mosorme
“ DNA primase | P

single-strand DNA-
hinding protein

DMNA helix

lagging-strand
T template

newly
synthesized
strand

along the DNA, enabling DNA to be synthesized on both strands in a
coordinated manner. This complex can be likened to a tiny sewing
machine composed of protein parts and powered by nucleoside
triphosphate hydrolysis. Although the siructures of the individual pro-
tein components of the replication machine have been determined,
how these components fit together is not known in detail. Some ideas
aboul the general appearance of the complex, however, have been pro-

posed (Figure 6-17B).

Telomerase Replicates the Ends of Eucaryotic

Chromosomes

Having discussed how DNA replication begins at origins and how move-
ment of the replication fork proceeds, we now turn o the special prob-
leni of replicating the very ends of eucaryotic chromoesomes. As we dis-
cussed previously, the fact that DNA is synthesized only in the 5-to-3°
direction means that the lagging strand of the replication fork is synthe-
sized in the form of discontinuous DNA fragments, each of which is

Figure 6-17 A group of proteins act
together at a replication fork. (%) Two
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Figure 6-18 Telomeres allow the
completion of DNA synthesis at the ends
of eucaryotic chromosomes. To synthesize
ihe lagging strand at the very end of a
eucaryolic chromosome, the machinery of
DA replication requires a length of
wmmplate DNA extending heyond the DNA
that is fo be copied. In a lingar DNA
nolzcule, synthesis of the lagging sirand
thus stops short just before the end of the
i=mpiate. But the enzyme telomerase adds
a series of repeats of a DNA sequence 1o
the femplate strand, which allows the
apamg strand fo be completed by DNA
Colymerase, as shown, In humans, the
nuciegtide sequence of the repeat is
GGGGTTA. The telomerase enzyme
contains within it a shorl piece of RNA of
complemenltary sequence o the DNA
repeat sequence; this RNA acls as the
termplate for the telomerase DINA synihesis.

’- . Question 6-3

A gene encading one of
the proteins involved in
DNA  replication  has

.1 been inactivated by a
. mutation in a cell. In

the absence of this pro-

tein the cell attempts w replicate its

DNA for the very last time. What

DNA products would be generated

in each case if the following protein

WETE IISSIgE:

A, DNA polymerase

B. DNA ligase

C. Sliding clamp for DNA
polyimerase

[, Muclease that removes RNA
primers

E. DNA helicase

FE  Primase
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replicated chromosome end

primed with an RNA primer laid down by a separate enzyme (see Figure
G-15). When the replication fork approaches the end of a chromosome,
however, the replication machinery encounters a serious problenn
there is no place to lay down the RNA primer needed to start the
Okazaki fragment at the very tip of the linear DNA molecule. Therefore,
some DNA could easily be lost from the ends of a DNA molecule each
time it is replicated.

Bacteria solve this “end-replication” probiem by having circular
DNA molecules as chromosomes. Eucaryotes solve it by having special
nucleotide sequences at the ends of their chromosomes which are
incorporated into telomeres. These repetitive telomeric DNA sequences
attract an enzyme called telomerase to the chromosome. Telomerase
adds multiple copies of the same telomere DNA sequence o the ends of
the chromasemes, thereby producing a remplate that allows replication
of the lagging strand to be completed (Figure G-18).

In addition to allowing replication of chromosome ends, telomeres
serve additional functions: lor example, the repeated telomere DNA
sequences, together with the regions adjoining them, form structures
that are recognized by the cell as the true ends of chromasomes rather
than breaks that sometimes occur in the middle of chromosomes and
must he repaired.

DNA Replication Is Relatively Well Understood

Our current understanding of DNA replication is much moere complete
than that of many other aspects of cell biology, yet many mysteries still
remain. For example, it is not yet understood how the polymerase on
the leading strand is connected with that on the lagging strand in order
to allow replication to proceed synchronously on both strands.
Moreover, although we know in some detail how DNA replication
begins at replication origins in bacteria, our understanding of this
process in eucaryotes—inciuding humans—is only just beginning.

Given the demands for accuracy during DNA replication, and the
lengths ta which cells go to achieve this precision, it is not surprising, as
we shall see shortly, that cells have alse evolved elaborate protein
machines to scan the finished product for mistakes. These protein
machines then correct any errors made during DNA replication (rare as
they are) and repair any nucleotides that may have been accidentally
damaged by light, by chemicals in the cell, or by other mutation-caus-
ing agents.

aribincdion




DNA Repair

The diversity of living organisms and their success in colonizing alimost
every part of the Earth's surface depend on genetic changes accumu-
lated gradually over millions of years. These changes allow arganisms to
aclapt to changing conditions and to colonize new habitats. However, in
the short term, and from the perspective of an individual organism,
genetic change is often detrimental, especially in multicellular organ-
isms, where a genetic change can upset an organism'’s extremely com-
plex and finely tuned development and physiology. To survive and
reproduce, individuals must be genetically stable. This stability is
achieved not only through the extremely accurate mechanism for repli-
caiing DNA that we have just discussed, but also through mechanisms
for correcting the rare copying mistakes made by the replication
machinery and for repairing the accidental damage that continually
occurs to the DNA. Most of these changes in DNA are ounly temporary
because they are immediately corrected by processes collectively called
DNA repair.

Mutations Can Have Severe Consequences for an
Organism

Only rarely do the cell's DNA replication and repair processes fail and
allow a permaneat change in the DNA. Such a permanent change is
called a mutation, and it can have profound consequences. A mutation
affecting fust a single nucleoride pair can seversly compromise an
organism’s fitness if the change occurs in a vital position in the DNA
sequence, Because the structure and activity of each protein depend on
its amino acid sequence, a protein with an altered sequence may func-
tion peorly or not at all. For example, humans use the protein hemo-
globin to transport oxygen in the blood; the sequence of nucleotides
that encodes the amino acid sequence of one of the two types of protein
chains {the B-globin chain) of the hemoglobin malecule is shown in
Figure 5-11. A permanent change in a single nucleotide in this
sequence can cause cells to make a B-globin chain with an incorrect
sequence of amino acids. Such a mutation causes the disease sickle-cell
anemia (Figure 6-19). The sickle-cell hemnoglobin is less soiuble than
normal hemoglabin and forms fibrous precipitates, which lead to the

Figure 6-19 A single nucleotide change causes the disease sickle-
cell anemia. The complete nucleotide sequence of the B-globin gene
is given in Figure 5-11. Only a small portion of lhe sequence near
the beginning of the gene is shown here (A). A single nuclectide
change (mutation) in the sickle-cell gene preduces a B-glabin that
differs from normal fi-globin only by a change from g Jtamic acid to
valine at the sixth amino acid position. (The [-gicbin nolecule
contains a total of 146 amino acids.} dumans carry two coples of
each pgene (one inherited from sach parent); a sickie-cell mutation in
one of the two B-globin genes generally causes no harm lo the
indivicual, as it is compensalted for by the normal gene. However, an
individual who inherits two copies of the mutant B-glotin gene
dispiays the symptoms of sickle-cell anemia. MNormal red blood cells
are shown in {B}, and those from an individua! suffering from sickle-
cell anemia in (C}. Although sickle-cell anemia can be a life-
threatening disease, the mutation responsible can also he beneficial:
patients with the disease, or who are heterozygous carriers of the
mutation, are more resistant to malaria than unaffected individuals.
The parasite that causes malaria grows poosly in red blood cells from
homozygous sickle-cell patients or fram heterozygous carriers.

single strand of normal
3-globin gene

GTGCACCTGACTCCTGAGGAG -
1

GTGCACCTGACTCCTGTGGAG -

single strand of mutant
-globin gene

single nuniaotida
(A ahangad (mutationg
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Figure 6-20 Cancer incidence increases
dramatically as a function of age. The
number of newly diagnosed cases of
cancer of the cofon it women in England
anc Wales in ong year is plotted as a
function of age at diagnosis. Because cells
are cortinuaily experiencing accidental
~hanges to lheir DNA that accumulate and
passed on to progeny cells, the chance
a call will become cancerous increases
greatly wilh age. (Data from C. Muir et al.,

zncer Incidence in Five Continents, Val. V.
Lyan: International Agency for Research on
Cancer, 1887}
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characteristic sickle shape of affected red blood cells. Because these
cells are more fragile and frequently break in the bloodstream, patients
with this potentially life-threatening disease have a reduced number of
red blood cells (Figure 6-19C), a deficiency that can cause weakness,
dizziness, headaches, pain, and total organ failure.

The example of sickle-cell anemia, which is an inherited disease,
illustrates the importance of protecting reproductive celis (germ celis)
against multation. A mutation in one of these will be passed on (o all the
cells in the body of the multicellular organism that develops from it,
incfuding the germ cells for production of the next generation.
However, the many other cells in a multicellular organism (its sematic
cells) must also be protected from genetic change to safeguard the
health and well-being of the individual. Nucleotide changes that occur
in somatic cells can give rise to variant cells, some of which grow in an
unconirolled fashion at the expense of the other cells in the organism.
[n the extreme case, an uncentrolled cell proliteration known as cancer
results. This disease, which is responsible for about 30% of the deaths
that occur in Hurope and North America, is due largely to a gradual
accumulation of changes in the DNA sequences of somatic cells that is
caused by random mutation (Figure 6-20). Increasing the muration fre-
quency even two- or threefold would cause a disastrous increase in the
incidence of cancer by accelerating the rate at which somatic cell vari-
ants arise.

Thus the high fidelity with which DNA sequences are replicated and
maintained is important both for the reproductive cells, which transmit
the genes to the next generation, and for the somatic cells, which nor-
mally Tunction as carefully regulated members of the complex commu-
nity of cells in a multicellular organism. We should therefore not be sur-
prised 1o find that all cells have acquired an elegant set of mechanisms
to reduce the number of murtations that occur in their DNA.

A DNA Mismatch Repair System Removes Replication
Errors That Escape the Replicafion Machine

in the first part of this chapter, we saw that the high fidelity of the cell’s
replicatien machinery generally prevents copying mistakes. Despite
these safeguards, however, such errors do occur. Fortunately, the cell
has a backup system-—called DNA mismaich repair—which is dedi-
cated to correcting these rare mistakes. The replication machine itself
makes approximately one error per 107 nucleotides copied; DNA mis-
match repair corrects 99% of these errors, increasing the overali accu-
racy to one mistake in 10° nucleotides copied. This level of accuracy is
much higher than that generally encountered in the visible world
around us {Table 6-1).

fable 6-1 Error Rates

US Peslal Service on-time delivery of 13 late deliveries per 100 parcels

local first-class mail

Airline tuggage system 1 ipst bag per 200

A professional typist typing at 120 words 1 mislake per 250 characters
per minute

Driving a car in the United States 1 death per 10* people per year

DNA replication (without mismatch repair} 1 mistake per 107 nucleotides capied

DNA replication (including mismatch repair) 1 mistake per 102 nucleotidas comed
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Whenever the replication machinery makes a copying mistake, it
leaves a mispaired nuclectide (commonly called a mismatch) behind. If
left uncorrecied, the mismatch will result in a permanent mutation in
the next round of DNA replication {Figure 6-21A). A complex of mis-
match repair proteins recognizes these DNA mismatches, removes
{excises) one of the two strands of DNA involved in the mismatch, and
resvnthesizes the missing strand (Figure 6-22). To be effective in cor-
recting replication mistakes, this mismatch repair system must always
excise only the newly synthesized DNA strand: excising the other strand
(the old strand) would preserve the mistake instead of correcting it (see
Figure 6-21).

In eucaryotes, it s not yet known for certain how the mismatch
repair machinerv distinguishes the rwo DNA strands. However, there is
evidence that newly replicated DNA sirands—both leading and lag-
ging—are preferentially nicked; it is these nicks (single-stranded breaks)
that appear to provide the signal that directs the mismatch repair
machinery to the appropriate strand (see Figure 6-22).

The importance of mismatch repair in humans was recognized
recently when it was discovered that an inherited predisposition to cer-
tain cancers (especially same types of colon cancer) is caused by a
mutation in the gene responsibie for producing one of the mismatch
repair proteins. Humans inherit two copies of this gene {one from each
parent), and individuals who inherit one damaged mismatch repair
gene show no symptoms until the undamaged copy of the gene is acci-
dentally mutated in a somatic cell. This gives rise (o a clone of somatic
cells that, because they are deficient in mismatch repair, accumulate
mutations more rapidly than do normal cells. Because most cancers

Figure 6-22 DNA mismatch repair proteins correct ervors that
cccur during DNA replication. A DNA mismatch, fermed when an
incerreclly matched base is incorporated into a newly synthesized
DMNA chain, distorts the geocmetry of the double helix. This distortion is
subssquently recognized by the DNA mismaich repair proteins, which
then remove the newly synthesized DNA. The gap in the newly
synthesized DNA is replaced by a DNA polymerase that proofreads as
it synthesizes and is sealed by DNA ligase. As shown in the figure, a
nick in the DMNA has been proposed as the signal that allows the
mismaich repair proteins fo distinguish the newly synihesized DNA
{which contains the mistake) from the old DNA. Such nicks are
known to occur in the lagging strands {see Figure 6-12) and are
abserved also to oceur, although less freguenily, in the leading
strangs. These nicks remain for only a short period after a replication
fork passes (see Figure 6-16 or 6-17), so that mismatch repair must
accur quickly.
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Figure 6-21 Errors made during DNA
replication are carrected by the cell, (A} i
uncorrected, the mismatch will lead to a
permanent mutation in one of the two DNA
maolecules produced by the next round of
DNA replication. (B) If the mismatch ig
“repaired” using the wewty synthesized
DNA strand as the template, both DNA
molecules produced by the next round of
DNA replication will contain a2 mutation.
(C) If the mismatch is corrected using the
original template (olc) strand as fhe
template, the possibility of 3 mutation is
gliminated. The scheme shown in (C s
used by ceils fo repair mismatcheas, as
shown in Figure 6-22.
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arise from cells that have accumulated multiple mutations (see Figure
6-20), a cell deficient in mismatch repair has a greatly enhanced chance
of becoming cancerous. Thus, inberiting a damaged mismartch repair
gene predisposes an individual 1o cancer.

DNA Is Continually Suffering Damage in Cells

Rare mistakes in DNA replication, as we have seen, can be corrected by
the mismaich repair mechanism. There are also other ways in which the
DNA can be damaged, and these require other mechanisms for their
repair. Just like any other molecule in the cell, DNA is continually
undergoing thermal collisions with other molecules. These often result
in major chemical changes in the DNA. For example, during the time it
takes to read this sentence, a total of about a trillion (10'¥) purine bases
{A and G) will belost from the DNA of your cells by a spontaneous reac-
tion called depurination (Figure 6-23). Depurination does not break the
phosphodiester backbone but, instead, gives rise to lesions that resem-
ble missing teeth. Another major change is the spontaneous loss of an
amino group (deamination) fram cytosine in DNA (o produce the base
uracil (see Figure 6-23). Some chemically reactive by-products of
metabolism also occasionally react with the bases in DNA, altering
them in such a way that their base-pairing properties are changed. The
ultraviolet radiation in sunlight is also damaging to DNA; it promotes
covalent Jinkage between two adjacent pyrimidine bases, forming, for
example, the thymine dimer shown in Figure 6-24.

These are only a few of many chemical changes that can occur in
our DNA. If left unrepaired, many of them would lead either to the sub-
stitution of one nucleotide pair by anouier as a result of incorrect base-
pairing during replication or to deletion of one or more nucleotide pairs
in the daughter DNA strand after DNA replication {(Figure 6-25). Some
types of DNA damage (thymine dimers, for example) often stall the
DNA replication machinery at the site of the damage. All of these types
of damage, if unrepairec, would have disastrous consequences for an
organism.
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