
DNA STRUCTURE
AND FUNCTTON

Richard R. Jjnden
Albert B. Alkek Institute of Biosciences and Technology

Center for Genome Research

Department of Biochemistry and Biophysics

Texas A&M University

Houston, Texas

ACADEMIC PRESS
San Diego New York Boston
London Sydney Tokyo Toronto



Contents

Preface

Foreword

xvn

xxi

C H A P T E R 1

Introduction to the Structure, Properties, and Reactions of DNA

A. Introduction' 1
B. The Structure of Nucleic Acids 3

1. Bases 3
2. Sugars 5
3. Nucleosides and Nucleotides 8
4. The Phosphodiester Bond 9

C. The Structure of Double-Stranded DNA 11
1. Hydrogen Bonding and Base Stacking Hold the DNA Double

Helix Together 12
2. Wobble, Tautomerization, and Ionization Cause "Deviant"

Base Pairs 15
3. Helix Parameters 21

VII



Vlil Contents

4. B-Form DNA 25
5. A-Form DNA 25
6. C-, D-, and T-DNA 30
7. Z-DNA 30

D. The Biological Significance of Double Strandedness 32

E. Sequence-Dependent Variation in the Shape of
the DNA 32

F. Physical Properties of Double-Stranded DNA 34

1. Ultraviolet Absorption Spectra of DNA 34
2. Denaturation and Renaturation 34
3. DNA Hybridization 37

G. Chemicals That React with DNA 38

1. Nucleophiles 38
2. Electrophiles 40
3. DNA Cross-Linking Reagents 45

H. DNA Sequencing Strategies 47

1. Maxam and Gilbert Chemical Sequencing of DNA 47
2. Sanger Dideoxyribonucleotide Sequencing of DNA 49

I. Enzymes That Modify DNA Structure 52
1. DNA Replication 52
2. Genetic Recombination 53
3. DNA Repair 53
4. Transcription and Gene Regulation 54
5. Transcription Factors 54
6. Restriction and Modification 55
7. DNA Degradation 56

C H A P T E R 2

DNA Bending

A. Introduction 58

B. The Wedge Model and Junction Model for
DNA Bending 60
1. Sequence Induced Bending of DNA 60
2. The Wedge Model for DNA Bending 61
3. The Junction Model for DNA Bending 65



Contents IX

4. Tests of the Phasing Hypothesis 66
5. Sequence Requirements for DNA Bending 67
6. Analysis of (GA4T4C)n and (GT4A4C)n Leads to Development of a

Refined Wedge Model 69
7. A Refined Junction Model 71
8. Does Either the Junction Model or the Wedge Model Adequately

Explain DNA Bending? 72

C. Protein-Induced DNA Bending 73
D. The Biology of DNA Bending 75

1. DNA Bending and Gene Regulation 75
2. DNA Bending and DNA Replication 78
3. DNA Bending and Site-Specific Integration of

Bacteriophage \ 78
4. DNA Bending and DNA Repair 80

E. Details of Selected Experiments 83
1. A-Tract Phasing and DNA Bending 83
2. Phasing and DNA Looping 85
3. Determining the Three'-Dimensional Organization of the \

Site-Specific Recombination Complex 88

C H A P T E R 3

DNA Supercoiling

A. Introduction 95
B. Heterogeneity in Forms of a DNA Molecule 97
C. Supercoiled Forms of DNA 99

1. L = T+W 99
2. Relaxed DNA 99
3. Negatively Supercoiled DNA 101
4. Positively Supercolied DNA 104

D. Supercoils: Interwound or Toroidal Coils? 104
E. DNA Knots and Catenanes 105
F. Superhelical Density and the Specific Linking Difference

of DNA 106
G. The Energetics of Supercoiled DNA 108



Contents

H. The Binding to Supercoiled DNA by Intercalation 109
I. Effects of Temperature and Salt on Helical Winding and

DNA Supercoiling 110
J. The Biology of Supercoiled DNA 111

1. Topological Domains of DNA: A Requirement for Supercoiling 111
2. DNA Topoisomerases 113
3. Mechanisms of Supercoiling in Cells 119
4. Summary of the Effects of Supercoiling on the Structure

of DNA 126
5. The Role of Supercoiling in Gene Expression 126
6. The Role of Supercoiling in DNA Replication 128

K. Details of Selected Experiments 129
1. The Goldstein and Drlica Experiment 129
2. Agarose Gel Electrophoresis 131

C H A P T E R 4

Cruciform Structures in DNA

A. Introduction 134
B. Formation and Stability of Cruciforms 138

1. Superhelical Energy Requirement for Cruciform Formation and
Cruciform Stability 138

2. Effects of Base Composition on the Formation of Cruciforms 139
3. Effects of Temperature on the Formation and Thermal Stability

of Cruciforms 142
4. Effects of Salt on the Cruciform Transition: C-Type

Cruciform Formation 146
5. The Removal of Cruciforms from Supercoiled DNA 149

C. Assays for Cruciform Structures in DNA 153
1. Nuclease Cutting at the Loop of Hairpin Stems 153
2. Chemical Modification at the Loop of Hairpin Stems 154
3. Analysis Using Cruciform Resolvases 158
4. The Psoralen Interstrand Cross-Linking Assay

for Cruciforms 158
5. Removal of Negative Superhelical Turns by

Cruciform Formation 159
6. Loss of Restriction Digestion at the Center of an

Inverted Repeat 160
7. Antibodies That Bind to Cruciform Structures 160



Contents XI

D. Evidence for the Existence of Cruciforms in Vivo 160
1. Considerations of an Ideal in Vivo Assay for

DNA Structure 160
2. Application of the Psoralen Cross-Linking Assay for

Quantitating Cruciforms 161
3. Nuclease Assays for Cruciforms in Cells 163
4. Detection of Cruciforms in Cells Using Chemical Probes 163
5. Analysis of DNA Supercoiling as an Indication of Cruciform Formation

in Cells 164
6. Application of Cruciform Antibodies to the Analysis of Cruciforms in

Eukaryotic Cells 164

E. Biology of Cruciforms: Do Cruciforms Have a
Biological Function? 165
1. The Biology of Inverted Repeated DNA Sequences 166
1. Cruciforms as Models of Holliday

Recombination Intermediates 169
3. The Genetic Instability of Long Inverted Repeats in

Escherichia coli 173

F. Specific Experiments 177
1. Two-Dimensional Agarose Gels 177

C H A P T E R 5

Left-Handed Z-DNA

A. Introduction 179
B. The Structure of Z-DNA 183

1. The Left-Handed Z-DNA Helix 183
2. Sugar Pucker and Glycosidic Bond Rotation in Z-DNA 183
3. Bases Do a Backflip to Form Z-DNA 184
4. The Dinucleotide Repeat in Z-DNA and Base Stacking 184
5. The B-Z Junction 188

C. Formation and Stability of Z-DNA 188
1. The Sequence Requirement for Z-DNA 188
2. Chemical Modifications Stabilize Z-DNA 188
3. The Effect of Cations on the B-to-Z Equilibrium 189
4. DNA Supercoiling Stabilizes Z-DNA 189
5. Protein-Induced Formation of Z-DNA 190



xii Contents

D. Assays for Z-DNA 192
1. Z-DNA Antibodies 192
2. Relaxation of Negative Supercoils as an Assay for Z-DNA 194
3. Chemical Probes of Z-DNA 194
4. Assays Involving the Restriction/Modification System 198

E. Z-DNA in Vivo 198
1. Psoralen Photobinding to DNA in Living Cells 198
2. Application of Restriction/Modification Assays in

Living Cells 199
3. Application of a Linking Number Assay for Z-DNA in

Living Cells 199
4. Application of Chemical Probes for Z-DNA in Vivo: Application

of OsO4 201
5. Z-DNA Antibodies as in Vivo Assays for Z-DNA in

Eukaryotic Cells 202

F. Possible Biological Functions for Z-DNA 207
1. Possible Roles of Z-DNA in Gene Expression 207
2. Possible Roles of Z-DNA in Genetic Recombination 213
3. Z-DNA Binding Proteins 215

C H A P T E R 6

Triplex DNA

A. Introduction 217
1. Intermolecular Triplex DNA 217
2. Intramolecular Triplex DNA 219

B. Formation and Stability of Intramolecular
Triple-Stranded DNA 220
1. General Sequence Requirements: The Third Strand Pairing Rule and

Mirror Repeat Symmetry 220
2. Low pH Intramolecular Triplex Structures 221
3. DNA Supercoiling Is Required for Intramolecular

Triplex Structures 225
4. Neutral pH Intramolecular Triplex Structures 228
5. (CT)B- (GA)n Triple Helices: The Mechanism and Topology of

Intramolecular Triplex Formation 228
6. Effect of Base Composition and Sequence Organization on the

Formation and Stability of Triplex DNA in Mirror Repeats 235
7. The Kinetics of Intramolecular Triplex Formation 238



Contents xiii

C. Assays for Intramolecular Triplex DNA 238
1. Two-Dimensional Agarose Gels 238
2. Chemical Probes for Intramolecular Triplex Structures 239
3. Nudeases as Probes for Intramolecular Triplexes 240
4. Photofootprinting 240

D. Evidence for the Existence of Triplex DNA in Vivo 241
1. Evidence for Intramolecular Triplex DNA Using a Methylation-

Based Assay 241
2. Chemical Probes Provide Evidence for Intramolecular

Triplex DNA 242
3. Psoralen Photobinding as a Probe for Intramolecular

Triplex DNA 242

E. The Biology of Triple-Stranded DNA 243
1. Potential Biology of Polypurine • Polypyrimidine Tracts Existing as

B-DNA Protein Binding Sites 243
2. Potential Biology of Polypurine • Polypyrimidine Sequences

Existing as an Intramolecular Triplex in Vivo: Implications for
Gene Expression 244

3. Potential Role of Intramolecular Triplexes in Replication: Are Triplex
Regions Replication Termination Regions? 249

4. Potential Role of Intramolecular Triplexes in Recombination 251
5. Potential Role of Triplex Structures at Telomeres 251

F. Intermolecular Triplex DNA 254
1. Application of Intermolecular Triplexes to Modify

Gene Expression 254
2. Application of Intermolecular Triplexes to Covalently

Modify DNA 255
3. Generalized Genetic Recombination Involves an

Intermolecular Triplex 256

C H A P T E R 7

Miscellaneous Alternative Conformations of DNA

A. Introduction 259
B. Slipped, Mispaired DNA 259
C. DNA Unwinding Elements 264

1. Unwinding at the Escherichia coli Origin of Replication 268

D. Parallel-Stranded DNA 269



xiv Contents

E. Four-Stranded DNA 272
1. Parallel Four-Stranded DNA, G-Quartet Structure 272
2. Four-Stranded Structures at Telomeres 275

F. Anisomorphic DNA 280
G. Nodule DNA and Higher-Order Pu-Py Structures 282
H. Triplet Repeats, DNA Structure, and Human

Genetic Disease 283
1. The Mechanism of Mutation 284

C H A P T E R 8

DNA - Protein Interactions

A. Introduction 287
B. General Considerations on Protein Binding 289

1. Bases in the Major and Minor Grooves Are Available for Specific
Protein Recognition 289

2. The Sugar-Phosphate Backbone Is Available
for Nonspecific Protein Recognition 294

3. Dimeric Binding Sites in DNA 294
4. The Organization of Dimeric Binding Sites in DNA 295

C. Specific DNA-Protein Interactions 297
1. Interaction of the Helix-Turn-Helix Motif with DNA:

General Considerations 297
2. Interaction of the Helix-Turn-Helix Motif DNA: X-Ray

Crystallographic Analysis 300
3. Interaction of the p Sheet with DNA 309
4. Interaction of Zn-DNA Binding Domains with DNA 315
5. An Assortment of Other DNA Binding Motifs 323

C H A P T E R 9

The Organization of DNA into Chromosomes

A. Introduction 326
B. The Packaging of DNA in Bacterial Cells 328

1. Bacterial HU Protein 328
2. DNA Supercoiling and DNA Packaging 328



Contents XV

3. Restrained and Unrestrained Supercoils 329
4. Are Supercoils Restrained in Escherichia coli} 329
5. The HU Protein Can Restrain Supercoils in Vitro 331
6. HU Binds Transiently to DNA 331
7. HU Bends DNA 333

C. The Packaging of DNA in the
Eukaryotic Nucleosome 333
1. The Structure of the Nucleosome 334
2. Nucleosomes and the Restraint of Supercoiling 336
3. Nucleosome Positioning 337

D. The Organization of Chromosomes in Cells 343
1. The Bacterial Nucleoid 343
2. The Organization of Chromosomes in Eukaryotic Cells 345

Bibliography 353

Author Index 387

Subject Index 393


