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ABSTRACT

Ribonucleic acid is central to numerous cellular events including transcription,
translation, gene regulation, and cell signaling. The biological function of a given RNA
often depends on the formation of a distinctive tertiary structure. The formation of
tertiary structure typically develops in a hierarchical fashion using a variety of aromatic
stacking and hydrogen bonding interactions, or secondary structural motifs, as building
blocks. In addition to the role of secondary structure in RNA function and interaction in
vivo, the thermodynamic stability of secondary structural motifs is critical for tertiary
structure formation. This thesis describes fundamental studies of the molecular basis for
thermodynamic stability in RNA secondary structure.
Hairpins are the dominant secondary structure in RNA, and are known to function
in nucleating RNA folding, RNA-RNA tertiary interactions, and RNA-protein
interactions. The stability and structure of RNA tetraloop hairpins have been studied
extensively, with thermodynamic and phylogenetic studies revealing that the majority of
conserved tetraloop-closing base pair combinations are exceptionally stable.

This

suggests that thermodynamically stable RNA secondary structures may serve important
biological roles. A family of sequences having the motif YNMG (Y = C or U; N = A, C,
G, or U; M = A or C) was isolated from a combinatorial library of 4096 sequences using
in vitro selection in combination with temperature gradient gel electrophoresis.
Thermodynamic analysis of YNMG and variant tetraloops confirmed optimal stability
with Y at tetraloop position 1 and M at position 3. Similarity in structure and stability
among YNMG hairpins was further supported by deoxyribose substitution, CD, and
iii

NMR experiments. Taken together, these results support the existence of a family of
UNCG-like tetraloops with the motif YNMG that are thermodynamically stable and
structurally similar.
Structural similarity among hairpin tetraloops having the motif YNMG has been
independently verified by determination of the solution structures of the CACG, CCCG,
and UCAGU tetraloops in other research laboratories. Moreover, an electrostatic origin
for the importance of the closing base pair in imparting thermodynamic stability was
determined in the context of these structures. Finally, phylogenetic and structural data
suggested that YNAG tetraloops in particular have enhanced flexibility, which allows
tertiary interactions to be maintained in the context of diverse loop sequences and
illustrates the relationship between thermodynamic stability and loop flexibility.
Native, functional RNA secondary and tertiary structure develops from a random
ensemble of states through discrete folding pathways, or mechanisms. For nucleic acids,
the simplicity of rules governing the interaction of bases leads to structural promiscuity,
where a given sequence adopts several non-native folded conformations, or misfolds.
Misfolding occurs most frequently at the level of secondary structure. In an effort to
reduce the conformational heterogeneity commonly experienced by RNA, the modified
nucleobase 8-bromoguanosine (8BrG) was introduced into oligonucleotides having the
hairpin motif YNMG. Purine (=R) nucleotides with Br substituted for R H8 are known
to preferentially adopt the syn conformation as nucleosides. The hairpin motif YNMG
was chosen as a model system because it has a syn G at position four of the loop that is
essential for thermodynamic stability. Thermodynamic and structural characterization of
modified oligonucleotides with the tetraloop sequences UUCG, CGCG, and CGAG by

iv

UV thermal denaturation and NMR spectroscopy revealed that 8BrG substitution has a
small effect upon the hairpin conformation, while the duplex conformation is strongly
destabilized, thus inhibiting dimerization. These results support a model in which 8BrGsubstituted YNMG sequences preferentially adopt the hairpin conformation, likely due to
duplex destabilization. Substantial destabilization of UUCG with 8BrG incorporated into
the helical hairpin stem provides further support for a model in which 8BrG substitution
shifts the hairpin-duplex equilibrium towards the hairpin conformation by destabilizing
the duplex.
Catalytic RNA, or ribozymes, often experience conformational heterogeneity,
which limits their functional efficacy. Substitution of 8BrG into ribozymes having syn
purines in their active sites may limit misfolding, and enhance stability and catalytic
rates. The lead-dependent ribozyme, or leadzyme, is an ideal system for testing the
utility of 8BrG because solution, crystal, and theoretical structures of this ribozyme differ
in the orientation of three G residues in the active site. A brief overview of current
results is presented for 8BrG incorporation in the active site of the leadzyme.
Modified nucleotides allow fundamental energetic and kinetic properties of
nucleic acids to be probed. Incorporation of 8BrG for the syn G at loop position four of
the YNMG RNA hairpin motif results in enhanced stability relative to the unmodified
hairpin based on UV thermal denaturation. The lack of a discernable effect upon the
hairpin conformation in NMR spectra suggests the enhanced stability of the modified
sequence arises from a denatured state effect.

Laser temperature-jump (T-jump)

experiments support this notion, as unmodified and 8BrG-substituted UUCG have similar
unfolding rates, but the folding rate of the modified tetraloop is enhanced approximately

v

3-fold. Based on these findings, we propose that 8BrG reduces the conformational
entropy of the denatured state, resulting in an accelerated conformational search for the
native state and enhanced stability.
In addition to finding that 8BrG incorporation enhanced the stability and rate of
folding, laser T-jump experiments revealed that UUCG hairpins closed by a CG base pair
fold faster and unfold slower than hairpins closed by a GC base pair. Electrostatic
isopotential contours calculated using solutions to the nonlinear Poisson-Boltzmann
(NLPB) equation indicated that favorable arrangement of electrostatic potentials in the
denatured state may drive faster folding for stable hairpins closed by a CG base pair.
This finding suggests that favorable electrostatic interactions in the native and denatured
states may enhance stability and folding.
Electrostatic interactions are an important driving force in a variety of biological
processes. There is increasing evidence that suggests electrostatics plays an important
role in RNA stability, folding and catalysis. In particular, electrostatic interactions are
likely to play a role in the modulation of pKa values in RNA, and are known to affect the
binding of metal ions to RNA. In an effort to understand the mechanism of catalysis by
the hepatitis delta virus ribozyme and to identify putative Mg2+ binding sites, surface
electrostatic potential maps were calculated on the self-cleaved form of the ribozyme
using the NLPB equation. These calculations revealed several patches of highly negative
potential, one of which is present in a cleft near the putative general acid, N4 of C75.
These calculations suggest that distinct catalytic and structural metal ion sites exist on the
ribozyme, and that the negative potential at the active site may help shift the pKa for N3
of C75 toward neutrality.

vi

TABLE OF CONTENTS

Abbreviations and Definitions

xiv

List of Formulae

xv

List of Figures

xvi

List of Tables

xx

Preface

xxi

Acknowledgements

xxii

Chapter 1

.................................................................................................................

1

General Introduction
1.1

In this chapter

......................................................................................

1.2

RNA and the Central Dogma of Molecular Biology

...........................

1

...............................................................

3

1.2.1

The split gene hypothesis

1.2.2

The discovery of catalytic RNA

1.2.3

RNA catalysis within ribonucleoproteins

.....................................................

RNA structure, folding and stability

1.3

4

......................................

6

...................................................

7

1.3.1

General factors affecting RNA structure and stability

1.3.2

Hierarchical folding of RNA

1.3.3

Structural features of RNA

1.3.4

Methods for characterizing RNA

1.4

1

...................

7

..........................................................

9

.............................................................

10

...................................................

15

Summary

vii

1.4.1

Format of this thesis

.......................................................................

1.4.2

Issues to be addressed in this work

22

................................................

22

1.5

References

...........................................................................................

31

Chapter 2

.................................................................................................................

37

Thermodynamic and Structural Characterization of the YNMG Hairpin Tetraloop Motif
in RNA
2.1

Abstract

...............................................................................................

2.2

Introduction

2.3

Materials and Methods

.........................................................................................

2.3.1

Preparation of RNA

........................................................................

2.3.2

Temperature Gradient Gel Electrophoresis

2.3.3

Selection procedure

2.3.4

UV thermal denaturation experiments

2.3.5

Circular dichroism spectroscopy

2.3.6

NMR sample preparation and spectroscopy

2.3.7

Monomer-dimer equilibria

2.3.8

Phylogenetic database survey

2.3.9

Nonlinear Poisson-Boltzmann electrostatic calculations

37
38

42

....................................

43

........................................................................

43

...........................................

44

....................................................

45

...................................

46

.............................................................

48

.........................................................

48

...............

48

.......................................................

50

Results

2.4
2.4.1

Design of the tetraloop library

2.4.2

Selection of stable tetraloop sequences

..........................................

51

viii

2.4.3

Identification of stable RNA hairpins

2.4.4

Thermodynamic characterization of hairpins by UV thermal
denaturation

2.4.5

............................................

....................................................................................

...........................................................................................

2.4.6

Characterization of hairpins by circular dichroism

2.4.7

Overview of NMR experiments

2.4.8

Structural and dynamic characterization of hairpins by
exchangeable proton NMR

........................

57

.....................................................

58

.............................................................

...............................................................................................

2.4.10

Structural characterization of hairpins by phosphorus NMR

2.4.11

Biological significance of loop sequences from a phylogenetic

Discussion

62
63

..............................................................................

65

...........................................................................................

67

2.5.1

On the exhaustiveness of TGGE selections

2.5.2

An expanded family of UNCG-like tetraloops

2.5.3

Tertiary interactions of YNMG loops

...................................

68

..............................

69

............................................

71

Recent Developments and Future Directions

......................................

2.6.1

Solution structures of non-UNCG YNMG tetraloops

2.6.2

Closing base pair identity, loop flexibility and the contextdependence of hairpin stability

2.6.3

59

.........

database survey

2.6

55

Structural characterization of hairpins by non-exchangeable proton
NMR

2.5

53

Thermodynamic characterization of single 2′-deoxy-substituted
hairpins

2.4.9

52

....................

......................................................

74
75

79

Role of electrostatics in loop-closing base pair coupling: analysis

ix

of representative YNMG loops

......................................................

80

.............................................................................

82

2.7

Acknowledgements

2.8

References

...........................................................................................

104

Chapter 3

.................................................................................................................

111

Restricting the Conformational Heterogeneity of RNA by Specific Incorporation of
8-Bromoguanosine
3.1

Abstract

3.2

Introduction

3.3

Materials and Methods
3.3.1

...............................................................................................
.........................................................................................

111
112

General procedures for 8-bromoguanosine phosphoramidite
synthesis

.........................................................................................

3.3.2

Preparation of RNA

........................................................................

3.3.3

Mass spectroscopic analysis of RNA

3.3.4

UV spectroscopy and thermal denaturation

3.3.5

Phosphorus and exchangeable proton NMR spectroscopy

.............................................
...................................

114
119
119
120

............

121

....................................................................................

122

Results

3.4
3.4.1

Thermodynamic characterization of RNA by UV thermal
denaturation

3.4.2

Structural characterization of RNA by phosphorus NMR
spectroscopy

3.4.3
3.5

...................................................................................

Structural characterization of RNA by proton NMR spectroscopy
Discussion

...........................................................................................

122
123
124

x

3.5.1

Destabilization of the duplex conformation upon 8-bromoguanosine
substitution

3.5.2

.....................................................................................

Applications for 8-bromoguanosine in structural and catalytic
studies of RNA

...............................................................................

Recent Developments and Future Directions

3.6

124

125

......................................

127

........................................................

127

3.6.1

The lead-dependent ribozyme

3.6.2

Comparison of leadzyme structures

3.6.3

Effect of 8-bromoguanosine substitution upon the leadzyme

...............................................

129

........

129

.............................................................................

130

3.7

Acknowledgements

3.8

References

...........................................................................................

141

Chapter 4

.................................................................................................................

145

Folding Kinetics of Exceptionally Stable YNMG RNA Hairpins: Specific Incorporation
of 8-bromoguanosine Leads to Stabilization by Enhancement of the Folding Rate
4.1

Abstract

4.2

Introduction

4.3

Materials and Methods
4.3.1

...............................................................................................
.........................................................................................

145
146

Synthesis of 8-bromoguanosine phosphoramidite and preparation of
RNA

...............................................................................................

4.3.2

Overview of unfolding experiments

...............................................

4.3.3

UV spectroscopy and thermal denaturation

4.3.4

Phosphorus NMR spectroscopy and thermal denaturation

...................................
............

148
149
150
151

xi

4.3.5

Laser temperature-jump kinetics measurements

............................

4.3.6

Nonlinear Poisson-Boltzmann electrostatic calculations

153

...............

155

.............................................

156

Results

4.4
4.4.1

Design of the hairpin model systems

4.4.2

Evidence for two-state unfolding of hairpins

4.4.3

Thermodynamic parameters

4.4.4

Laser temperature-jump kinetics measurements of hairpin folding
Discussion

4.5

.................................

157

...........................................................

158

...........................................................................................

159
161

Stabilization of 8BrG-substituted YNMG hairpins by folding rate

4.5.1

enhancement

...................................................................................

162

4.5.2

The denatured state in proteins and nucleic acids

..........................

163

4.5.3

Preorganization in unmodified biological systems

........................

166

......................................

166

.............................................................................

168

4.6

Recent Developments and Future Directions

4.7

Acknowledgements

4.8

References

...........................................................................................

180

Chapter 5

.................................................................................................................

186

The Role of Electrostatics in Magnesium Ion Binding and Catalysis of the Hepatitis Delta
Virus Ribozyme
5.1

Abstract

...............................................................................................

5.2

Introduction

5.3

Materials and Methods

.........................................................................................

186
187

xii

5.3.1

Structural Models and Programs

....................................................

5.3.2

The nonlinear Poisson Boltzmann equation

...................................

190
190

Results

5.4
5.4.1

Identification of metal ion binding sites in RNA structures using the
NLPB equation

5.4.2

...............................................................................

The catalytic RNA from hepatitis delta virus

191

.................................

192

...........................................................................................

192

5.5

Discussion

5.6

Recent Developments and Future Directions

5.7

Acknowledgements

5.8

References

......................................

193

.............................................................................

195

...........................................................................................

204

xiii

ABBREVIATIONS AND DEFINITIONS

8BrG or G 8-bromoguanosine
CT strand concentration
d duplex conformation
DKC dyskeratosis congenita
DMSO dimethyl sulfoxide
DQF-COSY double-quantum filteredcorrelated spectroscopy
EDTA ethylenediaminetetraacetic acid
ETS external transcribed sequence
h hairpin conformation
HDV hepatitis delta virus
K keto, G or U
leadzyme lead-dependent RNA enzyme
M amino, A or C
MW molecular weight
NLPB nonlinear Poisson-Boltzmann
NRE nucleolin recognition element
nt nucleotide

P10E0.1 10 mM sodium phosphate, 0.1 mM
Na2EDTA
PAGE polyacrylamide gel electrophoresis
ppm parts per million
R purine, A or G
ribozyme catalytic RNA enzyme
RP reversed phase
RT reverse transcribe
TBEK50 100 mM Tris, 83 mM boric acid,
1 mM Na2EDTA, 50 mM KCl, pH 8.7 at
25 °C
TE 10 mM Tris, 1 mM Na2EDTA, pH 7.5
TEMED N,N,N′,N′-Tetramethylethylenediamine
TGGE temperature gradient gel
electrophoresis
TM melting temperature
u unfolded state
UTR untranslated region
Y pyrimidine, C or U
δ chemical shift in ppm

Ln refers to loop nucleotide n
When writing out hairpin sequences, the loop sequence is capitalized.
Nucleotides A151-153 of the L5b hairpin may be rewritten L5bA151-153
For rRNA structures, all numbering is based on the E. coli numbering system from
<http://www.rna.icmb.utexas.edu>.

xiv

LIST OF FORMULAE
CHAPTER 1
Equation 1.1:

signal = (mUT+bU) + [(mFT+bF) - (mUT+bU)] K / (1+K)

.............

16

Equation 1.2:

K = exp [∆H/R (1/TM - 1/T)]

.......................................................

16

Equation 1.3:

signal = SFfF + SUfU

......................................................................

16

Equation 1.4:

OD = -log (I/Io)

............................................................................

18

Equation 1.5:

∆T = Tf – Ti = 10-ODf – 10-ODi = 10-Ef×CL – 10-Ei×CL

Equation 1.6:

(T2-T1) / T1 = (T2 / T1) - 1 = (10-A2 / 10-A1) - 1

Equation 1.7:

τ -1 = kobs = k 1 + k -1

Equation 1.8:

Keq = k 1 / k -1

.......................

18

..........................

19

.....................................................................

20

................................................................................

20

CHAPTER 2
Equation 2.1:

∆ε = (θ - θb) / (33Cnb)

.................................................................

46

........................................................................

152

CHAPTER 4
Equation 4.1:

τ -1 >> 2π(νA - νB)

xv

LIST OF FIGURES
CHAPTER 1
Figure 1.1:

The central dogma of molecular biology

.....................................

23

Figure 1.2:

The split gene hypothesis

.............................................................

24

Figure 1.3:

Primary structure of RNA

............................................................

25

Figure 1.4:

Ion interactions with RNA

...........................................................

26

Figure 1.5:

Typical sugar pucker and glycosidic conformations for DNA and
RNA

.............................................................................................

Figure 1.6:

Base pairing in RNA

....................................................................

Figure 1.7:

RNA hairpin and double helix secondary structures

Figure 1.8:

RNA kissing hairpin and loop-receptor tertiary structures

...................
..........

27
28
29
30

CHAPTER 2
Figure 2.1:

Comparison of UUCG and its double variant CUAG reveals
potential for similar hydrogen bonding interactions

....................

Figure 2.2:

Thermal denaturation and selection of the tetraloop library

Figure 2.3:

Representative UV thermal denaturation profiles for hairpins from
each of the four YNMG families and controls

Figure 2.4:

............................

........................................................

91

92

One dimensional proton NMR spectra for representative YNMG
hairpins showing the imino proton spectral region

Figure 2.6:

90

Circular dichroism spectra for 24 hairpins; this includes 16
YNMG loops and 8 controls

Figure 2.5:

........

89

......................

94

Detail of a NOESY map of the cUAAGg hairpin for the imino

xvi

proton spectral region
Figure 2.7:

..................................................................

Temperature dependence of one dimensional proton NMR spectra
for the imino proton spectral region of YNMG hairpins

Figure 2.8:

.............

96

Details of DQF-COSY maps of cUAAGg and cUUCGg hairpins
for the H1′–H2′ spectral region

Figure 2.9:

95

....................................................

97

One dimensional proton-decoupled phosphorus spectra for
representative YNMG hairpins

....................................................

98

Figure 2.10: Involvement of a cYNMGg tetraloop in a tertiary interaction in
16S rRNA

....................................................................................

99

Figure 2.11: Comparison of three non-UNCG YNMG tetraloop structures to
the UUCG tetraloop

.....................................................................

100

Figure 2.12: Comparison of electrostatic potentials determined using the NLPB
equation reveals loop-closing base pair coupling

........................

102

CHAPTER 3
Figure 3.1:

Equilibrium between hairpin and duplex conformations

Figure 3.2:

Typical glycosidic bond conformations for guanosine and 8bromoguanosine

Figure 3.3:

Scheme

for

phosphoramidite
Figure 3.4:

..........................................................................
the

synthesis

of

the

134

135

8-bromoguanosine

..........................................................................

136

Proton-decoupled phosphorus NMR spectra of UUCG, UUCG,
CGCG, CGCG, CGAG, and CGAG

Figure 3.5:

............

...........................................

137

Exchangeable proton NMR spectra of UUCG, UUCG, CGCG,

xvii

and CGCG

...................................................................................

Figure 3.6:

Comparison of features within the leadzyme active site

Figure 3.7:

Secondary structure of the two-piece leadzyme

138

.............

139

..........................

140

.............................

172

CHAPTER 4
Figure 4.1:

Depiction of the hierarchical folding of RNA

Figure 4.2:

Reversability of UV thermal denaturation curves for unmodified
and 8BrG-substituted gcUUCGgc and ggUUCGcc

Figure 4.3:

174

.............................................................

175

Representative relaxations for ggUUCGcc and ggUUCGcc after a
7.5 °C temperature-jump

Figure 4.6:

.......................................

Representative relaxations for gcUUCGgc and gcUUCGgc after a
7.5 °C temperature-jump

Figure 4.5:

173

NMR spectroscopic evidence for two-state unfolding of the
gcUUCGgc and gcUUCGgc tetraloops

Figure 4.4:

....................

.............................................................

176

Spectroscopic evidence for two-state unfolding of the gcUUCGgc
and gcUUCGgc tetraloops

..........................................................

177

................

178

Figure 4.7:

Typical multiphase relaxation for a hairpin at T>>TM

Figure 4.8:

Comparison of electrostatic potentials determined using the NLPB
equation reveals loop-closing base pair coupling for ccUUCGgg,
and the absence of loop-closing base pair coupling for
gcggUUCGGccgg

........................................................................

179

xviii

CHAPTER 5
Figure 5.1:

First step in the proposed mechanism for general acid-base
catalysis in the hepatitis delta virus ribozyme

Figure 5.2:

.............................................................................

.............................................................................

.......................................

201

Positioning of C75 in the negative cleft of the hepatitis delta virus
ribozyme active site

Figure 5.6:

200

Tertiary structure and surface electrostatic potential of the
genomic hepatitis delta virus ribozyme

Figure 5.5:

199

Tertiary structure and surface electrostatic potential for loop E
from 5S rRNA

Figure 5.4:

198

Secondary and tertiary structure of the genomic hepatitis delta
virus ribozyme

Figure 5.3:

.............................

.....................................................................

202

A potential role for electrostatics in loop 159-loop 343
interactions

..................................................................................

203

xix

LIST OF TABLES
CHAPTER 2
Table 2.1: Sequence alignment and occurrence at loop 343 in 16S rRNA

......

84

Table 2.2: Thermodynamic parameters for hairpin formation by RNA
sequences

.........................................................................................

85

Table 2.3: Thermodynamic parameters for hairpin formation by chimeric
sequences

.........................................................................................

Table 2.4: Occurrence of covariation between loop 343 and loop 159

87

............

88

..................

131

CHAPTER 3
Table 3.1: Mass spectroscopic analysis of RNA oligonucleotides
Table 3.2: Thermodynamic parameters for hairpin formation

......................... 132

Table 3.3: Glycosidic torsion angle comparisons in leadzyme structures

.......

133

CHAPTER 4
Table 4.1: Thermodynamic parameters for hairpin formation

......................... 170

Table 4.2: Kinetic parameters for hairpin formation at T<<TM and T>>TM

...

171

CHAPTER 5
Table 5.1: Mg2+ ion interactions in the structure of the hepatitis delta virus
ribozyme

.........................................................................................

197

xx

PREFACE

Portions of each chapter in this thesis have been published; the relevent references
are provided at the beginning of each chapter. Results described in each chapter are the
outcome of collaboratory research. Authors contributing to this research are noted in the
Acknowledgements section of each chapter, along with a specific description of their
contributions.
Identification and characterization of cYNMGg hairpins was supported by NSF
Grant MCB-9984129, and a Camille Dreyfus Teacher-Scholar Award and Sloan
Fellowship to P.C.B. Efforts to limit RNA conformational heterogeneity through sitespecific incorporation of 8-bromoguanosine was supported by NSF Grant MCB9984129; a Fellowship from the Alfred P. Sloan Foundation and a Camille Dreyfus
Teacher-Scholar Award to P.C.B; and NIH Grant 1R03 TW1068 to R.K. and D. H.
Turner. For research described in Chapter 4, we gratefully acknowledge the following
organizations for their support of this work: NSF Grant MCB-0316925 to H.M. and
M.G.; NSF Grant MCB-9984129, a Fellowship from the Alfred P. Sloan Foundation, and
a Camille Dreyfus Teacher-Scholar Award to P.C.B.; NIH Grant 1R03 TW1068-01 to
R.K. and D.H. Turner, and PZB-KBN 059/T09/14 to R.K. Characterization of the role of
electrostatics in magnesium ion binding and catalysis of the HDV ribozyme was
supported in part by a fellowship from the Alfred P. Sloan Foundation and a Camille
Dreyfus Teacher-Scholar Award to P.C.B.

xxi

ACKNOWLEDGEMENTS

I am exceptionally grateful for having had the opportunity to work under the
guidance of Phil Bevilacqua. His understanding of RNA biophysics and his creative
approach to experimental design and manuscript preparation have contributed greatly to
my development as a scientist and author. I would also like to expressly thank Juliette
Lecomte and Chris Falzone for their efforts as critical yet caring mentors. Finally, I am
grateful to Phil, Juliette, Sharon Hammes-Schiffer, George Makhatadze, Paul Babitzke,
and John Desjarlais for their encouragement and contributions to my professional
development as my thesis committee.
I have been fortunate to participate in several collaborative projects while in
graduate school. These projects have benefitted greatly from the guidance of several
superb scientists and mentors; these are Alan Benesi, Chris Falzone, Martin Gruebele,
Ryszard Kierzek, Juliette Lecomte, and George Makhatadze. Furthermore, the success of
these projects is due in large part to the efforts of several talented scientists; these are
Joanne Bevilacqua, Dmitri Ermolenko, Ela Kierzek, Hairong Ma, Shuichi Nakano, and
Janell Schaak. Finally, thanks to Doug Turner for welcoming me into his laboratory.
During the past several years I have interacted closely with members of three
laboratories; many of these individuals have become close friends, and all have provided
me with valuable personal and professional insight. From the Bevilacqua group, I would
like to thank Joanne Bevilacqua, Trevor Brown, Durga Ghosh, Scott Knudsen, Jing
Liang, Ellen Moody, Mariko Nakano, Shuichi Nakano, Rao Nallagatla, Amy Parente, Wu
Peng, Janell Schaak, Zhangyong Shu, Nate Siegfried, Andrea Szakal, Zheng Xiaofeng,

xxii

and Rieko Yajima. From the Lecomte Group, I would like to thank Chris Falzone, Jane
Knappenberger, Syna Kuriakose, Juliette Lecomte, Kunal Mukhopadhyay, Christina
Kraemer-Pecore, Nancy Scott, and Christie Vu. Finally, from the Matthews group I
would like to thank Osman Bilsel, Roxana Ionescu, C. Robert Matthews, Virginia Smith,
and Louise Wallace.
Prior to graduate school, I was encouraged and inspired by numerous mentors and
friends; they are Dr. Calabrese, Mr. Capwell, Fr. Elston, Mr. Engel, Dr. Hunter, Claire
King, Dr. Kleinman, Dr. Knauer, Fr. Kurovsky, Marc Lovecchio, Dr. May, Ron Metzger,
Dr. Nuttall, Dr. O’Hara-Mays, Fr. Oldfield, Mr. Pivirotto, Dr. Smith, and Mr. West.
Throughout graduate school, I benefitted from the love and support of many
friends; they include Achim Amma, Trevor Brown, Keisha Clare, Dan Clark, Tamela
Greeley, Andy Harris, Christina Kraemer-Pecore, Mandy Maneval, Scott Martin, Kunal
and Åsa Mukhopadhyay, Britta Naujokat, Kaushik Raha, Nancy Scott, Lewi and Naomi
Sechler, Mr. and Mrs. Stewart, Christie Vu, Wang Bo, Andrew Wollacott, Anna Yothers,
and the Zerbe family: Mom, Dad, Bryan, Carmen, Jamie, Mark, and Mike. A special
thank you to Rajat Arora, Christi Brookes, Cassie Farrelly, Oscar Fernández, Joey
Mercaldo, Bettina Pütz, Pavel Svilenov, Wenjun Tang, Roland Vosen, and Rieko Yajima.
I am blessed with a wonderful, loving family that has supported me in all ways.
My parents, in particular, have always encouraged my curiosity, sense of wonder, and
adventurousness. Thank you Mom, Dad, Ash, Cait, Chris, Danny, Erik, Tay, and Terri;
also, thanks Bailey and Cass. I’m also fortunate to have a caring extended family: Aunt
Anne and Uncle Doug, Anne and Charlie, Aunt Betty, Gary, Aunt Liane and Uncle Jim,
Aunt Margie, Mary and John, and Melissa.

xxiii

For your love, comfort and encouragement, thank you Christa.

xxiv

“Le savant n'étudie pas la nature parce que cela est utile; il l'étudie parce qu'il y prend
plaisir et il y prend plaisir parce qu'elle est belle.”

[The scientist does not study nature because it is useful; he studies it because he delights
in it and because it is beautiful.]
Henri Poincaré
Science Et Methode

“Os homini sublime dedit coelumque tueri Jussit; et erectos ad sidera tollere vultus.”

[God gave man an upright countenance to survey the heavens, and to look upward to the
stars.]
Ovid (Publius Ovidius Naso)
Metamorphoses

"The most beautiful experience we can have is the mysterious. It is the fundamental
emotion that stands at the cradle of true art and true science.”
Albert Einstein
World As I See It

xxv

for my family

xxvi

CHAPTER 1

General Introduction

1.1 In this chapter
This chapter is divided into three sections. The first section presents historical of
nucleic acid studies that have special relevance to this thesis and serve to highlight the
importance of scientific research involving nucleic acids. Next, fundamental features of
nucleic acids are presented with a focus on aspects of RNA biophysics that are pertinent
to the research described herein.

Finally, experimental methods for characterizing

nucleic acids are described; this section will focus on methods that are described in
greater experimental detail in subsequent chapters. For detailed information concerning
historical studies, fundamental structural features, and experimental methods related to
nucleic acids, the reader is directed to several superb resources (1-7).
1.2 RNA and the Central Dogma of Molecular Biology
RNA research has enjoyed a renaissance in recent years, resulting in the revision
of several steadfast biological models. Early biochemical and biophysical studies of
nucleic acids focused on chemical composition and fundamental cellular interactions,
providing the biological and chemical foundations for our current understanding of the
role of RNA. These early studies envisaged RNA as an intermediate between the genetic
information stored in DNA and the cellular activities carried out by proteins (Figure 1.1).
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Contained within this simple model are several important cellular processes
including DNA replication, transcription from DNA to RNA, and translation from RNA
to proteins. Additional cellular processes also exist between DNA storage and protein
function including DNA folding, post-transcriptional modifications such as splicing
(1.2.1, 1.2.2 and Figure 1.2), RNA folding (Chapter 3 and Chapter 4), post-translational
modifications, and protein folding. RNA plays a central role in many of these processes,
with messenger RNA (mRNA) serving as an informational molecule and template for
protein production, ribosomal RNA (rRNA) functioning as the biological machinery for
protein production (1.2.3), and transfer RNA (tRNA) operating as a vehicle for amino
acids during translation and in error control.

Several of these processes and RNA

molecules will be discussed in greater detail in this and subsequent chapters.
In the past century, numerous biological paradigms have arisen with respect to
each of these steps. Ensuing discoveries have led to paradigm shifts that have changed
how these cellular processes are understood. Many of the most important discoveries
have been recognized with a Nobel Prize in Physiology or Medicine, or Chemistry. For
example, in Physiology or Medicine, the 1959 Prize was awarded to Severo Ochoa and
Arthur Kornberg for the synthesis of nucleic acids; the 1962 Prize was awarded to
Francis H.C. Crick, James D. Watson and Maurice H.F. Wilkins for elucidation of the
structure of DNA; the 1965 Prize was awarded to François Jacob, André Lwoff and
Jacques Monod for the characterization of gene regulation; and the 1968 Prize was
awarded to Robert W. Holley, Har G. Khorana, and Marshall W. Nirenberg for revealing
the structure of the genetic code. Three historical studies involving RNA are briefly
presented in the following sections from a historical perspective, with a summary of a
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biological hypothesis followed by a brief description of the research that resulted in new
knowledge and a new understanding of cellular biology. Research inspired by these
discoveries and hypotheses is also discussed.
1.2.1 The split gene hypothesis
During the middle of the 20th century, the genetic material in bacteria and
eukaryotes was conceived as a continuous segment of helical double-stranded DNA,
referred to simply as a gene (Figure 1.2A). Our understanding of gene structure changed
greatly as a result of the research findings of Richard J. Roberts and Phillip A. Sharp. In
1977, Roberts and Sharp independently discovered that genes could be discontinuous;
that is, a gene could be comprised of several, well-separated segments, or exons,
separated by non-coding DNA, or introns. For their experimental model system, Roberts
and Sharp were studying the genetic material of adenovirus, a virus that causes the
common cold, in an effort to identify the location of different genes in the viral genome.
The genome of adenovirus is comprised of one single, long DNA molecule, and the genes
of adenovirus resemble those of their hosts, making this virus an ideal model system for
the study of gene structure in higher organisms. After hybridizing a viral mRNA strand
to its template DNA, Roberts and Sharp were able to visualize introns as large loops
extruded from the DNA-RNA hybrid using electron microscopy (Figure 1.2B). For their
pioneering research into gene structure, Roberts and Sharp were awarded the 1993 Nobel
Prize in Physiology or Medicine.
This finding foreshadowed several discoveries of note. For example, it was long
thought that genes evolved through the gradual accumulation of random mutations. The
discovery of exons and introns revealed a novel means for evolution in which the

3

rearrangement, or shuffling, of gene segments resulted in novel sequence motifs. This, in
turn, led to the realization that proteins are often comprised of modules, or domains, that
are coded for by discrete gene segments and can be combined in various fashions in order
to produce novel structures and functions.

Additionally, in different tissues or

developmental stages the gene segments chosen as exons and introns may vary, leading
to alternative splicing.
1.2.2 The discovery of catalytic RNA
The discovery of split genes by Roberts and Sharp identified the need for a
mechanism to remove introns and combine exons to form a functional gene. This process
is known as splicing, and introduces catalytic RNA.
Nearly all chemical reactions that take place in biological systems utilize a
catalyst, or enzyme, to enhance the rate and specificity of a reaction. Prior to 1982, it
was thought that the function of enzymes was derived from their protein composition
because of the large chemical repertoire provided by amino acids, the building blocks of
proteins. Our understanding of biological catalysis changed as a consequence of research
by Sidney Altman and Thomas R. Cech. While studying RNA splicing, Altman and
Cech independently discovered that catalysis could take place in the absence of proteins.
In 1978, Altman was studying the ribonucleoprotein (RNP) ribonuclease P
(RNase P) from Escherichia coli, an enzyme that facilitates tRNA maturation and is
comprised of one protein and one RNA molecule. Upon separating the protein and RNA
components of RNase P, Altman discovered that the enzyme ceased to function; remixing
of the protein and RNA components restored enzyme activity, suggesting that RNA was
essential for enzyme function. This was the first demonstration of an enzymatic reaction
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that required an RNA component; in 1983, Altman showed that the RNA component of
RNase P was catalytic (8). Similarly, in 1982, Cech was studying RNA splicing in the
ciliate protozoan, Tetrahymena thermophila, and discovered that, in the absence of
protein, unprocessed RNA was able to remove introns and join exons (9). This was the
first demonstration of catalysis by RNA. For their discoveries of RNA-based catalysis,
Altman and Cech were awarded the 1989 Nobel Prize in Chemistry.
The discovery of catalytic RNA changed the central dogma of molecular biology
(Figure 1.1), and provided a novel means for modifying or selectively ablating
undesirable RNA or DNA sequences in vivo (10-12); chemical modifications, such as the
guanosine analogue described in Chapter 3, enable exquisite control over the
conformation of therapeutic ribozymes.

Moreover, the subsequent discovery of

additional naturally occurring ribozymes, such as the ribozyme from hepatitis delta virus
that is discussed in Chapter 5, has increased our understanding of the catalytic roles
available to RNA.
Catalytic RNA has also provided a plausible candidate for the first biomolecule
because RNA contains genetic information, like DNA, and is capable of enzymatic
catalysis, like proteins. This observation inspired Walter Gilbert to suggest that life may
have arisen from a prebiotic environment through an “RNA world” (13, 14) in which
protein synthesis developed through evolution based on RNA replication (13, 15, 16).
This notion has implications for several diverse areas of study such as protein-RNA
interactions and gene regulation.
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1.2.3 RNA catalysis within ribonucleoproteins
A multitude of modern reactions are catalyzed by ribonucleoprotein (RNP)
complexes comprised of one or more protein and RNA molecules. Examples of RNP
complexes include RNase P, an endonuclease that facilitates tRNA maturation (17-19 and
1.2.2); the spliceosome, a set of enormous, multicomponent enzyme complexes that
catalyze the maturation of nascent mRNA sequences in eukaryotes (20-23); and the
ribosome, which is comprised of three RNA sequences and more than 40 proteins in
Archaea (24-26), and directs protein formation (27-31).
Historically, proteins were considered the catalytic component of all RNP
complexes. Indeed, in many RNP complexes, such as the signal recognition particle (32,
33) and the more recently described, approximately 500 kDa RNA-induced silencing
complex (RISC) (34), the RNA component seems to serve as little more than a template
for binding. Thus, the discovery of a catalytic role for the RNA in RNase P (8 and 1.2.2)
was unanticipated.
More recently, elucidation of the structure of the 50S subunit from the archaea,
Haloarcula marismortui [PDB entry 1JJ2 (35)], revealed a scarcity of proteins near the
active site, providing the first evidence for RNA as the catalytic component of ribosomes
(25).

Furthermore, determination of high-resolution structures for the 30S small

ribosomal subunit of Thermus thermophilus (24) and the 50S large ribosomal subunits for
H. marismortui (35) and Deinococcus radiodurans (36) has contributed greatly to our
knowledge of RNA tertiary structure and the rules governing RNA-RNA and RNAprotein interactions.
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These discoveries have shown that, contrary to initial models for the mechanism
of many RNP complexes, RNA often carries out catalytic functions with the assistance of
protein scaffolds. This discovery lead to the realization that large-scale sequencing
ventures, such as the Human Genome Project, do not contain detailed instructions for
cellular assembly, but instead provide the first step in understanding the relationship
between genomic DNA and biological catalysis.

This realization illustrates the

importance of biophysics and biochemistry in elucidating the mechanisms of fundamental
biological processes, and places the work presented in this thesis in the proper biological
context.
1.3 RNA structure, folding and stability
Functional RNA molecules adopt complex three dimensional structures through
the folding and interaction of secondary structures.

The stability of a given RNA

structure is closely tied to its three dimensional structure and the chemical and molecular
interactions therein. These three dimensional RNA structures have varying degrees of
stability, depending upon factors such as sequence and the presence of cations. This
section provides an overview of factors that affect the organization, folding and stability
of RNA with a focus on secondary structure.
1.3.1 General factors affecting RNA structure and stability
RNA structure and stability is strongly dependent upon nucleotide sequence.
Independent of its side chains, the RNA backbone has a large number of dihedral angles
(Figure 1.3), making it very flexible and capable of adopting nearly any conformation
given sufficient length. For example, consideration of the number of thermodynamically
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significant conformations available to each of the seven torsion angles in a dinucleoside
monophosphate (one α, three β, three γ, two δ, three ε, two ζ, and two χ) results in a total
of 864 different conformations (after accounting for χ and δ bonds for both nucleosides)
(37, 38).

Thus, structure formation following a conformational search leads to a

measurable entropy loss (Chapter 4). The flexibility of the backbone is limited by several
other factors, however, such as the steric bulk of nucleotides (39-41 and 1.3.3). Also,
hydrogen bonding and stacking interactions between nucleotides direct RNA to fold in
predictable ways, giving rise to the familiar double helix, among other secondary
structures (1.3.3.2).

Naturally occurring nucleic acid backbones are highly charged

polyanions, with one negative charge per phosphate in the backbone (Figure 1.3),
meaning that counterions play an important role in stabilizing a wide array of secondary
structures in RNA.
There are three classes of interaction between ions and nucleic acids: diffuse
binding, outer sphere binding, and inner sphere binding (Figure 1.4). In inner sphere
complexes, the ion and nucleic acid make direct contact without intervening waters
(Figure 1.4A). In outer sphere binding, the ion and nucleic acid share a solvation shell
(Figure 1.4B). Finally, in diffuse binding, the solvation shell of the nucleic acid and ion
remain intact (Figure 1.4C). Monovalent ions are primarily diffuse binding, although
exceptions have been noted (42, 43), while divalent ions more readily partake in all 3
modes of binding. These modes of ion binding to RNA have been reviewed extensively
(44, 45), and the development of new models for ion binding will be discussed briefly in
Chapter 5. Current models for ion interactions with nucleic acids take several forms
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including counterion condensation (46, 47) and Poisson-Boltzmann theory (48), for
which several applications are presented in Chapters 2, 4 and 5.
1.3.2 Hierarchical folding of RNA
RNA typically folds in a hierarchical fashion, with primary structure interacting to
form secondary structure, and secondary structure forming early and interacting to
develop tertiary structure (49, 50). This thesis focuses on factors affecting secondary
structure formation, but it is important to consider tertiary structure also since secondary
and tertiary structure are often energetically linked (51).
For a two-state process, hairpin folding between an ensemble of unfolded states
and a native conformation, the free energy of a secondary structure describes the stability
difference between the native state, and the random coil or denatured states (Chapter 4).
This is in contrast to tertiary structure free energies, which often reflect the stability
difference between the native state and an ensemble of partially folded secondary
structures (52).

An additional difference between secondary and tertiary structure

formation is the strong Mg2+ dependence of tertiary structure stability.

While it is

possible to think of secondary structure stability as primarily dependent upon
temperature, tertiary structure stability is dependent upon both temperature and divalent
cation concentration (52). Both secondary and tertiary structures are dependent upon
monovalent cation concentration.
The folding hierarchy of nucleic acids exists as a result of exceptionally strong
local interactions that impart stability to a given RNA structure, and secondary structure
typically forming much faster than tertiary structure (µs versus sec-min); thermodynamic
and structural factors affecting the stability of secondary structures are examined in detail
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in Chapter 2. The effect of modified nucleotides upon the relative stability of two
competing secondary structures, the hairpin and duplex conformations, provides insight
into this and is described in Chapter 3. Strong local interactions in nucleic acids are a
product of the kinetic rules governing the formation of a given structure. The effect of
sequence upon the rate of formation is examined in Chapter 4. Kinetic effects are
affected to some extent by co-transcriptional folding, as described (53).
1.3.3 Structural features of RNA
1.3.3.1 Primary structure. RNA is comprised of four nitrogenous bases–adenine,
cytidine, guanine, and uracil–linked by ribose to a phosphodiester backbone. Structures
of the bases and backbone, including numbering, pKa values, and torsion angles are
presented in Figure 1.3.
A wide array of naturally occurring (54) and synthetic nucleotide analogues (5559) have been described. These include analogues commonly used in structural and
functional experiments, such as fluorescent 2,6-diaminopurine (DAP) and 2-aminopurine
(2AP), purine (R), and inosine (I), among others. Analogues typically found in biological
systems include methylated bases such as 1-methyladenosine and 1-methylguanosine,
thiolated bases such as 2-thiocytidine and 4-thiouridine, pseudouridine (PSI), and 5,6dihydrouridine (60). These analogues serve a variety of important biological roles; for
instance, methylation of DNA is a common means of gene regulation (61). Finally,
several analogues are used to restrict the conformation of RNA; these include functional
group modifications such as locked nucleic acids (LNA) or those that allow disulfide
bonds or cross-links to form (62), as well as 8-bromoguanosine or other bulky analogues
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that cause steric clashes with the RNA backbone and other residues (63, 64 and Chapter
3).
The RNA backbone possesses seven torsion angles (Figure 1.3). Attempts to
reduce the backbone of RNA to a more manageable set of pseudotorsions have met with
limited success. One approach worth noting, however, made use of steric interactions in
mono- and dinucleotides to reveal correlations between certain torsion angles (39, 40).
This approach holds particular importance for discussions in Chapters 3 and 4, especially
with respect to sugar pucker and the orientation of the glycosidic bond (Figure 1.6).
Sugar pucker is an important feature regulating global structure in nucleic acids,
primarily by varying the flexibility and length of the RNA backbone. Although there are
five ribose ring torsion angles (ν0-ν4), correlations mean only two parameters need to be
considered: the pseudorotation phase angle, P, and the maximum torsion angle, Φm.
While sugar conformations are not static in solution, for the purposes of this thesis it is
adequate to assume that nucleic acids adopt one of two possible sugar conformations. In
A-form RNA, the sugar pucker typically adopts the North or C3′-endo conformation
(P=18°) (Figure 1.5A), and the glycosidic torsion angle generally adopts the anti
conformation, where the base is oriented away from its ribose (Figure 1.5B). The anti
conformation generally maximizes hydrogen bonding and base stacking in nucleic acid
secondary structures, while minimizing the electrostatic repulsion from phosphate groups
(Figure 1.7A, B).
Although common for B-form DNA, the South or C2′-endo sugar pucker
(P=162°) (Figure 1.5C) is uncommon in RNA (e.g. Figure 2.1A). The syn conformation
(Figure 1.5D) is also atypical in RNA, and is normally found in structures where
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hydrogen bonding or stacking interactions counter the destabilization resulting from
increased steric repulsion between the base and ribose. Also, sugar pucker is correlated
to the glycosidic torsion angle (40), and the syn conformation is more readily adopted by
purines than pyrimidines. The YNMG hairpin motif possesses a syn-G at position four of
the loop (L4), which resulted in several diagnostic features that were observed
experimentally (65 and Chapter 2). In Chapter 3, a nucleotide analogue is described that
utilizes steric repulsion to favor the syn conformation (64).
Nucleic acids backbones have been modified in a variety of ways to obtain novel
chemical properties (66, 67).

For instance, 2′-methoxy (2′-OMe), 2′-F, and 2′-NH2

modifications affect hydrogen bonding and sugar pucker (68), and substitution of S for
non-bridging phosphoryl oxygen atoms (O1P and O2P in Figure 1.3) in the RNA
backbone has been used to examine metal ion binding (69-72) and hydrogen bonding
(D.J. Proctor and P.C. Bevilacqua, unpublished data), limit degradation, especially in
chemogenetic studies involving nucleotide analogue interference mapping (55-58,
NAIM). Common nucleic acid backbones other than RNA include deoxyribonucleic acid
(DNA), whose backbone is similar to RNA but for the replacement of the 2′-OH with 2′H; peptide nucleic acid (PNA), where the ribose phosphodiester backbone is replaced by
an amino acid backbone (73-78); and several types of locked nucleic acids (LNA), which
are a family of nucleic acids with modified backbones where the sugar pucker is locked
by addition of a linker between ribose atoms, typically C2′ and C4′ (62).
Interaction of residues comprising the primary structure of nucleic acids gives rise
to secondary and tertiary structure. Typically this takes the form of base pairing between
residues, which involves a combination of stacking and hydrogen bonding interactions.
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Figure 1.6 shows five base pairing interactions that will be discussed in later thesis
chapters.
1.3.3.2 RNA secondary and tertiary structure.

A limited number of RNA

secondary structures comprise the majority of those found in biological sequences (50);
these include helices, loops (including hairpins and internal loops), bulges, and junctions,
among others. Thermal denaturation experiments using detection by UV spectroscopy
have been used to determine thermodynamic parameters for many of these secondary
structures (79-81), and a commonly used algorithm for the prediction of secondary
structure based on thermodynamics has been developed (82, 83). The success of this
methodology in predicting RNA secondary structures is consistent with a model in which
RNA secondary structure interactions are predominantly local (84).
Throughout this thesis the secondary structures most often encountered are helices
and hairpins (Figure 1.7). Helices are comprised of single strands of nucleic acids
hydrogen bonded and stacked upon their complementary strand (Figure 1.7A, B). The
structural features of A-form RNA helices are well understood (7), and will be described
to some extent in Chapters 2 and 3; a comparison of structural features for A-form and Bform nucleic acid helices is described in reference 1. Hairpins are the most common
secondary structure in RNA after helices (Figure 1.7C, D), and are typically found with
loops ranging in size from three to six nucleotides. Among unusually stable hairpin
loops, the UUCG tetraloop closed by a CG base pair is the most stable sequence known
(85), having first been identified in biochemical experiments (86) and later identified as
common in biology using phylogenetic comparison (87). This tetraloop serves as a
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model system for a variety of experiments described in this thesis, and will be examined
in greater detail in Chapter 2.
A brief description of fundamental NMR spectroscopic features characteristic of
the UUCG tetraloop is provided here as a service to the reader since this tetraloop will be
discussed extensively in later chapters. The UUCG tetraloop has a unique NMR spectral
characteristic in the form of an intense resonance near 10 ppm from the imino proton of
GL4 H1 (88-90) that is the result of influence from ring current effects. This feature is
due to the unique chemical environment created by the loop and closing base pair (Figure
2.1), and serves as a spectroscopic and diagnostic resonance that can be used to identify
similarly folded tetraloops. G at loop position four of UUCG is syn and thus has an
intense H8-H1′ NOE cross-peak, as described in Figure 1.5. Also, atypical backbone
torsion angles near the closing base pair G place the phosphorus of this nucleotide in a
highly deshielding environment, resulting in a downfield-shifted resonance in 31P spectra.
Finally, UL2 and CL3 adopt the C2′-endo sugar pucker, which is observable using NMR
correlation spectroscopy (Figure 1.5).
As with RNA secondary structures, a variety of tertiary structures are known to
form in RNA including kissing loops, loop-receptor interactions, pseudoknots, and
coaxial helices. Moreover, the explosive growth of high-resolution structures has led to
the discovery of several new motifs in recent years. Although this thesis focuses on the
development of stable secondary structure, several tertiary structure interactions are
discussed. In particular, the kissing hairpin interaction observed between loop 159 and
loop 343 from the 30S small rRNA subunit is of interest (Figure 1.8A) (Chapters 2-5).
Other known kissing loop structures include the Tar-Tar* kissing hairpin complex from
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the HIV genome [PDB entry 1KIS (91)] and the H3 GACG hairpin in the 5′-end
dimerization signal of Moloney Murine Leukemia virus RNA [PDB entry 1F5U (92)].
In addition, loop-receptor interactions will be discussed later in this thesis (Figure
1.8B). First identified by phylogenetic comparison (93, 94) and exemplified by the
interactions between L5b and J6a/6b from P4-P6 (95), the interaction of GNRA
tetraloops with various receptors has been observed between (i) the 900 tetraloop
(residues 898-901 of E. coli 16S rRNA helix 27) and helix 24 receptor (96), (ii) the
tetraloop from Domain 5 and its 11 nt receptor in Domain 1 of the ai5g group II intron
(97), and (iii) the L12 tetraloop and the internal loop within the P10.1a helix of RNase P
(98), among others.
1.3.4 Methods for characterizing RNA
The focus of this section is upon methods for characterizing the folding, stability,
and kinetic properties of RNA molecules.

The determination of thermodynamic

parameters from two-state model fitting of thermal denaturation data is described,
followed by a brief summary of NMR assignments for one dimensional (1D) 1H spectra
and a discussion of general considerations for laser temperature-jump (T-jump)
spectroscopy.
1.3.4.1 Thermodynamic parameters from thermal denaturation experiments.
Thermodynamic parameters from thermal denaturation were determined by non-linear
curve fitting using a set of parametric equations for a two-state, unimolecular transition
defined in KaleidaGraph (Synergy Software, Reading, PA) (79, 99), as shown in
Equations 1.1 and 1.2:
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signal = (mUT+bU) + [(mFT+bF) - (mUT+bU)] K / (1+K)

(1.1)

K = exp [∆Hº/R (1/TM - 1/T)]

(1.2)

where T is the temperature in Kelvin; mU and bU are the unfolded baseline slope and
intercept, respectively; mF and bF are the folded baseline slope and intercept,
respectively; K is the folding equilibrium constant; ∆Hº is the enthalpy for hairpin
formation; R = 1.987×10-3 kcal mol-1 K-1; and TM is the hairpin melting temperature in
Kelvin.

These equations are based on the assumption that ∆Hº is independent of

temperature and the observed signal is the weighted average of two states, as described
by Equation 1.3:
signal = SFfF + SFfF

(1.3)

where SF and SU are signals from the folded and unfolded states, respectively; and fF and
fU are the fraction of folded and unfolded molecules, respectively. Detection was by the
temperature dependence of (i) ultraviolet absorption, (ii) molar ellipticity from circular
dichroism, and (iii) nuclear magnetic resonance chemical shifts, assuming a rapid
equilibrium.
1.3.4.2 Nuclear magnetic resonance spectroscopy. Using the 12 nt sequence 5′GGAC UUCG GUCC-3′ (UUCG) as a model, it is instructive to consider assignment of
simple 1D exchangeable 1H spectra in the presence of multiple conformations in solution.
The imino proton region extends from ≈10-15 ppm (Figure 2.5). Since G and U possess
imino protons, four resonances are expected in this region for the stem of UUCG. If
UUCG were to adopt the duplex conformation, r(5′-GGAC UUCG GUCC)2, G•U wobble
base pairs may give rise to resonances from a duplex internal loop (2 resonances bp-1). It
is this distinction, along with the concentration dependence of resonance integrals, that
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may be used to separately identify and assign resonances for hairpin and duplex
conformations (Chapter 2). For example, a maximum of seven imino resonances are
expected for the UUCG hairpin, while 10 resonances are possible for a mixture of UUCG
hairpin and duplex, depending largely on loop conformation. Additionally, nucleotides in
the duplex conformation typically resonate slightly upfield of their hairpin stem
counterparts, giving the appearance of a doublet (100) (Figures 2.5 and 2.6).
Connectivities in NOESY spectra most clearly reveal the presence of two
independent conformations (Figure 2.6).

These connectivities are used to assign

resonances in both the hairpin and duplex conformations when they are in slow exchange
because they will have only intramolecular NOE cross-peaks (Figure 2.6). Overall, the
number of peaks observed and their chemical shifts in the exchangeable 1H spectra are
indicative of the hairpin and duplex conformations.
1.3.4.3 Laser temperature-jump spectroscopy. Laser T-jump methods are used to
measure rate constants for biomolecules having unimolecular folding processes occurring
on the sub-millisecond timescale. These rates are determined from the time dependence
of concentration changes.
For T-jump data, the experimental observable was UV probe intensity (I) detected
by a photomultiplier tube with random units, and the independent variable was time. UV
probe intensity was proportional to the transmittance T of the sample since the UV laser
intensity was constant during the temperature scan. Generally, for nucleic acid unfolding
the absorbance intensity I increases with increasing temperature (Figures 4.4 and 4.5);
this is consistent with steady state UV thermal denaturation data (e.g. Figure 4.2).
Relaxation data was treated using Equation 1.4:
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OD = -log ( I / Io ) = εbc = Abs

(1.4)

where I is the UV probe intensity, Io is the initial UV probe intensity, ε is the extinction
coefficient, b is the path length, c is the sample concentration, and OD is the proportional
sample concentration from absorbance (Abs) since the thermodynamic parameters are
calculated using OD in the steady state. However, the characteristics of this T-jump data
are such that the ∆OD fitting has a relaxation rate that is nearly identical to that obtained
from the transmittance fitting, with a difference less than 0.5% (Hairong Ma, pers.
comm.).
One method for monitoring the transmittance baseline change before and after the
T-jump was to observe ∆OD as a function of sample concentration. With C for the
concentration; L for the path length; Tf, Ef, and ODf for the transmittance, extinction
coefficient and OD after the T-jump, respectively; and Ti and ODi for the transmittance
and OD before the T-jump, respectively:
∆T = Tf – Ti = 10 -ODf – 10 -ODi = 10 -Ef × C × L – 10 -Ei × C × L

(1.5)

Thus, if the concentration is zero, we would see ∆T = 0 for the T-jump. Alternatively, if
the concentration is infinite we would also see ∆T = 0. So, between C = 0 and C = ∞
there must be at least one maximum. Actually, a derivative or plot of Equation 1.5
reveals that the maximum ∆T is at C = (logEf - logEi) / (Ef - Ei) × L (Hairong Ma, pers.
comm.).
The signal change magnitude is largely dependent upon the sample. From BeerLambert A = -log T, so T = 10-A with A for the absorbance and T for the transmittance.
Percent hypochromicity demonstrates that:
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(T2 – T1) / T1 = (T2 / T1) – 1 = (10 -A2 / 10 -A1) – 1

(1.6)

For example, (10 -1.2 / 10 -1.0) – 1 = (10 -1.2 – -1.0) – 1 = 0.63 – 1 = -0.37 = 37% decrease in
transmittance for a 20% increase in hypochromicity (typically observed during UV
thermal denaturaition experiments).

For a given ∆T and ∆Hº, if near the TM

approximately 10% of the total 20% change in hypochromicity is observed, so we expect
about 10% of the 37% decrease in transmittance, or a change of about 3.7%T. This
prediction was demonstrated frequently in the data that we obtained; generally a change
in T of 3% was observed.
In addition to measuring kinetic parameters, it is also possible to determine the
(steady-state) RNA concentration using the UV laser probe. In order to do this it is
necessary to determine I, Io, and the dark current, D. A buffer (without RNA) should be
used to determine Io, and dark current can be determined by observing the PMT with no
incident laser light. Then the absorbance is A = -log [(I - D) / (Io - D)].
Noise is an important consideration for absorbance-detected T-jump experiments;
with an expected transmittance of approximately 3%T and initial noise levels also about
3%T, it is difficult to detect an RNA signal.

Several methods were employed to

minimize the noise level, such as using a reference detector, stabilizing the laser, and
averaging sizable quantities of data. For the data described in Chapter 4, the laser was
stabilized prior to data acquisition, and 20 relaxations were collected and averaged for
each kobs recorded in Table 4.2. The noise level was ≈0.5%T near the TM for this data,
but varied greatly with temperature.
In addition to noise, a lensing effect caused by the T-jump complicated data
collection. The heating beam caused a sudden refractive index change in the liquid
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within the heating profile. The lens that is created changes the direction of the probe
beam and causes unpredictable changes to the data. This effect can be reduced either by
decreasing the T-jump size or using a thinner cell. For the data described herein, a 5 mm
flow cell containing water was placed between the 0.1 mm path length sample cell and
heating laser. This resulted in a decrease in the T-jump size from ≈15 ºC without the
flow cell to the 7.5 ºC T-jump size reported in Chapter 4 and Table 4.2. In this instance,
a smaller T-jump was acceptable because Ti was near TM, and bigger changes in the
absorbance occurred for a given ∆T when T was near TM.
Tiny air bubbles caused by the heating pulse also caused problems. One solution
that was attempted involved vacuum degassing each sample in the cell, but this likely had
unknown effects upon the phosphate buffer concentration. Related problems arose when
blowing N2 over the sample. Tapping the sample cell on a surface very gently proved to
be the most effective means of moving bubbles in the cell out of the laser light path.
Relaxation profiles at T ≈ TM were treated as a two-state process (Figure 4.1, left),
where the forward (k 1) and reverse (k -1) folding rate constants are related to the observed
relaxation lifetime (τ) by Equation 1.7, and to the equilibrium constant for hairpin folding
(Keq) by Equation 1.8:
τ −1 = kobs = k 1 + k -1

(1.7)

Keq = k 1 / k -1

(1.8)

Thus, experimental determination of the relaxation rate constant, τ -1, from T-jump and
the equilibrium constant, Keq, from thermal denaturation experiments provides a means
for determination of individual k 1 and k -1 values. Further information regarding laser Tjump experimental details are provided in Chapter 4 (4.3.5).
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1.3.4.4 In vitro selection and TGGE.

RNA is known to form a variety of

structural elements, many of which have sufficient sequence complexity to make the
thermodynamic study of each possible variant impractical. Thus, we have endeavored to
study unusually stable or unstable RNA motifs by isolating sequences from combinatorial
libraries using in vitro selection and temperature gradient gel electrophoresis (TGGE).
This recursive methodology allows us to separate a combinatorial library of sequences
based on their relative stabilities, and selectively amplify unusually stable or unstable
sequences prior to their identification. Tetraloop hairpins were chosen as a model system
for selection experiments since they are the dominant secondary structure in RNA, and
are known to function in nucleating RNA folding, RNA-RNA tertiary interactions, and
RNA-protein interactions. In addition, the stability and structure of RNA tetraloops have
been studied extensively; thus, at least some of the selected sequences were expected to
be similar as an internal control.
The use of in vitro selection in combination with temperature gradient gel
electrophoresis will be described in detail in Chapter 2. However, it is worth noting a
recent development of this method involving a combination of selections for
thermodynamic stability and catalytic activity (101).

Random PCR mutation of a

Tetrahymena group I ribozyme pool was carried out during 14 rounds of selection for
catalytic activity and thermodynamic stability by TGGE. This selection scheme resulted
in a ribozyme that was stabilized by ∆TM = +10.5 ºC and had catalytic activity
comparable to the wild-type ribozyme (101). Utilizing in vitro selection and TGGE for
isolating RNA sequences with enhanced catalytic activity and thermodynamic stability
has tremendous potential for the development of highly active and stable ribozymes; in
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particular, this method may facilitate X-ray crystallographic studies of large ribozymes,
as demonstrated for a catalytically inactive form of this ribozyme (102, 103).
1.4 Summary
1.4.1 Format of this thesis
Chapters 2-5 present published research. Each research chapter is presented in
standard fashion, with an abstract, introduction, materials and methods, results, and
discussion. Concluding each chapter is a presentation of recent developments that have
come to light since the publication of each chapter, and future directions stemming from
this research.
1.4.2 Issues to be addressed in this work
This thesis addresses four research topics in detail. In Chapter 2, the isolation and
characterization of the YNMG hairpin tetraloop motif are described (65). Implications
for the sequence-dependent stability of certain RNA secondary structures, loop expansion
and the role of loop flexibility, and the relationship of hairpin loop and closing base pair
sequence to biological function are discussed. Chapter 3 describes the restriction of RNA
conformational heterogeneity by specific incorporation of the modified nucleobase, 8bromoguanosine (64). In Chapter 4, the stabilization and folding rate enhancement of an
8-bromoguanosine-modified YNMG hairpin are described, and an electrostatic origin for
loop-closing base pair coupling is explored using nonlinear Poisson-Boltzmann
calculations. Finally, Chapter 5 presents a role for electrostatics in the multi-channel
folding pathway of the HDV ribozyme (104).
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Figure 1.1: The central dogma of molecular biology. Information is depicted flowing
from DNA, where the genetic information resides, through RNA to protein, which carries
out catalytic functions. Information stored as DNA is maintained and passed through
cellular generations through replication, and transferred to RNA via transcription.
Information encoded in RNA is transferred into protein through translation; in
retroviruses information can also be transferred from RNA to DNA. Several additional
processes are not depicted, such as post-transcriptional and post-translational
modifications.

23

Figure 1.2: The split gene hypothesis. (A) Gene structure and the flow of genetic
information in bacteria and eukaryotes. In bacteria, genetic information is stored as a
continuous segment of DNA, and the messenger RNA immediately directs the synthesis
of its corresponding protein. In higher organisms genes are often divided into exons and
intervening introns, and mRNA must be processed by splicing before being translated
into a protein. (B) Diagram of the experiment that demonstrated adenovirus DNA
contains split genes. Genetic information in mRNA resides in DNA as four exons (1-4)
separated by three introns. In the DNA-RNA hybrid, the DNA introns appear as loops
because they lack counterparts in the RNA, and were visualized by electron microscopy.
Adapted from the Nobel e-Museum, <http://www.nobel.se>.
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Figure 1.3: Primary structure of RNA. Atom positions are labeled, and coloring for
atoms is as follows: carbon, hydrogen, nitrogen, oxygen, phosphorus. Torsion angles in
the RNA backbone are bold, and dashed lines indicated the glycosidic bond between the
nucleotides and backbone. The pKa values of several protonation sites for the
nucleotides or backbone are indicated (purple). This figure was prepared using PyMol
(105).
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Figure 1.4: Ion interactions with RNA. Metal ions are green, nonbridging phosphate
oxygen atoms are red and linked to the hatched RNA surface, and water molecules are
red and grey; it is important to note that atomic radii are not suggested by this figure. (A)
The metal ion is tightly bound in an inner sphere interaction, in which the metal ion is
dehydrated and interacts directly with the RNA through a single water molecule. (B) The
metal ion retains a layer of bound water, and contacts the RNA in an outer sphere
interaction. (C) The RNA and metal ion both retain bound water ions, and interact
through an electric field. Adapted from reference 45.
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Figure 1.5: Typical sugar pucker and glycosidic conformations for RNA and DNA. (A)
C3′-endo sugar pucker typically found in A-form RNA helices. For clarity only carbon,
oxygen, H1′ and H2′ atoms are shown. Note the ≈90° angle between H1′ and H2′; this
relationship indicates that coupling is not observable in NMR through-bond correlation
experiments (e.g. DQF-COSY) (106). (B) The anti glycosidic bond conformation
common to A-form RNA and B-form DNA helices. For clarity only carbon, oxygen,
nitrogen, H8 and H1′ atoms are shown. Note the ≈3.8 Å distance between H8 and H1′;
this distance results in moderate to weak NOE cross-peak in through-space spin-lattice
coupling experiments (e.g. NOESY) (106). (C) The C2′-endo sugar pucker typically
found in B-form DNA helices. Atom colors are as in panel A. Note the ≈180° angle
between H1′ and H2′; this relationship indicates that coupling is observable (106). (D)
The syn glycosidic bond conformation. This conformation is atypical in DNA and RNA
structures, but is known to form under the influence of specialized structures (e.g. 90).
Atom colors are as in panel B. Note the smaller, ≈2.6 Å distance between H8 and H1′;
this distance results in a very strong NOE cross-peak (106).
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Figure 1.6: Several common base pairs in RNA. Atom colors are as in Figure 1.3,
hydrogen bonds are shown as dashes, and hydrogen atoms are not shown for clarity. (A)
Watson-Crick CG base pair. (B) Watson-Crick UA base pair. (C) GU wobble base pair.
(D) UG bifurcated hydrogen bonding. (E) GA sheared base pair. Examples of each of
these base pairing interactions will arise in later chapters.
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Figure 1.7: RNA hairpin and double helix secondary structures. (A) The r(5′-CCCC
GGGG-3′)2 A-form double helix. Standard Watson-Crick CG base pairs are visible
throughout the full length of the helix. Colors are: carbon, nitrogen, oxygen, and
phosphorus; the 5′-end of each strand is labeled. (B) View of the r(5′-CCCC GGGG-3′)2
A-form double helix, rotated 90° with respect to panel A. Note the extensive stacking
between residues. (C) The r(5′-GCC UUCG GGC-3′) hairpin. Watson-Crick base pairs
are visibile in the helix stem, and extensive hydrogen bonding is observed within the
loop. (D) View of the r(5′-C UUCG G-3′) hairpin, rotated 90° with respect to panel C;
the stem has been shortened to include only the closing base pair for clarity. Extensive
stacking is also observed for the cUUCGg hairpin conformation, and UL2 is extruded
from the loop. Also, note the vertical alignment of functional groups having partial
negative and partial positive character (e.g. UL1 O4 and N4 of the closing base pair C,
“Ccbp”). This feature will be discussed at great length in subsequent chapters.
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Figure 1.8: RNA kissing hairpin and loop-receptor tertiary structures. The tertiary
structure is shown on the left with colors as described in Figure 1.3, and the secondary
structure is shown on the right with intramolecular interactions depicted by solid lines
and intermolecular interactions depicted by dashed lines. (A) Kissing hairpin interaction
between Helix 8 (residues 154-167) and Helix 14 (residues 339-350) from the crystal
structure of the 30S small ribosomal subunit [PDB entry 1J5E (24)]. (B) Loop-receptor
interaction between L5b (residues 145-158) and J6a/6b (residues 220-227 and 247-253)
from P4-P6 of the Tetrahymena group I ribozyme [PDB entry 1GID (95)].
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CHAPTER 2

Thermodynamic and Structural Characterization of the YNMG Hairpin
Tetraloop Motif in RNA

[Published, in part, as a paper entitled “Isolation and Characterization of a Family of
Stable RNA Tetraloops with the Motif YNMG That Participate in Tertiary Interactions”
by David J. Proctor, Janell E. Schaak, Joanne M. Bevilacqua, Christopher J. Falzone
and Philip C. Bevilacqua in Biochemistry 2002, 41, 12062-12075.]

2.1 Abstract
RNA is known to fold into a variety of structural elements, many of which have
sufficient sequence complexity to make the thermodynamic study of each possible
variant impractical. A method for isolating stable and unstable RNA sequences from
combinatorial libraries using temperature gradient gel electrophoresis (TGGE) has been
reported by this laboratory (1, 2). This method was used to analyze a six-nucleotide
RNA hairpin loop library in which three rounds of in vitro selection were performed
using TGGE, and unusually stable RNA sequences were identified by cloning and
sequencing. Known stable tetraloops were found, including sequences belonging to the
UNCG motif closed by a CG base pair, and the CUUG motif closed by a GC base pair
(≈98% of isolated sequences had a CG closing base pair).

In addition, unknown

37

tetraloops were found that were nearly as stable as cUNCGg,i including sequences related
through substitution of UL1 with a C, CL3 with an A, or both.ii These substitutions allow
hydrogen bonding and stacking interactions in the cUNCGg loop to be maintained.
Thermodynamic analysis of YNMGiii and variant tetraloops confirmed optimal stability
with YL1 and ML3. Similarity in structure and stability among YNMG hairpins was
further supported by 2′-deoxyribose substitution, circular dichroism, and nuclear
magnetic resonance experiments. A conserved tertiary interaction in 16S ribosomal RNA
exists between a YAMG hairpin at position 343 and two adenines in the tetraloop at
position 159 (E. coli numbering). NMR and functional group substitution experiments
suggest that YNAG tetraloops in particular have enhanced flexibility, which may be
responsible for allowing the tertiary interaction to be maintained with diverse loop
sequences at position 159. Taken together, these results support the existence of an
extended family of UNCG-like tetraloops with the motif YNMG that are
thermodynamically stable, structurally similar, and can engage in tertiary interactions in
large RNA molecules.
2.2 Introduction
RNA is essential to diverse cellular processes including transcription, translation,
and splicing. RNA alone can be catalytic and appears to be the catalytic component of
some ribonucleoprotein complexes including the ribosome and spliceosome (3-5). Large
ribonucleoproteins and complex RNA molecules involved in these processes often fold in
a hierarchical fashion from smaller, independently stable building blocks to create

i

The tetraloop sequence is capitalized.
“Ln” indicates the nucleotide at loop position n.
iii
N is A, C, G, or U; M is A or C; R is A or G; and Y is C or U.
ii
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complex tertiary structures (6, 7). For example, loop-receptor tertiary interactions are
built up from a small stable hairpin and an internal loop (8, 9), and the P1 duplex of the
Tetrahymena ribozyme docks into the catalytic core as a preformed duplex (10, 11). As
such, identification and characterization of small structural elements that comprise the
foundation of complex RNA structures may lead to a deeper understanding of RNA
folding.
Hairpins are the dominant secondary structure in RNA, and are known to function
in nucleating RNA folding (Chapter 4), RNA-RNA tertiary interactions (12), and RNAprotein interactions (7, 13). The tetraloop is the most common hairpin loop size in RNA
(14-17). In particular, in a database of 16S and 23S rRNA from 214 organisms, 7484
hairpins with loops of 3-6 nucleotides (nt) were found and 51% of these were tetraloops
(Proctor, D.J., Shu, Z., Cho, E. and Bevilacqua, P.C., unpublished data). Also, a study of
624 hairpins in variable regions of 16S-like rRNA, which are less likely to interact with
proteins or engage in tertiary interactions, revealed that approximately 50% of the loops
were tetraloops, being somewhat greater for Archaea and Eubacteria and fewer for
Eukarya (16). Phylogenetic studies of rRNA have revealed that certain tetraloop motifs
are especially common including cUNCGg, cGNRAg, and to a lesser extent gCUUGc
(15).
The stability and structure of RNA tetraloops have been extensively studied.
Thermodynamic studies indicated that the majority of the phylogenetically conserved
tetraloop-closing base pair combinations have exceptional stability (2, 12, 14, 18, 19).
This observation suggests that thermodynamically stable motifs can serve important
biological roles. Atomic-resolution structures have been solved for many tetraloops
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including cGAAAg, cGAGAg, cGCAAg (20-22), gCUUGc (23), cUUCGg (24, 25, 2630), and cUACGg (3, 24, 26-30), and have revealed extensive stacking, hydrogen
bonding, and shape complementarity within the loop.
The three-dimensional structure of the UNCG motif has been extensively studied
by NMR spectroscopy and X-ray crystallography (3, 24, 26-30), and several distinct
features have been identified.

For cUNCGg, hydrogen bonding interactions occur

between UL1 O2 and GL4 H1 and H2, UL1 H2′ and GL4 O6, CL3 H2′ and CL3 O2, and CL3
H4 and the pro-R phosphoryl oxygen of NL2 (Figure 2.1). Distinctive non-hydrogen
bonding features include non-standard torsion angles for NL2 and the closing base pair G,
a syn conformation for GL4, C2′-endo sugar puckers for NL2 and CL3, and stacking
between GL4 and the ribose moiety of the closing base pair G.
The UUCG tetraloop closed by a CG base pair was originally identified as
exceptionally stable from sequence alignment and its ability to terminate reverse
transcription reactions (14). The CG closing base pair makes a significant contribution to
stability; for instance, a CG to GC change results in a ∆∆Go37 of +2.3 kcal mol-1 for
tetraloop formation (18). Apparently, the stability of the loop is tightly coupled to the
identity of the closing base pair (1, 2, 31-34, 2.6 and 4.6). More recently, NMR and
computational studies revealed similar structures for UUCG tetraloops closed by CG and
GC base pairs at low temperatures, but more dynamic behavior for gUUCGc at higher
temperatures (19, 2.4.8 and 4.6).

In addition, 2′-hydroxyl groups make important

contributions to stability, as revealed by both experimental and theoretical studies (12,
19, 35-37).
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The three-dimensional structure of an RNA molecule such as a tetraloop strongly
influences its thermodynamic stability. Thermodynamic parameters for various RNA
folds have traditionally been determined by synthesizing RNA oligonucleotides of
interest and performing UV thermal denaturation experiments (e.g. 38-40). This has led
to a useful set of nearest neighbor free energy rules that describe the formation of
Watson-Crick and simple non-Watson-Crick structures for RNA (39) and DNA (40).
Unfortunately, many RNA secondary and tertiary structural motifs are of
sufficient size to rule out direct synthesis and UV thermal denaturation of all possible
sequence variants. To address this problem, a combinatorial approach involving in vitro
selection and TGGE of RNA was developed to identify unusually stable and unstable
members of various secondary structures based on differences in melting temperature
(TM). RNA molecules with enhanced or diminished secondary and tertiary structural
stability have been identified in this fashion (1, 2, 12, 41, 42), as have DNA molecules
(31). The feasibility of this approach was demonstrated by TGGE separation of a simple
combinatorial hairpin library according to the thermodynamic stability of its members
(1). Next, a triloop-closing base pair combinatorial library comprised of 384 different
sequences was subjected to selection by TGGE, and unusually stable and unstable
triloop-closing base pair combinations were isolated and characterized (2). Several of
these triloop motifs have since been found to occur naturally (43-46).
In the present study, a tetraloop-closing base pair library was prepared by
randomization of six nucleotides (46 = 4096 different sequences) at the top of a 12 base
pair stem. Stable sequences were isolated by in vitro selection using TGGE, identified by
cloning and sequencing, and grouped into families by sequence alignment.
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Representative sequences from four YNMG families of stable UNCG-like RNA
tetraloops (i.e. UNCG, UNAG, CNAG, and CNCG) were characterized by 2′-OH
functional group substitution, UV, CD and NMR spectroscopies.
2.3 Materials and Methods
2.3.1 Preparation of RNA
Positions of randomization for selection experiments were prepared at the DNA
level. DNA templates for the enzymatic synthesis of RNA hairpins used in selection
experiments were prepared and gel purified as described (1, 2). Positions 19-24 of the
RNA hairpins (Figure 2.2A) were completely randomized by mixing the four
phosphoramidites for a single coupling. The resulting DNA combinatorial library was
transcribed (1) to afford pool 0, the RNA tetraloop-closing base pair library. Subsequent
RNA mixtures resulting from n rounds of selection are referred to as pool n. The various
RNA pools were purified and radiolabeled as previously described (1, 2).

RNA

oligonucleotides were stored in TE [10 mM Tris and 1 mM Na2EDTA (pH 7.5)] for
selection experiments.
RNA sequences for UV thermal denaturation and CD experiments were prepared
as 12 nt hairpins, as previously described (1, 2). Briefly, sequences were synthesized by
T7 transcription reactions using a top-strand promoter and phage T7 RNA polymerase
(47) and were purified by denaturing PAGE as previously described (1). After enzymatic
synthesis, a 5′-triphosphate remained on each oligonucleotide, in contrast to synthetic
RNA molecules (see below). This resulted in greater stability relative to chemically
synthesized oligonucleotides (Table 2.2).
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For thermodynamic and structural studies involving 2′-OH substitutions and
NMR experiments, synthetic RNA oligonucleotides and RNA-DNA chimeras were
chemically synthesized (Dharmacon Research) as 12 nt hairpins with the general
sequence

GGAC

L1L2L3L4

GUCC,

where

L1-L4

are

tetraloop

nucleotides.

Oligonucleotides were deprotected as per the manufacturer’s instructions and dialyzed as
described below (2.3.6).

RNA oligonucleotides were in P10E0.1 [10 mM sodium

phosphate and 0.1 mM Na2EDTA (pH 7.0)] for experiments and storage. Concentrations
of NaCl ≥0.1 M resulted in concentration-dependent thermodynamic parameters for some
sequences and thus were avoided (18, 27, 48, 49 and Chapter 3).
2.3.2 Temperature Gradient Gel Electrophoresis
TGGE was carried out on perpendicular and parallel apparatuses using 0.5 mm
(analytical gels) or 1.5 mm thick spacers (preparative gels) as described previously (1, 2).
Standard

conditions

were

semi-denaturing

8%

polyacrylamide

(29:1

acrylamide:bisacrylamide ratio) and 4 M urea gels, and the running buffer was TBEK50
[100 mM Tris, 83 mM boric acid, 1 mM Na2EDTA, and 50 mM KCl (pH 8.7) at 25 ºC].
RNA was renatured and gels were pre-electrophoresed to allow thermal equilibration
before loading (1, 2, 50). The temperature gradient was linear and constant during a 3 hr
electrophoresis run, as determined by an Omega HH21 microprocessor thermometer
calibrated with ice water at 0 ºC and boiling water at 100 ºC.
2.3.3 Selection procedure
Parallel TGGE was carried out during each round of selection with water bath
temperatures set at 23 and 37 ºC (Figure 2.2C).

Bands were visualized by

autoradiography at 4 ºC without drying the gel, and the desired RNA species was excised
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from preparative gels. The RNA was recovered by a crush and soak procedure, and RTPCR reactions were performed using 10 rounds of thermal cycling for selection round 1,
and 20 rounds of thermal cycling for subsequent rounds of selection. Primers used in
RT-PCR were described previously (1). Selected RNA sequences were annealed with the
bottom strand primer (5′-CCT TGC GGA TCC AAT TT), and cDNA libraries were
obtained by reverse transcription for 30 min at 60 °C using AMV reverse transcriptase
(Boehringer Mannheim).

This high temperature was used to favor read-through of

structured regions of the RNA that are encouraged by the selection for stable structures.
To this solution, 50 ml of master mix was added containing the top-strand primer (5′GGC CGA ATT CTA ATA CGA CTC ACT ATA GGG AGA GGG TTT AAT TT).
This mixture was heated at 95 °C for 3 min prior to addition of a Taq DNA polymerase
plus a proofreading fragment (Clontech), and PCR was performed as described (1, 2, and
above). After 3 rounds of selection, the PCR fragment was digested with EcoRI and
BamHI, cloned into pUC19, and transformed into DH5α E. coli. Isolated clones were
sequenced by the dideoxy method; the fixed-sequence stem was also examined, and only
sequences lacking mutations in this region, which was the majority of sequences, were
used in the final alignment.
2.3.4 UV thermal denaturation experiments
RNA oligonucleotides used in UV thermal denaturation experiments were
prepared by transcription (2); in selected cases, chemically synthesized oligonucleotides
(Dharmacon Research) were also studied and produced similar thermodynamic
parameters for a given sequence (Table 2). To favor the hairpin conformation, the RNA
was renatured prior to each experiment by heating to 90 ºC for 3 min, followed by a 10
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min cooling period back to ambient temperatures to minimize duplex formation and other
non-native conformations. Failure to renature resulted in distorted denaturation profiles
with multiple transitions, presumably due to misfolding or duplex formation.

UV

absorbance temperature profiles were obtained using a Gilford Response II
spectrophotometer at 260 nm in 1, 5, and 10 mm path length cuvettes at a heating rate of
≈1 ºC min-1.

Thermal denaturation was generally carried out from low to high

temperatures (e.g., 10-99 ºC), although several representative hairpins were also
denatured from high to low temperatures and overlapping curves were obtained,
consistent with the reversibility of the transition. Each sample was denatured over a
≈250-fold range of strand concentration (CT), extending from 1 to 250 µM.

The

similarity of melting profiles for CT ≈ 1-100 µM for all sequences and for CT ≈ 1-250 µM
for most sequences was consistent with the unfolding transition being due to the hairpin
species. If oligonucleotides were forming duplexes, calculations using nearest-neighbor
thermodynamic values (39, 51, 52) predict that the TM should increase by 9-12 ºC for CT
≈ 1-100 µM and by 11-14 ºC for CT ≈ 1-250 µM, well outside the error limits in TM (≈ ±1
ºC). Thermodynamic parameters were obtained by fitting data to a two-state model with
sloping

baselines

using

the

nonlinear

least-squares

program,

Meltwin

(53).

Concentrations were determined using absorbance values collected at 90 ºC and
extinction coefficients from a nearest neighbor analysis (54, 55).
2.3.5 Circular dichroism spectroscopy
Circular dichroism spectra were measured on an AVIV 62DS spectrophotometer
at 25 ºC in P10E0.1 (pH 7.0) and with CT ≈ 3-30 µM, conditions under which the major
species is a folded hairpin for all sequences. Data are the average of 3 scans from 220 to
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320 nm in 1 nm increments using an integration time of 2 sec. A buffer blank was
subtracted from all spectra and small separations of spectra at λ of ≥320 nm were
corrected using an offset.
CD spectra were converted from ellipticity in degrees (θ) to molar residue
ellipticity (∆ε in units of M-1 cm-1) according to Equation 2.1:
∆ε = (θ - θb) / (33Cnb)

(2.1)

where θ is the measured ellipticity in degrees, θb is the ellipticity for P10E0.1, C is the
molar RNA concentration, n is the number of nucleotides, and b is the cuvette path length
of 0.5 cm (56, 57).
2.3.6 NMR Sample Preparation and Spectroscopy
Synthetic RNA oligonucleotides (Dharmacon Research) with YNMG loop
sequences 5′-UUCG, 5′-UAAG, 5′-CAAG, and 5′-CACG were deprotected by incubation
at 60 ºC for 30 min in 100 mM acetic acid (adjusted to pH 3.8 with TEMED), dried in
vacuo, and resuspended in 100 mM NaCl and 2 mM Na2EDTA (pH 8.0). For
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P and

exchangeable 1H experiments, oligonucleotides were dialyzed for 8-12 hr against each of
the following solutions: 100 mM NaCl and 2 mM Na2EDTA (pH 8.0), water, and 10
mM sodium phosphate and 0.1 mM Na2EDTA (pH 5.1) (58). Final NMR samples were
95% H2O and 5% 2H2O (v/v) with 10 mM sodium phosphate and 0.1 mM Na2EDTA (pH
5.1). For nonexchangeable 1H experiments, oligonucleotides were dialyzed through the
water step described above, and then lyophilized several times in 99.9% 2H2O, with a
final resuspension in 99.96% 2H2O (Isotec) with 10 mM sodium phosphate and 0.1 mM
Na2EDTA [pD 5.5, calculated by adding 0.4 to the pH measurement (59)]. A pH of 5.1
was used to slow chemical exchange processes (60, 61); UV thermal denaturation
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experiments at pH 4.9 did not show significant changes in ∆Hº or ∆Sº, suggesting that pH
5.1 does not affect the structural integrity of the YNMG hairpin. RNA concentrations
ranged from ≈0.5-1.6 mM, and the RNA was renatured prior to the start of each
experiment as described below (2.3.7).
NMR data were collected on either a Bruker AMX2-500 spectrometer equipped
with a 5 mm broadband probe or a Bruker DRX-600 spectrometer using a fixedfrequency triple resonance (1H,

13

C, and

15

N) probe.

Solvent suppression for

exchangeable 1H spectra was achieved using a 3-9-19 pulse sequence with gradients
(WATERGATE) (62, 63) and a spectral width of 12, 500 Hz, and for nonexchangeable
1

H spectra with a low-power presaturation pulse of 3-4 sec and a spectral width of 4596

Hz. Proton spectra were collected with a recycle delay of 3-4 sec, and referenced to the
residual water signal. Phosphorus spectra were acquired with a spectral width of 3049
Hz, a recycle delay of 1.5 sec, and 1H decoupling (WALTZ-16) (64). Phosphorus spectra
were referenced to 85% H3PO4 at 0.0 ppm contained in an internal coaxial tube. Data
sets were processed using NMRPipe (65) or XWINNMR (Bruker).

Free induction

decays (FID) were zero-filled and apodized with phase-shifted sine-squared bell
functions for 1H spectra, or 1 Hz line broadening for 31P spectra.
Homonuclear NOESY and DQF-COSY data were collected in a 95% H2O and
5% 2H2O mixture and in 99.96% 2H2O, respectively. Quadrature detection in the indirect
dimension was achieved using the TPPI method (66-68). NOESY data in H2O were
acquired using a mixing time of 400 ms. For all multidimensional experiments, 400-450
FID and 2-4K complex points were collected. For each FID, 48-64 scans were acquired
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with a recycle delay of 3-4 sec; data were zero-filled along both the direct and indirect
dimensions, and apodized with phase-shifted sine-squared bell functions.
2.3.7 Monomer-Dimer Equilibria
At NMR concentrations, populations of hairpins and duplexes were similar for
several sequences. Solution conditions were chosen to favor the hairpin conformation;
these conditions included low RNA (≈0.5 mM) and salt concentrations (<20 mM Na+),
and a four-step renaturation similar to that previously described (69, 70). The duplex
species could not be entirely eliminated for some samples. As an example, the UUCG
hairpin had renaturation temperatures of 60 ºC for 1 min (duplex denaturation), 75 ºC for
30 sec (hairpin denaturation), 60 ºC for 1 min (duplex denaturation), and rapid cooling on
ice. Further efforts to eliminate the duplex conformation by incorporation of nucleotide
analogues are described in Chapter 3.
2.3.8 Phylogenetic Database Survey
A database of 7484 hairpin loops was constructed using 102 small subunit and
112 large subunit rRNA secondary structures obtained from <http://www.rna.icmb.
utexas.edu/> (71). Within this database, loops were sorted on the basis of sequence and
closing base pair. The database contained 734/7484 (10%) triloops, 3805/7484 (51%)
tetraloops, 1541/7484 (21%) pentaloops, and 1404/7484 (19%) hexaloops.
2.3.9 Nonlinear Poisson-Boltzmann electrostatic calculations
A detailed description of nonlinear Poisson-Boltzmann (NLPB) calculations,
including historical studies of RNA and applications by this author to studies of RNA
catalysis, will be provided in Chapter 5. Additionally, examples of the methodology used
for NLPB calculations, including experimental output from QNIFFT 2.1 (72, 73) and
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GRASP (74), are provided in an Appendix. Experimental details pertinent to Recent
Developments and Future Directions (2.6) and Figure 2.12 are described here.
Briefly, electrostatic potential calculations were carried out for all YNMG
tetraloops presently in the literature as of April 2004, and were obtained from numerical
solutions to the nonlinear Poisson-Boltzmann (NLPB) equation.

Calculations were

carried out using QNIFFT 2.1, a modified form of DelPhi that utilizes a finite difference
multigridding algorithm (72, 73).

Structural coordinates for YNMG hairpins were

obtained from the Protein Data Bank (PDB) for (i) the cUUCGg hairpin from a 57 nt
fragment of 16S rRNA containing helices 20, 21, and 22 [PDB entry 1F7Y (24)], (ii) the
uCACGg tetraloop from the 5′-UTR of Coxsackievirus B3 (75), (iii) the nucleolin
recognition element (NRE) uCCCGa tetraloop from the 5′ ETS of murine pre-rRNA
[PDB entry 1QWA (76)], and (iv) the cUCAGUg autosomal dominant dyskeratosis
congenita (DKC) mutant P2b helix from human telomerase RNA [PDB entry 1Q75 (77)].
Hydrogen atoms were added using REDUCE 2.21 (78), and associated metal ions, water
molecules, and proteins were omitted from the NLPB calculations.
In general, calculations were performed in a fashion similar to that published
previously (79, 80); this method was confirmed by obtaining similar output for several
previously examined RNA structures (79, 80 and Chapter 5). Each atom was placed in a
medium with a low dielectric constant (єm = 2) defined by the solvent accessible surfaceenclosed volume, which was obtained using a probe radius of 1.4 Å. The solvent was
treated as a continuum with a dielectric of 80 containing 1:1 monovalent electrolyte. A
2.0 Å ion exclusion radius (Stern layer) was added to the surface of the RNA to
approximate a hydrated sodium ion. A salt concentration of 0.145 M was used in the
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calculations to approximate physiological sodium ion concentrations. Atomic radii and
partial charges were defined using the cvff91 parameter set from DISCOVER (Accelrys).
Calculations were performed using a 65 × 65 × 65 cubic lattice, and potentials were
calculated using a two-step focusing procedure (81).

Potentials were iterated to a

convergence of <1×10-4 kT/e.
Three-dimensional structures and electrostatic potentials were rendered using
GRASP (74). Figures are displayed using (i) scaled isopotential contours calculated on a
plane through functional groups in the major groove and ranging linearly from -30 kT/e to
+30 kT/e in 10 kT/e increments, and (ii) molecular contours calculated at -20 kT/e and
+20 kT/e.
2.4 Results
2.4.1 Design of the tetraloop-closing base pair library
A loop with six randomized nucleotides was chosen for the tetraloop-closing base
pair library, which allowed the closing base pair to be probed for contributions to stability
(Figure 2.2A). The expectation in creating the library in this fashion was that hexaloops
closed by an AU base pair would be significantly less stable than tetraloops with an
additional, optimized base pair; this prediction was borne out in our study (Table 2.1).
Two-nucleotide loops were not expected to be as stable as tetraloops owing to strain in
the loop, although it is possible that a few were present in the final pool. The fixed
sequence portion of the library hairpin was designed to incorporate several features
(Figure 2.2A) (1). Primer binding sites for RT-PCR were present at the 5′ and 3′-ends of
the hairpin; the stem sequence had alternating stretches of purines and pyrimidines to
avoid slipped pairings, and the distance of the 3′-end of the transcript from the base of the
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stem helped minimize any potential spurious effect of the random nucleotide T7 RNA
polymerase adds to the 3′-end of transcripts. The hairpin library was designed to undergo
a large structural change upon unfolding, leading to a significant change in
electrophoretic mobility.
2.4.2 Selection of stable tetraloop sequences
The tetraloop-closing base pair library was subjected to semi-denaturing gel
electrophoresis with temperature gradients perpendicular or parallel to the electric field.
Moderate concentrations of urea were added to all gels to move the TM of the library into
a convenient range (1). Perpendicular TGGE of pool 0 on a 14 to 57 ºC gradient and 4 M
urea gel resulted in a smeared melting transition between ≈25 and 35 ºC (Figure 2.2B).
This transition is consistent with a population possessing mixed stabilities. Upper and
lower baselines were nearly coincident for all hairpins, consistent with similar folded and
unfolded structures (Figure 2.2B). This suggests that differences in mobility on parallel
TGGE gels should be associated primarily with differences in stability. Next, parallel
TGGE experiments (Figure 2.2C) were run between the temperatures of the melting
transition determined by perpendicular TGGE. Parallel TGGE gels were designed to
enrich for stable oligonucleotides, which have faster electrophoretic mobilities (1).
Parallel TGGE of pool 0 revealed one major band with a smear below it (Figure 2.2C),
which suggested that the initial library contained some unusually stable sequences. The
bottom part of the smear was excised, and the RNA was amplified by RT-PCR followed
by forward transcription to afford pool 1. Enrichment of stable sequences was confirmed
by faster mobility for pool 1 (Figure 2.2C). In a similar fashion, pool 2-top (2t) and pool
2-bottom (2b) were obtained from the top and bottom of pool 1, respectively. Pool 3-
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bottom (3b) was from further enrichment of the bottom of pool 2b, and was chosen for
sequencing and characterization. Electrophoresis of all selected pools under completely
denaturing conditions revealed identical mobilities, as expected (data not shown).
Thermal denaturation of various RNA pools was conducted using optical detection
(Figure 2.2D). The average TM for pool 3b was more than 10 ºC higher than that for pool
0, and the transitions for pools 2t and 3b were much steeper than for pool 0 (Figure 2.2D
and inset). In addition, the average melting temperature for pool 3b was slightly greater
than that for pool 2t. A plot of

dA

/dT versus temperature revealed a shoulder near 60 ºC

for pool 0 (Figure 2.2D inset), consistent with a small population of stable sequences.
These results suggest that the selections were successful in isolating hairpins with
enhanced stability.
2.4.3 Identification of stable RNA hairpins
Among the 48 isolated clones (Table 2.1), 47 were found to have a CG closing
base pair with one having a GC. The loop with the GC closing base pair is CUUG; this
tetraloop-closing base pair combination is common in rRNA and is unusually stable (15,
18). Of the 47 loop sequences closed by a CG base pair, 20 (42%) have a sequence
belonging to UHCG (where H is A, C, or U), which is a subset of the UNCG motif; this
tetraloop-closing base pair combination is very common in rRNA and is extremely stable
(15, 18). Recovery of known stable tetraloop-closing base pair combinations suggests
that unknown stable tetraloops may be present.

Overall, inspection of the selected

sequences reveals that 42 (88%) can be described by the motif cYNMGg, although some
representatives of this motif were absent. Curiously, there is a paucity of G at position 2
of the loop, with only one of the 42 YNMG sequences having a G at this position. This
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G could cause duplex formation, which would result in the unusual electrophoretic
mobility of these RNA molecules. It is worth noting that the lack of G at position 2 does
not appear to be due to decreased thermodynamic stability of the hairpin conformation
for these sequences (2.4.4). Other loops that were common in the selection include 10
(21%) CDAG (where D is A, G, or U), six (13%) CACG, six (13%) UHAG, and three
(6%) cCUUGg sequences.
2.4.4 Thermodynamic characterization of hairpins by UV thermal denaturation
To determine the stability of YNMG hairpins, absorbance-detected thermal
denaturation experiments were conducted on 12 nt RNA sequences. These hairpins were
stem-loop structures containing the selected loop and closing base pair, but with stems of
only four base pairs (2).

Small relative to the 42 nt sequences used for selection

experiments, these hairpins were used to facilitate two-state behavior and suppress
alternative folds and kinetically trapped duplexes. Twelve nucleotide hairpins were
constructed and melted for each of the 16 sequences in the YNMG motif and for control
sequences. Examination of representative melting profiles revealed that YNMG hairpins
are especially stable, having TM values that are on average 6.2 ºC higher than position 1
and 3 controls, and transitions that are significantly sharper (Figure 2.3 and Table 2.2).
Normalized melting profiles and ∆Hº and ∆Sº parameters were independent of CT
from 1-100 µM for all oligonucleotides, and from 100-250 µM for most oligonucleotides
with the exception of CUAG, CUCG, CACG, all position 3 controls, and AACG. These
exceptions may occur because the CUAG, CUCG, and CACG tetraloops can form CG
base pairs in the duplex conformation; position 3 controls maintain the potential for base
pairing between loop positions 1 and 4 in the duplex state, and lack the extra stability in
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the hairpin state associated with the YNMG motif; and AACG has the least favorable
thermodynamic parameters for hairpin formation (Table 2.2). The YNMG sequences
were organized into four subfamilies: CNAG, CNCG, UNAG, and UNCG (Tables 2.1
and 2.2). Among these, the UNCG subfamily showed the most favorable ∆G37º and TM
values, ranging from -4.4 to -4.9 kcal mol-1 and from 70.8 to 72.9 ºC, respectively,
similar to values from previous studies (18). Note that the UGCG sequence is similar in
stability to other UNCG sequences (Table 2.2), indicating that the absence of G at
position 2 in the selection is not for a thermodynamic reason. The CNAG, CNCG, and
UNAG subfamilies were only slightly less stable than the UNCG sequences, with ∆∆G37º
and ∆TM values relative to UUCG ranging from 0.04 to 1.5 kcal mol-1 and from -1.6 to 6.5 ºC, respectively. The CUCG sequence was exceptionally stable among the nonUNCG sequences, with stability similar to those of UNCG sequences.

Similar

thermodynamic stability among the 16 YNMG sequences suggested that their structures
may be related.
To test the importance of Y at position 1 and M at position 3, position 1 was
changed to A or G and position 3 to G or U. For all controls, position 2 was A since
adenines have a low tendency to form alternative folds, and A was common at position 2
in the selections (Table 2.1) and in rRNA YNMG loops (2.4.11) (17).
Position 1 and 3 control sequences showed thermodynamic values significantly
less favorable than those of YNMG sequences, with ∆∆G37º and ∆TM values relative to
UUCG ranging from 1.5 to 3.1 kcal mol-1 and from -6.6 to -14.6 ºC, respectively. One
exception was GAAG; this sequence was the least destabilizing, with ∆∆G37º and ∆TM
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values similar to those of the least stable YNMG members (Table 2.2). This may be due
in part to the resemblance between GAAG and the GNRA motif.
The majority of the loops (47 of 48) had a CG closing base pair (Table 2.1),
including all sequences that conform to the YNMG motif.

Previous experiments

indicated that the closing base pair can make an exceptional contribution to stability. For
example, a CG to GC change of the closing base pair for the loop sequence UUCG has a
∆∆G37º of 2.3 kcal mol-1 and a ∆TM of 11.6 ºC (18), and the same closing base pair
change for the stable triloop sequence UUA has a ∆∆G37º of 2.1 kcal mol-1 and a ∆TM of
15.9 ºC (2). CG to GC closing base pair changes for CAAG, CACG, and UAAG were
carried out to test this effect and gave ∆∆G37º values of 1.5, 0.9, and 1.9 kcal mol-1 and
∆TM values of -7.2, -8.5, and -12.5 ºC, respectively (Table 2.2), consistent with the
importance of a CG closing base pair, especially for UNMG tetraloops. In summary,
melting experiments on YNMG members and variants indicate that Y and M at loop
positions 1 and 3, respectively, and the CG closing base pair all make important
contributions to stability.
2.4.5 Thermodynamic characterization of single 2′-deoxy-substituted hairpins
The contributions of 2′-OH functional groups to the stability of the UUCG
tetraloop have been probed experimentally and computationally (35-37). In particular, it
has been reported that 2′-H substitution at UL1 resulted in a ∆∆G37º of 1.1 kcal mol-1,
consistent with hydrogen bonding of this 2′-OH (Figure 2.1A), whereas substitution at
UL2 resulted in a ∆∆G37º of -0.08 kcal mol-1, consistent with the absence of hydrogen
bonding (35). Theoretical considerations indicated the basis for these effects is complex
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and involves interplay of hydrogen bonding, solvation, intrinsic sugar pucker preferences,
and sequence-dependent effects in the single-stranded state (36).
To test for similar patterns in YNMG loops, chimeric oligonucleotides were
prepared with single 2′-deoxy substitutions at L1 and L2, and thermodynamic stabilities
were determined by absorbance-detected thermal denaturation (Table 2.3). For these
experiments, position 2 was fixed as A for non-UNCG sequences as discussed above, and
as U for UNCG sequences to allow comparisons with literature values. Substitution of a
2′-deoxy at L1 resulted in significant destabilization in all cases. For CAAG, CACG,
UAAG, and UUCG, the ∆∆G37º (∆∆G55º)iv values were 1.0 (0.7), 0.7 (1.0), 0.8 (0.7), and
1.3 (1.2) kcal mol-1 and the ∆TM values were -4.7, -8.4, -5.1, and -8.1 ºC, respectively
(Table 2.3). In each case, comparison is made to the all-ribose loops of the same
sequence. The ∆∆G55º and ∆TM values for UUCG were similar to published values under
similar conditions (35-37). Substitutions at L2 resulted in smaller effects in all cases.
For CAAG, CACG, UAAG, and UUCG, ∆∆G37º (∆∆G55º) values were 0.5 (0.3), -0.8
(0.25), 0.3 (0.3), and 0.0 (0.0) kcal mol-1 and ∆TM values were -1.8, 0.1, -2.7, and 0.5 ºC,
respectively. Overall, the position dependence of 2′-deoxy substitutions in the YNMG
hairpins parallels the trends for UNCG (35-37), with L1 having a destabilizing effect and
L2 substitutions having little or no effect.
Interestingly, 2′-deoxy substitution at L1 is less penalizing for YNAG sequences
than for YNCG sequences; compare average ∆∆G55º values of 0.7 versus 1.1 kcal mol-1,
and average ∆TM values of -4.9 versus -8.3 ºC for YNAG and YNCG sequences,
respectively. This difference may be because YNAG loops have enhanced flexibility,
iv

∆∆G55º values are reported because free energy calculations are more accurate near the hairpin TM.
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which better tolerates these changes (2.4.8, 2.4.11 and 2.5).

Alternatively, deoxy-

substituted YNAG tetraloops might change to optimize remaining hydrogen bonds, or the
larger purine might engage in opportunistic stacking interactions upon 2′-deoxy
substitution. A similar effect of enhanced tolerance of ribose substitutions was found
when the closing base pair of the UUCG loop was changed from a CG pair to a GC pair,
which was attributed to increased loop flexibility with a GC closing base pair (37).
2.4.6 Characterization of hairpins by circular dichroism
Circular dichroism is effective at reporting certain changes in nucleic acid
conformation. For example, A-form and B-form dsDNA have differing behavior at 260
and 280 nm (82). Importantly, secondary structure defects can also lead to deviations
from an A-form spectrum (83). CD spectra were similar for YNMG sequences, whereas
significant differences were found for some controls (Figure 2.4). For YNMG sequences,
the spectra had a negative minimum between 235 and 240 nm, a maximum between 260
and 263 nm, and a shoulder near 280 nm with positive ellipticity. The first two features
resemble standard A-form RNA, while the third feature is unique. Spectra for the UNCG
and CNAG sequences were identical within their respective subfamilies and similar to
each other (Figure 2.4). The UNAG subfamily also had similar spectra that were related
in shape to those of UNCG and CNAG, except for UAAG, which had more intense
positive and negative peaks (Figure 2.4C). The unique spectrum of UAAG could be due
to stacking of position 2 in the loop (2.5). Nevertheless, no evidence was found for
unusual thermodynamic behavior (Tables 2.2 and 2.3) (2.4.4-2.4.6) or anomalous
structures of UAAG at low temperatures. The CNCG subfamily of sequences had spectra
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that exhibited a less distinct shoulder at 280 nm; however, the

260 nm

/280 nm ratios were

similar among all 16 YNMG loops and ranged from 1.29 to 1.86.
Spectra of several non-YNMG loops were dissimilar to those of the YNMG loops
in both shape and relative signal intensity at 260 and 280 nm (Figure 2.4E-G). The
UUUU sequence did not show a distinct maximum near 260 nm or a shoulder near 280
nm. Strikingly, the GGAA tetraloop possessed a bimodal spectrum with a maximum
near 280 nm slightly greater in intensity than the maximum near 260 nm (Figure 2.4G).
The difference between the GNRA and UNCG spectra is consistent with their different
structures (20, 28). Position 1 control sequences showed low 260 nm/280 nm ellipticity ratio
values over a range from 1.16 to 1.35 (Figure 2.4E). Among these, GAAG had the
smallest

260 nm

/280 nm ellipticity ratio, 1.16, which is lower than the values for any of the

YNMG loops. This ratio tends toward that for GGAA (0.87), further suggesting that the
GAAG RNA may adopt a fold with GNRA-like stacking interactions. The CD spectra of
position 3 control sequences were similar to each other and to those of YNMG loops
(Figure 2.4F). Since CD is sensitive to stacking, these similarities may reflect a fold with
some similarity to that of the YNMG family at the temperature of the CD experiments
(25 ºC) but without extensive hydrogen bonding and concomitant stability. In summary,
CD spectra for YNMG sequences were similar to each other and differed from some of
the controls, supporting similarity among the YNMG loops.
2.4.7 Overview of NMR experiments
To test the structural relatedness of the YNMG loops in greater detail, onedimensional (1D) 1H and 31P, NOESY, and DQF-COSY NMR experiments were carried
out on representative sequences from each YNMG sequence family. Concentrations of
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RNA required for NMR resulted in varying degrees of dimerization, which complicated
interpretation of some spectra. Nevertheless, a number of spectral features were found
for YNMG loops that were similar to features for the UUCG loop.
2.4.8 Structural and dynamic characterization of hairpins by exchangeable 1H NMR
One dimensional imino 1H spectra were collected for CAAG, CACG, UAAG, and
UUCG (Figure 2.5).

The resonance near 14.3 ppm, choosing the slightly more

downfield-shifted resonance in the case of overlapping peaks (70), was tentatively
assigned to U10h H3v (Figure 2.5) (84). This was confirmed by NOE connectivities in
the NOESY data to neighboring G9h H1 and G2h H1 (Figure 2.6), and by strong NOE
connectivities to the aromatic region (7-8.5 ppm). Likewise, the peak at 12.5 ppm was
assigned to G2h H1, and was confirmed on the basis of NOE connectivities to
neighboring U10h H3 (Figure 2.6). The broad resonance near 12.5 ppm is tentatively
assigned to the terminal G1h H1 in exchange with water (7). Since Watson-Crick GC
base pairs that close internal or hairpin loops are typically shifted to ≈13.5 ppm (85, 86),
the resonance near 13.5 ppm was tentatively assigned to G9h H1. For G9 H1 of CAAG
and CACG, overlap between hairpin and duplex resonances was not as severe as for other
stem residues (Figure 2.5), most likely because G9 samples different chemical
environments in a hairpin loop versus an internal loop. Assignment of G9h H1 was
confirmed by NOE connectivities to U10h H3 and in some cases to G8h H1 of the loop
(Figure 2.6). Overall, NOE connectivities for the stem imino protons were observed
between U10 and G2 and between U10 and G9, but not between G2 and G9 (Figure 2.6).
Similarity of chemical shifts for G8h H1 and G9h H1 in the four YNMG loops (Figure
2.5) is consistent with similar folds.
v

“h” refers to the hairpin conformation, and “d” refers to the duplex conformation.
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The G8 imino proton of the UUCG tetraloop has an intense resonance near 10
ppm that serves as an indicator of the UNCG motif (Figure 2.5) (26, 27, 87). An
unusually upfield-shifted resonance was also observed for UAAG, CAAG, and CACG
between 9.6 and 10.2 ppm, and was tentatively assigned to G8h H1. This assignment
was confirmed by a weak cross-peak in the NOESY spectrum to G9h H1 (Figure 2.6) for
UAAG, and by process of elimination for CAAG and CACG. The inability to observe
the G8h H1 to G9h H1 cross-peak in the NOESY spectrum for CAAG and CACG may
be due to the large interproton separation of 5.15 Å seen in the crystal structure of the
UUCG loop, or a larger fraction of these molecules adopt the duplex conformation
(Figure 2.5B-D) (24). Other structural features known to lead to chemical shifts in the
10-11 ppm region include Gd H1 and Ud H3 duplex imino protons located in GU wobble
base pairs (85).v This alternative was dismissed for CNMG (no GU base pair is possible),
and for UAAG on the basis of the GU wobble assignment of the duplex in the NOESY
spectrum (intense cross-peaks in Figure 2.6), and the absence of concentration
dependence for the resonance assigned to G8h H1.
The G8h H1 assignment accounts for all hairpin loop imino protons in CAAG and
CACG. For UAAG, U5h H3 was assigned to the remaining hairpin resonance at ≈11.2
ppm (Figure 2.5), similar to the published chemical shift in UUCG (27). This resonance
broadens out with temperature (Figure 2.7A) and was not observed in NOESY data at
long mixing times (400 ms) (Figure 2.6). These data are consistent with the absence of
hydrogen bonding to U5h N3 in the folded state. The broad resonance at 11.2 ppm in the
UUCG spectrum may be from U6 (Figure 2.5E); the temperature dependence for this
resonance was similar to that previously reported (data not shown) (88).
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The resonance for G8h H1 at 1 ºC was sharp for UUCG, consistent with previous
studies (27, 87), but was broader for UAAG and especially for CAAG and CACG (Figure
2.5). This suggested that the non-UNCG YNMG loops might be more dynamic than the
UUCG loop. To investigate this, the temperature dependence of the imino proton region
was examined (Figure 2.7).

Comparison of the intensities and line widths of loop

resonances relative to stem resonances can provide insight into loop dynamics (19, 27,
61). The temperature dependence of the stem resonances for the non-UNCG YNMG
hairpins was complicated by spectral overlap with duplex resonances, especially at
elevated temperatures. Nevertheless, we were able to compare G8h H1 to G2h H1
clearly in most instances (Figure 2.7). The imino proton of G2h was chosen as a
reference since it is located in a GC base pair in the internal portion of the stem, and its
exchange rate is expected to be relatively unchanged between 5 and 35 ºC (19, 27, 61).
The UUCG G8h H1 resonance did not change appreciably over this temperature range
(data not shown), consistent with previous reports (19, 27). In contrast, the G8h H1
resonances for UAAG and CAAG broadened out considerably between 5 and 35 ºC
relative to G2h H1 (Figure 2.7). Interestingly, the G8h H1 resonance of CACG, while
the most broad of the three sequences at 1 ºC (Figure 2.5), did not broaden further even at
temperatures as high as 35 ºC (Figure 2.7). In addition, the closing base pair G9h H1
resonance of CACG did not broaden significantly with temperature, whereas it did for
UAAG and CAAG (Figure 2.7). These data suggest that YNAG loops may be more
dynamic than YNCG loops. Similar effects were reported for the UUCG loop upon
changing the closing base pair from CG to GC (19).
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Although the shape and intensity of the G8h H1 resonance of CACG were not
particularly sensitive to temperature, it was broad at all temperatures. This could be
because G8h H1 has less optimal hydrogen bonding to O2 of CL1 compared to UUCG, or
because interaction with the closing base pair is less optimal (Table 2.2).

Either

possibility might allow for enhanced chemical exchange with water, also consistent with
the slightly less favorable thermodynamic parameters for CACG as compared to UACG
(Table 2.2).
2.4.9 Structural characterization of hairpins by non-exchangeable 1H NMR
Base (R H8 or Y H6) and ribose H1′ protons were tentatively assigned on the
basis of sequential connectivities from 400 ms NOESY experiments for UUCG and
UAAG. These two sequences were chosen since they exhibit the least propensity to form
duplexes (Figure 2.5). Assignments of H5-H6 cross-peaks were confirmed by DQFCOSY data. Internucleotide NOE connectivities were missing between U5 and U6 for
UUCG and between A6 and A7 for UAAG, likely resulting from motions of the loop
nucleotides. Cross-peak patterns and intensities in the base-H1′ region were consistent
with the formation of an A-form stem containing anti glycosidic torsion angles (60).
Significantly, the base-H1′ region of the NOESY spectra of both sequences had one
additional intense cross-peak (data not shown). This cross-peak was more intense than
the pyrimidine H5-H6 cross-peaks, consistent with the close positioning of H8 to H1′,
and therefore a syn purine in both hairpins. NOESY experiments were also performed on
CACG and CAAG (data not shown). Although the data were complicated by the duplex
conformation, an intense NOE was observed at the position expected for a syn base,
supporting the structural similarity of these two sequences to the UNCG loop as well.
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Sugar conformations for the UUCG and UAAG loops were also qualitatively
characterized using DQF-COSY experiments (Figure 2.8).

For UUCG, two intense

cross-peaks were observed in the H1′-H2′ region, consistent with the existence of two
residues possessing DNA-like C2′-endo sugar puckers (Figures 1.5C and 2.8B). These
cross-peaks were assigned to UL2 and CL3 on the basis of comparison to previous NMR
studies (26, 27). Similarly, two intense cross-peaks were observed in the H1′-H2′ region
of the DQF-COSY spectrum for UAAG, consistent with the presence of the same number
of residues possessing C2′-endo sugar puckers (Figure 2.8). These cross-peaks were
tentatively assigned to AL2 and AL3 by comparison to the UUCG tetraloop (26, 27).
Additional, weaker H1′-H2′ cross-peaks were observed for UUCG, suggesting the
presence of residues sampling both C2′-endo and C3′-endo sugar puckers. These features
were also present for UAAG at slightly upfield values. In summary, observation of the
nonexchangeable spectral features characteristic of two C2′-endo sugar puckers and a syn
base in representative YNMG loops strongly supports structural similarities among the
selected RNA hairpins.
2.4.10 Structural characterization of hairpins by 31P NMR
One dimensional 31P spectra were collected for representative YNMG sequences
(Figure 2.9).

Because of complications from the duplex conformation, especially

problematic for CAAG and CACG, spectra were collected at ≈2-fold different
concentrations to facilitate assignment of resonances as hairpin or duplex (Figure 2.9).
Calculations using free energies measured for hairpins (Table 2.2) and nearest-neighbor
free energies predicted for duplexes (39, 51, 52) indicated that a 2-fold decrease in RNA
concentration should result in an ≈30-40% increase in hairpin population. Moreover, the
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calculations suggested that the fraction of duplex should decrease at elevated
temperatures; thus, spectra were acquired at 45 ºC, which is still in the folded baseline
(Figure 2.3). After accounting for phosphate buffer, which has a pH-dependent chemical
shift, 11 resonances were observed for UUCG (Figure 2.9A), and for UAAG at both
strand concentrations (Figure 2.9B), consistent with these sequences having almost
entirely adopted the hairpin conformation. Importantly, an unusually downfield shifted
peak was found in each case that has been previously assigned to G9 P (27). Observation
of this feature for UAAG is consistent with a similar backbone conformation.
Spectra for CAAG and CACG exhibited more than 11 resonances (Figure 2.9C,
D). Certain resonances had an increase in intensity with concentration (red lines in
Figure 2.9), and were assigned to the duplex conformation.

Three upfield-shifted

resonances, common to all four sequences, and the downfield-shifted resonance did not
change in intensity with concentration relative to each other, and were thus assigned to
the hairpin conformation. Confirmation of hairpin assignments was obtained from the
effect of temperature upon 31P resonances. Substantial increases in hairpin/duplex ratios
were observed with increasing temperature between 25 and 45 ºC, as expected (data not
shown). Similarity of the chemical shift for the downfield-shifted hairpin 31P resonance
for CAAG, CACG, UAAG, and UUCG is consistent with all four tetraloops adopting
similar conformations.

It is interesting to note that while exchangeable 1H spectra

supported enhanced flexibility for YNAG loops relative to YNCG loops (2.4.8), the
phosphorus data were not especially temperature dependent for YNAG relative to YNCG
loops, even to 45 ºC. This suggests that motion in YNAG loops is local and does not
involve complete unfolding of the loop.
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2.4.11 Biological significance of loop sequences from a phylogenetic database survey
The potential biological importance of the YNMG loop motif was assessed by
examination of its occurrence in nature, with a focus on ribosomal RNA since a rich
phylogenetic database is available (71). Woese and co-workers originally pointed out
that certain tetraloops are unusually common in rRNA (15). They identified three general
tetraloop motifs: GNRA, UNCG, and, less frequently, CUUG. Also, the closing base
pairs were found to be largely CG for UNCG loops and GC for CUUG loops, while a
mixture of GC, CG, and other closing base pairs were found for GNRA loops. In an
effort to update these statistics and assess the potential biological importance of nonUNCG YNMG loops, a database of rRNA hairpin loops was constructed (2.3). A survey
of 102 small subunit and 112 large subunit rRNA sequences revealed that 213/1357 (16%)
small subunit tetraloops and 340/2448 (14%) large subunit tetraloops have the YNMG
motif.

By comparison, 754/1357 (56%) small subunit and 1184/2448 (48%) large

subunit tetraloops have the GNRA motif, and 19/1357 (1.4%) small subunit and 20/2448
(0.8%) large subunit rRNA tetraloops have the CUUG motif. Thus, YNMG sequences
are more common than CUUG sequences, but less common than GNRA sequences. We
also examined how the frequencies of YNMG sequences are split between UNCG and
non-UNCG sequences. The following frequencies were observed for YNMG subfamilies
in small and large subunits, respectively: 161/1357 (12%) and 237/2448 (9.7%) UNCG,
17/1357 (1.3%) and 68/2448 (2.8%) UNAG, 15/1357 (1.1%) and 32/2448 (1.3%) CNCG,
and 20/1357 (1.5%) and 3/2448 (0.12%) CNAG. Thus, many of the non-UNCG YNMG
sequences are as common as or more common than CUUG.

The thermodynamic

parameters for hairpin formation of ggagCUUGcucc, under solution conditions similar to
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those used in the study presented here, were as follows: ∆Hº = -47.5 kcal mol-1, ∆Sº = 142 eu, and ∆G37º = -3.6 kcal mol-1, with a TM of 62.4 ºC (18). These parameters are
similar to, or somewhat less stable, than those for non-UNCG YNMG loops (Table 2.2).
Thus, it appears that non-UNCG YNMG loops are similar in stability to gCUUGc loops,
and similar in occurrence in rRNA.
A comparison of RNA folds of 16S and 16S-like rRNA sequences by Konings
and Gutell (17) revealed that tetraloops corresponding to E. coli loop 343 are largely
YAMG sequences closed by a CG base pair (Figure 2.10A).vi At loop 343, Archaea,
Eubacteria, and chloroplasts are 99, 98, and 97% UACG, respectively; mitochondria are
54% CACG, and Eukarya are 5% UACG, 19% UAAG, and 74% CAAG (17). These
pioneering phylogenetic studies established the importance of conservation at loop 343;
however, the molecular basis for this conservation was not clear at the time since the
relatedness of the YNMG loops was unknown and the structure of the ribosome was
unavailable (17).
A recent solution of the crystal structures of the 30S and 70S ribosome at or near
atomic resolution has revealed a role for loop 343 in an RNA-RNA tertiary interaction
(29, 89). The first two adenosines of the GAAA tetraloop in loop 159 of helix 8 (helix 8)
of 16S rRNA interact with loop 343 of helix 14 (helix 14) (Figure 2.10B). The structure
of cUACGg at loop 343 is very similar to the structures of isolated UNCG loops (24, 2628), with all of the known hydrogen bonds and stacking interactions maintained and a 0.5
Å root mean square deviation (rmsd) relative to cUUCGg from the crystal structure (24).

vi

Throughout, “loop 159” and “loop 343” refer to hairpin loops in any 16S rRNA corresponding to loops
beginning with positions 159 and 343, respectively, in E. coli.
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Direct interactions with loop 343 involve primarily its CG closing base pair,
which has been shown herein to be crucial for thermodynamic stability (Table 2.2).
Nucleotide AL2 of loop 159 interacts with the minor groove of the closing G of loop 343,
with a hydrogen bond from AL2 N1 to G H2, and from AL2 H6 to G N3 (Figure 2.10C).
In addition, AL3 N1 of loop 159 accepts a hydrogen bond from the 2′-OH group of the
closing base pair G of loop 343. The interaction involving AL3 appears to conform to the
A-minor motif, in which the minor groove of an interacting A is positioned in the minor
groove of a receptor base pair (29, 90). A-minor motifs prefer CG base pair receptors
and often hydrogen bond with 2′-OH groups. Interaction of AL2 of loop 159 does not
conform to the A-minor motif since N6 is involved in the interaction.
2.5 Discussion
It is of interest to identify nucleic acid sequences with exceptional stability and
biological relevance, and to understand the molecular basis for their stability. Stable
structural elements can help build complex nucleic acid tertiary structures and can serve
important biological roles, including nucleating folding and regulating biological
phenomena such as transcriptional pausing and replication (6-9). Slight decreases in
stability may also favor tertiary structure formation and protein binding (2.5.3). In
addition, knowledge of the thermodynamic rules for formation of such sequences might
improve RNA structure prediction (39, 91, 92). However, many secondary and tertiary
structural motifs in RNA and DNA have sufficient sequence complexity to make direct
study of all possible variants impractical. In an effort to address the difficult issues of
sequence complexity and thermodynamic stability, a combinatorial approach for isolating
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thermodynamically stable and unstable sequences from a combinatorial library was
developed by combining TGGE and in vitro selection (1, 2).
2.5.1 On the exhaustiveness of TGGE selections
In the study presented here, a tetraloop-closing base pair library with 4096
possible sequences was made and stable sequences related to the cUNCGg motif were
found.

Recovery of known stable motifs confirmed that this method is capable of

isolating stable sequences.

However, cGNRAg sequences, known to be similar in

stability to cUNCGg sequences (18), were not found in the selection. Indeed, control
experiments verified that these sequences, when embedded in 12 nt hairpins, were similar
in stability to the selected sequences (data not shown). Moreover, other controls in which
the GAAA was inserted into the top of the long hairpin used for the selections confirmed
that, under identical parallel TGGE selection conditions of 4 M urea, GAAA sequences
have native gel electrophoretic mobility identical to that of YNMG sequences (data not
shown). Thus, the absence of the GAAA sequences in this selection cannot be attributed
to unusual gel mobility or sensitivity to urea.
It appears that the loss of the GNRA sequences is due instead to problems with
PCR. Similar problems occurred during selections of a DNA tetraloop-closing base pair
library, and were subsequently corrected by redesigning the primer binding sites to have
longer stems that tolerated higher PCR temperatures (31). GNRA sequences are stable in
both RNA and DNA forms, whereas the UNCG sequences are exceptionally stable only
in RNA (18), consistent with loss of sequences having occurred during PCR rather than
reverse transcription. Although it is ultimately desirable that the TGGE-based selections
be exhaustive, the subset of sequences selected in these studies were in fact unusually
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stable and their relatedness to each other allowed a novel family of sequences to be
identified.
2.5.2 An expanded family of UNCG-like tetraloops
The effectiveness of the selection in isolating stable sequences was apparent in
that known stable sequences were recovered. The closing base pair in the selected
sequences was also strongly conserved, with 47 of 48 sequences having a CG closing
base pair.

The contribution of the closing base pair to stability was evaluated by

changing it to a GC pair, and large destabilizations of 0.9-2.3 kcal mol-1 in ∆∆G37º
resulted (Table 2.2). The extra stability of the CG base pairs is unexpected on the basis
of nearest-neighbor data, where the CG base pair is expected to be only ≈0.2 kcal mol-1
more favorable than a GC base pair with the same stem (2, 52). A similar bias of stable
loops toward CG closing base pairs has been observed for triloops and a less extensive
set of tetraloops, with a ∆∆G37º of -2.1 to -2.3 kcal mol-1 relative to GC base pairs (2, 18).
It should be noted that in an A-form RNA double helix, Watson-Crick CG base pairs are
1-2 kcal mol-1 more stable than UA pairs on average (39). The bias towards CG base
pairs over UA may reflect contributions to the stem more than to the loop, especially
given the modest effects of CG to GC changes for CNMG loops.

Further

experimentation will be necessary to test this possibility.
Recent reports by Moody and Bevilacqua (33, 34) revealed a surprising
destabilization following incorporation of a three-carbon linker (C3) between the first
loop nucleotide and closing base pair of DNA d(GCA)vii triloop and d(GCAC) tetraloop
hairpins. This expands upon CG to GC closing base pair mutations that were originally
determined by Sandusky and co-workers (31, 32), and stands in contrast to the modest
vii

DNA sequences are denoted d(“sequence”), and RNA sequences are denoted (“sequence”).
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effects upon stability of C3 incorporation between other loop nucleotides (31, 32).
Moreover, modifications of d(GL1) functional groups not involved in the sheared GA base
pair of the d(GCA) and d(GCAC) hairpins were incorporated by substitution with 2aminopurine (2AP) and 2, 6-diaminopurine (DAP) in the context of CG and GC closing
base pairs. Substitutions of d(2AP) and d(DAP) for d(G) were most destabilizing in the
context of CG closing base pairs, although this effect was subtle. Similar effects were
observed for r(cGAAAg) tetraloop hairpins (93). Taken together, these results suggest
that the unusual stability imparted by CG closing base pairs may be attributed to coupled
interactions between the first hairpin loop nucleotide and the loop closing base pair (33,
34).
The principal outcome of this study was identification of a family of 16 hairpins
with the motif YNMG.

Similarity in the overall fold was demonstrated by the

resemblance of CD spectra (Figure 2.4). Hydrogen bonding between L1 H2′ and GL4 O6
was supported by thermodynamic measurements on deoxy substitutions at L1 (Table 2.3).
The syn conformation of GL4 and C2′-endo sugar puckers for L2 and L3 were supported
by NOESY and DQF-COSY experiments (Figures 2.6 and 2.8). Hydrogen bonds from
L1 O2 to GL4 H1 and H2 were supported by the similarity of YNMG and UUCG imino
proton spectra (Figure 2.5) (27) and by thermodynamic measurements for substitutions at
L1 (Table 2.2).

A hydrogen bond from the exocyclic amine of L3 to the pro-R

phosphoryl oxygen of NL2 was supported by the destabilizing effects of non-M
substitutions at position 3 of the loop (Table 2.2). Finally, an unusual conformation for
the β torsion angle between G8 and G9 was supported by the presence of an unusually
downfield shifted hairpin 31P resonance (27) (Figure 2.9).
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2.5.3 Tertiary interactions of YNMG loops
In the Results, a tertiary interaction in 16S rRNA between cUACGg of loop 343
and gGAAAc of loop 159 was described. Direct interaction between loop 343 and loop
159 involves the closing base pair G of a structurally unperturbed cUACGg at loop 343.
Phylogenetic comparisons indicate that this base pair, which is critical for the
thermodynamic stability of the YNMG loop (Table 2.2), is highly conserved (71). Thus,
there appear to be at least two plausible reasons for conservation of the CG closing base
pair for loop 343: tertiary interactions and loop stability.
Although conservation of the closing base pair can be understood, it is less clear
why the loop at position 343 is conserved as YNMG, or why position 2 is conserved as
adenosine. One possibility is that the shape of the YNMG loop is compatible with the
close approach of AL2 and AL3 from loop 159. Examination of the GAAA-UACG
interaction suggests that this is the case as loop 159 fits snugly into loop 343, with AL2 of
loop 343 placed over the top of loop 159. Perhaps the fold of a non-YNMG loop would
forbid the close approach of loop 159 due to steric clashes. Shape compatibility of loops
159 and 343 suggests that the different YNMG loops which substitute at loop 343 have
similar shapes. Additional possibilities for YNMG conservation at loop 343 are that
enhanced stability of the YNMG loop nucleates RNA folding in this region of 16S rRNA,
minimizes the population of alternative secondary structures, or both.
The A at position 2 of YAMG as shown in the 30S crystal structure (29) is neither
close enough nor at the proper angle to form direct hydrogen bonds with the residues in
loop 159, and it is not positioned properly to stack with the bases in loop 159. However,
AL2 of loop 343 may interact with loop 159 via water-mediated hydrogen bonds or by
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partial pyramidalization of AL2 N6, a property proposed on theoretical grounds (94).
Loop 343 AL2 N6 is 2.9 Å from the 2′-OH of AL2 of loop 159. Phylogenetic conservation
of AL2 of loop 343 suggests that the different YNMG sequences are able to present this A,
whatever its function, in a similar fashion, supporting similar folds for the different
YNMG sequences.
Strikingly, when non-UNCG YNMG loops were found at loop 343, loop 159 was
found to vary. In a preliminary survey of 34 Eukarya (nuclear) 16S-like secondary
structures where loop 343 was cYAAGg (33/34 or 97%), loop 159 varied widely (Table
2.4). Remarkably, in each case, loop 159 was found to have two consecutive adenosines,
with the most common sequence being gUAAUUc (18/34 or 53%). Conservation of
consecutive adenosines suggests that tertiary interactions similar to those in the ribosome
(Figure 2.10) may be occurring. Association of non-GAAA loops at position 159 with
YAAG loops at position 343 suggests that YNAG loops are more plastic in their
recognition capabilities than YNCG loops.

This plasticity may play a role in the

evolution of the ribosome by increasing the tolerance of loop 159 to mutation while
maintaining a tertiary contact (Figure 2.10).
It should be noted that there was no obvious maintenance of loop 343-loop 159
sequence conservation in mitochondria, and at times, no analogous loop 159 could be
found at all, suggesting that this tertiary interaction may not exist in mitochondrial
ribosomes (D. J. Proctor and P. C. Bevilacqua, unpublished observations).

This is

supported by the findings of O’Brien and Mears et al., which showed that this region of
rRNA in prokaryotic ribosomes is often replaced by protein in mitochondrial ribosomes
(95, 96).
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One reason that the YNAG loops may be able to interact with a broad range of
hairpin loops is that YNAG loops may be more dynamic than YNCG loops. It is possible
that with their enhanced motion, YNAG loops can be deformed into a new shape with a
less severe thermodynamic penalty than YNCG loops. Several results were consistent
with enhanced flexibility of YNAG loops. First, the YNAG loops can tolerate 2′-deoxy
substitutions at L1 better than YNCG loops (Table 2.3).

Second, the temperature

dependence of the imino proton spectra shows that YNAG loops broaden considerably
between 5 and 35 ºC, whereas YNCG loops do not (Figure 2.7). The chemical exchange
of hydrogen-bonded imino protons occurs on the millisecond time scale (97). Thus, one
possibility is that YNAG loops have increased motion on the millisecond or faster time
scales.

Third, the CD spectrum for UAAG shows an unusually large positive

displacement at 260 nm and negative displacement near 240 nm (Figure 2.4C). The
difference CD spectrum between UAAG and other UNAG sequences looks remarkably
similar to the CD spectrum of ribodinucleoside phosphates involving adenosine steps in
the loop, including UpA, ApA, and ApG (98). This observation suggests that AL2 might
be able to partially stack on one of the other bases in the loop. Stacking of position 2 of
the loop would be consistent with enhanced flexibility of the YNAG loop.
Increased motion of YNAG loops relative to YNCG loops may occur because
with its additional ring AL3 is not as readily accommodated in the loop structure as CL3.
Since melting of the stem and loop may be decoupled for YNAG sequences, the
thermodynamic parameters reported in Table 2.2, which are based on a two-state model,
should be viewed as qualitative. It is worth noting that UNCG loops do not undergo a
significant change in conformation upon forming the tertiary interaction with loop 159
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(2.4), suggesting that their extraordinary stability may provide a large barrier to
deformation.
The structural, dynamic, and thermodynamic effects of changing the closing base
pair of the UUCG loop from CG to GC have been studied extensively by Williams and
Hall (19, 35-37). There are strong parallels between the behavior of gUUCGc and
cYNAGg loops. Identical structures were found for cUUCGg and gUUCGc loops at low
temperatures (19); 2′-OH substitutions were tolerated better for the GC than the CG
closing base pair (37), and the imino proton for GL4 of gUUCGc broadened considerably
between 4 and 25 ºC (19). In addition, a survey of the closing base pair frequencies for
variable regions revealed that GC closing base pairs are much more common for
eukaryotes than bacteria (16, 19), similar to YNAG loops (17). Results on the gUUCGc
loops were interpreted as being consistent with enhanced motion at temperatures well
below their TM values (19). The authors suggested that this increased flexibility may
facilitate protein binding by lowering the energetic penalty for changing the structure of
the loop. The enhanced flexibility of YNAG loops may also favor interactions with
proteins or other RNA elements. It should prove interesting to see if more RNA tertiary
interactions are composed of preformed secondary structural elements having enhanced
flexibility.
2.6 Recent Developments and Future Directions
Discovery and characterization of the YNMG tetraloop motif provided an
abundance of structural and energetic information on RNA stability. A large family of
related sequences, those having the YNMG motif, was shown to adopt similar threedimensional structures.

In addition, the profusion of tetraloops isolated by in vitro
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selection that possess a CG closing base pair clearly showed that, in the context of
YNMG tetraloops (among other sequences), the CG closing base pair imparts
significantly more stability than a GC. The YNMG structures were found to possess
varying degrees of stability and flexibility, and correlations from a database of rRNA
sequences suggested that in certain cases (especially eukaryotes) reduced stability and
enhanced flexibility have biological roles.
2.6.1 Solution structures of non-UNCG YNMG tetraloops
Since the publication of this work (12), two structures of non-UNCG YNMG
tetraloops and one non-UNCG YNMG pentaloop have been solved by NMR
spectroscopy (75-77). The first structure is the stem-loop D uCACGg tetraloop from the
5′-untranslated region (UTR) of coxsackievirus B3 (75), the second is a nucleolin
recognition element (NRE) uCCCGa tetraloop from the 5′-external transcribed spacer
(ETS) region of murine pre-rRNA (nucleotides 562-578; EMBL sequence database
accession No. M20154) (76), and the third is a cUCAGUg pentaloop mutation of the
human telomerase RNA P2b helix found in autosomal dominant dyskeratosis congenita
(DKC) (77). Figure 2.11 shows general structural features and a superimposition of C1′
atoms for each tetraloop versus cUUCGg. All three structures were indeed found to be
similar to cUUCGg, providing strong evidence for an extended family of UNCG-like
RNA tetraloops having the motif YNMG. On the other hand, each structure contains
subtle structural differences from the standard UNCG three-dimensional structure.
Like cUUCGg, hydrogen bonding interactions for uCACGg occur between CL1
O2 and GL4 H1, CL1 H2′ and GL4 O6, CL3 H2′ and CL3 O2, and between CL3 H4 and the
pro-R phosphoryl oxygen of AL2 for uCACGg (Figure 2.11A) (28, 75).

Subtle
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differences in hydrogen bonding interactions between cUUCGg and uCACGg include
missing evidence for an interaction between CL1 O2 and GL4 H2 in uCACGg.
Characteristic non-hydrogen bonding features include a hydrophobic interaction between
AL2 in the minor groove and CL3 in the major groove; stacking of CL3 upon CL1, and GL4
upon the closing base pair G; a syn conformation for GL4; and C2′-endo sugar puckers for
AL2 and CL3.

A comparison of the cUUCGg crystal structure (24) and the central

uCACGg solution structure (75) [chain C, determined using LSQMAN (99)] revealed a
rms distance of 0.99 Å (Figure 2.11A). Taken as a whole, the interactions between L1
and L4 explain the ability of C and U at L1 to swap (Figures 2.1B, C and 2.11A), and the
lack of nucleobase-specific interactions for AL2 explains the lack of conservation at this
position in rRNA (2.4.11 and Figure 2.1A) (16, 17, 75). It is worth noting that modeling
of an adenosine at L3 using NMR restraints derived from uCACGg data revealed that all
of the interactions observed for CL3 can be maintained with AL3 (75), as predicted (Figure
2.1) (12). Further experimentation involving a combination of

13

C NMR relaxation

experiments, diethylpyrocarbonate (DEPC) and dimethyl sulfate (DMS) chemical
modification experiments, and molecular dynamics simulations are under consideration
to determine the extent of increased motion available to YNAG loops relative to YNCG
loops.
For uCCCGa, hydrogen bonding interactions occurred between CL1 O2 and GL4
H1 and H2, and CL3 H2′ and CL3 O2, similar to cUUCGg (Figures 2.11B) (28, 76).
Subtle differences in hydrogen bonding interactions included missing evidence for an
interaction between (i) CL1 H2′ and GL4 O6, and (ii) CL3 H4 and the pro-R phosphoryl
oxygen of CL2. Also, stacking was between GL4 and the closing base pair A, as opposed
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to the ribose moiety of the closing base pair G in cUUCGg (24, 28, 76). Characteristic
non-hydrogen bonding features included a hydrophobic interaction between CL2 in the
minor groove and CL3 in the major groove, stacking of CL3 upon CL1 and GL4 upon the
closing base pair A, a syn conformation for GL4, and C2′-endo sugar puckers for CL2 and
CL3. A comparison of the cUUCGg crystal structure (24) and the central uCCCGa
solution structure (76) [chain F, determined using LSQMAN (99)] revealed a rms
difference of 1.18 Å (Figure 2.11B). Overall, the interactions between L1 and L4 explain
the ability of C and U to swap at L1 (Figures 2.1B, C and 2.11B), and the lack of
nucleobase-specific interactions for CL2 explains the lack of conservation at this position
in rRNA (2.4.11 and Figure 2.1A) (16, 17, 76).
Although the DKC mutant P2b helix from human telomerase RNA is a pentaloop,
L5 of cUCAGUg is extruded into solution such that a well-defined tetraloop core,
UCAG, is formed. There is precedence for the expandability of tetraloops: r(GNRA)
tetraloops (100) and d(GNA) triloops (31-33) can incorporate additional bases throughout
the loop sequence, except between L1 and the closing base pair, and still adopt a stable,
structured fold. Likewise, an expanded YNMG tetraloop, cUUCGGg, exists within the
30S subunit of the ribosome (29).

For cUCAGUg, hydrogen bonding interactions

occurred between UL1 O2 and GL4 H1 and H2, and UL1 H2′ and GL4 O6, similar to
cUUCGg (Figure 2.11C) (28, 77). Subtle differences in hydrogen bonding interactions
included a hydrogen bond between AL3 H2′ and AL3 N3, and missing evidence for an
interaction between AL3 H4 and the pro-R phosphoryl oxygen of CL2, although this
interaction seems likely given the structure and the flexibility of the RNA backbone.
Stacking was between GL4 and the closing base pair G, as opposed to the ribose moiety of
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the closing base pair G in cUUCGg (24, 28, 76). Also, the non-standard UL1-GL4 base
pair stacked upon the CG closing base pair, as observed for cUUCGg (28, 77).
Characteristic non-hydrogen bonding features included a hydrophobic interaction
between CL2 in the minor groove and the ribose moiety of UL1, stacking of AL3 upon UL1
and GL4, a syn conformation for GL4, and C2′-endo sugar puckers for AL2 and CL3. A
comparison of the cUUCGg crystal structure (24) and the central cUCAGUg solution
structure (77) [chain H, determined using LSQMAN (99)] revealed a rms difference of
1.24 Å (Figure 2.11C).

In summary, hydrophobic interactions for L3 explain the

observed exchange between C and A at L3 (Figures 2.1B, C and 2.11C), and the lack of
nucleobase-specific interactions for CL2 explains the lack of conservation at this position
in rRNA (2.4.11 and Figure 2.1A) (16, 17, 76).
The uCACGg tetraloop is closed by a UG reverse wobble base pair, which
presumably reduces the overall stability of the hairpin relative to cCACGg based on its
absence in the selection, but is thought to be necessary for biological function based on
the frequency of occurrence among D-loop RNA sequences from enteroviruses and
rhinoviruses (75). Similarly, the uCCCGa tetraloop is closed by a Watson-Crick UA
base pair, and the stability of the hairpin is likewise presumably reduced relative to
cCCCGg. This may be a result of the need for flexibility in binding a substrate, here the
N-terminal RNA binding domains of the protein nucleolin. However, it is worth noting
that uCACGg and uCCCGa adopt UNCG-like folds in the context of YR closing base
pairs; this may be relevant for matching closing base pair identity to positions 1 and 4 of
the hairpin, i.e. while each hairpin is most stable with a CG closing base pair, this is not
necessarily the case for the loop itself (2.6.2).
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2.6.2 Closing base pair identity, loop flexibility and the context-dependence of hairpin
stability
In contrast to unusually stable tetraloops, moderately stable tetraloops (e.g. nonUNCG YNMG sequences closed by CG base pairs) have greater flexibility that likely
contributes to their biological roles (2.4.8 and 2.5.3). It is worth noting that the UUCG
tetraloop closed by a GC base pair also adopts a UNCG-like fold, albeit with reduced
stability (19 and Chapter 4). Likewise, the uCACGg and uCCCGa tetraloops adopt
UNCG-like structures, despite the presence of a non-CG closing base pair (75, 76), while
the cUCAGUg pentaloop adopts a UNCG-like structure by extruding UL5 (77). Thus, it
appears that tetraloops having the motif YNMG are interchangeable because they are able
to adopt highly similar three-dimensional structures in the context of various closing base
pairs or loop sizes.
Significantly, the ability to maintain a particular structure in the context of various
closing base pairs or loop sizes is proposed to allow the YNMG tetraloops to covary in
rRNA, and exchange stability for flexibility while maintaining structural integrity. A
survey of loop 343-loop 159 sequence covariation across Eukarya, Eubacteria, and
Archaea revealed that loop 343 is conserved as a YNMG tetraloop with loop 159
maintaining 2 consecutive adenosines (Table 2.4 and 2.5.3).

A more detailed

examination of sequence covariation in other large, functional RNA and RNP complexes
may reveal similar sequence covariation, structural modularity and flexibility.
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2.6.3 Role of electrostatics in loop-closing base pair coupling: analysis of representative
YNMG loops
Despite the abundance of CG closing base pairs in rRNA, little is known about
the origins of their unusual stability. Recently, Moody and Bevilacqua, by sequentially
incorporating a three-carbon (C3) spacer between each loop residue, have shown in a
d(cGCABg) DNA and r(GAAA) RNA tetraloops that the closing base pair is
energetically coupled to the first nucleotide of the hairpin loop (33, 101). Specifically, a
notable decrease in stability (∆∆G37º = +1.57 ± 0.16 kcal mol-1 and ∆TM = -15.8 ºC) was
observed when the linker was placed between the 5′ end of the loop and the closing base
pair (i.e. d[c(C3)GCAg]). Planning is underway for similar experiments on YNMG
tetraloops.

Calculations using the nonlinear Poisson-Boltzmann (NLPB) equation

suggest that the origin of the loop-closing base pair coupling may be conserved among a
number of RNA and DNA loop motifs, and be primarily electrostatic in nature (D. J.
Proctor and P. C. Bevilacqua, unpublished observations).
Nonlinear Poisson-Boltzmann calculations were carried out on the ccUUCGgg,
ucUCAGUga, auCACGgu, and cuCCCGag tetraloops to investigate the possible
importance of electrostatic interactions in loop-closing base pair coupling; tetraloop
sequences were truncated at the penultimate closing base pair for clarity. Strikingly,
electrostatic complementarity was found between the loop and the closing base pair for
cUUCGg; similar, albeit swapped, interactions exist for YNMG tetraloops in the context
of different closing base pairs (Figure 2.12). Specifically, the positive potential from GL4
H2 interacts with the negative potential from A or G N7 of the closing base pair; this
interaction is conserved for all loop sequences. This observation provides a molecular
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basis for the absolute conservation of GL4 among YNMG sequences, and the preference
for purines as the 3′-nucleotide of the closing base pair. Thus, placing a pyrimidine at the
3′-position of the closing base pair is expected to disrupt the loop-closing base pair
electrostatic interactions, and thereby destabilize the tetraloop (e.g. GC versus CG closing
base pairs), consistent with experiments (Chapter 4).
It is interesting to observe that electrostatic interactions involving L1 and the
closing base pair nucleotides covary among sequences to maintain the pairing of negative
and positive electrostatic potentials; this is observable as a switching of negative (red)
and positive (blue) potentials in Figure 2.12. For ccUUCGgg and ucUCAGUga, the
positive potential from UL1 H3 interacts with the negative potential from G O6 of the
closing base pair, and the negative potential from UL1 O4 interacts with the positive
potential from C H4 of the closing base pair. In contrast, for cuCCCGag, the negative
potential of CL1 N3 interacts with the positive potential of A H6 of the closing base pair,
and the positive potential from CL1 H4 interacts with the negative potential from U O4 of
the closing base pair. Likewise, for auCACGgu, the negative potential from CL1 N3
interacts with the positive potential from U H3 of the closing base pair, and the positive
potential from CL1 H4 interacts with the negative potential from U O4 of the closing base
pair.

In summary, switching L1 from U to C reverses the electrostatic potentials

presented to the major groove from positive H3 and negative O4 of U to negative N3 and
positive H4 of C (Figure 2.1A). Covariation of the closing base pair from CG when L1 is
U to UR when L1 is C maintains the favorable loop-closing base pair electrostatic
interactions. It is important to note that CG closing base pairs in the context of CL1 may
also maintain loop-closing base pair electrostatic interactions, requiring only minor
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changes in the backbone conformation for optimal positioning of potentials.
Alternatively, the importance of the UR closing base pair may have been missed in the
selection because of the stability bonus for having an additional CG base pair within the
helix. Functional group mutagenesis and ionic strength-dependence experiments are
underway to investigate this hypothesis further, and the temperature dependence of imino
proton NMR spectra, linewidth of GL4 H1, and dipolar couplings between the loop and
closing base pair G for UR versus CG closing base pairs is planned.
Original research findings from Moody and Bevilacqua revealed that the unusual
stability afforded some RNA hairpins by a CG closing base pair was due to coupling
between hairpin loop position 1 and the closing base pair (33). In addition to elucidating
the structural origins for the unusual stability observed in YNMG tetraloops, the research
presented in this chapter has provided evidence for electrostatics as the origin of loopclosing base pair coupling.
2.7 Acknowledgements
The research group of Professor C. Robert Matthews is gratefully acknowledged
for assistance with CD experiments. Thanks are given to Erica Cho and Dr. Zhanyong
Shu for help with the phylogenetic database, and to Zhihua Du and Professor Thomas L.
James for providing access to the structural coordinates of the 5′-UTR of Coxsackievirus
B3. Also, thanks are given to Professors Juliette T.J. Lecomte and John SantaLucia for
helpful discussions, and members of the Bevilacqua lab for insightful comments on the
manuscript. Finally, we thank Professor Alan M. Wiener for helpful discussions on
phylogenetic implications of these findings for the ribosome.

82

J.E.S., J.M.B., and P.C.B. contributed to this work by isolating and identifying
unusually stable tetraloops using in vitro selection and TGGE (2.3.1-2.3.3 and 2.4.12.4.3). Also, C.J.F. contributed to this work by providing guidance and assistance in
acquiring, processing, and interpreting NMR data (2.3.6 and 2.4.7-2.4.10).

83

Table 2.1: Sequence alignment and occurrence at loop 343 in 16S rRNA
motifa
UNCGg

sequenceb
cUACGg
cUUCGg
cUCCGg

occurrence in
selectionc
12
5
3

occurrence in loop
343 of 16S rRNAd
72%

cUNAGg

cUAAGg
cUCAGg
cUUAGg

2
2
2

4%

cCNCGg

cCACGg

6

3%

cCNAGg

cCUAGg
cCAAGg
cCGAGg

5
4
1

16%

cCUUGg e
gCUUGc e
cAACUg
cGUAUg

3
1
1
1

others

a

Motif was assigned based on selection results and outcomes of thermal
denaturation, CD, and NMR experiments. The first four motifs are cYNMGg loops.
b
The sequence of positions 19-24 of the library (Figure 2A) are given with the loop
capitalized. cOccurrence is based upon sequencing 48 clones without mutations in the
stem. Sequences are listed in order of occurrence within each subfamily. dOccurrence in
16S and 16S-like rRNA sequences at loop 343. Percentages are based upon analysis of
2290 sequences from Archaea, Eubacteria, and Eukarya (17). eDespite similar sequences
and thermodynamic parameters, these RNA oligonucleotides have different CD spectra
and phylogenetic conservation rates, suggesting they have different folds.

84

Table 2.2: Thermodynamic parameters for hairpin formation by RNA sequencesa
∆Go37
∆∆Go37
o
o
TM
∆S
∆TM
∆H
∆Go55
∆∆Go55
b
-1
-1
-1
Sequence
(kcal mol )
(eu)
(kcal mol ) (kcal mol ) (oC) (oC)
CNAG
CAAG

-44.4 ± 0.8

CCAG

-43.0 ± 1.8

CGAG

-40.7 ± 1.3

CUAG

-37.6 ± 1.3

CNCG
CACG

-37.4 ± 0.6

CCCG

-37.3 ± 2.3

CGCG

-41.6 ± 0.6

CUCG

-48.0 ± 1.2

UNAG
UAAG

-41.7 ± 0.5

UCAG

-40.7 ± 0.3

UGAG

-37.7 ± 1.0

UUAG

-40.3 ± 1.6

UNCG
UACG

-49.7 ± 0.3

UCCG

-45.3 ± 1.3

UGCG

-44.8 ± 0.6

UUCG

-46.4 ± 2.5

-130.2 ± 2.2 -4.00 ± 0.07
-1.69 ± 0.08
-126.3 ± 5.6 -3.83 ± 0.10
-1.60 ± 0.11
-119.4 ± 3.8 -3.72 ± 0.13
-1.57 ± 0.10
-109.5 ± 4.0 -3.59 ± 0.09
-1.62 ± 0.05

0.82 ± 0.3
-0.72 ± 0.2
0.99 ± 0.3
0.80 ± 0.2
1.10 ± 0.3
0.84 ± 0.2
1.23 ± 0.3
0.79 ± 0.2

67.7

-5.2

67.4

-5.6

68.1

-4.8

69.8

-3.1

-109.1 ± 2.0 -3.56 ± 0.05
-1.60 ± 0.03
-109.5 ± 6.5 -3.38 ± 0.30
-1.51 ± 0.27
-122.3 ± 2.1 -3.67 ± 0.01
-1.42 ± 0.27
-139.4 ± 3.4 -4.78 ± 0.16
-2.27 ± 0.11

1.26 ± 0.3
0.81 ± 0.2
1.44 ± 0.4
0.90 ± 0.3
1.15 ± 0.3
0.99 ± 0.3
0.04 ± 0.3
0.13 ± 0.2

69.6

-3.3

67.8

-5.1

67.0

-5.9

71.3

-1.6

-122.8 ± 1.4 -3.62 ± 0.11
-1.40 ± 0.10
-119.6 ± 0.7 -3.56 ± 0.06
-1.41 ± 0.05
-110.9 ± 3.0 -3.33 ± 0.10
-1.28 ± 0.11
-117.8 ± 4.7 -3.71 ± 0.13
-1.61 ± 0.08

1.20 ± 0.3
1.00 ± 0.2
1.26 ± 0.3
0.99 ± 0.15
1.50 ± 0.3
1.12 ± 0.2
1.11 ± 0.3
0.80 ± 0.2

66.4

-6.5

66.8

-6.1

67.0

-5.9

68.5

-4.4

-144.5 ± 0.7 -4.90 ± 0.06
-2.26 ± 0.10
-131.7 ± 3.9 -4.46 ± 0.11
-2.10 ± 0.05
-130.2 ± 1.7 -4.44 ± 0.07
-2.07± 0.08
-134.2 ± 7.3 -4.82 ± 0.25
-2.40 ± 0.14

-0.08 ± 0.3
0.14 ± 0.2
0.36 ± 0.3
0.30 ± 0.2
0.38 ± 0.3
0.34 ± 0.2
―
―

70.9

-2.0

70.8

-2.1

71.1

-1.8

72.9

―
―

2.40 ± 0.4
1.60 ± 0.2
1.49 ± 0.3
1.13 ± 0.2

65.0

-7.9

66.3

-6.6

Position 1 controls (non U/C)
AAAG
-30.3 ± 2.1 -90.0 ± 6.3
GAAG

-38.6 ± 0.9

-2.42 ± 0.24
-0.81 ± 0.19
-113.8 ± 2.9 -3.33 ± 0.07
-1.27 ± 0.05
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AACG

-27.2 ± 0.8

GACG

-38.4 ± 1.2

-82.0 ± 2.8

-1.75 ± 0.12
-0.22 ± 0.15
-114.5 ± 3.6 -2.88 ± 0.08
-0.81 ± 0.03

Position 3 controls (non A/C)
CAGG
-38.4 ± 2.5 -114.0 ± 7.2 -3.02 ± 0.27
-0.97 ± 0.15
CAUG
-29.9 ± 3.2 -89.1 ± 9.3 -2.24 ± 0.35
-0.64 ± 0.18
UAGG
-42.0 ± 1.2 -125.9 ± 3.9 -2.92 ± 0.02
-0.63 ± 0.06
UAUG
-39.5 ± 1.2 -117.0 ± 3.7 -3.17 ± 0.15
-1.06 ± 0.12
Closing base pair controls (cg to gc)a, c
gCAAGc
-35.8 ± 1.4 -107.3 ± 3.9 -2.52 ± 0.22
-0.59 ± 0.17
gCACGc
-37.4 ± 2.2 -111.8 ± 6.4 -2.69 ± 0.20
-0.68 ± 0.12
gUAAGc
-34.3 ± 3.9 -105.1 ± 12.5 -1.76 ± 0.13
0.13 ± 0.17
gUUCGcd

3.07 ± 0.3
2.18 ± 0.2
1.94 ± 0.3
1.60 ± 0.2

58.4

-14.6

62.1

-10.8

1.80 ± 0.4
1.44 ± 0.2
2.58 ± 0.4
1.77 ± 0.2
1.90 ± 0.3
1.77 ± 0.2
1.65 ± 0.3
1.34 ± 0.2

63.5

-9.5

62.0

-10.9

60.2

-12.7

64.1

-8.9

1.48 ± 0.4
1.10 ± 0.3
0.87 ± 0.2
0.92 ± 0.1
1.86 ± 0.2
1.53 ± 0.2
2.3

60.5

-7.2

61.1

-8.5

53.9

-12.5
-11.6

a

Hairpins were 5′-GGAC L1L2L3L4 GUCC, except for closing base pair controls
which were 5′-GGAG L1L2L3L4 CUCC. Parameters are from UV thermal denaturation
experiments in P10E0.1, and fitting was to a 2-state model with sloping baselines (53).
Experiments were performed over a range of 1-250 µM CT. TM values were independent
of concentration between 1-100 µM for all oligonucleotides, and 1-250 µM for most.
Parameters are the average of ≥5 independently prepared samples at varying
concentrations over the concentration-independent range. Values for ∆G° are also
provided at 55 °C (italics) since this is closer to the TM and may be somewhat more
accurate than ∆G°37 values; similar trends in ∆G° and TM were observed at 37 and 55 °C.
Errors for ∆H°, ∆S°, ∆G°37, and ∆G°55 are standard deviations from repeated
experiments. Errors in ∆∆G°37 and ∆∆G°55 were propagated from ∆G° values by
standard methods (102). Three figures are provided for ∆G° values to avoid round-off
errors in calculations. Maximal errors in TM are estimated at ±1 °C. Values for ∆∆G°37,
∆∆G°55, and ∆TM are relative to UUCG. bSequences are for L1 to L4 and are listed
alphabetically by YNMG subfamily or as a control. Sequences prepared by chemical
synthesis, which lacked the 5′-triphosphate, possessed thermodynamic parameters which
were slightly less stable, as expected based on other studies (103). For example,
synthesized UUCG resulted in ∆H°= -45.8 kcal mol-1, ∆S° = -132.3 eu, ∆G°37 = -4.72
kcal mol-1, and TM = 72.7 °C. cDifferences in free energy and melting temperature are
relative to the same loop sequence with a CG closing base pair, and errors were
propagated by standard methods (102). dFrom (18), under similar solution conditions.
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Table 2.3: Thermodynamic parameters for hairpin formation by chimeric sequencesa

Sequence
CAAG

b

∆H°
(kcal mol-1)

∆S°
(eu)

-37.4 ± 0.6

-109.5 ± 2.0

CAAG

-38.6 ± 3.3

CAAG

-41.5 ± 1.6

CACG

-44.4 ± 0.8

CACG

-39.3 ± 2.0

CACG

-45.6 ± 2.4

UAAG

-41.7 ± 0.5

UAAG

-38.6 ± 3.0

UAAG

-42.2 ± 1.4

UUCG

-46.4 ± 2.5

UUCG

-42.2 ± 2.3

UUCG

-45.6 ± 1.9

∆G°37
∆G°55
(kcal mol-1)

-4.00 ± 0.07
-1.69 ± 0.08
-115.0 ± 10.0 -2.99 ± 0.21
-0.92 ± 0.07
-122.5 ± 5.0 -3.54 ± 0.08
-1.34 ± 0.04
-130.2 ± 2.2 -3.56 ± 0.05
-1.60 ± 0.03
-117.5 ± 6.1 -2.84 ± 0.15
-0.73 ± 0.08
-132.9 ± 7.0 -4.35 ± 0.20
-1.95 ± 0.08
-122.8 ± 1.4 -3.62 ± 0.11
-1.40 ± 0.10
-115.4 ± 8.9 -2.81 ± 0.29
-0.73 ± 0.15
-125.2 ± 4.4 -3.34 ± 0.07
-1.08 ± 0.03
-134.2 ± 7.3 -4.82 ± 0.25
-2.40 ± 0.14
-124.9 ± 7.0 -3.48 ± 0.17
-1.23 ± 0.07
-131.4 ± 5.8 -4.79 ± 0.11
-2.43 ± 0.09

∆∆G°37
∆∆G°55
(kcal mol-1)

1.01 ± 0.2
0.68 ± 0.1
0.46 ± 0.1
0.26 ± 0.1

TM
(°C)
67.7

∆TM
(°C)

63.0

-4.7

65.9

-1.8

69.6
0.72 ± 0.2
0.97 ± 0.1
-0.79 ± 0.2
0.25 ± 0.1

61.2

-8.4

69.7

0.1

66.4
0.81 ± 0.3
0.67 ± 0.2
0.28 ± 0.1
0.32 ± 0.1

61.3

-5.1

63.7

-2.7

72.7
1.31 ± 0.3
1.17 ± 0.1
0.00 ± 0.3
0.03 ± 0.1

64.9

-8.1

73.5

0.5

a

Hairpins were 5′-ggacL1L2L3L4gucc. Parameters were obtained as in Table 2.2.
Experiments were performed over a range of 3-60 µM CT; TM values were independent
of concentration over this range. Parameters are the average of ≥6 independently
prepared samples at varying concentrations, and errors are standard deviations from
repeated experiments. Differences in free energy and melting temperature are relative to
the unsubstituted sequence, and errors were propagated by standard methods (102).
Values for ∆G° are also provided at 55 °C (italics) since this is closer to the TM and may
be somewhat more accurate than ∆G°37 values. bSequences are for L1 to L4 and are listed
alphabetically by YNMG subfamily. Underlined nucleotides denote the position of a
deoxy-substitution.
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Table 2.4: Occurrence of covariation between loop 343 and loop 159a
loop 343 sequenceb
loop 159 sequencec
occurrenced
cCAAGg (20)
gUAAUUc
12
gCAACc
3
uUAAUUg
1
gCAAUUc
1
aGUAACAu
1
gGAAAc
1
1
uCAAGa
cCACGg (1)

gUAAUUc

1

cUAAGg (13)

gAAAAGce
gUAAUUc
uUAAAg
cUAAUUg
gRAAUUc
gAAAAUcf
gCAACu

4
3
2
1
1
1
1

a

Preliminary sample of covariation occurrence between non-UNCG YNMG
sequences at loop 343 and consecutive adenosines at loop 159 from 34 Eukarya
(nuclear) 16S-like rRNA sequences; the tetraloop sequence was capitalized in
each instance. bOccurrence of non-UNCG YNMG tetraloops at loop 343, with
total number of sequences in parentheses; note that loop position 2 was always A.
c
Sequences occurring at loop 159 in the context of each loop 343 sequence.
Consecutive (sequential) adenosines are underlined; note that only 1 of 34 loops
examined was closed by a CG base pair (cUAAUUg at loop 159 opposite
cUAAGg at loop 343). dNumber of occurrences of a given sequence at loop 159
in the context of each loop 343. eThree of the four occurrences of gAAAAGc at
loop 159 (opposite cUAAGg at loop 343) were from the A, O, and S genes of the
intracellular parasite, Plasmodium vivax; the fourth occurrence was from the A
gene of the intracellular parasite, Plasmodium falciparum (blood stage). fThe
single instance of gAAAAUc at loop 159 (opposite cUAAGg at loop 343) was
from the S gene of P. falciparum (mosquito stage).
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Figure 2.1: Comparison of UUCG and its double variant CUAG reveals potential for
similar hydrogen bonding interactions. (A) Crystal structure of the cUUCGg tetraloop
[PDB entry 1F7Y (24)]. The numbering is for loop nucleotides, with Ln denoting loop
position n. Bases, sugars, and phosphates involved in hydrogen bonding are bold.
Important hydrogen bonding interactions are shown with dotted lines. (B and C)
Isomorphous hydrogen bonding interactions that are possible for UUCG and CUAG.
These features are also visible in the crystal structure. (B) UL1 and GL4 of UUCG form
bifurcated hydrogen bonds using the two lone pairs of UL1 O2 (26-28); CL1 has the
potential for an identical interaction with GL4. (C) CL3 and the pro-R O of UL2 form a
hydrogen bond using the exocyclic amine of CL3; AL3 has the potential for an identical
interaction with UL2 (26-28).
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Figure 2.2: Thermal denaturation and selection of the tetraloop library. (A) Equilibrium
between folded and unfolded forms of the RNA library. Watson-Crick base pairs are
denoted with a dash and wobble pairs with a dot. N denotes a mixture of A, C, G, and U;
19-24 are the positions of randomization. (B) Perpendicular TGGE of pool 0, collected
in TBEK50. Gel temperatures ranged linearly from 14 to 57 ºC, with the region between
14 and 38 ºC shown. The major melting transition is between 25 and 35 ºC and is broad
due to the sequence complexity of pool 0. (C) Parallel TGGE selection, collected in
TBEK50, showing pools 0-3; t and b denote the top and bottom excised from the
preceding pool. Temperatures in the water baths were 23 and 37 ºC. (D) UV melting on
mixtures of full-length transcripts for pool 0 (●), 2t (□), or 3b (×); every second data
point is omitted for clarity. The normalized absorbance at 260 nm (A260) was obtained
by dividing each curve by the maximum absorbance. Pool 3b (×, TM = 60 ºC) is stable
relative to pool 2t (□, TM = 58 ºC) and significantly more stable than pool 0 (●, TM = 51
ºC). UV absorbance spectra were collected in P10E0.1. The inset shows first-derivative
curves calculated using 11-point (5.5 ºC window) smoothing for pool 0 (●), 2t (□), and
3b (×). The maximum in the curve gives a qualitative TM. The larger dA/dT maxima for
pools 2t and 3b support a larger ∆Hº for unfolding. The unfolding transition for pool 0 is
broader, with a shoulder near the TM values of pools 2t and 3b (see arrow).
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Figure 2.3: Representative UV thermal denaturation profiles for hairpins from each of
the four YNMG families and position 1 and 3 controls. Loop sequences are as follows:
cUUCGg (×), cCUAGg (○), cCUCGg ( ), cUUAGg (□), cAACGg (●), and cUAGGg
(▲); substitutions for controls are underlined. Thermodynamic parameters are provided
in Table 2.2. Data were collected in P10E0.1 (pH 7.0). Every second data point is omitted
for clarity. Normalized absorbance was obtained by dividing the absorbance at each
temperature by the maximal absorbance.
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Figure 2.4: Circular dichroism spectra for all 24 hairpins listed in Table 2.2; this
includes 16 YNMG loops, as well as eight controls. In panels A-D position 2 is as
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follows: A (○), C (□), G (∆), and U (×). (A) UNCG subfamily. (B) CNCG subfamily.
(C) UNAG subfamily. (D) CNAG subfamily. (E) Position 1 controls: AAAG (○),
GAAG (□), AACG (∆), and GACG (×). UACG (●) is shown for comparison. (F)
Position 3 controls: CAGG (○), CAUG (□), UAGG (∆), UAUG (×), and UACG (●). (G)
Representative CD spectra from each of the four YNMG families and controls. Loop
sequences are as follows: UCAG (□), UCCG (○), CCAG (×), CCCG (∆), UUUU (●),
and GGAA (▲). Spectra were collected in P10E0.1 (pH 7.0) at 25 ºC.
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Figure 2.5: One dimensional 1H NMR spectra for representative YNMG hairpins
showing the imino proton spectral region. (A) Depiction of the equilibrium between
hairpin and duplex conformations for the 12 nt oligonucleotides used in NMR
experiments. Loop sequences and concentrations are as follows: (B) 0.7 mM cUAAGg,
(C) 0.6 mM cCAAGg, (D) 0.6 mM cCACGg, and (E) 1.1 mM cUUCGg. “h” and “d”
denote hairpin and duplex conformations, respectively. Assignments are based upon
standard NOESY methods (Figure 2.6) as well as comparison of spectra at varying strand
concentrations; U5d and G8d of UAAG remain ambiguous. Spectra were collected at
600 MHz in a 95% H2O and 5% 2H2O mixture (v/v) in P10E0.1 (pH 5.1) at 1 ºC, and
referenced to internal 1H2HO.
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Figure 2.6: Detail of a NOESY map of the cUAAGg hairpin for the imino proton
spectral region (τm = 400 ms). Assignments are indicated in the 1D spectrum at the top;
U5d and G8d assignments remain ambiguous. A mixture of slowly interchanging hairpin
(h) and duplex (d) conformations was observed. Two independent sets of internucleotide
cross-peaks are indicated with a solid line for hairpin resonances (above diagonal) and a
dashed line for duplex resonances (below diagonal). Solution conditions and referencing
were as in Figure 2.5.
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Figure 2.7: Temperature dependence of 1D 1H NMR spectra for the imino proton
spectral region of YNMG hairpins. Loop sequences and concentrations are as follows:
(A) 0.7 mM cUAAGg, (B) 0.6 mM cCAAGg, and (C) 0.7 mM cCACGg. Assignments
are as in Figure 2.5; “h” and “d” denote hairpin and duplex conformations, respectively.
Putative assignments are italicized. Solution conditions were the same as for Figure 2.5.
For each sequence, spectra were adjusted such that the relatively isolated G2h H1
resonance from an internal GC base pair was at the same intensity at each temperature.
Note the loss in intensity and linewidth with temperature for G8h and G9h for UAAG
and CAAG.
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Figure 2.8: Details of DQF-COSY maps of cUAAGg and cUUCGg hairpins for the H1′H2′ spectral region: (A) cUAAGg (0.7 mM) at 1 ºC and (B) cUUCGg (1.1 mM) at 20 ºC.
Two intense cross-peaks were observed in each spectrum, consistent with a C2′-endo
conformation for positions 2 and 3. A reduced temperature was used for UAAG in an
effort to diminish the flexibility found for YNAG sequences. Spectra were collected in
99.96% 2H2O with P10E0.1 (pD 5.5).
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Figure 2.9: One dimensional 1H-decoupled 31P spectra for representative YNMG
hairpins. Loop sequences and concentrations were as follows: (A) 1.1 mM cUUCGg, (B)
0.7 (black) and 1.3 mM cUAAGg (red), (C) 0.6 (black) and 1.6 mM (red) cCAAGg, and
(D) 0.5 (black) and 1.6 mM (red) cCACGg. Eleven resonances were expected and
observed for the hairpin conformations of UUCG (two resonances near -0.29 ppm
overlap significantly) and UAAG. The intense resonance near 1 ppm (denoted by X) was
pH-dependent and assigned to the phosphate buffer. For panels B-D, spectra were
normalized using the three well-resolved upfield peaks observed in the hairpin
conformations of UUCG and UAAG. Significant increases in intensity were observed
for some CAAG and CACG resonances at higher concentrations, and these were assigned
to the duplex conformation. The intensity of the downfield-shifted resonance at
approximately 1.2 ppm is tentatively assigned to G9 P of the hairpin conformation based
upon comparison to published spectra for UUCG (27). Spectra were collected in P10E0.1
[panel A, pH 6.5 and panels B-D, pH 5.1] at 45 ºC, and referenced to 85% phosphoric
acid in an internal coaxial tube.
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Figure 2.10: Involvement of a cYNMGg tetraloop in a tertiary interaction in 16S rRNA.
The interaction is between gGAAAc of loop 159 from helix 8 (red) and cUACGg of loop
343 from helix 14 (blue) of 16S rRNA. (A) Location of loops 159 and 343 in the 5′
domain of the small ribosomal subunit from Thermus thermophilus (71). (B) Overview
of the interaction. The GC closing base pair and stacking of the three consecutive loop
adenosines are visible for loop 159. Loop 159 is nestled under AL2 of loop 343.
Hydrogen bonding is depicted with green lines. (C) Details of hydrogen bonding
interactions. The three hydrogen bonds of the Watson-Crick CG closing base pair of
loop 343 (dashed) are shown. Loop 159 nucleobase AL2 interacts with the minor groove
of the closing base pair G from loop 343, with a hydrogen bond from G H2 to AL2 N1,
and from G N3 to AL2 H6. In addition, AL3 N1 accepts a hydrogen bond from the G 2′OH group. Structures were generated from the crystal structure of 30S rRNA [PDB entry
1FJF (29)] using MOLMOL (104).
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Figure 2.11: Comparison of three non-UNCG YNMG tetraloop structures to the UUCG
tetraloop. In panels A-C, the cUUCGg tetraloop is depicted in grey, and was obtained
from the crystal structure of the cUUCGg hairpin from a 57 nt fragment of 16S rRNA
containing helices 20, 21, and 22 [PDB entry 1F7Y (24)]. For clarity, hydrogen atoms
have been removed from solution structures, and the 5′-end of the structure and sequence
for each non-UNCG YNMG tetraloop is indicated. (A) Solution structure of the
uCACGg tetraloop (green) from the 5′-UTR of Coxsackievirus B3 (75), with a 0.99 Å
rms deviation from cUUCGg. This compares to a 0.84 Å rms deviation for all heavy
atoms of the hairpin compared to the mean structure. (B) Solution structure of the NRE
uCCCGa tetraloop (blue) from the 5′ ETS of murine pre-rRNA [PDB entry 1QWA (76)],
the rms deviation from cUUCGg was 1.18 Å. (C) Solution structure of the cUCAGUg
DKC mutant P2b helix from human telomerase RNA [PDB entry 1Q75 (77)]; for
cUCAG without UL5 or G of the closing base pair, the rms deviation from cUUCG, also
without the G of the closing base pair, was 1.24 Å. Note the degree of overlap for
corresponding tetraloop positions, the compensation for structural variation illustrated by
the co-planarity of individual hydrogen-bonded residues, and the 3′-extruded U of
cUCAGUg. RMSD calculations were carried out using LSQMAN (99). This figure was
prepared using PyMOL (105).
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Figure 2.12: Comparison of electrostatic potentials determined using the NLPB equation
reveals loop-closing base pair coupling for (A) ccUUCGgg, (B) ucUCAGUga, (C)
cuCCCGag, and (D) auCACGgu YNMG tetraloops. There are three depictions for each
tetraloop. In each case, note the correspondence of positive (blue) and negative (red)
functional group interactions. On the left is a depiction with the RNA sequence and 5′end indicated. Also, red and blue circles highlight functional groups from L1, GL4 and
the closing base pair that are involved in electrostatic interactions; hatched circles
indicate electrostatic potentials that are out-of-plane and thus not observed in the center
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column. These circles correspond to electrostatic contours in the center and right
depictions. In the center, electrostatic interactions are depicted using two-dimensional
(2D) isopotential contours calculated from -30 to +30 kT/e in 10 kT/e increments (the
corresponding color gradient is red-grey-blue, respectively) using GRASP (74). This
depiction identifies electrostatic interactions that exist within a single plane passing
through major groove functional groups. On the right, three-dimensional (3D) molecular
contours were calculated at -20 kT/e (light red) and +20 kT/e (light blue) using GRASP
(74). This depiction presents a 3D view of electrostatic interactions between the loop and
closing base pair, and reveals several interactions not readily observed using 2D
isopotential contours. RNA structures are from sources described in Figure 2.11.
Electrostatic calculations were carried out using the nonlinear Poisson-Boltzmann
equation encoded in the modified DelPhi program, QNIFFT 2.1 (72, 73). This figure was
prepared using GRASP (74).

103

2.8 References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Bevilacqua, J. M. & Bevilacqua, P. C. (1998). Thermodynamic analysis of an
RNA combinatorial library contained in a short hairpin. Biochemistry 37, 1587715884.
Shu, Z. & Bevilacqua, P. C. (1999). Isolation and characterization of
thermodynamically stable and unstable RNA hairpins from a triloop
combinatorial library. Biochemistry 38, 15369-15379.
Nissen, P., Hansen, J., Ban, N., et al. (2000). The structural basis of ribosome
activity in peptide bond synthesis. Science 289, 920-930.
Valadkhan, S. & Manley, J. L. (2001). Splicing-related catalysis by protein-free
snRNAs. Nature 413, 701-707.
Ban, N., Nissen, P., Hansen, J., et al. (2000). The complete atomic structure of the
large ribosomal subunit at 2.4 Å resolution. Science 289, 905-920.
Brion, P. & Westhof, E. (1997). Hierarchy and dynamics of RNA folding. Annu
Rev Biophys Biomol Struct 26, 113-137.
Tinoco, I., Jr. & Bustamante, C. (1999). How RNA folds. J Mol Biol 293, 271281.
Costa, M. & Michel, F. (1995). Frequent use of the same tertiary motif by selffolding RNAs. EMBO J 14, 1276-1285.
Costa, M. & Michel, F. (1997). Rules for RNA recognition of GNRA tetraloops
deduced by in vitro selection: comparison with in vivo evolution. EMBO J 16,
3289-3302.
Bevilacqua, P. C., Kierzek, R., Johnson, K. A., et al. (1992). Dynamics of
ribozyme binding of substrate revealed by fluorescence-detected stopped-flow
methods. Science 258, 1355-1358.
Herschlag, D. (1992). Evidence for processivity and two-step binding of the RNA
substrate from studies of J1/2 mutants of the Tetrahymena ribozyme.
Biochemistry 31, 1386-1399.
Proctor, D. J., Schaak, J. E., Bevilacqua, J. M., et al. (2002). Isolation and
characterization of a family of stable RNA tetraloops with the motif YNMG that
participate in tertiary interactions. Biochemistry 41, 12062-12075.
Varani, G. (1995). Exceptionally stable nucleic acid hairpins. Annu Rev Biophys
Biomol Struct 24, 379-404.
Tuerk, C., Gauss, P., Thermes, C., et al. (1988). CUUCGG hairpins:
extraordinarily stable RNA secondary structures associated with various
biochemical processes. Proc Natl Acad Sci USA 85, 1364-1368.
Woese, C. R., Winker, S. & Gutell, R. R. (1990). Architecture of ribosomal RNA:
constraints on the sequence of "tetra-loops". Proc Natl Acad Sci USA 87, 84678471.
Wolters, J. (1992). The nature of preferred hairpin structures in 16S-like rRNA
variable regions. Nucleic Acids Res 20, 1843-1850.
Konings, D. A. & Gutell, R. R. (1995). A comparison of thermodynamic foldings
with comparatively derived structures of 16S and 16S-like rRNAs. RNA 1, 559574.

104

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.
36.

Antao, V. P., Lai, S. Y. & Tinoco, I., Jr. (1991). A thermodynamic study of
unusually stable RNA and DNA hairpins. Nucleic Acids Res 19, 5901-5905.
Williams, D. J. & Hall, K. B. (2000). Experimental and computational studies of
the G[UUCG]C RNA tetraloop. J Mol Biol 297, 1045-1061.
Heus, H. A. & Pardi, A. (1991). Structural features that give rise to the unusual
stability of RNA hairpins containing GNRA loops. Science 253, 191-194.
Cate, J. H., Gooding, A. R., Podell, E., et al. (1996). Crystal structure of a group I
ribozyme domain: principles of RNA packing. Science 273, 1678-1685.
Jucker, F. M., Heus, H. A., Yip, P. F., et al. (1996). A network of heterogeneous
hydrogen bonds in GNRA tetraloops. J Mol Biol 264, 968-980.
Jucker, F. M. & Pardi, A. (1995). Solution structure of the CUUG hairpin loop: a
novel RNA tetraloop motif. Biochemistry 34, 14416-14427.
Ennifar, E., Nikulin, A., Tishchenko, S., et al. (2000). The crystal structure of
UUCG tetraloop. J Mol Biol 304, 35-42.
Colmenarejo, G. & Tinoco, I., Jr. (1999). Structure and thermodynamics of metal
binding in the P5 helix of a group I intron ribozyme. J Mol Biol 290, 119-135.
Cheong, C., Varani, G. & Tinoco, I., Jr. (1990). Solution structure of an unusually
stable RNA hairpin, 5'GGAC(UUCG)GUCC. Nature 346, 680-682.
Varani, G., Cheong, C. & Tinoco, I., Jr. (1991). Structure of an unusually stable
RNA hairpin. Biochemistry 30, 3280-3289.
Allain, F. H. & Varani, G. (1995). Structure of the P1 helix from group I selfsplicing introns. J Mol Biol 250, 333-353.
Wimberly, B. T., Brodersen, D. E., Clemons, W. M., Jr., et al. (2000). Structure
of the 30S ribosomal subunit. Nature 407, 327-339.
Comolli, L. R., Ulyanov, N. B., Soto, A. M., et al. (2002). NMR structure of the
3' stem-loop from human U4 snRNA. Nucleic Acids Res 30, 4371-4379.
Nakano, M., Moody, E. M., Liang, J., et al. (2002). Selection for
thermodynamically stable DNA tetraloops using temperature gradient gel
electrophoresis reveals four motifs: d(cGNNAg), d(cGNABg),d(cCNNGg), and
d(gCNNGc). Biochemistry 41, 14281-14292.
Sandusky, P., Wooten, E. W., Kurochkin, A. V., et al. (1995). Occurrence,
solution structure and stability of DNA hairpins stabilized by a GA/CG helix unit.
Nucleic Acids Res 23, 4717-4725.
Moody, E. M. & Bevilacqua, P. C. (2003). Thermodynamic coupling of the loop
and stem in unusually stable DNA hairpins closed by CG base pairs. J Am Chem
Soc 125, 2032-2033.
Moody, E. M. & Bevilacqua, P. C. (2003). Folding of a stable DNA motif
involves a highly cooperative network of interactions. J Am Chem Soc 125,
16285-16293.
Williams, D. J. & Hall, K. B. (1999). Unrestrained stochastic dynamics
simulations of the UUCG tetraloop using an implicit solvation model. Biophys J
76, 3192-3205.
Williams, D. J. & Hall, K. B. (2000). Experimental and theoretical studies of the
effects of deoxyribose substitutions on the stability of the UUCG tetraloop. J Mol
Biol 297, 251-265.

105

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.
49.
50.
51.
52.
53.

Williams, D. J., Boots, J. L. & Hall, K. B. (2001). Thermodynamics of 2'-ribose
substitutions in UUCG tetraloops. RNA 7, 44-53.
Puglisi, J. D. & Tinoco, I., Jr. (1989). Absorbance melting curves of RNA.
Methods Enzymol 180, 304-325.
Mathews, D. H., Sabina, J., Zuker, M., et al. (1999). Expanded sequence
dependence of thermodynamic parameters improves prediction of RNA secondary
structure. J Mol Biol 288, 911-940.
SantaLucia, J., Jr. (1998). A unified view of polymer, dumbbell, and
oligonucleotide DNA nearest-neighbor thermodynamics. Proc Natl Acad Sci USA
95, 1460-1465.
Juneau, K. & Cech, T. R. (1999). In vitro selection of RNAs with increased
tertiary structure stability. RNA 5, 1119-1129.
Guo, F. & Cech, T. R. (2002). Evolution of Tetrahymena ribozyme mutants with
increased structural stability. Nat Struct Biol 9, 855-861.
Kim, C. H. & Tinoco, I., Jr. (2001). Structural and thermodynamic studies on
mutant RNA motifs that impair the specificity between a viral replicase and its
promoter. J Mol Biol 307, 827-839.
Kim, C. H. & Kao, C. C. (2001). A mutant viral RNA promoter with an altered
conformation retains efficient recognition by a viral RNA replicase through a
solution-exposed adenine. RNA 7, 1476-1485.
Larsson, S. L. & Nygard, O. (2001). Proposed secondary structure of eukaryote
specific expansion segment 15 in 28S rRNA from mice, rats, and rabbits.
Biochemistry 40, 3222-3231.
Lee, S. G., Kim, D. Y., Hyun, B. H., et al. (2002). Novel design architecture for
genetic stability of recombinant poliovirus: the manipulation of G/C contents and
their distribution patterns increases the genetic stability of inserts in a poliovirusbased RPS-Vax vector system. Journal of Virology 76, 1649-1662.
Milligan, J. F. & Uhlenbeck, O. C. (1989). Synthesis of small RNAs using T7
RNA polymerase. Methods Enzymol 180, 51-62.
Antao, V. P. & Tinoco, I., Jr. (1992). Thermodynamic parameters for loop
formation in RNA and DNA hairpin tetraloops. Nucleic Acids Res 20, 819-824.
Proctor, D. J., Kierzek, E., Kierzek, R., et al. (2003). Restricting the
conformational heterogeneity of RNA by specific incorporation of 8bromoguanosine. J Am Chem Soc 125, 2390-2391.
Wartell, R. M., Hosseini, S. H. & Moran, C. P., Jr. (1990). Detecting base pair
substitutions in DNA fragments by temperature-gradient gel electrophoresis.
Nucleic Acids Res 18, 2699-2705.
Serra, M. J. & Turner, D. H. (1995). Predicting thermodynamic properties of
RNA. Methods Enzymol 259, 242-261.
Xia, T., SantaLucia, J., Jr., Burkard, M. E., et al. (1998). Thermodynamic
parameters for an expanded nearest-neighbor model for formation of RNA
duplexes with Watson-Crick base pairs. Biochemistry 37, 14719-14735.
McDowell, J. A. & Turner, D. H. (1996). Investigation of the structural basis for
thermodynamic stabilities of tandem GU mismatches: solution structure of
(rGAGGUCUC)2 by two-dimensional NMR and simulated annealing.
Biochemistry 35, 14077-14089.

106

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

Borer, P. N. (1975). In Handbook of Biochemistry and Molecular Biology:
Nucleic Acids 3rd edit. (Fasman, G. D., ed.), Vol. I, pp. 597. CRC Press,
Cleveland, OH.
Richards, E. G. (1975). In Handbook of Biochemistry and Molecular Biology:
Nucleic Acids 3rd edit. (Fasman, G. D., ed.), Vol. I, pp. 597. CRC Press,
Cleveland, OH.
Cantor, C. R. & Schimmel, P. R. (1980). In Biophysical Chemistry, PartII:
Techniques for the Study of Biological Structure and Function. W. H. Freeman,
San Francisco, CA.
Kierzek, R., Li, Y., Turner, D. H., et al. (1993). 5'-Amino Pyrene Provides a
Sensitive, Non-Perturbing Fluorescent Probe of RNA Secondary and Tertiary
Structure Formation. J Am Chem Soc 115, 4985-4992.
Puglisi, J. D. & Wyatt, J. R. (1995). Biochemical and NMR studies of RNA
conformation with an emphasis on RNA pseudoknots. Methods Enzymol 261,
323-350.
Schowen, K. B. & Schowen, R. L. (1982). Solvent isotope effects of enzyme
systems. Methods Enzymol 87, 551-606.
Wüthrich, K. (1986). NMR of Proteins and Nucleic Acids, John Wiley & Sons,
New York.
Gueron, M. & Leroy, J. L. (1995). Studies of base pair kinetics by NMR
measurement of proton exchange. Methods Enzymol 261, 383-413.
Piotto, M., Saudek, V. & Sklenar, V. (1992). Gradient-tailored excitation for
single-quantum NMR spectroscopy of aqueous solutions. J Biomol NMR 2, 661665.
Sklenar, V., Piotto, M., Leppik, R., et al. (1993). Gradient-tailored water
suppression for H-1-N-15 HSQC experiments optimized to retain full sensitivity.
J Magn Reson A 102, 241-245.
Shaka, A. J., Keeler, J. & Freeman, R. (1983). Evaluation of a new broadband
decoupling sequence: WALTZ-16. J Magn Reson 53, 313-340.
Delaglio, F., Grzesiek, S., Vuister, G. W., et al. (1995). NMRPipe: a
multidimensional spectral processing system based on UNIX pipes. J Biomol
NMR 6, 277-293.
Redfield, A. G. & Kunz, S. D. (1975). Quadrature Fourier NMR detection: simple
multiplex for dual detection and discussion. J Magn Reson 19, 250-254.
Bodenhausen, G., Vold, R. L. & Vold, R. R. (1980). Multiple-Quantum SpinEcho spectroscopy. J Magn Reson 37, 93-106.
Marion, D. & Wuthrich, K. (1983). Application of phase sensitive twodimensional correlated spectroscopy (COSY) for measurements of 1H-1H spinspin coupling constants in proteins. Biochem Biophys Res Commun 113, 967-974.
Pappalardo, L., Kerwood, D. J., Pelczer, I., et al. (1998). Three-dimensional
folding of an RNA hairpin required for packaging HIV-1. J Mol Biol 282, 801818.
Kirchner, R., Vogtherr, M., Limmer, S., et al. (1998). Secondary structure
dimorphism and interconversion between hairpin and duplex form of
oligoribonucleotides. Antisense Nucleic Acid Drug Dev 8, 507-516.

107

71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.
83.
84.
85.
86.

Cannone, J. J., Subramanian, S., Schnare, M. N., et al. (2002). The Comparative
RNA Web (CRW) Site: an online database of comparative sequence and structure
information for ribosomal, intron, and other RNAs. BMC Bioinformatics 3, 2.
Sharp, K. A., Friedman, R. A., Misra, V., et al. (1995). Salt effects on
polyelectrolyte-ligand binding: comparison of Poisson- Boltzmann, and limiting
law/counterion binding models. Biopolymers 36, 245-262.
Chen, S. W. & Honig, B. (1997). Monovalent and divalent salt effects on
electrostatic free energies defined by the nonlinear Poisson-Boltzmann equation:
application to DNA binding reactions. J Phys Chem B 101, 9113-9118.
Nicholls, A., Sharp, K. A. & Honig, B. (1991). Protein folding and association:
insights from the interfacial and thermodynamic properties of hydrocarbons.
Proteins 11, 281-296.
Du, Z., Yu, J., Andino, R., et al. (2003). Extending the family of UNCG-like
tetraloop motifs: NMR structure of a CACG tetraloop from coxsackievirus B3.
Biochemistry 42, 4373-4383.
Finger, L. D., Trantirek, L., Johansson, C., et al. (2003). Solution structures of
stem-loop RNAs that bind to the two N-terminal RNA-binding domains of
nucleolin. Nucleic Acids Res 31, 6461-6472.
Theimer, C. A., Finger, L. D. & Feigon, J. (2003). YNMG tetraloop formation by
a dyskeratosis congenita mutation in human telomerase RNA. RNA 9, 1446-1455.
Word, J. M., Lovell, S. C., Richardson, J. S., et al. (1999). Asparagine and
glutamine: using hydrogen atom contacts in the choice of side-chain amide
orientation. J Mol Biol 285, 1735-1747.
Chin, K., Sharp, K. A., Honig, B., et al. (1999). Calculating the electrostatic
properties of RNA provides new insights into molecular interactions and function.
Nat Struct Biol 6, 1055-1061.
Nakano, S., Proctor, D. J. & Bevilacqua, P. C. (2001). Mechanistic
characterization of the HDV genomic ribozyme: assessing the catalytic and
structural contributions of divalent metal ions within a multichannel reaction
mechanism. Biochemistry 40, 12022-12038.
Gilson, M. K., Sharp, K. A. & Honig, B. (1987). Calculating the electrostatic
potential of molecules in solution: method and error assessment. J Comput Chem
9, 327-335.
Tunis-Schneider, M. J. & Maestre, M. F. (1970). Circular dichroism spectra of
oriented and unoriented deoxyribonucleic acid films--a preliminary study. J Mol
Biol 52, 521-541.
SantaLucia, J., Jr., Kierzek, R. & Turner, D. H. (1990). Effects of GA mismatches
on the structure and thermodynamics of RNA internal loops. Biochemistry 29,
8813-8819.
Wijmenga, S. S., Heus, H. A., Werten, B., et al. (1994). Assignment strategies
and analysis of cross-peak patterns and intensities in the three-dimensional
homonuclear TOCSY-NOESY of RNA. J Magn Reson B 103, 134-141.
Kierzek, R., Burkard, M. E. & Turner, D. H. (1999). Thermodynamics of single
mismatches in RNA duplexes. Biochemistry 38, 14214-14223.
Schroeder, S. J. & Turner, D. H. (2000). Factors affecting the thermodynamic
stability of small asymmetric internal loops in RNA. Biochemistry 39, 9257-9274.

108

87.
88.
89.
90.
91.
92.

93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.

Sakata, T., Hiroaki, H., Oda, Y., et al. (1990). Studies on the structure and
stabilizing factor of the CUUCGG hairpin RNA using chemically synthesized
oligonucleotides. Nucleic Acids Res 18, 3831-3839.
Molinaro, M. & Tinoco, I., Jr. (1995). Use of ultra stable UNCG tetraloop
hairpins to fold RNA structures: thermodynamic and spectroscopic applications.
Nucleic Acids Res 23, 3056-3063.
Yusupov, M. M., Yusupova, G. Z., Baucom, A., et al. (2001). Crystal structure of
the ribosome at 5.5 A resolution. Science 292, 883-896.
Nissen, P., Ippolito, J. A., Ban, N., et al. (2001). RNA tertiary interactions in the
large ribosomal subunit: the A-minor motif. Proc Natl Acad Sci USA 98, 48994903.
Jaeger, J. A., Turner, D. H. & Zuker, M. (1989). Improved predictions of
secondary structures for RNA. Proc Natl Acad Sci USA 86, 7706-7710.
Zuker, M., Jaeger, J. A. & Turner, D. H. (1991). A comparison of optimal and
suboptimal RNA secondary structures predicted by free energy minimization with
structures determined by phylogenetic comparison. Nucleic Acids Res 19, 27072714.
SantaLucia, J., Jr., Kierzek, R. & Turner, D. H. (1992). Context dependence of
hydrogen bond free energy revealed by substitutions in an RNA hairpin. Science
256, 217-219.
Sponer, J., Leszczynski, J. & Hobza, P. (2001). Electronic properties, hydrogen
bonding, stacking, and cation binding of DNA and RNA bases. Biopolymers 61,
3-31.
O'Brien, T. W. (2002). Evolution of a protein-rich mitochondrial ribosome:
implications for human genetic disease. Gene 286, 73-79.
Mears, J. A., Cannone, J. J., Stagg, S. M., et al. (2002). Modeling a minimal
ribosome based on comparative sequence analysis. J Mol Biol 321, 215-234.
Gueron, M., Kochoyan, M. & Leroy, J. L. (1987). A single mode of DNA basepair opening drives imino proton exchange. Nature 328, 89-92.
Warshaw, M. M. & Cantor, C. R. (1970). Oligonucleotide interactions. IV.
Conformational differences between deoxy- and ribodinucleoside phosphates.
Biopolymers 9, 1079-1103.
Kleywegt, G. J., and Jones, T. A. (1994). A super position. CCP4/ESF-EACBM
Newsletter on Protein Crystallography 31, 9-14.
Abramovitz, D. L. & Pyle, A. M. (1997). Remarkable morphological variability
of a common RNA folding motif: the GNRA tetraloop-receptor interaction. J Mol
Biol 266, 493-506.
Moody, E. M. & Bevilacqua, P. C. (2004). Evidence that Folding of an RNA
Tetraloop Hairpin is Less Cooperative than its DNA Counterpart. Biochemistry
submitted.
Bevington, P. R. (1969). Data Reduction and Error Analysis for the Physical
Sciences, McGraw-Hill, New York.
Freier, S. M., Alkema, D., Sinclair, A., et al. (1985). Contributions of dangling
end stacking and terminal base-pair formation to the stabilities of XGGCCp,
XCCGGp, XGGCCYp, and XCCGGYp helixes. Biochemistry 24, 4533-4539.

109

104.
105.

Koradi, R., Billeter, M. & Wuthrich, K. (1996). MOLMOL: a program for display
and analysis of macromolecular structures. J Mol Graph 14, 51-55.
DeLano, W. L. (2002). The PyMol Molecular Graphics System. DeLano
Scientific, San Carlos, CA.

110

CHAPTER 3

Restricting the Conformational Heterogeneity of RNA by Specific
Incorporation of 8-bromoguanosine

[Published, in part, as a paper entitled “Restricting the Conformational Heterogeneity of
RNA by Specific Incorporation of 8-Bromoguanosine” by David J. Proctor, Elżbieta
Kierzek, Ryszard Kierzek and Philip C. Bevilacqua in J. Am. Chem. Soc. 2003, 125,
2390-2391.

Also, findings in Recent Developments and Future Directions are in

preparation as a manuscript entitled “Specific Incorporation of 8-bromoguanosine in the
Lead-dependent Ribozyme Increases the Observed Cleavage Rate” by Rieko Yajima,
David J. Proctor, Elżbieta Kierzek, Ryszard Kierzek and Philip C. Bevilacqua.]

3.1 Abstract
In an effort to reduce the conformational heterogeneity of RNA, the modified
nucleobase 8-bromoguanosine (8BrG) was introduced into 12 nucleotide (nt) RNA
sequences having a four base pair stem and the hairpin motif YNMG (Y = C or U and M
= A or C).

Purine nucleobases with bromine substituted for H8 are known to

preferentially adopt the syn conformation as nucleosides. The hairpin motif YNMG was
chosen as a model system because it has a syn guanosine at position four of the loop that
is essential for thermodynamic stability (Chapter 2). Thermodynamic and structural
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characterization of 8BrG-substituted oligonucleotides with the tetraloop sequences
UUCG, CGCG, and CGAG by UV thermal denaturation and NMR spectroscopy revealed
that 8BrG substitution has a small effect upon the hairpin conformation, while the duplex
conformation is strongly destabilized (∆∆G°37 ≈ +4.7 kcal mol-1), thus inhibiting duplex
formation. These results support a model in which 8BrG substitution shifts the hairpinduplex equilibrium toward the hairpin conformation by destabilizing the duplex. This
methodology should be useful for limiting conformational heterogeneity in large RNA
molecules, with potential applications in structural biology and enzymology. As an
example of one application for 8BrG substitution, a brief overview of experiments
involving incorporation of 8BrG into the active site of the lead-dependent ribozyme
(leadzyme) is provided.
3.2 Introduction
RNA typically folds in a hierarchical fashion, forming independently stable
secondary structure before tertiary structure (1-3). The function of many RNA molecules
depends on a compact tertiary structure, as exemplified by a number of small ribozymes
(4-6). For example, the genome of the hepatitis delta virus (HDV) is an approximately
1700 nt circular RNA that codes for the hepatitis delta antigen, a protein that is
implicated in viral replication and packaging. In addition, two catalytic RNA sequences
are present in the life cycle of HDV that function in self-cleavage during viral replication.
In these instances, RNA structures must adopt distinct conformations to be functional.
Unfortunately, secondary structure is prone to alternative pairings, or misfolds, which
hinder the formation of native tertiary structure (7-10). Because these interactions are
particularly strong in RNA, misfolds can lead to significant kinetic trapping (sec to min
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or longer), complicating mechanistic and structural studies of RNA; the misfolding of
RNA leads to reduced functional efficacy. As a result, considerable effort has been
directed towards correcting misfolds to produce “fast folding” RNA molecules.
Several approaches to limiting conformational heterogeneity in RNA have been
developed. Since misfolding occurs most frequently at the secondary structural level,
site-directed mutagenesis and antisense oligonucleotides have provided simple
approaches to promote native folding (7-10), as have nucleotide analogues (11, 12).
Additionally, proteins have been shown to facilitate RNA folding in vitro and in vivo (for
examples, see references 13-15); and variation in pH, temperature, metal ion, and RNA
concentration can reduce RNA conformational heterogeneity (7-10). One example of
secondary structural misfolding is the dimerization of hairpins to produce a duplex with a
symmetric internal loop (Figure 3.1A). Dimerization is especially problematic at high
nucleic acid and salt concentrations, such as those required for NMR and X-ray
crystallographic studies (16 and Chapter 2). Even the unusually stable UUCG tetraloop
can form a duplex during crystallization (17).
In an effort to reduce dimerization and favor hairpin formation, a G analogue, 8bromoguanosine (8BrG), was introduced into loop position four (L4) of selected YNMG
hairpins (Figure 3.1A). As described in Chapter 2, the YNMG motif is comprised of 16
thermodynamically stable sequences that adopt structures similar to the UUCG tetraloop
(16). The YNMG motif was chosen as a model system since a syn guanosine occurs
naturally at L4, and inspection of YNMG structures suggests Br substitution for G H8
should not result in a steric clash. In addition, the YNMG motif gives rise to several
diagnostic NMR spectroscopic features that allow effects of analog substitution to be
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discerned. These include an unusually upfield-shifted imino proton resonance that is due
to a bifurcated hydrogen bond between L1 (Y = C or U) and L4 (G), and an unusually
downfield-shifted

31

P resonance caused by a sharp turn in the backbone at G9 (Figure

2.1) (16, 18).
In this study, the utility of the 8BrG analogue results from its limited glycosidic
torsion angle conformations. Structural studies on nucleosides and polymers have shown
that 8BrG preferentially adopts the syn conformation, wherein the nucleobase is
positioned over ribose (19-21). This conformation, which is in contrast to the anti
conformation typical of A-form RNA helices, arises because the steric bulk of bromine
precludes its residence over ribose (Figure 3.2).
Here, we describe limiting the conformational heterogeneity of RNA using the
nucleotide analogue 8BrG.

We demonstrate that 8BrG shifts a hairpin-duplex

equilibrium toward the hairpin conformation primarily by destabilizing the duplex
conformation (Figure 3.1).
3.3 Materials and Methods
3.3.1 General procedures for 8-bromoguanosine phosphoramidite synthesis
The phosphoramidite of the nucleotide analogue 8BrG was obtained according to
procedures described by Shapiro and Agarwal (22).

NMR spectra for 8BrG

phosphoramidite characterization were recorded on a Varian Unity spectrometer at 300
MHz (1H). Chemical shifts (δ) are reported in parts per million (ppm), referenced to
tetramethylsilane for 1H and

13

C spectra, and referenced to 85% H3PO4 for
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P spectra.

Coupling constants are reported in hertz (Hz), and splitting patterns are designated as s
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(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad).

Solvent

systems for silica gel thin-layer chromatography (TLC) plates were 9/1 v/v
dichloromethane/methanol (system A) and 45/45/10 v/v/v hexene/acetone/triethylamine
(system B). The solvent system for the reverse phase (RP) TLC plate was 3/7 v/v
acetone/water (system C). A scheme for the chemical synthesis of the 8-bromoguanosine
phosphoramidite is presented in Figure 3.3.
3.3.1.1 Synthesis of 2N-((dimethylamino)methylene)-8-bromoguanosine.

The

modified nucleoside 8-bromoguanosine (4.74 g, 13.2 mmol) was co-evaporated with
anhydrous pyridine, followed by co-evaporation with toluene. The resulting solid residue
was suspended in 38 ml methanol, and N, N-dimethylformamid dimethylacetal (7.02 ml,
52.84 mmol) was added. This mixture was stirred for 16 hr at room temperature, during
which time the substrate dissolved, and a white solid material precipitated from a clear
solution. The solid product was filtered, washed with methanol and dried. Yield for this
reaction was 4.45 g (80.8%).
TLC: 0.21 (system A), 0.0 (system B), 0.90 (RP, system C)
1

H NMR (300 MHz, DMSO) δ: 3.04, 3.14 (ss, 6H, NCH3), 3.36 (s, 1H, N=CH), 3.523.71 (m, 2H, H5′, H5′′), 3.91 (q, 1H, H4′), 4.23 (s br, 1H, H3′), 4.90 (t, 1H,
H2′), 5.74 (d, 1H, H1′)

13

C NMR (75 MHz, DMSO) δ: 34.62 (CH3), 61.77 (C5′), 70.27 (C3′), 70.8 (C2′), 85.73
(C4′), 90.05 (C1′), 120.46 (C5), 122.71 (N=CH), 150.77 (C4), 156.33 (C6),
157.32 (C2) 158.28 (C8)
3.3.1.2

Synthesis

bromoguanosine.

of

5′-O-dimethoxytrityl-2N-((dimethylamino)methylene)-8-

The 2N-((dimethylamino)methylene)-8-bromoguanosine (4.45 g,
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10.67 mmol) was co-evaporated with anhydrous pyridine, and 30 ml anhydrous pyridine
was added. Dimethoxytrityl (DMTr) chloride (3.98 g, 11.74 mmol) was subsequently
added to the solution and left for 2 hr at room temperature. The reaction mixture was
worked up with a saturated aqueous solution of sodium bicarbonate, and the mixture was
then extracted 3 times (50 ml) with dichloromethane. Combined layers were dried with
anhydrous sodium sulfate and evaporated. The resulting residue was co-evaporated with
toluene and suspended in 100 ml of dichloromethane, then filtered. The solid residue was
then washed with diethyl ether and dried. The yield for this reaction was 7.34 g (95.6%).
TLC: 0.55 (system A), 0.06 (system B), 0.44 (RP, system C)
1

H NMR (300 MHz, DMSO) δ: 3.00, 3.16 (ss, 6H, NCH3), 3.16 (m, 2H, H5′, H5′′), 3.34
(s, 1H, N=CH), 3.72 (d, 6H, OCH3), 3.97 (q, 1H, H4′), 4.54 (q, 1H, H3′), 5.05
(q, 1H, H2′), 5.78 (d, 1H, H1′), 6.74-6.81 (m, 4H, DMTr), 7.14-7.29 (m, 9H,
DMTr)

13

C NMR (75 MHz, DMSO) δ: 34.65 (NCH3), 54.94 (OCH3), 63.27 (C5′), 71.15 (C3′),
82.67 (C2′), 85.11 (C4′), 90.77 (C1′), 112.97 (DMTr), 120.29 (C5), 122.57
(N=CH), 127.61, 128.15, 129.5, 135.64, 144.81 (DMTr), 150.60 (C4), 156.40
(C6), 157.00 (C2) 157.90 (C8)
3.3.1.3

Synthesis

of

5′-O-dimethoxytrityl-2′-O-tertbutyldimethylsilyl-2N-

((dimethyl-amino)methylene)-8-bromoguanosine.

The

5′-O-dimethoxytrityl-2N-

((dimethylamino)methylene)-8-bromoguanosine (7.34 g, 10.20 mmol) was co-evaporated
with anhydrous pyridine and dissolved in 30 ml anhydrous pyridine. Next, imidazole
(1.67 g, 24.48 mmol) and tertbutyldimethylsilyl chloride (1.85 g, 12.24 mmol) were
added and left for 30 min at room temperature. The reaction mixture was worked up with
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a saturated aqueous solution of sodium bicarbonate, and the mixture was extracted 3
times (50 ml) with dichloromethane. Combined layers were washed with a saturated
aqueous solution of sodium dihydrogenphosphate, and combined organic layers were
dried with anhydrous sodium sulfate and evaporated. The residue was co-evaporated
several times with toluene, and the reaction mixture was purified by silica gel column
chromatography in toluene with a gradient formed by ethyl acetate. Fractions containing
the 2′-isomer were collected, whereas fractions containing mostly 3′-isomer were
evaporated and isomerized (23).

After isomerization the mixture was purified as

previously described. The 2′-isomer was lyophilized from benzene, and the yield for this
reaction was 5.42 g (63.8%).
TLC: 0.75 (system A), 0.45 (system B), 0.14 (RP, system C)
1

H NMR (300 MHz, CDCl3) δ: -0.07, 0.02 (2s, 6H, SiCH3), 0.88 (s, 9H, t-butyl), 2.75,
3.02 (ss, 6H, NCH3), 3.40 (m, 2H, H5′, H5′′), 3.77 (s, 6H, OCH3), 4.00-4.03
(m 1H, H4′), 4.54 (q, 1H, H3′), 5.07 (t, 1H, H2′), 5.89 (d, 1H, H1′), 6.74-6.81
(m, 4H, DMTr), 7.19-7.36 (m, 9H, DMTr)

13

C NMR (75 MHz, CDCl3) δ: -5.07, -4.85 (SiCH3), 17.95 (C(CH3)), 25.58 (C(CH3)3),
35.13 (NCH3), 55.20 (OCH3), 63.04 (C5′), 71.06 (C3′), 83.32 (C2′), 86.09
(C4′), 90.22 (C1′), 113.07 (DMTr), 121.12 (C5), 122.47 (N=CH), 127.77,
128.19, 130.07, 135.84, 144.76 (DMTr), 151.40 (C4), 156.63 (C6), 157.91
(C2), 158.49 (C8)
3.3.1.4

Synthesis

of

3′-O-phosphoramidite

5′-O-dimethoxytrityl-2′-O-

tertbutyldimethylsilyl-2N-((dimethylamino)methylene)-8-bromoguanosine.

The 5′-O-

dimethoxytrityl-2′-O-tertbutyldimethylsilyl-2N-((dimethylamino)methylene)-8-bromo-
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guanosine (1.67 g, 2 mmol) was dried under vacuum, then the substrate was dissolved in
20 ml anhydrous acetonitrile. Next, N,N-diisopropylethylamine (0.53 ml, 3.00 mmol)
and 2-cyanoethyldiisopropylchlorophosphoramidite (0.58 ml, 2.60 mmol) were added
and left for 30 min at room temperature. The reaction mixture was then worked up with a
saturated aqueous solution of sodium bicarbonate, and the mixture was extracted 3 times
(20 ml) with dichloromethane containing 1% triethylamine. Combined layers were dried
with anhydrous sodium sulfate and evaporated. The reaction mixture was purified by
silica gel column chromatography in hexane containing 1% triethylamine with a gradient
formed by ethyl acetate. The fractions containing 3′-O-phosphoramidite were evaporated
and lyophilized from benzene. Yield for this reaction was 1.70 g (82.3%).
TLC: 0.78 (system A), 0.47 (system B), 0.06 (RP, system C)
1

H NMR (300 MHz, CDCl3) δ: -0.13, -0.12 (2s, 6H, SiCH3), 0.81 (s, 9H, t-butyl), 3.00
(m 6H, NCH3), 3.33 (m, 2H, H5′, H5′′), 3.58-3.70 (m, 4H, CH2CH2), 3.76 (d,
6H, OCH3), 4.15 (m 1H, H4′), 4.62 (m, 1H, H3′), 5.10 (t, 1H, H2′), 6.01 (d,
1H, H1′), 6.73-6.80 (m, 4H, DMTr), 7.16-7.35 (m, 9H, DMTr)

13

C NMR (75 MHz, CDCl3) δ: -5.03, -4.58 (SiCH3), 17.89 (C(CH3)3), 20.32, 22.85,
24.53 (NC(CH3)2), 25.58 (C(CH3)3), 35.16 (NCH3), 42.93, 43.58 (NC(CH3)2),
55.14 (OCH3), 57.54, 58.62 (CH2CH2O), 63.46 (C5′), 71.38 (C3′), 72.07,
72.58 (CH2CH2O), 83.0 (C2′), 86.10 (C4′), 89.30 (C1′), 113.05 (DMTr),
117.51 (CN), 121.31 (C5), 122.77 (N=CH), 127.75, 128.07, 130.00, 135.83,
144.75 (DMTr), 151.62 (C4), 156.45 (C6), 157.59 (C2) 158.44 (C8)
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P NMR (121 MHz, CDCl3) δ: 148.84, 150.03

118

3.3.2 Preparation of RNA
RNA oligonucleotides were synthesized, deprotected and purified as described
(24). Briefly, 150.8 mg of the 8BrG phosphoramidite (3.3.1.4) was dried under vacuum
overnight prior to RNA synthesis. In order to prepare 10 oligonucleotides, ≈0.1 M of
each phosphoramidite was prepared by addition of anhydrous acetonitrile in the
following quantities: 5 ml for A, 11.2 ml for C, 9.2 ml for G, and 5.8 ml for U. After
drying, the 8BrG phosphoramidite was dissolved in 1.5 ml anhydrous acetonitrile.
Synthesis was carried out using an ABI 392 DNA/RNA synthesizer (AME Bioscience).
Deprotection was performed in 3/1 aqueous ammonia/ethanol at room
temperature for 24 hr. This reaction deprotected the bases and RNA backbone, including
the 2′-cyanoethyl protecting group, but maintained the 2′-tertbutyldimethylsilyl
protecting group of 8BrG. The 2′-tertbutyldimethylsilyl protecting group was removed
by incubation for 48-72 hr in triethylamine/hydrofluoric acid/pyridine at 55 °C, followed
by purification on a RP C18 Sep-Pak (Waters) column to remove excess fluorine.
Deprotected oligonucleotides were purified on 20×20 preparative TLC plates using a
55/35/10 n-propanol/aqueous ammonia/water solvent system (24).
3.3.3 Mass spectroscopic analysis of RNA
Molecular weights were determined for each oligonucleotide used in this study
prior to thermal denaturation experiments, and determined again for 8BrG-substituted
oligonucleotides following thermal denaturation experiments to ensure that high
temperatures did not result in loss of Br from 8BrG (Table 3.1). Molecular weights were
as expected based on calculations, consistent with 8BrG being unaffected by thermal
denaturation experiments.
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3.3.4 UV spectroscopy and thermal denaturation
Thermodynamic parameters are from UV thermal denaturation experiments in
10 mM sodium phosphate and 0.1 mM Na2EDTA (pH 7.0) and fits to a two-state model
with sloping baselines using KaleidaGraph version 3.5 (Synergy Software). Similar
values were obtained using the non-linear least squares program, Meltwin (25).
Parameters are averages from ≥3 independently prepared samples at various
concentrations in the concentration-independent range (5-50 µM). Errors in ∆G°37 are
propagated by standard methods from the standard deviations of repeated experiments
(26). Maximum errors in TM are ≈ ±1 °C. To favor the hairpin conformation, the RNA
was renatured prior to each experiment by heating to 99 °C for 1 min, followed
immediately by a UV thermal denaturation experiment from 99-5 °C. Subsequent UV
thermal denaturation experiments from 5-99 °C and 99-5 °C were carried out
successively and overlapping curves were obtained, consistent with reversibility of the
transition. UV absorbance melting profiles were obtained at 260 and 280 nm in 1, 5, and
10 mm path length cuvettes with a heating rate of ≈0.5 °C min-1 using a Gilford Response
II spectrophotometer equipped with a temperature controller. Each sample was melted
over a ≈5-200 µM range of strand concentration (CT). The similarity of melting profiles
for CT ≈ 5-50 µM for all sequences and CT ≈ 5-200 µM for most sequences was
consistent with the unfolding transition being due to the hairpin species.
oligonucleotides

were

forming

duplexes,

calculations

using

If

nearest-neighbor

thermodynamic values (24, 27, 28) predicted that the TM should increase by 9-12 °C for
strand concentrations between 1 and 100 µM, and by 11-14 °C for strand concentrations
between 1 and 250 µM, well outside the error limits in TM (≈ ±1 °C). Concentrations
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were determined using absorbance values of the unfolded state at 90 °C, and extinction
coefficients were from a nearest-neighbor analysis (29, 30). The extinction coefficient
for 8BrG was assumed to be identical to guanosine for concentration calculations.
3.3.5 Phosphorus and exchangeable proton NMR spectroscopy
Synthetic RNA oligonucleotides (Table 3.2) were resuspended in 95% H2O and
5% 2H2O (v/v) with 10 mM NaH2PO4 and 0.1 mM Na2EDTA (P10E0.1, pH 7.0). For
exchangeable 1H experiments, oligonucleotides were desalted prior to resuspension in
P10E0.1 (pH 5.2) using a RP C18 Sep-Pak column (Waters). A pH value of 5.2 was used
to slow chemical exchange processes (31); melts at pH 4.9 did not show significant
changes in ∆H° or ∆S°, suggesting that pH 5.2 does not affect the structural integrity of
the hairpin. RNA concentrations ranged from ≈0.2 to 1.1 mM, and RNA was renatured
prior to the start of each experiment as described (32, 33). As an example, the CGCG
tetraloop was heated to 55 °C for 1 min, 70 °C for 30 sec, 55 °C for 1 min, and rapidly
cooled on ice before slowly heating to the experiment temperature (274 K for 1H or 318
K for

31

P). Phosphorus spectra were collected on a Bruker AMX2-500 spectrometer

using a 5 mm broadband probe, and 1H spectra were collected on a Bruker DRX-600
spectrometer using a fixed-frequency triple resonance (1H, 13C, and 15N) probe. Solvent
suppression for exchangeable 1H spectra was achieved using a 3-9-19 pulse sequence
with gradients (WATERGATE) (34, 35) and a spectral width of 12,500 Hz. Proton
spectra were collected with a recycle delay of 4 s, and referenced to residual water signal.
Phosphorus spectra were acquired with a spectral width of 3049 Hz, a recycle delay of
1.5 s, and proton decoupling (WALTZ-16) (36). Spectra were referenced to 85% H3PO4
at 0.0 ppm contained in an internal coaxial tube.

Data sets were processed using
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XWINNMR (Bruker). Free induction decays were zero-filled, and data were apodized
with phase-shifted sine-squared bell functions for 1H spectra or 1 Hz line broadening for
31

P spectra.

3.4 Results
3.4.1 Thermodynamic characterization of RNA by UV thermal denaturation
Thermodynamic characterization (Table 3.2) revealed that 8BrG substitution at
L4 of the UUCG loop, UUCG, had little effect upon stability, with ∆∆G°37 = -0.08±0.21
kcal mol-1 and ∆TM = 1.2 °C slightly stabilized relative to UUCG. Likewise, 8BrG
substitution at L4 of the CGCG loop, CGCG, had a minimal effect, with ∆∆G°37 = 0.41±0.58 kcal mol-1 and ∆TM = 1.5 °C relative to CGCG. In contrast, 8BrG substitution
within the hairpin stem was very destabilizing, with ∆∆G°37 = +2.36±0.17 kcal mol-1 and
∆TM = −14.5 °C (Table 3.2).
3.4.2 Structural characterization of RNA by phosphorus NMR spectroscopy
Structural characterization of unmodified UUCG by 1D 1H-decoupled

31

P NMR

spectroscopy revealed the expected 11 hairpin resonances dispersed over ≈2 ppm (Figure
3.4A). These include a resonance downfield-shifted to 1.15 ppm, which was previously
assigned to G9 P (18). As expected on the basis of similar thermodynamic parameters
(Table 3.2), the spectrum of 8BrG-substituted UUCG was nearly identical to UUCG
(Figure 3.4B).
In contrast to UUCG, the

31

P spectrum for CGCG comprised several densely

packed resonances covering only ≈1 ppm (Figure 3.4C). One-dimensional 1H-decoupled
31

P NMR spectra of A-form RNA helices have chemical shifts clustered near 0 ppm
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(referenced to 85% H3PO4) (37, 38); this is consistent with CGCG exclusively adopting
the duplex conformation at NMR concentrations, as expected for this self-complementary
sequence. Duplex formation is also supported by thermodynamic data, where the TM of
CGCG is concentration dependent between ≈50-200 µM CT (data not shown). In contrast
to CGCG, the

31

P spectrum of CGCG was disperse with a resonance at 1.2 ppm,

consistent with a significant increase in the hairpin conformation upon 8BrG substitution
(Figure 3.4D). In addition, in the presence of 1 M NaCl, which is known to favor the
duplex conformation, a major shift in the hairpin-duplex equilibrium toward the hairpin
conformation was observed for CGAG relative to CGAG (Figure 3.4E, F).
3.4.3 Structural characterization of RNA by proton NMR spectroscopy
One-dimensional 1H NMR spectroscopy of UUCG and UUCG revealed the
expected upfield-shifted resonance for G8 H1 at 9.8 ppm (Figure 3.5A, B) (16, 18). In
contrast, the spectrum of the CGCG tetraloop reveals primarily the duplex conformation,
as illustrated by the relative intensities of hairpin and duplex resonances for G9 H1 at
13.4 and 13.2 ppm, respectively, and the absence of a resonance near 10 ppm (Figure
3.5C) (16). In general, for a given imino proton in a small RNA hairpin the resonance for
the hairpin conformation is slightly downfield of the resonance from the duplex
conformation (see 16 for further examples). Strikingly, for CGCG the relative intensity
of the hairpin and duplex resonances at 13.4 and 13.2 ppm, respectively, inverts relative
to CGCG, with the hairpin conformation present at approximately twice the duplex
concentration (Figure 3.5D). Moreover, the isolated upfield-shifted resonance diagnostic
of the tetraloop conformation is observed at 10.6 ppm for CGCG, but not for CGCG
(Figure 3.5D); the precise value of the chemical shift has been found to be slightly larger
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when L1 is a C (Figure 2.5C, D). Overall, thermodynamic and qualitative structural
experiments on representative YNMG hairpins with 8BrG at L4 are consistent with a syn
G, as expected from previous studies (16).
3.5 Discussion
In an effort to minimize the formation of alternative conformations such as
duplexes by RNA hairpins, the nucleotide analogue 8BrG was incorporated into YNMG
hairpins at L4. Incorporation of 8BrG had only small effects upon the thermodynamic
stability and structure of the hairpin based upon thermodynamic parameters from UV
thermal denaturation.i

In contrast, the putative duplex conformation was strongly

destabilized by 8BrG incorporation. This was best exemplified by destabilization of the
self-complementary CGCG duplex conformation, as shown by 31P (Figure 3.4C, D) and
1

H (Figure 3.5C, D) NMR spectra.

3.5.1 Destabilization of the duplex conformation upon 8-bromoguanosine substitution
Presumably the hairpin conformation of CGCG arises because of destabilization
of the duplex conformation that resulted from 8BrG incorporation. To estimate the extent
of destabilization, 8BrG was also substituted into the stem of a hairpin. The stability of
gGacUUCGgucc was substantially decreased, with ∆∆G°37 = +2.36±0.17 kcal mol-1 and
∆TM = −14.5 °C (Table 3.2). Since there are two potential CG base pairs in the duplex
conformation of a CNMG sequence, the destabilization for the duplex is estimated at
+4.7 kcal mol-1. Thus, the shift in the equilibrium induced by 8BrG substitution is
considerable. These effects are depicted in the free energy diagram in Figure 3.1B. The
i

The reader is referred to Chapter 4 for an in depth study of the kinetic effects of 8BrG incorporation on the
hairpin conformation.
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effect of ≈2.4 kcal mol-1 is somewhat less than the nearest neighbor term for elimination
of a 5′-GG/CC-5′ base pair:

5′-GA

/CU-5′ – (5′-GG/CC-5′ + 5′-GA/CU-5′) = -(5′-GG/CC-5′) ≈ -3.3 kcal mol-1

(28).ii Although the structural details of the distortion resulting from 8BrG incorporation
were not pursued, this comparison is fairly consistent with considerable distortion of the
A-form helix and possibly extrusion of 8BrG into solution.
3.5.2 Applications for 8-bromoguanosine in structural and catalytic studies of RNA
One application for 8BrG substitution is the study of salt effects on hairpins,
which has traditionally been hampered by duplex formation at high ionic strength. Also,
more stable and homogeneous secondary structure should favor the formation of native
tertiary structure; thus, 8BrG-substituted YNMG hairpins could be engineered into large
RNA molecules at positions where loop sequence is not critical in order to favor native
structure. Since there are typically several such positions in large RNA molecules, this
method should be generally useful for constraining conformation in NMR and X-ray
crystallographic studies. In the latter case, the Br atom might also provide a useful heavy
atom derivative (39).
Incorporation of 8BrG into RNA may also facilitate understanding of how
conformational heterogeneity affects the folding of ribozymes.

The lead-dependent

ribozyme, or leadzyme, presents an interesting case for 8BrG substitution because
solution, crystal, and theoretical structures possess different glycosidic torsion angles for
three G residues in the enzyme active site. Experiments to characterize the effect of
8BrG-substitution in the active site of the lead-dependent ribozyme are underway (3.6).

ii

The discrepancy between the observed and calculated destabilizations is likely a reflection of limitations
in the calculation, which represents an oversimplification.
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Incorporation of 8BrG at specific positions within other ribozymes may also
provide insight into their folding and catalytic mechanisms. Unfortunately, a survey of
ribozyme crystal and solution structures using AMIGOS (40) and MCAnnotate (41)
failed to reveal other obvious candidates for 8BrG incorporation.

An alternative

approach for discovering potential sites for 8BrG incorporation involves the development
of an 8BrG phosphorothioate nucleotide analogue interference method (NAIM) reagent
to randomly scan the sequence of large RNA molecules for functional effects (42-45).
R.K. has synthesized an 8BrG phosphorothioate NAIM reagent, and experiments for
utilizing this methodology are under consideration.
Several compounds have been described that restrict the conformation of
individual nucleotides or more extended structures such as hairpins (46, 47), and
additional compounds that restrict nucleotides or secondary structure can be envisaged.
For instance, incorporation of a bulky substituent at purine N3, such as a methyl
functional group, may restrict the glycosidic torsion angle to the anti conformation; this is
opposite the effect that 8BrG has upon the glycosidic torsion angle. Alternatively,
introduction of various functional groups or linkers into the RNA backbone or upon the
ribose moiety may restrict sugar pucker or other torsion angles.

For example,

substitution of an RNA 2′-OH with -H or -NH2 causes ribose to favor the C2′-endo sugar
pucker; in contrast, substitution with -F or -OCH3 causes ribose to favor the C3′-endo
sugar pucker (48).
The development of these and other functional group modifications continues to
provide researchers with exquisite control over RNA conformation at the level of
secondary structure.

Further characterization of kinetic effects resulting from the
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incorporation of nucleotide analogues may also improve our understanding of the
mechanisms of RNA folding and catalysis (Chapter 4).
3.6 Recent Developments and Future Directions
Incorporation of the nucleotide analogue 8BrG into oligonucleotides having the
hairpin motif YNMG reduced the conformational heterogeneity of the RNA hairpins.
This was done by shifting the hairpin-duplex equilibrium toward the hairpin through
destabilization of the duplex conformation. This approach may have applications in other
systems that involve syn purines.

For instance, 8BrG-substitution may facilitate

understanding of how conformational heterogeneity affects the folding of ribozymes.
As previously mentioned (3.5.2), the leadzyme is an ideal system for testing the
utility of 8BrG substitution in a catalytic RNA because solution, crystal, and theoretical
structures differ in the glycosidic orientation of three G residues in the active site. Since
collaborative experiments to characterize the effect of 8BrG-substitution in the active site
of the leadzyme are in progress (as of July 2004), a brief overview of the leadzyme
literature and our preliminary experimental design are presented.
3.6.1 The lead-dependent ribozyme
Since the discovery that RNA can catalyze chemical reactions (49, 50), the metal
ion dependence of ribozyme structure and activity has become increasingly apparent
(51); this is particularly true for large ribozymes (for example, 52, 53). Indeed, even
those ribozymes thought to invoke acid-base catalysis for their activity, such as the
hairpin and hepatitis delta virus ribozymes (54, 55), require metal ions for structural
stabilization and possibly as Lewis acid catalysts. In vitro selection and evolution have
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been used to isolate a variety of catalytic nucleic acids with unusual metal specificities,
including RNase P (56) and Tetrahymena group I ribozymes (57) that require Ca2+ for
activity.
Inspired by the folding and lead-dependent self-cleavage of yeast tRNAPhe (58,
59), Pan and Uhlenbeck isolated a small, lead-dependent ribozyme using in vitro
selection (60). This ribozyme, or leadzyme, is comprised of an asymmetric, purine-rich
internal loop that undergoes site-specific cleavage in the presence of Pb2+. Like the
hammerhead, hepatitis delta virus, hairpin and VS ribozymes, cleavage occurs at the
scissile phosphate group via in-line nucleophilic attack by the 2′-OH of the upstream
nucleotide, yielding products with 2′,3′-cyclic phosphate and 5′-OH termini. In a second
step unique to the leadzyme, the 2′,3′-cyclic phosphate undergoes specific hydrolysis to a
3′-monophosphate product (59, 61).

The leadzyme is highly specific for Pb2+, and

although the presence of additional metal ions such as lanthanides has been shown to
enhance the reaction rate, no other divalent or trivalent metal ions have supported
catalytic activity (61-63).
In addition to the considerable functional data available (reviewed in reference
64), three different structures have been proposed for the leadzyme from data obtained by
NMR spectroscopy (65) (Figure 3.6A), X-ray crystallography (66) (Figure 3.6B), and
theoretical modeling (67) (Figure 3.6C). Biochemical data from the literature (reference
68 in particular) were used in combination with the program MC-SYM (69) to generate
the theoretical model. These structures share related global features, but discrepancies
exist in their active site conformations, and functional data contradicts many of the
features observed in the solution and crystal structures (68).
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3.6.2 Comparison of leadzyme structures
One set of notable discrepancies between the leadzyme structures are the
glycosidic conformations of three active site G residues (Figure 3.6). According to the
solution, crystal, and theoretical structures, one G in the active site adopts the syn
glycosidic conformation, while the other two adopt the anti conformation (Table 3.3).
The identity of the active site syn G varies with each structure; it is G7 in the solution
structure (65) (orange, Figure 3.6A), G9 in the crystal structure (66) (green, Figure 3.6B),
and G24 in the theoretical model (67) (blue, Figure 3.6C). It is worth noting that for
catalytic activity, C6, G9 and G24 are the only absolutely conserved nucleotides within
the active site of the leadzyme (61, 68).
3.6.3 Effects of 8BrG substitution upon the leadzyme
The goal of our study is to determine which of the proposed leadzyme structures
most closely resembles the functional form of the ribozyme. A two-piece ribozyme was
chosen for this study to facilitate the incorporation of 8BrG (Figure 3.7). The active site
is a 4×2 internal loop closed by 6 base pairs on each side, and was designed by
comparison to a consensus sequence obtained from in vitro selection results (60). The
stems were designed based upon inspection of other ribozyme secondary structures (for
example, Figure 3.6) and their concomitant catalytic activities.
To test which of the three structural models most resembles the functional form of
the ribozyme, 8BrG was incorporated at G7, G9 or G24. Kinetic characterization of
these 8BrG-substituted leadzymes is underway, and current results favor the theoretical
model.

129

3.7 Acknowledgements
The research group of Professor Douglas H. Turner is gratefully acknowledged
for the use of their laboratory facilities. We also thank members of the Bevilacqua lab
and Professors Christopher J. Falzone, Barbara L. Golden, and Juliette T.J. Lecomte for
helpful discussions.
E.K. and R.K. contributed to this work by synthesizing and characterizing the 8bromoguanosine phosphoramidite and 12 nt RNA hairpins (3.3.1-3.3.3 and 3.5.2). Also,
R.K. synthesized the leadzyme (3.6.3), and R.Y. contributed the kinetic characterization
of 8BrG-substituted leadzymes (3.5.2 and 3.6).

130

Table 3.1: Mass spectroscopic analysis of RNA oligonucleotidesa
Sequenceb
Calc. MWc
Pre-exp. MWd
Post-exp. MWe
ggacUUCGgucc
3787.3
3787.27
ggacUUCGgucc
3866.3
3866.16
3866.40
gGacUUCGgucc
3866.3
3866.15
ggacUGCGgucc
3905.3
3905.02
ggacCGAGgucc
3849.4
3849.38
ggacCGCGgucc
3825.4
3825.24
ggacCGCGgucc
3904.4
3904.24
3904.44
ggacCGCGgucc
3904.4
3904.30
ggacCGAGgucc
3928.4
3928.18
3928.32
ggacCGAGgucc
3928.4
3928.10
a

Mass spectroscopy data were obtained on a Hewlett-Packard HPLC-MS
Series 1100 MSD instrument with atmospheric-pressure-ionization
electrospray detection at the University of Rochester. bThe hairpin tetraloop
sequence is capitalized, and the location of 8BrG substitution is indicated by a
bold and underlined G. cThe calculated molecular weight (MW), determined
d
by summation of individual proton and heavy atom weights.
The
experimental (exp.) MW determined for all 10 sequences following synthesis
of the RNA oligonucleotides and prior to UV thermal denaturation
experiments. eThe experimental MW determined for representative 8BrGsubstituted sequences following UV thermal denaturation experiments; no
significant changes in molecular weight were found.
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Table 3.2: Thermodynamic parameters for hairpin formation
sequencea
TM (°C)c
∆G°37 (kcal mol-1)b
ggacUUCGgucc
-4.80±0.13
71.7
gGacUUCGgucc
-2.44±0.12
57.2
ggacUUCGgucc
-4.88±0.17
72.9
ggacCGCGguccd
-3.60±0.36
67.0
ggacCGCGgucc
-4.01±0.45
68.5
a

The hairpin tetraloop is capitalized, and the location of 8BrG
substitution is indicated by a bold and underlined G. bAn extra
significant figure is shown for ∆G°37 to avoid round-off errors.
c
Maximum errors in TM are ≈ ±1 °C. dDetermined at the
lowest detectable concentrations, 5-50 µM CT, to favor the
hairpin conformation.
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Table 3.3: Glycosidic torsion angle comparisons in leadzyme structuresa
residue
NMR
Crystal
Theoretical
G7
syn
anti
anti
G9
anti
syn
anti
G24
anti
anti
syn
a

Differences in the glycosidic torsion angle of leadzyme active site
residues G7, G9, and G24 discerned from NMR solution structures (65),
X-ray crystal structures (66), and a theoretical model (67) based on
biochemical data (Figure 3.6).
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Figure 3.1: Equilibrium between hairpin and duplex conformations; h = hairpin; d =
duplex; u = unfolded. (A) A red G indicates 8BrG substitution; in the text this is
indicated by a bold and underlined G. Y = C or U; N = A, C, G, or U; M = A or C. (B)
Free energy diagram depicting the destabilization of the duplex conformation upon 8BrG
substitution.
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Figure 3.2: Typical glycosidic bond conformations of G and 8BrG, depicted as rods
(top) and space-filling models (bottom). Atom colors are hydrogen, oxygen, nitrogen,
carbon, phosphorus, and bromine. The location of bromine substitution, G C8, is
indicated (H8 and Br8). (A) In A-form RNA, G adopts the anti conformation in order to
participate in Watson-Crick hydrogen bonding and stacking interactions. (B) The
modified nucleobase, 8-bromoguanosine, preferentially adopts the syn conformation.
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Figure 3.3: Scheme for the chemical synthesis of 8-bromoguanosine phosphoramidite.
Synthetic steps are labeled according to the text (3.3.1). Bold functional groups indicate
sites where protecting groups have been added in the previous chemical step. MeOH =
methanol, DMTrCl = dimethoxytrityl chloride, Py = pyridine, TBDMSiCl =
tertbutyldimethylsilyl chloride, iPr2- = diisopropyl, NCEtO- = cyanoethoxy
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Figure 3.4: 1H-decoupled 31P NMR spectra (202 MHz, 95% H2O and 5% 2H2O in 10
mM NaH2PO4 and 0.1 mM EDTA, pH 7.0, 45 °C) of (A) 0.4 mM UUCG, (B) 0.3 mM
UUCG, (C) 0.4 mM CGCG, (D) 0.2 mM CGCG; and with 1M Na+, (E) 0.2 mM CGAG,
and (F) 0.5 mM CGAG. Spectra were obtained at the maximum sample concentrations
available. Slight differences in concentration between unmodified and 8BrG substituted
samples were present in most instances. For CGCG, the duplex conformation was also
dominant at 0.2 mM, as seen in Figure 3.5C. CGCG is not shown at 1M Na+ since it can
form a perfectly complementary duplex in the absence of high Na+ concentrations, and its
shift in equilibrium is not in an RNA concentration range detectable by NMR
spectroscopy. The dominant conformation is given, and the downfield-shifted resonance
diagnostic of the hairpin is indicated with a filled circle. In all cases but “mixture” the
spectrum can be interpreted in terms of 11 resonances, as expected.
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Figure 3.5: Exchangeable 1H NMR spectra (600 MHz, 95% H2O and 5% 2H2O in 10
mM NaH2PO4 and 0.1 mM EDTA, pH 5.2, 1 °C) of (A) 1.1 mM UUCG, (B) 0.3 mM
UUCG, (C) 0.2 mM CGCG, and (D) 0.2 mM CGCG. The dominant conformation is
given, and selected resonances diagnostic of the hairpin and duplex conformations are
indicated with filled and open circles, respectively.
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Figure 3.6: Comparison of features within the leadzyme active site, nucleotides 5-10
and 23-26, with numbering based upon the NMR structure (65). Labeled nucleotides
include the cleavage site, C6 (red), G residues that adopt the syn conformation (boxed in
the secondary structure), and A25 (yellow), which base pairs to C6 in the solution and
crystal structure (bold, empty circle); colored nucleotides correspond to bases colored in
the secondary structures. Also shown are Sr2+ (cyan), Mg2+ (pink), and Pb2+ (violet)
metal ions bound in the active site. The phosphate backbone is depicted as a grey ribbon,
with hydrogen and non-bridging phosphoryl oxygen atoms removed for clarity and bold,
dashed lines indicating backbone connectivity. (A) Minimized average solution structure
that includes a protonated A25+-C6 base pair, syn G7 (boxed), and anti G9 and G24 (65).
(B) “Pre-catalytic” crystal structure, with Sr2+ ions included as non-catalytic models of
Pb2+ ions (66). Features include a potential A25+-C6 base pair, syn G9 (boxed), and anti
G7 and G24. (C) Lead ions were modeled into a theoretical structure developed from in
vitro selection and functional group mutagenesis data, and revealed a G24-C6 base pair,
syn G24 (boxed), and anti G7 and G9 (66, 67).
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Figure 3.7: Secondary structure of the two-piece leadzyme used in this study. The 31 nt
ribozyme is helical, with an asymmetric internal loop containing the active site. The
consensus sequence for activity is boxed, and the arrow indicates the location of the
scissile phosphate between C6 and G7. The two-piece leadzyme consists of substrate and
enzyme strands, with nucleotide numbering in the active site based upon previous studies
(60, 65). In current kinetic studies, 8BrG was tested at three positions in the active site
loop (bold): G7, G9, and G24; the 5′-end of the substrate is radiolabeled with 32P (*).
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CHAPTER 4

Folding Thermodynamics and Kinetics of YNMG RNA Hairpins:
Specific Incorporation of 8-bromoguanosine Leads to Stabilization by
Enhancement of the Folding Rate

[To be published, in part, as a paper entitled “Folding Kinetics of Exceptionally Stable
YNMG RNA Hairpins:

Specific Incorporation of 8-bromoguanosine Leads to

Stabilization by Enhancement of the Folding Rate” by David J. Proctor, Hairong Ma,
Ryszard Kierzek, Martin Gruebele and Philip C. Bevilacqua, J. Am. Chem. Soc.,
submitted.]

4.1 Abstract
Modified nucleotides allow fundamental energetic and kinetic properties of
nucleic acids to be probed. Here, we demonstrate that an RNA hairpin containing the
nucleotide analogue 8-bromoguanosine (8BrG or G), gcUUCGgc, has enhanced stability
relative to the unmodified hairpin, with ∆∆G°37 = -0.69±0.15 kcal mol-1 and ∆TM =
+6.8±1.4 °C. NMR spectroscopic data suggest that the enhanced stability of gcUUCGgc
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does not arise from the native state; laser temperature-jump experiments support this
notion, as gcUUCGgc and gcUUCGgc have similar unfolding rate constants, but the
folding rate constant of gcUUCGgc is 4.1-fold faster at 37.5 °C and 2.8-fold faster under
isoenergetic conditions. Based on these findings, we propose that 8BrG reduces the
conformational entropy of the denatured state, resulting in an accelerated conformational
search for the native state and enhanced stability.

4.2 Introduction
Interactions among RNA nucleotides result in the rapid formation of secondary
structure, typically in a few µs (1); tertiary structure subsequently develops more slowly,
typically seconds to minutes, through the interaction of secondary structural elements (for
example, references 2-6), although exceptions to this folding succession have been noted
(7-10). This folding hierarchy results in linkage between the equilibria for secondary and
tertiary structure formation (Figure 4.1). Hierarchical folding is the result of several
fundamental

features

of

RNA

energetics

including

the

strongly

favorable

thermodynamics of stacking and hydrogen bonding in secondary structure formation; the
rapid kinetics of secondary structure formation relative to tertiary structure formation;
and in vivo folding being co-transcriptional such that secondary structures are
synthesized before distal tertiary elements, and thus can fold first (11-13). In addition,
tertiary structure generally involves the assembly of preformed secondary structural
elements.
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Many of the fundamental principles of RNA folding at both the secondary and
tertiary structure levels have yet to be elucidated. In particular, the role of the denatured
state and the temperature dependence of folding, especially involving non-Arrhenius
kinetics, are under intense investigation for secondary and tertiary structure alike (14-19).
Because the processes of secondary and tertiary structure formation are linked, insight
into the kinetics of secondary structure formation may aid our understanding of the
overall pathway for tertiary structure formation.
To gain insight into these issues we chose to study the folding kinetics of a wellcharacterized, unusually stable RNA secondary structure, the UUCG tetraloop (20, 21)
The YNMG hairpin motif, which includes the UUCG tetraloop, has a syn G at position
four of the loop that is involved in stacking and hydrogen bonding (22-25). Substitution
of bulky substituents such as Br for G H8 (8BrG or G), limits rotation about the
glycosidic bond and disfavors the anti conformation, which would require that Br reside
over ribose, resulting in an equilibrium shift of ∆G°37 ≈ 2 kcal mol-1 (26, 27). In addition,
the modified nucleotide 8BrG adopts the syn conformation in a crystal structure of the
nucleoside (28-30).
The utility of 8BrG for controlling the folding of G-quartets (31) and YNMG
hairpins (27) has been previously demonstrated. Specifically, incorporation of deoxy8BrG into syn positions of G-quartets was stabilizing by ∆∆G°25 = -0.6 to -1.1 kcal mol-1,
while incorporation into anti positions was destabilizing by +0.8 to +1.0 kcal mol-1 (31).
Incorporation of 8BrG at position four of YNMG hairpins revealed a significant
destabilization of the alternative duplex conformation (∆∆G°37 ≈ +4.7 kcal mol-1, or +2.4
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kcal mol-1 base pair-1). These findings suggested that site-specific incorporation of 8BrG
favors the hairpin conformation in a hairpin-duplex equilibrium primarily by
destabilizing the duplex conformation, in which bases must adopt the anti glycosidic
conformation.

Interestingly, thermal denaturation studies of 12 nt 8BrG-substituted

YNMG sequences suggested that 8BrG substitution might also afford a small
stabilization of the hairpin conformation (∆∆G°37 = -0.1±0.2 to -0.6±0.1 kcal mol-1) (27),
which motivated the characterization presented here.
To provide further insight into the energetics and kinetics of hairpin formation,
unmodified and 8BrG-substituted gcUUCGgc tetraloops (the loop sequence is
capitalized) have been characterized by UV and NMR thermal denaturation and laser
temperature-jump (T-jump) spectroscopy. Unmodified and 8BrG-substituted ggUUCGcc
tetraloops, which adopt a structurally-related, UUCG-like hairpin of lesser stability,32
have also been characterized in an effort to gain insight into the kinetic origin of the
unusual stability of a CG closing base pair.

4.3 Materials and Methods
4.3.1 Synthesis of 8BrG phosphoramidite and preparation of RNA
For thermodynamic, structural, and kinetic studies, unmodified 8 and 12 nt
synthetic RNA oligonucleotides were from Dharmacon Research. Oligonucleotides were
deprotected at 60 °C for 30 min in 100 mM acetic acid and TEMED (pH 3.8), dried in
vacuo, and desalted using Sep-Pak Plus C18 cartridges (Waters). Detailed procedures for
the synthesis of the 8BrG phosphoramidite and 8BrG-substituted RNA oligonucleotides
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have been described (27, 33 and Chapter 3). Mass spectroscopy has shown that 8BrG
remains intact during thermal denaturation experiments (27).
RNA oligonucleotides were stored in P10E0.1 [10 mM sodium phosphate, 0.1 mM
Na2EDTA, pH 7.1] for UV thermal denaturation, NMR, and laser T-jump experiments.
Low salt buffers were used to favor the hairpin conformation (21, 27, 34, 35). For NMR
and T-jump experiments, hairpins were renatured by heating into the unfolded baseline
for all sequences studied (typically 70 °C for 8 nt hairpins and 90 °C for 12 nt hairpins)
for 1 min, followed by rapid cooling to disfavor non-native conformations.
RNA concentrations were determined using absorbance values for the denatured
state at 90 °C with extinction coefficients from a nearest-neighbor analysis (36, 37). The
extinction coefficient for 8BrG was assumed to be identical to G (27); any errors
introduced from this assumption should be negligible since the equilibrium was
independent of concentration.

4.3.2 Overview of unfolding experiments
Thermodynamic parameters are from thermal denaturation experiments using
detection by UV and NMR spectroscopies (Table 4.1). Measurements of UV absorbance
as a function of temperature comprised the largest and most complete data set, with data
collected every 0.5 °C between 5 and 95 °C, which facilitated the determination of slopes
and intercepts for the native and unfolded baselines of the sigmoidal transition.
Phosphorus NMR spectroscopy was also used to collect the chemical shift difference as a
function of temperature and helped test the two-state nature of the folding transition;
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however, this method did not provide sufficiently long native and unfolded baselines to
accurately determine thermodynamic parameters independently.

Consequently,

thermodynamic parameters for NMR data were determined by global fitting of the
temperature dependence of chemical shift differences (relative to phosphate) for the
seven 31P resonances together with absorbance at 260 and 280 nm from six UV data sets.
Global fits were by nonlinear least-squares regression using the Marquardt-Levenburg
algorithm in Savuka version 5.2.7 (38, 39). The slope and intercept of the native and
unfolded baselines for the UV data sets were determined independently and were
subsequently fixed during global fitting. The enthalpy and melting temperature were
linked between the NMR and UV data sets (i.e. forced to give a single ∆H° and TM for
all seven NMR and six UV data sets) while allowing the NMR native and unfolded
baselines to vary. Outcomes for fits to UV-only and UV plus NMR data are listed in
Table 4.1.

4.3.3 UV spectroscopy and thermal denaturation
Thermodynamic parameters from UV unfolding experiments were obtained at
260 and 280 nm in 1 cm path length cuvettes with a heating rate of ≈1.0 °C min-1 using a
Gilford Response II spectrophotometer equipped with a temperature controller. To favor
the hairpin conformation, the RNA was renatured prior to each experiment by heating to
95 °C, followed immediately by a refolding experiment from 95-5 °C. Subsequent
denaturation experiments were from 5-95 °C or 95-5 °C, and were carried out
successively. Overlapping curves were obtained, consistent with reversibility of the
transition (Figure 4.2).

Thermodynamic parameters were obtained at strand
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concentrations (CT) between 1 and 25 µM. Similarity of unfolding transitions over a
range of CT up to ≈250-fold (from UV data acquired at ≤25 µM and NMR data acquired
at ≥250 µM) was consistent with the unfolding transition being due to the hairpin rather
than duplex species. Formation of the hairpin conformation at these concentrations has
also been confirmed by the presence of unique NMR spectral features for the hairpin
conformation (Figure 4.3) (21, 22), and it has been shown that the hairpin conformation
is further favored by 8BrG substitution (27).
Thermodynamic parameters from UV thermal denaturation were determined by
non-linear curve fitting using a set of parametric equations for a two-state, unimolecular
transition defined in KaleidaGraph (Synergy Software, Reading, PA) (40, 41), as shown
in equations 1.1 and 1.2. ∆H° and TM values were determined directly from fits of the
primary thermal denaturation data, and ∆S° and ∆G°37 were determined using standard
thermodynamic relationships. For each set of thermodynamic parameters determined by
UV thermal denaturation, ≥3 independent experiments were averaged. Errors in ∆H°,
∆S°, and ∆G°37 were statistical errors for nonlinear curve fitting from combined NMR
and UV-derived data, or the standard deviations of ≥3 experiments from only UV-derived
data; errors in ∆∆G°37 were propagated by standard methods (Table 4.1) (42).

4.3.4 Phosphorus NMR spectroscopy and thermal denaturation
RNA oligonucleotides were suspended in 95% H2O and 5% 2H2O (v/v) with
P10E0.1 (pH 7.1). Thermodynamic parameters from NMR unfolding experiments were
obtained from the temperature dependence of the chemical shift (∆δ in ppm) for each
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RNA phosphorus resonance relative to P10E0.1 (7 resonances per hairpin).

These

measurements relied upon the assumption that the RNA was in the fast exchange regime
for switching between the hairpin and denatured conformations; this assumption was
supported by T-jump measurements (Table 4.2). To be in the fast exchange regime for
NMR spectroscopy τ -1 must satisfy equation 4.1:
τ -1 >> 2π(νA - νB)

(4.1)

where νA and νB are the chemical shifts (in Hz) of a given atom in conformations A and
B, respectively (43). For 31P NMR data in the folded and denatured temperature regimes,
the chemical shift change between the hairpin and denatured conformations of
gcUUCGgc and gcUUCGgc was ≤1.5 ppm (Figure 4.3). Thus, according to equation
4.1, τ

-1

must be much greater than 1.9×103 s-1 (= 2π × 1.5 ppm × 202 Hz ppm-1) for the

fast exchange regime to exist; this condition is satisfied by all the relaxation rate
constants reported here, in which τ -1 ≥ 1.9×104 s-1 (Table 4.2). The appearance of only 7
resonances at all temperatures and the sigmoidal temperature dependence of the chemical
shifts also support fast exchange.
NMR data were collected on a Bruker AMX2-500 spectrometer at 202 MHz (31P)
using a 5 mm inverse broadband probe. RNA concentrations for NMR experiments
ranged from 0.9-4.6 mM CT.

Following renaturation, the RNA was allowed to

equilibrate at the experimental temperature until a constant lock signal was obtained.
Spectra were acquired in 3 °C increments from 14-74 °C for gcUUCGgc and 13-79 °C
for gcUUCGgc using a spectral width of 3049 Hz, a 3 sec recycle delay, and proton
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decoupling (WALTZ-16) (44). Spectra were referenced to 85% H3PO4 at 0.0 ppm
contained in an internal coaxial tube. Temperatures inside the NMR tube were calibrated
by comparing the temperature dependence of the chemical shift difference between
(m)ethyl and hydroxyl functional groups from ethylene glycol (for temperatures ≥25 °C)
and methanol (for temperatures ≤25 °C) to a standard curve (45). Free induction decays
were zero-filled and apodized with 1 Hz line broadening using XWINNMR (Bruker).

4.3.5 Laser temperature-jump kinetics measurements
General considerations for the construction and implementation of a Raman laser
T-jump apparatus have been described (46-49), and several examples exist of the
application of laser T-jump for the study of DNA and RNA folding (14, 50-53). The
Raman laser T-jump apparatus used in this study was loosely based upon a similar
apparatus described previously (48, 49, 54-59). Briefly, kinetics were initiated by a 10
ns, 1.54 µm heating pulse derived from Raman shifting an 800 mJ Q-switched Nd:YAG
laser in high pressure CH4 gas. A 50/50 beam splitter produced two counter-propagating
heating pulses at the sample cell in order to yield a more homogeneous longitudinal
heating profile.
The average of the temperature jump size was 7.5 °C, calibrated by observing
tryptophan fluorescence measurements, as previously described (56).

Tryptophan

fluorescence was measured at the equilibrium temperature (e.g. 30 °C) before the T-jump
and afterwards at the equilibrium temperature plus the T-jump size (e.g. 7.5 °C, yielding
a post-T-jump temperature of 37.5 °C). Next, the Nd:YAG laser was blocked and a
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steady-state fluorescence at the pre-T-jump temperature was collected. The equilibrium
temperature was then increased until the steady-state fluorescence was identical to the
post-T-jump fluorescence; the equilibrium temperature difference was the T-jump size.
Cylindrical quartz cells (Hellma) with a 100 µm path length were used to
facilitate minimization of both sample volume and heating artifacts.

The sample

temperature before the temperature jump was controlled by a circulating heat bath and
fine tuned to ±0.1 °C by a thermoelectric element driven by a temperature controller
(Lakeshore 330) with a diode feedback sensor. RNA was in P10E0.1 (pH 7.1), and
concentrations for laser T-jump spectroscopy measurements ranged from 0.9-4.6 mM CT.
Extremely fast absorbance changes were observed and likely correspond to unstacking or
other rapid conformational changes (60), these conformational changes typically
accounted for <⅓ of the total absorbance change. Furthermore, these changes were
probably not due to small changes in buffer absorbance following a 7.5 °C T-jump since
temperature dependence of P10E0.1 absorbance was ≤5×10-5 AU °C-1. Alternatively, these
absorbance changes may be a consequence of residual lensing effects from refractive
index changes caused by uneven heating of the solution.
Laser UV light at 280 nm was used as the probe beam. The 14 ns spaced UV
pulse train was generated from a frequency tripled mode-locked Ti:Sapphire laser, as
described (48, 56). The UV beam was gated onto the sample cell, absorbed by the
sample, and focused by a lens onto a fast photomultiplier (MCT) detector (Hamamatsu
R5600). Multiple band pass filters were placed in front of the detector to filter out
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unwanted scattered light. The signal was digitized by a transient digitizer (Tektronix)
with 500 ps time resolution and 100 MHz bandwidth.
Relaxation curves following a 10 ns laser T-jump were obtained by following the
amplitude of each pulse in 14 ns steps out to several hundred µs; the detected signal was
proportional to the percent transmittance (%T). Transmittance traces were converted into
absorption traces (∆Abs), and relaxations time constants were determined with the fitting
program IGOR (WaveMetrics) using single or double exponential functions. A single
exponential is consistent with a simple two-state model; if the system populates more
than two states, deviation from single-exponential behavior occurs (47, 56, 61, 62).
Typical relaxation profiles are shown in Figure 4.4.
For a two-state process (Figure 4.1), the forward (k 1) and reverse (k -1) folding
rate constants are related to the observed relaxation lifetime (τ) by Equation 1.7, and to
the equilibrium constant for hairpin formation (K) by Equation 1.8. Thus, experimental
determination of the relaxation rate constant, τ

-1

, from T-jump and the equilibrium

constant, K, from thermal denaturation experiments provides a means for determination
of individual k 1 and k -1 values (Table 4.2).

4.3.6 Nonlinear Poisson-Boltzmann electrostatic calculations
Electrostatic calculations using the nonlinear Poisson-Boltzmann (NLPB)
equation were carried out as described in Chapter 2 (2.3.9). Structural coordinates for the
gUUCGGc hairpin were obtained from the Protein Data Bank (63) as helix 39
(nucleotides 1131-1143) of the Thermus thermophilus 30S small ribosomal subunit [PDB
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entry 1J5E (64)]. Three dimensional structures and electrostatic potentials were prepared
as described in Chapter 2 (2.3.9); see 4.6 and Figure 4.8 for details.

4.4 Results
4.4.1 Design of the hairpin model systems
We previously studied the structure and stability of 12 nt YNMG hairpins in the
context of a four base pair stem (22, 27). The hairpins used in the present study include
12 nt hairpins with UUCG and UUUU loop sequences, as well as 8 nt UUCG tetraloops.
It was necessary to measure certain rate constants with the 12 nt tetraloops because the 8
nt UUUU tetraloop was exceedingly unstable and it was not possible to obtain a complete
folded baseline above 0 °C for this RNA. The shorter 8 nt UUCG hairpins are closed by
a CG or GC base pair, with stems that are only two base pairs long. The choice of two
base pair stems was inspired by several studies that showed these shortened sequences
assume stable, well-folded UNCG-like tetraloops regardless of penultimate base pair
identity (65-68). Also, two base pairs is the minimum stem length capable of hairpin
formation (65-68). Two base pair stems were chosen for three reasons. First, we wished
to minimize multiple pathways for helix nucleation with the intention of making folding
more dependent upon loop organization.

Second, we wanted to avoid alternative

pairings; the absence of significant alternative pairings is supported by free energy
minimization calculations using mfold 3.1 with a window parameter of zero and 100%
suboptimality (69, 70). These calculations did not return suboptimal structures for any of
the sequences under investigation.

Third, we sought to provide lower melting
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temperatures, ≈50 °C versus ≈70 °C for 8 and 12 nt YNMG hairpins, respectively. This
reduced stability afforded long folded and unfolded baselines in thermal denaturation
experiments, improving the accuracy of thermodynamic parameters. These TM values
also

produced

significant

absorbance

changes

in

T-jump

experiments

near

physiologically relevant temperatures.
In an effort to determine whether unmodified, unusually stable tetraloops derive
their stability from faster folding or slower unfolding, T-jump data were also collected for
12 nt UUCG and UUUU tetraloops. Also, the UUCG tetraloop closing base pair was
varied between the more stable CG and less stable GC to examine the kinetic basis of
exceptional stability for the CG closing base pair.

4.4.2 Evidence for two-state unfolding of hairpins
In order to confirm the structural relatedness and two-state folding of YNMG
hairpins, 31P NMR experiments were carried out on gcUUCGgc and gcUUCGgc. Seven
resonances were observed for both gcUUCGgc and gcUUCGgc, as expected (Figure 4.3).
In addition, observed spectra for the two hairpins at T<<TM were similar to each other
and to reported profiles for the UUCG tetraloop conformation (e.g. 21, 27, 32) with a
disperse spectrum spread over >1.5 ppm and a resonance shifted downfield to ≈1 ppm
(Figure 4.3); these data support the notion that 8-Br substitution does not affect the folded
state, similar to findings for 12 nt sequences (27).
Representative unfolding transitions for unmodified and 8BrG-substituted
gcUUCGgc hairpins were obtained from temperature-dependent changes in UV
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absorbance and NMR chemical shift difference (Figure 4.6A, B). Data from UV and
NMR thermal denaturation experiments yielded sigmoidal species plots (Figure 4.6C, D)
and similar thermodynamic parameters for hairpin formation, consistent with two-state
behavior (Table 4.1). Furthermore, single relaxation lifetimes observed in laser T-jump
experiments at the hairpin melting temperatures were consistent with two-state behavior,
as was the absence of additional resonances in

31

P NMR experiments. On the basis of

these experiments, data were treated with Eqs. 1.1-1.3, 1.7 and 1.8 to extract values for k
1

and k -1.
It is worth noting that, although consistent with two-state behavior at

physiological and melting temperatures, our data cannot rule out the existence of a poorly
populated or spectroscopically silent conformation, such as a globular intermediate
proposed for a GCAA tetraloop based on simulations (71, 72).

4.4.3 Thermodynamic parameters
As expected (34, 73), the 12 nt UUCG hairpin was very stable, with ∆G°37 and TM
values of -4.81±0.11 kcal mol-1 and 71.8 °C, respectively; in contrast, the 12 nt UUUU
hairpin was significantly less stable with ∆G°37 and TM values of -2.60±0.11 kcal mol-1
and 59.2 °C, respectively (Table 4.1). The difference in loop free energy of -2.21±0.16
kcal mol-1 is similar to published data (34).
For 8 nt sequences, gcUUCGgc had ∆G°37 and TM values of -0.97±0.12 kcal mol-1
and 49.9 °C, respectively, while gcUUCGgc had ∆G°37 and TM values of -1.66±0.08 kcal
mol-1 and 56.7 °C, respectively (Table 4.1). Apparently, substitution of 8BrG for G at
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position four of the UUCG tetraloop in the context of a stable CG closing base pair
results in a significant stabilization of the loop, with ∆∆G°37 = -0.69±0.15 kcal mol-1 and
∆TM = 6.8 °C. Free energy and TM values for gcUUCGgc are similar to previously
reported values of -1.5 kcal mol-1 and 54.4 °C (65-68). The small discrepancy may be
due to differences in the ionic strength of the buffers used; currently, little is known about
the salt-dependence of hairpin stability. The ∆∆G°37 of -0.69 kcal mol-1 corresponds to a
K37(8BrG) / K37(G) ratio of 3.1.
For the 8 nt tetraloop, the GC closing base pair of ggUUCGcc had ∆G°37 and TM
values of 0.57±0.06 kcal mol-1 and 27.7 °C, respectively, while ggUUCGcc had ∆G°37
and TM values of 0.24±0.08 kcal mol-1 and 33.3 °C, respectively (Table 4.1). Substitution
of 8BrG for G at position four of a UUCG tetraloop closed by the less stable GC closing
base pair resulted in loop stabilization with ∆∆G°37 = -0.32±0.10 kcal mol-1 and ∆TM =
5.5 °C; these values, though significant, are somewhat less than for gcUUCGgc (4.5).
The TM value of 27.7 °C for ggUUCGcc is similar to a previously determined value of
≈24 °C for cgUUCGcg (65). Changing the closing base pair from CG to GC was
destabilizing by ∆∆G°37 = 1.54±0.13 kcal mol-1 and ∆TM = -22.2 °C for ggUUCGcc, and
∆∆G°37 = 1.90±0.11 kcal mol-1 and ∆TM = -23.4 °C for ggUUCGcc.

4.4.4 Laser temperature-jump kinetics measurements of hairpin folding
Relaxation profiles exhibited a single relaxation time that was independent of
concentration over the temperatures considered here (37.5 °C and near the TM of each
hairpin, Table 4.2), consistent with a unimolecular relaxation as expected for a hairpin.
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Deviations that are best described by multiple relaxation times were observed at very
high and low temperatures (Figure 4.7), and will be presented elsewhere.

Typical

absorbance relaxation profiles for gcUUCGgc and gcUUCGgc are depicted in Figure 4.4.
Comparison of 12 nt tetraloops revealed that for UUCG, folding is 1.4-fold faster
while unfolding is 8.0-fold slower than UUUU at 65.0 °C (Table 4.2). Apparently, the
greater stability of the UUCG tetraloop has its kinetic origin primarily in slower
unfolding rather than faster folding.

Similarly, comparisons near ∆G = 0 (i.e.

isoenergetic conditions; fF ≈ 0.50) revealed that UUCG folds and unfolds 1.9-fold slower
than UUUU. In summary, the kinetic origins of loop destabilization, as demonstrated by
switching the UUCG tetraloop to UUUU, were found almost exclusively in k -1, the rate
constant for unfolding of the native state.
For the shorter 8 nt hairpins, gcUUCGgc folds 4.1-fold faster than gcUUCGgc at
37.5 °C, similar to the ratio of K values, causing the rates of unfolding to be nearly
identical. Likewise, near T=TM (fF ≈ 0.50) gcUUCGgc folds and unfolds ≈3.2-fold faster
than gcUUCGgc.

These novel results are consistent with the greater stability of

gcUUCGgc having its origin in faster folding.
Changing the closing base pair of the UUCG tetraloop from CG to GC only
slightly diminished the effect of 8BrG upon the observed rate of folding; ggUUCGcc
folds 3.6-fold faster than ggUUCGcc at 37.5 °C, while unfolding is affected only 2.0fold. Also, ggUUCGcc folds and unfolds ≈4.9-fold faster than ggUUCGcc near T=TM (fF
≈ 0.50). Thus, the kinetic origin of the enhanced stability of the 8BrG substitution for
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both CG and GC closing base pairs is unusual in that it arises from faster folding of the
denatured state.
Finally, comparison at 37.5 °C of gcUUCGgc with ggUUCGcc, and gcUUCGgc
with ggUUCGcc reveals that the kinetic origin of enhanced stability for the CG closing
base pair derives from both faster folding (5.2 to 5.8-fold larger k 1) and slower unfolding
(2.3 to 3.5-fold smaller k -1). It appears that faster folding can drive the stability of
modified and unmodified sequences alike.

4.5 Discussion
Incorporation of the modified nucleotide 8BrG into RNA hairpins having the
YNMG motif resulted in stabilization by folding rate enhancement.

Specifically,

depending on the hairpin sequence and closing base pair identity, incorporation of 8BrG
at UUCG tetraloop position four stabilized the hairpin conformation by ∆G°37 = 0.3-0.7
kcal mol-1 and ∆TM = 6-7 °C relative to unmodified tetraloops. Furthermore, at 37.5 °C
8BrG substitution enhanced the rate of folding up to 4.1-fold, having at most a 2.0-fold
effect upon the rate of unfolding, always increasing it slightly.
We propose that 8BrG affects hairpin stability and folding rate by limiting the
number of conformations sampled in the denatured state, thereby reducing the
conformational entropy of the hairpin and accelerating the conformational search. In the
following sections we present support for this model. Additionally, the possibility that
unmodified, unusually stable RNA hairpin sequences derive their stability, in part, from
increased folding rate constants is considered.
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4.5.1 Stabilization of 8BrG-substituted YNMG hairpins by folding rate enhancement
Substitution with 8BrG in the gcUUCGgc hairpin was most stabilizing with
∆∆G°37 = -0.69±0.15 kcal mol-1 and ∆TM = 6.8 °C. For ggUUCGcc, 8BrG substitution
was also stabilizing, with ∆∆G°37 = -0.32±0.10 kcal mol-1 and ∆TM = 5.5 °C (Table 4.1).
Accurate, quantifiable stabilization could not be reliably obtained for 8BrG substitution
in 12 nt hairpins with a CG closing base pair. Although, ∆∆G°37 values for 12 nt hairpins
did suggest slight stabilizing effects by 8BrG substitution (27), these effects were
unreliable owing to high TM values (≈70 °C), and concomitant poor unfolded baselines,
along with a long extrapolation to 37 °C.
In general, folding and unfolding rate constants determined here (Table 4.2) were
in good agreement with values previously reported for RNA and DNA (1, 14, 50, 53) and
predicted rates from simulations involving RNA hairpins (71). Values are similar to
those determined for other hairpins; for example, for A6C6U6, a poly-C hexaloop closing
a 6 AU base pair stem, k 1 = 2×104 s-1 and k -1 = 2.2×103 s-1 (at pH 6.9, 4.2 °C, and in 50
mM sodium cacodylate and 1M NaCl) (50).
Enhanced stability of 12 nt UUCG over UUUU is due almost entirely to slower
unfolding of the UUCG tetraloop. This is consistent with slower breaking of the greater
number of hydrogen bonding and stacking interactions in the folded UUCG tetraloop (21)
versus the comparatively unstructured UUUU tetraloop (74). Thus, enhanced stability of
12 nt UUCG relative to UUUU can be considered primarily folded state effects that are
likely enthalpic in origin. The kinetic origin of a free energy difference in k -1 is common
and has been presented elsewhere (1, 47, 75).
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In contrast, comparison between unmodified and 8BrG-substituted hairpins
revealed that the kinetic origin of enhanced stability is faster folding: modified hairpins
fold faster while unfolding at similar rates to the unmodified hairpins. For instance, at
37.5 °C gcUUCGgc folds 4.1-fold faster than gcUUCGgc, with the 8BrG sequence
actually unfolding 1.3 times faster. Similarly, at 37.5 °C ggUUCGcc folds 3.6-fold faster
than ggUUCGcc, and unfolds only 2.0-fold faster (Table 4.2). Thus, the kinetic origin of
these effects is unconventional in that faster folding of the unfolded state is primarily
responsible for the stability enhancements observed upon 8BrG incorporation. This
effect is likely entropic in origin. Slight acceleration of unfolding by 8BrG incorporation
might be due to slightly unfavorable steric effects resulting from the presence of the 8 Br
functional group, although one-dimensional NMR experiments did not report any
significant changes in the folded state.
At temperatures near or above the TM of the 8 nt sequences, τ

-1

approaches k -1.

Despite this change, k 1 did not vary significantly, and remained >3-fold faster for 8BrGsubstituted versus unmodified hairpins. Unfortunately, it is difficult to describe 8BrG
induced rate constant enhancement at high temperatures (T>>TM) with any confidence
because multiphase folding behavior becomes apparent when fF < 0.15 (Figure 4.7).

4.5.2 The denatured state in proteins and nucleic acids
Few experimental studies of nucleic acids have described the denatured state in
any detail. In order to understand the denatured state of RNA it is valuable to consider
studies of the denatured state in proteins, and consider those features likely to resemble
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the denatured state of RNA.

Studies of the denatured state for proteins include

identification of native-like long-range structure for staphylococcal nuclease through
measurement of residual dipolar couplings (76). This study suggested that proteins fold
to the native conformation from an ensemble of denatured states that possess native-like
structural features. Monte Carlo simulations (77-79) revealed that biases resulting from
steric hindrance and local interactions are a likely candidate for the constraint inherent to
the denatured state of biopolymers espoused by Levinthal (80). This constraint favors a
native-like conformation that minimizes entropy loss upon folding (77).

Thus,

preorganization of the denatured state can strongly favor folding to the native
conformation in proteins and peptides.
As a result of its structure, proline is conformationally limited and has a reduced
entropic penalty for the formation of some secondary structures. A study from Raines
and co-workers comparing the folding rates of wild-type and modified RNase A revealed
that incorporation of the non-natural amino acid 5,5-dimethyl-L-proline (dmP) for a
naturally occurring cis proline within a β-turn increases the stability of the protein by
accelerating the rate of folding (81). Like 8BrG, dmP is sterically constrained; as such it
favors the cis conformation commonly found in turns. Incorporation of dmP at a position
that adopts the cis conformation in the native state served to preorganize the denatured
state by removing a barrier to folding (81).

We propose that, like dmP, 8BrG

preorganizes the denatured state of RNA, thereby diminishing the entropic penalty for
folding and hastening the conformational search for the native state.
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Generally, studies of nucleic acid structure have focused on the folded state; there
are several reasons for this. Since the biological function of a given RNA typically arises
from the folded state, many experiments derive insight from structure-function studies of
the folded conformation. Moreover, the denatured state of a nucleic acid is difficult to
study since, like proteins, it is comprised of a large ensemble of conformations. For
example, consideration of the number of thermodynamically significant conformations
available to each of the seven torsion angles in a dinucleoside monophosphate results in a
total of 864 different conformations (82, 83). Pairing these states down to a single folded
state corresponds to a conformational entropy (∆Sº) loss of -13 cal K-1 mol-1 (= -Rln864),
which is in reasonable agreement with activation entropy values from rapid kinetic
studies on dinucleotide phosphates and polymers (75).

Moreover, laser T-jump

relaxation spectroscopy of base stacking in 9,9′-trimethylbisadenine revealed that the
joining of two adenines by a conformationally simplified trimethylene bridge increased
the forward rate constant for unimolecular stacking (84).
Recent theoretical studies have also provided insight into the denatured state of
nucleic acids. On the basis of calculations involving only steric constraints, it was
estimated that populations of purine nucleotide glycosidic bond conformations can be
organized into 2-4 states.85 Thus, constraining the glycosidic bond in the denatured state
to one conformation would be expected to stabilize the folded state by ∆G°37 ≈ 0.4-0.9
kcal mol-1 (= -T∆S = -RTln2 to -RTln4), consistent with k 1 and K values measured here
for the 8 nt hairpins. This example serves to illustrate that folding of simple RNA
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hairpins is limited by a conformational search from an ensemble of heterogeneous
unfolded states.

4.5.3 Preorganization in unmodified biological systems
The findings described here raise the question of whether unusually stable,
unmodified RNA hairpins derive some of their stability from a preorganized denatured
state.

The kinetic origin of enhanced stability for the CG closing base pair was

demonstrated by gcUUCGgc folding 5.2-fold faster and unfolding 2.3-fold slower than
ggUUCGcc at 37.5 °C. These findings provide a role for the CG closing base pair in
facilitating both faster folding and slower unfolding. Similar trends are found for rate
constant comparisons between 8BrG-substituted gcUUCGgc and ggUUCGcc.

The

folding rate constant enhancement might be due to a conformational search accelerated
by residual structure in the fully denatured state; however, this would seem unlikely
given that a CG closing base pair makes special contributions to stability for diverse
tetraloops [e.g. YNMG, GNRA, UUA, and d(GNA)]. Alternatively, enhancement of
folding could be driven by favorable electrostatic interactions in native-like intermediates
along the folding pathway. It is conceivable that favorable electrostatic interactions
stemming from the presence of a CG closing base pair accelerate the conformational
search for the native state by guiding stacking arrangements from partially folded states.

4.6 Recent Developments and Future Directions
We have shown that site-specific incorporation of 8BrG stabilized YNMG
hairpins by enhancing the folding rate. If 8BrG reduced the conformational entropy of
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the denatured state, then for the observed -0.69 kcal mol-1 stabilization we expected a
folding rate enhancement ≈3-fold. At T=TM, the folding rate constant of gcUUCGgc is
enhanced 2.8-fold over gcUUCGgc, consistent with this prediction. In addition, we
observed that at 37.5 °C, UUCG hairpins closed by a CG base pair fold 5.2-fold faster
and unfold 2.3-fold slower than hairpins closed by a GC base pair. To determine whether
electrostatics have a role in the stabilization of hairpins closed by CG base pair,
electrostatic potentials were calculated for ccUUCGgg and gcggUUCGGccgg using the
nonlinear Poisson-Boltzmann equation (Figure 4.8).
Electrostatic complementarity was found between the loop and closing base pair
for cUUCGg, as described (2.6.3 and Figure 4.8A). In cUUCGg, GL4 H2 (partially
positive, δ+) is within 3.26 Å of G N7 of the closing base pair (partially negative, δ-), UL1
H3 (δ+) is 3.73 Å from G O6 of the closing base pair, and UL1 O4 is 3.11 Å from C H4 of
the closing base pair (Figure 4.8A). In contrast, little or no electrostatic complementarity
was found between the loop and closing base pair for gUUCGGc (Figure 4.8B).
Specifically, the positive potential of GL4 H2 is centered 3.37 Å from the positive
potential of the closing base pair C H4. This observation provides further evidence for
disruption of loop-closing base pair electrostatic interactions upon placing C at the 3′position of the closing base pair, and is consistent with experimental results (for example,
reference 34). The electrostatic potential near UL1 O4 (δ-) is also different for gUUCGGc
compared to cUUCGg, with G N7 (δ-) of the closing base pair within 3.94 Å (Figure
4.8B). The only loop-closing base pair electrostatic potentials for gUUCGGc that are
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similar to cUUCGg are the positive potential from UL1 H3 and the negative potential of
the closing base pair G O6, which are 3.44 Å apart (Figure 4.8B).
The differences in the positioning of positive and negative electrostatic potentials
between UUCG tetraloops closed by a CG and a GC base pair provide insight into the
origin of differences in stability between these hairpins. Enhancement of hairpin folding
rate constants by switching the closing base pair from GC to CG is consistent with
electrostatic interactions guiding the denatured state towards a folded state. Calculation
of electrostatic potentials for highly populated conformations in the denatured state,
observed by molecular dynamics simulations (72), may provide for the detection of
native-like electrostatic coupling.

Also, “swapping” electrostatic potentials through

functional group mutagenesis may provide an additional means for demonstrating loopclosing base pair coupling, and application of this method to several stable loop
sequences is likely to reveal that loop-closing base pair coupling is a universally
conserved, stabilizing interaction in RNA and DNA secondary structures.
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Table 1: Thermodynamic Parameters for Hairpin Formationa
∆H°c

∆S°c

∆G°37c

∆∆G°37d,e

TMe

∆TMf

Sequenceb

(kcal mol-1)

(eu)

(kcal mol-1)

(kcal mol-1)

(°C)

(°C)

12 nt UUCG

-47.7±0.9

-138.4±2.5

-4.81±0.11

—

71.8

—

12 nt UUUU

-38.7±1.4

-116.5±4.4

-2.60±0.11

+2.21±0.16

59.2

-12.6

gcUUCGgc

-24.2±0.5

-74.9±1.7

-0.97±0.12

—

49.9

—

-26.7±0.2

-82.7±0.2

-1.05±0.28

—

49.7

—

-27.7±0.7

-84.0±2.4

-1.66±0.08

-0.69±0.15

56.7

+6.8

-27.9±0.2

-84.9±0.2

-1.57±0.28

-0.52±0.40

55.5

+5.8

ggUUCGcc

-18.4±0.5

-61.2±1.3

0.57±0.06

—

27.7

—

ggUUCGcc

-20.3±1.1

-66.1±3.3

0.24±0.08

-0.32±0.10

33.3

+5.5

gcUUCGgc

a

Parameters are from denaturation experiments in P10E0.1 (pH 7.1). For UV data,
parameters are the average of ≥3 independently prepared samples fit to a two-state
model with sloping baselines. Other parameters (italics) are from global fits of UV
data combined with the temperature dependence of NMR chemical shift differences
for the seven observed 31P resonances (4.3). bThe loop sequence is capitalized, and
the 8BrG substitution is bold and underlined (G). The 12 nt sequences are of the type
5′-GGAC L1L2L3L4 GUCC, where Ln corresponds to loop nucleotide n. cErrors for
∆H°, ∆S°, ∆G°37 values are standard deviations from repeated experiments (UV data)
or global fits (UV and NMR data). An extra significant figure is provided to
minimize rounding errors in calculations. dErrors in ∆∆G°37 were propagated from
∆G° values by standard methods (42). eEstimated errors in TM are ±1 °C. fValues for
∆∆G°37 and ∆TM are relative to unmodified sequences for 8BrG-substituted 8 nt
sequences, and to 12 nt UUCG for 12 nt UUUU.
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Table 2: Kinetic parameters for hairpin formation at 37.5 or 65 °C and isoenergetic
conditionsa

Sequenceb

[RNA]c

TM

Ta

(mM)

(°C)

(°C)

71.8

12 nt UUCG

12 nt UUUU

gcUUCGgc

gcUUCGgc

ggUUCGcc

ggUUCGcc

59.2

4.6

3.9

0.9

2.8

49.9

56.7

27.7

33.3

τ -1 × 10-4

k 1 × 10-4e

k -1 × 10-4e

f Fd

(s-1)

(s-1)

(s-1)

72.5

0.45

11.0±0.1

4.9

6.1

65.0

0.79

7.7±0.1

6.1

1.6

60.0

0.46

18.9±0.5

8.7

11.3

65.0

0.26

17.3±0.3

4.5

12.8

50.0

0.50

13.1±0.3

6.5

6.6

37.5

0.82

8.2±0.2

6.7

1.5

57.5

0.47

38.5±1.0

18.2

20.3

37.5

0.93

29.2±3.1

27.2

2.0

27.5

0.48

1.9±0.1

0.9

0.9

37.5

0.27

4.8±0.3

1.3

3.5

32.5

0.54

8.9±0.3

4.8

4.1

37.5

0.41

11.6±0.4

4.7

6.9

a

Kinetic parameters were calculated using equilibrium constants (Table 4.1) and
relaxation rates determined at the temperatures indicated (≈TM and 37.5 °C); these were
the solution temperatures immediately following absorption of the heating laser pulse.
It is worth noting that for isoenergetic conditions (∆G = 0), k 1 = k -1 at T=TM. Slight
discrepancies between k 1 and k -1 at T≈TM are attributed to small differences between T
and TM for these experiments. bThe loop sequence is capitalized, and the 8BrG
substitution is bold and underlined (G). The 12 nt sequences are 5′-GGAC L1L2L3L4
GUCC, where Ln corresponds to loop nucleotide n. cRNA concentrations were
determined as described in Materials and Methods. dThe fraction folded, fF, was
calculated from K / (K+1) = k 1 / (k 1 + k -1). Likewise, the fraction unfolded, fU, was
calculated from 1 / (K+1) = k -1 / (k 1 + k -1); K values are derived from Table 4.1.
e
Rates were determined from the observed relaxation rate (τ -1) and folded or unfolded
populations: τ -1 = k 1 / fF = k -1 / fU. Thus, when fF is near unity, τ -1 ≈ k 1 and when fF is
near zero, τ -1 ≈ k -1 Errors are from single exponential fits of the data (Figure 4.4).
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Figure 4.1: Depiction of the hierarchical folding of RNA. Primary and secondary
structures are in rapid equilibrium, having rate constants for secondary structure folding,
k 1, and unfolding, k -1, that are typically much faster than for tertiary folding. The
hairpin secondary structure is also depicted in equilibrium with a larger tertiary structure.
The stability, rate of formation, and propensity of secondary structure to misfold affect
the tertiary structure (and vice-versa) due to the linked nature of the equilibria. The
secondary structure shown is the UUCG tetraloop from the X-ray crystal structure of 30S
rRNA [PDB entry 1J5E (64)]. For the sake of clarity, bases are omitted for all residues
except the UUCG and GAAA tetraloops. The tertiary structure illustrates the interaction
between the UUCG tetraloop [blue, residues 343-346 using numbering from E. coli (86)]
and a GAAA tetraloop (red, residues 159-162).
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Figure 4.2: Reversibility of UV thermal denaturation curves for unmodified and 8BrGsubstituted gcUUCGgc and ggUUCGcc. Representative forward and reverse UV thermal
denaturations of (A) gcUUCGgc (○ = 5-95 °C , □ = 95-5 °C), (B) gcUUCGgc (● = 5-95
°C, ▲ = 95-5 °C), (C) ggUUCGcc (○ = 5-95 °C, □ = 95-5 °C), and (D) ggUUCGcc (● =
5-95 °C, ▲ = 95-5 °C) collected at 280 nm every 0.5 °C in P10E0.1; only every 5th data
point is shown for clarity. Similar sigmoidal transitions resulting from forward and
reverse thermal denaturation demonstrate reversibility for the denaturation process, and is
consistent with two-state behavior.
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Figure 4.3: NMR spectroscopic evidence for two-state unfolding of the gcUUCGgc and
gcUUCGgc hairpins. NMR chemical shift difference (relative to internal phosphate) as a
function of temperature for seven resonances, which constitute the seven phosphorus
atoms in each 8 nt RNA. 31P resonance as a function of temperature was collected every
3 °C from (A) 14-74 °C for gcUUCGgc and (B) 13-79 °C for gcUUCGgc. Nearly
identical thermodynamic parameters obtained from independent fits of each sigmoidal
transition (as compared to global fits with UV data, not shown) support the hairpin loop
unfolding in concert with the stem, consistent with two-state denaturation and absence of
any significant RNA backbone hydrolysis. It is worth noting that a 90° counterclockwise rotation of each panel provides for the observation of chemical shift as a
function of temperature. Also, it is important to note that the resonance produced by the
phosphate buffer is pH-dependent, and a linear function of temperature with a positive
slope. Thus, subtraction of this resonance resulted in flattened baselines for the
sigmoidal transitions of RNA resonances, and addition of the phosphate buffer chemical
shift to the chemical shift of any RNA phosphorus resonance will reconstitute the
absolute chemical shift.
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Figure 4.4: Representative relaxations for gcUUCGgc and gcUUCGgc after 7.5 °C Tjumps. At time 0, a T-jump was applied from (A) 42.5 to 50.0 °C (≈TM) and (B) 30.0 to
37.5 °C for 4.6 mM gcUUCGgc. Similarly, at time 0 a T-jump was applied from (C)
50.0 to 57.5 °C (≈TM) and (D) 30 to 37.5 °C for 3.9 mM gcUUCGgc. Relaxation traces
were fit to single exponentials (red lines). Note the different time scales. It is also worth
noting that it is possible to fit the same data in panel B using a double exponential
function to reveal a fast phase; this was a common circumstance when the temperature
was far from the TM.
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Figure 4.5: Representative relaxations for ggUUCGcc and ggUUCGcc after a 7.5 °C Tjump. At time 0, a T-jump was applied from (A) 20.0 to 27.5 °C (≈TM) and (B) 30.0 to
37.5 °C for 0.9 mM ggUUCGcc. Similarly, at time 0 a T-jump was applied from (C)
25.0 to 32.5 °C (≈TM) and (D) 30 to 37.5 °C for 2.8 mM ggUUCGcc. Relaxation traces
were fit to single exponentials (red lines). Note the different time scales.
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Figure 4.6: Spectroscopic evidence for two-state unfolding of the gcUUCGgc and
gcUUCGgc hairpins. Representative thermal denaturations of (A) gcUUCGgc (empty
symbols) and (B) gcUUCGgc (filled symbols) obtained using UV (circles) and NMR
(triangles) spectroscopic probes. UV absorbance data were collected at 280 nm every 0.5
°C from 5-95 °C in P10E0.1 for gcUUCGgc (○) and gcUUCGgc (●); only every 5th data
point is shown for clarity. NMR chemical shift difference data (triangles) (relative to
internal phosphate), for G7 (assigned based on comparison to reference 21), the most
downfield-shifted resonance (● in Figure 4.3). 31P resonance as a function of temperature
was collected every 3 °C from 14-74 °C for gcUUCGgc (∆) and 13-79 °C for gcUUCGgc
(▲). Increase in absorbance and decrease in chemical shift differences among 7
resonances with temperature are consistent with denaturation of the tetraloops. Fraction
folded as a function of temperature for (C) gcUUCGgc and (D) gcUUCGgc.
Overlapping sigmoidal transitions using the different measurement techniques are
consistent with two-state behavior.

177

Figure 4.7: Typical multiphase relaxation for a hairpin at T>>TM. At time 0, a T-jump
was applied from 50 to 57.5 °C to ggUUCGcc (TM = 33.3 °C). Note that for the slow
phase, absorbance decreases with time, and the amplitude is nearly as large as the
amplitude of the fast phase. The relaxation trace was fit to a double exponential (red
line).
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Figure 4.8: Comparison of electrostatic potentials determined using the NLPB equation
reveals loop-closing base pair coupling for (A) ccUUCGgg, and absence of coupling for
(B) gcggUUCGGccgg. The reader is referred to Figure 2.12 for a detailed description of
the structures and potentials depicted. Note the correspondence of positive (blue) and
negative (red) functional group positions for ccUUCGgg, and how these differ from the
positive and negative positions of gcggUUCGGccgg.
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CHAPTER 5

The Role of Electrostatics in Magnesium Ion Binding and Catalysis of
the Hepatitis Delta Virus Ribozyme

[Published, in part, as a paper entitled “Mechanistic Characterization of the HDV
Genomic Ribozyme: Assessing the Catalytic and Structural Contributions of Divalent
Metal Ions within a Multichannel Reaction Mechanism” by Shuichi Nakano, David J.
Proctor and Philip C. Bevilacqua in Biochemistry 2001, 40, 12022-12038.]

5.1 Abstract
Studies of catalysis by the hepatitis delta virus (HDV) ribozyme in the context of
various proton and metal ion concentrations have provided support for a model in which
the ribozyme can self-cleave by multiple divalent ion-independent and dependent
channels (1). This model holds that, for divalent ion-dependent channels, there are at
least two Mg2+ ion binding sites on the HDV ribozyme, one that facilitates structure
formation and another that functions as a general base for catalysis. In an effort to
identify putative Mg2+ ion and H+ binding sites, surface electrostatic potential maps were
calculated on the self-cleaved form of the HDV ribozyme using solutions to the nonlinear
Poisson-Boltzmann equation. These calculations revealed several regions of negative
potential, one of which is present in a cleft near N4 of C75, the nucleotide thought to
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function as a general acid catalyst in the ribozyme reaction.

Furthermore, these

calculations suggest that distinct catalytic and structural metal ion sites exist on the
ribozyme, consistent with findings from biochemical experiments, and that the negative
potential at the active site may help shift the pKa for C75 N3 toward neutrality.
5.2 Introduction
Electrostatic interactions play an important role in a variety of biological
processes including molecular recognition and catalysis (2-15). The number and variety
of high-resolution RNA structures has increased rapidly in recent years (16), and with the
advent of novel computational techniques for studying highly charged systems (17-24) it
has become possible to explore the role of electrostatics in RNA biology (25). In
particular, there is increasing evidence that suggests a role for electrostatics in RNA
folding and stability, such as a possible electrostatic origin for loop-closing base pair
coupling in the formation of stable DNA and RNA hairpins (26-28, 2.6 and 4.6).
Electrostatic interactions are also likely to play a role in the modulation of pKa values in
RNA, which is necessary for electrostatic or acid-base catalysis by catalytic RNA
molecules (1, 14, 29-32). In this work, electrostatic potential calculations of the selfcleaved form of the HDV ribozyme are used to supplement a model of the catalytic
mechanism for HDV activity.
The ribozyme from HDV is responsible for processing nascent viral transcripts
into unit-length monomers during replication. Like other small ribozymes such as the
hairpin, hammerhead, and VS RNA molecules, the cleavage reaction produces 2′,3′cyclic phosphate and 5′-hydroxyl termini (33). Several investigations of the cleavage
mechanism have been performed (34-36), and coupled with the 2.3 Å resolution X-ray
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crystal structure (37, 38) these studies have revealed that a residue with a pKa shifted near
neutrality, C75+, likely acts as a general acid to protonate the scissile bond in the transition
state (35) (Figure 5.1).
The proposed mechanism for the cleavage mechanism of HDV also requires a
general base with a pKa > 9. One possibility is that a hydrated magnesium hydroxide
fulfills this role since the pKa for water coordinated to Mg2+ is 11.4. A well-ordered
metal ion was not found in the active site of the crystal structure from the self-cleaved
form of the HDV ribozyme, however (37, 38). Although tempting, absence of evidence
should not be treated as evidence of absence; Mg2+ may require the presence of the
scissile phosphate for binding, or be kinetically labile and thus not amenable to
identification by X-ray crystallography.

An isolated and roughly spherical density

present in the active site of the crystal structurei is consistent with involvement of a
diffusely bound Mg2+ ion in catalysis (38).
Despite the apparent involvement of Mg2+ as a general base in the mechanisms of
the hairpin, hammerhead, VS and HDV ribozymes, these molecules can cleave in the
absence of divalent metal ions at high ionic strengths (35, 39). Thus, it is unclear
whether it is necessary or correct to invoke a Mg2+ ion as a general base in the
mechanism of the HDV ribozyme. In an effort to further understand the ribozyme
mechanism, S.N. carried out an extensive study of the Mg2+ dependence of the genomic
HDV ribozyme self-cleavage reaction.
By maintaining exquisite control of ionic strength and divalent metal ion
concentrations in solution, the activity of the HDV ribozyme was examined by S.N. over

i

A weak density was found in the active site of the HDV ribozyme after crystals were soaked in 10 mM
MgCl2 and flash cooled (38).
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8 orders of magnitude of free Mg2+ concentration, from ≈1 nM to 100 mM in the
presence of 1M NaCl (1). From pH 5-9, rates were independent of Mg2+ concentration
up to 10-7 M, suggesting that the ribozyme can fold and cleave in the presence of 1M
NaCl without divalent metal ions. At intermediate concentrations of Mg2+, from ≈10-7 to
10-4 M, the rate exhibited a log-linear dependence on Mg2+ concentration. Coupled with
the shape of the pH profile under conditions of intermediate Mg2+ concentration (Figure 5
of reference 1), these data supported a model in which one structural Mg2+ ion binds but
does not participate in catalysis. From 10-3 to 10-1 M Mg2+, the binding of a second
divalent metal ion was observed and the shape of the pH profile inverted, consistent with
a general acid-base mechanism, as proposed (35). Overall the results were interpreted in
the context of a mechanism in which the HDV ribozyme utilizes a multi-channel
mechanism and undergoes catalysis through the fastest channel available under a given
set of solution conditions (1).
With a new understanding of the role of Mg2+ binding in HDV catalysis, we next
sought to identify probable sites for divalent metal ion binding within the HDV ribozyme.
In this work, surface electrostatic potential maps were first calculated on fragment I of 5S
rRNA (Loop E) (40), and the results were compared to published surface potentials (25).
In addition, NLPB calculations were used to characterize electrostatic potentials on the
surface of the self-cleaved form of the HDV ribozyme in an effort to identify potential
metal ion binding sites. Implications for ion binding, folding, and catalysis are presented,
and the application of NLPB calculations to other RNA systems is discussed.
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5.3 Materials and Methods
5.3.1 Structural models and programs
Electrostatic potential calculations were carried out using numerical solutions to
the nonlinear Poisson-Boltzmann (NLPB) equation. Calculations were performed using
QNIFFT 2.2, a modified form of DelPhi that utilizes a finite difference multigridding
algorithm (23, 24). This approach was recently used in reports of NLPB calculations on
RNA (25, 41, 42). Structural coordinates were obtained from the Protein Data Bank
(PDB) for the HDV ribozyme [PDB entry 1CX0 (37, 38)] (Figure 5.2) and Loop E of 5S
rRNA [PDB entry 364D (40)] (Figure 5.3). Hydrogen atoms were added to crystal
structures using REDUCE 2.13 (43), and associated metal ions, water molecules, and
proteins were omitted from the NLPB calculations.
5.3.2 The nonlinear Poisson-Boltzmann equation
In general, calculations were performed in a fashion similar to that published
previously (25). Each atom was placed in a medium with a low dielectric constant (єm =
2) defined by the solvent accessible surface-enclosed volume, which was obtained using
a probe radius of 1.4 Å. The solvent was treated as a continuum with a dielectric of 80
containing 1:1 electrolyte. A 2.0 Å ion exclusion radius (Stern layer) was added to the
surface of the RNA to approximate a hydrated sodium ion.

A monovalent salt

concentration of 0.15 M was used in the calculations. Atomic radii and partial charges
were defined using the cvff91 parameter set from DISCOVER (MSI). Calculations were
performed using a 65 × 65 × 65 cubic lattice, and potentials were calculated using a twostep focusing procedure (18). Initial potentials were approximated analytically at lattice
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points on the boundary of the grid using the Debye-Hückel equation (19), and solutions
were obtained for 0.15 M salt using boundary conditions interpolated from the previous
step. Potentials were iterated to a convergence of <1×10-4 kT/e. Three-dimensional
structures and electrostatic potentials were rendered using GRASP (20).
3.4 Results
5.4.1 Identification of metal ion binding sites in RNA structures using the NLPB equation
To test for divalent metal ion binding site candidates, we carried out a series of
electrostatic potential calculations on the ribozyme using solutions to the NLPB equation.
In general, these calculations have been shown to give reasonable descriptions of the
electrostatic properties of nucleic acids based on comparison to a number of biophysical
properties, including pKa shifts, EPR measurements, salt effects on ligand binding, and
metal ion binding (25, 42). To begin, we performed calculations on loop E of 5S rRNA
(40). Our calculated surface potentials were similar to those published (25 and Figure
5.3). Inspection revealed a nearly identical correspondence of regions of negative and
positive potential, and representative sampling of the magnitude of the potential gave
values similar to those published.

For example, a segment of unusually negative

electrostatic potentials ranging from -25 to -150 kT/e was identified in the major groove
of loop E, and corresponded to a “four metal ion zipper” described in crystallographic
studies (Figure 5.3) (40). These findings indicated that the NLPB equation can be used to
successfully predict the locations of metal ion binding sites in RNA structures.
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5.4.2 The catalytic RNA from hepatitis delta virus
In Figure 5.4, the calculated surface potential for the self-cleaved form of the
HDV ribozyme is shown in four views rotated by 90° with respect to one another. The
refined model of the self-cleaved form of the ribozyme contains nine site-bound
magnesium ions near the ribozyme portion of the structure (38); these are shown in
Figures 5.2, 5.4 and 5.5 although they were not included in the calculation. We found
that seven of these ions are located within 5 Å of regions of negative potential of <-30
kT/e (Table 5.1). The cutoff of -30 kT/e was chosen on the basis of the observation that
isolated A-form helices in the ribozyme, such as P2, had potentials ranging from -20 to
+15 kT/e, similar to previously reported potentials for A-form RNA (25). Preferential
localization of metal ions to regions of exceptional negative potential is expected on the
basis of results from other RNA sequences (25, 41, 44). In addition, an extensive cleft
with high negative potential was found near the active site; although well-resolved metal
ions were not found there (38).

If N3 of C75 were protonated in the crystal, an

overestimate of the active site negative potential may result. This is unlikely, however,
because the crystal was grown at pH 7; also, the C4-N4 bond length of C75 was not
shortened relative to unprotonated cytosines. Overall, electrostatic calculations revealed
numerous regions of negative potential, many of which have crystallographically
resolved metal ions nearby, and other regions that may attract metal ions or protons not
resolved in the crystal structure.
5.5 Discussion
Possible divalent metal ion binding sites are suggested by the NLPB calculations,
by the crystal structure (38) (Figures 5.4 and 5.5), and by peripheral metal ions mapped in
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the ribozyme (45). These sites are distributed throughout the ribozyme, but the current
data do not indicate which specific sites are filled (45).
Surface potential calculations revealed an extensive negative channel near C75 and
the 5′-OH of G1 (Figure 5.5). In the crystal structure, a well-defined metal ion was not
observed in this channel, although weak electron density was seen which might represent
low occupancy by a divalent metal ion (38). Also, well-resolved divalent metal ions were
found near either end of the cleft, with one ion within 11.5 Å of G1 O5′ (Figure 5.5). The
positioning of the scissile phosphate in the reactive conformation is currently unknown.
However, it must be near the G1 5′-OH (Figure 5.2), and this might serve to further
increase the negative potential at the active site. This increase could aid binding of a new
ion or repositioning of ions already nearby, allowing participation in catalysis. A large
negative potential might also stabilize development of a positive charge on C75 and help
shift its pKa toward neutrality. In particular, C75 N4 is found deep in the negative cleft
(Figure 5.5). Protonation of C75 N3 could be stabilized by electron donation from N4,
which could in turn be stabilized by the negative potential of the active site cleft. Further
experimental and computational approaches to characterizing the role of electrostatics in
the mechanism of the HDV ribozyme and other catalytic RNA molecules are under
consideration.
5.6 Recent Developments and Future Directions
Significant programming advances have enabled researchers to ask heretofore
unanswerable questions about the role of electrostatics in biological systems. Included
among these advances are numerical approaches to solving the nonlinear PoissonBoltzmann equation, which can only be solved analytically for simple geometric shapes.
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Thanks to the efforts of Misra and Draper, a theoretical framework exists for using the
nonlinear Poisson-Boltzmann equation to study metal ion binding to nucleic acids (42,
44, 46, 47). This framework includes quantitative predictions for free energies associated
with metal ion binding to nucleic acids, and is arguably the most powerful and predictive
use of solutions to the nonlinear Poisson-Boltzmann equation.
Several interesting applications for the NLPB equation have been discussed in
this thesis, in particular loop-closing base pair coupling in RNA tetraloops (Chapter 2 and
Chapter 4). Also, use of the NLPB equation to search for potential metal ion binding
sites in the leadzyme will complement experimental studies of Pb2+ binding to structural
and catalytic sites on that ribozyme (Chapter 3). Finally, the YNMG-AA interaction
found between loop 159 (helix 8) and loop 343 (helix 14) of the 30S rRNA small
ribosomal subunit presents an interesting opportunity for determining the role of
electrostatics in RNA-RNA interactions such as kissing loops (Chapter 2) (Figure 5.6).
In their initial examination of RNA electrostatics, Chin and co-workers (48)
discovered the existence of a cavity in the isopotential contour of GNRA tetraloop L5b
from P4-P6 (49). This tetraloop interacts with a tetraloop receptor, J6a/6b, through
stacking interactions between the A151-153 of L5b and A226-G227 of J6a/6b, and three
hydrogen bonding interactions between (i) L5bA151 and J6a/6bU224 A248, forming a triple
nucleotide interaction, (ii) L5bA153 and J6a/6bC223 2′-OH, G250 2′-OH, G150 H2, and (iii) L5bA153
and J6a/6bG150 C223 G250 (49 and Figure 5.6). Interestingly, they noted that a similar and
corresponding cavity exists in the isopotential contour of J6a/6b, and postulated that these
electrostatic potential cavities may direct the association of L5b and J6a/6b (48).
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In order to examine the isopotential contour cavity further, calculations were first
carried out on residues 148-155 of L5b to confirm published findings (48), as described
(5.3) (Figure 5.6A). A cavity was observed in the isopotential contours of A151, with -3
and -2 kT/e contours collapsing; this indicates an increase in the local field (Figure 5.6A)
and is consistent with reported findings for this structure (48).
Observation of a cavity in the isopotential contour of L5b inspired us to examine
the role of electrostatics in the loop 159-loop 343 interaction described in Chapter 2.
Calculations were carried out on residues 158-163 (helix 8) and 340-349 (helix 14)
extracted from PDB entry 1FJF, the crystal structure of the 30S ribosomal subunit of
Thermus thermophilus (Figure 5.6B) (50).

Surprisingly, the collapsed electrostatic

potential observed for L5b was missing from loop 159, both in the context of the loop
159-loop 343 interaction and independently.

Instead, a large region of negative

electrostatic potential was found extending from the center of loop 159, through A151,
and into the minor groove of loop 343 (Figure 5.6B). This unusual observation is
consistent with the counterion delocalization model put forth by Murthy and Rose to
explain the preponderance of specific, preferential packing between DNA or RNA helices
(51).
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Table 5.1: Mg2+ ion interactions in the structure of the HDV ribozymea
Distanced Interactione Magnitudef
2+
b
c
c
Mg ion
Atom No.
Residue No.
(Å)
(kT/e)
(kT/e)
1
2316
401
1.2-1.4
0
-40
2
2317
402
0.1
-20
-40
3
2319
404
0.1
-35
-55
4
2320
405
0.1
-30
-25
5
2322
407
0.1
-30
-35
6
2323
408
0.1
-30
-30
7
2324
409
0.4-0.6
-10
-25
8
2326
411
0.1
-30
-35
9
2327
412
0.1
-30
-50
a

Coordinates are from the X-ray crystal structure of the HDV ribozyme [PDB
entry 1CX0 (37, 38)], with nine metal ions listed that interact with HDV but not with
U1A or the U1A-RBD. bNumbers for the Mg2+ ions correspond to those listed in
Figure 5.2. cThe atom and residue number are from the PDB entry, and are included
for reference. dDistance was calculated between the molecular surface of the
ribozyme calculated using GRASP (20), and the Van der Waals (VdW) surfaces of
the Mg2+ ions. eInteraction is the electrostatic potential of the ribozyme surface that is
within 1.5 Å of the VdW surface of a Mg2+ ion. fMagnitude is the largest size of the
ribozyme electrostatic potential that is within 5 Å of the Mg2+ ion.
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Figure 5.1: First step in the proposed mechanism for general acid-base catalysis in the
HDV ribozyme (35). The scissile bond connects G1 P and G1 O5′. The HO2′
nucleophile (H) is deprotonated by the general base, a hydrated magnesium hydroxide
[Mg(H2O)5(ÖH)]+. At the same time or in a subsequent step, O5′ of the leaving group is
protonated by the general acid, C75 H3. Distances were derived from the structure of the
self-cleaved form of the ribozyme (37), and hydrogen bonding interactions (dotted lines
extending from C75) for the precursor were inferred. Adapted from Scheme 2 of
reference 32 and Figure 2 of reference 35.
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Figure 5.2: Secondary and tertiary structure of the genomic HDV ribozyme. (A)
Secondary structure of the HDV genomic ribozyme (capitalized) used for the
biochemical experiments carried out by S.N. (5.2). Nucleotides of particular interest are
noted in color: 5′ G1 (red); protonated C41 (light green); A43, C44 and G73 (yellow); and
C75 (blue). The cleavage site between U-1 and G1 is indicated with an arrow. Helical or
base paired elements are labeled P1-4, and joining sequences are labeled J1/2, J1.1/4, or
J4/2. Flanking sequences extend from positions -30 to -1 and 85 to 99, as described (52).
(B) Secondary structure of the HDV genomic ribozyme used for X-ray crystallography.
To facilitate crystallization, an RNA binding domain (RBD) for the U1A protein was
substituted for most of P4; this binding site is denoted by a box. A cytosine residue
(bold) in the U1A-RBD is involved in crystal contacts (open arrows) through a WatsonCrick hydrogen bond to G10 in another asymmetric unit. Colors and labels are as in panel
A. (C) Crystal structure of the self-cleaved form of the ribozyme (37). Highlighted
nucleotides are colored in the secondary structures. Also shown are the U1A protein
(violet) used to facilitate crystallization (38) and Mg2+ ions (green). Panel C was
prepared using PyMol (53).
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Figure 5.3: Secondary structure (left) and surface electrostatic potential (right) for loop
E from 5S rRNA (40). This sequence was used to demonstrate that our NLPB
calculations could reproduce published features. To accommodate the large negative
charge of the RNA, surface potentials were scaled to range linearly from -40 to +40 kT/e;
colors are shown according to the scale at the top of the figure. Narrowing of the major
groove is observed in the stick representation of loop E (left). The metal zipper of
5SrRNA (40) is clearly visible as a series of diagonal red patches in the center of the
molecule, with potentials ranging from -25 to -150 kT/e (right). On average, potentials
for the rest of the molecule ranged from -20 to +15 kT/e. For comparison, see Figure 5B
of reference 25. This figure was prepared using PyMol (53) and GRASP (20).
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Figure 5.4: Tertiary structure (left) and surface electrostatic potential (right) of the HDV
genomic ribozyme. The tertiary structure is labeled according to Figure 5.2. The nine
Mg2+ ions (green) near the ribozyme are shown, and those near the U1A protein were
omitted for clarity. To accommodate the large negative charge of the ribozyme, surface
potentials were scaled to range linearly from -40 to +40 kT/e. Colors are shown
according to the scale at the bottom of the figure. (A) Front view of the catalytic core.
The large red channel near the 5′-end has potentials that range from -30 kT/e to -75 kT/e.
This may represent the binding site of the catalytic metal ion. (B) View of the molecule
after a 90° rotation of the view in panel A about the vertical axis. Again, red patches
occur near the center of the molecule in clefts and cavities, as well as near the base of the
ribozyme and just above the U1A binding site. (C) View after a 180° rotation of the
view in panel A about the vertical axis. Several red patches are visible, including a
potential Mg2+ ion binding site near the C41-A43-C44-G73 quartet (arrow). (D) View after
90° rotation of the view in panel C about the vertical axis. In panels C and D, the
approximate location of the active site is indicated by G76, which extends towards the
viewer from the center of the molecular surface. This figure was prepared using PyMol
(53) and GRASP (20).
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Figure 5.5: Positioning of C75 in the negative cleft at the active site. Active site
nucleotides G1 and C75 are shown in stick representation with atoms colored as follows:
hydrogen, carbon, oxygen, nitrogen, and phosphorus. To accommodate the large
negative charge of the ribozyme, surface potentials were scaled to range linearly from -30
to +30 kT/e. Colors are shown according to the scale at the top of the figure, and the
surface was set to 50% transparency to allow visualization “through” the surface. Colors
shaded on bonds represent potentials in those areas. The exocyclic amine of C75 is
positioned in the negative cleft with a local potential of approximately -40 kT/e. This
value may be more negative if the scissile phosphate is nearby. Negative potential near
C75 N4 could serve to stabilize protonation of N3 assuming significant electron donation
from N4. The Mg2+ ion in the lower left part of the figure is 11.5 Å from the 5′-oxygen
of G1. The dimensions of the negative cleft are approximately 14.5 Å × 3.5 Å with a
depth of approximately 15.5 Å. This figure was prepared using GRASP (20).
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Figure 5.6: A potential role for electrostatics in loop 159-loop 343 interactions. (A)
Residues 148-155 of P4-P6 L5b (49), which corresponds to loop 159 of 30S rRNA (panel
B) (50). Isopotential contours are -3 (red), -2 (light red), and -1 kT/e (pink). (B) Loop
159-loop 343 interaction, as described in Figure 2.10. Loop 159 (red) exhibited a very
strong negative potential that extended through its interface with loop 343 (blue).
Negative isopotential contours are shown at -70 (red), -30 (light red), and 0 kT/e (grey),
and positive three-dimensional contours are shown, indicating the location of electrostatic
potentials > +30 kT/e (light blue). Note the -3 kT/e cavity that passes through loop
159A151.
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