: 7 ]
N o
ION Ty
lI | % H
’ i - i

Biochemistry

Concepts and Connections
Dean R. Appling * Spencer . Anthony-Cahill » Christopher K. Mathews




OO

Biochemistry

Concepts and Connections

Global Edition

Dean R. Appling

Spencer J. Anthony-Cahill

Christopher K. Mathews

PEARSON



Editor in Chief: Jeanne Zalesky

Acquisitions Editor: Chris Hess

Director of Development: Jennifer Hart

Marketing Manager: Will Moore

Development Editors: Erica Pantages Frost / John
Murdzek / Daniel Schiller

Art Development Editor: Jay McElroy

Program Managers: Coleen Morrison / Sarah
Shefveland

Project Manager: Beth Sweeten

Program Management Team Lead: Kristen Flatham

Project Management Team Lead: David Zielonka

Pearson Education Limited
Edinburgh Gate

Harlow

Essex CM20 2JE

England

and Associated Companies throughout the world

Visit us on the World Wide Web at:
www.pearsonglobaleditions.com

© Pearson Education Limited 2016

Senior Acquisitions Editor, Global Edition:
Priyanka Ahuja

Associate Project Editor, Global Edition: Sinjita Basu

Media Production Manager, Global Edition:
Vikram Kumar

Senior Manufacturing Controller, Production,
Global Edition: Trudy Kimber

Full-Service Project Management: Lumina
Datamatics, Inc.

Cover Photo Source: Shutterstock

Cover Printer: CTPS China

The rights of Dean R. Appling, Spencer J. Anthony-Cabhill, and Christopher K. Mathews to be identified as the
authors of this work have been asserted by them in accordance with the Copyright, Designs and Patents Act 1988.

Authorized adaptation from the United States edition, entitled Biochemistry: Concepts and Connections, 1st
edition, ISBN 978-0-321-83992-3, by Dean R. Appling, Spencer J. Anthony-Cahill, and Christopher K. Mathews,

published by Pearson Education © 2016.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, without either the
prior written permission of the publisher or a license permitting restricted copying in the United Kingdom
issued by the Copyright Licensing Agency Ltd, Saffron House, 6-10 Kirby Street, London EC1N 8TS.

All trademarks used herein are the property of their respective owners. The use of any trademark in this text
does not vest in the author or publisher any trademark ownership rights in such trademarks, nor does the use of
such trademarks imply any affiliation with or endorsement of this book by such owners.

ISBN 10: 1-292-11200-X
ISBN 13:978-1-292-11200-8

British Library Cataloguing-in-Publication Data

A catalogue record for this book is available from the British Library.

10987654321
1413121110

Typeset in Minion Pro 10/12 by Lumina Datamatics, Inc.

Printed and bound in China at CTPSC/01.

PEARSON



BRIEF

CONTENTS

ANSWERS TO
SELECTED PROBLEMS 847

GLOSSARY 863
CREDITS 879
INDEX 881

O© 00O~ O g W DN

bt el
N = O

13
14

15
16
117

18
19
20
21
22
23
24

25
26

Biochemistry and the Language of Chemistry 34

The Chemical Foundation of Life: Weak Interactions in an
Aqueous Environment 50

The Energetics of Life 80
Nucleic Acids 104

Introduction to Proteins: The Primary Level of
Protein Structure 140

The Three-Dimensional Structure of Proteins 176
Protein Function and Evolution 222

Enzymes: Biological Catalysts 264
Carbohydrates: Sugars, Saccharides, Glycans 306
Lipids, Membranes, and Cellular Transport 332
Chemical Logic of Metabolism 366

Carbohydrate Metabolism: Glycolysis, Gluconeogenesis,
Glycogen Metabolism, and the Pentose Phosphate
Pathway 400

The Citric Acid Cycle 446

Electron Transport, Oxidative Phosphorylation, and
Oxygen Metabolism 476

Photosynthesis 512
Lipid Metabolism 538

Interorgan and Intracellular Coordination of Energy
Metabolism in Vertebrates 580

Amino Acid and Nitrogen Metabolism 596
Nucleotide Metabolism 630

Mechanisms of Signal Transduction 656

Genes, Genomes, and Chromosomes 684

DNA Replication 708

DNA Repair, Recombination, and Rearrangement 736

Transcription and Post-transcriptional
Processing 762

Information Decoding: Translation and Post-translational
Protein Processing 788

Regulation of Gene Expression 818



O

CHAPTER 1

Biochemistry and the
Language of
Chemistry 34

1.1

1.2

1.3
1.4
1.5

CHAPTER 2

The Chemical Foundation
of Life: Weak Interactions
in an Aqueous
Environment 50

2.1

2.2

O
O

CONTENTS

The Science of

Biochemistry 36

The Origins of Biochemistry 36
The Tools of Biochemistry 38

Biochemistry as a Discipline and an Interdisciplinary
Science 38

The Elements and Molecules of Living Systems 39
The Chemical Elements of Cells and Organisms 39
The Origin of Biomolecules and Cells 40

The Complexity and Size of Biological Molecules 41

The Biopolymers: Proteins, Nucleic Acids,
and Carbohydrates 41

Lipids and Membranes 43
Distinguishing Characteristics of Living Systems 44
The Unit of Biological Organization: The Cell 45

Biochemistry and the Information Explosion 46

The Importance of Noncovalent Interactions
in Biochemistry 52

The Nature of Noncovalent Interactions 53
Charge—Charge Interactions 54

Dipole and Induced-Dipole Interactions 55
Van der Waals Interactions 56

Hydrogen Bonds 57

2.3

24

25

3.2

The Role of Water in Biological Processes 58
The Structure and Properties of Water 58
Water as a Solvent 60

lonic Compounds in Aqueous Solution 60
Hydrophilic Molecules in Aqueous Solution 60
Hydrophobic Molecules in Aqueous Solution 61
Amphipathic Molecules in Aqueous Solution 61

Acid-Base Equilibria 62

Acids and Bases: Proton Donors and Acceptors 62
lonization of Water and the lon Product 62

The pH Scale and the Physiological pH Range 64
Weak Acid and Base Equilibria: K, and pK, 65
Titration of Weak Acids: The Henderson—Hasselbalch
Equation 65

Buffer Solutions 66

Molecules with Multiple lonizing Groups 67

Interactions Between Macroions in Solution 70
Solubility of Macroions and pH 70
The Influence of Small lons: lonic Strength 72

TOOLS OF BIOCHEMISTRY 2A Electrophoresis and
Isoelectric Focusing 76

FOUNDATION FIGURE Biomolecules: Structure and
Function 78

CHAPTER 3

The Energetics of Life 80
3.1 Free Energy 82

Thermodynamic Systems 82

The First Law of Thermodynamics and Enthalpy 82
The Driving Force for a Process 83

Entropy 84

The Second Law of Thermodynamics 85

Free Energy: The Second Law in Open Systems 85

Free Energy Defined in Terms of Enthalpy and Entropy
Changes in the System 85



3.3

3.4

An Example of the Interplay of Enthalpy and Entropy:
The Transition Between Liquid Water and Ice 86

The Interplay of Enthalpy and Entropy: A Summary 86
Free Energy and Useful Work 87

The Relationships Between Free Energy, the Equilibrium
State, and Non-Equilibrium Concentrations of
Reactants and Products 88

Equilibrium, Le Chatelier’s Principle, and the Standard
State 88

Changes in Concentration and AG 88

AGversus AG°, Qversus K, and Homeostasis versus

Equilibrium 89

Water, H* in Buffered Solutions, and the “Biochemical
Standard State” 91

Free Energy in Biological Systems 92
Organic Phosphate Compounds as Energy
Transducers 92

Phosphoryl Group Transfer Potential 95

Free Energy and Concentration Gradients: A Close Look
at Diffusion Through a Membrane 95

AG and Oxidation/Reduction Reactions in Cells 96

Quantification of Reducing Power: Standard Reduction
Potential 96

Standard Free Energy Changes in Oxidation—Reduction
Reactions 98

Calculating Free Energy Changes for Biological Oxidations
under Nonequilibrium Conditions 98

A Brief Overview of Free Energy Changes in Cells 99

CHAPTER 4

Nucleic Acids

4.1

4.2

4.3

104

Nucleic Acids—Informational Macromolecules 106
The Two Types of Nucleic Acid: DNA and RNA 106
Properties of the Nucleotides 109

Stability and Formation of the Phosphodiester
Linkage 110

Primary Structure of Nucleic Acids 111
The Nature and Significance of Primary Structure 111
DNA as the Genetic Substance: Early Evidence 112

Secondary and Tertiary Structures of Nucleic Acids 113
The DNA Double Helix 113

Data Leading Toward the Watson—Crick Double-Helix

Model 113

X-Ray Analysis of DNA Fibers 113

4.4

45

4.6

Contents | 5

Semiconservative Nature of DNA Replication 115

Alternative Nucleic Acid Structures: B and A
Helices 117

DNA and RNA Molecules in Vivo
DNA Molecules 118

Circular DNA and Supercoiling 119
Single-Stranded Polynucleotides 121

118

Alternative Secondary Structures of DNA 122
Left-Handed DNA (Z-DNA) 122

Hairpins and Cruciforms 123

Triple Helices 124

G-Quadruplexes 124

The Helix-to-Random Goil Transition: Nucleic Acid
Denaturation 125

The Biological Functions of Nucleic Acids: A Preview of
Genetic Biochemistry 126

Genetic Information Storage: The Genome
Replication: DNA to DNA 126
Transcription: DNA to RNA 127
Translation: RNA to Protein 127

TOOLS OF BIOCHEMISTRY 4A Manipulating DNA 131

TOOLS OF BIOCHEMISTRY 4B An Introduction to
X-Ray Diffraction 136

126

CHAPTER 5

Introduction to Proteins: The Primary
Level of Protein Structure 140

5.1

5.2

Amino Acids 143

Structure of the a-Amino Acids 143
Stereochemistry of the «-Amino Acids 143
Properties of Amino Acid Side Chains: Classes of

a-Amino Acids 147
Amino Acids with Nonpolar Aliphatic Side Chains 147
Amino Acids with Nonpolar Aromatic Side Chains 147

Amino Acids with Polar Side Chains 148

Amino Acids with Positively Charged (Basic) Side
Chains 148

Amino Acids with Negatively Charged (Acidic) Side
Chains 149

Rare Genetically Encoded Amino Acids
Modified Amino Acids 149

Peptides and the Peptide Bond 150
The Structure of the Peptide Bond 150

149



53
5.4

5.5
5.6

| Contents

Stability and Formation of the Peptide Bond 150
Peptides 151
Polypeptides as Polyampholytes 152

Proteins: Polypeptides of Defined Sequence 153

From Gene to Protein 155
The Genetic Code 155
Post-translational Processing of Proteins 156

From Gene Sequence to Protein Function 157

Protein Sequence Homology 159

TOOLS OF BIOCHEMISTRY 5A Protein Expression
and Purification 163

TOOLS OF BIOCHEMISTRY 5B Mass, Sequence,
and Amino Acid Analyses of Purified Proteins 170

CHAPTER 6

The Three-Dimensional Structure of

Proteins

6.1

6.2

6.3

6.4

176

Secondary Structure: Regular Ways to Fold the
Polypeptide Chain 178

Theoretical Descriptions of Regular Polypeptide
Structures 178

« Helices and B Sheets 180

Describing the Structures: Helices and Sheets 180
Amphipathic Helices and Sheets 181
Ramachandran Plots 182

Fibrous Proteins: Structural Materials of Gells
and Tissues 184

The Keratins 184
Fibroin 185
Collagen 186

Globular Proteins: Tertiary Structure and Functional
Diversity 188

Different Folding for Different Functions 188

Different Modes of Display Aid Our Understanding of
Protein Structure 188

Varieties of Globular Protein Structure: Patterns of Main-
Chain Folding 189

Factors Determining Secondary and Tertiary
Structure 193

The Information for Protein Folding 193
The Thermodynamics of Folding 193
Conformational Entropy 194
Charge—Charge Interactions 194
Internal Hydrogen Bonds 195

6.5

6.6

6.7

Van der Waals Interactions 195
The Hydrophobic Effect 195
Disulfide Bonds and Protein Stability 196

Prosthetic Groups, lon-binding, and Protein
Stability 197

Dynamics of Globular Protein Structure 198
Kinetics of Protein Folding 198
The “Energy Landscape” Model of Protein Folding 198

Intermediate and Off-Pathway States in Protein
Folding 200

Chaperones Faciliate Protein Folding in Vivo 200
Protein Misfolding and Disease 202

Prediction of Protein Secondary and Tertiary
Structure 203

Prediction of Secondary Structure 203

Tertiary Structure Prediction: Computer Simulation
of Folding 203

Quaternary Structure of Proteins 204
Symmetry in Multisubunit Proteins: Homotypic
Protein—Protein Interactions 204
Heterotypic Protein—Protein Interactions 206

TOOLS OF BIOCHEMISTRY 6A Spectroscopic Methods
for Studying Macromolecular Conformation in Solution 210

TOOLS OF BIOCHEMISTRY 6B Determining Molecular
Masses and the Number of Subunits in a Protein
Molecule 217

FOUNDATION FIGURE Protein Structure and
Function 220

CHAPTER 7

Protein Function and Evolution 222

7.1

7.2

7.3
74

7.5
7.6
1.7

Binding a Specific Target: Antibody
Structure and Function 224

The Adaptive Immune
Response 224

The Structure of Antibodies 225

Antibody:Antigen Interactions 227
Shape and Charge Complementarity 228
Generation of Antibody Diversity 229

The Immunoglobulin Superfamily 230
The Challenge of Developing an AIDS Vaccine 230

Antibodies and Immunoconjugates as Potential
Cancer Treatments 231



7.8

7.9

7.10

7.11

712

713

7.14

7.15

7.16

717
7.18

Oxygen Transport from Lungs to Tissues: Protein
Conformational Change Enhances Function 232

The Oxygen Binding Sites in Myoglobin and
Hemoglobin 233
Analysis of Oxygen Binding by Myoglobin 234

The Role of Conformational Change in Oxygen
Transport 236

Cooperative Binding and Allostery 236

Models for the Allosteric Change in Hemoglobin 238
Changes in Hemoglobin Structure Accompanying Oxygen
Binding 239

A Closer Look at the Allosteric Change in

Hemoglobin 240

Allosteric Effectors of Hemoglobin Promote Efficient
Oxygen Delivery to Tissues 243

Response to pH Changes: The Bohr Effect 243
Carbon Dioxide Transport 244

Response to Chloride lon at the «-Globin
N-Terminus 244

2,3-Bisphosphoglycerate 244
Myoglobin and Hemoglobin as Examples of the Evolution
of Protein Function 246

The Structure of Eukaryotic Genes: Exons
and Introns 246

Mechanisms of Protein Mutation 247
Substitution of DNA Nucleotides 247
Nucleotide Deletions or Insertions 247
Gene Duplications and Rearrangements 248

Evolution of the Myoglobin—Hemoglobin Family of
Proteins 248

Hemoglobin Variants and Their Inheritance: Genetic
Diseases 250

Pathological Effects of Variant Hemoglobins 251
Protein Function Requiring Large Conformational
Changes: Muscle Contraction 252

Actin and Myosin 252

Actin 252

Myosin 253

The Structure of Muscle 255

The Mechanism of Contraction 255
Regulation of Contraction: The Role of Calcium 258

TOOLS OF BIOCHEMISTRY 7A Immunological
Methods 262

Contents | 1

CHAPTER 8

Enzymes: Biological Catalysts 264

8.1
8.2
8.3

8.4

8.5

8.6

8.7

8.8

Enzymes Are Biological Catalysts 266
The Diversity of Enzyme Function 266

Chemical Reaction Rates and the Effects of
Catalysts 267

Reaction Rates, Rate Constants, and Reaction
Order 267

First-Order Reactions 267
Second-Order Reactions 268
Transition States and Reaction Rates 269

Transition State Theory Applied to Enzymatic
Catalysis 271

How Enzymes Act as Catalysts: Principles and
Examples 272

Models for Substrate Binding and Catalysis 272
Mechanisms for Achieving Rate Acceleration 273
Case Study #1: Lysozyme 275

Case Study #2: Chymotrypsin, a Serine Protease 277

Coenzymes, Vitamins, and Essential Metals 279
Coenzyme Function in Catalysis 279
Metal lons in Enzymes 281

The Kinetics of Enzymatic Catalysis 281

Reaction Rate for a Simple Enzyme-Catalyzed Reaction:
Michaelis—Menten Kinetics 282

Interpreting Ky, ke, and ko/Ky 283

Enzyme Mutants May Affect k., and Ky, Differently 285

Analysis of Kinetic Data: Testing the Michaelis—Menten
Model 285

Multisubstrate Reactions 286

Random Substrate Binding 286

Ordered Substrate Binding 286

The Ping-Pong Mechanism 286

Enzyme Inhibition 286
Reversible Inhibition 287
Competitive Inhibition 287
Uncompetitive Inhibition 289
Mixed Inhibition 290
Irreversible Inhibition 291

The Regulation of Enzyme Activity 292
Substrate-Level Control 292
Feedback Control 292



8.9

8.10

| Contents

Allosteric Enzymes 293

Homoallostery 293

Heteroallostery 293

Aspartate Carbamoyliransferase: An Example of an
Allosteric Enzyme 294

Covalent Modifications Used to Regulate Enzyme
Activity 296

Pancreatic Proteases: Activation by Irreversible Protein
Backbone Cleavage 296

Nonprotein Biocatalysts: Catalytic Nucleic Acids 297

TOOLS OF BIOCHEMISTRY 8A How to Measure the
Rates of Enzyme-Catalyzed Reactions 301

FOUNDATION FIGURE Regulation of Enzyme
Activity 304

CHAPTER 9

Carbohydrates: Sugars, Saccharides,
Glycans 306

9.1

9.2

9.3

Monosaccharides 308
Aldoses and Ketoses 308
Enantiomers 309

Alternative Designations for Enantiomers: p—L
and R-S 310

Monosaccharide Enantiomers in Nature 310
Diastereomers 310

Tetrose Diastereomers 310

Pentose Diastereomers 311

Hexose Diastereomers 311

Aldose Ring Structures 311

Pentose Rings 311

Hexose Rings 314

Sugars with More Than Six Carbons 315

Derivatives of the Monosaccharides 315
Phosphate Esters 315

Lactones and Acids 316

Alditols 316

Amino Sugars 316

Glycosides 316

Oligosaccharides 317

Oligosaccharide Structures 317
Distinguishing Features of Different Disaccharides
Writing the Structure of Disaccharides 318
Stability and Formation of the Glycosidic Bond 319

317

9.4 Polysaccharides 320

9.5

Storage Polysaccharides 321

Structural Polysaccharides 322

Cellulose 322

Chitin - 323

Glycosaminoglycans 324

The Proteoglycan Complex 324

Nonstructural Roles of Glycosaminoglycans 324

Bacterial Cell Wall Polysaccharides; Peptidoglycan 325

Glycoproteins 326

N-Linked and O-Linked Glycoproteins 326

N-Linked Glycans 326

O-Linked Glycans 326

Blood Group Antigens 327

Erythropoetin: A Glycoprotein with Both 0- and N-Linked
Oligosaccharides 328

Influenza Neuraminidase, a Target for Antiviral

Drugs 328

TOOLS OF BIOCHEMISTRY 9A The Emerging Field
of Glycomics 331

CHAPTER 10

Lipids, Membranes, and Cellular
Transport 332

10.1

10.2

10.3

The Molecular Structure and Behavior of Lipids 334
Fatty Acids 334

Triacylglycerols: Fats 336

Soaps and Detergents 337

Waxes 337

The Lipid Constituents of Biological Membranes 337
Glycerophospholipids 338

Sphingolipids and Glycosphingolipids 339
Glycoglycerolipids 340

Cholesterol 340

The Structure and Properties of Membranes and
Membrane Proteins 341

Motion in Membranes 342

Motion in Synthetic Membranes 342

Motion in Biological Membranes 343

The Asymmetry of Membranes 343
Characteristics of Membrane Proteins 344
Insertion of Proteins into Membranes 345

Evolution of the Fluid Mosaic Model of Membrane
Structure 347



10.4

10.5

10.6
10.7
10.8

Transport Across Membranes 349

The Thermodynamics of Transport 349
Nonmediated Transport: Diffusion 350

Facilitated Transport: Accelerated Diffusion 351
Carriers 351

Permeases 352

Pore-Facilitated Transport 353

lon Selectivity and Gating 354

Active Transport: Transport Against a Concentration
Gradient 356

lon Pumps: Direct Coupling of ATP Hydrolysis to
Transport 356

lon Transporters and Disease 358
Cotransport Systems 359

Excitable Membranes, Action Potentials,
and Neurotransmission 360

The Resting Potential 360
The Action Potential 361
Toxins and Neurotransmission 362

CHAPTER 1 1

Chemical Logic of Metabolism 366

11.1
11.2

11.3

11.4

A First Look at Metabolism 368

Freeways on the Metabolic
Road Map 369

Central Pathways of Energy
Metabolism 369

Distinct Pathways for
Biosynthesis and Degradation 372

Biochemical Reaction Types 373
Nucleophilic Substitutions 373
Nucleophilic Additions 374
Carbonyl Condensations 374
Eliminations 376

Oxidations and Reductions 376

Bioenergetics of Metabolic Pathways 376
Oxidation as a Metabolic Energy Source 377

Biological Oxidations: Energy Release in Small
Increments 377

Energy Yields, Respiratory Quotients, and Reducing
Equivalents 377

ATP as a Free Energy Currency 378

Metabolite Concentrations and Solvent Capacity 380

11.5

11.6

CHAPTER 12

Contents |

Thermodynamic Properties of ATP 381

The Important Differences Between AGand AG®" 382

Kinetic Control of Substrate Cycles 382

Other High-Energy Phosphate Compounds 383
Other High-Energy Nucleotides 384

Adenylate Energy Charge 384

Major Metabolic Control Mechanisms 384
Control of Enzyme Levels 384

Control of Enzyme Activity 385
Compartmentation 385

Hormonal Regulation 387

Distributive Control of Metabolism 387

Experimental Analysis of Metabolism 388
Goals of the Study of Metabolism 388

Levels of Organization at Which Metabolism is
Studied 388

Whole Organisms 388

Isolated or Perfused Organs 388
Whole Cells 388

Cell-Free Systems 389

Purified Components 389
Systems Level 389

Metabholic Probes 389

TOOLS OF BIOCHEMISTRY 11A Metabolomics 393
TOOLS OF BIOCHEMISTRY 11B Radioactive and

Stable Isotopes 396

FOUNDATION FIGURE Enzyme Kinetics and Drug
Action 398

Carbohydrate Metabolism:
Glycolysis,
Gluconeogenesis,
Glycogen Metabolism,

and the Pentose
Phosphate Pathway 400

121

12.2

An Overview of Glycolysis 403

Relation of Glycolysis to Other Pathways 403
Anaerobic and Aerobic Glycolysis 403
Chemical Strategy of Glycolysis 405

Reactions of Glycolysis 405
Reactions 1-5: The Energy Investment Phase 405
Reaction 1: The First ATP Investment 405

S Wi

9




10

12.3

124
12.5

12.6

| Contents

Reaction 2: Isomerization of Glucose-6-Phosphate 407
Reaction 3: The Second Investment of ATP 407
Reaction 4: Cleavage to Two Triose Phosphates 407
Reaction 5: Isomerization of Dihydroxyacetone
Phosphate 408

Reactions 6—10: The Energy Generation Phase 409

Reaction 6: Generation of the First Energy-Rich
Compound 409

Reaction 7: The First Substrate-Level Phosphorylation 410

Reaction 8: Preparing for Synthesis of the Next High-Energy
Compound 410

Reaction 9: Synthesis of the Second High-Energy
Compound 411

Reaction 10: The Second Substrate-Level
Phosphorylation 411

Metabolic Fates of Pyruvate 412
Lactate Metabolism 412

Isozymes of Lactate Dehydrogenase 414
Ethanol Metabolism 414

Energy and Electron Balance Sheets 415

12.7

12.8

Gluconeogenesis 416
Physiological Need for Glucose Synthesis in
Animals 416

Enzymatic Relationship of Gluconeogenesis to
Glycolysis 417

Bypass 1: Conversion of Pyruvate to
Phosphoenolpyruvate 417

Bypass 2: Conversion of Fructose-1,6-bisphosphate to
Fructose-6-phosphate 418

Bypass 3: Conversion of Glucose-6-phosphate to
Glucose 418

Stoichiometry and Energy Balance of
Gluconeogenesis 419

Gluconeogenesis 419

Reversal of Glycolysis 419

Substrates for Gluconeogenesis 419

Lactate 419

Amino Acids 420

Ethanol Consumption and Gluconeogenesis 420

12.9

12.10

Coordinated Regulation of Glycolysis and
Gluconeogenesis 420

The Pasteur Effect 420

Reciprocal Regulation of Glycolysis and
Gluconeogenesis 421

Regulation at the Phosphofructokinase/Fructose-1,6-
Bisphosphatase Substrate Cycle 422

Fructose-2,6-bisphosphate and the Control of Glycolysis and
Gluconeogenesis 422

Regulation at the Pyruvate Kinase/Pyruvate Carboxylase
+ PEPCK Substrate Cycle 425

Regulation at the Hexokinase/Glucose-6-Phosphatase
Substrate Cycle 425

Entry of Other Sugars into the Glycolytic Pathway 426
Monosaccharide Metabolism 426
Galactose Utilization 426

Fructose Utilization 426
Disaccharide Metabolism 426
Glycerol Metabholism 427
Polysaccharide Metabolism 427
Hydrolytic and Phosphorolytic Cleavages
Starch and Glycogen Digestion 428

Glycogen Metabolism in Muscle and
Liver 428

Glycogen Breakdown 428
Glycogen Biosynthesis 429
Biosynthesis of UDP-Glucose
The Glycogen Synthase Reaction
Formation of Branches 431

Coordinated Regulation of Glycogen Metabolism 431
Structure of Glycogen Phosphorylase 431
Control of Phosphorylase Activity 432
Proteins in the Glycogenolytic Cascade 432
Cyclic AMP—Dependent Protein Kinase 432
Phosphorylase b Kinase 433

Calmodulin 433

Nonhormonal Control of Glycogenolysis 434
Control of Glycogen Synthase Activity 434
Congenital Defects of Glycogen Metabolism in
Humans 435

427

429
430

A Biosynthetic Pathway That Oxidizes Glucose: The
Pentose Phosphate Pathway 436

The Oxidative Phase: Generating Reducing Power as
NADPH 437

The Nonoxidative Phase: Alternative Fates of Pentose
Phosphates 437

Production of Six-Carbon and Three-Carbon Sugar
Phosphates 437

Tailoring the Pentose Phosphate Pathway to Specific
Needs 439

Regulation of the Pentose Phosphate Pathway 440

Human Genetic Disorders Involving Pentose Phosphate
Pathway Enzymes 441



CHAPTER 13

The Citric Acid Cycle 446

13.1

13.2

13.3

13.4

13.5

13.6

13.7

13.8

Overview of Pyruvate Oxidation and the

Citric Acid Cycle 449

The Three Stages of Respiration 449
Chemical Strategy of the Citric Acid Cycle 450
Discovery of the Citric Acid Cycle 452

Pyruvate Oxidation: A Major Entry Route for Carbon into
the Citric Acid Cycle 452

Overview of Pyruvate Oxidation and the Pyruvate
Dehydrogenase Complex 452

Coenzymes Involved in Pyruvate Oxidation

and the Citric Acid Cycle 453

Thiamine Pyrophosphate (TPP) 454

Lipoic Acid (Lipoamide) 454

Nicotinamide Adenine Dinucleotide (NAD*) 454
Flavin Adenine Dinucleotide (FAD) 455
Coenzyme A: Activation of Acyl Groups 455

Action of the Pyruvate Dehydrogenase Complex 456

The Citric Acid Cycle 459

Step 1: Introduction of Two Carbon Atoms as
Acetyl-CoA 459

Step 2: Isomerization of Citrate 460

Step 3: Conservation of the Energy Released by an
Oxidative Decarboxylation in the Reduced Electron
Carrier NADH 461

Step 4: Conservation of Energy in NADH by a Second
Oxidative Decarboxylation 461

Step 5: A Substrate-Level Phosphorylation 462

Step 6: A Flavin-Dependent Dehydrogenation 462

Step 7: Hydration of a Carbon—Carbon Double Bond 463
Step 8: An Oxidation that Regenerates Oxaloacetate 463

Stoichiometry and Energetics of the Citric Acid
Cycle 463

Regulation of Pyruvate Dehydrogenase and the Citric
Acid Cycle 464

Control of Pyruvate Oxidation 464

Control of the Citric Acid Cycle 466

Organization and Evolution of the Citric
Acid Cycle 466

Citric Acid Cycle Malfunction as a Cause of Human
Disease 467

Anaplerotic Sequences: The Need to Replace Cycle
Intermediates 467

13.9

CHAPTER 14

Contents | 11

Reactions that Replenish Oxaloacetate 468
The Malic Enzyme 468
Reactions Involving Amino Acids 468

The Glyoxylate Cycle: An Anabolic Variant of the Citric
Acid Cycle 469

TOOLS OF BIOCHEMISTRY 13A Detecting and
Analyzing Protein—Protein Interactions 474

Electron Transport, Oxidative
Phosphorylation, and
Oxygen Metabolism 476

14.1

14.2
14.3

14.4

The Mitochondrion: Scene of the
Action 479

Free Energy Changes in Biological Oxidations 479

Electron Transport 482
Electron Carriers in the Respiratory Chain 482
Flavoproteins 482
Iron—Sulfur Proteins
Coenzyme Q 483
Cytochromes 483
Respiratory Complexes 484
NADH—-Coenzyme Q Reductase (Complex I) 485
Succinate—Coenzyme Q Reductase (Complex II)

Coenzyme Q:Cytochrome ¢ Oxidoreductase
(Complex Ill) 487

Cytochrome ¢ Oxidase (Complex IV)

482

486

489

Oxidative Phosphorylation 489

The P/0 Ratio: Energetics of Oxidative

Phosphorylation 489

Oxidative Reactions That Drive ATP Synthesis 490
Mechanism of Oxidative Phosphorylation: Chemiosmotic
Coupling 491

A Closer Look at Chemiosmotic Coupling: The
Experimental Evidence 492

Membranes Can Establish Proton Gradients 492

An Intact Inner Membrane Is Required for Oxidative
Phosphorylation 493

Key Electron Transport Proteins Span the Inner

Membrane 493

Uncouplers Act by Dissipating the Proton Gradient 493
Generation of a Proton Gradient Permits ATP Synthesis
Without Electron Transport 493

Complex V: The Enzyme System for ATP Synthesis 493



12

14.5
14.6

14.7
14.8
14.9

CHAPTER 15

| Contents

Discovery and Reconstitution of ATP Synthase 493

Structure of the Mitochondrial Fy ATP Synthase
Complex 495

Mechanism of ATP Synthesis 495

Respiratory States and Respiratory Control 498

Mitochondrial Transport Systems 501

Transport of Substrates and Products into and out of
Mitochondria 501

Shuttling Cytoplasmic Reducing Equivalents into
Mitochondria 502

Energy Yields from Oxidative Metabolism 503
The Mitochondrial Genome, Evolution, and Disease 503

Oxygen as a Substrate for Other Metabolic
Reactions 505

Oxidases and Oxygenases 505
Cytochrome P450 Monooxygenase 505

Reactive Oxygen Species, Antioxidant Defenses, and
Human Disease 505

Formation of Reactive Oxygen Species
Dealing with Oxidative Stress 506

FOUNDATION FIGURE Intermediary Metabolism 510

505

Photosynthesis 512

15.1

15.2
15.3

The Basic Processes of
Photosynthesis 516

The Chloroplast 517

The Light Reactions 518
Absorption of Light: The
Light-Harvesting System 518

The Energy of Light 518
The Light-Absorbing Pigments 518
The Light-Gathering Structures 519

Photochemistry in Plants and Algae: Two Photosystems
in Series 521

Photosystem II: The Splitting of Water 523

Photosystem [ Production of NADPH 525

Summation of the Two Systems: The Overall Reaction and ATP
Generation 526

An Alternative Light Reaction Mechanism: Cyclic Electron
Flow 528

15.4

15.5

15.6

CHAPTER 16

Reaction Center Complexes in Photosynthetic
Bacteria 528

Evolution of Photosynthesis 528

The Dark Reactions: The Calvin Cycle 529

Stage I: Carbon Dioxide Fixation and Sugar
Production 530

Incorporation of CO, into a Three-Carbon Sugar
Formation of Hexose Sugars 531
Stage II: Regeneration of the Acceptor 531

530

A Summary of the Light and Dark Reactions in Two-
System Photosynthesis 532

The Overall Reaction and the Efficiency of
Photosynthesis 532

Regulation of Photosynthesis 532
Photorespiration and the G, Cycle 533

Lipid Metabolism 538

16.1

16.2

Part I: Bioenergetic Aspects of
Lipid Metabolism 541

Utilization and Transport of
Fat and Cholesterol 541

Fats as Energy Reserves 541

Fat Digestion and Absorption 541

Transport of Fat to Tissues: Lipoproteins 543
Classification and Functions of Lipoproteins 543
Transport and Utilization of Lipoproteins 544
Cholesterol Transport and Utilization in Animals 545
The LDL Receptor and Cholesterol Homeostasis 546
Cholesterol, LDL, and Atherosclerosis 548

Mobilization of Stored Fat for Energy Generation 549

Fatty Acid Oxidation 549
Early Experiments 549

Fatty Acid Activation and Transport into
Mitochondria 551

The B-Oxidation Pathway 552

Reaction 1: The Initial Dehydrogenation 553
Reactions 2 and 3: Hydration and Dehydrogenation
Reaction 4: Thiolytic Cleavage 553

Mitochondrial B-Oxidation Involves Multiple
Isozymes 554

Energy Yield from Fatty Acid Oxidation 554

553



16.3

16.4

16.5
16.6
16.7

16.8

Oxidation of Unsaturated Fatty Acids 554

Oxidation of Fatty Acids with Odd-Numbered Carbon
Chains 555

Control of Fatty Acid Oxidation 556
Ketogenesis 556

Fatty Acid Biosynthesis 557
Relationship of Fatty Acid Synthesis to Carbohydrate
Metabolism 557

Early Studies of Fatty Acid Synthesis 558
Biosynthesis of Palmitate from Acetyl-CoA 558
Synthesis of Malonyl-CoA 558

Malonyl-CoA to Palmitate 559

Multifunctional Proteins in Fatty Acid Synthesis 561

Transport of Acetyl Units and Reducing Equivalents into the
Cytosol 562

Elongation of Fatty Acid Chains 562
Fatty Acid Desaturation 562
Control of Fatty Acid Synthesis 564

Biosynthesis of Triacylglycerols 565

Part Il: Metabolism of Membrane Lipids, Steroids, and
Other Complex Lipids 566

Glycerophospholipids 566
Sphingolipids 567

Steroid Metabolism 568

Steroids: Some Structural Considerations 568
Biosynthesis of Cholesterol 569

Early Studies of Cholesterol Biosynthesis 569

Stage 1: Formation of Mevalonate 569

Stage 2: Synthesis of Squalene from Mevalonate 570

Stage 3: Cyclization of Squalene to Lanosterol and Its
Conversion to Cholesterol 571

Control of Cholesterol Biosynthesis 571

Cholesterol Derivatives: Bile Acids, Steroid Hormones,
and Vitamin D 573

Bile Acids 573

Steroid Hormones 573
Vitamin D 573
Lipid-Soluble Vitamins 574
Vitamin A 574

Vitamin E 575

Vitamin K 575

Eicosanoids: Prostaglandins, Thromboxanes, and
Leukotrienes 576

Contents | 13

CHAPTER 17

Interorgan and Intracellular Coordination
of Energy Metabolism in Vertebrates 580

171

17.2

17.3

CHAPTER 18

Interdependence of the Major Organs in Vertebrate Fuel
Metabolism 582

Fuel Inputs and Outputs 582
Metabolic Division of Labor
Among the Major Organs 582
Brain 582

Muscle 584

Heart 584

Adipose Tissue 584

Liver 584

Blood 584

Hormonal Regulation of Fuel Metabolism 585
Actions of the Major Hormones 585

Insulin - 586

Glucagon 586

Epinephrine 587

Coordination of Energy Homeostasis 587
AMP-Activated Protein Kinase (AMPK) 587
Mammalian Target of Rapamycin (mTOR) 588
Sirtuins 589

Endocrine Regulation of Energy Homeostasis 590

Responses to Metabolic Stress: Starvation,
Diabetes 591

Starvation 592
Diabetes 593

Amino Acid and Nitrogen
Metabolism 596

18.1

18.2

Utilization of Inorganic

Nitrogen: The Nitrogen

Cycle 599

Biological Nitrogen Fixation 599
Nitrate Utilization 601

Utilization of Ammonia: Biogenesis of Organic
Nitrogen 601

Glutamate Dehydrogenase: Reductive Amination of
a-Ketoglutarate 601

Glutamine Synthetase: Generation of Biologically Active
Amide Nitrogen 601




14

18.3

18.4

18.5

18.6

18.7

18.8

| Contents

Carbamoyl Phosphate Synthetase: Generation of an
Intermediate for Arginine and Pyrimidine Synthesis 602

The Nitrogen Economy and Protein Turnover 602

Metabolic Consequences of the Absence of Nitrogen
Storage Compounds 602

Protein Turnover 602
Intracellular Proteases and Sites of Turnover 603
Chemical Signals for Turnover—Ubiquitination 603

Coenzymes Involved in Nitrogen Metabolism 604
Pyridoxal Phosphate 604

Folic Acid Coenzymes and One-Carbon Metabolism 605
Discovery and Chemistry of Folic Acid 605

Conversion of Folic Acid to Tetrahydrofolate 606

Tetrahydrofolate in the Metabolism of One-Carbon
Units 607

Folic Acid in the Prevention of Heart Disease and Birth
Defects 609

B, Coenzymes 609
By, Coenzymes and Pernicious Anemia 609

Amino Acid Degradation and Metabolism of Nitrogenous
End Products 610

Transamination Reactions 610

Detoxification and Excretion of Ammonia 610
Transport of Ammonia to the Liver 611

The Krebs—Henseleit Urea Cycle 611

Pathways of Amino Acid Degradation 613

Pyruvate Family of Glucogenic Amino Acids 613
Oxaloacetate Family of Glucogenic Amino Acids 615
«-Ketoglutarate Family of Glucogenic Amino Acids 615
Succinyl-CoA Family of Glucogenic Amino Acids 615
Acetoacetate/Acetyl-CoA Family of Ketogenic Amino
Acids 617

Phenylalanine and Tyrosine Degradation 617

Amino Acid Biosynthesis 619

Biosynthetic Capacities of Organisms 619
Amino Acid Biosynthetic Pathways 619
Synthesis of Glutamate, Aspartate, Alanine, Glutamine,
and Asparagine 620

Synthesis of Serine and Glycine from
3-Phosphoglycerate 620

Synthesis of Valine, Leucine, and Isoleucine from
Pyruvate 620

Amino Acids as Biosynthetic Precursors 621
S-Adenosylmethionine and Biological Methylation 621
Precursor Functions of Glutamate 623

CHAPTER 19

Arginine Is the Precursor for Nitric Oxide and Creatine
Phosphate 624

Tryptophan and Tyrosine Are Precursors of
Neurotransmitters and Biological Regulators 624

Nucleotide Metabolism 630

19.1

19.2

19.3

19.4

19.5

Outlines of Pathways in

Nucleotide Metabolism 632
Biosynthetic Routes: De Novo

and Salvage Pathways 632

Nucleic Acid Degradation and

the Importance of Nucleotide

Salvage 633

PRPP, a Central Metabolite in

De Novo and Salvage Pathways 633

1.

De Novo Biosynthesis of Purine Ribonucleotides 634
Synthesis of the Purine Ring 634

Enzyme Organization in the Purine Biosynthetic
Pathway 636

Synthesis of ATP and GTP from Inosine

Monophosphate 636

Purine Catabolism and Its Medical Significance 637
Uric Acid, a Primary End Product 637

Medical Abnormalities of Purine Catabolism 638

Gout 638

Lesch-Nyhan Syndrome 639

Severe Combined Immunodeficiency Disease 639

Pyrimidine Ribonucleotide Metabolism 640

De Novo Biosynthesis of UTP and CTP 640
Glutamine-dependent Amidotransferases 640
Multifunctional Enzymes in Eukaryotic Pyrimidine
Metabolism 642

Deoxyribonucleotide Metabolism 642
Reduction of Ribonucleotides to
Deoxyribonucleotides 643

RNR Structure and Mechanism 643

Source of Electrons for Ribonucleotide Reduction
Regulation of Ribonucleotide Reductase

Activity 645

Regulation of dNTP Pools hy Selective dNTP
Degradation 646

Biosynthesis of Thymine Deoxyribonucleotides 647
Salvage Routes to Deoxyribonucleotides 648

645



19.6

19.7

CHAPTER 20

Thymidylate Synthase: A Target Enzyme for
Chemotherapy 649

Virus-Directed Alterations of Nucleotide
Metabolism 651

Other Medically Useful Analogs 653

Mechanisms of Signal
Transduction 656

20.1

20.2

20.3

20.4

20.5

20.6

An Overview of Hormone
Action 658

Chemical Nature of Hormones and Other Signaling
Agents 659

Hierarchical Nature of Hormonal Control 659
Hormone Biosynthesis 660

Modular Nature of Signal Transduction Systems:
G Protein-Coupled Signaling 660

Receptors 660
Receptors as Defined by Interactions with Drugs 660

Receptors and Adenylate Cyclase as Distinct Components of
Signal Transduction Systems 660

Structural Analysis of G Protein-coupled Receptors 661
Transducers: G Proteins 662

Actions of G Proteins 662

Structure of G Proteins 663
Consequences of Blocking GTPase 663
The Versatility of G Proteins 663
Interaction of GPCRs with G Proteins 664
G Proteins in the Visual Process 664
Effectors 664

Second Messengers 665

Cyclic AMP 665

Cyclic GMP and Nitric Oxide 665
Phosphoinositides 666

Receptor Tyrosine Kinases and Insulin
Signaling 668

Hormones and Gene Expression: Nuclear
Receptors 671

Signal Transduction, Growth Control, and Cancer 673
Viral and Cellular Oncogenes 673
Oncogenes in Human Tumors 673

The Cancer Genome Mutational Landscape 675

Neurotransmission 676
The Cholinergic Synapse 676

CHAPTER 21

Contents | 15

Fast and Slow Synaptic Transmission 677

Actions of Specific Neurotransmitters 678

Drugs That Act in the Synaptic Cleft 679

Peptide Neurotransmitters and Neurohormones 679

FOUNDATION FIGURE
Regulation 682

Cell Signaling and Protein

Genes, Genomes, and
Chromosomes 684

211

21.2

21.3

214

Bacterial and Viral Genomes 686
Viral Genomes 686
Bacterial Genomes—The Nucleoid 686

Eukaryotic Genomes 687

Genome Sizes 687

Repetitive Sequences 688
Satellite DNA 689

Duplications of Functional Genes 689
Alu Elements 690

Introns 690

Gene Families 690

Multiple Variants of a Gene 690
Pseudogenes 691

The ENCODE Project and the Concept of “Junk DNA” 691

Physical Organization of Eukaryotic Genes:
Chromosomes and Chromatin 691

The Nucleus 691

Chromatin 692

Histones and Nonhistone Chromosomal Proteins 692
The Nucleosome 693

Higher-order Chromatin Structure in the Nucleus 695

Nucleotide Sequence Analysis of Genomes 695
Restriction and Modification 695

Properties of Restriction and Modification Enzymes 696
Determining Genome Nucleotide Sequences 698
Mapping Large Genomes 698

Generating Physical Maps 699

The Principle of Southern Analysis 700

Southern Transfer and DNA Fingerprinting 700
Locating Genes on the Human Genome 701
Sequence Analysis Using Artificial Chromosomes 702
Size of the Human Genome 702

TOOLS OF BIOCHEMISTRY 21A Polymerase Chain
Reaction 706



16

| Contents

CHAPTER 22

DNA Replication 708

22.1
22.2

22.3

224

22.5

22.6

22.7

Early Insights into DNA Replication 710

DNA Polymerases: Enzymes Catalyzing Polynucleotide
Chain Elongation 711

Structure and Activities of DNA Polymerase | 711
DNA Substrates for the Polymerase Reaction 712
Multiple Activities in a Single Polypeptide Chain 712

Structure of DNA Polymerase | 713
Discovery of Additional DNA Polymerases 713
Structure and Mechanism of DNA Polymerases 714

Other Proteins at the Replication Fork 715
Genetic Maps of E. coli and Bacteriophage T4 715
Replication Proteins in Addition to DNA

Polymerase 715
Discontinuous DNA Synthesis
RNA Primers 718

Proteins at the Replication Fork 718
The DNA Polymerase Ill Holoenzyme
Sliding Clamp 719

Clamp Loading Complex 719
Single-stranded DNA-binding Proteins: Maintaining Optimal
Template Conformation 720

Helicases: Unwinding DNA Ahead of the Fork 720
Topoisomerases: Relieving Torsional Stress 721
Actions of Type | and Type Il Topoisomerases 721

The Four Topoisomerases of E. coli 723

A Model of the Replisome 724

Eukaryotic DNA Replication 724

DNA Polymerases 724

Other Eukaryotic Replication Proteins 725
Replication of Chromatin 726

Initiation of DNA Replication 726
Initiation of E. coli DNA Replication at ori®
Initiation of Eukaryotic Replication 727

716

718

726

Replication of Linear Genomes 728
Linear Virus Genome Replication 728
Telomerase 729

Fidelity of DNA Replication 730
3’ Exonucleolytic Proofreading 730

22.8

CHAPTER 23

Polymerase Insertion Specificity 730

DNA Precursor Metabolism and Genomic Stability 732
Ribonucleotide Incorporation and Genomic

Stability 732

RNA Viruses: The Replication of RNA Genomes 732
RNA-dependent RNA Replicases 732

Replication of Retroviral Genomes 733

DNA Repair,
Recombination, and
Rearrangement 1736

23.1

23.2

23.3

DNA Repair 738

Types and Consequences of
DNA Damage 738

Direct Repair of Damaged DNA Bases:
Photoreactivation and Alkyltransferases 740
Photoreactivation 740

0¢-Alkylguanine Alkyltransferase 740
Nucleotide Excision Repair: Excinucleases 741
Base Excision Repair: DNA N-Glycosylases 742
Replacement of Uracil in DNA by BER 742

Repair of Oxidative Damage to DNA 743
Mismatch Repair 744

Double-strand Break Repair 746
Daughter-strand Gap Repair 746

Translesion Synthesis and the DNA Damage
Response 748

Recombination 748

Site-specific Recombination 748
Homologous Recombination 749
Breaking and Joining of Chromosomes
Models for Recombination 749
Proteins Involved in Homologous Recombination

749

750

Gene Rearrangements 752

Immunoglobulin Synthesis: Generating Antibody
Diversity 752

Transposable Genetic Elements 754

Retroviruses 755

Gene Amplification 755

FOUNDATION FIGURE Antibody Diversity and Use as
Therapeutics 760



CHAPTER 24

Transcription and Post-transcriptional
Processing 162

241

24.2

24.3

24.4

24,5

DNA as the Template for RNA Synthesis 764
The Predicted Existence of Messenger RNA 764

T2 Bacteriophage and the Demonstration of Messenger
RNA 765

RNA Dynamics in Uninfected Cells 766

Enzymology of RNA Synthesis: RNA Polymerase 767
Biological Role of RNA Polymerase 767
Structure of RNA Polymerase 768

Mechanism of Transcription in Bacteria 769
Initiation of Transcription: Interactions with
Promoters 769

Initiation and Elongation: Incorporation of
Ribonucleotides 771

Punctuation of Transcription: Termination 772
Factor-Independent Termination 772
Factor-Dependent Termination 773

Transcription in Eukaryotic Cells 773

RNA Polymerase I: Transcription of the Major Ribosomal
RNA Genes 774

RNA Polymerase lll: Transcription of Small RNA
Genes 774

RNA Polymerase II: Transcription of Structural
Genes 774

Chromatin Structure and Transcription 777
Transcriptional Elongation 777
Termination of Transcription 778

Post-transcriptional Processing 778
Bacterial mRNA Turnover 778

Post-transcriptional Processing in the Synthesis of
Bacterial rRNAs and tRNAs 778

rBNA Processing 779
tRNA Processing 779

Processing of Eukaryotic
mRNA 780

Capping 780

Splicing 780

Alternative Splicing 782

TOOLS OF BIOCHEMISTRY 24A DNA
Microarrays 785

TOOLS OF BIOCHEMISTRY 24B Chromatin
Immunoprecipitation 786

CHAPTER 25

Contents | 17

Information Decoding:
Translation and Post-
translational Protein
Processing 1788

25.1

25.2

25.3

25.4

25.5
25.6
25.7
25.8

25.9

An Overview of
Translation 790

The Genetic Code 791

How the Code Was Deciphered 791
Features of the Code 792

Deviations from the Genetic Code 793
The Wobble Hypothesis 793

tRNA Abundance and Codon Bias 794
Punctuation: Stopping and Starting 794

The Major Participants in Translation: mRNA, tRNA,
and Ribosomes 794

Messenger RNA 794
Transfer RNA 795

Aminoacyl-tRNA Synthetases: The First Step in Protein
Synthesis 797

The Ribosome and Its Associated Factors 799
Soluble Protein Factors in Translation 799

Components of Ribosomes 799

Ribosomal RNA Structure 801

Internal Structure of the Ribosome 802

Mechanism of Translation 803
Initiation 803

Elongation 804

Termination 806

Suppression of Nonsense Mutations 807

Inhibition of Translation by Antibiotics 808
Translation in Eukaryotes 809
Rate of Translation; Polyribosomes 810

The Final Stages in Protein Synthesis: Folding and
Covalent Modification 810

Chain Folding 811
Covalent Modification 811

Protein Targeting in Eukaryotes 812
Proteins Synthesized in the Cytoplasm 812

Proteins Synthesized on the Rough Endoplasmic
Reticulum 814

Role of the Golgi Complex 814



18

CHAPTER 26

| Contents

Regulation of Gene

Exp
26.1

26.2

ression 818

Regulation of Transcription in
Bacteria 820

The Lactose Operon—Earliest
Insights into Transcriptional Regulation 820

Isolation and Properties of the Lactose Repressor 822
The Repressor Binding Site 822

Regulation of the /ac Operon by Glucose: A Positive Control
System 824

The CRP-DNA Complex 824

Some Other Bacterial Transcriptional Regulatory
Systems: Variations on a Theme 825

Bacteriophage A: Multiple Operators, Dual Repressors,
Interspersed Promoters and Operators 825

The SOS Regulon: Activation of Multiple Operons by a
Common Set of Environmental Signals 827

Biosynthetic Operons: Ligand-Activated Repressors and
Attenuation 828

Applicability of the Operon Model—Variations on a

Theme 830

Transcriptional Regulation in Eukaryotes 830
Chromatin and Transcription 830

Transcriptional Control Sites and Genes 831
Nucleosome Remodeling Complexes 832
Transcription Initiation 833

Regulation of the Elongation Cycle by RNA Polymerase
Phosphorylation 834

26.3

26.4

26.5

26.6
26.7

DNA Methylation, Gene Silencing, and Epigenetics 834

DNA Methylation in Eukaryotes 834

DNA Methylation and Gene Silencing 835
Genomic Distribution of Methylated Cytosines 836
Other Proposed Epigenetic Phenomena 836
5-Hydroxymethylcytosine 836

Chromatin Histone Modifications 836

Regulation of Translation 836

Regulation of Bacterial Translation 837
Regulation of Eukaryotic Translation 837
Phosphorylation of Eukaryotic Initiation Factors 838
Long Noncoding RNAs 838

RNA Interference 838
Micro RNAs 839
Small Interfering RNAs 839

Riboswitches 840

RNA Editing 840

FOUNDATION FIGURE Information Flow in Biological
Systems 844

ANSWERS TO SELECTED PROBLEMS 847
GLOSSARY 863

CREDITS 879

INDEX 881



PREFACE

Biochemistry: Concepts and Connections

As genomics and informatics revolutionize biomedical science and
health care, we must prepare students for the challenges of the twenty-
first century and ensure their ability to apply quantitative reasoning
skills to the science most fundamental to medicine: biochemistry.

We have written Biochemistry: Concepts and Connections to provide
students with a clear understanding of the chemical logic underlying
the mechanisms, pathways, and processes in living cells. The title re-
inforces our vision for this book—twin emphases upon fundamental
concepts at the expense of lengthy descriptive information, and upon
connections, showing how biochemistry relates to all other life sci-
ences and to practical applications in medicine, agricultural sciences,
environmental sciences, and forensics.

Inspired by our experience as authors of the biochemistry majors’
text, Biochemistry, Fourth Edition, and as teachers of biochemistry
majors’ and mixed-science-majors’ courses, we believe there are several
requirements that a textbook for the mixed-majors’ course must address:

e The need for students to understand the structure and function of
biological molecules before moving into metabolism and dynamic
aspects of biochemistry.

e The need for students to understand that biochemical concepts
derive from experimental evidence, meaning that the principles
of biochemical techniques must be presented to the greatest ex-
tent possible.

e The need for students to encounter many and diverse real-world
applications of biochemical concepts.

e The need for students to understand the quantitative basis for
biochemical concepts. The Henderson-Hasselbalch equation,
the quantitative expressions of thermodynamic laws, and the
Michaelis-Menten equation, for example, are not equations to be
memorized and forgotten when the course moves on. The basis
for these and other quantitative statements must be understood
and constantly repeated as biochemical concepts, such as mecha-
nisms of enzyme action, are developed. They are essential to help
students grasp the concepts.

In designing Biochemistry: Concepts and Connections, we have
stayed with the organization that serves us well in our own classroom
experience. The first 10 chapters cover structure and function of bio-
logical molecules, the next 10 deal with intermediary metabolism, and
the final 6 with genetic biochemistry. Our emphasis on biochemistry
as a quantitative science can be seen in Chapters 2 and 3, where we
focus on water, the matrix of life, and bioenergetics. Chapter 4 intro-
duces nucleic acid structure, with a brief introduction to nucleic acid
and protein synthesis—topics covered in much more detail at the end
of the book.

Chapters 11 through 20 deal primarily with intermediary metab-
olism. We cover the major topics in carbohydrate metabolism, lipid
metabolism, and amino acid metabolism in one chapter each (12, 16,
and 18, respectively). Our treatment of cell signaling is a bit uncon-
ventional, since it appears in Chapter 20, well after we present hor-
monal control of carbohydrate and lipid metabolism. However, this
treatment allows more extended presentation of receptors, G proteins,
oncogenes, and neurotransmission. In addition, because cancer often
results from aberrant signaling processes, our placement of the sig-
naling chapter leads fairly naturally into genetic biochemistry, which
follows, beginning in Chapter 21.

With assistance from talented artists, we have built a compelling
visual narrative from the ground up, composed of a wide range of
graphic representations, from macromolecules to cellular structures as
well as reaction mechanisms and metabolic pathways that highlights
and reinforces overarching themes (chemical logic, regulation, inter-
face between chemistry and biology). In addition, novel Foundation
Figures integrate core chemical and biological connections visually,
providing a way to organize the complex and detailed material intel-
lectually, thus making relationships among key concepts clear and
easier to study. “Concept” and “Connection” statements within the
narrative highlight fundamental concepts and real-world applications
of biochemistry.

In Biochemistry: Concepts and Connections, we emphasize our field
as an experimental science by including 15 separate sections, called
Tools of Biochemistry, that highlight the most important research
techniques. We also provide students with end-of-chapter references
(about 12 per chapter), choosing those that would be most appropriate
for our target audience, such as links to Nobel Prize lectures.

We consider end-of-chapter problems to be an indispensable
learning tool and have provided 15 to 25 problems for each chapter.
About half of the problems have brief answers at the end of the book,
with complete answers provided in a separate solutions manual. Addi-
tional tutorials in MasteringChemistry” will help students with some
of the most basic concepts and operations.

Producing a book of this magnitude involves the efforts of dedi-
cated editorial and production teams. We have not had the pleasure of
meeting all of these talented individuals, but we consider them close
friends nonetheless. First, of course, is Jeanne Zalesky, our sponsoring
editor, now Editor-in-Chief, Physical Sciences, who always found a
way to keep us focused on our goal. Coleen Morrison, Program Man-
ager, kept us organized and on schedule, juggling disparate elements
in this complex project. Jay McElroy, Art Development Editor, was
our intermediary with the talented artists at Imagineering, Inc., and
displayed considerable artistic and editorial gifts in his own right.
Over the course of the project, we worked with three experienced de-
velopment editors—Dan Schiller, John Murdzek, and Erica Pantages
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Frost. Their edits, insights, and attention to detail were invaluable.
Beth Sweeten, Senior Project Manager, coordinated the production
of the main text and preparation of the Solutions Manual for the end-
of-chapter problems. Gary Carlton provided great assistance with
many of the illustrations. Chris Hess provided the inspiration for the
US edition’s cover illustration, and Stephen Merland helped us locate
much excellent illustrative material. Once the book was in produc-
tion, Francesca Monaco skillfully kept us all on a complex schedule.

The three of us give special thanks to friends and colleagues who
provided unpublished material for us to use as illustrations. These con-
tributors include John S. Olson (Rice University), Jack Benner (New
England BioLabs), Andrew Karplus (Oregon State University), Scott
Delbecq and Rachel Klevit (University of Washington), William Hor-
ton (Oregon Health and Science University), Cory Hamada (Western
Washington University), Nadrian C. Seaman (New York University),
P. Shing Ho (Colorado State University), Catherine Drennan and
Edward Brignole (MIT), John G. Tesmer (University of Michigan),
Katsuhiko Murakami (Penn State University), Alan Cheung (Uni-
versity College London), Joyce Hamlin (University of Virginia), Erik
Johansson (Umea University), Stefano Tiziani, Edward Marcotte, Da-
vid Hoffman, and Robin Gutell (University of Texas at Austin), An-
dreas Martin and Gabriel Lander (University of California, Berkeley),
Dean Sherry and Craig Malloy (University of Texas-Southwestern
Medical Center), and Stephen C. Kowalczykowski (University of Cali-
fornia, Davis).

We are also grateful to the numerous talented biochemists re-
tained by our editors to review our outline, prospectus, chapter drafts,
and solutions to our end-of-chapter problems. Their names and affili-
ations are listed separately.

Our team—authors and editors—put forth great effort to detect
and root out errors and ambiguities. We undertook an arduous process
of editing and revising several drafts of each chapter in manuscript
stage, as well as copyediting, proofreading, and accuracy reviewing
multiple rounds of page proofs in an effort to ensure the highest level
of quality control.

Throughout this process, as in our previous writing, we have been
most grateful for the patience, good judgment, and emotional support
provided by our wives—Maureen Appling, Yvonne Anthony-Cahill,
and Kate Mathews. We expect them to be as relieved as we are to see
this project draw to a close, and hope that they can share our pleasure
at the completed product.

Dean R. Appling
Spencer J. Anthony-Cahill
Christopher K. Mathews

Reviewers

The following reviewers provided valuable feedback on the manu-
script at various stages throughout the wiring process:

Paul D. Adams, University of Arkansas
Harry Ako, University of Hawaii-Manoa

Eric J. Allaine, Appalachian State University
Mark Alper, University of Califonia—Berkeley
John Amaral, Vancouver Island University
Trevor R. Anderson, Purdue University

Steve Asmus, Centre College

Kenneth Balazovich, University of Michigan

Karen Bame, University of Missouri—Kansas City
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Radioisotopes revolutionized biochemistry when they became avail-
able to investigators shortly after World War II. Radioisotopes ex-
tend—by orders of magnitude—the sensitivity with which chemical
species can be detected. Traditional chemical analysis can detect and
quantify molecules in the micromole (10~ mole) or nanomole (10~
mole) range. A compound that is “labeled,” containing one or more
atoms of a radioisotope, can be detected in picomole (107> mole) or
even femtomole (10™'* mole) amounts. Radiolabeled compounds are
called tracers because they allow an investigator to follow specific
chemical or biochemical transformations in the presence of a huge
excess of nonradioactive material.

Isotopes are different forms of the same element, so they have dif-
ferent atomic weights but the same atomic number. Thus, the chemical
properties of the different isotopes of a particular element are virtually
identical. Isotopic forms of an element exist naturally, and substances
enriched in rare isotopes can be isolated and purified from natural
sources. Most of the isotopes used in biochemistry, however, are
produced in nuclear reactors. Simple chemical compounds produced
in such reactors are then converted to radiolabeled biochemicals by
chemical and enzymatic synthesis.

Although radioisotopes are still commonly used in biochemis-
try, stable isotopes are also used as tracers. For example, the two rare
isotopes of hydrogen include a stable isotope (deuterium, *H) and a
radioactive isotope (tritium, *H). Of the many uses of stable isotopes
in biochemical research, we mention three applications here.

« First, incorporation of a stable isotope often increases the den-
sity of a material because the rare isotopes usually have higher
atomic weights than their more abundant counterparts. This
difference presents a way to separate labeled from nonlabeled

Radioactive and Stable Isotopes

compounds physically, as in the Meselson-Stahl experiment on
DNA replication (see Chapter 4).

« Second, compounds labeled with stable isotopes, particularly *C,
are widely used in nuclear magnetic resonance studies of molecu-
lar structure and dynamics (see Tools of Biochemistry 6A).

« Third, stable isotopes are used to study reaction mechanisms.
The “isotope rate effect” refers to the effect on reaction rate of
replacing an atom by a heavy isotope. As discussed in Chapter
8, this effect helps to identify rate-limiting steps in enzyme-
catalyzed reactions. TABLE 11B.1 lists information about the
isotopes, both stable and radioactive, that have found the great-
est use in biochemistry.

The Nature of Radioactive Decay

The atomic nucleus of an unstable element can decay, giving rise to
one or more of the three types of ionizing radiation: a-, 8-, and y-
rays. Only B- and y-emitting radioisotopes are used in biochemical
research; the most useful are listed in TABLE 11B.1. A B-ray is an emit-
ted electron, and a y-ray is a high-energy photon. Most biochemical
uses of radioisotopes involve B emitters.

Radioactive decay is a first-order kinetic process. The probability
that a given atomic nucleus will decay is affected neither by the num-
ber of preceding decay events that have occurred nor by interaction
with other radioactive nuclei. Rather, it is an intrinsic property of that
nucleus. Thus, the number of decay events occurring in a given time
interval is related only to the number of radioactive atoms present.
‘This phenomenon gives rise to the law of radioactive decay:

N=Ne™

TABLE 11B.1 Some Useful Isotopes in Biochemistry

Isotope Stable or Radioactive Emission
2H Stable B

°H Radioactive B

°c Stable

e Radioactive B

N Stable

e Stable

2Na Radioactive Blandy)
P Stable

2p Radioactive B

s Radioactive B

45Ca Radioactive B

“Fe Radioactive Blandy)
a Radioactive Blandy)

Half-Life Maximum Energy (MeV*)
123 years 0018

5730 years 0.155

15 hours 1.39

14.3 days 1.71

87 days 0.167

163 days 0254

45 days 046,027

8 days 0.335, 0.608

*MeV = million electron volts

where Ny is the number of radioactive atoms at time zero, N is the
number remaining at time t, and A is a radioactive decay constant for
a particular isotope, related to the intrinsic instability of that isotope.
According to this equation, the fraction of nuclei in a population that
decays within a given time interval is constant. For this reason, a
more convenient parameter than the decay constant A is the half-life,
1172, the time required for half of the nuclei in a sample to decay. The
half-life is equal to —In 0.5/ or +0.693/A. The half-life, like A, is an
intrinsic property of a given radioisotope (see Table 11B.1).

‘The basic unit of radioactive decay is the curie (Ci). This unit is
deﬁned as an amount of radmacnvlty equivalent to that in 1 g of

i 2.22X 10" disis ions per minute (dpm).
‘The most widely used method for measuring B-emissions is liquid
scintillation counting. The sample is dissolved or suspended in an
organic solvent containing one or two fluorescent organic compounds,
or fluors. A B-particle emitted from the sample has a high probability of
hitting a molecule of the solvent. This contact excites the solvent mol-
ecule, boosting an electron to a higher energy level. When that electron
returns to the ground state, a photon of light is emitted. The photon is
absorbed by a molecule of the fluor, which in turn becomes excited. A
detects the and for each disi

converts it to an electrical signal, which is recorded and counted.

Nuclear Magnetic Resonance

In recent years, nuclear magnetic resonance (NMR) spectroscopy
has become widely available for noninvasive monitoring of intact
cells and organs. As explained in Tools of Biochemistry 6A,
compounds containing certain atomic nuclei can be identified
from an NMR spectrum, which measures shifts in the frequency of
absorbed electromagnetic radiation. A researcher can determine an
NMR spectrum of whole cells, or of organs or tissues in an intact
plant or animal. NMR has even become a powerful noninvasive
diagnostic tool, referred to as magnetic resonance imaging (MRI)
in the medical arena.

For the most part, macromolecular components do not contrib-
ute to the spectrum, nor do compounds that are present at less than
about 0.5 mM. The nuclei most commonly used in this in vivo tech-
nique are 'H, *'P, and *C (Table 11B.1). FIGURE 11B.1 shows *'P NMR
spectra that represent components in the human forearm muscle. The
five major peaks correspond to the phosphorus nuclei in orthophos-
phate (Py), creatine phosphate, and the three phosphates of ATP.
Because peak area is proportional to concentration, the energy status
of intact cells can be determined. For example, an energy-rich muscle
has lots of creatine phosphate, whereas a fatigued muscle uses up
most of its creatine phosphate in order to maintain ATP levels (note
also the accumulation of AMP—peak 6—in the third scan). NMR is
finding wide applicability in monitoring recovery from heart attacks,
in which cellular ischemia (insufficient oxygenation) damages cells
by reducing ATP content. NMR can also be used to study metabolite
compartmentation, flux rates through major metabolic pathways, and
intracellular pH.

Creatine phosphate 2

ATP y-phosphate
/ /—ATP a-phosphate

ATPB phosphate

(b) 30 seconds into a 2 minute exercise period.

Phospho-
monoeste;\

6

(c) At the end of exercise.

The effect of anaerobic exercise

on P NMR spectra of human forearm
muscle. Peak areas are proportional to
intracellular concentrations. See Tools of
Biochemistry 6A for the interpretation of
NMR spectra. Courtesy of Dean Sherry, Craig
Malloy and Jimin Ren of Universiy of Texas-
Southwestern Medical Center.
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(d) Ten minutes after exercise.

Tools of Biochemistry emphasize our field as an experimental science and highlight the
most important research techniques relevant to students today.
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MasteringChemistry® for Biochemistry

MasteringChemistry® for provides select end-of-chapter problems
and feedback-enriched tutorial problems, animations, and interactive figures to
deepen your understanding of complex topics while practicing problem solving.
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CELLS ARE COMPOSED OF ORGANIC MOLECULES.
Cells constitute the fundamental unit of life. They carry genetic information in the form of
DNA, respond to external stimuli, and reproduce through cell division. Although extremely -
complex systems, cellular components are assembled from four major categories of
molecules: lipids, proteins, carbohydrates, and nucleic acids. These molecules are
‘ organic molecules; they primarily contain the elements C, H, O, N, P and S, and contain
common organic functional groups such as esters, amides, alcohols, disulfides and
" aromatic rings. A central theme of biochemistry is that function is determined by
structure. The cellular functions of these various classes of molecules are dictated by
C their structures and the organic functional groups they contain,
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Also called saccharides, they have the simple empirical formula (CH,O),, Carbohydrates are used diversely in cells, from energy storage
1o structure to cell recognition. The ring forms of monosaccharides are polyalcohols with hemiacetal or hemiketal functional groups. Cyclic
monosaccharides can be modified in a variety of ways and covalently linked via glycosidic bonds to form highly complex structures. Here

an N-linked polysaccharide is shown attached to an integral membrane protein.
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Foundation Figures integrate core chemical and biological connections visually and provide a way to
organize the complex and detailed material intellectually, thus making relationships among key concepts

clear and easier to study.
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BIOCHEMISTRY: CONCEPTS AND CONNECTIONS engages students in the rapidly evolving field
of biochemistry, better preparing them for the challenges of 21st century science through quantitative
reasoning skills and a rich, chemical perspective on biological processes.

Biochemistry

Concepts and Connections

Dean R. Appling r |. Anthony-Cahill = Christopher K. Mathews

Visually
compelling
chapter openers
show the
relevancy of the
material to draw
students into
biochemistry at
every turn.

This concise first edition teaches mixed-science

majors the chemical logic underlying the mechanisms,
pathways, and processes in living cells through ground-
breaking biochemical art and a clear narrative which
illustrates biochemistry’s relation to all other life sciences.
Integration of biochemistry’s experimental underpinnings
alongside modern techniques, encourages students to
consider how their understanding of biochemistry can, and
will, contribute to solving problems in medicine, agricultural
sciences, environmental sciences, and forensics.

The text is fully integrated with MasteringChemistry® to
provide support for students before, during, and after class.
Highlights include interactive animations and tutorials
based on the textbook’s biochemical art program.
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Metabolism
Chapter 18

8.1 Utilization of Inorganic Nitrogen:
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AN INNOVATIVE VISUAL NARRATIVE TEACHES BIOCHEMICAL
DETAILS while reinforcing over-arching themes of chemical logic,
regulation, and the interface between chemistry and biology to help
students see the bigger picture.

V Figure 3.10: Bioenergetic calculations mapped to three-dimensional
structures create a visual and mathematical overview of selected
cellular processes. Integrated text explains specifics of how the

equations are linked

to physical elements

N . : within a cell.
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Figure 2.18: Several layers of information (surface charge, pH, and how A
the charges are distributed across a three-dimensional protein) are
combined in an easy to follow format to explain the effect of pH on overall
surface charge. Annotations reinforce the major concepts.
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<« Figure 11.2: Major biochemical themes such as

intermediary metabolism are presented as carefully
designed reference charts connecting relevant
concepts from multiple chapters. These flow
charts enable students to visualize the big picture
and think about relationships while referring to
chapter text for detailed descriptions.

Figure 14.12: Detailed molecular models lend interest
and realism to microscopic processes. Here, proteins
in the inner mitochondrial membrane give context

to electron flow in a portion of the respiratory chain.
Vibrant color-coded arrows make multiple pathways
clear and understandable. ¥
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-
INTERACTIVE FOUNDATION FIGURES integrate core chemical and biological connections
visually and provide a way to organize highly complex and detailed material, making
biochemistry more manageable, understandable, and easier to synthesize. These figures will
have dedicated questions for use in class via Learning Catalytics™ and will also be assignable in
MasteringChemistry® as step-wise animations with follow-up assessment.

FOU NDATION FiGuRre | Cell Signaling and Protein Regulation

CELL SIGNALING AND PROTEIN REGULATION

Integrating signaling and metabolism. This figure shows how different inputs, each acting via
a different signaling mechanism, can regulate metabolism in a liver cell. The dual function
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2/FBPase?) is a key
regulator of glycolysis and gluconeogenesis (see Chapter 12). Blood glucose levels are
maintained by signaling cascades initiated by the hormones insulin and glucagon (see
Chapters 17 and 20), which regulate PFK2/FBPase2 activity by dephosphorylation and
phosphorylation, respectively. In addition, transcriptional regulation of PFK2/FBPase2 (and
other glycolytic enzymes) by the HIF-1« transcription factor allows for increased glycolysis
during hypoxic conditions. We see here one example of how metabolism can be adjusted in Ligand
response to different conditions by different signaling mechanisms. Similar kinds of signal
integration lead to the appropriate regulation of all the activities in a cell, and coordination of
functions across the entire organism.

e HF-1 — !
; HIF-1a is a transcription factor. Normally, HIF-1a is broken down by ubiquitination ”
and proteosomal degradation. However, in hypoxic conditions, signaling through
a receptor tyrosine kinase (RTK) pathway leads to inactivation of the machinery
that degrades HIF-1a. This pathway is particularly relevant in the formation of — J
tumors, when cancer cells do not have sufficient blood supply, and overcome /\ \ %
L —ERK

these hypoxic conditions by increasing glycolysis via the HIF-1a pathway.
Transcription
HIF-18 factors

GLYCOLYSIS

When PFK-2 is active (and FBPase-2
is Inactive), glycolysis is stimulated
and gluconeogenesis is inhibited.
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/\(

HIF-1a is transported into the nucleus, where it can
increase the transcription of its target genes, some
of which are enzymes of glycolysis. Thus, under

hypoxic conditions, the cell can meet its energy
demands by increasing glycolysis.
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MasteringChemistry® for Biochemistry

MasteringChemistry® for Biochemistry provides select end-of-chapter problems
and feedback-enriched tutorial problems, animations, and interactive figures to
deepen your understanding of complex topics while practicing
problem solving.

g [NSULIN J

Under conditions of high blood glucose, the pancreatic B-cells secrete the hormone insulin. Insulin binds to its receptor
on the liver cell, causing autophosphorylation and activation of the receptor. Activation of the insulin signaling pathway
(section 20.3) leads to activation of two main proteins— pAKT, and Ras. Dephosphorylated PFK2/FBPase2 increases
glycolysis while decreasing gluconeogenesis (see Chapter 12). These two activities of insulin (increased glucose
transport into cells, and increased glucose utilization) result in an overall decrease in the levels of blood glucose.
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When blood glucose levels are low, liver cells are stimulated to secrete
glucose by upregulating glucose release from glycogen and the reciprocal
regulation of gluconeogenesis and glycolysis. Low blood glucose levels lead
to secretion of the hormone glucagon. Glucagon acts via a seven
transmembrane G protein-coupled receptor to ultimately activate protein
kinase A (PKA) by increasing levels of the second messenger cAMP

(section 20.2). PKA then phosphorylates PFK2/FBPase?2, resulting in
decreased glycolysis and increased gluconeogenesis. PKA also stimulates
(via phosphorylase b kinase) phosphorylation of the enzyme phosphorylase b,
leading to increased glycogenolysis (see Chapter 12). The glucose produced
by gluconeogenesis and glycogenolysis is then transported into the blood to
maintain blood glucose levels.
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Ras activation leads to
MAPK signaling, which
causes upregulation of
certain genes and
dephosphorylation of
PFK2/FBPase2.
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lGlucagon

Glucagon receptor, a G
protein-coupled receptor

Trimeric G-Protein

Glucagon acts on a seven
transmembrane G-protein coupled
receptor to activate G,. Active G,,
binds to, and activates the enzyme
adenylate cyclase. Adenylate
cyclase causes an increase in
cyclic AMP (cAMP), which binds to
PKA, and activates it.

Activated G,

Activated Adenylate Cyclase




MasteringChemistry”®

New MasteringChemistry for Biochemistry provides interactive animations and tutorials based
on the textbook’s biochemical art program and Foundation Figures helping students visualize
complex processes, test conceptual understanding, apply what they have learned to novel
scenarios, and practice quantitative reasoning.

Ensure students arrive ready to learn by assigning educationally effective content before
class, and encourage critical thinking and retention with in-class resources such as Learning
Catalytics. Students can further master concepts after class through traditional homework
assignments that provide hints and answer-specific feedback. The Mastering gradebook
records scores for all automatically graded assignments while diagnostic tools give instructors
access to rich data to assess student understanding and misconceptions.

Mastering brings learning full circle by continuously adapting to each student and making
learning more personal than ever—before, during, and after class.

BEFORE CLASS

READING QUIZZES

READING QUIZZES give instructors
the opportunity to assign reading and
test students on their comprehension of
chapter content.

DYNAMIC STUDY MODULES

DYNAMIC STUDY MODULES (DSMs) enable
your students to study the required organic
chemistry and fundamental biochemistry
concepts effectively on their own in order to

be better prepared for higher-order learning

in class. These modules can be completed

on smartphones, tablets, or computers and
assignments will automatically be synced to the
MasteringChemistry Gradebook.
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