
f UN □AMENTAlS Of 

THIRD EDITION 

• 

~ana ~ Vaet Ju~it~ ~- Vaet L~ar atte W. rratt 
Page 1 of 61 KELONIA EXHIBIT 1022



FOR INSTRUCTORS . 
WileyPLUS is built around the activit ies you perform in your class each day. W ith W ileyPLUS you can: 

Prepare & Present 
Create outstanding class presentations 
using a wealth of resources such as 
enhanced art, PowerPoint slides contain­
ing text art optimized for presentation, 
animated figures, Guided Explorations, 
Interactive Exercises (featuring Jmol 
rendered 3D molecules), and kinemages. 
You can even add materials you have 
created yourself. 

"It has been a great help, 
and I believe it has helped 
me to achieve a better 
grade!' 

Michael Morris, 
Columbia Basin College 

FOR STUDENTS 

Create Assignments Track Student Progress 
Keep track of your students' progress 
and analyze individual and overall class 
results. 

Automate the assigning and grading of 
homework or quizzes by using the provid­
ed question banks, featuring over 700 
conceptual questions, with detailed 
answer feedback. Now Available with 

WebCT, eCollege, and ANGEL Learning! 

,
1
•. ~

1 
Which of th, folfowin9 , u ,tem, nts dou NOT con de11r• d1tion? 

I w 

, C 
' C i C r Th, ructions proc:n d 111ith hi11h effic::ianc:, 

~ .1-
1 ;7-:;: ::::! 
I Prelssbo 2Yt1tr?!l l 
i Pccl«!Yei Outtfun • 
[ Po~ffiifl 0l!!1~n 'i 

With Ch11pt1r 

Ch1pt,,s. Pnittinl! Pri 
Ch1pt1rS,Prot,in1: Pri 
Ch 1pttrS, Protein, : Pri 
Ch1pter 5, Proteins: Pri 
ch,pi.r s, Proteins: Pri 

Edm;sn O.gr.ufa llon 

You have the potential to make a difference! 
WileyPLUS is a powerful online system packed with features to help you make the most 

of your potential and get the best grade you can! 

• A complete on line version of your text 
and other study resources. 

W ith W ileyPLUS you get: 

• Problem-solving help, instant grading, 
and feedback on your homework and 
quizzes. 

• The ability to track your progress and 
grades throughout the term. 

For more information on what WileyPLUS can do to. help you and your students reach their potential, 
please visit www.wileyplus.com/experience. 

82% of students surveyed said it made 
0 them better prepared for tests. * 

*Based upon 7,000 responses to student surveys in academic year 2006-2007. 

Page 2 of 61



. . 
;·, 

I , 
THIRD EDITION 

FUNDAMENTALS OF 

LIFE AT THE M LECULAR LEV L 

Donald Voet 
University of Pennsylvania 

Judith G. Voet 
Swarthmore College, Emeritus 

Charlotte W. Pratt 
Seattle Pacific University 

,. 

ffi 
WILEY 

John Wiley & Sons, Inc. 

Page 3 of 61



scholar, teacher, friend 

Vice-President & Executive Publisher 
Associate Publisher 
Marketing Manager 
Assistant Editor 
Senior Production Editor 
Production Manager 
D irector of Creative Services 
Cover D esign 
Text Design 
Photo Department Manager 
Photo Editors 
Illustration Editor 
Pathways of Discovery Portraits 
Senior Media Editor 

Kaye Pace 
Petra Reeter 
Amanda Wainer 
Alyson Rentrop 
Sandra Dumas 
Dorothy Sinclair 
Harry Nolan 
Madelyn Lesure 
Laura C. Ie rardi 
Hilary Newman 
Hilary Newman, Sheena Goldstein 
Sigmund Malinowski 
Wendy Wray 
Thomas Kulesa 

Production Management Services Suzanne Ingrao/Ingrao Associates 

Background Photo Cover Credit: Lester Lefkowitz/Getty Images 

Inset Photo Credits: Based on X-ray structures by (left to right) Thomas Steitz, Yale 
University; Daniel Koshland, Jr., University of California at Berkeley; Emrnanual 
Skordalakis and James Berger, University of California at Berkeley; Nikolaus G rigorieff 
and Richard Henderson, MRC Laboratory of Molecular Biology, U.K.; Thomas Steitz, Yale 
University. 

This book was set in 10/12Times Ten by Aptara and printed and bound by 
Courier/Kendallville. The cover was printed by Phoenix Color Corporation. 

This book is printed on acid free paper. oo 

Copyright © 2008 by Donald Voet, Judith G. Voet, and Charlotte W. Pratt. 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, scanning or 
otherwise, except as permitted under Sections 107 or 108 of the 1976 United States 
Copyright Act, without either the prior written permission of the Publisher, or authoriza­
tion through payment of the appropriate per-copy fee to the Copyright Clearance Center, 
Inc., 222 Rosewood D rive, Danvers, MA 01923, website www.copyright.com. Requests to 
the Publisher for permission should be addressed to the Permissions Department, John 
Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030-5774, (201)748-6011, fax (201)748-
6008, website http://www.wiley.com/go/permissions. 

To order books or for customer service, please call 1-800-CALL WILEY (225-5945). 

ISBN-13 978-0470-12930-2 

Printed in the United States of America 

10 9 8 7 6 5 4 3 2 1 

Page 4 of 61



About the Authors 

Donald Voet received a B.S. in Chemistry from the 
California Institute of Technology, a Ph.D. in Chemistry 
from Harvard University with William Lipscomb, and did 
postdoctoral research in the Biology Department at MIT 
with Alexander Rich. Upon completion of his postdoctoral 
research, Don took up a faculty position in the Chemistry 
Department at the University of Pennsylvania where, for 
the past 38 years, he has taught a variety of biochemistry 
courses as well as general chemistry. His major area of 
research is the X-ray crystallography of molecules of bio­
logical interest. He has been a visiting scholar at Oxford 
University, the University of California at San Diego, and 
the Weizmann Institute of Science in Israel. Together with 
Judith G. Voet, he is Co-Editor-in-Chief of the journal 
Biochemistry and Molecular Biology Education. He is a 
member of the Education Committee of the International 
Union of Biochemistry and Molecular Biology. His hob­
bies ·include backpacking, scuba diving, skiing, travel, pho­
tography, and writing biochemistry textbooks. 

Judith ("Judy") Voet received her B.S. in Chemistry from 
Antioch College and her Ph.D. in Biochemistry from 
Brandeis University with Robert H. Abeles. She has done 
postdoctoral research at the University of Pennsylvania, 
Haverford College, and the Fox Chase Cancer Center. Her 
main area of research involves enzyme reaction mechanisms 
and inhibition. She taught Biochemistry at the University of 
Delaware before moving to Swarthmore College. She taught 

there for 26 years, reaching the position of James H. 
Hammons Professor of Chemistry and Biochemistry before 
going on "permanent sabbatical leave." She has been a visit­
ing scholar at Oxford University, University of California, 
San Diego, University of Pennsylvania, and the Weizmann 
Institute of Science, Israel. She is Co-Editor-in-Chief of the 
journal Biochemistry and Molecular Biology Education. She 
has been a member of the Education and Professional 
Development Committee of the American Society for 
Biochemistry and Molecular Biology as well as the 
Education Committee of the International Union of 
Biochemistry and Molecular Biology. Her hobbies include 
hiking, backpacking, scuba diving, and tap dancing. 

Charlotte Pratt received her B.S. in Biology from the 
University of Notre Dame and her Ph.D. in Biochemistry from 
Duke University under the direction of Salvatore Pizzo. 
Although she originally intended to be a marine biologist, she 
discovered that Biochemistry offered the most compelling 
answers to many questions about biological structure-function 
relationships and the molecular basis for human health and 
disease. She conducted postdoctoral research in the Center for 
Thrombosis and Hemostasis at the University of North 
Carolina at Chapel Hill. She has taught at the University of 
Washington and currently teaches at Seattle Pacific University. 
In addition to working as an editor of several biochemistry 
textbooks, she has co-authored Essential Biochemistry and 
previous editions of Fundamentals of Biochemistry. 

Page 5 of 61



Brief Contents 

PART I INTRODUCTION 
1 Introduction to the Chemistry of Life 1 
2 Water 22 

BIOMOLECULES 
3 Nucleotides, Nucleic Acids, and Genetic Information 39 
4 Amino Acids 74 
5 I Proteins: Primary Structure 91 
6 I Proteins: Three-Dimensional Structure 125 
7 Protein Function: Myoglobin and Hemoglobin, Muscle Contraction, and Antibodies 176 
8 Carbohydrates 219 
9 Lipids and Biological Membranes 245 

10 Membrane Transport 295 

PAAT Ill ENZVMES 
11 I Enzymatic Catalysis 322 
12 I Enzyme Kinetics, Inhibition, and Control 363 
13 Biochemical Signaling 405 

P PT \i METABOLISM 
14 Introduction to Metabolism 448 
15 Glucose Catabolism 485 
16 Glycogen Metabolism and Gluconeogenesis 530 
17 Citric Acid Cycle 566 
18 Electron Transport and Oxidative Phosphorylation 596 
19 Photosynthesis 640 
20 Lipid Metabolism 677 
21 Amino Acid Metabolism 732 
22 I Mammalian Fuel Metabolism: Integration and Regulation 791 

PART 
23 
24 I 
25 
26 

GENE EXPRESSION AND REPLICATION 
Nucleotide Metabolism 817 
Nucleic Acid Structure 848 
DNA Replication, Repair, and Recombination 893 
Transcription and RNA Processing 942 

27 Protein Synthesis 985 
28 1 Regulation of Gene Expression 1037 

Solutions to Problems SP-1 
Glossary G-1 
Index I-1 

vi 

Page 6 of 61



Contents 

Preface 

Acknowledgments 

xvm 

XXI 

Instructor and Student Resources 

Guide to Media Resources 

xxm 

XXV 

PART I INTRODUCTION 

Introduction to the 
Chemistry of Life 

1 The Origin of Life 2 
A. Biological Molecules Arose from Inorganic Materials 2 
B. Complex Self-replicating Systems Evolved from Simple 

Molecules 3 

2 Cellular Architecture 5 
A. Cells Carry Out Metabolic Reactions 5 
B. There Are Two Types of Cells: Prokaryotes and 

Eukaryotes 7 
C. Molecular Data Reveal Three Evolutionary Domains of 

Organisms 9 

D. Organisms Continue to Evolve 11 

3 Thermodynamics 11 
A. The First Law of Thermodynamics States That Energy Is 

Conserved 12 

B. The Second Law of Thermodynamics States That Entropy 
Tends to Increase 13 

C. The Free Energy Change Determines the Spontaneity of a 

Process 14 

D. Free Energy Changes Can Be Calculated from Equilibrium 
Concentrations 15 

E. Life Obeys the Laws of Thermodynamics 17 

BOX 1-1 PATHWAYS OF DISCOVERY 
Lynn Margulis and the Theory of Endosymbiosis 10 

BOX 1-2 PERSPECTIVES IN BIOCHEMISTRY 
Biochemical Conventions 13 

1 

IJ Water 22 

1 Physical Properties of Water 23 
A. Water Is a Polar Molecule 23 
B. Hydrophilic Substances Dissolve in Water 25 
C. The Hydrophobic Effect Causes Nonpolar Substances to 

Aggregate in Water 26 

D. Water Moves by Osmosis and Solutes Move by 
Diffusion 29 

2 Chemical Properties of Water 30 
A. Water Ionizes to Form H+ and OH- 30 

B. Acids and Bases Alter the pH 32 
C. Buffers Resist Changes in pH 34 

BOX 2-1 BIOCHEMISTRY IN HEALTH AND DISEASE 
The Blood Buffering System 36 

PART II BIOMOLECULES 

1 
2 

3 

Nucleotides, Nucleic Acids, 
and Genetic Information 

Nucleotides 40 
Introduction to Nucleic Acid Structure 
A. Nucleic Acids Are Polymers of Nucleotides 

B. The DNA Forms a Double Helix 44 
C. RNA Is a Single-Stranded Nucleic Acid 47 

Overview of Nucleic Acid Function 
A. DNA Carries Genetic Information 48 
B. Genes Direct Protein Synthesis 49 

43 

47 

4 Nucleic Acid Sequencing 50 
A. Restriction Endonucleases Cleave DNA at Specific 

Sequences 51 
B. Electrophoresis Separates Nucleic Acid According to 

Size 52 

39 

43 

C. DNA Is Sequenced by the Chain-Terminator Method 53 
D. Entire Genomes Have Been Sequenced 57 
E. Evolution Results from Sequence Mutations 58 

5 Manipulating DNA 59 
A. Cloned DNA Is an Amplified Copy 60 
B. DNA Libraries Are Collections of Cloned DNA 62 

C. DNA Is A.'Tiplified by the Polymerase Chain Reaction 65 
D. Recombinant DNA Technology Has Numerous Practical 

Applications 67 

BOX 3-1 PATHWAYS OF DISCOVERY 
Francis ~ollins and the Gene for Cystic Fibrosis 56 

BOX 3-2 PERSPECTIVES IN BIOCHEMISTRY 
DNA Fingerprinting 66 

BOX 3-3 PERSPECTIVES IN BIOCHEMISTRY 
Ethical Aspects of Recombinant DNA Technology 70 

Amino Acids 74 

1 Amino Acid Structure 74 
A. Amino Acids- Are Dipolar Ions 75 

vii 

Page 7 of 61



v111 Contents 

B. Peptide Bonds link Amino Acids 78 
C. Amino Acid Side Chains Are Nonpolar, Polar, or 

Charged 78 
D. The pK Values of lonizable Groups Depend on 

Nearby Groups 81 
E. Amino Acid Names Are Abbreviated 81 

2 Stereochemistry 82 
3 Amino Acid Derivatives 86 

A. Protein Side Chains May Be Modified 86 
B. Some Amino Acids Are Biologically Active 86 

BOX 4-1 PATHWAYS OF DISCOVERY 
William C. Rose and the Discovery of Threonine 

BOX 4-2 PERSPECTIVES IN BIOCHEMISTRY 
The RS System 85 

BOX 4-3 PERSPECTIVES IN BIOCHEMISTRY 
Green Fluorescent Protein 87 

g Proteins: Primary Structure 

1 Polypeptide Diversity 91 
2 Protein Purification and Analysis 94 

A. Purifying a Protein Requires a Strategy 94 
B. Salting Out Separates Proteins by Their Solubility 97 
C. Chromatography Involves Interaction with Mobile and 

Stationary Phases 98 
D. Electrophoresis Separates Molecules According to 

Charge and Size 101 

3 Protein Sequencing 104 
A. The First Step Is to Separate Subunits 104 
B. The Polypeptide Chains Are Cleaved 107 

75 

91 

C. Edman Degradation Removes a Peptide's First Amino Acid 
Residue 109 

D. Mass Spectrometry Determines the Molecular 
Masses of Peptides 11 o 

E. Reconstructed Protein Sequences Are Stored in 
Databases 112 

4 Protein Evolution 114 
A. Protein Sequences Reveal Evolutionary Relationships 114 
B. Proteins Evolve by the Duplication of Genes or 

C 

5 6 

2 Tertiary Structure 140 
A. Most Protein Structures Have Been Determined by X-Ray 

Crystallography or Nuclear Magnetic Resonance 141 
B. Side Chain Location Varies with Polarity 145 
C. Tertiary Structures Contain Combinations of Secondary 

Structure 146 
D. Structure Is Conserved More than Sequence 150 
E. Structural Bioinformatics Provides Tools for Storing, 

Visualizing, and Comparing Protein Structural 
Information 151 

3 Quaternary Structure and Symmetry 154 
4 Protein Stability 156 

A. Proteins Are Stabilized by Several Forces 156 
B. Proteins Can Undergo Denaturation and 

Renaturation 158 

5 Protein Folding 161 
A. Proteins Follow Folding Pathways 161 
B. Molecular Chaperones Assist Protein Folding 165 Gene Segments 117 

BOX 5-1 PATHWAYS OF DISCOVERY 
C. Some Diseases Are Caused by Protein Misfolding 

BOX 6-1 PATHWAYS OF DISCOVERY 

168 

Frederick Sanger and Protein Sequencing 105 

Proteins: Three-Dimensional 
Structure 

Linus Pauling and Structural Biochemistry 130 

BOX 6-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Collagen Diseases 137 

125 BOX 6-3 PERSPECTIVES IN BIOCHEMISTRY 
--------------------- Thermostable Proteins 159 

1 Secondary Structure 127 
A. The Planar Peptide Group limits Polypeptide 

BOX 6-4 PERSPECTIVES IN BIOCHEMISTRY 
Protein Structure Prediction and Protein Design 

Conformations 127 
B. The Most Common Regular Secondary Structures Are the a 

Helix and the 13 Sheet 129 
C. Fibrous Proteins Have Repeating Secondary 

Structures 134 
D. Most Proteins Include Nonrepetitive Structure 139 

163 

Page 8 of 61



Protein Function: Myoglobin and 
Hemoglobin, Muscle Contraction, 
and Antibodies 176 

1 Oxygen Binding to Myoglobin 
and Hemoglobin 177 
A. Myoglobin Is a Monomeric Oxygen-Binding Protein 177 

B. Hemoglobin Is a Tetramer with Two Conformations 181 

C. Oxygen Binds Cooperatively to Hemoglobin 184 

D. Hemoglobin's Two Conformations Exhibit 

Different Affinities for Oxygen 186 

E. Mutations May Alter Hemoglobin's Structure 

and Function 194 

2 Muscle Contraction 197 
A. Muscle Consists of lnterdigit ated Thick and 

Thin Filaments 198 

B. Muscle Contraction Occurs When Myosin Heads Walk Up 

Thin Filaments 205 
C. Actin Forms Microfilaments in Nonmuscle Cells 207 

3 Antibodies 209 
A. Antibodies Have Constant and Variable Regions 

B. Antibodies Recognize a Huge Variety of Antigens 

BOX 7-1 PERSPECTIVES IN BIOCHEMISTRY 
Other Oxygen-Transport Proteins 181 

210 
212 

BOX 7-2 PATHWAYS OF DISCOVERY Max Perutz and the 

Structure and Function of H emoglobin 182 

BOX 7-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
High-Altitude Adaptation 192 

BOX 7-4 PATHWAYS OF DISCOVERY 
H ugh Huxley and the Sliding Filament Model 200 

BOX 7-5 PERSPECTIVES IN BIOCHEMISTRY 
Monoclonal Antibodies 213 

Carbohydrates 

1 Monosaccharides 220 
A. Monosaccharides Are Aldoses or Ketoses 220 

B. Monosaccharides Vary in Configuration and 
Conformation 221 

C. Sugars Can Be Modified and Covalently Linked 224 

2 Polysaccharides 226 
A. Lactose and Sucrose Are Disaccharides 227 

ix 
21~ 

B. Cellulose and Chitin Are Structural Polysaccharides 228 

C. Starch and Glycogen Are Storage Polysaccharides 230 

D. Glycosaminoglycans Form Highly Hydrated Gels 232 

3 Glycoproteins 234 
A. Proteoglycans Contain Glycosaminoglycans 234 

B. Bacterial Cell Walls Are Made of Peptidoglycan 235 

c. Many Eukaryotic Proteins Are Glycosylated 238 

D. Oligosaccharides May Determine Glycoprotein Structure, 

Function, and Recognition 240 

BOX 8-1 BIOCHEMISTRY IN HEALTH AND DISEASE 

Lactose Intolerance 227 

BOX 8-2 PERSPECTIVES IN BIOCHEMISTRY 
Artificial Sweeteners 228 

BOX 8-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
Peptidoglycan-Specific Antibiotics 238 

Lipids and 
Biological Membranes 245 

1 Lipid Classification 246 
A. The Properties of Fatty Acids Depend on Their 

Hydrocarbon Chains 246 

B. Triacylglycerols Contain Three Esterified Fatty Acids 248 

C. Glycerophospholipids Are Amphiphilic 249 

D. Sphingolipids Are Amino Alcohol Derivatives 252 

E. Steroids Contain Four Fused Rings 254 

F. Other Lipids Perform a Variety of Metabolic Roles 257 

2 Lipid Bilayers 260 
A. Bilayer Formation Is Driven by the Hydrophobic 

Effect 260 

B. Lipid Bilayers Have Fluidlike Properties 261 

3 Membrane Proteins 263 
A. Integral Membrane Proteins Interact with Hydrophobic 

Lipids 263 

B. Lipid-Linked Proteins Are Anchored to the Bilayer 267 

C. Peripheral Proteins Associate Loosely with 

Membranes 269 

4 Membrane Structure and Assembly 269 
A. The Fluid Mosaic Model Accounts for Lateral 

Diffusion 270 
B. The Membrane Skeleton Helps Define Cell Shape 272 

C. Membrane Lipids Are Distributed Asymmetrically 274 

D. The Secretory Pathway Generates Secreted and 

Transmembrane Proteins 278 

Page 9 of 61



x Contents 

E. Intracellular Vesicles Transport Proteins 282 
F. Proteins Mediate Vesicle Fusion 287 

BOX 9-1 BIOCHEMISTRY IN HEALTH AND DISEASE 
Lung Surfactant 250 

BOX 9-2 PATHWAYS OF DISCOVERY Richard Henderson and 
the Structure of Bacteriorhodopsin 266 

BOX 9-3 BIOCHEMISTRY IN HEALTH AND DISEASE Tetanus 
and Botulinurn Toxins Specifically Cleave SNAREs 288 

Membrane Transport 295 

1 Thermodynamics of Transport 296 
2 Passive-Mediated Transport 297 

A. lonophores Carry Ions across Membranes 297 
B. Porins Contain 13 Barrels 298 
C. Ion Channels Are Highly Selective 299 
D. Aquaporins Mediate the Transmembrane Movement of 

Water 306 
E. Transport Proteins Alternate between Two 

Conformations 307 

3 Active Transport 3 11 
A. The (Na+ -K+)-ATPase Transports Ions in Opposite 

Directions 311 
B. The Ca2+ - ATPase Pumps ca2+ Out of the Cytosol 313 
C. ABC Transporters Are Responsible for Drug 

Resistance 314 
D. Active Transport May Be Driven by Ion Gradients 316 

BOX 10-1 PERSPECTIVES IN BIOCHEMISTRY 
Gap Junctions 308 

BOX 10-2 PERSPECTIVES IN BIOCHEMISTRY Differentiating 
Mediated and Nonmediated Transport 309 

BOX 10-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
The Action of Cardiac Glycosides 313 

Glucose transport 

c,~~ •• -~~ymp,_,_
1

.,..,,. __ ~....,-... 11,. Glucose uniport 

To capillaries 

~-=::::~-~:-►Na• 
J<+ 

Microvilli 

PART Ill ENZYMES 

Enzymatic Catalysis 322 

1 General Properties of Enzymes 323 
A. Enzymes Are Classified by the Type of Reaction They 

Catalyze 324 
B. Enzymes Act on Specific Substrates 325 
C. Some Enzymes Require Cofactors 326 

2 Activation Energy and the Reaction 
Coordinate 328 

3 Catalytic Mechanisms 330 
A. Acid-Base Catalysis Occurs by Proton Transfer 
B. Covalent Catalysis Usually Requires a Nucleophile 

331 
333 

c. Metal Ion Cofactors Act as Catalysts 335 
D. Catalysis Can Occur through Proximity and Orientation 

Effects 336 
E. Enzymes Catalyze Reactions by Preferentially Binding the 

Transition State 338 

4 Lysozyme 339 
A. Lysozyme's Catalytic Site Was Identified through Model 

Building 340 
B. The Lysozyme Reaction Proceeds via a Covalent 

Intermediate 343 

5 Serine Proteases 347 
A. Active Site Residues Were Identified by Chemical 

Labeling 348 
B. X-Ray Structures Provided Information about Catalysis, 

Substrate Specificity, and Evolution 348 
C. Serine Proteases Use Several Catalytic Mechanisms 352 
D. Zymogens Are Inactive Enzyme Precursors 357 

BOX 11-1 PERSPECTIVES IN BIOCHEMISTRY 
Effects of pH on Enzyme Activity 332 

BOX 11-2 PERSPECTIVES IN BIOCHEMISTRY Observing 
Enzyme Action by X -Ray Crystallography 342 

BOX 11-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
Nerve Poisons 349 

BOX 11-4 BIOCHEMISTRY IN HEALTH AND DISEASE 
The Blood Coagulation Cascade 358 

Enzyme Kinetics, 
Inhibition, and Control 363 ------

1 Reaction Kinetics 364 
A. Chemical Kinetics Is Described by Rate Equations 364 
B. Enzyme Kinetics Often Follows the Michaelis-Menten 

Equation 366 
C. Kinetic Data Can Provide Values of Vmax and KM 372 
D. Bisubstrate Reactions · Follow One of Several Rate 

Equations 375 

2 Enzyme Inhibition 377 
A. Competitive Inhibition Involves Inhibitor Binding at an 

Enzyme's Substrate Binding Site 377 

Page 10 of 61



B. Uncompetitive Inhibition Involves Inhibitor Binding to the 
Enzyme-Substrate Complex 381 

C. Mixed Inhibition Involves Inhibitor Binding to Both the Free 
Enzyme and the Enzyme-Substrate Complex 382 

3 Control of Enzyme Activity 386 
A. Allosteric Control Involves Binding at a Site Other Than the 

Active Site 386 
B. Control by Covalent Modification Often Involves Protein 

Phosphorylation 390 

4 Drug Design 394 
A. Drug Discovery Employs a Variety of Techniques 394 
B. A Drug's Bioavailability Depends on How It Is Absorbed and 

Transported in the Body 396 
C. Clinical Trials Test for Efficacy and Safety 396 
D. Cytochromes P450 Are Often Implicated in Adverse Drug 

Reactions 398 

BOX 12-1 PERSPECTIVES IN BIOCHEMISTRY 
Isotopic Labeling 367 

BOX 12-2 PATHWAYS OF DISCOVERY 
J.B.S. Haldane and Enzyme Action 369 

BOX 12-3 PERSPECTIVES IN BIOCHEMISTRY 
Kinetics and Transition State Theory 372 

BOX 12-4 BIOCHEMISTRY IN HEALTH AND DISEASE 
HIV Enzyme Inhibitors 384 

I Biochemical Signaling 405 

1 Hormones 406 
A. Pancreatic Islet Hormones Control Fuel Metabolism 407 
B. Epinephrine and Norepinephrine Prepare the 

Body for Action 409 
C. Steroid Hormones Regulate a Wide Variety of Metabolic and 

Sexual Processes 41 O 
D. Growth Hormone Binds to Receptors in Muscle, 

Bone, and Cartilage 411 

2 Receptor Tyrosine Kinases 412 
A. Receptor Tyrosine Kinases Transmit Signals across the Cell 

Membrane 413 
B. Kinase Cascades Relay Signals to the Nucleus 416 
C. Some Receptors Are Associated with Nonreceptor 

Tyrosine Kinases 422 
D. Protein Phosphatases Are Signaling Proteins in 

Their Own Right 425 

3 Heterotrimeric G Proteins 428 
A. G Protein-Coupled Receptors Contain Seven Transmembrane 

Helices 429 
B. Heterotrimeric G Proteins Dissociate on Activation 430 
C. Adenylate Cyclase Synthesizes cAMP to Activate Protein 

Kinase A 432 
D. Phosphodiesterases Limit Second Messenger Activity 435 

4 The Phosphoinositide Pathway 436 
A. Ligand Binding Results in the Cytoplasmic Release of the 

Second Messengers IP3 and ca2+ 437 
B. Calmodulin Is a Ca2+ -Activated Switch 438 
C. DAG Is a Lipid-Soluble Second Messenger That Activates 

Protein Kinase C 440 

Contents xi 

D. Epilog: Complex Systems Have Emergent Properties 

BOX 13-1 PATHWAYS OF DISCOVERY 
Rosalyn Yalow and the Radioimmunoassay (RIA) 

BOX 13-2 PERSPECTIVES IN BIOCHEMISTRY 
Receptor- Ligand Binding Can Be Quantitated 

BOX 13-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
Oncogenes and Cancer 421 

442 

408 

414 

BOX 13-4 BIOCHEMISTRY IN HEALTH AND DISEASE 
Drugs and Toxins That Affect Cell Signaling 

BOX 13-5 BIOCHEMISTRY IN HEALTH AND DISEASE 

435 

Anthrax 444 

PART IV METABOLISM 

Introduction to Metabolism 448 

1 Overview of Metabolism 449 
A. Nutrition Involves Food Intake and Use 449 
B. Vitamins and Minerals Assist Metabolic Reactions 450 
C. Metabolic Pathways Consist of Series of Enzymatic 

Reactions 451 
D. Thermodynamics Dictates the Direction and Regulatory 

Capacity of Metabolic Pathways 455 
E. Metabolic Flux Must Be Controlled 457 

2 "High-Energy" Compounds 459 
A. ATP Has a High Phosphoryl Group-Transfer Potential 460 
B. Coupled Reactions Drive Endergonic Processes 462 
C. Some Other Phosphorylated Compounds Have High 

Phosphoryl Group-Transfer Potentials 464 
D. Thioesters Are Energy-Rich Compounds 468 

3 Oxidation- Reduction Reactions 469 
A. NAO+ and FAD Are Electron Carriers 469 
B. The Nernst Equation Describes Oxidation-Reduction 

Reactions 470 
C. Spontaneity Can Be Determined by Measuring Reduction 

Potential Differences 472 

4 Experimental Approaches to the Study of 
Metabolis,m 475 
A. Labeled Metabolites Can Be Traced 475 
B. Studying Metabolic Pathways Often Involves Perturbing the 

System 477 
C. Systems Biology Has Entered the Study of 

Metabolism 477 

BOX 14-1 PERSPECTIVES IN BIOCHEMISTRY 
Oxidation States of Carbon 453 

BOX 14-2 PERSPECTIVES IN BIOCHEMISTRY 
Mapping Metabolic Pathways 454 

BOX 14-3 PATHWAYS OF DISCOVERY 
Fritz Lipmann and "High-Energy" Compounds 460 

BOX 14-4 PERSPECTIVES IN BIOCHEMISTRY 
ATP and t:,,G 462 

Page 11 of 61



All '-Ontent s 

II Glucose Catabolism 485 

1 Overview of Glycolysis 486 
2 The Reactions of Glycolysis 489 

A . Hexokinase Uses the First ATP 489 
B. Phosphoglucose lsomerase Converts Glucose-6-Phosphate to 

Fructose-6-Phosphate 490 
C. Phosphofructokinase Uses the Second ATP 491 
D. Aldolase Converts a 6-Carbon Compound to Two 3-Carbon 

Compounds 492 
E. Triose Phosphate lsomerase lnterconverts Dihydroxyacetone 

Phosphate and Glyceraldehyde-3-Phosphate 494 
F. Glyceraldehyde-3-Phosphate Dehydrogenase Forms the First 

"High-Energy" Intermediate 497 
G. Phosphoglycerate Kinase Generates the First ATP 499 
H. Phosphoglycerate Mutase lnterconverts 3-Phosphoglycerate 

and 2-Phosphoglycerate 499 
I. Enolase Forms the Second "High-Energy" 

Intermediate 500 
J. Pyruvate Kinase Generates the Second ATP 501 

3 Fermentation: The Anaerobic Fate of 
Pyruvate 504 
A. Homolactic Fermentation Converts Pyruvate to 

Lactate 505 
B. Alcoholic Fermentation Converts Pyruvate to 

Ethanol and CO2 506 
C. Fermentation Is Energetically Favorable 509 

4 Regulation of Glycolysis 510 
A. Phosphofructokinase Is the Major Flux-Controlling Enzyme of 

Glycolysis in Muscle 511 
B. Substrate Cycling Fine-Tunes Flux Control 514 

5 Metabolism of Hexoses Other than Glucose 516 
A. Fructose Is Converted to Fructose-6-Phosphate or 

Glyceraldehyde-3-Phosphate 516 
B. Galactose Is Converted to Glucose-6-Phosphate 518 
C. Mannose Is Converted to Fructose-6-Phosphate 520 

6 The Pentose Phosphate Pathway 520 
A. Oxidative Reactions Produce NADPH in Stage 1 522 
B. lsomerization and Epimerization of Ribulose-5-Phosphate 

Occur in Stage 2 523 
C. Stage 3 Involves Carbon-Carbon Bond Cleavage and 

Formation 523 
D. The Pentose Phosphate Pathway Must Be Regulated 524 

BOX 15-1 PATHWAYS OF DISCOVERY 
Otto Warburg and Studies of Metabolism 488 

BOX 15-2 PERSPECTIVES IN BIOCHEMISTRY Synthesis of 
2,3-Bisphosphoglycerate in Erythrocytes and Its Effect 
on the Oxygen Carrying Capacity of the Blood 502 

·BOX 15-3 PERSPECTIVES IN BIOCHEMISTRY 
Glycolytic ATP Production in Muscle 510 

BOX 15-4 BIOCHEMISTRY IN HEALTH AND DISEASE 
Glucose-6-Phosphate D ehydrogenase Deficiency 526 

Ii Glycogen Metabolis_m 
and Gluconeogenes1s 530 

1 Glycogen Breakdown 532 
A. Glycogen Phosphorylase Degrades Glycogen to Glucose-1-

Phosphate 534 
B. Glycogen Debranching Enzyme Acts as a 

Glucosyltransferase 536 
C. Phosphoglucomutase lnterconverts Glucose-1-Phosphate and 

Glucose-6-Phosphate 537 

2 Glycogen Synthesis 540 
A. UDP-Glucose Pyrophosphorylase Activates Glucosyl 

Units 540 
B. Glycogen Synthase Extends Glycogen Chains 541 
C. Glycogen Branching Enzyme Transfers Seven-Residue 

Glycogen Segments 543 

3 Control of Glycogen Metabolism 545 
A. Glycogen Phosphorylase and Glycogen Synthase Are Under 

Allosteric Control 545 
B. Glycogen Phosphorylase and Glycogen Synthase Undergo 

Control by Covalent Modification 545 
c. Glycogen Metabolism Is Subject to Hormonal Control 550 

4 Gluconeogenesis 552 
A. Pyruvate Is Converted to Phosphoenolpyruvate in Two 

Steps 554 
B. Hydrolytic Reactions Bypass Irreversible Glycolytic 

Reactions 557 
C. Gluconeogenesis and Glycolysis Are Independently 

Regulated 558 

5 Other Carbohydrate Biosynthetic Pathways 560 
BOX 16-1 PATHWAYS OF DISCOVERY 

Carl and Gerty Cori and Glucose Metabolism 533 

BOX 16-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Glycogen Storage Diseases 538 

BOX 16-3 PERSPECTIVES IN BIOCHEMISTRY 
Optimizing Glycogen Structure 544 

BOX 16-4 PERSPECTIVES IN BIOCHEMISTRY 
Lactose Synthesis 560 

f p Citric Acid Cycle _____ 566 

1 Overview of the Citric Acid Cycle 567 
2 Synthesis of Acetyl-Coenzyme A 570 

A. Pyruvate Dehydrogenase Is a Multienzyme Complex 570 
B. The Pyruvate Dehydrogenase Complex Catalyzes Five 

Reactions 572 

3 Enzymes of the Citric Acid Cycle 576 
A. Citrate Synthase Joins an Acetyl Group to 

Oxaloacetate 577 · 
B. Aconitase lnterconverts Citrate and lsocitrate 578 
C. NAO+ -Dependent lsocitrate Dehydrogenase Releases 

CO2 579 

Page 12 of 61



D. a-Ketoglutarate Dehydrogenase Resembles Pyruvate 
Dehydrogenase 580 

E. Succinyl-CoA Synthetase Produces GTP 580 
F. Succinate Dehydrogenase Generates FADH2 582 
G. Fumarase Produces Malate 583 
H. Malate Dehydrogenase Regenerates Oxaloacetate 583 

4 Regulation of the Citric Acid Cycle 583 
A. Pyruvate Dehydrogenase Is Regulated by Product Inhibition 

and Covalent Modification 585 
B. Three Enzymes Control the Rate of the Citric Acid 

Cycle 585 

5 Reactions Related to the Citric Acid Cycle 
A. Other Pathways Use Citric Acid Cycle Intermediates 
B. Some Reactions Replenish Citric Acid Cycle 

Intermediates 589 
C. The Glyoxylate Cycle Shares Some Steps with the Cit ric 

Acid Cycle 590 

BOX 17-1 PATHWAYS OF DISCOVERY 
H ans Krebs and the Citric A cid Cycle 569 

BOX 17-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Arsenic Poisoning 576 

BOX 17-3 PERSPECTIVES IN BIOCHEMISTRY 
Evol ution of the Citric Acid Cycle 592 

Electron Transport and 
-Oxidative Phosphorylation 

1 The Mitochondrion 597 
A. Mitochondria Contain a Highly Folded Inner 

Membrane 597 
B. Ions and Metabolites Enter Mitochondria via 

Transporters 599 

2 Electron Transport 600 
A. Electron Transport Is an Exergonic Process 601 

B. Electron Carriers Operate in Sequence 602 
C. Complex I Accepts Electrons from NADH 604 

588 
588 

596 

D. Complex II Contributes Electrons to Coenzyme Q 609 
E. Complex Ill Translocates Protons via the Q Cycle 61 1 
F. Complex IV Reduces Oxygen to Water 615 

3 Oxidative Phosphorylation 618 
A. The Chemiosmotic Theory Links Electron Transport to ATP 

Synthesis 618 
B. ATP Synthase Is Driven by the Flow of Protons 622 
C. The P/O Ratio Relates the Amount of ATP Synthesized to the 

Amount of Oxygen Reduced 629 
D. Oxidative Phosphorylation Can Be Uncoupled from Electron 

Transport 630 

4 Control of Oxidative Metabolism 631 
A. The Rate of Oxidative Phosphorylation Depends on the ATP 

and NADH Concentrations 631 

B. Aerobic Metabolism Has Some Disadvantages 634 

BOX 18-1 PERSPECTIVES IN BIOCHEMISTRY Cytochromes 

Are Electron-Transport Heme Proteins 610 

Contents xiii 

BOX 18-2 PATHWAYS OF DISCOVERY 
Peter M itchell and the Chemiosmotic Theory 619 

BOX 18-3 PERSPECTIVES IN BIOCHEMISTRY B acterial Electron 

Transport and Oxidative Phosphorylation 621 

BOX 18-4 PERSPECTIVES IN BIOCHEMISTRY Uncoupling in 

Brown A dipose Tissue Generates Heat 632 

BOX 18-5 BIOCHEMISTRY IN HEALTH AND DISEASE 
Oxygen Deprivation in Heart Attack and Stroke 635 

• Photosynthesis 640 

1 Chloroplasts 641 
A. The Light Reactions Take Place in the Thylakoid 

Membrane 641 
B. Pigment Molecules Absorb Light 643 

2 The Light Reactions 645 
A. Light Energy Is Transformed to Chemical Energy 645 
B. Electron Transport in Photosynthet ic Bacteria Follows a 

Circular Path 647 
C. Two-Center Electron Transport Is a Linear Pathway That 

Produces 0 2 and NADPH 650 
D. The Proton Gradient Drives ATP Synthesis by 

Photophosphorylation 661 

Page 13 of 61



xiv Conte nts 

3 The Dark Reactions 663 
A. The Calvin Cycle Fixes CO2 663 
B. Calvin Cycle Products Are Converted to Starch, Sucrose, and 

Cellulose 668 
C. The Calvin Cycle Is Cont ro lled Indirectly by Light 670 
D. Photorespiration Competes with Photosynthesis 671 

BOX 19-1 PERSPECTIVES IN BIOCHEMISTRY 
Segregation of PSI and PSII 662 

Lipid Metabolism 677 

1 Lipid Digestion, Absorption, and Transport 678 
A. Triacylglycerols Are Digested before They Are 

Absorbed 678 
B. Lipids Are Transported as Lipoproteins 680 

2 Fatty Acid Oxidation 685 
A. Fatty Acids Are Activated by Their Attachment to 

Coenzyme A 686 
B. Carnitine Carries Acyl Groups across the Mitochondrial 

Membrane 686 
C. f3 Oxidation Degrades Fatt y Acids to Acetyl-CoA 688 
D. Oxidation of Unsaturated Fatty Acids Requires 

Additional Enzymes 690 
E. Oxidat ion of Odd-Chain Fatty Acids Yields 

Propionyl-CoA 692 
F. Peroxisomal f3 Oxidation Differs from Mitochondrial 

f3 Oxidation 698 

3 Ketone Bodies 698 
4 Fatty Acid Biosynthesis 701 

A. Mitochondrial Acetyl-CoA Must Be Transported into the 
Cytosol 701 

B. Acetyl-CoA Carboxylase Produces Malonyl-CoA 702 
C. Fatty Acid Synthase Catalyzes Seven Reactions 703 
D. Fatty Acids May Be Elongated and Desaturated 707 
E. Fatty Acids Are Esterified to Form Triacylglycerols 711 

5 Regulation of Fatty Acid Metabolism 711 
6 Synthesis of Other Lipids 714 

A. Glycerophospholipids Are Built from Intermediates of 
Triacylglycerol Synthesis 714 

B. Sphingolipids Are Built from Palmitoyl-CoA and 
Serine 717 

C. C20 Fatty Acids Are the Precursors of Prostaglandins 718 

7 Cholesterol Metabolism 721 
A. Cholesterol Is Synthesized from Acetyl-CoA 721 
B. HMG-CoA Reductase Controls the Rate of 

Cholesterol Synthesis 725 
C. Abnormal Cholesterol Transport Leads to 

Atherosclerosis 727 

BOX 20-1 BIOCHEMISTRY IN HEALTH AND DISEASE 
Vitamin B12 D eficiency 696 

BOX 20-2 PATHWAYS OF DISCOVERY D orothy Crowfoot 
H odgkin and the Structure of V itamin B12 697 

BOX 20-3 PERSPECTIVES IN BIOCHEMISTRY 
Triclosan: A n Inhibitor of Fatty Acid Synthesis 708 

BOX 20-4 BIOCHEMISTRY IN HEALTH AND DISEASE 
Sphingolipid Degradation and L ipid Storage 
Diseases 720 

Amino Acid Metabolism 

1 Protein Degradation 732 
A. Lysosomes Degrade Many Proteins 732 
B. Ubiquitin Marks Proteins for Degradation 733 
C. The Proteasome Unfolds and Hydrolyzes Ubiquit inated 

Polypeptides 734 

2 Amino Acid Deamination 738 

732 

A. Transaminases Use PLP to Transfer Amino Groups 738 
B. Glutamate Can Be Oxidatively Deaminated 742 

3 The Urea Cycle 743 
A. Five Enzymes Carry out the Urea Cycle 743 
B. The Urea Cycle Is Regulated by Substrate Availability 747 

4 Breakdown of Amino Acids 747 
A. Alanine, Cysteine, Glycine, Serine, and Threonine Are 

Degraded to Pyruvate 7 48 
B. Asparagine and Aspartate Are Degraded to 

Oxaloacetate 751 
C. Arginine, Glutamate, Glutamine, Histidine, and Proline Are 

Degraded to cx-Ketoglutarate 751 
D. lsoleucine, Methionine, and Valine Are Degraded to 

Succinyl-CoA 753 
E. Leucine and Lysine Are Degraded Only to Acetyl-CoA and/or 

Acetoacetate 7 58 
F. Tryptophan Is Degraded to Alanine and Acetoacetate 758 

G. Phenylalanine and Tyrosine Are Degraded to Fumarate and 
Acetoacetate 760 

5 Amino Acid Biosynthesis 763 
A. Nonessential Amino Acids Are Synthesized from Common 

Metabolites 764 
B. Plants and Microorganisms Synthesize the Essent ial 

Amino Acids 769 

6 Other Products of Amino Acid Metabolism 774 
A. Heme Is Synthesized from Glycine and Succinyl-CoA 775 
B. Amino Acids Are Precursors of Physiologically Active 

Amines 780 
C. Nitric Oxide Is Derived from Arginine 781 

7 Nitrogen Fixation 782 
A. Nitrogenase Reduces N2 to NH3 783 
B. Fixed Nitrogen Is Assimilated into Biological Molecules 786 

BOX 21-1 BIOCHEMISTRY IN HEALTH AND DISEASE 
H omocysteine, a Marker of D isease 755 

BOX 21-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Phenylketonuria and Alcaptonuria Result from Defects 
in Phenylalanine D egradation 762 

BOX 21-3 BIOCHEMISTRY .IN HEALTH AND DISEASE 
The Porphyrias 778 

Page 14 of 61



Mammalian Fuel Metabolism: 
Integration and R egulation 791 

1 Organ Specialization 792 
A. The Brain Requires a Steady Supply of Glucose 793 

B. Muscle Utilizes Glucose, Fatty Acids, and Ketone 

Bodies 794 
C. Adipose Tissue Stores and Releases Fatty Acids and 

Hormones 795 

D. Liver Is the Body's Central Metabolic Clearinghouse 796 

E. Kidney Filters Wastes and Maintains Blood pH 798 

F. Blood Transports Metabolites in lnterorgan Metabolic 

Pathways 798 

2 Hormonal Control of Fuel Metabolism 799 

3 Metabolic Homeostasis: The Regulation of Energy 

Metabolism, Appetite, and Body Weight · 804 
A. AMP-Dependent Protein Kinase Is the Cell's Fuel Gauge 804 

B. Adiponectin Regulates AMPK Activity 806 

C. Leptin Is a Satiety Hormone 806 

D. Ghrelin and PYY3_36 Act as Short-Term Regulators of 

Appetite 807 

E. Energy Expenditure Can Be Controlled by Adaptive 

Thermogenesis 808 

4 Disturbances in Fuel Metabolism 809 
A. Starvation Leads to Metabolic Adjustments 809 

B. Diabetes Mellitus Is Characterized by High Blood 

Glucose Levels 811 

C. Obesity Is Usually Caused by Excessive Food Intake 814 

BOX 22-1 PATHWAYS OF DISCOVERY Frederick Banting and 

Charles Best and the Discovery of Insulin 812 

PART V GENE EXPRESSION 
AND REPLICATION 

Nucleotide Metabolism___ 817 

1 Synthesis of Purine Ribonucleotides 818 
A. Purine Synthesis Yields lnosine Monophosphate 818 

B. IMP Is Converted to Adenine and Guanine 

Ribonucleotides 821 

C. Purine Nucleotide Biosynthesis Is Regulated at Several 

Steps 822 
D. Purines Can Be Salvaged 823 

2 Synthesis of Pyrimidine Ribonucleotides 824 
A. UMP Is Synthesized in Six Steps 824 

B. UMP Is Converted to UTP and CTP 826 

C. Pyrimidine Nucleotide Biosynthesis Is Regulated at ATCase or 

Carbamoyl Phosphate Synthetase II 827 

3 Formation of Deoxyribonucleotides 828 
A. Ribonucleotide Reductase Converts Ribonucleotides to 

Deoxyribonucleotides 828 

B. dUMP Is Methylated to Form Thymine 834 

Contents XV 

4 Nucleotide Degradation 839 
A. Purine Catabolism Yields Uric Acid 839 

B. Some Animals Degrade Uric Acid 842 

C. Pyrimidines Are Broken Down to Malonyl-CoA and 

Methylmalonyl-CoA 845 

BOX 23-1 BIOCHEMISTRY IN HEALTH AND DISEASE Inhibition 

of Thymidylate Synthesis in Cancer Therapy 838 

BOX 23-2 PATHWAYS OF DISCOVERY 
Gertrude Elion and Purine Derivatives 844 

fJ:I Nucleic Acid Structure 848 

1 The DNA Helix 849 
A. DNA Can Adopt Different Conformations 849 

B. DNA Has Limited Flexibility 855 

C. DNA Can Be Supercoiled 857 

D. Topoisomerases Alter DNA Supercoiling 859 

2 Forces Stabilizing Nucleic Acid Structures 864 
A. DNA Can Undergo Denaturation and Renaturation 864 

B. Nucleic Acids Are Stabilized by Base Pairing, Stacking, and 

Ionic Interactions 866 

C. RNA Structures Are Highly Variable 868 

3 Fractionation of Nucleic Acids 872 
A. Nucleic Acids Can Be Purified by Chromatography 872 

B. Electrophoresis Separates Nucleic Acids by Size 872 

Page 15 of 61



xvi Contents 

4 DNA- Protein Interactions 874 
A. Restriction Endonucleases Distort DNA on Binding 875 
B. Prokaryotic Repressors Often Include a DNA-Binding 

Helix 876 
C. Eukaryotic Transcription Factors May Include Zinc Fingers or 

Leucine Zippers 879 

5 Eukaryotic Chromosome Structure 883 
A. Histones Are Positively Charged 884 
B. DNA Coils around Histones to Form Nucleosomes 884 
C. Chromatin Forms Higher-Order Structures 887 

BOX 24-1 PATHWAYS OF DISCOVERY 
Rosalind Franklin and the Structure of DNA 850 

BOX 24-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Inhibitors of Topoisomerases as Antibiotics and 
Anticancer Chemotherapeutic Agents 865 

BOX 24-3 PERSPECTIVES IN BIOCHEMISTRY 
The RNA World 871 

DNA Replication, Repair, 
and Recombination 

1 Overview of DNA Replication 894 
2 Prokaryotic DNA Replication 896 

A. DNA Polymerases Add the Correct ly Paired 
Nucleotide 896 

B. Replication Initiation Requires Helicase and Primase 

C. The Leading and Lagging Strands Are Synthesized 
Simultaneously 904 

D. Replicat ion Terminates at Specific Sites 908 
E. DNA Is Replicated with High Fidelity 909 

3 Eukaryotic DNA Replication 910 
A. Eukaryotes Use Several DNA Polymerases 910 
B. Eukaryotic DNA Is Replicated from Multiple Origins 
C. Telomerase Extends Chromosome Ends 914 

4 DNA Damage 916 
A. Environmental and Chemical Agents Generate 

Mutations 916 
B. Many Mutagens Are Carcinogens 919 

5 DNA Repair 920 
A. Some Damage Can Be Directly Reversed 920 
B. Base Excision Repair Requires a Glycosylase 921 
C. Nucleotide Excision Repair Removes a Segment of a 

DNA Strand 923 
D. Mismatch Repair Corrects Replication Errors 924 

893 

903 

911 

E. Some DNA Repair Mechanisms Introduce Errors 925 

6 Recombination 926 
A. Homologous Recombination Involves Several Protein 

Complexes 926 
B. DNA Can Be Repaired by Recombination 932 
C. Transposition Rearranges Segments of DNA 934 

BOX 25-1 PATHWAYS OF DISCOVERY 
Arthur Kornberg and DNA Polymerase I 898 

BOX 25-2 PERSPECTIVES IN BIOCHEMISTRY 
R everse Transcriptase 912 

BOX 25-3 BIOCHEMISTRY IN HEALTH AND DISEASE 
Telomerase, Aging, and Cancer 915 

BOX 25-4 PERSPECTIVES IN BIOCHEMISTRY 
DNA Methylation 918 

BOX 25-5 PERSPECTIVES IN BIOCHEMISTRY 
Why D oesn't D NA Contain Uracil? 921 

• Transcription and 
RNA Processing 

1 Prokaryotic RNA Transcription 943 
A. RNA Polymerase Resembles Other Polymerases 943 
B. Transcription Is Initiated at a Promoter 943 
C. The RNA Chain Grows from the 5' to 3' End 947 
D. Transcription Terminates at Specific Sites 950 

2 Transcription in Eukaryotes 952 
A. Eukaryotes Have Several RNA Polymerases 953 
B. Each Polymerase Recognizes a Different Type of 

Promoter 958 
C. Transcription Factors Are Required to Init iate 

Transcription 960 

3 · Posttranscriptional Processing 965 

942 

A. Messenger RNAs Undergo 5' Capping, Addition of a 3' Tail, 
and Splicing 965 

B. Ribosomal RNA Precursors May Be Cleaved, Modified, 

and Spliced 976 
C. Transfer RNAs Are Processed by Nucleotide Removal, 

Addit ion, and Modification 980 

BOX 26-1 PERSPECTIVES IN BIOCHEMISTRY Collisions between 
D NA Polymerase and RNA Polymerase 949 

BOX 26-2 BIOCHEMISTRY IN HEALTH AND DISEASE 
Inhibitors of Transcription 954 

BOX 26-3 PATHWAYS OF DISCOVERY Richard Roberts and 

Phillip Sharp and the D iscovery of Intrans 968 

Page 16 of 61



Protein Synthesis -· 

1 The Genetic Code 986 
A. Codons Are Triplets That Are Read Sequentially 

B. The Genetic Code Was Systematically Deciphered 

C. The Genetic Code Is Degenerate and Nonrandom 

2 Transfer RNA and Its Aminoacylation 
A. All tRNAs Have a Similar Structure 991 

B. Aminoacyl-tRNA Synthetases Attach Amino 

Acids to tRNAs 994 

985 

986 
987 
988 

991 

C. A tRNA May Recognize More than One Codon 998 

3 Ribosomes 1000 
A. The Prokaryotic Ribosome Consists of Two Subunits 1001 

B. The Eukaryotic Ribosome Is Larger and More 

Complex 1007 

4 Translation 1008 
A. Chain Initiation Requires an Initiator tRNA and Initiation 

Factors 1 O 1 O 
B. The Ribosome Decodes the mRNA, Catalyzes Peptide Bond 

Formation, Then Moves to the Next Codon 1014 

C. Release Factors Terminate Translation 1026 

5 Posttranslational Processing 1028 
A. Ribosome-Associated Chaperones Help Proteins Fold 1028 

B. Newly Synthesized Proteins May Be Covalently 

Modified 1029 

BOX 27-1 PERSPECTIVES IN BIOCHEMISTRY 

Evolution of the Genetic Code 990 

BOX 27-2 PERSPECTIVES IN BIOCHEMISTRY 

Expanding the Genetic Code 1000 

BOX 27-3 BIOCHEMISTRY IN HEALTH AND DISEASE 

The Effects of Antibiotics on Protein Synthesis 1024 

Contents xvii 

ff I Regulation of Gene Expression 1037 

1 Genome Organization 1038 
A. Gene Number Varies among Organisms 1038 

B. Some Genes Occur in Clusters 1042 

C. Eukaryotic Genomes Contain Repetitive DNA 

Sequences 1043 

2 Regulation of Prokaryotic Gene Expression 1046 
A. The lac Operon Is Controlled by a Repressor 1046 

B. Catabolite-Repressed Operons Can Be Activated 1050 

C. Attenuation Regulates Transcription Termination 1051 

D. Riboswitches Are Metabolite-Sensing RNAs 1054 

3 Regulation of Eukaryotic Gene Expression 1055 
A. Chromatin Structure Influences Gene Expression 1055 

B. Eukaryotes Contain Multiple Transcriptional 

Activators 1 067 

C. Posttranscriptional Control Mechanisms Include RNA 

Degradation 1073 

D. Antibody Diversity Results from Somatic Recombination and 

Hypermutation 1077 

4 The Cell Cycle, Cancer, and Apoptosis 1081 
A. Progress through the Cell Cycle Is Tightly Regulated 1081 

B. Tumor Suppressors Prevent Cancer 1084 

C. Apoptosis Is an Orderly Process 1086 

D. Development Has a Molecular Basis 1090 

BOX 28-1 BIOCHEMISTRY IN HEALTH AND DISEASE 

'Ihnucleotide Repeat Diseases 1044 

BOX 28-2 PERSPECTIVES IN BIOCHEMISTRY 
X Chromosome Inactivation 1057 

BOX 28-3 PERSPECTIVES IN BIOCHEMISTRY 
Nonsense-Mediated Decay 1074 

APPENDICES 

Solutions to Problems SP-1 

Glossary G-1 

Index I-1 

Page 17 of 61



Nucleotides, 
Nucleic Acids, 

and Genetic 
Information 

A DNA molecule consists of two strands that wind around a central 
axis, shown here as a glowing wire. [Illustration, Irving Geis. Image 
from the Irving Geis Collection/Howard Hughes Medical Institute. 
Rights owned by HHMI. Reproduction by permission only.} 
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Guided Exploration 1. Overview of transcription and translation 
Guided Exploration 2. DNA sequence determination by the chain-terminator 

method 
Guided Exploration 3. PCR and site-directed mutagenesis 
Interactive Exercise 1. Three-dimensional structure of DNA 
Animated Figure 3-26. Construction of a recombinant DNA molecule 
Animated Figure 3-27. Cloning with bacteriophage ),,, 
Animated Figure 3-30. Site-directed mutagenesis 
Kinemage Exercise 2-1. Structure of DNA 
Kinemage Exercise 2-2. Watson-Crick base pairs 
Bioinformatics Exercises Chapter 3. Databases for the Storage and "Mining" of 

Genome Sequences 

D espite obvious differences in lifestyle and macroscopic appear~ 
ance, organisms exhibit striking similarity at the molecular level. 
The structures and metabolic activities of all cells rely on a 

common set of molecules that includes amino acids, carbohydrates, lipids, 
and nucleotides, as well as their polymeric forms. Each type of compound 
can be described in terms of its chemical makeup, its interactions with 
other molecules, and its physiological function. We begin our survey of bio­
molecules with a discussion of the nucleotides and their polymers, the 
nucleic acids. 

Nucleotides are involved in nearly every facet of cellular life. 
Specifically, they participate in oxidation-reduction reactions, energy 
transfer, intracellular signaling, and biosynthetic reactions. Their polymers, 
the nucleic acids DNA and RNA, are the primary players in the storage 
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' I 

40 Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information 

LEARNING OBJECTIVE 

■ Become familiar with the structures and 
nomenclature of the eight common 
nucleotides. 

and decoding of genetic information. Nucleotides and nucleic acids also 
perform structural and catalytic roles in cells. No other class of molecules 
participates in such varied functions or in so many functions that are es­
sential for life. 

Evolutionists postulate that the appearance of nucleotides permitted 
the evolution of organisms that could harvest and store energy from their 
surroundings and, most importantly, could make copies of themselves. 
Although the chemical and biological details of early life-forms are the 
subject of speculation, it is incontrovertible that life as we know it is 
inextricably linked to the chemistry of nucleotides and nucleic acids. 

In this chapter, we briefly examine the structures of nucleotides and the 
nucleic acids DNA and RNA We also consider how the chemistry of these 
molecules allows them to carry biological information in the form of a 
sequence of nucleotides. This information is expressed by the transcription 
of a segment of DNA to yield RNA, which is then translated to form 
protein. Because a cell's structure and function ultimately depend on its 
genetic makeup, we discuss how genomic sequences provide information 
about evolution, metabolism, and disease. Finally, we consider some of the 
techniques used in manipulating DNA in the laboratory. In later chapters, 
we will examine in greater detail the participation of nucleotides and 
nucleic acids in metabolic processes. Chapter 24 includes additional infor­
mation about nucleic acid structures, DNA's interactions with proteins, and 
DNA packaging in cells, as a prelude to several chapters discussing the 
roles of nucleic acids in the storage and expression of genetic information. 

II ~ ucleotides 

Nucleotides are ubiquitous molecules with considerable structural diversity. 
There are eight common varieties of nucleotides, each composed of a nitroge­
nous base linked to a sugar to which at least one phosphate group is also 
attached. The bases of nucleotides are planar, aromatic, heterocyclic mole­
cules that are structural derivatives of either purine or pyrimidine (although 
they are not synthesized in vivo from either of these organic compounds). 

Purine Pyrimidine 

The most common purines are adenine (A) and guanine (G), and the 
major pyrimidines are cytosine (C), uracil (U), and thymine (T). The 
purines form bonds to a five-carbon sugar ( a pentose) via their N9 atoms, 
whereas pyrimidines do so through their Nl atoms (Table 3-1). 

In ribonucleotides, the pentose is ribose, while in deoxyribonucleotides 
( or just deoxynucleotides), the sugar is 2'-deoxyribose (i.e., the carbon at 
position 2' lacks a hydroxyl group). 

5' 5' 

HO-C~H2 0 OH 
4'H H l' 

H 3' 2' H 

HO- ?~O~?H 

KI:3• ?.'~;8 
H .,......,r H 

OH OH OH H 

Ribose Deoxyribose 

Page 19 of 61



Section 3-1 Nucleotides 41 

Names and Abbreviations of Nucleic Acid Bases, Nucleosides, and Nucleotides 

Base Base Nucleoside Nucleotideb 

Formula (X= H) (X = ribose0
) (X = ribose phosphate0

) 

NH2 

Cv Adenine Adenosine Adenylic acid 

Ade Ado Adenosine monophosphate 

N I A A AMP 

X 

0 

H :.XN Guanine Guanosine Guanylic acid 

'N > Gua Guo Guanosine monophosphate 

H NAN I N G G GMP 
2 I 

X 

N:5 Cytosine Cytidine Cytidylic acid 

OAN I Cyt Cyd Cytidine monophosphate 

I C C CMP 

X 

0 

H,:) 
Uracil Uridine U ridylic acid 

N I Ura Urd Uridine monophosphate 

OAN u u UMP 
I 
X 

0 

H, ~CH3 Thymine D eoxythymidine Deoxythymidylic acid 

N I Thy dThd Deoxythymidine monophosphate 

OAN 
I 

T dT dTMP 

dX 

"'Ibe presence of a 2' -deoxyribose unit in place, of ribose, as occurs in DNA, is implied by the prefixes "deoxy" or "d." For example, the deoxynu­

cleoside of adenine is deoxyadenosine or dA. However, for thymine-containing residues, which rarely occur in RNA, the prefix is redundant and 

may be dropped. The presence of a ribose unit may be explicitly implied by the prefix "ribo." 

1'he position of the phosphate group in a nucleotide may be explicitly specified as in, for example, 3'-AMP and 5'-GMP. 

Note that the "primed" numbers refer to the atoms of the pentose; 
" unprimed" numbers refer to the atoms of the nitrogenous base. 

In a ribonucleotide or a deoxyribonucleotide, one or more phosphate 
groups are bonded to atom C3' or atom CS' of the pentose to form 
a 3' -nucleotide or a 5' -nucleotide, respectively (Fig. 3-1). When the 
phosphate group is absent, the compound is known as a nucleoside. A 
5'-nucleotide can therefore be called a nucleoside-5'-phosphate. 
Nucleotides most commonly contain one to three phosphate groups at the 
CS' position and are called nucleoside monophosphates, diphosphates, 
and triphosphates. (a) 

■ Figure 3-1 I Chemical structures of nucleotides. (a) A 5'-ribonucleotide 

and (b) a 3'-deoxynucleotide. The purine or pyrimidine base is linked to Cl' of 

the pentose and at least one phosphate (red) is also attached. A nucleoside 

consists only of a base and a pentose. 
OH OH 

5' -Rihonucleotide 

(b) 

3' -Deoxynucleotide 
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Glucose ADP 
,--------"----.~----->------~ 

■ Figure 3-2 ADP- glucose. In this nucleotide 
derivative, glucose (blue) is attached to adenosine 
(black) by a diphosphate group (red). 

The structures, names, and abbreviations of the common bases, nucleo­
sides, and nucleotides are given in Table 3-1. Ribonucleotides are 
components of RNA (ribonucleic acid), whereas deoxynucleotides are com­
ponents of DNA (deoxyribonucleic acid). Adenine, guanine, and cytosine 
occur in both ribonucleotides and deoxynucleotides (accounting for six of 
the eight common nucleotides), but uracil primarily occurs in ribonu­
cleotides and thymine occurs in deoxynucleotides. Free nucleotides, which 
are anionic, are almost always associated with the counterion Mg2+ in cells. 

Nucleotides Participate in Metabolic Reactions. The bulk of the nu­
cleotides in any cell are found in polymeric forms, as either DNA or RNA, 
whose primary functions are information storage and transfer. However, 
free nucleotides and nucleotide derivatives perform an enormous variety of 
metabolic functions not related to the management of genetic information. 

Perhaps the best known nucleotide is adenosine triphosphate (ATP), a 
nucleotide containing adenine, ribose, and a triphosphate group. ATP is 
often mistakenly referred to as an energy-storage molecule, but it is 
more accurately termed an energy carrier or energy transfer agent. The 
process of photosynthesis or the breakdown of metabolic fuels such as 
carbohydrates and fatty acids leads to the formation of ATP from 
adenosine diphosphate (ADP): 

Adenosine 

NA--N 
O O ~ .. JLN> 

NA--N> 
0 0 0 ~N)LN 

11 11 ~N HO-P-O-P-0-CH 
I I 2 0 

o - o- HH 
H H 

OH OH 

-----"-­.._---

11 1111 ~ - o - P -0-P-O-P-O - CH + 
I I I 

2 
O 

o - o- o - HH 
H H 

OH OH 

Adenosine diphosphate (ADP) Adenosine triphosphate (ATP) 

■ CHECK YOUR UNDERSTANDING 

Describe the general structure of a nucleoside 
and a nucleotide. 

Describe the difference between a 
ribonucleotide and a deoxyribonucleotide. 

ATP diffuses throughout the cell to provide energy for other cellular work, 
such as biosynthetic reactions, ion transport, and cell movement. The 
chemical potential energy of ATP is made available when it transfers one 
( or two) of its phosphate groups to another molecule. This process· can be 
represented by the reverse of the preceding reaction, namely, the hydro­
lysis of ATP to ADP. (As we shall see in later chapters, the interconver­
sion of ATP and ADP in the cell is not freely reversible, and free phos­
phate groups are seldom released directly from ATP.) The degree to which 
ATP participates in routine cellular activities is illustrated by calculations 
indicating that while the concentration of cellular ATP is relatively 
moderate (-5 mM), humans typically recycle their own weight of ATP 
each day. 

Nucleotide derivatives participate in a wide variety of metabolic 
processes. For example, starch synthesis in plants proceeds by repeated 
additions of glucose units donated by ADP- glucose (Fig. 3-2) . Other 
nucleotide derivatives, as we shall see in later chapters, carry groups that 
undergo oxidation-reduction reactions. The attached group, which may be 
a small molecule such as glucose (Fig. 3-2) or even another nucleotide, is 
typically linked to the nucleotide through a mono- or diphosphate group. 
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Section 3-2 Introduction to Nucleic Acid Structure 43 

Introduction to Nucleic Acid Structure 

Nucleotides can be joined to each other to form the polymers that are fa­

miliar to us as RNA and DNA. In this section, we describe the general 
features of these nucleic acids. Nucleic acid structure is considered further 
in Chapter 24. 

LEARNING OBJECTIVES 

■ Understand how nucleotides are linked 
together to form nucleic acids. 

A Nucleic Acids Are Polymers of Nucleotides 

■ Become familiar with the structural 
features of the DNA double helix. 

The nucleic acids are chains of nucleotides whose phosphates bridge the 
3' and 5' positions of neighboring ribose units (Fig. 3-3). The phosphates 
of these polynucleotides are acidic, so at physiological pH, nucleic acids 
are polyanions. The linkage between individual nucleotides is known as a 
phosphodiester bond, so named because the phosphate is esterified to two 
ribose units. Each nucleotide that has been incorporated into the polynu­
cleotide is known as a nucleotide residue. The terminal residue whose CS' 

(a) 

Oc 5' end 

i Q 3 : 1 :N} A 
- o 

I N 
5' 

- o-P- 0 -CH 
II 2 

0 4' H 
0 

~ (CH3) 

o /z.1.J U (T ) 
I 5' 0 N 

- O-P-0-CH 
II 2 

5' 0 4' H l' 

\ 
3' 

0 
I 5• 

-o-P-0-CH 
II 2 

C 

0 

3' end 

G 

(b) 
A u C G 

2' OH 2' OH 2' OH 2' OH 

3' 3 ' 3' 3 ' OH 

p p p p 

5' 5 ' 5 ' 5' 

■ Figure 3-3 I Chemical structure of a nucleic acid. (a) 

The tetraribonucleotide adenylyl-3' ,5'-uridylyl-3' ,5' -cytidylyl-
3',5' -guanylate is shown. The sugar atoms are primed to 
distinguish them from the atoms of the bases. By convention, 
a polynucleotide sequence is written with the 5' end at the left 

and the 3' elld at the right. Thus, reading left to right, the 
phosphodiester bond links neighboring ribose residues in the 

5' -> 3' direction. The sequence shown here can be abbreviated 
pApUpCpG or just pAUCG (the "p" to the left of a nucleoside 

symbol indicates a 5' phosphoryl group). Toe corresponding 

deoxytetranucleotide, in which the 2' -OH groups are replaced by 
H and the uracil (U) is replaced by thymine (T), is abbreviated 

d(pApTpCpG) or d(pATCG). (b) Schematic representation 
of pAUCG. A vertical line denotes a ribose residue, the 
attached base is indicated by a single letter, and a diagonal 
line flanking an optional "p" represents a phosphodiester 
bond. The atom numbers for the ribose residue may be 
omitted. The equivalent representation of d(pATCG) differs 
only by the absence of the 2' -OH group and by the 
replacement of U by T. 
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H-..._ 
0 

N ~ CHa 

O~ NJlH 

is not linked to another nucleotide is called the 5' end, and the 
terminal residue whose C3' is not linked to another nucleotide 
is called the 3' end. By convention, the sequence of nucleotide 
residues in a nucleic acid is written, left to right, from the 5' end 
to the 3' end. 

I 
R 

Th ymin e Thymine 
(keto or lactam form ) (enol or lactim form) 

The properties of a polymer such as a nucleic acid may be very 
different from the properties of the· individual units, or 
monomers, before polymerization. As the size of the polymer in­
creases from dimer, trimer, tetramer, and so on through oligomer 
(Greek: oligo, few), physical properties such as charge and solu­
bility may change. In addition, a polymer of nonidentical residues 
has a property that its component monomers lack- namely, it con­
tains information in the form of its sequence of residues. 

(b~ ....._ :XO N 
N I ')-H 

H 2N~ N 
I 

R 

Chargaff's Rules Describe the Base Composition of DNA. 
Although there appear to be no rules governing the nucleotide 
composition of typical RNA molecules, DNA has equal numbers 
of adenine and thymine residues (A = T) and equal numbers of 

Guan ine Gu anine guanine and cytosine residues (G = C). These relationships, 
(keto or lactam for m) (enol or Iactim form) known as Chargaff's rules, were discovered in the late 1940s by 

■ Figure 3-4 I Tautomeric forms of bases. 
Some of the possible tautomeric forms of (a) 
thymine and (b) guanine are shown. Cytosine and 
adenine can undergo similar proton shifts. 

- ---

■ Figure 3-5 An X-ray diffraction photograph 
of a vertically oriented DNA fiber. This 
photograph, taken by R osalind Franklin, 
provided key evidence for the elucidation of the 
Watson-Crick structure. The central X-shaped 
pattern indicates a helix, whereas the heavy black 
arcs at the top a nd bottom of the diffraction 
pattern reveal the spacing of the stacked bases 

(3.4 A). [Courtesy of Maurice Wilkins, King's 
College, London.] 

Erwin Chargaff, who devised the first reliable quantitative meth­
ods for the compositional analysis of DNA. 

DNA's base composition varies widely among different organisms. It 
ranges from -25 to 75 mol % G + C in different species of bacteria. 
However, it is more or less constant among related species; for example, 
in mammals G + C ranges from 39 to 46%. The significance of Chargaff's 
rules was not immediately appreciated, but we now know that the struc­
tural basis for the rules derives from DNA's double-stranded nature. 

B DNA Forms a Doub le Helix 

The determination of the structure of DNA by James Watson and Francis 
Crick in 1953 is often said to mark the birth of modern molecular biology. 
The Watson-Crick structure of DNA not only provided a model of what is 
arguably the central molecule of life, it also suggested the molecular mech­
anism of heredity. Watson and Crick's accomplishment, which is ranked as 
one of science's major intellectual achievements, was based in part on two 
pieces of evidence in addition to Chargaff's rules: the correct tautomeric 
forms of the bases and indications that DNA is a helical molecule. 

The purine and pyrimidine bases of nucleic acids can assume different 
tautomeric forms (tautomers are easily converted isomers that differ only 
in hydrogen positions; Fig. 3-4). X-Ray, nuclear magnetic resonance 
(NMR), and spectroscopic investigations have firmly established that the 
nucleic acid bases are overwhelmingly in the keto tautomeric forms shown 
in Fig. 3-3. In 1953, however, this was not generally appreciated. 
Information about the dominant tautomeric forms was provided by Jerry 
Donohue, an office mate of Watson and Crick and an expert on the X-ray 
structures of small organic molecules. 

Evidence that DNA is a helical molecule was provided by an X-ray dif­
fraction photograph of a DNA fiber taken by Rosalind Franklin (Fig. 3-5). 
The appearance of the photograph ·enabled Crick, an X-ray crystallogra­
pher by training, to deduce (a) that DNA is a helical molecule and (b) that 
its planar aromatic bases form a stack that is parallel to the fiber axis. 

The limited structural information, along with Chargaff's rules, provided 
few clues to the structure of DNA; Watson and Crick's model sprang mostly 
from their imaginations and model-building studies. Once the Watson-Crick 
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Section 3-2 Introduction to Nucleic Acid Structure 45 

model had been published, however, its basic simplicity combined with its 
obvious biological relevance led to its rapid acceptance. Later investigations 
have confirmed the general accuracy of the Watson-Crick model, although 
its details have been modified. 

The Watson-Crick model of DNA has the following major features: 

1. 1\vo polynucleotide chains wind around a common axis to form a 
double helix (Fig. 3-6). 

2. The two strands of DNA are antiparallel (run in opposite directions), 
but each forms a right-handed helix. (The difference between a right­
handed and a left-handed helix is shown in Fig. 3-7.) 

■ Figure 3-6 I Three-dimensional structure of DNA. The 

repeating helix is based on the structure of the self-complementary 
dodecamer d(CGCGAATICGCG) determined by Richard D ickerson 

and Horace Drew. The view in this ball-and-stick model is perpendicular 

to the helix axis. The sugar- phosphate backbones (blue, with green 

ribbon outlines) wind around the periphery of the molecule. The bases 
(red) form hydrogen-bonded pairs that occupy the core. H atoms have 

been omitted for clarity. The two strands run in opposite directions. 
[Illustration, Irving Geis. Image from the Irving Geis Collection/Howard 

Hughes Medical Institute. Rights owned by HHMI. Reproduction by 
permission only.] •"Q, See Interactive Exercise 1 and Kinemage 

Exercise 2-1. 

Left-handed Right-handed 

■ Figure 3-7 l Diagrams of left- and 
right-handed helices. In each case, the fingers 
curl in the direction the helix turns when the 
thumb points in the direction the helix rises. Note 
that the handedness is retained when the helices 
are turned upside down. 
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■ Figure 3-8 I Complementary strands of 
DNA. Tho polynucleotide chains associate by 
base pairing to form double-stranded DNA. A 
pairs with T, and G pairs with C by forming 
specific hydrogen bonds. ~ See Kinemage 

Exercise 2-2. 

3. The bases occupy the core of the helix and sugar-phosphate chains 
run along the periphery, thereby minimizing the repulsions between 
charged phosphate groups. The surface of the double helix contains 
two grooves of unequal width: the major and minor grooves. 

4. Each base is hydrogen bonded to a base in the opposite strand to 
form a planar base pair. The Watson- Crick structure can accommo­
date only two types of base pairs. Each adenine residue must pair 
with a thymine residue and vice versa, and each guanine residue 
must pair with a cytosine residue and vice versa (Fig. 3-8). These 
hydrogen-bonding interactions, a phenomenon known as comple­
mentary base pairing, result in the specific association of the two 
chains of the double helix. 

The Watson-Crick structure can accommodate any sequence of bases on 
one polynucleotide strand if the opposite strand has the complementary 

Sugar-phosphate 
backbone 

5' 

l 
3' 

Complementary 
base pairing 

Sugar-phosphate 
backbone 
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base sequence. This immediately accounts for Chargaff's rules. More 

importantly, it suggests that each DNA strand can act as a template for the 
synthesis of its complementary strand and hence that hereditary informa­

tion is encoded in the sequence of bases on either strand. 

Most DNA Molecules Are Large. The extremely large size of DNA mol­

ecules is in keeping with their role as the repository of a cell's genetic in­
formation. Of course, an organism's genome, its unique DNA content, may 

be allocated among·several chromosomes (Greek: chromos, color+ soma, 

body), each of which contains a separate DNA molecule. Note that many 

organisms are diploid; that is, they contain two equivalent sets of chromo­
somes, one from each parent. Their content of unique (haploid) DNA is 
half their total DNA. For example, humans are diploid organisms that 
carry 46 chromosomes per cell; their haploid number is therefore 23. 

Because of their great lengths, DNA molecules are described in terms 
of the number of base pairs (bp) or thousands of base pairs (kilo base pairs, 

or kb). Naturally occurring DNAs vary in length from - 5 kb in small 
DNA-containing viruses to well over 250,000 kb in the largest mammalian 
chromosomes. Although DNA molecules are long and relatively stiff, they 

are not completely rigid. We shall see in Chapter 24 that the DNA 
double helix forms coils and loops when it is packaged inside the cell. 

Furthermore, depending on the nucleotide sequence, DNA may adopt 
slightly different helical conformations. Finally, in the presence of other 

cellular components, the DNA may bend sharply or the two strands may 
partially unwind. 

C RNA Is a Single-Stranded Nucleic Acid 

Single-stranded DNA is rare, occurring mainly as the hereditary material 

of certain viruses. In contrast, RNA occurs primarily as single strands, 
which usually form compact structures rather than loose extended chains 
(double-stranded RNA is the hereditary material of certain viruses). An 

RNA strand- which is identical to a DNA strand except for the presence 
of 2' -OH groups and the substitution of uracil for thymine- can base-pair 

with a complementary strand of RNA or DNA. As expected, A pairs with 
U ( or T in DNA), and G with C. Base pairing often occurs intramolecu­

larly, giving rise to stem-loop structures (Fig. 3-9) or, when loops interact 
with each other, to more complex structures. 

The intricate structures that can potentially be adopted by single­
stranded RNA molecules provide additional evidence that RNA can do 

more than just store and transmit genetic information. Numerous investi­
gations have found that certain RNA molecules can specifically bind small 

organic molecules and can catalyze reactions involving those molecules. 
These findings provide substantial support for theories that many of the 

processes essential for life began through the chemical versatility of small 

polynucleotides (a situation known as the RNA world). We will further 
explore RNA structure and function in Section 24-2C. 

~ Overview of Nucleic Acid Function 

DNA is the carrier of genetic information in all cells and in many viruses. 

Yet a period of over 75 years passed from the time the laws of inheritance 
were discovered by Gregor Mendel until the biological role of DNA was 

elucidated. Even now, many details of how genetic information is 
expressed and transmitted to future generations are still unclear. 

■ Figure 3-9 f Formation of a stem-loop 

structure. Base pairing between complementary 
sequences within an RNA strand allows the 
polynucleotide to fold back on itself. 

■ CHECK YOUR UNDERSTANDING 

Describe the double-helical structure of DNA. 

List the structural differences between DNA 

and RNA. 

LEARNING OBJECTIVE 

■ Understand that genetic information is 
contained in the sequence of nucleotides in 
DNA and can be expressed through its 
transcription into RNA, which is then 
translated into protein. 
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■ Figure 3-10 I Transformed pneumococci. 

The large colonies are virulent pneumococci that 
resulted from the transformation of nonpathogenic 
pneumococci (smaller colonies) by DNA extracted 
from the virulent strain. We now know that this 
DNA contained a gene that was defective in the 
nonpathogenic strain. [From Avery, O.T., 
MacLeod, C.M., and McCarty, M., J. Exp. Med. 79, 
153 (1944). Copyright © 1944 by Rockefeller 
University Press.] 

Old Old 

Old New New Old 

Mendel's work with garden peas led him to postulate that an individ­
ual plant contains a pair of factors (which we now call genes), one inher­
ited from each parent. But Mendel's theory of inheritance, reported in 
1866, was almost universally ignored by his contemporaries, whose knowl­
edge of anatomy and physiology provided no basis for its understanding. 
Eventually, genes were hypothesized to be part of chromosomes, and the 
pace of genetic research greatly accelerated. 

A I DNA Carries Genetic Information 

Until the 1940s, it was generally assumed that genes were made of pro­
tein, since proteins were the only biochemical entities that, at the time, 
seemei:I complex enough to serve as agents of inheritance. Nucleic acids, 
which had first been isolated in 1869 by Friedrich Miescher, were believed 
to have monotonously repeating nucleotide sequences and were therefore 
unlikely candidates for transmitting genetic information. 

It took the efforts of Oswald Avery, Colin MacLeod, and Maclyn 
McCarty to demonstrate that DNA carries genetic information. Their ex­
periments, completed in 1944, showed that DNA-not protein-extracted 
from a virulent (pathogenic) strain of the bacterium Diplococcus pneumo­
niae was the substance that transformed (permanently changed) a non­
pathogenic strain of the organism to the virulent strain (Fig. 3-10). Avery's 
discovery was initially greeted with skepticism, but it influenced Erwin 
Chargaff, whose rules (Section 3-2A) led to subsequent models of the 
structure and function of DNA. 

The double-stranded, or duplex, nature of DNA facilitates its replica­
tion. When a cell divides, each DNA strand acts as a template for the 
assembly of its complementary strand (Fig. 3-11). Consequently, every 
progeny cell contains a complete DNA molecule ( or a complete set of 
DNA molecules in organisms whose genomes contain.more than one chro­
mosome). Each DNA molecule consists of one parental strand and one 
daughter strand. Daughter strands are synthesized by the stepwise poly­
merization of nucleotides that specifically pair with bases on the parental 
strands. The mechanism of replication, while straightforward in principle, 
is exceedingly complex in the cell, requiring a multitude of cellular factors 
to proceed with fidelity and efficiency, as we shall see in Chapter 25. 

■ Figure 3-11 I DNA replication. Each strand of parental DNA (red) acts as a 

template for the synthesis of a complementary daughter strand (green). Thus, the 

resulting double-stranded molecules are identical. 
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B , Genes Direct Protein Synthesis 

The question of how sequences of nucleotides control the characteristics 
of organisms took some time to be answered. In experiments with the 
mold Neurospora crassa in the 1940s, George Beadle and Edward Tatum 
found that there is a specific connection between genes and enzymes, the 
one gene-one enzyme theory. Beadle and Tatum showed that mutant 
varieties of Neurospora that were generated by irradiation with X-rays 
required additional nutrients in order to grow. Presumably, the offspring 
of the radiation-damaged cells lacked the specific enzymes necessary to 
synthesize those nutrients. 

The link between DNA and enzymes (nearly all of which are proteins) is 
RNA. The DNA of a gene is transcribed to produce an RNA molecule that 
is complementary to the DNA. The RNA sequence is then translated into the 
corresponding sequence of amino acids to form a protein (Fig. 3-12). These 
transfers of biological information are summarized in the so-called central 
dogma of molecular biology formulated by Crick in 1958 (Fig. 3-13). 

Just as the daughter strands of DNA are synthesized from free deoxynu­
cleoside triphosphates that pair with bases in the parent DNA strand, RNA 
strands are synthesized from free ribonucleoside triphosphates that pair 
with the complementary bases in one DNA strand of a gene (transcription 
is described in greater detail in Chapter 26). The RNA that corresponds to 
a protein-coding gene (called messenger RNA, or mRNA) makes its way 
to a ribosome, an organelle that is itself composed largely of RNA (ribo­
somal RNA, or rRNA). At the ribosome, each set of three nucleotides in 
the mRNA pairs with three complementary nucleotides in a small RNA 

molecule called a transfer RNA, or tRNA (Fig. 3-14). Attached to each 
tRNA molecule is its corresponding amino acid. The ribosome catalyzes 
the joining of amino acids, which are the monomeric units of proteins (pro­
tein synthesis is described in detail in Chapter 27). Amino 

DNA 5' - A-G-A-G-G-T-G-C-T- 3' 

3'- T-C-T-C-C-A-C-G-A-5' 

mRNA 

tRNAs 

Protein 

t 
5' - A-G-A-G-G- U-G-C-U- 3' 

3' U- C- U C-C-A C- G-A 5' 
yyy 

Arginine Glycine Alanine 

t 
-Arginine-Glycine-Alanine-

■ Figure 3-12 Transcription and translation. 

One strand of DNA directs the synthesis of 
messenger RNA (rnRNA). The base sequence of 
the transcribed RNA is complementary to that 
of the DNA strand. The message is translated 
when transfer RNA (tRNA) molecules align with 
the mRNA by complementary base pairing between 
three-nucleotide segments known as codons. Each 
tRNA carries a specific amino acid. These amino 
acids are covalently joined to form a protein. 
Thus, the sequence of bases in DNA specifies the 
sequence of amino acids in a protein. 

l - 7 See Guided Exploration 1 
Overview of trans~ription and translation. 

acids are added to the growing protein chain according to the 
order in which the tRNA molecules bind to the mRNA. Since 
the nucleotide sequence of the mRNA in turn reflects the se­
quences of nucleotides in the gene, DNA directs the synthe­
sis of proteins. It follows that alterations to the genetic mate­
rial of an organism (mutations) may manifest themselves as 
proteins with altered structures and functions. 

F r~ \ .L transcription _j. ) translation 
DNA ~---- -----..:-RNA- - --protein 

Using techniques that are described in the following sections and in 
other parts of this book, researchers can compile a catalog of all the 

Growing protein chain 
NH

3
+ 

5' ~~~~-~~~-~~~-~~~~~-~~-~~~~ 3' 
Messenger RNA 

direction of ribosome 
movement on mRNA 

■ Figure 3-13 I The central dogma of 

molecular biology. Solid arrows indicate the 
types of information transfers that occur in all 
cells: DNA directs its own replication to produce 
new DNA molecules; DNA is transcribed into 
RNA; RNA is translated into protein. Dashed 
lines represent information transfers that occur . 
only in certain organisms. 

■ Figure 3-14 Translation. tRNA molecules 

with their attached amino acids bind to 
complementary three-nucleotide sequences 

(codons) on mRNA. The ribosome facilitates the 
alignment of the tRNA and the mRNA, and it 
catalyzes the joining of amino acids to produce a 
protein chain. When a new amino acid is added, 
the preceding tRNA is ejected, and the ribosome 
proceeds along the mRNA. 

--------
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■ CHECK YOUR UNDERSTANDING 

Summarize the central dogma of molecular 
biology. 

LEARNING OBJECTIVES 

■ Understand why restriction endonucleases 
are useful for generating DNA fragments. 
■ Understand the steps required to 
sequence DNA by the chain-terminator 
method. 
■ Understand what kinds of information 
have been provided by sequencing the 
human genome. 
■ Understand that changes in DNA allow 
evolution to occur. 

GCACUUGA 

! 
snake venom 
phosphodiesterase 

GCACUUGA 
GCACUUG 
GCACUU 
GCACU 
GCAC 
GCA 
G C + Mononucleotides 

■ Figure 3-15 I Determining the sequence 
of an oligonucleotide using nonspecific 
enzymes. The oligonucleotide is partially 
digested with snake venom phosphodiesterase, 
which breaks the phosphodiester bonds between 
nucleotide residues, starting at the 3' end of the 
oligonucleotide. The result is a mixture of fragments 
of all lengths, which are then separated. 
Comparing the base composition of a pair of 
fragments that differ in length by one nucleotide 
establishes the identity of the 3' -terminal 
nucleotide in the larger fragment. Analysis of each 
pair of fragments reveals the sequence of the 
original oligonucleotide. 

information encoded in an organism's DNA. The study of the genome's 
size, organization, and gene content is known as genomics. By analogy, 
transcriptomics refers to the study of gene expression, which focuses on 
the set of mRNA molecules, or transcriptome, that is transcribed from 
DNA under any particular set of circumstances. Finally, proteomics is the 
study of the proteins (the proteome) produced as a result of transcription 
and translation. Although an organism's genome remains essentially 
unchanged throughout its lifetime, its transcriptome and proteome may 
vary significantly among different types of tissues, developmental stages, 
and environmental conditions. 

~ ucleic Acid Sequencing 

Much of our current understanding of protein structure and function rests 
squarely on information gleaned not from the proteins themselves, but 
indirectly from their genes. The ability to determine the sequence of 
nucleotides in nucleic acids has made it possible to deduce the amino acid 
sequences of their encoded proteins and, to some extent, the structures and 
functions of those proteins. Nucleic acid sequencing has also revealed infor­
mation about the regulation of genes. Certain portions of genes that are 
not actually transcribed into RNA nevertheless influence how often a gene 
is transcribed and translated, that is, expressed. Moreover, efforts to elu­
cidate the sequences in hitherto unmapped regions of DNA have led to 
the discovery of new genes and new regulatory elements. Once in hand, a 
nucleic acid sequence can be duplicated, modified, and expressed, making 
it possible to study proteins that could not otherwise be obtained in useful 
quantities. In this section, we describe how nucleic acids are sequenced and 
what information the sequences may reveal. In the following section, we 
discuss the manipulation of purified nucleic acid sequences for various 
purposes. 

The overall strategy for sequencing any p_olymer of nonidentical units is 

1. Cleave the polymer into specific fragments that are small enough to 
be fully sequenced. 

2. Determine the sequence of residues in each fragment. 

3. Determine the order of the ·fragments in the original polymer by 
repeating the preceding steps using a degradation procedure 
that yields a set of fragments that overlap the cleavage points in the 
first step. 

The first efforts to sequence RNA used nonspecific enzymes to generate 
relatively small fragments whose nucleotide composition was then deter­
mined by partial digestion with an enzyme that selectively removed 
nucleotides from one end or the other (Fig. 3-15). Sequencing RNA in this 
manner was tedious and time-consuming. Using such methods, it took 
Robert Holley seven years to determine the sequence of a 76-residue 
tRNA molecule. 

After 1975, dramatic progress was made in nucleic acid sequencing 
technology. The advances were made possible by the discovery of enzymes 
that could cleave DNA at specific si:tes and by the development of rapid 
sequencing techniques for DNA. The advent of modern molecular cloning 
techniques (Section 3-5) also made it possible to produce sufficient quan­
tities of specific DNA to be sequenced. These cloning techniques are nec­
essary because most specific DNA sequences are normally present in a 
genome in only a single copy. 
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A Restriction Endonucleases 
Cleave DNA at Specific Sequences 

Many bacteria are able to resist infection by bacteriophages (viruses that 
are specific for bacteria) by virtue of a restriction-modification system. The 
bacterium modifies certain nucleotides in specific sequences of its own DNA 
by adding a methyl (-CH3) group in a reaction catalyzed by a modifica­
tion methylase. A restriction endonuclease, which recognizes the same nu­
cleotide sequence as does the methylase, cleaves any DNA that has not been 
modified on at least one of its two strands. (An endonuclease cleaves a nu­
cleic acid within the polynucleotide strand; an exonuclease cleaves a nucleic 
acid by removing one of its terminal residues.) This system destroys foreign 
(phage) DNA containing a recognition site that has not been modified by 
methylation. The host DNA is always at least half methylated, because al­
though the daughter strand is not methylated until shortly after it is synthe­
sized, the parental strand to which it is paired is already modified (and thus 
protects both strands of the DNA from cleavage by the restriction enzyme). 

Type II restriction endonucleases are particularly useful in the labora­
tory. These enzymes cleave DNA within the four- to eight-base sequence 
that is recognized by their corresponding modification methylase. (Type I 
and Type III restriction endonucleases cleave DNA at sites other than 
their recognition sequences.) Over 3000 Type II restriction enzymes with 
over 200 different recognition sequences have been characterized. Some 
of the more widely used restriction enzymes are listed in Table 3-2. A 

Recognition and Cleavage Sites 
of Some Restriction Enzymes 

Recognition 
Enzyme Sequence0 Microorganism 

AluI AG!CT Arthrobacter luteus 

BamHI G!GATCC Bacillus amyloliquefaciens H 

Bg/I GCCNNNNN!NGGC Bacillus globigii 

BgnI A!GATCT Bacillus globigii 

EcoRI G!AATTC Escherichia coli RY13 
EcoRII !CC(1)GG Escherichia coli R245 
EcoRV GAT!ATC Escherichia coli J62 pLG74 
HaeII RGCGqY H aemophilus aegyptius 

HaeIII GG!CC Haemophilus aegyptius 

HindIII A!AGCTT H aemophilus influenzae Rd 
HpaII qcGG Haemophilus parainfluenzae 

MspI qCGG Moraxella species 
PstI CTGCA!G Providencia stuartii 164 
PvuII CAG!CTG Proteus vulgaris 

Sa/I G!TCGAC Streptomyces a/bus G 
Taql T!CGA Thermus aquaticus 

Xhol qTCGAG Xanthomonas holcicola 

0The recognition sequence is abbreviated so that only one strand, reading 5' to 3', is 
given. The cleavage site is represented by an arrow (t). R, Y, and N represent a purine 
nucleotide, a pyrimidine nucleotide, and any nucleotide, respectively. 
Source: Roberts, R.J. and Macelis, D., REBASE-the restriction enzyme database, 
http://rebase.neb.com. 
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■ Figure 3-16 I Restriction sites. The 
recognition sequences for Type II restriction 
endonucleases are palindromes, sequences with a 
twofold axis of symmetry. (a) Recognition site for 
EcoRI, which generates DNA fragments with 
sticky ends. (b) Recognition site for EcoRV, 

which generates blunt-ended fragments. 

Plastic == - = = 
frame - - - -== == ::: == == - - - ::: - -

■ Figure 3-17 I Apparatus for gel 
electrophoresis. Samples are applied in slots at 
the top of the gel and electrophoresed in parallel 
Janes. Negatively charged molecules such as DNA 
migrate through the gel matrix toward the anode 
in response to an applied electric field. Because 
smaller molecules move faster, the molecules in 
each lane are separated according to size. 
Following electrophoresis, the separated molecules 
may be visualized by staining, fluorescence, or a 
radiographic technique. 

(a) EcoRI (b) EcoRV 

i Cleavage site • Twofold symmetry axis 

restriction enzyme is named by the first letter of the genus and the first 
two letters of the species of the bacterium that produced it, followed by 
its serotype or strain designation, if any, and a roman numeral if the bac­
terium contains more than one type of restriction enzyme. For example, 
EcoRI is produced by E. coli strain RY13. 

Interestingly, most Type II restriction endonucleases recognize and 
cleave palindromic DNA sequences. A palindrome is a word or phrase that 
reads the same forward or backward. Two examples are "refer" and 
"Madam, I'm Adam." In a palindromic DNA segment, the sequence of nu­
cleotides is the same in each strand, and the segment is said to have 
twofold symmetry (Fig. 3-16). Most restriction enzymes cleave the two 

strands of DNA at positions that are staggered, producing DNA fragments 
with c;omplementary single-strand extensions. Restriction fragments with 
such sticky ends can associate by base pairing with other restriction frag­
ments generated by the same restriction enzyme. Some restriction endonu­
cleases cleave the two strands of DNA at the symmetry axis to yield 
restriction fragments with fully base-paired blunt ends. 

B I Electrophoresis Separates Nucleic Acids According to Size 

Treating a DNA molecule with a restriction endonuclease produces a 
series of precisely defined fragments that can be separated according to 
size. Gel electrophoresis is commonly used for the separation. In princi­
ple, a charged molecule moves in an electric field with a velocity propor­
tional to its overall charge density, size, and shape. For molecules with a 
relatively homogeneous composition (such as nucleic acids), shape and 
charge density are constant, so the velocity depends primarily on size. 
Electrophoresis is carried out in a gel-like matrix, usually made from 
agarose (carbohydrate polymers that form a loose mesh) or polyacryl­
amide (a more rigid cross-linked synthetic polymer). The gel is typically 
held between two glass plates (Fig. 3-17). The molecules to be separated 
are applied to one end of the gel, and the molecules move through the 

pores in the matrix under the influence of an electric field. Smaller mol­
ecules move more rapidly through the gel and therefore migrate farther 
in a given time. 

Following electrophoresis, the separated molecules may be visualized in 

the gel by an appropriate technique, such as addition of a stain that binds 
tightly to the DNA or by radioactive labeling. Depending on the dimen­
sions of the gel and the visualization technique used, samples containing 
less than a nanogram of material can be separated and detected by gel 
electrophoresis. Several samples can be electrophoresed simultaneously. 
For example, the fragments obtained by digesting a DNA sample with 
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■ Figure 3-18 I Electrophoretogram of restriction d igests. The plasmid 
pAgK84 has been digested with (A) BamHI, (B) PstI, (C) BglII, (D) HaeIII, (E) 
HincII, (F) Sac!, (G) XbaI, and (H) Hpal. Lane I contains bacteriophage A digested 
with HindIII as a standard since these fragments have known sizes. The restriction 
fragments in each lane are made visible by fluorescence against a black background. 
[From Slota, J.E. and Farrand, S.F. , Plasmid S, 180 (1982). Copyright © 1982 by 
Academic Press.] 

different restriction endonucleases can be visualized side by side (Fig. 3-18). 
The sizes of the various fragments can be determined by comparing their 
electrophoretic mobilities to the mobilities of fragments of known size. 

C DNA Is Sequenced by the Chain-Terminator Met hod 

Here we discuss the most commonly used procedure for sequencing DNA, 
the chain-terminator method, which was devised by Frederick Sanger. The 
first step in this procedure is to obtain single polynucleotide strands. 
Complementary DNA strands can be separated by heating, which breaks 
the hydrogen bonds between bases. Next, polynucleotide fragments that 
terminate at positions corresponding to each of the four nucleotides are 
generated. Finally, the fragments are separated and detected. 

The Chain-Terminator Method Uses DNA Polymerase. The chain­
terminator method (also called the dideoxy method) uses an E. coli 
enzyme to make complementary copies of the single-stranded DNA 
being sequenced. The enzyme is a fragment of D NA polymerase I, one of 
the enzymes that participates in replication of bacterial DNA (Section 
25-2A). Using the single DNA strand as a template, DNA polymerase I 
assembles the four deoxynucleoside triphosphates (dNTPs), dATP, dCTP, 
dGTP, and dTTP, into a complementary polynucleotide chain that it elon­
gates in the 5'➔ 3' direction (Fig. 3-19). 

DNA polymerase I can sequentially add deoxynucleotides only to the 3' 
end of a polynucleotide. Hence, replication is initiated in the presence of a 

DNA 
polymerase I 

'\ ► 
PP; 

5' Primer 3' dCTP dTTP 
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A B C D E F G H I 

C 

G 

See Guided Exploration 2 
DNA sequence determination by the chain­
terminator method. 

A G T G A A T 

~ 
T C A C T 

}JJJ,J· + }" + etc. 

PPP 

■ Figure 3-19 I Action of DNA polymerase I. Using a single 
DNA strand as a template, the enzyme elongates the primer by 
stepwise addition of complementary nucleotides. Incoming 
nucleotides pair with bases on the template strand and are joined 

to the growing polynucleotide strand in the 5' -> 3' direction. The 
polymerase-catalyzed reaction requires a free 3'-0H group on the 
growing strand. Pyrophosphate (P20:\- ; PP;) is released with each 
nucleotide addition. 
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Template: 3' --- CCGGTAGCAACT --- 5' 
Primer: 5' GG 3 ' 

dATP + ddATP 
dCTP 
dGTP 
dTTP 

GGCCA 
GGCCATCGTTGA 

dATP l dATP dCTP + ddCTP dCTP 
dGTP dGTP + ddGTP 
dTTP dTTP 

GGC 
GGCC 
GGCCATC 

GGCCATCG 
GGCCATCGTTG 

dATP 
dCTP 
dGTP 
dTTP + ddTTP 

GGCCAT 
GGCCATCGT 
GGCCATCGTT 

■ Figure 3-20 The chain-terminator (dideoxy) method of A C G T 

DNA sequencing. Each of the four reaction mixtures includes 
the single-stranded DNA to be sequenced (the template), a primer, - A 3' 
the four deoxynucleoside triphosphates (represented as dATP, etc.), - G 
and one of the four dideoxynucleoside triphosphates (ddATP, etc.) . - T 
Extension of the primer by the action of DNA polymerase generates - T Sequence complementary 
stretches of DNA terminating with a dideoxynucleotide. Gel - G to template DNA 
electrophoresis in parallel lanes of the fragments from the four - C 

reaction mixtures yields a set of polynucleotides whose 3' terminal - T 

residues are known. The sequence obtained by "reading" from the - A - C 
smallest fragment to the largest (i.e., from the bottom to tht: top of - C 5' 
the gel) is complementary to the sequence of the template DNA. 

short polynucleotide (a primer) that is complementary to the 3' end of the 
template DNA and thus becomes the 5' end of the new strand. The primer 
base-pairs with the template strand, and nucleotides are sequentially added 
to the 3' end of the primer. If the DNA being sequenced is a restriction frag­
ment, as it usually is, it begins and ends with a restriction site. The primer can 
therefore be a short DNA segment with the sequen,ce of this restriction site. 

DNA Synthesis Terminates after Specific Bases. In the chain-terminator 
technique (Fig. 3-20), the DNA to be sequenced is incubated with DNA 
polymerase I, a suitable primer, and the four dNTP substrates (reactants in 
enzymatic reactions) for the polymerization reaction. The reaction mixture 
also includes a "tagged" compound, either· one of the dNTPs or the primer. 
The tag, which may be a radioactive isotope (e.g., 32P) or a fluorescent la­
bel, permits the products of the polymerase reaction to be easily detected. 

The key component of the reaction mixture is a small amount of a 
2' ,3' -dideoxynucleoside trip hosp hate ( ddNTP), 

®- ®-®-o 

H H 

2' ,3' -Dideoxynucleoside 
triphosphate 
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which lacks the 3'-OH group of deoxynucleotides. When the dideoxy ana­

log is incorporated into the growing polynucleotide in place of the corre­

sponding normal nucleotide, chain growth is terminated because addition 
of the next nucleotide requires a free 3'-0H. By using only a small amount 

of the ddNTP, a series of truncated chains is generated, each of which ends 

with the dideoxy analog at one of the positions occupied by the 

corresponding base. 
Relatively modest sequencing tasks use four reaction mix­

tures, each with a different ddNTP, and the reaction products are 

electrophoresed in parallel lanes. The lengths of the truncated 
chains indicate the positions where the dideoxynucleotide was 
incorporated. Thus, the sequence of the replicated strand can be 
directly read from the gel (Fig. 3-21). The gel must have suffi­

cient resolving power to separate fragments that differ in length 
by only one nucleotide. Two sets of gels, one run for a longer 

time than the other, can be used to obtain the sequence of up to 
800 bases of DNA. Note that the sequence obtained by the chain-ter­

minator method is complementary to the DNA strand being sequenced. 

Large Sequencing Projects Are Automated. Large-scale sequencing 

operations are accelerated by automation. In a variation of the chain­

terminator method, the primers used in the four chain-extension reactions 

are each linked to a different fluorescent dye. The separately reacted mix­

tures are combined and subjected to gel electrophoresis in a single lane. 

As each fragment exits the bottom of the gel, its terminal base is identi­

fied by its characteristic fluorescence (Fig. 3-22) with an error rate of -1 % . 

In the most advanced systems, the sequencing gel is contained in an 

array of up to 96 capillary tubes (rather than in a slab-shaped apparatus), 

sample preparation and sample loading are performed by robotic systems, 

and electrophoresis and data analysis are fully automated. These systems 

can simultaneously sequence 96 DNA samples averaging - 600 bases each 
with a turnaround time of -2.5 hr and hence can identify up to 550,000 

bases per day-all with only - 15 min of human attention (a skilled 
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AGCT AGCT 

■ Figure 3-21 I An autoradiogram of a 

sequencing gel. The positions of radioactive 
DNA fragments produced by the chain-terminator 

method were visualized by laying X-ray film over 
the gel after electrophoresis. A second loading of 

the gel (the four lanes at right) was made 90 min 

after the initial loading in order to obtain the 
sequences of the smaller fragments. The deduced 

sequence of 140 nucleotides is written along the 
side. [From Hindley, J., DNA sequencing, in 

Work, T.S. and Burdon, R.H. (Eds.), Laboratory 

Techniques in Biochemistry and Molecular Biology, 

Vol. 10, p. 82, Elsevier (1983). Used by permission.) 

GTTCT AG AGCGGCCGCC AC CGCGGTGGNAGCT CC AGCT T TTGT TCCCTT T AGT G AGGGTT AAT TTCGAG CTTGGCGT A AT CAT GG T CAT AGCT GTTT 
110 120 13 0 140 150 160 170 180 190 

■ Figure 3-22 I Automated DNA sequencing. In this variant 

of the technique, a different fluorescent dye is attached to the 

primer in each of the four reaction mixtures in the chain-terminator 

procedure. The four reaction mixtures are combined for 

electrophoresis. Each of the four colored curves therefore represents 

the electrophoretic pattern of fragments containing one of the 

dideoxynucleotides: Green, red, black, and blue peaks correspond to 

fragments ending in ddATP, ddTTP, ddGTP, and ddCTP, respectively. 

The 3' -terminal base of each oligonucleotide, identified by the 

fluorescence of its gel band, is indicated by a single letter (A, T, 

G, or C). This portion of the readout corresponds to nucleotides 

100- 290 of the DNA segment being sequenced. [Courtesy of Mark 

Adams, The Institute for Genomic Research, Rockville, Maryland.) 
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BOX 3-1 PATHWAYS OF DISCOVERY 

Francis Collins and the Gene for Cystic Fibrosis 

Francis S. Collins (1950- ) 

By the mid-twentieth century, the molecular 
basis of several human diseases was appreciated. 
For example, sickle-cell anemia (Section 7-1 E) 
was known to be caused by an abnormal 
hemoglobin protein. Studies of sickle-cell he­
moglobin eventually revealed the underlying 
genetic defect, a mutation in a hemoglobin 
gene. It therefore seemed possible to trace 

other diseases to defective genes. But for many genetic diseases, 
even those with well-characterized symptoms, no defective protein 
had yet been identified . One such disease was cystic fibrosis, which 
is characterized mainly by the secretion of thick mucus that ob­
structs the airways and creates an ideal environment for bacterial 
growth. Cyst ic f ibrosis is the most common inherited disease in in­
dividuals of northern European descent, striking about 1 in 2500 
newborns and leading to death by early adulthood due to 
irreversible lung damage. It was believed that identifying the 
molecular defect in cyst ic fibrosis would lead to better understand­
ing of the disease and to the ability to design more effective 
t reatments. 

Enter Francis Collins, who began his career by earning a doc­
torate in physical chemistry but then enrolled in medical school to 
take part in the molecular biology revolution. As a physician­
scientist, Collins developed methods for analyzing large stretches 
of DNA in order to home in on specific genes, including the one 
that, when mutated, causes cystic fibrosis. By analyzing the DNA 
of individuals with the disease (who had two copies of the defec­
tive gene) and of family members who were asymptomatic carri­
ers (with one normal and one defective copy of the gene), Collins 

and his team localized the cystic fibrosis gene to the long arm of 
chromosome 7. They gradually closed in on a DNA segment that 
appears to be present in a number of mammalian species, which 
suggests that the segment contains an essential gene. The cystic 
fibrosis gene was finally identified in 1989. Collins had demon­
strated the feasibility of identifying a genetic defect in the absence 
of other molecular information. 

Once the cyst ic fibrosis gene was in hand, it was a relat ively 
straightforward process to deduce the probable structure and 
function of the encoded protein, which turned out to be a mem­
brane channel for chloride ions. When functioning normally, the 
protein helps regulate the ionic composition and viscosity of extra­
cellular secretions. Discovery of the cystic fibrosis gene also made 
it possible to design tests to identify carriers so that they could 
take advantage of genetic counseling. 

Throughout Collins' work on the cystic fibrosis gene and during 
subsequent hunts for the genes that cause neurofibromatosis and 
Huntington's disease, he was mindful of the ethical implications of 
the new science of molecular genetics. Collins has been a strong 
advocate for protecting the privacy of genetic information. At the 
same time, he recognizes the potential therapeutic use of such 
information. In his tenure as director of the human genome proj­
ect, he was committed to making the results free·ly and immedi­
ately accessible, as a service to researchers and the individuals who 
might benefit from new therapies based on molecular genetics. 

Riordan, J.R., Rommens, J.M., Kerem, B.-5. , Alon, N., Rozmahel, R., 
Grzelczak, Z., Zielensky, J., Lok, S., Plavsic, N., Chou, J. -L., Drumm, 
M.L., Iannuzzi, M.C., Collins, F.S., and Tsui, L.-C., Identification of the 
cystic f ibrosis gene: Cloning and characterization of complementary DNA, 
Science 245, 1066- 1073 (1989). 

operator can identify only -25,000 bases per year using the above­
described manual methods). Sequencing the 3.2-billion-bp human genome 
required hundreds of such advanced sequencing systems. 

Databases Store Nucleotide Sequences. The results of sequencing 
projects large and small are customarily deposited in online databases such 
as GenBank (see the Bioinformatics Exercises). Over 150 billion nu­
cleotides in 80 million sequences have been recorded as of late 2006. 

Nucleic acid sequencing has become so routine that directly determining 
a protein's amino acid sequence (Section 5-3) is generally far more time­
consuming than determining the base sequence of its corresponding gene. 
In fact, nucleic acid sequencing is invaluable for studying genes whose 
products have not yet been identified. If the gene can be sequenced, the 
probable function of its protein product may be deduced by comparing 
the base sequence to those of genes whose products are already charac­
terized (see Box 3-1). 
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D Entire Genomes Have Been Sequenced 

· The advent of large-scale sequencing techniques brought to fruition the 
dream of sequencing entire genomes. However, the major technical hurdle 
in sequencing all the DNA in an organism's genome is not the DNA 
sequencing itself but, rather, assembling the tens of thousands to tens of 
millions of sequenced segments (depending on the size of the genome) 
into contiguous blocks and assigning them to their correct chromosomal 
positions. To do so required the development of automated sequencing 
protocols and mathematically sophisticated computer algorithms. 

The first complete genome sequence to be determined, that of the bac­
terium Haemophilus influenzae, was reported in 1995 by Craig Venter. By 
mid-2007, the complete genome sequences of over 500 prokaryotes had 
been reported (with many more being determined) as well as those of 
dozens of eukaryotes, including humans, human pathogens, plants, and 
laboratory organisms (Table 3-3). 

The determination of the -3.2-billion-nucleotide human genome se­
quence was a gargantuan undertaking involving hundreds of scientists 
working in two groups, one led by Venter and the other by Francis Collins 
(Box 3-1), Eric Lander, and John Sulston. After over a decade of intense 

Some Sequenced Genomes 

Organism 

Mycoplasma genitalium 
(human parasite) 

Rickettsia prowazekii 
(putative relative of mitochondria) 

Haemophilus influenzae 
(human pathogen) 

Escherichia coli 
(human symbiont) 

Saccharomyces cerevisiae 
(baker's yeast) 

Plasmodium falciparum 
(protozoan that causes malaria) 

Caenorhabditis elegans 
(nematode) 

Arabidopsis thaliana 
( dicotyledonous plant) 

Drosophila me/anogaster 
(fruit fly) 

Oryza saliva 
(rice) 

Dania rerio 
(zebra fish) 

Gallus gal/us 
(chicken) 

Mus musculus 
(mouse) 

Homo sapiens 

Genome Size 
(kb) 

580 

1,112 

1,830 

4,639 

11,700 

30,000 

97,000 

117,000 

137,000 

390,000 

1,700,000 

1,200,000 

2,500,000 

3,200,000 

Nnmber of 
Chromosomes 

1 

'1 

1 

1 

16 

14 

6 

5 

4 

12 

25 

40 

20 

23 
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effort, the "rough draft" of the human genome sequence was reported in 
early 2001 and the "finished" sequence was reported in mid-2003. This 
stunning achievement promises to revolutionize the way both biochem-

. istry and medicine are viewed and practiced, although it is likely to require 
many years of further effort before its full significance is understood. 
Nevertheless, numerous important conclusions can already be drawn, 
including these: 

1. About half the human genome consists of repeating sequences of 
various types. 

2. Up to 60% of the genome is transcribed to RNA. 
3. Only 1.1 % to 1.4% of the genome ( ~ 2% of the transcribed RNA) 

encodes protein. 
4. The human genome appears to contain only ~ 23,000 protein-encoding 

genes [also known as open reading frames (ORFs)] rather than the 
50,000 to 140,000 ORFs that had previously been predicted. This 
compares with the ~6000 ORFs in yeast, ~13,000 in Drosophila, 
~ 18,000 in C. elegans, and ~26,000 in Arabidopsis (although these 
numbers will almost certainly change as our ability to recognize 
ORFs improves). · 

5. Only a small fraction of human proteins are unique to vertebrates; 
most occur in other if not all life-forms. 

6. Two randomly selected human genomes differ, on average, by only 
1 nucleotide per 1250; that is, any two people are likely to be >99.9% 
genetically identical. 

The obviously greater complexity of humans (vertebrates) relative to 
invertebrate forms of life is unlikely to be due to the not-much-larger 
numbers of ORFs that vertebrates encode. Rather, it appears that verte­
brate proteins themselves are more complex than those of invertebrates; 
that is, vertebrate proteins tend .to have more domains (modules) than 
invertebrate proteins, and these modules are more often selectively 
expressed through alternative gene splicing (a phenomenon in which a 
given gene transcript can be processed in multiple ways so as to yield dif­
ferent proteins when translated; Section 26-3A). Thus, many vertebrate 
genes encode several different although similar proteins. 

E Evolution Results from Sequence Mutations 

One of the richest rewards of nucleic acid sequencing technology is the 
information it provides about the mechanisms of evolution. The chemical 
and physical properties of DNA, such as its regular three-dimensional 
shape and the elegant process of replication, may leave the impression that 
genetic information is relatively static. In fact, DNA is a dynamic mole­
cule, subject to changes that alter genetic information. For example, the 
mispairing of bases during DNA replication can introduce errors known 
as point mutations in the daughter strand. Mutations also result from 
DNA damage by chemicals or radiation. More extensive alterations in ge­
netic information are caused by faulty recombination (exchange of DNA 
between chromosomes) and the transposition of genes within or between 
chromosomes and, in some cases, from one organism to another. All these 
alterations to DNA provide the raw material for natural selection. When a 
mutated gene is transcribed and the messenger RNA is subsequently trans­
lated, the resulting protein may have properties that confer some advan­
tage to the individual. As a beneficial change is passed from generation to 
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generation, it may become part of the standard genetic makeup of the 
species. Of course, many changes occur as a species evolves, not all of them 
simple and not all of them gradual. ' 

Phylogenetic relationships can be revealed by comparing the sequences 

of similar genes in different organisms. The number of nucleotide differences 
between the corresponding genes in two species roughly indicates the degree 

to which the species have diverged through evolution. The regrouping of 
prokaryotes into archaea and bacteria (Section 1-2C) according to rRNA se­
quences present in all organisms illustrates the impact of sequence analysis. 

Nucleic acid sequencing also reveals that species differing in phenotype 
(physical characteristics) are nonetheless remarkably similar at the molec­

ular level. For example, humans and chimpanzees share 98- 99% of their 
DNA. Studies of corn (maize) and its putative ancestor, teosinte, suggest 

that the plants differ in only a handful of genes governing kernel devel­
opment (teosinte kernels are encased by an inedible shell; Fig. 3-23). 

Small mutations in DNA are apparently responsible for relatively large 
evolutionary leaps. This is perhaps not so surprising when the nature of 

genetic information is considered. A mutation in a gene segment that does 
not encode protein might interfere with the binding of cellular factors that 

influence the timing of transcription. A mutation in a gene encoding an 
RNA might interfere with the binding of factors that affect the efficiency 
of translation. Even a minor rearrangement of genes could disrupt an 
entire developmental process, resulting in the appearance of a novel 

species. Notwithstanding the high probability that most sudden changes 

would lead to diminished individual fitness or the inability to reproduce, 
the capacity for sudden changes in genetic information is consistent with 

the fossil record. Ironically, the discontinuities in the fossil record that are 
probably caused in part by sudden genetic changes once fueled the adver­
saries of Charles Darwin's theory of evolution by natural selection. 

Manipulating DNA 

Along with nucleic acid sequencing, techniques for manipulating DNA 

in vitro and in vivo (in the test tube and in living systems) have produced 
dramatic advances in biochemistry, cell biology, and genetics. In many 
cases, this recombinant DNA technology has made it possible to purify 

specific DNA sequences and to prepare them in quantities sufficient for 
study. Consider the problem of isolating a unique 1000-bp length of chro­

mosomal DNA from E. coli. A 10-L culture of cells grown at a density of 
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■ Figure 3-23 I Maize and teosinte. Despite 
the large differences in phenotype- maize 
(bouom) has hundreds of easily chewed kernels 
whereas teosinte (top) has only a few hard, inedible 
kernels-the plan ts differ in only a few genes. 
The ancestor of maize is believed to be a mutant 
form of teosinte in which the kernels were more 
exposed. [John DoebleyNisuals Unlimited.] 

■ CHECK YOUR UNDERSTANDING 

Explain how the restriction-modification 
system operates. 

Summarize the steps in the chain-terminator 
procedure for sequencing DNA. 

What proportion of the human genome is 
transcribed? Translated? 

Explain how evolution can result from a 
mutation in DNA. 

LEARNING OBJECTIVES 

■ Understand how recombinant DNA 
molecules are constructed and propagated. 
■ Understand that a DNA library is a 
collection of cloned DNA segments that 
can be screened to find a particular gene. 
■ Understand that the polymerase chain 
reaction copies and thereby amplifies a 
defined segment of DNA. 
■ Understand that recombinant DNA 
technology can be used to manipulate genes 
for protein expression or for the production 
of transgenic organisms. 
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~10'° cells -mL~! contains only ~0.1 mg of the desired DNA, which
would be all but impossible to separate from the rest of the DNA using
classical separation techniques (Sections 5-2 and 24-3). Recombinant DNA
technology, also called molecular cloning or genetic engineering, makes it
possible to isolate, amplify, and modify specific DNA sequences.

A | Cloned DNA Is an Amplified Copy

Thefollowing approach is used to obtain and amplify a segment of DNA:

 

1, A fragment of DNA of the appropriate size is generated by a re-
striction enzyme, by PCR (Section 3-5C), or by chemical synthesis.

2. The fragmentis incorporated into another DNA molecule knownas
a vector, which contains the sequences necessary to direct DNA
replication. f

3. The vector—with the DNA of interest—is introduced into cells,
whereit is replicated.

4, Cells containing the desired DNAare identified, or selected.

Cloning refers to the production of multiple identical organisms derived
from a single ancestor. The term clone refers to the collection ofcells that
contain the vector carrying the DNA ofinterest or to the DNAitself. In
a suitable host organism, such as £. coli or yeast, large amounts of the

inserted DNA can be produced.
Ndel, HgiEII Cloned DNA can be purified and sequenced (Section 3-4).

Narl Alternatively, if a cloned geneis flanked by the properly positioned

Bagi Beuol09 | Bgl regulatory sequences for RNA andprotein synthesis, the hosto Cg aay mayalso produce large quantities of the RNA andprotein spec-
TE ified by that gene. Thus, cloning provides materials (nucleic
» L acids and proteins) for other studies and also provides a
a Polylinker : : fi meansfor studying gene expression under controlled condi-

: tions.

 

 
 
 
 
 
 
 

 

Cloning Vectors Carry Foreign DNA. A variety of small,
autonomously replicating DNA molecules are used as
cloning vectors. Plasmids are circular DNA molecules of 1 to

200 kb found in bacteria or yeast cells. Plasmids can be
: ‘ffl considered molecular parasites, but in many instances they

Avall : fae benefit their host by providing functions, such as resistance to

  puci18
(2.69 kb)

Ball antibiotics, that the host lacks.
Sometypes of plasmids are present in one or a few copies percell and

replicate only when the bacterial chromosome replicates. However, the
plasmids used for cloning are typically present in hundreds of copies per

HgiEll cell and can be induced to replicate until the cell contains two or three
li Figure 3-24 | The plasmid pUC18. As thousand copies (representing abouthalf of the cell’s total DNA). The
shown in this diagram,the circular plasmid plasmids that have been constructed for laboratory use are relatively
contains multiple restriction sites, including a small, replicate easily, carry genes specifying resistance to one or more an-
polylinker sequence that contains 13 restriction tibiotics, and contain a numberof conveniently located restriction endonu-
sites that are not present elsewhere on the plasmid. _clease sites into which foreign DNA canbeinserted. Plasmid vectors can
The three genes expressed by the plasmid are be used to clone DNA segments of no more than ~10 kb. TheE. coli plas-
amp™, which confers resistance to the antibiotic mid designated pUC18 (Fig. 3-24) is a representative cloning vector
ampicillin; lacZ, which encodes the enzyme
f-galactosidase; and /ac/, which encodes a factor
that controls transcription of lacZ (as described
in Section 28-2A).

(“pUC”stands for plasmid-Universal Cloning).
Bacteriophage \ (Fig. 3-25) is an alternative cloning vector that can ac-

commodate DNA inserts up to 16 kb. The central third of the 48.5-kb
phage genomeis not required for infection and can therefore be replaced 
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by foreign DNAsofsimilar size. The resulting recombinant, or chimera
(named after the mythological monster with a lion’s head, goat’s body, and
serpent’s tail), is packaged into phageparticles that can then be introduced
into the host cells. One advantage of using phage vectors is that the re-
combinant DNA is produced in large amounts in easily purified form.
Baculoviruses, which infect insect cells, are similarly used for cloning in
cultures of insect cells.

Muchlarger DNA segments—upto several hundred kilobase pairs—can
be cloned in large vectors known as bacterial artificial chromosomes
(BACs) or yeast artificial chromosomes (YACs). YACs are linear DNA
molecules that contain all the chromosomalstructures required for normal
replication and segregation during yeast cell division. BACs, which repli-
cate in E. coli, are derived from circular plasmids that normally replicate
long regions of DNA and are maintained at the level of approximately one
copy per cell (properties similar to those of actual chromosomes).

Ligase Joins Two DNA Segments. A DNA segment to be cloned is
often obtained through the action of restriction endonucleases. Most
restriction enzymes cleave DNAtoyield sticky ends (Section 3-4A).
Therefore, as Janet Mertz and Ron Davis first demonstrated in 1972, a
restriction fragment can be inserted into a cut made in a cloning vector by
the same restriction enzyme (Fig. 3-26). The complementary ends of the
two DNAs form base pairs (anneal) and the sugar-phosphate backbones
are covalently ligated, or spliced together, through the action of an enzyme
named DNAligase. (A ligase produced by a bacteriophage can also join
blunt-ended restriction fragments.) A great advantage of using a restric-
tion enzyme to construct a recombinant DNA molecule is that the DNA
insert can later be precisely excised from the cloned vector by cleavingit
with the same restriction enzyme.

Selection Detects the Presence of a Cloned DNA. The expression of
a chimeric plasmid in a bacterial host was first demonstrated in 1973 by
Herbert Boyer and Stanley Cohen. A host bacterium can take up a
plasmid when the two are mixed together, but the vector becomes perma-
nently established in its bacterial host (transformation) with an efficiency
of only ~0.1%. However, a single transformed cell can multiply without
limit, producing large quantities of recombinant DNA.Bacterial cells are
typically plated on a semisolid growth medium at a low enough density
that discrete colonies, each arising from a single cell, are visible.

Foreign DNA

1. The cloning vector and
the foreign DNA are cut
by the samerestriction

Cloning : endonuclease.
vector  

& Figure 3-26 | Construction of a recombinant DNA molecule. é2 See the
Animated Figures. i 
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@ Figure 3-25 | Bacteriophage A. During
phage infection, DNA contained in the “head”of
the phage particle enters the bacterial cell, where
it is replicated ~100 times and packaged to form
progeny phage. [Electron micrograph courtesy of
A.F. Howatson. From Lewin, B., Gene Expression,
Vol. 3, Fig. 5.23, Wiley (1977).|

2. The sticky ends of the
vector and the foreign
DNA fragments anneal

and are covalently |! Chimeric
joined by DNAligase. C DNAeum> 

The result is a chimeric

DNA containing a portion
of the foreign DNA
inserted into the vector.
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| It is essential to select only those host organisms that have been trans-
formed and that contain a properly constructed vector. In the case of plas-

| mid transformation, selection can be accomplished through the use of an-
tibiotics and/or chromogenic (color-producing) substances. For example, the
lacZ gene in the pUC18 plasmid(see Fig. 3-24) encodes the enzyme B-galac-
tosidase, which cleaves the colorless compound X-gal to a blue product:

cl

HOCH, -
HO oO oO

H |
OH H

H H

H OH

5-Bromo-4-chloro-3-indolyl-f-p-galactoside (X-gal)
(colorless)

H,0 f-galactosidase

HOCH,
HO O. OH

i +OH H
H

H OH

 
p-pD-Galactose 5-Bromo-4-chloro-3-hydroxyindole

(blue)

Cells of E. coli that have been transformed by an unmodified pUC18 plas-
mid form blue colonies. However,if the plasmid contains a foreign DNA
insert in its polylinker region, the colonies are colorless because the insert
interrupts the protein-coding sequence of the lacZ gene and no functional
B-galactosidase is produced. Bacteria that have failed to take up any
plasmid are also colorless due to the absence of B-galactosidase, but these
cells can be excluded by adding the antibiotic ampicillin to the growth

| medium (the plasmid includes the gene amp®, which confers ampicillin
| resistance). Thus, successfully transformed cells form colorless colonies in the

presence of ampicillin. Genes such as amp™ are knownasselectable markers.
| , Genetically engineered bacteriophage \ vectors contain restriction sites

ly that flank the dispensable central third of the phage genome. This segment
can be replaced by foreign DNA, but the chimeric DNAis packaged in
phageparticles only if its length is from 75 to 105% of the 48.5-kb wild-
type \ genome (Fig. 3-27). Consequently, \ phage vectors that have
failed to acquire a foreign DNAinsert are unable to propagate because
they are too short to form infectious phage particles. Of course, the pro-
duction of infectious phage particles results not in a growing bacterial
colony but in a plaque, a region of lysed bacterial cells, on a culture plate
containing a “lawn” of the host bacteria, The recombinant DNA—now
much amplified—can be recovered from the phage particles in the plaque.

B | DNALibraries Are Collections of Cloned DNA

In order to clone a particular DNA fragment, it must first be obtained in
relatively pure form. The magnitude of this task can be appreciated by
considering that, for example, a 1-kb fragment of human DNArepresents
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Not required for
lytic infection

Infective A phage
containing foreign  

  

DNAfragment
1. DNA 48.5 kb

41. Cleave by restriction
enzyme and separate 3. In vitro
the fragments packaging

2 2. Anneal and
r ligate . ‘

+ ~36 kb enae'
Remaining A DNA contains genes Chimeric
required for infection but is tooeioes DNA
small to package ESEee

~15-kb foreign
DNAfragment

i Figure 3-27 | Cloning with bacteriophage }. Removal of a infectious phage particle only if the insert DNA has the appropriate
nonessential portion of the phage genome allows a segment of size. 6@ See the Animated Figures.
foreign DNA to be inserted. The DNA insert can be packaged into an 

only 0.000031% of the 3.2 billion-bp human genome. Of course, identify-
ing a particular DNA fragment requires knowing something about its
nucleotide sequence or its protein product. In practice, it is usually more
difficult to identify a particular DNA fragment from an organism and then
clone it than it is to clone all the organism’s DNA that might contain the
DNA of interest and then identify the clones containing the desired
sequence.

A Genomic Library Includes All of an Organism’s DNA. The cloned
set of all DNA fragments from a particular organism is known as its
genomiclibrary. Genomic libraries are generated by a procedure known as
shotgun cloning, The chromosomal DNA of the organism is isolated,
cleaved to fragments of clonable size, and inserted into a cloning vector.
The DNAis usually fragmented by partial rather than exhaustive restric-
tion digestion so that the genomic library contains intact representatives of
all the organism’s genes,including those that contain restriction sites. DNA
in solution can also be mechanically fragmented (sheared) by rapid stirring.

Given the large size of the genome relative to a gene, the shotgun
cloning method is subject to the laws of probability. The numberof ran-
domly generated fragments that must be cloned to ensure a high proba-
bility that a desired sequence is represented at least once in the genomic
hbrary is calculated as follows: The probability P that a set of N clones
contains a fragment that constitutes a fraction f, in bp, of the organism’s
genomeis

WSSSSSS
TOoOo1==owe
—

oO

P=1-(1-f)" [3-1]o

Consequently,

N = log(1 — P)/log(1 — f) [3-2]

n oy Thus, in order for P to equal 0.99 for fragments averaging 10 kb in length,
ly N = 2162for the 4600-kb E. coli chromosomeand 63,000 for the 137,000-kb
ts | Drosophila genome. The use of BAC- or YAC-based genomic libraries

  



64 Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information 

.~ 0 Velvet :_-f ~ l 
1. Velvet pressed to 
master plate and 
transferred to Colonies grown 

on master plate 
nitrocellulose filter 

with their large fragment lengths therefore greatly reduces the effort nec­
essary to obtain a given gene segment from a large genome. After a BAC­
or YAC-based clone containing the desired DNA has been identified (see 
below), its large DNA insert can be further fragmented and cloned again 
(subcloned) to isolate the target DNA. 

A cDNA Library Represents Expressed Genes. A different type of 
DNA library contains only the expressed sequences from a particular cell 
type. Such a cDNA library is constructed by isolating all the cell's mRNAs 
and then copying them to DNA using a specialized type of DNA poly­
merase known as reverse transcriptase because it synthesizes DNA using 
RNA templates (Box 25-2). TI1e complementary DNA (cDNA) molecules 
are then inserted into cloning vectors to form a cDNA library. 

A Library Is Screened for the Gene of Interest. Once the requisite num­
ber of clones is obtained, the genomic library must be screened for the pres­
ence of the desired gene. This can be done by a process known as colony 
or in situ hybridization (Latin: in situ, in position; Fig. 3-28). The cloned 
yeast colonies, bacterial colonies, or phage plaques to be tested are trans­
ferred, by replica plating, from a master plate to a nitrocellulose 
filter (replica plating is also used to transfer colonies to plates containing 
different growth media). Next, the filter is treated with NaOH, which 
lyses the cells or phages and separates the DNA into single strands, which 
preferentially bind to the nitrocellulose. The filter is then dried to fix the 
DNA in place and incubated with a labeled probe. The probe is a short seg­
ment of DNA or RNA whose sequence is complementary to a portion of 
the DNA of interest. After washing away unbound probe, the presence of 
the probe on the nitrocellulose is detected by a technique appropriate for 
the label used (e.g., exposure to X-ray film for a radioactive probe, a process 
known as autoradiography, or illumination with an appropriate wavelength 
for a fluorescent probe). Only those colonies or plaques containing the de­
sired gene bind the probe and are thereby detected. The corresponding 
clones can then be retrieved from the master plate. Using this technique, a 

2. Treat with 
alkali and 
dry 

DNA bound 
to filter 

\}I 
i'{l 
~\ 
'1 l-­

fi1 
I~ 
~"' 

3. Anneal label:i \ 
probe, wash 
and dry 

Radioactive probe 
hybridizes with its 
complementary DNA 

4. Autoradiograph 
and compare 
with master 
plate 

Blackening identifies 
colonies containing 
the desired DNA 

■ Figure 3-28 I Colony (in situ) hybridization. Colonies are 
transferred from a "master" culture plate by replica plating. Clones 
containing the DNA of interest are identified by the ability to bind 
a specific probe. Here, binding is detected by laying X-ray film over 

the dried filter. Since the colonies on the master plate and on the 
filter have the same spatial distribution, po~itive colonies are easily 
retrieved. 
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human genomic library of -1 million clones can be readily screened for the 

presence of one particular DNA segment. 
Choosing a probe for a gene whose sequence is not known 

requires some artistry. The corresponding mRNA can be used as 
5

, ••• _____________ _ 

a probe if it is available in sufficient quantities to be isolated. 3, ···-------------­
3' 
5' 

Alternatively, if the amino acid sequence of the protein encoded 

by the gene is known, the probe may be a mixture of the vari­

ous synthetic oligonucleotides that are complementary to a seg­

ment of the gene's inferred base sequence. Several disease-re­

lated genes have been isolated using probes specific for nearby 

Original target duplex DNA -+- __J1. Separate strands by heating, i cool, and anneal primers 

markers, such as repeated DNA sequences, that were already 5' ···-----------==,,.-
5

,-·· · 3' 

known to be genetically linked to the disease genes. 

C DNA Is Amplified by 
the Polymerase Chain Reaction 

Although molecular cloning techniques are indispensable to mod­

ern biochemical research, the polymerase chain reaction (PCR) is 
often a faster and more convenient method for amplifying a spe­

cific DNA. Segments of up to 6 kb can be amplified by this tech­

nique, which was devised by Kary Mullis in 1985. In PCR, a DNA 

sample is separated into single strands and incubated with DNA 

polymerase, dNTPs, and two oligonucleotide primers whose se­

quences flank the DNA segment of interest. The primers direct the 

DNA polymerase to synthesize complementary strands of the tar­

get DNA (Fig. 3-29). Multiple cycles of this process, each doubling 

the amount of the target DNA, geometrically amplify the DNA 

starling from as little as a single gene copy. In each cycle, the two 

strands of the duplex DNA are separated by heating, the primers 

are annealed to their complementary segments on the DNA, and 

the DNA polymerase directs the synthesis of the complementary 

strands. The use of a heat-stable DNA polymerase, such as Taq 

polymerase isolated from Thermus aquaticus, a bacterium that 

thrives at 75°C, eliminates the need to add fresh enzyme after each 

round of heating (heat inactivates most enzymes). Hence, in the 

presence of sufficient quantities of primers and dNTPs, PCR is 

carried out simply by cyclically varying the temperature. 
"Twenty cycles of PCR increase the amount of the target se­

quence around a millionfold (-220
) with high specificity. Indeed, 

PCR can amplify a target DNA present only once in a sample 

of 105 cells, so this method can be used without prior DNA pu­

rification. The amplified DNA can then be sequenced or cloned. 
PCR amplification has become an indispensable tool. 

Clinically, it is used to diagnose infectious diseases and to detect 

rare pathological events such as mutations leading to cancer. 

Forensically, the DNA from a single hair or sperm can be am-

■ Figure 3-29 The polymerase chain reaction (PCR). In each 

cycle of the reaction, the strands of the duplex DNA are separated by 

heating, the reaction mixture is cooled to allow primers to anneal to 

complementary sequences on each strand, and DNA polymerase extends 

the primers. The number of "unit-length" strands doubles with every cycle 

after the second cycle. By choosing primers specific for each end of a 

gene, the gene can be amplified over a millionfold. 

+ 5'-3' ···-.....;==----------··· 5' 

dNTP, 7•· "''""' by DNA pol,..,.,= 

5' ···--------------··· 3' 
3' •.. 5' 

+ ) Variable-length strands 
... 3' 5' 

3' ···--------------··· 5' 

-+- __j3. Separate strands by heating, i cool, and anneal more primers 

5' .. . 
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3' .. . 5' 
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- .:i,; ,-.·::• ···r-r.• 

~~, 
BOX 3-2 PERSPECTIVES IN BIOCHEMISTRY 

DNA Fingerprinting 

Forensic DNA testing takes advantage of Repeat unit 

Primer ,-1-, 
AATG AATG AATG AATG AATG AATG AATG AATG 
TTAC TTAC TTAC TTAC TTAC TTAC TTAC TTAC 

Primer 

DNA sequence variations or polymor­
phisms that occur among individuals. 
Many genetic polymorphisms have no 
functional consequences because they 
occur in regions of the DNA that contain 
many repetitions but do not encode genes 
(although if they are located near a 

· .... AATG AATG AATG TG AATG AATG AATG AATG AATG 

· "disease" gene, they can be used to track 
and ident ify the gene). Modern DNA fin-

TTAC TTAC TTAC TTAC TTAC TTAC TTAC TTAC TTAC 

Primer 

Primer 

gerprinting methods examine these noncoding repetitive DNA · number of alleles at each site. For example, if a pair of alleles 
sequences in samples that have been amplified by PCR. at one site occurs in the population w ith a frequency of 10% 

Tandem ly repeated DNA sequences occur throughout the (1 / 10), and a pair of alleles at a second site occurs with a fre­
human genome and include short tandem repeats (STRs), quency of 5% (1 / 20), then the probability that the DNA finger­
which contain variable numbers of repeating segments of two prints from two individuals would match at both sites is 1 in 200 
to seven base pairs. The most popular STR sites for forensic use (1 / 1 0 x 1 /20; the probabilities of independent events are multi­
contain tetranucleotide repeats. The number of repeats at any plied). By examining multiple STR sites, the probability of obtain­
one site on the DNA varies between individuals, even within ing matching fingerprints by chance becomes exceedingly smal l. 
a family. Each different number of repeats at a site is called an 
allele, and each individual can have two alleles, one from each 
parent. Since PCR is t he first step of the fingerprinting process, 
only a tiny amount (-1 ng) of DNA is needed. The region of 
DNA containing the STR is amplified by PCR using primers that 
are complementary to the unique (nonrepeating) sequences 
flanking the repeats. 

The amplified products are separated by electrophoresis and de­
tected by the fluorescent tag on their primers. An STR allele is 
small enough (<500 bp) that DNA fragments differing by a four­
base repeat can be readily differentiated. The allele designation for 
each STR site is generally the number of times a repeated unit is 
present. STR sites that have been selected for forensic use gener­
ally have 7 to 30 different alleles. 

In the example shown here, the upper trace shows the fluores­
cence of the electrophoretogram of reference standards (the set 
of all possible alleles, each identified by the number of repeat 
units, from 13 to 23). The lower trace corresponds to the sample 
being tested, which contains two alleles, one with 16 repeats and 
one with 18 repeats. Several STR sites can be analyzed simultane­
ously by using the appropriate primers and tagging them with dif­
ferent fluorescence dyes. 

The probability of two individuals having matching DNA fin­
gerprints depends on the number of STR sites examined and the 

Q) 
u 
C 
Q) 
u 
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~ 
0 
::, 
u:: 

15 17 

_LJ ____ 
16 18 

size 

See Guided Exploration 3 
PCR and site-directed mutagenesis. 

plified by PCR so that it can be used to identify the donor (Box 3-2). 
Traditional ABO blood-type analysis requires a coin-sized drop of blood; 
PCR is effective on pinhead-sized samples of biological fluids. Courts now 
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consider DNA sequences as unambiguous identifiers of individuals, as are 
fingerprints, because the chance of two individuals sharing extended se-

. quences of DNA is typically one in a million or more. In a few cases, PCR 
has dramatically restored justice to convicts who were released from 
prison on the basis of PCR results that proved their innocence-even 
many years after the crime-scene e'{idence had been collected. 

D I Recombinant DNA Technology 
Has Numerous Practical Applications 

The ability to manipulate DNA sequences allows genes to be altered and 
expressed in order to obtain proteins with improved functional properties 
or to correct genetic defects. 

Cloned Genes Can Be Expressed. The production of large quantities of 
scarce or novel proteins is relatively straightforward only for bacterial pro­
teins: A cloned gene must be inserted into an expression vector, a plasmid 
that contains properly positioned transcriptional and translational control 
sequences. The production of a protein of interest may reach 30% of the 
host's total cellular protein. Such genetically engineered organisms are 
called overproducers. Bacterial cells often sequester large amounts of use­
less and possibly toxic (to the bacterium) protein as insoluble inclusions, 
which sometimes simplifies the task of purifying the protein. 

Bacteria can produce eukaryotic proteins only if the recombinant DNA 
that carries the protein-coding sequence also includes bacterial transcrip­
tional and translational control sequences. Synthesis of eukaryotic proteins 
in bacteria also presents other problems. For example, many eukaryotic genes 
are large and contain stretches of nucleotides (introns) that are transcribed 
and excised before translation (Section 26-3A); bacteria lack the machinery 
to excise the introns. In addition, many eukaryotic proteins are posttransla­
tionally modified by the addition of carbohydrates or by other reactions. 
These problems can be overcome by using expression vectors that propagate 
in eukaryotic hosts, such as yeast or cultured insect or animal cells. 

Table 3-4 lists some recombinant proteins produced for medical and 
agricultural use. In many cases, purification of these proteins directly from 
human or animal tissues is unfeasible on ethical or practical grounds. 

. . . Some Proteins Produced by Genetic Engineering 

Protein 

Human insulin 
Human growth hormone 

Erythropoietin 

Colony-stimulating factors 

Coagulation factors IX and X 

Tissue-type plasminogen activator 

Bovine growth hormone 

Hepatitis B surface antigen 

Use 

Treatment of diabetes 
Treatment of some endocrine disorders 

Stimulation of red blood cell production 

Production and activation of white 
blood cells 

Treatment of blood clotting disorders 
(hemophilia) 

Lysis of blood clots after heart attack 
and stroke 

Production of milk in cows 

Vaccination against hepatitis B 

Section 3-5 Manipulating DNA 67 

Iii 

Page 46 of 61



68 Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information 

■ Figure 3-30 I Site-directed mutagenesis. 
The altered gene can be inserted into a suitable 
cloning vector to be amplified, expressed, or used 
to generate a mutant organism. •-Q, See the 

Animated Figures. 

Expression systems permit large-scale, efficient preparation of the proteins 
while minimizing the risk of contamination by viruses or other pathogens 
from tissue samples. 

Site-Directed Mutagenesis Alters a Gene's Nucleotide Sequence. 
After isolating a gene, it is possible to modify the nucleotide sequence to 
alter the amino acid sequence of the encoded protein. Site-directed muta­
genesis, a technique pioneered by Michael Smith, mimics the natural 
process of evolution and allows predictions about the structural and func­
tional roles of particular amino acids in a protein to be rigorously tested in 
the laboratory. 

Synthetic oligonucleotides are required to specifically alter genes 
through site-directed mutagenesis. An oligonucleotide whose sequence is 
identical to a portion of the gene of interest except for the desired 
base changes is used to direct replication of the gene. The oligonucleotide 
hybridizes to the corresponding wild-type (naturally occurring) sequence if 
there are no more than a few mismatched base pairs. Extension of the 
oligonucleotide, called a primer, by DNA polymerase yields the desired 
altered gene (Fig. 3-30). The altered gene can then be inserted into an 
appropriate vector. A mutagenized primer can also be used to generate 
altered genes by PCR. 

Transgenic Organisms Contain Foreign Genes. For many purposes it 
is preferable to tailor an intact organism rather than just a protein-true 
genetic engineering. Multicellular organisms expressing a gene from 
another organism are said to be transgenic, and the transplanted foreign 
gene is called a transgene. 

3' C GT 5' AGCTTCAGAGGTACA 
I\ I \ 

TCG AGTC CATGT 

1. A synthetic oligonucleotide PRIMER 
incorporating the desired base 
changes anneals to the DNA 

+ 

j 
containing the gene to be Mismatched primer 
altered. 

5' 

3' C GT 5' 
I\ I \ 

TCG AGTC CATGT 

AGCTTCAGAGGTACA 
5' 

2. DNA polymerase extends the r dATP + dCTP + 
mismatched primer to generate dGTP + dTTP 
a mutated gene. 

3' C GT 5' 
I\ I \ 

TCG AGTC CATGT 

AGCTTCAGAGGTACA 
5' 

"'-:::: Altered gene 

Gene to be altered 

Page 47 of 61



For the change to be permanent, that is, heritable, a transgene must be 
stably integrated into the organism's germ cells. For mice, this is accom­
plished by microinjecting cloned DNA encoding the desired altered 
characteristics into a fertilized egg and implanting it into the uterus of a 
foster mother. A well-known example of a transgenic mouse contains 
extra copies of a growth hormone. gene (Fig. 3-31). 

Transgenic farm animals have also been developed. Ideally, the genes 
of such animals could be tailored to allow the animals to grow faster on 
less food or to be resistant to particular diseases. Some transgenic farm 
animals have been engineered to secrete medically useful proteins into 
their milk. Harvesting such a substance from milk is much more cost­
effective than producing the same substance in bacterial cultures. 

One of the most successful transgenic organisms is corn (maize) that 
has been genetically modified to produce a protein that is toxic to plant­
eating insects (but harmless to vertebrates). The toxin is synthesized by 
the soil microbe Bacillus thuringiensis. The toxin gene has been cloned into 
corn in order to confer protection against the European corn borer, a 
commercially significant pest that spends much of its life cycle inside the 
corn plant, where it is largely inaccessible to chemical insecticides. The use 
of "Bt corn," which is now widely planted in the United States, has greatly 
reduced the need for such toxic substances. 

Transgenic plants have also been engineered for better nutrition. For 
example, researchers have developed a strain of rice with foreign genes 
that encode enzymes necessary to synthesize J3-carotene ( an orange 
pigment that is the precursor of vitamin A ) and a gene for the iron­
storage protein ferritin. The genetically modified rice, which is named 
"golden rice" (Fig. 3-32), should help alleviate vitamin A deficiencies 
(which afflict some 400 million people) and iron deficiencies (an estimated 
30% of the world 's population suffers from iron deficiency). Other 
transgenic plants include freeze-tolerant strawberries and slow-ripening 
tomatoes. 

There is presently a widely h eld popular suspicion, particularly in 
Europe, that genetically modified or "GM" foods will somehow be 
harmful. However, extensive research, as well as considerable consumer 
experience, has failed to reveal any deleterious effects caused by GM 
foods (see Box 3-3). 

Transgenic organisms have greatly enhanced our understanding of gene 
expression. Animals that have been engineered to contain a defective gene 
or that lack a gene entirely (a so-called gene knockout) also serve as 
experimental models for human diseases. 

Genetic Defects Can Be Corrected. Gene therapy is the transfer of new 
genetic material to the cells of an individual in order to produce a thera­
peutic effect. Although the potential benefits of this as yet rudimentary 
technology are enormous, there are numerous practical obstacles to over­
come. For example, the retroviral vectors (RNA-containing viruses) 
commonly used to directly introduce genes into humans can provoke a 
fatal immune response. 

■ Figure 3-32 I Golden rice. The white grains on the right are the wild type. TI1e 
grains on the left have been engineered to store up to three times more iron and to 
synthesize 13-carotene, which gives them their yellow color. [Courtesy of Ingo 
Potrykus.] 
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■ Figure 3-31 Transgenic mouse. The 
gigantic mouse on the left was grown from a 
fertilized ovum that had been microinjected with 
DNA containing the rat growth hormone gene. 
He is nearly twice the weight of his normal 
Iittermate on the right. [Courtesy of Ralph 
Brinster, University of Pennsylvania.] 
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BOX 3-3 PERSPECTIVES IN BIOCHEMISTRY 

Ethical Aspects of Recombinant DNA Technology 
In the early 1970s, when genetic engineering was first discussed, 
little was known about the safety of the proposed experiments. 
After considerable debate, during which there was a moratorium 
on such experiments, regulations for recombinant DNA research 
were drawn up. The rules prohibit obviously dangerous experi­
ments (e.g., introducing the gene for diphtheria toxin into f. coli, 
which would convert this human symbiont into a deadly 
pathogen). Other precautions limit the risk of accidentally releas­
ing potentially harmful organisms into the environment. For 
example, many vectors must be clonedj n host organisms with 
special nutrient requirements. These organisms are unlikely to 
survive outside the laboratory. 

The proven value of recombinant DNA technology has silenced 
nearly all its early opponents. Certainly, it would not have been 
possible to study some pathogens, such as the virus that causes 
AIDS, without cloning. The lack of recombinant-induced genetic 
catastrophes so far does not guarantee that recombinant organ­
isms won't ever adversely affect the environment. Nevertheless, the 
techniques used by genetic engineers mimic those used in 
nature-that is, mutation and selection-so natural and man­
made organisms are fundamentally similar. In any case, people 
have been breeding plants and animals for several millennia 

already, and for many of the same purposes that guide experi­
ments with recombinant DNA. 

There are other ethical considerations to be faced as new 
genetic engineering techniques become available. Bacterially 
produced human growth hormone is now routinely prescribed to 
increase the stature of abnormally short children. However, should 
athletes be permitted to use this protein, as some reportedly have, 
to increase their size and strength? Few would dispute the use of 
gene therapy, if it can be developed, to cure such genetic defects 
as sickle-cell anemia (Section 7-1 E) and Lesch-Nyhan syndrome 
(Section 23-1 D). If, however, it becomes possible to alter complex 
(i.e., multigene) traits such as athletic abi lity and intelligence, 
which changes would be considered desirable and who would 
decide whether to make them? Should gene therapy be used only 
to correct an individual's defects, or should it also be used to 
alter genes in the individual's germ cells so that succeeding 
generations would not inherit the defect? If it becomes easy to 
determine an individual's genetic makeup, should this information 
be used in evaluating applicants for educational and employment 
opportunities or for health insurance? These conundrums have led 
to the creation of a branch of philosophy, named bioethics, 
designed to deal with them. 

■ CHECK YOUR UNDERSTANDING 

What are the roles of the vector and DNA 
ligase in cloning DNA? 

Explain how cells containing recombinant 
DNA are selected. 

What is a DNA library and how can it be 
screened for a particular gene? 

Describe the steps required to amplify a DNA 
segment by PCR. 

Explain how site-directed mutagenesis can be 
used to produce an altered protein in 
bacterial cells. 

What is the difference between manipulating 
a gene for gene therapy and for 
producing a transgenic organism? 

TI1e only documented success of gene therapy in humans has occurred 
in children with a form of severe combined immunodeficiency disease 
(SCID) known as SCID-Xl, which without treatment would have required 
their isolation in a sterile environment to prevent fatal infection. SCID­
Xl is caused by a defect in the gene encoding -ye cytokine receptor, whose 
action is essential for proper immune system function. Bone marrow cells 
(the precursors of white blood cells) were removed from the bodies of 
SCID-Xl victims, incubated with a vector containing a normal -ye cytokine 
receptor gene, and returned to their bodies. The transgenic bone marrow 
cells restored immune system function. However, because the viral vector 
integrates into the genome at random, the location of the transgene may 
affect the expression of other genes, triggering cancer. At least two chil­
dren have developed leukemia (a white blood cell cancer) as a result of 
gene therapy for SCID-Xl. 

I SUMMARY 

l. Nucleotides consist of a purine or pyrimidine base linked to 
ribose to which at least one phosphate group is attached. 
RNA is made of ribonucleotides; DNA is made of deoxynu­
cleotides (which contain 2' -deoxyribose ). 

2. In DNA, two antiparallel chains of nucleotides linked by 
phosphodiester bonds form a double helix. Bases in opposite 
strands pair: A with T, and G with C. 
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3. Single-stranded nucleic acids, such as RNA, can adopt 
stem-loop structures. 

4. DNA carries genetic information in its sequence of nu­
cleotides. When DNA is replicated, each strand acts as a tem­
plate for the synthesis of a complementary strand. 

5. According to the central dogma of molecular biology, one 
strand of the DNA of a gene is transcribed into mRNA. The 
RNA is then translated into protein by the ordered addition 
of amino acids that are bound to tRNA molecules that base­
pair with the mRNA at the ribosome. 

6. Restriction endonucleases that recognize certain sequences of 
DNA are used to specifically cleave DNA molecules. 

7. Gel electrophoresis is used to separate and measure the sizes 
of DNA fragments. 

8. In the chain-terminator method. of DNA sequencing, the se­
quence of nucleotides in a DNA strand is determined by en-

KEY TERMS · 

nucleotide 39 
nucleic acid 39 
nucleoside 41 
RNA 42 
DNA 42 
polynucleotide 43 
phosphodiester bond 43 
nucleotide residue 43 
5' end 44 
3' end 44 
monomer 44 
dimer 44 
trimer 44 
tetramer 44 
oligomer 44 
Chargaff's rules 4 4 
tautomer 44 
double helix 45 
antiparallel 45 
major groove 46 
minor groove 46 
complementary base 

pairing 46 
genome 47 
chromosome 47 
diploid 47 

haploid 47 
bp 47 
kb 47 
stem-loop 47 
gene 48 
transformation 48 
replication 48 
transcription 49 
translation 49 
central dogma of molecular 

biology 49 
mRNA 49 
ribosome 49 
rRNA 49 
tRNA 49 
genomics 50 
transcriptomics 50 
proteomics 50 
gene expression 50 
bacteriophage 51 
restriction- modification 

system 51 
modification methylase 51 
restriction endonuclease 51 
endonuclease 51 
exonuclease 51 

Problems 71 

zymatically synthesizing complementary polynucleotides that 
terminate with a dideoxy analog of each of the four nu­
cleotides. Polynucleotide fragments .of increasing size are sep­
arated by electrophoresis to reconstruct the original sequence. 

9. Mutations and other changes to DNA are the basis for the 
evolution of organisms. 

10. In molecular cloning, a fragment of foreign DNA is inserted 
into a vector for amplification in a host cell. Transformed cells 
can be identified by selectable markers. 

11. Genomic libraries contain all the DNA of an organism. 
Clones harboring particular DNA sequences are identified by 
screening procedures. 

12. The polymerase chain reaction amplifies selected sequences 
of DNA. 

13. Recombinant DNA methods are used to produce wild-type or 
selectively mutagenized proteins in cells or entire organisms. 

palindrome 52 
sticky ends 52 
blunt ends 52 
gel electrophoresis 52 
chain-terminator procedure 53 
dNTP 53 
primer 54 
ddNTP 54 
ORF 58 
alternative gene splicing 58 
point mutation 58 
recombination 58 
transposition 58 
phenotype 59 
recombinant DNA 

technology 59 
vector 60 
cloning 60 
clone 60 

plasmid 60 
recombinant DNA 61 
BAC 61 
YAC 61 
anneal 61 

ligation 61 
selectable marker 62 

plaque 62 
DNA library 6 2 
genomic library 63 
shotgun cloning 63 
reverse transcriptase 64 
cDNA 64 
screening 64 
colony (in situ) 

hybridization 64 
replica plating 64 
probe 64 
autoradiography 64 
PCR 65 
polymorphism 66 
DNA fingerprinting 66 
STR 66 
allele 66 
expression vector 67 
overproducer 6 7 
intron 67 
site-directed mutagenesis 68 
wild type 68 
transgenic organism 68 
transgene 68 
gene knockout 69 
gene therapy 69 

.. . . . . - . .... -
PROBLEMS 

1. Kinases are enzymes that transfer a phosphoryl group from a 
nucleoside triphosphate. Which of the following are valid 
kinase-catalyzed reactions? 

(a) ATP + GDP-ADP+ GTP 

(b) ATP+ GMP -AMP + GTP 

(c) ADP + CMP-AMP + CDP 

(d) AMP+ATP-2ADP 

2. A diploid organism with a 45,000-kb haploid genome contains 
21 % G residues. Calculate the number of A , C, G, and T 
residues in the DNA of each cell in this organism. 
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3. A segment of DNA containing 20 base pairs includes 7 gua­
nine residues. How many adenine residues are in the seg­
ment? How many uracil residues are in the segment? 

4. Draw the tautomeric forms of (a) adenine and (b) cytosine. 

5. The adenine derivative hypoxanthine can base-pair with both 
cytosine and adenine. Show the structures of these base pairs. 

0 

H,l)) 
N I 

H 

Hypoxanthine 

6. Explain why the strands of a DNA molecule can be separated 
more easily at pH > 11. 

7. How many different amino acids could theoretically be en­
coded by nucleic acids containing four different nucleotides 
if (a) each nucleotide coded for one amino acid; (b) consec­
utive sequences of two nucleotides coded for one amino acid; 
( c) consecutive sequences of three nucleotides coded for one 
amino acid; (d) consecutive sequences of four nucleotides 
coded for one amino acid? 

8. The recognition sequence for the restriction enzyme Taql is 
TtCGA. Indicate the products of the reaction of Taql with 
the DNA sequence shown. 

5'-ACGTCGAATC-3' 
3'-TGCAGCTTAG-5' 

9. Using the data in Table 3-2, identify restriction enzymes that 
(a) produce blunt ends; (b) recognize and cleave the same se­
quence (called isoschizomers); (c) produce identical sticky 
ends. 

10. Describe the outcome of a chain-terminator sequencing pro­
cedure in which (a) too little ddNTP is added; (b) too much 
ddNTP is added; (c) too few primers are present; (d) too 
many primers are present. 

11. Calculate the number of clones required to obtain with a 
probability of 0.99 a specific 5-kb fragment from C. elegans 

(Table 3-3). 

12. Describe how to select recombinant clones if a foreign DNA 
is inserted into the polylinker site of pUC18 and then intro­
duced into E. coli cells. 

13. Describe the possible outcome of a PCR experiment in which 
(a) one of the primers is inadvertently omitted from the re­
action mixture; (b) one of the primers is complementary to 
several sites in the starting DNA sample; (c) there is a single­
stranded break in the target DNA sequence, which is present 
in only one copy in the starting sample; (d) there is a double­
stranded break in the target DNA sequence, which is present 
in only one copy in the starting sample. 

14. Write the sequences of the two 12-residue primers that could 
be used to amplify the following DNA segment by PCR. 

ATAGGCATAGGCCCATATGGCATAAGG­
CTTTATAATATGCGATAGGCGCTGGTCAG 

15. (a) Why is a genomic library larger than a cDNA library for 
a given organism? 

(b) Why do cDNA libraries derived from different cell types 
within the same organism differ from each other? 

16. A blood stain from a crime scene and blood samples from 
four suspects were analyzed by PCR using fluorescent 
primers associated with three STR loci: D3S1358, vWA , and 
FGA. The resulting electrophoretograms are shown below. 
The numbers beneath each peak identify the allele (upper 
box) and the height of the peak in relative fluorescence units 
(lower box). 

(a) Since everyone has two copies of each chromosome and 
therefore two alleles of each gene, what accounts for the 
appearance of only one allele at some loci? 

(b) Which suspect is a possible source of the blood? 

( c) Could the suspect be identified using just one of the three 
STR loci? 

(d) What can you conclude about the amount of DNA ob­
tained from Suspect 1 compared to Suspect 4? 

0351358 ! ..._I _ __,v.=,W"-'A _ __,,. ______ __,F.=GA"---- -----' 

Blood stain 

' 
m 

6 
500 

Suspect 1 

Suspect 2 

Suspect 4 

@ 
§I 

3000 

2000 

1000 

2000 

1000 

1500 
1000 
500 

4000 

2000 

[From Thompson, W.C., Ford, S., Doom, T., Raymer, M., and Krane, 
D.E., Evaluating forensic DNA evidence: Essential elements of a 
competent defense review, The Champion 27, 16-25 (2003).] 
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Amino Acids 
In addition to the well-known taste sensations of sweet, sour, salty, 

and bitter is umami, the taste sensation elicited by monosodium 

glutamate (MSG), an amino acid commonly used as a flavor 

enhancer. [Jackson Vereen/Foodpix/PictureArts Corp.] 

■ CHAPTER CONTENTS 

1 Amino Acid Structure 
A. Amino Acids Are Dipolar Ions 

B. Peptide Bonds Link Amino Acids 
C. Amino Acid Side Chains Are Nonpolar, 

Polar, or Charged 
D. The pK Values of lonizable Groups Depend 

on Nearby Groups 
E. Amino Acid Names Are Abbreviated 

2 Stereochemistry 
3 Amino Acid Derivatives 

A. Protein Side Chains May Be Modified 

B. Some Amino Acids Are Biologically Active 

LEARNING OBJECTIVES 

■ Know the overall structure of an amino 
acid and the structures of the 20 different 
R groups. 
• U nderstand how peptide bonds link amino 
acid residues in a polypeptide. 
■ Understand that amino acids include 
ionizable groups whose pK values vary when 
the amino acid is part of a polypeptide. 

R 
I 

H2N - CaCOOH 
I 

H 

■ Figure 4-1 I General structure of an 

a-amino acid. The R groups differentiate the 
20 standard amino acids. 

74 

When scientists first turned their attention to nutrition, early in 
the nineteenth century, they quickly discovered that natural 
products containing nitrogen were essential for the survival of 

animals. In 1839, the Dutch chemist G. J. Mulder coined the term protein 
(Greek: proteios, primary) for this class of compounds. The physiological 
chemists of that time did not realize that proteins were actually composed 
of smaller components, amino acids, although the first amino acids had 
been isolated in 1830. In fact, for many years, it was believed that sub­
stances from plants-including proteins-were incorporated whole into 
animal tissues. This misconception was laid to rest when the process of di­
gestion came to light. After it became clear that ingested proteins were 
broken down to smaller compounds containing amino acids, scientists 
began to consider the nutritive qualities of those compounds (Box 4-1). 

Modern studies of proteins and amino acids owe a great deal to nine­
teenth and early twentieth century experiments. We now understand that 
nitrogen-containing amino acids are essential for life and that they are the 
buil(iing blocks of proteins. The central role of amino acids in biochemistry 
is perhaps not surprising: Several amino acids are among the organic com­
pounds believed to have appeared early in the earth's history (Section 1-lA). 
Amino acids, as ancient and ubiquitous molecules, have been co-opted by 
evolution for a variety of purposes in living systems. We begin this chapter 
by discussing the structures and chemical properties of the common amino 
acids, including their stereochemistry, and end with a brief summary of the 
structures and functions of some related compounds. 

g Amino Acid Structure 

The analyses of a vast number of proteins from almost every conceivable 
source have shown that all proteins are composed of 20 "standard" amino 

acids. Not every protein contains all 20 types of amino acids, but most pro­
teins contain most if not all of the 20 types. 

The common amino acids are known as a-amino acids because they 
have a primary amino group (-NH2) as a substituent of the a carbon 
atom, the carbon next to the carboxylic acid group (-COOR; Fig. 4-1). 
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BOX 4-1 PATHWAYS OF DISCOVERY 

William C. Rose and the Discovery of Threonine 

William C. Rose (1887-1985) 

Identifying the amino acid constituents of pro­
teins was a scientific challenge that grew out 
of studies of animal nutrition. At the start of 
the twentieth century, physiological chemists 
(the term biochemist was not yet used) recog­
nized that not all foods provided adequate nu­

trition. For example, rats fed the corn protein 
zein as their only source of nitrogen failed to 

grow unless the amino acids tryptophan and lysine were added to 
their diet. Knowledge of metabolism at that time was mostly lim­

ited to information gleaned from studies in which intake of partic­
ular foods in experimental subjects (including humans) was linked 

to the urinary excretion of various compounds. Results of such stud­
ies were consistent with the idea that compounds could be trans­

formed into other compounds, but clearly, nutrients were not wholly 
interchangeable. 

At the University of Illinois, William C. Rose focused his research 

on nutritional studies to decipher the metabolic relationships of ni­

trogenous compounds. Among other things, his studies of rat 

growth and nutrition helped show that purines and pyrimidines 

were derived from amino acids but that those compounds could 
not replace dietary amino acids. 

In order to examine the nutritional requirements for individual 
amino acids, Rose hydrolyzed proteins to obtain their component 

amino acids and then selectively removed certain amino acids. In 
one of his first experiments, he removed arginine and histidine from 

a hydrolysate of the milk protein casein. Rats fed on this preparation 
lost weight unless the amino acid histidine was added back to the 

food. However, adding back arginine did not compensate for the 
apparent requirement for histidine. These results prompted Rose to 

investigate the requirements for all the amino acids. Using similar 

experimental approaches, Rose demonstrated that cysteine, histi­
dine, and tryptophan could not be replaced by other amino acids. 

From preparations based on hydrolyzed proteins, Rose moved 
to mixtures of pure amino acids. Thirteen of the 19 known amino 

acids could be purified, and the other six synthesized. However, 

rats fed these 19 amino acids as their sole source of dietary nitro­
gen lost weight. Although one possible explanation was that the 

proportions of the pure amino acids were not optimal, Rose 
concluded that there must be an additional essential amino acid, 

present in naturally occurring proteins and their hydrolysates but 

not in his amino acid mixtures. 
After several years of effort, Rose obtained and identified the 

missing amino acid. In work published in 1935, Rose showed that 

adding this amino acid to the other 19 could support rat growth. 
Thus, the twentieth and last amino acid, threonine, was discovered. 

Experiments extending over the next 20 years revealed that 1 0 
of the 20 amino acids found in proteins are nutritionally essential, 

so that removal of one of these causes growth failure and even­
tually death in experimental animals. The other 10 amino acids 

were considered "dispensable" since animals could synthesize 

adequate amounts of them. 
Rose's subsequent work included verifying the amino acid re­

qu irements of humans, using graduate students as subjects. 
Knowing which amino acids were required for normal health­

and in what amounts-made it possible to evaluate the poten­

tial nutritive value of different types of food proteins. Eventually, 
these findings helped guide the formulations used for intra­

venous feeding. 

McCoy, R.H., Meyer, C.E., and Rose, W.C., Feeding experiments w ith mix­

tures of highly purified amino acids. VIII. Isolation and identification of a 

new essential amino acid, J. Biol. Chem. 112, 283-302 (1935). [Freely 

available at http:/fww:"'.jbc.org.) 

The sole exception is proline, which has a secondary amino group 
(-NH-), although for uniformity we shall refer to proline as an a -amino 
acid. The 20 standard amino acids differ in the structures of their side 
chains (R groups). Table 4-1 displays the names and complete chemical 
structures of the 20 standard amino acids. 

A Amino Acids Are Dipolar Ions 

The amino and carboxylic acid groups of amino acids readily ionize. The pK 
values of the carboxylic acid groups (represented by pK1 in Table 4-1) lie in 
a small range around 2.2, while the pK values of the a -amino groups (pK2) 

are near 9.4. At physiological pH (~7.4), the amino groups are protonated 

an~ the carboxylic acid groups are in their conjugate base (carboxylate) form 
(Fig. 4-2). An amino acid can therefore act as both an acid and a base. 

R 
+ I 

H N-c-coo-
s I 

H 

■ Figure 4-2 I A dipolar amino acid. At 

physiological pH, the amino group is protonated 
and the carboxylic acid group is unprotonated. 
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76 Chapter 4 Amino Acids 

Covalent Structures and Abbreviations of the "Standard" Amino Acids of Proteins, 
Their Occurrence, and the pK Values of Their lonizable Groups 

Name, Residue Average 
Three-letter Symbol, Structural Mass Occurrence pK1 pKz 

and One-letter Symbol Formula0 (Dt in Proteins (%)' a-COOHd a-NH!d 

Amino acids with nonpolar side chains 

Glycine coo- 57.0 7.2 2.35 9.78 

Gly I 
G H-C-H 

I 
NH! 

Alanine coo- 71.1 7.8 2.35 9.87 
Ala I 
A H-C - CH3 

I 
NH! 

Valine coo- CH 99.1 6.6 2.29 9.74 
Val I / 3 

V H - C- CH 
I " NH! 

CH3 

Leucine coo- CH3 
113.2 9.1 2.33 9.74 

Leu I / 

L H-C- CH2- CH 
I '--

NH! CH3 

Isoleucine coo- CH3 113.2 5.3 2.32 9.76 
Ile I I* 
I 

H-C--C-CH2-CH3 
I I 

NH! H 

Methionine coo- 131.2 2.2 2.13 9.28 
Met I 
M 

H-C- CH2- CH2- S- CH3 
I 

NH! 

Proline H2 97.1 5.2 1.95 10.64 
Pro cq_o -/ i --cH 
p ··c 2 + I 2 

/ \Nl_;CH2 
H H2 

Phe nylalanine coo- 147.2 3.9 2.20 9.31 
Phe 

H-{-CH2-0 F 
NHj 

Tryptophan coo- 186.2 1.4 2.46 9.41 
Trp 1 -ucrg w H - T -CH 2 I) Q' 

+ 1 l 6 
NH3 N 

H 

pKR 
Side Chaind 

"The ionic forms shown are those predominating at pH 7.0 (except for that of histidine') although re~idue mass is given for the neutral compound. 
The Ca atoms, as well as those atoms marked with an asterisk, are chiral centers with configurations as indicated according to Fischer projection 
formulas (Section 4-2). The standard organic numbering system is provided for heterocycles. 

""The residue masses are given fo r the neutral residues. For the molecular masses of the parent amino acids, add 18.0 D, the molecular mass of H20 , 
to the residue masses. For side chain masses, subtract 56.0 D, the formula mass of a peptide group, from the residue masses. 

ccalculated from a database of nonredundant proteins containing 300,688 residues as compiled by Doolittle, R.F., in Fasman, G.D. (Ed.), Predictions 
of Protein Structure and the Principles of Protein Conformation, Plenum Press (1989). 

"Data from Dawson, R.M.C., Elliott, D.C., Elliott, W.H., and Jones, K.M., Data for Biochemical Research (3rd ed.), pp. 1- 31, Oxford Science 
Publications (1986). 
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(continued) 

Name, 
Three-letter Symbol, 

and One-letter Symbol 
Structural 
Formula" 

Amino acids with uncharged polar side chains 

Serine 
Ser 
s 

Threonine 
Tor 
T 

Asparagine• 
Asn 
N 

Glutaminee 
Gin 
Q 

Tyrosine 
Tyr 
y 

Cysteine 
Cys 
C 

coo­
l 

H - C- CH - OH 
I 2 

NHj 

COO- H 

I I* H-T--T-CH3 
NHf OH 

coo- 0 
I // 

H - C- CH - C 
I 2 \ 

NHf NH2 
coo- O 
I // 

H- C-CH2-CH2-C 
I \ 

N Hf NH2 
coo-

H-{- CH2-0-0H 

NHj 

coo-
l 

H -C- CH - SH 
I 2 

NHf 

Amino acids with charged polar side chains 
Lysine coo-
Lys I 
K H -C - CH 2- CH2- CH2- CH2- NHf 

I 

Arginine 
Arg 
R 

Histidine' 
His 
H 

Aspartic acide 
Asp 
D 

Glutamic acid' 
Glu 
E 

NHf 
COO- NH

2 I / 
H-C-CH2-CH2-CH2-NH-C 

I ~ + 
NHj NH 2 

Residue 
Mass 
(Dt 

87.1 

101.1 

114.1 

128.1 

163.2 

103.1 

128.2 

156.2 

137.1 

115.1 

129.1 
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Average 
Occurrence 

iri Proteins (% )c 

6.8 

5.9 

4.3 

4.3 

3.2 

1.9 

5.9 

5.1 

2.3 

5.3 

6.3 

2.19 

2.09 

2.14 

2.17 

2.20 

1.92 

2.16 

1.82 

1.80 

1.99 

2.10 

9.21 

9.10 

8.72 

9.13 

9.21 

10.70 

pKR 
Side Chaind 

10.46 (phenol) 

8.37 (sulfhydryl) 

9.06 10.54 (s-NHj) 

8.99 12.48 (guanidino) 

9.33 6.04 (imidazole) 

9.90 3.90 (13-COOH) 

9.47 4.07 (-y-COOH) 

'The three- and one-letter symbols for asparagine or aspartic acid are Asx and B, whereas for glutamine or glutamic acid they are Glx and Z . The 
one-letter symbol for an undetermined or "nonstandard" amino acid is X. 

1Both neutral and protonated forms of histidine are present at pH 7.0, since its pKR is close to 7.0. 
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I I I 

I ! II 

I I 

H R2 0 
+I I // 

+ H-N-C-C 

I I "o-H H 

R1 0 R2 0 
+ I II I // 

H3N-C-C- N-C-C 

I I I "o-
H H H 

■ Figure 4-3 I Condensation of two amino acids. Formation of a CO-NH 
bond with the elimination of a water molecule produces a dipeptide. The peptide bond 
is shown in red. The residue with a free amino group is the N-terminus of the peptide, 
and the residue with a free carboxylate group is the C-terminus. 

Table 4-1 also lists the pK values for the seven side chains that contain 
ionizable groups (pKR)-

Molecules such as amino acids, which bear charged groups of opposite po­
larity, are known as dipolar ions or zwitterions. Amino acids, like other ionic 
compounds, are more soluble in polar solvents than in nonpolar solvents. As 
we shall see, the ionic properties of the side chains influence the physical and 
chemical properties of free amino acids and amino acids in proteins.-

B I Peptide Bonds Link Amino Acids 

Amino acids can be polymerized to form chains. This process can be rep­
resented as a condensation reaction (bond formation with the elimination 
of a water molecule), as shown in Fig. 4-3. The resulting CO-NH linkage, 
an amide linkage, is known as a peptide bond. 

Polymers composed of two, three, a few (3-10), and many amino acid 
units are known, respectively, as dipeptides, tripeptides, oligopeptides, and 
polypeptides. These substances, however, are often referred to simply as 
"peptides." After they are incorporated into a peptide, the individual 
amino acids (the monomeric units) are referred to as amino acid residues. 

Polypeptides are linear polymers rather than branched chains; that is, each 
amino acid residue participates in two peptide bonds and is linked to its 
neighbors in a head-to-tail fashion. The residues at the two ends of the 
polypeptide each participate in just one peptide bond. The residue with a 
free amino group (by convention, the leftmost residue, as shown in Fig. 4-3) 
is called the amino terminus or N-terminus. The residue with a free carboxy­
late group (at the right) is called the carboxyl terminus or C-terminus. 

Proteins are molecules that contain one or more polypeptide chains. 
Variations in the length and the amino acid sequence of polypeptides a're 
major contributors to the diversity· in the shapes and biological functions of 
proteins, as we shall see in succeeding chapters. 

C I Amino Acid Side Chains Are Nonpolar, Polar, or Charged 

The most useful way to classify the 20 standard amino acids is by the 
polarities of their side chains. According to the most common classifica­
tion scheme, there are three major types of amino acids: (1) those with 

' 
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Alanine Isoleucine 

■ Figure 4-4 I Some amino acids with nonpolar side chains. The amino 
acids are shown as ball-and-stick models embedded in transparent space-filling 
models. The atoms are colored according to type with C green, H white, N blue, 
and O red. 

nonpolar R groups, (2) those with uncharged polar R groups, and (3) those 
with charged polar R groups. 

The Nonpolar Amino Acid Side Chains Have a Variety of Shapes and 
Sizes. Nine amino acids are classified as having nonpolar side chains. The 
three-dimensional shapes of some of these amino acids are shown in 
Fig. 4-4. Glycine has the smallest possible side chain, an H atom. Alanine, 
valine, leucine, and isoleucine have aliphatic hydrocarbon side chains rang­
ing in size from a methyl group for alanine to isomeric butyl groups for 
leucine and isoleucine. Methionine has a thioether side chain that resem­
bles an n-butyl group in many of its physical properties (C and S have 
nearly equal electronegativities, and S is about the size of a methylene 
group). Proline has a cyclic pyrrolidine side group. Phenylalanine (with its 
phenyl moiety) and tryptophan (with its indole group) contain aromatic 
side groups, which are characterized by bulk as well as nonpolarity. 

Uncharged Polar Side Chains Have Hydroxyl, Amide, or Thiol Groups. 
Six amino acids are commonly classified as having uncharged polar side 
chains (Table 4-1 and Fig. 4-5). Serine and threonine bear hydroxylic 
R groups of different sizes. Asparagine and glutamine have amide-bear­
ing side chains of different sizes. Tyrosine has a phenolic group ( and, like 
phenylalanine and tryptophan, is aromatic). Cysteine is unique among the 

Serine Glutamine 
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Phenylalanine 

■ Figure 4-5 I Some amino acids with 
uncharged polar side chains. Atoms are 
represented and colored as in Fig. 4-4. Note the 
presence of electronegative atoms on the side 
chains. 
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Lysine 

■ Figure 4-7 I Some amino acids with 

charged polar side chains. Atoms are 
represented and colored as in Fig. 4-4. 

I 
C=O 
I 

I 
NH 
I 

H-C-CH2 - SH + HS- CH2-C-H 

I 
NH 
I 

Cysteine 
residue 

I I 
C=O NH 
I I 

I 
C=O 
I 

Cysteine 
residue 

H - C- CH2 - S-S- CH2-C-H 
I I 
NH C=O 
I I 

■ Figure 4-6 Disulfide-bonded cysteine residues. The disulfide bond forms 

when the two thiol groups are oxidized. 

20 amino acids in that it has a thiol group that can form a disulfide bond 
with another cysteine through the oxidation of the two thiol groups 
(Fig. 4-6). 

Charged Polar Side Chains Are Positively or Negatively Charged. 

Five amino acids have charged side chains (Table 4-1 and Fig. 4-7). The 
side chains of the basic amino acids are positively charged at physiological 
pH values. Lysine has a butylammonium side chain, and arginine bears a 
guanidino group. As shown in Table 4-1, histidine carries an imidazolium 
moiety. Note that only histidine, with a pKR of 6.04, readily ionizes within 
the physiological pH range. Consequently, both the neutral and cationic 
forms occur in proteins. In fact, the protonation-deprotonation of histi­
dine side chains is a feature of numerous enzymatic reaction mechanisms. 

The side chains of the acidic amino acids, aspartic acid and glutamic 
acid, are negatively charged above pH 3; in their ionized state, they are 
often referred to as aspartate and glutamate. Asparagine and glutamine 
are, respectively, the amides of aspartic acid and glutamic acid. 

The allocation of the 20 amino acids among the three different groups 
is somewhat arbitrary. For example, glycine and alanine, the smallest of 
the amino acids, and tryptophan, with its heterocyclic ring, might just as 
well be classified as uncharged polar amino acids. Similarly, tyrosine and 
cysteine, with their ionizable side chains, might also be thought of 
as charged polar amino acids, particularly at higher pH values. In 
fact, the deprotonated side chain of cysteine (which contains the thiolate 
anion, s- ) occurs in a variety of enzymes, where it actively participates in 
chemical reactions. 

Inclusion of a particular amino acid in one group or another reflects not 
just the properties of the isolated amino acid, but its behavior when it is 
part of a polypeptide. The structures of most polypeptides depend on a 
tendency for polar and ionic side chains to be hydrated and for nonpolar 
side chains to associate with each other rather than with water. This prop­
erty of polypeptides is the hydrophobic effect (Section 2-lC) in action. 
As we shall see, the chemical and physical properties of amino acid side 
chains also govern the chemical reactivity of the polypeptide. It is worth­
while studying the structures of the 20 standard amino acids in order to 
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appreciate ho_w the~ _vary in pola:ity, ac~~ity, aromaticity, bulk, conforma­
tional flexibility, ab1hty to cross-link, ab1hty to hydrogen bond, and reac­
tivity toward other groups. 

o I The pK Values of lonizable Groups 
Depend on Nearby Groups 

The a-amino acids have two or, for those with ionizable side chains, three 
acid-base groups. At very low pH ·values, these groups are fully proton­
ated, and at very high pH values, these groups are unprotonated. At 
intermediate pH values, the acidic groups tend to be unprotonated, and 
the basic groups tend to be protonated. Thus, for the amino acid glycine, 
below pH 2.35 ( the pK value of its carboxylic acid group), the 
+H3NCH2COOH form predominates. Above pH 2.35, the carboxylic acid 
is mostly ionized but the amino group is still mostly protonated 
(+H3NCH2COO- ). Above pH 9.78 (the pK value of the amino group), 
the H2NCH2COO- form predominates. Note that in aqueous solution, the 
un-ionized form (H2NCH2COOH) is present only in vanishingly small 
quantities. 

The pH at which a molecule carries no net electric charge is known as 
its isoelectric point, pl. For the a-amino acids, 

[4-1] 

where K; and Kj are the dissociation constants of the two ionizations in­
volving the neutral species. For monoamino, monocarboxylic acids such as 
glycine, K; and Kj represent K1 and K2. However, for aspartic and glutamic 
acids, K; and Kj are K1 and KR, whereas for arginine, histidine, and lysine, 
these quantities are KR and K2. 

Of course, amino acid residues in the interior of a polypeptide chain do 
not have free a-amino and a-carboxyl groups that can ionize (these groups 
are joined in peptide bonds; Fig. 4-3). Furthermore, the pK values of all 
ionizable groups, including the N- and C-termini, usually differ from the 
pK values listed in Table 4-1 for free amino acids. For example, the pK 
values of a-carboxyl groups in unfolded proteins range from 3.5 to 4.0. In 
the free amino acids, the pK values are much lower, because the positively 
charged ammonium group electrostatically stabilizes the coo- group, in 
effect making it easier for the carboxylic acid group to ionize. Similarly, 
the pK values for a-amino groups in proteins range from 7.5 to 8.5. In the 
free amino acids, the pK values are higher, due to the electron-withdrawing 
character of the nearby carboxylate group, which makes it more difficult 
for the ammonium group to become deprotonated. In addition, the three­
dimensional structure of a folded polypeptide chain may bring polar side 
chains and the N- and C-termini close together. The resulting electrostatic 
interactions between these groups may shift their pK values up to several 
pH units from the values for the corresponding free amino acids. For this 
reason, the pl of a polypeptide, which is a function of the pK values of its 
many ionizable groups, is not easily predicted and is usually determined 
experimentally. 

E I Amino Acid Names Are Abbreviated 

The three-letter abbreviations for the 20 standard amino acids given in 
Table 4-1 are widely used in the biochemical literature. Most of these 
abbreviations are taken from the first three letters of the name of the 
corresponding amino acid and are pronounced as written. The symbol Glx 
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Lys 

H 0 
I II 
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H2C~ 
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H29r 

coo-

Glu 

■ CHECK YOUR UNDERSTANDING 

Describe the overall st ructure of an amino 

acid. 
Be able to identify the peptide bonds, amino 

acid residues, and the N- and C-termini of 

a polypeptide. 
Draw the structures of the 20 standard 

amino acids and give their one- and 

three-letter abbreviations. 

Classify the 20 standard amino acids by 

polarity, structure, type of functional 

group, and acid-base properties. 

Why do the pK values of ionizable groups 

differ between free amino acids and 

amino acid residues in polypeptides? 

LEARNING OBJECTIVES 

■ Understand that amino acids and other 

biological compounds are chiral molecules 

whose configurations can be depicted by 

Fischer projections. 
■ U nderstand that amino acids in proteins 

all have the L stereochemical configuration. 

■ Figure 4-8 I Greek nomenclature for amino acids. The carbon atoms are 

assigned sequential letters in the Greek alphabet, beginning with the carbon next to 

the carbonyl group. 

indicates Glu or Gln, and similarly, Asx means Asp or Asn. This ambigu. 

ous notation stems from laboratory experience: Asn and Gln are easily 

hydrolyzed to Asp and Glu, respectively, under the acidic or basic conditions 

often used to recover them from proteins. Without special precautions, it 

is impossible to tell whether a detected Glu was originally Glu or Gin, and 

likewise for Asp and Asn. 
The one-letter symbols for the amino acids are also given in Table 4-1. 

This more compact code is often used when comparing the amino acid se­

quences of several similar proteins. Note that the one-letter symbol is usu­

ally the first letter of the amino acid's name. However, for sets of residues 

that have the same first letter, this is true only of the most abundant 

residue of the set. 
Amino acid residues in polypeptides are named by dropping the suffix, 

usually -ine, in the name of the amino acid and replacing it by -yl. 

Polypeptide chains are described by starting at the N-terminus and pro­

ceeding to the C-terminus. The amino acid at the C-terminus is given the 

name of its parent amino acid. Thus, the compound 

OH 

¢ c oo-

l 
CHa H CH2 H CH2 H H 

+ I I I I I I I 
HsN-C-C-N- C- C-N-C-C-N-c- coo-

1 II I II . I II I 
H O H O H O H 

Ala Tyr - Asp Gly 

is called alanyltyrosylaspartylglycine. Obviously, such names for polypep• 

tide, chains of more than a few residues are extremely cumbersome. The 

tetrapeptide above can also be written as Ala-Tyr-Asp-Gly using the three· 

letter abbreviations, or AYDG using the one-letter symbols. 

The various atoms of the amino acid side chains are often named in 

sequence with the Greek alphabet, starting at the carbon atom adjacent 

to the peptide carbonyl group. Therefore, as Fig. 4-8 indicates, the Lys 

residue is said to have an e-amino group and Glu bas a -y-carboxyl group. 

Unfortunately, this labeling system is ambiguous for several amino acid& 

Consequently, standard numbering schemes for organic molecules are also 

employed (and are indicated in Table 4-1 for the heterocyclic side chains). 

I) Stereochemistry 

With the exception of glycine, all the amino acids recovered from polypep· 

tides are optically active; that is, they rotate the plane of polarized light 

The direction and angle of rotation can be measured using an instrument 

known as a polarimeter (Fig. 4-9). 

Optically active molecules are asymmetric; that is, they are not superirn· 

posable on their mirror image in the same way that a left hand is not 
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