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ABSTRACT
RNA is essential to many biological processes including protein biosynthesis,
RNA processing, and gene expression. Its structural complexity rivals that of proteins
and, in some instances, gives rise to catalytic activity. The process by which an RNA
molecule folds into a functional structure and the forces that underlie RNA catalysis are
still not fully understood. The objectives of this thesis were to gain a deeper
understanding of the roles of metal ions and nucleobases in RNA catalysis, and the
folding mechanisms of RNA in vitro and in vivo using the hepatitis delta virus (HDV)
ribozyme as a model system.
Experiments were performed to probe the nature of the divalent metal ion sites in
the ribozyme and any specificity for Mg2+. Kinetics and thermal unfolding data support
the existence of two different classes of metal ion sites in the ribozyme: a structural site
that is inner sphere with a major electrostatic component and a preference for Mg2+, and a
weak catalytic site that is outer sphere with little preference for a particular divalent metal
ion.
A number of experiments focused on determining the roles of nucleobases in the
ribozyme. Sequence comparisons, free energy minimization, and kinetics data indicate
that a base pair located at the active site does not need to be a wobble pair, as was
previously suggested, and provides a structural role in catalysis. Kinetic solvent isotope
effect data and proton inventories are consistent with a catalytic mechanism in which a
particular cytosine residue serves as a general acid catalyst. Further efforts to understand
the catalytic mechanism were made using single-molecule fluorescence resonance energy
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transfer (SM-FRET). A ribozyme construct was designed and prepared, and ensemble
and single-molecule measurements revealed that ribozyme activity occurs under a variety
of conditions. In addition, SM-FRET experiments showed that the ribozyme construct
gives rise to a range of FRET efficiencies. Efforts were made to determine the molecular
origins of these values. In particular, ribozyme mutants were rationally designed to
influence the conformational dynamics of the system so that FRET efficiencies could be
assigned to specific ribozyme structures.
The folding of the HDV ribozyme was assayed using standard in vitro assays in
which full-length transcripts are renatured by heating and cooling and self-cleavage
activity is initiated by addition of Mg2+, and in vivo-like cotranscriptional assays in which
self-cleavage activity is monitored as the RNA is synthesized. Differences in the results
obtained by the two methods are discussed and a model is presented for how wild-type
ribozyme sequence and flanking sequence work in concert to promote efficient
self-cleavage during transcription.
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C75L+ to the 5’-oxygen of G1 that contributes a transition state fractionation
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Chapter 1
Introduction

1.1 RNA Catalysis: An Overview
RNA is essential to many biological processes including protein biosynthesis,
RNA processing, and gene expression. Its structural complexity rivals that of proteins
and, in some instances, gives rise to catalytic activity. Nine naturally occurring catalytic
RNAs, or ribozymes, have been discovered to date, eight of which catalyze
phosphodiester bond cleavage. The ribozymes that catalyze phosphodiester bond
cleavage are the group I and II introns, RNase P, and the hammerhead, hairpin, VS,
HDV, and glmS ribozymes. The ribosome, which catalyzes peptide bond formation
during translation, is also a ribozyme.
Upon initial inspection, it is not entirely clear how RNA can support catalysis. A
comparison of RNA and proteins will clarify this point. For one, RNA lacks the diversity
of functional groups characteristic of proteins. In addition, whereas amino acid side
chains are located on the exterior of protein secondary structural elements, optimally
positioned to form tertiary contacts and create an active site capable of specific
interactions with a substrate, the unique functional groups of the nucleobases are largely
sequestered in base pairing interactions. Furthermore, the high density of negative
charges and the flexibility of the phosphate backbone are expected to make RNA
compaction difficult. Despite these potential challenges, RNA can adopt structures
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capable of catalysis. Indeed, ribozymes have been shown to exhibit catalytic powers
(kcat/kuncat) ranging from 105 to 1011.1-4 Additionally, through in vitro approaches RNA
has been shown to be capable of catalyzing many other reactions including carbon-carbon
bond formation and Diels-Alder reactions.5

1.2 The Catalytic Requirements for Phosphodiester Bond Cleavage
To further understand the challenges that RNA faces as a catalyst, the nature of
the phosphodiester bond cleavage reaction must be considered. Ribozymes found in
nature, with the exception of the ribosome, catalyze trans or cis phosphodiester bond
cleavage. Ribozymes can be divided into two classes based on the identity of the
nucleophile and the products generated during the reaction (Figure 1-1). The large
ribozymes (> 200 nt), which include the group I and II introns and RNase P, use an
exogenous 3’- or distal 2’-hydroxyl group as a nucleophile and result in 2’, 3’-cis-diol
and 5’-phosphate termini. By constrast, the small ribozymes, which include the hairpin,
hammerhead, HDV, glmS, and VS ribozymes, use the vicinal 2’-hydroxyl group as the
nucleophile and result in 2’, 3’-cyclic phosphate and 5’-hydroxyl termini. The similarity
underlying these reactions is the need for deprotonation of the hydroxyl nucleophile,
protonation of the oxygen leaving group, and stabilization of the negatively charged
transition state.
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Figure 1-1: Phosphodiester bond cleavage reactions catalyzed by ribozymes. (A) The
reaction catalyzed by the large ribozymes. (B) The reaction catalyzed by the small
ribozymes. The nucleophile is shown in red and the leaving group is shown in green.
It is well established that protein enzymes that catalyze phosphodiester bond
cleavage use amino acid side chains or bound divalent metal ions in their reaction
mechanisms. For example, RNase A, which catalyzes the same reaction as the small
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ribozymes, uses two histidine side chains as general acid-base catalysts, and a lysine side
chain to stabilize the transition state,6 while a number of other protein enzymes, including
the 3’, 5’-exonuclease of DNA polymerase I, use two divalent metal ions as Lewis acid
catalysts.7 Since functional groups with pKas near 7 are optimal for general acid-base
catalysis and the pKas of the free nucleobases8 and the sugar-phosphate backbone are far
from neutrality9-11 (Figure 1-2), it was long thought that RNA could only achieve
catalysis by using divalent metal ions. While this turned out to be true for the large
ribozymes,12 metal ions appear to play a much lesser role in the mechanisms of the small
ribozymes.12, 13 In recent years, it has been shown that the environment of a nucleobase
can perturb its pKa toward neutrality,14-17 making general acid-base catalysis a potential
catalytic strategy for RNA after all.

Figure 1-2: Nucleobase and sugar-phosphate backbone pKas. (Left) The four nucleobases
are shown in their typical tautomeric forms that lead to Watson-Crick base pairing. The
pKa values for the imino protons and the protonation states dominant at pH 7.0 of
adenosine (A), cytidine (C), guanosine (G), and uridine (U) ribonucleotides are shown.
(Right) Representative sugar-phosphate backbone with average pKas of ionizable groups
marked.
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1.3 Metal Ions in RNA Folding and Catalysis
Metal ions play a variety of roles in the folding of complex RNA structures and in
the catalytic activity of ribozymes. Divalent metal ions have long been recognized as
necessary for the tertiary folding of RNA under physiological ionic strengths. For
example, yeast tRNAPhe requires 3-6 Mg2+ ions for proper tertiary folding at low ionic
strength,18-20 and pseudoknots typically require delocalized divalent metal ions to fold
efficiently.21, 22 One of the primary reasons divalent metal ions are required is to
neutralize the close approach of negatively charged phosphates that occurs upon
compaction of the RNA molecule. Divalent metal ions offer an advantage over
monovalent metal ions because the entropic penalty is less severe for the binding of one
divalent metal ion as compared to the binding of two monovalent metal ions. Metal ions
can be thermodynamically bound at specific sites (site-bound) or kinetically labile
(diffuse or delocalized).23 In addition, site-bound metal ions can remain fully hydrated
(outer sphere), or can become partially or fully dehydrated (inner sphere).23 Monovalent
metals ions have also been shown to play important roles in both the secondary and
tertiary folding of RNAs. For example, high concentrations of monovalent ions, typically
0.1 M or greater, can induce the proper tertiary folding of many RNAs,13, 23 and
monovalent metal ions can be site-bound, with several examples of dehydrated K+ ions
known.24-26
Divalent metal ions, particularly Mg2+, can play several roles in catalysis. A
hydroxide ion coordinated to a divalent metal ion might activate a hydroxyl or water
nucleophile by deprotonation, or a divalent metal ion might directly coordinate the
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nucleophilic hydroxyl’s oxygen, making the oxygen more susceptible to deprotonation by
hydroxide ions. Also, metal ions might stabilize the transition state by direct inner sphere
coordination to the scissile phosphate group or stabilize the leaving group by protonating
or directly coordinating the leaving oxygen atom. Finally, divalent metal ions might help
position ribose and phosphate oxygens for catalysis.

1.4 Nucleobases in RNA Catalysis
The ability of nucleobases to directly participate in RNA catalysis has become
apparent in recent years. Although the large ribozymes require divalent metal ions for
activity, all five known small ribozymes have been found to function proficiently in the
absence of divalent metal ions under conditions of high concentrations of EDTA and
monovalent metal ions.27-30 Quantitative analysis showed that divalent metal ions
contribute only ~ 10-20-fold to the rate of the hammerhead and HDV ribozyme
reactions,29, 31, 32 suggesting that the primary role for metal ions is to drive folding, and
that bond breaking and making are accomplished by a non-metal mechanism. Structural,
biochemical, and computational studies on the small ribozymes suggested that
nucleobases can promote catalysis by hydrogen bonding in the transition state, stabilizing
charge development via through-space interactions, and facilitating proton transfer as
general acid-base catalysts.13 However, there is currently no clear consensus on the
specific roles of nucleobases in the mechanism of any small ribozyme.
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1.5 The HDV Ribozyme Catalytic Mechanism
The HDV ribozyme is a small (~ 85 nt), self-cleaving RNA that occurs in both the
genomic and antigenomic forms of the virus and is responsible for processing nascent
viral transcripts during double rolling-circle replication.33-35 Recently, a mammalian
version of the HDV ribozyme was identified.36 The ribozymes have similar secondary
structures comprised of five pairing regions, P1, P2, P3, P4, and P1.1, with P2 and P1.1
comprising pseudoknots (Figure 1-3, panel A). The ribozyme uses the 2’-hydroxyl of
U-1 as a nucleophile to cleave the phosphodiester bond between nucleotides -1 and +1,
yielding products with 5’-hydroxyl and 2’, 3’-cyclic phosphate termini. High-resolution
crystal structures have been solved for both the self-cleaved (Figure 1-3, panel B) and
pre-cleaved forms of the genomic ribozyme and reveal compact structures with similar
overall folds and a buried active site at the center of the P1-P1.1-P4 and P2-P3
stacks.39, 50-52 Although the ribozyme can react in the absence of divalent metal ions,
divalent metal ions are required for optimal activity and it is believed that a hydrated
Mg2+ ion is involved in the self-cleavage mechanism under physiological conditions.28, 37
It is also well established that a particular cytosine, C75 in the genomic ribozyme and
C76 in the antigenomic ribozyme, participates in the reaction as a general acid-base
catalyst.28, 38
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Figure 1-3: Structures of the genomic HDV ribozyme. (A) Secondary structure of the
wild-type HDV genomic ribozyme. The catalytic core is in uppercase letters and
flanking sequence is in lowercase letters. This genomic sequence is from a human isolate
of HDV (GenBank accession number M28267) and is color-matched for native pairings.
The cleavage site between U-1 and G1 is denoted with an arrow. Mcat and Mstr are the
approximate locations of the binding sites for the outer sphere catalytic and inner sphere
structural metal ions, respectively.28, 29, 37, 48 (B) Crystal structure of the self-cleaved form
of the ribozyme. G1 is in red and C75 is in blue to highlight the location of the active
site. Also shown is the U1A protein (in purple) which was used to facilitate
crystallization. Figure generated using DS ViewerPro 5.0 (Accelrys) and PDB entry
1drz.
A number of investigations of the self-cleavage mechanism have been performed.
The original evidence implicating C75 in proton transfer came from the crystal structure
of the self-cleaved ribozyme which shows the N3 of C75 within hydrogen bonding
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distance of the leaving group 5’-oxygen of G1.39 Rate-pH profiles obtained in the
presence of Mg2+ are characterized by a low pH arm with a slope of 1, consistent with
one proton transfer occurring in the rate-limiting step of the reaction, and a high pH
plateau region, and a reaction pKa near neutrality. A number of studies support the
assignment of this pKa to C75;28, 38, 40-43 of particular significance is a very recent study in
which the pKa of C75 was directly measured using Raman crystallography.43 When the
reactions were performed in D2O, a substantial 2-3-fold kinetic solvent isotope effect
(KSIE) was observed over the entire experimental pH range (~ 4-9),28, 44 suggesting that
proton transfer occurs in the rate-limiting step of the ribozyme reaction. In addition, the
pKa shifted + 0.4 to + 0.7 units in D2O,28, 44 consistent with proton transfer involving the
ring nitrogen of a cytosine residue.45 Been and coworkers also demonstrated that
catalytically inactive C75U and C75∆ ribozymes could be rescued by addition of
exogenous imidazole, consistent with C75 serving a histidine-like role in the reaction.38
They also found that the observed rate of the reaction depends log-linearly on the pKa of
the imidazole derivative used, directly supporting a role for C75 in proton transfer in
addition to any role it plays in electrostatic stabilization.40, 44
Prior studies of the metal ion dependence of the HDV genomic ribozyme led to a
mechanistic framework in which the ribozyme can self-cleave by one Mg2+-independent
and two Mg2+-dependent channels (Figure 1-4).29 In particular, channel 1 involves
cleavage in the absence of divalent metal ions and uses solvent or hydroxide ion as a
catalyst- i.e. channel 1 is actually composed of two sub-channels, channel 2 involves
cleavage in the presence of a structural Mg2+ ion without participation of a catalytic metal
ion, and channel 3 involves both structural and catalytic Mg2+ ions. Quantitation of
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kinetic data according to this model revealed a significant (~ 125-fold) contribution of the
structural metal ion and a modest (~ 25-fold) contribution of the catalytic metal ion to
catalysis.29 Other studies suggested that the catalytic metal ion binds via outer sphere
coordination,28, 37 and the structural metal ion binds via inner sphere coordination.37
Several observations from biochemical studies indicate that there is a critical metal ion
interaction at the active site (Mcat in Figure 1-3, panel B): 1) binding of the catalytic H+
and the catalytic Mg2+ was found to be anticooperative,28 suggesting that the binding sites
are close enough together for electrostatic repulsion to occur, 2) switching the scissile
phosphate linkage from 3’, 5’ to 2’, 5’,46 or 3) changing the identity of the -1 nucleotide
affected the metal ion preference of the reaction.47 A recent study from the Bevilacqua
lab suggests that the structural Mg2+ binds near a base quadruple located at the top of P4
(Mstr in Figure 1-3, panel B).48

Figure 1-4: Multichannel mechanism for HDV ribozyme cleavage.
Two models have been advanced for how C75 and Mg2+ participate in general
acid-base catalysis. In general acid-base model 1 (GAB model 1), C75 acts as a general
base to deprotonate the 2’-hydroxyl of U-1 and a hydrated Mg2+ ion acts as a general acid
to protonate the 5’-oxygen leaving group. In general acid-base model 2 (GAB model 2),
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protonated C75 acts as a general acid and a hydrated Mg2+ hydroxide ion acts as a general
base (Figure 1-5). These two models cannot be distinguished based on rate-pH profiles
alone due to kinetic ambiguity.49 When this situation arises in enzyme studies, it is
typical to use several independent lines of evidence to determine which mechanism is
correct. The evidence for each mechanism is discussed below.

Figure 1-5: HDV ribozyme self-cleavage mechanism according to GAB model 2.
GAB model 1: More recent crystal structures of the pre-cleaved ribozyme solved
with a C75U mutation, used to prevent the ribozyme from reacting, show a Mg2+ ion in a
position consistent with this model, but are ambiguous with respect to the positioning
and, therefore, the role of C75.50, 51 Modeling of the structure allowed the 2’-hydroxyl of
U-1 to be placed near the N3 of residue 75, but not near the Mg2+ ion, leading the authors
to favor GAB model 1. A major caveat associated with these structures is that the C75U
mutation may affect a number of active site features. For example, the structures show
that O4 of U75 coordinates the metal ion. Since this ligand is not present in the wild-type
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ribozyme it is possible that the location of the observed metal ion is not functionally
relevant. Biochemical studies discussed earlier suggest that a metal ion interacts near the
scissile phosphate and -1 nucleotide,46, 47 but the Mg2+ ion observed near the active site in
the pre-cleaved ribozyme crystal structures does not fulfill either of these criteria.
Moreover, absence of the N4 of C75 precludes hydrogen bonding to a nearby phosphate
(of C22) as seen in the crystal structure of the self-cleaved ribozyme.
GAB model 2: The crystal structure of the self-cleaved ribozyme shows C75 in a
position consistent with this model.39, 52 In addition, the apparent single deprotonation
pH dependence of the reaction could be recapitulated by invoking the involvement of a
high pKa (outside of experimental pH range) species such as a hydrated Mg2+ hydroxide
ion (pKa of 11.4) as the general base of the reaction.28 Perhaps the most compelling
evidence in support of this model comes from experiments performed by Piccirilli and
Das.41 They showed that the inactive C75U mutant of the ribozyme could be rescued by
substituting the 5’-bridging oxygen of G1 with a sulfur atom, making it a better leaving
group, and, in doing so, established a molecular link between C75 and leaving group
activation. It should be noted that the crystal structure of the self-cleaved ribozyme does
not show well-ordered metal ions near the active site; however, this could be due to the
absence of the scissile phosphate and -1 nucleotide, which may help bind the catalytic
metal ion.
A number of computational approaches have also been used to probe the
mechanism of the HDV ribozyme, however some results support GAB model 1,53, 54
while others support GAB model 2.55, 56 Ultimately, despite considerable effort to
understand the self-cleavage mechanism of the ribozyme through biochemical, structural,
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and computational studies, uncertainty about the positioning and roles of catalytic species
persists.

1.6 The RNA Folding Problem
Most studies of RNA catalysis and folding have been conducted on full-length
transcripts that have been renatured by heating and cooling, and in the presence of
non-physiological amounts of Mg2+, and, in many cases, in the absence of flanking
sequences that are not essential for catalysis. (Such experiments are referred to herein as
standard assays). Collectively, the results from these assays suggest that RNA has two
fundamental folding problems: A tendency to form alternative (Alt) secondary and
tertiary structures that kinetically trap the molecule in inactive conformations, and a
difficulty in specifying a single tertiary structure that is thermodynamically strongly
favored over other possible structures.57
It is important to point out that the conditions used to perform standard folding
and catalytic activity assays are very different from the situations that RNA molecules
encounter during folding in vivo, namely the flanking sequence context, folding during
transcription and translation, protein-assisted folding, and physiological ion
concentrations. A few comparisons of in vitro and in vivo folding have been made. In
the case of the hairpin ribozyme58-60 and the group I intron of the T4 phage thymidylate
synthase (td) gene,61 similarities between in vitro and in vivo folding were found.
However, studies of the human telomerase RNA62, 77 and the Tetrahymena pre-rRNA63
showed that folding can be different in vitro and in vivo. Notably, exon mutants of the
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Tetrahymena pre-rRNA exhibited a 100-fold decrease in self-splicing in vitro, but were
fully rescued when the pre-rRNA was expressed in E. coli, suggesting that RNA folding
is facilitated in vivo.63 Therefore, the results obtained using standard assays may not
provide a complete picture of RNA folding because important features of the intracellular
environment are absent.

1.7 The Folding Pathway of the HDV Ribozyme
Despite its small size, the HDV ribozyme has a complex folding mechanism
under standard assay conditions. Early in vitro studies on wild-type HDV ribozymes
revealed that self-cleavage is multiphasic and exceptionally slow (~ 90 h half-life), being
enhanced by strongly denaturing conditions such as 12.5 M formamide,64-66 as well as
addition of antisense (AS) oligonucleotides,67 indicative of the presence of Alt folds.
Probing the secondary structure of the HDV ribozyme by enzymatic digestion led to the
identification of numerous Alt pairings, including Alt 1, Alt 2, Alt 3, Alt P1, and a series
of Alt X and Alt Y pairings, some of which are depicted Figure 1-6.67-69
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Figure 1-6: Secondary structures for the -30/99 HDV genomic ribozyme, a construct that
contains 30 nucleotides upstream of the cleavage site and 15 nucleotides downstream of
the 3’ end of the ribozyme, with some of the alternative (Alt) pairings determined by
enzymatic structure mapping shown. The sequence and colors are the same as in
Figure 1-3. Pairings are oriented on the page in a native-like fashion for convenience
only (see Figure 1-3); their actual juxtaposition is unknown.
Once the structural nature of these non-functional states was established, it was
relatively straightforward to enhance self-cleavage activity in standard kinetic assays by a
rational, negative-design strategy, similar to that described for proteins,70 wherein Alt
pairings were weakened by site-directed mutagenesis but native ribozyme pairings were
maintained.67, 68 While this is a useful method for studying RNA in vitro, it raises
questions about RNA folding in vivo. Do Alt folds occur in vivo? If so, how does the
RNA overcome them to reach the native fold? Do mutations used in rational design have
any in vivo relevance?
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In order to address these questions for the HDV ribozyme, it is important to
consider the biological context in which the ribozyme functions. During double
rolling-circle replication of HDV, nascent concatemeric transcripts are cotranscriptionally
processed into unit-length monomers by the genomic and antigenomic ribozymes.33, 71
After ribozyme self-cleavage, the HDV genome folds into an inactive rod-shaped
structure by base pairing with a highly complementary downstream flanking sequence
termed the attenuator. HDV also encodes a single protein, the delta antigen (HDAg),
which is essential for replication and has been implicated as an RNA chaperone in
vitro.72-76 It would appear, then, that the ribozymes have evolved to function
cotranscriptionally, and in the presence of flanking RNA sequence and viral protein, and
so the relevance of the observations made from standard assays to the in vivo folding of
the RNA is unclear.

1.8 Thesis Objectives
Ultimately, the objectives of my graduate research were to obtain detailed
mechanistic insight into RNA catalysis and folding using the HDV ribozyme as a model
system.
In Chapter 2, experiments were performed to probe the nature of the divalent
metal ion sites in the ribozyme and any specificity for Mg2+. Kinetics and thermal
unfolding data support the existence of two different classes of metal ion sites in the
ribozyme: a structural site that is inner sphere with a major electrostatic component and a
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preference for Mg2+, and a weak catalytic site that is outer sphere with little preference
for a particular divalent metal ion.
Chapters 3, 4, and 5 describe experiments that focused on determining the roles of
nucleobases in the ribozyme. In Chapter 3, sequence comparisons, free energy
minimization, and kinetics were performed and the data indicate that a base pair located
at the active site, base pair 1, which forms between residues 1 and 37, does not need to be
a wobble pair, as was previously suggested, and provides a structural role in catalysis. In
Chapter 4, kinetic solvent isotope effect and proton inventory experiments were
performed and the results are consistent with a catalytic mechanism in which C75 serves
as the general acid in the ribozyme reaction. In Chapter 5, further efforts to understand
the catalytic mechanism were made using single-molecule fluorescence resonance energy
transfer (SM-FRET). A ribozyme construct was designed and prepared, and ensemble
and single-molecule measurements revealed that ribozyme activity occurs under a variety
of conditions. In addition, SM-FRET experiments showed that the ribozyme construct
gives rise to a range of FRET efficiencies. Efforts were made to determine the origins of
these values. In particular, ribozyme mutants were rationally designed to influence the
conformational dynamics of the system so that FRET efficiencies could be assigned to
specific ribozyme structures.
In Chapter 6, the folding of the HDV ribozyme was assayed using standard in
vitro assays in which full-length transcripts are renatured by heating and cooling and
self-cleavage activity is initiated by addition of Mg2+, and in vivo-like cotranscriptional
assays in which self-cleavage activity is monitored as the RNA is synthesized.
Differences in the results obtained by the two methods are discussed and a model is
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presented for how wild-type ribozyme sequence and flanking sequence work in concert to
promote efficient self-cleavage during transcription.
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Chapter 2
Mechanistic characterization of the HDV genomic ribozyme: Classifying the
catalytic and structural metal ion sites within a multichannel reaction mechanism
[Published, in part, as a paper titled “Mechanistic Characterization of the HDV
Genomic Ribozyme: Classifying the Catalytic and Structural Metal Ion Sites within a
Multichannel Reaction Mechanism” by Shu-ichi Nakano, Andrea L. Cerrone, and Philip
C. Bevilacqua in Biochemistry (2003) 42, 2982-2994. The contributions of S.N. and
A.L.C.-S. are described in this Chapter.]

2.1 Summary
Prior studies of the metal ion dependence of the HDV genomic ribozyme led to a
mechanistic framework in which the ribozyme can self-cleave by one Mg2+-independent
and two Mg2+-dependent channels (Figure 1-4). In particular, channel 1 involves
cleavage in the absence of divalent metal ions and uses solvent or hydroxide as a catalyst,
channel 2 involves cleavage in the presence of a structural Mg2+ ion without participation
of a catalytic metal ion, and channel 3 involves both structural and catalytic Mg2+ ions.1
In a follow-up study2 (and unpublished experiments), part of which is presented herein,
experiments were performed to probe the nature of the various divalent metal ion sites
and any specificity for Mg2+. A series of alkaline earth metal ions was tested for the
ability to catalyze self-cleavage of the ribozyme under conditions that favor either
channel 2 or channel 3. Under conditions that populate primarily channel 3, nearly
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identical Kds were obtained for Mg2+, Ca2+, Ba2+, and Sr2+, with a slight discrimination
against Ca2+. In contrast, under conditions that populate primarily channel 2, tighter
binding was observed as ion size decreased. Moreover, [Co(NH3)6]3+ was found to be a
strong competitive inhibitor of Mg2+ for channel 3 but not for channel 2, and had no
effect on the activity of the ribozyme under channel 1 conditions. The thermal unfolding
of the cleaved ribozyme was also examined, and two transitions were found.
Urea-dependent studies gave m-values, which reflect the change in surface area during
folding, and allowed the lower temperature transition to be assigned to tertiary structure
unfolding. The effects of high concentrations of Na+ on the melting temperature for
RNA unfolding and the reaction rate revealed ion binding to the folded RNA, with
significant competition of Na+ (Hill coefficient of ~1.5-1.7) for a structural Mg2+ ion and
an unusually high intrinsic affinity of the structural ion for the RNA. Taken together,
these data support the existence of two different classes of metal ion sites in the
ribozyme: a structural site that is inner sphere with a major electrostatic component and a
preference for Mg2+, and a weak catalytic site that is outer sphere with little preference
for a particular divalent metal ion.
The experiments presented in this Chapter focused on characterizing the inner
sphere site and also on performing thermal unfolding studies and assigning the melting
transitions. Data is presented for these parts of the study. The results (but not the data)
for the other parts of the study, obtained by Shu-ichi Nakano, are also included.
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2.2 Materials and Methods

2.2.1 Preparation of RNA and buffers
The -30/99 genomic HDV RNA used here was transcribed from pT7 -30/99 using
phage T7 polymerase as described.3 This transcript contains 30 nt upstream of the
cleavage site and 15 nt downstream of the 3’ end of the ribozyme (Figure 1-6). All
transcripts contained a G11C mutation that biases the equilibrium between Alt P1 and P1
towards the native fold.4 Transcripts are Bfa I run-offs that contain ribozyme and
HDV-derived RNA sequence only. RNA was transcribed, purified, and radiolabeled as
described.3 All mutant plasmids were generated from pT7 -30/99 using the QuikChange
kit (Stratagene). Sequences were confirmed by dideoxy sequencing after both minipreps
and maxipreps (Qiagen).
For kinetics experiments, the buffer was MES for experiments at pH 5 and
HEPES for experiments at pH 7. For UV absorbance-detected thermal melting studies,
the buffer was HEPES at pH 8. The following buffers were prepared: 2X ME (50 mM
MES/200 mM Na2EDTA), 2X HE (50 mM HEPES/200 mM Na2EDTA), 1.2X MEN (25
mM MES/100 mM Na2EDTA/1.2 M NaCl), and 1.2X HEN (25 mM HEPES/100 mM
Na2EDTA/1.2 M NaCl). 1.2X MEN and 1.2X HEN containing 0.12 mM and 1.2 mM
Co(NH3)63+ were also prepared. All buffers were prepared at room temperature and the
pH values were measured at 37 °C to determine the experimental pH.
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2.2.2 Ribozyme kinetics and data fitting
Reactions were performed similarly to those previously described.1, 5 A typical
self-cleavage reaction contained 2 nM 5’-32P-end-labeled RNA, 25 mM buffer, 100 mM
Na2EDTA, 10 µM AS(-30/-7), and 1 M NaCl. Reactions contained 0, 0.1, or 1 mM
Co(NH3)63+. The RNA was renatured at 55 °C for 10 min in the presence of AS(-30/-7),3
then cooled at room temperature for 10 min. The renatured RNA was diluted with an
equal volume of 2X ME or 2X HE buffer and the mixture was incubated at 37 °C for 2
min. A zero time-point was removed and self-cleavage was initiated by the addition of
the appropriate 1.2X MEN or 1.2X HEN buffer. All time-points were quenched by
mixing with an equal volume of 95 % (v/v) formamide loading buffer (no EDTA) and
immediately placed on dry ice. All reactions were performed for 48 h. At the end of
each reaction, the pH of the mixture was checked with pH paper to ensure that the correct
pH was maintained throughout the reaction. The time-points were run on a denaturing 10
% (w/v) polyacrylamide gel. The gels were dried, and visualized using a
PhosphorImager (Molecular Dynamics).
Plots of fraction product versus time were constructed. All reactions could be fit
to the single-exponential equation (Eq. 2.1), where f is the fraction of ribozyme cleaved,
A is the fraction of ribozyme cleaved at completion (usually ~80 %), A + B is the burst
fraction (in all cases, A + B ≈ 0), kobs is the observed first-order rate constant, and t is
time. Parameters were obtained using non-linear least-squares fitting by KaleidaGraph
(Synergy Software). Typically, 3-6 half-lives of data were fit.
f = A + Be − kobst

2.1

2.2.3 UV absorbance-detected thermal unfolding studies and data fitting
The self-cleaved HDV ribozyme, which contains nucleotides +1 to 99, was used
for these experiments. This RNA was prepared by allowing the -30/99 ribozyme to react
to completion in the presence of AS(-30/-7) and Mg2+ and purified by denaturing PAGE
(see Chapter 3 and in 3).
Melting profiles were obtained at 260 nm on a Gilford Response II
spectrophotometer, using a 0.5 cm cuvette and 0.1-0.5 µM RNA. The RNA was
renatured prior to melting in a similar manner as was used for the kinetics experiments.
Representative samples were melted at 0.1 and 0.5 µM and identical results were
obtained, consistent with melting of a monomeric RNA species. Heating and cooling
curves were superimposable at pH 7 for samples that contained either Na+ or Mg2+, and at
pH 8 for samples that contained Na+, consistent with reversibility and thermodynamic
equilibrium (data not shown). Urea-dependence melts were performed for samples
containing 25 mM HEPES (pH 8), 0.1 mM MgCl2, and 0-4 M urea. The heating rate was
approximately 1 °C/min. At pH 8, only forward melts were used due to hydrolysis at
high temperatures.
Melting of the cleaved ribozyme revealed two unfolding transitions which were
consistent with unfolding of tertiary and secondary structure (see Results and
Discussion). In an effort to obtain thermodynamic parameters for the transitions, the data
were fit to linked equilibria for a sequential unfolding model (Scheme 2-1) involving
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native (N), intermediate (I), and unfolded (U) species; these appear to correspond to
tertiary, secondary, and primary structure, respectively.
Scheme 2-1: Sequential unfolding model

In general the data were fit according to the methods of Draper, Giedroc and
coworkers.6-8 Scheme 2-1 can be described with a partition function as shown in Eq. 2.2,
Q = 1 + K1 + K1 K2

2.2

and the observed absorbance can be defined as the sum of ∆At and B determined from
Eq. 2.3 and Eq. 2.4, respectively
∆At =

∆A1K1 (∆A1 + ∆A2 )K1K2
+
Q
Q

⎛ B − BN ⎞⎛⎜ ∆H1K1 + (∆H1 + ∆H2 )K1K 2 ⎞
⎟
B = BN + ⎜ U
⎠
Q
⎝ ∆H1 + ∆H2 ⎠⎝

2.3

2.4

where ∆At is the total hyperchromicity, ∆A1 and ∆A2 are the hyperchromicities for
transitions 1 and 2, B is a baseline function, and BU and BN are the sloping lines for the
upper and lower baselines, respectively, with the intermediate treated with an
enthalpy-weighted baseline. The slopes and intercepts of the upper and lower baselines
were determined independently by linear least-squares fits of the low and high
temperature portions of the data, and were held constant during the actual fit. The
baselines were chosen to minimize χ2 value for the fit. Thus, only six parameters were
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adjusted in the fit, namely ∆H°, TM, and ∆A for the first and second transitions. ∆H°i and
TM,i for the ith transition were determined from the van’t Hoff relationship (Eq. 2.5)

K i = exp

⎡∆Hi ⎛ 1
1 ⎞⎤
⎜
− ⎟
⎢ R ⎝T
T ⎠⎦⎥
M, i
⎣

where R is the ideal gas constant and T is absolute temperature.

2.5
Curve fitting of

absorbance versus temperature data was to the sum of Eq. 2.3 and Eq. 2.4, with Q, BU,
BN, K1, and K2 defined parametrically using KaleidaGraph (Synergy Software). ∆Si was
obtained from TM,i =∆Hi / ∆Si, and ∆G37,i was from ∆G37,i = ∆Hi - 310.15∆Si.
The m-value of the ith transition, mi, was calculated as the slope of a ∆G37,i(urea)
versus urea concentration plot, based on the relationship in Eq. 2.6
∆G37,i(urea) = ∆G37,i + mi [urea]

2.6

where ∆G37,i(urea) is the observed free energy for transition i at a given urea
concentration, ∆G37,i is the observed free energy for transition i in the absence of urea,
and mi is a thermodynamic parameter that describes the dependence of free energy on
urea concentration.9
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2.3 Results and Discussion

2.3.1 Metal ion dependence supports an outer sphere site for the catalytic ion
Reactions were performed to probe the catalytic ion under conditions of low ionic
strength (at pH 7). Under these conditions, the ribozyme operates by channel 3 of the
mechanism. The first experiments examined the effect of changing Mg2+ to other group
IIA metal ions. It was found that Mg2+, Ca2+, Sr2+, and Ba2+ gave similar binding
isotherms with Kd values of 2.4, 4.8, 2.7, and 1.2 mM, respectively. Binding was weakest
for Ca2+ and tightest for Ba2+, but did not show a monotonic dependence on ionic radius
or a large dynamic range in Kd values (compare to structural ion below).
Reactions were also carried out in the presence of 1 mM Co(NH3)63+ and no
added divalent metal ions, and revealed no detectable reaction under similar time courses.
To characterize Co(NH3)63+ binding further, the binding affinity of Mg2+ was measured in
the presence of increasing amounts of Co(NH3)63+ (0, 0.1, 1.0 and 10 mM). Co(NH3)63+
and Mg2+(H2O)62+ have similar size and geometry, and Co(NH3)63+ is exchange inert,
making Co(NH3)63+ a good mimic of an outer sphere metal ion.10, 11 The same maximum
rate, kmax, was reached or approached in the presence of Co(NH3)63+, but Co(NH3)63+
increased the concentration of Mg2+ required to reach rate saturation. This observation is
consistent with previous reports of competitive inhibition by Co(NH3)63+ and supports an
outer sphere or weakly dehydrating site for the catalytic ion.5 Presumably, Co(NH3)63+ is
unable to catalyze the reaction because it does not ionize appreciably at pH 7.
The data in this section suggest that this ion is not binding into a region of high
charge density. In particular, if an inner sphere interaction with one or more phosphates
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was occurring with significant ion desolvation, then one would expect the binding
affinity to decrease with ionic radius, as was found for the structural ion (see below).12, 13
Also, it is expected that the Kd for the ion would be significantly smaller (in the
micromolar range), especially at low ionic strength, instead of the millimolar range
observed here.7 In addition, it is expected that the binding affinity would be sensitive to
ionic strength, whereas little or no sensitivity has been found.1 Thus, the data
summarized here support this ion either remaining fully hydrated as an outer sphere or
diffuse metal ion, or undergoing dehydration but binding into a region of low charge
density.14 This latter possibility would favor the larger ions, which have smaller
enthalpic penalties for dehydration,15 as well as provide weak discrimination against Ca2+
since Ca2+ has a hydration number of 8 while Mg2+, Sr2+, and Ba2+ have hydration
numbers of 6.15 However, competitive inhibition by Co(NH3)63+ suggests that
dehydration is not critical for binding.
Crystallographic studies on the cleaved form of the ribozyme did not reveal a
metal ion with high occupancy at the cleavage site, although weak electron density was
seen nearby.16, 17 This could arise in part because metal ion binding is disfavored by the
positive charge on a nearby protonated C75 or by a requirement of the scissile phosphate
for stronger metal binding, or both. The contribution of the catalytic metal ion to rate
acceleration has been found to be modest at ∼ 25-fold.1 This small value is consistent
with poor occupancy of this site, as suggested by the crystal structure, and/or with the pKa
for the aqua ion of a group IIA ion being far removed from neutrality (the pKa values for
Mg2+, Ca2+, Sr2+, and Ba2+ are 11.42, 12.70, 13.18, and 13.82, respectively).15
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2.3.2 Metal ion dependence supports an inner sphere site for the structural ion
The experiments in the previous section probed the divalent ion dependence of the
reaction under low ionic strength conditions. Experiments were also performed to probe
the divalent ion dependence of the reaction under high ionic strength conditions (1 M
NaCl) (at pH 7). Under these conditions, the ribozyme operates by channel 2 of the
multichannel mechanism (Figure 1-4) in which a structural metal ion stimulates the rate.1
As in the previous section, the first experiments examined the effect of changing Mg2+ to
other group IIA metal ions. Unlike in the absence of NaCl, the Kd values for Mg2+, Ca2+,
Sr2+, and Ba2+ were different at 2.2, 8.5, 22, and 33 mM, respectively. Interestingly, the
binding affinities for the group IIA metal ions were found to be inversely dependent on
ionic radius (r). Since log (1/Kd) is proportional to free energy, and 1/r is proportional to
Coulombic interaction energy, a positive linear relationship is consistent with Coulombic
attractions being a major component of the binding.13, 18 As described by Draper and
coworkers, this trend can be explained by the Eisenman proposal12, 18 if the ion is at least
partially dehydrated and bound in a location of high charge density.13, 14 This is because
although dehydration for a smaller metal ion is more penalizing than for a larger one,
smaller metal ions can come into closer contact with a phosphate(s) resulting in stronger
Coulombic interactions.
Since the structural metal ion site appears to be inner sphere while the catalytic
metal ion appears to be outer sphere, it was of interest to test whether Co(NH3)63+ could
compete with Mg2+ for binding under channel 2 conditions. Binding isotherms for Mg2+
were measured in the absence and presence of 0.1 mM Co(NH3)63+. In contrast to results
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for the catalytic metal ion, no competition was observed by Co(NH3)63+; in fact, a
1.5-fold increase in the affinity of Mg2+ was observed under these conditions. Increasing
the concentration of Co(NH3)63+ further to 1 or 10 mM did not substantially alter kobs in 0,
0.2, or 10 mM Mg2+, as long as 1 M NaCl was present-i.e. as long as channel 2
conditions were maintained. Absence of Co(NH3)63+ competition further supports the
structural site being inner sphere.
A recent study from our lab provided insight into the positioning and
thermodynamic linkage of protons and metal ions in the ribozyme and localized the
structural ion to the vicinity of a base quadruple motif that involves a protonated
cytosine, C4119 (Figure 4-1). In the same study, it was found that the intrinsic pKa values
for C41 were 7.1 ± 0.1 in the presence of bound Mg2+ and 5.5 ± 0.1 in the absence of
bound Mg2+. We were curious as to whether the structural site switches from inner to
outer sphere as pH decreases. We reasoned that as pH increases and C41 becomes
deprotonated, the metal ion could switch from outer to inner sphere and move to fill the
electrostatic void left by the now neutral C41. If this were the case, then perhaps
Co(NH3)63+ would drive the reaction at low pH. To test this idea, we performed
experiments under channel 1 conditions (1 M NaCl, 100 mM Na2EDTA, no added
divalent metal ions) in the absence and presence of Co(NH3)63+ at pH 5 and pH 7. We
found that Co(NH3)63+ has no effect on kobs at either pH, suggesting that the structural ion
site is inner sphere across the pH range (Table 2-2).
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Table 2-2: Non-effect of Co(NH3)63+ on kobs in the presence of 1 M NaCl, 100 mM
Na2EDTA, no added divalent metal ions

2.3.3 Monovalent ions can compete for binding of the structural ion
Binding of the divalent ion under channel 2 conditions was consistent with an
inner sphere site with a major electrostatic component. Folding and cleavage of the
ribozyme can also be achieved in the absence of divalent ions,1, 5 suggesting that
monovalent ions may also be able to fill this site. To explore this possibility, the effect of
increasing monovalent ion concentration in the presence of 1 mM Mg2+ on kobs was
measured. It was found that kobs displays a bell-shaped dependence on NaCl
concentration with a maximum near 0.2 M NaCl. The ion dependence of these two
phases was analyzed by a Hill plot. At lower NaCl concentrations, a Hill coefficient of
0.90 ± 0.05 was obtained, consistent with a stimulatory effect upon net uptake of one ion.
At higher NaCl concentrations, a Hill coefficient of -1.67 ± 0.23 was obtained, consistent
with an inhibitory effect upon net uptake of two ions.
The slope of 1.7 at higher Na+ concentration suggests that two monovalent ions
are taken up by the ribozyme leading to a less reactive state. The inhibition by Na+ can
be explained within the context of the multichannel model wherein two Na+ ions displace
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one structural Mg2+ ion from its binding site and place the reaction into the slower
reacting channel 1 (the rate of which was not measured in this experiment) (Figure 1-4).
That two Na+ ions are required for displacement of one Mg2+ ion is consistent with such a
site having a significant electrostatic component, possibly involving coordination to two
phosphate ions.
These data predict that two Na+ ions might also be required for activation of the
ribozyme in the absence of divalent ions. A plot of log kobs versus NaCl concentration in
the absence of added divalent metal ion was linear in the concentration range tested (100
mM-2 M) and gave a slope of 1.57 ± 0.10, consistent with the uptake of two Na+ ions for
divalent ion-independent reactivity (channel 1), in accord with the multichannel
mechanism for HDV ribozyme cleavage (Figure 1-4).

2.3.4 Melting experiments identify tertiary and secondary structure unfolding steps
Large RNAs with tertiary structure typically melt in a hierarchical fashion, with
tertiary structure melting out before requisite and independently stable secondary
structure.20-22 Unfolding of the self-cleaved HDV ribozyme was examined, and two
major unfolding transitions were observed (Figure 2-1), in agreement with prior melting
studies on the self-cleaved ribozyme.23 In an effort to assign the transitions, we examined
the urea dependence of melting. These experiments were conducted at pH 8 in order to
separate the two transitions further, which appears to occur because of deprotonation of
C41 of the base quadruple motif.23 As described in Materials and Methods, the data were
fit with a three-state model involving two coupled equilibria (Scheme 2-1). A typical
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melt and fit are shown in Figure 2-1, panel A, the resulting m-value plots are in
Figure 2-1, panel B, and thermodynamic parameters are in Table 2-3. Plots of free
energy for the I to N and U to I transitions versus urea concentration were linear with
slopes of 1.45 ± 0.05 and 1.27 ± 0.17, respectively.

Figure 2-1: Effect of urea on the melting profile of the cleaved ribozyme. (A) Melting
profile in 0.1 mM Mg2+ at pH 8. Data (open circles) were fit (solid line) to a three-state
model as described in the text (see Table 2-3). (B) Determination of m-values (slope)
from melting data for the I to N transition (filled circles) (m-value of 1.45 ± 0.05 kcal
mol-1 M-1, R2 = 0.997), and the U to I transition (open circles) (m-value of 1.27 ± 0.17
kcal mol-1 M-1, R2 = 0.948) in 0.1 mM Mg2+ at pH 8.
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Table 2-3: Thermodynamic parameters for folding of the ribozyme in 0.1 mM Mg2+ as a function of urea concentration

Parameters for transition 1 (subscript 1) correspond to the I to N transition for secondary to tertiary structure, while the parameters
for transition 2 (subscript 2) correspond to the U to I for primary to secondary transition. Errors in ∆H° and ∆S° are estimated at
10 % based on fitting, while errors in ∆G°37 and TM are estimated at 5 % and 1 °C, respectively, and are smaller than for ∆H° and
∆S° due to correlation of ∆H° and ∆S°.

As described by Shelton et al., the m-value is proportional to the amount of
surface area buried in the folding transition, and holds both for RNA secondary and
tertiary structure transitions.9 This is similar to the case for protein folding.24 The
m-value of 1.45 ± 0.05 for tertiary folding (I to N) can be compared with that for
tRNAPhe. Both RNAs have approximately the same number of nucleotides in their
tertiary structures and therefore likely bury approximately the same amount of surface
area in folding from secondary to tertiary structure. Similar amounts of tertiary structure
is supported by recent calculations.25 Both titrations of Mg2+ at fixed urea concentration,
and of urea at fixed Mg2+ concentration have been used to obtain an m-value of 1.7 ± 0.1
for tRNAPhe. This m-value compares well to the value of 1.45 for the HDV ribozyme.
The m-value for tRNAPhe was shown to be independent of Mg2+ concentration between
0.1 and 0.5 mM,9 suggesting that the value obtained here in 0.1 mM Mg2+ is directly
comparable. (The small discrepancy in m-values may be because the C41 quartet is
partially unfolded at pH 8 resulting in somewhat less surface area burial.) This result
supports assignment of the first folding transition to tertiary structure. This comparison
also suggests that m-values can be obtained by thermal denaturation, and provide a good
way to judge the extent of tertiary structure folding.
We also attempted to calculate an m-value for the first unfolding transition in the
presence of 100 mM Na+ (data not shown). Unfortunately, the fit to the simple two
transition model in Scheme 2-1 was not as good as for 0.1 mM Mg2+; the average χ2
value across all urea values was nearly 10 times higher in 100 mM Na+ than in 0.1 mM
Mg2+. This precluded an m-value from being obtained for this transition in NaCl.
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An m-value was also calculated for the transition for secondary structure
formation (U to I) in 0.1 mM Mg2+. This m-value is subject to greater error than the first
because of the difficulty of obtaining a good upper baseline at low urea concentrations,
the possibility of backbone hydrolysis contributing to the change, and the simplifying
assumption that all secondary structure unfolds in a single transition. An m-value of 0.94
was obtained for secondary structure formation by tRNAPhe, which was also assumed to
form in a single step.9 Unfolding of tRNAPhe secondary structure involves breaking of 21
bp, while unfolding of HDV tertiary structure breaks 28 bp. (This count excludes P1.1
and the AG base pair at the top of P4, both of which likely require tertiary structure to
form (see Figure 1-3).) Correction of the m-value of 0.94 for the extra base pairing in the
HDV ribozyme gives a value of 1.25, which is in good agreement with the value of 1.27
obtained here.
The m-values obtained support assignment of the melting transitions to tertiary
structure followed by secondary structure, as expected from the hierarchical model for
RNA folding.21 These experiments help to rule out other possibilities for the two
transitions, such as melting out of two different secondary structures or an optically silent
melting out of tertiary structure.

2.3.5 Ion dependence of tertiary unfolding supports an inner sphere structural ion
The effect of metal ion identity and concentration on the two melting transitions
was then examined (at pH 7). Both the first and second melting transitions were
stabilized by increasing concentrations of Mg2+ from 0.01 to 0.1 mM. Melts in 10 and
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100 mM Na+ also revealed two transitions, with both transitions stabilized by increasing
Na+ concentration. The first transition in Mg2+ was assigned to tertiary structure from the
m-value plots, but this could not be done for Na+ (see previous section). However,
experiments from Been and coworkers for HDV ribozymes in 400 mM NaCl clearly
showed that the first transition in Na+ is due to tertiary structure as well.23 The ability of
Na+ to stabilize the tertiary structure of the ribozyme is expected from the divalent
ion-independent channel (channel 1) (Figure 1-4).
Interestingly, 10 µM Co(NH3)63+ gave rise to only one melting transition, with a
TM approximately equal to the second TM observed in the presence of 0.1 mM Mg2+
(Figure 2-1). This suggests that Co(NH3)63+ does not give rise to a stable tertiary
structure, and supports the notion that tertiary structure is stabilized by an inner sphere
ion. (It is unlikely that the both secondary and tertiary structures melt in this transition
because the sharpness of the transition as assessed by the first derivative is the same as
for the secondary structure transition in Mg2+ and Na+.) It was also found that 0.1 mM
Sr2+ gave rise to two transitions, but was less effective than 0.1 mM Mg2+ at stabilizing
the tertiary structure (∆TM ≈ 5 °C), consistent with ion selectivity for the tertiary structure
formation.

2.3.6 Affinity and stoichiometry of ion binding to the cleaved ribozyme
The relationship between TM (for the tertiary transition) and Na+ concentration in
the absence of added divalent ions was examined (at pH 7) and revealed that 1.5 ± 0.1
ions bind with an affinity of 15 mM. The value of 1.5 ions is similar to Hill constants
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obtained for reaction of the pre-cleaved ribozyme (discussed earlier), supporting
stabilization of the tertiary structure by Na+.
The effect of Mg2+ on the TM (for the tertiary transition) in the presence and
absence of 100 mM Na+ was also examined. In the presence of Na+, it was found that
1.15 ± 0.05 ions bind with an affinity of 21 µM. It was thought that these experiments
probed the binding of the structural ion rather than the catalytic one based on the
similarities between the ion-stabilizing characteristics of this melting transition and that
of channel 2 of the reaction (discussed earlier). The catalytic site may not be sensed in
this experiment since it appears to be a low affinity site and may require the scissile
phosphate to form.
Data for Mg2+ binding in the absence of added Na+ were evaluated qualitatively
for several reasons: folding and metal ion binding may be coupled at low Mg2+
concentrations in the absence of NaCl, a good unfolding baseline could not be obtained at
higher Mg2+ concentrations, and hydrolysis of the RNA is likely to be significant at the
high melting temperatures. Nevertheless, a few qualitative conclusions could be drawn.
First, the tertiary structure is extraordinarily stable in 1 mM Mg2+ with an apparent TM of
85 °C or higher. Second, the binding isotherm was sigmoidal and the downward
curvature of the plot started at 0.1 µM Mg2+, suggesting that Mg2+ binds very tightly in
the absence of Na+. Third, Na+ destabilizes the tertiary structure in the presence of Mg2+,
consistent with the competitive behavior inferred from cleavage studies (discussed
earlier).
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2.4 Conclusions
The experiments herein support two distinct classes of metal ions on the HDV
ribozyme: an outer sphere ion involved in the self-cleavage reaction and an inner sphere
ion involved in a structural role. The outer sphere ion is supported by insensitivity of
binding affinity to dehydrated ionic radius, and by competition by Co(NH3)63+ but not
Na+. The inner sphere ion is supported by increase of binding affinity with decrease in
dehydrated ionic radius, and by competition by Na+ but not Co(NH3)63+. This holds for
both functional studies on the pre-cleaved ribozyme and thermodynamic studies on the
self-cleaved ribozyme. In addition, the intrinsic affinity of the inner sphere ion is high
(micromolar range) and its TM has the dependence on metal ion concentration expected
for binding to a folded RNA with tertiary structure.
The kinetics experiments that I performed offered support for the structural site
being inner sphere. In the thermal unfolding studies that I performed, I found that two
melting transitions occur, and the dependence of the folding free energies of the
transitions on urea concentration suggested that the lower and higher temperature
transitions correspond to tertiary and secondary structure unfolding, respectively. These
latter experiments were important for interpreting melting data obtained by S.N. In
addition, these experiments suggested that m-values can be obtained by thermal melting
and that they provide a good way to judge the extent of RNA tertiary structure folding.
As discussed in Chapter 1 and recently in 19, there is evidence that the outer
sphere catalytic metal ion binds at the active site (also discussed in Chapter 3) and the
inner sphere structural metal ion bind near the base quadruple motif (see Chapter 4). The
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exact locations of these sites and the ligands that participate in metal ion binding are
currently unknown and are the focus of ongoing efforts in the Bevilacqua lab.
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Chapter 3
Mechanistic characterization of the HDV genomic ribozyme: Base pair 1 plays a
structural role in facilitating catalysis

3.1 Abstract
The hepatitis delta virus (HDV) ribozyme occurs in the genomic and
antigenomic versions, and mammalian forms of the ribozyme were recently
discovered. Previous kinetic studies suggested that a G•U or A+•C wobble pair is
preferred as the first base pair; however, the basis for this effect was unclear.
Recent sequence comparisons indicated that although GU is the most prevalent
combination at base pair 1, GC occurs to a significant extent in genomic HDV
isolates, while GU, GC, and AU pairs are present in mammalian ribozymes. We
analyzed genomic HDV ribozymes by free energy minimization and found that
variants with purine-pyrimidine combinations at base pair 1 form native structure
while pyrimidine-purine combinations misfold, which helps explain previous
kinetic studies and sequence comparisons. To test whether base pair 1 contributes
to catalysis, we studied four fast-folding genomic HDV ribozymes with the
native-folding purine-pyrimidine combinations, GU, AU, GC, and AC, as a
function of pH and Mg2+ concentration. These ribozymes displayed similar pH
and Mg2+ concentration dependencies to one another at low and high pH, except
the AC ribozyme deviated from the others at high pH values. These observations
support the AC ribozyme being more active with an A+•C wobble pair than no
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base pair at all. Ultimately, the data support a model in which base pair 1 does
not need to be a wobble pair and provides a structural role in catalysis.

3.2 Introduction
The hepatitis delta virus (HDV) ribozyme is a small (~85 nt), self-cleaving RNA
that occurs in both the genomic and antigenomic forms of the virus and is responsible for
processing nascent viral transcripts during double rolling-circle replication.1-3 Recently, a
mammalian version of the HDV ribozyme was identified.4 The ribozymes have similar
secondary structures comprised of five pairing regions that form a nested double
pseudoknot (Figure 3-1, panel A). The ribozyme uses the 2’-hydroxyl of U-1 as a
nucleophile to cleave the phosphodiester bond between nucleotides -1 and +1, yielding
products with 5’-hydroxyl and 2’, 3’-cyclic phosphate termini. High-resolution crystal
structures have been solved for both the self-cleaved (Figure 3-1, panel B) and
pre-cleaved forms of the genomic ribozyme and reveal compact structures with similar
overall folds and a buried active site.5-8 Notably, these structures show that C75 is
positioned to participate in general acid-base chemistry (Figure 3-1, panel C).
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Various perspectives of the genomic HDV ribozyme structure.
Figure 3-1:
(A) Secondary structure of the ribozyme used in this study. The catalytic core is in
uppercase letters and flanking sequences are in lowercase letters. The cleavage site
between U-1 and G1 is denoted with an arrow. The G•U wobble pair at bp 1 is in red and
is boxed. Position 75, a C that has been implicated as a general acid-base catalyst in the
ribozyme reaction (see Introduction), is blue and is boxed. The ribozyme has a mutation,
G11C (shown), that promotes fast, single-exponential kinetics.34 (B) Crystal structure of
the self-cleaved form of the ribozyme. Bases highlighted in the secondary structure are
also highlighted here. Also shown is the U1A protein (in purple) which was used to
facilitate crystallization. Figure generated using DS ViewerPro 5.0 (Accelrys) and PDB
entry 1drz. (C) Crystal structure of the active site of the self-cleaved form of the
ribozyme. Bases highlighted in the secondary structure are also highlighted here. Figure
generated using DS ViewerPro 5.0 (Accelrys) and PDB entry 1drz.
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Kinetic and mutagenesis studies on the HDV ribozyme support a cleavage
mechanism involving general acid-base catalysis by C75.9-13 Two models have been
advanced for how C75 participates in general acid-base catalysis, as recently summarized
in 14. In general acid-base model 1 (GAB model 1), C75 acts as a general base to
deprotonate the 2’-hydroxyl of U-1 and a hydrated Mg2+ ion acts as a general acid to
protonate the 5’-oxygen leaving group. In general acid-base model 2 (GAB model 2),
protonated C75 acts as a general acid and a hydrated Mg2+ hydroxide acts as a general
base. Crystal structures of the pre-cleaved ribozyme show a Mg2+ ion in a position
consistent with GAB model 1, but are ambiguous with respect to the role of C75.7, 8 In
contrast, the crystal structure of the self-cleaved form of the ribozyme shows C75 in a
position consistent with GAB model 25, 6 (Figure 3-1, panel C). However, the latter
structure does not show well-ordered metal ions near the active site, perhaps owing to the
absence of the scissile phosphate and the 2’-hydroxyl nucleophile. Thus, despite
considerable effort to understand the structural biology of the ribozyme, uncertainty
about the positioning of catalytic species persists. Several of computational approaches
have also been used to probe the mechanism of the HDV ribozyme; however, some
results support GAB model 1,15, 16 while others support GAB model 2.17, 18 In general,
biochemical data are more consistent with GAB model 2, in which C75 acts as a general
acid and a hydrated Mg2+ hydroxide acts as general base.10, 12, 19
In an effort to gain further insight into the catalytic mechanism, we probed the
importance of the first base pair (bp 1) of the HDV ribozyme. This base pair involves
residues 1 and 37 (Figure 3-1, panel A) and is a G•U wobble pair (Figure 3-2) in most
HDV ribozymes20 (see Results). Because this base pair follows the scissile phosphate, it
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is reasonable to investigate whether it contributes to catalysis. We initially considered
that bp 1 could play a role in binding the catalytic Mg2+ ion, positioning functional
groups for catalysis, and/or influencing the pKa of C75. One reason for this is that G•U
wobble pairs have been shown to perform two of these functions in another ribozyme, the
well-studied self-splicing group I intron, a larger catalytic RNA that leaves products with
termini opposite to the HDV ribozyme. Specifically, it has been shown that both the
geometry and minor groove of the G•U wobble pair at the active site of the group I intron
are important for positioning functional groups for 5’-splice site recognition.21-28 In
addition, crystal25 and NMR29, 30 structures revealed that the active site G•U wobble pair,
as well as tandem G•U wobble pairs in other parts of the ribozyme, form metal ion
binding sites. G•U wobble pairs have also been found to be important in other RNAs,
reviewed in 31, 32.
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Figure 3-2: Base pairs tested in this study. The major and minor groove faces of the base
pairs and the numbering systems for purines and pyrimidines are shown for the G•U
wobble pair.
In an effort to determine what role, if any, the G•U wobble pair plays in the
reaction, HDV ribozymes with the purine-pyrimidine combinations GU, AU, GC, and
AC at bp 1 were studied (Figure 3-2), and rate-pH and rate-Mg2+ profiles were acquired.
In order to minimize the impact of alternative folding on activity and therefore study
effects on chemistry separate from folding, we used constructs based on previously
characterized G11C fast-folding ribozymes.33, 34 Ultimately, our data reveal that bp 1
does not need to be a wobble pair and that it provides a structural role in catalysis.
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3.3 Materials and Methods

3.3.1 Preparation of RNA
The -30/99 genomic HDV RNA used here was transcribed from pT7 -30/99 using
phage T7 polymerase as described.33 This transcript contains 30 nt upstream of the
cleavage site and 15 nt downstream of the 3’ end of the ribozyme (Figure 3-1, panel A).
All transcripts contained a G11C mutation that biases the equilibrium between Alt P1 and
P1 towards the native fold.34 Transcripts are Bfa I run-offs that contain ribozyme and
HDV-derived RNA sequence only. RNA was transcribed, purified, and radiolabeled as
described.33 All mutant plasmids were generated from pT7 -30/99 using the QuikChange
kit (Stratagene). Sequences were confirmed by dideoxy sequencing after both minipreps
and maxipreps (Qiagen).

3.3.2 Ribozyme kinetics and data fitting
Reactions were performed as described.10 A typical self-cleavage reaction
contained 2 nM 5’-32P-end-labeled RNA, 25 mM buffer, 10 µM antisense
oligonucleotide, and 0.05-50 mM MgCl2. The RNA was renatured at 55 °C for 10 min in
either water or 0.5 mM Tris (pH 7.5) and 0.05 mM EDTA in the presence of an antisense
oligonucleotide, AS(-30/-7), which disrupts Alt 1 and facilitates folding of the ribozyme
to the native state,33 and then cooled at room temperature for 10 min. Buffer was added
and the mixture was incubated at 37 °C for 2 min. Reactions were limited to a pH range
of ~4-9, outside of which acid- and alkaline-denaturation events overwhelm kobs and
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preclude a straightforward analysis.35 The buffer was MES for experiments at pH 4.5 to
6.3 and HEPES for experiments at pH 6.7 to 9.0. The buffers were prepared at room
temperature and the pH values were measured at 37 °C to determine the experimental pH.
A zero time-point was removed and self-cleavage was initiated by the addition of MgCl2.
Some reactions were initiated using CaCl2. All time-points were quenched by mixing
with an equal volume of 95 % (v/v) formamide loading buffer containing 60 mM EDTA
and immediately placing on dry ice. At the end of each reaction, the pH of the mixture
was checked with pH paper to ensure that the correct pH was maintained. The
time-points were run on a denaturing 10 % (w/v) polyacrylamide gel. The gels were
dried, and visualized using a PhosphorImager (Molecular Dynamics). We corrected the
Mg2+ concentrations for the small amount of EDTA present in some of the reactions as
described.19
Plots of fraction product versus time were constructed and could be fit to the
single-exponential equation (Eq. 3.1), where f is the fraction of ribozyme cleaved, A is the
fraction of ribozyme cleaved at completion, A + B is the burst fraction (in all cases, A + B
≈ 0), kobs is the observed first-order rate constant, and t is time. Parameters were obtained
using non-linear least-squares fitting by KaleidaGraph (Synergy Software). Typically,
4-6 half-lives of data were collected. The kinetic data appear to be reliable because
multiple determinations of kobs for the GU ribozyme were in good agreement and the
same rate-pH profile at 10 mM Mg2+ was obtained as before.10 Rate-pH and rate-Mg2+
profiles were constructed for all ribozymes and fit as described below.
f = A + Be − kobst

3.1
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In general, the equations used to fit the rate-pH and rate-Mg2+ profiles were
derived from schemes involving the minimal number of protonation or deprotonation
events necessary to arrive at the active ribozyme species. The rate-pH profiles for the
GU, AU, and GC ribozymes were fit according to the logarithm of Eq. 3.2b which was
derived from the single-channel/single-deprotonation mechanism shown in Scheme 3-1.
For Scheme 3-1, it is assumed that the general acid process is facilitated by the fully
hydrated form of Mg2+ and that this species is present in a pH-independent amount over
the experimental pH range of 4.5-9 since a water coordinated to fully hydrated Mg2+ has
a pKa of 11.4.36 It is also assumed that the ribozyme only has one ionizable group, C75,
that affects function under the conditions used. A kinetically equivalent model in which
the protonated form of the ribozyme is the active species and a hydrated Mg2+ hydroxide
is the general base could have been used to the fit the data, as was recently described.14
Both approaches provide the kinetic parameters kmax and pKC75.
Scheme 3-1: Single-channel/single-deprotonation mechanism (GAB model 1)

kobs = f (1) k max (a)

k obs

k max
=
(b)
1 + 10 pK C75 – pH

3.2

The rate-pH profiles for the AC ribozyme were more complex and could not be
described by Scheme 3-1. We developed two other Schemes, Scheme 3-2 and
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Scheme 3-3, in attempts to account for the kinetic behavior of this ribozyme. Scheme 3-2
is similar to Scheme 3-1 in that it is a single-channel mechanism (Eq. 3.2a applies to both
Schemes). It explicitly shows the equilibria for the protonation/deprotonation of C75 and
the A+•C wobble pair (four possible states). As for Scheme 3-1, we assigned the general
base role to C75. We also assumed that only the ribozyme species with a base pairing
interaction at bp 1 is active and that thermodynamic coupling between pKC75 and pKAC
was zero- i.e. pKC75 upper edge = pKC75 lower edge and pKAC left side = pKAC right side;
this latter claim is justified because the distances between N3 of C75 and several
positions within the G•U wobble pair (N1 of G, O6 of G, and O4 of U) in the crystal
structure of the self-cleaved ribozyme are greater than 8 Å (8.9 Å, 8.3 Å, and 11.9 Å,
respectively),5 which is beyond the typical 7 Å distance cutoff for electrostatic
interactions (in proteins). Eq. 3.3 was derived from Scheme 3-2 and was used to perform
simulations. Simulations were intially performed for the 10 mM Mg2+ data using
Microsoft Excel (not shown) using the following values: pKC75 = 5.5, pKAC = 6.5,
kmax = 1.2 min-1. Clearly, Scheme 3-2 could not be used to account for the AC ribozyme
rate-pH profile.
Scheme 3-2: Single-channel/double-deprotonation mechanism (GAB model 1)
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kobs =

1 + 10

pH – pK AC

kmax
+ 10 pK C75 – pK AC + 10 pK C75 – pH

3.3

Scheme 3-3: Double-channel/double-deprotonation mechanism (GAB model 1)

Scheme 3-3 is identical to Scheme 3-2, except that Scheme 3-3 is a
double-channel mechanism and assumes that the ribozyme is active whether or not the
A+•C wobble pair at bp 1 is formed. According to Scheme 3-3, the ribozyme is more
active when the A and C form an A+•C wobble pair than when they form no base pair at
all, and reacts with rate constants kfast and kslow, respectively. Eq. 3.4 was derived from
Scheme 3-3 and was used to perform simulations. Simulations were initially performed
for the 10 mM Mg2+ data using Microsoft Excel (not shown) using the following values:
pKC75 = 5.5, pKAC = 6.5, kfast = 1.2 min-1, kslow = 0.4 min-1. It appeared as though the data
could be explained by Scheme 3-3. We fit the 1 and 10 mM Mg2+ data to the logarithm
of Eq. 3.4b. We initially applied no constraints to the fit. However, this approach
resulted in large errors in the parameters obtained. We then made the assumption that
kfast is equal to kmax for the GU ribozyme at a given Mg2+ concentration and obtained
values for pKC75, pKAC, and kslow. We used these values to refine the simulations (see
Results). These simulations were performed using KaleidaGraph.
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kobs = f (1) kfast + f ( 2 ) kslow (a)

kobs

kfast + kslow 10 pH – pK AC
=
(b)
1 + 10 pH – pK AC + 10pK C75 – pK AC + 10 pK C75 – pH

3.4

Rate-Mg2+ profiles were fit according to Eq. 3.5, which can be derived from the
single-channel mechanism shown in Scheme 3-4 in which Mg2+ ions bind cooperatively,
with a Hill coefficient (n or αH) and each with a dissociation constant of Kd, to provide
the active ribozyme species.

Scheme 3-4: Multiple-Mg2+ mechanism

k obs =

k max
⎛ Kd ⎞
⎟
1 + ⎜⎜
2+ ⎟
⎝ [Mg ] ⎠

αH

3.5

3.3.3 Free energy minimization
We folded various ribozymes using the iterated loop matching (ILM) algorithm
web server: http://cic.cs.wustl.edu/RNA/.37 This algorithm can predict pseudoknot
formation, which is important for the HDV ribozyme.
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3.4 Results

3.4.1 Rationale for experiments: Prior biochemical studies on bp 1
Contribution of the G•U wobble pair at bp 1 to the HDV ribozyme reaction has
been studied previously. For the genomic ribozyme, Wu and coworkers found that GU
was preferred at bp 1 over GC, AU, and CG, by at least 6-8-fold, while other base
combinations (UU, CU, GG, GA, UA, UG, CA) were essentially inactive.38 Experiments
by Nishikawa and coworkers on the genomic ribozyme39 indicated that G was preferred
over A at position 1 by 3-8-fold, regardless of the base at position 37 as long as it was a
pyrimidine- i.e. GU = GC > AU = AC. In addition, other combinations at bp 1 (AG, UU,
UG, GG, CU, CC) resulted in miscleavage occurring at G2.39 The basis for greater
tolerance of a Watson-Crick GC in one study and not the other is unclear.
For the antigenomic ribozyme, experiments from the Wu and Been labs indicated
that GU at bp 1 was ~2-fold more reactive than GC and at least 15-fold more reactive
than AU.40, 41 Been and coworkers also studied an antigenomic ribozyme with an AC
combination at bp 1 and found that it reacted with a rate intermediate to the GU and GC
ribozymes.41, 42 Since an A and C can form a wobble pair upon protonation (A+•C), it
was proposed that a wobble pair at the active site might be important for cleavage
activity.
These studies were very important for identifying secondary structural
interactions in the HDV ribozyme. However they were conducted prior to the crystal
structures of the ribozyme and so did not explore the role of bp 1 in a mechanistic way
that could be related to the details of the crystal structure. In particular, these ribozymes
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were only assayed under a standard set of conditions, usually pH 7-8 and ~10 mM
MgCl2. Since A+•C wobble pairs typically form with pKa values near 6.5,43-45 we thought
it would be particularly difficult to interpret the AC ribozyme data without a more
thorough mechanistic investigation.

3.4.2 Rationale for experiments: Sequence comparison data
To further investigate this issue, we looked at the degree to which bp 1 is
conserved in the HDV ribozymes. We recently performed sequence comparisons of the
ribozyme and upstream and downstream flanking sequences.20 The -54 to 140 region of
the genomic HDV RNA was aligned for 76 isolates using blastn46 (see Chapter 6). This
region encompasses 54 nucleotides upstream of the cleavage site and 56 nucleotides
downstream of the 3’-boundary of the ribozyme.
We found that position 1 is a G for all 76 genomic sequences, but position 37 is a
U for only 61 isolates, with the other 15 isolates being a C. Thus, the genomic ribozyme
can tolerate either pyrimidine opposite G1. In contrast, similar sequence comparisons
carried out on the antigenomic ribozyme revealed that all isolates (269 available) have
GU at bp 1. In addition, bp 1 of the mammalian HDV ribozyme has been found to be
GU, GC, or AU.4 Taken together, these results lead to two conclusions. First, all
ribozymes require a purine-pyrimidine combination at bp 1, consistent with the
aforementioned biochemical studies. Second, GU is conserved in the antigenomic
ribozyme but not in the genomic or mammalian ribozymes.
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3.4.3 Predicted folding of ribozymes with different base combinations at bp 1
In designing ribozymes for evaluating the role of bp 1 in the mechanism, we took
into account prior studies that showed that ribozymes with certain base combinations had
exceptionally poor activity. In particular, nearly all pyrimidine-purine,
pyrimidine-pyrimidine, and purine-purine combinations resulted in both slow kinetics
and miscleavage, including Watson-Crick pyrimidine-purine combinations.38, 39 Since we
were interested in the role of bp 1 in the ribozyme reaction, we first wanted to test
whether bp 1 is predicted to affect folding of the -30/99 ribozyme (Figure 3-1, panel A),
which we have used for other mechanistic investigations. Since the HDV ribozyme has
two pseudoknots, we wanted to use a program that can predict pseudoknot formation.
We chose the iterated loop matching (ILM) algorithm as it is much less time-consuming
than other programs such as PKNOTS, but has similar accuracy.37, 47
All predictions were done in the background of a G11C mutation that, in
combination with an antisense oligonucleotide (see next paragraph and Materials and
Methods), facilitates fast-folding of the -30/99 ribozyme.33, 34 We started by examining
folds with a GU, AU, or GC at bp 1 (Figure 3-3, folds B and C). As expected from
experiments on constructs of this length in the absence of an antisense oligonucleotide
(see next paragraph and Materials and Methods), these folds of -30/99 ribozymes
contained a large percentage of non-native pairings. The structures predicted for the GU
and AU ribozymes contained two near-native pairings, P1 and P4, and three alternative
(Alt) pairings. (The program does not predict P1.1. Instead, it predicts the formation of a
base pair between U-1 and G38, thereby extending P1 by one base pair. In addition,
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because the program does not predict A•G base pairs, the base pair between A43 and G74
at the top of P4 is not predicted. The program does predict a base pair between A56 and
U60, the closing base pair for L4, although this is not observed experimentally.) Two of
the Alt pairings have been observed experimentally: Alt 1, which involves upstream
flanking sequence and the 3’ portion of P2, and Alt 3, which involves the 5’ portion of P2
and 3’ portion of P3 (Figure 1-6).34 The third Alt pairing is near Alt 1. The structure
predicted for the GC ribozyme was identical to that for the GU and AU ribozymes except
that it contained another known Alt pairing, Alt P1, which involves a slipped P1 and part
of the 5’ portion of P2 and the 3’ portion of P1.1.33
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Figure 3-3: Folds predicted for the ribozymes (all with G11C) using the ILM algorithm.37, 47 Positions 1 and 37 are shown in italics for
easy identification. Base paired regions are underlined with the 5’ and 3’ portions labeled. A is the experimental fold for the -30/99
wild-type sequence. Note that the sequence includes the G11C mutation, but shows the wild-type P2 (the only difference is that in the
wild-type, G11 base pairs with C84; the G11C mutation prevents this interaction). B is the predicted fold for the -30/99 ribozyme with
either GU or AU at bp 1. C is the predicted fold for the -30/99 ribozyme with GC at bp 1. D is the predicted fold for the -6/99 ribozyme
with GU, AU, or GC at bp 1. E is the predicted fold for the -6/99 ribozyme with AC at bp 1. F is the predicted fold for the -6/99
ribozyme with UG or CG at bp 1. G is the predicted fold for the -6/99 ribozyme with UA at bp 1. H is the predicted fold for the -6/99
ribozyme with CA at bp 1. R and Y are used in some of the folds to denote purine and pyrimidine, respectively.
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As mentioned, our self-cleavage reactions for the -30/99 ribozyme contain an
antisense oligonucleotide complementary to nucleotides -30 to -7, referred to as
AS(-30/-7), which disrupts Alt 1 and facilitates folding of the ribozyme to the native
state.33 To mimic these conditions in the structure predication analysis, we next folded
sequences containing only nucleotides -6 to 99. We first looked at ribozymes with GU,
AU, GC, and AC at bp 1. The structures predicted for the GU, AU, and GC ribozymes
were considerably more native in their folding than the -30/99 ribozymes. They
contained four native or near-native pairings: P1, P2, P3, and P4, along with two Alt
pairings (Figure 3-3, fold D). (Due to the G11C mutation, P2 is expected to form one
less base pair as compared to the wild-type sequence.) The result for the AC ribozyme
was the same as for the other three purine-pyrimidine combinations except P1 contained
one less base pair, because the program does not predict A+•C wobble pairs, which was
accompanied by two additional Alt folds (Figure 3-3, fold E). These data suggest that if
the A and C can form an A+•C wobble pair, as is expected at low pH, then the AC
ribozyme will adopt the same fold as the other purine-pyrimidine ribozymes, but
otherwise the AC ribozyme will be substantially less native in its folding.
Next, we folded -6/99 ribozymes for four pyrimidine-purine combinations: UG,
UA, CG, and CA at bp 1. The structures predicted for the ribozymes contained different
near-native versions of P4 and, in the case of the UA ribozyme, a near-native P1, but
were otherwise misfolded (Figure 3-3, folds F, G, and H). Previous observation that
ribozymes with pyrimidine-purine combinations at bp 1 are less active can now be
understood in that these sequences are predicted to have extensive misfolding.38, 39
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On the basis of these sequence comparisons, secondary structure predictions, and
earlier biochemical studies, we decided to focus our studies of bp 1 on the better-folding
and biologically relevant purine-pyrimidine combinations: GU, AU, GC, and AC. The
base pairs expected to form in these four variants are shown in Figure 3-2.

3.4.4 The GU, AU, and GC ribozymes have similar rate-pH dependencies that can
be described with a single reaction channel
In order to test whether bp 1 serves a particular role(s) in catalysis, we examined
the pH and Mg2+ concentration dependencies of the four ribozymes. The results for the
AC ribozyme are described in the next section. Such profiles have been reported for the
GU ribozyme, in which anticooperative coupling between H+ and Mg2+ was observed.10,14
To see if this behavior is maintained upon mutation of bp 1, the rate-pH profiles were
obtained for the four ribozymes at two Mg2+ concentrations, 1 and 10 mM (Figure 3-4).
All ribozymes studied here contained the G11C mutation discussed earlier.33, 34
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Figure 3-4: Comparison of the pH-dependence for the GU (filled circles), AU (filled triangles), GC (open circles), and AC (open
triangles) ribozymes. (A) Experiments performed in 1 mM Mg2+. Fits to the GU, AU, and GC (R2 = 0.98-0.99) ribozymes were
according to the logarithm of Eq. 3.2b and gave kmax values of 2.7 ± 0.4, 2.2 ± 0.4, and 2.8 ± 0.4 min-1, and pKa values of 6.68 ± 0.09,
6.8 ± 0.1, and 6.73 ± 0.09, respectively. The AC ribozyme data could not be fit using Scheme 3-1. Instead, the profile was fit using the
logarithm of Eq. 3.4b. (B) Experiments performed in 10 mM Mg2+. Fits to the GU, AU, and GC (R2 = 0.98-0.99) ribozymes were
according to the logarithm of Eq. 3.2b and gave kmax values of 3.0 ± 0.1, 2.2 ± 0.2, and 2.8 ± 0.2 min-1, and pKa values of 6.04 ± 0.04,
5.97 ± 0.06, and 5.97 ± 0.05, respectively. The AC ribozyme data could not be fit using Scheme 3-1. Instead, the profile was fit using
the logarithm of Eq. 3.4b.
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The rate-pH profiles obtained for the GU, AU, and GC ribozymes in 1 mM Mg2+
were nearly identical (Figure 3-4, panel A). A log-linear increase of kobs with pH occurs
between pH 4.5 and 6.3 with a slope of ~1, and above pH 7, kobs is insensitive to pH, as
previously observed.10 The profiles were fit according to the logarithm of Eq. 3.2b,
which comes from a kinetic model in which a single deprotonation event is needed to
provide the active ribozyme species (Scheme 3-1) (see Materials and Methods). The
apparent pKas for these rate-pH profiles are indistinguishable at 6.68 ± 0.09, 6.8 ± 0.1,
and 6.73 ± 0.09, respectively (Table 3-5), and are taken to belong to C75 based on
previous studies.10 The GU, AU, and GC ribozyme profiles leveled off at similar rates in
the high pH regime with kmax values of 2.7 ± 0.4, 2.2 ± 0.4, and 2.8 ± 0.4, respectively.
Table 3-5: Rate-pH profile parameters.

* This value is for the slow channel.
The rate-pH profiles obtained for the GU, AU, and GC ribozymes in 10 mM Mg2+
were also nearly identical (Figure 3-4, panel B). A log-linear increase of kobs with pH
occurs between pH 4.5 and 6.0 with a slope of ~1, and above pH 6, kobs is insensitive to
pH. These profiles were also fit according to the logarithm of Eq. 3.2b. The apparent
pKas for these rate-pH profiles are indistinguishable at 6.04 ± 0.04, 5.97 ± 0.06, and 5.97
± 0.05, respectively (Table 3-5), and are ~0.7 units lower than the values at 1 mM Mg2+.
Again, we assume that these pKas belong to C75. The GU, AU, and GC ribozyme
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profiles leveled off at similar rates in the high pH regime with kmax values of 3.0 ± 0.1,
2.2 ± 0.2, and 2.8 ± 0.2, respectively.
Rate-pH profiles on the GU, AU, and GC ribozymes at both 1 and 10 mM Mg2+
reveal that replacing the G•U wobble pair with a Watson-Crick purine-pyrimidine base
pair has no effect on the activity and the pKa of C75. In addition, the observed decrease
in the pKa of C75 with increasing Mg2+ concentration is consistent with the previously
established anticooperative coupling between H+ and Mg2+,10 suggesting that the GU,
AU, and GC ribozymes bind Mg2+ and catalyze the reaction in very similar fashions.

3.4.5 The AC ribozyme has a complex rate-pH dependence and requires
multichannel analysis
For the AC ribozyme, the dependence of log kobs on pH at both 1 mM and 10 mM
Mg2+ was more complex and could not be accounted for using Scheme 3-1. At 1 mM
Mg2+, a log-linear increase of kobs with pH occurs between pH 4.5 and 6.0 with a slope of
~1. This portion of the rate-pH profile is indistinguishable from that of the other three
ribozymes (Figure 3-4, panel A). Above pH 6, however, the rate-pH profile of the AC
ribozyme deviates from that of the other ribozymes. In particular, between pH 6.0 and
7.2 kobs data points are insensitive to pH, while above pH 7.2 kobs decreases slightly and
then levels off.
Similar relative behavior among the four ribozymes was observed at 10 mM Mg2+
(Figure 3-4, panel B). For the AC ribozyme at 10 mM Mg2+, a log-linear increase of kobs
with pH occurs between pH 4.5 and 5.5, with a slope of ~1. Again, the lower pH portion
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of the rate-pH profile is indistinguishable from that of the other three ribozymes. Above
pH 5.5, the rate-pH profile of the AC ribozyme deviates from that of the other ribozymes.
Between pH 6.0 and 6.3, kobs is insensitive to pH, while above pH 6.3 kobs decreases
slightly and then levels off.
The departure in behavior of the AC ribozyme at higher pH is consistent with
deprotonation of the predicted A+•C wobble pair (see Discussion). We therefore
developed two kinetic models of increasing complexity and performed simulations in
attempts to explain the data (Schemes 3-2 and 3-3). Scheme 3-2 is similar to Scheme 3-1
in that it is a single-channel mechanism. Here, we assumed that only the ribozyme
species with a base pairing interaction at bp 1 is active. It is important to note that we
assumed that the A and C do not form a stable interaction unless the pair is protonated;
although it is possible for the A and C to form one hydrogen bond in the absence of
protonation, this interaction would presumably not be stable enough to maintain the base
pair. According to Scheme 3-2, the rate-pH profile should be bell-shaped. Clearly, such
a model cannot be used to explain the data (Figure 3-5 , compare open triangles (data) to
filled squares (simulation)).
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Figure 3-5: Data and simulations for AC ribozyme. Data are the same as shown in Figure 3-4. Simulations were intially performed for the
10 mM Mg2+ data using Microsoft Excel (not shown). For Scheme 3-2, the following constants were used: pKC75 = 5.5, pKAC = 6.5, kmax =
1.2 min-1. For Scheme 3-3, the following constants were used: pKC75 = 5.5, pKAC = 6.5, kfast = 1.2 min-1, kslow = 0.4 min-1. It appears as
though the data can be explained by Scheme 3-3. (A) Data are the same as shown in Figure 3-4, panel A. The following assumption was
made: kfast = kmax (GU ribozyme at 1 mM Mg2+) = 2.7 min-1. The fit gave pKC75 = 6.57 ± 0.03, pKAC = 6.3 ± 0.1, kslow = 0.57 ± 0.05 min-1.
The simulations were refined using these values. Line = log kobs = log (f(1)kfast + f(2)kslow) (Scheme 3-3), filled squares = log kobs
(Scheme 3-2) = log (f(1)kfast) (Scheme 3-3), and open squares = log (f(2)kslow) (Scheme 3-3). (B) Data are the same as shown in Figure 3-4,
panel B. The following assumption was made: kfast = kmax (GU ribozyme at 10 mM Mg2+) = 3.0 min-1. The fit gave pKC75 = 5.95 ± 0.03,
pKAC = 6.00 ± 0.06, kslow = 0.39 ± 0.02 min-1. The simulations were refined using these values. Line = log kobs = log (f(1)kfast + f(2)kslow)
(Scheme 3-3), filled squares = log kobs (Scheme 3-2) = log (f(1)kfast) (Scheme 3-3), and open squares = log (f(2)kslow) (Scheme 3-3).
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Scheme 3-3 depicts a slightly more complex double-channel mechanism in which
the ribozyme is active whether or not the A+•C wobble pair is formed. According to
Scheme 3-3, the ribozyme is more active when the A and C form an A+•C wobble pair
than when the A is not protonated, and reacts with rate constants kfast and kslow,
respectively. Multichannel analysis has been used prior to this study to explain kinetics
data for HDV and hammerhead ribozymes.14, 19, 48, 49 It is clear from the simulations that
this model can be used to explain the data (Figure 3-5, compare open triangles (data) to
filled and open squares (simulation)).
In an effort to obtain kinetic parameters from the AC ribozyme rate-pH profiles
using Scheme 3-3, we initially applied no constraints to the fit. However, this approach
led to large errors in the values for kfast, pKAC, and pKC75. We then made the assumption
that kfast is equal to kmax for the GU ribozyme at a given Mg2+ concentration (2.7 min-1 at
1 mM Mg2+ and 3.0 min-1 at 10 mM Mg2+), which is reasonable given the
indistinguishable rate-pH profiles of the four ribozymes in the lower pH regime, wherein
the A+•C wobble pair would be formed. This approach yielded the following values for
the 1 mM Mg2+ profile: kslow = 0.57 ± 0.05 min-1, pKAC = 6.3 ± 0.1, and pKC75 = 6.57 ±
0.03; and the following values for the 10 mM Mg2+ profile: kslow = 0.39 ± 0.02 min-1,
pKAC = 6.00 ± 0.06, and pKC75 = 5.95 ± 0.03 (Table 3-5).
In summary, the pKa values for C75 in the AC ribozyme are very similar to those
obtained for the other three ribozymes at both Mg2+ concentrations, and the pKa values
for the A+•C wobble pair are similar to those observed for A+•C wobble pairs in other
RNAs.43-45 Scheme 3-3 is the minimal kinetic scheme that describes the pH dependence
of the AC ribozyme reaction. The results from the pH studies of the four ribozymes,
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taken together, suggest that ribozymes with any stable purine-pyrimidine interaction at bp
1 accomplish catalysis in a similar fashion, and that introducing a less stable
purine-pyrimidine interaction at bp 1 results in a modest ~5-8-fold decrease in the rate,
but does not eliminate activity altogether.

3.4.6 All ribozymes yield the same cleavage products
To further probe the role of bp 1, we checked to see if the identity of the
purine-pyrimidine combination at bp 1 is important for proper cleavage site selection.
This was especially important given the aforementioned report of product miscleavage
(between positions +1 and +2 instead of -1 and +1) from Nishikawa and coworkers.39
Some of the pH 5 and pH 8 reaction mixture (10 mM Mg2+) for each ribozyme was run
on a denaturing 20 % (w/v) polyacrylamide gel, chosen for its high resolving power
(Figure 3-6). It is clear from the gel that the 5’-product is the same for all ribozymes- i.e.
all ribozymes cleave between nt -1 and +1, and so the identity of the purine-pyrimidine
combination at bp 1 is not important for proper cleavage site selection. Interestingly, this
is true even for the AC ribozyme at pH 8 where the A and C are not expected to form an
A+•C wobble pair.
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Figure 3-6: Self-cleavage product analysis. Some of the pH 5 and pH 8 reaction mixture
(10 mM Mg2+) for each ribozyme was run on a denaturing 20 % (w/v) polyacrylamide
gel. The major bands are marked. The slowest migrating band corresponds to the -30/99
RNA and the fastest migrating band corresponds to the -30/-1 RNA. The slight
differences in the migration of the -30/99 RNAs are likely due to heterogeneity at the 3’
ends that is common to T7 polymerase transcription reactions, and has no effect on the
length of the self-cleavage product. When 5’-end-labeled -30/99 RNA self-cleaves, it
produces 5’-end-labeled -30/-1 RNA and unlabeled 1/99 RNA. The 1/99 RNA (middle
band) that is observed is leftover from the 5’-end-labeling reaction; Mg2+ is present in the
5’-end-labeling reaction, allowing for some ribozyme self-cleavage and 5’-end-labeling
of the 1/99 RNA.

3.4.7 Metal switch experiments suggest that the catalytic metal ion binding site is the
same for all ribozymes
Because similar negative linkage was observed between H+ and Mg2+ for all four
ribozymes, we reasoned that changing bp 1 does not change the mode by which the
catalytic Mg2+ binds (outer sphere) or the location of the binding site. To further
investigate this issue, we performed metal switch experiments. It was previously shown
that the GU ribozyme reacts nearly identically in Mg2+ and Ca2+.10 This observation,
along with other data,49 suggests that the ribozyme binds and utilizes the two metals in
the same way. To see whether bp 1 identity affects the metal preference of the four
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ribozymes in this study, we performed a reaction for each ribozyme in 10 mM Ca2+
(pH 7) and then compared the results to those obtained in 10 mM Mg2+ (pH 7)
(Table 3-6).
Table 3-6: Metal switch experiment results (pH 7).

The GU and AC ribozymes reacted slightly faster in Ca2+ than in Mg2+, while the
AU ribozyme reacted slightly slower, and the GC ribozyme reacted the same in both
metals. The slight preference of the GU ribozyme for Ca2+ is consistent with previous
observations from our lab.10, 49 For each riboyzme, the rates in Ca2+ and Mg2+ were only
0.9-1.4-fold different. It is clear that switching metals does not significantly affect the
activity of each ribozyme, and so it is likely that the ribozymes bind and utilize the
catalytic metal ion in the same way.

3.4.8 All four ribozymes have similar Mg2+ dependencies at low pH, but the AC
ribozyme is unique at high pH
To determine whether changing bp 1 from GU to the other base combinations
affects Mg2+ binding affinity, we obtained rate-Mg2+ profiles. Such profiles have been
reported for the GU ribozyme.10 In order to further investigate anticooperative coupling
between H+ and Mg2+ binding, we studied Mg2+ binding at two pH values. We chose a
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pH at which the four ribozymes behave similarly (pH 5.5), and a pH at which the AC
ribozyme has compromised reactivity (pH 7.2) (Figure 3-4). All rate-Mg2+ profiles could
be fit to Eq. 3.5 (Scheme 3-4).
At pH 5.5, the GU and GC ribozymes have kmax values extrapolated to ~2 min-1
(2.4 ± 0.6 min-1 and 1.6 ± 0.2 min-1, respectively) while the AU and AC ribozymes have
kmax values of 0.85 min-1, a 2-3-fold difference. It appears that the AU and AC ribozyme
profiles reach saturation over the range of Mg2+ concentrations tested, but that the
faster-reacting GU and GC ribozymes do not (Figure 3-7, panel A). The Kd values for the
GU, AU, GC, and AC ribozymes are 17 ± 10 mM, 6 ± 2 mM, 10 ± 3 mM, and 5 ± 1 mM,
respectively, but these values are similar within error (Table 3-7). (More quantitative
comparison of the Kd values is not possible because the GU and GC ribozymes do not
reach full saturation.) The Hill coefficient for each ribozyme is ~1 (Table 3-7),
supporting each ribozyme binding just one functional Mg2+ ion, consistent with previous
findings.10
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Figure 3-7: Comparison of the Mg2+-dependence for the GU (filled circles), AU (filled triangles), GC (open circles), and AC (open
triangles) ribozymes. (A) Experiments performed at pH 5.5. Fits to the GU, AU, GC, and AC (R2 > 0.98) ribozymes were according to
Eq. 3.5 and gave kmax values of 2.4 ± 0.6, 0.85 ± 0.08, 1.6 ± 0.2, and 0.85 ± 0.07 min-1, αH values of 1.1 ± 0.2, 1.3 ± 0.3, 1.2 ± 0.2, and
1.4 ± 0.3, and Kd values of 17 ± 10, 6 ± 2, 10 ± 3, and 5 ± 1 mM, respectively. (B) Experiments performed at pH 7.2. Fits to the GU, AU,
GC, and AC (R2 > 0.99) ribozymes were according to Eq. 3.5 and gave kmax values of 2.92 ± 0.05, 2.10 ± 0.04, 2.42 ± 0.04, and 0.90 ± 0.03
min-1, αH values of 1.7 ± 0.1, 1.9 ± 0.1, 2.1 ± 0.1, and 2.8 ± 0.2, and Kd values of 1.22 ± 0.05, 0.98 ± 0.04, 0.95 ± 0.03, and 0.46 ± 0.02
mM, respectively. The GC and AC data were only fit up to and including 10 and 2 mM Mg2+, respectively.
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Table 3-7: Rate-Mg2+ profile parameters.

At pH 7.2, the GU, AU, and GC ribozymes have similar kmax, Kd, and αH values
for data collected out to 10 mM Mg2+. The GC ribozyme differs from the GU and AU
ribozymes above 10 mM Mg2+; kobs decreases and starts to level off as the concentration
of Mg2+ approaches 50 mM (Figure 3-7, panel B). The GC data were only fit up to and
including 10 mM Mg2+. The Hill coefficients for these three ribozymes are ~2,
suggesting that each ribozyme binds two Mg2+ ions at higher pH. The AC ribozyme
rate-Mg2+ profile clearly differs from those obtained for the other ribozymes in that the
rate decreases above 2 mM Mg2+. The AC data were only fit up to and including 2 mM
Mg2+. The rate-Mg2+ profile was also fit using Eq. 3.5, but yielded Kd and kmax values
2-3-fold lower than for the other ribozymes, and it appears that the AC ribozyme binds
two or three Mg2+ ions (Table 3-7). Unusual behavior for the AC ribozyme at pH 7.2 is
not unexpected given the deviation of the rate-pH profiles for this ribozyme at pH values
near or above pH 6 where the A is not protonated and the A+•C wobble pair is not
formed. We note that kmax/KdαH values are very similar for all four ribozymes at pH 5.5.
This parameter is similar to kcat/Km for Michaelis-Menten enzyme kinetics, which is a
measure of enzyme specificity,53 suggesting little if any preference for any of the four
purine-pyrimidine base combinations at bp 1. However, at pH 7.2, the kmax/KdαH values
are similar for the GU, AU, and GC ribozymes, but the value for the AC ribozyme is
3-4-fold higher. It is important to note that the AC ribozyme kmax/KdαH value is different
because both Kd and kmax are 2-3-fold lower than for the other ribozymes, and because the
ribozyme may bind an additional Mg2+ ion, and so it is not straightforward to compare
the kmax/KdαH values for the four ribozymes. Since kmax decreases when bp 1 is changed to
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AC, it seems reasonable to interpret the kmax/KdαH value as an indication that GU, AU, and
GC are preferred to AC at bp 1 at pH 7.2. Possible origins of this effect are presented in
the Discussion.

3.5 Discussion
The two prevailing models for phosphodiester bond cleavage by the HDV
ribozyme both involve proton transfer by C75 and an outer sphere Mg2+ ion. The bond
that is cleaved during the ribozyme reaction is located between G1 of bp 1 and U-1.
Despite its proximity to the cleavage site, the role of bp 1 in the ribozyme reaction has
not received much attention. In this study, we investigated the role of bp 1 in the HDV
ribozyme reaction. We initially considered that bp 1 could play a role in binding the
catalytic Mg2+ ion, positioning functional groups for catalysis, and/or influencing the pKa
of C75. These possibilities are discussed below.
Based on recent sequence comparisons20 and previous kinetic studies,38, 40-42 we
first examined genomic ribozymes with purine-pyrimidine and pyrimidine-purine base
combinations at bp 1 using an energy minimization program37, 47 and then used the
predicted folds to gain insight into potential mechanistic roles for bp 1. The predicted
folds helped explain sequence comparison data and previous kinetics studies in that
ribozymes with purine-pyrimidine combinations at bp 1 were predicted to form largely
native structure while ribozymes with pyrimidine-purine combinations were predicted to
largely misfold (Figure 3-3). Since the viral and mammalian ribozymes have only been
found to have several different purine-pyrimidine combinations at bp 1, and
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pyrimidine-purine combinations have been shown to severely impair activity, we only
studied ribozymes with purine-pyrimidine combinations at bp 1. To see if bp 1 plays an
important role in catalysis, we studied the activity of ribozymes with purine-pyrimidine
combinations at bp 1 as a function of pH and Mg2+ concentration, and used fast-folding
ribozymes to study effects on chemistry separate from folding.

3.5.1 Bp 1 does not have to be a wobble pair, but is required for optimal activity
The base combinations tested at bp 1 in this study are shown in Figure 3-2. We
assumed that the GU and AC base combinations form wobble pairs, the latter of which
requires protonation, and that the AU and GC base combinations form Watson-Crick
base pairs. Formation of the A+•C wobble pair is supported by a decrease in activity with
pH. It should be noted that GC, like AC, can form a wobble pair upon protonation (not
shown), but our data suggest that this does not occur (see below).
The rate-pH profiles for the GU, AU, and GC ribozymes were nearly identical at a
given Mg2+ concentration (Figure 3-4) and could be fit using a model in which one
ionization event, presumably involving C75, gives rise to the active species
(Scheme 3-1). The AC ribozyme behaved identically to the other ribozymes up until pH
~6, above which its activity decreased (Figure 3-4). The departure in behavior of the AC
ribozyme at higher pH is consistent with deprotonation of the predicted A+•C wobble
pair. Given that bp 1 is part of the active site, it is reasonable to assume that disrupting
this base pair has a negative effect on activity. Ultimately, we developed a 4-state,
2-channel model to account for the kinetic behavior of the AC ribozyme in which the
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ribozyme is more active when the A and C form an A+•C wobble pair than when they
form no base pair at all (Scheme 3-3).
As mentioned earlier, we assumed that the AU and GC combinations formed
Watson-Crick base pairs. It was previously shown for the group I intron that when the
G•U wobble pair at the active site is mutated to GC, the G and C form a protonated
wobble pair, as determined from a distinct pH dependence of the ribozyme reaction.24 In
the case of the HDV ribozyme, however, the pH dependence of the GC ribozyme reaction
was identical to that of the GU and AU ribozymes (Figure 3-4), and so it is unlikely that
the G and C form a protonated wobble pair. Ultimately, the rate-pH profiles revealed that
bp 1 can be either a wobble pair or a Watson-Crick base pair, and that bp 1 is required for
optimal activity.
The rate-pH profiles indicated that the pKa of C75 is the same (within error) for
all four ribozymes at a particular Mg2+ concentration (Table 3-5). The profiles also
revealed that the pKa of C75 decreases as the concentration of Mg2+ increases, consistent
with the previously established anticooperative coupling between H+ and Mg2+.10 This,
along with the observations that each ribozyme reacted nearly identically regardless of
whether Mg2+ or Ca2+ was used to initiate the reaction (Table 3-6) and that the ribozymes
have similar Mg2+ binding isotherms (Table 3-7), suggests that the ribozymes bind the
catalytic metal ion and accomplish the reaction in very similar fashions. In the case of
the AC ribozyme, the pKa of the A+•C wobble pair also decreases with increasing Mg2+
concentration (Table 3-5), suggesting that there is a thermodynamic linkage between bp 1
and Mg2+ binding at the active site, although we cannot rule out the influence of diffusely
bound metal ions at present.

87
3.5.2 Evidence for a thermodynamic linkage between bp 1 and Mg2+ binding at the
active site
We also examined the Mg2+ concentration dependence of the reaction for the four
ribozymes. At pH 5.5, all ribozymes have similar kmax and Kd values (within error), and
Hill coefficients of unity, suggesting that the ribozymes behave similarly as long as bp 1
is formed (Figure 3-7, panel A, and Table 3-7). At pH 7.2, the GU, AU, and GC
ribozymes exhibit a similar Mg2+ dependence up to 10 mM Mg2+, above which the GC
ribozyme differs from the GU and AU ribozymes; kobs decreases and starts to level off as
the Mg2+ concentration approaches 50 mM (Figure 3-7, panel B). We do not know the
origin of this effect, but it is possible that there is an additional (weaker) Mg2+ binding
site and that populating this site causes the ribozyme to be less active or that the ribozyme
adopts an alternative structure. Since the GU, AU, and GC ribozymes behave similarly
in near physiological concentrations of Mg2+ (~1 mM), we felt justified in comparing the
ribozymes to one another only up to 10 mM. In this range of Mg2+ concentrations, the
GU, AU, and GC ribozymes have similar kmax and Kd values. Curiously, the Hill
coefficients suggest that these ribozymes bind two Mg2+ ions at this pH (Table 3-7).
There is some precedent for the observance of Hill coefficients greater than unity.
Previous work from our lab revealed that the HDV ribozyme can react by one
Mg2+-independent and two Mg2+-dependent channels.19 In particular, channel 1 involves
cleavage in the absence of divalent metal ions and uses solvent or hydroxide as a catalyst,
channel 2 involves cleavage in the presence of a structural Mg2+ ion without participation
of a catalytic metal ion, and channel 3 involves both structural and catalytic Mg2+ ions.
Under channel 2 conditions (1 M NaCl and micromolar to near-molar concentrations of
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Mg2+) at high pH (pH 8.0 and 9.0), Hill coefficients close to two were observed,
indicating a linkage between the binding of the structural and catalytic Mg2+ ions.19 To
date, we have only observed the binding of one Mg2+ ion, the catalytic ion, under channel
3 conditions- i.e the conditions used in this study.
The AC ribozyme rate-Mg2+ profile at pH 7.2 clearly differs from those obtained
for the other ribozymes (Figure 3-7, panel B). The profile is similar to those obtained for
the GU and AU ribozymes in terms of shape, but only up to 2 mM, above which kobs
decreases as the Mg2+ concentration approaches 50 mM. The data were fit up to 2 mM
with the same equation used for the other ribozymes. The Kd and kmax values are 2-3-fold
lower than for the other ribozymes and it appears that the AC ribozyme binds two or
three Mg2+ ions (Table 3-7). Given that the AC ribozyme exhibited a different pH
dependence than the other ribozymes, it is not too surprising that the Mg2+ dependence is
also different. The molecular origin of this effect, and whether it is associated with a C at
position 37, is unclear at present. Again, this suggests that there is a thermodynamic
linkage between bp 1 and Mg2+ binding at the active site.

In summary, it is clear from these studies that bp 1 can be either a wobble pair or
a Watson-Crick base pair; bp 1 is required for optimal activity; and there is a
thermodynamic linkage between bp 1 and Mg2+ binding. Taken together, these results
suggest that bp 1 serves a sequence-independent structural role in catalysis. More
specifically, it is possible that bp 1 could play a role in binding the catalytic Mg2+ ion,
positioning functional groups for catalysis, and/or influencing the pKa of C75.
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3.5.3 Possible roles for bp 1 in the HDV ribozyme reaction
In considering possible role(s) for bp 1 in the HDV ribozyme, it is worthwhile to
compare the features of the four base pairs tested. As can be seen in Figure 3-2, these
base pairs differ in the majority of hydrogen bond donors and acceptors presented to the
major and minor grooves, as well as their geometries. The G•U wobble pair is the only
base pair whose major groove contains only hydrogen bond acceptors and is therefore
expected to be a region of negative electrostatic potential. As a result, the major groove
of the G•U wobble pair has been implicated as a motif for the binding of metal ions and
other positively charged ligands,31, 32 and a recently compiled database of metal ion
binding sites in RNA structures supports this notion.50 Both the AU and GC
Watson-Crick base pairs and the A+•C wobble pair have one or more amino groups in the
major groove that may disrupt the negative electrostatic potential (and the A+•C wobble
pair has a positive charge which could also have an effect) and introduce steric hindrance.
It is therefore likely that changing a G•U wobble pair to one of these other base pairs will
have a large effect on the electrostatic potential of the major groove.
Our initial hypothesis was that if the G•U wobble pair at bp 1 were a metal ion
binding site (or part of or near one), then ribozymes with other base combinations would
have different (poorer) metal ion requirements. For example, at pH values where the
A+•C wobble pair forms, we thought the binding affinity for Mg2+ would be weaker due
to the positive charge of the base pair. However, the ribozymes behaved similarly at low
pH (Figure 3-4 and Figure 3-7, panel A), leading us to conclude that bp 1 is not involved
in metal ion binding. However, given that the pKa of the A+•C wobble pair decreases
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with increasing Mg2+ concentration (Table 3-5), similar to how the pKa of C75 decreases
with increasing Mg2+ concentration, and that the Mg2+ dependence of the AC ribozyme
deviates from that of the other ribozymes at high pH but not at low pH (Figure 3-7), it
remains possible that bp 1 is involved in binding the catalytic metal ion.
Although there are differences between the AC ribozyme and the other ribozymes
at high pH, the effects are not large- i.e. the largest effect observed is ~8-fold (Table 3-5).
If bp 1 is part of a metal ion binding site, then it is possible that some feature common to
all four base pairs is involved and this could be why the ribozymes do not behave so
differently. Since the four base pairs tested are purine-pyrimidine combinations, they all
have the N7 and N3 of the purine at position 1 available as a potential ligand. Another
possibility is that the metal ion is not directly coordinated to the nucleobases of bp 1 but
rather to some other active site entity such as the scissile phosphate.
In addition to metal ion binding, we considered that the electrostatic potential of
bp 1 could contribute to catalysis by influencing the pKa of C75. The distances between
N3 of C75 and several positions within the G•U wobble pair (N1 of G, O6 of G, and O4
of U) in the crystal structure of the self-cleaved ribozyme are greater than 8 Å (8.9 Å,
8.3 Å, and 11.9 Å, respectively),5 which is beyond the typical 7 Å distance cutoff for
electrostatic interactions (in proteins). Consistent with this, the rate-pH profiles revealed
that the pKa of C75 is the same (within error) for all four ribozymes (Table 3-5),
suggesting that either bp 1 plays no role in modulation of the pKa of C75 or the base pairs
tested all have the same effect. A recent study in which non-linear Poisson-Boltzmann
(NLPB) calculations were performed on a number of RNAs revealed that for RNA
helices containing a single G•U wobble pair, whether or not the major groove
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electrostatic potential differed from that of the corresponding canonical RNA helices
depended on the sequence context.32 (None of the available crystal structures for the
HDV ribozyme were included in the study.) Therefore, we cannot assume that G•U
wobble pairs are always different from other base pairs in that respect. It is possible,
then, that the major groove electrostatic potentials near bp 1 of the four ribozymes are
similar and that this is why the ribozymes behave similarly.
In addition to differences in the major groove, the G•U wobble pair also differs
from the other base pairs in the minor groove. Specifically, the exocyclic amine of the G
is not involved in base pairing and is shifted into the minor groove with respect to the
equivalent group in a GC base pair, and the AU base pair and the A+•C wobble pair lack
this feature entirely. The exocyclic amine has been shown to be important for mediating
RNA-RNA and RNA-protein interactions in a number of systems.31, 32 However, the
crystal structures5, 7 and biochemical data42 for the HDV ribozyme suggest that this
functional group is not involved in any interactions and is not important for the HDV
ribozyme reaction. Our observation that ribozymes with different base combinations at
bp 1 behave similarly as long as there is a stable base pair at bp 1 is also consistent with
the minor groove of bp 1 not being important for catalysis.
We also considered that the geometry of the wobble pair could be important for
the HDV ribozyme reaction. In addition to shifting the exocyclic amine of the G into the
minor groove, the geometry of a G•U wobble pair can introduce certain changes in the
structure of A-form RNA, such as overtwisting/undertwisting, depending on the sequence
context, and these structural differences can also be important for RNA-RNA and
RNA-protein interactions (in concert with the exocyclic amine or alone).31, 32 When the
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first crystal structure was solved for the HDV ribozyme, it was proposed that the
ribozyme exploits the backbone distortion inherent in the G•U wobble pair to position
functional groups for efficient catalysis.5 However, the structure prediction data and
rate-pH and rate-Mg2+ profiles presented herein, along with recent sequence comparisons,
reveal that bp 1 does not have to be a G•U wobble pair, or a wobble pair at all. The
sequence comparisons and structure prediction data also suggest that bp 1 must be a
purine-pyrimidine combination, and this claim is further supported by previous
biochemical studies.38, 39 Based on these observations, wobble pair geometry at bp 1 is
not important for the HDV ribozyme reaction, and purine-pyrimidine alignment at bp 1
may be responsible for proper positioning of functional groups in the active site.
Although the identity of bp 1 is not important for influencing the pKa of C75 or
the structure of the active site (as long as a base pair is formed), our results do not rule
out a role for bp 1 in binding metal ions. A number of studies suggest that there is at
least one metal ion positioned at the active site in the HDV ribozyme. Previous work
from our lab revealed that Mg2+ directly participates in the reaction and binds to the
ribozyme via outer sphere coordination.10, 19, 49 The available crystal structures also
suggest the presence of a metal ion at the active site. There are two sets of crystal
structures solved for the HDV ribozyme, one of the self-cleaved ribozyme5, 6 and one of
the pre-cleaved riboyzme, inhibited by a C75U mutation, a 2’-deoxy substitution at U-1,
or omission of Mg2+.7 In the case of the self-cleaved ribozyme, a well-defined metal ion
was not observed near the active site, although weak electron density was found.6 For the
pre-cleaved ribozyme solved with a C75U mutation, a metal ion was found near the
5’-oxygen leaving group. A major caveat is associated with the latter structure, however,
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in that a C75U mutation may affect a number of active site features. Regardless, other
studies also support the presence of a metal ion at the active site. For example, it was
found that changing the phosphodiester bond at the cleavage site from a 3’,5’- to a
2’,5’-linkage51 and changing the identity of the nucleotide at the -1 position52 affected the
metal ion preference of the reaction.
Raman crystallography data recently collected by the Bevilacqua lab in
collaboration with Dr. Paul Carey’s lab at Case Western Reserve University and Dr.
Barbara Golden’s lab at Purdue University also support the existence of a metal ion
interaction at the active site (P.C. Bevilacqua, personal communication). When
difference spectra between pH 5 and 7 (both in the presence of Mg2+) were calculated, the
phosphate stretches disappeared and revealed that a Mg2+ ion is coordinated to a purine
N7 preferentially at higher pH (manuscript in preparation). Furthermore, kinetic studies
of a trans-acting HDV ribozyme performed in collaboration with the Golden lab suggest
that when G1 is replaced with 7-deazaguanosine, which changes the N7 to carbon, Mg2+
binding affinity decreases (manuscript in preparation). These last two observations
suggest that bp 1 could be involved in binding the catalytic metal ion.
Ultimately, the data presented herein support a model in which bp 1 provides a
structural role in catalysis and does not need to be a wobble pair. It remains possible that
bp 1 is involved in binding the catalytic metal ion. This work, in combination with other
studies, may provide constraints for future investigations of HDV ribozyme catalysis.
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Chapter 4
Mechanistic characterization of the HDV genomic ribozyme: Solvent isotope effects
and proton inventories in the absence of divalent metal ions support C75 as the
general acid

4.1 Abstract
The hepatitis delta virus (HDV) ribozyme uses the nucleobase of C75 and a
hydrated Mg2+ ion as the general acid-base catalysts in phosphodiester bond cleavage. A
mechanistic framework has been advanced that involves one Mg2+-independent and two
Mg2+-dependent channels. The rate-pH profile for the wild-type (WT) ribozyme in the
Mg2+-free channel is inverted relative to the fully Mg2+-dependent channel, with each
having a near-neutral pKa. Inversion of the rate-pH profile in the absence of Mg2+ was
used as the basis for a mechanistic argument that C75 serves as the general acid.
However, subsequent experiments on a double mutant (DM) ribozyme suggested that the
pKa observed for the WT ribozyme in the absence of Mg2+ arises from ionization of C41,
a structural nucleobase. To investigate this issue further, we acquired rate-pH/pD profiles
and proton inventories for the WT and DM ribozymes in the absence of Mg2+. Results
are best accommodated by a model in which DM ribozyme reactivity is compromised by
protonation of C41 and the Mg2+-free pKa observed for the WT ribozyme arises from
ionization of C75. Assignment of observed pKas is congruent with salt-dependent pH
titrations, as well as electrostatic calculations. Accordingly, inversion of the WT rate-pH
profile in the absence of the catalytic Mg2+ ion supports a mechanism with C75 as the
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general acid. At higher pH values, hydroxide ion appears to serve as a specific base, as
supported by a high pH plateau in the rate-pH profile and an inverse equilibrium isotope
effect.

4.2 Introduction
The ability of nucleobases to participate directly in RNA catalysis has become
evident in recent years.1 Although large ribozymes (> 200 nt) such as the group I and II
introns and RNase P require divalent metal ions for activity,2-4 all five known small
ribozymes (hammerhead, hairpin, VS, HDV, and glmS) function proficiently in high
concentrations of EDTA and monovalent metal ions.5-8 Quantitative dissection of the
hammerhead and HDV ribozyme mechanisms revealed that divalent metal ions
contribute only ~10-20-fold to the rate of bond cleavage.7, 9, 10 These findings suggest
that the primary role for divalent metal ions in small ribozymes is to drive folding, while
bond breaking and making are facilitated by non-divalent metal ion mechanisms.
Structural, biochemical, and computational studies on small ribozymes suggest that
nucleobases can promote catalysis by hydrogen bonding in the transition state, stabilizing
charge development via through-space interactions, and facilitating proton transfer as
general acid-base catalysts, as summarized in 1.
The hepatitis delta virus (HDV) ribozyme is a small (~85 nt), self-cleaving RNA
that occurs in the genomic and antigenomic forms of the virus and is responsible for
processing nascent viral transcripts into unit-length monomers during double
rolling-circle replication.11-13 A mammalian version of the HDV ribozyme has also been
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identified, which has structural and biochemical properties similar to the HDV
ribozyme.14 The HDV ribozymes have secondary structures that comprise five pairing
regions that together form a nested double pseudoknot (Figure 4-1, panel A). The
genomic ribozyme uses the 2’-hydroxyl of U-1 as a nucleophile to cleave the
phosphodiester bond between nucleotides -1 and +1, yielding products with 5’-hydroxyl
and 2’, 3’-cyclic phosphate termini (Figure 4-1, panel B). Although the HDV ribozyme
can react in the absence of divalent metal ions, assured by high concentrations of EDTA,
a hydrated divalent metal ion appears to contribute to the self-cleavage mechanism under
physiological conditions.6, 7, 15 It is also well established that C75 participates in the
reaction as a general acid-base catalyst.6, 16-19
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Figure 4-1: Sequence and structure of the WT and DM ribozymes. (A) Secondary
structure of the ribozyme used in this study. The catalytic core is in uppercase letters
while the flanking sequence is in lowercase letters. The cleavage site between U-1 and
G1 (in red) is denoted with an arrow; C41 (in green), the C44:G73 base pair (in orange)
of the base quadruple motif, and C75 (in blue) are boxed. Other bases involved in or near
the base quadruple are highlighted: A43 (in orange) and G74 (in pink). The site of the
base quadruple motif double mutation is indicated. The ribozyme has a G11C mutation
(shown), which promotes fast, single-exponential kinetics.38 (B) Proposed proton
transfers in bond cleavage. Either water or hydroxide ion can serve as the Brønsted base,
depending on the reaction pH. The placement of C75 is based on biochemical studies
conducted herein and previously,6, 18 as well as the crystal structure of the self-cleaved
form of the ribozyme.16 Placement of the monovalent metal ion is from a recent crystal
structure in Tl+ ions, which reveals that a Tl+ ion directly interacts with the 2’-hydroxyl
of U-1, a non-bridging oxygen of the scissile phosphate, and the N7 of G1.61 A one-step
mechanism is shown for simplicity, but the reaction likely involves multiple steps as
described herein. (C) Hydrogen bonding of the bases in the WT base quadruple motif.19
(D) Hydrogen bonding of the bases in the DM base quadruple motif, in which the
C44:G73 base pair has been changed to a U:A, as described.15, 29
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A number of mechanistic investigations of the HDV ribozyme have been
performed. The initial data implicating C75 in proton transfer came from the crystal
structure of the self-cleaved ribozyme, which showed the N3 of C75 within hydrogen
bonding distance of the leaving group 5′-oxygen of G1.16, 19 Consistent with an important
role in the mechanism, a C75U mutation renders the ribozyme inactive both in the
presence and absence of divalent metal ions.6, 17 Been and coworkers demonstrated that
the catalytically inactive C75U and C75∆ ribozymes can be rescued by addition of
exogenous imidazole, supporting a histidine-like role for C75 in the reaction
mechanism.17, 20 Rate-pH profiles in the presence of Mg2+ revealed a low pH arm with a
slope of 1, consistent with one proton transfer occurring in the rate-limiting step of the
reaction, and a plateau in the high pH region, which together provided an observed pKa
near neutrality.6, 17 A number of functional studies support the assignment of this pKa to
C75,6, 17, 18, 20-22 including a recent study in which the pKa of C75 was directly measured
using Raman crystallography.23
When ribozyme self-cleavage reactions are performed in D2O, a substantial
kinetic solvent isotope effect (KSIE) is observed over the entire experimental pH range of
~4-9,6, 20, 24 suggesting that proton transfer occurs in the rate-limiting step of the reaction.
In addition, the observed pKa shifts upwards by ~0.46, 24 to 0.720 units in D2O, consistent
with proton transfer involving the ring nitrogen of a cytosine.25-27 Been and coworkers
have shown for both the genomic and antigenomic ribozymes that the rate of the reaction
depends log-linearly on the pKa of the imidazole derivative used, providing incisive
support for C75 in proton transfer.20, 22 (In the antigenomic version of the ribozyme the
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catalytic cytosine is numbered as C76 rather than C75. We refer to this catalytic cytosine
as simply ‘C75’ throughout the study.)
Studies of the metal ion dependence of the genomic HDV ribozyme led to a
framework in which the ribozyme can self-cleave by one Mg2+-independent and two
Mg2+-dependent channels.7, 28, 29 Channel 1 involves cleavage in the absence of divalent
metal ions, channel 2 involves cleavage in the presence of a structural Mg2+ ion, while
channel 3 involves cleavage in the presence of structural and catalytic Mg2+ ions.
Additional studies suggested that the catalytic ion binds via outer sphere-like
coordination,6, 28 while the structural metal ion binds via inner sphere coordination.28
Several observations from biochemical studies support a catalytic metal ion interaction at
the active site: 1) Binding of the catalytic H+ and the catalytic Mg2+ ion is
anticooperative, suggesting their binding sites are proximal;6, 29 2) Switching the scissile
phosphate linkage from 3’-5’ to 2’-5’ alters the metal preference of the reaction;30 3)
Changing the identity of the -1 nucleotide affects the metal ion preference of the
reaction;31 and 4) Changing the G•U wobble pair at the base of P1 to another
purine-pyrimidine combination modestly alters the metal ion binding characteristics of
the reaction (see Chapter 3).
Two models have been advanced for how C75 and Mg2+ contribute to general
acid-base catalysis, as recently summarized in 29. In general acid-base model 1 (GAB
model 1), C75 acts as a general base to deprotonate the 2’-hydroxyl of U-1 and a
hydrated Mg2+ ion acts as a general acid to protonate the 5’-oxygen leaving group. GAB
model 1 is supported by recent crystal structures, as well as molecular dynamics studies
of the pre-cleaved ribozyme.32-34 In general acid-base model 2 (GAB model 2), the
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reverse mechanism is proposed. Protonated C75 acts as a general acid and a hydrated
Mg2+ hydroxide ion acts as a general base. GAB model 2 is supported by several
biochemical and physical organic studies,6, 7, 18 as well as theoretical studies using density
functional theory (DFT)35 and quantum mechanics-molecular mechanics (QM-MM)
calculations.36 Ultimately, despite considerable effort to understand the self-cleavage
mechanism of the ribozyme through biochemical, structural, and computational studies,
uncertainty about the positioning and roles of catalytic species persists.
Mechanistic experiments have also been performed in the absence of divalent
metal ions. In the presence of high EDTA and monovalent metal ion concentrations
(channel 1) as well as sub-millimolar Mg2+ concentrations and high monovalent metal ion
concentrations (channel 2), the rate-pH profiles of the genomic and antigenomic
ribozymes are inverted relative to those in higher Mg2+ concentrations: the channel 1 and
2 rate-pH profiles have a plateau region at low pH and an arm with a slope of -1 between
pH 6 and 8.6, 7, 15 This observation was used as the basis for early mechanistic arguments
that C75 participates in the reaction as a general acid.6 This interpretation was to be
questioned, however, because reactions of mutant ribozymes were found to be
independent of pH in the absence of Mg2+.15
In the WT ribozyme, protonated C41 engages in a base quadruple motif, as first
identified in structural studies (Figure 4-1, panel C).16, 19 Biochemical support for
protonation of C41 came from kinetic and thermal denaturation studies of a double
mutant (DM) genomic HDV ribozyme with a C44U:G73A change, which allows the base
quadruple to form without C41 protonation (Figure 4-1, panel D).15, 29 The rate of the
DM ribozyme in the absence of divalent metal ions was found to be independent of pH,

108
suggesting that the divalent metal ion-free pKa observed for the WT ribozyme is for
ionization of C41 rather than C75.15 Moreover, deleting nucleotides 41-43 in the WT
background, which removes the base quadruple motif altogether (Figure 4-1), also
eliminated the pH dependence of the reaction. Although it was later demonstrated by
nucleotide analog interference modification (NAIM)21 and nucleobase rescue
experiments22 that C41 does not play a direct catalytic role in the HDV ribozyme
mechanism in the presence of Mg2+, it remained possible that ionization of C41 could
indirectly influence the pH dependence of the WT ribozyme in the absence of divalent
metal ions.
In an attempt to help understand the rate-pH profile inversion for the HDV
ribozyme, we probed the nature of the rate-limiting step for the WT and DM ribozymes
in the absence of divalent metal ions using kinetic solvent isotope effect (KSIE) and
proton inventory experiments. To our knowledge, this is the first report of these
techniques being used to study a small ribozyme in the absence of divalent metal ions.
Results are best accommodated by a model in which the pKa observed for the WT
ribozyme is due to ionization of C75, while the pKa observed for the DM ribozyme is due
to protonation of C41 resulting in a non-native base quadruple. According to this model,
inversion of the rate-pH profile for the WT ribozyme upon removal of the catalytic
divalent metal ion supports a mechanism with C75 as the general acid.
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4.3 Materials and Methods

4.3.1 Chemicals
Ultrapurified deionized water (H2O) (Barnstead NANOpure DIamond Water
Purification Systems) was used for all sample preparations that involved H2O.
Deuterium oxide (D2O) (D, 99.9 %) (Cambridge Isotope Laboratories) was used for all
sample preparations that involved D2O. A synthetic DNA antisense oligonucleotide,
AS(-30/-7),37 was purchased from Integrated DNA Technologies (IDT) and used without
further purification. A synthetic RNA oligonucleotide, r(UUCUU), was obtained in the
deprotected and desalted form from Dharmacon, dissolved in H2O, and used without
further purification.

4.3.2 Preparation of RNA and buffers
The -30/99 genomic HDV RNA used here was transcribed from pT7 -30/99 using
phage T7 polymerase as described.37 This transcript contains 30 nt upstream of the
cleavage site and 15 nt downstream of the 3’ end of the ribozyme. All transcripts contain
a G11C mutation that biases the equilibrium between Alt P1 and P1 towards the native
fold.38 Transcripts were Bfa I run-offs that contain ribozyme and HDV-derived RNA
sequence only. RNA was transcribed, purified, and radiolabeled as described.37 All
mutant plasmids were generated from pT7 -30/99 using the QuikChange kit (Stratagene).
Sequences were confirmed by dideoxy sequencing after both minipreps and maxipreps
(Qiagen). The ribozyme with the G11C change is referred to as wild-type (WT). The
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ribozyme with the G11C change and the base quadruple motif mutations is referred to as
double mutant (DM). RNA was 5’-32P-end-labeled, dissolved in H2O, and split into two
aliquots. One aliquot was dried and resuspended in D2O, and this process was repeated
to ensure that all H2O was removed. All reactions contained AS(-30/-7),37 stock
solutions of which were prepared using H2O and D2O as described for the ribozyme.
The buffer was 25 mM MES for experiments at pL 5-6.3 and 25 mM HEPES for
experiments at pL 6.6-9.0. The following stock solutions were prepared: 2X ME (50 mM
MES/200 mM Na2EDTA), 2X HE (50 mM HEPES/200 mM Na2EDTA), 1.2X MEN (25
mM MES/100 mM Na2EDTA/1.2 M NaCl), and 1.2X HEN (25 mM HEPES/100 mM
Na2EDTA/1.2 M NaCl). The buffers were prepared by dissolving the appropriate salts in
H2O or D2O. Buffers in H2O were adjusted to the desired pL value using 1 to 4 M HCl,
or NaOH prepared with H2O, while D2O buffers were adjusted to the desired pL values
using 1 to 4 M HCl, or NaOH prepared with D2O. The buffers were prepared at room
temperature and the pL values were measured at 37 °C to determine the experimental pL.
For the reactions in D2O, the pD was determined by adding 0.4 to the pH meter reading.25

4.3.3 Ribozyme kinetics and data fitting
Reactions were performed similarly to those previously described.6, 7 A typical
self-cleavage reaction contained 2 nM 5’-32P-end-labeled RNA, 25 mM buffer, 100 mM
Na2EDTA, 10 µM AS(-30/-7), and 1 M NaCl. The RNA was renatured at 55 °C for 10
min in the presence of AS(-30/-7) and H2O or D2O as appropriate, then cooled at room
temperature for 10 min. Renatured RNA was diluted with an equal volume of 2X ME or
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2X HE buffer and the mixture was incubated at 37 °C for 2 min. A zero time-point was
removed and self-cleavage was initiated by the addition of an appropriate volume of 1.2X
MEN or 1.2X HEN buffer. All time-points were quenched by mixing with an equal
volume of 95 % (v/v) formamide loading buffer (no EDTA) and immediately placing on
dry ice. All reactions were performed for a total of 48 h. At the end of each reaction in
H2O, the pH of the mixture was checked with pH paper to confirm that the correct pH
was maintained throughout the reaction. Time-points were fractionated on a denaturing
10 % (w/v) polyacrylamide gel. Gels were dried and visualized using a PhosphorImager
(Molecular Dynamics).
Plots of fraction product versus time were constructed. Most WT ribozyme
reactions could be fit to a single-exponential equation (Eq. 4.1), where f is the fraction of
ribozyme cleaved, A is the fraction of ribozyme cleaved at completion (usually ~80 %), A
+ B is the burst fraction (in all cases herein, A + B ≈ 0), kobs is the observed first-order rate
constant, and t is time.
f = A + B ⋅ e − k obs t

4.1

Parameters were obtained using non-linear least-squares fitting by KaleidaGraph
(Synergy Software). Typically, 3-6 half-lives of data were collected.
For the WT ribozyme reactions at pL ~8-9 and most of the DM ribozyme
reactions, plots of fraction product versus time were linear, representing the early portion
of an exponential time course. At early time, Eq. 4.1 reduces down to Eq. 4.2 :
f early = A ⋅ kobs t

4.2
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Such plots were fit to Eq. 4.3 where m, the slope of the line, is A⋅kobs:
f early = mt + b

4.3

kobs was obtained by dividing m by A, which was assumed to be 80 % on the basis of time
courses that could be fit using Eq. 4.1.
The pL ~5, 6, 7, 8, and 9 data points in each rate-pL profile were performed in
duplicate and on different days, and nearly the same rates were obtained in all cases,
providing confidence in the rate-pL profiles reported here.
In general, the equations used to fit the rate-pL profiles were derived from
schemes involving the minimal number of protonation or deprotonation events necessary
to arrive at the active ribozyme species. ‘WT’ and ‘DM’ are used to indicate the
ribozyme to which the Scheme applies. States are shown with protium as the isotope for
simplicity, but they can contain deuterium or a mixture of protium and deuterium
depending on the composition of the solvent. The rate-pH profiles for the WT ribozyme
were fit according to the logarithm of Eq. 4.4, which was derived from the double
sub-channel/single-protonation mechanism shown in Scheme 4-1
Scheme 4-1: Double sub-channel/single-protonation mechanism

kobs,HOH =

kHOH + k OH− ⋅10 pH−pK HOH
1 +10 pH– pK R,H

4.4
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where pKHOH is the autoprotolysis constant (pKw) of H2O, and pKR,H is the pKa of the
titratable group on the ribozyme in the presence of H2O. At 1 M ionic strength and 37
°C, the pKw of H2O is reported as 13.38.25
According to Scheme 4-1, the ribozyme is active when protonated, which allows
it to react via two sub-channels. In one sub-channel, solvent participates as a base
catalyst with rate constant ksolv (either kHOH or kDOD in pure H2O or D2O, respectively),
while in the other sub-channel lyoxide ion (OL-) participates as a catalyst, with a
pseudo-first order rate constant of kOL-[OL-] (Figure 4-1, panel B). Specific base
catalysis by OL- is inferred from the high pH plateau of the rate-pH profile, as well as an
inverse contribution to the KSIE (see Results and Discussion). The plateau likely results
from a decrease in the concentration of the functional form of the general acid combined
with an increase in the concentration of the functional form of the specific base.
Two pieces of evidence support specific base catalysis by hydroxide ion rather
than general base catalysis by buffer. As discussed by Jencks, if catalysis is specific to
hydroxide ion, then the rate will depend only on pH and be independent of the buffer
concentration.39 However, if buffer molecules participate in the reaction, then the rate
will increase with buffer concentration, even at constant pH.39 We found that doubling
the concentration of HEPES from 25 to 50 mM at pH 7 in the absence of Mg2+ (channel
1) did not affect the reaction rate of the ribozyme.6 Furthermore, Been and coworkers
demonstrated that, in the presence of Mg2+, imidazole only rescues reactions for
ribozymes with inactivating substitutions (U or G) at position 75,17 which suggests that
when the ribozyme can fold natively, buffer molecules are unable to act as the general
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base or acid. It could be that the large size of the buffer molecules (MW of HEPES and
MES are 238 and 195, respectively) prevents them from occupying the active site.
When using Scheme 4-1 to fit the WT rate-pD profile, we took Eq. 4.4 and
replaced ‘H’ with ‘D’ and took into account that at 1 M ionic strength and 37 °C, the pKw
of D2O is reported as 14.23.25 This is reflected in Eq. 4.5
kobs,DOD =

kDOD + k OD− ⋅10 pD−pK DOD
1 +10 pD– pK R,D

4.5

where pKDOD is the pKw of D2O, and pKR,D is the pKa of the titratable group on the
ribozyme in the presence of D2O.
The rate-pL profiles for the DM ribozyme were fit according to the logarithm of
Eq. 4.6, which was derived from the single-channel/single-deprotonation mechanism
shown in Scheme 4-2
Scheme 4-2: Single-channel/single-deprotonation mechanism

kobs =

kmax
1+ 10 pK R,L – pL

4.6

where pKR,L is the pKa of the titratable group on the ribozyme in the presence of H2O or
D2O.
For the proton inventory experiments, the reactions were performed largely as
described above. Appropriate volumes of RNA, AS(-30/-7), and buffers in H2O or D2O
were mixed to obtain the desired mole fraction (n) of D2O, where the difference in
density of the two solvents was taken into account.25 Experiments were performed in the
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plateau regions of pL 6.0 for the WT ribozyme and pL 9.0 for both the WT and DM
ribozymes, and the proton inventory data were fit using two forms of the Gross-Butler
equation (see below). For the case of two proton transfers, denoted as A and B, with
non-equivalent transition state fractionation factors (φT), the Gross-Butler equation can be
written as Eq. 4.7:40
k n / k 0 = (1− n + nφ AT )(1− n + nφ BT )

4.7

where k0 is the observed reaction rate in H2O and kn is the observed reaction rate in D2O
mole fraction n. Because of limits in precision of data, one often assumes all φT values to
be equivalent,24, 25, 41 which causes Eq. 4.7 to reduce to Eq. 4.8
k n / k0 = (1 − n + nφ T ) m

4.8

where m is the number of proton transfers. Proton inventory data at low and high pL
were fit using Eq. 4.8, which we refer to as the standard Gross-Butler equation. Because
the plateau at high pL is likely due to changing concentrations of the functional forms of
the acid and base, proton inventory data at high pL were also fit to a population-weighted
Gross-Butler equation (Eq. 4.9)
T
T
E
−∆pK LOL
E
kn /k 0 = (1− n) 2 + φ C75
n(1− n)10 ∆pK C75 + φ OL
+ φ C75
φ OL–
n 210 ∆pK C75 −∆pK LOL
– n(1− n)10

where ribozymes having a general acid (C75H+) and a specific base (OL-) with HH, HD,
DH, and DD compositions are represented by each of the four terms in Eq. 4.9,
respectively, and φE is termed an ‘equilibrium isotope effect’ and is defined as a ratio of
ground state fractionation factors (i.e. KD/KH) (see Results and Discussion). The ∆pK
terms are for ionization of C75 or autoprotolysis of solvent and each is equal to the value

4.9
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in D2O minus the value in H2O. Specifically, ∆pKC75 is +0.43 (= 7.24-6.81) (see
Results), while ∆pKLOL is +0.85 (= 14.23-13.38). Justification of an equilibrium isotope
effect to describe the contribution of OL- to the KSIE is provided in the Results, and a
derivation for and limits of Eq. 4.9 are available in Appendix A. Lack of improvement of
fits and simulations using more complex versions of this equation are also described in
Appendix A.

4.3.4 UV absorbance-detected pH titrations
In order to test the dependence of the pKa of cytosine on ionic strength, pH
titrations of r(UUCUU) were performed in the presence of 0.1, 0.2, 0.5, and 1 M NaCl.
The concentration of RNA was ~10 µM, and a total volume of ~3 mL in a 1-cm
pathlength cell was used. Measurements of UV absorbance were conducted at room
temperature using a Beckman Coulter DU 650 spectrophotometer, and pH was monitored
using an IQ 150 with ISFET Probe (Spectrum Technologies, Inc.). Titrations were
performed similarly to those previously described.42 At the beginning of each
experiment, the spectrophotometer was zeroed on water containing the appropriate
concentration of NaCl, and the pH of the RNA sample was adjusted to ~2.5 using 1 M
HCl. Then, ~1 µL of 0.02-0.75 M NaOH was added to the sample, which was followed
by mixing, a pH determination, and a UV scan from 220 to 320 nm. To minimize scatter
in the data, the cuvette remained in the spectrophotometer for the duration of the
experiment, with mixing performed manually with a Pipetman set to 1 mL. Throughout
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the titration, the change in sample volume was < 1 %, and so volume corrections were
unnecessary.
Plots of absorbance (A) at 240 or 290 nm, where the maximal changes in absorbance
occurred, versus pH were fit to Eq. 4.10 to obtain the pKa and Hill coefficient, where AU
and AP are the absorbance values of the unprotonated and protonated states, respectively,
and n is the Hill coefficient reflecting the number of proton binding sites. This equation
assumes an all-or-none model if multiple sites are present. An n value near unity is
consistent with a one-proton binding site model.

A = A P + (A U − A P )

1
1 + 10

n(pK a − pH)

4.10

4.3.5 Structure mapping
Enzymatic structure mapping experiments were performed using 2 nM
5’-end-labeled -30/99 WT and DM ribozymes and RNase T1, which cleaves 3’ of
single-stranded G residues and leaves a 3’-phosphate terminus, or RNase A, which
cleaves 3’ of single-stranded C and U residues and leaves a 3’-phosphate terminus.
Enzyme stocks (Ambion) were diluted with 50 % (v/v) glycerol. Structure mapping was
done in the absence and presence of AS(-30/-7) and at two pH values (pH 5 and pH 7).
The RNA samples were renatured and prepared as for the kinetics experiments. RNase
was added after the buffer. The final enzyme concentrations were 0.005 U/µL RNase T1
or 0.1 ng/mL RNase A. Control reactions in which RNase was omitted were also
performed at each pH (AS(-30/-7) was not included). Reactions were performed at 37 °C
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for one hour, and then quenched by mixing with an equal volume of 95 % (v/v)
formamide loading buffer containing 60 mM EDTA and immediately placing on dry ice.
Structure mapping reactions were initially performed for the WT ribozyme to determine
appropriate RNase concentrations, and included 1 or 10 mM MgCl2 (not shown).
Significant ribozyme self-cleavage was observed and so MgCl2 was omitted from
subsequent structure mapping reactions. Alkaline hydrolysis ladders were prepared by
limited digestion of the ribozymes in hydrolysis buffer (100 mM Na2CO3/NaHCO3 (pH
9.0), 2 mM EDTA) at 90 °C for 5 min. Sequencing lanes for G were prepared by limited
digestion of the ribozymes with RNase T1 (0.1 U/µL) under denaturing conditions in
sequencing buffer (20 mM sodium citrate (pH 5), 1 mM EDTA, 7 M urea) at 50 °C for
15 min. The structure mapping reactions and ladders were run on a denaturing (8.3 M
urea) 12 % (w/v) polyacrylamide gel. The gels were dried, and visualized using a
PhosphorImager (Molecular Dynamics).

4.4 Background

4.4.1 Previously published pKa values for C41 and C75
Before results for the current study are presented, it is necessary to consider pKa
values for the HDV ribozyme from earlier work, including a recent study in which the
mechanisms of the WT and DM genomic ribozymes were compared.29 The various pKa
values are summarized in Table 4-3. Comparison of the WT and DM ribozymes helped
reveal the positioning and thermodynamic linkage of protons and metal ions in the
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ribozyme. The intrinsic pKa values for C41 and C75 in the WT and DM ribozymes were
determined in both the absence and presence of bound Mg2+. (The observed pKa values
for C41 and C75 are a function of Mg2+, which led to a model from which a pKa can be
extrapolated for each cytosine in the presence of bound Mg2+, as well as in the absence of
bound Mg2+. These four pKa values are referred to herein as the ‘intrinsic pKas’.)
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Table 4-3: pKa values from this and previous studies of the HDV ribozymea
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Under conditions that probe the binding of the catalytic Mg2+ ion (channel 3), the
binding affinity of Mg2+ to the WT and DM ribozymes increases as pH increases,
consistent with previous observation of negative linkage between H+ and Mg2+ binding at
the active site.6 The intrinsic pKa values for C75 in the WT and DM ribozymes were
determined to be 5.9 ± 0.1 in the presence of bound Mg2+ and 7.2 ± 0.2 in the absence of
bound Mg2+ (Table 4-3). As expected, these values are close to the observed pKa values
in 10 and ~1 mM Mg2+ of 6.1 and 7.1, respectively;6, 23, 24 in addition, both pKa values
shift higher by 0.3-0.4 units in D2O.6, 24 Under conditions that probe the binding of the
structural Mg2+ ion (channel 2), it was found that the affinity of Mg2+ to the WT (but not
the DM) ribozyme increases as pH decreases, consistent with binding of the structural
Mg2+ ion being buttressed by the protonated native base quadruple motif. The intrinsic
pKa values for C41 in the WT ribozyme were determined to be 7.1 ± 0.1 in the presence
of bound Mg2+ and 5.5 ± 0.1 in the absence of bound Mg2+.
The rate-pH profiles for the WT and DM ribozymes in the presence of Mg2+
(channel 3) were indistinguishable at higher pH values (6-8), but the DM ribozyme
exhibited a ~10-fold steeper loss in rate with pH below pH 6.29 This observation,
together with thermal denaturation studies, suggested that C41 of the DM ribozyme can
become protonated and misfold the catalytic core. A double-deprotonation kinetic model
was invoked to fit the DM rate-pH profile, which yielded pKa values of 5.6 and 5.7 at 10
and ~1 mM Mg2+, respectively, which were assignable to C41. The pKa of C41 in the
DM ribozyme was unusual in that it was insensitive to Mg2+ concentration (Table 4-3).
Lastly, in the absence of divalent metal ions (channel 1), the rate-pH profiles for
the DM and WT ribozymes were different. Notably, the DM ribozyme retained a pH
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dependence that could be fit using a single-deprotonation kinetic model.29 The pKa for
the DM ribozyme obtained under channel 1 conditions was 5.8 ± 0.1 and was tentatively
assigned to C41 (Table 4-3).29 In contrast, the WT rate-pH profile gave a pKa of
6.6 ± 0.3 under channel 1 conditions.7

4.5 Results

4.5.1 Rate-pH profiles for the WT and DM ribozymes
We examined the rates of the WT and DM ribozymes reactions in the absence of
divalent metal ions (channel 1) as a function of pH and pD (Figure 4-2). Experiments
were conducted in the presence of 100 mM Na2EDTA to ensure the complete
sequestration of polyvalent metal ions, as well as 1 M NaCl to aid RNA folding.7, 15, 43
The dependence of log kobs on pH for the WT ribozyme is complex (Figure 4-2, panel A).
A plateau region occurs at low pH (5-6.5), followed by a log-linear decrease in rate with
intermediate pH (6.5-8) and a plateau region at higher pH (8-9).
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Figure 4-2: Comparison of the WT and DM rate-pL profiles in the absence of divalent
metal ions (channel 1) in H2O (filled symbols) and D2O (open symbols). Both plots share
the same y-axis. (A) The rate-pH profile for the WT ribozyme was fit according to the
logarithm of Eq. 4.4 (R2 > 0.99) and the following parameters were obtained: kHOH = 1.69
(± 0.09) × 10-3 min-1, kOH- = 3.9 (± 0.8) × 102 M-1 min-1, and pKa = 6.81 ± 0.07. The
rate-pD profile, excluding the lowest pD value, for the WT ribozyme was fit according to
the logarithm of Eq. 4.5 (R2 = 0.98) and the following parameters were obtained: kDOD =
7.5 (± 0.5) × 10-4 min-1, kOD- = 4.8 (± 1.6) × 102 M-1 min-1, and pKa = 7.24 ± 0.09. (B) The
rate-pH profile for the DM ribozyme was fit according to the logarithm of Eq. 4.6 (R2 =
0.98) and the following parameters were obtained: kmax = 3.13 (± 0.09) × 10-4 min-1 and
pKa = 5.72 ± 0.03. The rate-pD profile for the DM ribozyme was also fit according to the
logarithm of Eq. 4.6 (R2 > 0.99) and the following parameters were obtained: kmax = 1.61
(± 0.07) × 10-4 min-1 and pKa = 6.23 ± 0.04. The pL ~5, 6, 7, 8, and 9 data points in
panels A and B were performed in duplicate and on different days and all data points are
shown.
Under identical experimental conditions, the DM ribozyme displays a simpler
dependence of log kobs on pH (Figure 4-2, panel B). At low pH (5-6) there is a log-linear
increase in rate with pH, followed by a plateau region at higher pH (6-9). The shape of
the DM ribozyme profile in the absence of Mg2+ (Figure 4-2, panel B) appears

124
qualitatively similar to that observed for the WT ribozyme in the presence of Mg2+
(channel 3).6 Overall, the dependencies of rate on pH for the WT and DM ribozymes
under channel 1 conditions in H2O are similar to those previously reported.7, 29
The simplest kinetic models that describe the WT and DM rate-pH profiles in the
absence of divalent metal ions each require just a single pKa and are provided in
Scheme 4-1 and Scheme 4-2, respectively. Scheme 4-1 describes the WT data in which a
single-protonation event gives rise to an active ribozyme (RH+, protonated ribozyme) that
can then react via solvent and hydroxide sub-channels. The hydroxide sub-channel is
proposed because the rate levels off at the higher pH values, rather than continuing to
decrease. Further support for the hydroxide sub-channel is provided by proton inventory
experiments (discussed below). Evidence against buffer involvement in the reaction is
provided in the Materials and Methods. The WT data were fit to the logarithm of Eq. 4.4,
which was derived from Scheme 4-1, and a pKa of 6.81 ± 0.07 was obtained (Table 4-3,
Figure 4-2, panel A). Evidence supporting assignment of this pKa to C75 is provided
below and in the Discussion.
To visualize the contribution of the two sub-channels to WT ribozyme catalysis in
the absence of divalent metal ions, kinetic simulations were performed (Figure 4-3).
Simulations were carried out according to Scheme 4-1 using the kinetic constants
provided in Figure 4-2, panel A. Below pH 7, the solvent sub-channel makes the major
contribution to the observed rate, while above pH 8, the hydroxide sub-channel makes the
major contribution. Note that according to this model the leveling off at high pH is not
due to a second pKa but rather to a change in the identity of the major sub-channel and,
therefore, the identity of the active base species. Also, leveling off is not indicative of a
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‘kinetic pKa’. Such pKas occur because a rate is prevented from going faster than it
otherwise would,44, 45 while here it is prevented from going slower than it otherwise
would. Overall, the kinetic model in Scheme 4-1 can account for the WT data.

Figure 4-3: Data and simulations for the WT ribozyme in H2O. Data (z) are the same as
shown in Figure 4-2, panel A. Kinetic simulations were performed according to
Scheme 4-1. The logarithm of each sub-channel rate constant modulated by the fraction
of native ribozyme (fN) is plotted to see how each sub-channel contributes to catalysis.
The following kinetic values, which were obtained from fitting the data to the logarithm
of Eq. 4.4, were used: kHOH = 1.69 × 10-3 min-1, kOH- = 3.9 × 102 M-1 min-1, and pKa = 6.8.
Solid line = log kobs (from Eq. 4.4), (×) = log (kHOH ⋅ fN) for the solvent sub-channel,
(+) = log (kOH-[OH-] ⋅ fN) for the hydroxide sub-channel, where fN = 1/(1+10pH-pKR,H).
Scheme 4-2 is the simplest kinetic model that describes the DM data, in which a
single-deprotonation event gives rise to an active ribozyme (R, deprotonated ribozyme)
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that can then react via just the solvent sub-channel. (The solvent sub-channel is invoked
because a hydroxide sub-channel would be expected to a show an increase in rate with
higher pH if reacting with a deprotonated C75.) This kinetic model is even simpler than
the one in Scheme 4-1, involving one less channel. The DM data were fit to the
logarithm of Eq. 4.6, which was derived from Scheme 4-2, and a pKa of 5.72 ± 0.03 was
obtained (Table 4-3, Figure 4-2, panel B). Notably, the pKa observed for the DM
ribozyme is more than 1 unit lower than the pKa observed for the WT ribozyme under
identical experimental conditions.
The pKas obtained from the WT and DM rate-pH profiles in the absence of
divalent metal ions are similar to those previously reported. It should be noted, however,
that the previously reported WT rate-pH profile was better fit using a double
sub-channel/double-deprotonation kinetic model which gave a second (lower) pKa.
Absence of this lower pKa in the data presented herein appears to be due to just the lowest
pH (pH ~5) data point having a slower rate in those studies. Such a second (lower) pKa
might be present in the WT rate-pD profile presented herein (Figure 4-2, panel A). In our
treatment of the data, we fit both WT profiles using the simple kinetic model in
Scheme 4-1 but excluded the lowest pD value.
While Scheme 4-2 is the simplest kinetic model that fits the DM data, at the
molecular level it is not in agreement with the model shown in Scheme 4-1. In particular,
in Scheme 4-1 the active species is a protonated ribozyme, while in Scheme 4-2 it is a
deprotonated ribozyme, which then requires solvent to act as the general acid. There is
no reason to expect that the base quadruple motif mutations would change the
mechanism, especially because the base pair between residues 44 and 73 is far (~15 Å)
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from the active site;16, 32 in support of this, the pKas of C75 for the WT and DM
ribozymes are identical in the presence of low and high concentrations of Mg2+
(Table 4-3).29 Furthermore, there is no reason to expect that hydroxide ion would not
contribute to the reaction mechanism of the DM ribozyme at higher pH values in the
same way it does for the WT ribozyme.
In order to have a mechanism that is globally consistent with the WT and DM
data, Scheme 4-4 was developed for the DM ribozyme. In this kinetic model, the reactive
DM ribozyme species is protonated and can react via solvent and hydroxide
sub-channels, similar to the WT ribozyme in Scheme 4-1. To accommodate these
common mechanistic features with the rate-pH profile observed in Figure 4-2, panel B,
an additional protonation event must be included. As described in the Background,
protonation of C41 has been shown to induce loss of DM ribozyme reactivity (channel
3),29 thus the additional protonation event in Scheme 4-4 likely involves C41. Only a
single pKa is observed in the rate-pH profile, however (Figure 4-2, panel B). Evidence in
support of assignment of the DM ribozyme pKa to C41 is provided below and in the
Discussion. A more complex, but kinetically equivalent, equation than Eq. 4.6 can be
derived for Scheme 4-4; however, it yields the same pKa29 and so was not pursued herein.
Scheme 4-4: Double sub-channel/single-protonation/single-deprotonation mechanism
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4.5.2 Rate-pD profiles for the WT and DM ribozymes
The WT and DM rate-pD profiles were qualitatively similar to their respective
rate-pH profiles (Figure 4-2) and therefore fit to the logarithm of Eq. 4.5 and Eq. 4.6,
respectively. (When using Scheme 4-1 to fit the rate-pD profiles, we took into account
that the ionization constant for D2O is ~7-fold lower than that for H2O (see Materials and
Methods).) The pKa values for the WT and DM ribozymes in D2O are 7.24 ± 0.09 and
6.23 ± 0.04, respectively, 0.4-0.5 units higher than their counterpart values in H2O.
D2O-induced pKa shifts of this magnitude and direction have also been observed for the
ionization of a variety of weak acids, such as ammonium ion25 and free cytosine base,27
as well as the ionization of small ribozymes in the presence of divalent metal ions,
including the HDV,6, 20, 24 hairpin,46 and VS41 ribozymes (all ∆pKas = +0.4-0.7).
Observations that the rate-pD profiles are similar to the rate-pH profiles and that the pKa
shifts are as expected for ionization of a cytosine support the metal-free mechanism in
D2O being the same as in H2O and the observed pKa values in H2O and D2O belonging to
cytosine residues.
The rate-pH/pD profiles for the WT and DM ribozymes reveal that the reactions
in D2O are ∼2.2 and ~1.9-fold slower in the plateau regions, respectively. These KSIEs
are similar in magnitude to KSIEs in the presence of Mg2+ for the HDV6, 20, 24 and other
small ribozymes,41, 46 consistent with proton transfer being rate-limiting. The possibility
that these KSIEs arise from a conformational change47 or a viscosity effect41 rather than a
bond cleavage event is deemed unlikely, as presented below and in the Discussion.
Simulation of the effects of D2O on kobs was performed for the WT ribozyme
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according to Scheme 4-1. The rate-pD profile was largely recapitulated by adjusting the
rate-pH profile for a low pH KSIE of 2 (i.e. kHOH was divided by 2) and a pKa shift of
+0.4 in D2O (Table 4-3). Since the kOH- and kOD- values obtained from fitting the data
(Figure 4-2, panel A) in H2O and D2O to Eq. 4.4 and Eq. 4.5, respectively, were nearly
identical (within error), no intrinsic isotope effect was used for the higher pH data (i.e.
kOD- = kOH-). As discussed below, and in the Discussion and Appendix A, the apparent
absence of an intrinsic isotope effect at higher pL is due to a canceling of normal and
inverse rate contributions from the general acid and specific base, respectively, in 100 %
D2O, and so it appears as though a population effect can account for the observed rate
differences in H2O and D2O at higher pH. As shown in Figure 4-4, using these
parameters in Eq. 4.5 provides a simulated curve that is in good agreement with the data,
which supports the kinetic model in Scheme 4-1.
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Figure 4-4: Data and simulations for the WT ribozyme in D2O. Data ({) are the same as
shown in Figure 4-2, panel A. Kinetic simulations were performed according to
Scheme 4-1 beginning with parameters obtained from fitting the WT data (Figure 4-2,
panel A) in H2O to the logarithm of Eq. 4.4. To represent the ~2-fold KSIE at low pH,
kHOH was divided by 2; to represent the pKa shift, +0.4 units were added to the pKa; and to
represent the absence of an intrinsic isotope effect at higher pH, kOD- = kOH-. The absence
of an intrinsic isotope effect at higher pH is due to canceling of normal and inverse
fractionation factors (see Results and Discussion). Solid line = log kobs from Eq. 4.5
using these parameters.

4.5.3 Proton inventories at low pL
To characterize the HDV ribozyme reaction mechanism further, we performed
proton inventory experiments, which report on the number of protons transferred in the
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rate-limiting step of the reaction. The proton inventory technique involves measuring
reaction rate constants in different mixtures of H2O and D2O.25, 48 Rate constants are
normalized with respect to the rate constant in pure H2O, plotted versus mole fraction (n)
of D2O, and fit to equations derived from various reaction models. Proton inventories
were conducted in the three rate-pL plateaus observed for the WT and DM ribozymes
(Figure 4-2): the low (Figure 4-5, panel A) and high (Figure 4-5, panel B) pL plateaus for
the WT ribozyme, and the high pL plateau for the DM ribozyme (Figure 4-5, panel C).
In this section, we consider the low pL inventory for the WT ribozyme (pL 6.0). (As
discussed later in this Chapter, it is important to perform proton inventories in the plateau
regions of the rate-pL profiles; thus, an inventory was not carried out at pL 6.0 for the
DM ribozyme.)
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Figure 4-5: Proton inventories in the three rate-pL plateau regions: WT ribozyme at pL
values of (A) 6.0 and (B) 9.0, and (C) DM ribozyme at pL 9.0. All reactions were
performed in duplicate and on different days. Average data points are shown. Error bars
have been omitted for clarity. The precision for each data point at pL 6 was ~4 % (except
for the data point at n ~1, which had a precision of 1.4 %). The precision for each data
point at pL 9 data was ≤ 3 % for both the WT and DM ribozymes. The y-axis is the ratio
of the observed rate constant in an H2O/D2O mixture (kn) to that in 100 % H2O (k0), and
the x-axis is the mole fraction (n) of D2O in the mixture. The data in panel A were fit to
the standard Gross-Butler equation (Eq. 4.8) for one (m = 1) and two (m = 2) proton
transfers (black and blue lines, respectively). In the case of two proton transfers, the
transition state fractionation factors (φT) were assumed to be equivalent. The φT values
are 0.37 ± 0.02 for the one-proton model (black fit; R2 = 0.985) and 0.63 ± 0.01 for the
two-proton model (blue fit; R2 = 0.991); these two models cannot be distinguished. The
data in panels B and C were fit to a population-weighted Gross-Butler equation (Eq. 4.9)
that assumes two proton transfers: one from the 2’-hydroxyl of U-1 to OL- in a
pre-equilibrium that contributes an equilibrium isotope effect (φE), and the other in the
rate-limiting step from C75L+ to the 5’-oxygen of G1 that contributes a transition state
fractionation factor (φT). Solving this equation accurately requires that one of the two φ
values be fixed. Because the one- and two-proton models in panel A could not be
distinguished, we fixed φT to 0.37 according to parsimony and solved for φE. The φE
values were inverse (i.e. > 1). For the WT ribozyme at pL 9.0 (panel B), φE = 2.1 ± 0.2
(black fit; R2 = 0.975), while for the DM ribozyme at pL 9.0 (panel C), φE = 3.1 ± 0.1
(black fit; R2 = 0.987). Fits to simpler models were also attempted, including no isotope
effect (Eq. 4.9 with φT = φE = 1; blue ‘dome-shaped’ fit; R2 = 0.44 (WT), 0.46 (DM)); an
isotope effect for OL- only (Eq. 4.9 with φT = 1; green ‘dome-shaped’ fit; R2 = 0.14
(WT), 0.17 (DM)); and an isotope effect for C75L+ only (Eq. 4.9 with φE = 1; red fit;
R2 = 0.906 (WT), 0.71 (DM)). None of these simpler models fit the data as well.
Proton inventories are generally conducted in the plateau regions of rate-pL
profiles because it is assumed that under these conditions the concentrations of the
functional forms of the acid and base will be constant during the inventory.49 We begin
by asking whether this assumption is justified. According to Scheme 4-1, which
describes the kinetic behavior of the WT ribozyme, the general acid is C75L+ across the
pH range and the base is water at low pL. Since the observed pKa values for the WT
ribozyme are 6.8 and 7.2 in H2O and D2O, respectively (Table 4-3), the ribozyme should
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be nearly fully protonated throughout the pL 6.0 inventory. Also, the concentration of
water is largely independent of pH and D2O composition.40 Thus, the general acid and
base should be fully populated throughout the inventory, making it possible to fit the data
directly to the standard Gross-Butler equation (Eq. 4.8).
The proton inventory for the WT ribozyme at pL 6.0 along with fits to Eq. 4.8 are
shown in Figure 4-5, panel A. (For the two-proton fit, we assumed equivalent φT values
for the two transfers because, in the absence of additional data, non-equivalent φT values
were not justified statistically.) These proton inventory data decrease in a monotonic and
largely linear fashion. The φT values for the WT ribozyme are 0.37 ± 0.02 and
0.63 ± 0.01 for the one- and two-proton models, respectively. These values are within
the range expected for proton transfers involving oxygen or nitrogen atoms,48 consistent
with a cytosine residue(s) being involved in proton transfer. The inverse values of φT for
one proton transfer and of (φT)2 for two proton transfers should give back the KSIE.25
For the WT ribozyme, the inverse values of φT and (φT)2 are 2.7 and 2.5, respectively, and
are similar to the KSIE observed for the low pH plateau in Figure 4-2, panel A.
For a KSIE of 2, discriminating between one and two proton transfers requires a
precision of at least 2.8 %.40 The WT data at pL 6.0 do not meet this requirement;
nonetheless, we can still conclude that at least one proton is transferred in the
rate-limiting step. This issue of fitting can be visualized graphically in Figure 4-5, panel
A, in which the straight line (black) for one proton transfer and the ‘bowl-shaped’ line
(blue) for two proton transfers fit the data equally well within error (R2 values of 0.985
and 0.991, respectively). Recent analysis of VS ribozyme proton inventories in the
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presence of Mg2+ led to a similar conclusion that at least one proton is transferred in the
rate-limiting step.41 Plots of the square-root of the data in Figure 4-5, panel A, often
conducted for proton inventories,24, 40, 46, 50 fit well to a straight line (not shown), but were
not compelling enough to distinguish between one- and two-proton inventories.
Shih and Been reported a one-proton inventory for the antigenomic HDV
ribozyme in the presence of 10 mM Mg2+,20 while we reported a two-proton inventory for
the genomic HDV ribozyme in the presence of Mg2+, albeit with a bowl-shape that
became ‘shallower’ when the Mg2+ concentration increased from 0.87 mM to 10 mM.24
One possibility is that the number of protons transferred depends on the reaction
conditions. In the presence of high concentrations of a Brønsted base, such as hydrated
Mg2+ hydroxide ion (channel 3) or water (channels 1 and 2 at lower pH), the sole transfer
of the proton to the leaving group may become rate-limiting. This may also be the case
for channels 1 and 2 at higher pH, in which hydroxide ion could remove the 2’-hydroxyl
in a pre-equilibrium prior to leaving group protonation (see below). Changing of the
proton inventory from one to two has been directly demonstrated for a cyclodextrin
mimic of RNase A in which the number of protons transferred in the transition state
depended on the number of imidazole groups attached near the top of the cyclodextrin.50
Also, an RNase A mimic with a single imidazole has been implicated in a mechanism
involving general acid catalysis (by the imidazole) without general base catalysis;
moreover, this mimic displays a rate-pH profile that is nearly identical to the one
observed for the WT ribozyme herein.51 These observations support participation of just
one proton transfer in the HDV ribozyme reaction at low pL in the absence of Mg2+.
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4.5.4 Proton inventories at high pL
Next, we consider proton inventories for the WT and DM ribozymes at the higher
pL value of 9.0 (Figure 4-5, panels B and C). As in the previous section, we begin by
considering the populations of the functional forms of the acid and base during the
inventory. According to Scheme 4-1 and Scheme 4-4, which provide the simplest global
descriptions of the WT and DM ribozymes, respectively, the general acid is C75L+ across
the pH range and the base is OL- at high pL. The pKa values for the WT ribozyme have
been determined to be 6.8 and 7.2 in H2O and D2O, respectively (Table 4-3), which are
assignable to C75 (see below and Discussion); we presume that the pKa values for C75
are similar in the DM ribozyme, as its observed pKa values of 5.7 and 6.2 (Figure 4-2,
panel B) are assignable to C41 protonation and misfolding (see below and Discussion).
(The claim that the WT and DM ribozymes have the same rate-limiting step is also
supported by observation that the rates for the WT and DM ribozymes in the high pH
plateau are within ~2-fold of one another (Figure 4-2), suggesting that both ribozymes
populate the same channel (see Discussion).) The pKw values for H2O and D2O have
been reported as 13.38 and 14.23, respectively, in 1 M ionic strength at 37 °C.25 Thus,
the populations of both the acid and the base in the reaction are very small at pL 9.0. In
addition, over the course of the proton inventory, the amount of C75L+ is favored by
greater D2O composition, while the amount of OL- is favored (to an even greater extent)
by greater H2O composition. Indeed, these two effects account for the observation in
Figure 4-2, panel A that between pL ~7 and 8 the rate-pL profile for the WT ribozyme in
D2O ‘catches up’ to that in H2O, only to ‘fall behind’ again above pL ~8 (Figure 4-2,
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panel A).
Because the populations of the acid and base change throughout the proton
inventory, we begin by considering whether population changes alone (i.e. in the absence
of intrinsic isotope effects) can account for the shapes of the WT and DM proton
inventories at pL 9.0, which decrease in a monotonic and largely linear fashion
(Figure 4-5, panels B and C). At first, this possibility is appealing because the high pL
population effect in going from 100 % H2O to 100 % D2O is 2.6 (from the high pL limits
of Eq. 4.4 and Eq. 4.5 (Appendix A), 10∆pKLOL-∆pKC75 = 100.85-0.43 = 2.6), which is similar to
the observed KSIEs for the WT and DM ribozymes at high pL (Figure 4-2, panel A,
Figure 4-5, panels B and C). However, consideration of rates in H2O/D2O mixtures
suggests that this agreement is a coincidence.
We derived a population-weighted Gross-Butler equation (Eq. 4.9) (Appendix A)
and used it to simulate the full proton inventory for the case of population changes only
(i.e. in the absence of intrinsic isotope effects) (Figure 4-5, panels B and C, blue). As
expected from the above consideration, good agreement was found between measured
and simulated rates in pure D2O. However, in fractional isotopic compositions, the
measured rate was much slower than that predicted from population changes alone. In
fact, the simulated rate near n = 0.4 is greater than that in 100 % H2O, and a so-called
‘dome-shaped’ inventory is predicted (Figure 4-5, panels B and C). Simulations (not
shown) reveal that the dome arises because the C75D+/OH- cross-term of Eq. 4.9 is
especially favored in mixed solvents, as described above. Only by damping this term
with a φ value of less than 1 (normal effect) can a monotonic inventory occur. Since the
deuterium in this cross-term is on C75, C75L+ should contribute to the isotope effect in a
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normal manner, which is consistent with the Mg2+-free WT proton inventory at pL 6.0
(Figure 4-5, panel A) as well as previous inventories in the presence of Mg2+.20, 24 This
argument holds for the DM ribozyme as well as for the WT ribozyme.
Fixing the φT value for C75 to 0.37, which was the value obtained from the WT
proton inventory at pL 6.0 (one-proton fit) (Figure 4-5, panel A), gives inverse φE values
for OL- for the WT and DM ribozymes of 2.1 and 3.1, respectively (Figure 4-5, panels B
and C). In 100 % D2O, the inverse contribution from OL- essentially cancels the normal
contribution from C75L+, as expected. An inverse contribution from OL- is consistent
with expectations for a pre-equilibrium deprotonation of the 2’-hydoxyl by OL- in a step
preceding the rate-limiting step (see Discussion).25, 40, 52
Simpler models were considered but do not fit the proton inventory data as well.
For example, we derived one-proton inventories for two cases: one in which OL- but not
C75L+ contributes to the isotope effect (Figure 4-5, panels B and C, green lines) and one
in which C75L+ but not OL- contributes to the isotope effect (Figure 4-5, panels B and C,
red lines). Neither model accounts for the data. Importantly, swapping the normal and
inverse contributions between C75L+ and OL- made the fit much worse with a
dome-shaped curve that had a maximum of ~2.5 near an n of ~0.5 (not shown). More
complex models were also considered, but simulations were similar to those performed
using Eq. 4.9 (Appendix A).
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4.5.5 Dependence of pKa values on ionic strength
The rate-pL and proton inventory experiments were conducted in the presence of
1 M NaCl and 100 mM Na2EDTA to aid RNA folding and ensure complete sequestration
of polyvalent ions.7, 15 Although effective in promoting HDV ribozyme reactivity in the
absence of divalent metal ions, high ionic strength conditions have the potential to
perturb other characteristics of the RNA, including pKa values. Fersht points out that
ionization should be less sensitive to ionic strength for a cationic acid (HA+ to H+ + A)
than a neutral acid (HA to H+ + A-), since there is no change in ionic strength in the
former process.44 Cytosine and cytidine are cationic acids, and literature reports confirm
little ionic strength dependence of the pKa for these species.53 For both cytosine and
cytidine, the pKa of N3 decreases by only ∼0.1 units upon increasing the ionic strength
from 0 to 0.2 M.53
Introduction of nearby charge on the surface of a biopolymer, however, can alter
the dependence of a pKa on ionic strength.44 We therefore conducted pH titrations on an
oligonucleotide, r(UUCUU), in the background of different ionic strengths, where each
titration reported on the ionization of the cytosine (UU(CH+)UU to H+ + UUCUU = HA3to H+ + A4-). A pentamer was chosen for study because it flanks the cytosine with four
negative charges, which begins to mimic the ionic environment that a non-base paired
cytosine might experience inside an RNA. In addition, uracil was chosen as the
non-ionizing base because it is a poor stacker,54, 55 allowing the pentamer to remain
unstructured throughout the titration. Absorbance data were collected as a function of pH
and fit to a two-state binding model using the Henderson-Hasselbalch equation
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(Eq. 4.10).42
Plots of absorbance at 240 nm and 290 nm increased and decreased with pH,
respectively, as expected (Figure 4-6, panels A and B).42 This ionization event is
assignable to the N3 of the cytosine of r(UUCUU) on the basis of these absorbance
changes and also because this is the only functional group in r(UUCUU) with a pKa (near
4) within the pH range used for the pH titrations.42, 56 Plots were well described by
Eq. 4.10 and gave Hill coefficients near unity, consistent with a single ionization event.
As ionic strength was increased from 0.1 M to 1 M, the pKa decreased by ∼0.6 units
(Figure 4-6, panel C). Presumably this occurs because salt screens favorable interactions
between protonated cytosine and the nearby phosphate backbone. Thus, the pKa of
cytosine is affected by ionic strength in the presence of nearby negative charge.
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Figure 4-6: Determination of the pKa of cytosine in a single-stranded oligonucleotide at
various ionic strengths. Titration of r(UUCUU) with NaOH monitored at (A) 240 nm and
(B) 290 nm. Each titration curve was fit to Eq. 4.10. The pKa values determined at 240
nm are as follows: 4.39 (0.1 M NaCl), 4.20 (0.2 M NaCl), 4.01 (0.5 M NaCl), 3.82 (1 M
NaCl). The pKa values determined at 290 nm are as follows: 4.39 (0.1 M NaCl), 4.20
(0.2 M NaCl), 4.00 (0.5 M NaCl), 3.83 (1 M NaCl). Errors in pKa values were estimated
at ± 0.01. In all cases, n was ~1. (C) Plot of pKa vs. log[NaCl]. All pKa values are
plotted, and the data were fit to the equation for a line. The slope of the line is -0.55.
Effects of ionic strength on the pKa of cytosine in r(UUCUU) can be used to guide
expectations for C75 and C41. C75 has the loaded proton free to transfer and so the
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origin of its pKa shift appears to be in electrostatics, while C41 has its loaded proton
sequestered in hydrogen bonding and so the origin of its pKa shift appears to be in
favorable hydrogen bonding.57, 58 Indeed, the catalytic nucleobase C75 is found in a
pocket of high negative electrostatic potential.7, 58 Thus, in the same way that the pKa of
cytosine in r(UUCUU) decreases with increasing ionic strength, the pKa of C75 is
expected to decrease with ionic strength. This expectation is consistent with observation
of negative likange between protonation of C75 and binding of a nearby metal ion.6, 7, 29
The structural nucleobase C41, on the other hand, is not found in a region of
especially negative electrostatic potential.7, 58 It appears that the driving force for shifting
the pKa of C41 in the WT ribozyme is the gain of hydrogen bonding within the base
quadruple motif (Figure 4-1, panel C). (Protonation of C41 in the DM ribozyme also
appears to be driven by hydrogen bonding, although in formation of a misfold (see
Discussion).) Thus, the pKa of C41 is not expected to be sensitive to ionic strength,
which is consistent with the absence of negative likange between protonation of C41 and
binding of a nearby metal ion.7, 29 The effects of ionic strength on the pKas of C75 and
C41 will be used to help guide assignment of the pKa values observed herein in the
Discussion.

4.6 Discussion
The five naturally occurring small ribozymes catalyze phosphodiester bond
cleavage proficiently in the absence of divalent metal ions. Nucleobases have been
shown to play catalytic roles in the cleavage mechanisms of these ribozymes and to have
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pKa values shifted to neutrality. However, the specific mechanistic roles that the
nucleobases play in bond breaking and making remain elusive. In the case of the HDV
ribozyme, C75 has been implicated in proton transfer, but it is unclear whether it acts as
the general acid or base in bond cleavage. A key observation in deciphering the catalytic
role of C75 was inversion of the rate-pH profile in the absence of the catalytic divalent
metal ion, which implicated C75 as the general acid. However, interpretation of this
result was complicated by a report that the rate-pH profile is flat for a double mutant
(DM) ribozyme that allows the base quadruple to form without protonation of C41.
Herein, rate-pL profiles and proton inventories were conducted for the WT and
DM genomic HDV ribozymes and interpreted using a global kinetic model that
accommodates all of the data. Ultimately, the rate-pL plateaus, pKa values, pKa shifts in
D2O, DM misfolding, normal and inverse contributions to the KSIEs, and electrostatic
dependencies of the pKa values indicate that the pKa for the DM ribozyme belongs to
C41, while the pKa for the WT ribozyme belongs to C75. Thus, inversion of the WT
rate-pH profile upon removal of the catalytic divalent metal ion supports a mechanism
with C75 as the general acid in bond cleavage, with hydroxide ion acting as a specific
base at higher pH values. In the following Discussion, we consider support for this and
alternative kinetic models through a series of mechanistic questions.

4.6.1 Do the observed pKas arise because the rate-limiting step changes from
chemistry to a conformational change?
One possibility is that the observed pKas arise from a change in the rate-limiting
step from chemistry to a conformational change, a so-called ‘kinetic pKa’.44 This effect
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has been found to occur in the case of the group I intron ribozyme.45 Such a scenario
would imply that the observed pKa does not belong to C41 or C75. A putative change in
rate-limiting step would occur when the profile switches from the pH-dependent to the
pH-independent arm.
In a careful mechanistic examination of the origin of KSIEs in ribozymes, Walter
and coworkers demonstrated that binding and dissociation of substrate to a trans-acting
HDV ribozyme gave rise to KSIEs of 2-2.5 and ∼1.5, respectively.47 Thus, the presence
of a KSIE is not enough to be certain that bond cleavage is rate-limiting. These authors
then showed that proton inventories for substrate binding do not conform to the
Gross-Butler equation, which led them to emphasize the importance of carrying out
proton inventories in concert with KSIE studies.47
Although we used a cis-acting ribozyme that does not participate in bimolecular
substrate binding and dissociation, conformational changes involving the making and
breaking of base pairs are possible. As presented in the Results, the proton inventory
conducted for the WT ribozyme at pL 6.0 obeys the standard Gross-Butler equation
(Figure 4-5, panel A), while the proton inventories for the WT and DM ribozymes at pL
9.0 conform to a population-weighted Gross-Butler equation (Figure 4-5, panels B and
C), as well as the standard Gross-Butler equation (not shown in Figure 4-5, panels B and
C). It is therefore unlikely that the KSIEs observed for the WT and DM ribozymes
herein arise from conformational changes.
Given that the WT and DM ribozyme reactions proceed ∼3,000-fold slower in the
absence of Mg2+ than in the presence of 10 mM Mg2+, it might seem surprising that the
reactions could be limited by a chemical change. However, similar observations have
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been previously reported for HDV and VS ribozyme reactions. In the case of the HDV
ribozyme, the C75A mutant in Mg2+ is ∼300- and 4,000-fold slower than the WT
ribozyme in genomic6 and antigenomic17 contexts, respectively, yet still gives the
expected pKa in the rate-pH profiles. Similarly, the A756C mutant of the VS ribozyme in
Mg2+ is ∼700-fold slower than the wild-type VS ribozyme, yet shows similar pKa values
and KSIEs.41 For these slow-reacting HDV and VS ribozymes, it has been suggested that
an inactive fold of the ribozyme is in rapid equilibrium with a catalytically competent one
such that changes in the rate of the cleavage step are still sensed.7, 41, 59 It could be that
rapid equilibrium occurs because these ribozymes have difficulty specifying the native
fold, and this may also be the case for the WT and DM ribozymes in the absence of Mg2+.

4.6.2 Do the observed KSIEs arise because of viscosity effects?
The viscosity of D2O is ∼1.2-fold higher than that of H2O;40 it is therefore
important to know whether an observed KSIE is simply the effect of the more viscous
D2O slowing a diffusion-controlled reaction.41, 60 Observation in Figure 4-2, panel A that
rates in H2O and D2O are nearly identical between pL 7 and 8, only to be different at
lower and higher pL values makes this possibility unlikely as it is unclear how or why
viscosity would be a factor at only certain pL values. We opted to not test the effects of
cosolvents with differing viscosity, such as glycerol and sucrose, on the rate since these
can interact with the ribozyme.41 That the KSIEs are not due to viscosity effects suggests
that the rate-limiting step is not a diffusion-controlled process, which is consistent with
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the conclusions from the previous section that the rate of the ribozyme reaction is not
limited by a conformational change.

4.6.3 Is the observed pKa for the DM ribozyme assignable to C41 or C75?
Next, we consider the molecular origin of the observed pKa for the DM rate-pH
profile, as well as the mechanistic basis for the shape of the profile. The DM ribozyme
was designed to form the base quadruple without protonation of C41 (Figure 4-1, panel
D), and therefore, simplify the rate-pH profiles. However, we recently found that in the
presence of Mg2+ (channel 3) the DM ribozyme loses activity below pH 6 with a
second-order dependence on H+ concentration.29 The probable cause of this effect is
protonation of C41 induces formation of a misfolded base quadruple in the DM ribozyme
that renders the ribozyme inactive.
Protonation of C41 may cause misfolding of the DM ribozyme in the absence of
Mg2+ as well. (The diagnostic of DM ribozyme misfolding in the presence of Mg2+ was a
slope of 2 in the low pH arm of the (log) rate-pH profile, the establishment of which
required data down to pH 4. Although the tertiary structure of the HDV ribozyme is
stable in the presence of 1 M NaCl with a TM of ~72 °C,28 it was not possible to collect
data below pH 5 due to the possibility of acid denaturation in the absence of stabilizing
structural Mg2+ ions.) When pH is higher than ∼6, neutral C41 can form the ‘native’ base
quadruple (Figure 4-7, panel A). When pH is lowered, cationic C41 can engage in a new
interaction, potentially with the Hoogsteen face of the nearby G74 (Figure 4-7, panel B)
as previously described,29 or in an altered register involving the O2 and N3H+ of C41
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with the Hoogsteen face of A73 (Figure 4-7, panel C). Either of these arrangements has
the potential to inactivate the ribozyme due to alteration of the surrounding hydrogen
bonding network.
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Figure 4-7: Structural models for the DM base quadruple. (A) The DM base quadruple
with ‘native’ interactions. (B) and (C) show possible misfolds of the DM base quadruple
that can form upon protonation of C41. (B) C41 goes from interacting with the U44:A73
base pair (panel A) to interacting with the A43:G74 N1-N1, carbonyl-amino (imino) pair;
N4 and N3H+ of C41 could hydrogen bond with N7 and O6 of G74, respectively. (C)
C41 shifts so that it continues to interact with A73, but no longer interacts with A43; O2
and N3H+ of C41 could hydrogen bond with N6 and N7 of A73, respectively. (D)
Crystal structure of the base quadruple of the self-cleaved form of the WT ribozyme.
‘WT’ hydrogen bonds are denoted with black dashed lines. The interactions described in
panel B are denoted with red lines. The interactions described in panel C are denoted
with blue lines. Figure generated using DS ViewerPro 5.0 (Accelrys) and PDB entry 1
drz.
The pKa associated with such adjustments of hydrogen bonding interactions is not
expected to be sensitive to ionic strength. This is especially true for C41 since the
electrostatic potential of the ribozyme is not especially negative near C41.7, 58 As
presented in the Results, the observed pKa for C41 in the DM ribozyme is not sensitive to
ionic strength. Its value is 5.7, 5.6, and 5.7-5.8 in 0.87 mM Mg2+, 10 mM Mg2+, and 1 M
NaCl/100 mM Na2EDTA, respectively (Table 4-3).6, 29 These values also agree with the
intrinsic pKa value of 5.5 determined for C41 in the WT ribozyme under channel 2
conditions in the absence of bound Mg2+.29 These observations are inconsistent with the
electrostatic nature of the C75 proton binding site; moreover these values are outside the
error limit on the observed pKa values for the WT ribozyme (6.6-6.8 in 1 M NaCl/100
mM Na2EDTA), suggesting that the pKa measured for the DM ribozyme is distinct from
that measured for the WT ribozyme (see below). Thus, the pKa for the DM ribozyme is
assigned to C41 rather than C75.
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4.6.4 Is the observed pKa for the WT ribozyme assignable to C41 or C75?
The WT and DM ribozymes display opposing behavior as the pH is lowered from
7 to 5 (Figure 4-2). While the rate of the DM ribozyme decreases over this range, the
WT ribozyme rate increases; in other words, the two rate-pH profiles are inverted with
respect to one another. This observation suggests that the molecular origins of the two
observed pKas are different. Increase in the rate of the WT ribozyme with decreasing pH
is consistent with a protonation event facilitating the reaction, while decrease in the rate
of the DM ribozyme with decreasing pH is consistent with a protonation event inhibiting
the reaction (see previous section). Given that the protonation event for the WT
ribozyme appears to not be associated with a conformational change, it is most likely due
to ionization of C41 or C75.
The observed pKa for the WT ribozyme is sensitive to ionic strength. Its value is
7.1, 6.1, and 6.6-6.8 in 0.87 mM Mg2+, 10 mM Mg2+, and 1 M NaCl/100 mM Na2EDTA,
respectively (Table 4-3).6, 29 These observations support an electrostatic component to
this proton binding site. Indeed, the value of 6.81, measured herein in 1 M NaCl/100 mM
Na2EDTA, is ~0.4 units lower than the intrinsic pKa value of 7.2 determined under
channel 3 conditions in the absence of bound Mg2+.29 The coupling of this pKa with ionic
strength is consistent with the electrostatic nature of the C75 proton binding site, as
inferred from pH titrations of r(UUCUU) as a function of ionic strength (Figure 4-6). In
addition, these values are outside the error limits on the observed pKa value for the DM
ribozyme under channel 1 conditions, suggesting that the pKa measured for the WT
ribozyme is distinct from that measured for the DM ribozyme. Thus, the pKa for the WT
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ribozyme is assigned to C75 rather than C41.
It has been previously suggested that Na+ ions may penetrate the active site of the
HDV ribozyme.6 A recent 2.4 Å crystal structure of the C75U-inactivated pre-cleaved
HDV ribozyme in the presence of Tl+ ions is consistent with this notion, showing 15 Tl+
ions bound to the RNA, three of which are positioned in or near the active site.61 Two of
the three active site metal ions interact with the ribozyme in ways that may not reflect
catalysis- i.e. through the O4 of the U75 mutation or via water bridging to the active site.
However, the third ion forms inner sphere interactions with the 2’-hydroxyl of U-1, a
non-bridging oxygen of the scissile phosphate, and the N7 of G1 (Figure 4-1, panel B).61
This observation suggests that a monovalent metal ion might serve a role in activating the
2’-hydroxyl to attack the scissile phosphate, potentially by acting as a Lewis acid to
stabilize the 2’-oxyanion and/or neutralize charge development at the scissile
phosphate.61 In any case, it is clear that monovalent metal ions can interact near the
active site and are likely responsible for the pKa depression that occurs upon going from
channel 3 (no bound Mg2+) to channel 1 conditions (Table 4-3), a conclusion that is
further supported by the pH titrations on r(UUCUU).

4.6.5 Why does hydroxide ion make an inverse contribution to the observed KSIE?
If the pKa observed for the WT ribozyme is assignable to C75 and if inversion of
the rate-pH profile upon removal of the catalytic divalent metal ion implicates C75 as the
general acid, then the plateau in the high pH region of the rate-pH profile (Figure 4-2,
panel A) must arise from involvement of hydroxide ion as a Brønsted base. The
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following discussion provides further support for involvement of hydroxide ion in the
reaction at high pH by considering the molecular basis for the inverse contribution to the
KSIE observed at high pL (Figure 4-5, panels B and C).
Previous studies have shown that OD- in D2O is less stable than OH- in H2O.25, 52
This property has the potential to make OD- more likely than OH- to deprotonate a
2’-hydroxyl and form a 2’-alkoxide on U-1; however, this argument holds only under
certain conditions. The primary argument for why OD- is less stable than OH- is that OLuses its lone pairs to form three strong hydrogen bonds with L2O and these are weaker for
OD- in D2O. However, if there are similar hydrogen bonds in the next state (i.e. the
transition state) on the reaction coordinate, then the effect of weaker hydrogen bonding in
the reactant state will be canceled and no significant isotope effect will be observed.25, 48,
52

For reactions that involve OL- in the transition state of the rate-limiting step, the

hydrogen bonds in the transition state, referred to as ‘solvation catalytic proton bridges’,
are typically similar to the hydrogen bonds in the reactant state, and so suffer
approximately the same stability loss in D2O as OL-.48, 62 Thus, involvement of
hydroxide ion in the rate-limiting step would not contribute to the KSIE.
Likewise, if an equilibrium process results in the formation of three strong
hydrogen bonds from solvent molecules to the 2’-alkoxide of U-1, any isotope effects
should approximately cancel. However, the crystal structure of the HDV ribozyme in Tl+
ions reveals that the 2’-hydroxyl of U-1 is directly coordinated to a monovalent metal
ion.61 This interaction should liberate one or more of the solvating waters and lower the
pKa of the 2’-alkoxide, which would in turn weaken interactions with any remaining
waters. (Unfortunately, specific waters could not be resolved in this portion of the
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structure.) Therefore, it is possible that hydrogen bonding to the 2’-alkoxide of U-1 is
isotope-sensitive and contributes to the KSIE.
The aggregate reactant state fractionation factor (φR) for OL- is 0.43, determined
from release of the three waters each with a φR value of 0.7 coupled with strengthening of
the internal stretching of the O-L bond of OL- with a φR value of 1.25, (0.73×1.25 =
0.43).25 Based on the φR value for OL-, an inverse contribution to kobs of 2.3 (1/0.43 =
2.3) is expected for OL- acting in an inverse equilibrium isotope effect (φE), where φE =
KD/KH (= 2.3).52 Inverse equilibrium isotope effects of 2.1 and 3.1 determined for the
WT and DM ribozymes, respectively (Figure 4-5, panels B and C) are in good agreement
with the expected φE value of 2.3.
This analysis leads us to conclude that the inverse contribution to the isotope
effect occurs because of a pre-equilibrium in which OL- deprotonates the 2’-hydroxyl of
U-1, which then attacks the neighboring phosphorus to afford a trigonal bipyramidal
intermediate. This high energy intermediate is resolved in a rate-limiting step involving
protonation of the 5’-bridging oxygen of G1 by C75L+ and this process contributes to the
isotope effect in a normal manner. Such a non-concerted reaction agrees with studies of
cleavage of dinucleotides by imidazole in solution,57, 63, 64 and is consistent with recent
DFT and QM-MM calculations for the HDV ribozyme, which favor a two-step reaction,
the last step of which is protonation of a trigonal bipyramidal phosphorane at the
5’-bridging oxygen.35, 36 It has been suggested that the exocyclic amine (N4) of
N3-protonated C75 may protonate a non-bridging oxygen of the scissile phosphate to
afford the phosphorane, analogous to possible involvement of the N6 of N1-protonated
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A38 in the hairpin ribozyme.35, 57 In these cases, deprotonation of the amino group of
cationic C or A would afford a neutral imine tautomer. This mechanism is consistent
with observation that C75A is reactive in the HDV ribozyme, but C75U, which lacks an
exocyclic amine, is not.6, 17

4.6.6 Where are the ‘missing’ pKas?
If the observed pKa for the DM ribozyme is assignable to C41, then where is the
pKa for C75? Likewise, if the observed pKa for the WT ribozyme is assignable to C75,
then where is the pKa for C41? We begin by considering the DM ribozyme.
As mentioned, the rate-pH profile for the DM ribozyme in the absence of Mg2+
(Figure 4-2, panel B) appears qualitatively similar to that for the WT ribozyme in the
presence of Mg2+ (channel 3).6 The WT rate-pH profile under channel 3 conditions has a
plateau over the higher pH range because the decrease in the concentration of the putative
general acid, protonated C75, with pH is compensated for by the increase in
concentration of the putative general base, hydrated Mg2+ hydroxide ion, with pH.
Likewise, for the DM ribozyme under channel 1 conditions the plateau over the higher
pH range appears to occur because the decrease in the concentration of the putative
general acid, protonated C75, with pH is compensated for by the increase in
concentration of the specific base, hydroxide ion, with pH. The proton inventory data at
high pH could be accounted for using a population-weighted Gross-Butler equation
(two-proton inventory) with an inverse contribution from hydroxide ion (Figure 4-5,
panels B and C), consistent with the involvement of hydroxide ion in the reaction.
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Since the shapes of the WT and DM rate-profiles under channel 1 conditions are
different, it is not immediately clear that the two ribozymes share a common rate-limiting
step at high pH. It is noteworthy, however, that the WT and DM rate-pH profiles level
off at approximately the same kobs value in both H2O and D2O, albeit with a slight rate
enhancement for the DM ribozyme at higher pH (see Figure 4-2, panels A and B, which
share the same y-axis). A similar effect was observed by Been and coworkers in which
the DM ribozyme leveled off with a slightly greater kobs than WT at pH 8.5, the highest
pH value tested.15 Similarities of rates, proton inventories, and observed KSIEs for the
WT and DM ribozymes at pL 9.0 suggest that the two ribozymes use a common
mechanism involving C75 under these conditions. It is possible that protonation of C75
occurs near the pKa for inactivation of the DM ribozyme by protonation of C41 (the pKa
for the WT ribozyme is ~1 unit higher than for the DM ribozyme (Table 4-3)), causing
the two events to be indistinguishable.
Next, we consider the absence of an observed pKa for C41 in the WT ribozyme.
First, we note that the pKa for C41 is not observable under channel 3 conditions in the
presence of millimolar concentrations of Mg2+ either.6 In this case, absence of an
observable pKa was attributed to exceptionally stable folding of the ribozyme. One
possibility is that while protonation of C41 in the DM ribozyme can lead to a hydrogen
bonding shift to the ‘right’ in the standard drawing of the base quadruple (Figure 4-1,
panels C and D, Figure 4-7, panel C), deprotonation of C41 in the WT ribozyme can lead
to a hydrogen bonding shift to the ‘left’ (not shown). These opposing movements may be
enough to inactivate and retain activation of the ribozyme, respectively. Absence of a
functional consequence of C41 ionization in the WT ribozyme is consistent with NAIM
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experiments that concluded that only C75 ionization is functionally important.21 It is also
consistent with the findings from a recent Raman crystallography study of the genomic
HDV ribozyme, in which ionization of C41 was spectroscopically silent, presumably
because C41 simply underwent a base pairing shift, which would not have been detected
in the single-stranded portion of the Raman spectrum.23
Lastly, we carried out structure mapping experiments on both the WT and DM
ribozymes at pH 5 and 7 in the presence of RNases A and T1, which cleave
single-stranded regions of RNA (see Materials and Methods). For both ribozymes, very
little change in structure was found as a function of pH (Figure 4-8), suggesting that there
are no large-scale conformational changes associated with ionizations of C41 and C75.
This observation is consistent with the general notion that ionization of C41 in the WT
ribozyme does not induce a large-scale conformational change and may therefore be
functionally silent. In addition, the WT and DM ribozymes looked the same at a given
pH. This finding does not, however, preclude the existence of a misfold in the DM
ribozyme. For one, structure mapping conditions were not the same as those used in the
kinetics experiments since Mg2+ and Na+ were not added. In addition, we only used
RNases that cleave single-stranded regions of RNA. Furthermore, structure mapping
could be complicated by the presence of multiple structures for each RNA.
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Figure 4-8: Structure mapping of the WT and DM ribozymes. The ladder lanes are
marked as follows: OH-, alkaline hydrolysis ladder; T1, RNase T1 sequencing ladder. For
the control lanes, - and + refer to the absence and presence of 1 mM MgCl2, respectively.
For the RNase A and RNase T1 lanes, - and + refer to the absence and presence of
AS(-30/-7), respectively. Nucleotide assignments were made using the ladder lanes and
previous structure mapping results.37 Lanes marked with an ‘X’ were not included in the
structure mapping analysis because a significant amount of ribozyme cleavage occurred;
the reason for this is not known. These lanes were treated as ladder lanes. For the DM
RNase T1 reactions, the band for position 73 is not present because of the G to A
mutation.
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In conclusion, the data herein support the pKas observed for the WT and DM
ribozymes in the absence of Mg2+ as belonging to C75 and C41, respectively. For both
ribozymes, the observed rate appears to be limited by proton transfer of C75 in the
transition state rather than a conformational change or diffusion-controlled process.
Furthermore, an inverse contribution to the observed KSIE at high pH supports hydroxide
ion as a specific base in a pre-equilibrium in a multistep reaction mechanism. Therefore,
the inversion of the rate-pH profile for the WT ribozyme upon removal of the catalytic
divalent metal ion is consistent with a general acid role for C75 in the reaction
mechanism.
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Appendix A
Derivation and limits of the population-weighted Gross-Butler equation (Eq. 4.9)

A.1 Derivation of the population-weighted Gross-Butler equation (Eq. 4.9)
Eq. 4.9 is a population-weighted form of the Gross-Butler equation, which was
used in Chapter 4 to describe the proton inventories performed in the high pL plateaus of
the rate-pL profiles.
T
T
E
−∆pK LOL
E
kn /k 0 = (1− n) 2 + φ C75
n(1− n)10 ∆pK C75 + φ OL
+ φ C75
φ OL–
n 210 ∆pK C75 −∆pK LOL
– n(1− n)10

Following is a derivation of this equation.
We begin by noting that in H2O/D2O mixtures at high pL, the ribozymes exist
with general acid and specific base species in one of four isotopic combinations: HH,
DH, HD, and DD, respectively. The reactivity of each isotopic combination can be
described as a product of the intrinsic rate constant and the fractional population of the
general acid and specific base.1 The intrinsic rate constant at high pL is the product of
kOH- and the appropriate factor(s), φT and φE for C75L+ and OL-, respectively. (As
described in Chapter 4, the contribution of C75L+ is most consistent with a transition
state fractionation factor (φT), while the contribution of OL- is most consistent with an
equilibrium isotope effect (φE).) The fractional populations of the general acid and
specific base are given by the product of four factors: the fraction of general acid with H
or D as appropriate and as determined from its equilibrium constant (fC75L+); the fraction
of H2O or D2O, as appropriate, determined by factors of 1-n and n, respectively; and two
similar terms for the specific base. This leads to the following four-term expression (Eq.

4.9
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4.11) for the observed rate constant in an H2O/D2O mixture, where the four terms on the
right-hand side of the equation represent the general acid and specific base in the forms
HH, DH, HD, and DD, respectively:
T
n(1 − n) f C75D+ f OH –
k n = k OH – (1 − n ) 2 f C75H + f OH – + k OH −φ C75
E
T
E
2
+ k OH −φ OL
− n(1 − n) f C75H + f OD – + k OH −φ C75φ OL − n f C75D + f OD –

4.11

Note that the contributions of reactant state fractionation factors (φR) are assumed to be
unity, except for OL-, as is customary.2 The fraction of the ribozyme having C75L+ is
given by f C75L + =

1
10

pL− pK R,L

, while the fraction of OL- in solution is well approximated by

f OL – = 10 pL− pK LOL /55M . (Here we are taking the fraction of L2O in the OL- form.)

Substituting and factoring gives Eq. 4.12:
pH − pK HOH
⎡
⎤
10 pH − pK HOH / 55M
/ 55M
2 10
T
−
+
−
φ
n(1
n)
(
1
n
)
⎢
C75
⎥
pH − pK R, H
pD − pK R, D
10
10
⎥
k n = k OH − ⎢
pD − pK DOD
⎢ E
/ 55M ⎥
10 pD − pK DOD / 55M
T
E
2 10
+ φ C75φ OL − n
⎢+ φ OL − n(1 − n)
⎥
pH − pK R, H
pD − pK R, D
10
10
⎣
⎦

4.12

The rate constant in pure H2O, which will be used as the reference rate constant, can be
obtained by substituting n = 0 into Eq. 4.12 to give Eq. 4.13.
k 0 = k OH − 10

pK R, H − pK HOH

/ 55M

4.13

Dividing Eq. 4.12 by Eq. 4.13 gives Eq. 4.9 in Chapter 4 (The experiment was conducted
by mixing pH 9 and pD 9 buffers, so that pH and pD cancel to a first approximation.):
− ∆pK LOL
∆pK C75 − ∆pK LOL
T
E
T
E
2
k n / k 0 = (1 − n ) 2 + φ C75
n(1 − n)10 ∆pK C75 + φ OL
+ φ C75
φOL
– n(1 − n)10
– n 10

4.9
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The ∆pK terms are for ionization of C75 or autoprotolysis of solvent and each is equal to
the value in D2O minus the value in H2O. Specifically, ∆pKC75 is +0.43 (= 7.24-6.81)
(see Chapter 4), while ∆pKLOL is +0.85 (= 14.23-13.38).
We note that it is possible to subdivide Eq. 4.9 further by taking into
consideration the origin of OH- in H2O or HOD, and the origin of OD- in D2O or HOD.
To a first approximation, the autoprotolysis constant for HOD is intermediate between
the constants for H2O and D2O.3 Simulations with the resultant eight-term equation for
the four limiting conditions shown in Figure 4-5, panels B and C gave behavior that is
similar (not shown) to the simpler four-term equation (Eq. 4.9). As such, Eq. 4.9 was
used for all fits and simulations.

A.2 Limits of the population-weighted Gross-Butler equation (Eq. 4.9)
We consider three limits of Eq. 4.9:

Limit 1: If the acid and base species are fully functional, as ‘expected’ in the plateau
region, (i.e. fC75L+ = fOL- = 1) and two protons are transferred, then the base 10
exponential terms in Eq. 4.9 go to unity and Eq. 4.9 reduces to Eq. 4.14:
T
E
T
E
2
k n / k 0 = (1 − n ) 2 + φ C75
n(1 − n) + φ OL
− n(1 − n) + φ C75φ OL − n

4.14

This equation can be factored to give Eq. 4.15:
T
E
k n / k 0 = (1 − n + nφ C75
)(1 − n + nφ OL
−)

4.15
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which, as expected, is the Gross-Butler equation for two non-equivalent proton transfers
(Eq. 4.7).

Limit 2: If the acid and base species are fully functional and only one proton is
E
transferred (e.g. φOL
− = 1 ), then Eq. 4.14 reduces to:

T
T
k n / k 0 = (1 − n ) 2 + φ C75
n(1 − n) + n(1 − n) + φ C75
n2

which can be simplified to give Eq. 4.16:
T
k n / k 0 = 1 − n + nφ C75

4.16

which, as expected, is the Gross-Butler equation for one proton transfer (Eq. 4.8, m = 1).

T
E
Limit 3: If there is no intrinsic isotope effect (i.e. φC75
= φOL
− = 1 ), but fC75L+ and fOL- are

less than unity, then Eq. 4.9 reduces to Eq. 4.17:
k n / k 0 = (1 − n ) 2 + n(1 − n)10 ∆pK C75 + n(1 − n)10 − ∆pK LOL + n 2 10 ∆pK C75 − ∆pK LOL

This equation was used in some of the simulations in Chapter 4 to see if population
changes alone describe the high pL proton inventories.

4.17
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Chapter 5
Towards removing ambiguity from the mechanism of the HDV ribozyme using
single-molecule fluorescence resonance energy transfer

5.1 Abstract
In this Chapter, further efforts to understand the catalytic mechanism of the HDV
ribozyme were made using single-molecule fluorescence resonance energy transfer
(SM-FRET). A ribozyme construct was designed and prepared, and ensemble and
single-molecule measurements revealed that ribozyme activity occurs under a variety of
conditions. In addition, SM-FRET experiments showed that the ribozyme construct gives
rise to a range of FRET efficiencies. Efforts were made to determine the molecular
origins of these values. In particular, ribozyme mutants were rationally designed to
influence the conformational dynamics of the system so that FRET efficiencies could be
assigned to specific ribozyme structures.

5.2 Introduction
As discussed in Chapter 1, two models have been advanced for how C75 and
Mg2+ participate in general acid-base catalysis. In general acid-base model 1 (GAB
model 1), C75 acts as a general base to deprotonate the 2’-hydroxyl of U-1 and a
hydrated Mg2+ ion acts as a general acid to protonate the 5’-oxygen leaving group. In
general acid-base model 2 (GAB model 2), protonated C75 acts as a general acid and a
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hydrated Mg2+ hydroxide ion acts as a general base. Both of these models can account
for the observed rate-pH profiles obtained in the presence of Mg2+, which are
characterized by a low pH arm with a slope of 1, consistent with one proton transfer
occurring in the rate-limiting step of the reaction, and a high pH plateau region, and an
observed pKa near neutrality which belongs to C75.1, 2 The high pH plateau region is
likely due to a cancellation of events- i.e. an increase in the concentration of the
functional deprotonated form of the general base combined with a decrease in the
concentration of the functional protonated form of the general acid by the same amount.
The inability to distinguish between mechanistic models using rate-pH profile analysis is
referred to as kinetic ambiguity.3 When this situation arises in enzyme studies, it is
typical to use several independent lines of evidence to determine which mechanism is
correct. The evidence for each mechanism is discussed below.
GAB model 1: Crystal structures of the pre-cleaved ribozyme solved with a C75U
mutation show a Mg2+ ion in a position consistent with this model, but are ambiguous
with respect to the role of C75.4, 5 Modeling of the structure allowed the 2’-hydroxyl of
U-1 to be placed near the N3 of residue 75, but not near the Mg2+ ion, leading the authors
to favor GAB model 1. A major caveat associated with these structures is that the C75U
mutation may affect a number of active site features. For example, the structures show
that O4 of U75 coordinates the metal ion. Since this ligand is not present in the wild-type
ribozyme it is possible that the location of the observed metal ion is not functionally
relevant. Biochemical studies suggest that a metal ion interacts with the ribozyme near
the scissile phosphate and -1 nucleotide,6, 7 but the Mg2+ ion observed near the active site
in the pre-cleaved ribozyme crystal structures does not fulfill either of these criteria.
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GAB model 2: The crystal structure of the self-cleaved ribozyme shows C75 in a
position consistent with this model.8, 9 Perhaps the most compelling evidence in support
of this model comes from experiments performed by Piccirilli and coworkers.10 They
showed that the inactive C75U mutant of the ribozyme could be rescued by substituting
the 5’-bridging oxygen of G1 with a sulfur atom, making it a better leaving group, and, in
doing so, established a molecular link between C75 and leaving group activation. It
should be noted that the crystal structure of the self-cleaved ribozyme does not show
well-ordered metal ions near the active site, however this could be due to the absence of
the scissile phosphate and -1 nucleotide.
A number of computational approaches have also been used to probe the
mechanism of the HDV ribozyme, however some results support GAB model 1,11, 12
while others support GAB model 2.13, 14 Ultimately, despite considerable effort to
understand the self-cleavage mechanism of the ribozyme through biochemical, structural,
and computational studies, uncertainty about the positioning and roles of catalytic species
persists.
We thought that one possible way to determine the exact roles of C75 and Mg2+
would be to examine the conformational dynamics and reactivity of a single ribozyme
molecule under different conditions. To that end, we decided to study the HDV ribozyme
mechanism using single-molecule fluorescence resonance energy transfer (SM-FRET).
This work was done in collaboration with Rick Russell’s lab at the University of Texas
(Austin).
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5.3 Justification for using SM-FRET
FRET is the non-radiative transfer of energy from a fluorophore, called the donor,
to another molecule, called the acceptor. FRET occurs without the appearance of a
photon and is the result of long-range dipole-dipole interactions. When the donor and
acceptor are both fluorophores, FRET results in a decrease in donor emission intensity
with a simultaneous increase in acceptor emission intensity. The efficiency of FRET
(EFRET) is given by Eq. 5.1
EFRET = 1/[1 + (R/R0)6]

5.1

where R is the distance between the donor and acceptor, and R0 is the distance at which
EFRET is 50 % and is characteristic of the particular donor-acceptor pair. Experimentally,
EFRET is calculated from the acceptor and donor emission intensities, IA and ID,
respectively, according to Eq. 5.2
EFRET = IA/(IA + ID)

5.2

and used to extract R from Eq. 5.1, if desired. Because EFRET is dependent on the
distance between the donor and acceptor fluorophores, FRET experiments can yield
information about structural relationships and distance fluctuations between regions of a
single molecule or between components of an interacting system of molecules
(Figure 5-1).
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Figure 5-1: Fluorescence resonance energy transfer (FRET) efficiency (EFRET) vs.
distance between two fluorophores with R0 = 50 Å (calculated using Eq. 5.1).
SM-FRET analysis of ribozymes have had a major impact on understanding RNA
folding pathways and are beginning to be applied to studying RNA catalysis, reviewed in
15

. Studies of the Tetrahymena group I intron allowed non-accumulative folding

intermediates, parallel folding pathways, and equilibrium conformational fluctuations to
be directly observed.16 In a follow-up study,17 the various folding pathways were studied
by varying the monovalent salt concentration of the prefolding solution. These
experiments revealed that the molecules fold along several discrete channels separated by
large energy barriers. SM-FRET has also been used to study folding and catalysis for the
hairpin ribozyme, a small ribozyme that catalyzes the same reaction as the HDV
ribozyme (Figure 1-1, panel B). Zhuang and coworkers showed that a minimal two-way
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junction hairpin ribozyme folds into four distinct and non-interchanging populations in
which coupled docking (refers to a folding event that gives rise to the catalytically active
species) and cleavage events of individual ribozymes can be monitored.18 Related
mutagenesis studies on the hairpin ribozyme from Walter and coworkers showed that
functional groups remote from the active site affect rate constants including those
coupled to chemistry.19 Using a hairpin construct containing the natural four-way
junction, Lilley and coworkers also studied the mechanism of the hairpin ribozyme at the
single-molecule level.20 This construct allows docking to be much faster than cleavage,
which enables separation of the rate constants for these two events. Cleavage and
ligation reactions were followed as a function of pH and displayed identical rate-pH
profiles, similar to what these investigators observed in ensemble studies of a ribozyme
containing an imidazole nucleobase in place of an active site residue,21 consistent with
general acid-base catalysis involving a nucleobase(s). Despite these advances, there have
not been any reports of SM-FRET being used to identify the exact roles of catalytic
species in ribozyme reactions to untangle kinetic ambiguity.
The ultimate goal of this project is to use temporal changes in EFRET to probe the
mechanism of the HDV genomic ribozyme at the single-molecule level. Based on the
studies of the HDV ribozyme to date, it is likely that the reaction depends on the ability
of C75 to dock into the active site, which, in turn, likely depends on the protonation state
of C75. (In this case, docking refers to the formation of tertiary interactions that position
C75 near the active site. We later discuss the idea of ‘docked and aligned’ and ‘docked,
but unaligned’ states, where ‘aligned’ and ‘unaligned’ refer to the productive and
non-productive positioning of active site residues, respectively. The initial idea was to
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determine the dwell time for the ribozyme in the active conformation (docked state), the
number of docked states that form in a given period of time, and the fraction of docked
states that are productive- i.e. result in cleavage, in a given period of time at pH values
between pH 5 and 9, and that these experiments would reveal the acid-base roles of C75
and Mg2+ in the HDV ribozyme cleavage reaction.
A hypothetical result is considered for the mechanism involving C75H+ as the
general acid and [Mg(H2O)5OH]+ as the general base (GAB model 2) using a pKa of 6 for
C75 in Mg2+-bound ribozyme22 and a pKa of 11.4 for a water coordinated to fully
hydrated Mg2+:23 At pH 5, the concentration of C75H+ will be 10 times greater than the
concentration of C75 and the concentration of [Mg(H2O)6]2+ will be 106 times greater
than the concentration of [Mg(H2O)5OH]+. As a result, the ribozyme will populate the
docked state frequently, but few docking events will be productive. At pH 7, the
concentration of C75H+ will be 10 times less than the concentration of C75, while the
concentration of [Mg(H2O)5OH]+ will be 100 times greater than it was at pH 5. As a
result, the ribozyme will populate the docked state much less frequently, but a greater
fraction of the docking events will be productive, leading to a shorter dwell time. At pH
9, the concentration of C75H+ will be 1000 times less than the concentration of C75,
while the concentration of [Mg(H2O)5OH]+ will be 100 times greater than it was at pH 7.
As a result, the ribozyme will populate the docked state less frequently, but a
proportionately greater fraction of the docking events will be productive, leading to a
shorter dwell time. This compensating behavior would account for why the rate does not
change between pH 7 and 9 and remove the ambiguity from the mechanism. Figure 5-2
depicts some hypothetical FRET time traces for this hypothesis.
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Figure 5-2: Three hypothetical FRET time traces at pH 5, 7, and 9 for GAB model 2.
Expected irregularities in docking were omitted for simplicity.

5.4 Overview of project: Ribozyme construct design, preparation, and
characterization
RNAs do not contain intrinsic fluorophores. Therefore, fluorophores must be
incorporated either during or after synthesis of RNA. In order to site-selectively
introduce a fluorophore or functional group for coupling to a fluorophore, the RNA to be
labeled must be prepared using phosphoramidite solid-phase synthesis. Due to the length
limitations (~80 nt) and high costs associated with this methodology, it was not practical
to use a cis-acting HDV ribozyme for SM-FRET studies. Fortunately, the HDV
ribozyme can be converted to a trans-acting ribozyme- i.e. it can be divided into two
pieces and still be active because of the thermostability of base pairing interactions. The
strand that undergoes cleavage is referred to as the substrate strand and the other strand is
referred to as the enzyme strand. Such constructs can undergo multiple turnovers in the
lab, although this is not desired in all of the SM-FRET experiments.
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A trans-acting ribozyme construct was designed for use in SM-FRET studies
(Figure 5-3). In addition to the catalytic core sequence, the enzyme strand was designed
with an extension sequence at the 3’-end (as shown in Figure 5-3) so that it could be
annealed to a complementary DNA tether with a 5’-biotin, allowing the ribozyme to be
immobilized to a surface via the biotin-streptavidin interaction. A similar immobilization
strategy was successfully used on the Tetrahymena group I intron.16 The donor
fluorophore was attached to the 5’-end of the substrate strand and the acceptor
fluorophore to the 3’-end of the tether so that fluorescence signal would disappear after
the substrate strand is cleaved and the unbound 5’-product diffuses away. Using this
set-up, the substrate strand could be prepared using phosphoramidite solid-phase
synthesis and the enzyme strand using in vitro transcription.
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Figure 5-3: SM-FRET experimental set-up. For the studies described herein, Cy3-Cy5
was used as the donor-acceptor pair.
It is important to be able to distinguish the docked state from any other
conformations that may occur, referred to collectively as undocked states. It is clear from
Eq. 5.1, Eq. 5.2, and Figure 5-1 that a donor-acceptor pair with an R0 value similar to the
distance (R) between the fluorophores in the docked state should be chosen, as small
changes in distance around R0 should then lead to large changes in signal. In addition,
the donor-acceptor pair should exhibit large spectral separation to minimize donor
emission leakage into the spectral range of acceptor emission and to reduce the amount of
direct excitation of the acceptor by the light source. In addition, since this project focuses
on the effect of pH on several aspects of the HDV ribozyme reaction, it is critical that the
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fluorophores used in this study be insensitive to pH between pH 5 and 9. For this
purpose, we chose Cy3 and Cy5 as the donor and acceptor fluorophores, respectively;
these fluorophores have a large spectral separation (~100 nm), are photostable in the
absence of oxygen, have comparable quantum yields (~0.2), and are insensitive to pH
between pH 4 and 10.24 In addition, these fluorophores have been used for a number of
FRET studies of biomolecules (ensemble and single-molecule studies), including RNA,
which suggests that they should be non-perturbing.
In order to predict whether the distance fluctuations between Cy3 and Cy5
conjugated to the substrate and tether strands, respectively, would result in large changes
in fluorescence signal, the distance between the terminal residues in the crystal structures
of the pre-cleaved and product forms of the cis-acting genomic ribozyme were compared.
We observed distances in the range of 30-40 Å (depending on where we measured from).
R0 for Cy3-Cy5 is typically found to be ~50 Å.24 In spite of this difference, we decided
to try using Cy3-Cy5. We realized that since crystal structures are static representations,
donor-acceptor pairs chosen based on them may not be appropriate. We reasoned that if
the fluorophores were too close together, then we could try altering the length of the
5’-end of the substrate strand and/or the 3’-end of the tether, or switch to a different
donor-acceptor pair.
Since it was necessary to extend the 3’-end of the ribozyme in order to
immobilize it, there was concern that the extension sequence could interfere with the
ability of the ribozyme to fold properly and, therefore, react. We analyzed the enzyme
strand with and without candidate 3’-extension sequences using secondary structure
prediction. We deemed a 3’-extension sequence appropriate if it did not form any

183
secondary structure of its own or with the enzyme strand, and if the most energetically
stable fold for the enzyme strand was the same regardless of whether the 3’-extension
was present or not.
Once the ribozyme construct was designed and prepared, the ribozyme was
characterized using a variety of methods. Bulk fluorescence and native PAGE methods
were used to determine if the different pieces of the ribozyme construct bind to one
another appropriately, and self-cleavage kinetics assays were performed at the ensemble
and single-molecule levels to determine if the ribozyme construct is active, and if the
fluorophores and/or immobilization strategy interfere with ribozyme folding and activity.
For the SM-FRET studies, a total internal reflection microscope (TIRM) was used to
measure many single molecules simultaneously and, in effect, perform a large number of
single-molecule experiments in parallel.
The design and preparation of the ribozyme construct and the ensemble
measurements were performed by A.L.C.-S. in the Bevilacqua lab. The SM-FRET
experiments were performed in Rick Russell’s lab at the University of Texas (Austin).
Brian Cannon, a post-doctoral researcher in the Russell lab, and A.L.C.-S. collected the
SM-FRET data presented in this chapter. Data solely collected by Brian Cannon are
discussed herein, but not shown.
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5.5 Materials and Methods

5.5.1 Design, preparation, and purification of enzyme strand RNA
As discussed earlier, phosphoramidite solid-phase synthesis could not be used to
prepare a cis-acting HDV ribozyme for SM-FRET studies due to length and yield
limitations, and so a trans-acting HDV ribozyme was studied instead (Figure 5-4). In
order to prepare the enzyme RNA strand, we needed a double-stranded DNA that could
serve as a template for run-off in vitro transcription. This DNA needed to contain a T7
RNA polymerase promoter, the enzyme strand sequence, and the extension sequence (the
extension sequence choice is discussed below). The total length of such a DNA would be
105 bp. We prepared the DNA by overlap extension. In order to obtain a large enough
quantity of DNA for use as a template for run-off in vitro transcription, we wanted to
insert the overlap extension product into a cloning vector (pUC19, contains ampicillin
resistance gene for selection purposes), transform E. coli cells (DH5α) with the
recombinant plasmid, culture the transformed cells, and harvest the plasmid DNA from
the cells. To do this, we designed the DNA insert with an EcoR I site directly upstream
of the T7 RNA polymerase promoter and a BamH I site downstream of the extension
sequence so that the overlap extension product could be inserted into the polylinker
region of the cloning vector. An inverted Bsa I site was introduced directly upstream of
the BamH I site so it could be used to generate an HDV RNA-only DNA template for
run-off in vitro transcription. The first two nucleotides of the enzyme strand (Figure 5-4)
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are Gs (native ribozyme sequence), which allows for efficient T7 transcription and
precludes the need to introduce non-ribozyme sequence into the transcript.25

Figure 5-4: Secondary structure of the ribozyme used in this study. The catalytic core is
in uppercase letters and flanking sequences are in lowercase letters. The cleavage site
between U-1 and G1 is denoted with an arrow. C3 of the substrate strand, and C75 and
the C44:G73 base pair of the base quadruple motif in the enzyme strand are boxed and
mutations examined in this study are shown. The ribozyme contains a U27∆ change.33, 34
P4 is truncated relative to the naturally occurring cis-acting ribozyme and the loop at the
end of P4 (shown in outlined letters) is non-HDV ribozyme sequence, and was chosen
due to the high thermostability of cUNCGg tetraloops. The 3’-extension sequence is
represented by a dotted line.
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Overlap extension primers were designed and overlap extension was performed
using Taq DNA polymerase, with the resultant DNA was ligated into pUC19. We then
transformed DH5α cells with the recombinant plasmid, cultured the transformed cells (in
the presence of ampicillin to select for cells that contained the recombinant plasmid), and
harvested the plasmid DNA from the cells using miniprep and, later, maxiprep
purifications (Qiagen). Mutant plasmids (see Results and Discussion) were generated
from the wild-type (WT) plasmid using the QuikChange kit (Stratagene). All sequences
were confirmed by the dideoxy method after miniprep and maxiprep purifications to
control for revertants. The plasmid DNA was digested with Bsa I to yield DNA
templates for run-off in vitro transcription and the RNAs were transcribed and purified as
described.26
We used the same G-free extension sequence
(5’-ACCAAAAUCAACCUAAAACUUACACA-3’) as was used in SM-FRET studies of
the Tetrahymena group I intron.16 We analyzed the enzyme strand with and without the
3’-extension using mfold (v 3.2)27, 28 to give all possible secondary structures within 10 %
of the optimal calculated free energy at 37 ºC and in 1 M Na+ (these are the only options
for RNA analysis). The 3’-extension formed no secondary structure of its own or with
the enzyme strand, and the most energetically stable fold for the enzyme strand was the
same regardless of whether the 3’-extension was present or not (not shown). Therefore, it
did not seem likely that the 3’-extension would affect the folding and reactivity of the
ribozyme.
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5.5.2 Design of the tether strand
A series of tethers that vary in length at the 3’-end were designed based on the
extension sequence. These are referred to as T-20, T-23, T-25, and T-26, where 20, 23,
25, and 26 are the lengths of the tethers and also refer to the number of nucleotides of the
extension sequence that the tethers are complementary to (starting at the 3’-end of the
extension sequence). The tethers were purchased with a 5’-biotin and a 3’-Cy5 from
Integrated DNA Technologies (IDT) (HPLC purified by IDT), dissolved in water, and
used without further purification (see below for justification).

5.5.3 Design of the substrate strand
A substrate strand, S, was designed and contained entirely native ribozyme
sequence and included 3 nucleotides upstream of the cleavage site. A non-cleavable
version of this substrate, ncS, containing a 2’-deoxy substitution at U-1 was also designed
for use in experiments aimed at studying conformational changes in the absence of
self-cleavage. Mutant versions of the cleavable and non-cleavable substrate strands
containing a C3U change, S (C3U) and ncS (C3U), were also designed (the basis for this
sequence change is discussed below). Substrate oligonucleotides were purchased with a
5’-Cy3 from Dharmacon (deprotected and desalted by Dharmacon), dissolved in water,
and used without further purification (see below for justification).
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5.5.4 Analysis of enzyme, substrate, and tether sequences using secondary structure
prediction algorithms
We analyzed enzyme, substrate, and tether sequences using two secondary
structure prediction algorithms: mfold (v 3.2)27, 28 and the DINAMelt server (two-state
hybridization).29
We used the DINAMelt server to predict the degree to which substrate-substrate
and substrate-enzyme interactions would occur. One concern that we had was that the
substrate would dimerize with itself instead of binding to the enzyme strand due to its
partially self-complementary sequence and that the resultant duplex would be very
thermostable due to its high GC content. We performed the analysis with the following
parameters: 0.1 µM total strand concentration (CT), 1 M Na+/0 mM Mg2+ (this is the only
option for RNA), and 25 °C (this temperature was used because we thought the
SM-FRET studies were going to be performed at 25 °C; we later found out that the
SM-FRET studies were actually going to be performed at 18 °C, which is the temperature
at which the room housing the SM-FRET set-up is maintained).
The following Table (Table 5-1) shows the results of this analysis for the
wild-type substrate and mutant substrates with C3U, C4U, and C3U:C4U changes. The
mutant substrates were designed with the intent of minimizing self-dimerization while
maintaining the ability to bind to the enzyme strand; the mutant substrates were expected
to dimerize to a lesser extent because G•U wobble pairs are not as thermostable as GC
base pairs. We reasoned that if wild-type substrate dimerization prevented significant
ribozyme complex formation, we should have another substrate ready to use.
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Table 5-1: DINAMelt server analysis of substrate self-dimerization

Table 5-2: DINAMelt server analysis of substrate-enzyme interactions, using the 3’ portion of P1 (5’-GCC GGC U-3’)

Subscript A is for association of strands for the process 2A ' A2
KA = e-∆G/RT
Fraction of strands in duplex = α = [4KACT + 1 - √(8KACT + 1)]/4KACT
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For analyzing substrate-enzyme interactions, we used the following parameters:
0.2 µM total strand concentration (CT) (0.1 µM for each RNA), 1 M Na+/0 mM Mg2+,
and 25 °C. We used each of the substrates and the 3’ portion of P1 (5’-GCC GGC U-3’)
(Table 5-2).
We then used DNA mfold to predict the degree to which substrate-tether
interactions would occur. We treated the substrate strand as DNA to avoid
overestimating the thermostability of any substrate-tether interactions that might occur as
thermostability generally goes in the following order: RNA:RNA > DNA:DNA and
RNA:DNA (mfold cannot be used to analyze RNA:DNA hybrids). We treated the two
sequences as one by inserting TTTT in between them to act as a spacer. We used the
following parameters: 100 mM Na+/10 mM Mg2+, and 25 °C. The results are shown
below with the spacer sequences underlined and the form of analysis shown in
parentheses:
S + T-20 (DNA): 5’-GATGGCCGGCTTTTTGTGTAAGTTTTAGGTTGAT-3’
Predicted to form 2-3 bp (no stable structure)
S + T-25 (DNA): 5’-GATGGCCGGCTTTTTGTGTAAGTTTTAGGTTGATTTTGG-3’
Predicted to form 2-3 bp (no stable structure)
NOTE: Predicted ∆G values are not shown because the structures that were predicted
contain one bp involving the linker sequence, which is not an accurate reflection of what
interactions would occur between the oligonucleotides in solution.
Based on the DINAMelt server results, we decided to perform experiments with
WT substrate (S) and S (C3U). We did not choose S (C3U:C4U) because it is not
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expected to bind to the enzyme strand as strongly as the other substrates are (Table 5-2).
Although S (C3U) and S (C4U) are predicted to bind to the 3’ portion of P1 to a similar
extent, we chose to use S (C3U) because it is predicted to self-dimerize to a lesser extent.
Based on the mfold analysis, it did not appear as though the substrates and tethers would
interact with one another and so the T-20 and T-25 tethers were used for the experiments.

5.5.5 Substrate and tether preparation and purity analysis
Substrate oligonucleotides were purchased from Dharmacon (deprotected and
desalted by Dharmacon). Tether oligonucleotides were purchased from Integrated DNA
Technologies (IDT) (HPLC purified by IDT). The oligonucleotides were dissolved in
water and the purity of each was assessed using UV-Vis absorbance and fluorescence
analysis (see below for spectroscopic methods), and denaturing PAGE.
We looked at the ratio of absorbance at 260 nm (corresponds to the nucleic acid)
and at the maximum wavelength for the particular fluorophore to get a sense for the
extent of incorporation of fluorophore into the oligonucleotide. We saw that the ratio of
the absorbance values was approximately equal to the ratio of the extinction coefficients
for the oligonucleotide and fluorophore, suggesting that nearly all of the nucleic acid is
fluorescently labeled. We also examined at the shapes of the absorbance and
fluorescence spectra for each oligonucleotide; the spectra compared well with those for
the free fluorophores in solution, suggesting that little or no impurities are present.
We also analyzed the purity of the oligonucleotides by denaturing PAGE (used a
10 % (w/v) polyacrylamide gel); since gel tracking dyes are fluorescent, we ran them in
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the lanes flanking the sample lanes instead of including them in the samples. The gel (in
the glass plates) was visualized using a Typhoon PhosphorImager/Fluorescence Imager
(Molecular Dynamics) set to fluorescence mode with PMT voltage = 800 V, normal
sensitivity, and + 3 mm focal plane, and with the 555 nm (to see Cy3 emission)
short-pass filter and green (532 nm) laser line excitation (to excite Cy3), or 670 nm (to
see Cy5 emission) short-pass filter and red (633 nm) laser line excitation (to excite Cy5).
One major band was observed for each sample. One or two additional minor bands for
faster migrating species were also observed for each sample. We isolated the major
bands, purified and quantified them, performed the absorbance ratio analysis described
above for them, and ran them on an analytical denaturing gel. The samples looked
cleaner; however purifying them did not change the results of the absorbance ratio
analysis. Based on these analyses, the oligonucleotides were used without further
purification.

5.5.6 Steady-state fluorescence experiments
Steady-state fluorescence experiments were performed to determine if the ternary
complex between substrate, enzyme, and tether forms, and if FRET occurs. Data were
acquired on a Jobin Yvon FluoroLog-3-11 fluorometer (DataMax; SpectrAcq
Software-V.4.13b) using a 1 cm quartz cuvette. Emission spectra were recorded using
standard right-angle emission collection in 1 nm increments and with 1 s integration time,
950 V detector high voltage, and 5 nm excitation and emission slit widths (band pass).
Emission spectra (λex = 500 nm, λem = 515-800 nm) were recorded to monitor Cy3
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fluorescence. We used λex = 500 nm to minimize direct excitation of Cy5; the maximum
intensity of Cy5 emission (for a sample containing only T-20) was only 2-4 % of the
maximum intensity of Cy3 emission (for a sample containing only ncS) when λex = 500
nm. Using λex 500 nm placed the water Raman peak at ~610 nm; the intensity was not
strong enough to interfere with our experiments. In some cases, emission spectra (λex =
625 nm, λem = 640-800 nm) were recorded to check for Cy5 photobleaching. Buffers
were checked and did not contribute significantly to the spectra.
In general, substrate (ncS), enzyme, and tether (T-20 or T-25) were mixed
together in 25 mM HEPES (pH 7) containing 100 mM NaCl in some combination (see
Results and Discussion) and renatured by heating to 90 °C for 2 min and cooling at room
temperature for 10 min. The samples were then diluted with 25 mM HEPES (pH 7)
containing 100 mM NaCl so that the final concentration of each nucleic acid was 0.1 µM
(total volume of ~1 mL). The temperature of the sample was maintained at 25 °C
throughout each experiment using a jacketed cell holder connected to an external water
bath and circulator. An emission spectrum was collected for each sample. For each
sample, after an emission spectrum was collected, we added MgCl2 to a final
concentration of 10 mM, mixed the sample by inverting the cuvette 15 times, let the
sample sit for ~15 s, and then collected another emission spectrum. In one experiment,
we added a 100-fold excess of the 3’-product (3’-Pr) for the cleavage reaction (residues
1-7 of substrate) to see if donor emission would increase upon release of the substrate
strand from the complex- i.e. to see if any effects on donor emission that occur upon
complex formation are reversible. For some experiments, we tried including 25 mM
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dithiothreitol (DTT) to act as an oxygen scavenger35 and decreased the excitation slit
width to 1 nm in order to minimize quenching and photobleaching, respectively.

5.5.7 Native PAGE analysis
Native (i.e. non-denaturing) PAGE analysis was used to test the extent to which
complex formation occurs. Fluorescently labeled oligonucleotides were used for these
experiments. Samples were prepared in different ways to determine if there is an optimal
way to achieve complex formation. In general, substrate (S, ncS, S (C3U), ncS (C3U)),
enzyme, and tether (T-20) were mixed together in 25 mM HEPES (pH 7) (containing 0,
100, or 500 mM NaCl) in some combination (see Results and Discussion) and renatured
by heating to 90 °C for 2 min and cooling at room temperature for 10 min. In some
cases, an additional incubation or annealing step either at room temperature for 15 min,
or at 50 °C for 5 min and then at room temperature for 10 min, was used (see Results and
Discussion). MgCl2 was then added to a final concentration of 10 mM, and the samples
were allowed to incubate at room temperature for 10 min. Before loading on the gels,
glycerol was added to the samples to a final concentration of ~10 % (v/v) and tracking
dyes were only run in the lanes flanking the sample lanes. The samples were run on
native 10 % (w/v) polyacrylamide gels containing 1X THEM10 (34 mM Tris, 66 mM
HEPES, 1 mM Na2EDTA, 10 mM MgCl2) at pH 7.0. The running buffer was 1X
THEM10 (pH 7.0) and was manually exchanged every 30 min. The gels were run at 25
°C and 10 W for ~2 h. The temperature and pH of the running buffer was monitored

195
approximately every 15 min using an IQ 150 With ISFET Probe (Spectrum
Technologies, Inc.).
The gels (in the glass plates) were visualized using a Typhoon
PhosphorImager/Fluorescence Imager (Molecular Dynamics) set to fluorescence mode
with PMT voltage = 800 V, normal sensitivity, and + 3 mm focal plane, and with the 555
nm (to see Cy3 emission) or 670 nm (to see Cy5 emission) short-pass filter and green
(532 nm) laser line excitation (to excite Cy3), or 670 nm (to see Cy5 emission) short-pass
filter and red (633 nm) laser line excitation (to excite Cy5).

5.5.8 UV absorbance-detected thermal melting studies
Melting profiles were obtained for Cy3-labeled S, ncS, S (C3U), and ncS (C3U)
at 260 nm on a Gilford Response II spectrophotometer, primarily using a 0.5 cm cuvette,
and 1-150 µM RNA; concentrations were determined from absorbance at 90 °C. The
RNA was renatured prior to melting in a similar manner as was used for the fluorescence
experiments. The samples contained 25 mM HEPES (pH 7.0) and 100 mM NaCl. The
heating rate was approximately 1 °C/min, and the data were smoothed over five points
before the first derivative of absorbance was calculated with respect to temperature. First
derivatives were normalized by dividing by the absorbance at the lowest temperature
after smoothing. Low temperature was chosen since absorbance at high temperature can
reflect differences in hydrolysis of the RNA backbone. The TM values were then
approximated from the first derivative plots.
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5.5.9 Self-cleavage kinetics assays
Self-cleavage kinetics assays were performed using Cy3-labeled or radiolabeled
substrate (without Cy3); in both cases, the label was at the 5’-end. Radiolabeling was
performed as described elsewhere,26 followed by G-25 size-exclusion Sephadex spin
column purification.
For reactions containing fluorescently labeled substrate, a typical self-cleavage
reaction contained 0.1-1 µM substrate (S or S (C3U)) and enzyme, and sometimes tether
(T-20), 25 mM HEPES (pH 7), 0-250 mM NaCl, and 10 mM MgCl2. The RNAs (and
DNA, if present) were renatured by heating at 90 °C for 2 min and cooling at room
temperature for 10 min. The renatured sample was diluted with buffer and the mixture
was incubated at 18 or 25 °C for 2 min.

A zero time-point was removed and

self-cleavage was initiated by the addition of MgCl2. All time-points were quenched by
mixing with an equal volume of 95 % (v/v) formamide loading buffer containing 60 mM
EDTA and immediately placed on dry ice. The time-points were run on a denaturing 10
% (w/v) polyacrylamide gel with tracking dyes only in the lanes flanking the sample
lanes.

The gels (in the glass plates) were visualized using a Typhoon

PhosphorImager/Fluorescence Imager (Molecular Dynamics) set to fluorescence mode,
as described above for the native PAGE analysis.
For reactions containing radiolabeled substrate (S (C3U)), a typical self-cleavage
reaction contained 40 pM substrate and 4 nM enzyme, and sometimes 4 nM tether
(T-20)), 25 mM HEPES (pH 7), 0-100 mM NaCl, and 10 mM MgCl2. The RNAs (and
DNA, if present) were renatured by heating at 90 °C for 2 min and cooling at room
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temperature for 10 min. The renatured sample was diluted with buffer and the mixture
was incubated at 18 °C for 2 min. A zero time-point was removed and self-cleavage was
initiated by the addition of MgCl2. All time-points were quenched by mixing with an
equal volume of 95 % (v/v) formamide loading buffer containing 60 mM EDTA and
immediately placed on dry ice. The time-points were run on a denaturing 10 % (w/v)
polyacrylamide gel.

The gels were dried, and visualized using a PhosphorImager

(Molecular Dynamics).
Plots of fraction product versus time were constructed. Most of the ribozyme
reactions could be fit to the single-exponential equation (Eq. 5.3), where f is the fraction
of ribozyme cleaved, A is the fraction of ribozyme cleaved at completion (usually ~80
%), A + B is the burst fraction (in all cases, A + B ≈ 0), kobs is the observed first-order rate
constant, and t is time. Some reactions required fits to the double-exponential equation
(Eq. 5.4), where f is the fraction of ribozyme cleaved, A is the fraction of ribozyme
cleaved at completion (usually ~80 %), B and C are the amplitudes of the two phases (in
all cases, B + C ≈ -A), kburst is the observed rate constant for the burst phase, kslow is the
observed rate constant for the slow phase, and t is time. Parameters were obtained using
non-linear least-squares fitting by KaleidaGraph (Synergy Software). Typically, at least
6 half-lives of data were collected.
f = A + B ⋅ e − k obs t

5.3

f = A + B ⋅ e − kburst t + C ⋅ e − k slowt

5.4
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5.5.10 SM-FRET experiments

5.5.10.1 Sample cell preparation
Sample cells were prepared by adhering a glass coverslip to a quartz slide (1 in. x
3 in. x 1 mm) using double-sided tape (3M) such that a ~1 cm wide × 1 in. long × 0.1 mm
high channel was created. Slides were cleaned in a manner similar to that described in 24.
Slides and coverslips were flamed with a butane torch to help destroy any organic
impurities. The channel was filled with 1 mg/mL biotinylated bovine serum albumin
(BSA) solution in buffer A (50 mM Tris (pH 8), 50 mM NaCl). BSA immediately
adsorbs to the quartz and glass surfaces and makes a dense coating. After 2 min of
incubation, BSA solution was washed out by flowing through buffer A. Then, 0.2
mg/mL streptavidin solution in buffer A was introduced. The streptavidin binds to the
biotin on the BSA. After 2 min of incubation, the strepavidin solution was washed out by
flowing through buffer A. Buffer B (50 mM MES (pH 6), 10 mM MgCl2) was then
flowed through. A mixture of substrate, enzyme, and tether strands was then flowed
through (see ribozyme complex preparation below) and allowed to incubate on the slide
for 5 min, followed by a wash with buffer B, and then an oxygen scavenging system (0.1
mg/mL glucose oxidase, 9 % (w/v) glucose, 0.8 mM Trolox, 0.02 mg/mL catalase) in 25
mM buffer at the desired pH (MES for pH 5 and 6, and HEPES for pH 7, 8, and 9) and
containing 10 mM MgCl2. The oxygen scavenging system was used to reduce the
photobleaching rate.
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5.5.10.2 Ribozyme complex preparation
A typical ribozyme complex preparation was as follows: enzyme and tether (20:1)
were renatured in 25 mM HEPES (pH 7) in the presence of 100 mM NaCl by heating at
90 °C for 2 min and cooling at room temperature for 10 min. The sample was then
diluted with 25 mM HEPES (pH 7)/100 mM NaCl. Typical concentrations at this point
were 160 nM enzyme and 8 nM tether. Substrate was then added, and the sample was
diluted with 50 mM MES (pH 6)/10 mM MgCl2 to give 64 pM enzyme, 3.2 pM tether,
and 0.2 nM substrate. In some cases, enzyme and substrate were renatured together and
flowed over a slide with tether bound to it in a separate step. For some experiments, 10
mM MgCl2 was omitted during the sample preparation and added just before
fluorescence measurements were made.

5.5.10.3 Single-molecule instrumentation
SM-FRET experiments were performed in the Russell lab. A wide-field total
internal reflection fluorescence microscope (TIRM) based on an inverted microscope
(IX-71 Olympus microscope ) was used to image an area of 400 µm2 to a Peltier cooled,
intensified CCD camera (Princeton Instruments, operating at 10 frames per second).
Molecules were excited using a circularly polarized, diode-pumped green crystal laser
(Crystalaser, 532 nm, 15 mW at the sample plane) through a quartz prism placed over the
quartz sample slide via a thin layer of immersion oil. The polarization of the laser did not
significantly affect the fluorescence signal, indicating relatively free rotation of the
fluorophores. The incident angle of the laser was controlled to achieve the total internal
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reflection at the interface between the quartz slide and aqueous imaging buffer.
Fluorescently labeled molecules were attached to this interface and the excitation
intensity decays exponentially from the interface so that background fluorescence arising
from the fluorophores in solution can be minimized. Fluorescence signal was collected
using a water immersion objective (Olympus UPlanApo, 60x, 1.2 numerical aperture). A
550 nm long-pass filter (Chroma Technologies) and a 573-613 nm narrow band-pass
filter (Iridian Spectral Technologies) were used to block laser light scattered from defects
in the quartz and to reduce background for the Cy3 emission. The fluorescence emission
was split by a 645 nm long-pass dichroic beamsplitter (Chroma Technologies) and
imaged onto the CCD using a 15 cm focal length achromat lens (Newport). Donor and
acceptor images were laterally displaced by tilting the mirrors so that each image
occupies one half of the camera. An independent calibration of the detection system
using immobilized, 0.02 µm fluorescent beads allows the construction of a mathematical
mapping between the two imaging channels. Each fluorescent spot in the donor channel
has a corresponding one in the acceptor channel, coming from the same spot in the
sample. In a typical sample, we observed about 50 molecules. Zlab software was used
for image acquisition and for the identification of fluorescent peaks through an
automated, peak-finding algorithm. Screening for molecules and subsequent data
analysis (FRET calculations, histogram generation, lifetime fitting) were carried out
using a VBA program, Singlemol. The dwell lifetimes of the molecules were fit with
single and double exponential equations through the Levenberg-Marquardt algorithm.

201
5.5.10.4 Single-molecule self-cleavage kinetics assays
Two types of cleavage assays were performed. The first type was a series of brief
measurements (< 15 s) following the addition of Mg2+ to the ribozyme made over a
period of up to 2 h. For each field of view, the fraction of molecules that cleaved was
determined by counting the number of molecules remaining that had both Cy3 and Cy5
and normalizing with respect to the number of Cy5-labeled tethers in that field of view as
determined by exposure to a red laser. The second type of experiment was performed to
examine which FRET state corresponds to the active state. For these experiments, longer
movies of each field of view were acquired in order to improve the observation of the
FRET behavior prior to cleavage. For a molecule to have undergone cleavage, one of the
following criteria had to be met: 1) loss of Cy5 signal without a gain in Cy3 signal (as a
gain in Cy3 signal occurs with photobleaching of Cy5) during excitation with a green
laser, and the presence of Cy5 signal afterwards during excitation with a red laser, or 2)
concomitant loss of Cy3 and Cy5 signal during excitation with a green laser, and the
presence of Cy5 signal afterwards during excitation with a red laser.

5.6 Results and Discussion

5.6.1 Steady-state fluorescence measurements suggest that complex formation
occurs
We attempted to use steady-state fluorescence measurements to determine if
ribozyme complex formation and FRET occur. The general approach we used was to

202
compare the maximum intensity of Cy3 emission for the ncS + E and ncS + T-20/25
samples to that for the ncS + E + T-20/25 sample, and to compare the maximum intensity
of Cy5 emission for the ncS + T-20/25 sample to that for the ncS + E + T-20/25 sample.
Table 5-3 shows a summary of the results and Figure 5-5 shows a sample fluorescence
spectrum.

203

Table 5-3: Steady-state fluorescence measurements to determine if ribozyme complex formation and FRET occur

The conditions were 100 mM NaCl at pH 7 and 25 °C ± 10 mM MgCl2; [ncS] = [E] = [T-20] = 0.1 µM.
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Figure 5-5: Sample fluorescence emission spectra for testing the formation of ncS:E:T-20.
The conditions were 100 mM NaCl at pH 7 and 25 °C; [ncS] = [E] = [T-20] = 0.1 µM.
We generally observed a decrease in Cy3 emission in the presence of the enzyme
strand (Table 5-3). The magnitude of this decrease was usually larger for the comparison
of the ncS + T-20/25 and ncS + E + T-20/25 samples. It is possible that when ncS and
the enzyme strand form a complex, Cy3 emission decreases due to a change in the local
environment of the fluorophore; this hypothesis is supported by the observation that
adding 3’-Pr in 100-fold excess over ncS to ncS + E + T-25 resulted in an increase in Cy3
emission (Table 5-3, row 5), perhaps due to 3’-Pr displacing ncS from the complex, and
by the observation that comparing ncS + T-20 (without Cy5) and ncS + E + T-20
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(without Cy5) resulted in a decrease in Cy3 emission (although only in the absence of
Mg2+) (Table 5-3, row 6). Then, in the presence of Cy5-i.e. when the ternary complex
forms, Cy3 emission may decrease further due to FRET. The problem with this
interpretation is that we either observed no change or a decrease in Cy5 emission. We
reasoned that FRET could have occurred, but that we did not observe it due to quenching
or photobleaching of Cy5. To test this, we tried including DTT to act as an oxygen
scavenger and decreasing the excitation intensity (by decreasing the excitation slit width
from 5 nm to 1 nm) in concert in order to minimize quenching and photobleaching,
respectively. The results were somewhat difficult to interpret. When the ncS + E and
ncS + E + T-25 samples were compared, a significant (25 %) decrease in Cy3 emission
occurred (Table 5-3, row 9), but when the ncS + T-25 and ncS + E + T-25 samples were
compared, a slight (3.5 %) increase in Cy3 emission occurred (Table 5-3, row 9).
Furthermore, in the absence of Mg2+, no change in Cy5 emission occurred (Table 5-3,
row 8), but in the presence of Mg2+, a large (47 %) increase in Cy5 emission occurred
(Table 5-3, row 9). This latter observation suggested that FRET may occur in the
presence of Mg2+, which is needed to promote ribozyme folding. For some of the
experiments, we tried directly exciting Cy5 to see if photobleaching occurred; in all
cases, it did not.
Ultimately, it was not clear if FRET occurs. However, the changes in Cy3 and
Cy5 signal that were observed suggest that the ncS and T-20/25 oligonucleotides and the
enzyme strand do interact in some way. To investigate complex formation further, we
used native PAGE analysis and self-cleavage kinetics assays.
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5.6.2 Native PAGE analysis reveals complex formation occurs
Samples were prepared with stoichiometric amounts of the oligonucleotides and
enzyme strand or with the enzyme strand in 10-fold excess over the substrate (S and ncS)
and tether (T-20). Looking at the gel for samples containing ncS via Cy3 fluorescence
(Figure 5-6, panel A), two bands were observed. Since no bands were detected in lanes
1-5 (these lanes contain E and/or T-20, but not ncS), it is clear that the signal for the
observed bands derives only from Cy3 emission. The faster migrating band corresponds
to ncS and the slower migrating band corresponds to E:ncS, and potentially E:ncS:T-20.
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Figure 5-6: Native gel for samples containing Cy3-labeled ncS, E, and Cy5-labeled T-20
in various combinations. See figure for sample information. Nucleic acids separated by a
+ were renatured together at 90 °C. For some samples, E and T-20 were renatured
together and ncS was added in a separate annealing step (represented by a /). This
annealing step was carried out at room temperature. The bands are labeled with their
identities. Lane 6 is marked with an ‘X’ because T-20 was omitted from that sample by
mistake. Similar results were obtained when 500 mM NaCl was used instead of 100 mM
NaCl (not shown). Tracking dyes are in the lanes flanking the sample lanes. (A) Gel
scanned with green laser (532 nm) and emission monitored at 555 nm to visualize
Cy3-labeled ncS. (B) Gel scanned with green laser (532 nm) and emission monitored at
670 nm to visualize both Cy3-labeled ncS and Cy5-labeled T-20. (C) Gel scanned with
red laser (633 nm) and emission monitored at 670 nm to visualize Cy5-labeled T-20. See
Materials and Methods for gel conditions.
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Looking at the gel for samples containing ncS via Cy5 fluorescence (Figure 5-6,
panel C), four bands are visible. Since no bands were detected in lanes 16-20 (these lanes
contain ncS and/or E, but not T-20), it is clear that the signal for the observed bands
derives only from Cy5 emission. The fastest migrating band is likely a fluorescent
impurity. The next closest migrating band corresponds to T-20. The first shifted band
corresponds to E:T-20, and potentially E:ncS:T-20. Finally, the second shifted band is
likely to be a supershifted complex that forms between two enzyme strands (the enzyme
strands can base pair to each other in the P1 region), at least one of which is also bound to
T-20.
Looking at the gel for samples containing ncS via both Cy3 and Cy5 fluorescence
(Figure 5-6, panel B), it can be seen that the slower migrating bands in lanes 7-13 of
panel A overlap with the first shifted bands in lanes 7-13 of panel C. Therefore, E:ncS
and E:T-20 migrate similarly and it is possible that a small amount of ternary complex
(E:ncS:T-20) forms.
The following are the results for experiments in which the oligonucleotides and
enzyme strand were present in stoichiometric amounts. Regardless of how the sample
was prepared and whether or not NaCl was included, ~50 % of T-20 and only ~1-4 % of
ncS bound to the enzyme strand; for some samples, including NaCl resulted in a slight
decrease in complex formation. It appears as though S binds to the enzyme strand; if the
fast migrating species in the S samples corresponds to the 5’-product, then ~40-45 % of S
cleaved.
The following are the results for experiments in which the enzyme strand was in
10-fold excess over the substrate and tether. Regardless of how the sample was prepared
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and whether or not NaCl was included, ~100 % of T-20 and ~10-20 % of ncS bound to
the enzyme strand; for some samples, including NaCl resulted in a slight decrease in
complex formation. It appears as though S binds to the enzyme strand; if the fast
migrating species in the S samples corresponds to the 5’-product, then ~55-65 % of S
cleaved. The gel for samples containing S is shown in Figure 5-7 and the results for ncS
and S are tabulated below (Table 5-4).
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Figure 5-7: Native gel for samples containing Cy3-labeled S, E, and Cy5-labeled T-20 in
various combinations. See figure for sample information. Nucleic acids separated by a +
were renatured together at 90 °C. For some samples, E and T-20 were renatured together
and S was added in a separate annealing step (represented by a /). This annealing step
was carried out at room temperature. The bands are labeled with their identities. Similar
results were obtained when 500 mM NaCl was used instead of 100 mM NaCl (not
shown). Tracking dyes are in the lanes flanking the sample lanes. (A) Gel scanned with
green laser (532 nm) and emission monitored at 555 nm to visualize Cy3-labeled S. (B)
Gel scanned with green laser (532 nm) and emission monitored at 670 nm to visualize
both Cy3-labeled S and Cy5-labeled T-20. (C) Gel scanned with red laser (633 nm) and
emission monitored at 670 nm to visualize Cy5-labeled T-20.
See Materials and
Methods for gel conditions.
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Table 5-4: Summary of results for native PAGE analysis of samples containing ncS, S, E, and
T-20

Experiments were also performed using S (C3U) and ncS (C3U), which have a C
to U change at position 3 of the substrate in an effort to discourage substrate dimerization
(Table 5-1). Samples were prepared with stoichiometric amounts of the oligonucleotides
and enzyme strand. No E:S/ncS (C3U) complex was detected, probably because the C3U
change results in weaker binding, but it does appear as though the cleavage reaction took
place in the samples that contained S (C3U) and enzyme strand (Figure 5-8).
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Figure 5-8: Native gel for samples containing Cy3-labeled ncS (C3U) or S (C3U), E, and
Cy5-labeled T-20 in various combinations. See figure for sample information. Nucleic
acids separated by a + were renatured together at 90 °C. For some samples, E and T-20
were renatured together and S was added in a separate annealing step (represented by a /).
This annealing step was carried out at room temperature or 50 °C. The bands are labeled
with their identities. The lane marked with an ‘X’ contains 5’-Cy3-GAU-3’; this was
meant to represent the 5’-product from the ribozyme reaction, however we forgot to order
the oligo with a phosphate at the 3’-end. Similar results were obtained when 500 mM
NaCl was used instead of 100 mM NaCl (not shown). Tracking dyes are in the lanes
flanking the sample lanes. The gel was scanned with green laser (532 nm) and emission
monitored at 555 nm to visualize Cy3-labeled substrate. See Materials and Methods for
gel conditions.
Based on the observations that a significant amount of S binds to the enzyme
strand and that both S and S (C3U) are cleaved by the enzyme strand, we decided to
move forward and begin characterizing the self-cleavage kinetics for the ribozyme with
the different substrates.

5.6.3 Self-cleavage kinetics assays using S show that the ribozyme is active
Self-cleavage kinetics assays were performed using Cy3-labeled S at pH 7 and 25
°C and in the presence of 10 mM Mg2+ and 100 mM Na+. The substrate, enzyme, and
tether strands were present in stoichiometric amounts. The kinetics appeared to be
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multiple-turnover/burst kinetics- i.e. as if [S] >> [E], with a burst phase with an
amplitude of 3-6 % and a kobs of ~1 min-1 (similar to rates for a cis-acting HDV
ribozyme2, 26), and a slow linear phase with a kobs of ~0.05 min-1. The reactions went to
~20-30 % completion within 45 min. Based on this, we concluded that the ribozyme
construct is active, but only a small amount of complex forms with the renaturation
protocol used.

5.6.4 Thermal melting studies reveal that substrate self-dimerization occurs for S
and ncS, but not for S (C3U) and ncS (C3U)
As discussed in the Materials and Methods, we were concerned that substrate
dimerization might occur and prevent significant E:S complex formation.
We performed thermal melts of ncS and S at four different concentrations. For
ncS, the samples contained 3.8, 19, 74, and 152 µM oligonucleotide. For S, the samples
contained 1.3, 21, 76, and 157 µM oligonucleotide. We observed the following: one
transition, reversible melting, and an increase in TM with concentration (Figure 5-9 and
Figure 5-10, and Table 5-5). The last observation shows that the melting transition does
not correspond to a unimolecular process. It most likely corresponds to the melting of
ncS-ncS and S-S duplexes. Since the TM values are ~50-65 °C and our fluorescence,
native PAGE, and self-cleavage kinetics assays were performed at 25 °C, it is likely that
substrate self-dimerization was significant in those experiments. We also performed
thermal melts of ncS (C3U) and S (C3U); if a transition occurs, it appears to do so with a
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TM of less than ~15 °C (Figure 5-11). At this point, we decided to pursue self-cleavage
kinetics assays using S (C3U).

Figure 5-9: Thermal melts for Cy3-labeled ncS. Top panel, melting profiles in 100 mM
NaCl at pH 7. Bottom panel, first derivative plots. The TM values were approximated
from the first derivative plots.
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Figure 5-10: Thermal melts for Cy3-labeled S. Top panel, melting profiles in 100 mM
NaCl at pH 7. Bottom panel, first derivative plots. The TM values were approximated
from the first derivative plots. The first derivative for the 1.3 µM sample is not shown
because it looks like scatter.
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Figure 5-11: Thermal melts for Cy3-labeled ncS (C3U) and S (C3U). Melting profiles in
100 mM NaCl at pH 7.

Table 5-5: Summary of results for thermal melting studies of the substrate strands
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5.6.5 Self-cleavage kinetics assays using S (C3U) show that the ribozyme is active
and that self-cleavage and substrate dissociation occur at similar rates
Because the C3U oligonucleotides do not show self-structure (Figure 5-11),
further experiments were done with these. Self-cleavage kinetics assays were performed
using Cy3-labeled S (C3U) at pH 7 and 25 °C and in the presence of 10 mM Mg2+ and
100 or 250 mM Na+. The substrate, enzyme, and tether strands were present in
stoichiometric amounts or with the enzyme and tether strands in 10-fold excess over the
substrate. Single-exponential kinetics were observed with kobs values of 0.4-1.2 min-1 and
extents of reaction of 70-80 %.
Because single-molecule experiments are done at 18 °C, self-cleavage kinetics
assays were also performed using Cy3-labeled S (C3U) at pH 7 and 18 °C and in the
presence of 10 mM Mg2+ and 100 or 10 mM Na+. For the 10 mM Na+ reaction, the
substrate, enzyme, and tether were renatured in the presence of 100 mM Na+ and then
diluted to bring the final concentration of Na+ to 10 mM before initiation of the
self-cleavage reaction. The substrate, enzyme, and tether strands were present in
stoichiometric amounts. For most of the reactions, single-exponential kinetics were
observed with kobs values of 0.06-0.2 min-1 and extents of reaction of 60-70 %. In one
case, double-exponential kinetics were observed with a burst phase with an amplitude of
55 % and kobs of 0.5 min-1 and a slow phase with an amplitude of 10% and kobs of 0.06
min-1. Not surprisingly, lowering the temperature results in slower self-cleavage rates.
Self-cleavage kinetics assays were also performed using radiolabeled (no Cy3) S
(C3U) at pH 7 and 18 °C and in the presence of 10 mM Mg2+ and 100 or 10 mM Na+, or
in the absence of Na+. The substrate, enzyme, and tether strands were mixed with the
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enzyme and tether strands in 100-fold excess over the substrate. Single-exponential
kinetics were observed with kobs values of 0.005-0.05 min-1 and extents of reaction of
65-90 %. For a given Na+ concentration, it did not seem to matter whether the tether was
present or not. Surprisingly, these rates are ~10-fold slower than those observed for the
Cy3-labeled substrate. If anything, we expected the presence of the fluorophore to
interfere with the reaction, not promote it. It is possible that the presence of Cy3
facilitates complex formation, although the mechanism for how this might occur is not
clear. All of the kinetics results are summarized in Table 5-6.
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Table 5-6: Summary of results from self-cleavage kinetics assays
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One potential drawback to the design of the SM-FRET experiments (Figure 5-3)
is that another process besides cleavage of the substrate, namely dissociation of E:S, can
account for the disappearance of fluorescence signal. In order for the proposed studies to
be successful, dissociation of E:S must be much slower than cleavage of the substrate. A
pulse-chase experiment was performed to determine whether this is the case
(Figure 5-12). If the extent of reaction for the pulse-chase experiment is the same as for
the experiment in the absence of the chase, then k-1 is much less than k2- i.e. the labeled
substrate reacts more quickly than it dissociates. If the extent of reaction for the
pulse-chase experiment is much smaller, then k-1 is greater than k2- i.e. the labeled
substrate dissociates more quickly than it reacts, and a new design is necessary.
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Figure 5-12: Pulse-chase experiment.
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A self-cleavage kinetics assay was performed using radiolabeled (no Cy3) S
(C3U) (the pulse) at pH 7 and 18 °C and in the presence of 10 mM Mg2+ and the absence
of Na+. The substrate and enzyme strands were mixed with the enzyme strand in
100-fold excess over the substrate. The reaction was initiated by addition of Mg2+ and
after 30 s unlabeled S (C3U) (the chase) was added in 100-fold excess over the labeled
substrate. Single-exponential kinetics were observed with a kobs value of 0.015 min-1 and
an extent of reaction of 60 %. While this kobs value is similar to the one obtained in the
absence of the chase, the extent of reaction is ~25 % less. Based on the pulse-chase
scheme shown, it appears as though cleavage (k2) is only 2.4 times faster than
dissociation (k-1) at most. (This calculation was performed by normalizing the extents of
reaction to 85 %. If this is not done, than it appears as though cleavage is only 1.5 times
faster than dissociation. Either way, the rates of cleavage and dissociation appear to be
similar.) Based on these results, we mainly used S and ncS for the SM-FRET
experiments despite their tendency to self-dimerize; since we only need a small amount
of E:S for the SM-FRET experiments, we reasoned that S and ncS should afford a
sufficient amount of E:S.

5.6.6 SM-FRET studies reveal that the ribozyme is active and gives rise to a range of
FRET efficiencies
Most of the SM-FRET studies to date have been performed by Brian Cannon in
the Russell lab using S or ncS, and T-25 as the substrates and tether, respectively. The
following is a brief account of this work. The ribozyme was immobilized as shown in
Figure 5-3 and discussed in Materials and Methods, and FRET time trajectories of single
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ribozymes were obtained at different solution conditions (pH, salt concentrations). The
ribozyme was active on the surface of the slide, with typical cleavage rates of 0.03-0.1
min-1 observed. These rates are similar to those observed at the ensemble level for the
Cy3-labeled substrates (Table 5-6), suggesting that the immobilization strategy used does
not impact activity significantly. The extent of reaction was typically ~50 %, slightly
lower than what was observed in the bulk studies; this could be due to misfolded
ribozyme (the HDV ribozyme is know to adopt various alternative (Alt) folds), but it is
clear that those molecules that do fold properly react similarly to ribozyme molecules
free in solution. The cleavage rate does not appear to be dependent on pH between pH 6
and 8.
In addition to the cleavage kinetics experiments, FRET time traces were also
analyzed to gain information about conformational dynamics. In general, the ribozyme
appeared to populate three FRET states classified as follows: low FRET (EFRET = 0-0.3),
medium FRET (EFRET = 0.3-0.6), and high FRET (EFRET = 0.6-1). These states were
found to have lifetimes on the order of seconds in the presence of Mg2+. The low and
high FRET states are referred to as the undocked and docked states, respectively,
although the structures of these states are uncertain. The high FRET state was the most
populated state under all conditions tested and appeared to give rise to catalysis
(confirmed by A.L.C.-S., see below). Contrary to our hypothesis (Figure 5-2), just a
slight pH dependence was observed for the docking equilibrium, which was defined as
the total time the molecule spent in states with EFRET values of > 0.65 divided by the total
time the molecule spent in states with EFRET values of < 0.6. The dependence of docking
on pH was not log-linear, but did suggest that the high FRET state is favored more at low
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pH than at high pH (although the high FRET state was still more populated than the low
and medium FRET states at high pH). This observation is consistent with our
expectation that C75 protonation is important for formation of the active state- i.e. the
docked state. Nearly identical results were obtained regardless of whether S or ncS was
used, but tether length did have an effect. T-20 gave broader FRET distributions as
compared to T-25, perhaps because the transitions between the FRET states do not give a
large enough difference in EFRET value to be resolved with T-20.
The EFRET value for the high FRET state changes with pH; it decreases as pH
increases. For example, at pH 6, the high FRET state has an EFRET value of 0.72 and at
pH 9, the high FRET state has an EFRET value of 0.67. This led us to consider whether
the high FRET state is actually comprised of two similar docked states and that pH
resolves them to some extent. Specifically, we speculated that the EFRET value of 0.72
represents a ‘docked and aligned’ state while the the EFRET value of 0.67 represents a
‘docked, but unaligned’ state, where ‘aligned’ and ‘unaligned’ refer to the productive and
non-productive positioning of active site residues, respectively. We based this hypothesis
in part on the crystal structure for the pre-cleaved HDV ribozyme (which was solved with
a C75U mutation to prevent cleavage from occurring) in which residue 75 is present near
the active site, but does not appear to be poised for catalysis,4 the putative ‘docked, but
unaligned’ state. A recent study from the Bevilacqua lab1 in which Raman
crystallography was used to measure the pKa of C75 also supports the existence of two
docked states; for a given crystal, the Raman spectrum changed when the pH of the
crystal was altered (and the crystal remained intact during the process), suggesting that
small structural changes at the active site occur.
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At this point, we decided to design mutant versions of the enzyme strand that are
expected to affect the ribozyme complex in predictable ways. In particular, we designed
and prepared enzyme strands with the following changes: C44U:G73A, C75A, C75U,
and C44U:G73A:C75A (this last one was made to combine the effects of the
C44U:G73A and C75A changes, see below). The rationale for these mutations will now
be discussed, along with data obtained at the ensemble and single-molecule levels.
C44U:G73A: As discussed in Chapter 4 and in 22 and 30, ionization of C41 of the
base quadruple motif could influence the fold of the ribozyme especially in pH-dependent
studies. Activity studies in the presence of Mg2+ suggest that the ribozyme activity is not
affected by the ionization state of C41- i.e. ribozymes with protonated or neutral C41 are
equally reactive, but this does not mean that EFRET values for these ribozyme species will
be identical. As was done in Chapter 4 and in 22 and 30, we introduced the C44U:G73A
change to eliminate the pH dependence of formation of the base quadruple motif.
Although C41 in the C44U:G73A ribozyme can still become protonated and induce
misfolding of the catalytic core at low pH,22 we thought that using this construct might
simplify the FRET traces at high pH where C41 is neutral. Results from the Russell lab
showed that a narrower FRET distribution (in that the low FRET state is not populated to
as great an extent) occurs for this enzyme strand, suggesting that this mutation does
reduce the number of conformational states populated. The origin of this effect is not yet
known, although it could be that for the WT ribozyme, increasing the pH destabilizes the
ribozyme and results in depopulation of the high FRET state, whereas for the
C44U:G73A ribozyme, increasing the pH stabilizes the ribozyme and results in
population of the high FRET state, with both effects resulting from deprotonation of C41.
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C75A: We also prepared a C75A enzyme strand in which the catalytic nucleobase
is changed from a C to an A. We expected this mutant to populate an undocked state
almost exclusively and confirm that this is the molecular basis for the low FRET state.
When the C75A change was introduced to a cis-acting ribozyme studied in the
Bevilacqua lab, the reaction rate decreased 270-fold.2 This effect is too large to derive
solely from the difference in the unperturbed pKa values for N1 of A and N3 of C of -0.7
units (Figure 1-2), which predicts the rate would have been down only ~5-fold. This
suggests that C75A is less reactive because it does not populate the active fold to a great
extent.
As predicted, SM-FRET experiments revealed that the C75A mutation has a large
(~20-fold) effect on the docking equilibrium, favoring the low FRET state. While this
effect is not as large as the effect on the reaction rate observe in bulk studies, the product
of this equilibrium effect and the effect expected due to the pKa shift is ~100-fold, which
is close to the observed 270-fold effect. There could be other factors contributing to the
270-fold decrease that we have not yet observed at the single-molecule level. For
example, when C75A adopts a docked state, perhaps steric effects also contribute to
reduced reactivity as A is bulkier than C and may not be as easily accommodated in the
active site. Alternatively, or in addition, the O2 of C75, absent in A, may play an
important role in cleavage. SM-FRET cleavage assays have not yet been performed for
the C75A construct, due in part to its slow reactivity relative to potential dissociation, and
so the effects of this mutation on ribozyme activity are not fully understood.
C75U: As discussed above, the crystal structure for the pre-cleaved HDV
ribozyme was solved with a C75U mutation to prevent cleavage from occurring and
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showed that residue 75 is present near the active site, but does not appear to be positioned
for catalysis.4 In addition, biochemical studies revealed that C75U ribozymes are
inactive, but can be rescued by the addition of exogenous imidazole.31, 32 Both of these
studies strongly suggest that the C75U ribozyme can adopt a near-native fold. Work by
A.L.C.-S. in the Russell lab revealed that the C75U ribozyme primarily populates a high
FRET state and that the EFRET value for the high FRET state changes with pH in a similar
manner to what was observed for the WT ribozyme- i.e. it decreases as pH increases. For
example, for experiments with S, at pH 6, the high FRET state had an EFRET value of 0.64
and at pH 8, the high FRET state had an EFRET value of 0.57 (Figure 5-13). The low
FRET states showed similar pH-dependent shifts as well. The tendency for the C75U
ribozyme to populate the high FRET state suggests that it does not have the same docking
defects as the C75A ribozyme, consistent with the crystal structure for the pre-cleaved
ribozyme.4
However, the high FRET states for the C75U ribozyme are slightly lower than
those observed for the WT ribozyme, suggesting that the structures for the C75U and WT
ribozymes are similar, but not identical. Also, Raman spectra for C75U crystals are quite
similar to those for WT crystals, while those for C75A crystals are not (1 and unpublished
results). It is possible that the high FRET states for the C75U ribozyme correspond to
docked states that have altered active sites (‘docked, but unaligned’) with respect to the
WT ribozyme. The origin of the pH dependent behavior is not at all clear.
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Figure 5-13: FRET histograms for the C75U ribozyme with S. The center of each peak is noted.
C44U:G73A:C75A: This enzyme strand was prepared to in attempts to combine
any effects of the C44U:G73A and C75A changes. The ribozyme appeared to populate
the low FRET state, similar to the C75A ribozyme, but the FRET distribution for this
ribozyme was quite broad. It is not clear how these results should be interpreted.
In addition to using a C75U enzyme, we tested the hypothesis that the high FRET
state is actually composed of two states by testing additional tethers, T-23 and T-26. The
EFRET value for the high FRET state changed slightly for each tether, but the high FRET
distribution did not resolve into two peaks.
We also wanted to determine the FRET state from which cleavage derives and if
it is actually the same at every pH even though the FRET distribution shifts. Cleavage
assays were performed by A.L.C.-S. for the WT ribozyme at pH 6, 7, and 8 in the
presence of 10 mM Mg2+. Histograms of the EFRET values that were observed prior to
cleavage were constructed (Figure 5-14). The locations and widths of these distributions
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were very similar at each of the three pH values. The peaks of the high FRET state for
pH 6, 7, and 8 were centered at 0.85, 0.81, and 0.83, respectively. It seems, then, that the
FRET state with an EFRET value of ~0.8 is the active state and that this value is not
dependent on pH. This result, in combination with the observation that the EFRET value
for the high FRET state varies between 0.67 and 0.72 with pH (for experiments that
examined conformational dynamics for all molecules, not just the ones that cleaved),
suggests that the high FRET state is composed of more than one state.
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Figure 5-14: Histograms of the EFRET values that were observed prior to WT enzyme cleavage of S. The peaks of the high FRET
state for pH 6, 7, and 8 were centered at 0.85, 0.81, and 0.83, respectively.

5.7 Future Directions
Two challenges that we encountered in both the bulk and single-molecule studies
are that the amount of ribozyme complex that forms is small and the ribozyme reaction is
slow. The initial idea was to determine the dwell time for the ribozyme in the active
conformation (docked state), the number of docked states that form in a given period of
time, and the fraction of docked states that are productive- i.e. result in cleavage, in a
given period of time at pH values between pH 5 and 9, and that these experiments would
reveal the roles of C75 and Mg2+ in the HDV ribozyme reaction (Figure 5-2). Increasing
the amount of ribozyme complex that forms and using a more active construct might
make this analysis possible.
A trans-acting HDV ribozyme construct used for crystallography studies in the
Bevilacqua lab was designed with the base pairs in P1 between residues 4 and 34 and 5
and 33 changed to UA base pairs.1 This construct would probably eliminate substrate
self-dimerization without compromising formation of E:S, and so perhaps we will adapt
this construct for use in SM-FRET studies.
It seems that any differences that occur between the multiple high FRET states are
subtle and it is not clear if they can be resolved. In the immediate future, studies will
focus on understanding the basis for the effect of C75A on the reaction since the effect of
this mutation on the docking equilibrium was significant and may be the easiest to probe
experimentally. At the very least, we hope to understand recognition, steric effects, and
tolerance of specific functional groups in the folding of the HDV ribozyme by studying
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the WT, C75A, and C75U ribozymes further. Additional studies may be carried out to
probe the folding pathway of the ribozyme, such as understanding the nature of the
misfold that occurs for the C44U:G73A ribozyme in the presence of Mg2+ at low pH.22
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Chapter 6
Wild-type is the optimal sequence of the HDV ribozyme under cotranscriptional
conditions
[Published, in part, as a paper titled “Wild-type is the optimal sequence of the
HDV ribozyme under cotranscriptional conditions” by Durga M. Chadalavada, Andrea L.
Cerrone-Szakal, and Philip C. Bevilacqua in RNA (2007) 13, 2189-2201. The
contributions of D.M.C. and A.L.C.-S. are described in this Chapter.]

6.1 Abstract
RNA viruses are responsible for a variety of human diseases, and the
pathogenicity of RNA viruses is often attributed to a high rate of mutation. Self-cleavage
activity of the wild-type hepatitis delta virus (HDV) ribozyme as measured in standard
divalent metal ion renaturation assays is biphasic and mostly slow and can be improved
by multiple rational changes to ribozyme sequence or by addition of chemical
denaturants. This is unusual in the sense that wild-type is the most catalytically active
sequence for the majority of protein enzymes, and RNA viruses are highly mutable. To
see whether the ribozyme takes advantage of fast-reacting sequence changes in vivo, we
performed alignment of 76 genomic and 269 antigenomic HDV isolates. Paradoxically,
the sequence for the ribozyme was found to be essentially invariant in nature. We
therefore tested whether three ribozyme sequence changes that improve self-cleavage
under standard divalent ion renaturation assays also improve self-cleavage during
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transcription. Remarkably, wild-type was as fast, or faster, than these mutants under
cotranscriptional conditions. Slowing the rate of transcription or adding the hepatitis
delta antigen protein only further stimulated cotranscriptional self-cleavage activity.
Thus, the relative activity of HDV ribozyme mutants depends critically on whether the
reaction is assayed under in vivo-like conditions. A model is presented for how wild-type
ribozyme sequence and flanking sequence work in concert to promote efficient
self-cleavage during transcription. Wild-type being the optimal ribozyme sequence under
in vivo-like conditions parallels the behavior of most protein enzymes.

6.2 Introduction
Small self-cleaving catalytic RNAs, or ribozymes, are critical features of many
RNA viruses. The hepatitis delta virus (HDV), a human pathogen, has genomic and
antigenomic versions of a small ribozyme embedded in its 1.7 kb RNA genome.1-3 Other
small ribozymes occur in viruses or related species including the hairpin ribozyme, which
is found in viral satellite RNAs,4 and the hammerhead ribozyme, which is found
ubiquitously in viral satellite and viroid RNAs.5 By virtue of their roles in rolling-circle
viral replication, these small ribozymes have evolved to function cotranscriptionally, in
the presence of flanking RNA sequence and viral proteins, and under single-turnover
conditions.
Replication of hepatitis delta virus RNA is thought to occur without DNA
intermediates and to be mediated by host RNA polymerase II (RNAP II). Evidence for
RNAP II involvement is threefold: 1.) HDV mRNA, which encodes for the hepatitis delta
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antigen (HDAg) protein, has a 5’-cap and a 3’-poly(A) tail, 2.) HDV mRNA production
is α-amanitin sensitive, and 3.) RNAP II can be associated with HDV RNAs in vivo by
cross-linking and coimmunoprecipitation.3, 6 It also appears that HDAg acts as an
elongation factor for RNAP II.7, 8 Despite the in vivo relevance of these observations, the
vast majority of biochemical studies on HDV and other ribozymes have been conducted
on full-length transcripts that have been renatured by heating and cooling, and in the
presence of non-physiological amounts of Mg2+, conditions referred to herein as standard
assays.
During rolling-circle replication of HDV, nascent concatemeric transcripts are
cotranscriptionally processed into unit-length monomers by self-cleavage of closely
related 85 nt genomic and antigenomic ribozymes (Figure 6-1, panel A).1, 3 After
ribozyme self-cleavage, the HDV genome folds into an inactive rod-shaped structure by
base pairing with a highly complementary downstream sequence termed the attenuator
(Figure 6-1, panel B). HDV also encodes a single protein, the HDAg, which is essential
for replication and has been implicated as an RNA chaperone.9-13 It appears that HDAg
has a variable effect on self-cleavage under standard assay conditions, which depends on
RNA length. For example, the HDAg strongly stimulates -64/112 RNA, shows slight
stimulation of -30/112, inactivates -8/87, and does not substantially affect -106/112 and
-64/172 RNAs.12 (In this notation, the negative number is how many nucleotides
upstream from the cleavage site, which is between -1 and +1, the transcript begins. The
positive number is how many nucleotides downstream from the cleavage site the
transcript ends, where a transcript with a full-length ribozyme is 85 nt.)
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Figure 6-1: Secondary structures present in HDV ribozyme-containing transcripts. The
structures are color-coded by native pairings, which are based on the crystal structure of
the cleaved form of the ribozyme14 and extensive mutagenesis experiments.16, 17, 21, 22, 47
Black arrowheads denote 5’ to 3’ directionality. (A)-(B) Native secondary structures of
constructs studied. These transcripts begin at -54, which allows formation of the P(-1)
pairing that facilitates native secondary structure.16 P(-1) has the L(-1) hairpin loop at its
apex and is joined to the ribozyme by the J(-1/1) single-stranded joining region. Pairings
P1, P2, P3, P4, and P1.1 are contained within the ribozyme, and the site of cleavage
between -1 and 1 is denoted with an arrow. For the transcript in (B), increasing length of
downstream sequence is present, which results in formation of P5 and the attenuator.
Pairing register of the attenuator, which is mutually exclusive with much of the ribozyme
secondary structure, is denoted by an extension (dashed line). (C) Secondary structure of
the -30/99 RNA showing some of the known alternative pairings. Alt 1 and Alt 2 involve
interactions of upstream flanking sequence with the ribozyme, while Alt 3 involves
ribozyme-ribozyme pairing.16, 21 Other alternative pairings not shown, include Alt X and
Alt Y, which disfavor native RNA folding. (D) Sequence of wild-type ribozyme.21
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In its catalytic fold, the HDV ribozyme assumes a complex double-pseudoknot
topology (Figure 6-1, panel A).14, 15 The ribozyme fold consists of five pairings, P1, P2,
P3, P4 and P1.1, with P2 and P1.1 comprising pseudoknot pairings, and self-cleaves at
the base of P1. Flanking sequence upstream and downstream of the ribozyme folds into
pairings termed P(-1) and P5, which are compatible with ribozyme self-cleavage,
although they do not accelerate it (Figure 6-1, panel B).16, 17 (P5 is defined as that portion
of the stem-loop downstream of the ribozyme that does not pair with the ribozyme. For
functional reasons, its 3’-end boundary is defined by the last nucleotide before the
nucleotide that pairs with the 3’-end of the ribozyme. Specifically, P5 runs from C86 to
G128, and the attenuator begins at G129. This definition is imperfect because it is
possible that mutations that strengthen P5 can still favor unfolding of the ribozyme
because of the physical connection between P5 and the attenuator.)
Early in vitro studies on wild-type HDV ribozymes revealed that self-cleavage is
multiphasic and exceptionally slow (~90 h half-life), being enhanced by strongly
denaturing conditions such as 12.5 M formamide,18-20 as well as addition of antisense
(AS) oligonucleotides that disrupt the Alt 1 pairing (Figure 6-1, panel C), and provide
rate enhancements of nearly 3000-fold.16 These observations instigated studies to
determine the structural basis of this effect. Like many functional RNAs, the HDV
ribozyme can assume non-native conformations. Probing the secondary structure of these
conformations by enzymatic digestion led to the identification of numerous non-native, or
alternative (Alt), helices, including Alt 1, Alt 2, Alt 3, Alt P1, and a series of Alt X and
Alt Y pairings, some of which are depicted in Figure 6-1, panel C.16, 17, 21, 22
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These alternative pairings were categorized on the basis of whether they involve
interactions with flanking nucleotides: Alt 1, Alt 2 and the attenuator involve
ribozyme-flanking nucleotide pairings, while Alt 3, Alt P1, Alt X and Alt Y involve
primarily ribozyme-ribozyme pairings. Disruption of P(-1) can lead to formation of Alt 1
(Figure 6-1, panel C),16 while extension of P5 facilitates formation of the attenuator
(Figure 6-1, panel B),17 both of which provide non-functional ribozyme folds. Alt P1
occurs by misalignment of P1 (see Figure 1-5) and inhibits ribozyme function.21
However, not all alternative pairings are inhibitory towards function. In
particular, Alt 2 and Alt 3 (Figure 6-1, panel C) have been shown both computationally23
and experimentally22 to facilitate HDV ribozyme folding, acting as so-called, ‘folding
guides’, which prevent the formation of more deleterious Alt X and Alt Y pairing
registers. In addition, inhibitory effects of certain alternative pairings, in particular of
downstream attenuator, can be suppressed by slowing the rate of transcription.17
Once the structural nature of these non-functional states was established, it was
relatively straightforward to enhance self-cleavage activity in standard kinetic assays by a
rational, negative-design strategy, similar to that described for proteins,24 wherein
alternative pairings were weakened by site-directed mutagenesis but native ribozyme
pairings were maintained.16, 21 We generated more than 20 single and double
site-directed mutants of non-catalytic nucleotides in an effort to destabilize alternative
pairings. Sizeable gains of up to 350-fold in self-cleavage activity were found for
standard AS oligonucleotide-containing assays, as was simplification of multiphasic
kinetics.21
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The relative ease with which ribozyme function could be enhanced by rational
disruption of alternative folds raised the question as to whether the virus takes advantage
of such mutations in vivo, and, if not, what other mechanisms for adaptation might be
possible? Herein, we present the functional consequences of several ribozyme mutations
on cotranscriptional self-cleavage assays. The results suggest that wild-type, which is
non-optimal for the self-cleavage of full-length ribozymes under standard conditions, is
the optimal sequence for activity of the HDV ribozyme under cotranscriptional
conditions.

6.3 Materials and Methods

6.3.1 Cloning and vectors
The HDV sequence was from a human patient with acute delta hepatitis (PDB
accession number M28267). The -30/99 genomic HDV RNA was transcribed from pT7
-30/99 using phage T7 RNA polymerase, as described.16 The wild type -54/99 and
-54/140 plasmids were prepared by downstream extension of a shorter construct
containing the -54/-1 sequence, and cloning into pUC19 as described earlier.17 All
constructs contain variable lengths of this sequence inserted between EcoR I and BamH I.
A phage T7 promoter was introduced at the 5’ end. Mutant plasmids were generated
using the QuikChange kit (Stratagene). Sequences were confirmed by the dideoxy
method after a miniprep purification (Qiagen). Internal Bfa I and Msc I sites were used to
generate linear templates for run-off transcription of -54/99 and -54/140 RNAs,
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respectively. According to published nomenclature, transcripts contain HDV RNA
sequences 659-787 (-30/99), 635-787 (-54/99) and 635-828 (-54/140), where the
ribozyme cleavage site is between positions 688 and 689.

6.3.2 Nucleotide alignment
The -54 to 140 region of the genomic HDV RNA was aligned using
nucleotide-nucleotide BLAST (blastn)25 resulting in 76 sequence hits. The amount of
information needed to specify the sequence at any given position, Rsequence (L) was
determined using Eq. 6.1 by subtracting the Shannon uncertainty for that position,
Hsequence (L) from the maximum uncertainty possible, Hgenome;26 thus,
Rsequence (L) = Hgenome - Hsequence (L)

6.1

The Shannon uncertainty (H) gives the information content in bits and was calculated
using Eq. 6.2;27
M

H = −∑ Pi log 2 Pi

6.2

i=1

in which Pi is the intrinsic probability of symbol i, and there are a total of M symbols.
Here, M = 4. Hgenome was calculated using Eq. 6.2 and turned out to be 1.85; this value is
sufficiently close to 2, that a random distribution of nucleotides was used in the actual
calculations of Rsequence (L). Using the information obtained from aligning all of the 76
sequences, Hsequence (L) was then calculated for every position in the -54/140 genomic
HDV RNA. Rsequence (L) was calculated using Eq. 6.1 and the variability in information
content at every position in the sequence was plotted.

246
6.3.3 Protein expression and purification
A pET 15b plasmid encoding the short form of HDAg with an N-terminal (His)6
tag for purification purposes was generously provided by Zachary Burton’s lab at
Michigan State University. The plasmid was used to transform Rosetta (DE3)pLysS cells
(Novagen) and colonies were selected on agar plates containing 50 µg/mL ampicillin and
34 µg/mL chloramphenicol. Single colonies were picked and grown overnight at 37 °C
in LB broth containing 50 µg/mL ampicillin and 34 µg/mL chloramphenicol. This
culture was then diluted ~100-fold into fresh LB broth containing 50 µg/mL ampicillin
and 34 µg/mL chloramphenicol, and grown at 37 °C. Cell growth was monitored by
optical density at 600 nm. When an OD600 of 0.5 was reached, HDAg expression was
induced by the addition of 500 µM IPTG (isopropyl-β-D-thiogalalctopyranoside).
Following induction, the cells were grown until an OD600 of 1 was reached and then
harvested by centrifugation.
The following purification steps were performed at 4 °C. The cell pellet was
resuspended in lysis buffer (100 mM NaH2PO4, 10 mM Tris-HCl, 6 M guanidine-HCl,
pH 8.0) containing 10 mM imidazole (As recommended by Qiagen, we used 2-5 mL of
lysis buffer per gram of cell weight). The cell suspension was subjected to pulsed
sonication on ice for 10 s and this was repeated 5-6 times. An FPLC system from
Bio-Rad was used for column purification. The cell lysate was passed through a Ni-NTA
agarose column (Qiagen) that had been equilibrated with lysis buffer. The column was
washed with 5 column volumes each of lysis buffer, followed by buffer A (100 mM
NaH2PO4, 10 mM Tris-HCl, 4 M urea, 500 mM NaCl, 20 mM imidazole, pH 8.0), and
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then buffer B (100 mM NaH2PO4, 10 mM Tris-HCl, 4 M urea, 500 mM NaCl, 20 mM
imidazole, pH 6.3). The protein was eluted using 5 column volumes of elution buffer
(100 mM NaH2PO4, 10 mM Tris-HCl, 4 M urea, 500 mM NaCl, 250 mM imidazole, pH
4.5). Fractions were collected and analyzed by SDS-PAGE. Appropriate fractions were
pooled and dialyzed against 1L of protein storage buffer (20 mM HEPES, 500 mM KCl,
20 % (v/v) glycerol, 0.2 mM EDTA, 0.2 mM EGTA, 2 mM DTT, pH 7.5) at 4 °C,
changing the buffer every 8 h for 24 h.
The final concentration and purity of HDAg were assessed using absorbance at
280 nm and SDS-PAGE, respectively. The molecular weight, expected to be ~23 980
Da, was confirmed using LC-MS (Proteomics and Mass Spectrometry Core Facility/The
Huck Institutes of the Life Sciences, The Pennsylvania State University); two main peaks
were observed corresponding to 23 982 Da and 24 019 Da, the latter of which is equal to
the sum of the expected molecular weight of the protein and the atomic weight of
potassium, which was present in the sample (24 019 = 23 980 + 39). The protein was
split into 20-50 µL aliquots and stored at -70 °C. HDAg aliquots were removed from
-70 °C and placed on ice prior to beginning the cotransciptional assays.

6.3.4 In vitro cotranscriptional cleavage experiments
Restriction enzymes Bfa I or Msc I were used to linearize the -54/99 and -54/140
plasmids, respectively, for run-off transcriptions. Each linearized plasmid was
phenol/chloroform extracted, ethanol precipitated, and resuspended in 1X TE at an
approximate concentration of 1 µg/µL. Cotranscriptional assays were performed
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similarly to those previously described.17 Typical cotranscriptional cleavage assays were
performed using 1 µg of linearized plasmid; 600 µM each ATP, CTP, GTP, and UTP; 0.5
µL of 10 µCi/µL [α-32P]GTP; 20 mM Tris-HCl, pH 8.0; 75 mM KCl, 10 mM MgCl2; 1
mM DTT; and 100 µg/mL acetylated bovine serum albumin in a total reaction volume of
30 µL. Note that cotranscriptional cleavage assays and standard divalent ion renaturation
cleavage assays contained the same final concentrations of Mg2+. Reactions set up to
examine the effect of HDAg on cotranscriptional cleavage contained 1 or 3 µM HDAg.
In some cases where lower rates of transcriptions were desired, 10 µM ATP, CTP, and
UTP were used, and the concentration of GTP was retained at 600 µM to help initiate
transcription. In either case the reaction was incubated for 2 min at 37 °C, followed by
initiation with 65 units of T7 RNA polymerase. 2 µL aliquots were withdrawn at specific
time-points and quenched by adding 3 µL of 95 % (v/v) formamide loading buffer
containing 100 mM EDTA and immediately placing on dry ice. Time-points for the
-54/99 and -54/140 reactions ranged from 15 s to 10 min. The time-points were run on a
denaturing 8 % (w/v) polyacrylamide gel. The gels were dried, and visualized using a
PhosphorImager (Molecular Dynamics).
Transcription does not progress evenly with time but instead is largely dependent
on initiation and elongation events, interspersed by pause signals, resulting in polymerase
being stalled during transcription.28 We were thus unable to obtain an absolute value for
the rate of transcription. As such, we compared the relative rates of transcription for the
600 µM NTP reactions in the absence and presence of HDAg, and we also compared the
relative rates of transcription for the 600 µM NTP reactions with those obtained for the

249
10 µM NTP reactions (both in the absence of HDAg). For each reaction, we plotted the
total RNA counts in a given lane versus time. The data were well fit to a straight line,
and the resulting slopes were used to determine relative rates (see Results).

6.3.5 Ribozyme kinetics and data fitting
Each transcript was labeled internally by [α-32P]GTP as it was transcribed,
allowing three bands to be visualized: the full length uncleaved starting material (A), the
upstream cleavage fragment (-54/-1), and the downstream cleavage fragment (B). The
fraction of the RNA uncleaved, fun, was determined from Eq. 6.3;
fun = counts A/(counts A + counts B + counts [-54/-1])

6.3

The counts for A, B, and -54/-1 were determined at each time point. Plots of fraction
uncleaved versus time were constructed and fit to Eq. 6.4
f un =

1− e −k1 t
k1 t

6.4

where k1 is the observed first-order rate constant and t is time. This equation is for the
case wherein a full-length transcript is an intermediate in a coupled reaction of
transcription and cleavage.29 This equation holds for any rate of transcription, as long as
it is constant. Parameters were obtained using non-linear least-squares fitting by
KaleidaGraph (Synergy Software). Evidence that the rate of transcription is constant for
several different NTP concentrations and in the presence of HDAg is presented in the
Results. We chose to plot the fraction uncleaved rather than the fraction cleaved because
this simplifies Eq. 6.4.
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In certain cases, the data were biphasic, requiring the two terms in Eq. 6.5.

⎛ 1 − e− k 2t ⎞
⎛ 1 − e − k1t ⎞
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⎟⎟ + (1 − A)⎜⎜
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k
t
k
t
1
2
⎠
⎝
⎠
⎝

6.5

where k1 and k2 are the observed first-order rate constants for the burst and non-burst
phases, respectively; t is time; and A is the burst fraction. In all plots, the first non-zero
time-point was 15 s. The burst phase, when present, was sufficiently fast that a rate could
not be obtained; nonetheless, the two-term equation was required because of the coupled
nature of transcription, folding, and cleavage.
Standard divalent metal ion-induced self-cleavage assays contained 2 nM
5’-32P-end-labeled RNA, 25 mM HEPES (pH 8.0), 10 mM MgCl2, and 10 µM antisense
oligonucleotide, AS(-30/-7).16 Most experiments involved hand-mixing kinetics; the
-30/99 G10C ribozyme data was obtained using rapid-mixing kinetics, as described
elsewhere.21 The RNA was renatured at 55 °C for 10 min in the presence of an antisense
oligonucleotide, AS(-30/-7), which disrupts Alt 1 and facilitates folding of the ribozyme
to the native state,16 and then cooled at room temperature for 10 min. Buffer was added
and the mixture was incubated at 37 °C for 2 min. A zero time-point was removed and
self-cleavage was initiated by the addition of MgCl2. In certain reactions, HDAg was
present at 1 or 3 µM. The first time-point was taken at 15 s for hand-mixing and 0.1 s for
rapid-mixing. All time-points were quenched by mixing with an equal volume of 95 %
(v/v) formamide loading buffer containing 60 mM EDTA and immediately placed on dry
ice. The time-points were run on a denaturing 10 % (w/v) polyacrylamide gel. The gels
were dried, and visualized using a PhosphorImager (Molecular Dynamics).
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Plots of fraction product versus time were constructed and could be fit to the
single-exponential equation (Eq. 6.6):
f c = A + Be − k obs t

6.6

where fc is the fraction of precursor ribozyme cleaved, kobs is the first order rate constant
for ribozyme cleavage for the non-burst phase, t is time, A is the fraction of the ribozyme
cleaved at completion, and A + B is the burst fraction (present under some of the reaction
conditions). Parameters were obtained using non-linear least-squares fitting by
KaleidaGraph (Synergy Software).

6.4 Results

6.4.1 Conservation of HDV RNA sequence
In an effort to understand the role of sequence variability in ribozyme function, a
comparison of 76 HDV genomic sequences encompassing the ribozyme and flanking
regions was made. We carried out a sequence comparison on just the ribozyme and
upstream regions earlier;16 however, at that time, only 21 isolates were available in
GenBank. In addition, our knowledge of the structure and function of the flanking
regions was relatively limited. Thus, it was critical to re-evaluate and extend that initial
comparison.
The -54 to 140 region of the genomic HDV RNA was aligned for 76 hepatitis
delta isolates using blastn.25 This region encompasses 54 nucleotides upstream of the
cleavage site and 56 nucleotides downstream of the 3’-boundary of the ribozyme. The
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information content Rsequence(L) (in bits per base) at a given position in the sequence, L,
was calculated according to Eq. 6.1, as described in the Materials and Methods. For this
analysis, an Rsequence (L) value of 2 indicates complete conservation across the 76 isolates
(high information content), while a value of 0 indicates no conservation (no information
content). A value of 1 indicates that 2 of the 4 nucleotides are preferred, and is consistent
with Watson-Crick base pairing at that position.26, 30 Information content (Figure 6-2)
was plotted as a function of genomic sequence for the 5’- and 3’-flanking regions
(Figure 6-2, panels A and C), and for the ribozyme (Figure 6-2, panel B), as well as for
the antigenomic ribozyme (Figure 6-2, panel D).
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Figure 6-2: Nucleotide conservation of the HDV ribozyme and flanking RNA. Numbering is relative to the cleavage site between
nucleotides -1 and +1. The -54 to 140 region of 76 genomic HDV RNA isolates were aligned using nucleotide-nucleotide BLAST
(blastn).25 Information content, Rsequence(L), in bits per base at various positions (L) was determined as described in Materials and
Methods. To enhance visual clarity, data for genomic sequence have been divided into upstream flanking sequence (A), ribozyme
sequence (B), and downstream flanking sequence (C). Panel (D) shows data for the antigenomic ribozyme sequence. A score of 0-2
was given for the information content in bits. Positions with variability in Rsequence(L) values are emphasized by the placement of open
circles on the plot. Regions with helical nucleotides are shaded gray, while regions with non-paired nucleotides are white. The
ribozyme and downstream sequences have a few pairing regions that are separated by only one nucleotide; in these cases, a dashed
line was used to partition the two helices.

254
The -54/-1 upstream flanking sequence includes the P (-1), L(-1), and J(-1/1)
elements, as shown in (Figure 6-1, panels A and B). Sequence comprising the P(-1)
pairing was found to be well-conserved (Figure 6-2, panel A). Nonetheless, 57 changes
were found in the P(-1) region. In nearly every instance, these mutations occurred
adjacent to helical defects and, according to free energy minimization calculations,31, 32
allowed a P(-1) of stability within +2.9 to -4.6 kcal/mol of the wild-type (∆G°37 of -18.4)
to form, sometimes with migration of the helical defect (Figure 6-3). These data provide
strong support for the presence of an upstream P(-1) pairing in all isolates.
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Figure 6-3: Conservation of P(-1) in genomic HDV ribozyme variants. (A) The
secondary structure of the isolate used for wild-type, established by both experiments and
calculations,16 is shown. Positions at which substitutions occurred are circled. (B)
Summary of variations found in genomic isolates. The variation and number of
occurrences are provided, where ‘i’ represents an insertion and ‘∆’ a deletion. In addition
the predicted folding free energy31, 33 and change in free energy relative to wild-type are
provided in the last two columns.
Other upstream elements had somewhat more changes than P(-1) (Figure 6-2,
panel A, and Figure 6-3). The L(-1) loop was quite variable at its 3’-side, consistent with
absence of pairing in this stretch. The other upstream sequence element, J(-1/1), was
susceptible to variation at its 5’- and 3’-sides, especially at the -2 and -3 positions, but the
central portion of this element, which is pyrimidine-rich, was invariant. A similar
pyrimidine-rich element was present upstream of the antigenomic ribozyme. It is also
noted that nucleotides involved in the Alt 1 pairing between P(-1)3’ and P23’ (Figure 6-1,
panel C) are well-conserved, barring the 3’-most nucleotide of Alt 15’, suggesting a
possible functional role for this alternative pairing. In all instances, RNA folding using
mfold v3.231, 33 suggested that P(-1), L(-1) and J(-1/1) form despite the variation in their
sequences, providing strong support for their conservation, which was independently
verified experimentally for the wild-type.16
Variability in the ribozyme sequence was restricted. Sequence changes were
found primarily in three regions: J(1.1/3), P4, and the base of P1. The J(1.1/3) joining
region showed significant changes at positions 23, 26, and 27 (Figure 6-2, panel B).
These three nucleotides were disordered to varying extents in the crystal structure of the
ribozyme,14 consistent with absence of critical functional roles. Another variable region
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was P4, which is dispensable for self-cleavage.34, 35 Even here the changes were
restricted to relatively few positions, primarily 61 and 64, where deletions occurred with
little change to the structure and stability of P4. Conservation of the catalytically
dispensable P4 and L4 suggests they may serve some non-catalytic function such as
acting as a folding guide (see Discussion).
One additional position of variability within the ribozyme is residue 37, which
partakes in the first base pair in P1. In the majority of the genomic isolates (61/76), this
residue is a U and forms a G•U wobble pair with G1. However, in the other 15 isolates,
it is a C, which can form a GC base pair with G1. Genomic ribozymes with a GC base
pair at the base of P1 have nearly identical metal ion and pH kinetic profiles under
standard conditions as wild-type (see Chapter 3), indicating that this change does not
have a functional consequence to ribozyme catalysis. The antigenomic ribozyme is also
well conserved, as seen by comparing 269 antigenomic variants (Figure 6-2, panel D).
Curiously, in all 269 antigenomic isolates, the first base pair in P1 is a G•U wobble pair.
It was recently demonstrated that the -1 position, which is U in the genomic ribozyme
and C in the antigenomic, is associated with a change in metal specificity from favoring
Mg2+ to favoring Ca2+.36 Perhaps there is a functional link between the identity of the -1
nt and the first base pair in P1 (see Chapter 3). In summary, variability within the
ribozyme is restricted to relatively few nucleotides and occurs in such a way as to allow
catalytically important structural elements to remain intact, as expected from the
biological function of the ribozyme. Remarkably, none of the ribozyme variants found in
nature displayed nucleotide changes known to enhance self-cleavage under standard
conditions.
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In contrast to the ribozyme region, the 86-140 downstream flanking sequence was
found to have a combination of variable and well-conserved regions (Figure 6-2, panel
C). The variable region localizes to P5 and L5, which are formed at the tip of the rod
(Figure 6-1, panel B, and Figure 6-4). As shown in Figure 6-1, panel B, the
experimentally determined P5 pairing17 is compatible with the native HDV ribozyme
fold. Interestingly, even though the sequence in P5 is variable, changes in the
base-pairing region covary. For example, base pair 88:126 was found to be C:G, G:C,
and G:G in 13, 62 and 1 isolates, respectively (Figure 6-4). (A G:G is the most stable
single mismatch thermodynamically.37) Similar base pairing maintenance was observed
at positions 96:118, 97:117 and 101:115 (Figure 6-4). Subsequent analysis of the 80 to
140 region alone resulted in a total of 276 genomic isolates, and similar trends were
observed. Apparently, the secondary structure of P5 is important, although the sequence
of certain base pairs is not. This region has been shown to coimmunoprecipitate with
RNAP II, which could account for the importance of its secondary structure.6 It can be
noted that the 5’-strand of P5 is particularly pyrimidine-rich, much like the J(-1/1) stretch
(see Discussion). The L5 loop shows variability at its 5’-side as well, consistent with no
known role in catalysis.
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Figure 6-4: Covariation in the P5 helix and flanking regions. Nucleotide sequence
corresponding to the 75 to 140 region of the genomic HDV RNA was folded using mfold
v3.2.31, 33 Numbering is relative to the cleavage site between nucleotides -1 and +1.
Sequence variability information was obtained from blastn analysis of the 76 genomic
HDV RNA isolates. Positions that vary are shaded gray and boxed for base pairs and
circled for single-stranded nucleotides. Non-conserved nucleotides that base pair were
observed to covary so as to retain base pairing. The number of isolates for a given
basepair is provided below the figure. Nucleotides with an occurrence of less than 3 %
are not depicted. In this figure, residue 85 is a C because this is the most common
sequence; however, it was G in the isolate used for wild-type, which was isolated from a
patient with acute HDV48 (accession M28267). The pairing elements aJ4/2, aP23’, P5 and
L5 are denoted in the figure.
Lastly, the well-conserved region of the downstream flanking sequence localizes
to regions of the attenuator complementary to the ribozyme, aP23’ and aJ4/2, which are
the complements of P23’ and J4/2, respectively (Figure 6-2, panel C, and Figure 6-4).
(Regions of the attenuator that are complementary to specific secondary structural
elements in the ribozyme are denoted with the name of that element preceded with an ‘a’
for attenuator.) Since the ribozyme sequence is conserved in this region, observation that
its largely complementary sequence is conserved as well suggests that the attenuator
pairing serves an important functional role for the virus.
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6.4.2 Ribozyme mutants react faster than wild-type in standard assays
Observation that the sequence of the ribozyme is largely invariant in nature was
surprising because prior studies showed that numerous rationally designed single and
double mutations to the ribozyme sequence could dramatically improve self-cleavage
activity under standard assay conditions.16, 21, 22. These mutants generally operate by
allowing escape from alternative pairings and/or strengthening native pairings. One
possible explanation for the absence of these changes in nature is that the effect of
mutations on self-cleavage efficiency is specific to the manner in which the assay is
conducted. We therefore investigated effects of the wild-type and three single mutants
under several assay conditions beginning with standard divalent ion renaturation
conditions.
The three mutants chosen for study were G10C, G11C, and G85C. Two of these,
G11C and G85C, have been previously studied under standard assay conditions,21 while
G10C is presented here for the first time. These three mutants affect the fold of the
ribozyme in a simple and well-understood manner.21, 22, 38 G11C acts to destabilize Alt
P1 while maintaining P2, albeit with a shifted register having a bulged C84, while G85C
stabilizes P2.21 The G10C mutant, on the other hand, is predicted to both destabilize Alt
P1 and stabilize P2. Because P25’ competes with the attenuator for the last 5 nucleotides
in the ribozyme, these mutants allow this folding process to be probed in different ways.
In addition, the G10C and G11C mutants were not found in any of the naturally occurring
isolates, while G85C was very common; thus, with these three mutants we explore
variants that both occur and do not occur in nature.
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Kinetic profiles under standard assay conditions in the presence of 10 mM Mg2+
are shown in Figure 6-5, with values provided in Table 6-1. Previous kinetics studies
under standard assay conditions revealed that wild-type reacts with a 30 % burst phase
with a rate of 12.0 min-1, and a 60 % slow phase with a rate of 0.17 min-1.21 Thus,
wild-type is biphasic and largely slow reacting. G85C, on the other hand, reacts in a
monophasic fashion with a kobs of 2.2 min-1, while G11C is monophasic with a kobs of 7.1
min-1. As expected, the G10C mutant, which favors the native state by both destabilizing
non-native interactions (Alt P1) and strengthening native state interactions (P2), reacted
the fastest under standard assay conditions, with a kobs of 14.4 min-1 (Figure 6-5). In fact,
the kobs for G10C is approximately equal to the product of the kobs values for G11C and
G85C, suggesting additivity of effects. These findings are consistent with the previously
reported observation that G10A, which destabilizes Alt P1 without stabilizing P2, reacts
similarly to G11C.21
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Figure 6-5: Effect of ribozyme sequence on full-length transcript self-cleavage and cotranscriptional self-cleavage reactions. (A)
Self-cleavage of full-length ribozymes (standard assay) in which the reaction was initiated by addition of MgCl2. The three sequences
are wild-type (z), G10C (∆), and G11C ({). Fits are to Eq. 6.6 and parameters are provided in Table 6-1. (B)-(C) Cotranscriptional
self-cleavage for (B) -54/99 and (C) -54/140 transcripts. Points are an average of at least two trials. Time-points range from 15 s to 10
min. The four sequences are wild-type (z), G10C (∆), G11C ({), and G85C (c). Fits for G10C, G85C and wild-type are to Eq. 6.5,
while the fit for G11C in the -54/99 background is to Eq. 6.4; fits for closed symbols are solid lines, while fits for open symbols are
dashed lines. Parameters are provided in Table 6-1.
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Table 6-1: Effect of ribozyme sequence on full-length transcript self-cleavage and
cotranscriptional self-cleavage reactions.

a

Self-cleavage of full-length ribozymes in which the reaction was initiated by addition of
MgCl2. The data were fit to the single exponential rate equation (Eq. 6.6). For wild-type
(WT), the early and late data were sufficiently separated to allow separate fitting to
Eq. 6.6.
b
Cotranscriptional self-cleavage for the -54/99 or -54/140 transcripts.
c
Cotranscriptional cleavage kinetics were biphasic requiring the data to be fit to Eq. 6.5.
Although the data were fit to a two-term equation, rate constants for the burst fraction
could not determined due to the fast rates of this portion of the reaction; as such, only the
second, slower rate constant is reported. Amplitudes of the burst phase can be estimated
by subtracting the percent of the slow phase from 100 %.
d
G11C kinetics in the -54/99 background were monophasic and fit to Eq. 6.4.
e
This value is from 21.

6.4.3 Wild-type reacts faster than the mutants under cotranscriptional conditions
Although many ribozymes can be readily engineered to undergo
multiple-turnover catalysis as typified by classical protein enzymes,34, 39 small ribozymes
and certain large ribozymes are unusual in that the reactions they carry out in nature are
single-turnover. These ribozymes have therefore evolved to function cotranscriptionally.
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As such, RNA sequence flanking the ribozyme could be involved in regulating catalysis.
We reasoned that one explanation as to why the HDV ribozyme is largely resistant to
mutation in nature is that sequence changes which improve self-cleavage under standard
assay conditions may not have such effects when assayed cotranscriptionally. To test this
possibility, we measured self-cleavage kinetics on the same four ribozyme variants under
cotranscriptional assays with various flanking sequence.
Single mutants of the ribozyme were prepared in -54/99 and -54/140 flanking
sequence backgrounds, and cotranscriptional self-cleavage assays were carried out (see
Materials and Methods). These two flanking sequence backgrounds were designed to
explore downstream effects of P2, P5, and the conserved aP23’ and aJ4/2 regions of the
attenuator (Figure 6-4) on cleavage efficiency. The upstream flanking sequence was
chosen to encompass -54 to -1 because this region forms the P(-1) pairing and J(-1/1)
joining region (Figure 6-1, panel A), which are compatible with efficient self-cleavage
under cotranscriptional conditions.16, 17
Cotranscriptional self-cleavage assays on wild-type and single-mutant ribozymes
were first tested in the -54/99 background (Figure 6-5, panel B), which is sufficiently
short to prevent formation of P5 or the competing attenuator.17 Only data for G11C in
the -54/99 background could be fit to a simple one-term equation (Eq. 6.4) for
cotranscriptional cleavage.29 Fitting of wild-type and other single-mutants required an
equation with an additional term (Eq. 6.5), in which the early portion of the data was
treated as a burst fraction.17 As suggested by previously published simulations, this
added complexity can be caused by the presence of either an off-path channel or an
on-path intermediate that has a rate of breaking down similar to the rate of chemistry.17
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The kinetic parameters from these fits are presented in Table 6-1. Because of the
complex behavior of the mutants, the reaction is treated largely qualitatively in terms of
overall self-cleavage efficiency.
In the -54/99 background, wild-type, G10C, and G85C have similar
cotranscriptional behavior. At early times, the G11C mutant reacted slightly slower than
the other ribozymes, but reached similar fraction cleaved at intermediate times. Thus,
unlike standard assay conditions, cotranscriptional kinetics revealed that the wild-type
reacts similarly to the mutants.
Next, cotranscriptional experiments were conducted in the -54/140 background,
which contains the conserved portions of the attenuator aP23’ and aJ4/2, which are
complementary to P23’ and J4/2. Mutants in the -54/140 background had a larger range
of effects, with kinetic profiles spread out across the plot (Figure 6-5, panel C). The
wild-type was more efficient overall at self-cleavage than the mutants. G85C and G10C,
which behaved similarly in the -54/99 background, had self-cleavage efficiency similar to
the wild-type at early times, but were both substantially less efficient than wild-type at
later times. The G11C mutant, on the other hand, was less efficient at early times, but
reacted similarly to the wild-type at later times.

6.4.4 Slowing the rate of transcription and adding delta antigen protein further
improves self-cleavage activity
Having found that wild-type is the most efficient sequence under cotranscriptional
conditions in the -54/140 background, we tested whether other factors that mimic in vivo
conditions might further improve self-cleavage efficiency. The rate of transcription for
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phage T7 RNA polymerase, which was used in the cotranscriptional experiments, is
particularly fast (~200-400 nt/s).28, 40, 41 On the other hand, the rate of elongation for
RNA polymerase II, which is thought to replicate HDV,3, 8 is much slower, with an
estimate of ~12-20 nt/s,42 although the actual rate for replication of HDV is
approximately 2 to 4-fold faster (see Discussion).43 The rate of transcription by T7 RNA
polymerase was slowed by lowering the concentrations of NTPs in the reaction (see
Materials and Methods). Controls showed that the rate of transcription was constant over
the 10 min time course of the experiments for both low and high NTP concentrations,
with transcription reactions in 10 µM NTP going ~100-fold slower than in 600 µM NTPs
(Figure 6-6). In addition, we introduced a construct with a 3’-end that extends to position
155, which is complementary to the 3’ strand of P4, in order to more fully evaluate the
importance of folding and cleaving during transcription.
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Figure 6-6: Relative rates of transcription as a function of NTP concentration and HDAg.
The total amount of transcript (cleaved plus uncleaved) was plotted versus time of
transcription. The data fit well to a line, consistent with a constant rate of transcription as
discussed in the Materials and Methods. The slopes were as follows: 3.2 × 106 for 600
µM NTPs and no HDAg (z), 4.6 × 105 for 600 µM NTPs and 3 µM HDAg (c), and 2.6
× 104 for 10 µM NTPs (600 µM GTP) (); the first two plots refer to the left-hand
y-axis, while the third plot refers to the right-hand y-axis. The slope for 600 µM NTPs
and 1 µM HDAg was 4.3 × 105 (data not shown).
As shown in Figure 6-7, panel A, lowering the rate of transcription improved
self-cleavage efficiency of the longest construct (-54/155) the most. In general, this
effect is most likely due to the additional window of time afforded for self-cleavage prior
to synthesis of the attenuator. Supporting this interpretation, lowering the rate of
transcription had a minimal effect on promoting self-cleavage in the -54/99 and -54/140
backgrounds, which have no or less extensive ribozyme complementarity, respectively
(Figure 6-7, panel A). Apparently, the kinetics of partitioning between self-cleavage and
attenuator synthesis are critical (see Discussion).
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Figure 6-7: Effect of lowering the rate of transcription and of HDAg on wild-type cotranscriptional self-cleavage reactions. (A)
Cotranscriptional self-cleavage in which the rate of transcription was decreased by lowering NTP concentrations. The rate of
transcription was slowed by lowering the concentrations of all NTPs other than GTP in the transcription reaction to 10 µM. The three
backgrounds are -54/99 (z, {), -54/140 (, ), and -54/155 (c, ∆). Closed symbols are at 600 µM NTPs, while open symbols are at
10 µM NTPs (600 µM GTP). (B) Cotranscriptional self-cleavage in which the HDAg was added. The delta antigen was added to a
final concentration of 3 µM in the background of 600 µM each NTP. The three backgrounds are -54/99 (z, {), -54/140 (, ), and
-54/155 (c, ∆). Closed symbols are without HDAg, while open symbols include 3 µM HDAg. Data for lower NTP concentrations and
HDAg could not be fit to Eq. 6.4 or 6.5. In these cases the lines are present only to help visualize data trends. Lines for closed symbols
are solid, while fits for open symbols are dashed.

The results presented above show that self-cleavage efficiency of the HDV
ribozyme is sensitive to a number of factors including whether the reaction is carried out
cotranscriptionally, ribozyme sequence, flanking regions, and transcription rate. One
other factor that has been shown to influence the cleavage rate of full-length HDV
ribozymes (both positively and negatively) in standard reaction assays is the HDAg,9-12
which is the only protein that HDV encodes. However, to our knowledge, this is the first
report of the effects of the HDAg on ribozyme kinetics during transcription.
The effects of the HDAg on self-cleavage efficiency during transcription were
tested on the wild-type sequence in the -54/99, -54/140, and -54/155 backgrounds
(Figure 6-7, panel B). Addition of HDAg to the wild-type strongly stimulated
self-cleavage for all length constructs. The cotranscriptional effect of HDAg could be
due to direct effects on folding of full-length HDV transcripts, especially given the
literature precedent in standard assays,9-12 or to ribozyme-indirect effects including
decreasing the rate of transcription, since this also favors cotranscriptional cleavage
efficiency as shown in Figure 6-7, panel A.
The effect of HDAg on the rate of transcription (600 µM each NTP) was
monitored, as described in the Materials and Methods. It was found that 1 or 3 µM
HDAg slows the rate of transcription ~7-fold (Figure 6-6). Thus, part of the effect of the
HDAg in stimulating wild-type activity cotranscriptionally could be due to slowing the
rate of transcription (see Discussion). However, we note that HDAg decreases the rate of
transcription by only 7-fold, which is much less than the 100-fold effect of lowering the
NTP concentrations to 10 µM (Figure 6-6). This suggests that effects of HDAg on
ribozyme self-cleavage efficiency may not be due only to slowing transcription.
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Potential effects of HDAg on cleavage of full-length transcripts, referred to as
‘basal effects’, were determined for the-30/99 wild-type ribozyme under standard assay
conditions (Figure 6-8). It is seen that HDAg both increases the rate of self-cleavage of
the major phase and the amplitude of the burst phase approximately two-fold.
Apparently, HDAg stimulates HDV ribozyme cleavage by two distinct kinetic
mechanisms: slowing the rate of T7 transcription and improving basal folding and
cleavage rates.

Figure 6-8: Ribozyme self-cleavage in the absence and presence of HDAg. Data were fit to
Eq. 6.6 to give the following burst and kobs values: 10 % and 0.22 min-1 for no HDAg (z), 26
% and 0.35 min-1 for 1 µM HDAg (), and 28 % and 0.39 min-1 for 3 µM HDAg (c).
The basal effect can also be inferred from cotranscriptional assays for the
wild-type in the -54/99 background. Kinetics of cleavage of -54/99 are substantially
faster in the presence of the HDAg (Figure 6-7, panel B) even though slowing the rate of
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transcription does not affect cleavage efficiency of this construct (Figure 6-7, panel A).
Similar conclusions can be reached from the -54/140 wild-type data. In sum, under
cotranscriptional conditions with native flanking sequence, wild-type is no longer slow
reacting. It has self-cleavage efficiency equal to or greater than the three mutants, and
wild-type self-cleavage becomes even more efficient when the rate of transcription is
attenuated and HDAg protein is included.

6.5 Discussion
RNA viruses mutate at an exceptionally high rate. For instance, RNA
polymerases, which lack proofreading functions, make mistakes every 1 in 103 to 105
bases.44 The remarkable evolvability of RNA viruses is often attributed to this elevated
rate of mutation. We compared 76 genomic HDV sequences and found that while
flanking regions often undergo mutation, almost no change occurs in the ribozyme
region. Absence of variation of the ribozyme sequence was initially surprising because
mutants react faster than wild-type under standard kinetics assays and can be rationally
designed with relative ease. The main finding from the present study is that the wild-type
is the optimal sequence of the HDV ribozyme when assays are conducted under in
vivo-like conditions of cotranscriptional cleavage, presence of extensive native flanking
sequence, slower transcription rate, and presence of HDAg protein. These observations
suggest that wild-type ribozyme sequences encode catalytic information that is optimized
for cellular-like conditions.
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Under standard assay conditions, wild-type is substantially less efficient at
self-cleavage than the mutants. For example, at 15 s the G10C and G11C mutants
cleaved to completion, while only 30 % of the wild-type self-cleaved (Figure 6-5, panel
A). However, under cotranscriptional folding conditions, wild-type is within 10 %
cleavage efficiency of the mutants for the -54/99 background (Figure 6-5, panel B), and
as fast or faster than these mutants for the more extensive -54/140 flanking background
(Figure 6-5, panel C). Lowering the NTP concentration or adding HDAg increased the
self-cleavage efficiency of wild-type even further, with an additional 25-35 % increase at
early time points (Figure 6-7).
The effect of the HDAg is due to effects on the rate of transcription and basal
effects on full-length ribozyme. The overall rate of T7 transcription, as judged by
monitoring total RNA produced with time, decreased approximately 7-fold in the
presence of HDAg (Figure 6-6). The stimulatory basal effects of HDAg on the wild-type
are revealed by ~2-fold increases in burst amplitude and main phase rate under standard
conditions. Together, these findings indicate that that HDAg promotes cleavage of the
wild-type ribozyme under in vivo-like conditions.
A recent report indicates that HDAg stimulates the rate of elongation of RNAP II,
with ~2 to 4-fold increases.43 Although HDAg affects rates of T7 and RNAP II
transcription in opposite directions, the end effect is similar rates of transcription. For
example, using rates of transcription for T7 of ~200-400 nt/s28, 40, 41 and RNAP II of
~12-20 nt/s42 and correcting for the 7-fold attenuation on T7 and the 2-4 fold increase on
RNAP II, similar final rates of transcription are found. It is not clear whether this
similarity is simply fortuitous or reflects some common mechanism; nonetheless, the rate
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of T7 transcription in the presence of HDAg may be similar to that for RNAP II in the
presence of HDAg in vivo.
Given the similar rates of transcription for T7 and RNAP II in the presence of
HDAg, it is of interest to compare the rate of ribozyme self-cleavage to the rate of
attenuator RNA synthesis. Using the rates for RNAP II in the presence of HDAg given
above, synthesis of the RNA from position 84 (3’-end of the ribozyme; Figure 6-1) to 155
(position of attenuator where significant wild-type inhibition is observed; Figure 6-7)
should occur in less than 3 s. The wild-type cleaves with a burst phase of 42 % (where
the burst is faster than 15 s), while optimal sequences in vitro cleave with rates of 1 s-1.
Although this analysis does not consider the potential importance of transcriptional
pausing events, which have not been characterized yet for HDV in vivo, it appears likely
that ribozymes have a selective pressure to cleave on the seconds time scale in vivo.
Of the various mutants, G85C was the least efficient in promoting self-cleavage
of -54/140 cotranscriptionally, especially at longer time points (Figure 6-5, panel C;
Table 6-1). This is likely due to the G85C change strengthening the aP23’ portion of the
attenuator (Figure 6-4), which competes with P2 formation in the ribozyme. Consistent
with observations, this effect does not manifest itself under standard reaction assays or
cotranscriptional assays with -54/99, which do not contain enough nucleotides to form
aP23’.
G10C is the next least efficient in cotranscriptional cleavage assays on -54/140,
followed by G11C (Figure 6-5, panel C). Both G10C and G11C are involved in
formation of the P2 pseudoknot pairing (Figure 6-1, panel D). The effects on G10C and
G11C are unlikely to be due to less efficient self-cleavage of the native state itself since
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these mutants were the fastest self-cleavers under standard assay conditions (Figure 6-5,
panel A). One possibility is that the G10C and G11C changes interfere with the
formation of transient folding guides. Isambert and Siggia23 proposed an 8 bp guide helix
termed ‘P8’ that has G10 and G11 engaged in Watson-Crick pairs with the L4
nucleotides C58 and C57, respectively. Interestingly, our sequence alignments show that
all 8 bp in P8 are conserved. The G to C mutations at positions 10 and 11 could interfere
with formation of the P8 guides. Observation that G10C and G11C mutations only
manifest themselves negatively under cotranscriptional cleavage with an attenuator
present implies that their roles in accelerating folding only matters when challenged with
a competing RNA folding event.
It was previously proposed that formation of the pseudoknot portions of the
genomic HDV ribozyme is the slow step in overall folding,21 while it is known that the
local folding of hairpins such as P5 is rapid.45 Thus, it is reasonable that the attenuator
could compete with P2 pseudoknot pairing, even though the former is synthesized later.
This model would also explain why slowing the rate of transcription leads to enhanced
cleavage efficiency (Figure 6-7, panel A).
The sequence comparison of isolates conducted herein suggests that HDV has
evolved several solutions to promote efficient cotranscriptional ribozyme folding and
cleavage. An RNA folding model is presented in Figure 6-9 that captures some of the
salient features for cotranscriptional folding. The major theme in this model is avoidance
of non-catalytic pairings. Beginning at the 5’-end of the transcript, the first 38 nt are
sequestered in the P(-1) stem-loop, which prevents them from interacting with either the
J(-1/1) region (blocked pairing 1) or the ribozyme (blocked pairing 2) (Figure 6-9). The
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presence of a stable P(-1) pairing is strongly supported by folding of sequence variants
(Figure 6-3). Next to be synthesized is the pyrimidine-rich J(-1/1) joining region. Being
pyrimidine-rich, this region avoids interacting with the (soon to be synthesized)
self-folding purine-pyrimidine mixed ribozyme (blocked pairing 3) or with the
downstream pyrimidine-rich P55’ (blocked pairing 4), which exists transiently as unpaired
during replication. The purine-pyrimidine mixed ribozyme folds with itself, which
prevents folding with pyrimidine-rich P55’ (blocked pairing 5) or with the folded P5
pairing (blocked pairing 6). Interestingly, by being pyrimidine-rich, J(-1/1) and P55’ not
only avoid interacting with each other, but also avoid self-structure that could inhibit their
ability to later interact with their purine-rich complements in the attenuator. Similarly,
the purine-rich nature of P53’ prevents its interacting with the purine-pyrimidine mixed
attenuator (blocked pairing 7) or the purine-rich anti J(-1/1) region (blocked pairing 8).
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Figure 6-9: Flanking sequence promotes efficient cotranscriptional ribozyme folding. (A)
Rod model for the genomic HDV RNA, starting at -54. Ribozyme is basepaired to its
complementary attenuator sequence. The site of cleavage between -1 and 1 is denoted with
an arrow. The 5’-upstream nucleotides are shown forming the P(-1) pairing element since
the attenuator sequence complementary to this region is not depicted. The 5’-boundary of
the attenuator is defined as the region that begins base pairing with the ribozyme (see
Figure 6-4). The pyrimidine-rich nucleotide sequence for the upstream J(-1/1) element and
P55’ are highlighted in yellow; these regions are complementary to the purine-rich
downstream P53’ and anti J(-1/1) respectively, highlighted in blue. There is a small stretch of
nucleotides between P23’ and P55’ that is composed of both R and Y residues (see
Figure 6-4). The actual nucleotide sequences for the two R-rich and Y-rich regions are
shown in panel (A). Ways in which flanking sequence conspires to avoid non-catalytic
ribozyme pairings are avoided are illustrated in panel (B) and described in the text.
Overall, it appears that HDV has evolved several solutions to achieve efficient
cotranscriptional ribozyme folding. These are characterized by the presence of flanking
regions that avoid self-structure and long-range pairings by being pyrimidine-rich.
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Pyrimidines may be a better choice than purines for flanking the ribozyme in that the
latter are also good stackers and have the potential to form G-quartets, which could
interfere with efficient cotranscriptional ribozyme folding. One additional possibility is
that the P(-1)/J(-1/1) combination, which has both 5’-self-structure and potentially weak
template interactions, facilitates release of the ribozyme from the template, as is the case
for factor-independent transcription termination.16, 46
Consistent with flanking sequence helping the ribozyme avoid non-catalytic
pairings (rather than flanking sequence directly forming catalytic pairings with the
ribozyme), we have previously shown through structure-function studies that P(-1) and
P5, while compatible with self-cleavage, do not accelerate it.16, 17 Observation that
wild-type reacts with similar reaction parameters in the -54/99 and -54/140 backgrounds
(Table 6-1) is also consistent with absence of direct participation of these regions in
catalysis. In addition, inspection of HDV ribozyme crystal structures14, 15 does not reveal
any obvious ways in which the P(-1) and P5 regions could interact with the ribozyme.
In summary, the optimal sequence for efficient cotranscriptional self-cleavage by
the HDV ribozyme is wild-type. Mechanistically it appears that efficient self-cleavage is
accomplished by the proper combination of flanking sequence that avoids interaction
with the ribozyme, and internal sequence that allows folding guides to drive efficient
formation of pseudoknots prior to downstream sequence interactions. The HDAg protein
further aids this process by basal effects and slowing transcription, although establishing
the mechanistic basis for basal effects will require further study. The finding that
wild-type is the most efficient ribozyme sequence under cellular-like conditions is in line
with the behavior of most protein enzymes.
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