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Chapter | Cells and Genomes

THE UNIVERSAL FEATURES OF CELLS ON EARTH

All Cells Store Their Hereditary Information in the Same Linear
Chemical Code (DNA)

All Cells Replicate Their Hereditary Information byTemplated
Polymerization

All Cells Transcribe Portions of Their Hereditary Information into
the Same Intermediary Form (RNA)

All Cells Use Proteins as Catalysts

All Cells Translate RNA into Protein in the Same Way

The Fragment of Genetic Information Corresponding to One
Protein Is One Gene

Life Requires Free Energy

All Cells Function as Biochemical Factories Dealing with the
Same Basic Molecular Building Blocks

All Cells Are Enclosed in a Plasma Membrane Across Which
Nutrients and Waste Materials Must Pass

A Living Cell Can Exist with Fewer Than 500 Genes

Summary

THE DIVERSITY OF GENOMES AND THE TREE OF LIFE

Cilli Cm Be Powered by a Variety of Free Energy Sources

8Om§ Cilli Fix Nitrogen and Carbon Dioxide for Others

Thi Greatest Biochemical Diversity Exists Among Procaryotic Cells

The Tree of Life Has Three Primary Branches: Bacteria, Archaea,
and Eucaryotes

lame Genes Evolve Rapidly; Others Are Highly Conserved

Most Bacteria and Archaea Have 1000-6000 Genes

New Genes Are Generated from Preexisting Genes

Gene Duplications Give Rise to Families of Related Genes Within
a Single Cell

Genii Can Be Transferred Between Organisms, Both in the
Laboratory and in Nature

fix Results In Horizontal Exchanges of Genetic Information
Within a Species

The Function ofa Gene Can Often Be Deduced from Its Sequence

More Than 20Q Gene Families Are Common to All Three Primary
Branches ofthe Tree of Life

Mutations Reveal the Functions of Genes

Molecular Biologists Have Focused a Spotlight on £ coli

Summary

GENETIC INFORMATION IN EUCARYOTES

Eucaryotic Cells May Have Originated as Predators

Modern Eucaryotic Cells Evolved from a Symbiosis

Eucaryotes Have Hybrid Genomes

Eucaryotic Genomes Are Big

Eucaryotic Genomes Are Rich in Regulatory DNA

The Genome Defines the Program of Multicellular Development

Many Eucaryotes Live as Solitary Cells: the Protists

A Yeast Serves as a Minimal Model Eucaryote

The Expression Levels Of All The Genes of An Organism Can Be
Monitored Simultaneously

TO Make Sense Of Cells, We Need Mathematics, Computers, and
Quantitative Information

ATLLUBPT Has Been chosen Out of 300,000 Species As a Model
Plant
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The World of Animal Cells Is Represented By a Worm, a Fly,
a Mouse, and a Human
Studies in Drosophila Provide a Key to Vertebrate Development
The Vertebrate Genome Is a Product of Repeated Duplication
Genetic Redundancy Is a Problem for Geneticists, But It Creates
Opportunities for Evolving Organisms
The Mouse Serves as a Model for Mammals
Humans Report on Their Own Peculiarities
We Are All Different in Detail
Summary
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Chapter 2 Cell Chemistry and Biosynthesis

THE CHEMICAL COMPONENTS OF A CELL

Cells Are Made From a Few Types of Atoms

The Outermost Electrons Determine How Atoms Interact

Covalent Bonds Form by the Sharing of Electrons

There Are Different Types of Covalent Bonds

An Atom Often Behaves as if It Has a Fixed Radius

Water Is the Most Abundant Substance in Cells

Some Polar Molecules Are Acids and Bases

Four Types of Noncovalent Attractions Help Bring Molecules
Together in Cells

A Cell Is Formed from Carbon Compounds

Cells Contain Four Major Families of Small Organic Molecules

Sugars Provide an Energy Source for Cells and Are the Subunits
of Polysaccharides

Fatty Acids Are Components of Cell Membranes, as Well as a
Source of Energy

Amino Acids Are the Subunits of Proteins

Nucleotides Are the Subunits of DNA and RNA

The Chemistry of Cells Is Dominated by Macromolecules with
Remarkable Properties

Noncovalent Bonds Specify Both the Precise Shape of a
Macromolecule and its Binding to Other Molecules

Summary

CATALYSIS AND THE USE OF ENERGY BY CELLS

Cell Metabolism Is Organized by Enzymes

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

Photosynthetic Organisms Use Sunlight to Synthesize Organic
Molecules

Cells Obtain Energy by the Oxidation of Organic Molecules

Oxidation and Reduction Involve Electron Transfers

Enzymes Lower the Barriers That Block Chemical Reactions

How Enzymes Find Their Substrates: The Enormous Rapidity of
Molecular Motions

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

The Concentration of Reactants Influences the Free-Energy
Change and a Reaction's Direction

For Sequential Reactions, AG° Values Are Additive

Activated Carrier Molecules Are Essential for Biosynthesis

The Formation of an Activated Carrier Is Coupled to an
Energetically Favorable Reaction
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ATP Is the Most Widely Used Activated Carrier Molecule

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

NADH and NADPH Are Important Electron Carriers

There Are Many Other Activated Carrier Molecules in Cells

The Synthesis of Biological Polymers Is Driven by ATP Hydrolysis

Summary

HOW CELLS OBTAIN ENERGY FROM FOOD

Glycolysis Is a Central ATP-Producing Pathway

Fermentations Produce ATP in the Absence of Oxygen

Glycolysis lllustrates How Enzymes Couple Oxidation to Energy
Storage

Organisms Store Food Molecules in Special Reservoirs

Most Animal Cells Derive Their Energy from Fatty Acids Between
Meals

Sugars and Fats Are Both Degraded to Acetyl CoA in Mitochondria

The Citric Acid Cycle Generates NADH by Oxidizing Acetyl Groups
to C02

Electron Transport Drives the Synthesis of the Majority of the ATP
in Most Cells

Amino Acids and Nucleotides Are Part of the Nitrogen Cycle

Metabolism Is Organized and Regulated

Summary
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Chapter 3 Proteins

THE SHAPE AND STRUCTURE OF PROTEINS

The Shape of a Protein Is Specified by Its Amino Acid Sequence

Proteins Fold into a Conformation of Lowest Energy

The a Helix and the 8 Sheet Are Common Folding Patterns

Protein Domains Are Modular Units from which Larger Proteins
Are Built

Few of the Many Possible Polypeptide Chains Will Be Useful
to Cells

Proteins Can Be Classified into Many Families

Sequence Searches Can ldentify Close Relatives

Some Protein Domains Form Parts of Many Different Proteins

Certain Pairs of Domains Are Found Together in Many Proteins

The Human Genome Encodes a Complex Set of Proteins,
Revealing Much That Remains Unknown

Larger Protein Molecules Often Contain More Than One
Polypeptide Chain

Some Proteins Form Long Helical Filaments

Many Protein Molecules Have Elongated, Fibrous Shapes

Many Proteins Contain a Surprisingly Large Amount of
Unstructured Polypeptide Chain

Covalent Cross-Linkages Often Stabilize Extracellular Proteins

Protein Molecules Often Serve as Subunits for the Assembly
of Large Structures

Many Structures in Cells Are Capable of Self-Assembly

Assembly Factors Often Aid the Formation of Complex
Biological Structures

Summary

PROTEIN FUNCTION

All Proteins Bind to Other Molecules

The Surface Conformation of a Protein Determines Its Chemistry

Sequence Comparisons Between Protein Family Members
Highlight Crucial Ligand-Binding Sites

Proteins Bind to Other Proteins Through Several Types of
Interfaces

Antibody Binding Sites Are Especially Versatile

The Equilibrium Constant Measures Binding Strength

Enzymes Are Powerful and Highly Specific Catalysts

Substrate Binding Is the First Step in Enzyme Catalysis

Enzymes Speed Reactions by Selectively Stabilizing Transition
States

Enzymes Can Use Simultaneous Acid and Base Catalysis

Lysozyme lllustrates How an Enzyme Works

Tightly Bound Small Molecules Add Extra Functions to Proteins

80

81
82
83

87

88

88
89

91
91

95
96

97

100
100
101
103
103
124

125

125

125
130
131

135

136
137
139
140
141

142

142
143
145

146
147

148
149

151
152

152

153
154

155

156
156
157
158
159

160
160
161
166

Molecular Tunnels Channel Substrates in Enzymes with

Multiple Catalytic Sites 167
Multienzyme Complexes Help to Increase the Rate of Cell

Metabolism 168
The Cell Regulates the Catalytic Activities of its Enzymes 169
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Phosphorylation 175
A Eucaryotic Cell Contains a Large Collection of Protein Kinases

and Protein Phosphatases 176
The Regulation of Cdk and Src Protein Kinases Shows How a

Protein Can Function as a Microchip 177
Proteins That Bind and Hydrolyze GTP Are Ubiquitous Cellular

Regulators 178
Regulatory Proteins Control the Activity of GTP-Binding Proteins

by Determining Whether GTP or GDP Is Bound 179
Large Protein Movements Can Be Generated From Small Ones 179
Motor Proteins Produce Large Movements in Cells 181
Membrane-Bound Transporters Harness Energy to Pump

Molecules Through Membranes 182
Proteins Often Form Large Complexes That Function as Protein

Machines 184
Protein Machines with Interchangeable Parts Make Efficient Use

of Genetic Information 184
The Activation of Protein Machines Often Involves Positioning

Them at Specific Sites 185

Many Proteins Are Controlled by Multisite Covalent Modification 186
A Complex Network of Protein Interactions Underlies Cell Function 187

Summary 190
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Chapter 4 DNA, Chromosomes, and Genomes 195

THE STRUCTURE AND FUNCTION OF DNA 197
A DNA Molecule Consists of Two Complementary Chains

of Nucleotides 197
The Structure of DNA Provides a Mechanism for Heredity 199
In Eucaryotes, DNA Is Enclosed in a Cell Nucleus 200
Summary 201

CHROMOSOMAL DNA AND ITS PACKAGING IN THE

CHROMATIN FIBER 202
Eucaryotic DNA Is Packaged into a Set of Chromosomes 202
Chromosomes Contain Long Strings of Genes 204
The Nucleotide Sequence of the Human Genome Shows How

Our Genes Are Arranged 205
Genome Comparisons Reveal Evolutionarily Conserved DNA

Sequences 207
Chromosomes Exist in Different States Throughout the Life

ofa Cell 208

Each DNA Molecule That Forms a Linear Chromosome Must
Contain a Centromere, Two Telomeres, and Replication Origins 209

DNA Molecules Are Highly Condensed in Chromosomes 210
Nucleosomes Are a Basic Unit of Eucaryotic Chromosome

Structure 211
The Structure of the Nucleosome Core Particle Reveals How

DNA Is Packaged 212

Nucleosomes Have a Dynamic Structure, and Are Frequently
Subjected to Changes Catalyzed by ATP-Dependent Chromatin-

Remodeling Complexes 215
Nucleosomes Are Usually Packed Together into a Compact

Chromatin Fiber 216
Summary 218
THE REGULATION OF CHROMATIN STRUCTURE 219

Some Early Mysteries Concerning Chromatin Structure 220
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Hetere>€hrQmatin Is Highly Organized and Unusually Resistant
to Gene ixpression

The Core Histones Are Covalently Modified at Many Different Sites

Chromatin Acquires Additional Variety through the Site-Specific
Insirtlen ©f a Small Set of Histone Variants

The Covalent Modifications and the Histone Variants Act in
Concert to Produce a "Histone Code"That Helps to
Determine Biological Function

A Complex of Code-Reader and Code-Writer Proteins Can Spread
Specific Chromatin Modifications for Long Distances Along a
Chromosome
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Barrier DNA Sequences Block the Spread of Reader-Writer Complexes

and Thereby Separate Neighboring Chromatin Domains

The Chromatin in Centromeres Reveals How Histone Variants
Can Create Special Structures

Chromatin Structures Can Be Directly Inherited

Chromatin Structures Add Unique Features to Eucaryotic
Chromosome Function
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THi ELOIAL STRUCTURE OF CHROMOSOMES

Chromosomes Are Folded into Large Loops of Chromatin

Polytene Chromosomes Are Uniquely Useful for Visualizing
Chromatin Structures

There Are Multiple Forms of Heterochromatin

Chromatin Loops Decondense When the Genes Within Them Are
Expressed

Chromatin Can Move to Specific Sites Within the Nucleus to
Alter Their Gene Expression

Networks of Macromolecules Form a Set of Distinct Biochemical
Environments inside the Nucleus

Mitotic Chromosomes Are Formed from Chromatin in Its Most
Condensed State
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HOW GENOMES EVOLVE

Genome Alterations Are Caused by Failures of the Normal
Mechanisms for Copying and Maintaining DNA

The Genome Sequences of Two Species Differ in Proportion to
the Length of Time That They Have Separately Evolved

Phylogenetic Trees Constructed from a Comparison of DNA
Sequences Trace the Relationships of All Organisms

A Comparison of Human and Mouse Chromosomes Shows
How the Structures of Genomes Diverge

The Size of a Vertebrate Genome Reflects the Relative Rates of
DNA Addition and DNA Loss in a Lineage

We Can Reconstruct the Sequence of Some Ancient Genomes

Multispecies Sequence Comparisons Identify Important DNA
Sequences of Unknown Function

Accelerated Changes in Previously Conserved Sequences Can
Help Decipher Critical Steps in Human Evolution

Gene Duplication Provides an Important Source of Genetic
Novelty During Evolution

Duplicated Genes Diverge

The Evolution of the Globin Gene Family Shows How DNA
Duplications Contribute to the Evolution of Organisms

Genes Encoding New Proteins Can Be Created by the
Recombination of Exons

Neutral Mutations Often Spread to Become Fixed in a Population®
with a Probability that Depends on Population Size

A Great Deal Can Be Learned from Analyses of the Variation
Among Humans
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THE MAINTENANCE OF PNA SEQUENCES

Mutation Rates Are Extremely Low
Low Mutation Rates Are Necessary for Life as We Know It
Summery

227

228
230

231
233

233
234

236
238

239
239
241

243
245

245
246
247
248
249

251
251

252
253

253
254

256
257
257

258
260
260
262

263

263

263
265
265

DNA REPLICATION MECHANISMS

Base-Pairing Underlies DNA Replication and DNA Repair

The DNA Replication Fork Is Asymmetrical

The High Fidelity of DNA Replication Requires Several Proofreading
Mechanisms

Only DNA Replication in the 5'-to-3'Direction Allows Efficient Error
Correction

A Special Nucleotide-Polymerizing Enzyme Synthesizes Short RNA
Primer Molecules on the Lagging Strand

Special Proteins Help to Open Up the DNA Double Helix in Front
of the Replication Fork

A Sliding Ring Holds a Moving DNA Polymerase onto the DNA

The Proteins at a Replication Fork Cooperate to Form a Replication
Machine

A Strand-Directed Mismatch Repair System Removes Replication
Errors That Escape from the Replication Machine

DNA Topoisomerases Prevent DNA Tangling During Replication

DNA Replication Is Fundamentally Similar in Eucaryotes and
Bacteria

Summary

THE INITIATION AND COMPLETION OF DNA REPLICATION
IN CHROMOSOMES

DNA Synthesis Begins at Replication Origins

Bacterial Chromosomes Typically Have a Single Origin of DNA
Replication

Eucaryotic Chromosomes Contain Multiple Origins of Replication

In Eucaryotes DNA Replication Takes Place During Only One Part
of the Cell Cycle

Different Regions on the Same Chromosome Replicate at Distinct
Times in S Phase

Highly Condensed Chromatin Replicates Late, While Genes in
Less Condensed Chromatin Tend to Replicate Early

Well-Defined DNA Sequences Serve as Replication Origins in a
Simple Eucaryote, the Budding Yeast

A Large Multisubunit Complex Binds to Eucaryotic Origins of
Replication

The Mammalian DNA Sequences That Specify the Initiation of
Replication Have Been Difficult to Identify

New Nucleosomes Are Assembled Behind the Replication Fork

The Mechanisms of Eucaryotic Chromosome Duplication Ensure
That Patterns of Histone Modification Can Be Inherited

Telomerase Replicates the Ends of Chromosomes

Telomere Length Is Regulated by Cells and Organisms
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Without DNA Repair, Spontaneous DNA Damage Would Rapidly
Change PNA Sequences

The DNA Double Helix Is Readily Repaired

DNA Damage Can Be Removed by More Than One Pathway

Coupling DNA Repair to Transcription Ensures That the Cell's Most
Important DNA Is Efficiently Repaired

The Chemistry of the DNA Bases Facilitates Damage Detection

Special DNA Polymerases Are Used in Emergencies to Repair DNA

Double-Strand Breaks Are Efficiently Repaired

DNA Damage Delays Progression of the Cell Cycle
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AN OVERVIEW OF GENE CONTROL

The Different Cell Types of a Multicellular Organism Contain the
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Different Cell Types Synthesize Different Sets of Proteins

External Signals Can Cause a Cell to Change the Expression of
Its Genes

Gene Expression Can Be Regulated at Many of the Steps in the
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HOm8©dOmain Proteins Constitute a Special Class of Helix-Turn-
Helix Proteins

There Are Several Types of PNA-Binding Zinc Finger Motifs

3 sheets Can Also Recognize DNA

Some Proteins Use Loops That Enter the Major and Minor Groove
to Recognize DNA

The Leucine Zipper Motif Mediates Both DNA Binding and Protein
Dimerization

Heterodimerization Expands the Repertoire of DNA Sequences That

Gene Regulatory Proteins Can Recognize

The Helix-Loop-Helix Motif Also Mediates Dimerization and DNA
Binding

It Is Not Yet Possible to Predict the DNA Sequences Recognized
by All Gene Regulatory Proteins

A Gel-Mobility Shift Assay Readily Detects Sequence-Specific
DNA-iinding Proteins

DNA Affinity Chromatography Facilitates the Purification of
Sequence-Specific DNA-Binding Proteins

The DNA Sequence Recognized by a Gene Regulatory Protein
Can ie Determined Experimentally

Phylogenetic Footprinting Identifies DNA Regulatory Sequences
Through Comparative Genomics

Chromatin Immunoprecipitation Identifies Many of the Sites
That Gene Regulatory Proteins Occupy in Living Cells

% T TL,

HOW GENETIC SWITCHES WORK
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Chapter 9 Visualizing Cells

LOOKING AT CELLS IN THE LIGHT MICROSCOPE
The Light Microscope Can Resolve Details 0.2 pm Apart

Living Cells Are Seen Clearly in a Phase-Contrast or a Differential-

Interference-Contrast Microscope
Images Can Be Enhanced and Analyzed by Digital Techniques

Intact Tissues Are Usually Fixed and Sectioned before Microscopy

Specific Molecules Can Be Located in Cells by Fluorescence
Microscopy

Antibodies Can Be Used to Detect Specific Molecules

Imaging of Complex Three-Dimensional Objects Is Possible
with the Optical Microscope

The Confocal Microscope Produces Optical Sections by Excluding

Out-of-Focus Light

Fluorescent Proteins Can Be Used to Tag Individual Proteins in
Living Cells and Organisms

Protein Dynamics Can Be Followed in Living Cells

Light-Emitting Indicators Can Measure Rapidly Changing
Intracellular lon Concentrations

Several Strategies Are Available by Which Membrane-Impermeant
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Force Microscopy
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LOOKING AT CELLS AND MOLECULES IN THE ELECTRON
MICROSCOPE

The Electron Microscope Resolves the Fine Structure of the Cell

Biological Specimens Require Special Preparation for the Electron

Microscope

569
571

572
573
574
575
576

576
578

579

579
580
583
583
585

586
588

589
590

592
593

596
597
598
599
600
600

602
603

604
604

605

Specific Macromolecules Can Be Localized by Immunogold Electron

Microscopy
Images of Surfaces Can Be Obtained by Scanning Electron
Microscopy
Metal Shadowing Allows Surface Features to Be Examined at
High Resolution by Transmission Electron Microscopy
Negative Staining and Cryoelectron Microscopy Both Allow
Macromolecules to Be Viewed at High Resolution
Multiple Images Can Be Combined to Increase Resolution
Different Views of a Single Object Can Be Combined to Give a
Three-Dimensional Reconstruction
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THE LIPID BILAYER

Phosphogiycerides, Sphingolipids, and Sterols Are the Major
Lipids in Cell Membranes
Phospholipids Spontaneously Form Bilayers
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