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Abstract

RNA is recognized to play an increasing number of roles in the cell: transcription
regulation, translation, and catalysis. Peptides that bind RNA would therefore be useful
as biochemical tools and lead compounds for therapeutics. Existing genetic methods of
isolating RNA binding peptides are prone to biases and can only search millions of
sequences. In vitro selections using mRNA display provide an avenue to discover
specific, high affinity peptides that bind to any RNA target from libraries composed of
trillions of molecules.

Here, we describe initial experiments to optimize the mRNA display selection
cycle for the isolation of RNA binding peptides. We use this optimized cycle to show
that enrichment of specific sequences is possible using mRNA display, and select
mutants of the A N peptide which bind in a different conformation than wild-type.
Characterization of these peptides demonstrates that affinity is not enough for in vivo
activity; binding in a correct conformation is also important.

Based on these experiments, we designed a strategy to isolate RNA binding
peptides to targets for which no natural ligand is known. We test this strategy and isolate
peptides that bind to functionally important domains of telomerase RNA with nanomolar
affinity and high specificity. Using mutagenic PCR and additional rounds of selection,
we increase the specificity of several peptides for telomerase RNA and also isolate other
peptides which bind an important domain of the Hepatitis C Virus internal ribosome

entry site.



viii

Table of Contents

Acknowledgments iii
Abstract vii
Table of Contents viii
List of Figures xi
List of Tables XVi
List of Abbreviations XVvii
Chapters
Chapter 1: Background and Perspective 1
References 6
Chapter 2: mRNA Display: Ligand Discovery, 8
Interaction Analysis and Beyond
Abstract 9
Introduction 10
Ligand Discovery with mRNA Display 14
Specificity and Interaction Analysis 20
Unique Applications of mRNA Display 22
Conclusions 25
References 26

Chapter 3: Selection of RNA-Binding Peptides Using mRNA-
Peptide Fusions 32

Abstract 33

Introduction 34



X

Results and Discussion 36
Conclusions 42
Materials and Methods 43
References 48

Chapter 4: Large Libraries Reveal Diverse Solutions to an RNA

Recognition Problem 51
Abstract 52
Introduction 53
Results and Discussion 54
Conclusions 65
Materials and Methods 67
Supplemental Information 73
References 75

Chapter 5: Context and Conformation Dictate Function of a

Transcription Antitermination Switch 79
Abstract 80
Introduction 81
Results 83
Discussion 96
Materials and Methods 99
Supplemental Information 104

References 107



Chapter 6: In Vitro Selection of Peptides Targeting Human Telomerase
RNA

Abstract

Introduction

Results and Discussion
Conclusions

Materials and Methods
References

Chapter 7: In Vitro Evolution of RNA Binding Peptides for Increased
Specificity

Abstract

Introduction

Results and Discussion
Conclusions

Materials and Methods

References

114

115

116

121

139

142

154

160

161

162

165

175

177

179



xi

List of Figures

Chapter 1:
Figure 1.1. The central dogma of biology

Chapter 2:
Figure 2.1. Formation of an mRNA protein fusion
Figure 2.2. Puromycin and tyrosyl tRNA
Figure 2.3. An mRNA Display selection cycle
Figure 2.4. Examples of mRNA display libraries
Figure 2.5. A self-assembling protein chip

Figure 2.6. Inserting non natural residues into mRNA
display libraries

Chapter 3:

Figure 3.1. Path used for the selection cycle and fusion
system

Figure 3.2 Two forms of mRNA-protein fusions
Figure 3.3 Efficiency of fusion synthesis

Figure 3.4. Splint-mediated degradation of template during
translation

Chapter 4:
Figure 4.1. mRNA display selection cycle
Figure 4.2. Binding and specificity of N peptide
Figure 4.3. Restriction analysis of the R67X pool

Figure 4.4. Sequences of the R67X pool after one round of
selection with 5 mg/mL tRNA competitor

11

12

12

15

23

24

35

36

37

40

54

55

57

57



Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

xii

Selection of boxBR binding peptides from library 2

Binding isotherms for K14Q15 N peptide and E14R15
peptide

Tryptophan fluorescence of N peptide and E14R15
peptide free and in complex with boxB RNA

'H-NMR spectra of wild-type and ER peptides in
complex with boxB RNA

15N-HSQC of the E14R15(V16) peptide alone and
in complex with boxB RNA

Figure 4.10. CD spectra of wild-type N and E14R15 peptides

in complex with boxB RNA

Figure 4.S1. Round 0 sequences from Selection 1

Figure 4.S2. Round 0 sequences from Selection 2

Figure 4.S3. Binding depletion of N peptides

Chapter 5:
Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Structure and function of the N protein

Relative stability of N peptide-boxB RNA complexes
that differ at positions 14, 15 and 18

Structure and folding characteristics of N-boxB
complexes as detected by NMR and fluorescence
spectroscopy

Antitermination activities of N mutants, as determined
using E. coli strains carrying a two-plasmid reporter

system

Energetic and structural correlation of antitermination
activity

Characteristics of N-boxB-NusA interactions

58

61

62

63

63

64

73

73

74

82

84

86

91

93

95



Figure 5.S1.

Xiii

CD spectra of the wild-type and ER peptides in complex

with boxB RNA

Figure 5.S2. Expression levels of full-length wild-type N protein
and ER protein

Figure 5.S3. Interaction of NusA with full-length wild-type
N protein and ER protein

Figure 5.S4. A representative fluorescence titration isotherm of
NusA binding to wild-type N in complex with boxB
labeled at position 9

Figure 5.S5. Fluorescence titration isotherms of wild-type N
protein to boxB RNA labeled at position 9 with 2-
aminopurine

Chapter 6:

Figure 6.1. An mRNA display selection cycle

Figure 6.2. Strategy for selection of novel RNA binding peptides

Figure 6.3. Reflection selection strategy

Figure 6.4. Proposed secondary structure of human telomerase RNA

Figure 6.5. NMR structure of the P6.1 hairpin

Figure 6.6. Sequence and secondary structure of telomerase

RNA models

Figure 6.7. Native gel analysis of telomerase RNA targets

Figure 6.8. NMR spectra of RNA targets

Figure 6.9. Alignment of several arginine rich peptides

Figure 6.10. Binding of the round 0-15 pools to immobilized
D-CR7

Figure 6.11. Peptide sequences from round 15J

104

104

105

106

106

117

118

119

122

124

125

126

126

128

129

130



Figure 6.12.

Figure 6.13.
Figure 6.14.
Figure 6.15.

Figure 6.16.

Figure 6.17.
Figure 6.18.

Figure 6.19.

Figure 6.20.

Figure 6.21.

Figure 6.22.

Chapter 7:

Figure 7.1.

Figure 7.2.
Figure 7.3.

Figure 7.4.

Figure 7.5.

Figure 7.6.

Figure 7.7.

Xiv
Binding of different round 15J clones to
immobilized RNA targets
Binding of rounds 0-8 to immobilized D-P6.1
Sequences from round 8H targeting D-P6.1
Binding of full-length and truncated 8H1

The binding of 8H1 studied by surface plasmon
resonance

Alignment of 18B and 8H1 peptides
Binding of rounds 0-18 to immobilized L-P6.1

The specificity of the round 16 pool of the
L-P6.1 selection

Sequences of the round 18 pool targeting L-P6.1

Binding of individual clones from round 18 of the
L-P6.1 selection

Deletion mapping of round 18C clones

Secondary structure of the Hepatitis C Virus internal
ribosome entry site

An mRNA display selection cycle
RNA models of P6.1 and HCV IIld

Binding of the round 16 pool to L-P6.1 and
L-HCV IlId

Specificities of the individual sequences from the
round 18 pool targeting L-P6.1

Binding of rounds 11-25 of the L-P6.1 selection

Binding of rounds 1-6 of the L-HCV IIld selection

131

132

132

133

134

134

135

136

137

138

139

163

163

164

166

167

168

169



XV

Figure 7.8. The specificity of rounds 0-6 of the L-HCV IIld
selection and rounds 19-25 of the L-P6.1 selection

Figure 7.9. Sequences from the round 24 pool targeting L-P6.1
Figure 7.10. Specificity of individual round 24 clones
Figure 7.11. Sequences from the round 5 pool targeting L-HCV IIId

Figure 7.12. Specificity of individual round 5 clones targeting
L-HCV IIId

169

170

172

173

174



XVvi

List of Tables
Chapter 3:
Table 3.1. Peptide-based purification of mRNA-peptide fusions 39
Chapter 4:

Table 4.1. Binding constants and specificity of selected and
control peptides 60

Chapter 5:

Table 5.1. Amino acid composition at position 18 after two rounds
of in vitro selection for binding boxB RNA 85



XVvil

List of Abbreviations

DNA =
RNA =
mRNA =
cDNA =
RT =
Tris =
pmol =
DTT =
EDTA =
ddH,O =
tRNA =
Ni-NTA =
RNase =
™V =
Bsa =
HSQC =
NMR =
HCV =
IRES =
hTR =
hTERT =

Deoxyribonucleic acid

Ribonucleic acid

Messenger ribonucleic acid
Complementary deoxyribonucleic acid
Reverse transcription/reverse transcriptase
Tris-(hydroxymethyl)-aminomethane
Picomole

Dithiothreitol
Ethylenediaminetetraacetate

Double distilled water

Transfer ribonucleic acid
Nickel-nitriloacetic acid

Ribonuclease

Tobacco mosaic virus

Bovine serum albumin

Heteronuclear single quantum coherence
Nuclear magnetic resonance

Hepatitis C virus

Internal ribosome entry site

Human telomerase RNA

Human telomerase reverse transcriptase



