Contents

Chapter 1 Complexes of Nucleic Acids with Group I and II Cations
Chiaolong Hsiao, Emmanuel Tannenbaum,
Halena VanDeusen, Eli Hershkovitz, Ginger Perng,
Allen R. Tannenbaum and Loren Dean Williams

1.1

1.2

1.3

1.4

1.5

1.6

Introduction

1.1.1 Modern Treasure Troves of Structural
Information: Large RNAs

Nucleic Acid Folding

1.2.1 Cations

1.2.2 The RNA Folding Hierarchy

1.2.3 Alternative RNA Folding Hierarchies

Coordination Chemistry

1.3.1 Group I

1.3.2 Group II

Experimental Methods for Determination

of Cation Positions in X-ray Structures

1.4.1 Group I

1.42 Group II

The Two Binding-mode Formalism

1.5.1 Thermodynamic/Kinetic Definition

1.5.2 Structural Definition

1.5.3 Computational Definition

1.5.4 Breaking the Two Binding-mode Formalism

Reaction Coordinates for RNA Folding

1.6.1 The Utility of 3D Databases for Determining
Mechanism

L N SN SN VS I (S I NS I NS

24
24
25
25
25
26
26
27
27

27

RSC Biomolecular Sciences

Nucleic Acid—Metal Ion Interactions

Edited by Nicholas V. Hud

© Royal Society of Chemistry 2009

Published by the Royal Society of Chemistry, www.rsc.org

vii



viii

Chapter 2

Appendix

Contents

1.62 Mg>*-RNA Complexes Report on Folding

Intermediates

Acknowledgements

References

Coordinative Bond Formation Between Metal Ions and
Nucleic Acid Bases
Bernhard Lippert

2.1 Introduction

2.1.1

Nucleic Acids and Metal Ions

2.1.2  Types of Interactions
2.1.3 Brief History
2.1.4  Scope

2.2 Nucleobases as Ligands

2.2.1

222
223

2.2.4
225
2.2.6
2.2.7
2.2.8
229
2.2.10
2.2.11
2.2.12
2.2.13

2.2.14

Location of Donor Sites in DNA

and RNAs

Acid-Base Equilibria of Nucleobases
‘Conventional’ Metal Binding Sites in Neutral
Nucleobases

Exocyclic Amino Groups: Not Used Unless
Deprotonated

Metal Coordination to Rare Nucleobase
Tautomers

Deprotonated Nucleobases
Organometallic Nucleobase Complexes
Chelates, Macrochelates and ‘Indirect’
Chelates

Coordination Behavior of Di- and
Multinuclear Metal Complexes
Protonated Purine Bases as Ligands
Other Modes

Metal Migration

Metals as Chameleons in Nucleic Acid
Coordination

Complex Stabilities

2.3 Consequences of Metal Coordination

2.3.1
232
233

2.3.4

Cross-link Formation in dsDNA
Multistranded Nucleic Acids
Subtle Effects of Metal
Coordination

Irreversible Alterations

2.4  Summary and Outlook

References

28
28
32
32

39
39
40
41
42
42

42
43

44

45

46
48
50

52

52
54
54
54

54
55
57
57
59

62
66
68
69



Contents

Chapter 3 Sequence-specific DNA—Metal Ion Interactions
Nicholas V. Hud and Aaron E. Engelhart

Chapter 4

3.1 Introduction
3.2 A Brief Overview of Cation Binding
Modes to DNA
3.3 Defining A-tracts, G-tracts and Generic DNA
3.4 Divalent Cation Localization
3.4.1 Divalent Cations and the Major Groove
3.4.2 Divalent Cations and the Minor Groove
3.5 Monovalent Cation Localization
3.5.1 Monovalent Cations and the Major Groove
3.5.2 Monovalent Cations and the Minor Groove
3.6 Testing Cation Size Selection of the A-tract
Minor Groove Using a Large Monovalent Cation
3.7 Additional Experimental Evidence of
Sequence-specific Binding of Cations to DNA
3.7.1 Capillary Electrophoresis
3.7.2 Hydration Measurements
3.8 Sequence-specific Cation Localization and DNA
Fine Structure
3.9 Investigations of the Role of Cations in DNA
Fine Structure Using Non-natural Bases
3.10 Conclusions and Perspectives
Acknowledgements
References

Metal Ion Interactions with G-Quadruplex Structures
Aaron E. Engelhart, Janez Plavec, Ozgiil Persil
and Nicholas V. Hud

4.1
4.2

43

4.4

Introduction

A Brief Overview of G-quadruplex Structures

and Folding Topologies

X-ray Crystallographic Studies of Cation

Coordination by G-quadruplexes

4.3.1 X-ray Studies of Monovalent Cation
Coordination

4.3.2 X-ray Studies of Divalent Cation
Coordination

NMR Studies of Cation Coordination

by G-quadruplexes

4.4.1 Solution-state NMR Studies of Monovalent
Cation Coordination

ix

75
77
79
79
79
86
92
92
96
103
104
104
104
106
110
112

112
112

118

121

123

123

128

130

130



Chapter 5

Chapter 6

4.5
4.6
4.7
4.8

4.9

Contents

4.4.2 Solid-state NMR Studies of Cation
Coordination

Direct Observation of Movement and Exchange

of Cations Within G-quadruplexes

G-quadruplex Cation-dependent Stability

Cations and G-quadruplex Polymorphism

Non-biological Applications of G-quartet—Cation

Interactions

Conclusion

Acknowledgements
References

Characterization of Nucleic Acid—-Metal Ion Binding
by Spectroscopic Techniques
Victoria J. DeRose

5.1
52

5.3

5.4

Introduction

NMR Spectroscopy

5.2.1 (Indirect) Detection of Metal Interactions
Using NMR Spectroscopy

5.2.2  Spectroscopy of NMR-active Cation Probes

EPR Spectroscopy

5.3.1 EPR Spectroscopy of Oligonucleotide-bound
Paramagnetic Ions

53.2 Mn*" and VO*" Environments Probed by
ENDOR and ESEEM Spectroscopies

X-ray Absorption Spectroscopy and Small-angle

X-ray Scattering

5.4.1 X-ray Absorption Spectroscopy (XAS)

5.4.2 Small-angle X-ray Scattering (SAXS) and
ASAX

5.5 Optical Methods: Lanthanide Luminescence
5.6 Vibrational Spectroscopy: IR, Raman
and Resonance Raman
5.7 Conclusion
Acknowledgements
References

Metal Ions and the Thermodynamics of RNA Folding
David P. Giedroc and Nicholas E. Grossoehme

6.1
6.2

Introduction
Physical Properties of RNA and Metal Ions
Relevant to RNA Folding

133

134
139
141

145
147
147
147

154
159

159
160
163
164
164

166
168

169
170

173
174

175
175

180

181



Contents

Chapter 7

6.3

6.4

6.5

6.6

6.2.1 Implications of RNA as a Folded Polyanion
in Ion-RNA Interactions

6.2.2 Physical Properties of Tons: Monovalent versus

Di(multi)valent Ions

6.2.3 RNA Folding is Generally Hierarchical

6.2.4 Intrinsic Competition of Monovalent and
Divalent Ions for ‘Sites’ on RNA

Mg?* Tons, Hydrodynamic Collapse

and Dynamical Restriction

6.3.1 Mg*" Drives Hydrodynamic Collapse of
Complex RNAs

6.3.2 Dynamical Restriction of RNA
Conformational Fluctuations by Mg>* Ions

Metal Ton Binding Models

6.4.1 Operational Classes of Ions that Associate
with RNA

6.4.2 General Considerations and Complications

6.4.3 Direct Binding Methods

6.4.4 The Hill Model

6.4.5 Diffuse Ion Association Models

6.4.6 Linkage of Protonation to Mg®" Binding
and RNA Folding

How Mg>" Stabilizes RNA from Single-molecule

Unfolding Studies Using Mechanical Force

Conclusion and Perspective

Acknowledgements
References

Metal Ions and RNA Folding Kinetics
Somdeb Mitra and Michael Brenowitz

7.1

7.2

Introduction

7.1.1 A Brief Overview

7.1.2  RNA Folding is Hierarchical

7.1.3  Why are Counterions Necessary for RNA
Folding?

Cation-induced RNA Folding Kinetics

7.2.1 Effects of Ionic Strength on Net Energetic
Stability of Initial, Intermediate and Final
States

7.2.2  Position and Plasticity of the Transition
State

7.2.3 Effects on the Initial Conformational
Ensemble and Pathway Partitioning

xi

181

182
185

186

187

188

190
192

192
194
197
200
204

205
207
212

213
213

221
221
222
223
226
226
235

246



xii

Chapter 8

7.3

Contents

Conclusion

Acknowledgement
References

Metal Ions in RNA Catalysis
John K. Frederiksen, Robert Fong and Joseph A. Piccirilli

8.1
8.2

8.3

8.4

8.5

8.6

8.7

Introduction

Metal Ions and Their Ability to Facilitate RNA

Catalysis in Biological Systems

Mechanistic Roles for Metal Tons

in Ribozyme Reactions

8.3.1 Lewis Acid Stabilization of the Leaving
Group

8.3.2 Nucleophile Activation

8.3.3 Coordination of Non-bridging Phosphoryl
Oxygens

8.3.4 Induced Intramolecularity

8.3.5 Indirect Catalytic Contributions

Experimental Techniques for Detecting

Catalytic Metal Ion—Ligand Interactions in

Ribozymes

8.4.1 X-ray Crystallography

8.4.2 Spectroscopic Methods — Electron
Paramagnetic Resonance (EPR) and Nuclear
Magnetic Resonance (NMR)

8.4.3 Computational and Database Methods

8.4.4 Nucleotide Analogue Interference Mapping
(NAIM)

8.4.5 Lanthanide Ion-induced Cleavage and
Luminescence

8.4.6 Heavy Atom Isotope Effects

8.4.7 Metal Ion Rescue Experiments

8.4.8 Metal Rescue in Practice: The Tetrahymena
Group I Ribozyme Active Site

The Large Ribozymes: A ‘Two-Metal Ion’

Mechanistic Paradigm

8.5.1 RNase P

8.5.2  Group II Intron

8.5.3 Spliceosome

The Small Ribozymes: Endonucleolytic Cleavage

and General Acid—Base Catalysis

Conclusions

References

253
253
254

260

262

266

267
267

268
269
269

270
270

271
272

273

274
275
276

277

283
284
288
293

295
298
299



Contents

Chapter 9 Polyanion Models of Nucleic Acid—Metal Ion Interactions
J. Michael Schurr

9.1

9.2

9.3

9.4

9.5

9.6

Introduction

9.1.1 Background and Objectives

9.1.2 Polyanions and Their Compensating
Charges

9.1.3 The Ion Atmosphere

9.1.4 Equilibrium Polyion Properties and
Phenomena

Statistical Mechanics, Configuration Integral and

Potential of Mean Force

Ion Atmosphere Theory

9.3.1 The Standard Primitive Model for a Polyanion
and Its Small Ton Atmosphere

9.3.2 The Non-linear Poisson—-Boltzmann Equation

9.3.3 Solutions of the NLPB Equation

Connection of NLPB Theory to Thermodynamic

Properties

9.4.1 Electrostatic Free Energy

9.4.2 Polyanion Activity Coefficient and
Polyanion—Salt Preferential Interaction
Coeflicient

9.4.3 Osmotic Pressure and Osmotic Coefficient

Polyion Equilibria and Repulsive Interactions

9.5.1 Effect of Salt Concentration on the Association
of a Polycation with a Polyanion

9.5.2 Effect of Salt Concentration on the
Equilibrium Constant for a Conformational
Transition

9.5.3 Temperature Dependence of a Conformational
Transition

9.5.4 Proton Binding to an Acidic Ligand Adjacent
to a Polyion

9.5.5 Binding a Ligand to Different Conformations
of the Same Polyion

9.5.6 Absolute Equilibrium Constants

9.5.7 Repulsive Forces Between Rod-like
Polyanions

Counterion Condensation Theory

9.6.1 Relation to NLPB Theory

9.6.2 Thermodynamic and Other Properties

9.6.3 Electrostatic Contribution to the Bending
Rigidity and Persistence Length

9.6.4 Effect of Oligocations to Bend DNA

Xiii

307
307

309
309

310

313
315

315
317
318
319
319

320
323
323

323

325

326

327

328
329

332
333
333
335

336
336



Xiv Contents

9.7 Attractions Between Like-charged Filaments and

Condensed Phase Formation 337

9.7.1 Simulations and Analyses 337

9.7.2  The Tightly Bound Ion (TBI) Model 340
9.7.3 Effects of Helical Symmetry, DNA Shape

and Fixed-counterion Models 342

References 344

Chapter 10 Metal Ion—Nucleic Acid Interactions in Disease and
Medicine
Ana M. Pizarro and Peter J. Sadler

10.1 Introduction 350
10.2 Mutagenesis and Carcinogenesis 351
10.2.1 Chromium 351
10.2.2  Arsenic 352
10.2.3 Other Metals 353
10.3 Antiviral Drugs 353
10.4 Metal-containing Anticancer Agents 358
10.4.1 Platinum Drugs 358
10.4.2 Titanium Agents 379
10.4.3 Ruthenium Drugs 381
10.4.4 Rhodium Complexes 389
10.4.5 Gold Complexes 393
10.4.6 Iron Helicates 395
10.5 Conclusions and Perspectives 396
References 398

Subject Index 417



