Edited by Roland Karl Hartmann, WWILEY-VCH
Albrecht Bindereif, Astrid Schén, Eric Westhof m——

Handbook of
RNA Biochemistry

Copyrighted Material



Handbook of RNA
Biochemistry

Edited by R. K. Hartmann,
A. Bindereif, A. Schén,

E. Westhof

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1



Further Titles of Interest

U. Schepers
RNA Interference in Practice

2005
ISBN 3-527-31020-7

G. Cesareni, M. Gimona, M. Sudol, M. Yaffe (Eds.)
Modular Protein Domains

2005
ISBN 3-527-30813-X

G. Kahl

The Dictionary of Gene Technology,
3rd edition

2004
ISBN 3-527-30765-6

S. Brakmann, A. Schwienhorst (Eds.)
Evolutionary Methods in Biotechnology

2004
ISBN 3-527-30799-0

S. Lorkowski, P. Cullen (Eds.)
Analysing Gene Expression

2002
ISBN 3-527-30488-6



Handbook of RNA Biochemistry

Edited by Roland K. Hartmann, Albrecht Bindereif,
Astrid Schén, Eric Westhof

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Editors

Prof. Dr. Roland K. Hartmann
Philipps-Universitit Marburg

Institut fiir Pharmazeutische Chemie

Marbacher Weg 6
35037 Marburg
Germany

roland. hartmann @staff.uni-marburg.de

Prof. Dr. Albrecht Bindereif
Justus-Liebig-Universitit Giessen
Institut fur Biochemie
Heinrich-Buff-Ring 58

35392 Giessen

Germany

albrecht.bindereif @chemie.bio.uni-

giessen.de

Dr. Astrid Schon
Universitit Leipzig
Institut fiir Biochemie
Briiderstr. 34

04103 Leipzig
Germany
schoena@uni-leipzig.de

Prof. Dr. Eric Westhof

CNRS - UPR 9002

Institut de Biologie Moléculaire et
Cellulaire

15 rue René Descartes

67084 Strasbourg

France
e.westhof@ibmc.u-strasbg.fr

All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently be
inaccurate.

Library of Congress Card No.: applied for

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

Bibliographic information published by Die
Deutsche Bibliothek

Die Deutsche Bibliothek lists this
publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data is available in the Internet at http://
dnb.ddb.de

© 2005 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

All rights reserved (including those of
translation in other languages). No part of
this book may be reproduced in any form —
by photoprinting, microfilm, or any other
means — nor transmitted or translated

into machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Typesetting  Asco Typesetters, Hong Kong
Printing  Strauss GmbH, Mérlenbach
Bookbinding Litges & Dopf Buchbinderei
GmbH, Heppenheim

Cover Design Matthes + Trau
Werbeagentur GmbH, Darmstadt

ISBN-13 978-3-527-30826-2
ISBN-10 3-527-30826-1



Short Contents

Volume 1

Part | RNA Synthesis 1

1.1 Enzymatic RNA Synthesis, Ligation and Modification 3
1.2 Chemical RNA Synthesis 95

Part Il Structure Determination 131

1.1 Molecular Biology Methods 133

1.2 Biophysical Methods 385

1.3 Fluorescence and Single Molecule Studies 453
Volume 2

Part 111 RNA Genomics and Bioinformatics 489

Part IV Analysis of RNA Function 665

V.1 RNA-Protein Interactions in vitro 667
V.2 RNA-Protein Interactions in vivo 729
V.3 SELEX 783

Part V RNAi 895

Appendix: UV Spectroscopy for the Quantitation of RNA 910

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1



Vi

Part |

1.1
1.2
1.2.1
1.2.2
1.2.2.1

1.2.2.2
1.3
1.3.1
1.3.2
1.3.3
1.4
1.4.1
1.4.2
1.5
1.5.1
1.5.2
1.5.2.1
1.5.2.2
1.5.3

Contents

Preface  XXXI

List of Contributors ~ XXXIV

Volume 1

RNA Synthesis 1

Enzymatic RNA Synthesis, Ligation and Modification 3

Enzymatic RNA Synthesis using Bacteriophage T7 RNA Polymerase 3
Heike Gruegelsiepe, Astrid Schon, Leif A. Kirsebom and Roland K. Hartmann
Introduction 3

Description of Method — T7 Transcription in vitro 4

Templates 5

Special Demands on the RNA Product 6

Homogeneous 5’ and 3’ Ends, Small RNAs, Functional Groups at the
5"End 6

Modified Substrates 7

Transcription Protocols 8

Transcription with Unmodified Nucleotides 8

Transcription with 2’-Fluoro-modified Pyrimidine Nucleotides 14
Purification 15

Troubleshooting 17

Low or No Product Yield 17

Side-products and RNA Quality 17

Rapid Preparation of T7 RNA Polymerase 17

Required Material 18

Procedure 18

Cell Growth, Induction and Test for Expression of T7 RNAP 18
Purification of T7 RNAP 19

Notes and Troubleshooting 20

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1



2.1
2.2
2.2.1
22.1.1
2.2.1.2
2213

2.2.2

223
2.3

23.1
2.3.2
233
234

3.1
3.2
33
3.4
3.5
3.6
3.7
3.8
3.9

4.1
4.2
421
4.2.2
4.2.3
4.3

Contents

Acknowledgement 21
References 21

Production of RNAs with Homogeneous 5" and 3’ Ends 22

Mario Mérl, Esther Lizano, Dagmar K. Willkomm and Roland K. Hartmann
Introduction 22

Description of Approach 23

Cis-cleaving Autocatalytic Ribozyme Cassettes 23

The 5’ Cassette 23

The 3’ Cassette 23

Purification of Released RNA Product and Conversion of End
Groups 26

Trans-cleaving Ribozymes for the Generation of Homogeneous 3’
Ends 26

Further Strategies Toward Homogeneous Ends 29

Critical Experimental Steps, Changeable Parameters,
Troubleshooting 29

Construction of Cis-cleaving 5" and 3’ Cassettes 29
Dephosphorylation Protocols 33

Protocols for RNase P Cleavage 34

Potential Problems 34

References 35

RNA Ligation using T4 DNA Ligase 36

Mikko J. Frilander and Janne J. Turunen

Introduction 36

Overview of the RNA Ligation Method using the T4 DNA Ligase 37
Large-scale Transcription and Purification of RNAs 38
Generating Homogeneous Acceptor 3’ Ends for Ligation 40
Site-directed Cleavage with RNase H = 42

Dephosphorylation and Phosphorylation of RNAs 43

RNA Ligation 44

Troubleshooting 45

Protocols 46

Acknowledgments 51

References 51

T4 RNA Ligase 53

Tina Persson, Dagmar K. Willkomm and Roland K. Hartmann
Introduction 53

Mechanism and Substrate Specificity = 54

Reaction Mechanism 54

Early Studies 56

Substrate Specificity and Reaction Conditions 57
Applications of T4 RNA Ligase 58

vil



VII| Contents

431 End-labeling 58

43.2 Circularization 59

433 Intermolecular Ligation of Polynucleotides 59
4.4 T4 RNA Ligation of Large RNA Molecules 61
4.5 Application Examples and Protocols 64

45.1 Production of Full-length tRNAs 64

45.2 Specific Protocols 65

453 General Methods (GM) 69

454 Chemicals and Enzymes 70

45.4.1 Chemical Synthesis and Purification of Oligoribonucleotides 70
4.5.4.2 Chemicals 71
4543 Enzymes 72
4.6 Troubleshooting 72
Acknowledgments 72
References 72

5 Co- and Post-Transcriptional Incorporation of Specific Modifications
Including Photoreactive Groups into RNA Molecules 75
Nathan H. Zahler and Michael E. Harris

5.1 Introduction 75

5.1.1 Applications of RNA Modifications 75

5.1.2 Techniques for Incorporation of Modified Nucleotides 77

5.2 Description 79

5.2.1 5’-End Modification by Transcription Priming 79

5.2.2 Chemical Phosphorylation of Nucleosides to Generate
5’-Monophosphate or 5'-Monophosphorothioate Derivatives 80

5.2.3 Attachment of an Arylazide Photo-crosslinking Agent to a 5’-Terminal
Phosphorothioate 82

5.2.4 3’-Addition of an Arylazide Photo-crosslinking Agent 83

5.3 Troubleshooting 84

References 84

6 3’-Terminal Attachment of Fluorescent Dyes and Biotin 86
Dagmar K. Willkomm and Roland K. Hartmann

6.1 Introduction 86

6.2 Description of Method 87

6.3 Protocols 88

6.3.1 3’ Labeling 88

6.3.1.1 Biotin Attachment [12] 88
6.3.1.2 Fluorescence Labeling [5] 89

6.3.2 Preparatory Procedures: Dephosphorylation of RNA Produced with
3’ Hammerheads 89
6.3.3 RNA Downstream Purifications 90

6.3.3.1 Gel Chromatography 90
6.3.3.2 Purification on Denaturing Polyacrylamide Gels 90



6.3.4
6.4

6.4.1
6.4.2
6.4.3

7.1
7.2
7.2.1
7.2.1.1
7.2.1.2
7.2.2
7.2.21
7.2.2.2
7.2.2.3
7.2.3
7.2.3.1
7.2.3.2
7.2.33
7.2.34
7.2.4
7.3

8.1
8.1.1
8.1.2
8.2
8.2.1
8.2.1.1
8.2.1.2
8.2.1.3
8.3
8.3.1
8.3.2
8.3.3
8.3.4
8.3.5

Contents

Quality Control 91

Troubleshooting 91

Problems Caused Prior to the Labeling Reaction 91
Problems with the Labeling Reaction Itself 92
Post-labeling Problems 93

References 93

Chemical RNA Synthesis 95

Chemical RNA Synthesis, Purification and Analysis 95
Brian S. Sproat

Introduction 95

Description 97

The Solid-phase Synthesis of RNA 97

Manual RNA Synthesis 99

Automated RNA Synthesis 100

Deprotection 101

Deprotection of Base Labile Protecting Groups 101
Desilylation of Trityl-off RNA 102

Desilylation of Trityl-on RNA 102

Purification 103

Anion-exchange HPLC Purification 103
Reversed-phase HPLC Purification of Trityl-on RNA 104
Detritylation of Trityl-on RNA 105

Desalting by HPLC 106

Analysis of the Purified RNA 107

Troubleshooting 107

References 110

Modified RNAs as Tools in RNA Biochemistry 112

Thomas E. Edwards and Snorri Th. Sigurdsson

Introduction 112

Modification Strategy: The Phosphoramidite Method 113
Modification Strategy: Post-synthetic Labeling 115

Description of Methods 116

Post-synthetic Modification: The 2’-Amino Approach 116
Reaction of 2’-Amino Groups with Succinimidyl Esters 119
Reaction of 2’-Amino Groups with Aromatic Isothiocyanates 119
Reaction of 2’-Amino Groups with Aliphatic Isocyanates 120
Experimental Protocols 120

Synthesis of Aromatic Isothiocyanates and Aliphatic Isocyanates 120
Post-synthetic Labeling of 2’-Amino-modified RNA 122
Post-synthetic Labeling of 4-Thiouridine-modified RNA 125
Verification of Label Incorporation 125

Potential Problems and Troubleshooting 126

References 127

IX



X

Contents

Part 1l

1.1

9

9.1
9.2
9.2.1
9.2.1.1
9.2.1.2

9.2.1.3
9.2.2
9.2.2.1
9.2.2.2
9.2.3
9.2.3.1

9.2.3.2

9.2.4
9.24.1
9.2.4.2
9.3

10

10.1
10.2
10.2.1
10.2.2
10.2.3
10.3
10.3.1
10.3.2
10.3.3

10.3.4
10.3.5
10.3.6

Structure Determination 131
Molecular Biology Methods 133

Direct Determination of RNA Sequence and Modification by Radiolabeling
Methods 133

Olaf Gimple and Astrid Schon

Introduction 133

Methods 133

Isolation of Pure RNA Species from Biological Material 134
Preparation of Size-fractionated RNA 134

Isolation of Single Unknown RNA Species Following a Functional
Assay 134

Isolation of Single RNA Species with Partially Known Sequence 135
Radioactive Labeling of RNA Termini 137

5’ Labeling of RNAs 137

3’ Labeling of RNAs 138

Sequencing of End-labeled RNA 140

Sequencing by Base-specific Enzymatic Hydrolysis of End-labeled
RNA 141

Sequencing by Base-specific Chemical Modification and

Cleavage 144

Determination of Modified Nucleotides by Post-labeling Methods 146
Analysis of Total Nucleotide Content 146

Determination of Position and Identity of Modified Nucleotides 148
Conclusions and Outlook 149

Acknowledgments 149

References 149

Probing RNA Structures with Enzymes and Chemicals In Vitro and
In Vivo 151

Eric Huntzinger, Maria Possedko, Flore Winter, Hervé Moine, Chantal
Ehresmann and Pascale Romby

Introduction 151

The Probes 153

Enzymes 153

Chemical Probes 153

Lead(II) 155

Methods 155

Equipment and Reagents 155

RNA Preparation and Renaturation Step 156

Enzymatic and Lead(II)-induced Cleavage Using End-labeled
RNA 157

Chemical Modifications 160

Primer Extension Analysis 161

In Vivo RNA Structure Mapping 163



10.3.6.1
10.3.6.2
10.4
10.4.1
10.4.2
10.5
10.5.1
10.5.2

n

11.1
11.2
11.2.1
11.2.2
11.2.2.1
11.2.2.2
11.2.3
11.2.3.1
11.2.3.2
11.2.3.3

11.2.4
11.2.4.1
11.2.4.2
11.2.4.3
11.2.5
11.2.5.1
11.2.5.2
11.3
11.3.1
11.3.1.1
11.3.1.2
11.3.2
11.3.2.1
11.3.2.2
11.3.3
11.3.3.1
11.3.3.2
11.3.4
11.3.4.1

Contents

In Vivo DMS Modification 163

In Vivo Lead(II)-induced RNA Cleavages 165
Commentary 166

Critical Parameters 166

In Vivo Mapping 168

Troubleshooting 168

In Vitro Mapping 168

In Vivo Probing 169

Acknowledgments 169

References 170

Study of RNA—Protein Interactions and RNA Structure in Ribonucleoprotein
Particles 172

Virginie Marchand, Annie Mougin, Agnés Méreau and Christiane Branlant
Introduction 172

Methods 175

RNP Purification 175

RNP Reconstitution 176

Equipment, Materials and Reagents 176

RNA Preparation and Renaturation Step 177

EMSA 178

EMSA Method 179

Supershift Method 180

Identification of Proteins Contained in RNP by EMSA Experiments
Coupled to a Second Gel Electrophoresis and Western Blot
Analysis 184

Probing of RNA Structure 185

Properties of the Probes Used 185

Equipment, Material and Reagents 186

Probing Method 187

UV Crosslinking and Immunoselection 195

Equipment, Materials and Reagents 195

UV Crosslinking Method 196

Commentaries and Pitfalls 196

RNP Purification and Reconstitution 198

RNA Purification and Renaturation 198

EMSA 199

Probing Conditions 199

Choice of the Probes Used 199

Ratio of RNA/Probes 200

UV Crosslinking 200

Photoreactivity of Individual Amino Acids and Nucleotide Bases 200
Labeled Nucleotide in RNA 201

Immunoprecipitations 201

Efficiency of Immunoadsorbents for Antibody Binding 201

X1



X1

Contents

11.4

11.4.1
11.4.2
11.4.3
11.4.4

12

12.1
12.2
12.2.1
12.3
12.4

13

13.1
13.2

13.2.1
13.2.2
13.2.3
13.3

13.4

13.4.1
13.4.2

14

14.1
14.2
14.2.1
14.2.2
14.2.3
14.3

14.4

Troubleshooting 201
RNP Reconstitution 201
RNA Probing 201

UV Crosslinking 202
Immunoprecipitations 202
Acknowledgments 202
References 202

Terbium(lll) Footprinting as a Probe of RNA Structure and Metal-binding
Sites 205

Dinari A. Harris and Nils G. Walter

Introduction 205

Protocol Description 206

Materials 206

Application Example 210

Troubleshooting 212

References 213

Pb?*-induced Cleavage of RNA 214

Leif A. Kirsebom and Jerzy Ciesiolka

Introduction 214

Pb%*-induced Cleavage to Probe Metal Ion Binding Sites, RNA
Structure and RNA-Ligand Interactions 216

Probing High-affinity Metal Ion Binding Sites 216
Pb**-induced Cleavage and RNA Structure 220
Pb**-induced Cleavage to Study RNA-Ligand Interactions 221
Protocols for Metal Ion-induced Cleavage of RNA 222
Troubleshooting 225

No Pb**-induced Cleavage Detected 225

Complete Degradation of the RNA 225

Acknowledgments 226

References 226

In Vivo Determination of RNA Structure by Dimethylsulfate 229
Christina Waldsich and Renée Schroeder

Introduction 229

Description of Method 230

Cell Growth and In Vivo DMS Modification = 230

RNA Preparation 231

Reverse Transcription 232

Evidence for Protein-induced Conformational Changes within RNA
In Vivo 233

Troubleshooting 235

References 237



15

15.1
15.2
15.2.1
15.2.2

15.3

16

16.1
16.2
16.3

16.4

16.5

16.6

16.7

16.8

17

171
17.1.1
17.1.2

17.1.2.1
17.1.2.2
17.1.3

17.1.3.1
17.1.3.2

17.2

17.2.1
17.2.2
17.2.3

Contents

Probing Structure and Binding Sites on RNA by Fenton Cleavage 238
Gesine Bauer and Christian Berens

Introduction 238

Description of Methods 240

Fe?*-mediated Cleavage of Native Group I Intron RNA 240
Fe?*-mediated Tetracycline-directed Hydroxyl Radical Cleavage
Reactions 241

Comments and Troubleshooting 245

References 247

Measuring the Stoichiometry of Magnesium lons Bound to RNA 250
A. J. Andrews and Carol Fierke

Introduction 250

Separation of Free Magnesium from RNA-bound Magnesium 251
Forced Dialysis is the Preferred Method for Separating Bound and Free
Magnesium Ions = 252

Alternative Methods for Separating Free and Bound Magnesium
Ions 254

Determining the Concentration of Free Magnesium in the
Flow-through 255

How to Determine the Concentration of Magnesium Bound to the
RNA and the Number of Binding Sites on the RNA 256
Conclusion 257

Troubleshooting 258

References 258

Nucleotide Analog Interference Mapping and Suppression: Specific
Applications in Studies of RNA Tertiary Structure, Dynamic Helicase
Mechanism and RNA—Protein Interactions 259

Olga Fedorova, Marc Boudvillain, Jane Kawaoka and Anna Marie Pyle
Background 259

The Role of Biochemical Methods in Structural Studies 259

NAIM: A Combinatorial Approach for RNA Structure—Function
Analysis 262

Description of the Method 262

Applications 265

NAIS: A Chemogenetic Tool for Identifying RNA Tertiary Contacts and
Interaction Interfaces 268

General Concepts 268

Applications: Elucidating Tertiary Contacts in Group I and Group II
Ribozymes 269

Experimental Protocols for NAIM 271

Nucleoside Analog Thiotriphosphates 271

Preparation of Transcripts Containing Phosphorothioate Analogs 271
Radioactive Labeling of the RNA Pool 273

X



Xiv

Contents

17.2.4

17.2.4.1

17.2.4.2
17.2.4.3

17.2.5
17.2.6
17.2.6.1
17.3
17.3.1
17.3.2
17.3.3
17.3.4

18

18.1
18.1.1

18.1.2
18.1.2.1
18.1.2.2
18.1.2.3
18.1.3
18.1.4
18.2
18.2.1

18.2.2
18.2.3
18.2.4
18.2.5
18.3

19

19.1
19.2
19.2.1

The Selection Step of NAIM: Three Applications for Studies of RNA
Function 273

Group II Intron Ribozyme Activity: Selection through
Transesterification 273

Reactivity of RNA Helicases: Selection by RNA Unwinding 277
RNA-Protein Interactions: A One-pot Reaction for Studying
Transcription Termination 279

lIodine Cleavage of RNA Pools 283

Analysis and Interpretation of NAIM Results 284
Quantification of Interference Effects 284

Experimental Protocols for NAIS 287

Design and Creation of Mutant Constructs 287

Functional Analysis of Mutants for NAIS Experiments 289
The Selection Step for NAIS 289

Data Analysis and Presentation 290

Acknowledgments 291

References 291

Nucleotide Analog Interference Mapping: Application to the RNase P
System 294

Simona Cuzic and Roland K. Hartmann

Introduction 294

Nucleotide Analog Interference Mapping (NAIM) — The
Approach 294

Critical Aspects of the Method 296

Analog Incorporation 296

Functional Assays 297

Factors Influencing the Outcome of NAIM Studies 297
Interpretation of Results 298

Nucleotide Analog Interference Suppression (NAIS) 300
NAIM Analysis of Cis-cleaving RNase P RNA-tRNA Conjugates 300
Characterization of a Cis-cleaving E. coli RNase P RNA-tRNA
Conjugate 300

Application Example 301

Materials 305

Protocols 306

Data Evaluation 311

Troubleshooting 313

References 317

Identification and Characterization of Metal lon Binding by Thiophilic Metal
lon Rescue 319

Eric L. Christian

Introduction 319

General Considerations of Experimental Conditions 323

Metal Ion Stocks and Conditions 323



19.2.2
19.2.3
19.2.4
19.2.5
19.2.6
19.2.7
19.2.8
19.3

19.3.1
19.3.2
19.3.3
19.4

20

20.1
20.2
20.2.1
20.2.2
20.2.3

20.3
20.4

21

211
21.2
21.3
21.4

21.5

21.6
21.7

22

22.1
22.2

Contents

Consideration of Buffers and Monovalent Salt 324
Incorporation of Phosphorothioate Analogs 325
Enzyme-Substrate Concentration 327

General Kinetic Methods 328

Measurement of Apparent Metal Ion Affinity 329
Characterization of Metal lon Binding 333
Further Tests of Metal lon Cooperativity 336
Additional Considerations 337

Verification of k,oq 337

Contributions to Complexity of Reaction Kinetics 338
Size and Significance of Observed Effects 339
Conclusion 340

Acknowledgments 341

References 341

Identification of Divalent Metal lon Binding Sites in RNA/DNA-metabolizing
Enzymes by Fe(ll)-mediated Hydroxyl Radical Cleavage 345
Yan-Guo Ren, Niklas Henriksson and Anders Virtanen
Introduction 345

Probing Divalent Metal Ion Binding Sites 346
Fe(II)-mediated Hydroxyl Radical Cleavage 346

How to Map Divalent Metal Ion Binding Sites 347

How to Use Aminoglycosides as Functional and Structural
Probes 349

Protocols 350

Notes and Troubleshooting 351

References 352

Protein—RNA Crosslinking in Native Ribonucleoprotein Particles 354
Henning Urlaub, Klaus Hartmuth and Reinhard Liihrmann
Introduction 354

Overall Strategy 354

UV Crosslinking 355

Identification of UV-induced Protein—RNA Crosslinking Sites by
Primer Extension Analysis 357

Identification of Crosslinked Proteins 361

Troubleshooting 364

Protocols 367

Acknowledgments 372

References 372

Probing RNA Structure by Photoaffinity Crosslinking with 4-Thiouridine and
6-Thioguanosine 374

Michael E. Harris and Eric L. Christian

Introduction 374

Description 377

XV



XVl

Contents

22.2.1

22.2.2
22.2.3
22.3

1.2

23

231
23.2
23.2.1
23.2.2
23.3
23.4

235
23.6
23.7
23.7.1
23.7.2
23.7.3
23.8

24

241
24.2
24.2.1
24.2.2
24.2.3
24.3
24.3.1

24.3.2
24.3.3
24.3.4
24.4

24.4.1
24.4.2

General Considerations: Reaction Conditions and Concentrations of
Interacting Species 377

Generation and Isolation of Crosslinked RNAs 380

Primer Extension Mapping of Crosslinked Nucleotides 381
Troubleshooting 382

References 384

Biophysical Methods 385

Structural Analysis of RNA and RNA—Protein Complexes by Small-angle
X-ray Scattering 385

Tao Pan and Tobin R. Sosnick

Introduction 385

Description of the Method =~ 387

General Requirements 387

An Example for the Application of SAXS 389

General Information 389

Question 1: The Oligomerization State of P RNA and the RNase P
Holoenzyme 390

Question 2: The Overall Shape 392

Question 3: The Holoenzyme—Substrate Complexes 392
Troubleshooting 395

Problem 1: Radiation Damage and Aggregation 395

Problem 2: High Scattering Background 395

Problem 3: Scattering Results cannot be Fit to Simple Models 396
Conclusions/Outlook 396

Acknowledgments 396

References 397

Temperature-Gradient Gel Electrophoresis of RNA 398

Detlev Riesner and Gerhard Steger

Introduction 398

Method 399

Principle 399

Instruments 400

Handling 400

Optimization of Experimental Conditions 401

Attribution of Secondary Structures to Transition Curves in
TGGE 401

Pore Size of the Gel Matrix 402

Electric Field 402

Ionic Strength and Urea 402

Examples 402

Analysis of Different RNA Molecules in a Single TGGE 403
Analysis of Structure Distributions of a Single RNA — Detection of
Specific Structures by Oligonucleotide Labeling 405



24.43
24.4.4

24.45

25

25.1
25.2
25.3
25.4
25.5
25.6
25.7

26

26.1
26.2
26.2.1
26.2.2
26.2.3
26.2.3.1
26.2.3.2
26.2.3.3
26.2.3.4
26.2.3.5
26.2.3.6
26.3

26.3.1
26.3.2
26.3.3
26.3.3.1
26.3.3.2
26.3.3.3
26.3.3.4

27

27.1

Contents

Analysis of Mutants 409

Retardation Gel Electrophoresis in a Temperature Gradient for
Detection of Protein—-RNA Complexes 409

Outlook 413

References 414

UV Melting, Native Gels and RNA Conformation 415
Andreas Werner

Monitoring RNA Folding in Solution 415
Methods 417

Data Analysis 420

Energy Calculations and Limitations 422

RNA Concentration 424

Salt and pH Dependence 424

Native Gels 426

References 427

Sedimentation Analysis of Ribonucleoprotein Complexes 428
Jan Medenbach, Andrey Damianov, Silke Schreiner and Albrecht Bindereif
Introduction 428

Glycerol Gradient Centrifugation 429

Equipment 429

Reagents 429

Method 430

Preparation of the Glycerol Gradient 430

Sample Preparation and Centrifugation 430

Preparation of RNA from Gradient Fractions 431
Simultaneous Preparation of RNA and Proteins 431
Control Gradient with Sedimentation Markers 432
Notes and Troubleshooting 433

Fractionation of RNPs by Cesium Chloride Density Gradient
Centrifugation 434

Equipment 434

Reagents 434

Method 435

Preparation of the Gradient and Ultracentrifugation = 435
Preparation of RNA from the Gradient Fractions 435
Control Gradient for Density Calculation 435

Notes and Troubleshooting 435

Acknowledgments 437

References 437

Preparation and Handling of RNA Crystals 438
Boris Frangois, Aurélie Lescoute-Phillips, Andreas Werner and Benoit Masquida
Introduction 438

Xvii



XVIIl | Contents

27.2 Design of Short RNA Constructs 439
27.3 RNA Purification 439
27.3.1 HPLC Purification 439
27.3.2 Gel Electrophoresis 440
27.3.3 RNA Recovery 441
27.3.3.1  Elution of the RNA from the Gel 441
27.3.3.2  Concentration and Desalting 441
27.4 Setting Crystal Screens for RNA 442
27.4.1 Renaturing the RNA 447
27.4.2 Setting-up Crystal Screens 447
27.4.3 Forming Complexes with Organic Ligands: The Example of
Aminoglycosides 447
27.4.4 Evaluate Screening Results 449
27.4.5 The Optimization Process 449
27.5 Conclusions 451
References 452

1.3 Fluorescence and Single Molecule Studies 453

28 Fluorescence Labeling of RNA for Single Molecule Studies 453
Filipp Oesterhelt, Enno Schweinberger and Claus Seidel

28.1 Introduction 453

28.2 Fluorescence Resonance Energy Transfer (FRET) 456

28.2.1 Measurement of Distances via FRET 456

283 Questions that can be Addressed by Single Molecule

Fluorescence 458
28.3.1 RNA Structure and Dynamics 459
28.3.2 Single Molecule Fluorescence in Cells 460
28.3.2.1 Techniques used for Fluorescent Labeling RNA in Cells 460
28.3.2.2 Intracellular Mobility 462
28.3.3 Single Molecule Detection in Nucleic Acid Analysis 462
28.3.3.1 Fragment Sizing 462
28.3.3.2  Single Molecule Sequencing 462
28.4 Equipment for Single Molecule FRET Measurements 463
28.4.1.1  Excitation of the Fluorophores 463
28.4.1.2  Fluorescence Detection 464
28.4.1.3  Data Analysis 465
28.5 Sample Preparation 466
28.5.1 Fluorophore—Nucleic Acid Interaction 466
28.5.2 RNA Labeling 466
28.5.2.1  Fluorophores for Single Molecule Fluorescence Detection 466
28.5.2.2  Fluorophores used for FRET Experiments 467
28.5.2.3  Attaching Fluorophores to RNA 467
28.5.2.4 Linkers 468
28.5.3 Fluorescence Background 468
28.5.3.1 Raman Scattered Light 468



28.5.3.2
28.5.3.3
28.5.4
28.5.4.1
28.5.4.2
28.5.5
28.6
28.6.1.1
28.6.1.2
28.6.1.3
28.6.1.4
28.6.1.5

29

29.1
29.2
29.3
29.4
29.5
29.6
29.7
29.8

Part 11l

30

30.1

30.1.1
30.1.2
30.1.3
30.1.4
30.2

30.2.1
30.2.2
30.2.3
30.2.4
30.2.5
30.2.6

Contents

Cleaning Buffers 468

Clean Surfaces 469

Surface Modification = 469

Coupling Single Molecules to Surfaces 469
Surface Passivation 470

Preventing Photodestruction 470
Troubleshooting 470

Orientation Effects 470

Dissociation of Molecular Complexes 471
Adsorption to the Surface 471

Diffusion Limited Observation Times 471
Intensity Fluctuations 472

References 472

Scanning Force Microscopy and Scanning Force Spectroscopy of RNA 475
Wolfgang Nellen

Introduction 475

Questions that could be Addressed by SFM 477
Statistics 481

Scanning Force Spectroscopy (SFS) 481
Questions that may be Addressed by SFS 483
Protocols 483

Troubleshooting 485

Conclusions 486

Acknowledgments 487

References 487

Volume 2
RNA Genomics and Bioinformatics 489

Comparative Analysis of RNA Secondary Structure: 6S RNA 491
James W. Brown and |. Christopher Ellis

Introduction 491

RNA Secondary Structure 492

Comparative Sequence Analysis 492

Strengths and Weakness of Comparative Analysis 493
Comparison with Other Methods 494

Description 495

Collecting Sequence Data 495

Thermodynamic Predictions 498

Initial Alignment 500

Terminal Helix (P1a) 502

Subterminal Helix (P1b) 506

Apical Helix (P2a) 506

XIX



XX| Contents

30.2.7 Subapical Helices (P2b and P2c) 507
30.2.8 Potential Interior Stem-loop (P3) 508
30.2.9 Is There Anything Else? 508
30.2.10  Where To Go From Here 509
30.3 Troubleshooting 510
Acknowledgments 511
References 511

31 Secondary Structure Prediction 513
Gerhard Steger

31.1 Introduction 513

31.2 Thermodynamics 513

31.3 Formal Background 516

31.4 mfold 518

31.4.1 Input to the mfold Server 518
31411 Sequence Name 518
31.4.1.2 Sequence 518
31.4.1.3 Constraints 519
31.4.1.4  Further Parameters 521
31.4.1.5 Immediate versus Batch Jobs 522
31.4.2 Output from the mfold Server 524
31.42.1 Energy Dot Plot 524
31.4.2.2 RNAML (RNA Markup Language) Syntax =~ 524
31.4.2.3  Extra Files 524
31.4.2.4 Download All Foldings 525
31.4.2.5 View ss-count Information 525
31.42.6  View Individual Structures 525
31.4.2.7 Dot Plot Folding Comparisons 527
31.5 RNAfold 527
31.5.1 Input to the RNAfold Server 528
31.5.1.1 Sequence and Constraints 528
31.5.1.2  Further Parameters 529
31.5.1.3 Immediate versus Batch Jobs 530
31.5.2 Output from the RNAfold Server 531
31.5.2.1 Probability Dot Plot 531
31.5.2.2  Text Output of Secondary Structure 531
31.5.2.3  Graphical Output of Secondary Structure 531
31.5.2.4 Mountain Plot 533
31.6 Troubleshooting 533

References 534

32 Modeling the Architecture of Structured RNAs within a Modular and
Hierarchical Framework 536
Benoit Masquida and Eric Westhof

321 Introduction 536



32.2
32.21
32211
32.2.1.2
32.2.1.3
32.2.1.4
32.3

33

33.1

33.2

33.2.1
33.2.2
33.2.3
33.2.4
33.25
333

3331
33.3.2

334
33.5

34

34.1
34.2
34.3
343.1
343.1.1
34.3.1.2
343.1.3
34.3.2
343.2.1
34.3.2.2
343.2.3
34.3.3
3434
34.3.5
34.3.5.1
34.3.5.2
34353

Contents

Modeling Large RNA Assemblies 537

The Modeling Process 538

Getting the Right Secondary Structure 539
Extrusion of the Secondary Structure in 3-D 540
Interactive Molecular Modeling 540

Refinement of the Model 542

Conclusions 543

References 544

Modeling Large RNA Assemblies using a Reduced Representation 546
Jason A. Mears, Scott M. Stagg and Stephen C. Harvey
Introduction 546

Basic Modeling Principles 547

Pseudo-atoms and Reduced Representation = 549
Implementing RNA Secondary Structure 550

Protein Components 551

Implementing Tertiary Structural Information 551
Modeling Protocol 552

Application of Modeling Large RNA Assemblies 554
Modeling the Ribosome Structure at Low Resolution = 554
Modeling Dynamic Assembly of the Ribosome with Reduced
Representation 556

Conclusion 557

Troubleshooting 557

References 559

Molecular Dynamics Simulations of RNA Systems 560
Pascal Auffinger and Andrea C. Vaiana

Introduction 560

MD Methods 560

Simulation Setups 562

Choosing the Starting Structure 562

Model Built Structures 563

X-ray Structures 563

NMR Structures 563

Checking the Starting Structure 563
Conformational Checks 563

Protonation Issues 564

Solvent 564

Adding Hydrogen Atoms 564

Choosing the Environment (Crystal, Liquid) and Ions 564
Setting the Box Size and Placing the lons 565

Box Size 565

Monovalent Ions 565

Divalent Ions 565

XXI



XXII

Contents

34.3.6
34.3.6.1
34.3.6.2
34.3.6.3
34.3.6.4
34.3.7
34.3.8
343.8.1
34.3.8.2
34.3.8.3
34.3.8.4
34.3.9
34.3.10
34.3.10.1
34.3.10.2
34.3.10.3
344
34.4.1
34411
34.4.1.2
34413
34.4.2
3443
34.4.4
34.5

35

35.1
35.2
35.3
35.4
35.5
35.6
35.7
35.8
35.8.1
35.8.1.1
35.8.1.2
35.8.2
35.8.2.1
35.8.2.2

Choosing the Program and Force Field 565
Programs 565

Force Fields 566

Parameterization of Modified Nucleotides and Ligands 566
Water Models 567

Treatment of Electrostatic Interactions 567
Other Simulation Parameters 568
Thermodynamic Ensemble 568
Temperature and Pressure 568

Shake, Time Steps and Update of the Non-bonded Pair List
The Flying Ice Cube Problem 568
Equilibration 569

Sampling 569

How Long Should a Simulation Be? 569
When to Stop a Simulation 570

Multiple MD (MMD) Simulations 570
Analysis 570

Evaluating the Quality of the Trajectories 570
Consistency Checks 571

Comparison with Experimental Data 571
Visualization 571

Convergence Issues 571

Conformational Parameters 572

Solvent Analysis 572

Perspectives 572

Acknowledgments 573

References 573

Seeking RNA Motifs in Genomic Sequences 577
Matthieu Legendre and Daniel Gautheret

Introduction 577

Choosing the Right Search Software: Limitations and Caveats
Retrieving Programs and Sequence Databases 581
Organizing RNA Motif Information 581
Evaluating Search Results 583

Using the RNAMOTIF Program 585

Using the ERPIN Program 589

Troubleshooting 592

RNAMOTIF 592

Too Many Solutions 592

Program Too Slow 592

ERPIN 592

Too Many Solutions 592

Program Too Slow 593

Acknowledgments 593

References 593

568

578



36

36.1

36.2

36.2.1
36.2.2
36.2.3
36.2.4
36.2.5
36.2.6
36.2.7
36.2.8
36.3

37

371
37.2
37.2.1
37.2.2
37.2.3
37.2.4
37.2.5
37.2.6
37.2.7
37.2.8
37.2.9
37.2.10

37.2.11
37.3

37.3.1
37.3.2
37.33
37.3.4
37.35
37.4

37.5

Contents

Approaches to Identify Novel Non-messenger RNAs in Bacteria and to
Investigate their Biological Functions: RNA Mining 595
Jorg Vogel and E. Gerhart H. Wagner

Introduction 595

Searching for Small, Untranslated RNAs 597
Introduction 597

Direct Labeling and Direct Cloning 598

Functional Screens 599

Biocomputational Screens 602

Microarray Detection 605

Shotgun Cloning (RNomics) 606

Co-purification with Proteins or Target RNAs 609
Screens for Cis-encoded Antisense RNAs 610
Conclusions 610

Acknowledgments 611

References 611

Approaches to Identify Novel Non-messenger RNAs in Bacteria and to
Investigate their Biological Functions: Functional Analysis of Identified
Non-mRNAs 614

E. Gerhart H. Wagner and Jorg Vogel

Introduction 614

Approaches for Elucidation of Bacterial SRNA Function 615
Large-scale Screening for Function 615

Preparing for Subsequent Experiments: Strains and Plasmids 615
Experimental Approaches 618

Physiological Phenotypes (Lethality, Growth Defects, etc.) 618
Analyzing sSRNA Effects on Specific mRNA Levels by Microarrays = 619
Analyzing sRNA Effects by Proteomics 620

Analyzing sRNA Effects by Metabolomics 621

Finding Targets by Reporter Gene Approaches 621
Bioinformatics-aided Approaches 623

Prediction of Regulatory Sequences in the Vicinity of SRNA Gene
Promoters 623

Finding Interacting Sites (Complementarity/Antisense) 624
Additional Methods Towards Functional and Mechanistic
Characterizations 625

Finding sRNA-associated Proteins 625

Regulation of the Target RNA — Use of Reporter Gene Fusions 626
Northern Analyses 627

Analysis of SRNAs — RACE and Primer Extensions 627
Structures of SRNAs and Target RNAs 628

Conclusions 629

Protocols 629

Acknowledgments 639

References 640

XXM



XXIV ]| Contents

38 Experimental RNomics: A Global Approach to Identify Non-coding RNAs
in Model Organisms 643
Alexander Hiittenhofer

38.1 Introduction 643

38.2 Materials 644

38.2.1 Oligonucleotide Primers 644

38.2.2 Enzymes 644

38.2.3 Buffers 644

38.2.4 Reagents, Kits, Vectors and Bacterial Cells 645

38.3 Protocols for Library Construction and Analysis 645
38.4 Computational Analysis of ncRNA Sequences 652
38.5 Troubleshooting 653

Acknowledgments 653
References 653

39 Large-scale Analysis of mRNA Splice Variants by Microarray 655
Young-Soo Kwon, Hai-Ri Li and Xiang-Dong Fu

39.1 Introduction 655

39.2 Overview of RASL Technology 655

39.3 Description of Methods 657

39.3.1 Preparation of Index Arrays 657

39.3.2 Annotation of Alternative Splicing 658

39.3.3 Target Design 658

39.3.4 Preparation of Target Pool 658

39.3.5 The RASL Assay Protocol 659

39.3.6 PCR Amplification 659

39.3.7 Hybridization on Index Array 660

39.3.8 Data Analysis 661

394 Troubleshooting 661

39.4.1 System Limitation and Pitfalls 661

39.4.2 Potential Experimental Problems 662
References 663

v Analysis of RNA Function 665
V.1 RNA-Protein Interactions in vitro 667
40 Use of RNA Affinity Matrices for the Isolation of RNA-binding

Proteins 667
Steffen Schiffer, Sylvia Résch, Bettina Spdth, Markus Englert, Hildburg Beier and
Anita Marchfelder

40.1 Introduction 667

40.2 Materials 668

40.2.1 CNBr-activated Sepharose 4B Affinity Column 668

40.2.2 NHS-activated HiTrap Columns 669

40.3 Methods 669



40.3.1
40.3.2
40.4
40.4.1
40.5

41

41.1
41.2
41.2.1
41.2.2
41.2.3
41.2.4
41.2.5
41.3
41.3.1
41.3.1.1

41.3.1.2
41.3.1.3
41.3.14

41.3.2

41.4

41.4.1
41.4.2
41.4.3

41.4.4

42

42.1
42.2
42.3
42.4
42.5

42.6

Contents

Coupling of tRNAs to CNBr-activated Sepharose 4B 669
Coupling of tRNAs to a 5-ml NHS-activated HiTrap Column 671
Application 672

Purification of the Nuclear RNase Z from Wheat Germ 672
Notes 674

References 674

Biotin-based Affinity Purification of RNA—Protein Complexes 676
Zsofia Palfi, Jingyi Hui and Albrecht Bindereif

Introduction 676

Materials 677

Oligonucleotides 677

Affinity Matrices 678

Cell Extracts 678

Buffers and Solutions 679

Additional Materials 679

Methods 680

Affinity Purification of RNPs 680

Depletion of Total Cell Lysate from SAg-binding Material
(Pre-clearing) 680

Pre-blocking SAg Beads 681

Affinity Selection of RNPs for Structural Studies 681

Affinity Selection of RNPs for Functional Studies by Displacement
Strategy 685

Affinity Purification of Specific RNA-binding Proteins by Biotinylated
RNAs 689

Troubleshooting 691

Biotinylated 2’OMe RNA Oligonucleotides 691

Extracts and Buffers 691

Optimization of the Experimental Conditions: When Yields are
Low 691

Optimization of the Experimental Conditions: When Non-specific
Background is Too High 692

References 692

Immunoaffinity Purification of Spliceosomal and Small Nuclear
Ribonucleoprotein Complexes 694

Cindy L. Will, Evgeny M. Makarov, Olga V. Makarova and Reinhard Liihrmann
Introduction 694

Generation of Anti-peptide Antibodies: Peptide Selection Criteria 694
Immunoaffinity Selection of U4/U6.U5 Tri-snRNPs 697
Immunoaffinity Purification of 17S U2 snRNPs 699

Approaches for the Isolation of Native, Human Spliceosomal
Complexes 702

Isolation of Activated Spliceosomes by Immunoaffinity Selection with
Anti-peptide Antibodies against the SKIP Protein 703

XXV



XXVI

Contents

43

43.1
43.2
43.2.1
43.2.1.1
43.2.1.2
43.2.13
43.2.2

43.2.2.1
43.2.2.2
43.2.23
43.2.2.4
43.2.2.5
43.2.2.6
43.2.3

43.2.3.1
43.2.3.2
43.2.33
43.2.3.4
43.3
43.3.1
43.3.2
43.3.3
43.3.4
43.3.5
43.3.6
43.3.7
43.3.8
43.3.9

V.2

44

44.1
44.2

Acknowledgments 709
References 709

Northwestern Techniques for the Identification of RNA-binding Proteins
from cDNA Expression Libraries and the Analysis of RNA—Protein
Interactions 710

Angel Emilio Martinez de Alba, Michela Alessandra Denti and Martin Tabler
Introduction 710

Methods 712

Preparation of Probes and Buffers 712

Preparation of 32P-labeled RNA Probes 712

Preparation of Blocking RNA 712

Preparation of the Northwestern Buffer 713

Protocol 1: Northwestern Screening for Identification of RNA-binding
Proteins from cDNA Expression Libraries 713

Preparation of the Host Plating Culture 714

Plating of the cDNA Phage Expression Library 714

Adsorbing Recombinant Proteins to Nitrocellulose Membranes 715
Incubation with an RNA Ligand 716

Washing of Membranes 717

Identification of True Positives 717

Protocol 2: Northwestern Techniques to Detect and Analyze RNA—
Protein Interactions 719

Protein Sample Preparation 719

Protein Electrophoresis and Transfer 721

Incubation of the Membranes with an RNA Probe 722

Washing of Membranes and Autoradiography 722
Troubleshooting 723

Probe Quality 723

Background Signals 724

Signal-to-Background Ratio 724

Protein Conformation 726

Weak Binding Signals 726

False Positives 726

Quality of the cDNA Library 727

Fading Signals 727

Supplementary 727

References 727

RNA-Protein Interactions in vivo 729

Fluorescent Detection of Nascent Transcripts and RNA-binding Proteins
in Cell Nuclei 729

Jennifer A. Geiger and Karla M. Neugebauer

Introduction 729

Description of the Methods 730



44.2.1
44.2.2
44221
442222
44.2.3
44.2.4

45

451
45.2
453
45.3.1
45.3.2
45.3.3
45.3.3.1
45.3.4
45.3.4.1
45.35
45.4
4541
45.4.2
45.4.3
45.5
45.6
45.7

46

46.1
46.2
46.3
46.3.1
46.3.2
46.3.3
46.3.3.1
46.3.3.2
46.3.4
46.3.5
46.3.6

Contents

Overview 730

Preparation of Fluorescent DNA Probes for In Situ Hybridization 731
Method 1: Nick Translation of Plasmid DNA 731

Method 2: PCR Amplification and DNase I Digestion 732
Performing Combined Immunocytochemistry and FISH 733
Troubleshooting 735

Acknowledgments 735

References 735

Identification and Characterization of RNA-binding Proteins through
Three-hybrid Analysis 737

Felicia Scott and David R. Engelke

Introduction 737

Basic Strategy of the Method 738

Detailed Components 739

Yeast Reporter Strain 740

Plasmids 740

Hybrid RNA 740

Technical Considerations for the Hybrid RNA 742
Activation Domain FP2 743

Technical Considerations for the Activation Domain FP2 743
Positive Controls 744

Protocols 745

Transformation of Yeast 745

Assaying for HIS3 Expression 748

Assaying for f-Galactosidase Activity 748
Troubleshooting 749

Additional Applications 751

Summary 752

Acknowledgments 752

References 752

Analysis of Alternative Splicing In Vivo using Minigenes 755
Yesheng Tang, Tatyana Novoyatleva, Natalya Benderska, Shivendra Kishore,
Alphonse Thanaraj and Stefan Stamm

Introduction 755

Overview of the Method 755

Methods 757

Construction of Minigenes 757

Transfection of Cells 757

Analysis 771

RT-PCR 771

Other Analysis Methods 771

Necessary Controls 773

Advantages and Disadvantages of the Method 773
Related Methods 774

XXV



XXVl

Contents

46.4
46.5
46.6

V.3

47

47.1

47.2

47.2.1
47.2.2
47.2.3
47.2.4
47.3

47.3.1
47.3.2
47.3.3
47.4

47.4.1
47.4.2
47.4.3
47.4.4
47.4.5
47.4.6
47.4.7
47.5

47.5.1
47.5.2
47.5.3
47.5.4
47.5.5

48

48.1
48.2
48.2.1
48.2.1.1
48.2.1.2

Troubleshooting 774
Bioinformatic Resources 775
Protocols 775

References 780

SELEX 783

Artificial Selection: Finding Function amongst Randomized Sequences
Ico de Zwart, Catherine Lozupone, Rob Knight, Amanda Birmingham,
Mali Illangasekare, Vasant Jadhav, Michal Legiewicz, Irene Majerfeld,
Jeremy Widmann and Michael Yarus

The SELEX Method 783

Understanding a Selection 784

Sequence Motif Representation and Abundance 786

The Recovery Efficiency of Different RNAs 787

Stringency 789

Amplification and Transcription Biases 789

Isolation of RNAs that Bind Small Molecules 790
Stringency and Kp =~ 792

Selection for Multiple Targets in One Column 793
Characterizing Motif Activity 793

Techniques for Selecting Ribozymes 794

Making the RNA a Substrate for the Reaction 795

The Inherent Reactivity of RNA 795

Selecting Active RNAs 797

Negative Selections 798

Stringency 799

Analysis of the Product 799

Determining the Scope of the Reaction 799

Sequence Analysis 800

Identifying Related Sequences 800

Predicting Structure 802

Chemical and Enzymatic Mapping 803

Finding Minimal Requirements 804

Three-dimensional Structural Modeling 804
Acknowledgments 805

References 805

Aptamer Selection against Biological Macromolecules: Proteins and
Carbohydrates 807

C. Stefan Vortler and Maria Milovnikova

Introduction 807

General Strategy 808

Choosing a Suitable Target 810

Protein Targets 810

Carbohydrate Targets 811

783



48.2.2
48.2.3
48.2.4
48.3
48.4
48.5
48.6

49

49.1
49.2
49.2.1
49.2.2
49.2.3
49.2.4

49.2.5
49.3

50

50.1
50.2
50.2.1
50.2.1.1
50.2.1.2
50.2.1.3
50.2.2
50.3
50.3.1
50.3.2
50.4
50.4.1
50.4.2
50.4.3
50.5
50.6
50.6.1
50.6.2
50.6.3

Contents

Immobilization of the Target 812
Selection Assays 812

Design and Preparation of the Library 813
Running the In Vitro Selection Cycle 814
Analysis of the Selection Outcome 815
Troubleshooting 816

Protocols 817

Acknowledgments 836

References 836

In Vivo SELEX Strategies 840

Thomas A. Cooper

Introduction 840

Procedure Overview 841

Design of the Randomized Exon Cassette 843
Design of the Minigene 844

RT-PCR Amplification 846

Monitoring for Enrichment of Exon Sequences that Function as
Splicing Enhancers 846

Troubleshooting 847

Protocols 848

Acknowledgments 852

References 852

In Vitro Selection against Small Targets 853
Dirk Eulberg, Christian Maasch, Werner G. Purschke and Sven Klussmann
Introduction 853

Target Immobilization 856

Covalent Immobilization 857
Epoxy-activated Matrices 857
NHS-activated Matrices 859

Pyridyl Disulfide-activated Matrices 860
Non-covalent Immobilization 861
Nucleic Acid Libraries 862

Library Design = 862

Starting Pool Preparation 863
Enzymatics 865

Reverse Transcription 865

PCR 866

In Vitro Transcription 867

Partitioning 868

Binding Assays 873

Equilibrium Dialysis 873

Equilibrium Filtration Analysis 874
Isocratic Competitive Affinity Chromatography 875
References 877

XXIX



XXX

Contents

51

51.1
51.1.1
51.1.2
51.2
51.2.1

51.2.2
51.3
51.4

51.5
51.6
51.6.1
51.6.2
51.6.3
51.6.4
51.6.5
51.6.6
51.7

52

52.1
52.2
52.3
52.3.1
52.3.1.1
52.3.1.2
52.3.1.3
52.3.2
52.3.3
52.3.4
52.4

SELEX Strategies to Identify Antisense and Protein Target Sites in RNA or
Heterogeneous Nuclear Ribonucleoprotein Complexes 878

Martin Liitzelberger, Martin R. Jakobsen and Jorgen Kjems

Introduction 878

Applications for Antisense 879

Selecting Protein-binding Sites 879

Construction of the Library 879

Generation of Random DNA Fragments from Genomic or Plasmid
DNA 881

Preparing RNA Libraries from Plasmid, cDNA or Genomic DNA 881
Identification of Optimal Antisense Annealing Sites in RNAs 882
Identification of Natural RNA Substrates for Proteins and Other
Ligands 884

Cloning, Sequencing and Validating the Selected Inserts 884
Troubleshooting 885

Sonication of Plasmid DNA does not Yield Shorter Fragments 885
Inefficient Ligation 885

Inefficient Mmel Digestion 885

The Amplification of the Unselected Library is Inefficient 886

The Library Appears to be Non-random in the Unselected Pool 886
The Selected RNAs do not Bind Native Protein 886

Protocols 886

References 894

RNAi 895

Gene Silencing Methods for Mammalian Cells: Application of Synthetic
Short Interfering RNAs 897

Matthias John, Anke Geick, Philipp Hadwiger, Hans-Peter Vornlocher and
Olaf Heidenreich

Introduction 897

Background Information 898

Ways to Induce RNAi in Mammalian Cells 900

Important Parameters 901

siRNA Design 901

Target Site Selection 901

Preparation of siRNA Samples 902

Transfection of Mammalian Cells with siRNA 902
Electroporation of Mammalian Cells with siRNA 904
Induction of RNAI by Intracellular siRNA Expression 905
Troubleshooting 908

References 908

Appendix: UV Spectroscopy for the Quantitation of RNA 910

Index 915



Preface

The field of RNA research has experienced an incredible boom in recent years,
with no calming down in sight. Stimulated by a common fascination for RNA,
we became convinced about two years ago that something is missing in the RNA
field: a comprehensive handbook of RNA biochemistry that combines protocols of
methods and techniques in RNA chemistry, biochemistry and bioinformatics — a
handbook that is not a guide for specialists only, but also for graduate and PhD
students as well as experienced scientists who wish to embark on RNA research
projects. We had in mind to merge several core features into our book concept,
making it unique among related publications. These include a thorough introduc-
tion to the individual approach or method, providing the necessary background for
non-specialists and addressing the scientific potential as well as the limitations in
terms of applicability, resolution and interpretation. A second feature is the de-
tailed description of experimental protocols, such that the reader should be able to
apply the technique(s) directly, without extensive further reading of the original
literature. Related to this is the incorporation of troubleshooting sections, describ-
ing pitfalls and discussing critical experimental steps as well as ideas for adequate
problem solving in cases of failure.

A substantial fraction of the handbook (Part I) describes basic approaches and
methods of RNA synthesis and modification (e. g. T7 transcription, co- and post-
transcriptional modification, enzymatic RNA ligation, chemical RNA synthesis,
co- and post-synthetic modifications), many of which may be considered timeless
as they have been continuously applied and developed during the last four decades.
Several of these basic techniques are routinely used in many RNA laboratories, but
in most cases PhD students just apply a protocol inherited from former lab mem-
bers. This fulfils the purpose as long as the method works smoothly. In cases of
failure, though, the devil is usually in the details, and a deeper insight into the
procedure or enzymatic reaction is then required. Likewise, techniques have often
been tailored to a specific task, but variation of application for other purposes is
not always straightforward. An example is T4 RNA ligase primarily used for
[32P]pCp end-labeling. When [*2P]pCp is replaced with longer donor substrates,
the reaction is often inefficient and more liable to disturbance, and unwanted liga-
tion products tend to be the rule rather than the exception. The handbook will be a
valuable guide in such cases.

XXXI1
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Preface

The biological insight gained from any RNA or RNA-protein structure as deter-
mined, for example, by X-ray crystallography is thoroughly enhanced when flanked
by biochemical experiments that investigate RNA structure in solution, or even
in its cellular environment. Thus, in Part II, a string of chapters is dedicated to
the investigation of RNA structure in solution, naked as well as in the context of
RNA-protein complexes. Both in vitro and in vivo approaches are presented that
use enzymatic, chemical or metal ion probes. Elaborate crosslinking methods to in-
vestigate higher-order RNA structure or RNA-protein interactions are covered as
well, and two contributions outline approaches that are based on complex nucleic
acid libraries and allow to screen RNA molecules for important functional groups
(NAIM, NAIS). In general, the techniques described in this handbook have been
developed to a prodigious level of detail and sophistication by expert laboratories
in recent years, and timely RNA research depends on the accuracy and reproduci-
bility of experiments conducted on the basis of such protocols.

The integral role of metal ions in RNA architecture and catalysis was first put in
a nutshell by Mike Yarus in his Cheshire Cat metaphor (FASEB J., 1993). Any RNA
researcher will consequently devote at least some experiments to the role of metal
ions. Thus, a cornucopia of approaches and protocols in Part IT of the handbook is
dedicated to the study of metal ion binding to RNA molecules and, as an extension,
to RNA/DNA-metabolizing enzymes. This includes the characterization of high
affinity metal ion binding sites and strategies to unravel the localization and func-
tional role of catalytic metal ions, as well as a method to quantify Mg?* binding to
RNA.

Understanding RNA function is unimaginable without biophysical and com-
puter-based approaches. Thus, Part II further contains several chapters that deal
with physico-chemical techniques: various types of spectroscopy (e. g. CD, fluores-
cence, UV, small angle X-ray scattering) as applied to RNA are described; a
number of special techniques address the physical properties of naked or protein-
complexed RNAs, such as their melting and sedimentation behaviour. Fluores-
cently labeled RNAs are nowadays indispensable tools for the study of RNA
structure and dynamics, and single molecule studies in living cells give detailed
insight into molecular distribution and dynamic processes. Single molecule re-
search has been further addressed by a contribution on scanning force microscopy
(SFM) and a derived technique, scanning force spectroscopy (SFS), used to deter-
mine inter- and intramolecular binding forces. Although X-ray crystallography per
se is not covered in this book, an introduction to the preparation and handling of
RNA crystals is included.

Bioinformatics, traditionally relegated to the application of BLAST-type programs
for the search and annotation of unknown genes, more and more extends to the
understanding of the relationships between sequences and three-dimensional
structures in the context of molecular Darwinian evolution. Part III begins with
the powerful applications of phylogenetic and sequence comparisons in the RNA
field, especially the determination of secondary structures. Theoretical prediction
of secondary structures, the foundations of which are explained extensively in one
chapter, can be successful, although on the basis of in silico approaches only it is
often difficult to decide between several possible solutions. The search for RNA
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motifs in genomic sequences is exemplified for motifs recognized by protein cofac-
tors in the maturation or translation of messenger RNAs. The identification of
such motifs contributes to the proper annotation of genes and the sorting out of
proteomics data. In the end, RNA molecules exert their functions because they
adopt a specific tertiary fold. Three chapters tackle this question, focusing first on
how to assemble complex tertiary structures in silico starting from fragments which
have been structurally characterized, then giving reasons for the advantages of
increasing the coarseness of the representations, and finally describing the calcula-
tions of the molecular dynamics simulations in order to apprehend movements,
and binding of water molecules, ions and ligands. The very recent field of
RNomics has led to the discovery of a plethora of potential regulatory RNAs, whose
functional and structural analysis will keep us busy for the next decades. Several
pioneers in the field address the strategic as well as the bioinformatic and experi-
mental aspects of RNomics. Part III is completed by a contribution introducing a
novel genome-wide approach, the analysis of alternative splicing variants by micro-
arrays. Although still at an early stage of development, this will certainly become
an important tool in the future.

Since nakedness of RNA in most cases reflects an artificial in vitro state, Part IV
of the handbook focuses on RNA-protein interaction. A queue of chapters present
different techniques directly related to the analysis of RNA function in conjunction
with proteins — both in vitro and in vivo. Addressed are various affinity purification
methods, Northwestern techniques, three-hybrid screening, fluorescent detection
of RNA and RNA-binding proteins, and the in vivo analysis of alternative splicing.
Another series of functional approaches is dedicated to in vitro and in vivo SELEX
strategies, encompassing the different applications of this technique and detailing
the experimental steps and associated pitfalls. This provides a wealth of in-depth
information in this still developing area of research.

The vast field of RNA interference is represented by a contribution (Part V)
written by authors who have pioneered the field of gene silencing in mammalian
cells. We have refrained from extending the RNAi part because its specific method-
ology is currently under rapid evolution and varies greatly between different biolog-
ical systems. Furthermore, specialized monographs have become available recently.

In the end, we hope that this comprehensive collection of protocols spanning
RNA research will be a helpful and useful toolbox for all researchers already work-
ing with RNA as well as for those planning to foray in the RNA world.

Last but not least, we are indebted to all authors for their engagement, patience
and the high quality of their contributions. Special thanks go to Dagmar K. Will-
komm for her continuous assistance in the editing process. The editors would
also like to thank Frank Weinreich and the staft of Wiley-VCH for making the pro-
duction of this handbook possible.

Roland K. Hartmann October 2004
Albrecht Bindereif

Astrid Schon

Eric Westhof
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1.1
Enzymatic RNA Synthesis, Ligation
and Modification

1
Enzymatic RNA Synthesis using Bacteriophage
T7 RNA Polymerase

Heike Gruegelsiepe, Astrid Schon, Leif A. Kirsebom
and Roland K. Hartmann

1.1
Introduction

Bacteriophage T7 RNA polymerase (T7 RNAP) was first cloned and overexpressed
from bacteriophage T7-infected Escherichia coli cells in 1984 [1]. In contrast to
multi-subunit DNA-dependent RNA polymerases from eukaryotes and prokaryotes,
T7 RNAP consists of a single subunit of about 100 kDa [2]. The subdomains adopt
a hand-like shape with the palm, thumb and fingers around a central cleft where
the active site containing the functionally essential amino acid residues is located,
creating a binding cavity for magnesium ions and ribonucleotide substrates. For
RNA synthesis, the unwound template strand is positioned such that the template
base —1 is anchored in a hydrophobic pocket in direct vicinity to the active site [3].

T7 RNAP is highly specific for its own promoters and exhibits no affinity even to
closely related phage T3 promoters, although the 23-bp consensus sequences are
very similar (Fig. 1.1A). During the initiation process, the polymerase goes through
several elongation attempts, generating short abortive oligoribonucleotides. Only
when the nascent RNA transcript exceeds 9-12 nt do initiation complexes convert
to stable elongation complexes. Transcription proceeds with an average rate of
200-260 nt/s until the elongation complex encounters a termination signal or falls
off the template end during in vitro run-off transcription [4, 5]. The error frequency
in transcripts of wild-type (wt) T7 RNAP is about 6 x 107> [6].

In the following sections, we will describe protocols that have been used rou-
tinely for T7 transcription. Further, a robust and simple protocol for the partial
purification of T7 RNAP is included, which yields an enzyme preparation that
fully satisfies all in vitro transcription demands. The transcription protocols given
suffice for most purposes. However, in special cases, such as the synthesis of mil-
ligram quantities, modified RNAs or very A,U-rich RNAs, it may be worthwhile to
further optimize transcription conditions. We also draw the reader’s attention to
the paper by Milligan and Uhlenbeck [7], which briefly discusses many fundamen-
tal aspects of T7 transcription and is still handed out to every new member of our
groups.

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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1 Enzymatic RNA Synthesis using Bacteriophage T7 RNA Polymerase

A
I-b
i 5
T7 (class 1N 5- TAA TAC GAC TCA CTA TAG GGA GA -3
T7 (#25,class1l) 5'- TAA TAC GAC TCA CTA TTA GGG AA -3
T3 (class 1) 5'- AAT TAA CCC TCA CTA AAG GGA GA -3
Sp6 (class) 5= ATT TAG GTG ACA CTA TAG AAG AG -3
binding domain initiating domain
B Nucleotide +1  Relative yield | Nucleotide +2 Relative yield
+1 +6
I I c 0.1 c 0.5
PPPGGGAGA A 0.2 A 05
smaller u n.d. u n.d.
effects G 1.0 G 1.0
c >
-17 +1

[ |
5- TAA TAC GAC TCA CTA TAG GNN (N) ——

3-ATT ATG CTG AGT GAT

Fig. 1.1.  (A) Consensus sequences of class IlI
promoters of bacteriophages T7, T3 and SP6,
and sequence of the T7 ¢2.5 class Il promoter
[5, 34-36]. Phage polymerase initiating
domains also include the first 5-6 nt of the
transcribed template strand. The transcription
start (position +1) is indicated by the arrow.
The phage T7 genome encodes a total of 17
promoters, including five class Ill promoters
and one replication promoter (#OR), which are
all completely conserved in the region from nt
—17 to +6. In addition, there are 10 T7 class Il
promoters plus one more replication promoter

1.2

ATC CNN (N),

(¢OL); among these 11 promoters, which
display some sequence variation within the
—17 to +6 region, only the ¢2.5 and ¢OL
promoter initiate transcription with an A
instead of G residue [35] (B) Effect of sequence
variations in the +1 to +6 region of the T7
class Il promoter on transcription efficiency
(adapted from Milligan and Uhlenbeck [7]);
n.d.: not determined. (C) T7 class Il promoter
region with the recommended G identities at
positions +1 and +2 of the RNA transcript
shown in grey.

Description of Method — T7 Transcription in vitro

T7 RNAP can be used in vitro to produce milligram amounts of RNA polymers
ranging from less than 100 to 30000 nt [7, 8|. Since the commonly used T7 class
IIT promoter, usually referred to as the T7 promoter, is also strictly conserved in the
transcribed region of nt +1 to 46, sequence variations especially at nt +1 and +2
influence transcription yields significantly (Fig. 1B and C [7]).



1.2 Description of Method — T7 Transcription in vitro

1.2.1
Templates

Templates can be generated in three different ways: by insertion into a plasmid
[double-stranded (ds) DNA], by polymerase chain reaction (PCR) (dsDNA) or by
annealing a T7 promoter DNA oligonucleotide to a single-stranded template DNA
oligonucleotide.

Strategy (a) Insertion into a Plasmid

We prefer to work with plasmid dsDNA templates, because once the correct se-
quence of a plasmid clone has been confirmed, the DNA can be conveniently am-
plified by in vivo plasmid replication exploiting the high fidelity of bacterial DNA
polymerases. The RNA expression cassette (either with or without the T7 promoter
sequence) is usually obtained by PCR and cloned into a bacterial plasmid. Since
PCR amplification is error-prone, plasmid inserts ought to be sequenced. When
the T7 RNAP promoter region from —17 to —1 is not encoded in the PCR frag-
ment, one can use commercially available T7 transcription vectors (e.g. pGEM®3Z
and derivatives from Promega or the pPCR-Script series from Stratagene) contain-
ing the T7 promoter and a multiple cloning site for insertion of the RNA expres-
sion cassette. If there are no sequence constraints at the transcript 5’ end, we
routinely design templates encoding 5'-GGA at positions +1 to 43 of the RNA
transcript, which usually results in high transcription yields. Whenever possible,
at least the nucleotide preferences at positions +1 and +2 should be taken into
account (Fig. 1.1B and C). The plasmid-encoded RNA expression cassette ought to
be followed by a single restriction site (avoid restriction enzymes yielding 3’ over-
hangs [7]) for producing run-off transcripts. Templates with 5’ overhangs have suc-
cessfully been used in several laboratories. Among those have been templates
linearized with restriction enzymes that cleave several residues away from their
binding/recognition site, such as Fokl. The advantage of using this type of restric-
tion enzymes is independence from the sequence at the cleavage site. This per-
mits the design of RNA transcript 3’ ends of complete identity to natural counter-
parts. Individual steps of template preparation are (1) ligation of (PCR) insert into
plasmid, (2) cloning in E. coli, purification and sequencing of plasmid, (3) lineari-
zation of plasmid DNA for run-off transcription, (4) phenol/chloroform extrac-
tion and ethanol precipitation of template DNA before (5) use in T7 transcription
assays.

Strategy (b) Direct use of Templates Generated by PCR
Direct use of PCR fragments as templates is faster than insertion into a plasmid
and preferred if only minor amounts of RNA are required.

Strategy (c) Annealing of a T7 Promoter DNA Oligonucleotide to a Single-stranded
Template

This strategy is the fastest and we have used it to synthesize small amounts of an
RNA 31mer for 5'-end-labeling purposes (see Protocol 6).
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1.2.2
Special Demands on the RNA Product

1.2.2.1 Homogeneous 5’ and 3’ Ends, Small RNAs, Functional Groups at the

5’ End

While T7 RNAP usually initiates transcription at a defined position, it tends to ap-
pend one or occasionally even a few more non-templated nucleotides to the prod-
uct 3’ terminus [7, 9]. Also, 5" end heterogeneity may become a problem when the
template encodes a transcript with more than three consecutive guanosines at
the 5’ end [10], as well as in the case of unusual 5’-terminal sequences, such as
5-CACUGU, 5'-CAGAGA or 5-GAAAAA [11]. Yet, 5’ end heterogeneity seems to
be a problem associated with T7 class III promoters (Fig. 1.1A). Almost complete
5’ end homogeneity of T7 transcripts has been achieved with templates directing
transcription from the more rarely used T7 ¢2.5 class II promoter (Fig. 1.1A), at
which T7 RNAP initiates synthesis with an A instead of a G residue. Transcription
yields from this promoter were reported to equal those of the commonly used T7
class III promoter [12].

However, for the production of RNAs with 100% 5’ and 3’ end homogeneity,
several methods are available (see Chapters 2 and 3). For example, hammerhead
or Hepatitis delta virus (HDV) ribozymes can be tethered to the RNA of interest
on one or both sides (see Chapter 2). The ribozyme(s) will release the RNA product
by self-cleavage during transcription. Such a cis-acting ribozyme placed upstream
releases the RNA of interest with a 5'-OH terminus directly accessible to 5'-
end-labeling (see Chapter 9) and simultaneously eliminates the problem of 5’ end
heterogeneity as well as constraints on the identity of the 5’-terminal nucleotide of
the RNA of interest (Chapter 2). The same strategy may also be considered for
synthesis of large amounts of smaller RNAs. Chemical synthesis and purifica-
tion of 10 mg of, for example, an RNA 15mer by a commercial supplier can
be quite expensive. In such a case, a cheaper alternative would be to transcribe
the 15mer sandwiched between two cis-cleaving ribozymes, resulting in post-tran-
scriptional release of the 15mer with uniform 5" and 3’ ends. Purification of the
15mer (and separation from the released ribozyme fragments) can then be
achieved either by denaturing polyacrylamide gel electrophoresis (PAGE), UV
shadowing or staining and gel elution (see Chapters 3 and 9), or by preparative
HPLC if available (see Chapters 7 and 27). If T7 RNAP is self-prepared according
to the protocol described in this article, synthesis of 10 mg of a 15mer will become
quite affordable.

Normally, transcription by T7 RNAP is initiated with GTP, resulting in 5’
triphosphate ends. If, however, 5’-OH ends or 5’-monophosphate termini are pre-
ferred, T7 RNAP can be prompted to initiate transcripts with guanosine or 5’-ApG
(to generate 5’-OH ends for direct end-labeling with 32P) or 5'-GMP (to generate
5’-monophosphates), when these components are added to reaction mixtures in ex-
cess over GTP [13]. RNA transcripts with 5-GMP ends are preferred when the
RNA is used for ligation with other RNA molecules.
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Tab. 1.1. Modified substrates for T7 transcription.

NTP wt T7 RNAP Reference
NTPaS (Sp) + 14
NTPS (Rp) - 14
5-Br-UTP + 7
5-F-UTP + 7
5-Hexamethyleneamino-UTP + 7
6-Aza-UTP + 7
4-Thio-UTP + 7
Pseudo-UTP + 7
8-Br-ATP + 7
7-Me-GTP - 7

ITP (with initiator)! + 15
2'-dNTP +/- 7
2/-ANTP2S +/— 16, 17
2’-O-Me-NTP or -NTP«S +/— 16
GTPyS + 18

+/—: low incorporation efficiency.

Inosine triphosphate (ITP) cannot be used to start transcription, but
can substitute for GTP during elongation if a primer, such as 5’-ApG
or 5'-GMP, is present as initiator of transcription.

1.2.2.2 Modified Substrates

There are a number of modified nucleoside-5’-triphosphates known to be sub-
strates for T7 RNAP. Table 1.1 has been adopted from Milligan and Uhlenbeck [7]
and expanded by addition of more recent information.

Due to discrimination of tNTPs and dNTPs by wt T7 RNAP, the polymerase in-
corporates rNTPs 70- to 80-fold more efficiently than dNTPs in the presence of
Mg?* as the metal ion cofactor. However, a T7 RNAP mutant (Y639F) carrying a
tyrosine to phenylalanine exchange at position 639 [19] was shown to have only
about 4-fold higher preference for rNTPs than dNTPs [19, 20] and thus permits
more efficient incorporation of substrates lacking the ribose 2’-hydroxyl, such as
2’-deoxy-2'-fluoro or 2'-deoxy-2’-amino nucleotides [20]. Incorporation of substrate
analogs with 2’-ribose modifications can also be stimulated to some extent in reac-
tions catalyzed by wt T7 RNAP upon addition of Mn?* [16]. Likewise, dNTPuS
analogs were partially incorporated into RNase P RNA in a sequence-specific
manner under mixed metal ion conditions (Mg?*/Mn?* [21]). Despite these
achievements, the Y639F mutant T7 RNAP is nowadays the enzyme of choice for
the incorporation of all nucleotides with 2’-ribose modifications (available from
Epicentre, WI, USA). For detailed protocols, the reader is referred to [20, 22].

Further modifications can be introduced into transcripts by tailored initiator (oli-
go)nucleotides. Di- to hexanucleotides with a 3’-terminal guanine base, including
di- to tetranucleotides with internal or terminal 2’-deoxy- or 2’-O-methylated resi-
dues, were tested as initiators of transcription by wt T7 RNAP [23]. 5’-Terminal



8

1 Enzymatic RNA Synthesis using Bacteriophage T7 RNA Polymerase

incorporation varied between 20% (hexamer) and 80-95% in the case of 5'-ApG or
a 5’-biotinylated ApG (e.g. custom-synthesized by IBA, Géttingen, Germany). Also,
transcription by T7 RNAP, in this case from the T7 ¢2.5 class II promoter, was
initiated with coenzymes containing an adenosine moiety, such as CoA (3’-de-
phospho-coenzyme A), NAD or FAD. Reduced NADH and oxidized FAD are
highly fluorescent, which opens up the perspective to employ coenzyme-linked
RNAs for the study of RNA-RNA or RNA-protein interactions by fluorescence
techniques [24].

1.3
Transcription Protocols

1.3.1
Transcription with Unmodified Nucleotides

The protocols given below have been applied to template DNAs directing transcrip-
tion from the T7 class III promoter. Transcription yields can differ substantially,
depending on the individual DNA template and the origin of T7 RNAP. In Proto-
cols 1-6 (Hartmann lab), T7 RNAP from MBI Fermentas has been used. These
protocols may be suboptimal with T7 RNAP from other sources. This has been ac-
counted for by including protocols from the Kirsebom (Protocols 7 and 8) and
Schon (Protocol 9) labs. Nevertheless, it is advisable to put some effort into the op-
timization of the transcription protocol if large amounts of RNA are to be produced
or if the transcript represents a “standard RNA” in the laboratory, used over longer
periods, which may require repeated synthesis. In addition to commercially avail-
able T7 RNAP, protocols for partial purification of T7 RNAP from bacterial over-
expression strains are available ([1, 25, 26] and Section 1.5).

When a new DNA template is used for the first time, one approach is to perform
small test transcriptions on a 50-pl scale according to different basic protocols (e.g.
Protocols 1-3). Reaction mixtures should be prepared at room temperature, since
DNA may precipitate in the presence of spermidine at low temperatures. In the
case of plasmid DNA, template amounts of 40-80 pg/ml (final assay concentra-
tion) are used as a rule of thumb, whereas a PCR template of 400 bp is adjusted
to about 5 pg/ml final assay concentration. In the Hartmann lab, we usually incu-
bate transcription mixes for 4-6 h at 37 °C, although overnight incubations
have been used as well. A variation is to add another aliquot (e.g. 2 U/ul) of T7
RNAP after 2 h at 37 °C, followed by a further 2-h incubation period at 37 °C. In
transcriptions according to Protocol 3, a white precipitate will appear because of
pyrophosphate accumulation. This is avoided in Protocols 1 and 2 where pyrophos-
phate is hydrolyzed due to the presence of pyrophosphatase. Extension of incuba-
tion periods beyond 4-6 h did not prove advantageous in our hands, and may be
associated with some product degradation since T7 RNAP has a DNase and RNase
function, which is normally inhibited by NTP substrates added in excess to in vitro
transcription assays. However, after extended incubation periods, the NTP concen-
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tration may drop under a critical limit, thereby favoring RNA degradation [27]. Pro-
tocol 4 represents an inexpensive strategy to incorporate a 5’-terminal guanosine.
Since guanosine has a low solubility, a 30 mM solution is prepared and kept at
75 °C; the reaction mixture — except for guanosine and T7 RNAP — is prepared at
room temperature and prewarmed to 37 °C before addition of guanosine.

We like to note here that transcription from the T7 ¢2.5 class II promoter is ini-
tiated with A instead of G (Fig. 1.1A), opening up the perspective to incorporate an
adenosine at the 5’ end. Adenosine would fulfill the same purpose as the afore-
mentioned guanosine used in the case of the class III promoter, but is advanta-
geous because of its better water solubility [12, 24].

As an alternative to starting class III-promoter-directed transcripts with guano-
sine, the dinucleotide 5’-ApG (see above) may be employed. The 5’-terminal incor-
poration of the dinucleotide leads to a —1 adenosine extension of the transcript
(Protocol 5). ApG, which is more convenient to use than guanosine, is also avail-
able from Sigma, but about 10000-fold more expensive than guanosine. Tran-
scripts can further be initiated with 5'-GMP if present in excess over 5'-GTP
(15 versus 3.75 mM). Although the majority of RNA products should possess a 5’-
terminal monophosphate, a dephosphorylation/phosphorylation strategy (see Chap-
ter 3) may be preferred to obtain RNA products with 100% 5’-monophosphates.

Protocol 6 is a quick protocol for the synthesis of small amounts of shorter RNAs
for 5’-end-labeling purposes. The promoter and template DNA oligonucleotides
are simply added to the reaction mixture which is then preincubated for 1 h at
37 °C before starting transcription by addition of T7 RNAP.

Protocol 7 (from the Kirsebom lab) has the characteristics of high T7 RNAP
concentrations and the presence of RNase inhibitor, suitable for large-scale tran-
scriptions. Protocol 8 is used in the Kirsebom lab for the production of internally
labeled RNA.

Protocol 9 (from the Schon lab) has been used for standard transcriptions as well
as for the synthesis of extremely A,U-rich RNAs, with the ratio of individual NTPs
adapted to their proportion in the final transcript.

Protocol 1: Hartmann lab

Final concentration 1000 pl
HEPES pH 7.5, 1 M 80 mM 80 pl
DTT 100 mM 5 mM 50 ul
MgCl; 3 M 22 mM 7.3 ul
Spermidine 100 mM 1 mM 10 pl
BSA® 20 mg/ml 0.12 mg/ml 6l
rNTP mix (25 mM each) 3.75 mM (each) 150 pl
Template (linearized plasmid 3.2 kb) 40 pg/ml 40 ul

1 pg/pl

Pyrophosphatase? 200 U/ml 1 U/ml 5ul
T7 RNAP 200 U/ul 1000-2000 U/ml 5-10 pl

RNase-free water to 1000 ul

9
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For small-scale transcriptions (50 pl final volume), reaction mixes are incubated for
4—6 h at 37 °C. For preparative transcription according to this protocol and Proto-
cols 25, usually 1-ml reaction mixtures are prepared and then incubated in 200-pl
aliquots (for better thermal equilibration) for 2 h at 37 °C; then a second aliquot of
T7 RNAP is added (400 U/200 pl reaction mix), followed by another 2 h of incuba-
tion at 37 °C. Efficient transcription reactions in the 1-ml scale result in a product
yield of about 3 nmol.

IBSA (Sigma, minimum purity 98% based on electrophoretic analysis, pH 7).

2 Pyrophosphatase from yeast (Roche, EC 3.6.1.1, 200 U/mg, <0.01% ATPase and

phosphatases each).

Protocol 2: Hartmann lab

Final concentration 1000 pl
HEPES pH 75,1 M 80 mM 80 pl
DTT 100 mM 15 mM 150 ul
MgCl, 3 M 33 mM 11
Spermidine 100 mM 1 mM 10 pl
rNTP mix (25 mM each) 3.75 mM (each) 150 pl
Template (linearized plasmid 3.2 kb) 80 pg/ml 80 pl

1 pg/ul

Pyrophosphatase 200 U/ml 2 U/ml 10 pl
T7 RNAP 200 U/pl 2000-3000 U/ml 10-15 ul
RNase-free water to 1000 pl
For incubation, see Protocol 1.
Protocol 3: Hartmann lab

Final concentration 1000 pl
5 x transcription buffer (MBI)! 1 x buffer 200 pl
MgCl, 3 M 40 mM 133 4l
rNTP mix (25 mM each) 3 mM (each) 120 pl
Template (linearized plasmid 3.2 kb) 80 pg/ml 80 pl

1 pg/ul

T7 RNAP 200 U/pl 2000-3000 U/ml 10-15 pl
RNase-free water to 1000 ul

15 x transcription buffer (MBI Fermentas): 200 mM Tris—HCI (pH 7.9 at 25 °C),
30 mM MgCl,, 50 mM DTT, 50 mM NaCl and 10 mM spermidine. For incubation,

see Protocol 1.

Protocol 4: Hartmann lab

Final concentration 1000 pl
HEPES pH 7.5, 1 M 80 mM 80 ul
DTT 100 mM 5 mM 50 pl
MgCl, 3 M 22 mM 7.3 4l



Spermidine 100 mM
BSA 20 mg/ml
rNTP mix (25 mM each)

Template (linearized plasmid 3.2 kb)

1 pg/ul
Pyrophosphatase 200 U/ml
RNase-free water

e Prewarm mixture to 37 °C, then add:
guanosine (30 mM, kept at 75 °C)

T7 RNAP 200 U/pl

For incubation, see Protocol 1.

1.3 Transcription Protocols

1 mM

0.12 mg/ml
3.75 mM (each)
40 pg/ml

5 U/ml

9 mM
2000 U/ml

Protocol 5: Initiation with 5'-GMP or 5’-ApG (Hartmann lab)

HEPES pH 7.5, 1 M

DTT 100 mM

MgCl, 3 M

Spermidine 100 mM

BSA 20 mg/ml

rNTP mix (25 mM each)
5-GMP 100 mM (initiator)!

Template (linearized plasmid 3.2 kb)

1 ug/pl
Pyrophosphatase 200 U/ml

T7 RNAP 200 U/ul
RNase-free water

Final concentration
80 mM

5 mM

22 mM

1 mM

0.12 mg/ml

3.75 mM (each)!
15 mM

40 pg/ml

5 U/ml
2000 U/ml

10 pl
6 pl
150 pl
40 ul

25 ul
321.7 W

300 pl
10 pl

1000 pl
80 ul
50 ul
7.3 ul
10 pl

6 pl
150 pl
150 pl
40 ul

25 ul
10 pl
to 1000 ul

1When 5'-GMP is replaced with the dinucleotide 5’-ApG for transcription initia-
tion, adjust 5’-ApG to 7.5 mM and rNTPs to 2.5 mM each (final concentrations).

For incubation, see Protocol 1.

Protocol 6: Hartmann lab

HEPES pH 8.0, 1 M

DTT 100 mM

MgCl, 3 M

Spermidine 100 mM

rNTP mix (25 mM each)

Promoter DNA oligonucleotide
3.3 pg/pl!

Template DNA oligonucleotide
2.1 pg/ul?

BSA 20 mg/ml

Pyrophosphatase 200 U/ml

Final concentration
160 mM

15 mM

33 mM

1 mM

3.75 mM (each)?
132 pg/ml

84 ng/ml

0.12 mg/ml
2 U/ml

500 pl
80 ul
75 ul
5.5 ul
5 ul
75 ul
20 ul

20 ul

3ul
5 ul

1
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RNase-free water 51.5 ul
e Prewarm mixture to 37 °C
Then add guanosine (30 mM, kept 9 mM 150 pl
at 75 °C)
e Mix and preincubate for 1 h at
37°C
Then add T7 RNAP 200 U/ul 4000 U/ml 10 pl
Incubate at 37 °C for 4 h.
!Promoter DNA oligonucleotide: 5'-TAA TAC GAC TCA CTA TAG.

2In this example, the template DNA oligonucleotide had the sequence 5'-GGT
CAT AGG TAT TCC CCC TCT CTC CAT TCC TAT AGT GAG TCG TAT TAA, re-
sulting in an RNA product with the sequence 5-GGA AUG GAG AGA GGG GGA

AUA CCU AUG ACC.

3To increase the percentage of transcripts initiated with guanosine, the ratio of
guanosine to rNTPs may be increased, e.g. by reducing the rNTP concentration to

1.5 mM each.

10 x transcription buffer (TRX), Kirsebom lab, for transcription Protocols 7 and 8

Final concentration 1000 pl
Tris—=HCl pH 7.5, 1 M 200 mM 200 pl
Tris—-HCl pH 7.9, 1 M 200 mM 200 pl
MgCl, 3 M 240 mM 80 pul
Spermidine 100 mM 20 mM 200 pl
RNase-free water 320 pl

Protocol 7: Kirsebom lab, non-radioactive transcription, volume sufficient for 4 reac-

tions; however, note that the mix is prepared for 4.5 reactions

Final concentration® 432 ul
10 x TRX 1x 45 ul
DTT 0.5 M 10 mM 9 ul
0.2% Triton X-100 0.01% 22.5 ul
ATP (100 mM) 2 mM 9 ul
GTP (100 mM) 2 mM 9 ul
CTP (100 mM) 2 mM 9 ul
UTP (100 mM) 2 mM 9l
RNase inhibitor 24 U/ul 32 U/ml 0.6 ul
T7 RNAP 200 U/pl 10000 U/ml 22.5 Wl
RNase-free water 296.4 ul
e To 96 pl of this mix add:
template (linearized plasmid =~ 3.2 kb) 40 pg/ml 4l

1 ug/ul

Incubate at 37 °C for <10 h.
1.2.3Final concentrations after addition of template.
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Protocol 8: Kirsebom lab; internal radioactive labeling mix, volume sufficient for 9
reactions; however, note that the mix is prepared for 10 reactions

Final concentration’ 230 pl
10 x TRX 1x 25 ul
DTT 0.5 M 10 mM 5 ul
0.2% Triton X-100 0.01% 12.5 ul
ATP (100 mM) 2 mM 5l
GTP (100 mM) 2 mM 5l
CTP (100 mM) 2 mM 5 ul
UTP 1 mM 0.2 mM 50 pl
[«-32P]UTP 800 Ci/mmol (20 mCi/ml) 10 Ci/mmol 25 ul
RNase inhibitor 24 U/pl 31.7 U/ml 0.33 ul
T7 RNAP 200 U/l 10000 U/ml 12.5 pl
RNase-free water 84.7 ul
e To 23 pl of this mix add:
template (linearized plasmid ~ 3.2 kb) 80 pg/ml 2l

1 ug/pl

Incubate at 37 °C for <10 h.
1 Final concentrations after addition of template.

To account for a severely biased nucleotide composition of the template, such as
in RNase P RNAs from the Cyanophora paradoxa cyanelle [28] or from a plant-
pathogenic phytoplasma [29], the relative concentrations of tNTPs are adjusted ac-
cordingly. For phytoplasma RNase P RNA (around 73% A + U), the composition of
the nucleotide mix was calculated as follows:

Calculated mol% of Concentration of each  Final concentration of

each nucleotide in rNTP in nucleotide each rNTP in reaction
transcript mix (mM) mix (mM)

rATP 41.08 33 33

rCTP 11.06 9 0.9

rGTP 16.03 12.5 1.25

rUTP 31.83 25.5 2.55

Total 100 80 8.0

The following sample protocol is routinely used for preparation of large amounts
of RNA and can be easily adjusted to the transcription of templates with a biased
nucleotide composition. In such cases, the “standard” rNTP mix (20 mM each
rNTP) is replaced by the template-specific rINTP mix with adjusted nucleotide
concentrations.

Protocol 9: Preparative transcription, nucleotide composition from the example above
(Schon lab)
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Final concentration 250 ul
10 x transcription buffer! 1 x buffer 25l
rNTP mix (here: 33 mM ATP/9 mM 0.1 x rNTP mix 25l
CTP/12.5 mM GTP/25.5 mM UTP)
Template (linearized plasmid 3.2 kb) 50 pg/ml 125 pl
0.1 pg/pl
T7 RNAP (own preparation, 5-10 pg/pl ~ 40-200 pg/ml? 2-5 pl?
total protein; see Section 1.5)
RNase-free water to 250 pl

110 x transcription buffer: 400 mM Tris—HCI (pH 7.9 at 25 °C), 120 mM MgCl,,
50 mM DTT, 50 mM NaCl and 10 mM spermidine.

2Depending on the specific activity of the individual T7 RNAP preparation; see
Section 1.5.2.2.

For phytoplasma RNase P RNA, a 250-ul reaction performed under these condi-
tions results in up to 150 pg RNA after gel purification. Note that due to the high
concentrations of INTPs and Mg?" in the reaction, insoluble precipitates may form
if the complete mix is kept on ice. It is thus advisable to start with water before
adding the other components, and to prewarm the mix to 37 °C before the addition
of template and polymerase. We let the reactions proceed for at least 2 h (prefera-
bly overnight) at 37 °C and quench the excess Mg?* by addition of Na,EDTA to a
final concentration of 25 mM before phenol extraction and EtOH precipitation (see
Section 1.3.3, Step 1).

After transcription, check product yield and quality (5-10-pl aliquot plus equal vol-
ume gel loading buffer) by PAGE in the presence of 8 M urea and stain the gel
with ethidium bromide. Load at least one reference RNA on the gel to identify the
genuine product, since sometimes a complex mixture of bands is observed. A low
number of bands in addition to the product band points to good transcription per-
formance, and high yields of transcription correlate with the observation that the
RNA product appears as a prominent band, while the DNA template is faintly vis-
ible. However, with some templates one has to be satisfied with product amounts
exceeding that of the template by a factor of only 5. Aberrant transcripts of similar
size and abundance as the desired product, sometimes even appearing as a smear,
can make identification and gel purification of the RNA product of interest impos-
sible. In view of such potential problems, the best transcription protocol will be the
one generating the highest amount of specific product at the lowest cost of incor-
rect products. If RNA yields are not satisfactory, vary concentrations of template,
MgCl,, T7 RNAP or DTT for further optimization.

13.2
Transcription with 2’-Fluoro-modified Pyrimidine Nucleotides

To produce nuclease-resistant 2'-fluoro-modified RNAs with the Y639F mutant T7
RNAP, we replaced rUTP and rCTP with the corresponding 2'-fluoro-analogs (IBA,
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Gottingen, Germany; or Epicentre, WI, USA). Protocol 10 has been employed in
an in vitro selection study using a 117-bp double-stranded PCR template including
an internal segment of 60 randomized positions. Transcription assays were incu-
bated for 3-4 h at 37 °C.

Protocol 10: Transcription of 2’-fluoro-modified RNA (Hartmann lab)

150 pl
10 x transcription buffer! 1 x buffer 15l
DTT 100 mM 5 mM 7.5
2’-F-CTP, 2'-F-UTP (10 mM each) 1.25 mM (each) 18.75 pl
rATP, rGTP (10 mM each) 1.25 mM (each) 18.75 pl
[2-32P]ATP 800 Ci/mmol (10 mCi/ml) 0.16 Ci/mmol 3l
PCR template 1-3.33 nmol/ml 0.15-0.5 nmol
Y639F mutant T7 RNAP (3.7 pg/ul) 93.73 pg/ml 3.8l
RNase-free water to 150 pl

110 x transcription buffer: 400 mM Tris—HCI (pH 8.0), 200 mM MgCl,, 10 mM
spermidine, 0.1% Triton X-100.

1.3.3
Purification

Some purification steps are optional, and depend on transcription quality and the
demands on product purity. Often, a purification procedure only including Steps
5-8 is sufficient. Another protocol for gel purification of RNA is described in Chap-
ter 3.

(1) Insoluble pyrophosphate complexes. In transcription reactions without pyro-
phosphatase or when pyrophosphatase activity is low, a white pyrophosphate
precipitate may form. In such cases, remove the precipitate before Step 2 by
centrifugation at 14 000 g for about 5 min directly after transcription. Carefully
remove the clear supernatant and transfer to a new Eppendorf tube for further
sample processing. Also, Na,EDTA (500 mM, pH 7.5) may be added immedi-
ately after transcription to give a final concentration of 50-100 mM. By chelat-
ing Mg?*, the formation of insoluble precipitates is substantially reduced.

DNase I digestion to remove template DNA. Add 10 U DNase I (RNase-free,

Roche) per 200 pl and incubate for 20 min at 37 °C.

(3) Phenol and chloroform extractions to remove the enzyme(s). For extraction
with phenol (Tris-saturated, stabilized with hydroxy-quinoline, pH 7.7; Bio-
mol), mix the sample with 0.5-1.0 volumes phenol, vortex for 30 s, centrifuge
1-5 min (until phases have cleared) at 12000 g, withdraw the aqueous upper
phase and mix it with 0.5-1.0 volumes chloroform, vortex for 30 s, centrifuge
3 min at 12 000 g and transfer the aqueous upper phase to a new tube, avoiding
to withdraw any chloroform.

—
N
~—
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(4)

(5)

(7)

(®)

Removal of salt for better gel resolution. For example, use NAP 10 columns
(Amersham Biosciences, now part of GE Healthcare), column material: Sepha-
dex G-25.

Ethanol precipitation. Ethanol precipitation is performed to remove resid-
ual chloroform and salts, and to concentrate the RNA. Mix sample with
2.5 volumes ethanol, 0.1 volumes 3 M NaOAc (pH 4.7) and 1 pl glycogen
(20 pg/ul); leave for 10-20 min at —70 °C or at least 2 h at —20 °C. Cen-
trifuge for 30—-45 min at 4 °C and 16 000 g. Wash the pellet with 70% ethanol
and centrifuge again for 10 min. After ethanol precipitation and air-drying of
the pellet, redissolve it in a small volume of RNase-free water and add an equal
volume of gel loading buffer [0.33 x TBE (see Step 6), 2.7 M urea, 67% forma-
mide, 0.01% (w/v) each bromophenol blue (BPB) and xylene cyanol blue (XCB)].
Preparative denaturing PAGE. A gel well, 6- to 7-cm wide and 1-mm thick, is
appropriate for loading the product RNA from an efficient 1-ml transcription
reaction. The pocket size is of some importance, as an overloaded gel may
cause separation problems; on the other hand, if the pocket is too large, RNA
bands may be barely visible and elution efficiency may decrease. After electro-
phoresis, the desired RNA band is visualized at 254 nm by UV-shadowing
and marked for gel excision (for details, see Chapter 3); gel running buffer:
1 x TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA).

Elution of RNA product.

(a) Diffusion elution. Cover the excised gel pieces with elution buffer and shake
overnight at 4 °C; in the case of efficient transcriptions, a second gel elu-
tion step in fresh elution buffer may substantially increase the yield. Differ-
ent elution buffers can be used: buffer A: 1 mM EDTA, 200 mM Tris—HCI
(pH 7)/buffer B: 1 M NaOAc (pH 4.7)/buffer C (successfully used for the
elution of phosphorothioate-modified RNAs): 1 M NH,OAc (pH 7). Usu-
ally, buffer A is used; buffer B was found to be advantageous in cases
where elution efficiency with buffer A was low. After elution, RNA is con-
centrated by ethanol precipitation.

Alternatively: electro-elution. Excised gel pieces containing the RNA are
placed in a BIOTRAP chamber (Schleicher & Schuell, Dassel, Germany;
in USA and Canada: ELUTRAP) following the manufacturer’s protocol.
The RNA is eluted in 0.5 x TBE buffer (see Step 6). The final volume of
RNA solution after elution is approximately 600 pl, depending on the
extent of evaporation during the elution process. The elution is permitted
to proceed overnight at 150 V/20 mA or for 4-6 h at 200-300 V/30 mA.
During the elution process there is evaporation resulting in condensation
on the lid of the BIOTRAP chamber. This lid has to be closed when the
BIOTRAP is running. To minimize evaporation/condensation, the BIO-
TRAP should not be run at higher voltage than 150 V overnight. After elu-
tion, the RNA is extracted once with phenol and twice with chloroform/
isoamylalcohol, followed by ethanol precipitation.

Quantification (UV spectroscopy, see Chapter 4 and Appendix) and quality
check (denaturing PAGE).

=
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1.4
Troubleshooting

1.4.1
Low or No Product Yield

If product yields are low with a protocol that had already been successfully
used for the same template, repeat transcription assay once without any alter-
ation on 50-ul scale; if unsuccessful as well, test different enzyme batches or en-
zymes from alternative suppliers. Differences between enzyme preparations can
be considerable.

Be sure that all components (except enzymes) have been warmed up to ambient
temperature before preparation of reaction mixtures at ambient temperature.
Check that thawed stock solutions, particularly concentrated transcription
buffers, do not contain precipitated ingredients. For nucleotide solutions, limit
freeze—thawing cycles, store in aliquots at —20 °C, and adjust stock solutions
(in H,0) to pH 7.0 or consider to buffer with 10-40 mM Tris—HCI adjusted to
the pH used in transcription reactions; use lithium salts if available and be aware
that diluted working solutions may degrade rapidly.

Prepare new template DNA; take particular care to effectively remove salts as
well as traces of phenol and chloroform.

For templates with a highly biased nucleotide composition (e.g. coding for RNAs
with extremely high A 4 U content [28, 29]), adjust the composition of the INTP
solution according to the nucleotide ratio of the RNA. However, do not alter the
total nucleotide concentration of the reaction mix.

1.4.2
Side-products and RNA Quality

Usually we get the least artifact products, in addition to the correct RNA product,
with Protocol 3, but redissolving the RNA after ethanol precipitation may be-
come a severe problem due to pyrophosphate precipitates. To alleviate such solu-
bility problems, see Section 1.3.3, Step 1.

Gel entry problems or smear on gel: perform Steps 1-5 of Section 1.3.3 before
proceeding to gel purification (Section 1.3.3, Step 6).

1.5
Rapid Preparation of T7 RNA Polymerase

This protocol is based on the publications of Grodberg and Dunn [30] and
Zawadzki and Gross [25], and provides a fast and efficient procedure for the prep-
aration of a highly stable T7 RNAP which is sufficiently pure for most purposes.
The chromatography is described for FPLC, but any standard low-pressure equip-
ment will give satisfactory results if the procedure is adapted accordingly.
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1.5.1
Required Material

E. coli BL21 pAR1219 (obtained from F. W. Studier, Biology Department, Brook-
haven National Laboratory, Upton, NY 11973, USA).

Medium
LB (Luria-Bertani) medium [31] supplemented with 50 pg/ml Ampicillin.

Buffers and solutions

100 mM IPTG

TEN buffer (50 mM Tris—HCI, pH 8.1; 2 mM Na, EDTA; 20 mM NacCl)

Phenylmethylsulfonyl fluoride (PMSF), 20 mg/ml in isopropanol

Leupeptin, 5 mg/ml

Egg white lysozyme, 1.5 mg/ml in TEN (freshly prepared)

0.8% sodium deoxycholate solution

2 M ammonium sulfate (enzyme grade)

Polymin P: 10% solution, adjusted to pH 8 with HCl

Saturated ammonium sulfate solution (4.1 M; adjust pH to 7 with some drops of
concentrated Tris base, keep at 4 °C where a precipitate will form)

Buffer C [20 mM sodium phosphate pH 7.7; 1 mM Na,EDTA; 1 mM DTT; 5%
glycerol (w/v)]

4 x Laemmli gel loading buffer: 100 mM Tris—HCl, pH 6.8, 8% (w/v) SDS, 30%
glycerol (w/v), 8% (v/v) f-mercaptoethanol, 0.04% (w/v) bromophenol blue; ad-
just pH before addition of bromophenol blue

Buffer C-10, C-100: buffer C supplemented with 10 or 100 mM NaCl, respectively.

Electrophoresis and chromatography

Laemmli-type SDS gel for protein separation under denaturing conditions (10%
PAA)

Merck EMD Fractogel SO3~, equilibrated in buffer C-100 in a 2 x 10 cm column

1.5.2
Procedure

1.5.2.1 Cell Growth, Induction and Test for Expression of T7 RNAP

(1) Inoculate 25 ml LB supplemented with 50 pg/ml Ampicillin with a colony
from a fresh plate culture and grow overnight at 37 °C.

(2) Four 2-] flasks with 500 ml of the same medium are inoculated 1:100 from this
culture; grow at 37 °C under vigorous shaking.

(3) When the cultures have reached an ODgg of about 0.6 (which should take not
longer than 3 h), transfer 1 ml to an Eppendorf tube, centrifuge for 5 min at
5000 r.p.m. in a desktop centrifuge and keep the sediment as a control.

(4) Then induce the remaining culture for expression by addition of IPTG to a
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final concentration of 0.5 mM. At 1.5, 2 and 3 h after induction, take 1-ml
samples as in Step 3.

(5) Harvest the flask cultures by centrifugation (10 min, 5000 g), wash once with
TEN buffer, shock-freeze in liquid N, or dry ice and keep at —80 °C until
needed.

(6) Analyze the 1-ml samples from Steps 3 and 4 for expression of T7 RNAP as
follows: resuspend the cell sediment in 100 pl of 1 x concentrated Laemmli
gel loading buffer (note that this buffer is usually prepared as a more concen-
trated stock solution; see Section 1.5.1) and denature for 2 min at 95 °C. Then
load 10-25 pl of each sample onto an SDS—10% polyacrylamide gel with appro-
priate size markers. If expression is sufficient (a strong band of about 100 kDa
should appear 2-3 h after induction), proceed with enzyme purification.

1.5.2.2 Purification of T7 RNAP

Generally, all steps are performed on ice or at 4 °C and all buffers are supple-
mented with the protease inhibitor PMSF (20 pg/ml, if not stated otherwise).
From each purification step, a small sample should be retained for the determina-
tion of protein concentration and purity. Protein concentrations are most conven-
iently determined by dye binding [32] or by direct measurement of extinction at
280 nm.

(1) Resuspend cells in 24 ml of TEN buffer supplemented with 50 ul of PMSF
and 20 pl of leupeptin stock solutions (see Section 1.5.1).

(2) Add 6 ml lysozyme solution; after 20 min of incubation, add 2.5 ml of 0.8%
sodium deoxycholate solution and incubate for another 20 min.

(3) Shear the DNA in this viscous lysate by sonication (4 x 15 s with an immersi-
ble probe; 2—5 min for sonication in a water bath).

(4) Add 5 ml 2 M ammonium sulfate and adjust the total volume to 50 ml with
TEN buffer.

(5) Remove DNA by slow addition of 5 ml Polymin P and stirring for 20 min.

(6) After centrifugation (15 min, 39000 g), keep the supernatant and determine
its volume.

(7) Precipitate the enzyme from the supernatant by slow addition of 0.82 volumes
of saturated ammonium sulfate and stirring for another 15 min.

(8) After centrifugation for 15 min at 12000 g, resuspend the sediment in 15 ml
buffer C-100, and dialyze for at least 8 h against 2 x 1 1 of the same buffer.
Dialysis should be extensive in order to completely remove the ammonium
sulfate contained in the sediment; otherwise, T7 RNAP will not bind to the
cation exchange column.

(9) Remove insoluble material by centrifugation as in Step 8, and apply the
supernatant to the EMD-SO3~ column at a flow rate of about 20 ml/h. Wash
the column with 10 volumes of buffer C-100 or until protein is no longer
detectable in the flow-through. Then apply a 250-ml gradient from 100 to
500 mM NaCl in buffer C and collect 5-ml fractions. T7 RNAP elutes between
300 and 400 mM NaCl from the EMD-SO3;~ column, as visible by the high
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protein content in these fractions. Finally, wash the column with 1 M NaCl in
buffer C; the resin can be reused after equilibration in buffer C-100.

(10) 10-20 pl of each fraction and the flow-through, and 2-5 pl of the applied sam-
ple, are then analyzed by SDS-PAGE as described in Section 1.5.2.1, Step 6.

(11) The fractions containing T7 RNAP are pooled and dialyzed for at least 8 h
against 2 x 2 | buffer C-10.

(12) The resulting precipitate, enriched in T7 RNAP, is collected by centrifugation
as in Step 8, resuspended in 1-2 ml of buffer C-100 and adjusted to 50% gly-
cerol (w/v) for storage at —20 °C.

Specific activity of T7 RNAP may be determined by incorporation of *H- or 32P-
labeled nucleotides into acid-precipitable material and can reach 400000 U/mg
(1 U is defined as the incorporation of 1 nmol AMP into acid precipitable material
in 1 h at 37 °C [9]). For most purposes, it is sufficient to titrate the amount of en-
zyme preparation needed to give good transcription yields without too many side
products. To test a typical preparation of T7 RNAP (5-10 pg/ul total protein con-
tent), we vary the amount of polymerase (usually between 0.1 and 1 pl) in a series
of analytical transcriptions, for example, in a variation of Protocol 9 scaled down to
25 pl, containing 2 mM of each rNTP and a standard template DNA (around 50%
G + C). Transcription products are then separated by gel electrophoresis and the
efficiency of transcription is evaluated after toluidine blue staining of the gel (see
Chapter 9). Alternatively, for easier detection of abortive transcripts and degrada-
tion products, a radioactive tracer (e.g. 10 uCi of [2-32P]GTP) can be added to the
transcription reaction and the products visualized on a Phospholmager or by auto-
radiography (see Protocol 8).

1.5.3
Notes and Troubleshooting

(1) If protein gel electrophoresis of crude cell samples (Section 1.5.2.1, Step 6)
yields badly smeared bands, try to shear the DNA by sonication as described
for the enzyme purification. Alternatively, samples can be squeezed with a
syringe through a thin (0.7 mm, or 22 gauge) needle.

(2) If expression of T7 RNAP is not sufficient, vary ampicillin or IPTG concentra-
tion, change growth times before and after induction, or switch to other growth
media, such as TB or 2 x YT [31], or M9 Minimal Medium supplemented with
trace elements [33].

(3) The Fractogel EMD-SO;~ column can be substituted by any strong cation
exchanger of the SO3;~ type. However, with most other column matrices, T7
RNAP elutes much earlier (around 200 mM NaCl).

(4) If T7 RNAP does not precipitate after the dialysis step with buffer C-10 (Sec-
tion 1.5.2.2, Step 11), repeat dialysis with fresh buffer C (without NaCl).

(5) If a substantial portion of the precipitate from Step 12 above (Section 1.5.2.2)
cannot be re-dissolved in buffer C-100, one may gradually increase the NaCl
concentration up to 500 mM.
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2
Production of RNAs with Homogeneous 5’
and 3’ Ends

Mario Mérl, Esther Lizano, Dagmar K. Willkomm
and Roland K. Hartmann

2.1
Introduction

Synthesis of RNA molecules by in vitro transcription, primarily utilizing T7 RNA
polymerase (T7 RNAP) for reasons of price and efficiency, is a widely used method
in biochemistry and molecular biology. For most purposes, it is sufficient to purify
transcripts by electrophoretic separation on denaturing PAA (polyacrylamide) gels.
Thereby, template DNA, enzyme, nucleotides as well as incomplete transcripts (re-
sulting from premature transcription termination) can be removed efficiently.
However, the seemingly uniform population of full-length transcripts is in most
cases heterogeneous because T7 RNAP tends to add one or occasionally even a
few additional, non-encoded nucleotides to the 3’ end [1, 2]. Also, non-templated
nucleotide incorporation at the 5’ end can affect up to 30% of the transcribed
RNA molecules when the template encodes a T7 transcript with more than three
consecutive guanosines at the 5’ end [3, 4]. Such micro-heterogeneous full-length
transcripts can rarely be separated efficiently by denaturing PAGE. Thus, if appli-
cations require complete homogeneity at the transcript 5’ and 3’ ends, e.g. in the
context of in vitro aminoacylation of tRNAs, ligation of RNA fragments (see Chap-
ters 3 and 4), RNA crystallization or NMR studies, refined approaches are needed.

Apart from product end heterogeneity, another problem associated with in vitro
transcription stems from the fact that the sequence requirements of the core pro-
moter regions recognized by phage RNA polymerases also put some constraints on
the 5'-terminal nucleotide identities of the transcript. For example, transcription by
T7 RNAP from the predominantly used (class III) T7 promoter only proceeds with
reasonable efficiency if the transcript is initiated with a G residue (for more details,
see Chapter 1). As a consequence, synthesis yields will be low for transcripts with a
different nucleotide identity at the +1 position.

An approach toward eliminating 5’ and 3’ end heterogeneity as well as sequence
constraints at the 5’ end is the use of catalytic RNA entities acting in cis or in trans,
which precisely release the RNA of interest from a primary transcript with extra

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schon, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1



2.2 Description of Approach | 23

5’- and 3'-flanking sequences. These strategies permit to produce RNA without
any sequence restrictions and with essentially complete 5" and 3’ end homogeneity.

2.2
Description of Approach

2.2.1
Cis-cleaving Autocatalytic Ribozyme Cassettes

2.21.1 The 5’ Cassette

An elegant and efficient way to produce transcripts with uniform 5’ ends is to use
a construct consisting of a self-cleaving hammerhead sequence immediately up-
stream of the RNA sequence of interest. The hammerhead ribozyme is a small
structural element, originally identified in pathogenic plant viroids and virusoids,
which catalyzes phosphodiester bond hydrolysis at a single defined position. With
a length of about 50 nt, the hammerhead sequence can easily be inserted as a DNA
cassette at the 5" end of the DNA sequence to be transcribed (Fig. 2.1). In the pri-
mary transcript (Fig. 2.1, middle), the 5" part of the RNA of interest is integrated
into the secondary structure of the hammerhead ribozyme. Since this ribozyme se-
quence is able to fold into the catalytically active form immediately after synthesis,
cleavage occurs already during transcription — provided that Mg?* ions are present
at sufficiently high concentrations (5 mM or above), as is the case under standard
transcription conditions. In addition to 5" end uniformity, another advantage of a
5" hammerhead is that optimal transcription start sequences can be used upstream
of the ribozyme cassette in favor of high transcription yields.

Within a 5’-flanking hammerhead cassette, the sequence of helix P1 is dictated
by the 5’-terminal nucleotides of the RNA of interest (Fig. 2.1, middle). Since the
only requirement for P1 is helicity, there are basically no sequence constraints for
this structural element. Thus, any efficient minimal hammerhead variant match-
ing the consensus sequence shown in Fig. 2.1 can be utilized [5-8]. Two 5'-
hammerhead constructs which in our hands have proved efficient in such strat-
egies are shown in Fig. 2.2(A and B).

2.2.1.2 The 3’ Cassette
For the production of RNAs with homogeneous 3’ ends, again hammerhead cas-
settes (Fig. 2.2C) can be tethered to the RNA of interest. A disadvantage of these
structures are some sequence constraints imposed on the product RNA 3’ end,
such as the requirement for a 3’-terminal NUH (N = any nucleotide; H=C, U
or A), preferentially GUC, sequence motif in hammerhead constructs (Fig. 2.2C
[5])-

The autocatalytic domain of the Hepatitis delta virus (HDV ribozyme), however,
has no such sequence requirements upstream of its cleavage site and can therefore
be employed for any transcript sequence of interest (Fig. 2.1 and 2.2A). This ribo-
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Fig. 2.1. The 5’ and 3’ cassettes for the
creation of homogeneous RNA ends. The DNA
molecule to be transcribed (linearized plasmid
or PCR product) includes extra sequence
cassettes upstream and downstream of the
sequence encoding the RNA of interest. These
cassettes (indicated in grey at the top) are
transcribed into self-cleaving ribozyme
structures (hammerhead at the 5’ end, HDV
ribozyme at the 3’ end) flanking the RNA of
interest. Conserved nucleotides in the
hammerhead core structure are indicated;

Y = pyrimidine; R = purine; NUH (N = any

nucleotide; H = C, U or A), preferentially
GUC. Both cassettes are designed to permit
insertion of virtually any sequence between the
ribozymes, rendering this strategy applicable to
essentially any RNA of interest. The resulting
cleavage product carries a 5'-hydroxyl group,
which can be converted to a (radioactively
labeled) 5’-phosphate. At the 3’ terminus, a
2',3"-¢cyclic phosphate group is generated
which interferes with some RNA functions.
Protocols for the removal of the 3’-terminal
phosphate group are described in Section
23.2.

zyme folds into four helical domains that form a pseudoknotted structure, with the

cleavage site located immediately upstream of helix P1 at the 5" end of the ribo-
zyme [9, 10]. Using an optimized version of the HDV ribozyme, homogeneous
RNA 3’ ends can easily be generated [11]. The HDV ribozyme is already suffi-
ciently active at Mg?* concentrations of about 1 mM, usually resulting in efficient

self-cleavage during transcription. A frequently observed problem is that sequences
of the RNA of interest interfere with proper folding of the HDV ribozyme, leading
to reduced cleavage efficiency. In our hands, this problem has been solved by incu-
bating the primary transcript repeatedly (10 cycles) for 3 min at 60 °C and 3 min
at 25 °C. This procedure allows the ribozyme cassette of the transcript to adopt,
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Fig. 2.2. Examples of terminal ribozyme
cassettes in primary transcripts. The RNA

of interest is shown in black, the ribozyme
modules are depicted in grey. Ribozyme self-
cleavage sites are indicated by arrows. The
preferred GUC triad of hammerhead ribozymes
is boxed. The constructs shown have displayed

efficient and precise autocatalytic cleavage
in the authors’ laboratories. (A) Sequence
of a primary transcript consisting of a 5'-
hammerhead, a central tRNAP"® as the RNA
of interest and a 3’-terminal HDV ribozyme.
(B and C) Examples of a 5'- and 3’-terminal
hammerhead, respectively.
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at least transiently, its active structure and has in our hands led to quantitative
cleavage.

2.2.1.3  Purification of Released RNA Product and Conversion of End Groups

After co-transcriptional self-cleavage of the terminal ribozyme cassette(s), it is ad-
visable to purify the released RNA of interest by denaturing PAGE and subsequent
gel elution in, for example, 500 mM ammonium acetate, pH 5.7, 0.1 mM EDTA
and 0.1% SDS at 4 °C overnight, followed by ethanol precipitation ([12]; for de-
tailed protocols, see Chapters 1 and 3). If, for example, a tRNA product is released
from the primary transcript, the ribozyme cassettes will have similar lengths of
about 50-70 nt, complicating purification of the tRNA. A practical solution to the
problem is to extend the 5" and/or 3’ termini of the primary transcripts, thereby
increasing the size of the released terminal fragments containing the ribozyme
core structures.

Another important point to be considered is the nature of the 5" and 3’ ends
generated by these ribozymes. Both hammerhead and HDV ribozyme cassettes cat-
alyze transesterification reactions induced by a nucleophilic attack of the 2’-OH
group of the neighboring ribose, resulting in 5’-hydroxyl and 2’,3’-cyclic phosphate
termini instead of 5’-phosphates and 3’-hydroxyls. A terminal 5'-OH group is for
most purposes neutral to RNA function and may even be advantageous, since it
is directly accessible to 5’-end-labeling with [y-32/33P]ATP by T4 polynucleotide kin-
ase (T4 PNK). The 3’-terminal cyclophosphate, however, interferes with a variety of
downstream experiments, such as aminoacylation of tRNAs, ligation of RNA mol-
ecules or 3'-end-labeling using [5’-32P|pCp. To remove the 2’,3'-cyclic phosphate,
the phosphatase activity of T4 PNK can be employed with excellent efficiency (see
protocols below and [13, 14]).

2.2.2
Trans-cleaving Ribozymes for the Generation of Homogeneous 3’ Ends

As an alternative to the cis-cleaving ribozyme cassettes, homogeneous 3’ ends can
be obtained by trans-cleavage, e.g. using a trans-acting hammerhead ribozyme [15],
the Neurospora Varkud satellite (VS) ribozyme [15] or the catalytic RNA subunit of
a bacterial RNase P [16] as detailed below. A trans-acting VS ribozyme has the ad-
vantage that the RNA of interest requires only a short stem—loop 3’-extension of 24
nt which serves as the ribozyme substrate recognized by tertiary interactions [15].
Like the HDV ribozyme, the VS ribozyme has no specific sequence requirements
upstream of the cleavage site and generates 2’,3"-cyclic phosphate ends [17]. Simi-
lar to the VS ribozyme strategy, it is possible to utilize the HDV ribozyme in a
trans-cleavage reaction. Here, the transcripts are extended by as few as seven nu-
cleotides complementary to the 3’ part of helix P1 of the ribozyme. A correspond-
ingly 5’-truncated HDV RNA can base-pair with this extension, thereby restoring
the P1 helix and a functional HDV ribozyme structure. Cleavage of the target
RNA then occurs seven nucleotides upstream from its 3’ end [18].

In vitro, the roughly 380-nt long bacterial RNase P RNA, with and without the
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for transcription is designed in a way that a
tRNA gene (in grey) is positioned immediately
downstream of the sequence encoding the
RNA molecule of interest. By incubating the
primary transcript, derived from run-off
transcription, with RNase P (RNA), the tRNA
molecule is cleaved off at its 5" end and the
upstream portion of the primary transcript is

RNase P protein, catalyzes accurate and efficient removal of the 5'-flanking se-
quences of tRNA precursor transcripts. To exploit this system for the production
of RNAs with homogeneous 3’ ends, the RNA of interest is fused to a downstream
tRNA sequence. As a result, the construct mimics a tRNA precursor molecule,
whose 5'-leader sequence represents the RNA of interest (Fig. 2.3). Precise endo-
nucleolytic cleavage by the RNase P ribozyme then releases the RNA product with
uniform 3’-OH termini (Fig. 2.3) which, in contrast to the 2',3’-cyclic phosphates
generated by hammerhead and HDV ribozymes, are suitable for many down-
stream applications.

Since the substrate recognition elements for RNase P RNA are located predom-
inantly in the tRNA structure, there are little upstream sequence requirements to
be fulfilled. One restriction is to avoid a G residue at position —1 relative to the

27
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tRNA, which otherwise may cause some aberrant cleavage between positions —1
and —2. Also, for reasons of cleavage fidelity, use of a bacterial class I tRNA moiety
with a 7-bp acceptor stem and short variable arm is recommended (such as Bacillus
subtilis tRNAAP [16, 19] or Thermus thermophilus tRNASY [20]). Further, any base-
pairing potential between nt —1 and the discriminator base (+73) should be
avoided, the discriminator should be D (= G, A or U) and not C when using Escher-
ichia coli RNase P RNA [21], and the first acceptor stem base pair should be G-
C.7,. However, note that some class I tRNA transcripts, despite meeting all the
aforementioned requirements, may elicit some miscleavage, depending on their
sequence context [22]. We have successfully used RNase P RNAs from E. coli and
T. thermophilus, which are available from the authors as T7 expression plasmids.
Yet, since achieving 100% 3’ end homogeneity — and not 99% — by use of this
approach may require some optimization, we suggest considering the use of an
HDV-based strategy as a quicker alternative if such an extent of homogeneity is
essential for downstream procedures.

In applications where a short 3’ appendage to the RNA of interest is preferable
(e.g. when incorporating costly isotopically labeled nucleotides for NMR studies),
the tethered RNase P substrate can be reduced to a hairpin structure of less
than half the tRNA size. One such substrate is pATSerU_;G. 3 and its variants
pATSerU_,U 73, pATSerC_1A 73 and pATSerA_,U, 73, which release an RNA of
interest with a 3’-terminal U, C or A residue, respectively [23]. These substrates
showed >99% cleavage at the canonical RNase P cleavage site under conditions of
50 mM Tris—HCI, pH 7.2, 5% (w/v) PEG 6000, 100 mM NH,Cl and 40 mM MgCl,
([23]; Leif A. Kirsebom, personal communication).

The RNase P RNA-based approach could have advantages over a cis-cleaving
HDV cassette in cases where interactions between the RNA of interest and the
HDV cassette prevent the ribozyme from adopting an active conformation. Such
folding interference is less likely for a tRNA cassette because tRNAs are among
the most stable autonomous RNA folding units. If folding of the downstream
tRNA is impeded by the RNA of interest at 37 °C, thermostable RNase P RNA
from T. thermophilus may be used for cleavage at elevated temperatures, assuming
that folding interference is abolished under such conditions. This ribozyme, when
acting on a transcript with, for example, a GC-rich tRNASY cassette from the same
organism [24], will cleave off the tRNA moiety with high precision at temperatures
of up to 75 °C [25].

The trans-cleaving ribozyme approach may be somewhat laborious if the ri-
bozyme is prepared independently of the transcript of interest and if in vitro
transcription is followed by a second, independent incubation step for the cleav-
age reaction. However, the procedure can be simplified by transcribing both
RNAs simultaneously from two different templates added to the same reaction
mix [15]. Irrespective of whether the ribozyme is co-transcribed or added post-
transcriptionally, the transcription mixture containing the RNase P substrate tran-
script has to be adjusted to RNase P cleavage assay conditions, since RNase P RNA
requires elevated mono- and divalent metal ion concentrations for efficient process-
ing (see Section 2.3.3). Alternatively, substrate transcripts may be concentrated by



2.3 Critical Experimental Steps, Changeable Parameters, Troubleshooting |29

ethanol precipitation before RNase P RNA processing. As for the cis-ribozyme
cassette systems, purification of the desired cleavage product by denaturing PAGE
is the method of choice.

223
Further Strategies Toward Homogeneous Ends

In addition to those described above, other approaches for generating homoge-
neous ends are available as well. Two methods, an RNase H-based strategy and an-
other making use of T7 transcription templates with two consecutive 2’-O-methyl
nucleotides at the 5’ end of the template strand, are detailed in Chapter 3. The
RNase H-based strategy can be employed to generate homogeneous 5’ and 3’
ends, while the 2'-O-methyl approach is suited for the production of homogeneous
3" ends only.

Recently, almost complete 5’ end homogeneity of T7 transcripts was demon-
strated with templates directing transcription from the less frequently used T7
class II promoter, at which T7 RNAP initiates synthesis with an A instead of a G
residue. Transcription yields from this promoter were reported to equal those of
the commonly used T7 class III promoter (see Chapter 1 and [26]).

An elegant variation of trans-cleavage concepts, usually relying on ribozymes, in-
volves a 10-23 DNA enzyme [26-28]. This type of DNAzyme has a 15-nt core DNA
sequence flanked by two arms that form 8- to 10-bp long hybrid helices with the
substrate RNA. Cleavage occurs within a 5'-RY motif (R = A, G; Y = C, U; for de-
tails, see [29]) at the junction of the two hybrid helices, resulting in 5'-OH and
2’.3'-cyclic phosphate termini. Sequence-tailored versions of the 10-23 DNAzyme,
representing simple DNA oligonucleotides (around 30 nt), can be easily obtained
from commercial suppliers and provide an inexpensive and effortless, although
less explored alternative to ribozymes in the production of RNAs with homoge-
neous ends.

23
Critical Experimental Steps, Changeable Parameters, Troubleshooting

2.3.1
Construction of Cis-cleaving 5" and 3’ Cassettes

A critical step in the construction of hammerhead and/or HDV ribozyme cassettes
is to establish an efficient overlap extension PCR (Fig. 2.4). Usually, the 5’ ham-
merhead cassette is created by two overlapping oligonucleotides that cover the
complete hammerhead domain (Fig. 2.4A). In addition, the upstream primer can
carry the sequence for the T7 RNAP promoter at the 5’ end (and/or a terminal re-
striction enzyme cleavage site if plasmid cloning of the PCR fragment is intended).
A minor disadvantage is that such an oligonucleotide will be extended by at least
17 nt, which is associated with lower yields of chemical synthesis. Therefore, a
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cassettes at the 5’ and 3’ termini. (A and B) By sequence encoding the RNA of interest. (D7)
PCR extension of overlapping primer pairs, the The resulting overlap extension product is
initial cassettes (HH, hammerhead; HDV, HDV further amplified using the indicated primers.
ribozyme) are created. (C) Using primers with  (E) Eventually, the same strategy is applied
5’ extensions overlapping the ribozyme to append the HDV sequence. (E1) The final
cassettes, the sequence of interest is amplified product carrying both cassettes at the

in a third PCR reaction. (D) Subsequently, PCR  corresponding ends is further amplified with
products from reactions A and C are combined terminal primers.

reasonable alternative is to use an upstream primer without the T7 promoter se-
quence and to insert the PCR product into a cloning vector that encodes the T7
promoter immediately upstream of the cloning site. Otherwise, the T7 promoter
can be introduced at a later PCR step.

In a second PCR reaction, the 3’-cassette representing the HDV ribozyme do-
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main is synthesized, again by the use of overlapping primers (Fig. 2.4B). In a third
step, the sequence encoding the RNA of interest is amplified (Fig. 2.4C). Here, the
upstream primer includes a region overlapping the hammerhead sequence, such
that the resulting product can be used for an overlap extension in combination
with the hammerhead PCR product (Fig. 2.4D). Likewise, the downstream primer
introduces an extension corresponding to the 5’ part of the HDV ribozyme cas-
sette. In a final overlap extension (Fig. 2.4E), the amplified product from Fig.
2.4(D1) is combined with the HDV PCR product in order to generate the full-
length construct. Before cloning this product into an appropriate plasmid, it is
further amplified using terminal primers (Fig. 2.4E1). After cloning, inserted se-
quences need to be verified, since the numerous PCR steps involved may lead to
aberrant products or sequence deviations.

A complete protocol representing an example of the PCR strategy depicted in Fig.
2.4 is detailed below. The resulting final primary transcript with upstream ham-
merhead and downstream HDV ribozyme cassettes is illustrated in Fig. 2.2(A).
PCR reactions outlined below have been successfully performed with Taqg DNA
polymerase. However, one may consider to use a thermostable DNA polymerase
with 3’-5’ proofreading activity, such as Pfu polymerase, for the generation of all
PCR products that are subsequently used in overlap extension reactions. The rea-
son is that Taq polymerase (which has no proofreading activity) tends to add a sin-
gle non-templated A residue to the 3’ end of PCR products. While this activity is
exploited in some cloning strategies (TA-cloning kits), it potentially interferes with
overlap extensions: the additional 3’-terminal A does not base pair with the com-
plementary strand. As a consequence, the fraction of strands carrying this extra A
residue may not be extended, thus decreasing the overall yield of extension product
[30].

PCR protocols

PCR reactions were performed with 2.5 U Taq DNA polymerase per 50 pl standard
reaction volume in 10 mM Tris—HCI, pH 8.3, 1.5 mM MgCl,, 50 mM KCL. For
overlap extensions, the complementary stretches of primer pairs are underlined.
The T7 promoter is given in italics, a terminal BglII site in lowercase letters. Reac-
tions A—E1 correspond to the steps shown in Fig. 2.4. Note that when including
terminal restriction enzyme recognition sites in the PCR product for cloning pur-
poses, a few flanking nucleotides beyond the restriction sites have to be added for
efficient restriction enzyme cleavage after PCR amplification (for details, see New
England Biolabs catalogue “Reference Appendix”).

(A) Overlap extension of regions P2, P3 and the 5’ part of P1 of the hammerhead

cassette (see Fig. 2.1), including an upstream T7 promoter and a Bglll site

Primer 1 sense: 5'-GGa gat ctA ATA CGA CTC ACT ATA GGG AGA AAT CCG
CCT GAT GAG-3’

Primer 2 antisense: 5'-GAC GGT ACC GGG TAC CGT TTC GTC CTC ACG GAC
TCA TCA GGC GGA-3'

PCR profile: 20 cycles: 1 min 94 °C/1 min 40 °C/30 s 72 °C
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Resulting sequence: 5'-GGa gat ctA ATA CGA CTC ACT ATA GGG AGA AAT
CCG CCT GAT GAG TCC GTG AGG ACG AAA CGG TAC CCG GTA CCG
TC-3’; 77 bp

(B) Overlap extension of the HDV ribozyme cassette

Primer 3 sense: 5'-GGG TCG GCA TGG CAT CTC CAC CTC CTC GCG GTC CGA
CCT GGG CTA-3/

Primer 4 antisense: 5'-CTT CTC CCT TAG CCT ACC GAA GTA GCC CAG GTC
GGA CCG CGA GGA-3’

PCR profile: 20 cycles: 1 min 94 °C/1 min 60 °C/30 s 72 °C

Resulting sequence: 5-GGG TCG GCA TGG CAT CTC CAC CTC CTC GCG GTC
CGA CCT GGG CTA CTT CGG TAG GCT AAG GGA GAA G-3’; 67 bp

(C) Amplification of the template encoding the RNA of interest (here: yeast tRNAPhe,

Fig. 2.2A) using primers overlapping with hammerhead and HDV sequence

Primer 5 sense (5’ extension into the hammerhead sequence underlined): 5-GTA
CCC GGT ACC GTC GCG GAT TTA GCT CAG-3’

Primer 6 antisense (5’ extension into the HDV ribozyme sequence underlined): 5'-
TGG AGA TGC CAT GCC GAC CCT GCG AAT TCT GTG G-3’

PCR profile: 2 min 94 °C

30 cycles: 1 min 94 °C/1 min 42 °C/30 s 72 °C

Resulting sequence (regions overlapping with hammerhead and HDV ribozyme
sequences are underlined): 5-GTA CCC GGT ACC GTC GCG GAT TTA GCT
CAG TTG GGA GAG CGC CAG ACT GAA GAT CTG GAG GTC CTG TGT
TCG ATC CAC AGA ATT CGC AGG GTC GGC ATG GCA TCT CCA-3’; 108 bp

(D) Overlap extension of products from A and C
PCR profile: 4 min 94 °C
10 cycles: 1 min 94 °C/2 min 40 °C/45 s 72 °C

(D1) Addition of primers, product amplification

Primer 7 sense: 5'-GGa gat ctA ATA CGA CTC ACT ATA GGG-3'

Primer 6 antisense: 5'-TGG AGA TGC CAT GCC GAC CCT GCG AAT TCT GTG
G-3'

PCR profile: 30 cycles; 1 min 94 °C/2 min 55 °C/45 s 72 °C

Resulting sequence (hammerhead region and overlap with HDV ribozyme cassette
underlined): 5'-GGa gat ¢t A ATA CGA CTC ACT ATA GGG AGA AAT CCG
CCT GAT GAG TCC GTG AGG ACG AAA CGG TAC CCG GTA CCG TCG
CGG ATT TAG CTC AGT TGG GAG AGC GCC AGA CTG AAG ATC TGG
AGG TCC TGT GTT CGA TCC ACA GAA TTC GCA GGG TCG GCA TGG
CAT CTC CA-3’; 170 bp

(E) Overlap extension using the product obtained in D1 (carrying a 3’ extension into
the HDV-coding sequence) and the PCR product for the HDV ribozyme cassette (B)
PCR profile: 4 min 94 °C

10 cycles: 1 min 94 °C/2 min 60 °C/45 s 72 °C
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(E1) Addition of primers, product amplification

Primer 7 sense: 5'-GGa gat ctA ATA CGA CTC ACT ATA GGG-3’

Primer 4 antisense: 5'-CTT CTC CCT TAG CCT ACC GAA GTA GCC CAG GTC
GGA CCG CGA GGA-3'

PCR profile: 30 cycles; 1 min 94 °C/2 min 60 °C/45 s 72 °C

Resulting sequence (hammerhead and HDV ribozyme regions underlined): 5'-
GGa gat ctA ATA CGA CTC ACT ATA GGG AGA AAT CCG CCT GAT GAG
TCC GTG AGG ACG AAA CGG TAC CCG GTA CCG TCG CGG ATT TAG
CTC AGT TGG GAG AGC GCC AGA CTG AAG ATC TGG AGG TCC TGT
GTT CGA TCC ACA GAA TTC GCA GGG TCG GCA TGG CAT CTC CAC
CTC CTC GCG GTC CGA CCT GGG CTA CTT CGG TAG GCT AAG GGA
GAA G-3/; 217 bp

232
Dephosphorylation Protocols

As discussed above, the activities of both hammerhead and HDV ribozymes lead to
the release of RNA molecules that carry 5'-OH and 2’,3’-cyclic phosphate groups at
their termini. While the 5’ ends can be phosphorylated by standard T4 PNK proce-
dures, several efficient and robust protocols can be used in order to remove the
2’,3'cyclic phosphate group [11]. However, the efficiency of these protocols may
vary with the RNA substrate to be dephosphorylated. Hence, it is recommended
to test different dephosphorylation procedures if one method does not give satisfy-
ing results. An easy test for the removal of the terminal 2’3’-cyclic phosphate
group is to analyze aliquots of the RNA before and after treatment with T4 PNK
by denaturing PAGE: The removal of the phosphate group leads to a reduced net
charge of the transcript, which, for small RNAs (less than 100 nt), can be moni-
tored by a lower electrophoretic mobility of the RNA in comparison to the un-
treated RNA (see Chapter 6).

Dephosphorylation protocol 1

Up to 50 pmol RNA are incubated with 6 U T4 PNK (New England Biolabs) in a
final volume of 50 pl for 6 h at 37 °C in the following buffer:

100 mM Tris—HCI, pH 6.5

100 mM magnesium acetate

5 mM f-mercaptoethanol

Dephosphorylation protocol 2

100 pmol RNA are incubated with 1 U T4 PNK (New England Biolabs) in a final
volume of 50 pl for 6 h at 37 °C in a buffer containing:

100 mM imidazole-HCI, pH 6.0

10 mM MgCl,

0.1 mM ATP

10 mM pS-mercaptoethanol

20 pg/ml BSA (RNase—free)
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Dephosphorylation protocol 3

Up to 300 pmol RNA are incubated with 10 U T4 PNK (New England Biolabs) in a
final volume of 20 pl for 6 h at 37 °C in the following buffer:

100 mM morpholinoethanesulfonate/NaOH, pH 5.5

300 mM NaCl

10 mM MgCl,

10 mM f-mercaptoethanol

233
Protocols for RNase P Cleavage

Preincubation of E. coli RNase P RNA

The preincubation step described below is not essential when using E. coli RNase P
RNA, but it can increase the proportion of ribozyme molecules competent for sub-
strate binding [31]. The procedure is the following:

20 pmol of E. coli RNase P RNA (produced by in vitro transcription) incubated in a
volume of 15 pl for 1 h at 37 °C in RNase P cleavage buffer:

50 mM Tris—HCI, pH 7.5

0.1 mM EDTA

100 mM ammonium acetate

100 mM magnesium acetate

5% PEG 6000

Cleavage reaction

10 pmol of an RNA—tRNA primary transcript of the type shown in Fig. 2.3 (in 15 ul
RNase P cleavage buffer) is added to the preincubation mixture and incubated for
1.5 h at 37 °C. It is recommended to adjust the ratio of ribozyme:substrate concen-
tration to 2:1 as a compromise between cleavage efficiency and saving of ribozyme
material. When using RNase P RNA from T. thermophilus, cleavage is usually per-
formed in the same buffer as used for E. coli RNase P RNA (see above). However, a
typical incubation temperature is 55 °C [31]. Preincubation of T. thermophilus
RNase P RNA (20 min at 55 °C) in RNase P cleavage buffer is essential for ribo-
zyme activation if the cleavage reaction is to be performed at 37 °C, but can be
omitted for cleavage assays at 55-75 °C.

2.3.4
Potential Problems

Although the described systems do not have any known restrictions concerning the
sequence of the RNA of interest, one should keep in mind that some primary
structures might interfere with the correct folding of the ribozyme cassettes or the
linked tRNA molecule. Such misfolding may result in a low reaction efficiency or
even in no cleavage at all. As a first approach, a temperature cycling procedure,
such as the one described in Section 2.2.1.2, should be attempted. If unsuccessful,
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it is advisable to change the linked tRNA sequence (in the case of an RNase P sub-
strate) or to switch from cis-cleaving ribozyme cassettes to the trans-cleaving RNase
P strategy or vice versa. To avoid such failures from the beginning, we recommend
readers scrutinize the structure of the primary transcript by Mfold [32] before ex-
perimental work.
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3
RNA Ligation using T4 DNA Ligase

Mikko J. Frilander and Janne J. Turunen

3.1
Introduction

Efficient RNA ligation methods for generating site-specifically modified long RNA
molecules using the T4 DNA ligase were initially described some 10 years ago [1].
More recently, this method has been widely used to provide chimeric RNAs to
study various RNA-RNA and RNA-protein interactions in diverse biochemical re-
constitution systems as well as in live cells (e.g. in Xenopus oocytes). The modifica-
tions introduced include simple insertion of a single radioactive group at a specific
location of an RNA molecule and more complicated alterations in which different
nucleotide analogs, crosslinking groups or RNA backbone modifiers have been in-
serted into long RNA molecules [2-10].

Currently the efficiency of chemical RNA synthesis is such that high-quality
RNA molecules up to 80-nt long can be obtained from commercial sources. Since
the yield of chemical synthesis is significantly higher than that of RNA ligation, the
latter should be carried out only when chemical synthesis cannot be used to obtain
the desired molecules. Such cases include (1) the introduction of radioactive
groups or modified nucleotides in the middle of a long RNA molecule, (2) the
need for capped RNAs, or (3) requirement for modified RNA molecules that are
longer than what can be synthesized chemically. As the repertoire of various phos-
phoramidite monomers used in chemical RNA synthesis is constantly growing,
RNA oligonucleotides containing modified nucleotides are frequently utilized in
the construction of a long chimeric RNA molecule. In such cases, the RNA oligo-
nucleotides are ligated to other RNA molecules, which are often produced by in
vitro transcription reactions. This combination provides a way to modify functional
groups in virtually any position in a given RNA molecule.

Despite the seemingly simple overall reaction, i.e. the joining of two or three
RNA molecules together with the aid of T4 DNA ligase, the execution of a ligation
experiment can be a laborious task if large amounts of the ligated products are
needed. Here we will review the current methods for RNA ligation. As several ex-
cellent reviews on this subject have already been published [11-13], we will here,
in addition to concentrating on the RNA ligation itself, describe special methods to

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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generate high-quality in vitro transcripts with homogeneous 5’ or 3’ termini, which
are required for large-scale production of chimeric RNAs. Other widely used strat-
egies for the generation of homogeneous 5’ and 3’ ends are detailed in Chapter 2.

3.2

Overview of the RNA Ligation Method using the T4 DNA Ligase

Although T4 DNA ligase is ordinarily used to ligate DNA molecules, it can also
catalyze the formation of a phosphodiester bond between two RNA molecules or
between RNA and DNA molecules, as its original name “T4 polynucleotide ligase”
indicates [14]. The principle of the RNA ligation by T4 DNA ligase is depicted in
Fig. 3.1. Typical applications are the so-called two-way (Fig. 3.1A) and three-way

A Two-way ligation

B Three-way ligation

_ Acceptor Donor _ ;
5 l = 59 E— -3
LU L) 5 AL L) s
DNA oligonucleotide DNA oligonucleotide
"Spllnt" "Splint"
T4 DNA Ligase T4 DNA Ligase
+ATP +ATP
5 | -3 5 I | L3
Perfect junction Gap at the junction Unpaired nucleotides
at the junction
- Ligation - No ligation - No ligation
LLLLLLLRRR R LLLLRRRRL R LLLLRLR L
5'- gt ‘?_I_I. 3
L1 1 111

Fig. 3.1. The principle of the RNA ligation
with T4 DNA ligase. DNA splint
oligonucleotide (black) hybridizes with two
(A: two-way ligation) or three (B: three-way
ligation) RNA molecules (grey and white) and
forms a double-helical structure. (C) Ligation

requires 3’-OH and 5’-monophosphate on
acceptor and donor molecules, respectively. A
gap in the double-stranded helix structure or
unpaired nucleotides at the junction (such as
n+ 1 products resulting from T7 transcription)
will inhibit the ligation.
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(Fig. 3.1B) ligations, in which either two or three RNA pieces, respectively, are
joined together with the aid of T4 DNA ligase. Normally one of the pieces contains
the desired modification(s), while the other(s) are used to reconstitute the full-
length RNA molecule under study. The RNA pieces to be ligated are aligned and
held together with a complementary bridging DNA oligonucleotide, also known
as “DNA splint” or “cDNA template”. The ligase catalyses phosphodiester bond
formation between the 5’-phosphate of the donor (3’ substrate RNA) and the 3’-
hydroxyl of the acceptor (5’ substrate RNA). Therefore, RNAs containing, for exam-
ple, a 3’-phosphate or a 5’-triphosphate are not ligated. Furthermore, the RNA/
DNA double helix formed by the two RNA pieces and the DNA splint has to be
consecutive without any bulges or gaps, especially at the point of the junction of
the two RNA molecules.

Although the RNA molecules can also be joined with T4 RNA ligase (see Chap-
ter 4), the use of T4 DNA ligase has several advantages in the construction of long
RNA molecules. The main advantage is that, as a consequence of the strict require-
ment for uninterrupted/unbulged double-helical structure by the T4 DNA ligase,
the ligation reaction takes place only for such RNA molecules that have correct ter-
mini at the point of the junction (Fig. 3.1C). Furthermore, the use of T4 DNA li-
gase does not lead to an unwanted formation of circular RNA structures that can
be a problem when using T4 RNA ligase with RNA molecules containing unpro-
tected 3’ or 5’ ends. Finally, as compared to the T4 RNA ligase, the T4 DNA ligase
has a lower Ky, for polynucleotides, resulting in higher ligation efficiency at lower
RNA concentrations, and it does not display any sequence specificity on either
donor or acceptor molecules.

A simplified flowchart for a three-way ligation experiment is presented in Fig.
3.2 to illustrate the typical steps needed for the preparation of individual RNA
pieces for the RNA ligation. In this example, the final product has been capped
with GpppG and the modified nucleotides are located in the middle of the mole-
cule. The modified nucleotides introduced into the RNA molecule are incorporated
in the central piece, which is chemically synthesized. The 5’ and 3’ pieces are
produced by in vitro transcription using T7 RNA polymerase. In this scheme the
preparation of the 5’ piece is relatively simple, while the 3’ piece requires further
processing to generate a 5" monophosphate and/or correct 5’-terminal sequence
(dephosphorylation followed by phosphorylation to generate 5’-monophosphate
termini or, alternatively, site-specific cleavage with RNase H). As the quality of the
chemically synthesized pieces is often relatively high and does not necessarily re-
quire extensive processing, we will concentrate in the following sections on the
production of high-quality transcripts by T7 RNA polymerase.

33
Large-scale Transcription and Purification of RNAs

When preparing RNA for the ligation it is necessary to start with a relatively large
initial amount of RNA to account for the unavoidable losses at the various stages of
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the procedure (substrate manipulations, RNA ligation itself and the subsequent
purification steps). A practical rule of thumb used in our laboratory is to start
with an at least 10-fold excess of each individual RNA piece compared to the
amount of the ligated product needed in the final experiments. As described in
Chapter 1, transcription by T7 phage polymerase can be used to generate large
quantities of RNAs from defined DNA templates containing phage-specific pro-
moters. The templates can be linearized plasmids or PCR products or even an-
nealed oligonucleotides [15]. In ligation experiments, the use of PCR products is
preferred because they provide an easy way to specify nucleotides at the point of
junction of the two RNAs to be ligated. Here we describe conditions for generating
large amounts of RNA (several nanomoles) from a single transcription reaction
(Protocol 1). This reaction is suitable for RNA molecules that fit the promoter con-
sensus of the phage polymerase, where at least the first transcribed nucleotide or,
if possible, both the first and the second nucleotides should be G residues. If other
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than a G residue is required as the initial nucleotide, the transcript can be initially
produced as a longer precursor which is subsequently cleaved at a specific site with
a ribozyme (Chapter 2) or RNase H (see below). Alternatively, the transcription can
be primed with a suitable dinucleotide ([1, 16, 17] and Chapter 1).

We have successfully used the buffer and reaction conditions indicated in Proto-
col 1 with T7 RNA polymerase, with yields up to 4-5 nmol of gel-purified RNA
from a 200-pl reaction. The reaction conditions described in Protocol 1 are not rec-
ommended for the production of capped RNAs as the high concentrations of diva-
lent cations and spermidine tend to precipitate the cap analogs. Instead, modified
conditions described in Protocol 2 should be used for the transcription of capped
RNAs.

Following the transcription reaction, the DNA template is degraded with DNase
to ensure that the contaminating template DNA (which will have almost the same
mobility in the gel as the transcript itself') will not interfere with the further steps
of the ligation procedure. Subsequently, the full-length transcript RNA will be pu-
rified from prematurely terminated products by denaturing gel electrophoresis.
Following electrophoresis, the bands are visualized using the “UV shadow” tech-
nique, excised, and eluted by passive diffusion (see Protocol 3).

3.4
Generating Homogeneous Acceptor 3’ Ends for Ligation

PCR-based template generation followed by transcription with phage polymerases
is a simple and efficient method for generating large amounts of RNA fragments
for ligation purposes. However, a problem with the phage polymerases is that they
can add non-templated nucleotides to the 3’ end of the synthesized RNA molecule.
In the worst cases more than 50% of the synthesized RNA molecules can contain
these so-called n + 1 and n + 2 nucleotides [18, 19]. As the T4 DNA ligase requires
an absolute match between the DNA splint and the two RNA molecules to be li-
gated, the non-template addition of extra nucleotides can significantly reduce the
efficiency of the RNA ligation. This is not necessarily a severe problem in small-
scale or initial screening experiments, in which limited amounts of the ligated
products are often sufficient. However, if large amounts of the ligated products
are needed, the inefficient ligation may become a major limitation. In such cases
methods producing RNAs with specific 3’ terminus can often lead to a several-fold
increase in the quantity of the ligated products.

A simple method for reducing non-templated nucleotide addition has been
described recently [20]. In this method the very 5’ end of the downstream PCR
primer used in the synthesis of the template DNA for T7 transcription is modified:
instead of standard deoxyribonucleotides, it contains two 2’-O-methyl RNA resi-
dues (Fig. 3.3A). During the PCR reaction the primers are incorporated into the
synthesized DNA fragments which subsequently serve as templates in transcrip-
tion by T7 RNA polymerase. During transcription the modified nucleotides at
the 5/ end of the template strand will lead to a significant reduction of the
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Fig. 3.3. (A) Production of T7 transcripts PCR reaction to produce a template for T7

with homogeneous 3’ ends. The template for
T7 transcription is produced by PCR. The
upstream primer contains a promoter for T7
RNA polymerase, while the downstream primer
contains two 2’-O-methyl RNA residues at the
5’ end of the oligonucletotide. Both primers
are incorporated into the PCR product and
during transcription with T7 RNA polymerase,
the 2’-O-methyl RNA residues prevent the
addition of non-template nucleotides to the 3’
end of the RNA molecules. (B) Comparison of
the ligation efficiencies when a standard DNA
oligonucleotide and a hybrid DNA/2’-O-Methyl
RNA oligonucleotide (depicted in panel A)
were used as the downstream primer in the

transcription. Lane 1: control lane containing
a 32P-labeled donor molecule; lane 2: ligation
with an RNA fragment derived from
transcription using an all-DNA template; lane
3: ligation with an RNA fragment derived from
transcription using a template with two 5’
terminal 2’-O-methyl modifications. In the
ligation reactions (lanes 2 and 3) the donor
RNA fragments were radioactively labeled,
while the acceptor RNAs were unlabeled. (C)

The principle of site-specific RNase H cleavage.

The cleavage sites of Amersham/Pharmacia/
USB (a) or Boehringer (b) RNase H [24] are
indicated.
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non-templated addition of extra nucleotides to the 3’ end of transcripts [20]. We
have used this method successfully, and have been able to raise the ligation effi-
ciency from 20 to 70% with no other alterations in the procedure (Fig. 3.3B).
The drawback of the hybrid DNA/2’-O-methyl RNA oligonucleotides is that they
are more expensive and are readily available only from few commercial sources.
We have purchased our oligonucleotides either from Dharmacon Research (www.
dharmacon.com) or from Keck oligonucleotide synthesis facility at Yale University
(info.med.yale.edu/wmbkeck/oligos.htm).

Another way of creating homogenous 3’ ends is to synthesize the RNA as a
longer precursor and cut it into the desired length using site-directed cleavage
with RNase H or with a specific ribozyme. The ribozyme cleavage has been de-
scribed in Chapter 2, while the site-specific RNase H cleavage, which can be used
to trim both the 3’ and 5’ end of the RNA molecule, will be described in detail in
the next paragraph.

3.5
Site-directed Cleavage with RNase H

At times it may not be possible to transcribe the desired RNA directly, e.g. when
the first nucleotide is not a guanosine. One possible solution for this is the
site-specific cleavage of a longer precursor RNA molecule using RNase H and chi-
meric 2’-O-methyl RNA/DNA oligonucleotides. This method may also be used to
solve problems with 5’ or 3’ end heterogeneity.

RNase H recognizes and binds nucleic acids that are duplexes of DNA and
RNA and cleaves the backbone of the RNA strand leaving a 5’-phosphate and a 3'-
hydroxyl [21]. The site of cleavage may be specified when using oligonucleotides
containing a short DNA stretch (3 or 4 nt) which is flanked by 2’-O-methyl-RNA
sequences [22, 23]. We have successfully used hybrid 20mer oligonucleotides
which contain three 2’-O-methyl RNA residues at the 5’ end, followed by four
DNA residues and thirteen 2’-O-methyl residues (see Fig. 3.3C). An important ob-
servation to be noted [24] is that the exact position of cleavage is, for unknown rea-
sons, dependent on the commercial source of the RNase H. The enzymes supplied
by Pharmacia, Sigma and Takarashuzo were reported to cleave the phosphodiester
bond which is located 3’ to the ribonucleotide base-paired with the 5’-most deoxy-
ribonucleotide of the oligonucleotide, whereas the enzyme from Boehringer Man-
nheim cleaved the bond located one nucleotide upstream (5’ direction) in the RNA
molecule (Fig. 3.3C). After the report was made, however, there have been mergers
of the aforementioned companies, and it is unclear which enzyme sources and pu-
rification protocols are now used by the merged companies. In our studies we have
used RNase H supplied by Amersham and found that it functions as the one sup-
plied earlier by Pharmacia. If other enzyme sources are used it is advisable to map
the exact cleavage site by primer extension analysis.

Protocol 4 describes a general cleavage strategy using RNase H and hybrid DNA/
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2’-O-methyl RNA oligonucleotides. In the first step the RNA and the hybrid oligo-
nucleotides are allowed to anneal, after which the appropriate buffers and enzyme
are added. For efficient annealing, the RNA and oligonucleotides should be initially
denatured completely by heating them to 95 °C and then, by lowering the temper-
ature slowly, allowed to anneal. Addition of a monovalent salt, such as KCl, further
enhances the annealing, but the concentration in the final cleavage reaction should
not exceed 50 mM. Small amounts of EDTA are included to chelate any traces of
divalent cations, e.g. Mg?*, to reduce chemical degradation of the RNAs at high
temperatures. The amounts of RNA and oligonucleotides can be adjusted to suit
the particular experiment, but the reaction should always contain close to equimo-
lar amounts of the oligonucleotide relative to the RNA to be cleaved. Large excess
of the hybrid oligonucleotide may lead to aberrant cleavage at additional sites. We
typically use 10-15% excess of the oligonucleotide to ensure efficient annealing. If
the 5" end of the fragment is to be dephosphorylated for a subsequent labeling
with a radioactive phosphate, the final yield of the cleaved RNA product may be in-
creased by carrying out the dephosphorylation prior to the gel purification.

3.6
Dephosphorylation and Phosphorylation of RNAs

The 5'-triphosphate resulting from the transcription reaction (see Fig. 3.2) must be
converted to 5’-monophosphate if the RNA is to be used as a donor RNA in the
ligation reactions. This is achieved by first dephosphorylating the RNA and then
phosphorylating the resulting 5’-hydroxyl with unlabeled or radioactively labeled
phosphate. The dephosphorylation catalyzed by the calf intestinal alkaline phos-
phatase (CIAP) is carried out at 50 °C (see Protocol 5). The elevated temperature
is used to reduce the effect of RNA secondary structure on dephosphorylation. Fol-
lowing the dephosphorylation it is necessary to completely remove the CIAP, as it
could seriously inhibit the further downstream steps. As very large amounts of
CIAP are used, we typically remove it by proteinase K digestion. It is also possible
to use other phosphatases [such as shrimp alkaline phosphatase (SAP)| which are
easier o inactivate compared to CIAP. However, our experience with SAP is that at
least with some substrates it does not work as efficiently as CIAP.

As mentioned previously, the donor RNA must have a 5'-phosphate for success-
ful ligation. Dephosphorylated transcripts or chemically synthesized oligonucleoti-
des can be phosphorylated by T4 polynucleotide kinase (PNK) in the presence of
ATP (note that RNA oligonucleotides can also be phosphorylated during the chem-
ical synthesis). T4 PNK can also be used in site-specific labeling to insert a single
radioactive phosphorus at the junction between the acceptor and donor. Protocol 6
describes phosphorylation with [y-32P]ATP resulting in a specific activity of approx-
imately 0.5 x 10 c.p.m./pmol. The protocol can also be used for non-radioactive
phosphorylation to create the 5’ phosphate required for ligation, in which case
500 uM unlabeled ATP should be used.
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3.7
RNA Ligation

Following successful production of the individual RNA pieces they will finally be
joined by RNA ligation. The ligation protocol, much like the RNase H cleavage dis-
cussed previously, is divided into two parts. First, the RNA fragments are aligned
together with a bridging oligonucleotide, also known as the “DNA splint” or
“cDNA template”. Second, the reaction mix is added and the RNA ends at the
junction are joined by the T4 DNA ligase in the presence of ATP. The major con-
sideration when planning both steps is to know the molar concentrations of each
individual RNA piece and the DNA splint oligonucleotide. Furthermore, the liga-
tion volume should be kept as small as possible, as the ligation proceeds more ef-
ficiently when the reactants are concentrated. The final volume of the reaction
should therefore be kept at approximately 10-20 pl. Finally, to help the detection
of the ligated products in purification gels and their subsequent quantification
one should always include trace amounts of radioactively labeled RNAs in the liga-
tion reaction. This should be done even when the aim is to produce unlabeled chi-
meric RNAs.

Let us consider first the annealing of the RNA fragments and the splint. Splints
spanning the sequence for 20 nt on both sides of the junction align the substrates
efficiently, although splints down to about 20 nt (10 on each side) can be used [11].
For efficient ligation, the three polynucleotides should be present in equal molar
amounts. If one of the RNA fragments is scarce, the splint and the other fragment
may be added in excess to drive the reaction. Adding donor RNA in excess can also
be used to decrease the negative effect of the 3’ end heterogeneity of the acceptor
RNA. However, it is important that the concentration of at least one of the RNA
fragments is greater than that of the DNA splint. If large amounts of the splint
are used, the individual RNA fragments may hybridize to different splint mole-
cules and thus be sequestered from their ligation partners.

Some monovalent salt and EDTA may be added to the annealing reaction, for the
same reasons as previously described for annealing prior to RNase H cleavage (see
Section 3.5). Performing the annealing in a thermal cycler with a heated lid has
also the added advantage that little condensation of water occurs on the lid of the
tube, which is an important consideration when small volumes, which are suscep-
tible to drying, are used.

The buffer used for the ligation reaction may be made by the researcher, as the
one described in Protocol 7, or a commercial one supplied with the enzyme can be
used. Macromolecular crowding agents, such as polyvinyl alcohol (PVA), polyethyl-
ene glycol (PEG) or polyvinyl pyrrolidine (PVP) should be added to increase the
effective concentration of the reactants. Some thought should be given to the
amount of ligase used, as it has been reported that the T4 DNA ligase does not
turn over efficiently on RNA-containing duplexes [11]. Therefore, a stoichiometric
amount of T4 DNA ligase should be used, with 1 Weiss unit corresponding approx-
imately to 1 pmol.

Finally, the incubation time and temperature should be considered. Incubating
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the reaction at 30 °C for 4 h is a widely used approach. In our research we have
also performed the incubation overnight at room temperature (around 20-25 °C)
and this seems to result in somewhat higher yields, probably due to both increased
incubation time and the reduced temperature which can stabilize the double-
stranded structures at the junction.

3.8
Troubleshooting

A typical problem with ligations is a low yield of the final ligated product. With two-
way ligation the efficiency should be at least 20%, but even nearly stoichiometric
ligations are possible with high-quality RNA. With three-way ligations the efficien-
cies can sometimes be less than 10%, but one should be able to increase the effi-
ciency to approximately 30% relatively easily. If the ligation yield is very low, the
first thing to do is to determine which one of the RNA or DNA fragments is re-
sponsible for the low efficiency. This can be done easily by setting up small-scale
test ligations which contain only about 1 pmol of each fragment. Short DNA oligo-
nucleotides can also be used as acceptors or donors during troubleshooting instead
of the actual RNA fragments.

If the problem with the ligation can be pinpointed to the acceptor RNA the most
obvious question would be the quality of the 3’ end of the RNA molecule: is it ho-
mogeneous or does it contain non-templated nucleotides? Non-templated nucleo-
tide additions can often be avoided using the techniques described in Sections 3.4
and 3.5. Another possible problem with the acceptor is the presence of a stable
RNA secondary structure that could prevent the hybridization of the DNA splint
oligonucleotide. The best way to resolve this is to destabilize the structure with
site-specific mutations. The mutations near the junction are often easy to incorpo-
rate by means of the PCR oligonucleotides that are used in the generation of
templates for T7 transcription. If the strategy does not allow mutations, an alterna-
tive is to use an additional “disrupter” oligonucleotide which binds adjacent to
the splint oligonucleotide and prevents the formation of stable RNA secondary
structures.

A typical problem with the donor RNA, in addition to the stable RNA secondary
structure described above, is inefficient dephosphorylation (or phosphorylation) at
the 5" end of the RNA. This can be caused for example by a stable secondary struc-
ture at the 5’ end of the molecule. A larger amount of phosphatase (or kinase) may
be used to overcome this problem or, alternatively, an analogous disrupter oligo-
nucleotide strategy could be designed.

Apart from the problems with ligations, one can also experience difficulties at
stages that are further downstream of the actual RNA ligation reaction, but which
are the results of the ligation procedure. One, at least theoretical, possibility is the
cleavage of the ligated RNA during incubation with cellular extract due to endoge-
nous RNase H activity and residual amounts of the DNA splint oligonucleotide in
the ligated RNA sample. We have not observed any RNase H activity resulting
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from a contaminating DNA splint in any of our studies. However, if this is of
concern, it can be avoided by treating the ligation reactions with DNase before
purification.

39
Protocols

Protocol 1: Transcription
5 x T7 transcription buffer: 600 mM HEPES-KOH, pH 7.5; 120 mM MgCl,; 100
mM DTT; 5 mM spermidine.

T7 transcription 200 pl Final concentration
40 pl 5 x T7 transcription buffer 1x

40 ul 25 mM each rNTP 5 mM

5ul 40 U/ul RNase inhibitor (Promega) 1 U/ul

2-10 ul 100 U/pl T7 RNA polymerase 1-5 U/l

40 pl 50-250 ng/pl PCR-product 10-50 ng/ul

65-73 ul RNase-free water

(1) Combine reaction components, add the DNA last to avoid precipitation by high
concentrations of spermidine present in the transcription buffer.

(2) Incubate at 37 °C for 1.5 h, afterwards add more enzyme (0.5-1 X the origi-
nal amount) and incubate for an additional 1.5 h. Typically a white pyrophos-
phate precipitate will start to accumulate at the later stages of the transcription
reaction.

(3) Add 1 U of RNase-free DNase, such as RQ1 DNase (Promega) for each micro-
gram of template DNA and continue the incubation for an additional 15-30
min.

(4) Extract RNA once by phenol:chloroform:isoamyl alcohol (25:24:1).

(5) Precipitate RNA by adding 20 pl 3 M NaOAc (pH 5.2) or NaCl and 2.5 volumes
of ethanol.

(6) Dissolve the pellet in 5 pl water and gel-purify the RNA by denaturing polyacry-
lamide gel electrophoresis as described in Protocol 3.

Protocol 2: Transcription of capped RNAs
5 x transcription buffer for capped RNA transcription (Promega): 200 mM Tris—
HCI, pH 7.9; 30 mM MgCl,; 10 mM spermidine; 50 mM NaClL

T7 transcription 200 pl Final concentration
40 pl 5 x transcription buffer 1x

2l 100 mM ATP 1 mM

2l 100 mM CTP 1 mM

2ul 100 mM UTP 1 mM

1ul 100 mM GTP 0.5 mM

40 pl 10 mM G(5")ppp(5')G 2 mM?!
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40 ul 50-250 ng/pl PCR product 10-50 ng/ul
5ul 40 U/pul RNase inhibitor (Promega) 1 U/l

2-10 pl 100 U/pl T7 RNA polymerase 1-5 U/l
58-66 ul RNase-free water

I Cap analogs should be at least in 4-fold molar excess relative to GTP to ensure
efficient initiation with the cap analog. Similarly, 5’-hydroxyl- or 5’-monophos-
phate-containing RNAs can be produced by priming the transcription reaction
with guanosine or GMP, respectively, under reaction conditions comparable to
those used with the cap analog (for details, see Chapter 1).

Carry out the reaction as described in Protocol 1 and gel-purify according to Proto-
col 3.

Protocol 3: Purification of RNA by denaturing gel electrophoresis

Gel loading buffer: 0.01% bromophenol blue; 0.006% xylene cyanol in 7.5 M urea/
1 x TBE.

RNA elution buffer: 50 mM Tris—HCI, pH 7.5; 10 mM EDTA; 0.1% SDS; 0.3 M
NaCl.

Before electrophoresis, the reaction mixture should be extracted once with an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1) followed by ethanol precip-
itation, as proteins in the sample may cause smearing of the bands and retain
some of the RNA in the wells. With large amounts (several nanomoles) of RNA,
the pellet should be dissolved in a small volume of water (5-10 pl) before applying
the gel loading buffer in order to minimize loss.

Prepare the polyacrylamide gel (19:1 acrylamide:N,N’-methylene bisacrylamide)
in 7.5 M urea/1 x TBE. The percentage of acrylamide should be adjusted to the
size of RNA fragment to be purified. The thickness of the gel should be adjusted
according to the amount of RNA to be loaded. As the transcription reactions usu-
ally contain several nanomoles of RNA, a relatively thick gel (approximately 1 mm)
should be used to avoid smearing of the bands. Additionally, RNA samples should
be distributed between several wells, even though this may reduce the RNA yields
after the elution. In later steps, when dealing with smaller amounts of RNA, a
thinner gel (0.3-0.5 mm) may be used to increase the elution yields.

(1) Pre-run the denaturing gel at least 20-30 min at 60 W.

(2) Dissolve the RNA pellet in a small amount of water (5-10 pl) and 1 volume of
gel loading buffer. The final urea concentration should be at least 3.5 M but
loading buffers containing up to 7.5 M urea can be used.

Heat the RNA samples at 95 °C for 3-5 min. Immediately put the samples on
ice. Centrifuge the samples if there is water condensation on the lid. This is
especially important if a high concentration urea loading buffer is used, as

(3

=

otherwise the loading buffer (and the sample) can crystallize in the pipette tip
during loading.

(4) Load the samples and run the gel at approximately 60 W for at least 30-60
min, or longer if necessary.
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(5) Separate the gel plates. Place the gel between two Saran wrap (or alike) sheets.
(6) Visualize the RNA bands using UV shadowing. The gel (between two sheets of

=

Saran wrap) is placed on a fluorescent TLC plate or intensifying screen (a sheet
of white paper will do as well) and illuminated briefly with UV light (254 nm).
RNA bands are visualized as dark bands on a fluorescent background. Use a
pen or marker to indicate the location of each band. The exposure time should
be minimized to avoid damage to RNA by the UV light.

Cut out the bands and add approximately 5 volumes of elution buffer to the
excised bands. Carry out the elution overnight at room temperature using a
tube rotator, “rocking table” or a similar device to provide for gentle shaking
during elution.

Collect the supernatant. For increased yield, replace the buffer and continue
elution for a further 4-6 h. Extract the eluates once with phenol:chloroform:
isoamyl alcohol and once with chloroform:isoamyl alcohol. This helps to re-
move any impurities present in the gel, as well as any remaining gel frag-
ments. The RNA is concentrated by ethanol precipitation. Note that there is
no need to add salt as the elution buffer already contains a sufficient amount
of salt for the precipitation. Wash the pellet at least 3 times with 70% ethanol
to remove any traces of SDS and dissolve it in RNase-free water. After
purification the concentration of the transcript should be measured by
UV spectrometry (see Appendix).

If purifying radiolabeled RNAs, the bands can be visualized by autoradiography
instead of UV shadowing. In this case the gel should be left on one of the glass
plates and covered with Saran wrap. Pieces of fluorescent tape (such as Rad-
Tape from Diversified Biotech) serving as alignment marks are attached to the
wrapped gel and illuminated briefly with light. In the darkroom, place an X-ray
film on top of the gel. Expose the film (depending on the activity of the RNA to
be purified, this can be anything from 10 s to several hours). Use the markings
from the fluorescent tape to align the gel and the film, mark the bands, cut
them out and elute as described in Step 7.

Protocol 4: Site-directed cleavage with RNase H
5 x RNase H buffer (Amersham): 100 mM Tris—HCI, pH 7.5; 100 mM KCI; 50
mM MgCly; 0.5 mM EDTA; 0.5 mM DTT.

Annealing reaction 13 pl Final concentration
5 ul 400 uM RNA (2 nmol) 154 uM
5.5 ul 400 puM 2'-O-methyl RNA/DNA oligo 169 uM
(2.2 nmol)
1.3 ul 1 M KCl 100 mM
1.2 4 1 mM EDTA 92 M

In a thermal cycler, run the following program: 95 °C 5 min, 85 °C 10 s, decrease
the temperature with a slope of —0.1 °C/s until the temperature of 35 °C is
reached. Alternatively, the annealing may be carried out in a heating block. In this
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case place the samples first in a hot heating block (95 °C) for 3-5 min, then re-
move the block from the heating unit and allow to cool slowly to room tempera-
ture. In each case, the tubes should be checked for any condensed water on the
lid after the annealing and centrifuged if necessary.

Cleavage reaction 50 ul Final concentration
13 ul annealing mix

10 pl 5 x RNase H buffer 1x

1.5 ul 40 U/ul RNase inhibitor (Promega) ~1 U/l

0.5 ul 100 mM DTT 1 mM

15 pl 5 U/pl RNase H (Amersham) 1.5 U/l

10 ul RNase-free water

(1) Incubate at 37 °C for 3—4 h, extract once with phenol:choloroform:isoamyl al-
cohol and ethanol-precipitate. If dephosphorylation is to be performed before
electrophoresis, carry out chloroform:isoamyl alcohol extraction after the phe-
nol extraction to remove any traces of the phenol.

(2) Separate the cleavage products in a denaturing polyacrylamide gel and visual-
ize the bands by UV shadowing. Use approximately 200 pmol of uncut RNA as
a control to distinguish the full-length RNA. Elute and purify as described in
Protocol 3.

Protocol 5: Dephosphorylation
10 x CIAP buffer (Finnzymes): 100 mM Tris—HCI, pH 7.9; 100 mM MgCly;
10 mM DTT; 500 mM NaClL

Dephosphorylation reaction 100 pl Final concentration
10 pl 10 x CIAP buffer 1x

10 ul 200 M RNA (2 nmol) 20 uM

2.5l 40 U/ul RNase inhibitor (Promega) 1 U/l

10 ul 10 U/ul CIAP (Finnzymes) 10/l

68 ul RNase-free water

(1) Incubate at 50 °C for 1 h.

(2) Add at least 1 volume of an appropriate 1 x buffer for proteinase K (the RNA
elution buffer described earlier also works very well) and 100 pg of proteinase
K to the reaction and continue incubation at 50 °C for an additional hour.

(3) Extract RNA with phenol:chloroform:isoamyl alcohol followed by extraction
with chloroform: isoamyl alcohol, and ethanol precipitation. If the RNA frag-
ment has been cleaved with RNase H prior to the dephosphorylation and has
not been purified by gel electrophoresis, this should be performed at this stage.

Protocol 6: Site-specific labeling with radioactive phosphorus at the donor 5" end
10 x T4 polynucleotide kinase buffer: 700 mM Tris—HCI, pH 7.5; 100 mM MgCl,;
50 mM DTT.
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Phosphorylation reaction 40 pl Final concentration
4l 10 x T4 polynucleotide kinase buffer 1x

5ul 20 pM RNA (100 pmol) 2.5 uM

6 ul 200 uM ATP! 30 uM

1l 40 U/pl RNase inhibitor (Promega) 1 U/ul

20 ul [y-32P]ATP (10 uCi/ul, 6000 Ci/mmol)! 1.7 uM

1ul 10 U/pl T4 polynucleotide kinase 0.25 U/ul

3ul RNase-free water

I The ratio of radioactively labeled versus cold ATP can be adjusted depending on
the particular experiments. However, the total concentration of ATP in the reaction
should be kept at least 2x higher than the concentration of the RNA. If large
amounts of highly radioactive RNA are needed, more crude, but concentrated
[7-32P]ATP can be used [such as NEG 035C (New England Nuclear) or PB15068
(Amersham) — both having activities of about 150 pCi/pl]. If RNA is not to be ra-
dioactively labeled, the 32P-labeled ATP can be replaced with 500 pM unlabeled
ATP.

(1) Incubate at 37 °C for 30-60 min. Subsequently raise the concentration of cold
ATP to 45 uM and continue incubation for 15 min.

(2) Extract once with phenol:chloroform:isoamyl alcohol and once with chloro-
form, and ethanol-precipitate.

(3) Dissolve the pellet in a few microliters of water. Alternatively, the dry pellet can
be directly used in the ligation if dividing the RNA donor into smaller aliquots
is not needed.

Protocol 7: Ligation
10 x ligation buffer: 500 mM Tris—HCI, pH 7.5; 100 mM MgCl,; 200 mM DTT;
10 mM ATP.

Annealing mix for a two-way ligation, 5 pl* Final concentration
1.2 ul 50 uM donor RNA (50 pmol) 10 pM?

1.4 pl 50 puM acceptor RNA (70 pmol) 14 pM?

1.2l 50 uM splint DNA oligo (60 pmol) 12 pM

0.5 ul 1 mM EDTA 0.1 mM

0.5 ul 500 mM KCl 50 mM

T Even if the aim is to produce unlabeled product it is a good idea to include trace
amounts of a radioactively labeled piece to the ligation reaction corresponding to
one of the RNA fragments. This provides an easy way to quantify the total yield of
the ligation reaction. Simply compare the amount of radioactivity included in the
reaction with the amount of radioactivity after the gel purification (by measuring
small samples with liquid scintillation counting) and multiply this percentage
with the total amount of this particular RNA fragment in the reaction.

2We have successfully used RNA concentrations ranging from 100 nM to 20 pM
for each individual RNA segment in the ligation reactions.
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In a thermal cycler, run the following program: 95 °C 5 min, 85 °C 10 s, a slope
of —0.1 °C/s until the temperature of 35 °C is reached.

Check for condensation at the lid and centrifuge the tube(s) if necessary. Com-
bine the ligation reaction as follows:

Ligation reaction 10 pl Final concentration
5ul annealing reaction

1pl 10 x ligation buffer 1x

1.5 pl 13% polyvinyl alcohol (PVA) ~2%

0.5 ul 40 U/pl RNase inhibitor 2 U/ul

2l 30 Weiss U/ul T4 DNA ligase (Fermentas) 6 U/ul

Incubate at room temperature overnight or at 30 °C for at least 4 h.

Extract once with phenol:chloroform:isoamyl alcohol and ethanol-precipitate.
Separate the ligated products from the unligated donor and acceptor in a dena-
turing polyacrylamide gel. Use either radioactively labeled donor, acceptor, or a
full-length transcript as a control. Due to the small amount of RNA present,
the bands must be visualized using autoradiography. Elute and purify the
excised samples as described in Protocol 3. As the amount of the RNA can be
relatively small after the ligation, care must be taken to maximize the yields of
the gel-purified product. At this stage we have used siliconized microcentrifuge
tubes in the elution step and carried out the RNA precipitation in the presence
of carrier (10 pg of glycogen).
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4
T4 RNA Ligase

Tina Persson, Dagmar K. Willkomm and Roland K. Hartmann

4.1
Introduction

The growing interest in RNA-RNA and RNA-protein interactions has led to an in-
creased demand for the production of RNA molecules with chain lengths usually
in the range of 75-500 nt. In particular, chemogenetics (exchange of single func-
tional groups) has become more and more popular in studies of RNA function.
The most efficient RNA synthesis method used today is in vitro run-off transcrip-
tion by T7 RNA polymerase (see Chapter 1). Although this technique produces
large amounts of RNA at relatively low cost with reasonable effort, synthesis of
RNA by in vitro transcription suffers from essentially two drawbacks: (1) potential
5’ and/or 3’ end heterogeneity of the product, and (2) the inability to introduce in-
ternal modifications at specific sites, apart from the limited scope of modifications
that can be introduced by the polymerase. End heterogeneity can be overcome by
several approaches described in detail in Chapters 2 and 3, but for the site-specific
incorporation of nucleotide modifications, chemical RNA synthesis is in most in-
stances inevitable [1].

Development of new commercially available phosphoramidites of natural and
unnatural nucleosides, improvement of 2’-OH protecting groups, and the use of
more efficient activators are innovations that have paved the way for chemical syn-
thesis of RNA molecules in better and more reproducible yields [2-5]; see also
Chapters 7 and 8). Despite these advances, substantial amounts of longer RNA
molecules are still very difficult and expensive to synthesize. Current techniques
permit efficient routine chemical synthesis of RNA molecules of up to 50 nt. As a
consequence, longer RNA molecules with site-specific modifications are usually
prepared by chemical synthesis of an RNA oligonucleotide (less than 50 nt) carry-
ing the modification(s), which is then ligated to one or two other RNA molecules
preferably produced by in vitro transcription. For such applications, the “DNA
splint” ligation technique employing T4 DNA ligase (described in Chapter 3) is
widely used. We will focus here on an alternative method based on T4 RNA ligase.

T4 RNA ligase (EC 6.5.1.3; also named Rnll or RnlA RNA ligase 1), a 347-aa

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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polypeptide encoded by gene 63 of bacteriophage T4, belongs to a family of oligo-
nucleotide end-joining enzymes involved in RNA repair, splicing and editing path-
ways [6-8]. The enzyme, introduced into molecular biology laboratories about
30 years ago [9-11], catalyzes formation of phosphodiester bonds between 5’
phosphate and 3’-hydroxyl ends of preferentially single-stranded RNA (ssRNA)
and, less efficiently, ssDNA. The oligo(ribo)nucleotide carrying the terminal 3’-
hydroxyl group is termed acceptor substrate, and the one providing the terminal
5’-monophosphate is described as the donor substrate (Fig. 4.1A). In intramolecu-
lar circularization reactions, both end groups (3’-OH, 5’-phosphate) are located
on the same oligo(ribo)nucleotide molecule. The biological role of T4 RNA ligase
seems to have its seeds in the intricate antagonisms of T4 phage and Escherichia
coli host strains: T4 infection was shown to induce activation of a nuclease that
cleaves bacterial tRNADS in the anticodon loop. T4 RNA ligase in concert with T4
polynucleotide kinase catalyze the repair of the damaged tRNAYS [12, 13].

4.2
Mechanism and Substrate Specificity

4.2.1
Reaction Mechanism

The reaction catalyzed by T4 RNA ligase consists of three distinct and reversible
steps (Fig. 4.1A [14]). In the first step, the ligase reacts with ATP to form an adeny-
lated enzyme intermediate. In the second step, a donor substrate with a 5’ terminal

»
»

Fig. 4.1. (A) Mechanism of the ligation
reaction catalyzed by T4 RNA ligase. In the

the donor and acceptor substrate, with
concomitant release of AMP (3.). (B) End

ligation reaction, an acceptor substrate with a
3’-hydroxyl group reacts with a donor substrate
carrying a 5’-phosphate group, resulting in a
3/-5’-phosphodiester bond. A reaction cycle
consists of three distinct and reversible steps
[14]: initially, the ligase reacts with ATP to form
an adenylated enzyme intermediate (at lysine
99; [44, 45]), with concomitant release of
pyrophosphate (1.). Then a donor substrate
with a 5’-terminal monophosphate is bound by
the enzyme and converted to the adenylated
donor A(5')pp(5')Np(Np),, an intermediate

in which the terminal adenosine moiety is
attached via a 5',5’ diphosphate bridge to the
donor RNA (2.). In a final transesterification
step, the phosphodiester bond connecting the
two 5’,5'-linked phosphates is cleaved and

a phosphodiester bond is formed between

groups of donor and acceptor substrates that
prevent formation of alternative products
(intramolecular donor or acceptor cyclization,
or formation of donor or acceptor tandems)

in intermolecular ligation reactions of two
oligo(ribo)nucleotides. In the case of the
acceptor substrate, a 5’-OH terminus excludes
that this substrate can act as a donor. A 3'-OH
terminus is mandatory for acceptor function,
whereas blockage of this end group in the case
of donor substrates precludes that they can
function as an acceptor; 3’ end blockage is
achieved by introducing a terminal 2’,3"-cyclic
phosphate (a), 3’-phosphate (b), a dideoxy
residue (c; [25]), a 3'-inverted deoxythymidine
(d; modification available from Dharmacon) or
a periodate-oxidized 3'-terminal ribose (e; for
details, see Chapter 6).
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monophosphate is bound by the enzyme and the enzyme-linked 5’-AMP moiety is
now transferred to the 5’-phosphate of the donor substrate, yielding the adenylated
donor product in which the terminal adenosine moiety is attached via a 5'.5’-
diphosphate bridge [A(5')pp(5/)Np(Np),]. In a final transesterification step, the
phosphodiester bond connecting the two 5',5'-linked phosphates is cleaved and a
phosphodiester bond is formed between the donor and acceptor substrate, with
concomitant release of AMP.

4.2.2
Early Studies

Toward understanding the substrate specificity of T4 RNA ligase, it is instructive to
briefly review results of early studies. The enzyme was first described by its ability
to circularize 5’-32P-labeled tRNA and polyhomoribonucleotides, such as poly(A),
in a reaction requiring ATP and Mg?* [11]. Relative to poly(A), the reaction oc-
curred about 4-fold less efficient with poly(I), around 100-fold less efficient with
poly(C) and poly(U), and at least 800-fold less efficient with poly(dA). Circulariza-
tion of poly(A) molecules with an average chain length between 34 and 40 nt was
about twice as efficient as for those 70-100 nt in length and no intermolecular li-
gation products were observed in this early study [11]. Subsequently, the shortest
circularizing polyadenylate was shown to be (pA)s, the optimal chain length for
this reaction being 10-30 [15]. Cyclization was generally found to be the preferred
reaction by orders of magnitude over intermolecular joining [16, 17], with four ex-
ceptions representing conditions that favor intermolecular ligation: (1) when the
donor is too short to cyclize, (2) when a DNA donor is combined with a 5’-dephos-
phorylated RNA acceptor, (3) when the acceptor carries 5’- and 3’-hydroxyls and the
donor a 5’-phosphate and a blocked 3’-terminus (Fig. 4.1B [18]), and (4) when the
donor 5’-phosphate of one nucleic acid molecule is juxtaposed to the 3’-hydroxyl of
a second acceptor nucleic acid molecule by base-pairing interactions, resulting in a
quasi-intramolecular reaction (see below).

For ligation of DNA, studies with 5’-32P-labeled oligodeoxythymidylates of
various length ([5’-32P]dT,) revealed that ligase-catalyzed cyclization requires a
minimal chain length of 6 dT residues and the best efficiency was obtained with
chains of 20 [17]. Since DNA is a less efficient acceptor than RNA, adenylated
A(5")pp(5")dT, intermediate accumulated to some extent — an observation not (or
less) observed with RNA substrates. Interestingly, addition of the ribotrinucleotide
ApApA, beyond serving as acceptor substrate, also stimulated cyclization of [5'-
32P]dT,, suggesting that acceptors not only function as substrates for ligation, but
also as cofactors for adenylation of the donor. ApA instead of ApApA neither stimu-
lated donor adenylation nor was it joined [16, 17]. Likewise, ApA, Ipl or UpU were
found to be inactive as acceptors in the overall reaction with pAp as donor [18].

Analysis of minimal donor substrates of the pNp type (nucleoside-3'5'-
bisphosphate) in the adenylation partial reaction revealed the highest efficiency
of A(5")pp(5’)Np formation for pCp, whereas the reaction with pUp and pAp was
3-fold and with pGp 10-fold less efficient [14]. A similar hierarchy was seen in
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the overall reaction [18, 19]. On the acceptor side, ApApA was a much better sub-
strate than UpUpU. Ligation of the “poor” pGp donor to the “good” ApApA ac-
ceptor could be stimulated to proceed to almost completion by increasing the
pGp concentration from 1 to 10 mM [14]. Furthermore, this study led to the con-
clusion that the enzyme exhibits more specificity in the donor adenylation reaction
than in the subsequent joining of adenylated donor to acceptor. Formation of the
UpUpUpGp product was much more efficient in the reaction of UpUpU with the
adenylated donor A(5")pp(5')Gp than in the overall reaction starting from UpUpU,
pGp and the ATP cofactor. Thus, pre-adenylation of the donor substrate may serve
as a strategy to improve product yields when dealing with “poor” substrates [14].
However, this principle may not be generalized since results of two other studies
investigating the synthesis of UpUpUpAp from UpUpU and pAp suggested rate
limitation at the level of transfer of adenylated donor A(5')pp(5')Ap to acceptor
(18, 19].

4.2.3
Substrate Specificity and Reaction Conditions

Substrate specificity of T4 RNA ligase can be summarized as follows. The minimal
donor substrate is a nucleoside-3’,5'-bisphosphate, with efficiency decreasing in
the order pCp > pUp ~ pAp > pGp. Isocytidine-3’,5'-bisphosphate was reactive as
well, indicating that also modified bases are tolerated [20]. Except for p(dCp), the
deoxyribonucleoside-3’,5’-bisphosphates were found to be poorer donor substrates
than the corresponding pNp ribonucleosides in the overall reaction [18]. 5'-AMP
(pA) is not a donor and also nucleoside-2’,5'-bisphosphates are neither donor sub-
strates nor effective inhibitors. Thus, in the donor substrate the enzyme specifically
recognizes the 5’-terminal phosphate and ribonucleoside plus the next 3'-linked
phosphate; the chain length of the donor exerts only marginal effects on reaction
extent [18].

The smallest reactive acceptors are trinucleoside diphosphates (NpNpN) with a
3’-terminal hydroxyl [16]. Recently, also dinucleoside polyphosphates with at least
four bridging phosphates, such as Gp4G, were identified as acceptor substrates
[21]. The 3'-terminal ribose moiety is important for acceptor recognition, and a
3'-terminal adenosine is preferred over cytidine and guanosine, showing interme-
diate reactivity, while a uridine residue is a relatively poor substrate (A > C > G >
U [18, 19]). However, intermolecular ligation yields are not simply dependent on
the identity of the 3’-terminal base. For example, lower yields were observed with
trimeric NpNpN acceptors containing a U residue at any of the three positions
[18]. In another study, comparing trimeric acceptors equal in base composition,
two consecutive purines enhanced ligation yields with pCp as donor (e.g. GpApU
> UpApG > ApUpG [19]).

Regarding DNA oligonucleotides as substrates for T4 RNA ligase, combined ap-
preciation of several studies [17, 22, 23] revealed the following rules of thumb:
DNAs are less efficient substrates than RNAs, but discrimination against DNA oc-
curs mainly at the acceptor substrate level.
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Despite these substrate preferences, several strategies have been successfully
used to optimize reaction conditions for poorer substrates. Reductions in Mg**
concentration or addition of dimethylsulfoxide (DMSO) improved product
(UpUpUpAp) yields for a UpUpU acceptor and a pAp donor [18]. Stimulation by
DMSO, however, was not observed in ligation of UpUpU with pCp [19], suggest-
ing that the effect of such additives may not be generalized. Also, joining of
UpUpU to pUpUpUpCp at high enzyme concentration (350 U/ml) was stimulated
from 6 to 60% product yield when ligation mixtures were incubated for 18 h at
15 °C instead of 1 h at 37 °C [19]. Ligation efficiencies with DNA were increased
to some extent by elevated enzyme concentration, (partial) replacement of Mg?*
with Mn?*, reduction of incubation temperature to around 17 °C, variation of
donor:substrate:ATP ratio as well as their individual concentrations or low ATP
concentration plus an ATP regeneration system [22, 23].

In summary, the substrate specificity of T4 RNA ligase is rather broad, permit-
ting to ligate essentially any RNA or DNA sequence, mostly with satisfactory effi-
ciency. Best reaction yields are commonly obtained at pH 7.2-7.8, 10-20 mM
Mg?*, 10-20% DMSO and often at temperatures as low as 5 °C, with substantial
activity even exerted at 0 °C [24]. Several of the abovementioned parameters may
be varied to optimize ligation yields. Furthermore, additives beyond DMSO, such
as PEG 8000 or hexamine cobalt chloride, have been shown to improve product for-
mation [25]. Another aspect is to prevent formation of unwanted byproducts. Thus,
for intermolecular joining of two oligo(ribo)nucleotides, one should generally bear
the following aspects in mind, illustrated in Fig. 4.1(B): the acceptor substrate
ought to carry a 5’-hydroxyl terminus to prevent acceptor cyclization or joining
of two acceptor substrates; likewise, the donor substrate should be blocked at its
3’-terminus by a 2’,3’-cyclic phosphate, a 3’-phosphate, a dideoxy residue [25], a
3'-inverted deoxythymidine or a periodate-oxidized terminal ribose (see Chapter 6)
to avoid donor cyclization or formation of donor tandems.

4.3
Applications of T4 RNA Ligase

4.31
End-labeling

A common application of T4 RNA ligase is 3’-end-labeling with [5’-32P]pCp. A ri-
bocytidine dinucleotide bearing a 5’-phosphate and a 3’-terminal non-radioactive
label, such as a fluorescein group (pCpCs . fuorescein), Was also shown to be effi-
ciently attached to the 3’ end of RNA substrates by the enzyme [26]. In a related
application, a 5’-phosphorylated pCpC dinucleotide with a 3’-terminal polyethylene
glycol linker including an internal photocleavage site and a terminal primary ali-
phatic amino group for coupling purposes was attached to RNA acceptor 3’ ends
[27]. Kinoshita et al. [28] have made use of the fact that the ligase attaches an
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AMP residue via a 5’,5'-pyrophosphate linkage to the 5’-phosphate end of the
donor RNA or DNA, representing the intermediate donor activation step on the
reaction pathway (Fig. 4.1A). In the absence of an acceptor nucleic acid, this inter-
mediate was shown to be stable, and the authors demonstrated that fluorescent 2-
aminopurine riboside triphosphate or 3’-amino ATP (for subsequent biotinylation)
could replace the normal ATP in this 5’-end-labeling reaction catalyzed by T4 RNA
ligase.

432
Circularization

The enzyme has further been exploited for intramolecular circularization of linear
RNA to produce an authentic infectious circular RNA (371 nt) of the citrus exocor-
tis viroid strain A (CEV-A [29]). One site of ligation was located within a dinucleo-
tide internal loop of the viroid’s rod-like structure ([29, 30] and Mfold secondary
structure prediction of CEV-A), juxtaposing the reacting end groups (Fig. 4.2A).
T4 RNA ligase was further employed to produce circular versions of hammerhead
ribozyme strands as small as 15 nt, which exhibited increased activity, a reduced
requirement for divalent metal ions, as well as increased resistance against nucleo-
Iytic degradation [31]. Interestingly, efficient T4 RNA ligase-catalyzed circulariza-
tion of such hammerhead ribozyme oligoribonucleotides was achieved after their
internal 7-8 nt had been annealed to a complementary DNA oligonucleotide, ei-
ther linear or presented within a DNA hairpin loop (Fig. 4.2B and C). This setup
favored circularization over formation of linear dimers, and the short central RNA-
DNA duplex constrained the overall flexibility of the RNA oligonucleotide, while
simultaneously juxtaposing the single-stranded 5" and 3’ ends to be ligated.

433
Intermolecular Ligation of Polynucleotides

Ligation of RNA oligonucleotides to the 5’-end of mRNAs or other RNAs is used in
so-called 5-RACE (rapid amplification of cDNA ends) strategies to map RNA 5’
ends [32, 33]. Likewise, ligation of DNA or RNA oligonucleotides to RNA 3’ ends
is the initial step before reverse transcription and PCR in approaches to map RNA
3" ends (3’-RACE) or to determine the length of poly(A) tails and to identify poly-
adenylation sites [32, 33].

Nishigaki et al. [34] utilized T4 RNA ligase to tie two DNA single strands to-
gether (the 3’-terminal nucleotide of the acceptor oligonucleotide was a riboC in
these experiments to increase ligation efficiency). To bring the reacting ends in
proximity to each other, they equipped the two oligonucleotides with 12-nt long
complementary sequences at one terminus, such that they formed “Y”-like hybrid
structures, with the blunt-ended helix representing the stem and the two single-
stranded arms presenting the donor and acceptor groups at their tips (Fig. 4.2D).
This setup converted the intermolecular into a quasi-intramolecular reaction, and
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successfully used in the reaction catalyzed
by T4 RNA ligase. (A) Intramolecular
circularization of linear RNA to produce an
authentic infectious circular RNA (371 nt) of
CEV-A [29]. (B and C) Setups to produce

strands, using complementary DNA
oligonucleotides that are either linear (B) or
that present the complementary sequence
within a hairpin loop (C) [31]. (D) “Y"-shape
design for intermolecular ligation [34]. (E)
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the blunt-ended stem of the “Y” ensured that only the unpaired end of each oligo-
nucleotide reacted. Even dangling “Y” arms of up to ca. 50 nt each still gave liga-
tion yields of around 20%.

Tessier et al. [25] have optimized the T4 RNA ligase reaction for the joining of
pure DNA oligonucleotides, in this case a 25mer and a 23mer. Ligation yields of
more than 50% were achieved by including PEG 8000 and hexamine cobalt chlo-
ride in the reaction. Oligonucleotide joining was favored over accumulation of the
adenylated donor intermediate by restricting the ATP cofactor concentration to
20 puM. In this setup, the acceptor carried 5’- and 3’-OH end groups, whereas the
donor oligonucleotide carried the 5’-phosphoryl group, but its 3’ end was blocked
via a single dideoxy analog (Fig. 4.1B), added by terminal transferase, to avoid liga-
tion of two donor oligonucleotides.

4.4
T4 RNA Ligation of Large RNA Molecules

For the ligation of larger RNAs, several aspects should be kept in mind.

1. Proximity of Ends: To increase the probability for an enzyme molecule to simul-
taneously bind both reacting end groups, single-stranded RNA acceptor and donor
ought to be brought in close proximity to each other. Generally, this is accom-
plished by letting the ends protrude from a helical region, resulting in a hairpin
loop as the reaction product. Such a design converts intermolecular into quasi-
intramolecular reactions. The importance of the structural context of the ligation
site is easily illustrated for tRNA molecules. The secondary structure of tRNA is
built from three stem—loop structures and one stem, which together form what is
known as a cloverleaf structure (Fig. 4.3). Based on the enzyme’s preference for
single-stranded RNA termini, the three loops are expected to be favorable ligation
areas in a tRNA molecule. Indeed, corresponding ligation strategies have been
established for the anticodon loop (Fig. 4.2E and 4.3A [35-37]) and the D loop
(Fig. 4.2E and 4.3B [38]), while so far T loop ligation in the context of a full-length
tRNA structure has not been described. The size of the product hairpin loop will

<
<

Documented strategies used for the ligation of oligonucleotide principle to the T4 RNA ligase

broken tRNA structures. (F and G) Double- reaction [20]. DNA oligonucleotides DNA 1
stranded acceptor substrates [39] with blunt and DNA 3, used to prevent formation of
ends (F) or with a single nucleotide 5’ unwanted ligation byproducts, are likely to be

overhang (G). (H) Donor termini in the context dispensable when the acceptor RNA carries a
of tRNA structures. The 5'-terminal phosphate 5’-OH terminus and the donor RNA is blocked
of tRNAP® is an inefficient donor; in contrast, at its 3’ end, as specified in Fig. 4.1(B).

the 5'-terminal phosphate of tRNA;Me* has IsoC: iso-cytidine used instead of a natural
excellent donor substrate quality due to nucleoside as the 3’-terminal nucleotide of the
the mispairing between Cy and A, 7, [24]. acceptor RNA in this particular experiment.

(1) Adaptation of the “DNA splint



&lWMWA%m

cA-¥

(9]

A

|
~
=)

0O0OHCCOOD

60

|
G
ucgecccU¥a
UG "\, U
¢ AcuucgA NN

DOOO>POHO-a

15
|

G
G I ] | %CGGGUUC
AGAAUp g VY %
] ll" 5 C—G GG
20 20, C—G
U—A
30—G— C—40
CcC—G

C C
ligation site for —>% U <— ligation site for

oligonucleotides oligonucleotides
containing dA and containing dG and
dC substitutions dU substitutions

RNase P
7|6
; +1 UCCAGUC-3

N

5’-CCcCuuUucGg—C
1< C—G
G—C
G—C
G—C
chemically synthesized A—U-67
oligonucleotide G—
T CuacccU®a
caonsie | <UCAcucar’ el [ A
ligation site o -1 cucCcaG
__,a_w [ ] %CGGGUUC
[Cayacacca y :
_ cl; G

in vitro transcribed
oligonucleotide

45

OOTQO
OOHCO®

Cc
> >

GecC

Fig. 43. (A) Schematic illustration of the T4  those containing 2’-deoxyG or 2'-deoxyU
RNA ligation strategy for E. coli tRNAAP. The  modifications. (B) Schematic representation

two alternative ligation sites (highlighted in of the T4 RNA ligation strategy for Thermus
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containing 2'-deoxyA or 2’-deoxyC RNase P cleavage site; the ligation site

modifications, and between C36 and A37 for between C17 and G18 is highlighted in grey.
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influence ligation efficiency: increased loop size means more flexibility of the dan-
gling single strands and increased average distance of the reactive groups before
ligation. This is expected to reduce the efficiency of product formation. On the other
hand, ligation within a tetraloop may occur less efficiently because the acceptor
and donor ends may already be conformationally restricted before end joining.

2. Acceptor Substrates: Earlier studies with short acceptor oligoribonucleotide du-
plexes (6 bp) and pNp donors have indicated that acceptor substrates can be double
stranded or even blunt ended (Fig. 4.2F and G) [39]. Moreover, duplexes with sin-
gle nucleotide 5" overhangs reacted most efficiently with the pNp donor that can
base-pair with the duplex overhang (Fig. 4.2G). For example, with single cytidine
5’ overhangs on each end of the acceptor duplex, best yields were obtained for the
pGp donor [39]. Regarding blunt-ended acceptor duplexes, it should, however, be
mentioned that a dAg DNA acceptor oligonucleotide was joined less efficiently to
a donor substrate in the presence of a complementary dTs DNA oligonucleotide
[23], suggesting that a blunt-ended duplex, which is expected to form from the
two oligonucleotides, is a less efficient type of acceptor substrate.

3. Donor Substrates: Donor termini that are part of a helix are inefficient sub-
strates [24]. For example, the 5’-terminal phosphate of G, of yeast tRNAP"® was
a relatively inefficient donor because G is base-paired to C,7;, forming the termi-
nal acceptor stem base pair (Fig. 4.2H). In comparison, the 5'-terminal monophos-
phate at C.; of E. coli initiator tRNAM®! carrying a single mismatch at the acceptor
stem terminus (C1; and A, ;, Fig. 4.2H), was a much better donor in the T4 RNA
ligase reaction. Here, intramolecular cyclization between the 5’-terminal phosphate
and the 3’-hydroxyl at the 3’ end (A7) was the favored reaction, already occurring
with high efficiency at very low enzyme concentrations [24].

4. Accessibility of Ligation Sites: In the case of large RNAs, the helix structure that
clamps the preferably single-stranded acceptor and donor substrates should be
positioned at the surface of the RNA complex to ensure enzyme access. In the
case of RNAs for which the ligation site is embedded in higher order structures,
experimenters usually switch to the “DNA splint” ligation technique using T4
DNA ligase, since it involves disruption of RNA structure (see Chapter 3 and
[40]). However, it may sometimes have escaped attention that the “splint princi-
ple” has also been successfully adapted to the T4 RNA ligase reaction by annealing
donor and acceptor RNAs to a bridging DNA oligonucleotide for juxtaposition of
reacting end groups [20]. Yet, in this setup the bridging oligonucleotide design ex-
cluded 5-6 nt of each, acceptor 3’ end and donor 5" end, from the RNA-DNA
hybrid, creating a broken bulge loop structure in the RNA strand, while the DNA
strand was entirely engaged in base pairing (Fig. 4.2I).

5. RNA End Homogeneity: A problem connected with in vitro transcription is
3" and/or 5’ heterogeneity of RNA products, which may reduce ligation efficiency
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cleaving hammerhead ribozyme structures at of interest, in this case the donor substrate for
its 5 and 3’ termini. During transcription, the  the ligation illustrated in Fig. 4.3(B) (nt 18-79
flanking regions are removed by ribozyme self- of tRNASY).

and compromise product homogeneity (for details, see Chapter 1). This prob-
lem can be solved either by sandwiching the RNA of interest between terminal
cis-cleaving ribozymes (Fig. 4.4 and Chapter 2), or by use of alternative approaches
described in Chapter 3. When involving cis-cleaving ribozymes, however, it is im-
portant to keep in mind that the cleavage reaction produces a 2’,3’-cyclic phosphate
at the 3’ end and a hydroxyl group at the 5'-terminus. A 5’-hydroxyl is optimal for
acceptor substrates, but requires phosphorylation when present on the donor sub-
strate. Conversely, a 2/,3'-cyclic phosphate nicely blocks the donor 3’ end, but has to
be removed when present on an acceptor substrate. Protocols to remove 2',3’-cyclic
phosphates are described in Chapters 2 and 6.

4.5
Application Examples and Protocols

4.5
Production of Full-length tRNAs

In our hands, the T4 RNA ligation procedure was successfully used for the produc-
tion of ca. 80-nt long tRNA derivatives with site-specific modifications. In the first
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case, a 77-nt long E. coli tRNA”P was prepared by enzymatic ligation of two chem-
ically synthesized oligonucleotides, each between 34 and 43 nt in length. The liga-
tion sites were placed in the anticodon loop, the most explored region of tRNA for
ligation by T4 RNA ligase. In this study [37] analyzing the effect of 2’-deoxy mod-
ifications on aminoacylation, tRNA variants were prepared that either contained
single-site 2’-deoxy modifications or had all, for example, A residues in the 5’ or
3’ half or even in the entire tRNA replaced with the 2’-deoxyA analog. The ligation
position for tRNA halves containing 2’-deoxyA- and 2’'-deoxyC modifications at
every A and C position, respectively, was placed between anticodon nucleotides
U33 and G34, while nucleotides C36 and A37 were selected as ligation site when
the substrate halves contained 2’-deoxyG- and 2’-deoxyU modifications (Fig. 4.3A).
Ligation yields were between 30 and 50%. These findings illustrate that satisfactory
product yields can be obtained despite seemingly unfavorable identities (see Sec-
tion 4.2) of the acceptor 3’ terminus (U33) and the donor 5’ terminus (G34).

In the second application, a bacterial precursor tRNASY (ptRNASY from Ther-
mus thermophilus) was prepared from a 24-nt acceptor substrate obtained by chem-
ical synthesis (representing the 5’ portion of the ptRNA) and a 62-nt donor sub-
strate representing the 3’-proximal portion of the ptRNA and generated by T7
RNA transcription (Fig. 4.3B). The 24-nt acceptor oligonucleotide carried 5’- and
3'-terminal hydroxyl groups, as routinely present in chemically synthesized RNAs.
The 62-nt donor RNA was released from a primary transcript with terminal cis-
hammerheads (Fig. 4.4), generating the aforementioned 5’-hydroxyl and 2'3’-
cyclic phosphate end groups. Before ligation, the 5’ end was phosphorylated (Pro-
tocol 2; see also Chapter 3) using T4 polynucleotide kinase. Here, the purpose was
to study the effect of ribose modifications at nt —1 of ptRNASY on catalysis by E.
coli RNase P RNA [38]. The ligation site was placed in the D loop, between posi-
tions C17 and G18 (Fig. 4.3B), to minimize the length of the chemically synthe-
sized RNA oligonucleotides carrying the single-site modification and thus to
reduce the costs of chemical synthesis. The ligation yield was about 50% (see Pro-
tocol 3), again despite unfavorable identity of the donor 5’-terminus (G18).

4.5.2
Specific Protocols

In addition to the specific protocols given below, some routine buffers and proce-
dures used in these protocols are detailed in Section 4.5.3, General methods, re-
ferred to by the abbreviation “GM” in the following.

Protocol 1: In vitro transcription
(1) In vitro transcription reactions (1 ml) using T7 RNA polymerase (T7 RNAP) in-
clude the following components:

Final concentration
80 ul 1 M HEPES-KOH, pH 7.5 80 mM
11 2 M MgCl, 22 mM

65
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(4)
(5)

(6)

6ul 20 mg/ml BSA! 120 pg/ml
10 pl 100 mM spermidine 1 mM
50 ul 100 mM DTT 5 mM
375 100 mM each NTP (pH 7) 3.75 mM of each NTP
5ul 1 U/ul pyrophosphatase? 5 U/ml
30 pl template 1 pg/pl 30 pg/ml
(linearized plasmid 3.2 kb)
760.5 pl RNase-free water

1 BSA (Sigma, minimum purity 98% based on electrophoretic analysis, pH 7).
2Pyrophosphatase from yeast (Roche, EC 3.6.1.1, 200 U/mg, <0.01% each
ATPase and phosphatases).

The total volume of this reaction mix without enzyme is 990 pl. Before start of
transcription, the reaction mix is divided into 5 portions of 198 ul, to each of
which 2 pl T7 RNAP (MBI Fermentas, stock solution 100 U/pl; final assay con-
centration 1 U/pl) is added, followed by incubation at 37 °C overnight. Shorter
incubation periods (2-5 hours) have been used as well and may even be prefer-
able (Chapters 1 and 3).

In transcription reactions lacking pyrophosphatase or when pyrophosphate
activity is insufficient, a white pyrophosphate precipitate may be observed. In
such cases, it is advisable to remove the precipitate before Step 2 by centrifuga-
tion at 14 000 g for about 5 min directly after incubation of transcription mix-
tures has been stopped. The clear supernatant is then carefully removed and
transferred to a new Eppendorf tube for further sample processing. Another
way to reduce the amount of precipitate is to add Na, EDTA immediately after
transcription to give a final concentration of 50-100 mM (use a 500 mM stock
solution at pH 7.5). By chelating Mg?*, the formation of insoluble precipitates
is substantially reduced.

Before isolation of transcription product, the DNA template is degraded by
addition of 1 ul DNase I (RNase-free, Roche; stock solution 10 U/ul; final
concentration 50 U/ml) to 200 pl reaction mix and incubation at 37 °C for
20 min.

Extract the RNA solution (200 ul) once with a phenol/chloroform mixture
(GM). It may further be advisable to remove excess NTPs and/or salt compo-
nents before EtOH precipitation (Step 4) by use of NAP 10 columns (Pharma-
cia Biotech) or equivalent matrices. Removal of excess NTPs is in general nec-
essary only when using 3’P-radiolabeled nucleotides to avoid background
radioactivity in purification gels. Salt components may impair band separation
by denaturing polyacrylamide gel electrophoresis (PAGE), particularly when
optimal gel resolution is essential, such as in separations of full-length RNA
product from n + 1 and n — 1 species.

Precipitate the RNA with ethanol (GM).

Dissolve the RNA pellet in 20-40 ul RNase-free water and purify the RNA of
interest by denaturing PAGE according to Protocol 4.

Finally, determine the RNA concentration (GM).
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Protocol 2: 5'-Phosphorylation of donor oligonucleotide
Many manufacturers provide convenient protocols for 5’-phosphorylation. We pre-
fer to use a T4 polynucleotide kinase (T4 PNK) protocol from New England Biol-
abs. T4 PNK requires a free hydroxyl group at the 5’ terminus.

The protocol for the phosphorylation reaction is based on a total volume of 50 pl.

Phosphorylation buffer (10x) Final concentration
500 mM Tris—HCI, pH 7.6 50 mM

100 mM MgCl, 10 mM

50 mM DTT 5 mM

5 mM ATP 0.5 mM

(1) Combine 3 nmol of donor RNA with 5 pl 10 x phosphorylation buffer, 1 ul
RNase Inhibitor (MBI Fermentas; stock solution 25 U/pl; final concentration
0.5 U/ul), 2.5 pul ATP (100 mM) and RNase-free water to a final volume of
47.5 pl; mix gently.

(2) Add 2.5 pl T4 PNK (MBI Fermentas; stock solution 10 U/ul; final concentration
0.5 U/ul) and incubate the mixture at 37 °C for 30 min.

(3) To increase 5’-phosphorylation efficiency, add another 2.5 pl of ATP (100 mM)
and also another 2.5 ul T4 PNK (stock solution 10 U/pl), and incubate the mix-
ture for another 20 min at 37 °C. Either directly add 55 ul 2 x gel loading
buffer (GM) for PAGE purification (Protocol 4) or proceed to Step 4.

(4) Precipitate the RNA with ethanol (GM).

(5) Dissolve the RNA pellet in about 20 pl RNase-free water and purify the RNA by
denaturing PAGE according to Protocol 4.

(6) Determine the RNA concentration (GM).

Protocol 3: Enzymatic ligation

The protocol described below was used to generate full-length E. coli tRNAA? and
T. thermophilus ptRNASY. The tRNA* was generated by ligation of pairs of chem-
ically synthesized oligoribonucleotides, 34—43 nt in length (Fig. 4.3A); ptRNASY
was generated by ligation of its 3’ portion (nt 18-79), transcribed in vitro, to a
chemically synthesized 24meric oligoribonucleotide contributing the ptRNASY 5
portion (Fig. 4.3B).

(1) If the donor 3’-oligonucleotide does not contain a 5’-phosphate, 5’-phosphory-
late according to Protocol 2 prior to ligation. It is recommended to check the
purity of the oligoribonucleotides to be used in the ligation reaction on an ana-
lytical denaturing polyacrylamide (PAA) gel. If necessary, also gel-purify the
freshly phosphorylated donor oligoribonucleotide as described in Protocol 4.

(2) Ligation reactions are performed in a total volume of 200 pl (reached in step 5).
As the first step, combine 3 nmol of 5’-phosphorylated donor oligoribonucleo-
tide and 4.5 nmol of the corresponding acceptor oligoribonucleotide with:

Final concentration in 200 ul
20pul 1M HEPES-KOH, pH 7.5 100 mM
20yl 100 mM DTT 10 mM
xul  RNase-free water to a volume of 156 pl
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(3) Denature for 3 min at 90 °C, followed by incubation for 10 min at 65 °C and
slow cooling (45 min) to ambient temperature in a metal block removed from
the heating apparatus to anneal the oligoribonucleotides.

(4) After the cooling step, add:

Final concentration in 200 pl

12 250 mM MgCl, 15 mM

14l 100 mM ATP 0.5 mM

20 ul 100% DMSO 10% (v/v)
3.75 25-40 U/pl RNase inhibitor 0.5-0.75 U/pl

(MBI Fermentas or Promega)

Mix gently.

(5) Add 7 pl of T4 RNA ligase (stock solution 20000 U/ml; final concentration
0.7 U/ul, New England Biolabs), resulting in the final volume of 200 pl. Incu-
bate at 16 °C for about 12-15 h.

(6) To analyze ligation efficiency, withdraw 1.5 pl from the ligation reaction and
mix with 10 pl loading buffer; load onto a denaturing 8-12% PAA gel, stain
the gel with ethidium bromide and visualize RNA bands by exposure to UV
light.

(7) Ethanol precipitate the bulk of the ligation reaction (GM).

(8) Dissolve the resulting RNA pellet in 15-30 ul RNase-free water and purify the
RNA by denaturing PAGE according to Protocol 4.

(9) Calculate the RNA concentration (GM).

Protocol 4: Preparative purification of RNA by denaturing PAGE

The appropriate gel concentration depends, as usually, on the size of the RNA;
a 12% PAA/8 M urea sequencing gel (1-mm thick) was used for purification of
ligated tRNAAP (77 nt), a corresponding 10% gel for purification of ligated
PtRNACY (86 nt). A somewhat lower urea concentration, such as 7.5 M (Chapter
3), may be used, but we recommend concentrations of at least 7 M. To facilitate
localizing the RNA product on the gel, it is advisable to increase the concentration
of the product band by pooling three separate ligation reactions (3 x 15-30 ul),
each based on 3 nmol of input donor RNA (Step 8 above).

(1) Mix the 45-90 pl of pooled ligation product with 45-90 pl 2 x gel loading
buffer and pipette into a 2-cm broad gel pocket of the PAA/8 M urea gel. As
an example, the above-mentioned 86-nt ligation product was run on a roughly
40-cm long, 1-mm thick 10% PAA/8 M urea gel until the xylene cyanol marker
had migrated 22-25 cm from the top.

(2) Detect the ligated product by UV shadowing, excise from the gel and elute
from crushed gel slices in elution buffer overnight at 4 °C. A detailed descrip-
tion of this procedure is given in Chapter 3, Protocol 3.

(3) Concentrate the eluted RNA by ethanol precipitation and redissolve in 20-40 pl
RNase-free water (GM).

(4) Determine the concentration by UV spectroscopy (GM).
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453
General Methods (GM)

Several of the methods described here are detailed in the handbook Molecular Clon-
ing: A Laboratory Manual [41]. Also, for some of the methods given below, slightly
variant protocols exist and might be used just as well.

Preparation of RNase-free water

A major cause of RNA degradation is due to ribonuclease contamination in the
water used for the preparation of buffers and solutions. It is therefore recom-
mended to use double-distilled water, which may be further treated with DEPC
(add 1/1000 volume DEPC and stir vigorously for 2 h followed by autoclaving for
DEPC decomposition). For longer storage, the water may be additionally filtered
through a 0.6-um filter and kept in 1 ml aliquots in Eppendorf tubes, preferably at
—20 °C. It should be noted that DEPC remnants may interfere with enzymatic
reactions. Thus, fresh double-distilled water, frozen at —20 °C for storage, may be
preferred; store water at ambient temperature only when freshly autoclaved, but
freeze in aliquots once the bottles have been opened.

Gel running buffer (5 x TBE)
54 g of Tris base (446 mM), 27.5 g of boric acid (445 mM) and 20 ml of 0.5 M
EDTA (pH 8.0)/1; no pH adjustment required; store at room temperature.

2 x gel loading buffer for denaturing PAGE

Weigh 48 g urea, 50 mg bromophenol blue, 50 mg xylene cyanol and 3.72 g EDTA;
add 20 ml 5 x TBE (see above), adjust the volume to 80 ml with double-distilled
water and finally to 100 ml after complete dissolving [41]. Store the solution at
room temperature.

Staining buffer (ethidium bromide solution)

PAA/8 M urea gels are stained in 1 x TBE containing 0.5-1.0 pg/ml ethidium
bromide (EtBr). An EtBr stock solution at a concentration of 10 mg/ml in water is
preferred. The solution should be stored in dark bottles (e.g. bottles covered with
aluminum foil) at room temperature or 4 °C.

Phenol/chloroform extraction

Add 200 pl of phenol/chloroform (ratio 5:1, pH 4.7, AMRESCO), cooled to 4 °C, to
200 pl of aqueous RNA solution. Vortex the resulting mixture vigorously before
centrifugation at 14 000 g for about 2 min. Transfer the aqueous phase carefully to
a new Eppendorf tube and extract twice with 100 pl chloroform in the same man-
ner. Remove the RNA-containing aqueous phase (upper layer) and recover the
RNA by ethanol precipitation.
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Ethanol precipitation of RNA

e Method A: RNA precipitation by method A applies to RNA in buffer solution or
in RNase-free double-distilled water. Add 100 pl NaOAc (3 M, pH 4.7), 1 ul glyco-
gen (20 mg/ml) and 900 pl EtOH to 100 pl of RNA solution and mix vigorously.
Store the sample at —20 °C for 2-3 h or at —80 °C for 30 min. Centrifuge the
cooled sample at 14 000 g for about 10—30 min at around 10 °C. Carefully remove
the supernatant and wash the RNA pellet with ice-cold 70 or 80% EtOH, followed
by a short centrifugation step (e.g. 5 min, as above). Prior to dissolving the pellet
in RNase-free water, air-dry the pellet for 10-15 min.

e Method B: This method of RNA precipitation is used for RNA recovered by gel
elution in buffer B (see below). Add 1 pl glycogen (20 mg/ml) and 1 ml EtOH
to 450 pl of the RNA solution and proceed as in Method A.

Elution of RNA from PAA/8 M urea gel slices

We routinely use two different elution buffers (A and B, see below). There is no
general rule for the choice between these buffers and no systematic differences in
yield have been noticed. However, if the RNA shows some degradation on the ana-
lytical gel after elution, it is recommended to switch to buffer B that has a lower
pH. Both buffers should be stored at 4 or —20 °C.

Elution buffer A: 200 mM Tris—HCI (pH 7).
Elution buffer B: 1 M NaOAc (pH 4.7).

Calculation of RNA concentration
Two alternative formulas can be used for the calculation of RNA concentrations
based on UV spectrometry measurement (for more details, see Appendix):

(a) ¢ = Ay x dilution factor of cuvette solution/(oum60 X number of nucleotides x
1), where Ajq is the absorbance at 260 nm, om0 is the average molar absorp-
tion coefficient of the 4 nucleotides at 260 nm (for single-stranded DNA and
RNA, an average omaeo of 8500 M~ cm™! is appropriate) and [ is the path
length of cuvette (normally 1 cm).

(b) 1 Ay unit (absorbance of 1 measured at 260 nm in a 1-cm cuvette) corre-
sponds to approximately 40 pg/ml single-stranded RNA. Total amount of
RNA (pg) = 40 x Ay units x dilution factor of cuvette solution X total volume
of RNA stock solution in milliliters.

4.5.4
Chemicals and Enzymes

4.5.4.1 Chemical Synthesis and Purification of Oligoribonucleotides

Oligo(ribo)nucleotides were purchased from IBA (Géttingen, Germany) or self-
synthesized using standard phosphoramidite chemistry on an Applied Biosystems
394A DNA synthesizer. The coupling time was 16.6 min for ribonucleoside and 30 s
for 2’-deoxyribonucleoside building blocks. Oligoribonucleotides were removed from
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the solid support and purified according to the protocol outlined below [42]. An
alternative work-up procedure for RNAs longer than 50 nt has been described [2].

Purification of oligoribonucleotides

(1) Transfer the polymer-bound oligoribonucleotide from the column to a 4-ml vial
and suspend in 3:1 (v/v) NH3:EtOH at 55 °C for 16 h. Before opening the vial,
cool the mixture on ice for about 15 min; then reduce the volume to around
1 ml by use of a Speed Vac system. Remove the clear aqueous supernatant
carefully and transfer to a new 2-ml Eppendorf tube; wash the solid support
with 100 pl water. Combine the aqueous phases and concentrate to dryness in
a Speed Vac; add 500 ul EtOH and again concentrate the oligoribonucleotide
to dryness to remove any water left from the preceding steps. Resuspend
the base-deprotected oligoribonucleotide in 500 pl 1 M tetrabutylammonium
fluoride (TBAF) in tetrahydrofurane (THF) and let the mixture react under
gentle shaking at room temperature for at least 20 h. Then add 500 pl 2 M
NaOAc (pH 6), and concentrate to a volume of about 0.5-0.6 ml (30-60 min
in a Speed Vac). Extract the resulting mixture with 2—-3 x 800 pl ethyl acetate
(EtOAc) and centrifuge again in the Speed Vac for about 5-15 min until a clear
solution is obtained. Do not concentrate the mixture to dryness in this step.
Add 1.6 ml EtOH and store the mixture at —20 °C for 2 h or overnight. Centri-
fuge at 14000 g for 15 min and remove the supernatant carefully. Air-dry the
oligoribonucleotide pellet for 15 min and dissolve in 600 pl RNase-free water.

(2) Purify the oligoribonucleotide on a PAA/8 M urea sequencing gel (2-mm

thick); a 12-15% PAA/8 M urea gel should be used for purification of 30- to

40-nt long oligoribonucleotides, a 20% gel for shorter ones. Mix the 600 pl
product sample with 600 pl loading buffer and apply to the gel.

Detect the oligoribonucleotide by UV shadowing, excise from the gel and elute

from gel pieces by using a Biotrap system (Schleicher & Schuell Biotrap elu-

tion chambers and membranes BT1 and BT2 [42]; see also Chapter 1). Alterna-
tively, diffusion elution from crushed gel slices may be employed (see Section

4.5.3). However, in our hands the Biotrap technique was more reliable and ef-

ficient when eluting oligoribonucleotides from a preparative gel (gel thickness

of 2 mm).

After gel elution, further purify the oligoribonucleotide by using Sep-Pak

cartridges according to the manufacturer’s instructions (Waters Sep-Pak car-

tridges, Millipore). In this step, any salt components left from the previous
steps are removed. Then concentrate the oligoribonucleotide to dryness using

a Speed Vac system.

Dissolve the resulting pellet in 400-600 ul RNase-free water and determine the

concentration as described in Section 4.5.3.

—
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4.5.42 Chemicals
Ribonucleoside phosphoramidites for chemical nucleic acid synthesis were
purchased from PerSeptive Biosystems (Hamburg, Germany); NTPs and glyco-
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gen were obtained from Roche; 48% polyacrylamide/bisacrylamide and the
phenol/chloroform mix (5:1, pH 4.7) were purchased from AMRESCO; diethyl-
pyrocarbonate (DEPC) was obtained from FLUKA; 1 M TBAF in THF was pur-
chased from Aldrich.

4543 Enzymes

T4 polynucleotide kinase and T4 RNA ligase were purchased from New England
Biolabs. RNase Inhibitor and T7 RNA polymerase were purchased from MBI Fer-
mentas. DNase [ and pyrophosphatase were obtained from Roche.

4.6
Troubleshooting

Low yields of the ligation reaction may have the following reasons:

(1) Check for unfavorable secondary structure formation of the RNA fragments,
particularly at the ligation joint. For this purpose, software such as OLIGO ver-
sion 4.0 (National Bioscience) or Mfold [43] can be employed.

(2) Heterogeneous 3’ ends of RNA transcripts: for RNA fragments of up to about
40 nt it is usually sufficient to purify the RNA by preparative PAGE in the pres-
ence of 8 M urea prior to the ligation reaction. However, for RNA transcripts
longer than around 50 nt, RNAs slightly differing in length from the main
product are hard to get rid of by preparative gel purification. Methods to elimi-
nate the problem of 5’- and 3’ end heterogeneities are described in Chapters 2
and 3.

(3) RNA degradation - this is usually due to RNase contamination in water or so-
lutions. Prepare and store RNase-free water as described in Section 4.5.3. Check
individual solutions for RNase activity; prepare fresh buffers and solutions.
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Co- and Post-Transcriptional Incorporation of
Specific Modifications Including Photoreactive
Groups into RNA Molecules

Nathan H. Zahler and Michael E. Harris

5.1
Introduction

A great deal of modern RNA biochemistry and molecular biology involves the
incorporation of modified nucleotides into RNA molecules. Nucleotides bearing
base and backbone modifications can be introduced randomly or at specific loca-
tions, and the variety of modifications available can facilitate both mechanistic
and structural studies of RNA. The goal of this chapter is to outline some common
techniques by which modified nucleotides and photo-crosslinking agents can be in-
troduced into an RNA molecule and to provide examples of experiments in which
these techniques have proven useful. Techniques discussed in detail include 5’-end
modification by transcription priming, generation of nucleotide monophosphates
and monophosphorothioates for use in 5’-end modification, derivatization of a 5’-
phosphorothioate modification with a photo-crosslinking agent, and post-transcrip-
tional 3’ end modification.

5.1.1
Applications of RNA Modifications

The availability of a wide range of modified nucleotides provides several key advan-
tages for the study of RNA. Modified nucleotides can be used to alter individual
functional groups, or in some cases individual atoms, and as such allow for more
straightforward interpretation of experimental results than is possible with base
mutation alone. Available analogs can be used to alter RNA base and backbone
functional groups, and even remove nucleotide bases altogether [1]. Additionally,
modifications with useful chemistry, such as photo-crosslinking agents, can be
introduced. Combined with techniques to either randomly modify a population of
RNAs or position modifications in a site-specific manner, the use of chemical mod-
ifications is fundamental to the study of RNA.

Site-specific incorporation of modified nucleotides is useful when a single nu-
cleotide or functional group is the focus of study. Site-specific placement of modi-
fied nucleotides is therefore an essential first step in a variety of further tech-
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niques. For example, site-specific fluorescent markers can be introduced into RNA
molecules for kinetic and folding studies (see Chapter 28 [2—4]). Site-specific place-
ment of phosphorothioate modifications is also necessary for many thiophillic
metal ion rescue experiments (see Chapter 19). 5’-End modification with m’Gp3*G
or other cap analog is an essential step in the use of in vitro transcribed RNAs
in translation experiments [5-8]. In addition, affinity tags can also be placed at
specific positions in an RNA structure to facilitate isolation of ribonucleoprotein
complexes (see Part IV.1).

Site-specific modification of RNA can also be used to position photo-crosslinking
agents for studies of RNA structure. A number of modifications are available for
RNA which can form crosslinks to both RNA and proteins [9-12]. Several com-
monly used photo-crosslinking agents such as 4-thiouridine and 6-thioguanosine
can be internally incorporated into an RNA molecule (see Chapter 22, e.g. [13,
14]). In addition, the 5" and 3’ ends of RNA molecules can be post-transcriptionally
modified with arylazide containing photo-crosslinking agents (see below and [11,
15, 16]). Together with the use of circular permutation to move the 5’ end of com-
plex RNA molecules to different positions in the RNA structure, these modifica-
tions have been used to provide distance constraints for the structures of complex
RNAs such as bacterial ribonuclease P RNA and 16S ribosomal RNA [17-19].

Another powerful aspect of site-specific modification is the ability to systemati-
cally vary nucleotide functional groups. For example, this approach has been used
to examine the effects of phosphorothioate modification on MS2 coat protein bind-
ing to RNA and to investigate the contributions of 2’-hydroxyl groups to group I
intron substrate binding [20-22]. Similarly, if a nucleotide base is known to con-
tribute to structure or function, an array of modified nucleotides can be used to ex-
amine the contributions of individual base functional groups. Such studies have
been undertaken to investigate the role of the conserved GU base pair immediately
adjacent to the group I intron cleavage site and to assess the similarities in branch
point adenosine recognition by the spliceosome and the group II intron [23-25].
Furthermore, this approach can be extended to the level of individual functional
groups for 2'-hydroxyls and other functional groups which can be replaced with a
number of chemically distinct modifications (e.g. [26, 27]).

Unlike site-specific modification, which is useful when a location or func-
tional group is known to be of interest, random incorporation of modified nu-
cleotides can be used to survey for important nucleotides and functional groups.
The primary example of this approach is nucleotide analog interference map-
ping (NAIM), which has been used successfully in a number of systems to
identify functionally important base and backbone functional groups (see Chapters
17 and 18 [28-31]). Photo-crosslinking agents can also be positioned randomly
throughout an RNA. 4-Thiouridine and 6-thioguanosine can be randomly incorpo-
rated through transcription and have been used in the study of RNA structure and
RNA-protein interactions in such diverse systems as the HIV-I Rev protein, the
ribosome, RNA polymerase and the group II self-splicing intron [10, 32]. Finally,
an RNA can be completely substituted with modifications. This approach can be
used to introduce modifications that protect therapeutic RNAs from ribonucleases
or increase their cellular uptake (for review, see [33]).
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5.1.2
Techniques for Incorporation of Modified Nucleotides

The choice between techniques for incorporation of modifications is dependent
primarily on the location of the desired modification and thus on the experiment
in which the modified RNA will be used. Site-specific incorporation of modified
nucleotides can be accomplished by a number of methods. Internal modifications
are often introduced by chemical synthesis of all or part of the desired RNA. If the
RNA in question is short enough, the simplest solution for internal site-specific in-
corporation is often chemical synthesis of the entire RNA. If not, chemical synthe-
sis can be combined with RNA ligation (see Chapters 3 and 4). Ligation, however,
has limitations which can often lead to low yields and circular permutation com-
bined with either 5’- or 3’-end modification can be a viable alternative, especially
for highly structured RNAs [11].

RNAs with site-specific 5’-end modifications can be prepared in a straightfor-
ward manner by transcription priming, an example protocol for which is given
below. During transcription with T7 RNA polymerase, nucleotides lacking a 5'-
triphosphate cannot be incorporated into an elongating RNA chain, but can be
used to initiate a transcript ([34]; see also Chapter 1). Therefore modified nucleo-
sides or nucleotide monophosphates included in an in vitro transcription reaction
will be incorporated only at the 5’ ends of transcripts. However, transcription pri-
ming can produce a mixed population of modified and unmodified RNAs. To
maximize analog incorporation, it is essential to include a large excess of modified
nucleotide over the corresponding unmodified nucleotide triphosphate. While this
has the effect of increasing the fraction of the population with the desired 5’ mod-
ification, it also tends to lower transcription efficiency. It is therefore generally nec-
essary to empirically determine the appropriate analog concentration to balance
these factors.

Random incorporation of modified nucleotides into RNA molecules can also be
performed co-transcriptionally (e.g. [28—32]). In this case, modified nucleotide tri-
phosphates are included in the reaction mixture and are added randomly to the
elongating RNA chain. As with transcription priming, the modified nucleotide
competes with the corresponding unmodified nucleotide for incorporation. Unlike
transcription priming, however, the goal of random incorporation is generally not
to produce a completely modified RNA. For experiments such as NAIM, which call
for interference or selection, it is preferable to have at most one modification per
transcript.

It is also important to note that the range of modified nucleotides that can
be incorporated during transcription, both internally and at the 5’ terminus, is
limited by the specificity of T7 RNA polymerase. Wild-type T7 RNA polymerase
is unable to efficiently incorporate some modified nucleotides, including those
with 2’ modifications that alter hydrogen-bonding ability or introduce large sub-
stituents. However, some of these restrictions can be relaxed through the use
of mutant polymerases which allow for the use of 2’ modifications and possibly
minor groove modifications [35, 36].

Site-specific 3'-terminal modifications are generally introduced post-transcrip-
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tionally. T4 RNA ligase can be used to add a modified nucleotide to the 3’ end of a
RNA (see Chapter 4). In addition, post-transcriptional chemical modification can
be used to attach affinity selection or photo-crosslinking agents to the 3’ terminus
using the method of Oh and Pace [16], an example protocol for which is given be-
low. In this method, the unique 2’ 3’-cis-diol of the 3’ terminus is oxidized to form
a dialdehyde, which is then reacted with an alkyldiamine under reducing condi-
tions to yield a unique primary aliphatic amine (Fig. 5.1; see also Chapter 6). This
primary amine can then be further derivatized with N-hydroxysuccinimidyl esters
to introduce photo-crosslinking agents or other useful modifications. The modifica-

o

OH OH
| :

'XSO{

VAR

o o
| 2

Fig. 5.1. 3’-End attachment. Chemical scheme ethylenediamine to yield a primary amine with
for 3’-end modification by the method of Oh a two-carbon linker. (3) Reaction with the N-
and Pace showing the three reactions steps. hydroxysuccinimidyl ester derivative of an

(1) Oxidation of the 2’,3"-cis-diol of the 3'- azidophenacyl crosslinking agent to yield the
terminal ribose to a dialdehyde. (2) Reduction  final, 3’-crosslinking construct.

of the dialdehyde in the presence of
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tions that can be introduced to the 3’ end in this manner are only limited by the
availability of reagents which will react with primary amines.

5.2
Description

5.2.1
5’-End Modification by Transcription Priming

As described above, 5’-end modification can be accomplished co-transcriptionally
by transcription priming [34]. The following protocol describes the procedure for
incorporation of a 5’-phosphorothioate modification with guanosine 5’-mono-
phosphorothioate (GMPS). GMPS modified RNA can be further derivatized and
an example of modification with an arylazide photo-crosslinking agent is described
below. Other nucleotide monophosphates or nucleosides can be substituted in this
protocol if a different 5’ modification is required. GMPS to GTP ratios of 10:1 to
40:1 result in a 70-90% yield of 5’-modified transcripts [11]. The following proto-
col was designed to maximize transcription efficiency of a 76-nt bacterial tRNA
and utilizes a ratio of 4.8:1. If modified nucleotides other than GMPS are used,
the optimal ratio for efficient incorporation and maximal transcription efficiency
will have to be determined empirically.

This protocol predominantly requires widely available reagents. Nucleotide tri-
phosphates, as well as T7 RNA polymerase and its associated buffer are available
from a number of sources including Ambion. Yeast pyrophosphatase is available
from Sigma-Aldrich. GMPS is not currently commercially available, but can be
generated by chemical phosphorylation of guanosine (see below).

Begin by mixing the following:

10 x transcription buffer 10 pl
0.2 M DTT 3l

1 M MgCl, 2l
100 mM ATP 44
100 mM CTP 44
100 mM UTP 4l
100 mM GTP 1.25 pl
30 mM GMPS 20l
Linearized DNA template 5ug
40 U/pl RNase inhibitor 1l

5 U/l yeast pyrophosphatase 5ul
40 U/pl T7 RNA polymerase 5ul
Water to 100 pl total reaction volume

Incubate the reaction mixture overnight at 37 °C, recover products by ethanol pre-
cipitation and gel purify on an appropriate percentage denaturing polyacrylamide
gel.
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522
Chemical Phosphorylation of Nucleosides to Generate 5'-Monophosphate
or 5’-Monophosphorothioate Derivatives

Generation of 5’-phosphorylated nucleosides can be achieved in a straightforward
manner and in high yield by chemical phosphorylation of nucleosides with phos-
phoryl chloride and its derivatives. The example protocol given below describes the
generation of GMPS by reacting unphosphorylated guanosine with thiophosphoryl
chloride. The reaction of phosphoryl chloride with nucleosides in triethylamine
occurs almost exclusively with the 5’-hydroxyl, making protection of the 2’- and
3’-hydroxyl unnecessary [37]. In addition, workup to generate nucleotide triphos-
phates from the resulting monophosphates has been well described [38]. Because
many useful analogs are only available as nucleosides, this general procedure
can provide opportunities for probing RNA structure and function that might not
otherwise be available.

This protocol begins with the generation of a saturated solution and slurry of the
nucleoside in triethylamine. Phosphoryl chloride or one of its derivatives is then
added to the slurry. A nucleophilic reaction results in the 5’ attachment of phos-
phoryl chloride to the nucleoside. As the nucleoside becomes phosphorylated its
solubility increases and the pH of the solution is lowered, resulting in more of
the nucleoside becoming soluble until a clear solution is achieved. When this reac-
tion is complete, the nucleotide 5’-phosphoryl chloride is hydrolyzed to the nucleo-
tide monophosphate by simple addition of an excess of water. The nucleotide is
then purified by ion exchange chromatography [39, 40].

A wide variety of nucleoside analogs and phosphoryl chloride derivatives are
commercially available and can be substituted for thiophosphoryl chloride in this
protocol. Methyl-, phenyl- and ethyl-dichlorophosphite, thiophosphoryl chloride,
and 4-nitrophenyl phosphodichloridate are available from Sigma-Aldrich, and can
be used to yield useful analogs. For example, in addition to GMPS, we have used
this procedure to generate other 5’-phosphorylated guanosine derivatives including
6-thioguanosine monophosphate and guanosine 5’-p-nitrophenylphosphate [39,
40]. All other reagents used in the following procedure are commonly available
from a variety of sources.

To synthesize GMPS, begin by mixing 2 mmol of guanosine and 5 ml triethy-
lamine in a small round-bottom flask. Use a heating mantle to gently warm the
flask to 50 °C and stir at that temperature for 10 min. Next, cool the guanosine so-
lution on wet ice for at least 10 min. With the resulting guanosine slurry on ice,
add 0.6 ml (5.8 mmol) of thiophosphoryl chloride. Continue stirring on ice in a
cold room at 4 °C overnight (or at least 7 h) until the guanosine slurry has become
a clear solution. The reaction mixture is next mixed with 500 ml of water to hydro-
lyze the resultant to guanosine 5'-thiophosphoryl chloride to GMPS. Because the
hydrolysis reaction is exothermic, the reaction mixture should be added to the
water in small aliquots and the solution should be stirred on ice between additions.
Prior to chromatographic purification, adjust the pH of the solution to 7.5.

For purification of GMPS and other analogs, we have used a 2.5 x 18-cm col-
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Fig. 5.2. GMPS synthesis. (A) Absorbance water. (B) Mass spectrographic analysis of
trace showing the purification of GMPS from GMPS from the indicated peak in (A). Data
guanosine by liquid chromatography. The were acquired with a Thermoquest TSQ
dotted line indicates the fraction of buffer B quadrapole mass spectrometer equipped with
(0.5 M ammonium bicarbonate, pH 7.0) in an electrospray ion source.

umn containing Supelco TSK-gel Toyopearl DEAE-650M resin prepared according
to the manufacturers instructions. Load the sample in 50-ml aliquots at a flow rate
of 1 ml/min and wash the column with three column volumes of water. Elute the
nucleoside and phosphorylated compound with a linear gradient of 0-100% B in
60 ml (A = water; B = 0.5 M ammonium bicarbonate, pH 7.0). A sample chroma-
togram with good separation between the nucleoside, which elutes first, and the
thiophosphorylated nucleotide is shown in Fig. 5.2(A). The column can be regener-
ated by washing with several column volumes of 100% B followed by water. Pool
peak fractions and recover products by rotary evaporation. Next, resuspend the
residue in 200 ml of 10% ethanol and dry again. Repeat this step at least 4 times.
Finally, resuspend the GMPS product in 5 ml of water.

The identity of the individual peaks can be confirmed by running the appropri-
ate fractions on polyethyleneimine TLC plates developed in 1 M lithium chloride
relative to standards. In addition, samples can be analyzed using mass spectrome-
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o

N,—< >—H—Br + SLE—O o
l R OH

_QL_F_V
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Fig. 5.3. Azidophenacyl bromide attachment to a
5’-phosphorothioate. Reaction scheme for modification of

a 5’-monophosphorothioate modification with azidophenacyl
bromide. Reaction with an acid bromide generates a linkage
through the sulfur atom of the phosphorothioate.

try. A sample of mass chromatogram of final pooled GMPS fractions is shown in
Fig. 5.2(B). A clear peak at 378 m.u. indicates that GMPS was the sole component
of the second peak shown in Fig. 5.2(A). Peaks at 379 and 380 m.u. are due to the
natural abundance of carbon and oxygen isotopes. The final product concentration
can be determined by UV absorbance (e360 = 11.7 x 103> M~! cm ™! at pH 7 [41]).

5.2.3
Attachment of an Arylazide Photo-crosslinking Agent to a 5’-Terminal
Phosphorothioate

RNAs which are modified with a 5’-terminal phosphorothioate as described
above can be further derivatized with reagents containing an acid bromide [11,
15]. The following example describes the attachment of an azidophenacyl photo-
crosslinking agent to a 5’-phosphorothioate modified RNA (see Fig. 5.3). This
crosslinking agent has been used to investigate the structures of various RNAs
and has an effective crosslinking radius of approximately 10 A.

Sodium bicarbonate, Tris(hydroxymethyl)aminomethane (Tris), ethylenediamine-
tetraacetic acid (EDTA), sodium dodecyl sulfate (SDS) and methanol are com-
monly available from a number of suppliers. Azidophenacyl bromide (APBr) is
available from Sigma-Aldrich. The methanol solution of APBr used for this reac-
tion should be freshly prepared. In addition, reducing agents such as DTT may
reduce the azide moiety of this crosslinker to an amine, and should be avoided.
Finally, as this protocol involves the use of photosensitive reagents, care should
be taken to avoid exposure to light.

Begin by resuspending 10-40 pg of GMPS primed RNA in 10 pl of water. Add the
following:
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Water 24 ul
100 mM sodium bicarbonate, pH 9.0 20 ul
0.05% SDS 22 4l
3 mg/ml APBr in methanol 40 ul

Incubate the reaction mixture in the dark at room temperature 1 h. Add 100 pl of
10 mM Tris, 1 mM EDTA, pH 8.0. Next, extract the reaction mixture with an equal
volume of 1:1 phenol:chloroform to remove any unreacted APBr. Finally, extract
the reaction with an equal volume of chloroform and recover the RNA products
by ethanol precipitation.

5.2.4
3’-Addition of an Arylazide Photo-crosslinking Agent

Photo-crosslinking agents and other modification can be post-transcriptionally
added to the 3’ end of RNA molecules by chemical modification [11, 42]. As
described above, this procedure takes advantage of the unique cis-diol of the 3’-
terminal ribose. The procedure described below is a three-step process. In the first
step, the 3'-cis-diol is oxidized to a dialdehyde (Fig. 5.1) [43]. In the second step, a
primary amine is introduced at the 3’ end. The example below uses ethylenediame
in this step of the reaction [44, 45]. If a longer carbon chain is desired, other com-
pounds such as 1,6-diaminohexane can be used [42]. In the third and final step, an
N-hydroxysuccinimidyl containing reagent is reacted with the modified RNA. The
example given here utilizes N-hydroxysuccinimidyl 4-azidobenzoate for the addi-
tion of the arylazide crosslinking agent. Other N-hydroxysuccinimidyl containing
reagents, such as a number of available fluorescent labels, should also be usable
in this protocol.

As with the other protocols presented in this section, most of the reagents called
for are commonly available. N-hydroxysuccinimidyl 4-azidobenzoate is available
from Sigma (http://www.sigmaaldrich.com). Like azidophenacyl bromide used in
the protocols above, care should be taken to avoid exposure of the photoagent to
light and to reducing agents such as DTT. In addition, appropriate safety precau-
tions should be taken when handling ethylenediamine.

Begin by mixing the following:
1 M sodium acetate, pH 5.4 10 pl

30 mM NalOy4 10 pl
RNA 5-10 pg
Water to 100 pl

Incubate the reaction mixture for 1 h at room temperature in the dark. Next, re-
cover the RNA by ethanol precipitation. Resuspend the precipitate in 72 pl and
add the following:

200 mM imidazole, pH 8.0 10 pl
50 mM NaCNBH; 10 pl
100 mM EDTA 1yl

15 mM ethylenediamine 6.7 pl
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Incubate this solution at 37 °C for 1 h. Add 10 ul of 50 mM NaBH, and continue
incubating at 37 °C for an additional 10 min. Once again, recover reaction products
by ethanol precipitation. Resuspend the precipitate in 50 pl of 100 mM HEPES, pH
9.0 and add 50 pl of 20 mM N-hydroxysuccinimidyl 4-azidobenzoate. Allow this
mixture to react at room temperature for 1 h in the dark. Finally, ethanol precipi-
tate to recover the 3’-modified RNA product.

53
Troubleshooting

The 5’-end modification protocol described in this section is dependent on T7 RNA
polymerase to incorporate modified nucleotides. As such, a major concern is likely
to be the efficiency of incorporation. As described above, the level of incorporation
can be adjusted to suit the experiment at hand by altering the ratio of modified nu-
cleotide to its unmodified counterpart in the transcription reaction. However, in-
creasing concentrations of modified nucleotide, especially if the modification does
not lend itself to efficient incorporation is likely to also reduce overall yield. Mutant
versions of T7 RNA polymerase may also be useful in increasing the incorporation
of modifications, especially those with 2’ or minor groove constituents |35, 36].
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6
3’-Terminal Attachment of Fluorescent Dyes
and Biotin

Dagmar K. Willkomm and Roland K. Hartmann

6.1
Introduction

A large number of experimental approaches in RNA biochemistry are based on
some sort of label or tag within RNA molecules. Several of the methods at hand
for RNA labeling are widely used, such as incorporation of modified nucleotides
during solid-phase synthesis (Chapters 7 and 8) or transcription (Chapter 1), as
well as post-transcriptional random chemical labeling by commercially available
kits (e.g. Biotin Chem-Link from Roche or ULYSIS Nucleic Acid Labeling Kits
from Molecular Probes). In contrast, the selective chemical attachment of a label
to periodate-oxidized RNA 3’ ends described here is less common, despite some
advantages over alternative labeling techniques. Primarily, the procedure is effi-
cient, inexpensive and suitable for large-scale preparations. Further, it is not
restricted to newly synthesized RNA and can therefore also be applied to commer-
cially available RNAs or molecules isolated from cells and tissue. Moreover, the tag
is incorporated at the RNA end, where it is less likely to impede proper folding
than elsewhere in the molecule. Finally, as a single labeling group is added to
each RNA molecule’s 3’ end, this technique yields a rather uniform RNA popula-
tion in terms of structure and RNA:label ratio.

Both fluorescent and biotin RNA tags are versatile tools in a broad array of
techniques. One of the traditional domains of 3’ fluorescence of labeling RNA is
fluorescence resonance energy transfer (see also Chapter 28) and related methods
which have initially been used to probe RNA positioning within the ribosome [1, 2]
and to analyze RNA-protein interactions within the signal recognition particle
[3, 4]; further applications range from RNA-RNA binding measurements [5] to
the use of fluorescent RNAs as hybridization probes [6, 7] and for microinjection
experiments [8, 9].

Biotin as a tag is generally used because of its exceptionally tight binding to
streptavidin, a 60-kDa bacterial protein, and avidin, the related protein from egg
white. With an estimated dissociation constant of about 107'* M, the complex for-
mation between biotin and streptavidin is essentially irreversible under a wide va-
riety of conditions [10 and references therein, 11]. More recently, modified avidins
which allow reversible binding have also become available [6]. Accordingly, biotin
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tags have their uses in immobilization of RNA to solid supports as a prerequisite
for capture assays and affinity chromatography [12, 13] or surface plasmon reso-
nance measurements [14, 15]. Finally, among many further applications (reviewed
n [16]), biotin-labeled RNAs are also employed as probes, with a subsequent detec-
tion mostly based on streptavidin-alkaline phosphatase conjugates [17].

6.2
Description of Method

The underlying reaction mechanism of 3’-label chemical attachment is based on
the selective periodate-mediated oxidation of the RNA 3’-terminal ribose cis-diol
(Fig. 6.1A; [18] and references therein). Oxidation results in a dialdehyde which is
highly susceptible to nucleophilic attack and will therefore readily react with nucle-
ophilic amino components such as hydrazine derivatives. As a final step, the reac-
tion product can be stabilized by borohydride reduction.

RO base RO base 0. _base O.__base
2 10; N\ ° H,0 RO/I j/ NH,X O/I I
—_ - - —
|| HO” ~O0~ “OH HO™ “N” “OH
HO OH 00 X
R = RNAp 1
0]
NH,X R g N-N R-N (”: N-NH
— -C-N- or -N-C-N-
? e HOH 2
B hydrazide semicarbazide

HO O o
]
ﬁ—OH

oL

o)
HN’ﬂ\NH
H (0]
H HE :\,H H
HN-C-N-NH, ~%/f\\/”\“/N N-NH
| = I H 2

S
Fluorescein-5-thiosemicarbazide Biotinamidocaproyl hydrazide
Fig. 6.1. (A) Reaction mechanism for (adapted from [18]). (B) Examples of coupling
modifications at the 3’-terminal ribose of reagents: fluorescein-5-thiosemicarbazide, the
RNAs. Oxidation of the ribose cis-diol with hydrazide most frequently used as an RNA

periodate results in a reactive dialdehyde which fluorescence tag, and biotinamidocaproyl
is then attacked by the hydrazide amino group hydrazide, to be used for biotin labeling.
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With regard to the requirements of the labeling chemistry, a variety of hydra-
zine derivatives have been developed and are commercially available. Biotin can be
purchased as biotin hydrazide, a direct hydrazide conjugate, from a number of
sources. In two other biotin derivatives on the market, biotinamidocaproyl hydra-
zide (= biotin-X-hydrazide = biotin-6-aminohexanoic hydrazide, Fig. 6.1(B); from
Sigma-Aldrich or Calbiochem) and biotin-XX-hydrazide (Calbiochem, Molecular
Probes), the carboxylic acid hydrazide moiety serving as nucleophilic reactant is
separated from the biotin moiety by a 7- or 14-atom spacer, respectively, to mini-
mize steric interference between RNA and tag. Biotin-X hydrazide is the more
commonly used reagent due to better water solubility.

Regarding fluorescent dyes, the fluorophore is in most cases directly conjugated
to the semicarbazide or hydrazide moiety, as for example in fluorescein-5-thiosemi-
carbazide (Fig. 6.1B) and Alexa Fluor™ hydrazides (both from Molecular Probes),
as well as eosin-5-thiosemicarbazide (Sigma-Aldrich). However, reagents with a
short extra spacer between the fluorophore and the reactive group, advantageous
to some applications [19], are also available. For a compilation of the diverse fluo-
rophore structures and fluorescence properties, see [6] and Molecular Probes’
extensive online list at http://www.interchim.fr/bio/molprobes/cd/docs/tables/
0301.htm.

6.3
Protocols

6.3.1
3’ Labeling

6.3.1.1 Biotin Attachment [12]

(1) Incubate up to about 3—4 nmol RNA in a total volume of 100 pl 40 mM KIO,
for 1 h at room temperature in the dark.

(2) Stop the reaction with 100 pl of 50% ethylene glycol, then add 1/10th volume
of 3 M NaOAc (pH 5.2) and 2.5 volumes of 96% ethanol to precipitate the
RNA. After centrifugation, wash the pellet with 70% ethanol and dry.

(3) Dissolve the dried pellet in 100 pl of 10 mM biotinamidocaproyl hydrazide and
incubate for 2 h at 37 °C.

(4) Add 100 pl of 0.2 M NaBH, and 200 pl of 1 M Tris—HCI, pH 8.2. Incubate for
30 min on ice in the dark.

(5) Purify the RNA (see Section 6.3.3) to remove salt and coupling reagent.

Special care has to be taken with some of the solutions:

e KIO4 needs to be prepared as a 50 mM aqueous solution adjusted to pH 7.0 with
10 N NaOH. The KIO, will dissolve only upon NaOH addition; at pH 7.0,
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50 mM is at the limit of solubility. A more alkaline pH, although helpful for dis-
solving the KIOy, reduces the yield of the overall reaction.

¢ Biotinamidocaproyl hydrazide has low solubility in water; to prepare the required
10 mM solution, incubate for 2 min at 95 °C.

e 0.2 M NaBHj: the solution sets free hydrogen. Therefore, prepare small portions
(Eppendorf tube scale is fine).

6.3.1.2 Fluorescence Labeling [5]

While similar in chemistry, a slightly different protocol has been used in our lab
for fluorescence labeling. In order to minimize photobleaching of the fluorescent
dye, all reactions need to be carried out in the dark.

(1) Incubate 20 nmol of RNA in a volume of 400 pl 2.5 mM NalO4, 100 mM
NaOAc (pH 5.0) for 50 min on ice.

(2) Precipitate with ethanol, wash the pellet with 70% ethanol and dry.

(3) For the coupling reaction, dissolve the RNA in 400 pl of 100 mM NaOAc (pH
5.0) and 1 mM fluorescein-5-thiosemicarbazide (200 mM stock solution in di-
methyl formamide) and incubate on ice overnight.

(4) Ethanol-precipitate and redissolve in 50 pl double-distilled water.

(5) Purify (see Section 6.3.3).

6.3.2
Preparatory Procedures: Dephosphorylation of RNA Produced with 3’ Hammerheads

Transcription of RNA with 3’ cisshammerheads is particularly attractive because it
gives defined homogeneous 3’ ends as opposed to the heterogeneous 3’ ends
which result from run-off transcription (see Chapter 1). 3’ Labeling of these
RNAs released by hammerhead self-cleavage, however, poses a problem because
their 3’ end is masked by a 2’,3’-cyclic phosphate. Prior to the labeling reaction,
these RNAs therefore require 3’ dephosphorylation, which can be done in a kinase
reaction at low concentration of ATP, thus making use of the T4 polynucleotide
kinase phosphatase activity [20]. The method can also be applied to other RNA
substrates with a 3’-phosphate.

(1) Incubate 300 pmol RNA with 2’,3’-cyclic phosphate ends for 6 h at 37 °C in a
total volume of 100 pl containing:
0.1 mM ATP
100 mM imidazole-HCI (pH 6.0)
10 mM MgCl,
10 mM f-mercaptoethanol
2 ug BSA
20 U T4 polynucleotide kinase
(2) Extract first with an equal volume of phenol/chloroform (1:1) and then with
chloroform.
(3) Desalt by gel chromatography (see below) and precipitate with ethanol.
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6.3.3
RNA Downstream Purifications

6.3.3.1 Gel Chromatography

Among the diverse options, Sephadex G-50 gel exclusion chromatography with
self-made spin columns [21] has in our hands proved a cheap and efficient means
to remove unincorporated label, particularly biotin, with almost no loss of RNA
material.

(1) Prepare Sephadex G-50 slurry: add an equal volume of double-distilled water to
the Sephadex, let swell for several hours with occasional gentle shaking. Wash
twice with double-distilled water: let sediment (or spin briefly at low speed), ex-
change the water, resuspend and repeat once more. Perform a third wash with
0.1 x TE (1 mM Tris, 0.1 mM EDTA) pH 7.4, let sediment and adjust the final
volume of the supernatant liquid phase to 30% of the total volume (Sephadex
plus supernatant). Resuspend before use.

(2) Remove the barrel from a 2-ml syringe, plug the syringe with a tiny amount of
siliconized glass wool and fill with 1.5 ml Sephadex G-50 slurry.

(3) Place in a 15-ml disposable tube and centrifuge in a swinging-bucket rotor for
2 min at 550 g. Discard flowthrough.

(4) Place a decapped Eppendorf tube at the bottom of the 15-ml tube. Apply 200 pl
of sample to the column and spin exactly as before. The flowthrough collected
in the Eppendorf contains the purified RNA.

Depending on the centrifuge, the centrifugation step might need optimization.
The aim is that the volume of flowthrough finally collected will be identical to the
sample volume applied to the column. Alternatively, ready-made columns are avail-
able from a number of suppliers (e.g. Amersham Biosciences).

6.3.3.2 Purification on Denaturing Polyacrylamide Gels

With chromatographic purifications, there is the risk of low amounts of coupling
reagents not being removed. For many applications it might therefore prove useful
to check the purification by running a sample on a denaturing polyacrylamide gel,
where unincorporated fluorescent dye can be seen to migrate below the bromophe-
nol blue band, or to do a gel purification in the first place.

The method of gel purification, described extensively elsewhere in this handbook
(e.g. Chapter 3), is convenient and efficient for RNAs of 400 nt or less. In addition
to complete removal of coupling reagent, for shorter RNAs, such as tRNAs, it also
allows elimination of unmodified RNA from the RNA pool because the attached
dye slows down RNA migration (Fig. 6.2). For larger RNAs, the difference in elec-
trophoretic mobility caused by the 3’ label might well be too small to allow dis-
crimination of modified and unmodified molecules.
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tRNA  ptRNA

wve®

— XC
1 2 3 4 5 6

Fig. 6.2. Denaturing 9% polyacrylamide gel 4) and finally after 3’ labeling with fluorescein-
showing a tRNASY (79 nt, lanes 1-3) and its 5-thiosemicarbazide (lanes 3 and 6). Both the

93-nt precursor (lanes 4-6) — both with dephosphorylated molecules (lacking the
homogeneous 3’ ends due to release from a negative charge of one phosphate group) and
primary transcript carrying a 3’-terminal cis- the tagged molecules (of increased molecular
hammerhead — after hammerhead self-removal  weight) run slightly slower than the unmodified
and gel purification (lanes 2 and 5), after RNAs. XC: position of xylene cyanol blue, at

subsequent 3’ dephosphorylation (lanes 1 and 20 cm from the slot.

6.3.4
Quality Control

Particularly when setting up the procedure in one’s lab, it is advisable to run con-
trols for labeling efficiency. For fluorescence labeling, the expected efficiency of the
reaction is over 90%, and for homogeneous populations of small RNAs this can be
monitored by denaturing polyacrylamide gel electrophoresis (Fig. 6.2). Biotin at-
tachment should also proceed almost quantitatively. Biotinylation efficiency can be
analyzed by gel shift assays with saturating amounts of streptavidin (commercially
available for example from Sigma-Aldrich) on native agarose gels (see Fig. 6.3). As
opposed to fluorescence labeling analysis, the shift caused by streptavidin is fairly
large, so that the labeling of slightly heterogeneous RNA populations and larger
RNAs can also be monitored.

6.4
Troubleshooting

When labeling and/or downstream application efficiencies are low, check the fol-
lowing aspects.

6.4.1
Problems Caused Prior to the Labeling Reaction

Quality of the RNA 3’ Ends
While the RNA 2’- and 3’-hydroxyls are a prerequisite for the reaction chemistry, a
number of cleavage activities generate RNA 3’-phosphate or 2’,3'-cyclic phosphate
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biotinylated tRNA tRNA

slot

' ‘ | streptavidin-
. I tRNA complexes

.:-—- S0 R - (RNA

=i 0 2.0 — 2.0 pg streptavidin
Fig. 6.3. Streptavidin retardation experiment  streptavidin—tRNA complexes were resolved
to monitor the efficiency of biotinylation on the gel, which may be related to the fact
of yeast total tRNA (Roche). 140 ng of bio- that streptavidin forms tetramers. At saturating
tinylated tRNA were incubated with up to 2 ug  amounts of streptavidin, over 80% of the tRNA
of streptavidin for 15 min in 10 mM Tris, showed reduced gel mobility. Non-biotinylated
pH 7.4, 2.5 mM MgCl, and 100 mM NaCl. tRNA incubated with 2 pg streptavidin is
Samples were run on a 0.8% ethidium shown as a control on the right.

bromide-stained agarose gel. Different

ends, including several RNases (e.g. RNase A and RNase T1 [22]), metal ions [23]
and small ribozymes (reviewed in [24]). The respective RNAs will need to be de-
phosphorylated prior to the labeling reaction (see Section 6.3.2). If the labeling ef-
ficiency is low even after a dephosphorylation step, the extent of dephosphorylation
can be checked by denaturing PAGE (Fig. 6.2). However, PAGE resolution limits
this kind of analysis to RNAs smaller than 100 nt.

Purity of the RNA to be Labeled

Nucleotides also react with the labeling reagents. When preparing the RNA to be
labeled by transcription, thorough purification by either Sephadex columns or,
preferably, polyacrylamide gel electrophoresis is therefore recommended. Impur-
ities such as proteins or salts might impede the labeling reaction as well.

When the labeling efficiency for the RNA of interest is low, even though 2’,3’-
hydroxyl ends should be present and the RNA has been thoroughly purified and
desalted prior to labeling, a most likely cause is poor RNA quality due to degrada-
tion. In this case, an entirely new preparation of RNA should be used.

6.4.2
Problems with the Labeling Reaction ltself

pH of Reagents
A crucial and limiting aspect to the overall yield of the labeling reaction is the labil-
ity of the dialdehyde reaction intermediate. Since it is destabilized at basic pH, the
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reaction conditions need to be kept non-alkaline. In particular, for the periodate
oxidation according to the biotin-labeling protocol, neutral pH of the 50 mM KIO4
solution is essential. At higher pH the reaction will be markedly less efficient.

Stability of Reagents

In general, it is advisable to store all labeling reagents at —20 °C. Nevertheless, es-
pecially the sodium borohydride solution will suffer from repeated freeze—thaw
cycles and should be stored in aliquots. We have further prepared the periodate sol-
utions freshly after three freeze—thaw cycles, and have kept the borohydride and
periodate solutions for no longer than a few months.

6.4.3
Post-labeling Problems

Removal of Labeling Reagents

For most downstream applications, special care has to be taken to efficiently re-
move excess labeling reagents. Ethanol precipitation, even repeatedly, will generally
not suffice. Substantial quantities of (anionic) contaminant fluorescent dyes will be
visible on polyacrylamide gels, utilizing an appropriate excitation light source.
Such gels need to be run very shortly in order to prevent the low molecular weight
dye from exiting the gel and to minimize lateral diffusion. Unincorporated biotin
derivatives can be detected by competition with the biotinylated RNA for binding to
streptavidin, resulting in a considerable increase in the amount of streptavidin
needed for saturation in a control shift assay.

Loss of RNA Material during Downstream Purification

The risk of losing RNA during purification is not significantly altered compared to
unmodified RNA. A very important exception is phenol extraction of biotinylated
material: since biotin increases hydrophobicity, the biotinylated RNA may be re-
tained to some extent at the water/phenol interphase. Phenol extraction of biotiny-
lated RNA should therefore be avoided.

Stability of Labeled RNA
Thiosemicarbazide adducts tend to degrade above pH 8 and at elevated tempera-
tures [25], and thus should strictly be kept cold and dark, as well as below pH 8.
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7
Chemical RNA Synthesis, Purification
and Analysis

Brian S. Sproat

7.1
Introduction

The interest in chemically synthesized RNA took a dramatic leap forward with the
discovery and application of the small interfering RNA (siRNA) technology [1, 2], a
technique which has revolutionized functional genomics and target validation dur-
ing the past 2-3 years and equals antisense technology in its applicability. How-
ever, the chemical synthesis of RNA until recently lagged a long way behind the
well-established DNA synthesis technology. A few pioneers in the field have con-
tributed to the three solid-phase RNA synthesis chemistry variants that are now
used by commercial suppliers of RNA, i.e. the 2’-O-TBDMS method [3], the TOM
method [4], which is a variant of the TBDMS method, and the 2’-ACE method
[5, 6]. The abbreviations refer to the ether protecting groups used for the ribose
2’-hydroxyl group: TBDMS is tert-butyldimethylsilyl, TOM is triisopropylsilyloxy-
methyl and ACE is bis(acetoxyethoxy)methyl. The TOM and ACE variants are quite
recent. In the past, problems with RNA synthesis were largely caused by poor-
quality RNA phosphoramidites (the building blocks for solid phase synthesis), in-
appropriate protecting groups taken from DNA synthesis, poor activating agents
and suboptimal deprotection protocols. This combination of largely unavoidable
obstacles combined with the intrinsic chemical and biological instability of RNA
led in most cases to failed syntheses. However, the boom in usage of synthetic
RNA both for siRNA and other applications such as ribozymes and aptamers has
had a very positive effect in that the speciality reagent suppliers have improved the
quality of the building blocks leading to healthy competition and affordable prices.
Moreover, the use of optimized protecting groups, coupling agents and deprotec-
tion protocols has revolutionized chemical RNA synthesis.

Since most commercially available synthesizers are not compatible with the
highly specialized 2’-ACE chemistry, the methods described here have been re-
stricted to the standard TBDMS chemistry, but also apply to the closely related
TOM chemistry. The synthesis method described here is of course one of many
variant methods, but all methods are in the end a variation of the basic methods
described here. Since synthesis will be performed in the solid-phase using well-

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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established phosphoramidite chemistry [7, 8] it can be performed manually or on
any of the commercially available instruments. Synthesis starts from the 3’ termi-
nus starting with the 3’-terminal nucleoside anchored most commonly via a suc-
cinyl linkage to an insoluble matrix, generally aminopropyl or long-chain alkyl-
amine functionalized controlled pore glass, or polystyrene, contained in an
appropriate reaction vessel. The nucleobases of the phosphoramidites and func-
tionalized supports are preferably protected with N-phenoxyacetyl (pac) [9] or N-
tert-butylphenoxyacetyl (tac) [10] groups enabling very mild deprotection of the
RNA at the end of the synthesis, however the use of N°®-benzoyl A, N*-acetyl C
and N2-isobutyryl G phosphoramidites leads to similar results regarding yield and
purity of the RNA. The structure of the tac-protected cytidine building block is
illustrated in Fig. 7.1. The advantage of the solid-phase method is that reagents
are introduced into the vessel for removing protecting groups and enabling chain
extension of the RNA 1 nt at a time and excess reagents are simply flushed away
with a suitable solvent, in this case acetonitrile. The cyclical process is repeated
until the desired length of RNA is obtained. Since no intermediate purification
steps are possible, purification is done at the end of the assembly when most of
the protecting groups have been removed. In practice, all reactions proceed close
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Fig. 7.1.  Structure of a standard cytidine phosphoramidite
building block, carrying 4-t-butylphenoxyacetyl protection of the
exocyclic amino group.
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to 100% yield and the chain extension reaction has a yield in the range of 98.5-
99%, thus enabling in most cases a straightforward purification of the crude product.

Upon completion of the synthesis the fully protected support-bound RNA is
deprotected in a stepwise fashion. In the first step the linkage to the solid-phase
and the nucleobase and phosphate protecting groups are cleaved. In the second
step the TBDMS groups are cleaved using triethylamine tris(hydrofluoride) [11,
12]. When RNAs longer than about 25 nt are synthesized it is best to leave the 5’
terminal dimethoxytrityl group attached as it is lipophilic and can be used as a pu-
rification aid. The crude RNA is then purified by anion-exchange and/or reversed-
phase HPLC according to the length of the RNA and the purity required. For appli-
cations such as NMR spectroscopy and X-ray crystallography, purities of greater
than 98% are desirable.

7.2
Description

7.2.1
The Solid-phase Synthesis of RNA

This section is devoted to the synthesis of the fully protected RNA in the solid-
phase. The various steps involved in each cycle of the synthesis are illustrated in
Fig. 7.2. Each cycle comprises a detritylation step that unmasks the 5’-hydroxyl
group for chain extension, a coupling step in which the desired nucleotide as a
phosphoramidite building block activated with 5-(benzylthio)-1H-tetrazole [13] is
added, a capping step that acylates any unreacted 5’-hydroxyl group, an oxidation
step that converts the phosphite triester to a phosphate triester, a second capping
step that removes any occluded iodine and of course in between washing steps
with acetonitrile to remove excess reagents. 5-(Benzylthio)-1H-tetrazole (BTT)
for activation of the sterically hindered 2'-O-TBDMS-protected phosphoramidites
is strongly preferred over conventional 1H-tetrazole with regard to both speed and
coupling efficiency [13]; however, 4,5-dicyanoimidazole (DCI) and 5-(ethylthio)-
1H-tetrazole can also be used with similar efficiency. Moreover, syntheses can be
performed manually or machine-assisted using the following reagents and equip-
ment:

(1) RNA monomers: 5’-O-Dimethoxytrityl-N(pac or tac)-2’-O-TBDMS-3'-O-(p-
cyanoethylphosphoramidites) of adenosine (A), uridine (U), cytidine (C) and
guanosine (G). These compounds are available for instance from Pierce (Mil-
waukee, USA) or Proligo (Hamburg, Germany) and should be stored dry under
argon at —20 °C. Alternative suppliers of fast deprotecting RNA phosphorami-
dites are Transgenomic, Promega JBL, Glen Research and ChemGenes.

(2) Solid-phase supports, either CPG (Proligo, Pierce, ChemGenes, Glen Research
and Transgenomic) or polystyrene (available from Amersham Biosciences, now
part of GE Healthcare) functionalized with A, U, C and G.
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Fig. 7.2. Scheme illustrating a single cycle
of solid-phase RNA synthesis via the
phosphoramidite method. The black circle
represents the controlled pore glass support.
By and B, represent protected nucleobases,

e.g. uracil-1-yl, N*-(4-t-butylphenoxyacetyl)
cytosine-T-yl, N2-(4-t-butylphenoxyacetyl)
guanin-9-yl or N®-(4-t-butylphenoxyacetyl)
adenin-9-yl.

(3) 5-Benzylthio-1H-tetrazole (BTT), the activating agent which is available with a
very low residual water content from emp Biotech (Berlin, Germany) or CMS
(Oxford, UK).

(4) Capping solutions A (fast deprotection since it is based on 4-tert-butylphenoxy-
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acetic anhydride) and B from Proligo. Capping solutions are also available from
Merck, Riedel-de-Haen, Biosolve and Malinckrodt-Baker, for example.

(5) Oxidation solution containing iodine from Proligo, Merck, Riedel-de-Haen,
Biosolve or Malinckrodt-Baker, for example. Since the iodine concentration
is often only 17 mM, the concentration should be adjusted to 50 mM when
performing large-scale syntheses by adding the correct amount of high-purity
iodine.

(6) Deblock solution comprising 3% trichloroacetic acid in dichloromethane from
Proligo or another supplier. For large-scale syntheses an alternative deblock so-
lution containing up to 6% dichloroacetic acid in toluene is usually used, in
particular on the Akta OligoPilot 10.

(7) DNA synthesis grade acetonitrile containing less than 30 p.p.m. water
(Malinckrodt-Baker, Merck, Riedel-de-Haen and Biosolve, for example).

(8) Assorted 1000 series gas-tight syringes with volumes of 0.5, 1 and 2.5 ml,
which can be purchased from the Hamilton Company (Reno, NV, USA).

(9) DNA/RNA synthesizer (Applied Biosystems, Amersham Biosciences or other
manufacturer) or, for manual synthesis, a glass reaction vessel fitted with a
B14 ground glass joint at the top and a fine porosity glass frit and a tap at the
bottom [14]. A set of suitable vessels can be made by any laboratory glass
blower.

7.2.1.1  Manual RNA Synthesis

(1) Weigh out the requisite amounts of the tac- or pac-protected monomers re-
quired in small vials that can be closed with a septum and dry them overnight
in vacuo over separate containers of phosphorus pentaoxide and potassium
hydroxide pellets to remove traces of water. Suitable vials for this purpose are
those amber glass bottles, which are used by suppliers of DNA and RNA
phosphoramidites. To perform syntheses in the range of 1-3 pumol it is re-
commended to use 8-10 equivalents of monomer per coupling relative to the
amount of support used. For synthesis scales above 5 pmol the monomer ex-
cess can be reduced to 5-fold.

(2) Carefully release the vacuum with dry argon and seal the bottles with tight fit-
ting rubber septa.

(3) Using a gas tight syringe dissolve each of the monomers in the requisite vol-
ume of dry acetonitrile to give a 0.1 M solution and seal with Parafilm. It is
not recommended to store the monomer solutions for more than 2-3 days at
room temperature.

(4) Prepare an adequate volume of a 0.3 M solution of BTT in very dry acetoni-
trile in a tightly closed bottle under argon.

(5) Prepare 100 ml of capping mixture comprising 1 volume of fast deprotection
capping solution A and 1.1 volumes of capping solution B in a tightly stop-
pered flask. Fresh capping mixture should be made each day.

(6) Weigh out the requisite amount of CPG carrying the desired 3’-terminal ribo-
nucleoside into the glass reaction vessel. For a 1-umol scale synthesis the ves-
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sel should have a volume of about 5 ml, whereas for 10-umol scale a volume
of 20 ml is more appropriate to allow good washing.

(7) Using a Pasteur pipette add 3% TCA in dichloromethane (deblock solution) to
the support and let it percolate through. Immediately a deep orange color is
produced, characteristic of the released dimethoxytrityl cation. Continue to
add acid until the effluent is colorless.

(8) Now drain the support using a slight pressure of dry nitrogen or better argon.

(9) Wash the support 8-10 times in a batchwise fashion with acetonitrile using a
Teflon wash bottle, removing the supernatant each time with argon pressure.

(10) Just prior to the coupling step, wash the CPG once with very dry acetonitrile
containing less than 30 p.p.m. water, flush away with argon pressure, close
the tap and stopper the vessel.

(11) Using two gas tight syringes add the desired monomer as a 0.1 M solution
in acetonitrile and an equal volume of 0.3 M BTT solution in acetonitrile in a
second gas tight syringe to the CPG, stopper the vessel and agitate several
times during a period of 6 min.

(12) Whilst the coupling step is in progress clean both syringes thoroughly with
acetonitrile and store them in a desiccator.

(13) Flush away the coupling mixture, wash the CPG once with acetonitrile and
flush away with argon pressure.

(14) Add a few milliliters of capping mixture to the reaction vessel, stopper and
agitate for 1 min and then drain.

(15) Wash the CPG once with acetonitrile and flush away with argon pressure.

(16) Add a few milliliters of oxidation mixture and allow it to slowly percolate
through the CPG during 2 min. This step oxidizes the phosphite triester to a
phosphate triester.

(17) Drain the CPG and wash once with acetonitrile and drain with argon pressure.

(18) Once again add a few milliliters of capping mixture, agitate for 30 s and then
drain using argon pressure.

(19) Now wash the CPG thoroughly with acetonitrile 6 times, draining each time
in between using argon pressure.

(20) Repeat Steps 7-19 as many times as necessary until the desired sequence has
been reached.

(21) If the RNA is longer than about 25 nt the final trityl group should be left on
as a lipophilic purification handle. For RNAs less than 25 nt in length remove
the final trityl group as in Step 7 and wash the CPG very thoroughly with ace-
tonitrile.

(22) Finally dry the CPG using a stream of argon.

7.2.1.2  Automated RNA Synthesis

In order to perform automated RNA synthesis follow the instructions for the par-
ticular synthesizer plus the programme for the RNA synthesis scale you intend to
use. Now the CPG or polystyrene support is placed inside a small plastic cartridge.
All the reagents that you will need, including prepacked columns, are commer-
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cially available in the correct bottles to fit the various instruments on the market.
Activated molecular sieves or trap bags can be added to ensure that reagents stay
dry during the synthesis.

7.2.2
Deprotection

In the first deprotection step the succinate linkage connecting the 3’ terminus of
the protected RNA to the solid support is cleaved, the f-cyanoethyl phosphate pro-
tecting groups are removed by f-elimination and in addition the exocyclic nucleo-
base protecting groups are cleaved. In our hands this step is best performed with a
1:1 mixture of concentrated aqueous ammonia and 8 M ethanolic methylamine,
which prevents premature loss of the TBDMS groups, that would otherwise lead
to degradation of the RNA under basic conditions. Warning, methylamine is not
compatible with N*-benzoyl-protected C. In the second deprotection step the TBDMS
groups are removed using triethylamine tris(hydrofluoride) in an appropriate sol-
vent. At this point you will need the following reagents:

(1) High-purity concentrated aqueous ammonium hydroxide. This solution is
highly irritating to the eyes and respiratory system and must only be used in a
well-ventilated fume cupboard.

(2) Anhydrous 8 M methylamine in ethanol. This compound is also highly irri-
tating to the eyes and respiratory system and must only be used in a well-
ventilated fume cupboard.

(3) Anhydrous dimethylsulfoxide (e.g. Fluka, Biotech. Grade).

(4) Triethylamine tris(hydrofluoride) (e.g. Aldrich). This compound is hazardous
and toxic, and should only be handled wearing full protection and used only
in a well-ventilated fume cupboard.

(5) Anhydrous triethylamine.

(6) N-Methylpyrrolidone, peptide synthesis grade.

(7) Prop-2-yl trimethylsilyl ether prepared according to Jones [15].

(8) Diethyl ether.

7.2.2.1 Deprotection of Base Labile Protecting Groups

(1) Transfer the support obtained from Section 7.2.1 to a small screw top vial or
Duran bottle equipped with a tight fitting screw top.

(2) Add a mixture of concentrated aqueous ammonia and 8 M ethanolic methyl-
amine, 1:1 by volume. A volume of 2 ml is adequate for a 0.2—1-umol scale syn-
thesis. Otherwise use 2 ml/pmol of support.

(3) Close the vial or bottle tightly and seal further with Parafilm.

(4) Place the vial or bottle in a preheated oven at 65 °C for 20 min for small vials,
but 40 min for larger bottles, which take longer to equilibrate thermally.

101



102

7 Chemical RNA Synthesis, Purification and Analysis

(5) Allow the vial/bottle to cool completely to room temperature before opening in
a fume cupboard.

(6) Carefully remove the supernatant and wash the support several times with a
few milliliters of ethanol/sterile water (1:1 by volume).

(7) Combine the supernatant and washings in a Falcon tube and dry in a Speed
Vac or, for bigger volumes, evaporate to dryness on a rotary evaporator. Do not
use water bath temperatures above 30 °C for trityl-on material.

(8) Dry the residue once by evaporation of absolute ethanol.

7.2.2.2 Desilylation of Trityl-off RNA

(1) Add a 1:1 mixture of dry DMSO and triethylamine tris(hydrofluoride) [16],
using 600 pl/pumol, to the trityl-off residue in the Falcon tube obtained in sec-
tion 7.2.2.1 above and sonicate briefly. If you have dried down the oligoribo-
nucleotide in a glass flask, dissolve it in the required volume of dry DMSO
using gentle warming of the flask using a hair dryer, transfer the solution to
a Falcon tube and add an equal volume of the fluoride reagent.

(2) Close the tube, seal with Parafilm and place it in a preheated oven at 65 °C for
2.5 h.

(3) Cool the tube to room temperature.

(4) Add 2 volumes of isopropyl trimethylsilyl ether [15] to destroy the excess flu-
oride reagent, close the tube and shake vigorously at intervals during 10 min.
At this point a white precipitate appears.

(5) Open the tube carefully and add 5 volumes of diethyl ether, close and agitate
vigorously.

(6) Collect the precipitate by centrifugation at 4000 r.p.m. at 4 °C for 5 min.

(7) Remove the supernatant by careful decantation.

(8) Resuspend the pellet in diethyl ether, close the tube, agitate and again collect
the precipitate by centrifugation.

(9) Repeat Steps 7 and 8 twice more.

(10) Finally dry the RNA pellet carefully in vacuo.

7.2.2.3 Desilylation of Trityl-on RNA

(1) Prepare a solution of N-methylpyrrolidone/triethylamine/triethylamine
tris(hydrofluoride) (6:3:4 by volume) [17] immediately before use and add to
the trityl-on residue obtained in section 7.2.2.1 above using 600 pl/pmol. For
material that has been dried down in a glass flask, dissolve the residue in the
minimum volume of dry DMSO, transfer the solution to a Falcon tube and add
the freshly prepared desilylation solution.

(2) Perform Steps 2-8 as described in Section 7.2.2.2 above.

(3) Finally dry the RNA pellet very briefly using a stream of argon gas, then dis-
solve it immediately in sterile 0.1 M aqueous ammonium bicarbonate and
purify immediately by reversed phase HPLC as the DMTr group has a limited
half-life under these conditions.
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7.2.3
Purification

This entire section is devoted to the anion-exchange HPLC purification of fully de-
protected RNA using gradients of sodium perchlorate [17] or lithium perchlorate
[18] as chaotropes, the reversed-phase HPLC purification of trityl-on RNA, detrity-
lation and desalting. In this section you will need the following items:

(1) A biocompatible HPLC system (Amersham Biosciences or other).

(2) A set of anion-exchange HPLC columns, e.g. MonoQ 5/5, Source 15Q 16/10
and/or a FineLINE 35 pilot column packed with Source 15Q (Amersham Bio-
sciences) or Dionex DNAPac PA-100 columns (Dionex, Sunnyvale, CA, USA).

(3) Sodium perchlorate. Please note that this salt is toxic and corrosive.

(4) Disodium EDTA.

(5) 1 M sterile Tris—HCI buffer, pH 7.4.

(6) A Hi-Prep 26/10 desalting column (Amersham Biosciences).

(7) Reversed-phase HPLC columns, for instance Hamilton PRP-1, 7 x 305 mm,
XTerra™ RPg, 4.6 x 250 mm (Waters), XTerra™ RPg, 19 x 300 mm and/
or a FineLINE 35 pilot column packed with Source 15RPC (Amersham
Biosciences).

(8) HPLC grade acetonitrile.
(9) High-purity ammonium bicarbonate.

(10) Glacial acetic acid.

7.2.3.1 Anion-exchange HPLC Purification

The purity of oligoribonucleotides less than 25 nt in length, obtained by anion-
exchange HPLC as the only purification step is perfectly adequate for most biolog-
ical applications. It generally results in a purity in the range of 95-98%. Longer
RNAs must be purified in the trityl-on mode, see Section 7.2.3.2 below. It is recom-
mended to use a gradient of sodium perchlorate in sterile water/acetonitrile (9:1
v/v) containing 50 mM Tris—HCl buffer pH 7.6 and 50 uM EDTA for anion-exchange
HPLC. The reason for adding EDTA is to complex traces of heavy metals that could
otherwise lead to cleavage and degradation of the RNA. Recommended columns
are the Source 15Q 16/10 columns for purification of 1-umol scale syntheses with
a flow rate of 5 ml/min. For syntheses in the 10-100-umol scale, purification is
best achieved using a FineLINE Pilot 35 column packed with Source 15Q and
eluted at 20 ml/min. The low salt or A buffer preferably contains 10 mM sodium
perchlorate and the high salt or B buffer contains 600 mM sodium perchlorate. It
has been found that a gradient from 10-60% B during 40 min gives good resolu-
tion. When not in use the columns should be stored in 20% ethanol in sterile
water to prevent microbial growth. For long-term storage of columns it is advisable
to add 0.2% sodium azide as an antimicrobial. Prior to using a column that has
been stored wash it with several column volumes of sterile water. The column is
then equilibrated by washing it with several column volumes of buffer B followed
by several column volumes of 90% buffer A plus 10% buffer B before injecting the
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Fig. 7.3. Preparative anion-exchange HPLC
trace of a 21mer oligoribonucleotide
synthesized manually on 20-umol scale and
purified on Source 15Q packed in a FineLINE
Pilot 35 column. The column was eluted with a
linear gradient from 10 to 60% B during 40
min at a flow rate of 20 ml/min. Buffer A was

sample of fully deprotected RNA as obtained in Section 7.2.2.2 dissolved in buffer
A and running the salt gradient. The desired product peak is the late eluting major
component. This material is then desalted as described in Section 7.2.3.4 below. A
typical trace of an anion-exchange HPLC purification is shown in Fig. 7.3. In this
example the oligomer is a 21mer synthesized manually on a 20-umol scale and pu-
rified on Source 15Q packed in a FineLINE Pilot 35 column. As can be seen the
failure peaks are very small compared to the product peak which elutes at about
25 min.

7.2.3.2 Reversed-phase HPLC Purification of Trityl-on RNA
The highly lipophilic dimethoxytrityl group profoundly retards the full-length
trityl-on RNA when purification is performed on a reversed phase HPLC column.
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Although a better separation of failure peaks from the desired trityl-on product
peak is obtained using aqueous triethylammonium acetate/acetonitrile buffers, for
ease of salt removal and minimal damage to the RNA the use of ammonium bicar-
bonate instead of triethylammonium acetate is strongly preferred. However, make
up the ammonium bicarbonate buffer fresh, otherwise store it cold, since it has a
limited stability at room temperature in contrast to triethylammonium acetate.

Columns recommended for trityl-on purification are the Hamilton PRP-1,
7 x 305 mm for purifications on the scale of a few micromoles or a 21.5 x 250
mm column for 10-20-umol scale purifications. As an alternative for larger-scale
purifications, a FineLINE Pilot 35 column packed with Source 15RPC can be
used. The buffers required are 0.1 M ammonium bicarbonate prepared in sterile
water (buffer A) and 0.1 M aqueous ammonium bicarbonate/acetonitrile (1:1 by
volume), which is buffer B. A useful gradient to use is 0-90% B during 40 min.
The failure peaks elute early and are well separated from the desired trityl-on
product peak which elutes last. The pure product fraction should be collected in a
polypropylene Falcon tube and dried down in a Speed Vac. Residual ammonium
bicarbonate is then removed by lyophilization of the product, which is then ready
for detritylation. A typical trace of a trityl-on RNA purification by reversed phase
HPLC is shown in Fig. 7.4. The example shows a trityl-on 34mer oligoribonucleo-
tide synthesized by machine on a 20-umol scale and purified on a FineLINE Pilot
35 column packed with Source 15RPC. As can be seen the desired product peak
elutes at 20-25 min well separated from the trityl-off failure sequences which elute
between 7 and 12 min.

7.2.3.3 Detritylation of Trityl-on RNA

(1) Dissolve the HPLC-purified trityl-on RNA, obtained in Section 7.2.3.2 above, in
3% sterile aqueous acetic acid (200 pl/pmol) and keep for 45 min at room tem-
perature. The pH should be about 3.5.

(2) Neutralize the solution by careful addition of solid ammonium bicarbonate
until evolution of carbon dioxide ceases. The pH will now be about 7.8.

(3) Dry the sample in a Speed Vac.

(4) Repurify the product by anion-exchange HPLC, as described in Section 7.2.3.1
above, which in addition converts the RNA from the ammonium form into the
biologically useful sodium form.

(5) Desalt according to Section 7.2.3.4 below.

As an alternative to Steps 4 and 5 the salt exchange can be performed in a reliable
and high yielding fashion by dissolving the residue from Step 3 in sterile 0.3 M
aqueous sodium acetate (400 pl/pmol synthesis scale) and adding 2.5 volumes of
absolute ethanol. After mixing and storage at —70 °C for 20 min the precipitated
RNA is recovered by centrifugation, washed once with absolute ethanol and then
dried carefully in vacuo. To ensure a complete exchange of cation from ammonium
to sodium the precipitation procedure should be repeated once more. This protocol
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Fig. 7.4. Preparative reversed phase HPLC Buffer A was 0.1 M sterile aqueous ammonium
trace of a trityl-on 34mer oligoribonucleotide bicarbonate and B was 0.1 M aqueous
synthesized by machine on a 20-umol scale ammonium bicarbonate/acetonitrile (1:1 v/v).
and purified on Source 15RPC packed in a The solid line traces absorption at 260 nm, the
FineLINE Pilot 35 column. The column was dashed line that at 280 nm. The x-axis is in

eluted with a linear gradient from 0 to 90% B~ minutes.
during 40 min at a flow rate of 25 ml/min.

is convenient if the detritylated RNA is of sufficient purity as determined by analyt-
ical anion-exchange HPLC or PAGE.

7.2.3.4 Desalting by HPLC
Oligoribonucleotides purified by anion-exchange HPLC must be free of excess salt,
buffer and EDTA regardless of the intended application. This is readily achieved
using a desalting column such as the Hi-Prep 26/10 which is filled with Sephadex
G-25. The sample should be loaded on in a volume not greater than 15 ml, but
preferably less than 10 ml, to obtain a complete separation between the RNA
which elutes first and the salt peak which follows it. The column should be stored
in and eluted with 20% ethanol in sterile water which prevents microbial growth.
For long-term storage it is recommended to add sodium azide as an antibacterial/
antimicrobial agent. Careful monitoring of the column effluent by UV and conduc-
tivity avoids contamination of the RNA by incompletely removed salt which does
not absorb in the UV spectral range.

The desalted RNA in aqueous ethanol is first concentrated in a Speed Vac and
finally lyophilized to give the pure RNA in its sodium form as a fluffy white solid.



7.3 Troubleshooting

As an alternative to the HPLC method, fast desalting of micomole-scale RNA
samples can be achieved using the NAP columns from Amersham. For very-large-
scale desalting, ultrafiltration is the method of choice since in addition it results
in sample concentration whereas other desalting methods such as dialysis and gel
filtration lead to sample dilution.

7.2.4
Analysis of the Purified RNA

The purity of the RNA purified by the HPLC methods described above should be
checked by analytical anion-exchange HPLC using a MonoQ 5/5 or Dionex DNA-
Pac PA-100 column and buffers described in Section 7.2.3.1 above. Suitable alter-
natives are capillary gel electrophoresis and PAGE, both of which operate under
denaturing conditions. These methods are not described here.

In addition RNA destined for structural studies such as NMR or X-ray crystallog-
raphy should also be analyzed in addition by analytical reversed phase HPLC on a
high-resolution column such as the 5-um XTerra™ RPg, 4.6 x 250 mm column
from Waters using a gradient from 0-20% acetonitrile in aqueous ammonium
bicarbonate, combined with a flow rate of 1 ml/min. RNA that is deemed not to
be of sufficient purity should be further purified by preparative reversed phase
HPLC on the 7-um XTerra™ RPg, 19 x 300 mm column using a similar gradient
to that used for the analytical reversed phase analysis but with a flow rate of 12 ml/
min. The material is desalted and exchanged to the sodium form using the proce-
dures described above. As an example the preparative reversed phase HPLC trace
of an anion-exchange HPLC purified 27mer oligoribonucleotide, destined for NMR
spectroscopy, is illustrated in Fig. 7.5 and an analytical reversed phase HPLC of the
now double-purified material is illustrated in Fig. 7.6.

To check product authenticity the molecular weight of the RNA should be deter-
mined by mass spectroscopy, either electrospray ionization or matrix-assisted laser
desorption ionization (MALDI-TOF) [19]. This is absolutely essential when modi-
fied nucleotides are incorporated that contain, for instance, unusual protecting
groups. As a final proof of authenticity the RNA can also be sequenced by standard
methods to check the absolute order of the monomeric units within the sequence,
information which is of course not directly available by mass spectroscopy. These
methods are outside the scope of this chapter and the reader is advised to consult
the literature.

7.3
Troubleshooting

Many potential sources of problems can be eliminated by taking some simple pre-
cautions during the synthesis and purification steps. The following points should
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Fig. 7.5. Preparative reversed phase HPLC
trace of a 27mer oligoribonucleotide on a 7-um
XTerra™ RPg, 19 x 300 mm column. The
compound was initially purified trityl-on by
anion-exchange HPLC. The RPg column was
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Buffer A was 0.1 M sterile aqueous ammonium
bicarbonate and B was acetonitrile. The solid
line traces absorption at 260 nm, the dashed
line that at 280 nm. The x-axis is in milliliters.

eluted with a linear gradient from 0 to 40% B

be heeded during the solid-phase synthesis of RNA. The coupling step in the solid-
phase synthesis is very sensitive to traces of water and it is essential to use very dry
acetonitrile for monomer dissolution. It is also imperative to allow monomers to
reach room temperature before opening and weighing out material, otherwise con-
densation of atmospheric water will occur leading to eventual degradation. The
bottle contents should also be put back under argon before sealing and storing
again at —20 °C. Addition of activated molecular sieves or trap bags to the mono-
mer and activator solutions ensures that they stay dry during the synthesis. It is
also critical to wash away the acid from the detritylation step with copious acetoni-
trile washes, otherwise residual acid will cause serious problems with the coupling
step.

Incomplete oxidation will cause serious problems with the overall synthesis yield
and quality as any residual phosphite triester is cleaved at the internucleotide link-
age by the acid used in the detritylation step. As mentioned the standard oxidation
mixture from several commercial suppliers is only 17 mM in iodine, i.e. 17 pmol/
ml, so use enough solution for larger-scale syntheses to ensure that there is an am-
ple excess of reagent and/or increase the iodine concentration to 50 mM. For a 20-
umol scale synthesis use 5 ml of the oxidation mixture. At the end of the solid-
phase assembly the CPG or polystyrene bearing trityl-off protected RNA can be
stored cold and dry ready for deprotection at an appropriate time; however, CPG



7.3 Troubleshooting | 109

mAU[[=
450 j -
| Pl
4001 | i .
| | | L
| i i
350 | H b
| _,- !
3001 | i ol
| | vl
| i (!
2501 | ] b
| Ill .
2001 | i |
I 1
I ﬂ i 1
1501 | I i !
| | i !
100 { | : i
| L !
| RECR
B | et L|_'- J\/ﬂ'
o S BT |
y ‘:__.__*_._ et i
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 min
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trace of double HPLC-purified 27mer Buffer A was 0.1 M sterile aqueous ammonium
oligoribonucleotide run on a 5-um XTerra™ bicarbonate and B was acetonitrile. The solid
RPg, 4.6 x 250 mm column. The column was line traces absorption at 260 nm, the dashed
eluted with a linear gradient from 0-40% B line that at 280 nm. The x-axis is in minutes.

bearing trityl-on RNA must be deprotected and purified immediately upon comple-
tion of the synthesis, otherwise there will be partial or complete loss of the trityl
group during storage. This is particularly bad for RNAs that terminate at the 5’
end with one or more G residues.

For safety reasons handle all chemicals in a well-ventilated fume cupboard and
wear suitable resistant disposable gloves, particularly when handling toxic materi-
als such as triethylamine tris(hydrofluoride). In addition, make sure that you have
read handling protocols for all chemicals — in particular those with which you are
not familiar. Concerning the deprotection step with ammonia/methylamine, avoid
too great an air space in the vial or bottle, otherwise most of the ammonia and
methylamine will end up in the vapor phase. In the worst case this could lead to
an incomplete deprotection. Take care when handling trityl-on RNA, do not over
dry or let it get too hot, and purify immediately to avoid partial detritylation that
will result in an unnecessary loss of product. This problem seems to be particularly
serious with sequences that have one or more Gs at the 5" end.

To avoid inadvertent degradation of unprotected RNA by RNases use RNase-free
salts, sterilize all buffers by autoclaving and sterilize all glassware in a 180 °C oven.
In addition, wear disposable gloves and as much as possible use sterile plasticware
such as Eppendorf and Falcon tubes. Concerning anion-exchange HPLC purifica-
tion, oligoribonucleotides that contain four or more consecutive Gs are notoriously
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difficult to purify since they form tetraplexes and higher aggregates in solution.
Such RNAs are best purified using a lithium perchlorate gradient since these struc-
tures do not form if lithium ions are present instead of sodium or potassium ions.
Of course prior to use in biological experiments the lithium ions must be replaced
by sodium ions since lithium ions are toxic in many biological systems. Denatur-
ants such as formamide can also be added to the salt gradient to reduce problems
caused by strong secondary structures.

In large-scale purifications, to avoid product shoot through due to the ionic
strength of the applied sample solution being too high, it is advisable to apply the
crude RNA sample to the FineLINE Pilot 35 column dissolved in a volume of 10—
50 ml of 50 mM Tris—HCI buffer, pH 7.4, using a 10- or 50-ml superloop. As an
alternative desalt the sample prior to purification.

It is important to note that RNA samples as sodium salts are not suitable for
mass spectrometry. Mass spectrometry samples of RNA are best prepared as am-
monium salts. This can be done in several ways. One way is to do anion-exchange
HPLC using ammonium sulfate for elution, followed by desalting on a small NAP
cartridge. In this case store all buffers in plastic bottles and collect the product in an
Eppendorf tube. A second way is to take a small aliquot of the RNA in its sodium
form and exchange the sodium ions with ammonium ions by using ammonium
form Dowex 50 cation exchange resin. A third way is to purify a small sample of
RNA by reversed-phase HPLC using the aqueous ammonium bicarbonate/acetoni-
trile system followed by lyophilization to remove the residual salt. Once in the am-
monium form the RNA should not be in contact with glass surfaces, otherwise
sodium and potassium ions will be picked up that will severely degrade the quality
of the mass spectra. This latter point is of great importance when trying to analyze
very long RNAs, e.g. in the 40—70mer range.

Following the protocols and troubleshooting hints given above, the reader should
be in a position to synthesize and purify RNA with success.
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8
Modified RNAs as Tools in RNA Biochemistry

Thomas E. Edwards and Snorri Th. Sigurdsson

8.1
Introduction

RNA displays a vast variety of functions in that it carries genetic information, reg-
ulates gene expression, catalyzes reactions and participates in all facets of protein
expression [1]. In addition to the four basic nucleosides (adenosine, guanosine, cy-
tidine and uridine), many RNA molecules contain modified nucleosides essential
for function. The fact that these modifications are essential for function in some
RNAs, but entirely absent in others, indicates a significant layer of complexity in
the hierarchy of RNA structure. With progress in the chemical synthesis of RNA
over the last 15 years, modified nucleosides can now be readily incorporated at spe-
cific positions in RNA. These advances in solid-phase synthesis have promoted a
cornucopia of experiments examining the influence of single-functional-group
modification on the biological function of RNA.

Modified nucleosides have also been site-specifically incorporated into RNA as
reporter groups for biochemical and biophysical structure—function analysis. There
is a large diversity in these approaches. For example, fluorescent probes have been
used to report internal changes during RNA folding [2] as well as to measure inter-
helical distances for determining the global structure of RNA [3-5]. Disulfide
crosslinks have been used to restrict RNA helical elements to validate structural
models based on other techniques [6]. These are but a few examples of site-specific
incorporation of RNA structure—function probes.

The major goals of this chapter are to review the various types of modifications
that can be incorporated site-specifically into RNA by chemical synthesis, and to
provide a general method for the incorporation of reporter groups into RNA for
biochemical and biophysical analysis. This includes comparison of the two central
strategies for the incorporation of modified nucleosides into RNA, i.e. the phos-
phoramidite strategy and post-synthetic labeling. The phosphoramidite strategy
utilizes chemical synthesis of a modified nucleoside phosphoramidite in conjunc-
tion with solid-phase synthesis, whereas post-synthetic labeling utilizes incorpora-
tion by the phosphoramidite method of a convertible nucleoside containing a reac-

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schon, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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tive group, which is selectively modified after oligonucleotide synthesis with a
labeling reagent. The advantages and disadvantages of each modification strategy
will be described. Finally, a general and efficient modification strategy will be pre-
sented that utilizes post-synthetic labeling of 2’-amino groups with a wide range of
reporter groups through a number of different coupling chemistries.

8.1.1
Modification Strategy: The Phosphoramidite Method

While enzymatic synthesis can be used to prepare uniformly labeled RNA, modi-
fied nucleosides can be incorporated site-specifically into RNA by solid-phase
chemical synthesis using modified nucleoside phosphoramidites [7]. The main ad-
vantage of this method is that it allows for the incorporation of a desired modifica-
tion or reporter group at a specific position in the RNA. While this is a highly
effective and powerful method, it has several disadvantages. In most cases the syn-
thesis of a modified phosphoramidite requires a lengthy and costly synthetic route.
Furthermore, the reporter group must be stable to the conditions used in solid-
phase oligonucleotide synthesis (e.g. incubation with acid, base and oxidizing solu-
tions) as well as the deprotection conditions. However, phosphoramidites of many
desirable modified nucleosides are commercially available, providing rapid, cost-
effective access to a variety of modified RNAs.

There are four basic categories of RNA modifications that can be incorporated
into RNA via the phosphoramidite method: end (5’ and 3’), base, phosphate and
sugar modifications. Figure 8.1 shows selected examples of such modifications,
and Table 8.1 lists several of the RNA modifications that are commercially available
as phosphoramidites and/or modified RNAs. Of those not commercially available
(many of which are reviewed in [8-11]), other notable examples of RNA modifi-
cation by the phosphoramidite method include the base modifications 2-deoxyribo-
nolactone [12] and 5-ketone pyrimidine derivatives [13]. Internucleotide linkages
include boranophosphates [14] and phosphoroselenoates [15]. Sugar modifications

S, NH, CH, \ O <—— S, NHCH,CH,SH
RO o B F.CLBrl __

— CH,CH,CHoNH5 |

CLSHNH, o N0 <«— S

Q .0 OH |
//F)\ s
OR
\ o« F-OCH;. S, Gl Nk,

NH <-— NCHj;, NCH,CH,SH

S, BHg, NH,, OCH; Se CH—> N Ny <— NHCHg
H, F, NHy, OCHj, OCH,CHg, SeCH, SH, N | 2
ONH,, OCF3, OCH,CH,;NH,, OCH,CH,SH ‘ N” "NHz <=—H, NHCH;3, F, Cl

OCHzpyrene, NHCOCH,CH,CH,pyrene s

Fig. 8.1. Selected examples of modifications that can be
incorporated at the sugar (left), phosphodiester backbone (left)
and base (right) using the phosphoramidite method.
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Tab. 8.1. Commercially available modifications that can be incorporated into RNA by the
phosphoramidite method

Site Modification Commercial Source’ Reference?
End-labeling reviewed in 74-76
5" end fluorescent dyes CG, Dh, GR 3-5
amino groups CG, Dh, GR 77,78
biotin CG, Dh, GR
photo-cleavable biotin Dh, GR
5’-thiol Dh, GR
acridine GR
3’ end fluorescent dyes CG, Dh, GR
amino groups CG, Dh, GR
inverted abasic Dh
puromycin CG, Dh 79
dideoxy G,C Dh
biotin CG, GR
acridine GR
psoralen CG, GR
cholesterol CG, GR
DNP CG, GR
Internucleotide
S (non-bridging) CG, Dh, GR 29-31
3,9, 18 atom spacers CG, Dh, GR
Sugar reviewed in 9, 10
1’ abasic Dh, GR
2/ NH, U,C CG 37
FUC CG, Dh
OCHj3 CG, Dh, GR
SCH; U GR 80
OCH,;CH,CH;NH, CG 65
NHCOCH,CH,CH,pyr U Dh 36
LNA GR 81
Purine reviewed in 9, 10
N° N°.dimethyl A Dh
inosine CG, Dh, GR
purine ribonucleoside CG, Dh
ribavirin Dh
7-deaza A,G CG
2-aminopurine CG, Dh, GR 2
2,6-diaminopurine Dh
8-bromo A CG
Pyrimidine reviewed in 9, 10
N3-methyl UsT CcG
N3-thiobenzoyl ethyl U CG
4-triazoylyl U CG
N*-ethyl C CG
pyridine-2-one CG
pyrrolo-C GR
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Tab. 8.1.  (continued)

Site Modification Commercial Source’ Reference?

2,2’-anhydro U CG

5-methyl U,C Dh

4-thio uridine CG, Dh, GR 71
5-fluoro U CG, Dh, GR

5-bromo U,C CG, Dh, GR

5-iodo U CG, Dh, GR

pseudouridine CG, Dh, GR

5-CHCHCH;NH, U Dh

1For commercial sources: CG, ChemGenes; Dh, Dharmacon; GR,
Glen Research. Please note that chemical suppliers are subject to
change and this list is a representative example at time of publication.
Several other companies exist which sell modified RNA and modified
RNA phosphoramidites.

2 References are select examples and may be reviews, applications or
synthetic procedures.

include 1’-deutero [16], 2’-modifications (O-(2-thioethyl) [17] and O-(2-aminoethyl)
[18]), 5'-modifications (tallo or C-methyl [19, 20], chloro [21], amino [21]) and per-
deuterated ribose [22]. Fluorescent labels have also been synthetically attached to
the 2’-position via an ether linkage [23], a carbamoyl linker [24], an arabino carba-
moyl linker [25] and an amido linkage [26].

The phosphoramidite method has been particularly useful in the investigation
of ribozyme cleavage mechanisms. For example, incorporation of a 5’-C-methyl-
modified nucleoside near the cleavage site of the hammerhead ribozyme resulted
in a kinetically trapped intermediate in a crystal and provided information about
a conformational change along the reaction pathway prior to transition state
formation [20]. In another example, a crystal structure of the hairpin ribozyme
containing a 5’-chloro group at the cleavage site provided structural information
for comparison with the non-cleaved state (all RNA) and a vanadyl transition state
mimic, providing valuable information about the entire mechanistic pathway [27].

8.1.2
Modification Strategy: Post-synthetic Labeling

Post-synthetic modification of convertible nucleosides enables the site-specific in-
corporation of a wide variety of reporter groups into RNA. The main advantage of
this approach is that once the RNA has been prepared, it enables the rapid and
efficient production of a wide variety of modified RNAs. Another advantage is that
sensitive reporter groups, which would otherwise be unstable to the conditions of
solid-phase oligonucleotide synthesis, can be incorporated into RNA. Possible dis-
advantages of this strategy are that in some cases additional purification steps are
necessary and that it may be necessary to synthesize the convertible nucleoside
phosphoramidite if the desired one is not commercially available.

Post-synthetic modification strategies have been developed for attachment of re-
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Fig. 8.2. Selected examples of RNA post-synthetic labeling.

porter groups to the 5" and 3’ ends and at internal sites on the base, phosphate and
sugar (Fig. 8.2 and Table 8.2). The main focus of this chapter is the general strategy
of post-synthetic labeling of 2’-amino containing RNA and this approach will be
described in detail in the next section. In addition to the modifications shown in
Fig. 8.2 and Table 8.2, various groups can be attached to the 5-position of pyrimi-
dines via on-column Pd-catalyzed coupling reactions [28]. A variety of molecules
have also been attached to the phosphodiester backbone through phosphorothioate
[29-31] or phosphoramidate linkages [32]. However, these labeling strategies are
problematic for RNA due to the inherent instability of these linkages in the pres-
ence of 2’-hydroxyl groups; consequently, this problem is overcome by incorpora-
tion of a 2’-deoxy or 2'-methoxy group at the nucleotide 5’ of the modification.

8.2
Description of Methods

8.2.1
Post-synthetic Modification: The 2’-Amino Approach

Post-synthetic labeling of the 2’-amino group (Fig. 8.3a and b) has emerged as an
effective approach for the site-specific incorporation of reporter groups into RNA.
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Tab. 8.2. Select examples of modifications for post-synthetic RNA derivatization

Modification Molecular handle Commercially Labeling reactants Reference?
available?’

1 3-amino modifiers CG, Dh, GR  activated esters 77,78

23 diene No dienophile 82
sulfur-containing bases CG, Dh, GR  iodoacetamides, disulfides 69-71

4 convertible F or Cl® No amines 83
nucleosides

5 2'-amino CG, Dh isothiocyanates, NHS 37

esters, isocyanates

6 2’,3'-diols All (RNA) NalOy4, amines 84

7 non-bridging CG, Dh, GR  iodoacetamides 29-31
phosphorothioates

1For commercial sources: CG, ChemGenes; Dh, Dharmacon; GR,
Glen Research. Please note that chemical suppliers are subject to
change and this list is a representative example at time of publication.
Several other companies exist which sell modified RNA and modified
RNA phosphoramidites.

2 References are select examples and may be reviews, applications or
synthetic procedures.

3This modification strategy has only been applied to DNA thus far, but
is of select interest.

Several notable examples include the incorporation of disulfide crosslinking re-
agents for the evaluation of RNA helical orientation [6, 33, 34|, the incorporation
of fluorescent probes for the study of RNA folding and ligand binding [35, 36]
and the incorporation of EPR active probes [37] for the study of RNA internal dy-
namics [38-40] and for distance measurements [41]. RNAs containing 2’-amino
groups at specific pyrimidine nucleotides (Dharmacon) and 2’-amino-modified pyr-
imidine phosphoramidites (ChemGenes) are now commercially available. Because
the 2’-amino group is an aliphatic amine, it is more reactive (i.e. nucleophilic) than
the aromatic amines or hydroxyl groups native to RNA, making this method of
post-synthetic labeling highly selective. The major advantage of the 2’-amino group
over other amino-based modifiers (e.g. 5'- and 3’-amino modifiers, 5-alkylamino-
modified pyrimidines) is that it offers a minimal linker length. Several chemical
conjugation approaches exist, including reaction with succinimidyl esters (often
referred to as NHS esters) to produce amide-modified RNA [33], reaction with aro-
matic isothiocyanates to form thiourea-linked RNA [6, 42] and reaction with
aliphatic isocyanates to prepare urea-tethered RNA [42, 43]. These three methods
will be described in detail below, and examples employing these methods to ad-
dress biochemical and biophysical questions will be provided. Of notable impor-
tance for this modification strategy is an alternative 2’ protection approach that
has been developed based on a photo-cleavable protecting group in place of the
standard 2’-trifluoroacetyl group; after removal of the protecting group, the 2'-
amino group may be derivatized on-column, providing many advantages over solu-
tion-based post-synthetic modification of deprotected oligonucleotides [44]. Other

17
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thiophosgene and diphosgene, respectively,

approaches for the attachment of reporter groups to the 2’-position of oligonucleo-
tides that will not be addressed in depth include chelation of metal ions such as
ruthenium to 2’-amino-modified oligonucleotides [45, 46], incorporation of fluo-
rescamine at a 2’-amino group using a Michael addition and rearrangement reac-
tion [47], reaction of amines with a 2-O-(acetaldehyde) group [48] and reduction of
thiol-containing compounds with 2’-O-(2-thioethyl) to form disulfide-linked modi-
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fied RNAs [17]. The attachment of sterically hindered compounds to the 2’-amino
group may be difficult and can be overcome by use of the 2’-O-(2-aminoethyl) mod-
ification [18].

8.2.1.1 Reaction of 2’-Amino Groups with Succinimidyl Esters

The reaction of 2’-amino groups with succinimidyl esters to produce amido-linked
modified RNAs has been used to incorporate disulfide crosslinks to evaluate RNA
conformational dynamics [33, 49], to convert the hammerhead ribozyme from a ri-
bonuclease to a ligase ribozyme [50], to incorporate photocrosslinking reagents to
evaluate RNA tertiary structure [51], to identify base-pair mismatches [52, 53], and
to incorporate fluorescent pyrene labels to study RNA folding and ligand binding
[36, 54-56]. In conjunction with the isocyanate method described below, this
method has been used to probe steric interference in the hammerhead ribozyme
[57]. Catalysis of this chemistry by the phosphodiester on the 3’-position adjacent
to the 2’-amino-containing nucleoside and/or the 3’-oxygen has been reported [58].
One advantage of this method is that many succinimidyl esters are commercially
available (e.g. Molecular Probes and ChemGenes have a wide variety of amine-
reactive succinimidyl ester dyes available). The major drawback of this method is
that this chemistry often suffers from low labeling efficiency, e.g. the pyrene succi-
nimidyl esters typically coupled with only 20-26% yield after purification [36].
However, in some cases it is possible to overcome this low coupling efficiency by
the use of the corresponding carboxylic acid with an activating agent, such as a car-
bodiimide, which may result in nearly quantitative coupling [18, 44, 49]. Another
disadvantage of this modification approach is that 2’-amido modifications destabi-
lize RNA when incorporated at internal positions (AT, ~ —5 to 12 °C per modifi-
cation) [26, 59, 60]. However, some 2’-amido-linked modifications located at end
positions increase RNA stability [26, 61], which is likely a result of these particular
modifications that contain large aromatic groups (e.g. fluorescent labels), which
may stack onto the end of the helix. Nevertheless, this destabilizing effect of 2'-
amido groups at internal sites should be kept in mind when incorporating reporter
groups into RNA.

8.2.1.2 Reaction of 2’-Amino Groups with Aromatic Isothiocyanates

The reaction of 2’-amino groups with aromatic isothiocyanates (Fig. 8.3a) has been
used to incorporate fluorescent probes [26, 35|, disulfide crosslinks [6, 34] and
photocrosslinking agents [62] into RNA. The main advantage of this method is
the highly efficient chemistry, which has resulted in reported conversion yields in
excess of 90% in all cases. In addition, fewer equivalents of the isothiocyanate la-
beling reagent are required than for the succinimidyl ester chemistry. The main
drawback is that although some isothiocyanates are commercially available, most
must be prepared from the corresponding amine and thiophosgene; however, this
synthetic conversion is relatively straightforward [42, 63]. There is limited available
UV thermal stability data for 2'-thioureido modifications and all of the data in-
volves incorporation of large fluorescent probes (fluorescein and rhodamine). Fol-
lowing a similar pattern to that observed for the 2’-amido modifications, these
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modifications are rather destabilizing at internal positions, but have a stabilizing
effect at end positions [26, 35]. Isothiocyanates have also been used to selectively
incorporate metal ion chelators at 5-amino-derived pyrimidines [64] and at 2'-(O-
propylamino)-derived nucleotides [65].

8.2.1.3 Reaction of 2’-Amino Groups with Aliphatic Isocyanates

The reaction of 2’-amino groups with aliphatic isocyanates (Fig. 8.3D) is a versatile
platform for the incorporation of biochemical and biophysical reporter groups into
RNA. This method has been used to incorporate disulfide crosslinks [34, 43, 66];
an activated disulfide that can be used to conjugate a wide variety of groups such
as cholesterol [67], glutathione and bimane [43]; nitrophenol [44], pyrene [18] and
nitroxide spin-labels [37]. Like the isothiocyanate coupling, this chemistry is highly
efficient, typically displaying quantitative yields for unhindered isocyanates [43,
44]. Unlike the succinimidyl ester coupling, there is no leaving group for the iso-
cyanate (and isothiocyanate) coupling chemistry, and therefore good yields have
been reported for structurally hindered isocyanates (e.g. 90% yields are routinely
observed for the secondary isocyanate, 4-isocyanato-TEMPO [37, 38]). Due to the
high selectivity and efficiency of this reaction, the crude, deprotected RNA can
be labeled directly, allowing for only one purification and therefore high yields.
Another advantage is the relatively fast coupling time (15-60 min). In addition,
2'-ureido modifications are not as destabilizing as 2’-amido modifications [43, 66],
e.g. incorporation of the EPR spin probe TEMPO through a 2’-urea linkage at
internal base-pairing nucleotides resulted in a minor decrease in stability as mea-
sured by a small decrease in melting temperature of 1-3 °C [37]. The main draw-
back is that usually the isocyanate labeling reagent must be prepared from the
corresponding amine; however, this chemistry is straightforward and pure isocya-
nates are obtained in high yields after purification by extraction [42, 43, 68].

8.3
Experimental Protocols

The general experimental protocols for two representative examples of RNA label-
ing by the 2’-amino approach will be detailed: incorporation of a crosslinking re-
agent (Fig. 8.3a) for validation of existing structural models [6, 42] and incorpora-
tion of an EPR spin-probe (Fig. 8.3b) for biophysical analysis of structure [41] and
dynamics of RNA molecular recognition [37-40]. We have also included an exam-
ple of base-labeling using 4-thiouridine for RNAs that cannot be modified in the
2’'-position due to loss of function (Fig. 8.3c).

8.3.1
Synthesis of Aromatic Isothiocyanates and Aliphatic Isocyanates

The 2’-amino post-synthetic labeling approach often requires the synthesis of the
desired labeling reagent from the corresponding amine, which may be commer-
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cially available. The isothiocyanate crosslinking reagent 2 was prepared from the
corresponding amine 1 and thiophosgene (Fig. 8.3a) [6, 42].

(1) Add a solution of amine 1 (for synthesis, see [6]; 8.20 g, 33 mmol) in chloro-
form (250 ml) drop-wise to a solution of thiophosgene (4.17 g, 36.3 mmol) in
chloroform (50 ml) over 10 min at room temperature.

(2) Stir for 1 h at room temperature.

(3) Dilute the mixture with methylene chloride (330 ml).

(4) Wash with NaOH (1 M aq, 165 ml).

(5) Extract the aqueous phase with additional methylene chloride (40 ml).

(6) Combine the organic phases.

(7) Dry the combined organic phases (Na;SO4) and filter off the salt.

(8) Remove the solvent in vacuo.

(9) Purify the crude product by flash column chromatography (CH,Cl,).

(10) This procedure produces an oil (in our hands 8.80 g, 92% yield).

The isocyanate spin-labeling reagent, 4-isocyanato TEMPO 4, was prepared from
4-amino TEMPO 3 (Acros and Sigma-Aldrich) and diphosgene (Fig. 8.3b) [37].

(1) Pre-cool a solution of 3 (198 mg, 1.15 mmol) in anhydrous CH,Cl, (1.5 ml) in
a rock salt/ice water bath at —8 °C.

(2) Separately, pre-cool in the same bath a solution of trichloromethyl chlorofor-
mate (diphosgene, 25 pl, 0.21 mmol) in CH,Cl, (1.5 ml).

(3) Rapidly (around 8 s), add the solution of amine under a positive pressure of
nitrogen to the stirred solution of trichloromethyl chloroformate at —8 °C.

(4) Remove the cooling bath and allow the reaction to stir for 2 min.

(5) Dilute the crude reaction mixture to 20 ml with CH,Cl,.

(6) Wash the organic layer successively with NH4Cl (1 M aq, 4 x 20 ml) and
NaOH (1 M aq, 20 ml).

(7) Dry the organic layer with Na, SO, and filter off the salt.

(8) Remove the solvent in vacuo.

(9) This protocol typically yields a peach-colored solid (66 mg, 29% based on
starting amine or 87% maximum theoretical yield).

(10) Store the isocyanate desiccated at —20 °C in CH,Cl; (0.5 mg/50 pl). Small
quantities of isocyanates hydrolyze slowly when stored concentrated at —20
°C (around 30% after 4 weeks) and rapidly when stored in dimethyl forma-
mide (DMF) at —20 °C [43]. However, isocyanates can be stored in CH,Cl,
solutions as described above for several months after preparation.

The syntheses of the isothiocyanate and isocyanate can be readily performed on a
scale ranging from 25 mg to several grams. Preparation of isothiocyanates and iso-
cyanates produces acid (HCl), which combines with the starting amine to produce
an unreactive ammonium salt. This is particularly problematic for isocyanates
where it is only possible to convert one-third of the amine to the corresponding
isocyanate using this protocol. Alternatively, the non-nucleophilic base Proton
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Sponge® (1,8-bis((dimethyl)amino)naphthylene, 2.5 equivalents; Sigma-Aldrich)
can be used, which is especially advantageous if the starting amine is expensive or
only available in small quantities. If the light-sensitive Proton Sponge® is used, the
reaction should be performed in the dark. After the reaction, Proton Sponge® can
be removed by extraction using the protocol described above.

Like most chemicals commonly used in any chemistry laboratory, thiophosgene
and diphosgene are harmful, but since they are liquids and used in small quanti-
ties, they are relatively simple to handle. However, these reactions should be car-
ried out in a well-ventilated area. Likewise, the isothiocyanates and isocyanates are
toxic chemicals, but they are simple to use and require only standard laboratory
safety equipment (e.g. nitrile gloves).

83.2
Post-synthetic Labeling of 2’-Amino-modified RNA

RNA modified with 2’-amino groups can be purchased from several companies.
The standard 2'-trifluoroacetyl protecting group is readily cleaved under standard
RNA deprotection conditions and thus no additional deprotection step is necessary.
Reaction of 2’-amino-modified RNA with isothiocyanates or isocyanates is typically
done under conditions where the RNA is denatured, in aqueous DMF and/or for-
mamide. The organic solvents also act as co-solvents for dissolving the isothio-
cyanates or isocyanates. It is pertinent that highly pure amine-free anhydrous DMF
be used in these reactions, due to the high reactivity of succinimidyl esters, isothio-
cyanates and isocyanates toward amines. Furthermore, we recommend ethanol
precipitation of 2’-amino-modified RNAs, effectively converting ammonium salts
of RNA from chemical synthesis into sodium salts, prior to reaction with these
amine-reactive compounds as a precaution against unwanted side reactions.

Labeling of 2’-amino-modified RNA with aromatic isothiocyanates

(1) Dissolve the 2'-amino-containing RNA in 5 pl of 50 mM borate buffer, pH 8.6
(RNA concentration around 2 mM).

(2) Add 2 (100 mM in DMF, 5 pl).

(3) Incubate at 37 °C for 28 h (final concentrations: 1 mM 2’-amino RNA, 50 mM
isothiocyanate 2; 50% aqueous DMF, v/v). This reaction proceeds more slowly
at room temperature.

Labeling reactions with the aliphatic isocyanates were carried out in a salt/ice
water bath (—8 °C) in a cold room (5 °C). If performed at higher temperatures,
increased rates of isocyanate hydrolysis result in lower yields. Furthermore, non-
specific labeling has been observed at 37 °C [43]. Analytical-scale reactions can
be performed using the following procedure, provided reaction amounts are
scaled down in such a way that all concentrations of reactants and buffer
remain constant.
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Preparative scale reactions of 2’-amino-modified RNA with aliphatic isocyanates

(1) Dissolve the crude (i.e. not yet gel- or HPLC-purified), deprotected 2'-amino-
containing RNA (one-quarter of a 1-umol synthesis) in 100 pl 70 mM boric
acid buffer, pH 8.6.

(2) Cool the solution in a salt/ice water bath (—8 °C) in a cold room (5 °C).

(3) Treat the solution sequentially with pre-cooled solutions of formamide (60 pl,
0 °C) and freshly prepared isocyanate in anhydrous DMF (75 mM, 40 pl,
—8 °C). Final concentrations: 1 mM 2’-amino RNA, 15 mM isocyanate 4;
50% aqueous borate buffer, 30% formamide, 20% DMF, v/v/v.

(4) Incubate for 1 h at —8 °C.

(5) Treat the oligoribonucleotide solution with a second aliquot of freshly pre-
pared isocyanate (40 pl, 75 mM in DMF).

(6) Incubate for 1 h at —8 °C.

(7) Wash the solution with CHCl;3 (2 x 300 pl) at room temperature.

(8) Add sodium acetate (3.0 M, 20 pl, pH 5.3).

(9) Add absolute ethanol (—20 °C, 1.3 ml).

(10) Precipitate the RNA by storage at —20 °C for 4 h.

(11) Centrifuge the sample (12000 g, 15 min, 5 °C).

(12) Remove the supernatant.

(13) Wash the pellet with cold absolute ethanol (2 x 50 pl).

(14) Dry the pellet in vacuo.

(15) Dissolve the pellet in water (50 pl).

(16) Dilute with aqueous urea (8 M, 150 pl).

(17) Purify the RNA by 20% denaturing PAGE (20-cm gel for short oligos up to
20 nt in length, 20 h at 400-600 V or three-quarters the length of the gel;
40-cm gel for longer oligos up to 50 nt in length, up to 72 h at 600 V or less
time if higher voltage, e.g. 1200-1800 V, is used).

(18) Yields typically range from 100-170 nmol for one-quarter of a 1.0-umol syn-
thesis, depending on the length and quality of the RNA synthesis.

To monitor the extent of labeling:

(1) Remove an aliquot (1.0 pl) of the reaction mixture from step 5 of the above pro-
tocol.

(2) Dilute with water (19 pl).

(3) Wash with chloroform (2 x 75 pl) to remove excess labeling reagent.

(4) Analyze the reaction by one of the following three methods:

(a) Reversed-phase HPLC on an analytical column (Cig, 4.6 X 250 mm, 5-um
column) at 1.5 ml/min using the following protocol: solvent A, 50 mM
Et;NHOAc (pH 7.0); solvent B, 70% CH;CN/30% of 50 mM Et;NHOAc
(pH 7.0); 15-min linear gradient from 0 to 23% B, 5-min linear gradient
to 100% B, isocratic for 10 min, 3-min linear gradient to initial conditions,
15 min equilibration time between runs. A representative example is given
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Fig. 8.4. HPLC analysis of 5’-GC(2'-NH, U) run at 1.5 ml/min according to the following
CUC UGG CCC before (a) and after (b) protocol: solvent A, 50 mM Et; NHOAc (pH

reaction with 4 which shows 95% conversion 7.0); solvent B, 70% CH3;CN/30% of 50 mM
to the labeled RNA with increased retention Et;NHOAc (pH 7.0); 15-min linear gradient

time. The asterisks correspond to 4 and its from 0 to 23% B, 5-min linear gradient to
hydrolysis products. HPLC chromatograms 100% B, isocratic for 10 min, 3-min linear
were obtained at 260 nm using an analytical gradient to initial conditions, 15 min
column (C18, 4.6 x 250 mm, 5-um column) equilibration time between runs.

in Fig. 8.4, which shows the reaction of 4 with 5-GC(2’-NH, U) CUC
UGG CCC.

(b) 20% denaturing PAGE (20-cm gel, 400 V for 3.5 h) by UV shadow visual-
ization.

(c) Analytical ion exchange (IE) HPLC on a Dionex DNA Pac PA-100 4 x
250 mm analytical column heated at 50 °C by a column warmer. Separation
will not be achieved without heating the column. Solvent gradients for ana-
Iytical IE-HPLC were run at 1.0 ml/min as follows: solvent A, 25 mM Tris—
HCl, pH 8.0; Solvent B, 1.0 M NaCl, 25 mM Tris—HCI, pH 8.0; 35-min
linear gradient from 10% B to 80% B, 5-min linear gradient to 10% B.

Short labeled RNAs (up to 20 nt in length) can also be purified utilizing these
HPLC protocols, although we recommend 20% denaturing PAGE purification,
since the hydrolysis products of some isocyanates may co-elute with the labeled
RNA using RP-HPLC.
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833
Post-synthetic Labeling of 4-Thiouridine-modified RNA

If one knows a priori that modification of the 2’-hydroxyl group will likely interfere
with biological function (e.g. 2’-OH is involved in an essential hydrogen bond), it
may be necessary to label using an alternative post-synthetic labeling strategy. In
this case, another simple, straightforward method is the labeling of 4-thiouridine
residues with iodoacetamides [69, 70] or sulfur-based compounds [71]. One of the
advantages of this method is that the labeling reaction can be followed by monitor-
ing the consumption of UV signal at 320 nm, which corresponds to the thiocar-
bonyl. This labeling strategy changes the base-pairing properties of this residue.
However, UV thermal denaturation melting temperature and hypochromicity data
as well as NMR structural data indicate that 4-thiouridine residues can be labeled
in this manner without disruption of helical stacking [71]. Labeling of the 4-amine
group of cytidine with a crudely analogous modification, however, resulted in se-
vere thermal instability of DNA [72]. Therefore, caution should be exercised when
choosing such a labeling strategy for base-pairing residues.

Labeling of 4-thiouridine with the iodoacetamide spin-labeling reagent 3-(2-iodoaceta-
mido)-proxyl (modified procedure from that reported in [70])

(1) Dissolve 4-thiouridine-modified RNA (one-quarter of a 1-umol synthesis) in
166 pl of buffer (100 mM sodium phosphate, pH 8).

(2) Acquire UV spectrum of an aliquot of the above mixture, monitoring at 260
and 320 nm.

(3) Dissolve 6 mg of 3-(2-iodoacetamido)-proxyl, 5 (Fig. 8.3c, Sigma) into 14 pl of
ethanol and 20 pl of anhydrous DMF (0.5 M labeling reagent).

(4) Mix 5 and 4-thiouridine-modified RNA; final concentrations: around 1 mM
RNA, 85 mM 5, 83% phosphate buffer/7% ethanol/10% DMF (v/v/v).

(5) Due to light sensitivity of 4-thiouridine residues, cover samples with alumi-
num foil.

(6) Vortex vigorously until absorbance at 320 nm disappears (typically 18-28 h).

(7) Once the reaction is complete, precipitate and purify RNA as described above.

83.4
Verification of Label Incorporation

Whenever a modification is introduced into RNA, either by solid-phase chemical
synthesis using a phosphoramidite or by post-synthetic modification, several steps
are necessary to verify that the incorporation was successful. Not all modifications
are incorporated as intended. For example, the 5-trifluoromethyl-2’-deoxyuridine
phosphoramidite was prepared for the purpose of F-NMR spectroscopy of nu-
cleic acids; however, standard oligonucleotide deprotection conditions converted
the 5-trifluoromethyl group to a 5-cyano group, prompting the use of alternate
mild deprotection conditions [73]. Incorporation of the modified nucleoside should
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Fig. 8.5. HPLC analysis of enzymatically digested RNA.

(a) Enzymatic digestion of 5’-GCU C(2’-NH; U)C UGG CCG;
(b) enzymatic digestion of the product of the 2’-NH,-modified
oligonucleotide from a after reaction with isocyanate 4. HPLC
chromatograms were obtained as in Fig. 8.4.

be verified by mass spectrometry and enzymatic digestion in conjunction with RP-
HPLC analysis. The RNAs (2.0 nmol or around 0.2 OD;4) should be digested with
snake venom phosphodiesterase (0.5 U) and calf intestinal alkaline phosphatase
(8 U) at 37 °C for 5 h in 5 mM Tris—HCI, pH 7.4 (20 pl) and then analyzed by
analytical RP-HPLC using the same protocol as that listed above for monitoring
the extent of labeling. For example, HPLC analysis of the enzymatic digestion of
5'-GCU C(2'-NH; U)C UGG CCC resulted in peaks corresponding to C, 2’-NH; U,
U and G (Fig. 8.5a), whereas after labeling with the spin-label isocyanate 4 HPLC
analysis revealed the absence of the 2'-NH, U peak and the presence of a new
peak (Fig. 8.5b) that co-eluted with the expected modified spin-labeled nucleoside
prepared by chemical synthesis [37].

8.3.5
Potential Problems and Troubleshooting

It is always important to determine if the modification interferes (intentionally or
unintentionally) with the structure and function of the molecule using a standard
structural (e.g. UV thermal denaturation and/or other biophysical spectroscopy or
crystallography) and functional (binding or enzymatic) assay. For example, the
effect of incorporation of nitroxide spin-labels at the 2’-position on RNA has
been investigated by UV thermal denaturation [37], whereas their effect on RNA-
protein complex formation was investigated by electrophoretic mobility shift analy-
sis [38].

If the labeling reaction does not work or the yields of the labeling reactions are
low, this is generally a result of one of four problems.
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(1) The isocyanate may be hydrolyzed or not prepared properly. The quality of the
isocyanate can be determined by spectroscopic methods (e.g. NMR) and/or
tested by reaction with a simple aliphatic amine such as benzylamine (30 min

in CH,Cl, at room temperature).

(2) The 2'-trifluoroacetyl protecting group may not have been fully removed,
which may not be readily apparent because 2'-trifluoroacetamido- and 2’-amino-
modified RNAs often have similar mobility on HPLC or in gels. However, this
can be readily investigated by enzymatic digestion of the RNA, followed by
HPLC analysis as described above. For example, if the 2’-trifluoroacetyl group
is not fully removed a new peak will be observed by HPLC analysis with a re-
tention time of around 5 min corresponding to the 2’-trifluoroacetamido uri-
dine nucleoside (e.g. in the order of C, 2’-NH, U, U, 2’-NHCOCF; U, G, A).

(3) If the temperature of the reaction is not low enough, the yields are lower, pre-
sumably because of the competing hydrolysis of the isocyanate. Therefore, it is
important to monitor the temperature of the ice/salt bath with a thermometer.

(4) Lower yields will be obtained if the RNA is not completely dissolved at the be-

ginning of the reaction.

Note added in proof. Recently, a paper published by Pham et al. (Nucleic Acids
Res. 2004, 32, 3446—3455) showed that 2’-ureido-modified RNAs are significantly
more stable than analogous 2’-amido-modified RNAs.
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1.1
Molecular Biology Methods

9
Direct Determination of RNA Sequence
and Modification by Radiolabeling Methods

Olaf Gimple and Astrid Schon

9.1
Introduction

The large numbers of genome sequences now available have allowed the identifica-
tion of many novel RNA species, simply by deduction from the published DNA
sequences [1]. Even though, direct sequencing of RNA molecules is still an indis-
pensable method for a number of reasons. The most important reason is that even
nowadays, novel RNA species may be discovered following a “functional assay”. If
no hint to the sequence can be obtained by genomic data mining, if RNA editing
may occur in this organism or, simply, if the RNA is derived from an organism
where no genomic sequences are available, the RNA has to be purified prior to
direct sequence determination. The second, and probably even more intriguing, ra-
tionale is the observation that a large number of RNAs, such as tRNAs, snRNAs,
snoRNAs and others, contain modified nucleobases, which in many cases play cru-
cial roles in the function of these RNAs [2-7]. Although in many instances the
plain RNA sequence can be extracted from the genomic sequence, the type and po-
sition of the modified bases have to be determined by direct analysis of the purified
RNA. In this chapter, we will describe methods for the rigorous purification of sin-
gle small RNA species from the bulk of cellular RNA, their sequence determina-
tion and the identification of modified nucleotides by post-labeling methods.

9.2
Methods

It is anticipated that the reader is familiar with standard biochemical and molecu-
lar biology practice, such as gel electrophoresis, chromatography and handling of
radioactive materials.

In order to avoid RNase contamination, all aqueous solutions and plasticware
should be sterilized by autoclaving or prepared from RNase-free [diethylpyrocar-
bonate (DEPC)-treated] water. Glassware should be baked at 150 °C for 4 h. Centri-
fugations are performed in a microcentrifuge at 10000 g, if not stated otherwise.
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9.2.1
Isolation of Pure RNA Species from Biological Material

9.2.1.1 Preparation of Size-fractionated RNA

Numerous methods for the preparation of crude RNA from tissues can be found in
standard molecular biology reference works, e.g. [8]. They all consist of a cell dis-
ruption step under denaturing conditions, followed by separation of the nucleic
acids from protein and cell debris. For purification of a single RNA species from
this total RNA population, it is preferable to perform a crude size selection prior
to further manipulations. The simplest procedure consists of a fractionated precipi-
tation with NaCl, where large RNAs and polysaccharides are separated from
the “soluble” (i.e. small) RNAs by centrifugation [9]. A more elaborate scheme
for large-scale purification of tRNAs (and other small RNAs) from human and
animal tissue has been described by Roe [10]. This procedure can be easily scaled
down and adapted to other tissues. The DEAE anion-exchange chromatography
described in that paper can be conveniently replaced by ready-to-use columns
for small-scale nucleic acid preparations, following the manufacturer’s instruc-
tions for RNA preparation (e.g. Macherey-Nagel Nucleobond AX). Alternatively, a
ribosome-free cell extract (S100) can be used for isolation of non-TRNAs [11]. The
RNAs obtained by any of these purification schemes are ready for further purifica-
tion and functional assays.

9.2.1.2 Isolation of Single Unknown RNA Species Following a Functional Assay

If a functional assay such as aminoacylation, ribozyme activity or similar is
available, any RNA of interest can be purified and identified, regardless of prior
sequence information. Although chromatographic procedures such as anion-
exchange, gel filtration or reverse-phase chromatography can be used in any com-
bination [2, 3], isolation of a single species usually requires preparative separation
by one- or two-dimensional gel electrophoresis. To achieve the best possible separa-
tion by length, base composition, nucleotide modifications and structure, the first
dimension gel should be run at acidic pH under semi-denaturing conditions, and
the second dimension at slightly basic pH and fully denaturing conditions as de-
scribed (12, 13].

Materials for Staining and Elution of RNAs after Electrophoresis

e Staining solution: 0.4% toluidine blue O (w/v) in 50% MeOH (v/v), 10% glacial
acetic acid (v/v).

e Destaining solution: 50% MeOH (v/v), 10% glacial acetic acid (v/v).

e Elution buffer: 0.5 M Tris—HCI, pH 7, 0.1% SDS (w/v), 0.1 mM Na,EDTA, 1 mM

Comments on the Electrophoretic Purification and Elution of RNA Species
To obtain optimal resolution, not more than 50 pg of a pre-fractionated “small
RNA” preparation should be loaded onto each 1 cm wide lane of a first dimension
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gel (10% PAA; 0.5 mm thick; 40 cm total gel length). After electrophoresis, a
16 cm long part of the lane is cut out. The vertical position of this strip depends
on the anticipated migration distance of the desired RNA. The strip is then poly-
merized into the second dimension gel such that the direction of electrophoresis
is turned by 90° compared to the first dimension. Following electrophoresis, the
RNA species are visualized by toluidine blue staining for 20 min and destaining
until a clear background is achieved. The isolated spots are cut out with a scalpel
and 150 pl of elution buffer is added to each reaction tube containing a gel piece of
4 mm maximum diameter (if pieces are larger, adjust buffer volume accordingly).
After quick-freezing the contents in dry ice, the RNA is eluted by vigorous shaking
at room temperature for at least 8 h. The buffer is collected, another 150 pl is
added to each tube to wash the gel piece, and the RNA is precipitated from the
combined buffer fractions by addition of 750 ul EtOH, overnight incubation at
—20 °C and centrifugation at 10000 g. After washing with ice-cold 70% ethanol
and vacuum drying for 10 min, the RNAs can be dissolved in H,O or the desired
buffer for functional analysis.

9.2.1.3 Isolation of Single RNA Species with Partially Known Sequence

If the primary sequence of an RNA species is known, e.g. from genomic analysis
or direct sequencing, a hybrid selection method can be applied to obtain the
desired species in sufficient quantities for further studies. This protocol has been
optimized following published procedures [14, 15].

Materials for Hybrid Selection of Single RNA Species

Buffers

® 20 x SSC, 6 x SSC, 1 x SSC.

e TE: 10 mM Tris—HCI, pH 7.5, 1 mM Na,EDTA.

e 2 M NaOAc, pH 5.

e Urea gel loading buffer: 8 M urea, 0.03% (w/v) bromophenol blue (BPB), 0.03%
(w/v) xylene cyanol FF (XC), 0.03% (w/v) Sigma brilliant blue (SBB); make up
from dye stock (Section 9.2.3.1).

Affinity matrix
e Ultra-Link Streptavidin Plus-Beads (Pierce; 53117); capacity 66.7 pmol biotin/pl
according to the manufacturer’s information.

Nucleic acids

¢ 3’-Biotinylated deoxyoligonucleotide, complementary to the desired RNA. Most
manufacturers (e.g. IBA, Germany or Eurogentec, Belgium) offer the biotin-
coupled oligos at excellent quality. Note that Ty, of the oligo should be about
70 °C. If possible, chose a single-stranded variable RNA region as target. The
working solution of the oligonucleotide is adjusted to 1 nmol/pl H,O.

e Crude RNA preparation (see Section 9.2.1.1) in TE or H,O. Hybrid selection is
most efficient with size-fractionated RNA preparations.
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Equipment

e Two to three thermostated shakers holding 1.5 ml reaction tubes; alternatively,
put standard mixers/shakers in an incubator with the desired temperature. Shak-
ing speed should be adjusted such that the beads are just kept from settling, but
do not move vigorously.

Procedure for the Purification of a Single RNA Species from 1 mg Crude Small RNAs

Coupling of biotinylated oligonucleotide to streptavidin beads

The streptavidin beads are supplied as a suspension and tend to settle down fast.
Before removing the required amount, shake the suspension well until homo-
geneous and use a pipette tip with a larger opening (cut with a scalpel) to avoid
clogging. Per 1 mg total RNA, take 15 pl of bead suspension. Wash beads twice
in 200 pl TE and resuspend in 200 pl TE (“Washing” of beads means: suspend
thoroughly but carefully by vortexing, collect by centrifugation at 2000 r.p.m. for
5 min in a microcentrifuge, remove supernatant). Add 1 pl biotin—oligonucleotide
solution; shake for 15 min at room temperature and wash twice in 6 x SSC.

Hybridization of RNA to coupled oligonucleotides

Pre-heat one shaker at 65 °C and a second one at 90 °C. Adjust RNA volume with
TE to 100 pl (final concentration: 10 mg/ml). Denature by heating for 2 min at
90 °C and snap-cool in ice water. Adjust RNA to 6 x SSC by adding 43 ul of 20 x
SSC and add to beads; shake for 10 min at 65 °C, turn off heater and continue
shaking while the block cools down to room temperature.

Removal of undesired (contaminating) RNAs

After hybridization, collect beads at 2000 r.p.m., wash at room temperature 3 times
with 6 x SSC followed by 3 times with 1 x SSC. Save the beads for elution, keep
the supernatants in case the hybridization needs further optimization.

Elution of desired RNA species

Pre-heat two shakers at 60 and 75 °C, respectively. Elution of the desired RNA from
the beads is achieved in three steps; the supernatant of each step is retained for
further analysis. First, the beads are resuspended in 100 pl TE and shaken at
room temperature for 5 min; after collecting the beads, the elution is repeated at
60 and 75 °C with the same amount of TE buffer, pre-warmed at the respective
temperature. If no RNA is recovered, elution may be repeated at 90 °C.

Electrophoresis of affinity purified RNAs

RNA is precipitated from the fractions by addition of 0.1 volume of 2 M NaOAc
(pH 5) and 2.5 volumes of EtOH, followed by incubation at —20 °C for at least 30
min and centrifugation. The precipitate is washed with 100 pl ice-cold 70% EtOH,
vacuum-dried and dissolved in 10-20 ul urea gel loading buffer. After denaturation
for 2 min at 95 °C, the samples are separated on a denaturing PAA gel (40 cm
long, 0.5 mm thick). The gel is stained with toluidine blue (Section 9.2.1.2) and
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RNA bands are cut out and eluted (Section 9.2.1.2). Because in some cases, co-
purification of RNA species with similar sequence cannot be totally avoided, this
step is required to ensure absolute purity of the desired RNA. Alternatively, for
the determination of RNA purity on an analytical scale, 2-5 pl of the column
eluates are mixed with 4 volumes of loading buffer, electrophoresed as above and
detected by silver staining [16].

Comments on electrophoresis and elution of RNAs

Details on preparation-scale electrophoresis of RNA can be found in Chapter 1.
The polymer concentration of analytical or preparative gels should be adjusted to
the expected size of the RNA of interest, e.g. 15% PAA should be used for an ex-
pected length between 75 and 90 nt. In this case, electrophoresis should proceed
until XC (the second dye marker) has reached the bottom of the gel. Note that the
efficiency of gel elution is also dependent on the gel concentration — whereas a
350 nt long RNA is easily recovered from an 8 or 10% PAA gel, yield is low from
a 15% gel. If very small amounts of RNA have to be recovered from large volumes
of elution buffer, 1-10 pg glycogen may be added as a co-precipitant if it does not
interfere with later analysis.

9.2.2
Radioactive Labeling of RNA Termini

End-labeling of RNA with 32P is a prerequisite for direct sequence analysis and
free 5'- or 3’-OH-groups are required for most labeling reactions. The removal of
5’-cap structures using tobacco pyrophosphatase has been described [17]. 5'- and
3’-phosphate residues can be easily removed by calf intestine alkaline phosphatase
(CIP) prior to the labeling reaction. Since the different enzymes have different
substrate preferences, not all reactions will work equally well with all types of
RNA. For example, the “hidden” 5’ end of tRNAs is often hard to dephosphorylate;
thus, labeling by phosphate exchange (Section 9.2.2.1) is the preferred method in
these cases.

9.2.2.1 5’ Labeling of RNAs
Material Required for 5’-end-labeling of RNAs

Enzymes
e Calf intestine alkaline phosphatase (CIP; 10 mU/ul) and T4 polynucleotide
kinase (PNK; 5 U/pl) are from Roche Biochemicals.

Buffers and reagent

* 50 mM nitrilo-tri-acetic acid (NTA), pH 8.

e IMID mix: 250 mM imidazole, 25 mM DTT, 0.5 mM spermine, 0.5 mM
Na,EDTA, 50 mM MgCl,, pH 6.6 with HCIL.
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* MgCl,/spermine solution: 0.2 M MgCl,, 32 mM spermine.
¢ 100 mM DTT.

Radioactive materials
e [y-32P]ATP (10 pCi/ul; 3000 Ci/mmol).

5’ Labeling of RNA after Dephosphorylation

For dephosphorylation, 10-100 pmol of purified RNA is vacuum dried, dissolved
in 8 ul H,0, denatured for 2 min at 90 °C and snap-cooled in ice water. Then,
1 pl 1 M Tris—HCI, pH 8 and 10 mU CIP are added and the mixture is incubated
at 50 °C for 1 h. The enzyme is inactivated by addition of 3.3 pl NTA solution
followed by incubation at 50 °C for 20 min.

For radioactive labeling, prepare one 1.5-ml reaction tube containing 200 pCi
[7-32P]ATP and one with 10 pl of urea gel loading buffer (Section 9.2.1.3) and dry
in a desiccator. For phosphorylation, the [y-32P]ATP is dissolved by adding 6.5 ul
of the above RNA preparation. Then, 1 pl each of the MgCl,/spermine solution,
the 100 mM DTT solution and 1 ul PNK are added, and incubated at 37 °C for
30 min. The reaction is terminated by transferring the whole mixture into the
tube containing dry loading buffer. After denaturation (2 min, 90 °C) the labeled
RNA is separated on a denaturing PAA gel, localized by autoradiography and re-
covered by elution (Sections 9.2.1.2). To increase recovery of the labeled RNA dur-
ing precipitation, 10 pg yeast tRNA per 300 pl elution buffer may be added as a
co-precipitant.

5’ Labeling by Phosphate Exchange

Since many small RNAs are highly structured and have a recessed 5’ end difficult
to access by the phosphatase, the exchange reaction first introduced by Berkner
and Folk [18] is the labeling method of choice for these RNAs.

Between 10 and 100 pmol dry RNA is dissolved in 2 pl IMID mix, 1.25 pl
0.5 mM ADP and 5.75 ul H,O, and transferred into a reaction tube containing
200 pCi dry [y-32P]ATP. The reaction is initiated by addition of 1 pl PNK, run
for 30 min at 37 °C, terminated by pipetting onto loading buffer and separated by
electrophoresis as described above.

9.2.2.2 3’ Labeling of RNAs
All intact RNAs possess a 3’-OH end and can thus be directly labeled at this
terminus.

The most popular method is the ligation of radioactive pCp to the RNA [19]. The
method has been described in detail [12, 20]; an abbreviated and efficient variation
including the synthesis of pCp is presented here.

3’ labeling of RNAs is usually more efficient than 5’ labeling and requires less
material. However, larger RNAs are often poor substrates for the ligation reaction
and may preferably be labeled by poly(A) polymerase, using 3’-deoxyadenosine
(Cordycepin) to prevent chain elongation [21]. A special method to label RNAs
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with (at least partially) known sequence is “splint labeling” of the 3’ end with DNA
polymerase [22].

Materials Required for 3’-end-labeling of RNAs

Enzymes

e PNK (5 U/ul) and T4 RNA ligase (1.5-3 U/ul) are from Roche Biochemi-
cals; yeast poly(A) polymerase and T7 DNA polymerase are from United States
Biochemicals.

Buffers and reagents

¢ 1 mM 3’-cytidine monophosphate (3’-Cp).

e pCp mix: 175 mM Tris—HCl, pH 8, 15 mM MgCl,, 12 mM DTT, 2.4 mM
spermine.

¢ D mix: 10 mM HEPES-KOH, pH 8.3 in 33% (v/v) DMSO.

e Ligase mix: 120 mM HEPES-KOH, pH 8.3, 10 mM DTT, 30 mM MgCl,, 30 pg/
ml RNase-free BSA or gelatin, 3 mM ATP in 25% (v/v) DMSO. Note that the
DMSO should be deionized freshly before preparation of these solutions; ali-
quots of DMSO or the reaction mixes can be stored frozen for several months.

Radioactive materials
o [p-32P]ATP (10 pCi/pl; 3000 Ci/mmol); [e-32P]Cordycepin triphosphate; [a-
32P]dATP (each of highest specific activity available).

3’ Labeling of RNA by Ligation of [5’-32P]pCp

Preparation of [5'-32P]pCp

For one labeling reaction, dry down 100 pCi (3.7 MBq) [y-**P]ATP and dissolve in
2 pl pCp-mix. Add 1 pl 1 mM 3’-Cp and 5 U PNK, incubate for 1 h at 37 °C, and
vacuum dry. Alternatively, [5'-32P]pCp can be purchased from several suppliers
and used directly for ligation.

Ligation of [5'-32P]pCp to RNA

The dry RNA (4-10 pmol) is dissolved in 2 pl D mix, denatured for 2 min at 90 °C
and snap-cooled in ice. Then, 2 pl ligase mix is added and the mixture transferred
into the tube containing the dry [32P]pCp. The reaction is started by addition of
2 ul T4 RNA ligase and incubated at 4 °C for 16-30 h. Purification is performed
by one-dimensional gel electrophoresis as described (Sections 9.2.1.2).

3’ Labeling of RNA with Poly(A) Polymerase and Cordycepin

For this highly sensitive labeling method, 2-10 nmol of RNA 3’ ends is suffi-
cient. The purified RNA is mixed with 2 pl 5 x reaction buffer (supplied by
the manufacturer), 2 pl (20 uCi) [2->2P]Cordycepin triphosphate and H,O to a final
volume of 9 pl. Then, 1 pl poly(A) polymerase is added and the reaction incubated
at 30 °C for 20 min. Because the enzyme tends to bind to the RNA, a phenol
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extraction/precipitation step is advisable before proceeding to one-dimensional gel
electrophoresis (Section 9.2.1.2).

3’ Labeling of RNA with DNA Polymerase

This “splint labeling” method is a special case because a single RNA species may
be labeled specifically within a mixture of other nucleic acids, provided that at least
the immediate 3’ sequence of that RNA is known. A DNA oligonucleotide should
be obtained which is complementary to the immediate 3’ RNA end (T, about 40
°C) and has one extra T residue at its 5 end, providing a “5’-T overhang’ after an-
nealing. An RNA preparation containing approximately 10-50 pmol of the desired
species is annealed with 50 pmol of this oligonucleotide in a total volume of 17 pl
H,0 by incubating for 5 min at 70 °C and cooling down to 50 °C over about 30
min. The annealing process is terminated on ice, 5 pl of 5 x reaction buffer (sup-
plied by the manufacturer), 2 pl (20 uCi) [«-*2P]dATP and 1 ul T7 DNA polymerase
(about 20 U/ul) are added and the labeling reaction is incubated for 30 min at
37 °C. The reaction products are further analyzed and purified as described (Sec-
tion 9.2.1.2).

9.2.3
Sequencing of End-labeled RNA

Genomic sequencing has opened the view on a large number of putative novel
RNA species. Their existence and primary sequence can easily be verified by a
number of indirect techniques, including RT-PCR for the known part of the RNA
sequence and variations of the RACE method to determine the initiation and ter-
mination points of transcription, or of processing sites during maturation [8].
However, if no hint to the sequence of an interesting functional RNA can be ob-
tained by data mining or if nucleotide modifications are suspected to play a role
in RNA function, direct sequence analysis of the RNA should be performed. Base
specific enzymatic and chemical cleavages of end-labeled RNA provide hints on the
identity of many modified nucleotides [23-28]; detailed working protocols for both
methods will be presented here. The enzymatic as well as the chemical sequencing
method rely on cleavage reactions that are not completely specific for all of the four
major nucleobases; thus, the sequence has to be deduced from a partly ambiguous
cleavage pattern in both cases. The advantage of the enzymatic over the chemical
method is that sequence can be obtained from either labeled end, that more infor-
mation on the nature of modifications can be deduced and that the procedure
is straightforward and fast. The main disadvantage is that strong secondary struc-
ture of an RNA may inhibit cleavage by certain enzymes and that it may be diffi-
cult to obtain the required enzymes at sufficient quality. In contrast, the chemical
modifications and subsequent cleavage reactions require only a small number of
chemicals and are mostly insensitive to secondary structure under the conditions
used.

If the exact nature and position of the modification is to be determined, a
position-specific nucleotide analysis by thin-layer chromatography (TLC) has to be
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performed [20, 29]. This post-labeling method avoids end-labeling of the RNA and
gives the best information regarding modified nucleotides, but is quite laborious
and time-consuming to perform. Also, it is quite often prone to secondary clea-
vages and thus not absolutely reliable for primary sequence determination. A
major disadvantage of all three approaches discussed here is that none of them
will allow unambiguous reading of the terminal few nucleotides; the mobility shift
method used to solve this problem has been described in detail elsewhere [12, 20,
30] and will not be presented here. If desired, the labeled 5’- or 3’-terminal nucleo-
tide can be determined by cleavage with nuclease P1 or RNase T2, respectively, and
subsequent TLC analysis, as described below (Section 9.2.4.1). In conclusion, the
inherent advantages and disadvantages of the aforementioned methods demand a
careful evaluation of the specific goals of each sequencing project in order to deter-
mine in which combination they should be used.

9.2.3.1 Sequencing by Base-specific Enzymatic Hydrolysis of End-labeled RNA

For enzymatic sequencing, either 5'- or 3’-labeled RNA may be used. Although
10000 c.p.m. per reaction is optimal, as little as 1000 c.p.m. may be used if suffi-
cient exposure time is allowed. To resolve problems arising from secondary struc-
ture, all reactions are performed under denaturing conditions (8 M urea, 50 °C).

Materials Required for Enzymatic Sequencing

RNA
e 5'- or 3'-32P-labeled, gel purified RNA (see Sections 9.2.2.1 and 9.2.2.2), mini-
mum amount 10000 c.p.m. total; 1 pg/pl yeast tRNA (Roche Biochemicals).

Enzymes

¢ The sequencing nucleases (RNases T1, CL 3, Staphylococcus aureus nuclease and
RNase U2) are available from Calbiochem, BRL, Roche Biochemicals, Worthing-
ton and Pharmacia, respectively. Because the quality differs between production
batches, each lot should be tested separately using the protocol below. Working
solutions of 100 mU/pl (RNases T1 and U2), 3 U/ul for Staphylococcus nuclease
and 13 mU/pl for RNase CL3 should be made up fresh in H,O before use.

Reaction mixes

¢ T1 mix and H" mix should be made up fresh from appropriate stock solutions;
all others may be prepared in advance and stored at —20 °C.

e T1 mix: 20 mM Na citrate, pH 3.5, 1 mM Na,EDTA, 0.03% (v/v) dye stock, 8.1 M
urea.

e S7 mix: 20 mM Tris—HCl, pH 7.5, 10 mM CaCl,, 0.03% (v/v) dye stock, 8.1 M
urea.

e CL3 mix: 20 mM Tris—HCI, pH 7.5, 0.03% (v/v) dye stock, 8.1 M urea.

e HT mix: 0.22 N H;SOy4, 0.03% (v/v) dye stock, 6.8 M urea.

¢ Dye stock: 1% (w/v) BPB, 1% (w/v) XC, 2% (w/v) SBB in 10 mM Tris, pH 7.5.

141



142

9 Direct Determination of RNA Sequence and Modification by Radiolabeling Methods

Tab. 9.1. Cleavage reactions for enzymatic sequencing

Reaction Yeast Mix Enzyme Incubation Specificity
RNA
(ng)
-E 1 T1 mix - 15 min, 50 °C -
T1 RNase T1 G
U2 RNase U2 A > ms?i®A, G
S7 S7 mix Staphylococcus A, U > T, s*U,
nuclease ms?i®A, m?A
CL3 CL3 mix RNase CL3 C>»AT
H* 5 H* mix - 3 min, 100 °C All except
2’-O-methyl

Working Procedure for Enzymatic Sequencing

Prepare 10 Eppendorf-type reaction tubes with equal aliquots of your end-labeled,
gel-purified RNA (between 1000 and 10000 c.p.m. per reaction). Label one tube
as control (—E), one for the ladder (H™) and two for each of the four enzymes (see
Table 9.1). Calculate the amount of carrier RNA (from the elution and precipita-
tion) in each aliquot, and adjust to 1 pg/tube for the control and enzymatic reac-
tions. For the acid ladder adjust carrier to 5 pg. Dry down the contents of all tubes
at room temperature (this takes about 30 min in a Speed Vac or 2 h in an eva-
cuated desiccator over fresh desiccant). Prepare an ice box with wet ice and one
with finely crushed dry ice, both large enough to hold the 10 tubes deeply im-
mersed. Pre-heat one water bath at 50, 65 and 95-100 °C, respectively. Alterna-
tively, metal-based heating blocks may be used, but heat transfer is faster and
more efficient in water.

Add 4 pl of the respective enzyme reaction mix to each labeled tube (except H™;
see Table 9.1), spin down shortly, denature for 5 min at 65 °C and quick chill on
ice. Add 1 pl of the respective enzyme working solution to the first of your two
tubes for the same enzyme (e.g. T1). Mix by pipetting in and out, and transfer ex-
actly 1 pl to the second tube. Immediately put the two tubes in the 50 °C bath and
incubate for exactly 15 min; stop the reactions in dry ice. The remaining tubes are
treated the same way. For the acid ladder, 4 pl of H" mix are added to the respec-
tive tube, incubated in a boiling water bath for exactly 3 min and quenched in dry
ice. The samples may be stored overnight at —80 °C at this stage.

After a short spin, the samples are directly loaded onto a sequencing gel (40 x
20 cm, 0.4 mm thick, 12 lanes per RNA). Details on the composition of RNA se-
quencing gels may be found in Chapters 10 and 11. For RNAs of 70-90 nt, use
20% PAA; for longer RNAs, use 15% PAA. To read over the whole sequence
length, it is advisable to prepare enough material for two runs: a short run (BPB
just leaving the 20% gel) and a long run (XC at the edge of the gel). If the sequence
should be read up to the labeled end, precipitate the cleavage reactions with EtOH
and omit BPB from the loading mix.
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Interpretation and Troubleshooting

From the counting ladder (H") and the highly base specific RNases T1 and U2
(and CL3 if good quality is available) it is straightforward to deduce a large part of
the sequence. To read the band pattern created by Staphylococcus nuclease, recall
that this enzyme cleaves 5’ of the respective nucleotide, leading to a band shift
(see Fig. 9.1). A gap in the counting ladder (H") indicates a 2’-ribose methylation
of the corresponding nucleotide. Single weak bands may result from base modifi-

Fig. 9.1. Sequence analysis by enzymatic
cleavage of 5'-2P-labeled tRNAC" from barley
chloroplasts. Enzymatic cleavages by RNase
T1, U2, CL3 and Staphylococcus nuclease (S7),
and acid hydrolysis (H") were performed as
described in Section 9.2.3.1; the two lanes
with the same specificity differ by a factor of
5 in the amount of enzyme used. A 25%

PAA sequencing gel (29:1) was used to allow

reading from the second nucleotide (bottom
of the gel). The position of the dyes (SBB, XC,
BPB) is given on the right, and the sequence
of the first 18 nt on the left side of the panel
(the terminal U was determined by end group
analysis). Note the gap in the ladder (H") at
the position of 2’-O-methyl-guanosine (Gy,).
For details of the sequence and its
interpretation, see [5].



144

9 Direct Determination of RNA Sequence and Modification by Radiolabeling Methods

cations; see Table 9.1 for an incomplete overview and [12, 25] for a full discussion
of this phenomenon. If a high-quality preparation of RNase CL3 is not commer-
cially available, the enzyme may also be prepared according to the procedure de-
scribed in [26].

If parts of the gel show weak bands in all lanes, strong secondary structure may
hinder efficient cleavage; in this case, denature the RNA at 90 °C and run the reac-
tions at 65 °C (you may have to use more enzyme). If bands are compressed on the
gel, insufficient denaturation during electrophoresis is the reason. Make sure that
the gel is run at 40 W (for a 20 x 40-cm gel) or use a thermostated electrophoresis
apparatus at 60-65 °C.

9.2.3.2 Sequencing by Base-specific Chemical Modification and Cleavage

Chemical sequencing gives clear results only for 3’-labeled RNA, because of the
inhomogeneous cleavage products 5’ of the attacked nucleotide [24]. The precipita-
tions required to stop the reactions and to remove the aniline prior to electropho-
resis lead to some loss of material; thus, a higher amount of radioactive starting
material should be used than for enzymatic sequencing. The following protocol
follows a simplified and slightly modified version of the original, which should be
consulted for full details [24, 27].

Materials Required for Chemical Sequencing

RNA
e 3/-32P.Jabeled, gel purified RNA (see Section 9.2.2.2), minimum amount 25 000
c.p.m. total; 10 pg/pl yeast tRNA (Roche Biochemicals).

Chemicals
e Hydrazine, DEPC, aniline, NaBH,, dimethylsulfate (DMS) and EtOH should be
of the highest purity available and stored dry at 4 °C.

Buffers and reagents

* 50 mM NaOAc, pH 4.

e 1 M aniline acetate, pH 4.5 (mix H,O:HOAc:aniline at a 7:3:1 volume ratio; spin
out precipitate, check pH of an aliquot, store frozen in aliquots).

e 0.5 M NaBH, (make fresh before use).

* 0.3% (w/v) DMS in NaOAc (mix directly before use).

¢ Hydrazine/H;O: mix equal volumes and keep on ice until use.

e 3 M NaCl in hydrazine: dry NaCl in a 120 °C oven for 2 h, store in a desiccator.
Dissolve in hydrazine and keep on ice until use.

Waste disposal

e DMS is a carcinogen; all solutions containing it (e.g. reagents and EtOH super-
natants from the first precipitation) should be disposed into a bottle containing
5 M NaOH. Hydrazine waste is inactivated with 3 M FeCls, aniline, DMS and
hydrazine bottles should be opened only under a flow hood.
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Tab. 9.2.  Working table for chemical sequence analysis of RNA
Specificity G A u C
Modification 150 ul NaOAc + 10 pl hydrazine/ 10 pl NaCl/
1 pl DEPC H,0 hydrazine

reagent 10 ul 0.3% DMS 150 ul NaOAc + 10 pl hydrazine/ 10 pl NaCl/

in NaOAc 1 ul DEPC H,0 hydrazine
incubation 405,90 °C 10 min, 90 °C 10 min, 0 °C 10 min, 90 °C
first precipi- 150 pl NaOAc, 400 pl EtOH 150 ul NaOAc, 500 pl 80%
tation 650 ul EtOH 550 ul EtOH EtOH
second precipi- - 150 ul NaOAc, 150 pl NaOAc, 150 pl NaOAc,
tation 450 pl EtOH 450 pl EtOH 450 pl EtOH
wash 800 ul EtOH 800 ul EtOH 800 ul EtOH 800 ul EtOH
Reduction - - -
reagent 10 ul 0.5 M - - -

NaBH4
incubation 10 min, 0 °C - - -

(dark)
precipitation 150 pl NaOAc, - - -

650 pl EtOH
wash 800 pl EtOH - - -

Starting material is dried 3’-end-labeled RNA containing 20 pg yeast
tRNA per reaction tube. All centrifugations are performed in a
microcentrifuge at 4 °C (10000 g); all precipitations are done in
crushed dry ice for 10 min.

Working Procedure for Chemical RNA Sequencing

Prepare five reaction tubes with equal aliquots of your end-labeled, gel purified
RNA (between 5000 and 20000 c.p.m. per reaction) and 20 pg yeast tRNA. Label
one tube as control (—E) and for each of the four reactions (A, C, G and U; see
Table 9.2). Dry down the contents of all tubes at room temperature (this takes
about 30 min in a Speed Vac or 2 h in an evacuated desiccator over fresh desic-
cant). Prepare an ice box with wet ice, and pre-heat one water bath at 60 and
90 °C. All modifications are done according to the flow sheet (Table 9.2); note that
all precipitations are on ice (or at —20 °C) for 5 min, all centrifugations are at
4 °C and 10000 g for 5 min (precipitations) or 1 min (wash), respectively. Be care-
ful to remove all of the supernatants to avoid a smear on the sequencing gel.

For aniline cleavage, add 10 pl of aniline acetate to all tubes including the control
tube. Incubate for 20 min at 60 °C, stop on ice and precipitate with 150 ul NaOAc
and 650 pl EtOH. After 2 washes with 800 pl EtOH to completely remove residual
aniline, the RNA is dried, dissolved in urea gel loading buffer, denatured for 3 min
at 95 °C and analyzed on a sequencing gel (Section 9.2.3.1).

If desired, a counting ladder may be prepared by acid hydrolysis (Section 9.2.3.1)
and run in parallel. Note that the resulting banding pattern is shifted about one
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nucleotide away from the 3’ end if compared to the corresponding band obtained
by chemical cleavage.

Interpretation and Troubleshooting

From the counting ladder (H") and the highly base-specific cleavages for G, A
and U, a large part of the sequence can be easily deduced. Because the C reaction
modifies both pyrimidines (although with lower efficiency for U residues), a “sub-
tractive reading” of the U and C lanes is required to unambiguously identify both
bases. Some modified bases can be identified very easily: m’G is sensitive towards
aniline without any further modification and thus appears as an extremely strong
band in all lanes including the control. All uridine derivatives except pseudouri-
dine are weakly reactive towards the U reaction; ac*C can be recognized as a band
in all lanes, but weaker than the appearance of m’G. For a more complete over-
view, see [12, 25]. Band compression due to strong secondary structure of the
RNA can be avoided as described above (Section 9.2.3.1).

9.2.4
Determination of Modified Nucleotides by Post-labeling Methods

In many cases, it is desirable to obtain an overview of the modified nucleotides
present in a purified RNA species or in an RNA population obtained from a certain
organism. If the RNA material can be easily obtained, HPLC analysis is the
method of choice because UV spectra provide additional information on the nature
of the nucleobase. Coupled HPLC-MS will even identify unknown or novel nucleo-
tides [31]. However, the required apparative infrastructure is not readily available
for most laboratories and, even though the sensitivity of the methods is impressive,
availability of the biological samples may be limiting. A reliable alternative to deter-
mine the nucleotide content of subpicomolar amounts of RNA is the post-labeling
of an RNA hydrolysate, followed by two-dimensional TLC analysis of the products
[20, 32-34]. The determination of sequence and base modification at the same
time has been made possible by the coupling of limited RNA fragmentation and
end-group identification of the terminally labeled, separated fragments [29].

9.2.4.1 Analysis of Total Nucleotide Content

The first step of this procedure is the hydrolysis by a mixture of RNases T2 and A.
The resulting nucleoside 3’-phosphates are then radioactively labeled at the 5’ end
by PNK; these 5’-32P-labeled 3’,5'-nucleoside diphosphates are then converted to
the corresponding nucleoside 5’-phosphates by nuclease P1. After elimination of
residual ATP by Apyrase, the mixture is subjected to two-dimensional TLC, with
an excess of non-labeled nucleoside 5’-phosphates co-migrating as standards.

Materials Required for RNA Nucleotide Analysis

Enzymes

* RNase T2 (Invitrogen); pancreatic ribonuclease (RNase A) and T4 polynucleotide
kinase (Roche Biochemicals). Prepare a working solution (T2/A mix) containing
50 mU/pl RNase T2 and 0.1 pg/pl RNase A in H,O (can be stored frozen).
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e Apyrase (5 U/ml; Sigma).
* Nuclease P1 (Gibco/BRL; prepare a working solution of 10 ng/pl in 50 mM am-
monium acetate, pH 5.3).

Solvents and plates for TLC

e Solvent A: isobutyric acid:concentrated ammonia:H,0 [57.7:3.8:38.5, (v/v)]; pH
4.3.

e Solvent B: isopropanol:concentrated HCl:H,O (70:15:15).

¢ Cellulose TLC plates (plastic or glass backed, non-fluorescent, analytical scale),
20 x 20 cm (Macherey-Nagel or Merck).

Radioactive materials
* [y-32P]ATP (10 pCi/pl; 3000 Ci/mmol).

Preparation of 5'-32P-labeled Nucleoside Monophosphates

Purified RNA (2-20 pmol) is vacuum dried and dissolved in 2 pl 50 mM ammo-
nium acetate, pH 4.5 and 6 ul H,O (include a control sample without RNA).
1 pl of RNase T2/A mixture is added and the sample is incubated for 5 h at 37
°C. To the resulting hydrolysate, add 1 ul 10 x concentrated PNK buffer (provided
by the manufacturer), 0.5 pl 0.1 mM ATP, 25 uCi [y-32P]JATP and 5 U PNK; incu-
bate for 30 min at 37 °C. Add 1 pl Apyrase, incubate for another 30 min at 37 °C
and proceed with half of the mixture (save the other half at —20 °C). Vacuum-dry
this aliquot, add 10 pul of nuclease P1 solution and incubate for 3 h at 37 °C.

Two-dimensional TLC of Nucleoside Monophosphates

For analytical TLC, 1 pl of above hydrolysate is mixed with 1 pul pN marker mix (5
mg/ml each of pA, pG, pC and pU). The start point is marked with a soft pencil
in the lower left corner of a cellulose plate, 1.5 cm from each edge. The sample is
applied in a small spot (preferably with a drawn-out capillary) and dried. The first
dimension is developed in solvent A until the front has reached the top edge; the
plate is dried thoroughly under a hood. For chromatography in the second dimen-
sion, the plate is turned by 90° compared to the first dimension and developed
in solvent B. After drying, the plates can be exposed to X-ray film or a Phospho-
Imager. The marker nucleotides are visualized as dark blue spots under a UV
lamp at 254 nm; their position is marked as an aid in the identification of un-
known nucleotides. If a specific nucleotide has to be prepared for secondary analy-
sis, the whole reaction mix (Section 9.2.4.1) is applied to the plate. The correspond-
ing spot is then localized by positioning the plate on top of the X-ray film, scraped
off the plate, and eluted with H,O [12].

Interpretation and Troubleshooting

The four marker nucleotides should appear under UV as clearly separated spots
(see reference patterns in [13, 32-34]; the 32P; (resulting from hydrolysis of un-
used ATP) should be visible as a prominent spot on the X-ray film in the center of
the right edge. If separation of nucleotides is unacceptable, check the pH of the
solvents and replace them if necessary; make sure that the sample was dried com-
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pletely after application (use an infrared lamp or hot air if necessary) and check
that the lids of the tanks close tightly.

If the starting point is streaked out in the first dimension, the problem might be
the amount of protein in your sample; try to reduce the amount of enzyme used
(extend the incubation times instead). If comparison to the standard pattern re-
veals that many dinucleotides are present in your sample, you should first analyze
an aliquot of your sample before P1 digestion. This reveals whether you should in-
crease the amount of T2/A mix and/or P1 nuclease, or the respective incubation
time.

9.2.4.2 Determination of Position and Identity of Modified Nucleotides
In this case, limited RNA hydrolysis (ideally, one cut per RNA molecule) is per-
formed non-enzymatically and the resulting fragments are radioactively labeled
[20, 29]. After electrophoretic separation, the 5’-terminal nucleotide of each iso-
lated fragment is determined by TLC.

The material required is mostly identical to that specified in Section 9.2.4.1; in
addition, a sterile glass capillary (5 or 10 pl size) and a gas burner is needed.

Generation and Separation of 5’-labeled Random RNA Fragments

In separate reaction tubes, dry down 20-40 pmol purified RNA, 50-100 nCi
[7-32P]ATP and 10 pl of urea gel loading buffer (see Section 9.2.1.3); pre-heat
a water bath to 95 °C. Dissolve the RNA in 1.5 pl H,O, transfer it into the center
of the capillary by aspiration and seal the ends with the flame. Hydrolysis is per-
formed for exactly 30 s in the boiling water bath and stopped in ice water. Cut
open the ends of the capillary, transfer the contents back to the original tube
and rinse the capillary with 5 ul H,O. Transfer the whole contents to the tube
containing the dry [y-32P]ATP and proceed with 5’-labeling and electrophoresis on
a 15% PAA gel as described in Section 9.2.2.1. For best separation of the RNA
fragments, it is advisable to use gels of 60 or 80 cm length and run them until
BPB has reached the bottom; if this is not available, a short and long run
should be performed on a 40 cm gel. Fragments are localized by autoradiography,
cut out and eluted, including 10 pg yeast tRNA per band (see Sections 9.2.1.2).

Identification of the 5’-end Group of the RNA Fragments

Each sample is dissolved in 10 pl of nuclease P1 solution (Section 9.2.4.1), incu-
bated for 2 h at 50 °C, and an aliquot (1-5 pl, depending on labeling efficiency) is
removed and dried (the rest may be stored frozen). The dry samples are then dis-
solved in 2 pl of pN marker mix (Section 9.2.4.1) and equal amounts applied to
each of two TLC plates. The cellulose plates are prepared such that 12-16 samples
can be applied as thin streaks, 1.5 cm from the bottom edge; they are then ana-
lyzed by one-dimensional separation in solvent A and B, respectively (Section
9.2.4.1). The RNA sequence can then be directly read from the TLC plate. If a 2’-
O-methylated dinucleotide is detected, an aliquot of the corresponding sample is
digested with 1-10 pg of P1 nuclease (5 h at 65 °C) and analyzed as before or by
two-dimensional TLC (Section 9.2.4.1).
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Interpretation and Troubleshooting

Ideally, the band pattern visible after electrophoresis should show an even distribu-
tion, reaching up to the penultimate nucleotide. If the ladder is shifted signifi-
cantly towards the smaller fragments, try to increase the amount of RNA or reduce
the hydrolysis time. A specific problem may arise if a labile modified nucleotide or
a C—A bond in a single-stranded region is present in the RNA. In this case, near-
quantitative hydrolysis of the corresponding phosphodiester bond may even lead to
a complete lack of bands above this point, and the nucleotide 3’ of the cleaved
bond will be visible in all other samples [4]. Most problems arising from the TLC
systems have been discussed in Section 9.2.4.1. In some cases, it may be necessary
to re-analyze specific modified nucleotides in a different solvent system. A two-
dimensional chromatography system with slightly different separation properties
has been described in [34]. ac*C and m°>C are not separated in solvents A and B
(Section 9.2.4.1), but can be readily distinguished by chromatography on PEI plates
[35]. Thionucleotides can be identified after modification with CNBr and separa-
tion of the products on Cellulose [36].

9.3
Conclusions and Outlook

The increasing number of genomic sequences has led to the detection of nu-
merous novel RNAs with mostly unknown functions. In many cases, modified
nucleotides may play a role in increasing their structural stability, or facilitating
specific interactions with proteins or other RNAs; in some cases, editing may
even change the primary sequence and coding potential of an RNA. The methods
presented here do not only allow the rigorous purification of any desired RNA
from biological samples, but also permit the identification of type and position of
modified nucleotides. They may thus help in elucidating the function of these
RNAs by identifying novel interaction points with other macromolecules. We anti-
cipate an increasing application of direct RNA sequencing methods, specifically in
context with the future investigation of novel RNA species.
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10
Probing RNA Structures with Enzymes
and Chemicals In Vitro and In Vivo

Eric Huntzinger, Maria Possedko, Flore Winter, Hervé Moine,
Chantal Ehresmann and Pascale Romby

10.1
Introduction

A renewal of interest in RNA was brought about the recent discovery of a large
number of new regulatory RNA molecules in bacteria and in eukaryotes (for re-
views, see [1, 2]). Many studies in bacteria have also now confirmed that mRNA
can adopt highly structured domains that serve genetic switches in response to
ligand binding, ranging from proteins to RNA and even metabolites (e.g. [3-5]).
Thus, the structural features of a RNA most often are of key importance for its
biological function and consequently there is an increasing interest in studies on
the structure of RNAs either free or in interaction with ligands.

Chemical and enzymatic probing has become one of the most popular ap-
proaches for mapping the conformation of RNA molecules of any size under de-
fined experimental conditions. The method maps the reactivity of each nucleotide
towards enzymes or chemicals, which reflects its environment within the RNA
molecule. The elaboration of a secondary structure model requires the use of
probes with different and complementary specificities. For long RNA molecules,
the interpretation of the data can be facilitated with the help of computer programs
that predict secondary structure from the sequence. One powerful method is to
combine energy minimization with co-variation while other programs tend to sim-
ulate the kinetics of RNA folding during transcription (for a review, see [6]). Since
the probing approach defines unambiguously the unpaired regions of the RNA,
they can be given as constraints in the computer folding programs. The resulting
secondary structure model can be further validated by a site-directed mutagenesis
study coupled to the probing approach to analyze the effect of the mutation on the
RNA structure. For instance, compensatory base changes validate the existence of
Watson—Crick base pairs and appropriate deletion may help to define independent
structural domains.

Probing the structure with chemicals and enzymes may also provide information
on the tertiary folding of large RNA molecules. The tertiary structure of large
RNAs is composed of stable secondary structure elements that are brought

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30826-1
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together by long-distance interactions to form compact domains. Crystallographic
research on the ribosome has revealed the presence of numerous RNA motifs
that have been found in different RNAs ([7] and references therein). These RNA
motifs mediate either the specific interactions that induce the compact folding of
large RNA or constitute specific ligand-binding sites. They are usually composed
of stacked arrays of non-Watson—Crick base pairs, which are characterized by an
unusual pattern of chemical reactivity. The correlation between X-ray structure
and chemical modification of different RNAs can be used to unravel the existence
of particular structural motifs in RNA molecules and certain non-canonical base
pairs (e.g. sheared purine base pairs and Hoogsteen reverse AU base pairs). Chem-
ical modifications can also be performed under different experimental conditions
(i.e. by varying the temperature or the concentration of divalent ions). Such experi-
ments may provide information on the stability of the different secondary structure
domains, but also allow the identification of tertiary elements since these interac-
tions are the first to break in a cooperative manner during the melting process of
an RNA structure. Some of the chemicals that react with the phosphate-ribose
backbone can be used to probe the inside and outside of large and highly struc-
tured RNAs (i.e. Tetrahymena ribozyme [8]). Time-resolved small-angle X-ray scat-
tering is a powerful approach to detect transient RNA-RNA interactions and to
measure the fast global shape changes of large RNAs under different ionic condi-
tions (e.g. [9, 10]).

One of the main concerns often addressed is how the RNA can be folded in a
more complex environment such as in living cells. Ligand binding may indeed
change the RNA folding or stabilize a defined conformation. Structure-specific
chemical probes are unique tools to map RNA structure in vivo under different
cell growth conditions. The use of probes is, however, limited by their capability
to penetrate the cell wall and membrane due to their size, structure and/or charge.
To date, the reagents that have gained widespread use for in vivo RNA probing are
dimethylsulfate (DMS) (e.g. [11, 12]), to a lesser extent kethoxal [13] and, more re-
cently, lead(II)-induced cleavage [14]. Despite the limited number of probes, which
can be used in vivo, the comparison between in vivo and in vitro probing provides
complementary data for determining functional RNA structure.

Enzymes and chemicals have been utilized in several other applications [15]. The
probes have been extensively used to map the binding site of a specific ligand (an-
tibiotic, RNA, protein, etc.) and to study RNP assembly. Chemicals have also been
used for the so-called chemical interference approach. This method defines a set
of nucleotides which have lost the capability to interact with a ligand when they
are modified by a chemical probe. Finally, chemical probes tethered to protein or
RNA can provide topographical information on ligand—RNA complexes by induc-
ing site-specific cleavage of a proximal RNA after binding (e.g. [16, 17]).

The aim of the present chapter is to give an experimental guide of the most
commonly used probes for mapping the secondary structure of RNAs in vitro and
in vivo. The mechanism of action and lists of a wide variety of probes can also
be found in other reviews [15, 18, 19]. Additional information on probing with
lead(II) can be found in Chapter 13.
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10.2
The Probes

The probes are used under limited conditions where less than one cleavage or
modification occurs per RNA molecule with a statistical distribution. The identifi-
cation of the cleavages or the modifications can be done by two different method-
ologies depending on the length of the RNA molecule and on the nature of the
modification. The first approach, which uses end-labeled RNA, only detects scis-
sions and is limited to RNA containing less than 300 nt. The second approach,
which uses primer extension, detects stops of reverse transcription at modified nu-
cleotides or cleavages, and can be applied to RNAs of any size.

The experimental guide was adapted from the conditions used to probe the
structure of the regulatory region of thrS mRNA [20] and will be limited to the
most commonly used probes. Table 10.1 gives an exhaustive list of the probes for
which experimental conditions will be given below. These probes provided com-
plementary data necessary to build the RNA secondary structure model. Other de-
tailed protocols used on different RNAs have been previously described [21-23]. In
addition, experimental procedures will be given to map the RNA structure in bac-
terial cells. Other protocols used for in vivo mapping in eukaryotic cells will be
given in this handbook.

10.2.1
Enzymes

RNases T1 (specific for unpaired guanines), RNase T2 (with preference for un-
paired adenines) and RNase V1 (specific for double-stranded regions) are the
most useful enzymes. They are easy to use and help to identify secondary structure
RNA elements such as hairpin structures. RNase V1 is the only probe which pro-
vides positive evidence for the existence of helical regions. However, due to their
size, the RNases are sensitive to steric hindrance. Particular caution has also to be
taken since the cleavages may induce conformational rearrangements in RNA that
potentially provide new targets (secondary cuts) to the RNase.

10.2.2
Chemical Probes

Base-specific reagents have been largely used to define RNA secondary structure
models. The combination of DMS, 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide
metho-p-toluene sulfonate (CMCT) and f-ethoxy-o-ketobutyraldehyde (kethoxal) al-
low to probe the four bases at one of their Watson—Crick positions (Table 10.1).
DMS methylates position N' of adenines and to a lower extent N3 of cytosines.
CMCT modifies position N* of uridine and to a weaker degree N' of guanines.
Kethoxal reacts with unpaired guanine, giving a cyclic adduct between positions
N! and N? of the guanine and its two carbonyls.
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Tab. 10.1.  Structure-specific probes for RNA
Probes MW Target Product Detection Special considerations
Buffers, pH, temperature, etc.
direct RT invivo
Chemicals and divalent ion
DMS 126 A(NY) N!-CH; - + + reactive at pH ranging from
4.5 to 10 and temperature from
4 to 90 °C; tris buffers should
be avoided as DMS reacts with
amine groups
C(N?) N3-CH; s + + idem
G(N7) N7-CH; s s + idem
DEPC 174 A(N7) N7-COHs s + - reactive at pH ranging from
4.5 to 10 and temperature from
4 to 90 °C; tris buffers should
be avoided as DEPC reacts with
amine groups
Kethoxal 148 G(N'-N?) N'-CHOH +(a) + - borate ions are required to
2 stabilize the guanine—kethoxal
N*-CROH adduct
CMCT 424 G(N1) N'-C=N-R - + - optimal reactivity at pH 8 and
, over a wide range of tempera-
NH-R ture; CMCT still soluble up to
300 mg/ml in water
U(N?) N3-C=N-R - + - idem
NH-R’
Pb(II) 207 specific binding ...Np (3’p) + +  + buffers with chlorure ions
acetate sites dynamic should be avoided as Pb(II) can
regions form precipitates with it. Pb(II)
acetate must be dissolved in
water just before use
Biological nucleases
T1 RNase 11000 unpaired G .Gp(3'p) + + - active under a wide range of
conditions (e.g. temperature
between 4 and 55 °C, with or
without magnesium ion and
salt, in urea)
T2 RNase 36000 unpaired ....Ap(3'p) + + - active under a wide range of
A>C UG conditions (e.g. temperature
between 4 and 55 °C, with or
without magnesium ion and
salt)
V1 RNase 15900 paired or pN....(5'p) + + = absolutely requires divalent
stacked N cations; active under a wide

range of temperature (4-50 °C)

DMS, dimethylsulfate; DEPC, diethylpyrocarbonate; kethoxal, f-ethoxy-a-ketobutyraldehyde; CMCT, 1-cyclohexyl-3-
(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate. Detection method: (direct) detection of cleavages on end-
labeled RNA molecule; (RT) detection by primer extension with reverse transcriptase. (+) the corresponding detection
method can be used; (s) a chemical treatment is necessary to cleave the ribose-phosphate chain prior to the detection;
(a) RNase T1 hydrolysis can be used after kethoxal modification with end-labeled RNA. Modification of guanine at N1,
N2 will prevent RNase T1 hydrolysis [46]. In vivo mapping: probes which diffuse efficiently across membranes and
walls (+), the other probes can be used only after permeabilization of the cell (—). Molecular weight, specificity, and
products generated by the probe action are indicated. The table is adapted from Brunel & Romby [23].
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Position N7 of purines, involved in Hoogsteen or reverse Hoogsteen interac-
tions, can also be probed by diethylpyrocarbonate (DEPC) for adenines and by
DMS or nickel complex for guanines. Nickel complex [24] and DEPC [25] are very
sensitive to the stacking of the base rings, and therefore N7 of purines within a
helix are never reactive except if the deep groove of the helix is widened.

10.2.3
Lead(ll)

Divalent metal ions such as Mg?" are required for stabilization of the RNA struc-
ture, but under special conditions can promote cleavage in RNA. This catalytic
activity was first discovered with Pb?* ions, and latter with many other di- and tri-
valent cations (for a review, see [26]). Strong cleavage was first described as the
consequence of a tight divalent metal ion-binding site and of an appropriate stereo-
chemistry of the cleaved phosphodiester bond. Lead(Il) is also considered as a
single-strand-specific probe since weaker cleavages at several sites occurred mainly
in unpaired and flexible regions (interhelical or loop regions and bulged nucleoti-
des). In contrast to RNases, lead(II) is not sensitive to steric hindrance, but detects
subtle conformational changes that can occur upon ligand binding. Lead(II) was
also successfully used in vivo to map the structure of mRNA and regulatory RNAs
[14]. In contrast to DMS modification, lead(Il) is less sequence dependent, and
thus can be used to assess single- and double-stranded regions of RNA. The cleav-
age patterns obtained on three different RNAs indicated that similar conforma-
tions were observed in vivo and in vitro [14].

10.3
Methods

Probing the conformation of RNAs with different enzymes and chemicals requires
the use of defined buffer conditions (pH, ionic strength, magnesium concentra-
tion, temperature). Indeed, the optimal conditions vary slightly with the different
probes and the possibility exists that subtle conformational changes may occur
under different incubation conditions (Table 10.1). The probe:RNA ratio must
also be adapted so that the experiments are conducted under limited and statistical
conditions. For the first experiment, different concentrations of the probes and a
time-scale dependence should be performed. This is also required when the com-
mercial source of the probes has been changed.

10.3.1
Equipment and Reagents

Equipment and Material
Electrophoresis instrument for sequencing gels. Eppendorf tubes, tips and buffers
should be sterilized before used.
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Chemicals and Enzymes

CMCT and lead(II) acetate can be purchased from Merck; DMS from Acros
Organics (ref. 11682-0100); calf intestinal phosphatase and T4 RNA ligase from
P-L Biochemicals; avian myeloblastosis virus reverse transcriptase from Q biogene
(France) or Life Sciences (USA); T4 polynucleotide kinase, [y-32P]ATP (3200
Ci/mmol) and [5'-32P]pCp (3000 Ci/mmol) from Amersham. RNase T1 was from
Industrial Research Limited (IRL, New Zealand) or from Fermentas; RNase T2
from Invitrogen (ref. 18031-013) and RNase V1 from Pierce (ref. MB092701).

Safety Rules using Chemicals

Most of the chemical reagents are potential carcinogens and therefore chemical
modifications until the removal of the first ethanol supernatant (see below) are car-
ried out under a fume hood while wearing protective gloves. DMS and kethoxal
solutions are discarded in 1 M sodium hydroxide waste and CMCT in 10% acetic
acid waste.

Buffers

The buffer conditions given here are indicative and can be modulated according to
the system used and the nature of the ligand. buffer N1: 50 mM sodium HEPES,
pH 7.5, 5 mM MgAc, 100 mM KAc; buffer N2: 50 mM sodium cacodylate, pH 7.5,
5 mM MgCl,, 100 mM KCl; buffer D2: 50 mM sodium cacodylate, pH 7.5, 1 mM
EDTA; buffer N3: 50 mM sodium borate, pH 8, 5 mM MgCl,, 100 mM KCI; buffer
D3: 50 mM sodium borate, pH 8, 1 mM EDTA; buffer N4: 50 mM sodium borate,
pH 7.5, 5 mM MgCly, 100 mM KCI; buffer D4: 50 mM sodium borate, pH 7.5,
1 mM EDTA; Buffer AT1: 20 mM sodium citrate, pH 4.5, 1 mM EDTA, 7 M urea,
0.02% xylene cyanol, 0.02% bromophenol blue; Ladder buffer: Na,COs; 0.1 M/
NaHCO; 0.1 M pH 9; RNA loading buffer: 0.02% xylene cyanol, 0.02% bromophe-
nol blue in 8 M urea; DNA loading buffer: 0.02% xylene cyanol, 0.02% bromophe-
nol blue in formamide; RTB buffer: 50 mM Tris—HCI, pH 7.5, 20 mM MgCl, and
50 mM KCI; TBE buffer: 0.09 M Tris—borate, pH 8.3, 1 mM EDTA. All buffers are
given 1 x concentrated.

10.3.2
RNA Preparation and Renaturation Step

The RNA is usually transcribed in vitro from a DNA template using T7 RNA poly-
merase. The RNA is then purified from shorter RNA fragments, DNA template
and the excess of NTP by using either a gel-filtration column [27], monoQ column
[28] or denaturing polyacrylamide—urea gel electrophoresis [29]. More recently,
ion-pairing reversed-phase high-performance liquid chromatography (IP-RPLC)
was used for the fractionation of short RNA fragments [30].

For 5’-end-labeling, the RNA is first dephosphorylated at its 5" end, and then la-
beled using [y-32P]ATP and T4 polynucleotide kinase [31]. The dephosphorylation
step can be avoided if transcription is carried out in the presence of GMP or with
ApG. The 3’-end-labeling is performed with [5’-32P]pCp and T4 RNA ligase [32].
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The labeled RNAs are purified by electrophoresis on 8% polyacrylamide (0.5%
bis)-8 M urea slab gels. Before each experiment, the RNA is eluted from the gel
slice in 100 pl of 500 mM ammonium acetate/1 mM EDTA, precipitated with 2.5
volumes of cold ethanol in the presence of 1 ug of glycogen. After two washing
steps with 200 pl of 80% cold ethanol, the pellet is then dissolved in sterile H,O
(to obtain about 50000 c.p.m./pl).

Since the RNA is often in contact with denaturing reagents during its purifica-
tion, it is worth spending effort to carry out a renaturation process before the prob-
ing experiments. One possible renaturation protocol is as follows: the RNA is pre-
incubated 1 min at 90 °C in H,O, quickly cooled on ice (2 min) and brought back
slowly (20 min) at 20 or 37 °C in the appropriate buffer containing 5 mM MgCl,.

10.3.3
Enzymatic and Lead(ll)-induced Cleavage Using End-labeled RNA

This direct method which uses end-labeled RNA is restricted to the detection of
cleavage in the RNA after RNase hydrolysis or after chemical modifications that
allow subsequent strand scission by an appropriate treatment (see Table 10.1).

Enzymatic probing and lead-induced cleavages were adapted for the thrS mRNA
regulatory region (around 250 nt). Some of the experiments are illustrated in Fig.
10.1(A-C). All reactions were conducted in a total volume of 10 ul. Appropriate di-
lutions of enzymes and of lead(II) acetate were done in sterile water just before
use. Incubation controls in the absence of the probes were performed in order to
detect non-specific cleavage in RNA. In these controls, the enzyme or lead(II) was
replaced by sterile H,O. For RNA-ligand footprinting experiments, the complex
was pre-formed before the enzymatic or chemical reaction in an appropriate buffer
optimal for binding.

Labeled RNA (50000 c.p.m./ul) sufficient for the planned experiments was first
denatured in sterile H,O at 90 °C for 1 min then cooled on ice for 1 min.

RNase T1

Labeled mRNA (1 pl, 50000 c.p.m.) was renatured in the presence of 5 ul of H,O
and 2 pl of buffer N1 (5 x concentrated) at 20 °C for 20 min. Then, 1 pl of total
tRNA (2 pg/pl) was added and reaction was performed with 1 pl of RNase T1
(0.1 U from IRL, or 0.2 U from Fermentas) for 5 min at 20 °C.

RNase T2
The same protocol as for RNase T1 except that reaction was performed with 1 pl of
RNase T2 (0.05 U) for 5 min at 20 °C.

RNase V1
The same protocol as for RNase T1 except that reaction was performed with 1 pl of
RNase V1 (0.05 U) for 5 min at 20 °C.

In order to define the best conditions for the hydrolysis, try for the first time
three different concentrations of the enzymes: RNase T1 (0.05-0.1-0.5 U from
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IRL or 0.1-0.2-0.5 U from Fermentas), RNase T2 (0.01-0.05-0.1 U) and RNase V1
(0.01-0.05-0.1 U).

Lead(ll) Acetate

Labeled mRNA (1 pl, 50000 c.p.m.) was renatured in the presence of 3.5 pl of
H,0 and 2 pl of buffer N1 (5x) at 20 °C for 20 min. Hydrolysis was initiated with
2.5 pl of different concentrations of lead(II) acetate from 12, 40, 80 to 120 mM for
5 min at 20 °C in the presence of 1 pl of total tRNA (2 pg/pl). Then, 5 pl of 0.1 M
EDTA were added to stop the reaction. The best conditions for thrS mRNA was
40 mM.

Reaction Stop
Enzymatic hydrolysis were stopped by phenol extraction while the RNA treated
with lead(II) was directly precipitated.

e To all samples, 40 pl of 0.3 M sodium acetate, pH 6 and 50 pl of phenol saturated
with chloroform (v/v) were added. The samples were mixed for 1 min and then
centrifuged 1 min at high speed.

e The aqueous phase was removed carefully and transferred into a new sterile 1.5
ml micro tube and 2.5 volumes of cold ethanol (150 pl) was added to precipitate
the RNA. After mixing, the samples were left in a dry ice/ethanol bath for 10
min and centrifuged (13 000 r.p.m. at 4 °C for 15 min).

e The supernatant was discarded and the pellet was washed twice with 200 pl of
80% cold ethanol. After a short centrifugation (13 000 r.p.m. for 5 min at 4 °C),
the supernatant was removed and the pellets were vacuum-dried (no more than 5
min) and dissolved in 6 pl of RNA loading buffer.

PP
<

Fig. 10.1. Enzymatic and chemical probing on by an asterisk. (D) Gel electrophoresis

thrS mRNA. (A-C) Enzymatic hydrolysis and fractionation of products resulting from DMS
lead(I1)-induced cleavages performed on 5'- (NTA > N3C) and CMCT (N3U » N'G)
end-labeled thrS mRNA either free (A and B) modification followed by primer extension

or in the presence of increasing concentrations analysis. Reactions have been performed

of threonyl-tRNA synthetase (C). (A and B) on free mRNA under native conditions in

The conditions for RNase and lead(ll) the absence (control) or in the presence of
concentrations were as follows: (A) RNase T1  increasing concentrations of DMS (see text for
from IRL (0.05 and 0.1 U), (B) RNase T1 from  details) or in the presence of 4 pul of CMCT 40

IRL (0.2 and 0.5 U), RNase T2 (0.01, 0.05 mg/ml (+). FL = full-length product. (Lanes A
and 0.1 U) and RNase V1 (0.05 and 0.1 U), and C) The two sequencing ladders correspond
and lead(ll) (12, 40, 80 and 120 mM). (C) to the RNA sequence. (E) Reactivity of
Hydrolysis was performed with 40 mM lead(ll). Watson—Crick positions, enzymatic and

ThrRS concentrations were as follows: 0.01, lead(ll)-induced cleavages reported on the
0.05 and 0.1 uM. (control) incubation control ~ secondary structure of the thrS mRNA adapted
in the absence of the probes. (AT1, OH) from Caillet et al. [20]. Circled nucleotides are
RNase T1 under denaturing conditions and reactive towards DMS (N'A, N3C) and CMCT
alkaline ladder, respectively. RNase T1 (N*U, N'G) modifications. The two domains

cleavages not reproducibly found are noted of the RNA protected by ThrRS are squared.
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Fractionation of End-labeled RNA Fragments
RNase T1 and alkaline ladders were required to identify the cleavage positions.

e RNase T1 ladder. Labeled mRNA (0.5 pl, 25000 c.p.m.) was preincubated at
50 °C for 5 min in 5 pl of buffer AT1 containing 1 pg total tRNA. The reaction
is then performed at 50 °C for 10 min in the presence of 1 pl of RNase T1 (0.1 U
for IRL or 0.5 U for Fermentas).

e Alkaline ladder. Labeled mRNA (2 pl, 100000 c.p.m.) was incubated at 90 °C for
3 min in the presence of total tRNA (2 pg) in 5 pl of ladder buffer.

The end-labeled RNA fragments were sized by electrophoresis on 12 or 15% poly-
acrylamide (0.5% bis)-8 M urea slab gels (0.5 mm x 30 cm x 40 cm) in 1 x TBE.
Gels should be pre-run (30 min at 75 W) and run warm (75 W) to avoid band com-
pression. The migration conditions must be adapted to the length of the RNA,
knowing that on 15% gel, xylene cyanol migrates as a 39-nt RNA and bromophenol
blue as 9 nt. The 15% polyacrylamide gel is convenient to collect the data on small-
size fragments (1-50 nt RNA fragments). For a 250-nt long RNA, two migrations
are necessary to interpret correctly the reactivity of nucleotides of the whole RNA
molecule. At the end of the run, the 12% gel is fixed for 5 min in a 10% ethanol/
6% acetic acid solution, transferred to Whatman 3 MM paper and dried. The 15%
gel was transferred without drying on a plastic support and wrapped with a plastic
film. Exposure is done at —80 °C using an intensifying screen.

10.3.4
Chemical Modifications

Examples of chemical modifications performed on thrS mRNA regulatory region
are shown in Fig. 10.1(D). Reactions were carried out on 1 pmol of unlabeled thrS
mRNA in a total volume of 20 pl. For enzymatic and lead(II)-induced cleavages, the
same experimental conditions could be used as described above except that the
end-labeled RNA is replaced by 1 pmol of cold RNA. Control of an unmodified
RNA was done in parallel, in order to detect pauses of reverse transcriptase due to
stable secondary structures and/or non-specific cleavage. The reactions were con-
ducted either in the presence of mono- and divalent ion (‘“‘native conditions”) or
in the absence of ions (“‘semi-denaturing” conditions). Unlabeled mRNA was first
heated in sterile H,O at 90 °C for 1 min and then cooled on ice for 1 min.

DMS modification

e Native conditions: 1 pl of mRNA (1 pmol) was first renatured by incubation at
20 °C for 20 min in the presence of 4 ul of buffer N2 (5x) and 13 pl of sterile
H,0. The reaction was performed at 20 °C for 5 min in the presence of 1 pl of
tRNA (2 pg/pl) and 1 pul of pure DMS or diluted freshly into ethanol 1:2, 1:5 and
1:10. The optimal chemical modification was obtained with DMS diluted 1:10
(Fig. 10.1D).
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¢ Semi-denaturing conditions: same procedure as for native conditions, but the
reaction was performed in buffer D2.

CMCT modification

L]

Native conditions: 1 pl of mRNA (1 pmol) was first incubated at 20 °C for 20 min
in the presence of 4 ul of buffer N3 (5x) and 10 pl of sterile H,O. The reaction
was done at 20 °C during 20 min in the presence of 1 pl of tRNA (2 pg/ul) and
4 ul of CMCT (40 or 60 mg/ml in water just before use). The optimal chemical
modification for thrS mRNA was obtained with CMCT at 40 mg/ml (Fig. 10.1D).
¢ Semi-denaturing conditions: same procedure as for native conditions, but in
buffer D3.

Kethoxal modifications

Native conditions: 1 pl of mRNA (1 pmol) was first incubated at 20 °C for 20 min
in the presence of 4 pl of buffer N4 (5x) and 12 pl of sterile H,O. The reaction
was done at 20 °C for 10 min in the presence of 1 ul of tRNA (2 pg/pl) and 2 pl
of kethoxal (at 10 or 20 mg/ml diluted in 20% ethanol).

e Semi-denaturing conditions: same procedure as for native conditions but reac-
tion was done in buffer D4 for 5 min.

All these steps have to be conducted under a fume hood, and DMS and CMCT
solutions should be destroyed in 1 M NaOH and 10% acetic acid waste, respectively.

Reaction stops
All the reactions were stopped by ethanol precipitation of the RNA.

e To all samples, 50 pul of 0.3 M sodium acetate, pH 6 and 250 pl of cold ethanol
were added. For RNA-protein footprinting experiments, the protein was re-
moved by phenol extraction. The samples were then mixed, placed in a dry-ice/
ethanol bath for 15 min and centrifuged (13 000 r.p.m. at 4 °C for 15 min).

e The supernatants were removed carefully (do not touch the pellet) and 200 ul of
80% cold ethanol added to the pellets. The samples were centrifuged (13 000
r.p.m. at 4 °C for 5 min) and the supernatants were removed with the same
caution.

e The pellets were vacuum-dried (no more than 5 min) and resuspended in 4 pl of
sterile H,O.

10.3.5
Primer Extension Analysis

Primer extension with reverse transcriptase was originally developed by HuQu et al.
[33] for probing the structure of large RNA molecules. Reverse transcriptase stops
its incorporation of ANTP at the residue preceding a cleavage or a modification at a
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Watson—Crick position. While carbethoxylation of A(N7) by DEPC is sufficient to
stop reverse transcriptase, a subsequent treatment is necessary to induce a cleavage
at G(N7) after DMS modification (Table 10.1 [23]).

The length of the primer varies usually from 12 to 18 nt. This provides sufficient
specificity even if the primers are used on a mixture of RNAs. For long RNA, pri-
mers are selected every 200 nt due to the gel resolution limitation. Before probing
the RNA structure, assays should be performed to define the best concentration of
the RNA, the choice of the primer sequence and the hybridization conditions in
order to get an efficient primer extension. For thrS mRNA, primer annealing con-
ditions were selected in order to maximize the unfolding of the probed RNA and to
minimize RNA degradation. The primer TTACAGCGTGATCGT, complementary
to nucleotides +47 to +61 of thrS mRNA, was used (Fig. 10.1D).

Hybridization

To the 4 pl of modified mRNA (1 pmol), 1 pl of 5’-end-labeled DNA primer
(around 100000 c.p.m.) was added. The samples were then heated at 90 °C for
1 min and then quickly cooled on ice. Then, 1 ul of 5 x RTB buffer was added
and the samples were incubated for 15 min at 20 °C.

Primer Extension
The reaction was done in 15 pul of total volume. To the hybridization mix were
added 2 pl of 5 x RTB, 2 ul of ANTP mix (2.5 mM of each dNTP), 4 ul sterile
H,0 and 1 pl of reverse transcriptase (2 U/ul diluted freshly into sterile H,0). In-
cubate the samples for 30 min at 37 °C.

For kethoxal modification, 2 pl of 50 mM sodium borate, pH 7.0 was added in
the extension reaction to stabilize the adduct.

e To all samples, 50 pl of 0.3 M sodium acetate, pH 6 and 200 pl of cold ethanol
were added. After precipitation, the pellets were washed twice with 80% ethanol
and vacuum-dried as described above. The end-labeled DNA fragments were re-
suspended in 6 pl of the DNA loading buffer.

* To improve the resolution of the gels, the RNA template can be subjected to alka-
line hydrolysis.

e Just after primer extension, 20 pl of the buffer containing 50 mM Tris—HCI, pH
7.5, 7.5 mM EDTA, 0.5% SDS and 3.5 pul of 3 M KOH were added. The samples
were incubated at 90 °C for 3 min then at 37 °C for at least 1 h.

e To all samples, 6 pl of 3 M acetic acid, 100 ul 0.3 M sodium acetate, pH 6
and 300 pl of cold ethanol were added. The following procedure is as described
above.

Gel Fractionation

The DNA fragments were denatured by incubation at 90 °C for 3 min and were
fractionated on 8% polyacrylamide (0.4% bis)-8 M urea slab gels in 1 x TBE. As
described above, gels should be pre-run (30 min at 75 W) and run warm (75 W).
The migration conditions must be adapted to the size of the fragments to be ana-
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lyzed, knowing that on 8% gel, xylene cyanol migrates as 81 nt and bromophenol
blue as 19 nt.

The modification or cleavage positions were identified by running in parallel a
sequencing reaction. The elongation step was performed as described above except
in the presence of one of the didesoxyribonucleotide ddXTP (2.5 uM), the corre-
sponding desoxyribonucleotide dXTP (25 pM) and the three other desoxyribonu-
cleotides (100 uM).

After migration, the gels were dried, and autoradiographed at —80 °C with an
intensifying screen overnight.

10.3.6
In Vivo RNA Structure Mapping

10.3.6.1 In Vivo DMS Modification

DMS has been successfully used to probe several RNA species from a variety of
cells, including Gram-negative [12, 34] and Gram-positive bacteria [11, 35], yeast
[36], protozoa [37], plants [38], and fibroblast cells [39]. This reagent is capable to
diffuse efficiently across cell wall and membrane, and to modify unpaired adenines
(N') and cytosines (N3). Occasionally, modifications of uridines at N* have been
identified during in vivo DMS modification [13]. Information on the accessibility
of guanines at N’ can also be obtained. The protocol given below was adapted for
bacteria and one typical experiment performed on Staphylococcus aureus RNAIII is
illustrated in Fig. 10.2.

The bacterial strain was grown to mid-log phase and then treated with DMS. As
for the in vitro experiment, it is important to verify that the reaction occurred under
limited conditions such as less than one modification per molecule was statistically
induced. Thus, a range of DMS quantities (100 pl of DMS diluted 1:10, 1:5, 1:2 or
pure) and time intervals for incubation (2—15 min) were initially tested. After treat-
ment, the reaction was stopped just before the extraction of the total RNA. Sites
of DMS modification were detected by primer extension on total RNA extracts
(5-20 pg), using end-labeled primers specific for a chosen region of interest of the
tested RNA.

Bacteria (20 ml of culture) were grown in LB medium in a 50-ml sterile tube to

mid-logarithmic phase at 37 °C (until an ODgg of 0.5 was reached).

100 pl of DMS (diluted 1:2 in ethanol) were added and the culture was incubated

for an additional 5 min at 37 °C after gentle shaking.

e The reaction was stopped by adding 10 ml of cold stop buffer containing
100 mM Tris—HCI, pH 8, 200 mM fS-mercaptoethanol, 5 mM EDTA.

e The cells were then pelleted (3000 r.p.m. for 15 min at 4 °C), and were resus-
pended in 1.5 ml of cold buffer 10 mM Tris—HCI, pH 8, 100 mM NaCl, 1 mM
EDTA. The cells were transferred in a 1.5-ml micro tube and centrifuged at
13000 r.p.m. for 15 min at 4 °C.

e The cells were then disrupted by adding 200 pl of buffer containing 50 mM Tris—

HCI, pH 8.0, 8% sucrose, 0.5% Triton, 10 mM EDTA, 4 mg/ml lysozyme, and
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Fig. 10.2. Chemical probing on S. aureus (N'A > N3C) and CMCT (N3U » N'G)
RNAIII performed in vivo and in vitro (A), and  modifications. (A and B) Reactivity differences
part of the secondary structure of S. aureus are shown by empty arrows or by stars for

RNAIII (B). (A) DMS and CMCT modifications  nucleotides, which are only reactive in vivo and
were performed in vitro under native conditions by dark arrows or black circles for nucleotides
(N) and semi-denaturing conditions (SD), and  reactive only in vitro. nd = not determined. The
in vivo for DMS. Experimental details are given position of the primer, complementary to

in the text. (Control) incubation control; (lanes nucleotides G88 to U102, is given. Adapted

G, A, T, C) DNA sequencing ladders. (B) from Benito et al. [35].

Circled nucleotides are reactive towards DMS

incubated 5 min in ice. For S. aureus, the cells were treated with lysostaphine (50
pg/ml) in the presence of 1% SDS.

e Then, 200 pl of phenol saturated with 0.1 M sodium acetate, pH 5.5 and 10 mM
EDTA were added. Cells were vortexed for 30 s at high speed. The samples were
heated at 65 °C during 15 min and mixed every 5 min.

e The mixture was cooled on ice and centrifuged 10 min at 13000 r.p.m. The
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aqueous phases were carefully collected, and the phenol and interface were re-

extracted by vortexing the samples with 100 pl 0.1 M sodium acetate, pH 5.5.

After centrifugation, the aqueous phases were pooled and extracted once with

phenol/chloroform previously saturated in sodium acetate 0.1 M, pH 5.5 and

once with chloroform.

e The RNA was then precipitated twice with three volumes of cold ethanol in the
presence of 0.3 M sodium acetate (final concentration).

e The pellets were washed twice with 200 pl of 80% ethanol, vacuum-dried (no
more than 5 min) and dissolved in a small volume of sterile H,O. The RNA con-
centration was measured.

¢ 10 pg of material was used for primer extension.

Primer hybridization and elongation by reverse transcriptase were as described

above, except that elongation was conducted at 45 °C for 30 min with 5 U of re-

verse transcriptase. Do not forget the sequencing reactions, which help to iden-
tify the position of modifications.

Incubation control is performed on cells grown and treated in the same condi-

tions as above but in the absence of DMS.

e A stop control was done in order to verify that little or no DMS modification
occurred during the RNA extraction. In that control, DMS was added after the
addition of the stop buffer.

10.3.6.2 In Vivo Lead(ll)-induced RNA Cleavages

To avoid secondary cleavages, it is of prime importance to perform lead(Il)-induced
cleavage under conditions where less than one cleavage per molecule is induced.
Thus, a range of lead(Il) acetate concentrations (25-200 mM final concentration)
and time intervals for hydrolysis (2-15 min) should be tested. After treatment, the
reaction is stopped using an excess of EDTA and total RNA can be isolated. Incu-
bation control should be performed under the same experimental conditions, ex-
cept that lead(II) acetate is avoided. The cleavage positions were detected by primer
extension analysis and assigned using in parallel sequencing reactions. The proto-
col described below was adapted for Escherichia coli to map the accessible regions of
several non-coding RNAs and of mRNA [14].

¢ Bacteria (20 ml of culture) were grown in LB medium to mid-logarithmic phase
at 37 °C (until an ODgg of 0.5 was reached) in a 50 ml conical tube.

e Make up a fresh solution of 1 M lead(II) acetate in sterile water [lead(II) acetate
precipitates at high concentration in LB medium]|. Then, 2.8 ml of this solution
is mixed with 3.2 ml of sterile water and 2 ml of pre-warmed 4 x concentrated
LB (at 37 °C) to give 8 ml of lead(II) acetate/LB solution at 350 mM. This step
should be done just before use [This step is essential for reproducibility. Some
lead(II) acetate precipitation was always observed in LB medium. Consequently,
the intracellular concentration must be lower than the nominal concentration in
the medium)].

8 ml of this lead(II) acetate/LB solution (350 mM) was then added to 20 ml of
cells at mid-logarithmic phase. This gave a final concentration of lead(II) acetate
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100 mM. For the first trials, different concentrations of lead(II) acetate (50, 100,
150 and 200 mM final concentration) should be used.

e Cultures were incubated with gentle shaking for 7 min at 37 °C.

¢ Reactions were stopped by addition of 10 ml of cold 0.5 M EDTA (1.5-fold molar
excess) and immediately put on ice.

e The cells were pelleted (3000 r.p.m. for 15 min at 4 °C) and resuspended in
1.5 ml of cold buffer 10 mM Tris—HCI, pH 8, 100 mM NaCl, 1 mM EDTA. The
cells were transferred in a 1.5-ml micro tube and centrifuged at 13 000 r.p.m. for
15 min at 4 °C.

e RNA extraction and analysis was carried out as described for the in vivo DMS
mapping.

Lead(II)-induced cleavage in vivo can be performed under different growth condi-
tions. However, lead(II) acetate has some tendency to precipitate, in particular
when chloride ions are present within the medium. In that case, it is essential to
test different concentrations of the lead(II) acetate. One simple and reliable
method for evaluating cleavage conditions is to fractionate total RNA on agarose
gels [14]. Upon increases of lead(II) acetate concentration (25-200 mM), the inten-
sities of 16S and 23S rRNA, the predominant RNA species, significantly decreased
and optical inspection of the patterns could be used to calibrate conditions.

10.4
Commentary

10.4.1
Critical Parameters

RNA Preparation

The RNA is usually synthesized by in vitro transcription using T7 RNA polymer-
ase. Therefore, the 3’ or 5" end of the RNA might be heterogeneous, and several
abortive transcription products might also accumulate. To obtain homogenous
size RNA, the method of choice remains the fractionation of the transcript by elec-
trophoresis on denaturing urea gel. For long RNA molecules, electro-elution might
help to increase the elution efficiency.

Homogeneous RNA Conformation

Since during the purification, the RNA can be partially denatured, it is essential
to design renaturation protocols in order to have a conformationally homogeneous
RNA population and to test whether this conformation is biologically relevant
(enzymatic activity for ribozyme, efficient ligand binding, etc.). Alternative RNA
conformations may co-exist, and can be revealed by the simultaneous presence
of single-stranded and double-stranded specific cleavages or modifications at the
same position. If the conformers have different electrophoretic mobilities on native
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polyacrylamide gel, chemical probing can be used to distinguish them [40]. After
chemical modification, the co-existing structures are separated on a native poly-
acrylamide gel and the modification sites for each conformer are then identified
by primer extension.

Chemical and Enzymatic Probing In Vitro

The chemical reactions and RNase T1 hydrolysis can be conducted under a variety
of experimental conditions. For instance, the influence of divalent ion (such as
magnesium) can be tested on the folding of the RNA and by varying the tempera-
ture (between 4 and 90 °C) one can follow thermal transition of RNA molecules
[41]. It is essential, however, to adapt for each condition the chemical reactions or
the enzymatic hydrolysis in order to have less than one cut or modification per
molecule, i.e. more than 80% of the RNA should not be modified or cleaved. For
example, for DMS modification, reaction at 4 °C is for 20 min in the presence of
1 pl of DMS, whereas at 50 °C, reaction is for 5 min with 1 ul of DMS diluted 1:16.

Kethoxal might have a partially denaturing effect on RNA structure even if the
reaction was not too strong [41]. Concentration of kethoxal or the incubation
time should be reduced in order to get only modifications at guanines present
in single-stranded regions.

e The RNase cleavages in the RNA molecule can induce conformational rearrange-
ments potentially able to provide new targets for secondary cleavages. Usually
these secondary cleavages occur when the reaction is too strong; they also are
of weak intensity and are not reproducibly found in all experiments. These clea-
vages can be distinguished from primary cuts by comparing the hydrolysis pat-
terns obtained from the 5’- or 3’-end-labeled RNA.

RNase V1 hydrolysis generates RNA fragments which end up with a 3’-OH
group in contrast to alkali and most of the RNases. Therefore, 5’-end-labeled
fragments generated by alkali will migrate faster than the RNase V1 fragments.
This difference is only observed for the shortest RNA fragments (see Fig. 10.1B).
Appropriate incubation controls are required to identify cleavages that are in-

L]

duced during the incubation treatments and pauses of reverse transcriptase that
are due to stable secondary structures. Nucleotides for which strong bands are
visible in the control lanes are not considered for the interpretation.

e Each experiment should be repeated several times, and only the reproducible
cleavages and modifications will be considered for the interpretation. As men-
tioned previously, the elaboration of a secondary structure RNA model requires
to collect data from enzymes and chemicals with different and complementary
specificities. Only this combination will allow to define helical and loop regions.
The presence of RNase V1 cleavages and nucleotides not reactive at Watson—
Crick position is a strong indication for the existence of a helical region.

Footprinting assays. The experiments should be done in the presence of in-
creasing concentrations of ligand (Fig. 10.1C). Lead(II)-induced cleavages and hy-
droxyl radicals are appropriate probes to map the ligand binding site due to their
small size and their specificity. Results should be interpreted with care because
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decreased reactivity does not necessarily result from a direct shielding effect, but
could be due to a steric hindrance effect (particularly observed with the bulky
RNases) or to a conformational change of the RNA.

10.4.2
In Vivo Mapping

* Due to the inability to diffuse within the cells, only a few probes have been used
to map the RNA structure within the cells. DMS- and lead(II)-induced cleavages
are to date the most commonly used probes. Other probes like RNase T1 [42],
kethoxal [13] and CMCT [43] have been used in vivo after permeabilization of
the cells. However, due to this additional treatment, particular caution has to be
taken to ensure that the cells remain intact during the time of incubation. It is
also essential to verify that the reaction was efficiently stopped before the RNA
extraction procedure.

e Alternative to phenol extraction, other protocols used to extract total RNA can be
used. Reagents combining phenol and guanidine thiocyanate enable a straight-
forward isolation of total RNA from samples of human, yeast, bacterial and viral
origin.

e Data from in vivo probing may be more complex to interpret than the in vitro
probing. One of the main reasons is that the studied RNA may be involved si-
multaneously in several complexes (e.g. regulatory RNAs). However, in vivo map-
ping becomes powerful when it is used in a comparative manner. For example,
conformational changes of mRNA induced by a trans-acting ligand have been
identified upon repression or activation of translation (e.g. [11, 34]). DMS- and
lead(II)-induced cleavages can also be used to monitor the conformational
changes of mRNA under different growth conditions and under different envi-
ronmental cues such as temperature.

10.5
Troubleshooting

10.5.1
In Vitro Mapping

e RNase T1 cleaves all guanines (Fig. 10.1B). Significant unfolded RNA molecules
were present (improve the renaturation protocol) or the hydrolysis was too
strong. As shown in Fig. 10.1(A), the cleavage pattern significantly changed by
reducing the concentration of RNase T1.

e Compression of bands due to stable secondary structure (in general rich in GC
base pairs). Heat the end-labeled RNA samples at 90 °C for 3 min before gel
loading. Never heat the alkaline ladder and the RNase T1 ladder.

* Cleavages of end-labeled RNA are doubled: the T7 RNA transcript is not homo-
genous in size (purify the RNA on polyacrylamide—urea gel).
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Too many bands in the incubation controls of end-labeled RNA: RNase contami-
nation, repurify the RNA and prepare new sterile buffers.

Aggregation of end-labeled RNA in the gel pockets; only fragments of small size
can be visualized. The data cannot be taken into account. The pellets were not
correctly dried after ethanol precipitation. Heat the samples before loading on
the gel.

Samples do not migrate correctly during electrophoresis. This is probably due to
the presence of salt. Add several washing steps with ethanol 80% at the end of
the procedure.

No full-length RNA after DMS modification (Fig. 10.1D): adapt the conditions by
reducing the amount of DMS in order to get more than 80% of RNA molecules
unmodified.

Absence of signal after primer extension: the modified RNA did not efficiently
precipitate. Since the modified RNA is not labeled, particular caution should be
taken to prevent the loss of the pellet.

To keep high resolution of the gels, acrylamide, urea solutions and, in particular,
ammonium persulfate should be prepared freshly.

10.5.2
In Vivo Probing

Low yield of total RNA: incomplete homogenization or lysis of samples, degrada-
tion of the RNA.

Strong stops in the control lanes: degradation of RNA, pauses of reverse tran-
scription due to stable secondary structures (perform elongation at higher tem-
perature, increase the concentration of the enzyme and dNTP or change the
primer sequence). Many RNA molecules carry post-transcriptional modifications
that may interfere with reverse transcriptase elongation (primer should be
changed in order to cover the modified base).

No more full-length RNA product after modification: reaction was too strong (re-
duce either the quantity of the reagent or/and the time of incubation). Check that
the reaction was efficiently stopped before the extraction of total RNA.

Weak or smearing signal after primer extension: increase the concentration of
total RNA, check that the primer hybridization protocol is efficient. Optimal con-
ditions for primer hybridization should be established in a series of pilot experi-
ments, another protocol was described by Sambrook et al. [44]. The optimal tem-
perature for annealing varies from RNA to RNA, depending on the G+ C
content, the propensity of the RNA to form secondary structure and the length
of the primer. The aim is also to minimize the formation of mismatched DNA
primer—RNA hybrids.
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11
Study of RNA-Protein Interactions
and RNA Structure in Ribonucleoprotein Particles

Virginie Marchand, Annie Mougin, Agnes Méreau
and Christiane Branlant

1.1
Introduction

In cells, RNAs almost invariably function in association with proteins and form ri-
bonucleoprotein particles (RNP). For most of the characterized RNP, one or more
proteins with RNA-binding properties first associate with the RNA. Subsequently,
other protein components may associate to the complex by protein—protein interac-
tions or both protein—protein and RNA-protein interactions. Cellular RNA mole-
cules can be classified into various groups according to their function or localiza-
tion and different classes of proteins are associated with each of these groups [1,
2]. The RNA-associated proteins have diverse functions. They can stabilize, protect,
package or transport RNAs, or participate in their subcellular localization. They
can also mediate RNA interactions with other macromolecules or be catalysts [3].
In contrast to DNA, RNA can adopt a large variety of three-dimensional (3-D)
structures. RNA—protein interactions may involve a defined nucleotide sequence
and/or a specific 2- or 3-D RNA structure. Several protein domains were selected
in the course of evolution for their ability to bind peculiar RNA motifs with either
a narrow or a broad specificity. One of the best-studied examples is the RNA recog-
nition motif (RRM) [4] that was first discovered in spliceosomal particles. It turned
to be a very general RRM present in many different proteins [5]. Members of the
RRM family include proteins that bind mRNAs, snRNAs or rRNAs. The KH do-
main was first identified in the human hnRNP K protein [6] and is also found in a
large variety of RNA-binding proteins [1]. RRM and KH domains have well-defined
and conserved 3-D structures [2, 7, 8]. Another protein RNA-binding motif with a
defined 3-D structure was first described in the ribosomal L30 protein (L30 motif)
[9]. It was later found to bind RNAs that form peculiar “K-turn’” structures [10, 11].
Several “K-turn’” structures were discovered in rRNAs [12, 13], and in small nu-
clear and nucleolar RNAs (snRNAs and snoRNAs) [10, 11] and they were found
to bind “L30 type” protein domains [10, 11, 14-16]. Another characterized RNA-
binding domain, which was first found in the Escherichia coli RNase III [17], binds
specifically double-stranded RNA (dsRBD). This domain is limited to interactions
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with the A-form RNA helix. Other conserved RNA-binding domains are frequently
encountered in proteins that bind RNAs, but their 3-D structures are not well char-
acterized. This is the case for the RGG motif that was initially identified in the
hnRNP U protein and is often found in combination with RRM motifs [18]. Other
types of RNA-binding motifs have also been described such as zinc fingers, argi-
nine rich and cold shock domains [2, 19-22].

There are numerous approaches to characterize RNA-protein interactions. First
of all, one has to identify the proteins which are associated with the studied RNA.
This implies the purification to homogeneity of the authentic RNP complex. Clas-
sical immunoselection approaches have been used for a long time as a first step in
RNP purifications. They were based on the use of antibodies directed against one
of the protein component of the complex or against the specific cap structure of
the RNA [23, 24]. This first immunoselection step was followed by MonoQ/FPLC
chromatography and/or fractionation by glycerol gradient centrifugation. During
the last few years, new approaches have been developed for purification of RNP
by two successive immunoselection steps [10, 25, 26]. They are based on the ex-
pression in cells of tagged components of the RNP (either two proteins or one pro-
tein and the RNA). The tagged components are included in the RNA-protein com-
plexes in vivo, which allow RNP purification by successive affinity chromatography
steps [10, 27, 28]. Identification of protein components of the isolated RNP is done
by mass spectrometry.

At this stage the proteins associated with the RNA molecules are identified. The
next question is to know which protein(s) bind(s) directly to the RNA and which
ones are associated to the complex either only by protein—protein interactions or
by protein—protein interactions together with interactions of low stability with the
RNA. One way to identify the primary binding proteins is to produce them in a
recombinant form in E. coli, yeast or animal cells and then to test their in vitro ca-
pacity to bind RNA by electrophoretic mobility shift assays (EMSA). This approach
can produce information on the affinity of the RNA and protein partners, and also
on the conditions that favor the interaction (ionic strength, pH, temperature, etc.).
Sometimes, it is difficult to produce recombinant protein because of solubility
problems. In this case, another approach can be used if specific antibodies directed
against the proteins of the RNP are available. This approach is based on the forma-
tion of covalent bonds between the RNA and proteins, which are in a very close
contact, by UV irradiation at 254 nm. Crosslinking is followed by RNA digestion.
The free and crosslinked protein is immunoselected by using antibodies coated
on Sepharose beads. After electrophoresis, only the proteins that were covalently
linked to the RNA are labeled by the residual crosslinked nucleotides, so that they
can be visualized by autoradiography. Measurement of the radioactivity in the gel
can give an indication of the affinity of the two partners. Crosslinking experiments
may be performed either with cellular extracts or with recombinant proteins.
Doing crosslinking experiments in cellular extract is informative because under
these conditions all the proteins in the extract are in competition with each other,
as is the case in cells. Sometimes, it may happen that two proteins in the extract
are in competition with one another for the same site on the RNA. In this case,
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crosslinking experiments can be performed with the labeled RNA and various rela-
tive amounts of the two recombinant proteins. Using this approach, one can obtain
important information on the relative affinities of these two proteins for the RNA
site.

After identification of the proteins, which directly interact with the RNA, a fur-
ther step consists of the precise mapping of their binding sites. One possibility is
to produce different pieces of the RNA and to test for their ability to bind the pro-
teins. However, pieces of the RNA may fold into structures different from those
present in the entire molecule. One more direct method consists of mapping the
protein-binding sites by the use of chemical and enzymatic probes in solution.
The bound RNA regions are protected against the action of the probes, and are
identified by comparison of the cleavages and modifications obtained under the
same conditions in the RNP and naked RNA. Such footprinting experiments can
be performed on authentic native RNP, and on complexes reconstituted from re-
combinant proteins and in vitro transcribed RNAs or on complexes formed upon
incubation of an in vitro transcribed RNA in a cellular or nuclear extract. However,
as described below, when the experiment is performed in an extract, special diges-
tion and modification conditions have to be used due to the presence of a large
amount of protein in the extracts. As sites of cleavages and modifications are iden-
tified by primer extension analysis by the use of specific oligodeoxynucleotide pri-
mers, the footprinting analyses can be made in the presence of the endogenous
RNAs from the extract. Thus, this approach is extremely powerful, since purifica-
tion of the reconstituted complexes is not required.

Footprinting analysis of RNA—protein complexes formed in cellular extracts can
be performed without knowing the identity of the bound proteins. These data allow
the delineation of the RNA fragments that are free or bound to proteins within the
extract. Then, for rapid identification of the proteins that are bound to the RNA in
extracts, without a purification step, supershift experiments can be performed. The
principle is to form complexes between the RNA and proteins from the cellular ex-
tract, and to incubate the mixture with specific antibodies directed against a pro-
tein expected to be bound to the RNA. An EMSA is performed with or without in-
cubation with the antibody. If the antibody binds the protein without dissociation
of the complex, the mobility of the RNP complex in the gel is decreased (super-
shift). If binding of the antibody to the protein dissociates the complex, the RNP
band disappears.

If the secondary structure of the studied RNA target is not known, we recom-
mend to study it in parallel with the footprinting experiments, since the same se-
ries of chemical and enzymatic probes are used (see Chapter 10). Knowledge of the
RNA secondary structure and, if possible, RNA tertiary structure allows a better de-
lineation of the RNA-binding domain. However, the fact that binding of proteins
may alter the RNA structure should be taken into consideration for interpretation
of these data.

When the binding site of a given protein has been delineated by this approach,
confirmation of its functional role can be done in vitro and in vivo. The absence of
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protein binding after disruption of the RNA-binding site can be tested in vitro by
reconstitution and EMSA experiments after site-directed mutagenesis of the RNA
[16]. The effect on RNP activity of the disruption of the RNA-binding site can be
also studied in vivo [16].

More generally, the biological relevance of the in vitro probing data can be tested
in vivo, since one of the chemical probes, dimethylsulfate (DMS), can be used in
vivo [29, 30] (see Chapter 10). As only a limited number of probes can be used in
vivo, the best strategy is to perform a deep analysis of the RNP in vitro and then, by
using DMS as a probe, verify that both the RNA secondary structure and protected
areas are identical in vivo and in vitro.

When an RNA-protein binding site has been identified, the details of the RNA-
protein interaction and the mechanism of its formation can be studied at the
atomic level. To this end, the 3-D structure of the free RNA and proteins partners
and of the complex that they form have to be determined by X-Ray or NMR analy-
sis [11, 31-33].

Finally, for a more precise definition of the RNA-binding specificity of the stud-
ied protein, Systematic Evolution of Ligands by EXponential enrichment (SELEX)
experiments can be performed [34, 35].

11.2
Methods

11.2.1
RNP Purification

RNP complexes contained in cytoplasmic or nuclear cell extracts are usually puri-
fied using immunoaffinity chromatography. The specific antibodies used can be di-
rected against endogenous tagged or untagged proteins expressed from a modified
gene (Tap-Tag technique; for experimental details, see [25]). The occurrence of a
particular cap structure or the insertion of a tag sequence in the RNA can also be
used for RNP immunoselection, for experimental details see [10, 26, 36, 37]. For
instance, the presence of a m3G cap structure at the 5’ extremity of the spliceoso-
mal UsnRNAs and of some snoRNAs was largely used for purification of the spli-
ceosomal UsnRNP and snoRNP using immobilized anti-m3G cap antibodies [24,
38, 39]. The spliceosomal 25S [U4/U6.U5] tri-snRNP, 20S U5 snRNP, 17S U2
snRNP and 12S U1l snRNP contained in the RNP mixture that is retained on the
anti-m>G antibodies can then be separated by glycerol gradient centrifugation. The
importance of the salt concentration in these purification steps is evidenced by
the fact that at KCl concentrations above 250 mM, the [U4/U6.U5] tri-snRNP is
disrupted into 12S U4/U6 and 20S U5 snRNP, and the 17S U2 snRNP is converted
into a 15S or 128 particle [40]. Very powerful methods were recently developed for
spliceosomal complex purification [26, 41]. They are based on the addition of an
aptamer that binds the tobramycin aminoglycoside at one extremity of the RNA.
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11.2.2
RNP Reconstitution

11.2.2.1 Equipment, Materials and Reagents
Equipment

e Electrophoresis instruments for small vertical slab gels. Localization of the RNP
complexes in gels is performed either by autoradiography using X-Ray films (Fuji
or Kodak) processed in an X-ray film developer or by use of a PhosphorImager.

e Temperature controlled baths (96, 65, 30 and 20 °C).

Materials

Eppendorf tubes, tips, buffers and MilliQ water should be sterilized before use.
Wearing gloves is strongly recommended to avoid contamination of the samples
by RNases.

Reagents

RNP

Nuclear or cytoplasmic extracts from Hela cells or other cell lines can be pur-
chased from CilBiotech, Belgium (around 13 mg/ml of total protein) or prepared
according to the method developed by Dignam [42]. Before use, the extracts are in-
cubated for 10 min at 30 °C in order to consume the endogenous ATP and kept on
ice.

Proteins

RNP proteins can be either extracted from the purified native RNP particles [39] or
produced as recombinant proteins in E. coli or using other expression systems [43—
45].

Antibodies
Some of the primary antibodies used in the described examples can be purchased
from Immuquest.

Chemicals and enzymes

SP6 RNA polymerase, T4 polynucleotide kinase and T4 RNA ligase are purchased
from MBI Fermentas (Lithuania); T7 RNA polymerase is from Ambion; calf intes-
tine phosphatase, glycogen (10 mg/ml) and RNase-free DNase I from MBI Fer-
mentas; yeast total tRNA (20 mg/ml) from Roche Diagnostics; heparin sodium
salt from porcine intestinal mucosa (H3393) from Sigma; Hybond C nitrocellulose
membrane and ECL detection system are purchased from Amersham Pharmacia
Biotech.
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Radiochemicals
[32P]pCp (3000 Ci/mmol), [y-3?P]JATP (3000 Ci/mmol) and [o-3?P]UTP (800
Ci/mmol) are purchased from Amersham Biosciences or ICN.

Buffers
Some of the buffers used here are identical to buffers used in probing experi-
ments.

e 1 x buffer D: 20 mM HEPES-KOH (pH 7.9), 0.2 mM EDTA, 100 mM KCI, 20%
glycerol (w/v). Add freshly prepared 0.5 mM dithiothreitol (DTT) and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF) (dissolved in 96% ethanol).

e 1 x Tris buffer: 50 mM Tris—HCI (pH 7.5), 100 mM KCl, 2.5 mM MgCl,.

* 1 x binding buffer A: 20 mM HEPES-KOH (pH 7.9), 0.2 mM EDTA, 150 mM
KCl, 10% glycerol (w/v), 1.5 mM MgCl,.

¢ 1 x binding buffer B: 20 mM HEPES-KOH (pH 7.9), 0.2 mM EDTA, 100 mM
KCl, 20% glycerol (w/v), 3.125 mM MgCl,.

e CSB loading buffer: 20 mM HEPES-KOH (pH 7.9), 40% glycerol (w/v), 0.05%
bromophenol blue, 0.03% xylene cyanol.

* DNA loading buffer: 0.02% bromophenol blue, 0.02% xylene cyanol in forma-
mide.

e SDS-PAGE loading buffer: 62.5 mM Tris—HCI (pH 6.8), 2% SDS, 100 mM
f-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue.

¢ 1 x TBE buffer: 90 mM Tris-borate (pH 8.0), 2 mM Na,EDTA.

¢ 1 x elution buffer: 500 mM sodium acetate (pH 5.2), 1 mM EDTA.

e PBS-TM: 1 x PBS containing 0.1% Tween 20 and 5% dry non-fat milk powder.

11.2.2.2  RNA Preparation and Renaturation Step

Production of Labeled and Unlabeled RNAs by In Vitro Transcription

RNAs are generated by run-off transcription from a DNA template (usually 0.5-2
pmol of a linearized plasmid or PCR product) using the SP6 or T7 RNA polymer-
ase [45-49]. Efficiency of transcription is usually higher for T7 RNA polymerase
than for SP6 RNA polymerase. However, efficient transcription with T7 RNA poly-
merase requires the presence of at least one G residue at the initiation site. The
presence of the GGG, GAG or GGA sequence strongly reinforces the transcription
yield [50]. However, addition of these residues at the 5’ extremity of the RNA may
modify its RNA secondary structure and/or protein-binding capacity. For instance,
the presence of a UAGGGA/U sequence at the 5" extremity of the transcript often
generates a hnRNP A1 binding site. Noticeably, it is not easy to get small RNA
transcripts (less than 50 nt) in high yield. For small RNA production, we recom-
mend the use of the MEGAscript® or MEGAshortscript™ kit provided by Ambion
(catalog reference 1330, 1333 or 1354). Several factors affecting the transcription
yield must also be taken into account, such as the quantity of DNA template (gen-
erally 0.5-2 pmol), the incubation time (2-4 h), the Mg?"/NTP ratio (usually
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1/1.75), the pH of NTP stocks, and the preparation in a defined order and at
room temperature of the transcription reaction mixture.

Uniformly labeled transcripts are produced by incorporation of an [o-32P|NTP
during transcription. After transcription, the DNA template is degraded by RNase-
free DNase I (10 U). The RNA transcript is purified from shorter RNA fragments
and excess of NTPs by polyacrylamide—urea gel electrophoresis in 1 x TBE buffer
(for other protocols, see Chapters 10 and R. Hartmann). RNAs are eluted from the
gel slices in 100 pl of 1 x elution buffer and are precipitated by the addition of 3
volumes of 96% EtOH, in the presence of 1 pg of glycogen. After centrifugation,
the RNA pellet is washed with 70% EtOH, vacuum-dried and dissolved in MilliQ
water.

For 5’-end-labeling, RNA (10-100 pmol) is first dephosphorylated at the 5’ end
with the calf intestine phosphatase, and then labeled with [y-32P]ATP (3000
Ci/mmol) and the T4 polynucleotide kinase [51]. For 3’-end-labeling, [32P]pCp
(3000 Ci/mmol) is ligated to the RNA transcript in the presence of the T4 RNA
ligase [52]. Labeled RNAs are purified by denaturing PAGE and eluted as de-
scribed above.

Unlabeled RNA transcripts used RNP reconstitution and 2-D structure analyses
are produced by similar methods, except that, in order to improve the transcription
efficiency, the concentration of NTPs and Mg?* is higher (up to 5 mM of each NTP).

RNA Transcript Renaturation

A renaturation process is required to produce a homogeneous population of RNA
molecules in terms of RNA secondary structure. Before probing of naked RNA or
reconstitution of RNP complexes, the RNA transcript dissolved in 1 x buffer D or
1 x Tris buffer is incubated for 10 min at 65 °C and then slowly cooled down to
room temperature. Then, addition of divalent ions such as Mg?* (at a concentra-
tion between 1.5 and 10 mM) is required to favor RNA 2- and 3-D structure for-
mation and its stabilization during the probing and reconstitution experiments.
After Mg?" addition, the RNA is incubated for 10 min at room temperature. RNA
should not be heated at 65 °C for a too long time, since phosphodiester bonds can
be cleaved under these conditions, especially when Mg?* ions are present in the
incubation buffer (1 x Tris buffer) [53]. In spite the frequent use of 1 x Tris buffer
described in literature, we recommend the use of buffer D and the addition of
Mg?* ions after cooling down to room temperature.

11.2.3
EMSA

EMSA can be used for several purposes. EMSA experiments can be performed
with an in vitro transcribed RNA and purified proteins or an appropriate cellular
extract. For determination of dissociation constant values (Kp), a fixed concentra-
tion of labeled RNA and increasing concentrations of the protein or cell extract
are used. For estimation of the RNA/protein ratio, which has to be used to form
RNP complexes for footprinting analysis, unlabeled RNA is added to the labeled
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RNA. Under these conditions the same RNA concentration can be used in the
EMSA and probing assays.

To perform EMSA with nuclear extract, the buffer, previously defined for pre-
mRNA in vitro splicing assays [54] is generally used, except that ATP and creatine
phosphate are omitted [48, 55, 56]. We recommend the following incubation mix-
ture: HelLa cell nuclear extract 40-50% of total assay volume (dialyzed against
buffer D), 2.5 mM MgCl, and buffer D. Other conditions can also be used for
snRNP reconstitution; however, for the biological relevance of the data, it is impor-
tant to select in vitro conditions, as close as possible, to the in vivo conditions.

11.2.3.1  EMSA Method
The reactions are performed in a total volume of 10-20 pl.

An amount of labeled RNA between 1 and 50 fmol, with or without 1-10 pmol
of cold RNA, can be used for the assay. The use of 3’- or 5’-end-labeled RNA
is recommended for Kp determination, since uniformly labeled RNAs give less-
defined bands on the EMSA gels, especially in the case of RNAs longer than 60 nt.
However, uniformly labeled RNAs (0.2 fmol) mixed with cold RNAs (2—-10 pmol)
are convenient for verification of RNP reconstitution or determination of RNP
formation conditions. Competitor tRNAs (usually total tRNAs from yeast Saccharo-
myces cerevisiae) (10- to 1000-fold mass excess as referred to the tested RNA) can be
added to the mixture in order to prevent non-specific RNA-protein interactions.

RNPs are generally reconstituted in the binding buffers (1 x Tris buffer or
1 x buffer D) in the presence of Mg?* ions at concentrations varying from 1 to 10
mM. Nuclear extract, or another appropriate extract, or purified proteins are used
as protein sources. A large range of protein concentration can be used: generally
from 10 nM to 10 pM for purified proteins and from 1 to 100 pg of total proteins
for nuclear extract. Pre-incubation of the protein or nuclear extract with the total
tRNA mixture is recommended in order to limit the formation of non-specific
RNA-protein interactions. A control experiment is performed in the absence of
protein extract or purified protein (replaced by 1 x buffer D).

At the end of the incubation, 7 pl of CSB loading buffer is added. Note that in
order to limit the non-specific electrostatic interactions between RNA and proteins,
heparin, a negatively charged polyelectrolyte, can be added (at a concentration of 5
pg/pl). Heparin addition is followed by a 10-min incubation at room temperature.
The presence of heparin usually improves the selection of specific RNP complexes.
Addition of heparin is recommended in the case of nuclear extracts that contain
a large amount of positively charged proteins. Depending on the electrostatic prop-
erties of the protein, heparin may be omitted when purified proteins are used.

For all types of EMSA, the CSB loading buffer is used. Electrophoresis is
performed on 5-10% non-denaturing polyacrylamide gels containing 0.5 x TBE
buffer and 5% (v/v) of glycerol (acrylamide:bisacrylamide ratio, 19:1). In order to
limit RNP disruption and to obtain reproducible results, electrophoresis is gener-
ally performed at 4 °C and 10 V/cm. Conditions of electrophoresis, the acrylamide:
bisacrylamide ratio as well as the type of running buffer can be modified if re-
quired [57].
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At the end of the electrophoresis, the gel is transferred on a sheet of What-
man 3MM paper and dried. Exposure is overnight at —80 °C, using intensifying
screens, or at room temperature in a Phosphorlmager cassette. Free and bound
RNAs are visualized by autoradiography.

For Kp determination, the amounts of radioactivity in the bands of gel are esti-
mated by Phosphorlmager measurement and SigmaPlot Software (SPSS Science
Software) can be used for Kp calculations using the measured radioactivity [16].

Example: Experimental protocol used for Kp determination (Fig. 11.1)

Figure 11.1 illustrates the determination of the Kp values for the complexes
formed between the recombinant S. cerevisiae Snul3 protein and one of its wild-
type or mutated target RNA motifs. This target motif is one of the “K-turn” struc-
tures present in the nucleolar snoRNA U3 (U3B/C WT). In the variant RNA desig-
nated as U3B/C G.C — G.G, 1 bp pair of the motif has been disrupted [33] (Fig.
11.1a). RNA-protein complexes were produced under the following conditions:
about 50 fmol of uniformly labeled RNA, mixed with 1 pg of yeast tRNA, was re-
natured in 6.5 pl of 1 x binding buffer A. The recombinant L7Ae protein was
added at various concentrations ranging from 50 to 2000 nM and the mixtures
were incubated for 30 min at 4 °C. After addition of 7 ul of CSB loading buffer,
the RNA—protein complexes formed were fractionated by electrophoresis on a 6%
(19:1) non-denaturing polyacrylamide gel, as described above (Fig. 11.1D).

Example: EMSA protocols used to define optimal conditions for RNP reconstitu-
tion in view to probe the RNA structure in the reconstituted RNP (Fig. 11.2)

In Fig. 11.2(a), EMSA was used to define the optimal conditions for formation of
an RNP complex. The studied RNA was an HIV-1 BRU RNA fragment designated
as SLS2.3, that corresponds to positions 7970-8068 in the entire RNA. It was pro-
duced by in vitro transcription with the SP6 RNA polymerase and was incubated in
a HelLa cell nuclear extract [45]. In Fig. 11.2(b), the EMSA is used for the same pur-
pose, but in this case the RNP complexes are formed between the SLS2,3 RNA and
the recombinant hnRNP A1 protein [45].

The following experimental conditions were used: about 2.5 fmol of the 3’-end-
labeled RNA was mixed with 2.5 pg of yeast total tRNA and renatured for 10 min at
65 °Cin 6.5 pl of 1 x binding buffer B. After cooling for 10 min, HeLa cell nuclear
extract purchased from CilBiotech (26 pg of total protein) (in Fig. 11.2a) or increas-
ing amounts of the purified recombinant hnRNP A1l protein (0, 12.5, 25 and
50 pmol dialyzed against buffer D) [45] (in Fig. 11.2b) were added and the mix-
ture was incubated for 15 min at 4 °C. The RNA—protein complexes formed were
subsequently fractionated by electrophoresis at room temperature on a 6% (19:1)
non-denaturing polyacrylamide gel for 90 min at 10 V/cm and 4 °C.

11.2.3.2  Supershift Method
Supershift experiments are a variant of EMSA. RNA—protein complex formation is
performed in the presence or absence of antibodies. Binding of antibodies to their
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[SLS2,3 RNA] [SLS2,3 RNA]

RNP | ~

RNP| -
‘ [ i
RNA | |- RNA | | -

HIV A7 SLS2,3 HIV A7 SLS2,3
Fig. 11.2.  Use of EMSA to study formation of ~ A1] (pmol)/[RNA] (pmol) (b) ratios (P/R) used
complexes upon incubation of the HIV-1 A7 in each assays are given above the lanes.

SLS2,3 RNA with an Hela cell nuclear extract ~ Positions of the RNP complexes (RNP) and

or the purified recombinant hnRNP AT protein  free RNA (RNA) are indicated on the left of the
[45]. (a) and (b) The 3’-end-labeled RNA was  autoradiograms. The production of complexes
incubated in the presence of either a nuclear ~ with decreasing electrophoretic mobility upon
extract (a) or increasing amounts of the increasing the hnRNP Al concentration (b) is
purified recombinant hnRNP AT protein (b). explained by the multimerization of protein
The [protein] (ng)/[RNA] (pmol) (a) or [ftnRNP  hnRNP AT along the RNA.

target protein in the RNP complex increases the size of the RNP complex and,
thus, lowers its electrophoretic mobility on the gel (so-called “supershift”). In
some cases, binding of the antibodies may lead to RNP complex disruption and
loss of the shifted RNA band.

For supershift experiments, 0.5-2 ul of antibodies of interest is added before
the heparin treatment and incubation is continued for 10 min at 4 °C. The amount
of antibody added depends upon the antibody specificity and concentration; both
monoclonal and polyclonal antibodies can be used for this type of experiments.

RNP complexes formed with or without antibodies are fractionated in parallel on
a non-denaturing polyacrylamide gel (5-10% concentration can be used) and
the electrophoresis is performed in 0.5 x TBE buffer containing 5% of glycerol
at 4 °C. The gel is dried and the presence of radioactivity is detected as described
above.

Example: “Supershift” experimental protocol (Fig. 11.3a)

RNP reconstitution experiments are performed with two different fragments of
HIV-1 BRU RNA. The biological components used for the assays are: the SLS2,3
wild-type RNA (positions 7970-8068) described above, the C3 wild-type HIV RNA
fragment (positions 5359-5408 in the entire molecule) [58], HeLa cell nuclear ex-
tract, and specific anti-hnRNP Al and hnRNP H antibodies, that were provided by
G. Dreyfuss (University of Pennsylvania School of Medicine, Philadelphia, USA)
and D. Black (University of California, Los Angeles, USA), respectively. The RNA
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Fig. 11.3.  Supershift assays performed on the
RNP complexes formed by incubation in a
Hela cell nuclear extract (NE) of the A7 SLS2,3
wild-type (a1) and C3 wild-type (a2) RNAs [45,
58]. (a) RNAs were 3’-end-labeled, and anti-
hnRNP A1 (Ab-A1) or anti-hnRNP H (Ab-H)
antibodies were used in (al) and (a2),
respectively. Positions of the RNAs, RNP and
the supershifted RNP are indicated on the left
of the autoradiogram. (b) EMSA experiments
coupled with a second gel electrophoresis and
Western Blot analysis, performed on complexes
formed by the HIV wild-type or mutated C3
RNAs (C3 wild-type and C3-A) in Hela cell
nuclear extract [58]. The mutations present in
the C3-A RNA are shown in (b1), the EMSA

S Ne

= @ :npH

hnRNP Al

experiment is illustrated in (b2). The positions
of the free RNAs and RNP complexes | and Il
obtained with the HIV C3 wild-type and C3A
RNAs, respectively, are indicated on the left of
the autoradiogram. The bands containing
complexes | (C3 wild-type) and Il (C3 A) were
included in an SDS—polyacrylamide gel. After
electrophoresis proteins were transferred on a
nitrocellulose membrane, that was used for
Western blot analysis first with hnRNP H
antibodies (upper panel) and then with anti-
hnRNP A1 antibodies (lower panel). Proteins
from nuclear extract (NE) were loaded on the
gel for a control. Complex | contained hnRNP
H protein and complex Il contained hnRNP Al
protein.
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fragments transcribed with SP6 RNA polymerase were 3’-end-labeled. With the
HIV A7 SLS2,3 wild-type RNA, a supershift is obtained, demonstrating the pres-
ence of protein hnRNP A1l in the complex (Fig. 11.3al). The Cl complex formed
with the C3 wild-type RNA is dissociated by binding of the anti-hnRNP H antibody
(Fig. 11.3a2). This suggests the presence of protein hnRNP H in the complex and
an essential role of this protein for complex stability.

The following experimental conditions were used: the HIV C3 and A7 SLS2,3
RNAs (2.5 and 6 pmol, respectively) were 3’-end-labeled by using [*:P]pCp.
Labeled RNAs were incubated at 4 °C in the presence of 5 pg of yeast total tRNA,
with 0.5 and 4 pl of nuclear extract, respectively. After a 15-min incubation, 0.5 pl
of anti-hnRNP Al antibodies [59] (Fig. 11.3al) or 1 pl of the monoclonal anti-
hnRNP H antibodies [60] (Fig. 11.3a2) were added, respectively. The incubation
was continued for 10 min on ice and was followed by gel electrophoresis. As a con-
trol, the two RNAs were incubated under the same conditions in the absence of
antibodies.

11.2.3.3  Identification of Proteins Contained in RNP by EMSA Experiments Coupled
to a Second Gel Electrophoresis and Western Blot Analysis

This method also allows the identification of proteins present in RNP complexes
fractionated on EMSA gels. The EMSA are performed as described above, and the
band containing RNP complexes is cut out from the gel, soaked in a SDS-PAGE
loading buffer and included in a 5-10% SDS-PAGE. Then, the fractionated pro-
teins are electrotransferred on a nitrocellulose membrane. The search for the pres-
ence of defined proteins is done by immunoblotting using specific antibodies
directed against these proteins [58].

Example 4: Protocol for an EMSA experiment coupled to a second gel electropho-
resis (Fig. 11.3D)

Figure 11.3(b) illustrates the search for the presence of proteins hnRNP H and Al
in RNP complexes I and II by Western blot analysis (Fig. 11.3b). Complexes I and
II were formed by incubation in a HelLa cell nuclear extract of the HIV C3 wild-
type and C3-A mutant RNAs (Fig. 11.3b2), respectively. The HIV C3-A RNA is a
variant of the HIV wild-type C3 RNA (2U were substituted by 2A) (Fig. 11.3b1)
[58]. The bands of gel containing each RNP complex were cut out. They were
soaked in 10 pl of SDS—PAGE loading buffer for 1.5 h at 37 °C, and the band and
buffer were heated for 5 min at 96 °C before their inclusion at the top of a 10%
SDS—polyacrylamide gel (1.5 mM thickness). After 2 h electrophoresis at 20 V/cm,
the fractionated proteins were electrotransferred onto a Hybond C nitrocellulose
membrane (Pharmacia Amersham Biotech) (for 1 h at 100 V). Then, the mem-
brane was blocked with 20 ml of PBS-TM buffer overnight at 4 °C or 2 h at room
temperature with gentle shaking. It was then probed with the anti-hnRNP Al
(0.5 pl) or hnRNP H (2 pl) antibodies [58]. The bound antibodies were detected
with peroxidase-conjugated anti-mouse and anti-rabbit IgG antibodies, respectively,
and visualized by the ECL detection system (Fig. 11.3b3) [58].
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11.2.4
Probing of RNA Structure

11.2.4.1 Properties of the Probes Used

Conditions used for RNP probing with chemical reagents or enzymes are chosen
as mild as possible in order to preserve the structural integrity of RNP particles:
probing reactions are performed in the buffer used for the RNP purification or re-
constitution. Incubations are performed at moderate temperature for short times.
A defined amount of yeast total tRNA is added, in order to control the [RNA]/
[probe] ratio. Modification and enzymatic digestion conditions should be selected
in order that less than one modification or cleavage statistically occurs per RNA
molecule. The chemical and enzymatic probes used for footprinting are also used
for determination of RNA secondary structure in solution (see Chapter 10). When
the probing experiments are performed on purified natural complexes or com-
plexes reconstituted between an RNA transcript and recombinant proteins, almost
all the probes used for RNA secondary structure analysis can be used. Only the S1
nuclease, which has an optimum pH of action of 4.5, cannot be used. However,
when cellular extracts are used for RNP formation without further purification of
the complexes, some of the chemical probes, especially 1-cyclohexyl-3(2-morpholi-
noethyl)carbodiimide metho-p-toluene sulfonate (CMCT), cannot be used. The
method employed for the identification of cleavage and modification positions de-
pends on the labeled state of the RNA. For unlabeled RNAs (authentic purified
RNP or RNP reconstituted with unlabeled RNAs), primer extension analyses with
reverse transcriptase are performed: stops of extension occur at the cleavage site, or
one residue before the cleaved (depending on the enzyme used) or modified nu-
cleotide. When 3’- or 5’-end-labeled RNAs are used for RNP reconstitution, only
enzymatic probes are used and cleavages are directly localized by gel electrophore-
sis without the reverse transcriptase step.

Chemical Probes

DMS methylates RNAs at the N’-G, N'-A and N3-C positions of the bases. CMCT
alkylates RNAs at the N*-U and N'-G positions, and kethoxal reacts at the N!-G
and N2-G positions. Only N’-G methylation by DMS can occur in double-stranded
RNAs — all the other modifications are impaired.

Enzymes
RNase T1 cleaves the phosphodiester bonds 3’ to G residues, whereas RNase T2
cleaves after any residue. Both enzymes are used in conditions such that they pref-
erentially cleave single-stranded RNA regions. RNase V1 is used to cleave double-
stranded or stacked RNA regions. More details on these probes are available in
Chapter 10.

To identify the positions that are protected by the proteins in an RNP, the naked
RNA and the RNP are subjected to the same chemical and enzymatic treatments,
and the reactive positions in RNA and RNP are compared. It should be noticed that
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in addition to RNA protection, RNP probing may detect some RNA conformational
changes occurring upon protein binding [61].

Safety Rules
DMS is a potential carcinogen and special care should be taken when using it (see
Chapters 9 and 10 for the safety rules).

11.2.4.2 Equipment, Material and Reagents
Equipment

¢ Sequencing gels for primer extension analysis.

* Exposure with X-Ray films (Fuji or Kodak) using an X-Ray film developer is rec-
ommended. However visualization with a Phosphorlmager equipment can also
be used.

e Temperature controlled baths (96, 65, 30 and 20 °C).

Reagents

Probes

RNase T1 is purchased from Roche Diagnostics, RNase T2 from Invitrogen,
RNase V1 from Ambion, DMS from Aldrich, CMCT from Fluka and kethoxal
from Amersham.

Chemicals and enzymes

The avian myeloblastosis virus (AMV) reverse transcriptase is purchased from
Q-Bio Gene; glycogen (10 mg/ml), dNTPs (100 mM of each) and ddNTPs are
from MBI Fermentas. The yeast total tRNA (20 mg/ml) is from Roche Diagnostics;
cacodylic acid and boric acid are from Sigma.

Radiochemicals
[7-32P]ATP (3000 Ci/mmol) is purchased from Amersham Biosciences or ICN.

Materials
See Section 11.2.2.1.

Buffers

e 1 x buffer D: see Section 11.2.2.1.

e 1 x Tris buffer: see Section 11.2.2.1.

¢ 1 x TBE: see Section 11.2.2.1.

¢ 1 x DMS/Ke buffer: 50 mM sodium cacodylate (pH 7.5), 100 mM KCl, 2.5 mM

e 1 x CMCT buffer: 50 mM sodium borate (pH 8.0), 100 mM KCI, 2.5 mM MgCl,.

e DMS stop buffer: 1 M Tris—acetate (pH 7.5), 1.5 M sodium acetate, 1 M
f-mercaptoethanol.
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e Buffer A: 10 mM Tris—HCI (pH7.5), 10 mM MgCl,, 3 mM CaCl,, 250 mM
sucrose, 0.7 M f-mercaptoethanol.

0.7 M ice cold f-mercaptoethanol.

0.1 M EDTA (pH 8.0).

¢ 0.5 M potassium borate (pH 7.0).

* 0.5 M sodium cacodylate (pH 7.0).

¢ 3 M sodium acetate (pH 6.0).

10 x RT buffer: 500 mM Tris—HCI (pH 8.3), 60 mM MgCl,, 400 mM KCl (pro-
vided with the reverse transcriptase purchased from Q-BioGene).

11.2.4.3 Probing Method

Enzymatic and Chemical Probing of Native Purified RNP Particles

Modifications and cleavages are performed in the purification or storage buffer. To
ensure statistical modifications and cleavages, all the reactions are performed in
the presence of 1.25 pg of yeast total tRNA.

Chemical Modifications

DMS
DMS modifications are performed for 6 min at 20 °C in 50 pl of 1 x DMS/Ke
buffer with 1 pl of a DMS/EtOH solution (1/1, v/v).

Kethoxal
Same protocol as for DMS, except that modifications are performed for 10 min at
0 °C at a kethoxal concentration of 10 mg/ml.

CMCT
CMCT modifications are performed for 6 min at 20 °C in 50 pl of 1 x CMCT buffer
and at CMCT concentrations of 30-60 mM.

Enzymatic Cleavages
T1, T2 and V1 RNase cleavages are performed for 6 min at 20 °C in 40 pl of
1 x Tris buffer with 5 x 10~ U/ul of RNase.

Reaction Stop

DMS modification is quenched by addition of 10 pl of DMS stop buffer (20% of the
reaction mixture), followed by phenol extraction. CMCT modification is stopped
by phenol extraction, followed by ethanol precipitation. Kethoxal modification is
stopped by addition of 0.5 M potassium borate (pH 7.0) to stabilize the kethoxal—
guanine adduct (25% of the reaction mixture volume), followed by phenol extrac-
tion and ethanol precipitation. RNase V1 digestion is stopped by the addition of
5 ul of 100 mM EDTA (pH 8.0) before phenol extraction. RNase T1 and T2 diges-
tions are stopped by the addition of an excess of yeast total tRNA (10 pg), followed
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by rapid phenol extraction. To avoid reaction of the enzymes or chemical on the
free RNA, phenol extractions should be quickly performed on ice.

Modification and digestion products are ethanol precipitated, washed with 70%
(v/v) ethanol, dried and dissolved in MilliQ water (except kethoxal-modified RNA
pellets, that are dissolved in potassium borate 25 mM, pH 7.0, in order to stabilize
the chemical adducts [62]).

Primer Extension Analysis

For primer extension analysis, 5’-end-labeled primers are annealed to chemically
modified or digested RNAs. As the RNA length that can be examined with one
primer ranges between 100 and 200 nt, different primers (generally 12-20 nt) com-
plementary to regions that are spaced by 100-200 nt have to be used. As each
primer has its own efficiency for reverse priming, preliminary assays should be
performed for each primer to define the amount of RNA which is suitable for the
analysis. The 5’-end-labeling (with [y-32P]ATP, 3000 Ci/mmol) is described in [63].
Extension is achieved with the AMV reverse transcriptase in the presence of the
four dNTPs, the conditions are described in [64].

Hybridization

The RNA sample (1-10 pmol in 1 pl) is mixed with the 5’-end-labeled primer
(100000 c.p.m.) and 10 x RT buffer, in a total volume of 2.5 pl. The mixture is
incubated for 10 min at 65 °C and quickly cooled on ice for 10 min.

Primer Extension

The primer extension reaction is performed in a final volume of 5 pl. The elonga-
tion mixture is prepared as follows: 0.1 pl of NTP mixture (5 mM of each dNTP),
0.25 pl of 10 x RT buffer, 0.25 ul of reverse transcriptase (2 U/ul extemporaneous
dilution) and 1.9 pl of H,O. The hybridization mixture is mixed with 2.5 pl of elon-
gation mixture and samples are incubated for 45 min at 42 °C. The primer exten-
sion is stopped by addition of 4 ul of the DNA loading buffer. To prepare the
sequencing ladder, the unmodified RNA is used as a template. The elongation mix-
ture contains a ddNTP at a 0.5 mM concentration and dNTPs with a INTP:ddNTP
ratio of 2.

Gel Fractionation

The elongation mixture is denatured for 2 min at 96 °C and 2 pl aliquots are
fractionated on a 7% denaturing (8 M urea) polyacrylamide (19:1 ratio acrylamide:
bisacrylamide) sequencing gel in 1 x TBE. The gel is preheated for 30 min at 50
V/cm and electrophoresis is performed at 50 °C using the same voltage. The mi-
gration time is adjusted depending on the sequence to be read. After migration,
gels are transferred on sheets of Whatman 3MM paper, dried and autoradiographed
(X-Ray films from Kodak or Fuji) overnight at —80 °C with an intensifying screen
(Amersham, Biosciences).

Example: Native RNP probing protocol (Fig. 11.4)
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The yeast U5 snRNA was probed as free RNA (RNA) and in the yeast [U4/U6.U5]
tri-snRNP (25S) (Fig. 11.4a). About 200 ng of RNP or 100 ng of free renatured
RNA was incubated for 10 min at 20 °C in the presence of 1.25 pg of yeast total
tRNA, in 50 pl of the digestion or modification buffer (1 x DMS/Ke buffer or
1 x Tris buffer). For kethoxal, the mixture was then put on ice for 10 min, as the
reaction is performed at 0 °C. The reactions with DMS, kethoxal, RNase T2 and
V1 were performed and stopped in the conditions described above. Aliquots of the
treated RNAs were reverse transcribed with the 5'-labeled specific oligodeoxy-
nuclotide primer 0O-335, complementary to positions 69-81 of the S. cerevisiae
U5 snRNA (Fig. 11.4b). The ¢cDNA fragments obtained were fractionated on a
sequencing gel, using as a reference a sequencing ladder performed with the un-
modified RNA and the same 5’-end-labeled oligodeoxynucleotide (Fig. 11.4a).

Enzymatic and Chemical Probing of RNP Particles Formed in Nuclear Extract or with
purified Proteins

As for EMSA experiments, the RNA is renatured in 1 x buffer D, before complex
formation, as described in Section 11.2.2.2.

1. Enzymatic Reactions

RNase T1

RNA (200 ng, 1 pmol) is mixed with 1 pl of 62.5 mM MgCl,, 3.6 pl of 1 x buffer D,
5 pg of total tRNA and the final volume is adjusted to 14 pl with water. An ade-
quate amount (based on EMSA) of Hela cell nuclear extract, as defined by the
EMSA experiments, is added and the reaction mixture is incubated at 30 °C for
10 min. The cleavage reaction is performed with 1 pl of RNase T1 (0.025-2 U) at
30 °C for 10 min.

RNase T2
Same protocol as for RNase T1, except that the reaction is performed with 1 pl of
RNase T2 (1-3 U) at 30 °C for 10 min.

RNase V1
Same protocol as for RNase T1, except that the reaction is performed with 1 pl of
RNase V1 (0.02-0.2 U) at 30 °C for 10 min.

2. Chemical Modification by DMS

The RNA (200 ng, 1 pmol) is mixed with 1 pl of 62.5 mM MgCl,, 3.6 ul of
1 x buffer D, 5 pg of total tRNA are added and the final volume is adjusted with
water to 14 pl. An adequate amount of Hela cell nuclear extract dialyzed against
buffer D, as deduced from the EMSA experiment, is added and the reaction mix-
ture is incubated at 30 °C for 10 min. To improve the efficiency of DMS modifica-
tion, sodium cacodylate at a final concentration of 50 mM (pH 7.5) is added in
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buffer D before the reaction. The modification reaction is performed at 30 °C for
10 min with between 1 and 5 pl of a 1/1 (v/v) DMS/EtOH solution.

3. Reaction Stop

Same protocol as described in Section 11.2.4.3. The hydrolyses by RNases T1, T2
and V1 are stopped by addition of 20 pg of total yeast tRNA; in addition, 1 ul of
100 mM EDTA is added for the RNase V1. These additions are followed by phenol
extraction on ice. DMS modifications are stopped by addition of 10 pl of DMS stop
buffer before phenol extraction and ethanol precipitation.

Ethanol precipitation of all samples is done by addition of 10 pl of 3 M sodium
acetate (pH 6.0), 1 pg of glycogen and at least 3 volumes of 96% EtOH, followed by
a 15 min incubation at —80 °C. After centrifugation at 13 000 r.p.m. for 15 min and
at 4 °C, the supernatants are discarded and the RNA pellets are washed with 200 ul
of 70% EtOH. A second centrifugation is performed for 5 min at 13 000 r.p.m. and
4 °C. The RNA pellets are vacuum-dried for 2 min and dissolved in 4 pl of MilliQ
water before primer extension analysis (see Section 11.2.4.3).

Example: Protocol used for probing of a reconstituted RNP complex (Fig. 11.5)

The complexes formed upon incubation of the HIV-1 A7 SLS1,2,3 RNA fragment
(positions 7903-8170) in a HeLa cell nuclear extract or with the purified hnRNP A1
protein were analyzed by chemical and enzymatic probing of the RNA structure
and accessibility (Fig. 11.5). The following conditions were used: 1.12 pmol of
cold HIV-1 A7 SLS1,2,3 RNA was incubated in the presence of 5 pg of yeast total
tRNA with 1 pl of 62.5 mM MgCl, and 3.6 ul of 1 x buffer D in a total volume
of 14 pl. Assays were performed in the presence (+) of 4 ul of nuclear extract
([Protein]/[RNA] (P/R) = 46) (Fig. 11.5a) or 50 fmol of purified hnRNP A1l protein

Pl
<

Fig. 11.4. Probing of U5 snRNA in the structure results for the naked RNA; right:

spliceosomal [U4/U6.U5] tri-snRNP purified
from S. cerevisiae by use of chemical and
enzymatic probes [49]. The yeast [U4/U6.U5]
25S tri-snRNP (25S, a) and the natural free U5
snRNA (RNA, a) were probed with kethoxal,
DMS, RNase T2 and RNase V1 in conditions
described in Section 11.2.4.3. (a) Primer
extension analyses performed with the primer
0O-335. For each probe, a control experiment in
the absence of the probe was performed (—).
Lanes U, G, C and A correspond to the
sequencing ladder. Positions of nucleotides in
U5 snRNA are indicated on the right side of
the panels. (b) The probing data illustrated

in (a) are schematically represented on the
secondary structure of U5 snRNA (left: 2-D

2-D structure results for the 25S tri-snRNP).
Nucleotides modified by DMS or kethoxal are
circled; the thickness of the circles indicates
the levels of modification (weak, medium

and strong). RNase V1 or T2 cleavages are
indicated by arrows linked to squares or
circles, respectively. The color and number of
symbols indicate the yield of cleavage. Boxed
nucleotides are not modified. In the U5 snRNA
region that is analyzed with primer O-335, the
tri-snRNP components generate a strong
protection, except for the lateral stem—loop
structure formed by residues 40-75. This
stem—loop structure is additional in the yeast
U5 snRNA compared to vertebrate U5 snRNA
[49].
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(P/R = 45) (Fig. 11.5b) or in the absence of added extract or protein (—) (Fig. 11.5a
and b). After a 10-min incubation at 30 °C, 0.025 U of RNase T1 was added. For
identification of reverse transcriptase pauses which are not due to RNA cleavage,
a primer extension was performed on the naked RNA incubated in buffer D with-
out RNase T1. The reactions were stopped by addition of 20 pg of tRNAs, followed
by phenol extraction as described in Section 11.2.4.3.

Probing of Yeast RNAs Modified in vivo by DMS Treatment

DMS is able to penetrate efficiently in bacterial, yeast and animal cells, and can
thus be used to probe RNA structure and accessibility in these cells. However, to
get interpretable results the experiments should be performed on RNAs that form
well-defined homogeneous particles in cells. Otherwise, information on RNA mol-
ecules having different structures and accessibilities would be superimposed in the
primer extension analysis. The in vivo analysis of the S. cerevisize U3 snoRNA
structure and accessibility in the U3 snoRNP illustrated in Fig. 11.6 was a very suc-
cessful example of an RNP analysis in vivo. The methylation sites detected in vivo
were compared to those detected in vitro by treatment of a partially purified U3
snoRNP and the naked in vitro transcribed U3 snoRNA [29]. The results obtained
validated the protein binding sites identified by in vitro analysis and demonstrated
the interaction of U3 snoRNA with the pre-ribosomal RNA [29].

Example: Protocol used for S. cerevisiae U3 snoRNP probing by DMS in vivo (Fig.
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Pl
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Fig. 11.5.  Probing of the RNA structure and
accessibility in RNP formed by the HIV-1 A7
SLS2,3 RNA and a Hela cell nuclear extract
(NE) or the purified hnRNP A1 protein (A1)
[45]. Primer extension analyses of the A7
SLS1,2,3 RNA cleaved by RNase T1 in buffer
D in the absence (—) or presence (+) of
nuclear extract (al) or in the presence of the
recombinant hnRNP A1 protein (b1) are
shown. As a control, a primer extension was
performed using the intact RNA transcript
incubated without RNase T1 as the template
(left lane of the autoradiogram). Lanes U, G, C
and A correspond to the sequencing ladder.
Positions of nucleotides in the HIV-1 BRU
RNA and of the RNA secondary structure
elements described for the HIV-1 A7 RNA
region are indicated on the right side of the
autoradiograms. (a2 and b2) Schematic
representations of the probing data illustrated
in (a1) and (b1). Positions of RNase T1
cleavages are represented on the RNA

secondary structure established for the A7
SLS1,2,3 RNA [45]. Cleavages 3’ to the G
residues are indicated by thin lines. They are
surmounted with circles when the cleavages
occurred in the naked RNA (a2 and b2)
Cleavages occurring in the presence of nuclear
extract (a2) or hnRNP A1 (b2) are indicated by
the presence of a square. The colors of circles
and squares indicate the level of cleavage
observed in the naked RNA and the RNP
complex, respectively (grey, dark gray and black
represent increasing intensities of cleavages,
respectively). The G residues protected either
in the presence of nuclear extract (a2) or

with hnRNP AT protein (b2) are circled; the
intensity of the circle corresponds to the yield
of the protection. The hybridization site of the
oligodeoxynucleotide O-2382 is indicated.

The cis regulatory elements of splicing, acting
at site A7 (ESE2, ESE3/(GAA)3, ESS3) are
delimited by two opposite broken arrows and
the name of the element is given.
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Fig. 11.6.  Probing of the structure and the autoradiogram, respectively. (b) Experimental

accessibility of the S. cerevisiae U3 snoRNA in  data shown in (a) are represented on the

vivo [29]. Primer extension analyses of the U3 secondary structure proposed for the S.
snoRNA modified by DMS in vitro or in vivo cerevisiae U3 snoRNA in interaction with the
are presented in (a). As a control, primer pre-rRNA [16, 29]. Nucleotides modified in vitro
extensions were performed with an untreated  and protected in vivo are indicated by black

U3 snoRNA transcript (lanes 0). Lanes U, G, C triangles, nucleotides modified in vivo and in

and A correspond to the sequencing ladders.  vitro are circled; the thickness of the circles
Positions of nucleotides in the S. cerevisiae U3 reflects the yield of modification in vivo.
snoRNA sequence and the phylogenetically Asterisks mark the nucleotides with an
conserved RNA segments of U3 snoRNA [29]  increased reactivity in vivo compared to in vitro.

are shown on the right and left sides of the
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About 15-ml aliquots of a S. cerevisiae culture, grown in YEPD medium at 30 °C to
an Agy between 0.5 and 1.0, were gently rocked at room temperature for 2 min in
the presence of DMS at a concentration between 40 and 160 mM. The reaction was
quenched by addition of 0.7 M ice cold f-mercaptoethanol and 5 ml of cold water-
saturated isoamyl alcohol, followed by shaking and centrifugation. Cell pellets were
washed with Buffer A (10 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 3 mM CaCl,, con-
taining 250 mM sucrose and 0.7 M f-mercaptoethanol). Cells were centrifuged for
10 min at 2500 r.p.m. and 4 °C. Total RNA was extracted by the method described
by Domdey et al. [65]. Sites of RNA methylation were mapped by primer extension
using the 5’-end-labeled oligodeoxynucleotides complementary to two distinct
regions of the yeast U3 snoRNA [29] and 10 pg of total RNA as the template.

11.2.5
UV Crosslinking and Immunoselection

Formation of covalent bonds between RNA and proteins can be established by
incorporation of photoactivable residues such as 4-thiouridine in the course of re-
verse transcription [66]. However, the easiest way to test for a very near proximity
between RNA and proteins is to use UV irradiation at 254 nm [45, 58]. Although
the yield of crosslinking is low, it is sufficient to detect RNA—protein contacts by
using RNA molecules with a high specific radioactive labeling.

11.2.5.1 Equipment, Materials and Reagents
Equipment

e Electrophoresis instruments for small vertical slab gels. Exposure of EMSA gels
can be done with X-Ray films (Fuji or Kodak) or a PhosphorImager.
e Temperature controlled baths (65, 50, 30, 20 °C).

Materials
The short wavelength (254 nm) UV lamp and 96-well ELISA plates are purchased
from VWR.

Reagents

Antibodies
Some of the primary antibodies used in the described examples can be purchased
from Immuquest.

Chemicals and enzymes

Protein G—Sepharose, Protein A-Sepharose, Hybond C nitrocellulose membrane
and the ECL detection system are purchased from Amersham Pharmacia Biotech;
bovine serum albumin (B8894) is from Sigma; RNase T1 and RNase A are from
Roche Diagnostics.
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Buffers

e 1 x buffer D: see Section 11.2.2.1.

¢ SDS—PAGE loading buffer: see Section 11.2.2.1.

e IP buffer: 50 mM Tris—HCI (pH 7.5), 150 mM NacCl, 0.1% (v/v) Nonidet P-40
e PBS-TM: see Section 11.2.2.1

11.2.5.2 UV Crosslinking Method

Coating 96-well ELISA plates

In order to avoid non-specific interactions, each well is coated with 20 pg of bovine
serum albumin diluted in 1 x buffer D in a total volume of 25 pl, for 30 min at
room temperature. This mixture is then discarded and each well is washed 3 times
with 50 pl of 1 x buffer D.

UV Crosslinking
Formation of RNP complexes is performed as described in Section 11.2.2. Note
that only RNA transcripts which are uniformly labeled by incorporation of an [a-
32P]NTP can be used. Selection of the labeled nucleotide is decided after inspection
of the nucleotide sequence of the RNA segment expected to interact with the pro-
teins. For instance, if this fragment contains several uridines, labeling will be done
with [2-32P]UTP; if numerous adenines are present, [o-32P]ATP will be used.
Reaction mixtures containing RNP complexes are transferred to a 96-well plate
placed on ice and irradiated from the top for 10 min at 254 nm with a UV source
placed 1 cm distance from the sample. After irradiation, the RNP complexes
are transferred in microcentrifuge tubes, a large excess of RNase T1 (about 50
U/50 fmol of RNA) is added for complete digestion and incubation is done for 1 h
at 37 °C. It is followed by 30 min incubation at 50 °C. The crosslinked proteins can
then be fractionated by 8-10% SDS-PAGE or they can be purified by immuno-
selection prior to gel electrophoresis (see below). After electrophoresis, the gel is
dried and autoradiographed as previously described.

Example: Crosslinking experimental protocol (Fig. 11.7)

About 50 fmol (about 500000 c.p.m.) of HIV-1 A7 SLS2 WT RNA uniformly la-
beled by incorporation of [¢-32P]UTP was incubated with 5 ul of nuclear extract or
with a mixture of the two recombinant ASF/SF2 and hnRNP A1 proteins, each at a
3 uM final concentration (1:1 ratio). The incubation was performed in conditions
established for RNP formation (Fig. 11.2). After a 10-min irradiation at 254 nm,
the RNA was digested with 50 U of RNase T1 for 1 h at 37 °C, followed by a 30
min incubation at 50 °C. Then, 8 ul of SDS-PAGE loading buffer are added and
the crosslinked products can be fractionated on a 10% SDS—polyacrylamide gel
for 1-2 h at 20 V/cm and visualized by autoradiography. Before SDS—PAGE load-
ing buffer addition, one-half of crosslinked products was immunoselected with
antibodies bound to Sepharose beads.
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Fig. 11.7.  Crosslinking followed by
immunoselection of the hnRNP A1 and ASF/
SF2 proteins on the wild-type and C3 variant of
the HIV-1 A7 SLS2 RNAs (positions 7971 to
8040 of HIV BRU RNA) by irradiation at 254
nm [45]. (a) Secondary structures proposed

for the A7 wild-type and C3 variant SLS2

RNAs [45]. Bold characters indicate the

CCC sequence, that is substituted for the
AUA(GAA)3 sequence in the C3 variant. (b)
RNP complexes formed by the wild-type and
C3 A7 SLS2 RNAs and proteins of a Hela cell
nuclear extract (NE) were UV irradiated at 254
nm. RNAs were digested with T1 RNase and
the hnRNP AT proteins were immunoselected
on Sepharose beads coated with the anti-
hnRNP A1 antibodies. One-half of the selected
proteins was fractionated by electrophoresis on
a 10% SDS—polyacrylamide gel (upper panel).
The radiolabeled hnRNP A1 protein was

Immunoselection

A7 SLS2 C3 RNA

detected by autoradiography. The second half
of the selected hnRNP A1 proteins were
fractionated on another SDS—polyacrylamide
gel used for Western blot analysis (lower
panel). HNRNP A1 protein from a Hela cell
nuclear extract was bound to the wild-type
RNA and crosslinked at high level; crosslinking
was very low with the C3 RNA. RNP complexes
were formed by incubation of the wild-type and
C3 variant of SLS2 RNAs with equimolar
amounts of proteins hnRNP A1 and ASF/SF2
and were UV irradiated at 254 nm. After RNA
digestion, the hnRNP A1 and ASF/SF2 protein
were immunoselected on Sepharose beads and
fractionated by a 10% SDS—polyacrylamide gel.
The radiolabeled hnRNP A1 and ASF/SF2
proteins were detected by autoradiography (c).
Whereas, protein hnRNP A1 was only
crosslinked to the wild-type RNA, ASF/SF2
protein was only crosslinked to the C3 RNA.

RNase activities are often present in sera and ascite media. It is thus necessary to
bind the antibodies to Protein (G or A)-Sepharose beads and to eliminate the pos-

sible RNase contaminations by washing

the beads. The washing solution contains

a large amount of bovine serum albumin that coats the nonspecific protein-

binding sites of the beads.
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The Protein (G or A)-Sepharose beads are coated with the antibodies. The di-
gested crosslinked products are then incubated with the coated beads in the pres-
ence of the immunoselection buffer. Subsequently, the beads are washed with the
immunoselection buffer containing 0.25% Nonidet P-40, suspended in the SDS-
PAGE loading buffer and heated 5 min at 96 °C for elution of the bound proteins.
The proteins are further fractionated by a SDS—polyacrylamide gel (8-10% poly-
acrylamide concentration).

Each sample of eluted proteins is divided in two parts. One part is fractionated
on a gel analyzed by autoradiography. The amount of radiolabeled protein is esti-
mated by a PhosphorImager. The second half of the eluted proteins is fractionated
on a gel used for immunoblotting with the antibody that was coated on the beads.
This allows an estimation of the total amount of the protein which was retained on
the beads. The ratio between the amount of protein estimated by immunoblot-
ting and the radioactivity detected in the gel gives an indication on the level of
crosslinking.

Example: Immunoselection protocol (Fig. 11.7)

About 20 pl of a Protein (G or A)—Sepharose beads suspension was coated for 2 h
at 4 °C with 1 pl of anti-hnRNP A1l (4B10) or 2 ul anti-ASF/SF2 antibodies pro-
vided by G. Dreyfuss (University of Pennsylvania School of Medicine, Philadelphia,
USA) and J. Stevenin (IGBMC, Strasbourg, France), respectively. The digested
crosslinked products (see Section 11.2.5.2) were incubated with the coated beads
by end-over-end rotation for 2 h at 4 °C in 400 pl of immunoselection buffer con-
taining 0.1 mg/ml bovine serum albumin. Subsequently, the beads were washed 3
times by incubation with 500 pl of the immunoselection buffer containing 0.25%
Nonidet P-40, followed by centrifugation (2 min at 3000 r.p.m. at room tempera-
ture). At this stage, the beads were suspended in 20 ul of SDS-PAGE loading
buffer and boiled for 5 min to elute the bound proteins. The proteins are further
fractionated by 10% SDS—Polyacrylamide gel for 1-2 h at 20 V/cm.

Each sample of the eluted proteins was divided in two parts: one part was
fractionated Dby electrophoresis and the amount of radiolabeled protein was esti-
mated by Phosphorlmager scanning (Fig. 11.7b and c). The other part was fractio-
nated on a gel and subjected to immunoblotting (Fig. 11.7b).

11.3
Commentaries and Pitfalls

11.3.1
RNP Purification and Reconstitution

11.3.1.1  RNA Purification and Renaturation

In order to obtain an RNA transcript of homogeneous size, a step of purification
on denaturing PAGE (8 M urea) is advisable. Indeed, minor RNA degradation or
abortive transcription products can be generated during transcription.
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A homogeneous conformation of the RNA molecules is required. Thus, the
RNA renaturation procedure prior to complex formation and probing experiment
is a critical step. Alternative conformations lead to the simultaneous detection of
single-stranded and double-stranded specific cleavages at some of the positions.

11.3.1.2 EMSA
Some naked RNAs are resolved in two bands in EMSA gels due to the occurrence
of two distinct conformations or dimerizations. If the RNA used corresponds to a
fragment of a larger RNA, it is advisable in this case to prepare another fragment
by choosing other 5’ and 3’ extremities. Templates for production of small RNA
may be produced by use of partially complementary DNA oligodeoxynucleotide
primers and DNA polymerase to form a full-length double-stranded DNA.

For probing experiments, it is very important to get a complete and homo-
geneous formation of the RNPs. Otherwise, heterogeneous probing data will be
obtained that will be difficult to interpret.

11.3.2
Probing Conditions

The probing conditions (pH, ionic strength, Mg?*t ions concentration, tempera-
ture, probe concentration) have to be defined by several preliminary tests. The
stability of the RNP in these various conditions has to be tested by electrophoresis
on native gel [49].

11.3.2.1  Choice of the Probes Used

Some of the widely used probes for RNA 2-D structure investigation [like CMCT,
Pb2*, Fe-EDTA(OH) and S1 nuclease] cannot be used when the assays are directly
performed in nuclear or cellular extracts. The reasons for this are given below.

e The presence of a nuclear extract inhibits RNA modification by CMCT, probably
due to its accelerated hydrolysis or interactions with other components of the ex-
tract. Note that CMCT can be used on purified RNP complexes.

Pb(IT) (Pb?*) cannot be used because the presence of chloride ions in the RNP
buffers induces precipitation and inhibits the reaction. However, it can be used
for purified complex using a suitable buffer and also in vivo, using defined con-
ditions (see Chapter 10).

Fe-EDTA(OH) cannot be used since hydroxylated compounds, such as glycerol
present in the nuclear extract and buffer D, are known to be -OH scavengers
and can inhibit -OH-mediated cleavage. In addition, Tris or HEPES buffers also
reduce RNA cleavage by hydroxyl radicals, presumably by acting as free-radical
scavengers. Again, Fe-EDTA(OH) can be used on purified RNP.

¢ S1 nuclease cannot be used for any kind of RNP probing as its optimal pH of

action is 4.5, which is generally deleterious for RNP complexes [48].

It should also be taken into account that the overall efficiency of a given enzy-
matic or chemical probe may be considerably diminished in the cellular extract
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and this apparent decrease in efficiency of cleavage or modification does not neces-
sarily represent RNA protection due to protein binding. For instance, DMS reacts
with both RNA and proteins; thus, DMS has a large number of substrates when
modifications are directly performed in extracts, which may decrease its activity
on RNA.

To get informative data by RNP probing, the probes should be selected in order
that reactive residues or sensitive phosphodiester bonds are present all along the
RNA molecule. It is sometimes difficult to fulfill these conditions in the case of
highly structured RNAs. The reactivity of the naked RNA with the selected probes
should be sufficient to see clear variations upon protein binding. Hence, in order
to define conditions suitable for RNP analyses, one has first to test different condi-
tions of modifications and cleavages on the naked RNA. The effects of different pa-
rameters can be examined in these preliminary tests, like the [RNA]/[probe] ratio,
time of incubation, temperature of incubation and Mg?* concentration. The condi-
tions given in this paper were found to be suitable for analyses of several RNP.
However, when they turned out to be unsuitable, they could be use as a starting
point to look for other more favorable conditions.

11.3.2.2 Ratio of RNA/Probes

The added exogenous tRNA (usually total yeast tRNA mixture) minimizes the non-
specific interactions between RNA and proteins, and is also used to get a defined
ratio of [RNA]/[Probe].

Another difficulty which may be encountered in the course of RNP probing is a
very strong protection generated by the proteins. They may mask very large parts
of the RNA. This may be the case for probing with extracts containing a large
number of proteins or with proteins, like hnRNP A1, that are able to multimerize
along the RNA [45]. To get convincing probing data one needs to be sure that the
protections observed are not simply due to a global inhibition of the activity of the
probes. To this end, it is necessary to obtain nearly unaltered modifications and
cleavages, together with strongly diminished ones, in the same experiment. Here,
again, conditions of reaction often have to be adapted to obtain such contrasted
modifications of the reactivities along the RNA molecule. When proteins of the
RNP generate very strong protections we recommend the use of chemical probes
which are less sensitive to steric hindrance.

Sometimes, new cleavage sites are observed in RNP compared to naked RNA.
This may reflect an RNA conformational change. However, one has to verify that
these additional or reinforced cleavages are not due to the presence of an RNase
activity present in the extract or the purified protein.

11.3.3
UV Crosslinking

11.3.3.1 Photoreactivity of Individual Amino Acids and Nucleotide Bases
Crosslink formation depends on the photoreactivity of both individual amino acids
and nucleotide bases. Pyrimidines residues form covalent bonds with protein more
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efficiently compared to purine residues. Thus, upon UV irradiation a protein that
binds a purine-rich sequence may be undetectable by UV crosslinking.

11.3.3.2 Labeled Nucleotide in RNA

Due to the low level of crosslinking established by UV irradiation, the specific
activity of the labeled RNA must be high enough for detection by autoradiography
of the crosslinked residues bound to the protein. The choice of the labeled nucleo-
tide and the RNase used for the digestion should be made taking into consider-
ation the nucleotide sequence of the expected binding site.

11.3.4
Immunoprecipitations

The amount of serum, or antibodies, required for complete precipitation of a par-
ticular protein has to be determined for each individual batch of serum.

11.3.4.1 Efficiency of Immunoadsorbents for Antibody Binding

Antibodies from humans, rabbits or guinea-pigs have a stronger affinity for Protein
A, than those from mouse or rat. Binding to Protein G provides a convenient alter-
native for the use of mouse and rabbit antibodies [67]. Poor binding of antibodies
to Protein A and G can be circumvented by the use of secondary antibodies (e.g.
anti-mouse immunoglobulin raised in rabbits) that do bind to Protein A. Alterna-
tively, the secondary antibodies can be directly coupled to CNBr-activated Sephar-
ose. These coupled secondary antibodies will then serve as efficient adsorbents.

1.4
Troubleshooting

11.4.1
RNP Reconstitution

e No RNP complex is observed: first modify the [RNA]/[protein] ratio used for the
reconstitution assay, then, if there is still a problem decrease the quantity of com-
petitor tRNA used.

e The RNP complex does not penetrate in the gel: use a lower polyacrylamide
concentration.

11.4.2
RNA Probing

e High smearing in the gel: decrease the amount of loaded material or digest the
RNA with a DNase-free RNase.

¢ No elongation stop signal is detected in primer extension analysis of the modi-
fied or cleaved RNA: decrease the amount of probe used.
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 No protection is observed: check if the RNP complex is formed and stable under
the conditions used.

e Too much protections of the RNA: decrease the quantity of purified protein or
cellular extract added.

1143
UV Crosslinking

e No crosslinked proteins are obtained: verify that the UV wavelength is correct
and that the UV light is still working.

* No crosslinked proteins are immunoselected: if the Western Blot analyses indi-
cate that immunoselection occurred, try to use another labeled nucleotide. If la-
beled proteins are still not immunoselected, you have to use multiple approaches
to understand what are the parameters that govern the binding of the protein to
the RNA target.

11.4.4
Immunoprecipitations

e High background in the membrane: it is recommended to use less serum or
antibodies.

e No signal is detected on the membrane: check that primary and/or secondary
antibodies are still active.
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12
Terbium(l11) Footprinting as a Probe
of RNA Structure and Metal-binding Sites

Dinari A. Harris and Nils G. Walter

12.1
Introduction

Cations play a pivotal role in RNA structure and function. A functional RNA ter-
tiary structure is stabilized by metal ions that neutralize and, in the case of multi-
valents, bridge the negatively charged phosphoribose backbone [1]. The current
chapter describes the use of the trivalent lanthanide metal ion terbium(III) as a ver-
satile probe of high-affinity metal ion binding sites, as well as of RNA secondary
and tertiary structure. Terbium(III) has a similar ion radius (0.92A) as magne-
sium(II) (0.72A) and a similar preference for oxygen and nitrogen ligands over
softer ones. Thus, terbium(III) binds to similar sites on RNA as magnesium(II);
however, with 2—4 orders of magnitude higher affinity. Unlike magnesium(II), the
low pK, of the aqueous terbium(III) complex (around 7.9) generates enough
Tb(OH)(,q)*" to make it capable of hydrolyzing the RNA backbone around neutral
pH via deprotonation of the 2"-hydroxyl group and nucleophilic attack of the result-
ing oxyanion on the adjacent 3',5’-phosphodiester to form 2’,3’-cyclic phosphate
and 5’-hydroxyl termini [2]. Under physiological conditions, therefore, low (micro-
molar) concentrations of Tb*>* ions readily displace medium (millimolar) con-
centrations of Mg?" ions from high-affinity binding sites (both specific and non-
specific ones) and promote slow phosphodiester backbone cleavage, revealing their
location on the RNA. Higher (millimolar) concentrations of Tb3* ions bind less
specifically to RNA and result in backbone cleavage in a sequence-independent
manner, preferentially cutting solvent accessible, single-stranded or non-Watson—
Crick base-paired regions, thus providing a footprint of the RNA’s secondary and
tertiary structure at nucleotide resolution.

Terbium(III) can be a very straightforward and useful probe of metal binding
and tertiary structure formation in RNA. However, there are several precautions
that need to be considered in order to obtain a reliable and reproducible RNA foot-
printing pattern. Since low (micromolar) concentrations of terbium(III) bind to
high-affinity metal binding sites within a folded RNA, while high (millimolar) con-
centrations produce a footprinting pattern of solvent accessible regions, it is critical
to perform terbium(I1T) induced cleavage reactions over a wide range of Th** con-
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centrations. To ensure conformational homogeneity, pre-folding the RNA under
optimized buffer conditions and magnesium concentrations is necessary. This is
especially important when trying to identify metal-binding sites, since there will
be relatively few cleavage events at low Tb** concentrations. All cleavage reactions
should be performed near physiological pH (7.0-7.5) to allow for the accumulation
of the cleavage active Tb(OH),q)>" species [3]. Insoluble polynuclear hydroxo ag-
gregates of terbium(III) can form at pH 7.5 and above [4, 5], which should be
avoided. Another parameter that needs to be empirically optimized is the tempera-
ture and duration of the metal-ion-induced cleavage reactions. Higher tempera-
tures result in faster cleavage rates, but also increase the amount of background
degradation. Therefore, typical reaction temperatures range from 25 to 45 °C over
a period of 0.5-2 h. All of these parameters need to be well established prior to
carrying out terbium(III) footprinting experiments in earnest.

12.2
Protocol Description

12.2.1
Materials

Reagents and buffers

Appropriate buffers to fold RNA (usually Tris, MES and/or HEPES of desired pH)
1 M MgCl, solution.

100 mM TbCl; in 5 mM sodium cacodylate buffer, pH 5.5 (store in small aliquots
at —20 °C).

0.5 M Na,EDTA, pH 8.0.

Urea loading buffer: 8 M urea, 50 mM EDTA, pH 8.0, 0.01% bromophenol blue,
0.01% xylene cyanol.

Equipment

Heating block at 90 °C.

Water bath.

Phosphor screens and phosphorlmager with appropriate software [e.g. Phosphor-
Imager Storm 840 with ImageQuant software (Molecular Dynamics)).

(1) Prior to performing terbium(III) mediated footprinting of an RNA molecule,
the RNA should be end-labeled (typically with 32P at either the 5’ or 3’ end),
purified by denaturing gel electrophoresis, and stored in water (or an appro-
priate buffer) at —20 °C.

(2) Prepare a single pool with 250000-500000 c.p.m. (typically 0.5-2 pmol)
of end-labeled RNA per reaction aliquot under appropriate buffer conditions
and heat denature at 90 °C for 2 min. The total pool volume should be
sufficient for single or duplicate reaction aliquots at each desired Tb3*
concentration.



3)

(7)

(8)

(10)

12.2 Protocol Description

Pre-fold the RNA, by incubating the pool at an optimized temperature (typi-
cally 25-45 °C) for approximately 10 min to ensure structural homogeneity.
Some RNAs fold best when a slow-cooling procedure is used or when certain
cations are already added at this stage.

To obtain the desired Mg?* concentration, add an aliquot of MgCl, from an
appropriately diluted stock solution and equilibrate at the optimized tempera-
ture for an additional 5-10 min. At this point, the total volume of the reaction
mixture should be 8 pl per reaction aliquot.

From the 100 mM TbCl; stock solution, make a serial set of TbCl; dilutions
in water, ranging from micromolar to millimolar concentrations (5% over
the final reaction concentration). This wide range of TbCl; concentrations
should be sufficient to probe for both high-affinity metal binding sites and
secondary/tertiary structure formation. Note: The 100 mM TbCls stock solution
is dissolved in a 5 mM sodium cacodylate buffer at pH 5.5 to prevent formation of
terbium(I11) hydroxide precipitates at higher pH. The ThCly dilutions in water
should be made immediately prior to use. A serial set of dilutions is recommended
to ensure consistency in cleavage band intensity between gel lanes. Use a fresh
aliquot of 100 mM TbCls stock solution each time. Final ThCly concentrations
used in the cleavage reactions should be optimized together with other experimental
conditions for the specific RNA and experimental goal.

To initiate terbium(III) mediated cleavage, mix an 8-pl aliquot from the pool
containing the end-labeled RNA, buffer components and Mg?* with 2 pl of an
appropriate dilution of TbCl; to achieve the desired final Th** concentration
(typically ranging from 5 pM to 5 mM , in addition to a 0 mM Tb** control).
Continue to incubate at the optimized temperature for an optimized amount
of time (typically 30 min to 2 h). Note: The incubation times should be chosen
to generate a partial digestion pattern of end-labeled RNA under single-hit
conditions. Extended incubation times will increase secondary hits that may
reflect structural distortions of the RNA.

Quench the cleavage reaction by adding EDTA, pH 8.0, to a final concentra-
tion of 50 mM (or at least a 2-fold excess over the total concentration of multi-
valent metal ions in the reaction aliquot).

Perform an ethanol precipitation of the RNA by adding Na(OAc) to a final
concentration of 0.3 M and 2-2.5 volumes of 100% ethanol, and precipitate
at —20 °C overnight. Centrifuge 30 min at 12000 g, 4 °C. Decant supernatant,
wash with 80% ethanol, decant supernatant, and dry RNA in a Speed Vac
evaporator. Re-dissolve samples in 10-20 pl of urea loading buffer.

Partial alkaline hydrolysis and RNase T1 digestion reactions of the same RNA
should be performed as calibration standards by incubating the end-labeled
RNA in the appropriate buffers.

Heat samples at 90 °C for 5 min and place on ice water to snap cool. Analyze
the cleavage products on a high-resolution denaturing (8 M urea) polyacryla-
mide sequencing gel, using the partial alkaline hydrolysis and RNase T1 di-
gestion reactions as size markers to identify the specific terbium(III) cleavage
products at nucleotide resolution. Note: In the example cited below, a wedged,
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(11

(12

~—
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8 M urea, 20% polyacrylamide gel was run at a constant power of 80 W for sepa-
rating the reaction products of a radiolabeled 39mer RNA. Identical samples can be
loaded at different times on the same gel to resolve different regions of longer RNA.
Product bands are directly visualized by exposing the gel to a phosphor
screen. Note: The exposure can take several hours to overnight, depending on the
level of radioactivity of the bands in the gel.

Quantify the full-length RNA and cleavage product bands using a volume
count method. (For a more qualitative evaluation, a line scan method can be
used.) At every Tb3* concentration, calculate a normalized extent of cleavage
(I1) by substituting the peak intensities in the equation:

band intensity at nucleotide x
Z band intensity at nucleotide i
i

o— o]

band intensity at nucleotide x
Z band intensity at nucleotide i
i

0 mM [Tb**]

where y is the terbium(III) concentration in a particular cleavage reaction and
x the analyzed nucleotide position of the RNA. 0 mM [Tb3*] signifies a con-
trol reaction incubated in the same fashion as the terbium(III) containing
ones except that no terbium(I1I) is added. A IT value of >2 indicates signifi-
cant cleavage over background degradation. Note: By dividing the ratio of a

v

Fig. 12.1.  Terbium(lll) footprinting of the
trans-acting HDV ribozyme. (A) Synthetic HDV
ribozyme construct D1. The ribozyme portion
is shown in bold, and consists of two separate
RNA strands A and B. 3’ Product (3'P) is
shown outlined. The substrate variant S3
contains eight additional nucleotides (gray) 5’
of the cleavage site (arrow). To generate non-
cleavable substrate analogs, the 2'-OH of the
underlined nucleotide immediately 5’ of the
cleavage site was modified to 2'-methoxy and
the suffix “nc”” added to their name. Dashed
lines, tertiary structure hydrogen bonds of C75
and the ribose zipper of A77 and A78 in joiner
J4/2. (B) Terbium(lll)- and magnesium(ll)-
mediated footprint of the 5’-32P-labeled HDV
ribozyme strand A upon incubation with
terbium(l11) for 2 h in 40 mM Tris—HCl, pH
7.5, 11 mM MgCl, at 25 °C. From left to right
as indicated: strand A fresh after radiolabeling;
incubated in buffer without Tb3*: incubated
with excess strand B in buffer without Tb3+;
incubated in buffer without Tb3*; incubated

with excess strand B and non-cleavable
substrate analog ncS3 in buffer without Tb3*;
RNase T1 digest; alkali (OH™) ladder;
footprint with increasing Tb3* concentrations
in the presence of excess strand B and ncS3;
incubated in buffer without Tb3*: incubated
with excess strand B in buffer without Tb3*;
footprint with increasing Tb3* concentrations
in the presence of excess strand B and

3’ product (3'P). As the terbium(lll)
concentration increases, backbone scission
becomes more intense. The 5" and 3’
segments of P1.1 (boxed) footprint very
differently in the precursor and product
complexes. Far right, magnesium(ll)-induced
cleavage at pH 9.5 and 37 °C, for comparison;
from left to right: precursor (ncS3) complex,
control incubated at pH 7.5; precursor
complex, footprinted at pH 9.5; product
complex, control incubated at pH 7.5; product
complex, footprinted at pH 9.5. Reprinted with
permission from [6].
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single band intensity over total RNA in the presence of terbium(I11) by the ratio of
a single band intensity over total RNA in the absence of terbium(111), one normal-
izes for the effect of non-specific background degradation.

123
Application Example

Terbium(III) has been successfully used on a number of RNAs as probe for high-
affinity metal-binding sites and tertiary structure formation. For example, taking
advantage of its luminescent, as well as RNA footprinting properties, terbium(III)
has recently revealed subtle structural differences between the precursor and prod-
uct forms of the hepatitis delta virus (HDV) ribozyme [6]. The HDV ribozyme is a
unique RNA motif found in the human HDYV, a satellite of the hepatitis B virus
that leads to frequent progression towards liver cirrhosis in millions of patients
worldwide [7]. There is a strong interest, both for medical and fundamental
reasons, in understanding structure and function relationships in this catalytic
RNA. We found that the terbium(III) mediated footprinting pattern of the 3’ prod-
uct (3'P) complex of a trans-acting version of the HDV ribozyme (Fig. 12.1A),
obtained in the presence of millimolar Tb** concentrations, is consistent with a
post-cleavage crystal structure. In particular, protection is observed in all five
Watson—Crick base-paired stems, P1 through P4 and P1.1, while the backbone of
the L3 loop region and that of the J4/2 joining segment are strongly cut (Fig.
12.1) [6]. Cuts in the J4/2 joiner are particularly relevant since it encompasses the
catalytic residue C75 and its neighboring G76, and the strong terbium(III) hits im-
plicate it as a region of high negative charge density with high affinity for metal
ions.

Strikingly, terbium(III) footprinting reveals the precursor (ncS3) structure as dis-
tinct; while P1, P2, P3 and P4 remain protected, both the 5" and 3’ segments of the
P1.1 stem (as well as U20, immediately upstream) are strongly hit, suggesting that
this helix in the catalytic core is formed to a lesser extent than in the product com-
plex. In addition, scission in J4/2 extends to A77 and A78, implying that the ribose
zipper motif involving these nucleotides may not be fully formed in the precursor
complex (Fig. 12.1B). These differences in extent of backbone scission in the pre-
cursor versus the 3’ product complexes show that a significant conformational

v

Fig. 12.2. Sites of backbone scission mediated Section 12.2 and are represented by the
by 3 mM terbium(ll1) in 40 mM Tris—HCl, pH  symbol code. Scission is located 3’ of the
7.5, 11 mM MgCl, at 25 °C and superimposed indicated nucleotides. Only the product

onto two-dimensional representations of the structure is likely to fully form P1.1 and the
precursor and product HDV ribozyme ribose zipper of A77 and A78 in J4/2, as
secondary structures. Only the catalytic core suggested by solid and dashed lines, respec-

residues are explicitly shown. Relative scission tively. Reprinted with permission from [6].
intensities were calculated as described in



12.3 Application Example

m Relative cleavage intensity > 30 fold of control
O Relative cleavage intensity 20-30 fold of control

e Relative cleavage intensity 10-20 fold of control
o Relative cleavage intensity 5-10 fold of control
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change occurs upon HDV ribozyme catalysis and 5’ product dissociation from the
3’ product [6].

While previous evidence from fluorescence resonance energy transfer [8], 2-
aminopurine fluorescence quenching [9] and NMR spectroscopy [10, 11] had
already hinted at structural differences between the precursor and 3’ product
forms of the trans-acting HDV ribozyme, terbium(I1I)-mediated footprinting com-
plements these techniques by providing specifics of these rearrangements at nu-
cleotide resolution. Particularly intriguing are the differences in the catalytic core
structure around C75 and P1.1 that may control access to the cleavage transition
state and may therefore explain differences in the catalytic rate constants for sub-
strates with different 5’ sequences (Fig. 12.2) [6]. In fact, the 5" substrate sequence
subtly modulates the terbium(III) footprinting pattern, but all the substrates con-
sistently show strong cuts in the P1.1 stem and the ribose zipper motif of J4/2
(Fig. 12.2). This implies that in the precursor these tertiary structure interactions
are not fully formed, in contrast to the 3'P complex. Interestingly, these subtle dif-
ferences in the catalytic core structure of the various precursor complexes translate
into significant changes in fluorescence resonance energy transfer (FRET) effi-
ciency between fluorophores attached to the termini of P4 and P2 stems [6]. Taken
together, these results indicate that the various precursor complexes differ in struc-
ture both locally (in the catalytic core) and globally (as measured by FRET), provid-
ing an explanation for the wide range of catalytic activities of substrates with vary-
ing 5’ extensions [6, 12].

Several other labs have also found terbium(III) to be a useful probe of high-
affinity metal binding sites and tertiary structure in RNA. Musier-Forsyth and co-
workers were able to show that terbium substitutes for several well known metal
binding sites in human tRNA™3 and works as a sensitive probe of tertiary struc-
ture. At low Tb?* concentrations, cleavage of tRNAS3 is restricted to nucleotides
that were previously identified from X-ray crystallography as specific metal-binding
pockets [13]. The use of higher Tb3* concentrations resulted in an overall foot-
print of the L-shaped tRNA structure, showing increased cleavage in the loop
regions (D and anticodon loops). Binding of HIV nucleocapsid protein could
then be shown to result in the disruption of the tRNA’s metal binding pockets
and, at higher concentrations, to induce subtle structural changes in, for example,
the tRNA acceptor-TyC stem minihelix [14]. Other RNAs that have similarly been
studied by terbium(I1I)-mediated footprinting include the hammerhead [15], ami-
noacyl-transferase [16, 17], RNase P [18] and group II intron ribozymes [19].

12.4
Troubleshooting

Initial titration experiments will be necessary to obtain the optimal Tb3* concen-
tration(s) to use for structure probing of any individual RNA [typical terbium(III)
and RNA concentrations for determining tertiary structural features are around 1-
5 mM and 1 pM, respectively|. The trivalent terbium(III) has been shown to induce
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slight perturbations in the RNA structure [13], but careful titration will reveal the
optimal terbium(III):RNA ratio needed for detecting unbiased secondary and ter-
tiary structure features in a given RNA molecule.

To verify a high-affinity metal-ion-binding site, it is advisable to first decrease the
Tb3* concentration until a very narrow cleavage pattern is observed (typically at
10-100 pM Tb3*) and then to perform a competition experiment with increasing
concentrations of Mg?*. The intensity (or fraction of RNA cleaved at a particular
nucleotide position) should decrease as the Mg?* concentration increases. Quanti-
fying the intensities of cleaved bands at each nucleotide position directly relates to
the structure of the RNA. It is critical to keep the extent of total cleavage lower than
20% of the uncleaved or full-length band. This will ensure that the RNA is under-
going a single cleavage event. Finally, it is important to keep in mind that, while
terbium(III) footprinting will reveal many high-affinity metal ion binding sites, it
may not reveal all. This is due to the fact that there is a steric requirement of
Tb3* to bind close to the 2’-hydroxyl group on the ribose for inducing backbone
cleavage. This restraint is very unfavorable in A-type RNA helices and, therefore,
strong metal sites that occur in RNA helical regions may be underestimated or go
undetected by Tb3* cleavage, as may binding sites that are highly specific for a par-
ticular metal ion [19].
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13
Pb?* -induced Cleavage of RNA

Leif A. Kirsebom and Jerzy Ciesiolka

13.1
Introduction

Certain metal ions induce degradation of RNA in a non-oxidative manner, and in
some RNA molecules this process is exceptionally efficient and specific. The best-
known example, yeast tRNAP®, undergoes specific fragmentation in the D-loop in
the presence of Pb?* [1-3] and other ions, e.g. Eu* [4, 5], Mn?* [6] and Mg?* [7,
8]. Based on X-ray analysis of yeast tRNAPh® crystals it was suggested that in order
to promote cleavage, Pb?* has to be positioned at an optimal distance from the 2’-
OH that acts as the nucleophile [9, 10]. These findings gave rise to an experimental
approach that uses Pb?* and other ions to localize high-affinity metal ion binding
sites as well as to probe the structure of RNA molecules.

Highly efficient and specific Pb?*-induced cleavages are rather rarely observed.
The majority of cleavages are weaker and usually comprises several consecutive
phosphodiester bonds. Most information on the specificity of Pb?*-induced RNA
fragmentation has been obtained from studies on ribosomal 16S RNA [11] and 5S
RNAs [12-14]. Cleavages occur preferentially in bulges, loops and other single-
stranded RNA regions except those involved in stacking or other higher-order
interactions. Double-stranded RNA segments are essentially resistant to break-
age. Cleavages are also observed in paired regions destabilized by the presence
of non-canonical interactions, bulges or other structural distortions. In general, it
seems that flexibility of the polynucleotide chain determines its sensitivity to
Pb2*-induced cleavage [11-15].

It has been suggested [16] that the mechanism proposed for the specific, Pb?*-
induced fragmentation of yeast tRNAP" [9, 10, 17] might account for all types of
cleavage induced by metal ions. The simplified mechanism shown in Fig. 13.1 is
helpful for understanding the relation between RNA structure and sensitivity of a
particular RNA region to cleavage.

In the first step, the ionized metal ion hydrate acts as a Bronsted base and ab-
stracts a proton from the 2'-OH group of the ribose. Subsequently, the activated
anionic 2’-O~ attacks the phosphorus atom and a penta-coordinated intermediate
is formed. The phosphodiester bond is cleaved generating 2’,3’-cyclic phosphate
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Fig. 13.1.  Mechanism of metal ion-induced cleavage of RNA (see text for details).

and 5’-hydroxyl groups as cleavage products. However, based on the discussion
about the role of metal ions in, for example, the hammerhead cleavage reaction
[18, 19], one has also to consider the possibility that the metal ion acts as a Lewis
acid by accepting electrons from the 2’-oxygen, thereby facilitating a nucleophilic
attack on the phosphorus atom. Irrespective of mechanism, metal ion interaction
with the 2’-OH results in a nucleophilic attack on the phosphorus atom and subse-
quent cleavage of the phosphodiester bond. Experimentally, the data suggests an
inverse correlation between the pK, values for different metal ion hydrates and
cleavage rates: Pb?* with a pK, of 7.2 induces cleavage more efficiently than, for
example, Mg?* (pK, = 11.4). This would be in keeping with the suggestions that
the metal ion either acts as a Lewis acid or Brénsted base. For metal ions with
higher pK, values, such as Eu*, Zn**, Mn%*, Mg?* and Ca%* (pK, = 8.5, 9.6,
10.6, 11.4 and 12.6, respectively), the reaction pH, time or temperature have to
be increased and/or, for example, ethanol has to be added to detect substantial
cleavage.

The cleavage efficiency of a particular phosphodiester bond in an RNA molecule
depends on: (1) proper localization of the metal ion hydrate facilitating deprotona-
tion of the 2’-OH group (Fig. 13.1, transition A to B), and (2) sufficient conforma-
tional flexibility of the analyzed region allowing formation of the penta-coordinated
intermediate/transition state and subsequent breaking of the phosphodiester chain
(transition B to C). Optimal distance and correct orientation of the bound metal
ion hydrate seems to be of primary importance when RNAs undergo efficient
and highly specific fragmentation. The cleavage at these sites occurs at relatively
low concentrations of Pb?* (below 0.1 mM) — conditions under which breakage
of other phosphodiester bonds takes place only at significantly reduced rates. Clea-
vages with lower efficiencies are most likely induced by ions acting from the
solution, from weak binding sites and/or from sites at which the Pb?* ion(s) is
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positioned suboptimally. Moreover, metal hydrates interact equally well with all ac-
cessible 2'-hydroxyl groups. Thus, differences in rigidity/flexibility of the phos-
phates, hindering or facilitating conformational transitions necessary for the reac-
tion to occur, influence cleavage efficiency at individual phosphodiester bonds [16].
The contribution of rigidity/flexibility to the cleavage reaction is difficult to assess.
However, the value of the potential rate enhancement derived from constraining a
free RNA linkage to an optimal orientation for nucleophilic attack has recently
been estimated not to be greater than 50- to 100-fold [20, 21].

13.2
Pb%*.induced Cleavage to Probe Metal lon Binding Sites, RNA Structure
and RNA-Ligand Interactions

The Pb%" cleavage approach has been used in structural analysis of several RNAs
and RNA complexes in various ways as summarized in Table 13.1. The informa-
tion in the table can be classified into three groups: (1) high-affinity metal ion bind-
ing sites, (2) RNA structure and (3) RNA-ligand interactions. Figure 13.2 also
shows Pb?*-induced cleavage of RNase P RNA in the presence of various divalent
metal ions as a typical example.

13.2.1
Probing High-affinity Metal lon Binding Sites

A strong, highly specific metal ion-induced cleavage suggests the presence of a
tight metal ion binding site in the RNA. Cleavage occurring in a particular RNA
region does not implicate, however, the direct involvement of that region in coordi-
nation of the metal ion. Also, tightly bound metal ions may not induce cleavage at
all due to unfavorable distance constraints and/or high rigidity of the polynucleo-
tide chain. For instance, in yeast tRNAP' a Pb?* ion induces cleavage in the
D-loop, but is bound primarily in the TWC-loop, while the ion positioned in the
anticodon loop does not induce specific cleavage [9, 10, 17]. Furthermore, a metal
ion binding pocket can usually accommodate different ions, thereby acting as a
“general” metal ion binding site. To probe for a “general” metal ion binding site
the following two experimental approaches can be and have been used (see
Table 13.1 and Fig. 13.2).

The first approach takes advantage of the fact that metal ion-induced cleavage is
suppressed if the reaction is performed in the presence of other ions competing for
a common metal ion binding site. Thus, addition of metal ions, such as Mg?",
Mn?* or Ca?*, results in suppression of Pb?*-induced cleavage. Quantitative anal-
ysis of the inhibition data can also give the Kp value for binding of Mg?* and in-
formation about the relative binding affinity of different metal ions for metal ion
binding sites in RNA [22, 23].

The second approach relies on the observation that Pb?", Mg?t, Mn?* and Eu®*
ions, bound in the D-TWC region of yeast tRNAP'®  induce strong cleavage at the
same site (and/or at neighboring sites) in the RNA chain. Thus, it seems likely that
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Examples of structural analysis of RNAs and RNA complexes by means of the metal ion-induced

RNA or RNA complex Structural probe  Type of analysis References

In vitro selected RNAs, Pb%+ ion binding sites 24, 41, 54,70
aptamers and model RNA structure 16, 30, 41, 66, 71-73
oligonucleotides

tRNAs and mutants, Pb%* ion binding sites 2,3,17, 22, 37,50, 74

in vitro transcripts,
and fragments thereof

HDV ribozyme

4.5S RNA

5S rRNA

U1 snRNA
RNase P RNA

Group I and II intron RNAs

10Sa RNA (tmRNA)
mRNA fragments with
trinucleotide repeats

TfR mRNA fragment
SECIS mRNA fragment
BRCA1 mRNA fragment
CaMV 35S RNA leader
16S rRNA fragment in 30S
subunit and 70S ribosome

16S and 23S rRNA in 70S ribosome

RNA aptamer—citrulline complex
RNA aptamer—antibiotic complex
HDV ribozyme-antibiotic complex
tRNA-neomycin complex
Phe-tRNAPR.EF-Tu:GTP complex
4.5S RNA-P48 protein complex
5S rRNA-L18 protein complex
RNase P RNA-neomycin complex
RNase P RNA-tRNA complex
TfR mRNA fragment-IRP1 complex
3’ end of HEV RNA-viral
polymerase complex

various Me?*

various Me%*
Ph2+
Ph2+
Pb 2+
Ph2+
Pb2+
various Me?*

Ph2+
various Me**

Pb 2+
Pb 2+

Pb 2+
Pb 2+
Pb2+
Pb 2+
Pb 2+

Ph2t
various Me?*
Ph2t
Ph2+
Ph2+
Ph2t
Pb2+
Ph2+
Ph2t
Ph2+
Ph2t
Ph2+
Ph2t

RNA structure
ion binding sites
RNA structure
ion binding sites
RNA structure
RNA structure
RNA structure
RNA structure
ion binding sites
ion binding sites
ion binding sites
ion binding sites
RNA structure
RNA structure

RNA structure

RNA structure

RNA structure

RNA structure

RNA structure
RNA-protein interaction
RNA-RNA interaction

ion binding sites

ion binding sites
RNA-amino acid interaction
RNA-antibiotic interaction
RNA-antibiotic interaction
RNA-antibiotic interaction
RNA-protein interaction
RNA-protein interaction
RNA-protein interaction
RNA-antibiotic interaction
RNA-RNA interaction
RNA-protein interaction
RNA-protein interaction

3,53,75,76

5,6, 8, 42-45, 77, 78

42-45

38, 46, 47
47

55
12-14, 27
79
28,29, 51, 52, 59
23,25, 35
39

26, 48, 49
30

56-58

60
81, 82
83
84
11

40

85

65

32, 66, 67
38

31,69

61

55

13

68

52, 63, 64
60

62

1Reproduced and modified from Table 1 in [36].
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Fig. 13.2. Pb2?*-induced cleavage patterns of

E. coli RNase P RNA. (A) Pb2*-induced
cleavage pattern in the presence of increasing
concentrations of Ba?t, Ca*, Zn%*, Mg?*,
Mn?* and Cd?*. Cleavage was performed at

specified concentrations and 37 °C as outlined.

Lanes: Only Pb%", incubation in the presence
of only 0.5 mM Pb2*; Ctrl, incubation in the
absence of Pb2*, but in the presence of Ba?*,
CaZt, Zn?t, Mg?t, MnZ* or Cd2*, 10 mM
(final concentration), as indicated; the band
denoted X was only observed in the presence
of Pb?* and at low concentrations of the other
metal ions except Cd?* (see also [23]);
reprinted with permission of Nucleic Acids
Research. (B) Secondary structure of E. coli
RNase P RNA; roman numerals refer to the
sites of PbZ" cleavage shown in (A). Roman
numerals in italic refer to sites where Mg?*-
induced cleavage has also been observed [35].
In (A) it is apparent that increasing the
concentration of different divalent metal ions
results in suppression of Pb2*-induced

Mg2+ Mn2+ Cd2+

4‘_‘

cleavage at specific sites, although to different
degrees (e.g. compare the effects of different
metal ions on the cleavage site Ila). This
suggests that these metal ions and Pb?* bind
to at least overlapping sites (see text for
details). Moreover, these data indicate that
different divalent metal ions bind with different
affinities to RNase P RNA as well as that the
conformation of E. coli RNase P RNA is very
similar in the presence of Ba%", Ca?t, Mg?"
and Mn?*, while it is changed compared to
the Mg?"-induced conformation in the
presence of others, e.g. Cd?*. For further
details, see Brannvall et al. [23]; region 326—
335 represents an example of a flexible single-
stranded region with cleavage at several
successive phosphodiester bonds [52]. In the
case of cleavage sites la and Ib, the second
divalent metal ion, such as Ba?*, Ca?*, Mg?*
and Mn?%*, enhances Pb?"-induced cleavage at
lower concentrations due to supporting RNA
structure formation, but displaces Pb%* at
these sites at higher concentrations.
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different metal ions occupying at least overlapping sites can also induce specific
cleavage in the same RNA region in other RNA molecules. However, cleavage in-
duced by different metal ions does not necessarily occur at exactly the same site.
Rather, the cleavage sites usually differ by 1 or 2 nt. This is rationalized consider-
ing the different coordination preferences and sizes of various metal ions, result-
ing in a slightly different arrangement of their hydrates in metal ion binding
pockets. Note that the cleavage reactions are performed at conditions where the dif-
ferent pK, values of metal ion hydrates have been taken into account (discussed
above, see also below). In addition to Pb?*, typical metal ions used in these experi-
ments are Mg?t, Mn?*, Ca?* and Eu’*.

An additional approach using Tb3*, which has the same coordination geometry
as Mg?*t, has been used to probe for metal ion binding sites in RNA. Cleavage
of RNA with Tb3* gives different cleavage patterns compared to cleavage with, for
example, Pb2*+ [24-26]. Thus, Tb**-induced cleavage can be used in combination
with cleavage induced by other metal ions and thereby more information concern-
ing metal ion binding to RNA can be obtained.

13.2.2
Pb%*.induced Cleavage and RNA Structure

Pb?*-induced cleavage of several RNA molecules has been studied and the
cleavage patterns have been used in analysis of RNA structures (see Table 13.1).
Moreover, metal ion-induced cleavage allows identification of similarities and dif-
ferences in related RNA molecules in the regions involved in metal ion binding.
However, note that Pb?* patterns do not always correspond precisely to RNA sec-
ondary structure models. Experimental results are most consistent with cleavage
occurring preferentially in “flexible regions” of an RNA polynucleotide chain. Tak-
ing into account that our knowledge of RNA conformational dynamics is still in-
sufficient, the term “flexible regions of RNA” should be used cautiously in the
interpretation of experimental data.

Recently, Pb2*-promoted cleavage of several well-defined RNA secondary struc-
ture motifs, such as bulges, hairpin loops and single-stranded RNA, has been char-
acterized [16]. These studies show that the cleavage patterns of single nucleotide
bulge regions depend on the structural context provided by adjacent base pairs. In
general, a pyrimidine flanking the bulged nucleotide, particularly at its 5’ side, fa-
cilitates cleavage, while a purine makes the bulge more resistant to cleavage. This
effect seems to correlate with the ability of the bulge to form stacking interactions
with its neighbors. Cleavage of 2- and 3-nt bulges depends only slightly on their
nucleotide composition. In case of terminal loops, cleavage usually increases with
the loop size and strongly depends on its nucleotide composition. Particularly re-
sistant are stable tetraloops, most likely due to their high conformational rigidity.
Most single-stranded RNA regions are highly susceptible to Pb?*-induced cleavage.
However, clusters of G residues and, in most cases, also phosphodiester bonds at
the junction of paired and unpaired RNA regions are more resistant. This can be
attributed to extensive stacking interactions and increased conformational rigidity
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[16]. For some RNAs, however, efficient Pb?*-induced cleavage at the junction be-
tween unpaired and double-stranded regions can be seen. It might be that the en-
hanced reactivity in those cases results from increased ““breathing” of the base pair
at the junction between single- and double-stranded RNA.

The Pb%* cleavage method is very sensitive for the detection of conformational
changes in RNA molecules and useful in determining alternative hairpin struc-
tures formed by transcripts composed of trinucleotide repeats (Table 13.1; see also
Fig. 13.2 where it is shown that the Pb?*-induced cleavage pattern changes with
increasing concentration of other divalent metal ions indicating differences in fold-
ing). Several studies have further demonstrated that cleavage of the same struc-
tural motifs present in different RNAs results in essentially identical patterns.
This raises the interesting possibility to use the Pb2*-induced cleavage approach
to identify certain RNA structural motifs in RNA molecules of unknown structure
([16, 27]; Ciesiolka et al., unpublished results).

Lastly, Pb?*-induced cleavage in combination with genetics, i.e. introduction of
point mutations, has been used to provide support for the existence of long-range
interactions in RNA [3, 50, 51, 59]. Note that point mutations may either result in
increased/decreased cleavage at specific positions or in the appearance of cleavage
at new positions [28, 29].

13.2.3
Pb?*.induced Cleavage to Study RNA-Ligand Interactions

Remarkable reduction of Pb2*-induced cleavage intensities has been observed
upon the formation of RNA complexes with proteins, other RNAs or low-
molecular-weight ligands — amino acids, antibiotics and other divalent metal ions
(see Table 13.1 and above; also see e.g. [23, 30]).

In RNA-protein complexes, the shielding effect of a bound protein is most
likely responsible for changes in cleavage intensities. However, it is not excluded
that the RNA changes its conformation due to interaction with protein(s) such
that the positioning of Pb?* is altered or that the ion is displaced. In the case of
RNA-aminoglycoside interaction, structural studies have provided evidence for dis-
placement of Pb?* as a result of aminoglycoside binding [31]. Furthermore, there
are several examples of enhanced Pb?* cleavage upon complex formation (for
references, see Table 13.1). Here, moderately enhanced cleavage may suggest in-
creased flexibility of the analyzed RNA regions. The appearance of a very strong
cleavage may indicate formation of a new strong metal ion binding site or that a
previously inactive metal ion has been repositioned in such a way that efficient
metal ion-induced cleavage becomes feasible. In both cases the presence of a
tightly bound ion needs to be verified by other methods, since it is conceivable
that strand breakage may also occur due to transient, low affinity binding of a
metal ion. Needless to say, this mapping method is obviously restricted to RNA re-
gions susceptible to Pb2*-induced cleavage, mainly bulges, loops and other single-
stranded RNA stretches.

In some cases, changes in the Pb?" cleavage pattern due to ligand binding may
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include unexpectedly large regions of the polynucleotide chain [30, 32]. This is
probably caused by the loss of flexibility, i.e. formation of a more rigid conforma-
tion of a large RNA fragment, which is unstructured in the absence of the ligand.

13.3
Protocols for Metal lon-induced Cleavage of RNA

The information that can be extracted using the metal ion-induced cleavage
approach suggests that a divalent metal ion(s) is positioned close to the metal ion-
induced cleavage site, but this does not give any information about how the metal
ion is coordinated. However, since the 2’-hydroxyl immediately 5’ of the scissile
bond is actively involved in the chemistry of cleavage some structural constraints
for the positioning of the divalent metal ion(s) can be derived. These aspects have
to be kept in mind when interpreting the data. Here, we describe three protocols
used to cleave RNA with divalent metal ions, in vitro using Pb%* and Mg?*, and
in vivo using Pb%* [33]. We will use RNase P RNA, the catalytic subunit of the
endoribonuclease P, as an example of an RNA that has been studied using these
protocols (see e.g. [34]; unpublished data). Further protocols on Pb%"-induced
cleavage of RNA in vitro and in vivo can be found in Chapter 10.

Protocol 1: Pb?*-induced Cleavage of RNA

(1) The RNA is 32P-labeled at the 3’ end with [5’-32P]pCp or at the 5’ end with
[7-32P]ATP using standard procedures.

(2) The RNA is purified on a denaturing polyacrylamide gel containing 7 M urea
in TBE buffer (90 mM Tris—borate, pH 8.5, 2.5 mM EDTA) and eluted (see
Chapters 1 and 3). The RNA is renatured by incubation for 5 min at 55 °C in
water or buffer of choice.

(3) Pb?*-induced cleavage of, for example, RNase P RNA. Typically, approximately
20000-30 000 Cerenkov c.p.m. of labeled RNA is mixed with around 2.5 pmol
of unlabeled RNA and pre-incubated in 50 mM Tris—HCI, pH 7.5, 100 mM
NH4Cl and 10 mM MgCl, for 10 min at 37 °C. Note when analyzing metal
ion binding and/or structure of an RNA, you have to adjust the conditions
such that the RNA adopts a conformation relevant to what you would like to
investigate.

(4) Cleavage is initiated by the addition of freshly prepared Pb(OAc), to a final con-
centration of 0.5 mM. Depending on the nature of the experiment you can use
other concentrations of Pb(OAc),, but usually not higher than 2 mM (see also
below). Chloride buffer salts can be used, but for higher concentrations of Pb2*
(above 2 mM) acetate instead of chloride salts should be used to avoid precipi-
tation of Pb2* ions. The final volume of the reaction is 10 pl.

(5) The reaction is terminated after 10-15 min by the addition of 2 volumes of
stop solution (9 M urea, 25 mM EDTA, 0.1% bromophenol blue). The time
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of incubation in the presence of Pb2* has to be adjusted experimentally, and
depends on the nature of the RNA, cleavage conditions and the question you
address.

(6) The cleavage products are separated on denaturing gels, where the percentage
depends on the size of the RNA under study (6-12% polyacrylamide gels are
generally used).

(7) The Pb**-induced cleavage sites are mapped using size markers and [OH™]
ladders (see Chapter 10). It is also possible to map cleavage sites by primer ex-
tension analysis (see Protocol 4) using primers complementary to specific posi-
tions in the RNA. In the case of RNase P RNA, we use 15- to 20-nt primers.

We emphasize that an increase in the concentration of Mg?* (or some other
divalent metal ion such as Mn%") results in suppression of Pb2*-induced cleavage
as illustrated for cleavage of RNase P RNA (see Fig. 13.2A), suggesting that Mg?*
and Pb%* bind, if not to the same, at least to overlapping sites (see e.g. [23]). In
combination with the use of genetics (i.e. by using in our example RNase P RNA
variants) or by studying cleavage of the RNase P RNA-substrate complex, it is
also possible to use the Pb2*-induced cleavage to probe for structural changes in
RNase P RNA. Note that the formation of RNase P RNA-substrate complexes re-
quires a higher concentration of Mg?" (20 mM or above). Therefore, an increased
concentration of Pb?t is needed to detect cleavage. This might also apply when
other RNA molecules are studied and hence the conditions have to be adjusted
accordingly.

Protocol 2: Cleavage of RNA in the presence of Mg?*

RNase P RNA is also cleaved by other divalent metal ions such as Mg?*, first de-
scribed by Kazakov and Altman [35]. However, Mg?"-induced cleavage of RNase P
RNA is less efficient compared to Pb?*-induced cleavage (see above); in order to
detect cleavage, the reaction has to be performed at a higher pH and in the pres-
ence of 10% ethanol. Hence, Steps 3 and 4 of Protocol 1 are modified.

(3) In our studies of RNase P RNA we have used the following conditions: 50 mM
CHES bulffer, pH 9.5, 100 mM NH,4Cl, 10 mM MgCl, (higher concentrations
of Mg?* can be used) and 10% ethanol [35].

(4) The reaction is incubated at 37 °C for 6 h.

(5) The reaction is terminated and the cleavage products are separated and charac-
terized as described in Protocol 1.

Protocol 3: Pb2*-induced cleavage of RNA in vivo
Here the protocol is adapted to study cleavage in growing bacteria, e.g. Escherichia
coli [33].

(1) Typically, E. coli cells are grown in Luria-Broth media (LB) overnight at 37 °C
(or temperature of choice).
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(2) The culture is diluted 400-fold in LB and allowed to grow to an ODggo ~ 0.5
(mid-log phase).

(3) Freshly prepared Pb(OAc), solutions of appropriate concentrations are pre-
pared by diluting pre-heated (37 °C) 4 x LB media [3 volumes of Pb(OAc),
and 1 volume of 4 x LB]. Hence, to give a final (theoretical) concentration of
100 mM in the E. coli cell suspension (see Step 4), that typically has been
used, the freshly prepared Pb(OAc); solution should be 467 mM. For reprodu-
cibility mixing has to be performed rapidly. Note that when LB and Pb(OAc),
are mixed, there is always some precipitation, and hence the final concentra-
tion of Pb(OAc), in solution is lower. Moreover, replacing LB with minimal
media results in substantial precipitation and poor RNA cleavage.

(4) Then 1 volume of the Pb(OAc),/LB solution ([Pb(OAc);] =350 mM) is
added to 2.5 volumes of cell culture (ODggp ~ 0.5, see above) and incubated
for 7 min at 37 °C under vigorous shaking (the total volume will be 3.5
volumes = Vi). The final concentration of Pb(OAc), = 100 mM (not taking
the precipitation into account).

(5) The reaction is stopped by adding excess EDTA to a final concentration of 1.5
times the Pb(OAc), concentration, typically 150 mM final concentration of
EDTA.

(6) The solution is put on ice.

(7) The cells are harvested by centrifugation and the cell pellet is snap frozen in
liquid nitrogen and stored at —70 °C.

(8) The cell pellet is re-suspended in a volume of 0.5 x Vi, pre-heated (65 °C)
lysis buffer (100 mM Tris—HCI, pH 7.5, 40 mM EDTA, 200 mM NaCl, 0.5%
SDS w/v) and incubated at 65 °C for 3-5 min.

(9) This is followed by addition of pre-heated (65 °C) phenol solution (volume:
0.5 X Viot). To prepare the phenol solution, 1 volume phenol is saturated
with 1 volume 10 mM Tris—HCI, pH 8.0, 10 mM EDTA. The RNA is extracted
at 65 °C.

(10) The phenol extraction is followed by chloroform/isoamylalcohol (24:1) extrac-
tion at room temperature and ethanol precipitation in the presence of 0.3 M
sodium acetate, pH 6.0.

(11) The RNA is dissolved in DNase buffer (40 mM Tris—HCI, pH 7.9, 100 mM
NaCl, 60 mM MgCl;, 1 mM CaCl,) and 80 U of DNase I (RNase-free) are
added. This mixture is incubated for 15 min at 37 °C followed by standard
phenol extraction and ethanol precipitation in the presence of 0.3 M sodium
acetate, pH 6.0.

(12) The RNA is stored at —70 °C.

(13) The Pb%*-induced cleavage sites are mapped by primer extension analysis us-
ing appropriate oligodeoxyribonucleotides as primers (see Protocol 4).

Note that RNA samples prepared from untreated cells (no Pb2* added) have to
be analyzed in parallel to RNA prepared from Pb%"-treated cells. Hence, Pb(OAc),
is omitted in Step 4 by replacing Pb(OAc), with RNase-free water and the RNA
is prepared following the same procedure as outlined above. This is an essential
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control to be able to discriminate signals (stops) in the primer extension analysis
that are related to Pb2*-induced cleavage from those that are due to pausing (pre-
termination) in the reverse transcription reaction.

Protocol 4: Primer Extension

(1) An appropriate 5’-32P-end-labeled oligodeoxyribonucleotide is mixed with 10 pg
of total cellular RNA from step 11 (Protocol 3) in RNase-free water and incu-
bated for 1 min at 90 °C.

(2) The mixture is put on ice for 1 min followed by warming at 20 °C for 5 min.

(3) The actual primer extension is performed in a total volume of 15 pl in 50 mM
Tris—HCI, pH 8.5, 6 mM MgCl,, 40 mM KCl and dNTPs (1.0 mM each) and
200 U of reverse transcriptase (e.g. Superscript II; Life Technologies). The
primer extension mixture is incubated at 45 °C for 30 min.

(4) The reaction is terminated by the addition of 20 ul stop buffer (50 mM Tris—
HCI, pH 7.5, 0.1% SDS) and 3.5 pl of 3 M KOH. This solution is incubated
for 3 min at 90 °C followed by incubation at 37 °C for 3 h.

(5) Add 6 pl of 3 M acetic acid and ethanol precipitate the cDNA in the presence of
0.3 M sodium acetate, pH 6.0. The products are separated on denaturing gels
(see Step 6, Protocol 1).

13.4
Troubleshooting

13.4.1
No Pb%*-induced Cleavage Detected

Old solution of Pb*". The action is to prepare a new solution.

Your crystalline Pb(OAc), is old or has moistened. The action is to buy a new
bottle of solid Pb(OAc),.

Cleavage conditions are not optimized with respect to: time of incubation, con-
centration of other divalent metal ions, e.g. Mg?*t, concentration of Pb(OAc),.
The action is to optimize the conditions: increase/decrease concentration of
Mg?* and/or Pb?*, increase the time of incubation.

Poor quality of RNA and/or the RNA solution contains metal ions that interfere
with Pb2*-induced cleavage or is contaminated with metal ion chelators, e.g.
EDTA. The action is to prepare a new batch of RNA.

e The pH is too low. The action is to increase the pH.

13.4.2
Complete Degradation of the RNA

* Too high concentration of Pb?*. The action is to decrease [Pb?>*] and/or time of
incubation.
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e Time of incubation is too long. The action is to decrease the time and/or to de-
crease [Pb%*].

e The pH of the reaction is too high. The action is to lower pH.

e Contamination of your solutions with RNase. The action is to change all solu-
tions (from experience, the RNase-free water is usually the candidate that is
most often contaminated).
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14
In Vivo Determination of RNA Structure by
Dimethylsulfate

Christina Waldsich and Renée Schroeder

14.1
Introduction

Considerable progress has been made in the past years in elucidating RNA struc-
ture, its folding pathways and the functional roles RNA molecules play in cellular
processes. Despite the wealth of insights we have obtained about structure and
folding, there is a significant drawback as our knowledge is so far predominately
based on, and limited to, biochemical and biophysical analyses of RNA molecules
performed in vitro [1]. However, the in vitro folding conditions significantly con-
trast the intracellular environment. For example, it is well known that many cata-
lytic RNAs, which usually function at non-physiological reaction conditions in
vitro, associate with protein cofactors in vivo, which are thought to stabilize them
[2]. It is therefore essential to extend our understanding of RNA structure and
function by studying those molecules within cells [3].

The methodologies useful and suitable for studying RNA structure in vivo are
limited. Structural probing with dimethylsulfate (DMS), which proved to be a pow-
erful tool in vitro [4], has so far been the main chemical used to analyze RNA in
vivo. DMS is a base-specific probe that modifies, in addition to the N’ position of
guanines, the Watson—Crick positions N! of adenines and N3 of cytidines. The
modified sites can be mapped by primer extension and subsequently compiled
into a pattern profile of nucleotides protected from or accessible to DMS [4-6]. No-
tably, certain uridines and guanines are occasionally stabilized in an enol-tautomer
due to a specific local environment, and are therefore reactive to DMS at their N3
or N'! positions. Also, it has to be kept in mind that naturally modified nucleotides
like m’G in rRNAs could occur in your RNA of interest. A protection from DMS
modification can result from base pairing, but also from an interaction with a pro-
tein, while accessibility indicates that those residues (at least their N, N* or N7
positions) do not participate in any intra- or intermolecular contacts. Thus, DMS
modification can be employed to determine RNA structure and folding as well as
to study RNA—protein interactions and their associated conformational changes in
living cells. As DMS easily and rapidly penetrates cells, this method can be applied

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to various organisms such as bacteria both Gram-negative [7, 8] and Gram-positive
[9], protozoa [10, 11], yeast [12], and plants [13].

However, there are significant limitations to this method that have to be consid-
ered to allow a correct interpretation of the results. First, the method hinges on a
few out of many functional groups of the RNA nucleotide that can participate in
interactions. Thus, you can only determine RNA structure and conformational
changes or interactions with proteins that involve those base-functional groups.
Additionally, protection from DMS modification observed due to the presence of a
protein does not necessarily indicate a physical interaction. Specific binding of a
protein to a RNA often leads to a structural stabilization and, as a consequence, to
a protection from DMS modification [14]. However, the major “problem” is that
the obtained DMS modification pattern is averaged over the entire RNA population
and over time. The lack of time resolution is especially problematic when it comes
to studying in vivo folding and conformational changes, which are time-related
events, and thus these questions are rendered more difficult to be addressed within
cells. Secondly, your RNA of interest does not necessarily represent a single popu-
lation, but might be partitioned among distinct species leading to mixed RNA pop-
ulations. In other words, you have to be aware of what you are looking at. It is
important to be able to differentiate, for example, between folded versus unfolded
molecules, naked RNA versus RNA-protein particles or spliced versus precursor
RNA in order to assign the modification pattern and its concomitant interpretation
to a specific population.

In order to prevent fundamental pitfalls it is of great importance to check
whether the modified RNA is still functional. Thus, we recommend incorporating
the in vivo DMS modification step into a well-established experimental procedure
that in the end allows you to test the activity of your RNA. For example, we incor-
porated the modification step into our in vivo splicing analysis procedure. As the
splicing efficiency and RNA levels were not affected by DMS treatment of cells
(no change compared to non-treated cells), we were confident that the RNA we
were analyzing was in good condition [15].

14.2
Description of Method

The methodology of in vivo DMS structural probing of RNA described in here has
been optimized for Escherichia coli and has mainly been adjusted from [11].

14.2.1
Cell Growth and In Vivo DMS Modification

For the successful application of this method it is important to standardize the way
of growing the bacterial cell cultures as well as their DMS treatment [14]. Note that
DMS is very toxic (for information, see http://www.state.nj.us/health/eoh/rtkweb/
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0768.pdf ), therefore you have to take precautions, such as working in a hood as
well as wearing gloves and a lab coat, when working with this harmful reagent.

(1) Grow a cell culture of at least 100 ml to an ODgg ny Of 0.2—-0.3. Then harvest
the cells (2 x 50 ml) by centrifuging at 5000 r.p.m. in SS34 Sorval tubes at 4 °C
for 5 min. Discard the supernatant and resuspend the cell pellet in 1 ml ice
cold TM buffer (10 mM Tris—HCI, pH 7.5, 10 mM MgCl,).

(2) Partition the pellet into two equal samples and add DMS to a final concentra-
tion of 150 mM to one of the two samples and vortex briefly. Incubate the cells
with DMS for one minute and afterwards add f-mercaptoethanol to a final con-
centration of 0.7 M in order to quench the DMS. Vortex strongly! Centrifuge
the tubes immediately at 6000 r.p.m. for 2 min in an Eppendorf tube. After
careful removal of the supernatant, freeze the pellet at —80 °C until you pro-
ceed with the RNA preparation, but not longer than overnight. As a control,
treat the second sample equally but without adding DMS.

After the modification step it is absolutely necessary to get rid of the DMS, because
it will interfere with subsequent steps such as RNA extraction (degradation) and it
can lead to modification of RNA during its isolation. Making a stop control, in
which you add f-mercaptoethanol before DMS, will help to determine whether
DMS is sufficiently quenched by f-mercaptoethanol [5]. This will provide confi-
dence that the observed modification did not occur during RNA extraction, but
did indeed occur in vivo. If you have trouble in removing DMS completely then
you can solubilize DMS with isoamylalcohol [5].

14.2.2
RNA Preparation

(1) The frozen cell pellet is resuspended carefully in 157 pl solution A [150 pl TE,
1.5 ul 1 M DTT, 0.75 pl RNasin (35.5 U/pl), 4 pl lysozyme (10 mg/ml), 1 ul
ddH,0]. The cell suspension is frozen in liquid nitrogen and then thawed in
a room temperature water bath. These steps (freeze and thaw) have to be
done 3 times.

(2) Add 20 pl Solution B [4 pl 1 M MgOAc;,, 3.5 ul DNase I (RNase-free) (10 U/pl),
0.1 pl RNasin (40 U/pl), 12.4 pl ddH,0], mix gently and incubate the samples
on ice for 1 h.

(3) Add 20 pl Solution C (10 pl 0.2 M acetic acid, 10 pl 10% SDS), mix gently and
incubate the samples at room temperature for 5 min.

(4) Perform phenol extraction: once with 1 volume of phenol, then with PCI
(phenol:chloroform:isoamylalcohol = 25:24:1) and finally with CI; for each step
vortex the samples and then centrifuge at 15.000 r.p.m. at 4 °C for 5 min. Col-
lect the upper (aqueous) phase and proceed with the next extraction step.

(5) Precipitate the RNA with 1/100 volumes 0.5 M EDTA, pH 8.0, 1/10 volumes 3
M NaOAc, pH 5.0 and 2.5 volumes ethanol abs. Freeze the samples at —80 °C
for 1 h and then centrifuge at 15000 r.p.m. at 4 °C for 30 min. Discard the
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supernatant, wash the RNA pellet with 70% ethanol and dry it carefully, but
briefly (1 min at 65 °C). Resuspend the pellet in an appropriate volume of
ddH,O0.

We gained sufficient structural information from analyzing the accessibility of ad-
enine and cytidine residues [15]. However, if you wish to determine whether the
N7 positions of G residues are modified as well, then you need to perform aniline
cleavage before reverse transcription [5]. Alternatively, you can study the accessibil-
ity of guanine nucleotides using kethoxal in vivo [6].

14.2.3
Reverse Transcription

Primer kinase reaction

(1) Set up the reaction in a total volume of 20 pl as follows: 4 pl 5 x PNK buffer
(500 mM Tris-HCI, pH 8.0, 50 mM MgCl,, 35 mM DTT), 8 pmol primer
with 10 pmol [y-32P]ATP and 1 ul T4 polynucleotide kinase (10 U/ul).

(2) Incubate the sample at 37 °C for 45 min.

(3) Add 1 ul 500 mM EDTA, pH 8.0. Incubate the sample at 95 °C for 1 min, put
the sample immediately on ice.

(4) Precipitate the primer with 1 pl glycogen (10 pg/ul) and 2.5 volumes ethanol
p-a. and 1/10 volumes 3 M NaOAc, pH 5.0. Freeze the sample at —20 °C for
30 min and then centrifuge the sample at 4 °C at 15 000 r.p.m. for 30 min. Dis-
card the supernatant and resuspend the washed and dried pellet in an appro-
priate amount of ddH,O.

Depending on the primer and on the assay it might be necessary to purify the oli-
gonucleotide before labeling it and/or after the labeling reaction with [-32P]ATP.
In general, newly synthesized oligonucleotides should always be purified prior to
use.

Annealing reaction

(1) Combine 2.5 pl of in vivo isolated RNA (16 pg/pl) with 1 pl labeled primer
(50000 c.p.m.) and 1 pl 4.5 x hybridization buffer (225 mM K-HEPES, pH
7.0, 450 mM KCI).

(2) Incubate the sample at 90 °C for 1 min.

(3) Subsequently transfer the hot water into another glass box and let the sample
cool down to 42 °C.

Extension of the primer

(1) Add 2.2 pl extension mix (0.6 pl 10 x extension buffer (1.3 M Tris—HCI, pH 8.0,
100 mM MgCl,, 100 mM DTT), 0.3 pl nucleotide mix (2.5 mM each dNTP),
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1 ul AMYV reverse transcriptase (4 U/pl) and 1 pl ddH,O to the 4.5 pl anneal-
ing reaction.

(2) Incubate the samples in a water bath at 42 °C for 1 h.

(3) Add 1.5 pl 1 M NaOH in order to degrade the RNA and incubate the sample for
another hour at 42 °C. Then add 1.5 ul 1 M HCl in order to neutralize the pH.

(4) Precipitate with 1/10 volumes 500 mM EDTA, pH 8.0, 1 volume 3 M NaOAc,
pH 5.0, 3 volumes ethanol p.a. Freeze the sample at —20 °C for 1 h and then
centrifuge the sample at 4 °C at full speed for 30 min. Discard the supernatant
and resuspend the dried pellet in 10 pl loading buffer [7 M urea, 0.25% brom-
phenol blue, 0.25% xylene cyanol in 1 x TBE (0.089 M Tris base, 0.089 M boric
acid, 2 mM EDTA)]. Separate the extension products on an 8% PAA gel.

For obtaining sequencing ladders proceed as described above, but add in addition
to the extension mix 1.5 pl of the appropriate 1 mM ddNTP solution to the reac-
tion. If you have difficulties in generating satisfactory sequencing ladders, optimize
the ddNTP concentrations. Usually the A and C lanes are sufficient for orientation
along the molecule.

14.3
Evidence for Protein-induced Conformational Changes within RNA In Vivo

The in vivo DMS modification method described above was used to study the mode
of action of the StpA protein in E. coli cells. StpA was shown to promote folding of
the group I intron containing pre-mRNA of the thymidylate synthase (td) gene [16,
17]. First, the modification pattern of the in vivo DMS treated intron RNA was used
to visualize the in vivo folding state of the td intron (Fig. 14.1). Importantly, we con-
cluded from this DMS modification pattern that the secondary structure model,
which was derived from phylogeny and biochemical data obtained in vitro, accu-
rately describes the structure of the td group I intron in vivo [15]. We then ad-
dressed the question how the RNA chaperone StpA rescues folding of the td pre-
mRNA. For this purpose we determined the DMS modification pattern of td RNA
in the absence and presence of StpA, and compared it to the td RNA in the pres-
ence of the specific RNA-binding protein Cyt-18 (Fig. 14.2). In the presence of
StpA, residues belonging to tertiary structure elements become more accessible to
DMS. In contrast, the presence of Cyt-18 leads to a protection of bases involved in
tertiary structure formation. Thus, StpA, a protein with RNA chaperone activity,
and Cyt-18, a specific RNA binding protein, have opposite effects on the intron
RNA structure in vivo.

From these results we concluded that StpA leads to a general loosening of the
td group I intron RNA structure, while Cyt-18 contributes to the overall compact-
ness of the RNA. In brief, using in vivo DMS modification we have been able to
provide first evidence for protein induced conformational changes within a cata-
lytic RNA in vivo and gained first insights into the mechanism of action of an RNA
chaperone.
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14.4 Troubleshooting

14.4
Troubleshooting

The most likely problems that will occur when performing in vivo DMS probing of
your RNA of interest is over-modification and RNA degradation. For this reason,
we recommend that you carefully determine the optimal concentration of DMS
and the incubation time. Both parameters highly depend on the intracellular levels
of RNA. The aim is to achieve about one modification per molecule. Thus, reverse
transcription from an untreated control as well as from DMS-modified RNA
should result in a comparable amount of full-length extension products. If primer
extension of DMS-treated RNA runs off a lot earlier than the untreated control, the
RNA is probably over-modified. On the other hand it might happen that you ob-
serve poor modification. Thus, it is advisable to buy fresh DMS every couple of
months (about every 6 months to 1 year). DMS is usually a colorless solution,
which becomes more and more yellow the older the solution is. As far as RNA deg-
radation is concerned, there are typically two main reasons for it. First, if DMS
is not removed completely before RNA extraction is performed, this results in a
very low yield of isolated RNA (proceed as described in the method description).
Second, strong stops in the reverse transcription control, which is obtained from
untreated RNA, are indicative for contamination with the pancreatic nuclease
RNase A that prefers UpA sites for cleavage. In this case you should try to raise
the amount of RNase inhibitor. In addition, it is important to note that in vivo iso-
lated RNA is not very stable and thus the best results for reverse transcription are
obtained within the first 2-3 weeks after the extraction. Potential pitfalls for re-
verse transcription are the choice of reverse transcriptase, since every reverse tran-
scriptase does not recognize and stop at methylated N' of As and N3 of Cs. We
highly recommend using AMV reverse transcriptase. Good and specific priming
is typically observed for primers of 18 nt in length. Nevertheless, it is advisable to
check the Ty, of the primers, which should be above the primer extension temper-
ature (42 °C). If primers do not label or prime efficiently, this might be due to the
formation of competing structures within the primer. In that case you should rede-
sign the primer. If the primer extension is not satisfactory, you should try to in-
crease the levels of target RNA and sometimes it is also helpful to optimize the
KCI concentration for annealing reaction. A very common phenomenon is that a
primer is not significantly extended but there occur very strong reverse transcrip-

Pl
<«

Fig. 14.1. DMS modification of the td intron

intron core and the stem—loops P1-P2 (right

in vivo. (a) Intron residues accessible to DMS
are displayed in these representative gels.
Boxed nucleotides correspond to positions

within the intron, which are modified by DMS.

The P3—P8 domain of the intron core (left
panel), the center of the intron core covering
the P7 stem as well as the P6-P6a element
(middle panel) and the P4-P6 domain of the

panel) are shown. A and C denote the
sequencing lanes. (B) Summary of the td
intron residues modified by DMS in vivo.
Modified sites are indicated by dots. The size
of the dots correlates with the relative
modification intensities. The largest dot
corresponds to the highest modification
intensity.
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Fig. 14.2.  StpA and Cyt-18 induce structural lanes are labeled with A and C. In the presence
changes in the base triple interactions between of Cyt-18 the amount of td RNA is increased in
adenines in J3/4 and stem P6. Changes in the  the cells as reflected by the increase of non-
DMS modification pattern of the td intron in specific stops in untreated samples (cf. lanes 3
vivo due to the presence of Cyt-18 is shown in  and 5) as well as by the increased modification
the upper panel or due to the presence of StpA intensity of residues A55, C56, C57 and A63 in
in the lower panel. (A) The P4/P5 domain is lanes 4 and 6. These differences in the td RNA
shown in these representative gels. Numbered amount were normalized. (B) Phospholmager
nucleotides, which are highlighted by boxes at  quantification (right panel) of the outlined gel
the left of the gel, are modified by DMS. The segments in the presence of Cyt-18 or StpA.
gel part boxed in black is outlined to point out The opposite effects of these proteins on the
the different effect of Cyt-18 versus StpA on the accessibility of the two adenines in J3/4 to
residues A46 and A47 in J3/4. The sequencing DMS are summarized in the middle panel.
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tion stops at the beginning of the extension. Usually it is sufficient to overcome
this problem by setting the primer a few nucleotides more upstream or down-
stream of the original hybridization site. In summary, the best results for reverse
transcription are obtained using clean and freshly labeled primers in conjunction
with newly prepared RNA.

—

N

w

v

a

~N

-

References

Brion, P., E. WEsTHOF. Annu. Rev. Bio-
phys. Biomol. Struct. 1997, 26, 113-137.
WeEks, K. M. Curr. Opin. Struct. Biol.
1997, 7, 336-342.

SCHROEDER, R., R. GROSSBERGER, A.
PicHLER, C. WALDsICH. Curr. Opin.
Struct. Biol. 2002, 12, 296-300.
Enresmann, C., F. BAupin, M.
MoucGkL, P. RomBy, J. P. EBEL, B.
EHRESMANN. Nucleic Acids Res. 1987
15, 9109-9128.

Weits, S. E., J. M. HuGHESs, A. H.
IGEL, M. ARES, JR. Methods Enzymol.
2000, 318, 479-493.

Ba1zer, M., R. WAGNER. Anal.
Biochem. 1998, 256, 240-242.
CriMIg, S. C., J. D. FrIESEN. J. Biol.
Chem. 1988, 263, 15166—15175.
Moazep, D., J. M. RoBerTsoN, H. F.
NoiLER. Nature 1988, 334, 362—-364.

>

10

n

12

13

14

15

16

17

Mayrorp, M., B. WeissLum. EMBO J.
1989, 8, 4307-4314.

Harris, K. A, Jr, D. M. CROTHERS, E.
Urru. RNA 1995, 1, 351-362.

ZAUG, A.]., T. R. CEcH. RNA 1995, 1,
363-374.

ARres, M., Jr, A. H. IGEL. Genes Dev.
1990, 4, 2132-2145.

SENECOFF, J. F., R. B. MEAGHER. Plant
Mol. Biol. 1992, 18, 219-234.
WarpsicH, C., R. GROSSBERGER, R.
SCHROEDER. Genes Dev. 2002, 16,
2300-2312.

WatrbsicH, C., B. MasQuiDa, E.
WEsTHOF, R. SCHROEDER. EMBO J.
2002, 19, 5281-5291.

SEMRAD, K., R. SCHROEDER. Genes Dev.
1998, 12, 1327-1337.

Cropi, E., K. SEMRAD, R. SCHROEDER.
EMBO J. 1999, 18, 3776-3782.



238

15
Probing Structure and Binding Sites on RNA
by Fenton Cleavage

Gesine Bauer and Christian Berens

15.1
Introduction

In the 20 years that have followed the discovery of RNA-based catalysis, many novel
biological functions and catalytic activities of RNA have been either discovered in
vivo or obtained through in vitro selection techniques [1]. Roughly, these can be
divided into two groups. While the first, exemplified by mRNA, snoRNA, guide
RNA and siRNA, utilizes sequence-dependent Watson—Crick interactions, the ac-
tivities exerted by the second group, containing ribozymes, aptamers and ribo-
switches, are based on their three-dimensional structures. Knowledge of these
structures and how they are formed is a prerequisite to understanding how these
RNAs function mechanistically.

As X-ray crystallography of RNA molecules has proven difficult and since many
interesting RNA molecules are still too large for NMR analysis, a profusion of
RNA probing methods have been developed for structural analysis [2—4]. One very
versatile method for analyzing RNA is probing with hydroxyl radicals. They are the
smallest molecule species used for chemical probing, cleave nucleic acids with
little or no sequence specificity 5, 6], and a significant secondary structure pref-
erence has not been observed in radical-induced cleavage of single- and double-
stranded forms of RNA and DNA [7].

Hydroxyl radicals are generated physically by radiolysis of water using synchro-
tron X-ray beams or, more often, chemically by the reduction of peroxo-groups with
Fe?* in the so-called Fenton reaction [8]. Like most transition metals, iron has
more than one oxidation state besides the ground state and its valence electrons
may be unpaired allowing one-electron redox reactions [9]. As such, Fe?" reacts
with H,O; (or other peroxo molecules like peroxonitrous acid) to generate short-
lived, highly reactive hydroxyl radicals. These cleave the bases of a nucleic acid, its
phosphodiester backbone and also peptide bonds in spatial proximity of Fe?*. So-
dium ascorbate is often added to the reaction mixture in order to reduce Fe3"
to Fe?*, thereby establishing a catalytic cycle and permitting low, micromolar,
concentrations of Fe?™ to be effective in cleaving the substrates. Consequently,
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Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hydroxyl-radical-based probing methods have been widely used for structural anal-
ysis of RNA and also as a tool to study interactions of nucleic acids with proteins or
other ligands.

The classical interaction study is a footprinting experiment. The presence of the
interaction partner protects the nucleic acid at the site bound from cleavage by the
hydroxyl radicals. Detailed protocols for footprinting protein—-DNA and protein—
RNA complexes are given in [10, 11]. However, this method can also be used to
identify contact sites of 16S rRNA in 30S subunits with 50S subunits [12] or to de-
termine the structural elements of an internal ribosomal entry site that interact
with a 40S ribosomal subunit [13].

The versatility of this approach was greatly extended by tethering Fe?" to defined
sites on proteins and RNA using the reagent 1-(p-bromoacetamidobenzyl)-EDTA
(BABE), originally synthesized by Meares et al. [14, 15]. Hydroxyl radical footprints
with Fe?" tethered either to various ribosomal proteins or to rRNA gave important
insights into the three-dimensional organization of the ribosome [16-18] that were
later confirmed by the crystal structure of the 70S ribosome (reviewed in [19]). De-
tailed protocols for interaction studies with hydroxyl radicals generated by Fe?* ei-
ther tethered to proteins or RNA have been published [20, 21].

Hydroxyl radical cleavage is also used for RNA structure analysis. Similar to the
interaction analysis method described above, Fe?* can be tethered to RNA to in-
duce intramolecular self-cleavage as was shown by Newcomb and Noller [22] who
determined the RNA neighborhoods of specific nucleotides in the rRNA of 70S ri-
bosomes or by Hugq et al. [23] who obtained structural information on the three-di-
mensional fold of the HIV-1 trans-activation responsive region RNA.

In addition to tethered Fe?*/EDTA, free Fe?*/EDTA is used to identify solvent-
accessible and solvent-excluded sugar moieties and, thus, aids in modeling the
three-dimensional structure of an RNA [24]. Protection of tRNA bound to the ribo-
somal P-site from hydroxyl radical cleavage gave important hints for the mecha-
nism of tRNA-ribosome interaction [25]. Swisher et al. presented hydroxyl radical
footprints [26] demonstrating that a group II intron ribozyme has a tightly packed,
solvent-inaccessible core like other large ribozymes [27, 28]. In addition, hydroxyl
radical footprinting allows us to determine the relative stabilities of individual
structural motifs by examining the protection pattern as a function of added
Mg?* or urea. Experiments like this have been done with RNase P [29] or the
Tetrahymena LSU group I ribozyme [30]. Furthermore, synchrotron generated hy-
droxyl radicals have been employed successfully for time-resolved footprinting of
RNA folding [31] (a detailed methods protocol is presented in [32]).

Fe2t is similar to Mg?" in size and coordination geometry [33] and has been
used to replace the latter in proteins to map metal ion binding sites [34-36]. Cata-
lytic RNAs either require divalent cations for achieving a stable tertiary structure
and for catalysis or their activity is greatly enhanced by the presence of divalent
metal ions [37]. The identification of metal ion binding sites is therefore essential
for a thorough structure—function analysis of catalytic RNA. In addition to NMR
studies (summarized in [38]), hydroxyl-radical-induced cleavage based on limited
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replacement of Mg?* with Fe?* provides a powerful method for the analysis of
RNA-metal ion interactions [39].

Here we present two different protocols for hydroxyl radical probing of RNA.
The first describes structural probing of large RNAs. Comparison of cleavage pat-
terns obtained with Fe?* in the presence and in the absence of EDTA allows to dis-
tinguish between solvent-exposed and solvent-occluded regions of the RNA and to
identify metal-ion-binding sites.

The second protocol describes an interaction study that exploits the ability of
Fe2" to replace the Mg?* ion chelated to tetracycline. A subsequent hydroxyl radi-
cal digestion can then identify the residues in proximity of the [Fe?*-tetracycline]
chelate. This has already been done for the tetracycline proton-antiporter TetA [40]
and the tetracycline-dependent regulatory protein TetR [41]. We used hydroxyl rad-
ical cleavage of 16S rRNA to identify tetracycline-binding sites in the 70S ribosome
[42].

15.2
Description of Methods

15.2.1
Fe?*-mediated Cleavage of Native Group | Intron RNA

The method presented here was used to detect Mg?*-binding sites in the Tetrahy-
mena LSU group I intron [39]. For a successful reaction, it is important to prepare
the solutions of FeCl, and H, 0, freshly. Sodium ascorbate can be prepared as a 10-
fold stock solution and stored at —20 °C. In order to mix the reagents accurately
after 1 min, we recommend using a small table Microfuge (Qualitron). The appro-
priate reagents are added subsequently to the wall of each Eppendorf cap and then
mixed simultaneously by briefly applying the centrifuge.

Hydroxyl radical cleavage

e For experiments with native RNA, take 1 ul RNA (5 pmol cold RNA, spiked with
approximately 50 000 c.p.m. of the RNA labeled with 32P at either the 5’ or the 3’
end) and add 1 pl of 5 x native cleavage buffer (1 x NCB: 25 mM MOPS-KOH,
pH 7.0; 3 mM MgCly; 400 uM spermidine; 200 mM NaCl). Incubate the RNA for
2 min at 56 °C, followed by 3 min incubation at room temperature.

e Add 1 pl 1.25 mM FeCl, to the reaction tube, mix by centrifugation and incubate
for 1 min before adding 1 pl 12.5 mM sodium ascorbate.

e After 1 min, add 1 pl of 12.5 mM H,0,; and mix rapidly to initiate the reaction.
The final concentrations are 250 pM for Fe?t and 2.5 mM for both sodium ascor-
bate and H,0,.

e Stop the cleavage reaction after 1 min by adding 1 ul 1 M thio-urea. The RNA is
then precipitated with 1 ul glycogen (10 pg/ul), 1 ul sodium acetate (3 M) and
30 pl 96% (v/v) ethanol.
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Gel electrophoresis

o After precipitation, resuspend the RNA in gel loading buffer [7 M urea; 0.01%
(w/v) bromophenol blue and xylenecyanol each].

o Separate the cleavage products on 6-20% denaturating polyacrylamide sequenc-
ing gels.

e For obtaining sequencing ladders, carry out limited hydrolysis with RNase T1
and NaHCO; [43].

Mg2+ competition of Fe?* -mediated cleavage

* Mix equal volumes of a 2.5 mM FeCl, solution and a Mg?* stock solution. Notice
that to achieve the desired Mg?* concentration for competition, you have to take
into account the Mg2* already present in the reaction when calculating the Mg+
concentration of the stock solution. For a final MgCl, concentration of 10 mM,
e.g. mix 50 pl of 2.5 mM FeCl; and 50 pl of 70 mM MgCl,. Then 1 pl of the
Fe?t/Mg?" mixture is pipetted into the reaction tube and the cleavage reaction
continued as above. The total reaction volume is 5 pl and a combined Mg?* con-
centration of 10 mM is obtained by 3 mM originating from the native cleavage
buffer and 7 mM resulting from the added Fe?*/Mg?" mixture.

Visualization of metal-ion binding sites in group | introns by Fe?*-mediated Fenton
cleavage

Cleavage by Fe?' is observed in distinct regions of the group I intron RNA and
only with native RNA (cf. lanes 7 and 8 in Fig. 15.1). It is competed by Mg?* (cf.
lanes 8 and 10 in Fig. 15.1) indicating that both ions interact with the same or over-
lapping binding sites. Lanes 8 and 12 show a comparison of the cleavage sites ob-
tained using Fe?* or Fe?*/EDTA. Most of the sites cleaved by Fe?* are embedded
in regions protected from cleavage by Fe?*/EDTA. They are, thus, located in the
interior of the ribozyme where they would be expected to be if the metal ions they
reflect bury phosphate oxygens [44]. In a three-dimensional model of the bacterio-
phage T4-derived td intron and in the crystal structure of the P4P6 domain of the
Tetrahymena LSU intron [45], cleavage sites separated in secondary structure come
together in three-dimensional space to form several distinct pockets (see figures 8
and 9 in [39]). There is also very good agreement between nucleotides cleaved by
Fe?* and nucleotides close to metal ions determined by phosphorothioate substitu-
tion [46—48] metal-hydroxyl cleavage [49], or X-ray crystallography [45]. Figure 15.2
shows cleavage sites in the hinge region of the P4P6 domain coincide nicely with a
diffusely bound metal ion that was predicted from microenvironment analysis [50],
but not observed in the crystal structure [45].

15.2.2
Fe?* -mediated Tetracycline-directed Hydroxyl Radical Cleavage Reactions

This method describes the identification of tetracycline-binding sites on rRNA in
70S ribosomes of Escherichia coli [42]. Hydroxyl radical cleavage of the RNA in the
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Fig. 15.1. Mapping the Fe?" cleavage sites also shown. The respective final concentrations
in the Tetrahymena LSU group | intron. of Mg?*, as well as the presence (+) or
Autoradiogram of a 6% denaturing poly- absence (—) of Fe?t, sodium ascorbate and
acrylamide gel with 5’-end-labeled Tetra- H,0O; are displayed above each lane.
hymena L-21 RNA cleaved with 10 uM FeZ*+ Renatured RNA is in lanes 2, 4, 8, 10 and 12;
(lanes 7 and 9), 250 uM Fe?* (lane 8 and denatured RNA in lanes 1,3, 7,9 and 11.
10) or with 250 uM Fe?* /500 uM EDTA (lanes  Secondary structure elements cleaved by Fe?t
11 and 12). Controls with untreated RNA are marked on the right. Sequencing markers

(lanes 1 and 2) and in which Fe?* was omitted are AH (alkaline hydrolysis) and G (RNase T1).
(lanes 3 and 4), as well as competition of Fe?* Reprinted from [39].
cleavage by 50 mM Mg?* (lanes 9 and 10) are
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3! 5, 5! 3!

Fig. 15.2. Correlation between a com- elements indicated. Site 2 (gray sphere) is a
putationally predicted Mg?*-binding site and  potential diffusely bound Mg?" site [50] and
Fe?" cleavage sites in the Tetrahymena P4P6 possible coordinating residues are displayed
domain. The phosphodiester backbones of the as thin gray sticks. Residues that are cleaved
two RNA strands in the hinge region of the by Fe?* are shown as thick black sticks.

P4P6 domain of the Tetrahymena LSU group | Coordinates were taken from the RCSB entry
intron are shown as closed white ribbons with ~ Thr2 [60] and table 3 of [50].
their polarity and the secondary structure

vicinity of bound tetracyclines is detected by primer extension. Fe?"-mediated hy-
droxyl radical cleavage of the 70S ribosome is carried out similar to the method de-
scribed above. Tetracycline solutions have to be prepared freshly.

Hydroxyl radical cleavage

e Add 4 pl of a ribosome solution (5 pmol ribosomes in a buffer containing 5 mM
MgCly) to 1 pl of a 10 x tetracycline stock solution of the final tetracycline
concentration.

o After addition of 2 ul 5 x cleavage buffer (1 x CB: 25 mM MOPS-KOH, pH 7.0;
3 mM MgCly; 400 pM spermidine), incubate for 30 min at 37 °C followed by 10
min incubation at room temperature.

e Add 1 pul of 1.25 mM FeCl, to the reaction tube and mix by centrifugation.

e Incubate for 1 min before adding 1 pl of 6.25 mM sodium ascorbate.

o After 1 min, add 1 pl of 6.25 mM H,0; to initiate the reaction and mix rapidly.
The final concentrations are 125 uM for Fe?* and 625 uM for both sodium ascor-
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bate and H,0, in the presence of 5 mM Mg?*. The cleavage reaction is stopped
after 1 min by the addition of thio-urea to a final concentration of 100 mM. The
RNA is precipitated with 1 pl glycogen (10 pg/ul), 5 pl sodium acetate (3 M) and
60 pl 96% (v/v) ethanol.

Mg2* competition of Fe?* cleavage

To assure that Mg?* and Fe?* share the same or overlapping binding sites it is es-
sential to carry out a Mg?" competition experiment. The range of Fe?*:Mg?* ratios
necessary for cleavage competition depends on the respective affinities of Fe* and
Mg?* to the appropriate binding site. In case of tetracycline, Fe?* binds 100-fold
more tightly than Mg?* [41].

Mg2+ competition of Fe?*-mediated cleavage

* Mix equal volumes of a 2.5 mM FeCl, solution and a Mg?* stock solution. Notice
that to achieve the desired Mg?* concentration for competition, you have to take
into account the Mg?* already present in the reaction when calculating the Mg?*
concentration of the stock solution. In this case, for a final MgCl, concentration
of 10 mM, e.g. mix 50 pl of 2.5 mM FeCl, and 50 pl of 140 mM MgCl,. Then 1 pl
of the Fe?*/Mg?* mixture is pipetted into the reaction tube and the cleavage
reaction continued as above. The total reaction volume is 10 pl and a combined
Mg?* concentration of 10 mM is obtained by 3 mM originating from the native
cleavage buffer and 7 mM resulting from the added Fe?*/Mg?* mixture.

Extraction of rRNA
The rRNA has to be extracted for the following primer extension analysis.

¢ Resuspend the pellet obtained after the ethanol precipitation in 200 ul ribosomal
extraction buffer [REB: 0.3 M sodium acetate; 0.5% (w/v) SDS; 5 mM EDTA] at
room temperature.

e In order to remove ribosomal proteins, carry out a phenolization followed by an
isoamylalcohol/chloroform (1:24; v/v) treatment. Repeat this procedure twice.
 After an ethanol precipitation, resuspend the RNA in Millipore water and re-
move residual phenol by diethylether treatment. After a final ethanol precipita-

tion, the RNA is resuspended in 10 pl Millipore water.

Primer extension and gel electrophoresis
Primer extension reaction and gel electrophoresis can be carried out as described
in Chapter 14.

Mapping tetracycline binding to ribosomes by drug-directed Fenton cleavage of 16S
rRNA

We identified three prominent Fe?"-mediated cleavage sites in the 16S rRNA in the
presence of tetracycline. All cleavage sites are in good agreement with published
data for tetracycline from genetics [51, 52], biochemistry [53-55] and crystallogra-
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phy [56, 57]. They are located in helices 29 (A1339-U1341) and 34 (C1195-A1197),
and in the internal loop of helix 31 (A964-A969) (helical numbering according to
[58]). Figure 15.3(B and C) shows sections of denaturating polyacrylamide gels
with cleavage sites mapped to tetracycline binding site-1 which is formed by h31
and h34. According to crystal structures of 30S subunits complexed with tetra-
cycline [56, 57], the affected bases overlap with bases within 10 A distance of tetra-
cycline bound to site-1 (Fig. 15.3A) and tetracycline binding site-4 which is formed
by h29 (data not shown).

15.3
Comments and Troubleshooting

Free Fe?" is present in a large molar excess over the target RNA. Thus, much of
the Fe?" will not be bound to RNA, but will be free in solution where it can also
generate hydroxyl radicals. Like Fe?t/EDTA-generated hydroxyl radicals, they will
cleave the target RNA non-specifically at all surface-exposed positions. This bulk
cleavage will reduce the signal to noise ratio, but can be compensated by increas-
ing the amount of target RNA in the reaction mixture. We typically used 500 ng
of the group I intron RNA for cleavage with 250 uM Fe?*. For cleavage of yeast
tRNAPPe the final cleavage assay contained 10 pg RNA, 10 mM Mg?* and 1 mM
Fe?" (C. Berens and R. Schroeder, unpublished). We have not performed experi-
ments with higher RNA amounts or Fe?* concentrations.

To statistically ensure only a single cleavage event per RNA molecule, about 70%
of the population should remain uncleaved after the reaction [59]. We achieve
this with Fe?":Mg?*" ratios of 1:10 to 1:20 for the native group I introns or with
very low Fe’" concentrations (10 uM) for the non-folded ribozymes in the ab-
sence of divalent metal ions. Higher ratios lead to increased unspecific degrada-
tion of the RNA, lower ratios to reduced cleavage intensity as a result of the com-
petition between Fe?* and Mg?t for the metal-ion binding sites. Due to the
limitations on total RNA and Fe?* that can be added to a reaction assay, this
reduces the Mg?" concentrations that can be used for Fenton cleavage to a
maximum of 10-20 mM. For RNA molecules that require higher Mg?" con-
centrations for correct folding, it should be attempted to reduce the divalent
cation requirement by substituting spermine and spermidine for Mg?*. These
polyamines do not affect the cleavage reaction (C. Berens and R. Schroeder,
unpublished).

Within the limits described above, the native cleavage buffer and the de-
naturation/renaturation conditions should be adjusted to the requirements of
the respective RNA molecule to be probed. For selection of buffer conditions, it
is necessary to keep in mind that some buffer additives (EDTA) or reducing re-
agents (DTT, 2-mercaptoethanol) might scavenge radicals generated by the cleav-
age reaction.

Differences in the reaction conditions for cleavage with Fe?* or with Fe?*/
tetracycline indicate that the concentrations of the three chemical species (Fe?*,
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Fig. 15.3. Fe?*-mediated hydroxyl radical

cleavage of the 16S rRNA. (A) Surface
structure of tetracycline complexed with Mg?*
(shown as a grey sphere) bound to the
ribosomal binding site-1 which is formed by
helix 34 (h34) and the internal loop of helix 31
(h31 [57]). The phosphodiester backbones of
RNA strands containing bases that are
attacked by hydroxyl radicals are shown as
closed black ribbons, the unaffected backbone
strand is shown as a light grey ribbon.
Residues that are cleaved by Fe?* are shown
as black sticks. Bases 964, 969, 1196 and 1197
are marked for orientation. Coordinates were
taken from the RCSB entry 1197 [57]. (B)
Autoradiograph of a polyacrylamide gel
showing cleavage sites in the internal loop of

h31. (C) Cleavage sites in h34. Lanes A, C, G,
U: dideoxy sequencing lanes; R: unmodified
RNA; N: control in which Fe?" was omitted; H:
Fe?*/H,0, cleaved RNA in the absence of
antibiotics; Tc: unmodified RNA in the
presence of 100 uM Tc and H,0O,; Tc1-100:
Fe?*/H,0, cleavage in the presence of 1, 3,
10, 30 and 100 uM Tc. Lines left of the
sequence indicate regions of Fe?*-mediated
hydroxyl radical cleavage. E. coli 70S ribosomes
were incubated with different amounts of
tetracycline and treated with Fe?" /H,0, as
described in Section 15.2. Cleavage sites were
detected by primer extension and analyzed by
electrophoresis on a denaturating 10%
polyacrylamide gel.
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sodium ascorbate and H,O,) might have to be varied to optimize the generation
of hydroxyl radicals. We generally recommend using equimolar amounts of so-
dium ascorbate and H,0,. For naked RNA, it is not necessary to precipitate the
5’- or 3’-labeled RNA for initial evaluation and optimization of the experimental
protocol. Addition of an equal volume of denaturing loading buffer and immedi-
ate electrophoresis gives data of sufficient quality. However, a purification step is
still recommended for final mapping of the cleavage sites and for quantification
of cleavage intensity.

An incubation time of 1 min before the addition of sodium ascorbate and H,0,
was the shortest period of time in which the six reaction tubes that fit into the
tabletop microcentrifuge could be manipulated easily. Extending the incubation
time for Fe?* and sodium ascorbate to 10 min did not lead to different cleavage
patterns. The extension of the reaction time after the addition of H,O, might in-
crease cleavage intensities. However, we recommend changing the FeCl, concen-
tration if the extent of cleavage intensity should be altered.

Do not pre-mix the sodium ascorbate and FeCl, solutions before adding them to
the RNA, as they will form a chelate-complex that effectively titrates the Fe?* in
the reaction mixture.

It is necessary to perform control experiments with Fe?* and H,0, in the ab-
sence of tetracycline, in order to distinguish between tetracycline-mediated cleav-
age and cleavage caused by metal ions (either bound to specific binding pockets
or diffusely associated with the surface of the RNA). Tetracycline is known to
bind RNA unspecifically. This may lead to additional, unspecific cleavage sites
at high concentrations. It is therefore advisable to titrate the reaction with tetra-
cycline. In addition, one control should contain the highest amount of tetra-
cycline used in the titration in the absence of Fe?* and H,0, since binding of
tetracycline to RNA could cause a stop of reverse transcription. For all controls,
the compound omitted is substituted by Millipore or double-distilled water.
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16
Measuring the Stoichiometry of Magnesium
lons Bound to RNA

A. J. Andrews and Carol Fierke

16.1
Introduction

RNAs are large polyanions containing negative charges on the many backbone
phosphodiester groups that interact with positively charged ions in the solution by
charge—charge, or Coulombic, interactions [1]. This Coulombic field of negative
charge attracts large numbers of positively charged counter-ions. These counter-
ions typically consist of both monovalent ions, such as potassium or sodium, and
divalent ions, such as magnesium. These ions can both loosely associate with the
phosphodiester backbone of RNA mainly by electrostatic interactions, forming an
“jonic cloud”, or form specific interactions with the RNA backbone and bases to
bind in a unique position [2]. Specific binding sites can include direct coordination
of the cation by the RNA (inner-sphere interaction) or a hydrogen bond contact via
a coordinated water molecule (outer-sphere interaction).

In this chapter we present a method to measure the total number of divalent
magnesium ions, including ions that are either specifically or electrostatically
bound, that interact with an RNA molecule under a given set of conditions. This
method can be useful for determining how the composition of the electrostatic
cloud is affected by solution conditions, and whether changes in the RNA structure
or the addition of protein cofactors affect the number and composition of interact-
ing ions [3]. For instance, alteration of a nucleotide in RNA or addition of a protein
component may reduce the total ionic charge of the RNA and, therefore, the
number of associated magnesium ions. Quantification of the number of ions that
bind or interact with polyanions, such as RNA or DNA, becomes more difficult as
the size of the polyanion, and therefore the number of bound ions, increases. In
some cases, ions bound to the RNA can be distinguished from free ions using
spectroscopic analysis, e.g. electron paramagnetic resonance spectroscopy has
been used to measure the binding of manganese ions to RNA [4]. However, a
more general approach is to physically separate the bound and free metal ions
and then determine the concentration of ions in both fractions.

The main methods for separating ions bound to large RNAs are gel-filtration
chromatography, equilibrium dialysis and forced equilibrium dialysis [5]. Forced

Handbook of RNA Biochemistry. Edited by R. K. Hartmann, A. Bindereif, A. Schén, E. Westhof
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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16.2 Separation of Free Magnesium from RNA-bound Magnesium

MEZ+

& \ >
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OH \fh

Fig. 16.1. The chemical structure of HQS binding to metal as
seen in the nickel crystal structure [10]. The magnesium—-HQS
complex is assumed to have a similar structure.

dialysis has given the most consistent results and is the easiest to perform; there-
fore this method will be the main focus of this chapter. Once the bound and
free ions are separated, the total concentration of ions in each sample can be mea-
sured using a number of techniques [inductively coupled plasma emission mass
spectrometry (ICP-MS), atomic absorption or fluorescent dye binding|, but most
require expensive equipment and in-depth training, except for the fluorescent
methods. A number of fluorophores have been used to detect metal ions including
8-hydroxyquinoline-5-sulfonic acid (HQS). HQS at neutral pH is minimally fluo-
rescent, but becomes highly fluorescent upon binding to magnesium and forming
a magnesium-8-quinolinol complex (Fig. 16.1). Here, we describe in detail the use
of the fluorophore HQS for determining magnesium concentrations following the
separation of bound and free magnesium ions.

16.2
Separation of Free Magnesium from RNA-bound Magnesium

Equilibrium dialysis is still the best way to separate small molecules from ones as-
sociated with larger molecules under equilibrium conditions. While numerous
methods of dialysis exist, from the traditionnal simple dialysis tubing to fully auto-
mated machines, the deciding factors are the concentration and volume of RNA
required, and the amount of time needed for the dialysis experiment to reach equi-
librium. Long equilibration times and large volumes often limit traditional equilib-
rium dialysis experiments. The ideal method would use a small amount of sample,
have a high degree of precision and be rapid. Forced dialysis is an equilibrium
method with shorter equilibration times and smaller volumes than traditional dial-
ysis methods. While new and more advanced methods for the dialysis of small
samples are available, the use of ultrafiltration devices provides a quick and cheap
alternative.
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16.3
Forced Dialysis is the Preferred Method for Separating Bound
and Free Magnesium lons

The main advantages of forced dialysis compared to conventional dialysis are: (1)
equilibration occurs in the absence of a dividing membrane, which significantly
decreases the amount of time needed to reach equilibrium, (2) small volumes (ap-
proximately 100 ul) of sample are required, and (3) separation of the free and
bound molecules is rapid. The forced dialysis method is accomplished by first al-
lowing the sample to equilibrate at a given set of experimental conditions in the
absence of a separating membrane. Separation is then carried out after equilib-
rium is reached. A simple method for carrying out this separation is to use a Mi-
crocon centrifugal filter device (Millipore, Billerica, MA; www.millipore.com) or
other similar products. Microcon filter devices are manufactured with membranes
that limit the size of the nucleic acid that can pass through the pores, with limita-
tion sizes of 10-300 single-stranded nucleotides. Liquid is forced through the
membrane by centrifugation (up to 14 000 g) which separates unbound small mol-
ecules from those associated with the larger nucleic acid (Fig. 16.2). Furthermore,
equilibrium is maintained throughout the experiment as the concentration of un-
bound ligand remains constant. Two important notes are that Microcon devices,
as manufactured, contain a small amount of glycerin in the filter and the filter
has roughly 10 pl retention volume. Before beginning any dialysis experiment, it
is necessary to confirm that your ligand of interest can pass through the mem-
brane easily and that neither component will preferentially bind to the dialysis
membrane.

The success of this experiment also depends significantly on the purity of the

Forced dialysis method

centrifugation
' | |
g ;\ retentate
|
flowthrough
Fig. 16.2. A cartoon illustrating the forced amount of liquid is forced through the dialysis

dialysis method. Squares represent magnesium membrane. The retentate contains the bound
ions and larger lines are RNA molecules. After magnesium plus the free magnesium and the
enough time has elapsed to reach equilibrium, flow-through contains only the free magnesium
the device is centrifuged so that a small jons.



16.3 Forced Dialysis is the Preferred Method for Separating Bound and Free Magnesium lons

RNA and the reagents. RNA samples should be as clean as possible, with both con-
taminating metals (i.e. magnesium) and chelators (i.e. EDTA) removed. All solu-
tions should be prepared using metal-free tubes and pipette tips. Buffers should
be as close to physiological or assay conditions as possible, with close to neutral
pH, low monovalent salt concentrations and varying concentrations of magnesium
ions. All small molecules with high affinity for magnesium, such as EDTA, should
be removed. Excess metal ions can be removed from microfuge tubes by soaking in
100 mM EDTA overnight followed by extensive washing with metal-free water. To
remove the glycerin found in the membranes, the device should be washed by cen-
trifugation of at least 500 pl of metal-free water followed by the same amount of
buffer. The RNA should be prepared and refolded as usual, although the magne-
sium concentration should be kept as low as possible.

The minimum concentration of RNA needed for this experiment is dependent
on both the binding affinity for magnesium and the stoichiometry for magnesium.
There must be sufficient RNA to bind enough magnesium ions such that the total
magnesium concentration ([Mg ]t = [Mg?" Jbound + [Mg?" ]fee) is greater than
the free magnesium concentration alone. The following equation (1) demonstrates
that for a stoichiometry (n) of 1 and K;, of 1 mM, the concentration of RNA would
need to be 1 mM to see a 2-fold difference between the bound and free fractions:

[RNA i Mg2+] _ n[Mg2+] (1)
[RNA]total ([Mgzﬂ + Kl/Z)

However, most RNAs have a stoichiometry for bound Mg?* that is much higher
than 1, which lowers the required concentration of RNA. For instance, if n = 100
and K;/; =1 mM, then only 20 uM RNA is required to achieve equal concentra-
tions of free and bound magnesium. Therefore, as the size of the RNA and the
resulting Coulombic field increases, the concentration of RNA required to see a
measurable difference in fluorescence decreases. The number of metal ions bind-
ing to RNA can be estimated to be between 0.3 and 0.7 M2*/nt [3, 6].

To initiate the experiment, the RNA is diluted into buffer containing magne-
sium. A recommended buffer volume for this experiment is 100 pl, but this de-
pends on the size of the filter apparatus. This allows for the removal of sufficient
volume for the analysis of free magnesium without changing the RNA concentra-
tion by a large amount. The half-time for equilibration can be estimated from the
Kp and a reasonable guess as to the association rate constant (k,), assuming a sim-
ple two-step binding reaction, as shown in Eq. (2):

. _Im2_ 0693 2
Y ko ka(Mg? ]+ Kp)

Even assuming a value of Kp of 1 pM and a slow second-order association rate con-
stant of 1 x 10° M~! 57!, the calculated t;/, is 3 s suggesting that a 30-s equilib-
rium time should be sufficient. In practice, the best way to test whether the incu-
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bation time is adequate to achieve equilibrium is to demonstrate that doubling (or
halving) the equilibration time does not alter the final result.

Once equilibrium is reached, the sample can be added to the pre-washed Micro-
con device. After adding the RNA to the device, centrifuge the Microcon at 7000 g
until a small volume has passed through (around 50 pl). The flow-through can
then either be added back to the Microcon or replaced with an equal volume of
the original magnesium buffer. Allow the reaction mixture to re-equilibrate (i.e.
15 min at 25 °C) then spin again at 7000 g to collect the flow-through containing
only the free magnesium. This sample should be a small percentage (20% or less)
of the total volume. This [Mg?* ] sample is ready for analysis and the [Mg?* ]l
sample can be obtained directly from the solution that is retained in the top of the
Microcon.

16.4
Alternative Methods for Separating Free and Bound Magnesium lons

Size exclusion chromatography and equilibrium dialysis are alternative methods
that can be used to separate free from bound magnesium ions. In all cases, care
needs to be taken to make sure all solutions have no other divalent metals beside
magnesium and no magnesium chelators.

Gel filtration columns using size-exclusion matrices such as Sephadex G-50 and
others can be used to separate small molecules from large RNAs. However, even
small columns take on the order of 5 min to run which allows ample time for re-
equilibration of the metal ions during the separation. An alternative rapid separa-
tion method is gel-filtration spin columns [7, 8]. Using the gel-filtration spin col-
umns, separation can be accomplished on the order of seconds, which greatly
reduces the likelihood of re-equilibration during separation. However, for micro-
molar binding constants, the dissociation rate constant for metal ions from RNA
could be on the order of 1-10 s™! (t;/, = 0.1-1 s) indicating that re-equilibration
can occur on the same time scale as the separation by spin column method.
Therefore, this technique is only applicable for very tight or slowly equilibrating
magnesium-binding sites.

Equilibrium dialysis is probably the most well-known and common method of
determining the stoichiometry and affinity of ligand binding sites. Equilibrium di-
alysis is often quite slow, taking many hours to complete since movement through
the membrane can be slow [7]. Therefore, it is important to test both the magne-
sium equilibration time and the RNA stability. As before, great care should be
taken to make sure that all solutions and tubes are free from metals or chelators
that could interfere with the experiments as well as contaminating RNase. There-
fore, the equipment used should be autoclaved if possible and then soaked in 70%
ethanol followed by a 100% ethanol wash. After choosing the correct dialysis mem-
brane, the next important step is to determine the equilibration time. This can be
estimated from measuring the time required for a magnesium solution to reach
equal concentrations in both chambers of the equilibrium dialysis apparatus in
the absence of RNA. After the dialysis experiment is complete, the RNA should
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be analyzed by gel electrophoresis to determine the extent of degradation that has
occurred.

16.5
Determining the Concentration of Free Magnesium in the Flow-through

Magnesium standards should be made in the same buffer concentrations as the
RNA being tested. The magnesium standards will be used to make a standard
curve to determine the concentration of magnesium in the sample. Three very im-
portant factors need to be addressed in the use of HQS to measure bound magne-
sium. (1) The RNA needs to be denatured to prevent high affinity sites from com-
peting with HQS for binding Mg?". Therefore, guanidine-HCl is included in the
assay buffer (5 M guanidine). (2) The pH should be near neutral since, at high pH,
HQS ionizes which increases the background fluorescence and decreases the sen-
sitivity of the metal analysis. (3) HQS should be in high enough concentration to
completely bind the available magnesium ions. Therefore, the HQS concentration
should be much larger than both the magnesium dissociation constant (Kp) and
the [Mg?*]. In summary, the recommended assay conditions are 5 M guanidine—
HCI, 0.1 M Tris, pH 8 and 2 mM HQS. A small volume of the sample to be tested
(20 ul or less) is mixed with 150 pl of the HQS solution and the fluorescence is
then measured in a 120-pl cuvette at 25 °C. The excitation wavelength is set at
397 nm and the emission wavelength is 502 nm. At this point, the experimentally
determined fluorescence can be compared to the standard curve of fluorescence
as a function of magnesium concentration under the exact same conditions to
calculate the concentrations of magnesium ions in the experimental samples. See
Fig 16.3.

i
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7 Mg-HQS /v Mg-HQS
3 5 rh
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Fig. 16.3. The excitation and emission spectra NY) by exciting the flourophore at 397 nm. The
of MgZ*—HQS with the emission spectra of slit width for both excitation and emission
HQS shown as a reference. The spectra were  spectra was kept at 8 nm. The sample was
collected on an Amico-Bowman Series 2 placed in 0.1 M Tris, pH 8, 2 mM HQS and

spectrometer (ThermoSpectronic, Rochester, with or without T mM magnesium at 25 °C.
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16.6
How to Determine the Concentration of Magnesium Bound to the RNA
and the Number of Binding Sites on the RNA

In the forced dialysis method, the concentration of bound magnesium ions
[Mg?*Jpound can be calculated by subtracting the concentration of free magnesium
[Mg?*]gee determined from the flow-through from the total magnesium concentra-
tion [Mg?* | oral determined from the retentate. Similarly, in a standard equilibrium
dialysis experiment the concentration of bound magnesium can be determined by
measuring the difference between the magnesium concentration on the two sides
of the dialysis membrane. The [Mg?"]ge is measured on the side without the
RNA, while the concentration on the side with RNA equals the combination of
RNA-magnesium and free magnesium ([Mg?"|pound + [Mg%"]icc). Therefore the
concentration of bound magnesium ions can be determined by subtracting the
magnesium concentration on the “free” side from the concentration on the side
with the RNA:

[Mg2+]bound = ([Mg2+]bound + [MgZJr}free) - [Mg2+]free (3)

As stated before, important control experiments include demonstrating that the
membrane does not bind significant magnesium ions and that the RNA of interest
does not affect the determination of the magnesium concentration. If the RNA
competes with HSQ for binding magnesium, you can either: (1) decrease the mag-
nesium affinity of the RNA by adding RNase, (2) measure the standard curve for
magnesium in the presence of a known concentration of the competing RNA or
(3) estimate the bound magnesium solely from the free magnesium by subtracting
two times the free magnesium [Mg?*]g.. from the total magnesium added:

[Mg2+]bound = [Mg2+]total - Z[Mg2+]free (4)

Once the concentrations of bound and free magnesium are determined at different
magnesium concentrations, the Kj, for magnesium binding and the stoichiome-
try, n, can be determined by fitting Eq. (5) to these data (Fig. 16.4) [3, 7]. This anal-
ysis assumes that the magnesium is binding to the RNA via multiple, independent
binding sites [5], where v equals magnesium bound divided by total RNA added.
This assumption can be tested by making a Scatchard plot where v/[Mg?"];.. is
plotted versus v; the slope of a linear fit equals 1/Ky/, (Eq. 6). If only one type of
site is observed, the Scatchard plot will be linear. If multiple types of binding sites
are observed, the Scatchard plots will not be linear [5]. In the case of most large
RNAs, the ratio of specifically bound ions to loosely bound or interacting magne-
sium ions is so small that only one class of ions will be seen.

n[Mg”
. (gﬂﬁé]f)) (5)

Ky,
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Fig. 16.4. A plot showing the amount of magnesium bound
to the RNase P holoenzyme at various concentrations of
magnesium ions determined using the forced dialysis method
[3] The stoichiometry of magnesium bound to the holoenzyme
is 160 Mg?" per enzyme and the K, is 1.5 mM [3].

The data can also be plotted as a Scatchard plot which results in a linear correlation:

v _mn__v
[Mg*"] Kip  Kip

free

(6)

In this analysis we have made the assumption that magnesium ions will bind to
RNA in a non-cooperative fashion (Eq. 1). However, if the Mg?~ ions bind cooper-
atively, the fraction of magnesium bound to RNA will be described by Eq. (7), so
that the binding can be measured and analyzed in a manner similar to what has
been described for non-cooperative binding.

[RNA i Mg2+] _ [Mgzﬂ (7)
[RNA]total ([Mg2+} " + K1/2)

16.7
Conclusion

This method is a straightforward way to quantitate the number of metal ions di-
rectly interacting with RNA by using common laboratory equipment. The impor-
tant step in this method that is missing in other systems is the separation of free
and bound magnesium ions. Other systems add HQS directly to the RNA and
measure competition of the two ligands for the magnesium ions [9]. While these
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methods may work for one or two binding sites, the analysis of this type of compe-
tition experiment becomes extremely complicated as the number of binding sites
increases. The measurement of the number of metal ions interacting with an
RNA molecule under various conditions will advance our knowledge of RNA-
metal interactions and will be useful for testing the validity of RNA modeling
techniques.

16.8
Troubleshooting

(1) If you are using Microcons, make sure that you have removed the glycerol
from the filter and you have not exceeded the maximum g force.

(2) Confirm that RNA, but not magnesium, is retained by the membrane and that
neither RNA nor magnesium sticks to the membrane.

(3) Make sure that all of the solutions, tips and tubes are free from contaminating
metals, chelators and RNases.

(4) Determine that the RNA is folded and stable throughout the experiment.

(5) Demonstrate that the reaction was incubated for sufficient time to reach equi-
librium. Make sure that the magnesium in the experimental samples is deter-
mined under exactly the same conditions as the magnesium standard curve
(buffer, temperature, wavelengths, voltage, etc.).
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Nucleotide Analog Interference Mapping

and Suppression: Specific Applications in Studies
of RNA Tertiary Structure, Dynamic Helicase
Mechanism and RNA-Protein Interactions

Olga Fedorova, Marc Boudvillain, Jane Kawaoka
and Anna Marie Pyle

17.1
Background

17.1.1
The Role of Biochemical Methods in Structural Studies

Recent advances in structure determination of RNA and RNA-protein complexes
by diffraction and NMR methods have radically expanded our understanding of
RNA architecture [1-5]. Due to the complexity and resolution of these structures,
the role of accompanying biochemical studies for construct design, testing of func-
tion and, ultimately, for interpretation of high-resolution structural data has never
been greater. Classical methods such as photo-crosslinking, footprinting and chem-
ical modification interference remain powerful tools [6]. However, a new set of
biochemical tools for high-resolution structure determination and testing is now
available in the form of Nucleotide Analog Interference Mapping (NAIM) and Nu-
cleotide Analog Interference Suppression (NAIS) [7-10]. These methods are based
on the selection for functionally active RNA molecules. Structural constraints pro-
vided by NAIM/NAIS experiments are uniquely powerful because they reflect the
active RNA conformation. Therefore data from NAIM/NAIS experiments are par-
ticularly informative for meaningful structure—function analysis. NAIM and NAIS
also provide biochemical data at an unprecedented level of resolution, as they inter-
rogate individual atoms, and predict specific hydrogen bonds and RNA interaction
motifs [9-12].

Even if it were possible to solve the crystal structure of every interesting RNA,
the classical and NAIM/NAIS methods would remain essential, complementary
approaches. The biochemical approaches can help distinguish functionally relevant
structural information from crystal packing artifacts. NAIM and NAIS can probe
whether hydrogen bonds predicted from crystallographic studies are actually im-
portant for molecular function or activity [5]. When a crystal structure provides im-
portant clues about catalytic mechanism, chemical details and models can be
probed through biochemical methods. Finally, the very success of crystallographic
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studies often rests on the ability to design a functional construct that is capable of
crystallizing. Biochemical methods guide in the identification of stable RNA struc-
tural domains and provide tests for activity of the resultant RNA. Thus, at all stages
of investigation, high-resolution RNA structure determination is aided by a diverse
arsenal of biochemical methods.

There remain many important RNA molecules that have eluded high-resolution
analysis by diffraction and NMR. Even if one form of a structure is known, there is
often no information about alternative molecular conformations that are important
for function. High-resolution information is often found for small, stable sub-
domains of larger molecules which, in their intact form, have not been possible to
crystallize [13]. Thus, there remains ample room for the application of biochemical
methods in structure determination and modeling. A diversity of methods have
historically been used to provide distance constraints and to elucidate long-range
tertiary interactions [14—16]. This type of information has facilitated the construc-
tion of three-dimensional (3-D) models for RNA molecules. While methods such
as UV crosslinking and footprinting have been valuable tools in modeling efforts,
they are unable to differentiate active from inactive conformations of a molecule
and they are not applicable for testing the role of specific RNA functional groups.
Thus, there has been a need for biochemical approaches that provide functional in-
formation at high resolution.

Mutational analysis has traditionally been a powerful tool for elucidating the con-
tribution of functional groups in an RNA [17]. In these studies, the identity of an
entire nucleobase is changed or, in a more precise adaptation, a single functional
group is altered. The latter modifications are incorporated through chemical syn-
thesis of RNA (if the RNA is no longer than around 50 nt) or by a combination
of chemical and enzymatic syntheses (for longer RNAs). The modified species are
then analyzed for function in parallel with unmodified RNA (i.e. to evaluate bind-
ing or a reaction of interest). The relative importance of the functional group is
then determined from the difference in activity between modified and unmodified
molecules. This approach necessitates the synthesis of many different modified
RNA molecules, in which important atoms are changed one at a time. The system-
atic screening of functionalities by this method requires an enormous synthetic
effort. The approach has been successfully applied in many cases, including the de-
termination of tertiary interactions between the group I intron core and its sub-
strate helix [18], and the identification of catalytically important functional groups
on domain 5 of a group II intron [17]. However, the method is simply inapplicable
for screening the importance of functional groups throughout large RNA mole-
cules such as group II introns, which are often around 1000 nt in length.

The problem of identifying specific RNA atoms that are essential to function is
solved by NAIM. In a single experiment, this method screens a combinatorial li-
brary of modified RNA molecules for atoms that are important for function. The
RNA of interest is prepared by in vitro transcription in the presence of a nucleoside
analog thiotriphosphate that contains desired sugar or base modifications. Because
it is susceptible to cleavage by iodine, the phosphorothioate linkage serves as a tag
that reflects the location of an important modified residue. As the first application
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Fig. 17.1.  Evolution of NAIM methods: from sequencing to the analog interference approach.

of phosphorothioate tagging, Gish and Eckstein reported a technique for RNA and
DNA sequencing that was based on selective susceptibility of a phosphorothioate
linkage to iodine cleavage (Fig. 17.1) [19]. The method originally employed iodo-
ethane as an activating agent, which alkylated the sulfur, thus making the phos-
phorus more susceptible to a nucleophilic attack by an adjacent 2’-OH group fol-
lowed by strand scission [19]. Iodoethane has since been replaced by ethanolic
iodine solution. The exact mechanism of iodine interaction with the phosphoro-
thioate linkage has never been studied in detail, contrary to iodoethane cleavage
where all the possible pathways and products have been thoroughly investigated
[19]. The putative mechanism of iodine cleavage, assuming that it is similar to
iodoethane cleavage, is shown in Fig. 17.2.

Although not discussed further here, it is notable that these investigators also
proposed a similar method for chemical probing of DNA. In that case, iodoethanol
replaces iodine as the activating electrophile. While the nucleophile for strand scis-
sion of RNA is the adjacent 2’-OH group (Fig. 17.2), in DNA it is the hydroxyl
group of the ethanol moiety [20].

The phosphorothioate tagging method quickly evolved when several research
groups realized that it could be coupled with a selection to identify functionally im-
portant phosphate groups in an RNA (Fig. 17.1) [21-24]. The approach was taken

Phosphorothioate
interference

Analog
interference
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Fig. 17.2. The putative mechanism of cleavage leaving group. Products of interest, which

of phosphorothioate-modified RNA by iodine. ~ make this reaction applicable for NAIM/NAIS,
lodine electrophilically attacks the sulfur, thus  are formed as a result of strand scission. The
making phosphorus more susceptible to the actual reaction mechanism is still under
nucleophilic attack by the adjacent 2’-hydroxyl. discussion [19, 24].

Sulfur (path a) or oxygen (path b) can be the

yet to another level when it was expanded to include other nucleotide analogs that
contained sugar and base modifications [11, 25-30]. In this approach, i.e. NAIM,
the phosphorothioate linkage was still used as a tag, but it was incorporated along
with a second modification of interest on either the base or the sugar. After a selec-
tion step, the phosphorothioate linkage reported not only the positions of impor-
tant phosphate atoms, but also of other nucleotide atoms that influence function
(Fig. 17.1). Recent studies have applied NAIM to the analysis of RNA structural
motifs [11, 31], metal binding sites [32, 33] and mechanisms of ribozyme catalysis
[34-36]. NAIM subsequently evolved into NAIS, which permits the precise iden-
tification of tertiary interaction partners [9, 12, 28|. In combination, the two
methods now represent the most powerful biochemical method for RNA structure
determination and analysis.

17.1.2
NAIM: A Combinatorial Approach for RNA Structure—Function Analysis

17.1.2.1 Description of the Method
NAIM involves the following steps [7].

(1) Preparation, by in vitro transcription, of an RNA library that is doped with a
small population of modified phosphorothioate nucleotide analog.

(2) Selection and separation — a process of interest (i.e. binding, conformational
change or catalytic reaction) is used to separate active from inactive pools of
RNA.

(3) Visualization of interferences — iodine cleavage is used to detect the locations
of modified atoms that affect function (Fig. 17.3A). In order to detect cleaved
molecules, the RNA pool must be labeled at either the 3’ or 5’ terminus. In
some cases, precursor molecules are labeled after transcription [7, 8], while in
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other studies, functional molecules are radiolabeled during the selection step
[28].

In preparing the pool of randomly modified RNAs, the ratio of a thiotriphos-
phate analog to a corresponding unmodified nucleoside triphosphate in the tran-
scription mixture is adjusted so that the analog is incorporated with an efficiency
of one or two modifications per molecule. Incorporation levels of up to 5% are con-
sidered satisfactory [8]. For optimal efficiency of the polymerase and for ease of
analysis, only one modified analog is usually included at a time in a given tran-
scription reaction [7, 8].

A typical NAIM experiment is exemplified as follows. To determine the func-
tional importance of guanosine exocyclic amino groups in an RNA, it is tran-
scribed in the presence of inosine phosphorothioate nucleotide triphosphates. The
resulting pool of RNA molecules has a statistical probability of including a single
inosine substitution at each guanosine position in the RNA (Fig. 17.3A). The RNA
pool is then bound to another molecule or it undergoes a catalytic reaction of
interest. If the inosine modification is located at a position where it interferes
with binding or reaction, this RNA molecule will be depleted from the pool of
functional molecules. The fraction of reacted molecules is then separated from un-
reacted molecules using electrophoresis or an affinity column, although separation
methods vary widely depending on the application of interest. Then the reacted
fraction (functional pool) as well as the precursor RNA pool and/or the unreacted
fraction are treated with iodine and analyzed on a denaturing polyacrylamide gel
(Fig. 17.3A). If the modification at a certain position interferes with function, the
corresponding band will be missing or underrepresented in the lane that repre-
sents the pool of active RNAs (Fig. 17.3A). Since the phosphorothioate linkage it-
self can interfere with activity, all NAIM assays contain a control experiment where
only phosphorothioate is incorporated and its effects on function are analyzed in
parallel.

17.1.2.2  Applications

Identifying Atoms and Functional Groups Critical for Ribozyme Activity
NAIM has been widely used to map chemical groups that are important for the
catalytic function of ribozymes such as the group I intron [11, 26, 27, 37], group
IT intron ribozymes [28] and the hairpin ribozyme [29]. Applications to the study
of RNase P are discussed in Chapter 18.

Generally, the first insight into structural organization and 3-D architecture of
a large ribozyme is through phylogenetic analysis, which allows identification of
highly conserved nucleotides and, in some cases, tertiary interactions [38—40].
NAIM takes this type of approach to the next level and obtains information with
atomic resolution. Since most tertiary interactions involve a network of contacts
among sugar-phosphate backbone residues, traditional phylogenetic approaches
often fail to identify critical tertiary contacts. However, an alternative form of phy-
logenetic information can be obtained by comparing the NAIM profiles of ribo-
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zymes that belong to different organisms. This approach has been referred to as
“chemical phylogeny”, and it has been successfully applied to the elucidation of
universally conserved and alternative tertiary interactions in group I ribozymes

[37].

NAIM “Signatures” for Elucidation of RNA Structural Motifs

Although NAIM provides a map of chemical groups that are important for RNA
function, it remains challenging to translate this into concrete information on
RNA tertiary structure. One can distill the code of interference patterns into prob-
able types of structural motifs through judicious choice of modified nucleotides
and careful comparison with known structures. For example, if an adenosine resi-
due exhibits interference with 7-deazaAaS, m®AaS, PuraS and 2APaS, it is likely
to form hydrogen bonds from its Hoogsteen face [11, 41]. Similarly, if N?>-methyl
guanosine or inosine substitutions interfere with a specific guanosine, its minor
groove is likely to be involved in a tertiary interaction [27]. Further examples of
analogs are provided in Fig. 17.4 and in [8].

6 Azacytidine 5 Fluorocytidine Pseudaisocytidine Zehularine 8 Azaadencsine
NH, NH, 0
H N N
N =N /N N 4 NH /s NH
N ¢ ¢ | ¢ ]
\| N/) fr & T N)\NH? ||\| N//]\NHCH:,
Formycin 3-Deaza adencsine 6 Thioguancsine N2-Methyl guancsine

Fig. 17.4. Nucleotide analog o-thiotriphosphates synthesized
by the Strobel group. These analogs are not commercially
available, but can be synthesized using published protocols
[8, 64, 66]. Commercially available analogs can be found in
the Glen Research catalog (www.glenres.com).
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The growing number of RNA crystal and NMR structures provide an invaluable
library of known RNA structural motifs. From the hydrogen bonding patterns in
these motifs, one can predict a pattern of interferences with certain nucleotide ana-
logs and then screen an RNA of interest for such patterns. For example, using the
crystal structures of two different ribozymes [2, 42|, one can predict that a GAAA
tetraloop involved in an interaction with a cognate tetraloop receptor will exhibit 2’-
deoxy and 7-deaza adenosine interferences at the second and third adenosine posi-
tions of the loop. Such a pattern has been observed for a GAAA tetraloop on do-
main 5 of a group II intron, confirming its interaction with a cognate receptor in
domain 1 [28]. Another very common RNA packing motif is the A-minor motif,
which involves the interaction of an adenosine’s N', N and/or 2’-OH functional
groups with 2’-OH groups and the minor groove edges of a GC or a GU base pair
[43]. Using a combination of 2’-deoxy AaS and 3-deazaAaS analogs, Strobel et al.
have identified A-minor motifs in the active site of the group I ribozyme [10, 31].

Identifying Nucleobases Involved in Ribozyme Catalysis

Proton transfer represents an important catalytic strategy of many protein en-
zymes. General acid or base catalysis usually requires ionization of specific func-
tionalities, such as a histidine side chain. In some cases, the function of an impor-
tant side chain requires perturbation of its normal pK, [44]. An increasing number
of ribozymes have now been shown to effect catalysis via proton transfer [45-47]
and, in certain cases, this activity appears to be divalent metal-ion independent
[48-50]. This suggests that nucleobases themselves may be directly involved in
proton transfer during catalysis, particularly if they undergo a shift in pK, value.
The adenosine N'/N? and cytosine N* functionalities have most typically been im-
plicated, as they are most easily protonated. Strobel et al. have established special-
ized NAIM assays and analogs for identifying nucleotides with shifted pK, values
[34-36]. For this purpose, a series of adenosine and cytosine analogs have been de-
signed that probe pK, values at N* (Fig. 17.4). The resulting interference patterns
have then been studied as a function of pH [34-36]. Nucleotide positions that
show pH-dependent interferences with the new analogs are good candidates for
participation in catalysis via proton transfer. However, unambiguous conclusions
about direct involvement in catalysis cannot be made on the basis of NAIM alone.
There is always the possibility that an ionized nucleobase participates in a pH-
dependent tertiary interaction or folding event that is not directly involved in cata-
lytic activity.

Locating Metal-binding Sites in RNA

The incorporation of single phosphorothioates (Rp or Sp isomers) at certain posi-
tions, followed by kinetic analysis in the presence of magnesium versus different
thiophilic metal ions, has long been instrumental in establishing and characteriz-
ing catalytically important metal-binding sites in RNA [51-55]. When phosphoro-
thioate substitution results in a drastic decrease in catalytic activity that is rescued
by the addition of a thiophilic metal ion, such as Mn?* or Cd?*, then the corre-
sponding Rp or Sp oxygen is implicated in direct coordination with Mg?*. Ran-
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dom incorporation of phosphorothioate analogs through NAIM can be used to
screen for potential metal-binding sites. However, the experiment is limited to Rp-
phosphorothioates due to stereospecific incorporation of Sp-a phosphorothioate
NTPs by T7 RNA polymerase. This NAIM approach has been explored in a variety
of ribozyme systems [56-58], including the Tetrahymena group I intron [59]. Basu
and Strobel revisited this system and found that metal ion rescue of 2’-deoxy or
phosphorothioate interference effects may not always have been due to Mg?* coor-
dination [33], as metal binding at these sites was not confirmed by X-ray crystallo-
graphy. However, they found that reduction of Mn%* concentration to 0.3 mM
eliminates all non-specific rescue artifacts and produces data that were in a good
agreement with crystallographic results. Other thiophilic metal ions are sometimes
used in rescue experiments [22, 52, 53]. However, in some cases they can inhibit
ribozyme activity [60] or produce incomplete subsets of metal-binding sites [33].
The possibility of artifacts in metal rescue experiments underscores the need for
proper controls and cautious interpretation of metal rescue data.

NAIM is not limited to the detection of divalent metal ion binding sites. Strongly
associated monovalent ions can also be detected if they bind to a site through inter-
action with guanosine and uracil ketone groups. To probe for the presence of site-
bound potassium ion, RNA is transcribed in the presence of 6-thioguanosine
thiotriphosphate (Fig. 17.4) [32, 61]. If interference is observed, a metal ion rescue
experiment is attempted using thiophilic thallium ion, which has properties simi-
lar to those of potassium. This approach resulted in the identification of a unique
potassium-binding site located below the AA platform of a GNRA tetraloop recep-
tor [32].

Determining the Free Energy Contributions of Individual Functional Groups

on RNA

To identify RNA functional groups that are important for interacting with other
molecules, one can set up an NAIM experiment in which binding is used for selec-
tion. A free energy profile can be constructed for each site of interference by mea-
suring the magnitude of NAIM effects as a function of ligand concentration [62].
The efficacy of this approach has been successfully demonstrated on the signal rec-
ognition particle (SRP) system where the results obtained from NAIM experiments
were in good agreement with mutational analysis [62].

17.1.3
NAIS: A Chemogenetic Tool for Identifying RNA Tertiary Contacts
and Interaction Interfaces

17.1.3.1  General Concepts

Although NAIM is useful for identifying the locations of important atoms in an
RNA molecule, it does not provide information on how these atoms interact with
each other and it does not reveal tertiary interaction partners. However, by compar-
ing the NAIM profiles of a wild-type molecule with that of a mutant, one can dis-
cern patterns of energetic communication and tertiary contact in a system. This
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variation of the NAIM experiment, which is called NAIS, is generally carried out
after all interference (NAIM) data has been collected. The original NAIM patterns
are used as a guide for the design of mutants with a critical nucleobase or a highly
important atom altered, which are then produced by transcription or chemical syn-
thesis. The resulting mutants are usually much less reactive than wild-type RNA,
as important tertiary interactions are disrupted by introduced mutations.

In a two-part system for probing tertiary contacts along an interaction interface
between RNA molecules (Fig. 17.3B), one of the RNA molecules (RNA 1) is typi-
cally mutated. The other RNA molecule (RNA 2) is transcribed in the presence of
nucleotide analogs. The latter RNA is then screened for changes in its interference
pattern upon reaction with either the mutant or the wild-type versions of RNA 1.
Assume, for example, that the 2’-OH group of a nucleotide A in RNA 1 interacts
with the exo-cyclic amine of the guanosine residue at position B in RNA 2 (Fig.
17.3B) and that this interaction is critical for a selectable function. Upon reaction
with wild-type RNA 1, RNA 2 will exhibit strong interference with an inosine and/
or 2-methyl guanosine analog at position B. However, when RNA 2 reacts with a
mutant RNA 1 (under conditions altered to result in the same extent of reaction
as with wild-type RNA 1) that contains a single 2’-deoxynucleotide at position A,
the interaction between nucleotides A and B will have already been disrupted and
the penalty for this disruption will have already been paid in the form of lesser re-
activity by mutant RNA 1. Therefore, when RNA 2 interacts with the specified mu-
tant RNA 1, there will be no interference observed at position B (Fig. 17.3B). This
effect is generally referred to as “interference suppression”. Note that this is not a
“rescue”, because the disappearance of the interference effect is not attributed to a
restored interaction, but rather to elimination of an interaction partner.

17.1.3.2  Applications: Elucidating Tertiary Contacts in Group I and Group Il
Ribozymes

NAIS as a method to identify long-range tertiary contacts in large ribozymes was
first demonstrated during studies on group I intron ribozymes. There it was used
to predict an extended minor groove triple helix between the P1 helix and the
single-stranded J8/7 region, in which each triple appeared to be mediated by at
least one 2’-hydroxyl group [9]. In the group II intron ribozymes, for which little
structural information exists, NAIS identified two tertiary interactions, x—x’ and
J—7', that are essential for visualizing active-site architecture in the group Il intron
core (Fig. 17.5) [12, 28]. Hydrogen bonding contacts elucidated by NAIS have been
extensively used as constraints for building models of group I and II ribozyme
active sites [9, 63].

In subsequent Sections 17.2 and 17.3, we will illustrate applications of NAIM
and NAIS, respectively, by using three diverse systems as examples: (1) ribozyme
studies on a group II intron, (2) studies of dynamic interactions between protein
and RNA during the NPH-II helicase reaction, and (3) studies of RNA-protein in-
teractions that are involved in transcription termination. Detailed protocols will be
provided for each NAIM/NAIS step as it applies to these systems, although they
can be tailored to meet the specific needs of the reader. To avoid repetition, Section
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Fig. 17.5. (A) Secondary structure of the ai5y group Il intron.
(B) Schematic representation of the trans-branching reaction
used as a selection step in NAIM and NAIS studies of the ai5y
group Il ribozyme.



17.2 Experimental Protocols for NAIM

17.2 begins with the basic protocols and methods that are used for all applications
of NAIM. These are followed by specific examples, which differ primarily in the
selection method used for NAIM. NAIM protocols will then be followed by NAIS
methodologies that were developed to study group II intron tertiary structure (Sec-
tion 17.3).

17.2
Experimental Protocols for NAIM

17.2.1
Nucleoside Analog Thiotriphosphates

Many phosphorothioate nucleotide analogs are commercially available from Glen
Research (for European suppliers, see Chapter 18). Strobel et al. have expanded
the existing collection by developing strategies and protocols for the efficient
synthesis of other analogs (Fig. 17.4) [8]. Most analogs can be synthesized from
unprotected nucleosides [generally available from Sigma, R.I. Chemical (Orange,
CA) or ChemGenes (Wilmington, MA)] in two steps by adapting the procedure
first described by Arabshahi and Frey [64]. The first step involves reaction of a nu-
cleoside with thiophosphoryl chloride, resulting in the formation of 1,1-dichloro-1-
thionucleoside phosphate, which is then converted to a nucleotide thiotriphosphate
by reaction with tributylammonium pyrophosphate [8]. The synthetic procedures
described above are not suitable for some cytidine analogs, which require the use
of a salicyl phosphoramidite approach [65]. The synthesis of these analogs is de-
scribed in detail by Oyelere and Strobel [66)].

17.2.2
Preparation of Transcripts Containing Phosphorothioate Analogs

RNA molecules that contain randomly incorporated phosphorothioate analogs are
prepared by in vitro transcription from a double-stranded DNA template (usually
either a PCR product or a restriction digest of plasmid DNA). Transcription effi-
ciency and fidelity tend to be low, however, unless the DNA template contains
blunt or 5’-overhanging ends. Thus, restriction enzymes must be chosen accord-
ingly [67].

To optimize transcription efficiency, only one phosphorothioate NTP analog at a
time is usually added to the transcription reaction. Since in many cases nucleotide
analog o-thiotriphosphates are not incorporated into the transcript with the same
efficiency as unmodified triphosphates, the ratio of NTP«S to NTP needs to be
optimized in order to achieve the desired level of analog incorporation (generally
5%). For commercially available analogs, such an optimization has already been
performed and they are sold as 10x solutions at a concentration that is adjusted
for 5% incorporation. For example, while conventional NTPs are added to the
transcription at 1 mM final concentration, the modified analogs IzS and m®AxS
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Tab. 17.1.  Concentrations (mM) of most common NTPuS analogs (and parental rNTP)
required for around 5% NaS incorporations per transcript!2.

Incorporation [NTPaS] [rNTP] RNAP
AoaS, CaS, GaS, UaS 0.05 1 WT
dAaS, dCaS 1.5 1 YG639F
dGusS, dUaS 0.5 1 Y639F
oS, m°AaS 0.4 1 WT
C7-AaS, C7-GaS 0.1 1 WT
PuraS, 2APaS 2 0.5 WT
DAPuS 0.025 1 WwWT
m?GaS 1.5 0.5 Y639F

! Further details on in vitro transcription with the Y639F mutant or
wild-type (WT) T7 RNAP are described in the text.
2 Adapted from [8].

are often added at a concentration of 0.4 mM. An optimal NTP/NTPuS ratio for
many nucleotide analogs has been optimized and reported elsewhere (Table 17.1)
[8]. Wild-type T7 RNA polymerase is used for the incorporation of most analogs,
except for those containing minor groove substitutions. The N2-methyl guanosine,
3-deaza adenosine and sugar modifications (2'-deoxy, 2'-fluoro, 2’-O-methyl) are
usually incorporated using mutant Y639F polymerase [68], which has an enhanced
tolerance for minor groove modifications [7].

For most constructs employed in ribozyme and helicase studies, the optimal
yield of RNA can be obtained using the following transcription protocol.

(1) Prepare the reaction mixture containing 40 mM Tris—HCI, pH 7.5, 15 mM
MgCly, 2 mM Spermidine, 5 mM DTT, 0.02 pg/ul DNA template and 0.08
pg/pl of wild-type T7 RNA polymerase or its mutant Y639F. In our hands,
1 ml transcription of exD123 or D56 was sufficient to carry out several NAIM/
NAIS experiments.

(2) Incubate the transcription mixture at 37 °C for 3—4 h.

(3) Precipitate the transcript by the addition of 0.25 M NacCl, 0.02 M EDTA and 3
volumes of ethanol followed by incubation at —80 °C for 1 h and centrifugation.

(4) Re-suspend the pellet in 10 mM MOPS (pH 6.0), 1 mM EDTA (MoE; buffer)
that is supplemented with an equal volume of denaturing loading buffer (8 M
urea, 0.05% each of xylene cyanol and bromophenol blue, 17% sucrose, 83 mM
Tris, pH 7.5, and 1.7 mM EDTA) and purify on a denaturing polyacrylamide
gel. Visualize the band corresponding to the desired transcript by UV shadow-
ing (for a detailed description, see Chapter 3), excise from the gel and elute in
MoE; buffer at 4 °C for 1-3 h.

(5) Precipitate the RNA as above; re-suspend the pellet in MoE; buffer and store
at —80 °C.
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Tips and troubleshooting

For the best yield of RNA, the transcription conditions always need to be optimized
for each particular construct. One can vary, for example, the reaction time, the con-
centrations of DNA template, T7 RNA polymerase, MgCl, in the reaction buffer
and triphosphates. The addition of 0.1% Triton X-100 (final concentration), extra
DTT or RNase inhibitor can also help increase the transcription efficiency (see
Chapter 1). If it is necessary to optimize the incorporation level for a nucleotide
analog, the transcription is performed using different NTP:NTP«S ratios.

17.2.3
Radioactive Labeling of the RNA Pool

In order to employ the NAIM assay, one component of the reaction must be radio-
labeled. This can be achieved by either labeling the entire RNA pool after transcrip-
tion and purification or by reaction of the unlabeled RNA pool with a radioactively
labeled molecule during the selection step. For example, prior to the selection that
is based on helicase unwinding of duplex RNA, one strand of the duplex in the
RNA pool is end-labeled with 32P. The selection step for reaction by a group II in-
tron ribozyme is performed by reacting a labeled pool of one RNA with an un-
labeled pool of a second RNA or vice versa.

Radiolabeling of an NAIM transcript can be performed either at the 5’ end
(kinase reaction) or at the 3’ end (via templated addition of a single ¢-*2P-labeled
dAMP residue by Klenow polymerase) [69]. In order to 5’-end label an RNA tran-
script, one has to follow the protocol below.

(1) Prior to 5’-end-labeling, dephosphorylate transcribed RNA (around 60 pmol)
with calf intestinal phosphatase (CIP, 40 U) in a final volume of 50 pl using
the reaction buffer supplied by the manufacturer (Roche). Incubate the reac-
tion mixture at 37 °C for 30 min, then phenol-extract and ethanol-precipitate
the RNA.

(2) For 5’-end-labeling, incubate 10 pmol of dephosphorylated RNA with 1 pl of
[y-32P]ATP (6000 Ci/mmol) and 10 U of T4 polynucleotide kinase (PNK) in a
final volume of 10 pl at 37 °C for 1 h.

(3) Purify the labeled RNA on a denaturing polyacrylamide gel.

17.2.4
The Selection Step of NAIM: Three Applications for Studies of RNA Function

17.2.4.1 Group Il Intron Ribozyme Activity: Selection through Transesterification

General aspects

Group II introns are complex ribozymes with a diverse catalytic repertoire [40, 70].
Self-splicing of these ribozymes occurs in two steps, with the first step occurring
via competing parallel pathways: hydrolysis and branching [71, 72]. Despite the
lack of primary sequence conservation, group II intron secondary structure is very
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conserved. It consists of six domains, each of which has a distinct catalytic function
(Fig. 17.5A) [38, 40, 70]. The largest, domain 1 (D1), folds independently [73],
serves as a scaffold for binding other intronic domains as well as the 5’-exonic sub-
strate, and contributes key elements of the intron active site. Domain 5 (D5) con-
tains many active site residues and is absolutely critical for any catalytic reaction per-
formed by the intron. Domain 3 (D3) is a catalytic effector that accelerates every
reaction catalyzed by the intron. Domain 6 (D6) contains the bulged branch-point
adenosine, which is essential for the transesterification pathway of splicing. Domain
2 (D2) mediates conformational rearrangements along the splicing pathway and Do-
main 4 (D4) often contains an open reading frame that encodes a protein cofactor.

One of the most remarkable features of group II intron ribozymes is their mod-
ularity, which allows reconstitution of an active ribozyme from two or more sepa-
rately transcribed components. This modularity provides an opportunity to dissect
the entire splicing pathway into separate reactions, which can be studied independ-
ently. One of the most informative constructs for studying group II intron catalysis
is the trans-branching system, which divides the intron into two critical parts:
exD123 (comprised of the 5" exon and intronic domains 1-3) and D56 (containing
domains 5 and 6) (Fig. 17.5B). When these two RNA components are combined in
the presence of Mg2*, the 2/-OH of the D6 branchpoint (in the D56 construct) at-
tacks the 5’ splice site in exD123, resulting in the formation of a covalent linkage.
The resulting 2'-3’-5’ branched D56/D123 molecule is highly stable and can be
isolated. A pool of these branched molecules represents the population of species
that were capable of undergoing the first step of group II intron self-splicing. Thus,
the trans-branching assay represents a useful selection for NAIM and NAIS studies
on the first step of splicing. NAIM assays that employ this trans-branching system
have provided information on functionally important residues in both RNAs
(exD123 and D56) (Fig. 17.6) [28] and NAIS applications have identified a number
of critical tertiary interactions (Fig. 17.7) [12, 28].

Experimental procedures
The following protocol is used for identification of functional groups in D56 RNA
that are important for branching.

(1) Transcribe D56 in the presence of nucleotide analogs and 5’-end-label the tran-
script as described above.

(2) Denature trace amounts of modified, labeled D56 (1-10 nM) and unlabeled,
unmodified exD123 (1.5 uM) separately at 95 °C for 1 min in 40 mM MOPS
pH 6.0. Cool down to about 42 °C by leaving the tubes at room temperature
for around 1 min and then mix the two RNA fractions with the simultaneous
addition of salts to final concentrations of 100 mM MgCl,, 2 mM Mn(OAc),
and 0.5 M (NHy4),SOy. Incubate the mixture at 42 °C until the fraction of
branched product reaches around 20%.

(3) Separate unreacted D56 and branched product on a 5% polyacrylamide dena-
turing gel, recover both species from the gel and subject to iodine cleavage as
described below.
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and branched (br) fractions. A weak

The experimental setup is essentially the same for mapping the 5’-half of D123 in

the exD123 construct. In this case, exD123 is transcribed with nucleotide analogs

and D56 is unmodified. The reaction is carried out according to the above protocol,

and the branched product is purified in a 5% denaturing gel and subjected to se-

quencing by iodine. The cleavage pattern is compared to that of precursor exD123.
In order to map the 3’-half of exD123, the procedure is modified as follows.

(1) Transcribe exD123 in the presence of the nucleotide analogs of interest and
label at the 3’ end [69].
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(2) React trace amounts of radiolabeled exD123 (1-10 nM) with 1.5 uM unlabeled,
unmodified D56 according to the same protocol as described above.

(3) Separate the branched product from the unreacted exD123 on a 5% denaturing
gel; subject both RNAs to iodine cleavage.

Since the 3’ terminus of exD123 is labeled in this approach, one can also observe
the formation of both branched and hydrolysis products, both of which can be an-
alyzed for interference effects.

17.2.4.2 Reactivity of RNA Helicases: Selection by RNA Unwinding

General aspects

DExH/D proteins are involved in nearly every aspect of RNA metabolism and rep-
resent the largest group of RNA helicases [74, 75]. NPH-II is a prototypical mem-
ber of the DExH/D family [76], and it was the first one shown to unwind RNA [77].
NPH-II has robust ATPase activity that is partially stimulated by nucleic acids [77].
NPH-II readily unwinds RNA substrates that contain a 3’ overhang [78] and it has
a high degree of processivity during unwinding of long RNA duplexes [79]. The
overall unwinding reaction is limited by the rate constant for unwinding initiation,
which is 1-3 min~!. NPH-II is both a robust motor for RNA strand displacement
[79] and for the removal of proteins that are bound to RNA sites [80].

Currently there are about one dozen solved helicase structures. While these pro-
vide invaluable mechanistic clues, they are limited to providing a static picture, or
“freeze-frames”, of unwinding events. Mechanistic models for unwinding by an
RNA helicase of the DExH/D family have not been well developed. NAIM has
been used to probe the dynamic interactions that occur between NPH-II and its
substrate during translocation (J. Kawaoka and A. M. Pyle, manuscript in prepara-
tion). NPH-II has been shown to specifically recognize a cluster of 2’-OH groups
and a critical Rp-phosphate at the initiation site of unwinding (located in the first
4 bp of the duplex substrate). After initiation, the enzyme recognizes phased, peri-
odic clusters of 2'-OH groups every 10 nt along the bottom strand of its substrate
(J. Kawaoka and A. M. Pyle, manuscript in preparation). This periodic phasing sug-
gests a defined translocation step size of discrete magnitude and is consistent with
an inchworm-like model, as suggested for various helicases [81] including RecBC
[82].

A
<

For suppressions at positions 824 and 825,
significant phosphorothioate effects were not
observed, so corresponding bars are not
shown. The band intensity observed for
unreacted material was arbitrarily set to one.
For branched products, the size of the bars is
related to 1/(interference effect), i.e. the
smaller the bar, the stronger the interference.
The values of band intensities over 1 are

shown above the corresponding bars. In the
middle of the figure, the intra-domain 1 ¢—¢’
interaction (base pairs G3—-C117 and C4-
G116) as well as the tertiary interaction (1—1")
with D5 are illustrated; nucleotides G5 and
A115, which were mutated, are shown boxed
on the left. Reprinted with permission from
Nature.

277



278

17 Nucleotide Analog Interference Mapping and Suppression

Substrate design

Substrates used in unwinding assays normally consist of two strands that are an-
nealed through base-pairing. For most SF2 helicases like NPH-II, the typical sub-
strate for in vitro studies is a duplex RNA that is flanked by a 3’-overhang. The
overhanging strand (on which NPH-II tracks; J. Kawaoka and A. M. Pyle, manu-
script in preparation) is called the “bottom or loading strand”. The “top strand” is
stripped away during the unwinding reaction. To evaluate unwinding, the two
strands are synthesized independently, one of them is end-labeled with 2P, then
the two strands are annealed and the resultant duplex is purified on a native gel.
For NAIM analysis of RNA functional groups that contribute to unwinding, the
substrate strands were designed using mfold [91] to minimize intra-strand second-
ary structure. A typical top strand RNA used in these studies is 5’-CUG UGG CAU
GUC CUA GCG UCG UAU CGA UCU GGU CGU CUCC-3’, which anneals to
the complementary bottom strand with the following sequence: 5-GGA GAC
GAC CAG AUC GAU ACG ACG CUA GGA CAU GCC ACA GAC GUA CUA
ACA GCA UCA AUG ACA UCA AUGA-3' (nucleotides overlapping with top
strand underlined).

Previous studies demonstrated that functional groups on the top strand do not
contribute to NPH-II recognition during unwinding. Therefore, NAIM has only
been used to determine the location of important functional groups on the bottom
strand. A pool of modified bottom strands is created as follows.

(1) Transcribe bottom strands with phosphorothioate ribonucleotides (NTP«S) or
phosphorothioate deoxyribonucleotides (ANTPuS) statistically incorporated to
a level of 5% as described in Section 17.2.2. Add trace amounts of [«->2P]UTP
to the transcription mixture to label the transcripts internally, so that reaction
products could be easily identified and cut from the gel.

(2) Gel-purify, dephosphorylate and 5’-end label transcripts as described in Sec-
tions 17.2.2 and 17.2.3.

(3) Test incorporation of analogs by treating around 30000 c.p.m. of each modified
transcript with 3 mM iodine (prepared freshly in EtOH) at 25 °C for 5 min. An-
alyze samples on a denaturing polyacrylamide sequencing gel and visualize by
radioanalytic imaging.

NAIM selection — defining optimal unwinding conditions

Previous optimization experiments served to define the reaction conditions with
the strongest influence on NPH-II unwinding [79]. Because it was not known
how single deoxy (or phosphorothioate) modifications would affect NPH-II heli-
case activity, the NAIM assay was tested under a variety of conditions. Variables
that were tested included extent of unwinding (5-50%), concentration of NaCl in
the reaction (10-120 mM) and enzyme turnover (single versus multiple cycle ki-
netics). Nearly all interference effects were found to disappear under low salt con-
ditions (NaCl < 30 mM), even when total unwinding proceeded to only 10%. In
addition, interference was not seen under multiple cycle conditions (i.e. when heli-
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case is allowed to rebind in the absence of a trap molecule), regardless of the extent
of total unwinding (as low as 10% of the total population).

Under single cycle conditions, when the [NaCl] is around 70 mM, interference
effects are strong. Also smaller degrees of total unwinding (below 20%) tend to
amplify the weaker interference effects (around I = 1.5, as defined below). There-
fore, these unwinding conditions [single cycle, low extent of unwinding (below
20%) and 70 mM NaCl] were selected for NAIM because they provided good selec-
tivity while maintaining a high level of unwinding activity.

An NAIM helicase assay

(1) Prior to initiation of unwinding, pre-incubate NPH-II protein (15 nM) with
duplex substrate (1-2 nM, labeled with 32P at the 5’ end of the bottom strand)
in 40 mM Tris, pH 8.0, 4 mM Mg(OAc),, 70 mM NaCl for 3 min at room
temperature.

(2) Initiate reactions by the simultaneous addition of 3.5 mM ATP and 400 nM du-

plex RNA trap (which prevents helicase rebinding and causes the reaction to be

under “single cycle” conditions). Total reaction volume can be 35-100 pl.

Quench the unwinding reaction upon attaining a reaction extent of around

15%.

Separate duplex and unwound fractions by native gel electrophoresis.

Visualize the duplex and unwound species and isolate them from the gel.

In order to make sure that the difference in the iodine cleavage pattern of the

duplex and unwound fractions is due to the analog effect and not to the differ-

ence in accessibility to the iodine, isolate the bottom strand from the duplex
fraction by denaturing PAGE Dbefore the cleavage procedure.

(7) Re-suspended all samples in a solution of 10 mM MOPS (pH 5.0), 1 mM
EDTA, and subject to iodine cleavage (see below) and analysis on a denaturing
polyacrylamide gel.

(8) Quantify and analyze interference effects using the same methods as for other
NAIM applications (see below).
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17.2.4.3 RNA-Protein Interactions: A One-pot Reaction for Studying Transcription
Termination

General aspects

During the processive phase of transcription in bacteria, the fast-moving transcrip-
tion elongation complex (TEC) is held together by an intricate network of coopera-
tive interactions between the DNA template, RNA polymerase and the RNA prod-
uct ([83] and references therein). To induce TEC dissociation, many transcription
termination signals (termed intrinsic or rho-independent terminators) rely on the
formation of a specific stem—loop structure within the nascent transcript that is di-
rectly upstream from a short U-rich 3’ end. These RNA functional elements largely
contribute to the disruption of TEC-stabilizing interactions, albeit by a mechanism
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that is not totally understood. To investigate the role of terminator components in
the highly dynamic context of transcription elongation, NAIM experiments were
applied [30]. At present, these experiments have been restricted to the study of
RNA polymerases (RNAPs) that efficiently utilize NTP«S analogs, which include
certain mutants of bacteriophage RNAPs (prototypes are the Y639F and Y639F/
H784A mutants of T7 RNAP [68, 84]; M. Boudvillain, unpublished results). How-
ever, efforts to evolve suitable mutants of multi-subunit RNAPs are also underway,
and these may broaden the scope of NAIM/NAIS-based transcription experiments
in the near future (M. Boudvillain and R. Rahmouni, unpublished results).

The implementation of an NAIM strategy for studying transcription termination
has resulted in a simple “one-pot” reaction that combines the first two steps
of NAIM (preparation of the RNA pool and transcript selection) [30]. In this
approach, linear DNA templates containing a terminator sequence downstream
from a phage promoter are transcribed with an appropriate RNAP variant (here
we will only consider the case of the Y639F mutant of T7 RNAP) and in the pres-
ence of a NTPaS analog. Due to the incomplete efficiency of most termination sig-
nals, only a fraction of the TECs are released at the termination points, whereas
other TECs continue transcription to the end of the template (Fig. 17.8A). Purifica-
tion of both types of transcript products (i.e. the NaS-modified transcripts that are
released at the terminator, and those that are released at the template end) allows
one to compare the functional groups that are important to the formation of each.
By 32P-labeling the two types of products and then treating them with iodine, one
reveals the RNA atoms and functional groups that are important for transcription
termination (Fig. 17.8C). Because high-resolution crystal structures of the TEC
now exist for various RNAPs ([83] and references therein), it is possible to link
some of the NaS effects with specific known interactions between the RNAP side-
chains and the transcript [30].

Experimental procedure

(1) In a 0.5 ml tube, mix 1.1 pmol of DNA template (either linearized plasmid or
purified PCR fragment) with 8 pl of 5 x transcription buffer (30 mM MgCl,,

»
»

Fig. 17.8. NAIM analysis of transcription correspond to standard interference thresholds

termination. (A) In vitro transcription of a
linear DNA template (schematically depicted
on the left) containing the sequence of the
rrnB T1 terminator from E. coli (boxed)
downstream from a T7 promoter (arrow). As
shown on the gel (right), termination (T)
and runoff (RO) transcripts are formed in
comparable amounts during transcriptions

with the Y639F and wild-type (WT) T7 RNAPs.

(B) Selection of NAIM interference effects
on rrmB T1 transcription termination [30]
using either x (or 1/x) values (top) or 4
discrimination factors (bottom). Broken lines

(see text). (C) A representative gel showing Rp-
phosphorothioate (GuS) and 2’-deoxy (dGaS)
interference effects at G positions during
intrinsic termination of transcription at the
major site (T) of the rrnB T1 terminator;

R = runoff transcripts. Positions of Rp-
phosphorothioate (triangles) and 2’-deoxy
(circles) modifications that favor (open
symbols) or are detrimental (filled symbols) to
transcript release at the T site are illustrated in
the context of the terminator secondary
structure.
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(6)
(7)

50 mM NaCl, 100 mM HEPES, pH 7.5, 30 mM DTT, 0.05% Triton X-100,
10 mM spermidine), appropriate amounts of NTP«S analog and parental
rNTP (Table 17.1), 20 nmol of each of the other rNTPs and 3 pmol of the
Y639F RNAP. The final reaction volume should be 40 pl, which usually yields
sufficient quantity of transcripts for subsequent NAIM analysis.

Incubate transcription mixtures for 15-30 min at 37 °C before addition of
single-stranded M13 DNA (1 pg) and KCI (250 mM) to prevent non-specific as-
sociation between free RNAPs and transcripts [85].

Quickly load the mixtures onto Microcon columns (100-kDa cut-off for around
100-nt transcripts) that had been saturated with BSA as described by the man-
ufacturer (Millipore). After centrifugation of the columns for 2 min at 10000
r.p.m. in a desktop centrifuge, collect the filtrates, which should then be free
of any unwanted high-molecular-weight species [86]. Unwanted salts and nu-
cleotides are also eliminated by gel filtration on a 1-2 ml Sephadex G-50
(Sigma) column.

To remove triphosphate moieties at the 5’ ends of transcripts, mix the col-
umn eluate with 2 pl of calf intestinal alkaline phosphatase (CIAP) (Roche
Diagnostics) and incubate for 30 min at 37 °C. The enzyme efficiently dephos-
phorylates transcripts under these conditions, no additional buffer or salts are
required.

Add sodium acetate to 0.3 M final concentration and extract twice with one vol-
ume of a phenol:chloroform:isoamyl alcohol mix (25:24:1; Amresco) and twice
with 1 volume of chloroform buffered with 10 mM MOPS, pH 7. Then, add 3
volumes of ethanol and precipitate the RNA for 2 h at —20 °C.

Centrifuge for 30 min at 5000 g and 4 °C, discard the supernatant, briefly dry
the pellet in a Speed Vac apparatus and re-suspend in 14 pl of MyoE;.

Add 3 pl of [y-*2P]JATP (3000 Ci/mmol; Amersham Biosciences), 2 pl of
10 x kinase buffer (100 mM MgCl,, 50 mM DTT, 700 mM Tris—Cl, pH 7.5)
and 1 pl of T4 polynucleotide kinase (New England Biolabs). Incubate for 30
min at 37 °C, then phenol-extract the sample and precipitate it with ethanol
as described above.

Re-suspend the pellet in 10 ul of denaturing buffer (95% formamide, 5 mM
EDTA, 0.1% xylene cyanol) and incubate for 1 min at 95 °C before loading on
a denaturing polyacrylamide gel (8-10% gels are adequate for around 100-nt
long transcripts and should also contain 7 M urea and 30% formamide to en-
sure strong denaturing conditions) that had been pre-heated to 60 °C. After gel
migration (about 2 h at 40 W for adequate separation of around 100-nt tran-
scripts on an 8% acrylamide, 20 x 40-cm gel), recover termination and runoff
transcripts from gel slices (see Section 17.2.2) and then analyze through iodine
sequencing as described below.

Tips and troubleshooting
Terminator stem-loop structures usually contain many GC pairs. In some in-
stances, complete unfolding of the structure does not occur within the polyacryla-
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mide gel, resulting in anomalous electrophoretic migration (e.g. [85]) even under
the harsh denaturing conditions described above. This may result in improper par-
titioning of the transcription products and in an inextricable mixing of NuS effects
on termination and unrelated RNA structural features (A. Schwartz, R. Rahmouni
and M. Boudpvillain, unpublished results). For similar reasons, results implicating
NoS modifications that strengthen RNA base pairs (such as DAPaS) should be
analyzed with great caution. In general, it is best to use terminators with no more
than three or four consecutive GC pairs in the hairpin stem such as in the rrnB T1
terminator of Escherichia coli [30]. The DNA template should also be designed to
yield transcripts as short as possible (70-100 nt should leave enough positions of
neutral NoS incorporation [ for calibration of NAIM effects; see Section 17.2.6] be-
tween the initiation and termination regions); the terminator sequence should also
be introduced sufficiently upstream from the template end to yield termination
and runoff transcripts with significantly different lengths. Appropriate DNA tem-
plates can be easily prepared by sub-cloning oligonucleotides within commercial
vectors that bear a multi-cloning site surrounded by phage promoters such as the
pSP73 plasmid (Promega).

In order to calibrate the assay, it is useful to compare NAIM signals obtained
with both the Y639F and wild-type T7 RNAPs and analogs that are good substrates
for the two enzymes (such as ITPuS or C7-RTPu«S analogs). With the rrnB T1 ter-
minator, we did not observe significant differences (M. Boudvillain, unpublished
observations).

Transcripts of various lengths are usually released in the termination window al-
beit with different efficiencies (Fig. 17.8A). It is usually best to isolate and analyze
those termination species separately as significant differences in NAIM patterns
are likely to be observed [30].

The efficiency of transcript release by a given terminator may be affected by
modifications of the experimental conditions [87]. This lack of control on the
termination reaction precludes an easy adjustment of the detection threshold of
NAIM effects (see also Section 17.2.6). For this reason, the use of 1 discrimination
factors in place of « interference values (see Section 17.2.6) usually facilitates the
identification of weak and moderate NAIM effects (Fig. 17.8B; [30]; M. Boudvillain,
unpublished results). Although recent results suggest that, at least in some cases,
the assay sensitivity may be controlled through variations of the RNA polymerase/
DNA template ratio [88], we still prefer to rely on statistical discrimination (4
values) for detection of NAIM effects on transcription termination.

17.2.5
lodine Cleavage of RNA Pools

The preceding selection methods result in three different pools of RNA, all of
which are examined by iodine cleavage in order to assay function: (A) the selected
pool of functional RNA molecules, (B) the selected pool of nonfunctional RNA
molecules and (C) the unreacted starting pool of RNA molecules. By comparing
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Pool A to Pool B or Pool C (or both B and C), one can deduce the role of specific
atoms on function.

Experimental procedure

(1) Re-suspend RNAs in 10 pl of a solution containing 5 pul MoE; buffer (10 mM
MOPS, pH 6.0, 1 mM EDTA) and 5 pl of formamide, and denature at 95 °C for
1 min, followed by chilling on ice.

(2) Add a freshly prepared solution of iodine [1 pl of a 10 mM iodine (Sigma)
solution dissolved in ethanol] and incubate the reaction mixture at 37 °C for
3 min.

(3) Precipitate the RNA by adding 240 pl of 0.3 M sodium acetate (pH 5.0), 1 pg
tRNA carrier and 750 pl of ethanol.

(4) Analyze samples on a denaturing polyacrylamide gel. Depending on the appli-
cation and the length of the RNA transcript, the percentage of acrylamide
varies from 4 to 20%. It is essential to load samples that have not been treated
with iodine on the same gel, to provide controls for non-specific RNA degrada-
tion. In many cases NAIM gels in published articles do not show lanes of
iodine-untreated samples in order to preserve space; however, it is always as-
sumed that the researcher has performed this important control. In order to
facilitate the comparison of iodine cleavage patterns in lanes corresponding to
precursor RNA and selection product, it is advisable to determine the amount
of radioactive material in each sample and load equal amounts of radiolabeled
RNA onto the gel. In this case, the 2-fold or greater interference effects will be
easily detectable after radioanalytic imaging, even prior to quantitation.

Tips and troubleshooting

The stated iodine cleavage conditions may require optimization, depending on the
RNA sample. The final concentration of iodine can vary from 0.1 to 1 mM, and
often iodine cleavage reactions are carried out at room temperature. Incubation
times can vary from 1 to 5 min. It is also possible to load the samples onto the
gel directly without precipitation, thereby sparing additional sample handling. Fre-
quently, however, this results in a salt front on the gel, which can adversely affect
migration of the samples.

17.2.6
Analysis and Interpretation of NAIM Results

17.2.6.1 Quantification of Interference Effects

Dried polyacrylamide gels are subjected to radioanalytic imaging [using, for exam-
ple, a Phosphorlmager (Molecular Dynamics)]. For most applications, the Phos-
phorImager Imagequant program (Molecular Dynamics) is used to quantify the ra-
dioactive intensity of each band in precursor (pre) and product (pro) lanes for both
unmodified (N«S) and modified (N’aS) nucleoside phosphorothioate-containing
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RNAs. Then the interference at each position is calculated using the following
equation [8, 11]:

Int = [NocSpm/N/ocSpm}/[NocSpre/N/otSpre]

This allows one to normalize the interference value for the effect of the phosphor-
othioate itself as well as for the incorporation differences between unmodified and
modified nucleotides. After interferences have been calculated for each nucleotide
position, their values are adjusted to correct for variable sample loading on the gel,
as previously described [8] (see Table 17.2): an average interference value is calcu-
lated for all positions that are within two standard deviations of the mean. Each
interference value is then divided by this average. Adjusted interference values
(usually referred to as x values) that are higher than 2 or less than 0.5 are inter-
preted as interference or enhancement effects, respectively.

Utilization of 4 dis