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ABSTRACT
This thesis reports the results of experiments designed to help elucidate the
catalytic mechanisms of three RNA cleaving nucleic acid catalysts (the 925-11
DNAzyme, and the hammerhead and hairpin ribozymes). A number of enzymological
and chemical probing experiments were employed in this regard, which were inspired by
antecedent studies of RNA cleaving protein enzymes. First, a novel affinity labeling
technique for nucleic acid catalysts was developed to probe general base catalysis. The
affinity labeling substrate analogues bear a 2'-bromoacetamide modification at their
cleavage

sites.

The

second

mechanistic

probe

employed

was

5'-bridging

phosphorothioate (S-link) substrate analogues, in which sulphur replaces the native
oxygen leaving group. Investigation of S-link substrate cleavage in the context of active
site mutations provided insight into general acid catalysis. A novel, simplified method
for synthesizing S-link substrates is also presented. Several other experiments provided
further mechanistic insight including pH-rate profiling, pKa perturbation, and the use of
nonbridging phosphorothioate substrates.
Using many of the aforementioned experiments, the catalytic mechanism 925-11
DNAzyme (a synthetically modified DNAzyme that contains unnatural protein-like
functional groups) was investigated in detail. The data suggest that 9 25-11 uses its
synthetic functional groups to mimic the active site mechanism of the protein enzyme
RNaseA.
Affinity labeling, pKa perturbation, and S-link cleavage experiments were also
applied to the hammerhead ribozyme.

The affinity labeling data suggest that the

deprotonated N1 position of G12 acts as a general base catalyst. The results of pKa
perturbation and S-link cleavage experiments provide strong evidence for a unique

ii

general acid mechanism in the hammerhead ribozyme. Therein, metal coordination is
used to acidify a 2'-hydroxyl and thereby improve its ability to act as general acid.
Finally, affinity labeling was used to characterize the role of hairpin ribozyme G8
residue, which occupies a similar structural position to the hammerhead G12 residue.
Affinity labeling indeed identified G8 as a potential general base in the hairpin ribozyme.
The properties of the hairpin and hammerhead affinity labeling reactions are compared
and the mechanistic implications are discussed.
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CHAPTER 1: GENERAL INTRODUCTION TO THE
CHEMISTRY AND CATALYSIS OF RNA CLEAVAGE

1.1 PREFACE
The unifying theme of the experiments reported in this thesis concerns the use of
chemical probes to investigate the catalytic mechanisms of RNA cleaving ribozymes and
DNAzymes. This chapter offers a general introduction, beginning with a brief discussion
of the basic chemistry of RNA cleavage and hydrolysis. A discussion of non-enzymatic
catalysis follows, which exposes the mechanistic strategies available to RNA cleavage
catalysts in general. Next, a brief discussion of two well understood RNA cleaving
enzymes illustrates the implementation of these catalytic strategies in two chemically
distinct active site mechanisms. This chapter closes with a general introduction to RNA
cleaving ribozymes and DNAzymes. Section 2.1 offers an introduction to the specific
chemical probes that are used in this thesis to investigate the catalytic mechanisms of
three nucleic acid catalysts (in Chapters 3, 4, and 5).

1.2 THE CHEMISTRY OF RNA CLEAVAGE
In all known forms of life, ribonucleic acid (RNA) is the central intermediary in
decoding genetic information, which is stored permanently in the sequence of
deoxyribonucleic acid (DNA).1 The in vivo stability and processing of nucleic acids
depends upon the chemistry of the phosphodiester linkages that join the monomer
nucleotides in RNA and DNA polymers.

The presence of the 2'-hydroxyl group

1

drastically alters the cleavage chemistry (and stability) of RNA relative to DNA. That is,
RNA cleavage can proceed via facile intramolecular nucleophilic attack of a 2'-oxygen on
an adjoining phosphodiester linkage (Figure 1.1), whereas DNA cleavage must proceed
hydrolytically via intermolecular nucleophilic attack of hydroxide or water. In the case
of RNA cleavage, a short-lived penta-coordinate phosphorane intermediate forms,2, 3 and
then collapses by expelling the 5'-hydroxyl leaving group to yield a 2',3'-cyclic
phosphodiester terminated product. Under physiological conditions, the half-lives for
non-enzymatic (background) phosphodiester cleavage in RNA and DNA are estimated to
be on the order of ~1 year4 and ~100000 years,5 respectively. These cleavage properties
appear to have provided the basis for the evolutionary differentiation of the biological
roles of RNA and DNA: given its remarkable kinetic stability, DNA is more suitable for
long-term information storage, whereas the predisposition of RNA toward cleavage
makes it more suitable for the temporary storage and transfer of information.

2

Figure 1.1: RNA cleavage by 2'-transphosphorylation yields 5'-hydroxy and 2',3'-cyclic
phosphodiester terminated products, the latter of which is subsequently hydrolyzed
irreversibly to yield 2'- and 3'-phosphate terminated products. The ribose 2'-, 3'-, and 5'carbons are indicated in blue.
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RNA cleavage by 2'-transphosphorylation is relatively thermoneutral (in terms of
free energy) as one phosphoester bond is formed and one is broken. The production of
the ring strained 2',3'-cyclic phosphodiester is enthalpically disfavoured (by ~5
kcal/mole), but the production of two products from one reactant is entropically favoured,
especially at high dilution.6 RNA cleavage is therefore reversible in principle, especially
where reactant and products remain bound in a folded ribozyme structure (in this case,
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the reaction thermodynamics become coupled with conformational thermodynamics,
which could favour the uncleaved form).7 However, once the 2',3'-cyclic phosphate is
hydrolyzed to the more thermodynamically and kinetically stable 2'- or 3'-phosphate,
RNA cleavage is rendered essentially irreversible (ligation in this case would require
phosphate activation at the expense of an ATP equivalent). Note that non-enzymatic
hydrolysis rates for 2',3'-cyclic phosphodiesters are up to ~107-fold faster than for simple
acyclic phosphodiesters;6 this discrepancy reflects both the relief of ring strain2 and
favourable stereo-electronic effects8 in the transition state. Because the RNA cleaving
ribozymes and DNAzyme investigated in this thesis do not catalyze 2',3'-cyclic
phosphodiester hydrolysis, further discussion of RNA cleavage chemistry is limited to the
initial 2'-transphosphorylation reaction.

1.3 NON-ENZYMATIC CATALYSIS OF RNA CLEAVAGE
1.3.1 Specific Acid/Base Catalysis
In order to illustrate the most general mechanistic strategies available to RNA
cleavage catalysts, this section presents a discussion of the non-enzymatic mechanisms of
RNA cleavage catalysis. The rate of spontaneous 2'-transphosphorylation depends upon
the protonation states of multiple reactive functional groups and is strongly accelerated at
low and high pH.9, 10 The reaction is therefore susceptible to both specific acid and base
catalysis, which can be viewed as fast, equilibrium proton transfer steps that precede the
rate limiting step(s). Accordingly, the specific acid/base catalyzed pH-rate profile will
reflect the titration of the reactive substrate functional groups.11

4

Although the detailed mechanism(s) of specific acid/base catalyzed RNA
cleavage are still not thoroughly understood, Breaker and coworkers have presented a
very useful analysis that clearly illustrates the general strategies that can be exploited to
catalyze RNA cleavage.12

In their interpretation, the pH-dependence of the RNA

cleavage rate can be rationalized based on the rate enhancements that result from specific
base catalyzed 2'-hydroxyl deprotonation (nucleophile activation) and specific acid
catalyzed nonbridging oxygen and 5'-oxygen protonation (electrophile and leaving group
activation, respectively). These rate enhancement mechanisms are illustrated in Figure
1.2 in separate reaction channels for specific acid and base catalysis (other reaction
channels involving simultaneous specific acid and base catalysis are also possible). As
illustrated in Figure 1.2, 5'-oxygen protonation is believed to occur only in the
intermediate or transition state, whereas 2'-hydroxyl deprotonation and nonbridging
oxygen protonation apply to the reactants.12 The reaction channel involving the RNA
protonation state that predominates from pH ~1-13 proceeds at the slowest rate, and is
therefore fixed as the minimum “uncatalyzed” rate (denoted by kuncat in Figure 1.2).

5

Figure 1.2: Simplified representation of the specific acid, specific base, and uncatalyzed
reaction channels for RNA cleavage. Combinations of specific acid/base catalysis are
also possible for less populated protonation states (not shown).12 Kinetically insignificant
proton transfers involving H2O have been omitted.13
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Rate enhancement by specific acid and/or base catalysis depends upon the
fraction of RNA substrate present in the reactive protonation state(s). Based on the
thermodynamic definition of the acid dissociation constant (Ka),14 the pH-dependence of
the fraction (fi) of a given functional group in its deprotonated and protonated forms are
given by Equations 1.1 and 1.2, respectively.

f X-

[X - ]
1
= =
pK
[X ]+ [XH] 1 + 10

f XH =

a XH - pH

[XH]
1
=
pH- pK
[X ] + [XH] 1 + 10
-

a XH

(1.1)

(1.2)

The logarithm of the rate enhancement factor, “enhi”, that is attributed to each of 2'hydroxyl deprotonation and nonbridging oxygen and leaving group protonation is then
calculated using Equation 1.3. (The values of kmax i and kuncat have been estimated by
Breaker based on data for model reactions).12 In the numerator in Equation 1.3, the
uncatalyzed rate constant is added to the catalyzed rate constant to ensure that kuncat is
fixed as the minimum rate constant (at any pH). In this way, only rate enhancement over
the uncatalyzed rate is reflected in enhi (that is, enhi is never less than zero, so that the
overall rate constant calculated in Equation 1.4 never falls below kuncat).

enh i = log

f i k max i + k uncat
k uncat

(1.3)

Finally, the pH-dependence of the observed rate constant is given by applying the rate
enhancement factors calculated in Equation 1.3 to the uncatalyzed rate:

7

log (kobs ) = log (kuncat ) +  enh i
i

(1.4)

According to Breaker’s analysis, the shape of the pH-rate profile (Figure 1.3A)
can be rationalized by considering each of the three rate enhancement mechanisms
separately (Figure 1.3B). Above pH ~6, the slope of 1 indicates that the rate is enhanced
only by specific base catalyzed 2'-hydroxyl deprotonation. Above pH ~14, the slope is
zero because the 2'-hydroxyl is completely titrated, and present only as the active
alkoxide nucleophile. Under acidic conditions, the observation of a slope of -2 indicates
that specific acid catalysis by protonation of both 5'- and nonbridging oxygens is
operative (specific base catalysis is not). The slope changes to 1 below pH ~1 as the
nonbridging oxygen become fully protonated, and then changes to zero near H0 = -4 as
the leaving group becomes fully protonated. The slope reversal that is observed between
pH ~3 and pH ~6 reflects the change in mechanism from specific acid to specific base
catalysis; inspection of Figure 1.3B reveals that all three mechanisms of rate
enhancement are operative over this pH range.
Note that the protonation state of the phosphorane intermediate also affects the
outcome of the reaction. In the specific acid catalyzed reaction channel, the monoanionic
phosphorane intermediate exists long enough to undergo pseudorotation,3 which leads to
expulsion of the 3'-oxygen leaving group to yield a migration product (with a 2',5'phosphdiester linkage). Although a dianionic intermediate is believed to exist in the
specific base catalyzed reaction channel,15 it is too short-lived to undergo pseudorotation;
accordingly, no migration product has ever been observed above pH ~6.3, 9, 10, 12

8

Figure 1.3: (A) Idealized pH-rate profile for specific acid/base catalyzed RNA cleavage
at 37 °C based on: pKa1 = 13.7, pKa2 = 1, pKa3 = -3.5, kmax 1 = 0.02 min-1, kmax 2 = 1•10-8
min-1, kmax 3 = 2•10-4 min-1, and kuncat = 2•10-13 min-1.12 The approximate slope of the plot
is indicated for each grey coloured pH-range; white coloured pH-ranges indicate slope
transitions. (B) Plots of the logarithm of the rate enhancement factor attributed to each of
2'-hydroxyl deprotonation (blue), nonbridging oxygen protonation (green), and 5'-oxygen
protonation (red).
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In summary, analysis of the specific acid/base catalyzed RNA cleavage
mechanism exposes three potential strategies for acid/base catalysis available to RNA
cleaving enzymes/catalysts (Figure 1.4). Additionally, RNA cleavage can be accelerated
where RNA binding in an enzyme active site enforces the reactive “in-line attack
geometry” in which the nucleophile and leaving group are oriented at an angle of 180°
degrees relative to one another.12

Figure 1.4: General strategies for catalyzing RNA cleavage,12 (colour coded as in Figure
1.3; purple indicates the rate enhancement gained by enforcing the in-line attack
geometry, as can be achieved by enzyme binding).
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1.3.2 General Acid/Base Catalysis
General acid/base catalysis differs from specific acid/base catalysis in that proton
transfer to and from the reactive RNA substrate functional groups is mediated directly by
buffer molecules (or enzyme functional groups), not H3O+ or OH-. The overall general
acid/base catalyzed rate therefore depends on the concentration of buffer in its
catalytically active protonation states, which depends on both the pH and the total buffer
concentration. As a result, the pH-rate profiles for general acid/base catalyzed reactions
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are governed by titration of the buffer, not the reactive substrate functional groups (at
least in the pH range ~3-10 where buffer catalysis is usually studied, which lies between
the pKa’s of the reactive RNA functional groups).
A great deal of effort has been devoted to characterizing the mechanism buffer
catalyzed RNA cleavage as a model system for enzymatic RNA cleavage. Although
general acid and base catalysis have been invoked to rationalize the kinetic data,16, 17 the
mechanism remains highly controversial.18-20

Interpretation of the kinetic data is

complicated by factors such as buffer and pH dependent medium effects21, 22 and the
existence of additional specific acid and/or base catalyzed reaction channels. Also, the
buffer catalyzed mechanism does not necessarily follow that which occurs in a particular
enzyme active site. Therefore, for illustrative purposes, the discussion here is simplified
by considering a mechanism involving only general base catalyzed 2'-hydroxyl
deprotonation and general acid catalyzed 5'-oxygen protonation (this mechanism is
relevant to many RNA cleaving enzymes).
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Figure 1.5: Idealized general acid/base catalyzed mechanism, where it is assumed that
substrate cleavage proceeds via a single reaction channel in which buffer molecules are
positioned in the correct protonation states for general acid and base catalysis,
respectively, as shown in the kinetic scheme at left. S = RNA substrate.
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In analyzing the pH-dependence of this reaction it is assumed that: (1) the rate
determining step does not change with pH, and (2) the reaction proceeds only via the
general acid and base catalyzed reaction channel (see kinetic scheme in Figure 1.5), not
via specific acid and/or base catalyzed reaction channels. According to assumption (2),
both the general acid and base must be present in their catalytically active protonation
states. Therefore, the observed rate constant (kobs), at a given buffer concentration, is
obtained from Equation 1.7 by multiplying the intrinsic rate constant (kmax) for the
catalyzed reaction by the fractions of buffer molecule in the basic and acidic protonation
states (fB and fAH+, which are given by Equations 1.5 & 1.6, respectively):23

fB 

B

B  BH







1
1  10

pK

a BH 

 pH

(1.5)
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kobs = kmax f AH+ f B =

pH- pK

(1.6)

a AH

kmax
1 + 10

pH- pK

a AH+

+ 10

pK

a BH +

- pH

+ 10

pK

a BH +

- pK

a AH+

(1.7)

According to Equation 1.7, the pH-rate profile for the catalytic mechanism shown in
Figure 1.5 reflects titration of both the general acid and base (Figure 1.6). In the case of a
buffer catalyzed reaction (where A = B and pKa AH+ = pKa BH+), the maximum reaction
rate is observed at the pH where the buffer is hemi-protonated. pH-rate profiles for
enzymatic catalysis (where A and B may be different residues with different pKa values)
are discussed in detail in Section 2.1.3 following the model developed here.
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log [Fraction in active form] (red & blue)

log [kobs (min-1)] (black)

Figure 1.6: Idealized pH-rate profile (black), given by Equation 1.7, for the nonenzymatic general acid/base catalyzed mechanism shown in Figure 1.5. The buffer pKa
was set to 7, and kmax was set to 0.5 min-1. The titrations describing the fraction of buffer
in the correct protonation state for general base (blue) and general acid (red) are given by
Equations 1.5 & 1.6, respectively.
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1.3.3 Metal Cation Catalysis
The presence of various metal cations is also known to accelerate RNA
cleavage.24-27 Metal cation coordinated water or hydroxide ligands can engage in proton
transfer, like any other general acid or base (as in Figure 1.12 – vide infra).
Alternatively, metal cations can act as Lewis-acids to stabilize the build-up of negative
charge on any of the activated 2'-hydroxyl, the nonbridging oxygen(s), or the leaving
group (Figure 1.7). Because metal cations can play multiple roles in transition state
stabilization, the detailed interpretation of kinetic data for (non-enzymatic) metal cation
catalyzed RNA cleavage is very complex.28
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Figure 1.7: Potential mechanisms of divalent metal cation mediated Lewis-acid catalysis
of RNA cleavage29 (combinations of these are also possible30); chelation of one metal
cation by two functional groups is also plausible (for example, see Figure 1.9 – vide
infra). Metal cation-bound water or hydroxide ligands can also mediate proton transfer in
Brønsted general acid/base catalysis (for example, see Figure 1.12 – vide infra).
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1.4 ENZYMATIC CATALYSIS OF RNA CLEAVAGE
1.4.1 Ribonuclease A: Metal Cation Independent Catalysis
Ribonuclease A (RNaseA) is one of the most heavily studied protein enzymes of
the twentieth century. RNaseA therefore serves as a prototypical system in the study of
the enzymatic catalysis of RNA cleavage and is discussed extensively throughout this
thesis. RNaseA catalyzed RNA cleavage proceeds via the same 2'-transphosphorylation
mechanism as the non-enzymatic reaction, to yield 2',3'-cyclic phosphodiester and 5'hydroxyl terminated products.31

Although not discussed further here, RNaseA

subsequently catalyzes the hydrolysis of the 2',3'-cyclic phosphodiester using the same
active site, to yield a 3'-phosphate terminated product.31
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RNaseA has achieved catalytic perfection32,33 in that (under appropriate
conditions) diffusion controlled substrate association has been shown to be the rate
limiting step in catalysis.34 The active site which delivers this remarkable degree of
transition state stabilization is depicted in Figure 1.8; therein, the imidazole side chains of
His119 and His12 act as general acid and base catalysts, respectively.31, 35 The cationic
amine side chain of Lys41 is also believed to provide electrostatic/hydrogen bond
stabilization of the developing negative charge on the nonbridging scissile phosphate
oxygens in the transition state.36 Because this mechanism invokes general acid and base
catalysis by residues with very similar pKa’s, a characteristic “bell-shaped” pH-rate
profile is observed, which is very similar to that shown in Figure 1.6.
It is particularly noteworthy that RNaseA catalyzes RNA cleavage so efficiently
without the involvement of a divalent metal cation (M2+) cofactor. In contrast, M2+mediated catalysis is a common mechanistic strategy in many other phosphodiester
transfer or hydrolysis catalysts, be they protein enzymes, catalytic nucleic acids, or
synthetic catalysts.30,

37-42

Thus, the active site mechanism of RNaseA represents a

venerable example of the power of organo-catalysis at the enzymatic level, and sets a
benchmark against which other M2+-independent RNA cleavage catalysts are compared.
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Figure 1.8: The metal independent RNA cleavage mechanism at the active site of
RNaseA.31, 35, 36
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1.4.2 Ribonuclease H: Metal Cation Dependent Catalysis
Ribonuclease H (RNaseH), which degrades the RNA strand in RNA-DNA heteroduplexes, provides a useful example of a divalent metal cation dependent RNA cleavage
mechanism.

The chemistry of RNaseH catalyzed RNA cleavage differs from the

common 2'-transphosphorylation mechanism in that the nucleophile is Mg2+-bound
hydroxide rather than a 2'-hydroxyl, and the leaving group is a 3'-hydroxyl rather than a
5'-hydroxyl; nevertheless, the same principles of catalysis apply.43 As shown in Figure
1.9A, two divalent metal cations act as Lewis-acid cofactors to (1) promote the
deprotonation of M2+-coordinated water to form an active hydroxide nucleophile, (2)
stabilize negative charge buildup on the nonbridging oxygen, and (3) stabilize negative
charge buildup on the leaving group.43 As shown in Figure 1.9B, an analogous catalytic
mechanism for 2'-transphosphorylation can be envisioned in which the M2+ cofactors
play the same catalytic roles in the context of a different nucleophile and leaving group.
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Figure 1.9: (A) The two-metal-cation catalytic mechanism of RNA hydrolysis at the
active site of RNaseH.43 (B) A related, hypothetical two-metal-cation catalytic
mechanism for 2'-transphosphorylation.
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1.5 CATALYTIC NUCLEIC ACIDS
1.5.1 Ribozymes
In its original formulation, the central dogma of molecular biology held that DNA
permanently stores genetic information (genotype) and RNA mediates the decoding of
this information into protein sequences, which express a corresponding functional effect
(phenotype). Proteins were therefore believed to be responsible for catalyzing all of the
chemical reactions necessary for life, including those involved in the replication and
manipulation of nucleic acids.

Nucleic acids were believed to function only as a

supramolecular system for encoding protein sequence and templating protein synthesis.
Although this dogma appeared to be satisfactory in explaining contemporary molecular
biology,44 it presented a conundrum with regard to the origin of life: if protein is
18

synthesized based on DNA sequence, and DNA is replicated by the action of protein
catalysts, neither could have preceded the other!
A solution to this conundrum came with discovery that naturally occurring single
stranded RNA molecules could catalyze RNA cleavage and splicing reactions.45, 46 RNA
can therefore embody both genotype (in its primary sequence) and phenotype (by folding
into catalytically active tertiary structures) within one molecule. This realization is the
foundation for the so-called “RNA world hypothesis”,47, 48 which posits that RNA was
the first of the three main players in modern molecular biology to emerge in early life
forms. Proteins and DNA are believed to have evolved later to enhance biological
catalysis and information storage, respectively. In support of this hypothesis, ribozymes
have been selected in vitro that catalyze a myriad of biologically relevant chemical
reactions other than RNA cleavage (not least of which templated RNA polymerization49).
Many other apparent relics of an earlier RNA world can be found in modern biology,
such as RNA catalyzed protein synthesis in the ribosome50,

51

and the ubiquitous

appearance of adenosine nucleotides in enzyme cofactors.52
The first natural ribozymes to be discovered were the Tetrahymena Group I
intron46 and the RNaseP45, which catalyze RNA splicing and RNA hydrolysis,
respectively. Shortly thereafter, several other smaller catalytic RNAs were discovered,
which mediate replication of the circular viral satellite RNAs. These so-called “small
nucleolytic ribozymes” catalyze RNA cleavage via 2'-transphosphorylation, and also
catalyze the reverse ligation reaction in some cases. As exemplified in Figure 1.10,
ribozyme cleavage divides the concatemeric products of rolling circle replication into
monomeric genome units (in some cases, these are recirularized by ribozyme ligation).
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Until recently, only four distinct small nucleolytic ribozymes had been discovered in
Nature. The hammerhead53-55 and hairpin56 ribozymes, which are investigated in this
thesis, were first identified in viral satellite RNAs. A ribozyme also facilitates rolling
circle replication in the Hepatitis Delta Virus (HDV) satellite RNA,

57-59

a human

pathogen; a very similar ribozyme sequence has recently been identified in the human
genome.

60

The Varkud satellite (VS) ribozyme processes concatemeric mRNAs

produced by rolling circle transcription of a mitochondrial satellite DNA in the
Neurospora fungus.61

Very recently, a fifth, RNA cleaving ribozyme has been

discovered in mRNA 5'-UTR sequences in some prokaryotic organisms.62 This GlmS
ribozyme appears to be unique in that its activity is activated by metabolite binding.
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Figure 1.10: Tobacco Ring Spot Virus satellite RNA is replicated via a symmetric rolling
circle mechanism.54 Upon co-inoculation with the virus, the linear, monomeric satellite
RNA (+)-strand ( ) is circularized by RNA ligase enzymes in the host cells. The
circularized RNA is then used as an indefinitely repeating template from which
concatemeric (-)-strand RNA ( ) is transcribed by a viral RNA polymerase. Hairpin
ribozyme self-cleavage of the concatemeric (-)-strand RNA yields linear, monomeric (-)strand RNA; the reverse reaction (hairpin self-ligation) then produces circular (-)-strand
RNA, which serves as a rolling circle template for transcription of concatemeric (+)strand RNA. Hammerhead ribozyme self-cleavage, followed by host mediated ligation63
completes the replication cycle by regenerating circular (+)-strand RNA. Infectious
satellite virions are formed by commandeering viral coat proteins to encapsulate the
linear, monomeric (+)-strand RNA.
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From a chemical perspective, nucleic acid catalysis is particularly intriguing
because nucleic acids lack the diverse array of catalytically useful functional groups
available to protein catalysts (in their 20+ different amino acid side chains).
Consequently, nucleic acid catalyzed RNA cleavage was originally thought to rely on the
contribution of metal cation cofactors (usually Mg2+).

More recent structural and

mechanistic data appear to refute this assumption, as RNA functional groups have been
implicated in active site chemistry in all of the small nucleolytic ribozymes.165 The issue
of the role of M2+ cofactors in ribozyme catalysis is discussed in detail in Sections 4.1 &
5.1, for the hairpin and hammerhead ribozymes, respectively. One of the principal goals
of the work presented in this thesis is to help clarify the contribution of RNA functional
groups to catalysis in these two ribozymes.
The HDV ribozyme provides a particularly well characterized example of a small
nucleolytic ribozyme (the secondary and tertiary structures are depicted in Figures 1.11A
& B, respectively). Based on extensive structural and biophysical studies (see Sections
2.1.2 & 2.1.3), a mechanism has been proposed involving general acid catalysis by
protonated C75 and general base catalysis by Mg2+-bound hydroxide (Figure 1.12).64, 68
This mechanism is discussed further both to introduce mechanistic probes in Chapter 2,
and to provide a point of comparison for the results presented in Chapters 3 & 4.
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Figure 1.11: (A) Secondary structure representation and (B) cartoon depiction of an
HDV ribozyme crystal structure (post-cleavage).65 The cleavage site is marked with a
red arrow. An unnatural hairpin loop sequence (indicated by the red box) was inserted
into the ribozyme to provide a recognition site for the U1A protein (yellow ribbon), the
binding of which facilitated crystalization.66 The image in panel (B) was generated using
PyMol.67
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Figure 1.12: Proposed active site mechanism by which the HDV ribozyme catalyzes
RNA cleavage.64, 68
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1.5.2 DNAzymes
Catalytic DNA sequences (DNAzymes) have not been observed in Nature, which
is consistent with the view that DNA emerged as an evolutionary afterthought to improve
the long term stability of genetic information. DNAzymes can be produced via in vitro
(“SELEX”) experiments,69-71 wherein catalytically active sequences are isolated from
large pools of random sequences based on their ability to catalyze self-modification
reactions. RNA cleaving DNAzymes are therefore selected based on their ability to
cleave a substrate to which they are covalently tethered. By severing the link to their
substrate strand, active DNAzymes can be converted to true catalysts capable of multiple
turnovers. Two well known divalent-metal cation dependent DNAzymes are shown in
Figure 1.13.72
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Figure 1.13: Secondary structure representations of (A) the 8-17 and (B) 10-23
DNAzymes.72 Only the nucleotides essential for catalytic activity are shown; sequence
variation is well tolerated in the guide sequences (bold black lines) which bind substrate
via Watson-Crick pairing. Semi-conserved nucleotides are indicated as follows: R = A or
G, Y = U or C.
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RNA cleaving DNAzymes have potential for use in vivo as anti-sense therapeutic
agents73-78 in that they can be engineered to cleave RNA sequences associated with a
disease state. For example, by targeting viral RNAs, DNAzymes could help prevent
virus replication. Also, by targeting appropriate mRNA sequences in vivo, the expression
of proteins associated with disease could also be controlled. Some progress has been
made toward these goals in recent years;79-84 however, the utility of current DNAzymes
can be complicated by factors such as poor drug delivery across cell membranes and poor
accessibility of binding sites in highly structured target RNAs.85, 86
With respect to therapeutic use, the Achilles heel of current DNAzyme
technologies is the fact that for efficient catalytic activity, most DNAzymes require the
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presence of M2+ cofactors at concentrations that far exceed those in vivo.71, 72, 87-89 Two
notable studies showed that in vitro selections conducted in the absence of M2+ cofactors
yield DNAzymes with catalytic rates (at physiological pH and ionic strength) that fall
short of the maximum rates observed for M2+-dependent DNAzymes by 4 to 5 orders of
magnitude.90, 91 More recently, synthetic modification of DNAzymes with protein-like
functional groups has been explored in an effort to alleviate the M2+-dependence of
DNAzyme catalysis. In two notable cases, modified DNAzymes have been selected
which exhibit modestly improved M2+-independent RNA cleavage catalysis relative to
unmodified DNAzymes.87, 92, 93 In both these cases, the DNAzymes were appended with
the same imidazole and cationic amine functional groups that make possible efficient,
M2+-independent RNA cleavage in the active site of RNaseA. The catalytic mechanism
and the basis for the M2+-independence of one of these modified DNAzymes (925-11) are
investigated in Chapter 3 of this thesis.
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CHAPTER 2: CHEMICAL PROBES FOR GENERAL
ACID/BASE CATALYSIS OF RNA CLEAVAGE

2.1 INTRODUCTION
This chapter introduces three general techniques that are used in this thesis to
probe the mechanisms of general acid/base catalysis in RNA cleaving nucleic acid
catalysts.

The techniques to be introduced are: affinity labeling, 5'-bridging

phosphorothioate substitution in the substrate, and pH-rate profiling in conjunction with
general acid/base pKa perturbation.

This chapter also details the novel synthetic

methodologies used to prepare the affinity labeling and 5'-bridging phosphorothioate
substrate analogues; characterization data for these products is also presented. Chapters
3, 4, and 5 report the results of the application of these mechanistic probes to three
different nucleic acid catalysts.

2.1.1 Probing General Base Catalysis with Affinity Labeling
An affinity label is a substrate analogue that bears an unnatural, reactive
functional group (an electrophile), but retains sufficient structural similarity to the native
substrate so that it retains high affinity for the enzyme active site.33 Nucleophilic amino
acid side chains present in a protein enzyme active site can then be identified if they react
to form covalent adducts with the affinity label. With regard to RNA cleavage catalysts,
affinity labeling of RNaseA has been successful using both 2'- and 3'-bromoacetamidoribonucleosides.94-96 In the case of the 2'-bromoacetamido-ribonucleosides, the reactive
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electrophile is incorporated in place of the nucleophilic 2'-hydroxyl at the scissile ribose,
which is commonly deprotonated by a general base during enzymatic RNA cleavage.
Therefore, the 2'-bromoacetamide is well positioned to alkylate active site residues that
play the role of general base catalyst.

Accordingly, RNaseA is alkylated by 2'-

bromoacetamido-uridine with absolute regio-specificity for the N-3 position of the His12
imidazole side chain (Figure 2.1).96 The results of this experiment uniquely identify, by
covalent modification, the general base catalyst in RNaseA catalyzed RNA cleavage.
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Figure 2.1: (A) General base catalysis by His12 in RNaseA compared to (B) His12
alkylation by a 2'-deoxy-2'-bromoacetamido-uridine affinity label.96
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The distinction between an affinity label and a mechanism based inhibitor (or
suicide substrate) should be emphasized: both are irreversible inhibitors which covalently
modify the active site, but mechanism based inhibitors are distinguished by the fact that
their reactive functional groups are produced as a consequence of the normal catalytic
action of the enzyme.33 Because affinity labels generally contain highly reactive and
rather indiscriminant electrophiles, alkylation by an affinity label could simply reflect
structural proximity of a nucleophilic active site residue that has no role in catalytic
chemistry. It should be further cautioned that affinity labeling could occur within an
inactive conformation (either naturally occurring or the result of misfolding induced by
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the binding of the unnatural affinity label structure).

In the case of the 2'-

bromoacetamide affinity labels, the electrophilic site is shifted from the site of native 2'hydroxyl deprotonation by not less than ~2 Å ; therefore, it is certainly plausible that
nucleophilic active site residues, which are not involved in general base catalysis, could
be alkylated adventitiously. Although the specific alkylation of His12 in RNaseA96 is an
encouraging sign that 2'-bromoacetamide affinity labeling can offer relevant mechanistic
insight, the high reactivity and altered structure of the 2'-bromoacetamide probe demands
caution in drawing mechanistic conclusions from novel affinity labeling of other
catalysts.
Comparison of the properties of the catalytic and affinity labeling reactions can
provide some indication of whether the latter occurs within a catalytically active enzyme
conformation, and whether it offers any mechanistic insight. For example, if affinity
labeling indeed reflects the mechanism of general base catalysis in RNA cleavage, the
two reactions should be expected to share similar sensitivity to inhibitors, conditions, and
cofactors, as well as similar titration of general base/nucleophile activity in pH-rate
profiles (as has been observed for the reaction of RNaseA with bromoacetate97).
Encouraged by the success of 2'-bromoacetamide affinity labeling in RNaseA, we
have exploited this approach in order to probe for general base catalysis in nucleic acid
catalyzed RNA cleavage (bearing in mind the aforementioned caveats). Unlike RNaseA,
RNA cleaving ribozymes and DNAzymes do not bind mononucleotide substrate
analogues (such as that shown in Figure 2.1B); therefore, the preparation of novel
oligonucleotide affinity labels was required. This chapter details the synthesis of the
required oligonucleotide affinity labels by selective bromoacetylation of an internal 2'-
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deoxy-2'-amino-nucleotide (incorporated into the substrate sequence in place of the
scissile ribo-nucleotide). Characterization of the products of this reaction by MALDITOF mass spectrometry and electrophoretic mobility shift analysis demonstrates that the
desired product is produced in reasonably high yields (~80-85%). Affinity labeling
substrates have been prepared for, and reacted with each of the 925-11 DNAzyme, the
hammerhead ribozyme, and the hairpin ribozyme, as described in Chapters 3, 4, and 5,
respectively.

2.1.2 Probing General Acid Catalysis with Bridging Phosphorothioate
Substrate Analogues
In bridging phosphorothioate (S-link) substrate analogues, the native oxygen
leaving group in the scissile phosphodiester linkage is replaced with sulphur (Figure 2.2).
S-link substrates have been used recently to probe for Brønsted acid or Lewis acid
catalysis in phosphodiester transfer and hydrolysis reactions catalyzed by both proteins
and ribozymes. Depending on the course of the catalytic reaction under investigation, 5'or 3'-bridging phosphorothioate substituted DNA or RNA has been applied successfully
to RNA cleaving68, 98-102 and splicing ribozymes103 as well as DNA cleaving enzymes.104106

All of the nucleic acid catalysts investigated in this study cleave RNA by 2'-

transphosphorylation, with expulsion of a 5'-alkoxide leaving group; therefore, 5'bridging phosphorothioate substrate analogues (Figure 2.2) are required in this work.
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Figure 2.2: Illustration of a transition state for enzyme catalyzed cleavage of a 5'bridging phosphorothioate RNA substrate. The reaction is subject to general base
catalysis, but not general acid catalysis.
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S-link substrates are intrinsically more labile toward cleavage than phosphodiester
(O-link) substrates, considering the much lower dissociation energy of the P-S bond
versus P-O bond (~50 kcal/mol and ~90 kcal/mol respectively28). In addition, the lower
pKa thiolate is a both a better leaving group (kinetically) and a more stable product
(thermodynamically) than the native alkoxide. Because the thiolate is more polarizable
and better able to stabilize negative charge buildup in the transition state, leaving group
protonation is not expected to enhance S-link cleavage.28, 68, 107
In order to illustrate this point quantitatively, I have simulated the pH-dependence
of S-link cleavage (Figure 2.3) using a rate enhancement model, as was described by
Breaker and coworkers for native (O-link) RNA cleavage (Figure 1.3).12 Note that this
analysis assumes that S-link cleavage follows the same reaction mechanism as O-link
cleavage and that the pKa’s and rate enhancements associated with 2'-hydroxyl
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deprotonation and nonbridging oxygen protonation are the same for S-link and O-link
substrates. Considering that Breaker et al. have estimated a pKa of ~-3.5 for protonated
5'-oxygen atom in the phosphorane transition state,12 the pKa difference between the 5'thiol and 5'-hydroxyl (pKa’s of ~11 and ~16 respectively28) suggests that the pKa of 5'sulphur at the transition state is -8 or lower. It is also worth noting that the estimated 5'oxygen pKa is similar to that for protonated dimethyl-ether (both ~-3.5).12 By the same
reasoning, the pKa of ~-7 for protonated dimethyl sulphide108 should likewise provide
some guidance in estimating the 5'-sulphur pKa. Also, considering that specific base
catalyzed cleavage proceeds ~105-fold faster for S-link versus O-link substrates,28, 68 I
estimated the value of kuncat for S-link cleavage to be 2•10-8 min-1 by multiplying the
value of kuncat for O-link cleavage4 by 105. To my knowledge no kinetic data for S-link
cleavage at acid pH exist for comparison with the pH-rate simulation in Figure 1.3B.
The contributions of specific acid/base catalysis to rate enhancement in O-link
and S-link substrate cleavage are simulated in Figure 2.3A.

The onset of rate

enhancement by specific acid catalyzed leaving group protonation is shifted below pH 1
for S-link cleavage, whereas the analogous onset occurs near pH 6 for O-link cleavage.
That is, leaving group protonation is >105-fold less effective in enhancing S-link
cleavage, compared to O-link cleavage (this estimate should also apply roughly in the
case of enzymatic general acid catalysis as well). Moreover, biological general acids
(with pKa’s > ~4) are far better adapted to serve as general acids for a 5'-oxygen leaving
group. Overall, neither specific nor general acid catalysis is expected to enhance the rate
of S-link cleavage.
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Figure 2.3: (A) Illustration of the contribution of leaving group protonation to rate
enhancement for S-link ( ) and O-link cleavage ( ). Rate enhancements due to 2'hydroxyl protonation ( ) and nonbridging oxygen protonation ( ) are assumed to be
the same for S-link as for O-link cleavage (as shown in Figure 1.3). (B) Comparison of
the predicted pH-rate profiles for the specific acid/base catalyzed S-link ( ) and O-link
(
) cleavage. The pH-range over which leaving group protonation is expected to
contribute to rate enhancement is shown by the red arrows. pKa1 and pKa2 are set to 13.7
and 1, respectively, for both the O-link and S-link substrates. pKa3 is set to -3.5 for the
O-link, and -8 for the S-link substrate.
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The preceding discussion, following Breaker’s analysis,12 is certainly useful in
illustrating that it is highly unlikely that 5'-sulphur protonation contributes to rate
enhancement in S-link cleavage (at least in the physiological pH-range). However, the
assumption that S-link cleavage proceeds through a transition state very similar to O-link
cleavage is not likely valid. A more rigorous discussion should consider the nature of the
S-link cleavage transition state, relative to that for O-link cleavage. The results of
computational studies98,

109, 110

predict a clear difference in the respective reaction

coordinate diagrams for base catalyzed S-link and O-link cleavage. For O-link cleavage,
two successive transition states are predicted, which are separated by an unstable, fleeting
intermediate.15 Base catalyzed nucleophilic attack of the 2'-alkoxide occurs in the first
transition state, followed by departure of the 5'-alkoxide leaving group in the second,
decidedly rate-limiting transition state.98, 109, 110 In contrast, for S-link cleavage, a single,
early transition state is predicted, which features a high degree of bond formation to the
incoming nucleophile, but little fission of the bond to the leaving group. This prediction
is in accord with the Hammond postulate:111 the much more stable thiolate product
causes S-link cleavage to be more exothermic overall, which shifts the transition state
reaction coordinate towards reactants (that is, the transition state structure more closely
resembles the reactant, rather than the product structure).109, 110 Little negative charge
build up on the sulphur leaving group is predicted in the early, base catalyzed transition
state; therefore, protonation of the 5'-sulphur leaving group S-link cleavage would not be
expected to stabilize this transition state. In contrast, under the same conditions, O-link
cleavage is readily accelerated by acid catalysis because 5'-oxygen protonation lowers the
energy of the rate limiting transition state by stabilizing the considerable build up of
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negative charge on the leaving group. Unfortunately, Brønsted analysis has not been
reported for S-link cleavage to my knowledge, so neither βlg nor α coefficient values are
known. These values would help to characterize the nature of the transition state by
quantifying the degree of negative charge accumulation on sulphur, and the degree of
proton transfer to sulphur, respectively. Ye et al. have reported βlg values which indicate
a highly dissociative transition state (with considerable negative charge on the leaving
group) for low pKa phenolate and thiophenolate leaving groups in model phosphodiester
compounds, but these conclusions do not necessarily apply to the case of RNA
cleavage.112
Because O-link cleavage is strongly accelerated by leaving group protonation,
whereas S-link cleavage is not, catalyst mutations that impair general acid catalysis
should severely inhibit O-link cleavage, but should have little effect on S-link substrate
cleavage rates. Conversely, mutations which impair aspects of catalysis unrelated to
general acid catalysis should affect catalyst activity against O-link and S-link substrates
to a similar degree. Thus, if a given catalyst modification elicits a conspicuously large
ratio of rate constants for S-link and O-link substrate cleavage (kS/kO), it is likely that the
modified functional group is involved in general acid catalysis.68, 107
Three relevant examples of the application of S-link (or related) substrates to
probe general acid catalysis in phosphodiester transfer catalysts are cited for comparison
with the results reported in this work.

First, Das and Piccirilli used a 5'-bridging

phosphorothioate RNA substrate to provide very convincing evidence that the N-3 of C76
transfers its proton to the native alkoxide leaving group in the antigenomic HDV
ribozyme (Figure 1.12).68 Their results were particularly clear cut, in that only mutations
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which disrupted proton transfer from N-3 of C76 elicited very large kS/kO values. As
expected, mutation of other residues not involved in general acid catalysis elicited similar
kS/kO values to those observed for the wildtype ribozyme.
In a second relevant example, Tsai and coworkers employed bridging
phosphorothioate substrates to probe general acid catalysis in a phospholipase enzyme.107,
113, 114

This enzyme catalyzes the cleavage of phosphatidyl-inositol to yield diacyl-

glycerol and inositol-1,2-cyclic phosphate via intramolecular transphosphorylation
(Figure 2.4) that is reminiscent of RNA cleavage by 2'-transphosphorylation. In this
case, conspicuously large kS/kO values were observed upon mutation of either of two
active site residues (Asp33 or His82). In light of these data, and with support from
crystal structures,115 the authors interpreted these data to indicate that phospholipase
general acid catalysis is delivered by a catalytic dyad comprised of these two residues.
Specifically, the His82 imidazole side chain is proposed to transfer a proton to the
leaving group, while the carboxylate side chain of Asp33 assists by forming a crucial
hydrogen bond which orients His82 productively for catalysis (Figure 2.4).

Figure 2.4: Phosphatidyl-inositol substrates used to probe general acid in phospholipase
catalyzed phosphodiester cleavage. X = O: native substrate; X = S: S-link substrate.
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In a third relevant example, Thompson and Raines have investigated the cleavage
of a substrate analogue with a para-nitro-phenolate leaving group to probe the role of
His119 in RNaseA catalysis (Figure 2.5).35 With a pKa of 7.1 (lower still than the 5'thiolate), the para-nitro-phenolate is an excellent leaving group, the departure of which
most certainly does not require acid catalysis.

Not surprisingly, mutation of either of

His12 and His119 drastically impaired RNaseA activity against a native RNA substrate.
Most importantly, cleavage activity was dramatically restored, to near wildtype levels,
against the nitro-phenolate substrate only in the case of the His119 mutant. These data
provided strong evidence that His119 acts as a general acid to protonate the native 5'oxygen leaving group in RNaseA catalysis.

Figure 2.5: A mononucleotide substrate analogue with a para-nitro-phenolate leaving
group was used to probe general acid catalysis in RNaseA.
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S-link substrates are also useful for identifying Lewis-acid catalysis of
phosphodiester cleavage where the leaving group is stabilized by metal cation
coordination (Figure 2.6). It is well established that phosphorothioates coordinate with
much higher affinity to softer metal cations (such as Mn2+) relative to hard cations (such
as Mg2+). Phosphate oxygens, on the other hand, coordinate effectively to both Mn2+ and
Mg2+.116, 117 Therefore, in cases where phosphodiester cleavage is catalyzed by metal
cation coordination of the leaving group, S-link, but not O-link, substrate cleavage is
expected to be dramatically enhanced in the presence of soft metal cations. In the case of
non-enzymatic cleavage of S-link ribozyme substrates, rate acceleration has been
reported to correlate well with the softness of the metal cation present.68, 118 However,
other results for dinucleotide cleavage were less conclusive, and the authors cautioned
that the analysis of these results is complicated by the fact that the metal cation may play
multiple roles in non-enzymatic catalysis (see Section 1.3.3).28
Enhancement of S-link substrate cleavage in the presence soft metal cations has
been much more definitively characterized in cases of enzymatic catalysis. Specific and
dramatic activation of S-link cleavage is in fact observed for enzymes which are
hypothesized to employ Lewis-acid stabilization of the leaving group by metal cation
cofactor. For example, in the case of the Tetrahymena ribozyme (Figure 2.6), S-link
cleavage is 1000-fold slower than O-link cleavage in the presence of Mg2+; however,
when Mg2+ is replaced with Mn2+, S-link cleavage is enhanced by 670-fold, whereas Olink cleavage is enhanced by just 2.4-fold.103 Very similar results have been reported for
hydrolytic DNA cleavage via a similar Lewis-acid catalyzed mechanism in the 3'-5'
exonuclease domain of DNA Polymerase I.106 On the other hand, in cases such as the
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HDV ribozyme, where metal ion coordination of the leaving group is not believed to be
operative, cleavage of the S-link and O-link substrates is very similar in the presence of
Mg2+, and neither O-link nor S-link cleavage is particularly sensitive to soft metal cation
substitution.68

Figure 2.6: Specific activation of S-link cleavage in the presence of soft metal cations
provides strong evidence for metal cation stabilization of the leaving group in the
Tetrahymena ribozyme.103
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S-link substrates have been prepared by standard automated solid phase synthesis
using a variety of protecting groups for the 2'-hydroxyl at the sensitive phosphorothioate
linkage.98,

118

Most recently, Das and Piccirilli have described an elegant strategy

involving a photo-caged S-link substrate for the HDV ribozyme (Figure 2.7).68 The
advantage of this strategy is that the 2'-hydroxyl at the scissile phosphorothioate linkage
remains protected throughout standard oligonucleotide deprotection and purification.
The scissile 2'-hydroxyl can be subsequently deprotected (quantitatively) by brief
exposure to UV-light immediately before use in kinetic experiments.
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Figure 2.7: Retrosynthetic disconnection of Das and Piccirilli’s photo-caged S-link
substrate. The modified nucleoside phosphoramidite precursors required for the
automated solid phase synthesis are shown at left.68
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In all cases, previous S-link substrate preparations have necessitated the synthesis
of unusual phosphoramidite monomers for use in solid phase oligonucleotide synthesis.
In order to avoid the significant cost of synthesizing specialty phosphoramidites, we have
developed a simple and inexpensive ligation based strategy (see Figure 2.23) to produce
radiochemical quantities of S-link substrate which are suitable for use in single-turnover
cleavage reactions. This strategy required 5'-thiophosphorylated oligonucleotide ligation
substrates, which we have prepared by a simple solid supported synthesis. The 5'-
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thiophosphorylation

and

S-link

synthesis

methodologies,

along

with

product

characterization data, are discussed in detail in Sections 2.3.2 and 2.3.3.

2.1.3 pH-Rate Profiling, pKa Perturbation, and Kinetic Ambiguity
In cases where the chemical step of enzyme catalysis is rate limiting, pH-rate
profile analysis can provide circumstantial evidence to help identify functional groups
involved in general acid/base catalysis. Although the local dielectric constant and other
active site properties can lead to sometimes substantial pKa shifts,119 the kinetic pKa
expressed by the general acid and/or base in the enzyme active site usually correlates
roughly (within ±2 pKa units) with the pKa of the corresponding free amino acid,
nucleotide, or cofactor. This analysis assumes that the rate determining step remains the
same at all pH values examined; a change in rate determining step could lead to the
determination of a kinetic pKa unrelated to the titration of a catalytic residue. It should be
further cautioned that the titration of structurally important residues can be reflected in
the pH-rate profile. Finally, in cases where both general acid and base catalysis are
operative, a further complication arises in that the assignment of kinetic pKa’s to either
the general acid or base is inherently ambiguous. This “Principle of Kinetic Ambiguity”
is illustrated by the fact that the pH-rate profiles for distinct and overlapping titrations
(Figure 2.8A and 2.8B respectively) have exactly the same shape.23, 120 That is, pH-rate
profile data can be fit equally well by either model (the only difference is the fitted kmax
value, which cannot be predicted a priori).
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Figure 2.8: Illustration of the kinetic ambiguity inherent in the interpretation of pH-rate
profiles and pKa perturbation.23, 68 pH-rate profiles (solid black) based on distinct (A) and
overlapping (B) general acid (solid red) and base (solid blue) titrations are shown. In
each case, the effect of lowering the pKa of the more acidic titration by 2 units is also
illustrated (dashed lines).

For clarity, kmax is arbitrarily set to 0.5 in all cases.

Simulations of the pH-dependence of log kobs and log f were generated as described in
Section 2.2.1.
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More precise evidence to implicate a particular active site functional group in
general acid/base catalysis is provided by perturbing its pKa through mutation or
synthetic modification. If a kinetic pKa observed in a pH-rate profile is attributable to the
titration of a catalytic functional group, replacement of that functional group with a pKa
perturbed isostere should lead to a predictable change in the pH-rate profile. That is, the
kinetic pKa attributed to the perturbed residue should change so as to reflect the pKa
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difference between the freely dissolved model compounds. In principle, distinct and
overlapping titrations should be distinguishable based on whether or not pKa perturbation
diminishes the maximum kobs (compare Figures 2.8A & B). In practice, however, kinetic
ambiguity persists because the effect on kmax cannot be readily predicted for a given
active site mutation which is not perfectly isosteric (that is, the degree of structural
perturbation of the active site and the consequent effect on catalysis is difficult to predict
for an imperfect isostere). Finally, it must be noted that kinetic pKa’s attributable to the
titration of structurally important protonation sites could also be subject to the effects of
pKa perturbation.
Jackson et al. provide an exceptional example of the use of pKa perturbation to
characterize general acid/base catalysis in their study of RNaseA (Figure 2.9).121 In that
study, 4-fluorohistidine (4F-His) was substituted as a low pKa analogue for His12 and/or
His119 (the pKa’s for the protonated imidazole and protonated fluoro-imidazole in the
free His and 4F-His amino acids are 6.8 and 3.5, respectively122).

Simultaneous

substitution of His12 and His 119 with 4F-His maintained the bell shaped pH-rate profile,
but dramatically lowered the optimum pH for catalysis (Figure 2.10A).

This

simultaneous lowering of both the general acid and base pKa’s provides compelling
evidence that the His12/His119 pair is responsible for general acid/base catalysis, but
kinetic ambiguity prevents the differentiation of their roles.

Individual 4F-His

substitution of either His 12 or His 119 broadened the pH-rate profile equally (Figure
2.10B & C), consistent with a lowered pKa for either the general acid or base in each
case. Remarkably, as predicted for the mechanism shown in Figure 2.9, the distinct and
overlapping titrations for the 4F-His12 and 4F-His119 mutants, respectively, are clearly
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manifested in their relative catalytic rates.121 Evidently 4F-His is an excellent isostere for
His, as this substitution has only a minor effect on enzyme structure and function.

Figure 2.9: Perturbation of the general acid and base pKa’s at the active site of RNaseA
by 4F-His substitution for His12 and/or His 119.121
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Figure 2.10: Idealized simulation of the effects of 4-fluorohistidine (4F-His) substitution
on pH-rate profile (black) for RNaseA-catalyzed RNA cleavage: (A) 4F-His12 and 4FHis119; (B) 4F-His12 and His119 (C) His 12 and 4F-His119. pKa values for His12 and
His119 were set to 6.5; pKa values for 4F-His12 and 4F-His 119 were set to 3.5. For
clarity, kmax is arbitrarily set to 0.5 in all cases. Solid lines indicate the wildtype titrations
and pH-rate profile; dashed lines indicate titrations and pH-rate profiles altered by
mutation. Simulations were generated as described in Section 2.2.1.
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In the case of the HDV ribozyme, Bevilacqua and coworkers have characterized
an abrupt change in the pH-rate profile in the absence of Mg2+ (Figure 2.11 and 2.12).64,
123

The pH-rate profile in the presence of Mg2+ appears to reflect general acid and base

catalysis, whereas in the presence of high concentrations of monovalent cations alone,
only general acid catalysis is evident. These insightful observations appear to eliminate
ambiguity in assigning the general acid and base titrations in the Mg2+-dependent pH-rate
Specifically, the lower pKa titration observed in the presence of Mg2+

profile.

corresponds well with the lone acidic titration in the absence of Mg2+, which suggests
that both of these should be attributed to the general acid residue in the HDV ribozyme.
Furthermore, Mg2+ is clearly required for general base catalysis, and the high pKa
expressed by the remaining Mg2+-dependent basic titration could be consistent with the
direct participation of a LnMg(OH)m+ species (pKa > 9) in general base catalysis.

Figure 2.11: The general acid pKa in the HDV ribozyme was perturbed downward by
substitution of 6-aza-cytidine for C76.68 The contribution of the general base titration to
the pH-rate profile was eliminated altogether in the absence of divalent metal cations.64
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Figure 2.12: Idealized simulation of the effects on the HDV ribozyme pH-rate profile
(black) caused by: (A) general acid pKa perturbation, where 6-aza-cytidine (or adenosine)
is substituted for the native C76 general acid; and (B) the lack of general base catalysis in
the absence of divalent metal cations. For general base titrations (blue), pKa HB was set to
9. For general acid titrations (red), pKa HA was set to 6.3 for cytidine and 6.0 for 6-azacytidine. For clarity, kmax is set to 0.5 in all cases except in the absence of Mg2+, where
kmax is set to 0.00005. Solid lines indicate the wildtype titrations and pH-rate profile;
dashed lines indicate the titrations and pH-rate profiles for C76 mutation or the absence
of Mg2+. Simulations were generated as described in Section 2.2.1
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In light of the crystal structure and S-link cleavage data (vide supra), the
assignment of C76 as general acid in the antigenomic HDV ribozyme has been confirmed
by pKa perturbation data (Figure 2.11 and 2.12).68 Das and Piccirilli observed a slight
decrease (0.2 pKa units) in the general acid pKa upon substitution of 6-aza-cytidine for the
native C76 residue, although the change was smaller than might be expected considering
the difference in the free nucleoside pKa’s (the pKa’s for N3 protonated 6-aza-cytosine
and cytosine are 2.6 and 4.2 for, respectively).124 An analogous downward shift of ~0.5
pKa units was observed for the C75A and C76A mutants (pKa of adenosine N1 is 3.7125)
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of the genomic64 and antigenomic126 ribozymes respectively (C75 and C76 are
structurally equivalent residues in the genomic and antigenomic ribozymes, respectively).
Furthermore, chemical rescue data for C75 or C76 mutants showed that the pKa of the
exogenous buffer catalyst was reflected predictably by the general acid titration.126, 127
Other studies by Been and coworkers in this regard also illustrated the perils inherent in
the interpretation of pH-rate profile data, by revealing that titration of a structurally
important, protonated cytidine (C41) may complicate the analysis of pH-rate profiles of
genomic HDV ribozymes.127,

128

Detailed biophysical studies by Bevilacqua and

coworkers have since confirmed that the general acid titration observed in the absence of
Mg2+ is indeed attributable to C75, at least in the wildtype genomic ribozyme.123
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2.2 MATERIALS AND METHODS
2.2.1 pH-rate Profile Simulations
In Section 2.1.3 and throughout this thesis, pH-rate profiles for general acid/base
catalyzed enzymatic reactions are simulated according to the model developed in Section
1.3.2.23 The pH-dependence of the observed cleavage rate constant (kobs) for a general
acid/base catalyzed reaction is described by:



kobs  kmax / 1  10

p K a HB  pH

 10

pH p K a HA

 10

p K a HB  p K a HA



(2.1)

The general acid titrations are given by:



f HA  1 / 1  10

pH p K a AH



(2.2)

and the general base titrations are given by:



f B  1 / 1  10

p K a HB  pH



(2.3)

where it should be noted that pKa HB refers to dissociation of the conjugate acid form of
the general base. Note that in cases where either of acid or base titration (not both)
contributes to the pH-rate profile, the expressions for kobs are obtained by including the
factor kmax in the numerator of Equation 2.2 or 2.3. In Figure 5.4A, the pH-rate profile
reflecting one basic and two acidic titrations was simulated according to:

1  10p K a HB  pH  10pH p K a HA1  10pH p K a HA2  10p K a HB  p K a HA1


kobs  kmax /
  10p K a HB  p K a HA2  102 pH p K a HA1  p K a HA2  10pH p K a HB  p K a HA1  p K a HA2 



(2.4)
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The right-hand side of Equation 2.4 is obtained from the product kmax•fHA1•f HA2•f B so that
kobs is sensitive to one base and two acid titrations.

2.2.2 Chemicals and Biochemicals
All chemicals and buffers were obtained from Sigma-Aldrich (molecular biology
or reagent grade purity) and were used as received. Oligonucleotides were synthesized
by standard automated solid phase methods by the NAPS unit at UBC, Dharmacon,
Trilink Biotech, and the University of Calgary DNA Services Laboratory. N-hydroxysuccinimidyl bromoacetate (BrAcNHS) was freshly prepared every week, as previously
described,129 and stored at -20 °C sealed under argon. T4 polynucleotide kinase and T4
DNA ligase were purchased from Invitrogen, RNaseA from Fermentas, Superase-in
RNase inhibitor from Ambion, γ-32P-ATP from Perkin-Elmer, and streptavidin magnetic
particles from Roche. The sequences of the oligonucleotides used in this chapter are
detailed in Chapters 3, 4, and 5.

2.2.3 Preparation of Oligonucleotide-based Affinity Labels
In a typical bromoacetylation reaction, 10 to 20 nmol of 2'-amino substrate
analogue was dissolved in 20 µL of 400 mM Na-borate buffer (pH 8) and combined with
20 µL of a 250 mM solution of BrAcNHS in DMF. The mixture was allowed to react for
5 minutes at room temperature, after which 40 µL more Na-borate buffer was added,
followed immediately by 40 µL more BrAcNHS solution. The reaction was allowed to
continue for 10 minutes at room temperature. The sample was then precipitated with 10
volumes of ethanol and centrifuged; the supernatant was then decanted, and the resulting
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pellet was dried under vacuum. This bromoacetylation procedure was repeated once,
after which the product was resuspended in water and desalted by G-10 spin column.

2.2.4 Quantification of Bromoacetylation by Gel Mobility Shift Assay
The extent of substrate analogue bromoacetylation was analyzed by gel mobility
shift assay. This analysis was facilitated by further reaction of the bromoacetamide
product with 2-amino-ethane-thiol. For these experiments, ~20 pmol of 5'-32P-labeled 2'amino substrate analogue was bromoacetylated as described above.
denaturation

could

improve

bromoacetylation

yield,

a

separate

To test if
sample

was

bromoacetylated as described in Section 2.2.3, with the exception that the BrAcNHS was
dissolved in a 1:1 mixture of DMF and formamide. Following ethanol precipitation, an
aliquot of each bromoacetylated sample was further reacted in a solution of 200 mM 2amino-ethane-thiol dissolved in a 1:1 mixture of 1 M Na-MOPS (pH 8.1) and DMF at
room temperature for 90 minutes. These samples were subsequently ethanol precipitated,
vacuum dried, and resuspended in 90% formamide/50 mM EDTA/0.01% xylene
cyanol/0.01% bromophenol blue.

The products were resolved on high resolution

sequencing gels (20% d-PAGE) and visualized by autoradiography.

2.2.5 Synthesis of Bridging 5'-Thiophosphorylated Oligonucleotides
The desired DNA oligonucleotide sequences were synthesized by standard
automated solid phase synthesis (1 µmol scale). At this point, the samples were not
deprotected or cleaved from the solid support by concentrated NH4OH treatment, as is
normally done in standard oligonucleotide synthesis. The 5'-hydroxyl group of the solid
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phase anchored oligonucleotide was converted to the 5'-iodide by treatment with 1 mL of
0.5 M triphenoxy-methyl-phosphonium iodide [(PhO)3PCH3][I] in DMF for 5 minutes
with shaking, at room temp, in the dark130 (the DMF had been dried over molecular
sieves, which had been activated by extended baking in an oven at 120 °C). The solid
phase was then washed with 10

Χ

1 mL CH2Cl2, followed by 5

Χ

1 mL CH3CN and 5 Χ 1

mL CH2Cl2, and vacuum dried. The 5'-iodide was then converted to the 5'-bridging
thiophosphate by shaking the solid phase with 1 mL 200 mM sodium thiophosphate (pH
~12, purged with N2) for 72 hours, under N2, at room temperature, in the dark.131
Samples were then lyophilized, resuspended in 1 mL concentrated NH4OH and
deprotected at room temperature for 22 hours. The NH4OH was removed and the solid
phase washed with ethanol; these solutions were combined and evaporated to dryness
under vacuum. The sample was then resuspended in 25 mM Na-borate (pH 9), desalted
on a G-10 spin column, and combined with 1 volume 90% formamide/50 mM EDTA.
The 5'-thiophosphorylated-oligonucleotides were purified by d-PAGE (TBE) using 5'phosphorylated-oligonucleotides of the same sequence as mobility standards (the 7-mer
and 16-mer oligonucleotides were purified by 20% and 16% d-PAGE, respectively). The
desired products were identified by UV-shadowing and excised from the gel.

The

products were eluted from the crushed gel slice into two portions of 25 mM Na-borate
(pH 9)/5 mM EDTA by freezing, followed by shaking at room temp for 2 hours. The
eluate was then decanted and concentrated to ~60 µL using butanol, then desalted by G10 spin column. Na-borate (pH 9) was added to 10 mM for storage at -20 °C.
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2.2.6 MALDI-TOF Mass Spectrometric Analysis
For MALDI analysis of bromoacetylation, reactions containing ~2 nmol of 2'amino-oligonucleotide were carried out as described in Section 2.2.3. Following the final
ethanol precipitation, the samples were resuspended in water to 200-300 µM, desalted on
a G-10 spin column, and analyzed immediately.
For MALDI analysis of the 5'-thiophosphorylated oligonucleotides, ~2 nmol
samples were dephosphorylated by treatment with 25 mM NH4OAc (pH 5) at 37 °C for 1
hour and desalted on a G-10 spin column. Untreated samples, along with the NH4OAc
treated samples, were desalted on a G-10 spin column and concentrated to 200-300 µM.
Before mixing with the matrix solutions, the samples were further desalted by
incubating with a small portion of cation exchange resin (Bio-Rad AG50W-X8 resin,
NH4+-form) for 15-20 minutes.

The matrix solutions used were saturated 3-

hydroxypicolinic acid in CH3CN/H2O (1:1) or 0.5 M trihydroxyacetophenone in ethanol,
each of which was combined in a 4:1 ratio with 2.4% aqueous ammonium citrate. A 0.5
µL portion of the matrix/citrate solution was applied to the MALDI target and allowed to
air dry. A 0.5 µL solution of sample was then layered onto the dried matrix, and air
dried. Finally, another 0.5 µL of matrix/citrate solution was layered onto the dried
sample. Spectra were recorded on Bruker BiFlex II or Applied Biosystems Voyager
instruments in linear-negative ion mode.
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2.2.7 Synthesis of Bridging 5'-Phosphorothioate Substrate Analogues
20 pmol of d-PAGE purified 5'-product oligonucleotide was 5'-32P-labeled using
T4 polynucleotide kinase and γ-32P-ATP (typically 30-50 μCi). The sample was then
phenol/chloroform extracted, precipitated with 10 volumes of 1% LiClO4 in acetone,
resuspended in 10 mM Tris-HCl (pH 7.5) and desalted on a G-10 spin column. 5'-32Plabeled-5'-products were then ligated to their respective 5'-thiophosphorylated 3'-products
under the following conditions: 50 mM Na-PIPES pH 6.7, 2 mM MgCl2, 5 mM DTT, 20
units RNase inhibitor, 10 μM 5'-thiophosphorylated-3'-product, 0.5 μM

5'- or 3'-

biotinylated DNA template, 2 units DNA ligase, in 50 μL. The template and 5'-product
oligonucleotides were first annealed in buffer alone by heating to 95 °C for 2 minutes,
followed by ambient cooling to room temperature over ~10 min. At this point the
reaction was placed on ice briefly, then the other reaction components were added, and
the sample was incubated at 16 °C for 2 to 3 hours.
Streptavidin magnetic particles (100 μL of suspension) were washed with 4 Χ 100
μL 100 mM NaCl/25mM Na-PIPES (pH 6.7)/10 mM EDTA, resuspended in 50 μL of the
same solution, and added to the ligation mixture to terminate the reaction. The mixture
was incubated at 16 °C for 15 minutes with occasional agitation to allow the biotinylated
duplex to bind to the solid phase streptavidin. The solid phase was then sequestered by
magnetization and the supernatant decanted. The following brief washes were then
applied to the solid phase (10 to 15 sec. each): 1 Χ (100 μL 500 mM NaCl/100 mM NaPIPES/10 mM EDTA), 1 Χ 100 μL (100 mM NaCl/25 mM Na-PIPES/10 mM EDTA),
and 5 Χ 100 μL 5 mM Na-PIPES. Finally, incubation in 10% aqueous formamide for 1
min at 37 °C liberated the desired S-link substrate from the solid phase bound duplex.
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After magnetization, the S-link substrate was recovered in the supernatant; 10 units
RNase inhibitor were then added, and the sample was G-10 spin column desalted, diluted
with 5 mM Na-PIPES (pH 6.7) (usually about five volumes), and used directly in kinetic
or characterization experiments.

2.2.8 Characterization of Bridging 5'-Phosphorothioate Substrate
Analogues
5'-32P-labeled S-link substrates were characterized by comparing their
electrophoretic mobilities and cleavage properties to the corresponding O-link substrates.
Both substrates were subjected to the following treatments: 1) 5mM AgNO3 for 10
minutes at room temperature. Ag+ was then precipitated as AgCl upon addition of NaCl
to 20 mM to prevent anomalous PAGE mobilities observed in the presence of Ag+. The
samples were then centrifuged briefly and decanted. 2) 5mM Cd(NO3)2 for 10 minutes at
room temperature. 3) 1 unit RNaseA for 10 minutes at 37 °C in 10 mM buffer. 4) 50 mM
NaOH for 10 minutes at 60 °C. 5) 1 μM wildtype hammerhead ribozyme in 5 mM
MgCl2/50 mM Na-PIPES (pH 7) for 10 minutes at room temperature or 5 μM 925-11 in
200 mM NaCl, 50 mM Tris-HCl pH 8, 1 mM EDTA for 2 hours at room temperature.
All reactions were quenched by the addition of two volumes of 90% formamide/50 mM
Na-PIPES (pH 6.4)/25 mM EDTA/0.01% xylene cyanol/0.01% bromophenol blue, prior
to analysis by 20% TAE d-PAGE (pH 6.7).
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2.3 RESULTS AND DISCUSSION
2.3.1 Preparation and Characterization of Oligonucleotide-based
Affinity Labels
The 2'-bromoacetamide affinity labeling substrate analogues were prepared by
selective bromoacetylation, using BrAcNHS, of an internal 2'-deoxy-2'-amino-cytidine
residue, incorporated in an otherwise unmodified, fully deprotected RNA or DNA
oligonucleotide (Figure 2.13).

Weeks and coworkers have demonstrated such

chemoselective acylation of internal 2'-amines by reaction with NHS-esters (no undesired
acylation of RNA 2'-hydroxyl groups or nucleobase nitrogens could be detected).132, 133
However, these experiments differed in that they concerned the installation of unreactive
acyl groups using NHS-esters which are less electrophilic and more stable to solvolysis
than BrAcNHS. We also looked to the work of Povsic and Dervan, who described
selective bromoacetylation of a primary alkyl amine tethered to the 5'-terminal residue of
a 19-mer oligonucleotide.129, 134 In this case, bromoacetylation was accomplished by 10
to 15 minute treatment with a 1:1 mixture of 250 mM BrAcNHS and 200 mM Na-Borate
buffer pH 8.9 (yield was not reported). We reasoned that this procedure should be
transferable to the acylation of the internal 2'-amine. Although more sterically hindered,
the 2'-amine has a lower pKa compared to an alkylamine (pKa’s are ~6 and ~10,
respectively),135 and should therefore be present in its nucleophilic, deprotonated form to
a greater extent at pH ~8 than the primary alkyl amine. Surprisingly, the conditions of
Povsic and Dervan did not lead to efficient bromoacetylation as judged by mass
spectrometric analysis. Furthermore, we observed that the production of bromoacetic
acid by solvolysis of BrAcNHS very quickly overwhelmed the buffer capacity. The
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reaction pH dropped to <4 within 2 minutes, as estimated by spotting an aliquot onto pH
paper. At this point the 2'-amine would be largely protonated, and hence far less reactive
towards bromoacetylation.

Figure 2.13: Bromoacetylation of an internal 2'-deoxy-2'-amino-nucleotide using Nhydroxy-succinimidyl-bromoacetate (BrAcNHS).
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We attempted to improve the yield of the acylation reaction by 1) increasing the
buffer concentration to exceed that of BrAcNHS (final concentrations: 200 mM NaBorate and 125 mM BrAcNHS); 2) adding formamide (to 25%) to try to denature any
secondary structures which might cause a steric impediment to 2'-bromoacetylation; and
3) by repeating the bromoacetylation reaction. The increase in buffer concentration
appeared to delay the acidification of the reaction mixtures, although all reactions
dropped below pH ~4 within 5 minutes. At this point fresh portions of twice the original
volumes of buffer and BrAcNHS were added to neutralize the mixture so that the reaction
could continue. After proceeding for a further 5 minutes, the reactions were terminated
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by ethanol precipitation. In this way, exposure to acidic conditions was minimized, so as
to prevent potential damage to the oligonucleotides at low pH (depurination, especially of
DNA, as well as cleavage or 2',3'-phosphodiester isomerization of RNA). The addition
of formamide was not successful in increasing the bromoacetylation yield, as judged by
gel shift assay (vide infra), as the yield actually decreased significantly.
Despite efforts to desalt the products of the bromoacetylation reaction, MALDI
analysis was hampered by Na+ adduct formation.

Nevertheless, the singly

bromoacetylated product, and Na+ adducts thereof, were identified in MALDI spectra
(Figure 2.14, Table 2.1), although the estimated yield appeared to be quite low (<45%).
MALDI

analysis

confirmed

the

production

of

the

singly

bromoacetylated

oligonucleotide, but it should be stressed that MALDI analysis is not recognized as a
reliable technique for quantifying the components of a mixture. We were also concerned
that the observation of the bromoacetylated oligonucleotide might be hampered by its
reaction with components of the matrix solution. We therefore pursued a gel shift assay
in an effort to provide a more reliable quantitative measure of the extent of 2'-amine
bromoacetylation.
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Figure 2.14: MALDI-TOF analysis of the products of the 2'-amine bromoacetylation
reaction for (A) a 14-mer RNA 2'-amino-oligonucleotide and (B) a 17-mer DNA 2'amino-oligonucleotide. Bromoacetylation adds 121 m/z units (average of 79Br and 81Br
masses) for each 2'-amino-oligonucleotide. Na+ adducts (at increments of +22 m/z units)
are prominent for both the bromoacetylated products and the unreacted 2'-aminooligonucleotides.

A

B

Table 2.1: Assignments and predicted and observed m/z values for the [M-H]- molecular
ions observed in the MALDI-TOF spectra shown in Figure 2.14.

Oligonucleotide Assignment

[M-H]- Predicted

[M-H]- Observed

Hairpin 2'-amino substrate analoguea

4316.6

4317.2

4437.5c

4437.4

5220.9

5218.2

5241.8c

5338.1

Bromoacetylateda
925-11 2'-amino substrate analogueb
Bromoacetylatedb
a

UCGC-Z-GUCCUAUUU, where Z = 2'-deoxy-2'-amino-cytidine
d(GCGTGCC-Z-GTCTGTTGG), where Z = 2'-deoxy-2'-amino-cytidine
c
calculated using the average mass of 79Br and 81Br isotopes
b

59

The 2'-amino- and 2'-bromoacetamido oligonucleotides had very similar
electrophoretic mobilities in high resolution d-PAGE analysis, which made direct
determination of the bromoacetylation yield difficult, especially for longer substrate
analogue sequences such as the 17-mer oligonucleotide (Figure 2.15, Lanes 2 & 3). The
separation of the bromoacetylated product was slightly better for the 14-mer
oligonucleotide (Figure 2.16, Lane 2).

Neither of the 2'-amino- (pKa ~6135) or 2'-

bromoacetamido-oligonucleotides bears a formal charge during electrophoresis in
standard TBE buffer (pH 8.3). Electrophoretic separation of these species is therefore
minimal based solely on the relatively small overall increase in size due to
bromoacetylation.
In an effort to improve the d-PAGE resolution of the reaction products,
bromoacetylation reactions were subsequently treated with 2-amino-ethane-thiol. We
hypothesized that the nucleophilic thiol would be quickly and quantitatively alkylated by
the electrophilic bromoacetamide, so as to introduce a positive charge into any
bromoacetylated

oligonucleotides

(Figure

2.17)

and

significantly

alter

their

electrophoretic mobility. Reaction of the 2'-bromoacetamido-oligonucleotide with 2amino-ethane-thiol appears to be nearly quantitative (Figure 2.15, Lanes 4 & 5; Figure
2.16, Lane 3), and imparts significant retardation of electrophoretic mobility, as
predicted. In contrast to the MALDI-TOF data, the gel shift assay data demonstrate
conclusively that the bromoacetylation reaction conditions afford ~80-85% conversion to
product (based on quantitation of the data in Figures 2.15 and 2.16 by autoradiography).
The gel shift data also show that the inclusion of 25% formamide in the reaction mixture
lowered the bromoacetylation yield to ~70%.
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Figure 2.15: Analysis by gel shift assay of 2'-amino bromoacetylation of 5'-32P-labeled
2'-amino substrate analogue for 925-11. Lane 1: no reaction; Lane 2: treatment with 1:1
mixture of 250 mM BrAcNHS (in DMF) and 400 mM Na-Borate (pH 8); Lane 3:
treatment with 1:1 mixture of 250 mM BrAcNHS (in 1:1 formamide/DMF) and 400 mM
Na-Borate (pH 8); Lane 4: sample from Lane 2 treated with 200 mM 2-aminoethanethiol;
Lane 5: sample from Lane 3 treated with 200 mM 2-aminoethanethiol. Samples were
analyzed by high resolution 20% d-PAGE.
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Figure 2.16: Analysis by gel shift assay of 2'-amino bromoacetylation of 5'-32P-labeled
2'-amino substrate analogue for the hairpin ribozyme. Lane 1: no reaction; Lane 2:
treatment with 1:1 mixture of 250 mM BrAcNHS (in DMF) and 400 mM Na-Borate (pH
8); Lane 3: sample from Lane 2 treated with 200 mM 2-aminoethanethiol. Samples were
analyzed by high resolution 20% d-PAGE.
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Figure 2.17: Structures assigned to Bands I, II, and III observed in Figures 2.15 and 2.16.
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Given the reasonably high yield of the 2'-bromoacetylation reaction and the
intractability of separating the reactive bromoacetamide from the 2'-aminooligonucleotide starting material, the mixture was desalted and used directly in affinity
labeling reactions. We were mindful that the contaminating 2'-amino-oligonucleotides
might bind preferentially to the ribozyme or DNAzyme and inhibit the affinity labeling
reaction. Therefore to minimize this effect, ribozyme or DNAzyme was mixed in a
roughly 1:1 ratio with the mixture of affinity label and 2'-amino-oligonucleotide.
Application of the affinity labels (synthesized as described above) to the 925-11
DNAzyme, the hammerhead ribozyme, and hairpin ribozyme is described in Chapters 3,
4, and 5, respectively.

2.3.2 A Novel Method for Synthesizing Bridging 5'-Thiophosphorylated
DNA Oligonucleotides
The ligation-based S-link substrate synthesis we envisioned (see Figure 2.23) first
required that we synthesize the appropriate 5'-bridging thiophosphate terminated 3'product oligonucleotides (Figure 2.18), which are required as ligation substrates. To
accomplish this transformation, the 5'-hydroxyls of the protected, solid supported 3'product oligonucleotides were first converted to the 5'-iodides by brief treatment with
[(PhO)3PCH3]I in DMF.130 The 5'-bridging thiophosphate moiety was then introduced by
nucleophilic displacement of iodide by aqueous Na3SPO3.131

Following room

temperature NH4OH deprotection, the products were resolved by preparative d-PAGE
and located by UV-shadowing.
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Figure 2.18: Summary of the oligonucleotide 5'-thiophosphorylation methodology
developed in this work. Rapid dephosphorylation at pH 5 to yield the oligonucleotide-5'thiol is diagnostic for the presence of the desired bridging 5'-thiophosphate linkage where
sulphur is bonded to the 5'-carbon.
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As diagrammed in Figure 2.19, bands corresponding to several different NH4OH
deprotected products were identified, in varying yields, following the 5'-iodination and 5'thiophosphorylation procedures. A standard, deprotected oligonucleotide of the same
sequence was 5'-phosphorylated for use as a migration standard (Figure 2.19, Lane B), as
we hypothesized that this species would exhibit very similar electrophoretic mobility to
the desired 5'-thiophosphorylated oligonucleotide, given their similarity in size and
charge. The products of the iodination reaction were analyzed (Figure 2.19, Lane C) so
that the products which result uniquely from the thiophosphate treatment would be
readily identifiable. A unique product (Figure 2.19, Lane D), which co-migrated with the
5'-phosphorylated oligonucleotide, was observed only following treatment of the 5'iodinated oligonucleotide with NaSPO3 (aq). This product was excised from the gel,
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eluted, and desalted on G-10 spin column. The pH was maintained at 9 during product
workup, as the rate of hydrolytic decomposition of bridging 5'-thiophosphates becomes
problematic below pH ~8.136

Figure 2.19: Schematic representation of the UV-shadowing image observed after dPAGE separation of the products of the 5'-iodination and 5'-thiophosphorylation reactions
for the 925-11 3'-product oligonucleotide. Lane A: Oligonucleotide treated with NH4OH
and desalted. Lane B: Oligonucleotide treated with NH4OH, desalted, and treated with
PNK and ATP. This lane provides an authentic standard of the 5'-O-phosphorylated 3'product. Lane C: Oligonucleotide treated with [(PhO)3PCH3][I] in DMF, then NH4OH.
Lane D: Oligonucleotide treated with [(PhO)3PCH3][I] in DMF, then Na3SPO3 (aq), then
NH4OH. BΦB = bromophenol blue (a PAGE mobility standard).
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For two different sequences, the molecular formulas of the purified, 5'thiophosphorylated oligonucleotides were confirmed by MALDI-TOF mass spectrometry
(Figures 2.20C and 2.22A, Table 2.2). Importantly, in both cases, the 5'-thiophosphate
was quickly and quantitatively hydrolyzed at pH 5 to yield 5'-thiol-oligonucleotides
(Figures 2.20D and 2.22B). This unique reactivity proves that the thiophosphates are
bonded to the 5'-carbons exclusively via sulphur, and not oxygen.136

65

Figure 2.20: MALDI-TOF analysis of the oligonucleotides identified by d-PAGE
purification in Figure 2.19. (A) d-PAGE purified Band 1. (B) Unpurified products of the
5'-iodination reaction obtained after NH4OH deprotection (Bands 1, 2, 3, and 6). (C) dPAGE purified Band 6. (D) d-PAGE purified Band 6 treated with 25 mM NH4OAc (pH
5) at 37 °C for 1 hour. Note that only the peaks corresponding to the 5'-thiololigonucleotide are observed following dephosphorylation in panel (D) (no peak
corresponding to the 5'-hydroxy-oligonucleotide is visible, which indicates that the
thiophosphate is bonded to the 5'-carbon exclusively via sulphur, not oxygen). The peak
assignments, with their predicted and observed m/z values are summarized in Table 2.2.

A

B

C

D

66

Table 2.2: Assignments and predicted and observed m/z values for the [M-H]- molecular
ions observed in the MALDI-TOF spectra in Figure 2.20.

Banda

Assignmentb

[M-H]- Predicted [M-H]- Observed Figure No.

1

Oligo-5'-OH

2100.4

2100.4

2.20A

2

Oligo-5'-I

2210.3

2210.2

2.20B

3

See Figure 2.21

2082.4

2082.3

2.20B

5

Oligo-5'-SPO3H2

2196.3

2196.9

2.20C

6

See Figure 2.21

1851.3

1851.6

2.20B

n/ac

Oligo-5'-SH

2116.4

2116.2

2.20D

a

The assignments correspond to the bands indicated in Figure 2.19.
Oligo refers to the 925-11 3'-product which has the sequence 5'-d(GTCTGTT).
c
This product was not PAGE purified.
b

MALDI-TOF spectra were much more difficult to obtain for the 16-mer
hammerhead 3'-product (Figure 2.22) than for the 7-mer 925-11 3'-product (Figure 2.20).
Much higher laser power was required to obtain reasonable peak intensities. As a result,
the mono-isotopic resolution seen in Figure 2.20 was not observed, which diminishes the
mass accuracy obtained. We suspect that the application of higher laser power is also the
cause of artifactual peaks that were observed (namely m/z = 4740.7 and 4771.8 in Figure
2.22A). The peak at m/z = 4771.8 is consistent with fission of the 5'-carbon-sulphur
bond, which would decrease the oligonucleotide mass by 133 (predicted m/z: 4772.8).
Following incubation at pH 5, a minor peak was also observed in Figure 2.22B with m/z
= 4787.5, close to that for the 5'-hydroxy-terminated oligonucleotide (predicted m/z =
4789.8).

This result raises concern that the sample may be contaminated with
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nonbridging (oxygen-linked) 5'-thiophosphorylated oligonucleotide, although this
compound would not be expected to undergo rapid 5'-dephosphorylation. This concern is
also allayed based on the characterization data for the ligated S-link substrate (Figure
2.25 – vide infra), which demonstrate the presence of only the 5'-bridging
phosphorothioate linkage.
The side products noted in Figure 2.19 (Bands 1, 2, 3, and 6) were also identified
mass spectrometrically. For example, these four side products are identified in the
MALDI-TOF spectrum obtained for the product mixture obtained following 5'-iodination
of the 925-11 3'-product oligonucleotide (Figure 2.20B, Table 2.2). In light of these band
assignments, and considering the intensities observed for the assigned bands in Figure
2.19, it is clear that the displacement of the 5'-iodide by thiophosphate is not efficient
given the large amount of starting material (Figure 2.19, Band 2) left unreacted. A small
amount of 5'-hydroxyl-oligonucleotide is also observed (Band 1), which indicates either
incomplete 5'-iodination or alkaline hydrolysis of the 5'-iodide during NH4OH
deprotection. The molecular weight of Band 3 (Figure 2.20B) is consistent with either
4',5'-β-elimination of iodide or thiophosphate, or 5',N3-intramolecular alkylation (Figure
2.21). The formation of either product from the 5'-iodide is well known,137-139 although
4',5'-β-elimination is usually carried out with stronger bases than NH4OH, such as
NaOMe. The molecular weight of Band 6 is consistent with the 5'-phosphorylated
oligonucleotide that would result from β-elimination at the abasic site which could form
as a result of guanine N3 alkylation in the 5',N3-intramolecular alkylation product
(Figure 2.21).
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Figure 2.21: Possible mechanisms of side product formation during oligonucleotide 5'-

iodination/NH4OH deprotection (based on m/z values for [M-H] molecular ions in
Figure 2.20B and Table 2.2).
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Figure 2.22: MALDI-TOF analysis of (A) the d-PAGE purified, 5'-thiophosphorylated
3'-product for the S. mansoni hammerhead ([M-H]- predicted m/z: 4885.8; observed m/z:
4885.9) and (B) the 5'-thiol-oligonucleotide produced by treatment with pH 5 NH4OAc
buffer ([M-H]- predicted mass: 4805.8; observed mass: 4803.7).

A

70

B

Following elution from the gel and desalting, the yield of the desired 5'thiophosphorylated

oligonucleotides

was

quite

low

(~10%).

However,

thiophosphorylation of a standard 1 mol scale oligonucleotide sample furnished more
than ample quantities for our purposes, at low cost, by a simple procedure. The purified
5'-thiophosphorylated-oligonucleotides were stored at -20 °C in pH 9 solution, where the
5'-thiophosphate is relatively stable to hydrolysis.136
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2.3.3 A Novel Method for Synthesizing Bridging 5'-Phosphorothioate
Substrate Analogues:
With

the

5'-thiophosphorylated

3'-product

oligonucleotides

in

hand,

radiochemical quantities of the S-link substrates could be produced by templated ligation
to the appropriate 5'-32P-labeled-5'-products. Specifically, the 5'-32P-labeled-5'-product
and 5'-thiophosphorylated-3'-product were annealed to a complementary, biotinylated
DNA template, and joined using DNA ligase to yield the full length S-link substrate
(Figure 2.23). The resulting biotinylated duplex was bound to streptavidin magnetic
particles. Brief washing of the solid phase with low ionic strength buffer (5 mM NaPIPES) efficiently released unreacted starting materials from the solid phase bound
template without significant release of the S-link product (Figure 2.24, Lane 3). This
separation is based on the different melting temperatures of the ligation substrates and
products (the template forms just 7 base pairs with each of ligation substrates, compared
to 14 base pairs with the S-link substrates). The more strongly bound S-link substrate
was subsequently liberated from the solid phase under mildly denaturing conditions (10%
formamide in water, 37 °C) and desalted (Figure 2.24, Lanes 4 & 5). This procedure
very effectively separated the desired S-link substrate and unreacted ligation substrates to
yield S-link substrate samples of very high purity (usually >97%). Given the instability
of the bridging phosphorothioate linkage, S-link substrates were characterized and used
in kinetic experiments within ~2-3 hours of preparation.
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Figure 2.23: Ligation based synthesis of the Figure 2.23: Ligation based synthesis of the
bridging 5'-phosphorothioate (S-link) substrate developed in this work.
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Figure 2.24: Analysis by 20% TAE d-PAGE of radiolabeled oligonucleotides released
upon decanting and washing the solid phase-bound S-link ligation products. Lane 1:
material decanted following binding of ligation products to solid phase; Lane 2: material
washed from the solid phase with 100mM NaCl, 25 mM Na-PIPES, 10 mM EDTA; Lane
3: material washed from the solid phase with 5 mM Na-PIPES; Lanes 4 & 5: material
eluted with two successive portions of aqueous 10% formamide (37 °C); Lane 6:
authentic 5'-32P-labeled O-link substrate.
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Following the work of Kuimelis and McLaughlin,100, 101, 118 the S-link substrate
was maintained at pH 6.7 (Na-PIPES) in the absence of divalent metal cations whenever
possible during preparation and handling (the bridging phosphorothioate linkage is
relatively stable under these neutral conditions). Accordingly, in kinetic experiments,
ribozyme reactions were quenched in formamide solution containing Na-PIPES pH 6.7,
and the samples were analyzed using PAGE gels cast in TAE/urea buffer (pH 6.7), as
opposed to the standard TBE/urea buffer (pH 8.3). Note that Mg2+ is required in the
ligation buffer, but was not detrimental given its relatively low concentration and the fact
that S-link substrates are particularly stable in the context of a DNA duplex structure.118
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The constitution and purity of the S-link substrates were verified by comparison
of their reactivity with native O-link substrates of the same sequence. The 5'-32P-labeled
S-link and O-link substrates were indistinguishable by d-PAGE (Lanes 1 & 2 in Figures
2.25 and 2.26), as were their 5'-32P-labeled-5'-cleavage products (for example, Lanes 3
and 4 in Figures 2.25 and 2.26). As expected, both S-link substrates were efficiently
cleaved by the appropriate nucleic acid catalysts (Lanes 3 & 4 in Figures 2.25 and 2.26)
and by RNaseA (Lanes 5 & 6 in Figures 2.25 and 2.26). Cleavage of the 5'-bridging
phosphorothioate linkage in RNA is known to be strongly accelerated in the presence of
soft metal cations, whereas cleavage of native phosphodiester linkage in RNA is not.28, 100
Accordingly, treatment with Cd2+ (aq) caused rapid cleavage of the S-link substrates, but
not the O-link substrates (Lanes 9 & 10 in Figure 2.25; Lanes 8-11 in Figure 2.26). The
results of brief treatment with NaOH (aq) (Lanes 7 & 8 in Figure 2.25) or Ag+ (aq)
(Lanes 11 & 12 in Figures 2.25 and 2.26) provide the most conclusive demonstration of
the purity of the S-link substrates: both treatments lead to quantitative cleavage of the Slink substrates,68 whereas the O-link substrates are completely unaffected by Ag+
treatment and are cleaved to only a small extent by NaOH treatment. These results
demonstrate that the S-link substrate synthesized via our ligation-based method is not
detectably contaminated with any native RNA linkage.

The S-link substrates,

synthesized as described here, are applied to the 925-11 DNAzyme in Chapter 3 and to the
hammerhead ribozyme in Chapter 4.
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Figure 2.25: Comparison of the properties of the O-link and S-link substrates for the S.
mansoni hammerhead ribozyme. Lanes 1 & 2: no treatment. Lanes 3 & 4: 1 μM
wildtype ribozyme, 2 mM MgCl2, 50 mM Na-PIPES pH 7 for 10 minutes. Lanes 5 & 6:
1 unit RNaseA, 50 mM Na-PIPES pH 7 for 10 minutes. Lanes 7 & 8: 50 mM NaOH at
60 °C for 10 minutes. Lanes 9 & 10: 5 mM Cd(NO3)2 for 10 minutes. Lanes 11 & 12: 5
mM AgNO3 for 10 minutes. Samples were analyzed by 20% TAE d-PAGE.
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Figure 2.26: Comparison of the properties of the S-link and O-link substrates for the 92511 DNAzyme. Lanes 1 & 2: no treatment. Lanes 3 & 4: 5 μM 925-11 in 200 mM NaCl,
50 mM Tris-HCl pH 8, 1 mM EDTA for 2 hours. Lanes 5 & 6: 1 unit RNaseA in 10 mM
Tris-HCl pH 8 for 10 minutes. Lanes 8 to 10: (S-link) 5 mM Cd(NO3)2 for 1, 3, and 10
minutes. Lane 11: (O-link) 5 mM Ag(NO3) for 10 minutes. Samples were analyzed by
20% TAE d-PAGE.
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Our simple, reliable method produced consistently pure S-link substrates in 2-3
hours without the need to synthesize specialty phosphoramidites. This method may be
especially advantageous in producing substrates where the phosphorothioate linkage
occurs near the 3'-end of longer oligonucleotides. In such cases, yields tend to be
lowered because the sensitive phosphorothioate linkage is introduced early in the
synthesis and is subjected to many subsequent nucleotide coupling cycles. Our S-link
substrate synthesis methodology is limited in practice to radiochemical scale
preparations. Scale up of the procedure to nanomole quantities (as required for multiple
turnover analysis) is possible in principle, but the cost of, and impracticality in handling
the large amount of streptavidin magnetic particles required would likely be prohibitive.
It should also be stressed that our methodology has been applied only to the synthesis of
chimeric embedded ribose/DNA substrates, as we were concerned that neither standard
2'-O-TBDMS protected RNA, nor deprotected RNA would be likely to survive the
thiophosphorylation reaction (3 days in 200 mM NaSPO3 (aq) at pH ~12).
Future work will seek to implement RNA 2'-protection strategies that will
withstand the 5'-thiophosphorylation conditions, so that S-link substrates consisting
entirely of RNA can be produced by our ligation methodology. We anticipate that
thiophosphorylation could be successful using the non-standard, photo-labile 2'-Onitrobenzyl protecting group shown in Figure 2.7.68 In this case the protected RNA
would likely be stable to the thiophosphorylation conditions as well as NH4OH
deprotection of the nucleobases. Following these procedures, photo-deprotection of the
2'-oxygens would yield the desired 5'-thiophosphorylated-3'-product (composed entirely
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of RNA), which could then be annealed to a DNA template and ligated to the appropriate
5'-product (also composed entirely of RNA).
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CHAPTER 3: MECHANISTIC INVESTIGATION OF THE
925-11 DNAZYME: A RIBONUCLEASE A MIMIC?

3.1 INTRODUCTION
3.1.1 RNaseA Mimicry
As discussed in Section 1.4.1, the protein enzyme Ribonuclease A (RNaseA) is
particularly noteworthy because it cleaves RNA with catalytic perfection without the
assistance of a metal cation cofactor. From the perspective of basic research, the design
of synthetic catalysts that imitate this remarkably efficient organo-catalytic reaction
mechanism presents a formidable challenge for biomimetic chemists.16, 140 Furthermore,
addressing this challenge serves to test and expand our understanding of the principle
underlying the enzymatic mechanism. From a practical point of view, the property of
metal cation independence makes RNaseA mimicry an attractive goal in the development
of synthetic catalysts for in vivo RNA cleavage because the physiological concentrations
of appropriate M2+ cations are often much lower than is required for efficient activity of
many M2+-dependent RNA cleavage catalysts, such as DNAzymes (see Section 1.5.2).
Efforts toward RNaseA mimicry in synthetic catalysts have generally involved the
conjugation of imidazole, amine, guanidine, or related functionalities to a variety of
scaffolds; designs have ranged from low molecular weight organic compounds,141-144 to
larger scaffolds such as cyclodextrins and peptides.16, 140, 145, 146 In some cases, M2+independent cleavage of RNA or model phosphodiester substrates has been
demonstrated; however, these types of synthetic constructs generally lack sequence
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specificity, which is essential for potential biotechnological/medicinal applications.
Sequence specificity can be engineered by covalently linking synthetic RNaseA mimics
to oligonucleotides or PNA “guide sequences” (Figure 3.1), so that the catalytic activity
is directed specifically to the intended RNA target site through predictable Watson-Crick
base-pairing interactions.147-152, 164 Because small molecule RNaseA mimics are usually
attached to the 5'-terminus of the guide sequence, the catalyst as a whole binds to both
cleaved and uncleaved target RNA via duplex interactions of similarly high stability. In
this situation, product release is likely to be slow, and to the best of our knowledge,
multiple turnover has never been demonstrated for such catalysts in the presence of
excess substrate.
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Figure 3.1: Examples of synthetic, sequence specific RNaseA mimics that contain
cationic amine and/or imidazole (or related) functionalities.147, 153
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DNAzymes and ribozymes cleave RNA with both high sequence specificity and
reasonably efficient catalytic turnover in some cases, but the catalytic power (kcat/kuncat) of
nucleic acid catalysts generally falls far short of that of RNaseA. Moreover, for optimal
activity, nucleic acid catalysts typically require M2+ concentrations (usually 5-25 mM)
which exceed physiological levels (<1 mM for Mg2+).154-156 The precise role of M2+ in
nucleic acid catalysis has been controversial, and in some cases direct participation of
M2+ in active site chemistry appears to be unlikely based on (1) the observation of
reasonably efficient RNA cleavage at high (molar) monovalent cation concentrations,64,
90, 123, 157-163

and (2) recent evidence that suggests RNA functional groups play direct roles
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in general acid/base catalysis in many cases (see Sections 4.1 & 5.1, vide infra).165
Nevertheless, the common M2+-dependence and general catalytic inferiority of nucleic
acid catalysts has been attributed in part to the absence of positively charged functional
groups, as well as a lack of functionality well suited for general acid/base catalysis at
physiological pH.166 Given these perceived shortcomings in catalytic nucleic acids, the
development of synthetic sequence specific RNaseA mimics for potential in vivo
applications remains an area of active research.

3.1.2 The 925-11 DNAzyme
The 925-11 DNAzyme was discovered in an effort to integrate the desirable
properties of sequence specificity (characteristic of DNAzymes and ribozymes) and M2+independent catalysis (characteristic of RNaseA). The 925-11 DNAzyme was identified
through a combinatorial in vitro selection (SELEX)69-71 experiment in which two of the
natural deoxy-nucleotide monomers were replaced with analogues bearing imidazoles
and cationic amines.87 This work sought to test the specific hypothesis that the catalytic
inferiority of RNA-cleaving DNAzymes in the absence of M2+-cations (at physiological
ionic strength and pH) could be alleviated by endowing them with RNaseA-like
functionality. In a more general sense, this experiment sought to address the challenge of
RNaseA mimicry through a combinatorial approach, rather than through rational design.
Because phenotype (substrate cleavage) and genotype (catalyst sequence) must be
covalently linked in an in vitro selection experiment, 925-11 was identified first as the
self-cleaving (or cis-cleaving) form (Figure 3.2A).87 Subsequently, the hairpin-loop that
joins the catalytic domain to the substrate strand was removed to produce trans-cleaving
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925-11 (Figure 3.2B), which is a true catalyst capable of intermolecular substrate cleavage
with multiple turnover.93 Although the hypothetical 2D structure of 925-11 is reminiscent
of other small ribozymes and DNAzymes, 925-11 presents additional chemical
functionality owing to its 10 unnatural modified bases: four 8-histaminyl-2'-deoxyadenosine (hisdA) and six 5-(amino-allyl)-2'-deoxy-uridine (aadU) residues (Figure 3.2C).
Therefore, at least with regard to structure, 925-11 integrates characteristics of both
DNAzymes and synthetic RNaseA mimics.

The focus of this work is to establish

whether 925-11 actually uses its added functionality to integrate an RNaseA-like catalytic
mechanism within a DNAzyme scaffold.
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Figure 3.2: (A) The cis-cleaving 925-11 DNAzyme and (B) the trans-cleaving 925-11
DNAzyme in complex with its substrate. The embedded ribo-C cleavage site (red) is
indicated by the arrow; the catalytic stem loop of 925-11 (blue) is numbered from the 5'terminus of the DNAzyme strand (cP denotes a 2',3'-cyclic phosphate). (C) Structures of
the modified nucleotides incorporated into 925-11: 8-histaminyl-2'-deoxy-adenosine
(hisdA) and 5-(amino-allyl)-2'-deoxyuridine (aadU). These modified nucleotides are
indicated in panel (A) as bold text A and U, respectively.
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3.1.3 Mechanistic Characterization of 925-11 Catalysis
The 925-11 DNAzyme has been shown to cleave a ribophosphodiester embedded
within a chimeric DNA substrate oligonucleotide with reasonably efficient turnover in
the absence of a M2+ cofactor;93 however, the chemical basis for catalysis has not been
investigated in detail. Given that the synthetic modifications were incorporated into the
in vitro selection experiment to make available RNaseA-like functionality, we were
particularly curious whether 925-11 represents a functional RNaseA mimic. To address
this matter, we have undertaken a detailed enzymological characterization of 925-11
catalysis, in an effort to determine if the synthetic modifications indeed play the intended
roles in RNaseA-like catalysis, rather than supporting structural roles. Notably, several
other synthetically modified nucleic acid catalysts have been discovered by in vitro
selection,92, 167-172 but little subsequent investigation has been reported to characterize the
mechanistic roles of the synthetically appended functionalities. Thus, 925-11 presents a
useful test case in which to assess the actual contribution to catalysis of synthetic
modifications in a nucleic acid catalyst.
We began this study by verifying that the general properties of 925-11 catalysis,
such as the structure of the reaction products, the pH-rate profile, and the solvent kinetic
isotope effects are consistent with RNA cleavage via rate limiting, general acid/base
catalyzed 2'-transphosphorylation. We then probed for specific DNAzyme functional
groups involved in active site chemistry using 2'-bromoacetamide affinity labeling and
bridging and nonbridging phosphorothioate substrate cleavage experiments (Figure 3.3),
each in the context of DNAzyme functional group deletion.

The results of these

experiments provide strong evidence for imidazole-mediated general acid and base
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catalysis, as well as the involvement of a cationic amine in a diastereoselective, transition
state-stabilizing interaction with the scissile phosphate. The results presented here for
925-11 strongly parallel those from analogous mechanistic experiments with RNaseA, and
provide compelling functional evidence that 925-11 mimics the active site mechanism of
RNaseA. Our findings emphasize the value of synthetic modifications for expanding the
mechanistic repertoire of nucleic acid catalysts, in this case to improve DNAzyme
mediated RNA-cleavage at low ionic strength in the absence of a M2+ cofactor.

Figure 3.3: Substitutions made at the scissile ribonucleotide in the substrate analogues
used in this study.
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3.1.4 Metal Cation Binding Properties of 925-11
In light of recent interest in DNAzymes as metal biosensors,172-182 we inquired
whether the synthetic modifications in 925-11 might impart new or more specific metal
cation binding properties, perhaps not otherwise characteristic of nucleic acids. Although
no evolutionary pressure for metal cation binding had been applied in the selection of 92511, we wondered if the dense array of synthetic appendages might form specific metal
cation binding sites fortuitously.

In particular, we hypothesized that the imidazole
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appendages might be useful for binding such metal cations as Ni2+, Zn2+, Cu2+, or Hg2+,
all of which have high affinity for imidazole ligands,183-185 but are not noted for
particularly strong binding to natural nucleic acids (recent work has identified Hg2+ as an
notable exception – vide infra).
Given the presence of many potential ligand sites (namely Lewis-basic
nucleobase hetero-atoms and phosphate oxygens) many interactions between nucleotide
structures and metal cations have been characterized, although modest association
constants were usually observed.186-190

In a biochemical context, the most widely

appreciated nucleic acid-metal cation interactions include the ubiquitous binding of
alkaline earth metal cations (usually Mg2+) by phosphates in both catalytic and structural
contexts.191, 192 With the exception of metal binding by N7 of guanine193, 194 (platinum
anti-cancer complexes195-197 are a notable example), nucleic acids do not generally
function as particularly high affinity ligands for most transition metal cations.188
However, since the work described here was published, very strong Hg2+ binding within
Hg2+-mediated T-T base pairs198 in duplex DNA has been characterized and exploited in
the context of oligonucleotide199 and DNAzyme176 Hg2+ sensors.
Synthetic modification of nucleic acids has proven fruitful for expanding metal
binding properties in nucleic acids. For example, metal-mediated base pairing has been
engineered between chelating nucleobase analogues that strongly bind Ag+ 200, 201 or Cu2+
202-205

.

With respect to catalysis, unusual metal ion binding properties have been

observed for synthetically modified DNAzymes and ribozymes: for example, imidazoles
have been introduced for Zn2+ binding,170 and pyridyl groups for Pd0 167, 168 or Cu2+ 169
binding. Phosphorothioate substitution (both bridging and nonbridging) at known Mg2+
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binding sites has also been used in the context of nucleic acid catalysts to engineer
specificity for soft metal cations. The sulphur atom in the phosphorothioate provides a
soft ligand which has been exploited to produce catalysts whose activities depend
specifically upon the presence of Hg2+,206 Cd2+,161, 207 or Mn2+,103 for example.
To characterize metal binding by 925-11, the effect of a wide variety of metal
cations on 925-11 self-cleavage was examined. Of those metal cations examined, Hg2+
and to lesser extent Cu2+, showed potent inhibition of 925-11 activity. We therefore
quantified the binding of these two metal cations by determining their dissociation
constants (110 nM for Hg2+ and 2.5 μM for Cu2+). We have also shown that Hg2+
inhibition is readily reversible, as 925-11 activity was readily restored upon addition of
Hg2+ chelators. Overall, our findings suggest that synthetic modification of DNAzymes
should be useful for expanding their metal cation binding properties.

3.2 MATERIALS AND METHODS
3.2.1 Chemicals and Biochemicals
All chemicals and buffers salts were purchased from Sigma-Aldrich (molecular
biology or reagent grade purity) and were used as received. Oligonucleotides were
synthesized the University of Calgary DNA Services Lab and Trilink Biotech. The
preparation of the modified nucleoside phosphoramidites used in the synthesis of transcleaving 925-11, and the preparation of 5-(amino-allyl)-dUTP (aadUTP) and 8-histaminyldATP (imdATP) used to produce cis-cleaving 925-11, have been described in detail
elsewhere.87, 208, 209 T4 polynucleotide kinase and T4 DNA ligase were purchased from
Invitrogen, RNaseA and shrimp alkaline phosphatase from Fermentas, Micrococcal
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Nuclease from USB, Superase-in RNase inhibitor from Ambion, γ-32P-ATP and α-32PdGTP from Perkin-Elmer, Sequenase 2.0 and pyrophosphatase from Amersham, and
streptavidin magnetic particles and unmodified dNTP’s from Roche. Deuterated buffer
solutions were prepared by dissolving buffer salts in D2O (Cambridge Isotopes),
adjusting the pH with HCl or NaOH, then lyophilizing the buffer salts to dryness and
resuspending in D2O four times. The pD was then determined by adding 0.4 to the
observed pH-meter reading.210

3.2.2 Oligonucleotide Sequences
The trans-cleaving construct93 of originally selected 925-11 DNAzyme87 (Figure
3.2B) is referred to as “wildtype 925-11” in the text: 5'-CCAACAGUUCUC
AUCCGUAGUGAAGGCACGC, where A(bold) is 8-histaminyl-2'-deoxy-adenosine
(abbreviated as

his

dA in the text) and U(bold) is 5-(amino-allyl)-2'-deoxy-uridine

(abbreviated as aadU in the text) (Figure 3.2C). 925-11 functional group deletion variants
were synthesized by replacing, one at a time, each

his

dA with 8-methylamino-2'-deoxy-

adenosine209 or each aadU with natural thymidine (see Figure 3.11). These variants are
named to reflect the modified nucleotide residue (numbered as in Figure 3.2B) from
which the imidazole or cationic amine was deleted (see Table 3.3 footnote). 5'-product:
5'-d(GCGTGCC)X where X is ribo-cytidine; 3'-product: 5'-d(GTCTGTT); bridging
phosphorothioate (S-link) substrate: 5'-d(GCGTGCC-X-Y1-TCTGTT) where Y1 is 2',5'dideoxy-5'-mercapto-guanosine;
GTCTGTT);

ligation

template:

native

(O-link)

substrate:

5'-d(GCGTGCC-X-

5'-biotin-d(AACAGACGGGCACGC);

2'-amino-

substrate analogue: 5'-d(GCGTGCC-Z-GTCTGTTGG) where Z is 2'-deoxy-2'-amino-
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cytidine; nonbridging phosphorothioate substrate: 5'-d(GCGTGCC-X(sP)-GTCTGTT)
where X(sP) represents ribo-cytidine with a 3'-nonbridging phosphorothioate linkage (a
~50:50 diastereomeric mixture was used).

Except for the S-link substrate,

oligonucleotides were prepared by standard solid phase synthesis, purified by 20% TBE
d-PAGE, eluted, and desalted on a G-10 spin column.
The 2',3'-cyclic phosphate terminated 5'-product was synthesized by incubating 30
nmol of 3'-phosphate terminated 5'-product (prepared by standard solid phase synthesis)
in a solution of 50 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
and 250 mM Na-MES pH 5.5 and for 2 hours at 37 °C.211 The product was then ethanol
precipitated, purified by 20% TBE d-PAGE, eluted, and desalted by G-10 spin column.
MALDI-TOF spectra were recorded as described in Section 2.2.6.
The cis-cleaving 925-11 DNAzyme (Figure 3.2A) was prepared enzymatically by
primer extension:87 20 pMol of primer 5'-biotin-d(T20GCGTGCC-X-GTCTGTTG
GGCCC)

was

annealed

to

template

DNA

5'-d(T9GAGCTCGCGGGGCG

TGCCTTCACTACGGATGAGAACTGTTGGTAGGGCCCAACAGAGGGCACGCTC
GTGTCGT), and enzymatically polymerized at 37 °C using Sequenase 2.0 in the
presence of pyrophosphatase, 50 M
of α-[32P]-dGTP.

im

dATP, aadUTP, dCTP, dGTP, and trace amounts

The reaction was stopped by addition of EDTA (to a final

concentration of 25 mM), and the resulting biotinylated duplex product was then desalted
on a G-25 spin column.
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3.2.3 Metal Cation Inhibition of Cis-cleaving 925-11
For the kinetic analysis of self-cleavage, ~500,000 cpm, or an estimated 2-5
pmol) of cis-cleaving 925-11 were bound (via 5'-biotin) to pre-washed streptavidin
magnetic particles in 10 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM EDTA. The sample
was then decanted, and the template strand was removed by five short washes (~15
seconds each) of 100 μL 0.2 M NaOH, followed by a neutralization wash of 100 μL 10
mM Na-cacodylate (pH 6.5) and then a 100 μL water wash. The streptavidin particles,
now bearing single stranded DNAzyme, were resuspended in water and divided into
aliquots (~20,000 cpm each). These aliquots were then decanted, resuspended in 100 μL
of solution containing the appropriate metal cation at the final concentration used in the
cleavage reaction, and incubated for 30 minutes. Following this pre-incubation, the
streptavidin particles were decanted, whereupon the DNAzyme cleavage reaction was
initiated by adding cleavage buffer containing the metal cation of interest (200 mM NaCl,
25 mM cacodylate pH 7.5, and the indicated concentration of metal salt). Reactions were
performed at 24 °C and time point aliquots were quenched in an equal volume of 90%
formamide/50 mM EDTA/0.01% bromophenol blue/0.01% xylene cyanol. In order to
dissociate the uncleaved DNAzymes bound to streptavidin, 1/10th volume of 100 mM
biotin (in DMF) was added, and the samples were heated to 95 °C for 2 minutes. The
samples were then magnetized, decanted, and analyzed by 10% d-PAGE.
Autoradiography data were processed using Imagequant v5.2.

The first order rate

constants (kobs) for DNAzyme self-cleavage were determined by fitting the fraction
cleaved to Equation 3.1 using Sigma Plot v7.101.



P  Po  P 1  e  kobst



(3.1)
91

where P, P0, and P∞ are the fractions cleaved at time t, time zero, and the reaction end
point, respectively.
Quantitative analysis of Mn+ inhibition of 925-11 self-cleavage was based on the
kinetic scheme depicted in Figure 3.4.

Figure 3.4: Kinetic scheme for M2+ inhibition of 925-11 self cleavage. A very low,
steady state concentration of free 925-11 is assumed. It is further assumed that the M2+bound 925-11 is catalytically inactive.

cleaved
925-11

kcat

925-11 + Mn+

kon
koff

925-11•Mn+

Assuming a small, steady state concentration of uninhibited 925-11, the following
relationship is obtained:
kon [9 25 - 11][M n  ]  kcat [9 25 - 11]  koff [9 25 - 11  M n  ]

(3.2)

where [925-11], [925-11•Mn+], and [Mn+] are the concentrations of free 925-11, metal
cation inhibited 925-11, and metal cation. Solving Equation 3.2 for [925-11•Mn+], and
substituting the result into the mass balance Equation 3.3, yields Equation 3.4:
[U]  [9 25 - 11]  [9 25 - 11  M n  ]

 k [M n  ]  k cat
[ U]  [9 25 - 11]1  on
k off


(3.3)





(3.4)
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where [U] denotes the total uncleaved 925-11 remaining. Solving Equation 3.4 for [92511] and substituting this result into a first order rate expression yields Equation 3.5:


d [9 25 - 11]
k cat k off
dP

 k cat [9 25 - 11]  
n
dt
dt
 k off  k on [M ]  k cat


[ U]tot  k obs[ U]


(3.5)

(rate constants are defined in Figure 3.4). By reciprocating the expression for kobs in
Equation 3.5, the apparent dissociation constant (Kd = koff/kon) for Hg2+ can be determined
by linear regression from the slope of a plot of kobs-1 vs. [Hg2+], according to:

koff + kcat [Hg2+ ]
1
=
+
kobs
koff kcat
kcat K d

(3.6)

where kcat is fixed to the value of observed rate constant for the control reaction run in the
absence of Hg2+. No hill coefficient was included given that Hill plot analysis gave a
value of n ~1 (see Figure 3.8). Hill-plot analysis was performed as described for a selfcleaving ribozyme,212 using a logarithmic form of the Hill equation:

 kobs 
  n log Hg 2  log K d
log
 kcat - kobs 





(3.7)

3.2.4 Kinetic Experiments with Trans-cleaving 925-11
Single turnover trans-cleavage assays were carried out with a saturating excess of
925-11 (2.5 μM, ~35 times greater than Km88) and a trace of 5'-32P-labeled substrate (<10
nM) (either the native, S-link, or nonbridging phosphorothioate substrates). Reactions
were performed at 21-22 °C as the rate of 925-11 trans-cleavage catalysis is known to

93

plateau near 24 °C.88 The standard reaction buffer contained 50 mM Tris-HCl pH 7.5,
200 mM NaCl, 1 mM EDTA. For the pH-rate profile experiments, the buffers used were:
Na-MES (6.82-7.11), Na-MOPS (7.12-7.35), Na-HEPES (pH 7.35-7.82), Tris-HCl (pH
7.82-8.67), Na-Borate (8.68-9.0). Buffer specific counter ion effects were minimal, as
very similar cleavage rates were observed for different buffers at the pH-range
boundaries indicated above (see Figure 3.11-vide infra).
Reactions were initiated by the addition of 1/10th volume of substrate (in H2O or
D2O) to DNAzyme solutions containing the appropriate buffer salts. At each time point
aliquots were quenched in 2 volumes of 90% formamide/50 mM EDTA/0.01%
bromophenol blue/0.01% xylene cyanol for O-link and nonbridging phosphorothioate
substrate cleavage, or in 90% formamide/50 mM Na-PIPES pH 6.5/25 mM EDTA/0.01%
bromophenol blue/0.01% xylene cyanol for S-link cleavage. O-link and nonbridging
phosphorothioate samples were analyzed by standard d-PAGE in TBE buffer (pH 8.3)
and S-link samples were analyzed by d-PAGE in TAE buffer (40 mM Tris-acetate/1 mM
EDTA, pH 6.7).118

Autoradiographic data were processed using Imagequant v.5.2.

Using Sigma Plot v.7.101, the substrate cleavage data were fit to:



P  Po  P 1  e  kobst



(3.8)

where kobs is the observed first order rate constant, and t is time, and P, P0, and P∞ are the
fractions cleaved at time t, time zero, and the reaction end point, respectively,. For
nonbridging phosphorothioate cleavage experiments, biphasic data were fit to:







P  Po  P slow 1  e  kslow t  P fast 1  e

 k fast t



(3.9)
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where a rate constant and endpoint value is determined for each of the two phases
(denoted as “fast” and “slow”), which result from the cleavage of the two different
cleavage site phosphorothioate diastereomers.
The data reported in Tables 3.3 and 3.5 were obtained by averaging the results for
two reactions, run in parallel. In all cases, the results for most duplicate experiments
agreed within 10% or better. As much as possible, where kinetic data are compared for a
given effect (for example: pH-rate profiling, DNAzyme mutation, phosphorothioate
substitution, etc.), reactions were commenced almost simultaneously and run in parallel
using the same batches of DNAzymes and labeled substrates. In the case of the S-link
cleavage reactions, some reactions were too fast to conduct simultaneously with manual
time point quenching; these reactions were conducted consecutively on the same day,
with the same batches of reagents.

3.2.5 Affinity Labeling Reactions
The 2'-bromoacetamide substrate analogue was prepared as described in Section
2.2.3. Affinity labeling reaction conditions were: 2.5 μM affinity label oligonucleotide, a
trace (<10 nM) of 5'-32P-labelled 925-11, in the standard reaction buffer at pH 8, at room
temperature in the dark. At each time point aliquots were quenched with 2 volumes of
90% formamide/50 mM EDTA/0.01% bromophenol blue/0.01% xylene cyanol. Reaction
products were analyzed by 15% d-PAGE and autoradiography as described above. The
pH-rate profile reactions were conducted with 3.0 μM affinity label and 2.5 μM 925-11
(including a trace of 5'-32P-labelled 925-11) in standard buffer. Initial time points (<15%
completion) were analyzed by linear regression for the pH-rate profile to avoid the

95

complicating effects of variations in the rate of bromoacetamide solvolysis with changing
pH. The fraction of alkylated DNAzyme was plotted versus time and rate constants (hr-1)
were determined from the slope of a linear regression using Sigma Plot.
Larger scale affinity labeling reactions of 1-2 nmol 925-11 were carried out for
digestion/MALDI analysis under the following conditions: 5 μM 925-11, 10 μM
bromoacetamide substrate analogue, in standard buffer. After ~48 hours, the reactions
were terminated by ethanol precipitation. The precipitates were resuspended in 90%
formamide/50 mM EDTA/0.01% bromophenol blue/0.01% xylene cyanol. Alkylated
925-11 was resolved by preparative 15% d-PAGE, identified by UV-shadowing, and
excised from the gel. The material was eluted from the gel slice into 1% LiClO4/10 mM
Tris-HCl at room temperature after freezing on dry ice. The eluate was concentrated to
~100 μL, precipitated with acetone, dried, resuspended in H2O, and G-25 desalted. Both
alkylated and unreacted 925-11 were treated with micrococcal nuclease (typically 10-20
units) in 1 mM CaCl2/10 mM Tris-HCl pH 8 for varying times (up to 72 hrs.) at 37 °C.
Some digestion reactions also included 2 units Shrimp Alkaline Phosphatase to remove
terminal phosphates; this treatment facilitated the observation of larger digestion
fragments in MALDI spectra. Digestion progress was surprisingly slow, perhaps due to
the modified nucleotide structures and/or the presence of alkylation linkage between the
DNAzyme and substrate strands. Progress was monitored by labeling a few picomoles of
material from the digestion mixture with γ-32P-ATP and polynucleotide kinase, and then
observing the sizes of the labeled fragments resolved by 20% d-PAGE.

Digestion

samples were precipitated with 1% LiClO4/acetone or vacuum concentrated for MALDI-
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TOF analysis. MALDI matrices and sample spots were prepared, and spectra were
obtained, as described in Section 2.2.6.

3.3 RESULTS AND DISCUSSION
3.3.1 Metal Cation Binding and Inhibition of 925-11 Self-Cleavage
Preliminary work has shown that 925-11 activity is strongly inhibited by softer
metal cations such as Cu2+, Ni2+, and Zn2+ at 500 µM,87 whereas Mg2+ (a comparatively
hard metal cation) has no significant effect at 1 mM.88 In this study, we undertook a
more comprehensive survey of the effects of various metal cations on 925-11 selfcleavage activity. Metal cation inhibition was surveyed initially by examining the extent
of 925-11 cleavage after 10 minutes in the presence of each of the following metal cations,
each at concentrations of 10, 30 and 100 µM: Ag+, Ba2+, Ca2+, Cd2+, Ce3+, Ce4+, Co2+,
Cu2+, Eu3+, Fe2+, Fe3+, Hg2+, La3+, Mn2+, Ni2+, Pb2+, Sm3+, Sr2+, Y3+, Yb3+, and Zn2+.
Self-cleaving 925-11 was pre-incubated with the metal cation of interest for 30 minutes to
assure that inhibitory interactions were given ample time to equilibrate. The reactions
were then initiated by the addition of buffered NaCl. Within the concentration range 10–
100 µM, Ce3+, Ce4+, Eu3+, Fe3+, Hg2+, La3+, Ni2+, Sm3+, Y3+, Yb3+, Zn2+ showed modest
inhibition of self-cleavage (Figure 3.5), whereas Cu2+ and particularly Hg2+ showed
strong inhibitory effects. Hg2+ is known to have very high affinity for imidazoles (the
value of the association constant, logβ2, for the bis-imidazole Hg2+ complex ranges from
15 to 21, increasing with pH185). It was thus not surprising that, of the metal cations
examined, Hg2+ would be the most effective inhibitor of a DNAzyme where imidazoles
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are required for activity.87, 93 Cu2+ causes more moderate inhibition of 925-11, which is
consistent with its lower affinity for imidazole ligands, relative to Hg2+.184
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Figure 3.5: Qualitative survey of the effects of various metal cations on 925-11 self
cleavage activity. The fraction cleaved after 10 min is plotted for three Mn+
concentrations (10, 30, and 100 μM).

Figure 3.6: Autoradiogram which exemplifies Hg2+-dependent inhibition of 925-11 selfcleavage activity.

Hg

2+

(μM)

0

Time (min) 5 15

0.5

1

3

6

10

5 15 5 15 5 15 5 15 5 15

30
5 15
Uncleaved

Cleaved

98

The potent inhibitory properties of Cu2+ and Hg2+ were characterized
quantitatively (Figure 3.6) by plotting the relative self-cleavage rate constant versus
[M2+]. These data demonstrate that Hg2+ is a much stronger inhibitor of 925-11 activity
than Cu2+ (Figure 3.7A). The dissociation constants for each of Hg2+ and Cu2+ were
determined (Figure 3.7B) based on the assumptions that (1) there exists a steady state
concentration of free, catalytically active 925-11, (2) the metal cation bound 925-11 is
completely inactive, and (3) that the reverse reaction (ligation) does not occur (see
Section 3.2.3 for kinetic scheme and explanation).

According to this analysis, the

apparent dissociation constant for Hg2+ binding is 110 ±9 nM, and that for Cu2+ binding
is 2.5 ±0.1 μM. Hg2+ binding was also characterized by Hill plot analysis (Figure 3.8),
which yielded a Hill coefficient value of ~1.3. These data suggest that Hg2+ binds noncooperatively to 925-11, most likely to a single metal cation binding site.212
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Figure 3.7: Graphical analysis of Hg2+ (black) and Cu2+ (blue) inhibition of 925-11 selfcleavage. (A) Plot of relative rate constant as a function of Hg2+ or Cu2+ concentration
(kcat = rate constant in the absence of any M2+). (B) Plot of kobs-1 as a function of Hg2+ or
Cu2+ concentration. Kd was determined to be 110 ±9 nM for Hg2+ and 2.5 ±0.1 µM for
Cu2+ from slope of these plots, using Equation 3.6.
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Figure 3.8: Hill plot analysis of Hg2+ inhibition of 925-11 self cleavage. According to
Equation 3.7, the Hill coefficient (n) of ~1.3 was determined from the slope of this plot.
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We also questioned the nature of the inhibitory interaction between Hg2+ and 92511. Inhibition could result from either a reversible ligand-Hg2+-type interaction or from
an irreversible, covalent modification of 925-11 (for example, Hg2+ could have
mercurated the 5-position of cytosine213 or reacted with olefins to yield oxy-mercuration
products214). The Hg2+ mediated inhibition of 925-11 self-cleavage was readily reversible,
which demonstrates that the observed inhibition was likely due to a simple, dissociable
Hg2+-ligand interaction. In order to demonstrate this, 925-11 self-cleavage activity was
first thoroughly poisoned by pre-incubation in the presence of 30 µM Hg2+, and was
subsequently rescued by the addition of Hg2+ chelators such EDTA or DTT, along with
cleavage buffer (Figure 3.9).
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Figure 3.9: Restoration of Hg2+-inhibited 925-11 self-cleavage activity upon the addition
of Hg2+ chelators. For all lanes, samples were preincubated in 30 µM Hg2+, 25 mM
cacodylate (pH 7.5), 200 mM NaCl. Lanes 3 & 4 were rescued with 1/10th volume of
100 mM DTT, Lanes 5 & 6 rescued with 1/10th volume of 250 mM EDTA.
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It is remarkable that 925-11 would show such strong affinity for Hg2+,
despite the fact that no evolutionary pressure requiring such metal binding was applied
during in vitro selection. These results likely reflect both the high affinity of imidazole
for Hg2+, and the importance of the imidazole modifications for 925-11 catalytic activity.
Although the conspicuous specificity for Hg2+ binding is consistent with the involvement
of DNAzyme-based imidazole ligands, we do have any data which can directly rule out
Hg2+ binding by natural DNA functional groups in 925-11. Finally, it should be noted that
the current study characterizes DNAzyme inhibition, which provides a negative readout
that is not ideal for metal cation bio-sensing applications. It should be possible to select
for Hg2+-dependent cleavage (a positive readout) which would be more amenable to biosensing applications.

Recently, Hollenstein et al. have described just such a Hg2+-

activated, imidazole-containing DNAzyme with high affinity for Hg2+ (Kd ~1 μM).172
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3.3.2 General Properties of 925-11 Catalysis
Before attempting to characterize the mechanism of 925-11 catalysis using
chemical probes, we first established the more general properties of 925-11 catalysis.
Specifically, we identified the products of the trans-cleavage reaction, located several
catalyst and substrate functional groups crucial for activity, and measured pH-rate and
solvent isotope effects. Previous kinetics studies have established that single turnover
(excess catalyst) cleavage of the native substrate by 925-11 follows well-behaved
saturation kinetics under the following conditions: 50 mM Tris-HCl pH 7.5, 200 mM
NaCl, 1 mM EDTA at 24 °C.88 Unless stated otherwise, all experiments reported in this
study were performed under similar single turnover conditions (in the same buffer at 2122 °C), where substrate was saturated with DNAzyme.
We first identified the products resulting from 925-11 catalyzed substrate cleavage
by MALDI-TOF analysis (Figure 3.10). These data clearly show that the reaction yields
a 2',3'-cyclic phosphate-terminated 5'-product and a 5'-hydroxy-terminated 3'-product;
therefore, substrate cleavage must proceed via 2'-transphosphorylation, rather than
hydrolysis. Unlike RNaseA, 925-11 does not appear to catalyze the hydrolysis of the 2',3'cyclic phosphate; we observed only trace amounts of the (open) 2'- or 3'-phosphate
products, which likely result from buffer catalyzed hydrolysis. d-PAGE visualization of
2',3'-cyclic phosphate hydrolysis with authentic standards for comparison, would have
been ideal, but for the 8-mer product of 925-11 substrate cleavage, the 2',3'-cyclicphosphate could not be adequately separated from the 2'- or 3'-phosphate.
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Figure 3.10: MALDI-TOF analysis of the products of 925-11 catalyzed substrate
cleavage. The reaction was run to completion under multiple turnover conditions with 1
nmol of substrate and 100 pmol 925-11. Prior to MALDI-TOF analysis, the reaction
mixture was desalted, but not d-PAGE purified. The [M-H]- molecular ion assignments
are detailed in Table 3.1. Peaks observed at intervals of +22 m/z units are attributed to
Na+ adducts. The inset shows the spectrum obtained for an authentic sample of 2',3'cyclic phosphate terminated 5'-product (see Section 3.2.2).
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Table 3.1: Assignments and predicted and observed m/z values for peaks observed in the
MALDI-TOF spectrum shown in Figure 3.10.

[M-H]- Predicted

[M-H]- Observed

5'-product (2',3'-cyclic phosphate)a

2462.4

2460.5

5'-product (2'- or 3'-phosphate)a

2480.4

2478.5

3'-productb

2100.4

2099.0

Oligonucleotide Assignment

a
b

sequence: 5'-d(GCGTGCC)rC
sequence: 5'-d(GTCTGTT)

We also examined the sequence specificity of 925-11 with respect to the three
unpaired substrate nucleotides (Table 3.2) as previous work had established the
requirement for substrate complementarity with the guide sequences93.

The only

sequence variation that was reasonably well tolerated was the substitution of rA for the
native rC at the scissile nucleotide (cleavage was slower by less than 4-fold for the rA
containing substrate). Similar substitution of rU or rG was more detrimental to catalysis
(cleavage was slower by 25- and 50-fold, respectively).

Evidently, the catalyst

recognizes the hydrogen bonding pattern formed by the endo- and exo-cyclic (amidine)
nitrogens common to the base pairing faces of adenine and cytosine, but not uracil or
guanine. The other two unpaired substrate nucleotides (see Figure 3.2) are even more
strongly recognized by 925-11 than the scissile nucleotide, as substitution of one or both
of these residues slowed substrate cleavage by ~250-fold.
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Table 3.2: The effects 925-11 on catalysis of changing the unpaired substrate nucleotides.
The changes made to the native substrate sequence are highlighted in red. Note that these
measurements were made at 24 °C.

Substrate Sequence

kcat (min-1)

krel a

5'-d(GCGTGCC)rCd(GTCTGTT) b

0.037

1

5'-d(GCGTGCC)rAd(GTCTGTT)

0.010

0.27

5'-d(GCGTGCC)rGd(GTCTGTT)

0.00066

0.02

5'-d(GCGTGCC)rUd(GTCTGTT)

0.0014

0.04

5'-d(GCGTGCC)rCd(ATCTGTT)

0.00013

0.004

5'-d(GCGTGCC)rCd(ACCTGTT)

0.00015

0.004

5'-d(GCGTGCC)rCd(GCCTGTT)

0.00012

0.003

a

krel is the relative kcat, calculated by dividing kcat for the substrate variant by kcat for the
native substrate.
b
The kinetic determination for the native substrate was carried out by Richard Ting.

Next, we determined which of the synthetic functional groups in 925-11 are
required for efficient catalytic activity. Initial characterization had demonstrated that 92511 activity is undetectable when all of the

his

dA and

aa

dU residues are simultaneously

replaced with natural dA and dT, respectively.93 In this study we undertook a more
precise structure-activity investigation by removing individual imidazole and cationic
amine functionalities one at a time (Figure 3.11). Individual hisdA residues were replaced
with 8-methylamino-dA209 (rather than natural dA) so as to remove the imidazole moiety
while still preserving the 8-methylamino group, which could engage in hydrogen bonding
or other functions.

Individual

aa

dU residues were replaced with natural thymidine

residues so as to remove the cationic amine functionality.
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Cleavage of the native substrate is significantly impaired by individually deleting
three of the four imidazole groups in 925-11 (Table 3.3). Notably, the imidazole moiety
of the hisdA24 residue appears to be completely dispensable, as its removal actually leads
to slight enhancement of catalytic activity. Individual removal of the cationic amine
functionalities caused relatively minor (<10-fold) impairment of activity in all cases
except for the T21 variant, which was 50-fold less active than wildtype 925-11. Not
surprisingly, it appeared that several of the synthetic appendages, especially imidazole
groups, are crucial for proper folding or catalysis in 925-11, but the question remained
whether any of the imidazoles, cationic amines, or other functional groups mediated
general acid/base catalysis, so as to mimic the mechanism of RNaseA.

Figure 3.11: The nucleotide substitutions used in the functional group deletion variants
of 925-11 used in this study. (A) 8-histaminyl-dA (hisdA) was replaced with 8methylamino-dA or (B) 5-(amino-allyl)-dU (aadU) was replaced with natural dT.
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Table 3.3: The effects of individual synthetic functional group deletion on the observed
rate constants for 925-11 catalyzed cleavage of the native (O-link) substrate in standard
buffer (pH 7.5).
DNAzyme a

kO (min-1) b

kO rel c

WT

0.020

1

A13

0.00005

0.0025

A19

0.00007

0.0035

A23

<0.00001

<0.00005

A24

0.045

2.3

T8

0.0074

0.37

T9

0.0068

0.34

T11

0.0025

0.13

T14

0.0097

0.49

T18

0.012

0.60

T21

0.0004

0.020

a

“WT” (wildtype) refers to the originally selected 925-11 DNAzyme sequence.87, 93 92511 functional group deletion variants are named to indicate the nucleotide from which the
synthetic imidazole or cationic amine functionality was removed. For example, “A13”
indicates that 8-methylamino-dA was substituted for the wildtype hisdA at residue 13, and
T8 indicates that thymidine was substituted for aadU at residue 8.
b
kO refers to kcat for the native (O-link) substrate.
c
kO rel is the ratio kO(variant)/kO(wildtype).

As an important preliminary step in characterizing the mechanism of 925-11
catalysis, we examined the pH-rate profile and solvent isotope effects for indications of
general acid/base catalysis. The pH-rate profile for native substrate cleavage by 925-11
(Figure 3.12) exhibited a classic bell shape much like that observed for RNaseA
catalysis,215, 216 which is a hallmark of general acid/base catalysis (Section 1.3.2). As in
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the case of RNaseA, the data indicate two titratable catalytic residues with similar pKa
values (7.6 ±0.1 and 8.4 ±0.1). These pKa values, however, are significantly higher than
those reported for imidazole-mediated general acid/base catalysis in RNaseA (reported as
5.4 and 6.4 based on pH-rate profiling,216 and 5.8 and 6.2 based on NMR titration217).
The pKa of the conjugate acid of 4-methyl-imidazole (7.45)218 serves as a useful point of
reference for the unperturbed pKa of the 4-alkyl-imidazole functionality common to both
RNaseA (histidine side chains) and 925-11 (hisdA side chains). Upward perturbation of
imidazole pKa’s in the active site of 925-11 would not be surprising in the negatively
charged environment of a nucleic acid structure. Conversely, the downward perturbation
of the His12 and His119 pKa’s is consistent with the positive electrostatic potential
known to exist in the active site of RNaseA.219 Therefore, the difference in kinetic pKa
values observed for RNaseA and 925-11 could be entirely consistent with general
acid/base catalysis by a pair of 925-11 imidazole side chains.
In deuterated buffers, the pD-rate profile in D2O buffer (Figure 3.12) mirrors the
pH-rate profile in H2O buffer, except that the entire pD-rate profile is shifted to higher pL
by ~0.7 units relative to the pH-rate profile. This shift is due to a solvent equilibrium
isotope effect which generally shifts the pKa’s of the titratable catalytic residues, and
hence the pL-optimum, upward.210 Upward shifts in pKa of ~0.6 units are typical in D2O
for proton transfer involving nitrogen;64,

210

therefore, the equilibrium isotope effect

observed for 925-11 could be consistent with imidazole mediated general acid catalysis.
A solvent kinetic isotope effect is also observed by comparing the rates of 925-11
catalysis in H2O versus D2O buffer at the respective plateaus (pH-optima) of the pH- and
pD-rate profiles (at this point the titratable catalytic residues are protonated to the same
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extent, regardless of the solvent). The observed kinetic isotope effect (kH2O/kD2O ~ 2) is
again generally consistent with a general acid /base catalyzed mechanism.210 Overall, the
pH-rate profile and solvent isotope effect data are consistent with a rate limiting, general
acid/base catalyzed chemical step in 925-11 catalysis.23, 64, 210

Figure 3.12: pH-rate (○) and pD-rate (□) profiles for 925-11 catalyzed cleavage of native
(O-link) substrate in standard buffer. The data were fit to a general acid/base catalysis
model: log k obs = log (k max / (1 + 10 pKa1 -pH + 10 pH-pKa2 + 10 pKa1 -pKa2 )) .23 The kinetic pKa values
determined were: 7.6 ±0.1 and 8.4 ±0.1 in H2O buffers, and 8.4 ±0.8 and 8.9 ±1.3 in D2O
buffers. The magnitude of the solvent kinetic isotope effect is measured by the difference
in rates at the plateaus of the pH- and pD-rate profiles (kH2O/kD2O ~ 2). The magnitude of
solvent equilibrium isotope is approximated by the shift in optimum pL (+0.7 pL units)
on going from H2O to D2O solvent.
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3.3.3 Probing General Base Catalysis
In order to identify DNAzyme functional groups that could be involved in general
base catalysis, we employed the affinity labeling approach that was originally used to
identify the general base catalyst in RNaseA (Section 2.1.1).94-96 The highly electrophilic
2'-bromoacetamide probe should likewise be well positioned to alkylate and covalently
tag a DNAzyme general base, to facilitate its identification.

Reaction of the

bromoacetamide probe with 5'-32P-labeled 925-11 indeed yielded a higher molecular
weight covalent adduct of 925-11 and the affinity label strand, as revealed by d-PAGE
analysis (Figure 3.13). The properties of this alkylation reaction were compared to those
of the catalytic reaction (Figure 3.14) in order to gauge whether alkylation occurs within
a catalytically competent DNAzyme fold. Like the catalytic reaction,88 the alkylation
reaction is inhibited by the addition of a non-cleavable substrate analogue, which
demonstrates that alkylation depends upon normal binding of the affinity label to the
DNAzyme in place of the substrate. Also like the catalytic activity, alkylation activity
depends upon the presence of NaCl. Finally, Hg2+ is known to potently inhibit 925-11
catalysis (Section 3.3.1), and we observe the same dramatic inhibitory effect upon the
alkylation reaction. These observations appear to confirm that the alkylation reaction
occurs only within a catalytically competent conformation of the DNAzyme-substrate
complex.
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Figure 3.13: Autoradiogram showing the d-PAGE separation of a higher molecular
weight, crosslinked species following reaction of 5'-32P-labeled 925-11 with the 2'bromoacetamide affinity label. Lane 1: 5'-32P-labeled 925-11 (no reaction). Lane 2 to 5:
Reaction of 5'-32P-labeled 925-11 with substrate analogue at pH 7 for 0.5, 1, 2, 4 hours.
Lane 6: Reaction for 4 hrs at pH 6. Lane 7: An aliquot of the reaction (at 4 hours) was
treated with hot piperidine (15 min at 95 °C).
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Figure 3.14: Effects of reaction conditions on the 925-11 affinity labeling reaction. (A)
Alkylation reactions carried out under standard conditions (pH 7.5) (○), in the absence of
NaCl ( ), in the presence of 0.5 mM Hg2+ (□), and in the presence of 10 μM 2'-amino
substrate analogue (◊). All reactions were carried out in standard buffer (pH 7.5) with the
noted changes. (B) Kinetic plots of 925-11 alkylation at: (○) pH 8.5, ( ) pH 8, (□) pH 7.5,
(◊) pH 7, ( ) pH 6.5, ( ) pH 6. (C) Alkylation reaction pH-rate profile (based on initial
rates). The data were fit to log k obs = log (k max / (1 + 10 pKa -pH )), which yielded pKa = 7.7
±0.1 (data for pH 6 were not included in the fit, as explained in the text).
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The pH dependence of the 925-11 alkylation reaction (Figure 3.14B & C) was also
investigated to verify that the alkylated nucleophile is a titratable active site residue, and
thus a reasonable candidate for general base catalyst. Above pH ~6.5, the increase in
alkylation rate appears to reflect titration of the alkylated nucleophile (in analogy to
titration of the general base), as it becomes fully deprotonated by pH ~9. Furthermore,
the apparent pKa for the alkylated nucleophile closely matches one of the pKa’s derived
from the catalytic pH-rate profile (7.6 ±0.1 for catalysis versus 7.7 ±0.1 for alkylation).
This correspondence suggests that the alkylated nucleophile is the same DNAzyme
functional group which acts as the general base in the catalytic reaction.
As expected, the alkylation rate does not decrease above pH ~8, as does the
catalytic rate, because general acid deprotonation is inconsequential for the general base
alkylation reaction, whereas general acid deprotonation inhibits the catalytic reaction.
Surprisingly, alkylation activity levels off below pH ~7, which is contrary to the
continued titration of the general base expected at lower pH. This unexpected effect is
attributed to a basal, pH-independent alkylation mechanism, perhaps akin to an
electrophilic aromatic substitution mechanism where alkylation would precede loss of a
proton. The rate of this pH-independent alkylation mechanism overwhelms that of the
pH-dependent mechanism as the nucleophile becomes largely protonated at below pH ~7.
A similar effect is observed with respect to guanine N1 alkylation in the hammerhead
ribozyme (vide infra). For the most part, the properties of the 925-11 alkylation reaction
appear to reflect those of the catalytic reaction, which suggests that 2'-bromoacetamide
affinity labeling offers relevant mechanistic insight into general base catalysis.
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Next, we sought to locate the site(s) of 925-11 alkylation. Alkylation lesions on
RNA are readily located by alkaline footprinting (vide infra), but such a simple approach
is impossible for a DNAzyme given the relative hydrolytic stability of the DNA, even at
high pH and temperature. As an alternative, hydroxyl radical and DNaseI footprinting
were attempted, but neither approach yielded clear results. Alkylation of purine N3 or
N7 positions can be readily located in DNA as these lesions lead to depurination; the
resulting abasic site can be revealed by strand cleavage induced by hot piperidine
treatment.220 Importantly, the 925-11 alkylation linkage was completely stable to hot
piperidine treatment (Figure 3.13, Lane 7), thereby ruling out purine N3 or N7 alkylation
in the case of 925-11 (purine N1 alkylation cannot be ruled out as these lesions do not
cause significant depurination220).

In order to more precisely identify the alkylated

DNAzyme nucleotide, the alkylated DNAzyme was submitted to enzymatic digestion
followed by mass spectrometric fragment analysis.
For mass spectrometric analysis, the alkylation reaction was performed on larger
scale (1 to 2 nmol 925-11). The alkylated DNAzyme was isolated by preparative dPAGE, desalted, and subjected to nuclease digestion. The digestion progress could be
monitored by 5'-32P-labeling the resulting fragments and gauging their size distribution
by d-PAGE analysis. For example, Figure 3.15A shows the results of this analysis for a
sample of alkylated 925-11 subjected to exhaustive nuclease digestion as compared with a
similarly digested mixture of unreacted 925-11 and 2'-amino substrate analogue; clearly,
unique fragments appear due to the presence of the alkylation linkage. The assignments
of the digestion fragments observed in the MALDI-TOF spectra (Figures 3.15B, and
3.16A & B) that contain the alkylation lesion are summarized in Figure 3.17 and Table
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3.4. The sequence assignments of the observed alkylation fragments are consistent with
alkylation cross-linking of one, or both, of hisdA23 and hisdA24 (these possibilities cannot
be distinguished based on mass spectrometric data alone). All alkylation fragments also
contain at least one dG residue, which is assigned to the substrate analogue strand.
Evidently, the nuclease is unable to remove the nucleotide at the 3'-side of the 2'acetamide linked substrate nucleotide; this same effect was observed for ribonuclease
digestion of alkylated hairpin ribozyme (vide infra).

Figure 3.15: (A) 20% d-PAGE analysis following 5'-32P-labeling of fragments resulting
from exhaustive nuclease digestion of: unreacted 925-11 and 2'-amino substrate analogue
(Lane 1) and purified alkylated 925-11 (Lane 2). An RNA cleavage ladder is labeled at
left to help gauge the digestion fragment sizes. (B) MALDI-TOF spectrum obtained for
the alkylated catalyst digestion sample analyzed in panel A. The peak assignments are
given in Table 3.4 and Figure 3.17.
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Figure 3.16: MALDI-TOF spectra for two (A & B) less extensively digested samples of
alkylated 925-11. Alkaline phosphatase was included in the digestion mixture for the
sample in panel (B); therefore, the m/z values for these fragments reflect the absence of a
3'-phosphate. The peak assignments are given in Table 3.4 and Figure 3.17.
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Table 3.4: Assignments and predicted and observed m/z values for the peaks observed in
the MALDI-TOF spectra shown in Figures 3.15 and 3.16. Residues which originate from
the DNAzyme and substrate analogue strands are coloured blue and black, respectively.

Assignment

[M-H]- Predicted m/z

[M-H]- Observed m/z

d(TpGpG)

898.2

898.3

See Figure 3.17A

1130.2

1130.2

d(ApCpGpC)

1157.2

1156.7

d(aaUpCphisApaaUp)

1418.3

1418.5

Figure 3.17B

1459.3

1458.4

d(hisApaaUpCpCpG)

1611.4

1611.2

d(aaUpCpaaUpCphisA)

1627.4

1627.2

Figure 3.17C

1681.5

1681.3

Figure 3.17D

1721.5

1721.4

Figure 3.17E

1748.3

1747.2

Figure 3.17F

2066.6

2066.4

Figure 3.17G

2395.6

2396.0
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Figure 3.17: Structures assigned to digestion fragments that contain the alkylation
linkage (based on MALDI-TOF spectra in Figures 3.15 and 3.16). Residues which
originate from the DNAzyme and substrate analogue strands are coloured blue and black,
respectively.
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In order to determine which of

his

dA23 and

his

dA24 had been alkylated, and

whether the alkylation linkage involved an imidazole side chain, affinity labeling was
performed for all 925-11 imidazole deletion variants. 925-11 alkylation was significantly
diminished only when the imidazole side chain of

his

dA23 was absent, in the A23 variant

(Figure 3.18). This finding suggests that alkylation occurs, at least primarily, on the
imidazole moiety of hisdA23 in wildtype 925-11. Therefore, this functional group appears
to be positioned similarly to the His12 general base in RNaseA, which was likewise
identified by alkylation.94-96 The remaining alkylation activity observed for the A23
variant could result from promiscuous alkylation of the adjacent, catalytically dispensable
imidazole side chain of the hisdA24 residue. The alkylation product of the A23 variant
showed no significant difference in d-PAGE mobility relative to alkylation products of
other 925-11 variants (Figure 3.18A), (such a difference would certainly indicate the
existence of an alternative alkylation linkage in the A23 variant). It is not surprising,
however, that the products resulting from alkylation of adjacent DNAzyme nucleotides
(like

his

dA23 and

his

dA24) would be electrophoretically indistinguishable, considering

that the products of the alkylation of four consecutive residues in the hammerhead
ribozyme were inseparable by high resolution d-PAGE (vide infra).
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Figure 3.18: Alkylation of 925-11 imidazole deletion variants in standard buffer at pH
7.5. (A) Autoradiogram showing d-PAGE separated products resulting from the
alkylation of the indicated 925-11 variants. (B) The fraction of DNAzyme alkylated is
plotted as a function of time for wildtype 925-11 (◊) and the A13 (○), A19 ( ), A23 ( ),
and A24 (□) imidazole deletion variants.
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The data from the digestion/mass spectrometry and imidazole deletion
experiments, along with the noted stability of the alkylation lesion to hot piperidine
treatment, strongly support the assignment of the imidazole side chain of the

his

dA23

residue as the 925-11 alkylation site. The correlation of the properties of the alkylation
and catalytic reactions provides strong evidence that this functional group acts as a
general base in the 925-11 catalytic mechanism. Overall, the 925-11 affinity labeling
results directly parallel the results of analogous experiments with RNaseA, where the
general base catalyst (His12) was alkylated by 2'-bromoacetamido-mononucleotides.
This notable parallel suggests that 925-11 and RNaseA share a similar imidazole mediated
general base catalysis mechanism.

3.3.4 Probing General Acid Catalysis
As described in Section 2.1.2, bridging phosphorothioate (S-link) substrates
(Figure 3.3) have proven useful for identifying active site functional groups involved in
general acid catalysis in both protein107,

113

and ribozyme68 catalyzed phosphodiester

transfer reactions. In S-link substrate cleavage, the more labile departure of the lower
pKa sulphur leaving group is known to proceed without benefit from general acid
catalysis. Catalyst functional groups that contribute specifically to general acid catalysis
can therefore be identified based on which mutations or chemical modifications lead to a
conspicuously large ratio of rate constants for S-link and O-link substrate cleavage
(kS/kO) relative to that for wildtype catalyst.
The rate constants for single turnover cleavage of O-link and S-link substrates,
along with the corresponding kS/kO values, for wildtype and variant 925-11 DNAzymes
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are compared in Table 3.5. The largest value of kS/kO was observed upon removal of the
imidazole side chain of
general acid catalysis.

his

dA19, which suggests that this imidazole group is involved in

This result directly parallels the findings of Thompson and

Raines, who showed that the mutation of the His119 general acid in RNaseA significantly
impairs cleavage of native RNA substrates, but has relatively little effect on cleavage of
substrate with a para-nitrophenolate leaving group (see Section 2.1.2).35 Specifically, for
the H119A mutant, the ratio of rate constants (kcat) for nitrophenolate to native substrate
cleavage (the analogue of kS/kO) was nearly 1000-fold greater than the same ratio for
wildtype RNaseA. In the case of 925-11, the value of kS/kO for the A19 925-11 variant is
only 87 times that for wildtype 925-11. Furthermore, the degree to which the H119A
mutation impaired native substrate cleavage (~2000-fold) is more severe than the degree
to which the A19 variant is impaired (~280-fold). These differences suggest that His119
is better optimized for general acid catalysis in RNaseA and makes a greater contribution
to transition state stabilization than the A19 imidazole in 925-11; this is consistent with
the fact that RNaseA is a much more efficient catalyst than 925-11. Similarly, Das and
Piccirilli have reported much larger kS/kO values for general acid mutation in the HDV
ribozyme (see Section 2.1.2); in that case, C76 mutation led to kS/kO values of up to
~60,000-fold greater than for wildtype.68 More akin to the results for 925-11, Tsai and
coworkers observed kS/kO values ~100-fold greater than wildtype upon general acid
mutation in a phospholipase enzyme (see Section 2.1.2).107, 113 Apparently general acid
catalysis provides a more comparable contribution of transition state stabilization in these
two catalysts, as opposed to the HDV ribozyme or RNaseA.
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Figure 3.19: Representative data for S-link substrate cleavage catalyzed by 925-11. (A)
Autoradiogram showing time dependent S-link cleavage for wildtype 925-11 (time points
taken from 0.17 to 28 minutes for wild type, longer time points were taken for other
mutants). (B) Plots of showing the progress of S-link substrate cleavage for wildtype (◊),
A24 (○), A19 ( ), and A23 (□).
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Table 3.5: The effects of individual synthetic functional group deletion on the observed
rate constants for 925-11 catalyzed cleavage of the bridging 5'-phosphorothioate (S-link)
substrate in standard buffer (pH 7.5). The data for native substrate cleavage from Table
3.3 are included for comparison.

DNAzymea

kO (min-1)

kO rel b

kS (min-1)

kS rel b

kS/kO

WT

0.020

1

0.20

1

10

A13

0.00005

0.0025

0.019

0.095

380

A19

0.00007

0.0035

0.061

0.31

871

A23

<0.00001

<0.00005

0.0017

0.0085

>170

A24

0.045

2.3

0.22

1.1

4.9

T8

0.0074

0.37

0.067

0.34

9.0

T9

0.0068

0.34

0.052

0.26

7.6

T11

0.0025

0.13

0.048

0.24

19

T14

0.0097

0.49

0.086

0.43

8.9

T18

0.012

0.60

0.097

0.49

8.1

T21

0.0004

0.020

0.011

0.055

28

nonec

n.d.d

n.d.d

0.00069

0.0035

n.d.d

a

925-11 variants named as in Table 3.3
krel is the ratio k(variant)/k(wildtype) for either native (O-link) or S-link substrate
cleavage.
c
background cleavage rate constant in standard buffer (pH 7.5).
d
n.d. = not determined
b

Although not as large as that for the A19 variant, the kS/kO value observed for
the A13 variant is still conspicuously greater than that for wildtype 925-11. This indicates
that the

his

dA13 imidazole may also be important for efficient general acid catalysis,

although less so than the

his

dA19 imidazole.

Restoration of activity against S-link

substrates where active site residues other than the putative general acid are mutated has
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been observed before in a phospholipase enzyme. In that case, the additionally identified
residue is hypothesized to engage in hydrogen bonding interactions that are important for
the proper alignment of the general acid for proton transfer to the substrate.107, 113 A
similar interaction has also been identified in RNaseA based on crystallographic and
biochemical data, where the carboxylate side chain of Asp121 forms a hydrogen bond
with His119 so as to optimize orientation of the latter for general acid catalysis.215, 221 It
is possible that the

his

dA13 imidazole may contribute similarly to proper positioning of

the hisdA19 imidazole for proton transfer to the leaving group, although in the absence of
structural data its role remains unclear.
The A23 925-11 variant also exhibited a rather large kS/kO value relative to
wildtype 925-11, which was not expected given that the hisdA23 imidazole is implicated in
general base catalysis (Section 3.3.3). The rate constant for S-link substrate cleavage by
the A23 variant, however, is just three fold greater than the background cleavage rate
constant (Table 3.5).

It is certainly plausible that such a minor degree of rate

enhancement could result from structural constraints in the substrate-DNAzyme complex
that might favour the in-line nucleophilic attack geometry required in RNA cleavage.222
Overall, the S-link substrate cleavage data suggest that the imidazole side chain of
his

dA19 mediates general acid catalysis in 925-11, with direct analogy to the mechanistic

role of His119 in RNaseA. The imidazole side chain of

his

dA13 may also play a less

direct role in facilitating general acid catalysis.
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3.3.5 Probing DNAzyme-Scissile Phosphate Interactions
In RNaseA, the cationic amine functionality of Lys41 is believed to provide
hydrogen bond stabilization of the negative charge that accumulates on the nonbridging
oxygens in the phosphorane transition state.31, 36 To probe for similar interactions in 92511 catalysis, we examined the cleavage of a nonbridging phosphorothioate substrate
analogue (Figure 3.3) in the context of DNAzyme functional group deletion.

The

nonbridging sulphur substitution alters the electronic and hydrogen-bonding properties of
the scissile phosphate; therefore, we hypothesized that this substitution should
significantly affect catalysis by altering any DNAzyme-transition state interaction(s)
involving the scissile phosphate nonbridging oxygen(s). Furthermore, in 925-11 variants
in which such interactions are absent or disrupted, we expected that: (1) cleavage of the
native substrate should be significantly impaired, and (2) cleavage of the nonbridging
phosphorothioate and native substrates should be very similar, as observed for base
catalyzed phosphorothioate cleavage (vide infra). In contrast, for 925-11 variants in
which the DNAzyme-scissile phosphate interaction remains intact, the disruptive effects
of nonbridging phosphorothioate substitution on catalytic activity should be similar to
those observed for wildtype 925-11 catalysis.
In our experiments, we used the (~1:1) mixture of cleavage site phosphorothioate
diastereomers which results from the standard sulphurization reaction in solid phase
synthesis.223

Kinetic data for carbonate-induced cleavage of the phosphorothioate

substrate mixture fit very well to a monophasic model with R2 = 0.9982 (Figure 3.20).
This result indicates that non-enzymatic, base catalyzed cleavage of the two
diastereomers proceeds through transition states which are nearly energetically
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indistinguishable (this has been demonstrated previously for different RNA sequences 224226

and has also been predicted theoretically109,

110

).

In contrast, cleavage of this

diastereomeric substrate mixture catalyzed by wildtype 925-11, and all but one of the
variants tested (vide infra), was clearly biphasic (Figure 3.21). Clearly, the biphasic
nature of 925-11-catalyzed phosphorothioate cleavage must result from diastereoselective
DNAzyme-scissile phosphate interaction(s), and not from intrinsic transition state energy
differences inherent in the cleavage of the two substrate diastereomers (at least where
nonbridging oxygen negative charge is not stabilized by protonation, as is the case in the
specific base catalyzed mechanism).12
As expected for the biphasic cleavage of a 1:1 substrate mixture, the faster
phosphorothioate cleavage phases for all 925-11 variants exhibited endpoints close to half
the size of those for native substrate cleavage. Similarly, the slow phosphorothioate
cleavage phases all exhibited endpoints less than half the size of those for native substrate
cleavage. The T21 variant is a notable exception (Figure 3.21) in that it exhibited
monophasic cleavage of the phosphorothioate mixture (as shown in Table 3.6, the
biphasic fit returned an improved R2 value relative to the monophasic fits for all variants
except T21).

Furthermore, the T21 variant cleaved more than half of the

phosphorothioate substrate mixture monophasically, and to nearly the same endpoint as
observed for native substrate cleavage by the T21 variant (Table 3.7). Thus, it seems
clear that the single phosphorothioate cleavage phase observed for the T21 variant
comprises the cleavage of both substrate diastereomers at indistinguishable rates.
In 925-11 catalyzed nonbridging phosphorothioate cleavage, the rate of the faster
cleaving phase is not significantly affected relative to native substrate cleavage for
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wildtype 925-11 and all variants tested (Table 3.7). Thus, with a similar rate constant to
native substrate cleavage, the fast phase likely reflects cleavage of the substrate
diastereomer in which sulphur replaces the nonbridging oxygen that is not involved in the
scissile phosphate-DNAzyme interaction(s).

The slower phosphorothioate cleavage

phase proceeds roughly 10-fold more slowly than native substrate cleavage for all of the
925-11 variants for which a slow cleaving phase was detected. Thus the slower cleaving
phase represents cleavage of the phosphorothioate diastereomer where the nonbridging
sulphur atom disrupts interactions between the scissile phosphate and 925-11.

Figure 3.20: Monophasic cleavage of the nonbridging phosphorothioate substrate in
0.5% K2CO3 at 92 °C under mineral oil. The data were fit to the single exponential
Equation 3.8, yielding the following parameters: P0 = 9.4x10-11, P∞ = 0.995, kobs = 0.0107
min-1, R2 = 0.9983.
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Figure 3.21:
Comparison of native substrate and phosphorothioate substrate
(diastereomeric mixture) cleavage kinetics for wildtype 925-11 and variants in which
individual aadU residues are replaced with dT. All native substrate cleavage data were fit
to monophasic Equation 3.8; nonbridging phosphorothioate substrate cleavage data were
fit to both Equation 3.8 (red), and biphasic Equation 3.9 (black). The constituent
cleavage phases are shown as dashed lines for wildtype cleavage of the nonbridging
phosphorothioate substrate mixture. R2 values for all fits are given in Table 3.6, and
kinetic parameters are given in Table 3.7. All reactions were performed in standard
buffer at pH 7.5.
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Table 3.6: R2 values for the fits of the kinetic data in Figure 3.21. Clearly, native
substrate cleavage fits very well to a monophasic model for wildtype and all mutants
tested. Cleavage of the nonbridging phosphorothioate mixture fits well to a monophasic
model only for the T21 mutant; notably, this is the only case in which the biphasic fit
offers no improvement in the R2 value. In all other cases, the biphasic fits returned much
improved R2 values relative to the monophasic fits.

DNAzyme

Native Substrate

Nonbridging Phosphorothioate Substrate

Monophasic R2

Monophasic R2

Biphasic R2

WT

0.9993

0.9445

0.9975

T8

0.9996

0.9241

0.9995

T9

0.9997

0.9879

0.9998

T11

0.9997

0.9354

0.9996

T14

0.9997

0.8350

0.9995

T18

0.9992

0.9779

0.9985

T21

0.9996

0.9998

0.9998
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Table 3.7: First order rate constants for nonbridging phosphorothioate cleavage by 925-11
and variants (determined by fitting the data in Figure 3.21). kS fast and kS slow describe the
fast and slow phases, respectively, for biphasic cleavage of the nonbridging
phosphorothioate substrate mixture.

DNAzyme

kS fast a (min-1)

kS slow a (min-1)

WT

0.034 ±0.003

0.0018 ±0.0002

T8

0.0079 ±0.0004

0.0009 ±0.0002

T9

0.00173 ±0.00006

0.00022 ±0.00002

T11

0.0047 ±0.0002

0.0005 ±0.0001

T14

0.0121 ±0.0006

0.0007 ±0.0001

T18

0.014 ±0.001

0.0016 ±0.0003

T21

0.000119 ±0.000003

n.d.b

a

errors reported are the standard deviations returned for each parameter by the fits.
b
n.d.= a slow cleavage phase was not detected in this reaction
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Table 3.8: Comparison of the kinetic parameters determined for native and nonbridging
phosphorothioate substrate cleavage by 925-11 and variants. kO is the observed rate
constant for native substrate cleavage (see Table 3.3) and kS fast and kS slow are the
observed rate constants for the fast and slow phases, respectively, of nonbridging
phosphorothioate substrate cleavage (see Table 3.7). The endpoints (P∞) for each of the
phosphorothioate cleavage phases and those for native substrate are also compared.

a
b

DNAzyme kS fast/kO

kS slow/kO

P∞ S fast a

P∞ S slow a

P∞ O a

WT

1.7

0.1

0.41 ±0.01

0.28 ±0.01

0.86 ±0.01

T8

0.89

0.1

0.46 ±0.02

0.23 ±0.02

0.848 ±0.009

T9

1.7

0.2

0.41 ±0.01

0.24 ±0.01

0.872 ±0.007

T11

0.77

0.07

0.41 ±0.02

0.27 ±0.01

0.798 ±0.009

T14

1.3

0.08

0.463 ±0.009

0.232 ±0.008

0.856 ±0.006

T18

0.81

0.1

0.44 ±0.03

0.30 ±0.03

0.83 ±0.01

T21

0.60

n.d.b

0.567 ±0.003

n.d.b

0.62 ±0.01

errors reported are the standard deviations returned for each parameter by the fits.
n.d.= a slow cleavage phase was not detected in this reaction

In the case of the T21 variant, the fact that the two diastereomers of the
nonbridging phosphorothioate substrate are cleaved at indistinguishable rates, which are
also similar to the rate of native substrate cleavage, indicates the distinct absence of
DNAzyme-scissile phosphate interactions in the T21 variant. This finding suggests that
the cationic amine side chain of the

aa

dU21 residue is responsible for the

diastereoselective interaction with a nonbridging scissile phosphate oxygen. In the case
of a phospholipase enzyme, similar reasoning has been used, in light of crystal structure
data, to verify the diastereoselective interaction of an arginine side chain with a substrate
nonbridging phosphate oxygen. In that case, arginine mutation completely abolished a
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7600-fold rate difference for the cleavage of the two nonbridging phosphorothioate
diastereomers that had been observed for the wildtype enzyme.227
The magnitude of nonbridging thio-effects has also been used to distinguish
between transition state stabilization by full protonation of a nonbridging oxygen in a
“triester-like” mechanism228 (Figure 3.22B), or by electrostatic and hydrogen bond type
interactions in a “classical” mechanism (Figure 3.22C).229 At low pH, full protonation of
nonbridging oxygens via specific acid catalysis is well characterized in the cleavage of
RNA model systems;9,

10, 12

under these conditions, nonbridging phosphorothioate

substitution is known to diminish cleavage rate by factors of 100 or more.230,

231

In

contrast, nonbridging phosphorothioate substitution has very little effect on specific base
catalyzed RNA cleavage,224-226, 230, 231 where nonbridging oxygens remain deprotonated.12
Therefore, large nonbridging thio-effects in enzyme catalyzed phosphoryl transfer
reactions have been suggested to indicate a triester mechanism where a nonbridging
oxygen atom is fully protonated by an acidic active site residue.229

For example,

phospholipase (wildtype) catalysis was diminished by factors of 105 and 3 for the two
diastereomeric phosphorothioate substrates relative to the native substrate, which was
taken to indicate a triester mechanism in which the pro-S oxygen, specifically, is
protonated.113 In contrast, RNaseA catalysis is diminished by factors of only 70 and 2 for
the two phosphorothioate isomers.224 This smaller nonbridging thio-effect argues against
a triester mechanism in the case of RNaseA;229 instead, Lys41 is thought to stabilize the
anionic transition state via Coulombic interaction with, or hydrogen bond donation to, a
nonbridging scissile phosphate oxygen.36,

232

Similarly, negligible nonbridging thio-

effects have been observed for model systems that involve intramolecular hydrogen bond
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stabilization (by a hydroxyl group) of negative charge on nonbridging oxygens.233
Nonbridging phosphorothioate substitution has a minor effect on 925-11 catalysis (<10fold), which is consistent with the involvement of the cationic amine side chain of aadU21
in a hydrogen bonding and/or Coulombic interaction with the scissile phosphate (Figure
3.22C), rather in full protonation of a nonbridging oxygen (Figure 3.22B).

Figure 3.22: Possible enzymatic mechanisms for acid/base catalyzed cleavage of
phosphoester linkages by 2'-transphosphorylation. (A) Phosphotriester cleavage, (B)
phosphodiester cleavage via a “triester-like” mechanism,228 and (C) and phosphodiester
cleavage via a “classical” dianionic mechanism.229
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3.4 CONCLUSIONS
In this study, we have applied a broad range of chemical probing and
enzymological experiments to investigate the catalytic mechanism of the 925-11
DNAzyme. The methods used were inspired by analogous experiments used previously
to characterize the catalytic mechanisms of RNaseA and RNA cleaving ribozymes. In
particular, the results of our affinity labeling and bridging phosphorothioate substrate
experiments highlight remarkable parallels between the characteristics of RNaseA and
925-11 catalysis. That is, in both cases specific imidazole groups are implicated in
general acid and base catalysis. We have also found strong evidence that a particular
cationic amine of 925-11 interacts diastereoselectively with a nonbridging scissile
phosphate oxygen, reminiscent of the role of Lys41 in RNaseA catalysis. This work
provides compelling evidence that certain 925-11 side chains mimic the mechanistic roles
of their counterparts in the active site of RNaseA (Figure 3.23); however, the
organization of these catalytic functional groups in 925-11 is not optimized to the degree
to which evolution has optimized the active site structure of RNaseA. Note that in the
absence of structural data, we cannot rule out other mechanistic possibilities including
more complex proton transfer processes (such as those considered in specific acid/base
and buffer catalyzed mechanisms)12,

234, 235

or the involvement of active site water

molecules in catalysis (as has been considered for some ribozymes).236-240
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Figure 3.23: Catalytic mechanism for 925-11 proposed based upon the data presented in
this chapter. The role depicted for A13 is highly speculative.
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Our findings appear to confirm that 925-11 is the first synthetic, sequence specific
RNaseA mimic capable of moderately efficient multiple catalytic turnover (kcat/Km ~
5•105 M-1min-1). The capability for multiple turnover catalysis distinguishes 925-11 from
other sequence specific synthetic catalysts that have been generated by rational design.
In 925-11, synthetically added, protein-like functionalities are incorporated into a familiar
2D-anatomy resembling the minimal hammerhead ribozyme and 10-23 DNAzyme;
therefore, 925-11 serves as a prototypical hybrid of natural nucleic acid catalysts and
synthetic ribonuclease mimics.
The use of an “RNaseA-like” mechanism by 925-11 provides a significant
catalytic advantage (1-2 orders of magnitude) compared to unmodified nucleic acid
catalysts in the absence of a M2+ cofactor,90, 91 at physiological pH and ionic strength.87
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However, the catalytic power of 925-11 still falls far short of that of RNaseA (the value of
kcat for RNaseA3 is some 104-105 fold greater than kcat for 925-11).

The in vitro evolution

of an active site that is optimized to fully exploit the power of an RNaseA-like
mechanism is likely to come from optimization of the in vitro selection methodology as
well as the inclusion of different and/or additional modified nucleotides.
Our findings demonstrate that supplying appropriate chemical functionality in the
context of a combinatorial DNAzyme selection experiment can result in biomimetic
catalysts that functionally differ from unmodified nucleic acid catalysts selected to
catalyze similar reactions. In this case, it appears that the evolutionary demand for RNA
cleavage in the absence of a M2+ has been met by deploying active site functional groups
that mimic those found at the active site of RNaseA. Thus the addition of synthetic,
protein-like functionality has, at least in the case of 925-11, expanded the diversity of
mechanistic strategies available to a nucleic acid based catalyst.
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CHAPTER 4: PROBING GENERAL ACID/BASE
CATALYSIS IN THE HAMMERHEAD RIBOZYME

4.1 INTRODUCTION
4.1.1 “Minimal” Hammerheads: A Structure and Function Dilemma
As discussed in Section 1.5.1, the hammerhead ribozyme was first discovered in
viral satellite RNAs, where it undergoes sequence specific self-cleavage via 2'transphosphorylation.53,

54

Amongst the known small ribonucleolytic ribozymes, the

hammerhead motif appears to be the most wide spread in Nature. Aside from numerous
viral satellites and viroids, hammerhead ribozymes have now been identified in a wide
variety of species; for example, in the transcripts of satellite DNA in newts241 and
parasitic Schistoma flukes,242 and in mRNA 3'-UTR sequences in mouse, horse, and
platypus, to name a few.243 Based on early biochemical data and sequence homology
between species, the catalytic core of the ribozyme was identified as the eleven almost
universally conserved nucleotides (those numbered in Figure 4.1) that surround the
substrate cleavage site, at the junction of three base paired helices.55, 244-246 Sequence
conservation was not apparent in the based paired helices, where sequence variation
appeared to have little effect on catalytic activity.247
Extensive

structure-function

studies

were

undertaken

using

“minimal

hammerhead” constructs, such as the HH16 variant211 (Figure 4.1A), which comprise
only the highly conserved sequence and secondary structure elements. The importance
for activity of nearly every functional group in the catalytic core was probed in
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mutation/chemical modification experiments, and a number of critical residues were
identified, although their actual functions remained unclear.248 Unfortunately, the crystal
structures of minimal hammerhead ribozymes249-251 (Figures 4.2B & D) provided little
mechanistic insight, and for the most part, could not be reconciled with most of the vast
body of structure-function data.

In light of these inconsistencies, it is now widely

accepted that the minimal hammerhead crystal structures represent an inactive
conformation of the ribozyme/substrate complex248, 252, 253 (either a ground-state or an
entirely inconsequential structure, as has been observed in an attempt to crystallize the
10-23 DNAzyme254). Indeed, several studies of minimal hammerhead ribozyme folding
have provided evidence that multiple ribozyme conformations might exist,255-257 and
furthermore, that a conformational change may be the rate limiting step in catalysis.258
The mechanistic role of a M2+ cofactor has been perhaps the most heavily
scrutinized aspect of hammerhead catalysis in earlier biochemical and spectroscopic
experiments. M2+-independent catalytic activity, albeit somewhat diminished, has been
observed in the presence of exchange inert Co(NH3)63+ or high concentrations of
monovalent cations (usually Li+ or NH4+).160-162 These findings demonstrated that a M2+
cofactor is not strictly required in the chemical step. Nevertheless, M2+ cations provided
far superior stimulation of activity, and thus appeared to serve a specific role in
hammerhead catalysis and/or structure, rather than a non-specific role in screening charge
repulsion between phosphates. Indeed, specific M2+ interactions with both ribozyme and
substrate functional groups have been implicated in active site chemistry, based on data
from nonbridging phosphorothioate substitution206, 207, 259, 260, as well as NMR261 and
ESR262, 263 experiments. Specifically, a M2+ cofactor, chelated by the N7 of G10.1 and

143

the pro-R oxygen of the A9 5'-phosphate, was proposed to stabilize the negative charge
build up in transition state on the pro-R oxygen of the scissile phosphate.207, 259 However,
these conclusions were called into question by Taira and coworkers, based on their data
and alternative interpretations of the previous data.264-267 It was also difficult to imagine
how a M2+ cofactor bound at the A9/G10.1 site could interact with the scissile phosphate,
given that these sites are separated by >20 Å in the minimal hammerhead crystal
structures.252

Figure 4.1: Secondary structure diagrams of the trans-cleaving (A) HH16 (minimal)211
and (B) S. mansoni (extended)268 hammerhead ribozymes that were used in this study.
The nucleotides in the conserved catalytic core are numbered according to convention.269
The substrate cleavage sites are indicated with red arrows. The unpaired loops involved
in tertiary interactions (unique to extended hammerheads) are indicated by the red box.
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Figure 4.2: Crystal structures of (A) the S. mansoni (extended)270 and (B) a minimal
hammerhead249 ribozyme. The ribozyme and substrate strands are coloured orange and
teal respectively; the nucleotides of interest in this study are colour coded as indicated;
the scissile substrate nucleotide is coloured white. Close up images are focused on the
nucleotides of interest in this study for (C) the S. mansoni and (D) the minimal
hammerheads ribozymes. Images were generated using PyMol.67
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With regard to general acid/base catalyzed 2'-hydroxyl deprotonation or leaving
group protonation, the minimal hammerhead structures provided no indication that
ribozyme functional groups might be involved in these functions. The catalytic rate
constant was observed to increase log-linearly with pH, consistent with general or
specific base catalysis. However, the interpretation of such kinetic data for minimal
hammerheads is problematic given that rate limiting conformational changes might mask
the properties of the chemical step.258 Nevertheless, several hypotheses were forwarded
which generally involved metal-hydroxide-mediated base catalysis271 and/or Lewis-acid
catalysis, within a one-metal ion101, 251, 272 or two-metal ion mechanism (see Figure 4.23
and discussion thereof – vide infra).30, 99, 273-276 It was not until much more recently that
Han and Burke provided pKa perturbation evidence that implicated the G8 and G12
nucleobases in general acid/base catalysis, although kinetic ambiguity prevented the
assignment of their respective functions.277 Burke and coworkers also provided notable
photocrosslinking data which detected a radically different active site from that
represented in the minimal hammerhead crystal structures.278 Overall, despite extensive
study for nearly two decades, and the solution of three similar crystal structures, much
controversy has persisted regarding the nature of the active structure and catalytic
mechanism of the hammerhead ribozyme.248, 253 At long last, in 2006 Martick and Scott
provided a resolution to this conundrum by solving the crystal structure of an extended
hammerhead ribozyme (vide infra).270
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4.1.2 “Extended” Hammerheads: Resolution of the Structure-Function
Dilemma?
Since ~2004, the focus of hammerhead research has shifted to “extended”
ribozyme constructs, which include more of their naturally occurring peripheral sequence
regions than the minimal ribozyme constructs (compare Figure 4.1A & B). Unlike the
sequence of the catalytic core, these peripheral sequences are not strongly conserved
across different species, and are not absolutely required for activity. As a result, these
peripheral sequences were overlooked in the initial design of minimal hammerhead
ribozyme constructs for mechanistic studies.
In the extended hammerhead ribozymes, such as that derived from the as the S.
mansoni sequence (Figure 4.1B), the added peripheral sequences provide additional
tertiary stabilization of the active conformation.279,

280, 281

As a result, extended

hammerheads exhibit greatly enhanced catalysis at lower M2+ concentrations.282,

283

Recent extended hammerhead crystal structures270, 284, 285 have provided ground-breaking
insight by revealing an active site that differs radically from that in the minimal
hammerhead structures (Figure 4.2A & C). Notably, many of the predictions derived
from the data of Burke and coworkers277,

278

, which departed so radically from the

minimal hammerhead structures, are consistent with the extended hammerhead structures
(namely, the proximity of G5, G8, and G12 to the cleavage site). Much of the other
earlier structure-function data can also now be reconciled with the extended hammerhead
crystal structures;248 therefore, these structures are believed to closely represent the
catalytically active ribozyme conformation. The crystallization of a structure that is
apparently relevant to catalysis, along with the increased cleavage rates compared to
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minimal hammerheads, suggests that in the extended hammerheads it is unlikely that a
conformational change is rate limiting. Thus, the extended hammerheads should be a
more ideal choice for structure-activity studies aimed at understanding the chemical step
in catalysis.
In light of the extended hammerhead crystal structures, a novel mechanistic
hypothesis has been proposed involving ribozyme mediated general acid and base
catalysis by G8 and G12 respectively (Figure 4.3).270,

284, 286, 287

The extended

hammerhead crystal structures also confirm that the A9 phosphate binds an M2+ cofactor
close to the active site, although no bonding interaction with the scissile phosphate or the
putative general acid (the G8 2'-hydroxyl) could be identified.284,

285

Based on the

extended hammerhead crystal structures, significant computational effort has also been
devoted to predicting the role of an M2+ cofactor in transition state stabilization. York and
co-workers suggest that an M2+ cofactor, bound to the A9 phosphate, could stabilize
negative charge on the nonbridging oxygens of the scissile phosphate (as predicted based
on the phosphorothioate substrate cleavage data).286, 287

These authors further suggest

that the same metal ion could coordinate the G8 2'-hydroxyl to lower its pKa and facilitate
general acid catalysis (Figure 4.3). Experimentally, Burke and co-workers have
demonstrated that substitution of Cd2+ for Mg2+ leads to a drastic change in the pH-rate
profile, at least in an artificially selected extended hammerhead (RzB).288 This effect
could be consistent with general acid catalysis by either an M2+-bound water molecule or
an M2+-bound ribozyme functional group (such as the G8 2'-hydroxyl); that is, M2+
substitution would be expected to cause pKa perturbation in either case.

148

Figure 4.3: Catalytic mechanism for hammerhead ribozymes that has been proposed
based on the S. mansoni crystal structure and subsequent computational studies.270, 284-287
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Aside from kinetically ambiguous evidence that G12, G8, and a M2+ cofactor
might play roles in general acid/base catalysis, there have been relatively few studies that
have directly interrogated the mechanism proposed in Figure 4.3. Given the lack of
detailed functional evidence for general acid/base catalysis in the hammerhead ribozyme,
I have applied the same probes used in the study of the 925-11 DNAzyme, namely 2'bromoacetamide affinity labeling and bridging phosphorothioate substrate substitution,
each in conjunction with active site mutation. The results of these experiments provide
the first direct functional evidence that the anionic N1 of G12 acts as the general base,
while the M2+-bound 2'-hydroxyl of G8 acts as the general acid. I have also demonstrated
general acid pKa perturbation in response to M2+ substitution as well as G8 2'-hydroxyl
modification, in which case M2+-bound water appears to assume the role of general acid.
Overall my data strongly support the mechanism depicted in Figure 4.3, and confirm that
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the extended hammerhead crystal structure indeed represents the catalytically active
ribozyme conformation.

4.2 MATERIALS AND METHODS
4.2.1 Chemicals and Biochemicals
All chemicals and buffers salts were purchased from Sigma-Aldrich (molecular
biology or reagent grade purity) and were used as received.

DNA and RNA

oligonucleotides were synthesized by the University of Calgary DNA Services Lab.
RNA was also synthesized by in vitro run-off transcription from synthetic DNA
templates289 using the T7 Mega Short Script kit (Ambion). γ-32P-ATP and 5'-32P-pCp
were purchased from Perkin-Elmer. T4 polynucleotide kinase and terminal transferase
were purchased from Invitrogen, RNase A, RNase T1, and shrimp alkaline phosphatase
from Fermentas, RNA ligase from New England Biolabs, and Super-ase-in RNase
inhibitor from Ambion.

4.2.2 Oligonucleotide Sequences
The trans-cleaving S. mansoni hammerhead ribozyme and substrate sequences
were taken from Canny et al.268 Wildtype (WT) ribozyme sequence: 5'-GGCGAGGUA
CAUCCAGCUGACGAGUCCCAAAUAGGACGAAAUGCCC (the mutations made to
this sequence are described in the text and figures); 5'-product: 5'-d(GGGCAT)X where
X is ribo-cytidine; 3'-product: 5'-d(CTGGATTCCACTCGCC); S-link substrate:
d(GGGCAT-X-Y2-TGGATTCCACT CGCC) where Y2 is 2',5'-dideoxy-5'-mercapto-
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cytidine; O-link substrate: d(GGGCAT-X-CTGGATTCCACTCGCC); ligation template:
5'-d(AATCCAGGATGCCC)-3'-biotin; 2'-amino DNA substrate analogue: d(GGGCATZ-CTGGATTCCACTCGCC) where Z is 2'-deoxy-2'-amino-cytidine; 2'-amino RNA
substrate analogue: GGGCAU-Z-CUGGAUUCCACUCGCC.
The trans-cleaving HH16 hammerhead ribozyme and substrate sequences were
taken from Hertel et al.211 Wildtype ribozyme: 5'-GCGAUGACCUGAUGAGGCCGA
AAGGCCGAAACGUUCCC; 2'-amino DNA substrate analogue: 5'-d(GGGAACGT-ZGTCGTCGCC); 2'-amino RNA substrate analogue: 5'-GGGAACGU-Z-GUCGUCGCC.

4.2.3 Oligonucleotide Preparation
All ribozymes used in footprinting experiments were synthesized by automated
solid phase phosphoramidite chemistry because runoff transcription commonly produces
sequence inhomogeneity at the 3'-termini, and in some cases at the 5'-termini of
transcripts.289 (Sequence inhomogeneity causes complex, ambiguous footprinting and
sequencing patterns by d-PAGE analysis.)

All sequences that include a single

noncanonical nucleotide substitution also required the use of solid phase phosphoramidite
chemistry. Oligonucleotides bearing N7-deaza-purine modifications required the use of
t

butyl-hydroperoxide in the oxidation cycles instead of the standard aqueous iodine

treatment.290

Other hammerhead ribozymes that were not used in footprinting

experiments, and which contained only canonical RNA nucleotides, were prepared by in
vitro run-off transcription from single stranded synthetic DNA templates bearing a
double stranded T7 promoter.289

151

All ribozyme sequences were purified by 10% TBE d-PAGE, and then eluted into
1% LiClO4/10 mM Tris-HCl (pH 8) by freeze/thaw followed by heating for 30 minutes at
65 °C. The eluates were concentrated by butanol extraction, ethanol precipitated,
resuspended in H2O, and desalted by G-25 spin column. The substrate and product
oligonucleotides, with the exception of the S-link substrate, were purified similarly by
20% denaturing TBE d-PAGE, and desalted by G-10 spin column.

4.2.4 Affinity Labeling Reactions
The 2'-bromoacetamide substrate analogues were prepared as described in Section
2.2.3. The standard conditions for hammerhead ribozyme alkylation reactions were: 50
mM MgCl2, 100 mM NaCl, and 50 mM buffer (Na-PIPES pH 6.5 and 7, Tris-HCl pH
7.5-8.5, Na-borate pH 9) at room temperature (21-22 °C). Variations on these conditions
are described in the figures and text. The ribozyme concentration was 2.5 μM (including
a trace of 5'-32P-labeled ribozyme) and the substrate analogue concentration was 3 μM.
Reaction time points were quenched with three to five volumes of 90% formamide/50
mM EDTA/0.01% xylene cyanol/0.01% bromophenol blue. Reaction products were
resolved by 10% d-PAGE and quantified by phosphorimagery (Molecular Dynamics
Imagequant v5.2). In order to minimize the effects of pH-dependent bromoacetamide
solvolysis over the long reaction times needed for alkylation reactions to reach
completion (up to ~50 hours), initial rates were analyzed using early time points (<1015% of reaction completed). The fraction of alkylated ribozyme was plotted versus time
and initial rate constants (hr-1) were determined from the slope of a linear regression
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using Sigma Plot. The [Mg2+] dependence of G12 alkylation was fit to the Hill-type
binding equation:

k obs 

 
 Mg 

k max Mg2
Kd

n

2 n

 k0

(4.1)

where kmax is the rate constant at saturating [Mg2+] for the Mg2+ dependent reaction
channel, n is the Hill-type coefficient, and Kd is the apparent dissociation constant for
Mg2+ binding. The rate constant k0 was included in order to account for significant
hammerhead alkylation through a Mg2+-independent reaction channel.

The [Mg2+]

required for half-maximal alkylation rate is defined by [Mg2+]½ = Kd(1/n).

4.2.5 Alkaline Footprinting of the Alkylation Sites
For experiments with 5'-labeled ribozyme, the 2'-amino substrate analogue was 5'phosphorylated using unlabeled ATP and T4 polynucleotide kinase prior to
bromoacetylation. The samples were extracted twice with phenol/chloroform, ethanol
precipitated, and desalted over a G-25 spin column. Alkylation reactions were carried
out as described above at pH 7.5, but on a larger scale with ~1-2 nmol of synthetic
ribozyme (5'-hydroxy terminated). The reactions were quenched after 48 hrs by addition
of a quantity of EDTA, stoichiometric with respect to the Mg2+ in the sample. The
samples were then concentrated by butanol extraction, ethanol precipitated, and
resuspended in 90% formamide/50 mM EDTA/0.01% xylene cyanol/0.01% bromophenol
blue. Cross-linked alkylation products were separated from unreacted ribozyme by 10%
d-PAGE. Bands of interest were identified by UV-shadowing and excised from the gel.
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Elution and desalting was performed as above for ribozymes, with the exception that
elution was carried out by freeze/thaw followed by soaking at 37 °C for ~2 hours. The
purified alkylated ribozyme was then 5'-radiolabeled using γ-32P-ATP and T4
polynucleotide kinase. Only the ribozyme strand is 5'-radiolabeled as labeling of the 5'terminus of the substrate analogue strand was blocked by prior phosphorylation with
unlabeled ATP.
For experiments with 3'-labeled ribozyme, the 3'-terminus of the 2'-amino
substrate analogue was extended by one nucleotide by treatment with unlabeled 2',3'dideoxy-ATP and terminal transferase, prior to bromoacetylation. The samples were
extracted twice with phenol/chloroform, ethanol precipitated, and desalted on a G-25 spin
column. Alkylation reactions were performed and the products purified as described
above for the 5'-labeled samples.

The purified, alkylated ribozymes were then 3'-

radiolabeled using 5'-32P-pCp and RNA ligase.

Only the ribozyme strand is 3'-

radiolabeled as the labeling reaction is blocked by the 2',3'-dideoxy terminus of the
substrate analogue strand.
Following radiolabeling, both the 5'- and 3'-labeled alkylation products were
repurified by 10% d-PAGE and desalted prior to footprinting analysis. To generate the
alkaline hydrolysis ladders, samples were treated with 0.5% K2CO3 (pH 10.3, measured
at 22 °C) at 95 °C for 4 min. To generate the G-specific cleavage ladders, samples
were combined with 5 nmol of carrier RNA (unlabeled ribozyme RNA) in 10 μL of 10
mM Tris-HCl (pH 7.5) and treated with 1 unit of RNase T1 at 37 °C for 4 min.
Reactions were terminated by adding 2 volumes of 90% formamide/50 mM
EDTA/0.01% xylene cyanol/0.01% bromophenol blue and placing the samples on ice.
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The digestions were immediately analyzed on 10% or 12% d-PAGE sequencing gels as
indicated in the figure legends.

A secondary structure compression interfered with

routine d-PAGE analysis of the 3'-labeled samples; it was necessary to run these gels at
higher temperature by applying power of 100 W instead of the standard 40 W.

4.2.6 Aniline Footprinting of the Alkylation Sites
Purified 3'-labeled alkylated ribozyme samples were treated with 0.5 M
anilinium-acetate (pH 4.5) at 37 °C for 20 min (10 μL reactions). The samples were then
lyophilized, and twice resuspended in 50 μL water and re-lyophilized to thoroughly
remove the volatile anilinium-acetate buffer. Alkaline and RNase T1 digestions were
performed as above, with the exception that the reactions were not stopped by addition of
formamide/EDTA. The alkaline digestions were terminated by placing the samples on
ice and immediately neutralizing them with 10 mM HCl; the RNase T1 digestions were
terminated by adding 5 units RNase inhibitor (Ambion). In order to harmonize the
phosphorylation states of the digestion products resulting from each of the alkaline,
RNase T1, and aniline digestions, all samples were treated with T4 polynucleotide
kinase: digestion samples were diluted into 10 volumes of polynucleotide kinase buffer
(containing 1 mM unlabeled ATP) and treated with 20 units of the enzyme for 2 hours at
37 °C. Samples were analyzed on 12% d-PAGE sequencing gels run at 100 W.

4.2.7 Ribozyme Kinetic Experiments
Reactions were conducted under single turnover conditions with a saturating
excess of ribozyme (10 to 12.5 μM) and a trace of 5'-32P-labeled substrate (<10 nM). The
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standard conditions were 2 mM MgCl2, 100 mM NaCl, 50 mM Na-PIPES (pH 7) at room
temperature (21-22 °C). pH-rate profiles were conducted using Na-MES (pH 5.5 & 6),
Na-PIPES (pH 6.5 & 7), Tris-HCl (pH 7.5-8.5), Na-Borate (pH 9). Ribozymes were
diluted first in buffer alone and heated to 95 ºC for 2 min, then allowed to cool to room
temp for ~10 min. At this point substrate was added to ribozyme. The mixture was
allowed to stand at room temp for 1 min, at which point an aliquot was removed and
quenched for a zero time point. The reaction was started immediately by adding MgCl 2
and NaCl, or other metal salts as indicated in the text.

Time point aliquots were

quenched in 4 volumes of either 90% formamide/50 mM Na-PIPES (pH 6.4)/25 mM
EDTA/0.01% xylene cyanol/0.01% bromophenol blue for S-link reactions, or 90%
formamide/50 mM EDTA/0.01% xylene cyanol/0.01% bromophenol blue for O-link
reactions. Immediately following the addition of the quench solution, the aliquots were
placed on powdered dry ice. The products were resolved by 20% TBE d-PAGE for Olink and 20% TAE118 d-PAGE for S-link experiments. S-link samples were loaded onto
running gels, with care taken to minimize the time the aliquots were thawed before gel
loading. Autoradiographic data was processed using Imagequant v5.2. Non-linear least
squares fits were generated using Sigma Plot. Substrate cleavage data were fit to:



P  Po  P 1  e  kobst



(4.2)

where P is the fraction substrate cleaved, P0 is the initial fraction cleaved, P∞ is the final
fraction cleaved, kobs is the observed first order rate constant, and t is time.

All

experiments were repeated 3 to 5 times and the results averaged. Error bars for plotted
data points represent standard deviations.
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4.3 PROBING GENERAL BASE CATALYSIS IN THE
HAMMERHEAD RIBOZYME

4.3.1 Results
4.3.1.1 Hammerhead Ribozyme Affinity Labeling
Both RNA and DNA substrate analogues bearing an electrophilic 2'bromoacetamide in place of the cleavage site 2'-hydroxyl were reacted in trans with the
HH16 and S. mansoni hammerhead ribozymes. The standard reaction conditions were
2.5 μM ribozyme, 3 μM substrate analogue, 50 mM MgCl2, 100 mM NaCl, 50 mM TrisHCl (pH 8) at room temperature in the dark.

In the case of the HH16 minimal

hammerhead ribozyme, yields of alkylated ribozyme were low, and the separation and
analysis of what appeared to be two or more alkylation products proved to be intractable
(Figure 4.4, Lanes 1 & 2). In keeping with the trend of increased cleavage activity from
minimal to extended hammerheads,279, 280 the alkylation reaction was more fruitful for the
S. mansoni extended hammerhead than for the HH16 minimal hammerhead.

Two

alkylation products (Band I and II) for the S. mansoni ribozyme appeared in greater yield
and were much better resolved by d-PAGE than those of the HH16 ribozyme (Figure 4.4,
Lanes 4 & 5).
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Figure 4.4: Alkylation of the HH16 (minimal) and the S. mansoni (extended)
hammerhead ribozymes (5'-32P-labeled) with both RNA and DNA 2'-bromoacetamide
substrate analogues in 50 mM MgCl2, 100 mM NaCl, 50 mM Tris-HCl pH 7.5 for 24 hrs.
The alkylation bands characterized in this study (Bands I and II) are indicated. Lane 1:
HH16 ribozyme + DNA substrate analogue. Lane 2: HH16 ribozyme + RNA substrate
analogue. Lane 3: Co-spot of unreacted HH16 and S. mansoni ribozymes. Lane 4: S.
mansoni ribozyme + DNA substrate analogue. Lane 5: S. mansoni ribozyme + RNA
substrate analogue. Samples were analyzed by 10% d-PAGE. Rz = ribozyme.
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4.3.1.2 Footprinting the Alkylation Site: 5'-Labeled Ribozyme
Using footprinting analysis, I sought to determine the sites of ribozyme alkylation
for both alkylation products of the S. mansoni hammerhead (vide infra). Thus, Bands I
and II were excised from the gel, radiolabeled specifically at the 5'-end of the ribozyme
strand, repurified by d-PAGE, and subjected to limited alkaline digestion. The alkylation
products resulting from the reaction of an all-RNA substrate analogue proved to be
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refractory to clear alkaline footprint analysis (data not shown).

The failure of this

experiment is likely due to alkaline cleavage of the substrate strand, which produces 32Plabeled cleavage products that complicate the footprinting pattern. In order to circumvent
this problem, I applied a DNA substrate analogue with a 2'-bromoacetamido-C at the
native cleavage site. This substitution is justified given that the corresponding DNA
substrates with a single embedded ribose at the cleavage site are efficiently cleaved by
both minimal102, 291 and extended hammerheads.292 Not only were the yields of Bands I
and II unexpectedly enhanced using the DNA-based affinity label (Figure 4.4), but both
bands generated much clearer alkaline footprint patterns (Figure 4.6 - vide infra) because
only the labeled ribozyme strand is susceptible to alkaline cleavage in this case.
As illustrated in Figure 4.5, alkaline cleavage of the ribozyme produces a rather
uniform ladder of cleavage products, where cleavage at each ribophosphodiester linkage
produces a unique labeled fragment (the molecular weight of the labeled fragments
increases with the distance of the cleavage site from the label). The sequence of the
fragments is referenced to a G-specific cleavage ladder produced by limited RNase T1
digestion of unmodified ribozyme. Because RNase T1 cleaves ribophosphodiesters at the
3'-side of G residues, the assigned fragment sequences reflect the last nucleotide left
attached to the 5'-label.

If additional molecular weight is appended to a particular

nucleotide, cleavage at its 3'-side will produce a labeled fragment with higher molecular
weight and reduced electrophoretic mobility relative to the corresponding fragment of the
unmodified ribozyme.

The alkylated residue of a 5'-labeled ribozyme is therefore

identified in the alkaline footprinting pattern by locating the first cleavage band with
retarded electrophoretic mobility relative to the ribozyme cleavage ladder.
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Figure 4.5: Illustration explaining the interpretation of alkaline footprinting patterns with
5'-32P-labeled ribozyme alkylated at the indicated G residue. RNA cleavage sites and the
corresponding bands they produce in d-PAGE analysis are numbered as indicated. X =
A, C, or U.
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Footprinting analysis with 5'-labeled, alkylated ribozyme clearly identifies G12 as
the site of ribozyme alkylation for Band II (Figure 4.6, Lane 3) based on comparison to
the RNase T1 (G specific) sequencing ladder (Figure 4.6, Lane 2). In contrast to Band II,
the footprinting pattern for Band I (Figure 4.6, Lane 4) appears to be more complex.
Clearly, the band corresponding to cleavage at A9 is completely shifted to higher
molecular weight, which demonstrates unequivocally that some alkylation has occurred
at A9. However, the cleavage band intensity also drops markedly at A6 relative to the
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more uniform band intensities observed for alkaline cleavage of the ribozyme (Figure 4.6,
Lane 1). This observation suggests that Band I represents a mixture of alkylations of
both A6 and A9. Mutation of A6 to U restored the uniform band intensity up to the
completely shifted A9 band (Figure 4.16, Lane 4), which demonstrates that the
anomalous intensity pattern for the wildtype sample was indeed the result of A6
alkylation.
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Figure 4.6: (A) Alkaline footprinting analysis with 5'-32P-labeled S. mansoni
hammerhead ribozyme. Lane 1: Ribozyme treated with 0.5% K2CO3; Lane 2: Ribozyme
treated with RNase T1; Lane 3: Band II treated with 0.5% K2CO3; Lane 4: Band I treated
with 0.5% K2CO3. (B) Quantitative analysis of autoradiography data in panel (A).
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4.3.1.3 Footprinting the Alkylation Site: 3'-Labeled Ribozyme
In order to further investigate the nature of Band I, and to confirm that Band II
represents alkylation of G12 alone, I carried out complementary footprinting experiments
with Band I and II samples that were produced using 3'-labeled ribozyme. As illustrated
in Figure 4.7, the interpretation of footprinting patterns for 3'-labeled ribozyme differs
from the 5'-labeled case. Regardless of the label position, the fragment sequences are
referenced to RNase T1 cleavage sites, which occur at the 3'-side of G residues; therefore,
all labeled fragments are named to reflect the nucleotide to the 5'-side of the scissile
phosphate.

Consequently, the nucleotide for which a cleavage fragment is named

remains attached to a 5'-label, but is detached from a 3'-label by the same cleavage event.
Similarly, cleavage at the 3'-side of an alkylation lesion ensures that the added molecular
weight remains linked to a 5'-32P-label, whereas cleavage at the same site severs the link
between the lesion and a 3'-32P-label. The alkylated nucleotide of a 3'-labeled ribozyme
is therefore identified in the alkaline footprinting pattern by the nucleotide assignment of
the last cleavage band with unaltered electrophoretic mobility (relative to the ribozyme
cleavage ladder).
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Figure 4.7: Illustration explaining the interpretation of alkaline footprinting patterns with
3'-32P-labeled ribozyme alkylated at the indicated G residue. RNA cleavage sites and the
corresponding bands they produce in d-PAGE analysis are numbered as indicated. X =
A, C, or U.
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The interpretation of Band I footprinting data for 3'-labeled samples was
hampered by the anomalous electrophoretic mobilities exhibited by certain cleavage
fragments (Figure 4.8B). This effect is attributed to incomplete denaturation (even in 7M
urea/TBE buffer) of especially stable secondary structures, the formation of which alters
a fragment’s effective size to charge ratio, and thus its electrophoretic mobility (this
effect is referred to as “secondary structure compression”). Considering the positions of
G-specific RNase T1 cleavage, the compressed fragments appear to be those that result
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from cleavage at or near G10.1. The 3'-termini of these fragments form the hairpin loop
shown in Figure 4.8A.

In order to abrogate the effects of secondary structure

compression, so that Band I footprinting pattern could be unambiguously interpreted,
sequencing gels were preheated and electrophoresed at 100 W (instead of the standard 40
W). Evidently the high temperature in the gel adequately denatures the stable hairpin
loop, so that the predicted sequencing pattern was observed (Figure 4.8C). Such high
electrophoresis temperatures are problematic, given the risk of damage to the glass plates
into which the gels are cast.

Figure 4.8: Secondary structure compression near G10 prevents clear sequence
assignment in standard d-PAGE analysis of footprinting experiments with 3'-32P-labeled
ribozyme (B). The application of higher power (100 W) during electrophoresis (C)
prevents formation of the hairpin loop responsible for the compression observed in panel
B. The sequence region of interest is shown in panel (A) where the RNase T1 cleavage
sites are indicated by dashed red lines.
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The alkaline footprinting pattern for 3'-labeled Band II (Figure 4.9, Lane 1)
clearly shows a shift in molecular weight after G12. This finding is in agreement with
that for 5'-labeled ribozyme, and unequivocally demonstrates that Band II represents a
single structure, in which only G12 is alkylated. For 3'-labeled Band I, the alkaline
footprinting pattern clearly shifts after A6 (Figure 4.9, Lane 4), which unambiguously
demonstrates that Band I consists of a mixture of A6 and A9 alkylation linkages.
Nevertheless, it is still possible that other alkylation linkages exist in the intervening
sequence (C7 or G8). Indeed, when A6 alkylation is suppressed by the A6U mutation,
the resulting footprinting pattern for 3'-labeled Band I indicates alkylation of C7 (Figure
4.9, Lane 5).
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Figure 4.9: (A) Alkaline footprinting analysis with 3'-32P-labeled S. mansoni
hammerhead ribozyme. Lane 1: Band II treated with 0.5% K2CO3; Lane 2: Ribozyme
treated with 0.5% K2CO3; Lane 3: Ribozyme treated with RNase T1; Lane 4: Band I
(wildtype ribozyme) treated with 0.5% K2CO3; Lane 5: Band I (A6U ribozyme) treated
with 0.5% K2CO3. (B) Quantitative analysis of autoradiography data in panel (A).
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To more directly probe for alkylation lesions at C7 and G8 in the wildtype
ribozyme, which would not be readily identified in alkaline footprinting experiments, the
3'-labeled samples were treated with anilinium-acetate (pH 4.5). This treatment reveals,
by strand cleavage, any abasic sites that result from depurination/depyrimidination of
alkylated residues.293, 294 Aniline-catalyzed strand cleavage proceeds via β-elimination to
afford 3'-32P-labeled fragments with 5'-phosphorylated termini; due to their added
negative charge, these fragments exhibit altered d-PAGE mobility compared to the 5'hydroxy-terminated fragments generated by RNase T1 or alkaline cleavage (Figure 4.10).
In order to facilitate direct comparison with the alkaline footprint and RNase T1
sequencing patters, all samples were treated with polynucleotide kinase and ATP to
synchronize the 3'- and 5'-phosphorylation states. Aniline treatment of Band I (Figure
4.11A, Lane 6) revealed cleavage at all of A6, C7, G8, and A9, suggesting that Band I
consists of a mixture of ribozymes alkylated at any one of these positions. Quantification
of the components of the mixture based on this data is problematic due to variation of the
rate of abasic site formation with nucleobase and alkylation site.220 Mutation of A6 and
C7 to U, as well as mutation of A9 to 7-deaza-A diminished aniline cleavage at these
residues, which provides confirmation of the sequence assignment of the aniline cleavage
sites (Figure 4.12, Lanes 2, 3, and 5, respectively).
I then attempted to ascertain which atom had been alkylated on each of G8, A9,
and G12, as these residues were present in the active site observed in the S. mansoni
crystal structure. To this end, I first tested whether the N7 atom of these purines had
been alkylated, as the N7 position of guanine in particular is generally amongst the most
nucleophilic positions in nucleic acids (under neutral conditions). The guanine N7
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position is a very weak base (pKa ~3.2237); therefore, N7 alkylation is not likely to be
indicative of general base catalysis, but rather fortuitous positioning of the nucleophile
near the bromoacetamide electrophile. The G12 alkylation rate was not significantly
affected relative to wildtype for the 7-deaza-G12 mutant (Table 4.1 - vide infra), which
demonstrates that N7 of G12 is not alkylated in the wildtype ribozyme. Furthermore,
Band II is not significantly cleaved by aniline treatment (Figure 4.11, Lane 1), which
suggests that alkylation occurred at N1 of G12 (N7 or N3 alkylation accelerate
depurination, whereas N1 alkylation does not220). With respect to Band I, the 7-deaza-A9
substitution (“A9c7”) nearly eliminated the aniline induced cleavage at A9 (Figure 4.12,
Lane 5); these results provide strong evidence that the N7 position of A9 is alkylated.
The strong aniline cleavage at G8 was retained for Band I of the 7-deaza-G8 substituted
(“G8c7”) ribozyme (Figure 4.12, Lane 4), which rules out N7 alkylation of G8.
Therefore, process of elimination dictates that G8 alkylation most likely occurs at N3 (N1
alkylation is not suspected as this should not lead to significant depurination and
subsequent aniline cleavage220).
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Figure 4.10: Aniline catalyzed cleavage at abasic sites produces 5'-phosphorylated-3'32
P-labeled fragments, whereas RNase T1 or alkaline cleavage produces 5'-hydroxy-3'32
P-labeled fragments. Subsequent treatment of both samples with polynucleotide kinase
and unlabeled ATP synchronizes both the 5'- and 3'-phosphorylation states of all
fragments (polynucleotide kinase is both a 5'-kinase and a 3'-phosphatase).
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Figure 4.11: Comparison of aniline and alkaline footprinting patterns for Bands I and II
(3'-32P-labeled wildtype ribozyme). Lane 1: Band II treated with 0.5 M anilinium acetate;
Lane 2: Band II treated with 0.5% K2CO3; Lane 3: Ribozyme treated with RNase T1;
Lane 4: Ribozyme treated with K2CO3; Lane 5: Band I treated with K2CO3; Lane 6: Band
I treated with 0.5 M anilinium acetate. To facilitate direct comparison of electrophoretic
mobilities, all samples were treated with polynucleotide kinase and ATP to synchronize
the 3'- and 5'-phosphorylation states before d-PAGE analysis.
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Figure 4.12: Close up view of anilinium acetate footprinting patterns of Band I for the
indicated 3'-32P-labeled mutant S. mansoni hammerhead ribozymes.
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4.3.1.4 Assignment of an Unidentified 5'-Labeled Cleavage Fragment
Closer inspection of the 5'-labeled footprinting pattern for Band I (Figure 4.6,
Lane 4) reveals that the band for A9 cleavage does not perfectly mirror the appearance of
the corresponding band in the ribozyme digestion sample. Higher resolution d-PAGE
analysis uncovered an unidentified cleavage band in the Band I footprinting pattern that
migrates between the C7 and G8 bands. This band is completely absent from the alkaline
cleavage pattern of the ribozyme (the unidentified band is marked by a red asterisk in
Figure 4.14, Lanes 3 & 4, and Figure 4.16, Lanes 1-5, 10 & 11 – vide infra). I felt that
the origin of this band should not be overlooked as it undoubtedly results from alkylation
of the ribozyme, and might suggest yet another alkylation site that might have eluded
detection in the characterization of Band I presented thus far.
Given that the unidentified band arises as a result of alkylation, I hypothesized
that it was a product of alkaline cleavage of an abasic site formed upon depurination or
depyrimidination of an alkylated nucleobase. Küpfer and Leumann have characterized
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the products that result from alkaline cleavage of abasic sites in RNA;295 the products
observed, and their mechanisms of formation, are summarized in Figure 4.13.

Figure 4.13: Reactions observed by Küpfer and Leumann upon alkaline treatment of
abasic sites in RNA.295

5'-32P

5'-32P

O

O
O

O

OH

OH H

OH

O

O
H
B

OH

O P O

O P O

O

O

Transphosphorylation
β-elimination

5'-32P
O

5'-32P

OH H

O
O

O

P

O

O

P

O
OH H

O

O

O

O

H

1) Tautomerization
2) Hemi-acetal formation

OH
B

1) δ-elimination
2) Tautomerization

5'-32P
5'-32P

O
P
O

O
O

O

P
OH

O

O

O

O

H
O

O
O

O

173

I first entertained the possibility that the unidentified band represents an (open) 3'phosphate that could result from successive β- and δ-elimination reactions at an abasic
site (Figure 4.13) formed as a result of depurination or depyrimidination of an alkylated
nucleobase. In principle, 3'-phosphate terminated fragments can be separated from their
2',3'-cyclic phosphate counterparts, which are the predominant products of limited
alkaline RNA cleavage (the latter have one less negative charge and thus slightly retarded
electrophoretic mobility). In practice, however, this separation is usually observed only
for shorter fragments (< ~7-mer). Nevertheless, I eliminated the possibility that the
unidentified band represented a 3'-phosphate terminated fragment by showing that its
mobility was unchanged after 3'-dephosphorylation by polynucleotide kinase treatment
(Figure 4.14, compare Lanes 3 & 4). In contrast, all of the other labeled fragments,
which bear 2',3'-cyclic phosphates, showed significantly retarded mobility as a result of
3'-dephosphorylation.
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Figure 4.14: (A) Alkaline footprinting analysis of Band I (5'-32P-labeled wildtype
ribozyme) with and without subsequent polynucleotide kinase catalyzed 3'dephosphorylation of all fragments. The red asterisk marks the anomalous cleavage
band. (B) Quantitative analysis of autoradiography data in panel (A).

A

Sample:
Treatment:
PNK:
Lane:

WT-Rz
CO321

WT-Rz
T1
2

WT-I
CO323

WT-I
CO32+
4

WT-Rz
T1
+
5

WT-Rz
CO32+
6

G8

G8

*
G5

G5
G2
G2

B

WT-Rz T1
(No PNK)
WT-I CO32(No PNK)

WT-I CO32+ PNK
WT-Rz T1
+ PNK

G2

G5 A6

?

C7 G8

G10

175

The remaining structures that are predicted to have electrophoretic mobilities that
could be consistent with the unidentified band are shown in Figure 4.15. In order to
assign the correct structure, I tested the effects of mutating each residue that had been
identified as an alkylation site in Band I.

Only the C7U mutation significantly

diminished the production of the unidentified band (Figure 4.16, Lane 3).

This

observation suggests that alkylation of the deprotonated N3 of C7 (conjugate acid pKa =
4.2125) leads to the production of the unidentified band. The C7U mutation suppresses
this alkylation as uridine is largely protonated at N3 (pKa = 9.4125). Of the two possible
fragments that could stem from depyrimidination of alkylated C7, only the 2'-keto β–
elimination product (Figure 4.15, structure H) is expected to have an electrophoretic
mobility consistent with the unidentified band (specifically, structure H is predicted to
have an electrophoretic mobility intermediate between structures B & K).

The

electrophoretic mobility of the other fragment that could result from C7
depyrimidination, the C7-abasic 2',3'-cyclic phosphate terminated fragment (Figure 4.15,
structure F), is inconsistent with of the unidentified band, as this fragment should migrate
faster than the intact (non-abasic) C7 cleavage fragment (Figure 4.15, structure B).
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Figure 4.15: Candidate structures considered for the unidentified cleavage band in
footprinting patterns of Band I. Black coloured structures are those which result from
alkaline cleavage of the ribozyme (at right with PNK treatment, at left without PNK
treatment). The red structures are ruled out based on their predicted electrophoretic
mobility and/or the results of mutation experiments (see text). The green structure is
assigned to the unidentified cleavage band. Fragment structures are arranged according
to their predicted electrophoretic mobilities.
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The data for the other ribozyme mutants also support the assignment of C7
alkylation as the source of the unidentified band. First of all, the A6 and A9 mutations
that have been shown to strongly diminished alkylation of these residues (Figure 4.12,
Lanes 2 & 5) did not diminish the production of the unidentified band (Figure 4.16,
Lanes 1, 2, and 4); therefore, structures D & I in Figure 4.15 are eliminated. In fact, A9
mutations strongly enhanced the intensity of the unidentified band. The origin of this
effect is unclear, but evidently these mutations favour, to some extent, the ribozyme
conformation in which C7 alkylation occurs.

The G8-abasic, 2',3'-cyclic phosphate

terminated fragment (Figure 4.15, structure E) can also be definitively ruled out because
the unidentified band is not affected by the 2'-deoxy-G8 (dG8) mutation, which prevents
2',3'-cyclic phosphate formation (Figure 4.16, Lane 11). Lastly, the 2'-keto β–elimination
product of the G8-abasic site (Figure 4.15, structure G) can be ruled out as this fragment
has one less negative charge, and is therefore expected to migrate more slowly than the
intact G8 cleavage fragment (Figure 4.15, structure A). Having ruled out all other
reasonable assignments, the unidentified band is tentatively assigned to the 2'-keto β–
elimination product that follows from C7 depyrimidination (Figure 4.15, structure H).
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Figure 4.16: (A) Close-up view of the alkaline footprinting pattern of Band I for the
indicated mutant ribozymes (5'-32P-labeled). The red asterisk marks the unidentified
cleavage band. (B) Quantitative analysis of autoradiography data in panel (A).
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4.3.1.5 Properties of the Affinity Labeling Reactions
Next I compared the properties of the alkylation reaction with those of the
catalytic reaction in an effort to gauge whether one or both of the G12 or A6-A9
alkylation events reflect the catalytic mechanism (Table 4.1 and Figure 4.17). The
formation of both Bands I and II was completely inhibited by the addition of (nonbromoacetylated) 2'-amino-substrate analogue, which demonstrates that all of the
alkylation events depend upon normal binding of the affinity label to the ribozyme in
place of the native substrate. Various residues in the vicinity of the active site observed
in the S. mansoni crystal structure270, 284, 285 were mutated and the effects on the initial
rates of alkylation were measured. Only two of the mutations tested had notable effect:
A14G significantly diminished, whereas G12A enhanced the formation of Band II (G12
alkylation); both of these mutations had little effect on Band I formation. All other
mutations had only modest effects on alkylation rate, contrary to the substantial inhibition
(orders of magnitude) of native catalysis observed for most of the mutations tested.248
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Figure 4.17: Alkylation reaction time courses for the indicated 5'-32P-labeled S. mansoni
hammerhead ribozymes in 50 mM Tris-HCl pH 8, 100 mM NaCl, 50 mM MgCl2. “WT
+ 2'-NH2” indicates that the reaction contained 10 μM 2'-amino substrate analogue, in
addition to the 2'-bromoacetamide affinity label. Time points were taken to 43 hours in
each case.
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The influence of metal cations on the alkylation reaction was also investigated.
The [Mg2+]-dependence of the initial rates of Band I and II formation is characterized in
Figures 4.18. The data for Band II (G12 alkylation) fit quite well (R2 = 0.98) to a twostate Mg2+ binding model (Equation 4.1), which yielded a [Mg2+]½ value of 47 mM and a
Hill-type coefficient value of ~1.05. These parameters are in close agreement with those
determined for the [Mg2+]-dependence of the catalytic reaction. In notable contrast to the
catalytic activity, which is nearly undetectable in the absence of Mg2+, significant
formation of Bands I and II is observed in (buffered) 100 mM NaCl alone. However, the
observed rate constant for G12 alkylation in the absence of Mg2+ is diminished by almost

181

two orders of magnitude relative to kmax at saturating [Mg2+]. The rate constant for A6A9 alkylation displays a more complex [Mg2+]-dependence, which is discussed
qualitatively in Section 4.3.2.2.

Table 4.1: Initial rate constants determined for the formation of Bands I and II for the
wild type and various mutant S. mansoni hammerhead ribozymes. All reactions
contained 50 mM MgCl2, 100 mM NaCl, 50 mM Tris-HCl pH 8, except for the reaction
which lacked Mg2+, which contained 50 mM Tris-HCl pH 8, 100 mM NaCl, 5 mM
EDTA.
Conditions (WT)

Band II: kobs (hr -1)

50 mM MgCl2, 100 mM NaCl

0.020

0.021

10 μM 2'-NH2

n.d.a

n.d.a

100 mM NaCl

0.013

0.0025

Ribozyme

a

Band I: kobs (hr -1)

Band I: kobs (hr -1)

Band II: kobs (hr -1)

WT

0.020

0.021

A14G

0.035

0.0017

G12A

0.018

0.073

7

G12c

0.022

0.015

A9U

0.0070

0.030

A9c7

0.017

0.024

G8c7

0.014

0.013

dG8

0.015

0.017

G8A

0.017

0.010

A6U

0.0091

0.0068

n.d. = not detected
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Figure 4.18: (A) Autoradiograms showing time dependent hammerhead alkylation in 50
mM Tris-HCl pH 8.2, 100 mM NaCl, at various [Mg2+]. The same time points were
taken in each reaction to 3.8 hours. Plots of time dependent alkylation for (B) Band I and
(C) Band II at [Mg2+] = 0 mM (●), 0.5 mM (○), 1 mM ( ), 5 mM ( ), 10 mM (■), and 25
mM (□). (D) Plot of the [Mg2+]-dependence of the initial rate constants for (○) Band I
and (●) Band II formation in the wildtype hammerhead. The 0 mM Mg2+ reaction
contained 5 mM EDTA, and all reactions contained. The data for Band II (G12
alkylation) were fit to Equation 4.1, which returned kmax = 0.049 hr-1, [Mg2+]½ = 47 mM,
and a Hill-type coefficient n = 1.05.
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The pH-rate profiles for the formation of Band I and II formation were also
determined for both the wildtype and G12A substituted ribozymes. The initial rate of
G12 alkylation (Band II) in the wild type was strongly pH-dependent (Figure 4.19A, C,
& D). The G12 alkylation rate constant shows a log-linear increase (slope of ~1) from
pH 7 to 8.5, as does the rate constant for the native cleavage reaction.268 When G12 was
mutated to A, the pH-dependence of Band II formation was completely abolished (Figure
4.19B & E). It is also striking that the maximum rate of G12 alkylation at pH 8.5, where
N1 of G12 is presumably fully deprotonated, approaches the rate of A12 alkylation in the
G12A mutant (compare Figure 4.19 D & E). These observations appear to reflect the
titration of N1 of G12, whereas the G12A mutant presents the fully deprotonated N1
position at all pH’s studied; this is illustrated by simulation of the G12 alkylation pHrate-profile where pKa = 8.4 was assumed for N1 of G12, and kmax WT was set at the value
of kmax G12A. In contrast to the simulation and to the cleavage reaction pH-rate profile, the
G12 alkylation rate diminishes abruptly above ~pH 8.5 and is pH-independent below pH
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~7. The rate of formation of Band I is not dependent upon pH for either of the wildtype
or G12A mutant ribozymes (Figures 4.19A, B, D & E), which suggests the alkylations of
A6, C7, G8, or A9 occur at a non-titratable positions (pKa < 7).

Figure 4.19: Autoradiograms showing time dependent alkylation of the (A) wildtype,
and (B) G12A hammerhead ribozymes in 50 mM buffer (at the indicated pH values), 100
mM NaCl, 50 mM MgCl2. For each ribozyme the same time points were taken for all
reactions (out to 50 hours for wildtype and 43 hours for G12A). (C) Plots of time
dependent wildtype alkylation for Band II at pH = 6.5 (●), 7 (○), 7.5 ( ), 8 ( ), 8.5 (■),
and 9 (□). The pH-rate profiles are shown for alkylation of the (D) wildtype and (E)
G12A hammerhead ribozymes. The logarithm of the initial rate constants (hr -1) for the
formation of (○) Band I and (●) Band II are plotted as a function of pH. The idealized
pH-rate profile (---) for alkylation of anionic N1 of G12 is simulated according to kobs =
kmax/(1+10pKa-pH), where log(kmax WT) = log(kmax G12A) = -1.1 and pKa = 8.4 for N1 of G12.
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4.3.2 Discussion
4.3.2.1 Structural Implications of the Affinity Labeling Data
Alkylation of five ribozyme residues was detected following the reaction of a 2'bromoacetamide substrate analogue with the S. mansoni hammerhead.

Based upon

mutation and footprinting experiments, the identities of the alkylated nucleophiles were
deduced to be N1 of G12, N7 of A9, N3 of G8, C7 (most likely at N3), and A6 (either N3
or N7 could be consistent with the aniline footprinting data). Only the alkylations of N1
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of G12 and N7 of A9 are consistent with the active site observed in the S. mansoni crystal
structure (Figure 4.2A & C), in that these potential nucleophiles are in close proximity to
the scissile 2'-hydroxyl. The alkylation of A6 does not appear to be consistent with the S.
mansoni crystal structure because, although A6 is present near the active site, neither N3
nor N7 is apposed to the scissile 2'-hydroxyl. Alkylation of A6 is, however, consistent
with the minimal hammerhead ribozyme crystal structure, (Figure 4.2B & D) where N3
and particularly N7 of A6 are the only nucleophiles in close proximity to the scissile 2'hydroxyl. Alkylation of A6 therefore confirms that the inactive conformation represented
by the minimal hammerhead crystal structures250, 253 is populated to a significant extent in
the extended hammerhead ribozymes.
Notably, neither crystal structure can account for the alkylation of C7 nor G8, as
these nucleobases are distant from the scissile 2'-hydroxyl in both structures. These
alkylations could result from (1) fortuitous proximity of these residues to the 2'bromoacetamide in previously unobserved folding intermediates, (2) the trajectory of
these residues relative to the cleavage site during the transition from the inactive to the
active fold, or possibly (3) a non-native conformation induced by the presence of the
unnatural 2'-bromoacetamide structure. Overall, the identification of multiple alkylation
sites that reflect multiple distinct conformations underscores the conformational plasticity
of the hammerhead-substrate complex within the global Y-shaped fold (common to both
the minimal and extended hammerhead crystal structures).

In contrast, only one

conformation could be detected by the alkylation of a single catalyst residue in
RNaseA,94, 96 the 925-11 DNAzyme (vide supra), and the hairpin ribozyme (vide infra).
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4.3.2.2 Mechanistic Implications of the Affinity Labeling Data
Alkylation reaction pH-rate profiles were examined in order to establish whether
any of the alkylated residues could be titrated in a manner consistent with titration
observed in the catalytic pH-rate profile. The sum of the alkylation rates of A6, C7, G8,
and A9 (the rate of Band I formation) is completely pH-independent. This implies that
the observation of these alkylation reactions offers only structural insight and reflects
fortuitous alkylation of non-titratable nucleophiles that are not likely to be involved in
general base catalysis. In contrast, the rate of G12 alkylation (Band II formation) in the
wild type ribozyme was strongly pH-dependent. As observed in the pH-rate profile for
the catalytic reaction, the G12 alkylation rate showed a log-linear increase with
increasing pH, at least from ~7 to ~8.5.268, 288 The G12A substitution abolished this pHdependence, and further increased the rate of Band II formation. These results reflect the
effect of substituting the fully deprotonated N1 of A12 for N1 of G12 (the pKa of N1protonated adenosine is just 3.5125, whereas the pKa of free guanosine is 9.4). Thus, is it
clear that the wildtype alkylation pH-dependence reflects titration of N1 of G12.
Strikingly, at pH 8.5, where N1 of G12 appears to be largely deprotonated, the rate of
wildtype alkylation approaches the rate of G12A alkylation where N1 of the A12 is
completely deprotonated. This is illustrated by simulation in Figure 4.19D where it is
assumed that deprotonated A12 and G12 are alkylated at the same rate (kmax WT = kmax
G12A),

and that pKa = 8.4 for N1 of G12. Note that the simulation suggests a slightly

higher pKa value for G12 than that determined for the catalytic reaction (pKa ~8 – vide
infra); this difference may reflect changes in active site structure caused by the presence
of the bromoacetamide probe. Nevertheless, my data suggest that of pKa of G12 (in the
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catalytically active hammerhead conformation) is perturbed downward relative to free
guanosine. Overall, the pH-rate analysis demonstrates that titration of N1 of G12 in the
context of alkylation closely matches the general base titration which controls the
catalytic reaction rate.
The pH-rate profile for wildtype G12 alkylation levels off below pH ~7, contrary
to the continued titration of N1 observed for the native cleavage reaction. 268 This effect
may stem from a pH-independent alkylation of protonated G12, followed by rapid loss of
the N1-proton. The decrease in G12 alkylation rate at pH 9 is also unexpected. The fact
that this effect is not observed for G12A alkylation suggests that denaturation at high pH
is not the cause. This effect may be peculiar to the G12 alkylation reaction and not
relevant to catalysis.
The [Mg2+] dependence of the G12 alkylation is very similar to that of the native
S. mansoni cleavage reaction ([Mg2+]½ = 40 mM for cleavage268 and 47 mM for G12
alkylation, both with a Hill coefficient n = ~1). This further supports the conclusion that
G12 alkylation reflects the catalytically active conformation, and supports assignment of
the recent S. mansoni crystal structure as the active fold.248, 253, 270

Although my data

confirm that Mg2+ binding strongly stabilizes the active fold, significant G12 alkylation
in the absence of Mg2+ shows that the active fold is still populated, although to a lesser
extent, in the absence of Mg2+ (in the presence of minimal NaCl and buffer). In contrast,
S. mansoni hammerhead catalysis is nearly undetectable in 100 mM NaCl (vide infra).
The comparatively strict Mg2+ requirement for catalysis (at low ionic strength) suggests
that Mg2+ cofactor(s) serve both a structural role in stabilizing the active fold as well as a
catalytic role other than general base catalysis.
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The collective alkylations of A6, C7, G8, and A9 displayed a [Mg2+]-dependence
completely different from G12 alkylation and the native reaction.268 At higher Mg2+
concentrations ([Mg2+] > 1 mM), the decrease in A6-A9 alkylation likely partially
reflects depopulation of the inactive fold at higher [Mg2+], in favour of the active fold in
which G12 is alkylated. At [Mg2+] < 1 mM, the rise in A6-A9 alkylation likely reflects
Mg2+-assisted formation of the global, Y-shaped fold common to both the active and
inactive conformations. Indeed, based upon FRET-based measurements of ribozyme
folding, Lilley and coworkers observed Mg2+-dependent formation of this global fold;280
they determined that half the population was folded at [Mg2+] = 160 μM, qualitatively
consistent with the sharp increase in A6-A9 alkylation at [Mg2+] < 1 mM. Substantial
alkylation of A6-A9 was observed in NaCl alone, which indicates formation of the global
fold in the absence of Mg2+. This finding is in agreement with the results of a recent
FRET study by Boots et al., which demonstrated efficient formation of the global fold of
the S. mansoni hammerhead in NaCl-containing buffers.281

4.3.3 Conclusions
In summary, affinity labeling has revealed the presence of two or more distinct
conformations of the (substrate-bound) S. mansoni hammerhead ribozyme. Specifically,
it appears that conformations corresponding to both the minimal249, 250 and extended270,
284, 285

hammerhead crystal structures are populated. My data also demonstrate that the

G12 alkylation reaction expresses very similar pH- and [Mg2+]-dependence to the native
cleavage reaction, which suggests that the anionic N1 of G12 is alkylated in the
catalytically active ribozyme conformation.

Previous pKa perturbation experiments
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suggested a role for G12 in one of general acid or base catalysis,277 but the ambiguity
inherent in the interpretation of cleavage pH-rate profiles prevented the discrimination of
these possibilities.23 Although my results pertain to a different chemical reaction than the
native RNA cleavage reaction, they do not suffer from the same kinetic ambiguity. The
log-linear increase in the rate of G12 alkylation in the hammerhead ribozyme provides
particularly compelling evidence that N1 of G12 functions as a bona fide general base in
the hammerhead ribozyme.

Moreover, the direct analogy with the pH-dependent

alkylations of His12 in RNaseA94-96 and the A23 imidazole in 925-11 (both putative
general bases) provides strong precedent for this interpretation.

4.4 PROBING GENERAL ACID CATALYSIS IN THE
HAMMERHEAD RIBOZYME
4.4.1 Results
4.4.1.1 S-link Substrate Cleavage and Ribozyme Mutation
In an effort to locate ribozyme functional groups that are crucial for general acid
catalysis, the cleavage of the S-link and O-link substrates was examined in the context of
a wide variety of both sequence mutations and non-canonical chemical modifications.
The standard reaction conditions (2 mM MgCl2, 100 mM NaCl, 50 mM Na-PIPES pH 7)
were chosen such that all cleavage rates did not exceed that which could be monitored by
manually quenched kinetics experiments. In several cases, biphasic S-link cleavage
kinetics were observed (Figure 4.20A, for example), especially when longer time points
were included. The reported rate constants represent the faster cleaving phase, and were
obtained by fitting earlier time points (Figure 4.20B). In all cases, the majority of the
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substrate was cleaved in the faster phase. Such biphasic kinetics have been reported by
other investigators for extended hammerhead ribozymes, including the S.mansoni.262, 282,
296

Note also that a value of kobs reported as <0.00001 min-1 (for the only cleavage phase

observed) indicates that amount of substrate cleaved over the monitored reaction time (up
to 100 hours) was too small to reliably quantify rate constants.
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Figure 4.20: An example of biphasic kinetics encountered for S-link cleavage by the S.
mansoni hammerhead ribozyme and mutants. Data for single turnover cleavage of the Slink substrate by wildtype ribozyme are shown (reaction conditions: 2 mM MgCl 2, 100
mM NaCl, 50 mM Na-PIPES pH 7). (A) The full data set clearly does not fit well (R2 =
0.980) to a monophasic model (Equation 4.2). (B) A truncated data set fit adequately to a
monophasic model (R2 = 0.996) (the longest time points are removed while still
preserving enough data to accurately fit the parameters). (C) The autoradiography data
used to generate the plots in (A) and (B). Time points (in minutes) analyzed were: 0,
0.22, 0.33, 0.47, 0.58, 0.71, 0.85, 1.12, 1.28, 1.50, 1.75, 2.00, 2.50, 3.00, 3.75, 4.50.
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Most of the ribozyme mutations chosen have been characterized kinetically for
minimal hammerheads in the context of O-link substrates, but in most cases, not for
extended hammerheads. Not unexpectedly, the effects of ribozyme mutations on O-link
substrate cleavage reported here for the S. mansoni hammerhead generally parallel those
for the minimal hammerheads.248 I also find that a chimeric embedded ribose/DNA
substrate is cleaved efficiently by the S. mansoni hammerhead as it is by minimal
hammerheads;102,
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this was important to establish given that our S-link substrate

synthesis is currently limited to such embedded ribose/DNA substrates.
The effect of hammerhead mutations has not previously been examined in the
context of an S-link substrate. Table 4.2 presents the observed rate constants for single
turnover cleavage of the S-link and O-link substrates by the S. mansoni hammerhead and
various point mutants, as well as for background substrate cleavage. Cleavage of S-link
and O-link substrates was also compared in the presence of various metal cations at pH 7
(Table 4.3).

Considering that kS/kO values indicate that the mutation or reaction

conditions impair general acid catalysis in particular,68,

104, 105, 107, 113, 297, 298

the data

suggest that both a divalent metal cation and the G8 2'-hydroxyl play crucial roles in
general acid catalysis, although several other residues also appear to play important roles
in facilitating general acid catalysis (see discussion in Section 4.4.2.1). I also tested an S.
mansoni hammerhead that had been mutated so as to eliminate the tertiary interaction
which is absent in the minimal hammerheads (compare Figures 4.21 and 4.1B). Modest
diminution of both S-link and O-link cleavage was observed for this mutant, relative to
the wildtype.
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Table 4.2: First order rate constants determined for single turnover cleavage of O-link
and S-link substrates by the wildtype and mutant S. mansoni hammerhead ribozymes.
All reactions were carried out in 2 mM MgCl2, 100 mM NaCl, 50 mM Na-PIPES pH 7.

Ribozyme

kO (min-1)

kS (min-1)

kS /kO

kS /kuncat S

kO /kuncat O

WT

0.86

3.2

3.7

1.1∙10

8.6∙107

2'-OMe-G8 a

0.00013

1.9

14600

6.6∙103

1.3∙104

dG8 b

0.0025

4.6

1840

1.6∙104

2.5∙105

dA6 b

0.81

3.3

4.1

1.1∙104

8.1∙107

dG5 b

0.00079

0.33

417

1.1∙103

7.9∙104

A14G

<0.00001

0.02

>2000

6.9∙101

<1.0∙103

G12c7 c

0.014

0.50

35

1.7∙103

1.4∙106

G12A

<0.00001

0.094

>9400

3.2∙102

<1.0∙103

G12U

<0.00001

0.058

>5800

2.0∙102

<1.0∙103

A9U

0.0076

4.0

526

1.4∙104

7.6∙105

A9c7 d

0.0017

3.4

2000

1.2∙104

1.7∙105

G8A

0.00008

0.14

1750

4.8∙102

8.0∙103

A6U

0.00005

0.16

3200

5.5∙102

5.0∙103

BP e

0.030

1.1

36

3.8∙103

3.0∙106

Background

~1∙10-8

0.00029

~29000

1

1

f

4

a

2'-O-methyl.
b
2'-deoxy-ribo.
c
7-deaza-guanosine.
d
7-deaza-adenosine.
e
“Base Paired” meaning the ribozyme sequence was altered so that the tertiary
interaction highlighted in Fig 1 is disrupted by forming a base paired helix with the
substrate strand (see Figure 4.21).
f
background (non-enzymatic) cleavage rate constant is estimated based on data in
reference 222.
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Figure 4.21: The “base paired” (BP) hammerhead ribozyme referred to in Table 4.2.
The altered sequence is highlighted by the red box, and permits continuous base pairing
with the substrate (more like a minimal hammerhead), and serves to prevent formation of
the native tertiary contacts (see Figures 4.1B & 4.2A).
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Table 4.3: First order rate constants determined for single turnover cleavage of O-link
and S-link substrates by the wildtype, 2'-deoxy-G8, and 2'-O-methyl-G8 S. mansoni
hammerhead ribozymes in the presence of various metal cations. All reactions were
carried out in 50 mM Na-PIPES pH 7.

Conditions

Ribozyme

kO (min-1)

kS (min-1)

kS /kO

WT

0.86

3.2

3.7

dG8

0.0025

4.6

1840

2'-OMe-G8

0.00013

1.9

14600

WT

1.2

2.5

2.1

dG8

0.0070

2.9

414

2'-OMe-G8

0.0028

0.35

125

WT

2.2

2.7

1.2

dG8

0.057

2.6

46

2'-OMe-G8

0.0018

3.3

1830

WT

<0.00001

2.7

>270000

dG8

<0.00001

1.0

>100000

2'-OMe-G8

<0.00001

0.17

>17000

WT

0.00017

2.5

14700

dG8

<0.00001

2.3

>230000

2'-OMe-G8

<0.00001

0.70

>70000

2+

2 mM Mg
+ 100 mM NaCl

0.2 mM Mn2+
+ 100 mM NaCl

2+

1 mM Cd
+ 100 mM NaCl

100 mM NaCl
+ 5 mM EDTA

100 mM LiCl
+ 5 mM EDTA
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4.4.1.2 pH-Rate Profiles
Perturbation of the general acid pKa was investigated to confirm the role of both
the G8 2'-hydroxyl and a Mg2+ cofactor in general acid catalysis, and to help elucidate the
mechanism in more detail. Perturbation of the general acid pKa was brought about by: 1)
by substitution of the more acidic Cd2+ cation for Mg2+ (the pKa of Cd(H2O)62+ is 8
whereas the pKa of Mg(H2O)62+ is 11.4)288, and/or 2) by alteration of the G8 2'-hydroxyl
in the dG8 and 2'-OMe-G8 mutants. These effects were expressed in the pH-rate profiles
for O-link substrate cleavage by the wildtype, dG8, and 2'-OMe-G8 hammerheads, in
both Mg2+ and Cd2+ containing solutions (Figure 4.22). All pH-rate data were fit to a
general acid/base catalysis model,23 and the kinetic pKa’s so generated are presented in
Table 4.4.

Given that general base catalysis by G12 (with pKa ~ 8), is suggested

convincingly by the sum of crystallographic,270,

284, 285

computational,286,

287

and

functional evidence,277, 299 the kinetic pKa closest to 8 was assigned to the general base,
and the other to the general acid. In all cases except for the wildtype ribozyme in the
presence of Cd2+, one of the titrations clearly demonstrated a pKa near 8 within the
standard error limits. Note that the rate constants determined in the presence of Cd2+ at
pH >8 are likely unreliable due to Cd(OH)2 precipitation; therefore, these data were not
included in the fits.288 (The Ksp for Cd(OH)2 is 4.5•10-15, thus for solutions with [Cd2+] =
1 mM, Ksp is exceeded at pH = 8.3. Note, however, that this estimate is based on a Ksp
value reported for solutions with zero ionic strength14).
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Figure 4.22: pH-rate profiles for O-link substrate cleavage by the (●) wildtype, 2'-deoxyG8 (▼), and (■) 2'-OMe-G8 S. mansoni hammerhead ribozymes in the presence of (A) 1
mM Mg2+ or (B) 1 mM Cd2+. All reactions contained 100 mM NaCl and 50 mM Buffer.
Data were fit to a general acid/base catalysis model according to
kobs = kmax / (1 + 10pKa1 -pH + 10pH-pKa2 + 10pKa1 -pKa2 ).23 For Cd2+ containing reactions, data for

pH > 8 were omitted from the fits as 1 mM Cd2+ is prone to precipitation above pH ~8.
Error bars indicated standard deviations of the data points.
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In the presence of Cd2+, the general acid pKa appears to increase slightly when
proton transfer from the G8 2'-hydroxyl is abolished in both the dG8 and 2'-OMe-G8
variants (Table 4.4 and Figure 4.22B). The general acid titrations for the dG8 and 2'OMe-G8 hammerheads in the presence of Mg2+ fell outside the observable pH range, so
these pKa values, which exceed 9, could not be determined with high precision.
Nevertheless it is clear, qualitatively, that the general acid pKa is perturbed slightly higher
for the dG8 and 2'-OMe-G8 variants in the presence of Mg2+ (Figure 4.22A), as observed
in the presence of Cd2+ (of course caution must be exercised in interpreting data so close
to the onset of general alkaline RNA denaturation near pH ~9).

Table 4.4: The pKa values determined from the pH-rate profile data (Figure 4.22) for Olink substrate cleavage by the wildtype, 2'-deoxy-G8, and 2'-O-methyl-G8 S. mansoni
hammerhead ribozymes. All reactions contained 1 mM M2+, 100 mM NaCl, 50 mM
Buffer. Standard error limits generated by fitting the pH-rate profile data are given. The
pKa values reported as “ >9 ” could not be fit reliably because the titrations occur outside
the observable pH range.

Ribozyme
WT
dG8
2'-OMe-G8
WT
dG8
2'-OMe-G8

M2+
Mg2+
Mg2+
Mg2+
Cd2+
Cd2+
Cd2+

pKa closest to 8
7.9 ±0.2
8.2 ±0.8
8.2 ±0.2
7.0 ±0.6
8.1 ±0.5
7.5 ±0.6

Other pKa
9.0 ±0.2
>9
>9
6.7 ±0.4
7.1 ±0.4
7.4 ±0.5
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4.4.2 Discussion
4.4.2.1 S-link Substrate Cleavage and Ribozyme Mutation
Although the bridging phosphorothioate linkage has previously been used to study
minimal hammerhead ribozyme catalysis,98-102 the role of ribozyme functional groups in
general acid catalysis has not been investigated. These earlier studies offered differing
conclusions regarding the identity of the rate limiting catalytic step, but agreed that,
unlike non-enzymatic cleavage, hammerhead cleavage of S-link substrates was not
significantly enhanced in the presence of soft metal cations. This latter observation has
been taken as evidence that the 5'-leaving group is not stabilized by direct coordination to
a Lewis-acidic metal cation102 (compare with the data for S-link cleavage by the
Tetrahymena ribozyme103 described in Section 2.1.2).

Nevertheless, two groups have

cautioned that these S-link cleavage data could still be consistent with a mechanism in
which two Mg2+ cations provide Lewis-acid catalysis to both stabilize the leaving group
and lower the pKa of the scissile 2'-hydroxyl (Figure 4.23A).99, 274 My results confirm
that soft metal cations (Mn2+ and Cd2+) do not significantly enhance cleavage of the Slink substrate by the S. mansoni hammerhead relative to Mg2+ or even monovalent
cations alone (Table 4.3). It now appears likely that a two metal ion mechanism invoking
double M2+-mediated Lewis-acid catalysis can be ruled out (Figure 4.23A) because: (1)
recent biochemical, structural, and computational data convincingly implicate the G12
nucleobase in general base catalysis, and (2) S-link cleavage, which presumably benefits
from general base catalysis, is largely unaffected by the absence of a M2+ cofactor. It is
also worth noting that S. mansoni hammerhead catalysis is not likely to be limited by a
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slow conformational change that might mask Mn2+ or Cd2+ activation of S-link cleavage,
as could be the case in minimal hammerheads.255, 256, 258
The largest kS/kO values observed for hammerhead catalysis are manifested in the
absence of divalent metal cations (Table 4.3). Even though a M2+ cofactor does not
appear to act directly as a Lewis acid to stabilize the leaving group, its omission
specifically disrupts general acid catalysis in O-link substrate cleavage. Moreover, the
fact that S-link cleavage is not significantly affected by the absence of M2+ (in 100 mM
NaCl or LiCl), suggests that a divalent metal ion does not play any crucial role in
catalytic chemistry beyond facilitating general acid catalysis. Notably, cleavage of an Slink substrate by a minimal hammerhead in 0.5 M NaCl was reported to be
undetectable.102 This discrepancy suggests that divalent metal ions are more crucial for
stabilizing the active ribozyme conformation in the minimal hammerhead, whereas in the
S. mansoni hammerhead, the active conformation forms to a greater extent in the absence
of M2+ cations.
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Figure 4.23: Possible mechanisms of general acid catalysis in the wildtype S. mansoni
hammerhead ribozyme that involve both the G8 2'-hydroxyl and a Mg2+ cofactor (the
G12 general base has been omitted for clarity).
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Consistent with its proximity to the leaving group in the S. mansoni crystal
structure, the G8 2'-hydroxyl also appears to be crucial for general acid catalysis based on
the large kS/kO values (Table 4.2) observed upon mutation of this functional group (in the
2'-dG8 and 2'-OMe-G8 mutants).

In the clear-cut results reported for the HDV

ribozyme,68 large kS/kO values were observed uniquely for mutation of the N3 position of
C75 (at least among the mutations tested). In contrast, large kS/kO values were observed
for mutation of several hammerhead ribozyme residues in addition to the G8 2'-hydroxyl.
Similar S-link rescue of multiple active site mutations has been observed by Tsai and
coworkers for the phospholipase enzyme.107, 113 Based on previous crystal structure data,
the authors concluded that S-link rescue of mutations to residues other than the putative
general acid resulted from disruption of hydrogen bond networks necessary for proper
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general acid placement (see Section 2.1.2).

In the hammerhead ribozyme, the

crystallographically observed270 G8:C3 canonical base pair is crucial for efficient
activity, and has been predicted computationally287 to be crucial for proper positioning of
the G8 2'-hydroxyl to engage in proton transfer to the oxygen leaving group. The
significant S-link rescue for the G8A mutation is consistent with this hypothesis. The
significant S-link rescue of the A9U, and A9-7deaza (A9c7) mutations also shows that the
G12:A9 sheared pair, observed in the S. mansoni crystal structure,270 is important for
proper placement of the adjacent general acid residue (G8). It is worth noting that most
of the mutations examined in this study, with the exception of A14G, did not significantly
affect placement of the putative general base (G12), as judged by affinity labeling data
(see Table 4.1); productive structural positioning of the general acid appears to be much
more sensitive to mutations in the hammerhead catalytic core.
Large kS/kO values were also observed upon mutation of the putative hammerhead
general base (G12). Again, it is not surprising that disruption of the G12:A9 interaction,
by G12 mutation this time, should affect proper placement of the G8 2'-hydroxyl and/or a
divalent metal cation bound to the A9-phosphate. However, Scott and coworkers have
recently shown that the G12A mutation does not significantly perturb the structure of the
pre-reactive state,285 although perturbation of the transition state structure cannot be ruled
out.
It should also be noted that while the activities of the A6U, G12A, G12U, and
A14G mutants appear to be rescued for the S-link substrate based on large kS/kO ratios,
both S-link and O-link cleavage is enhanced by a factor of less than 103 relative to
background cleavage for these mutants.

Soukup and Breaker have reported such
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enhancement of uncatalyzed RNA cleavage due to geometrical constraints imposed by
secondary and tertiary structures.222 Similarly, Kuimelis and McLaughlin observed that
background S-link cleavage was sensitive to structural context.118 It is certainly possible
that the relatively small enhancements of both S-link and O-link cleavage in the
aforementioned mutants results largely from structural constraints which favour the inline attack geometry when substrate is bound to ribozyme.

4.4.2.2 pH-Rate Profiles
The S-link cleavage data are consistent with the proposed role of a divalent metal
cation in acidifying the G8 2'-hydroxyl, which, in the context of the S. mansoni crystal
structure, is properly positioned to transfer a proton to the 5'-oxygen leaving group
(Figure 4.23C).

A purely structural role for the G8 2'-hydroxyl should also be

considered, where it serves as a ligand to ensure proper placement of a hydrated divalent
metal ion near the leaving group. In this case, a M2+-bound water ligand could act
directly as the general acid (Figure 4.23B). In order to discriminate between these two
closely related mechanisms, and to validate the S-link cleavage data, I examined the
effects on the pH-rate profile of M2+ substitution and mutation of the G8 2'-hydroxyl.
In general, the assignment of kinetic pKa’s to the general acid or general base is
inherently ambiguous (Section 2.1.3); however, this ambiguity can be overcome with the
benefit of S-link cleavage data and guidance from crystal structures.23 Das and Piccirilli
provide a superb example of such reasoning in their study of general acid catalysis in the
HDV ribozyme. Not only did these authors convincingly implicate the N3 of C75 in
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general acid catalysis by specific S-link rescue of mutations to this residue, but they also
demonstrated general acid pKa perturbation using a C75(6-azaC) mutant ribozyme.
Considering that my S-link cleavage findings and the S. mansoni crystal
structure270 implicate both the G8 2'-hydroxyl and a M2+ cofactor in general acid
catalysis, the pH-rate profile changes due to M2+ or G8 2'-hydroxyl modification are
attributed to general acid pKa perturbation. Consistent with this interpretation, a kinetic
pKa close to 8 was determined in almost all cases, which was taken to reflect invariant
general base catalysis by G12.288 Unexpectedly, the general base pKa determined for the
wildtype ribozyme in the presence of Cd2+ was slightly lower, although Cd(OH)2
precipitation above pH ~8 likely contributes to significant error in fitting the general base
pKa in all cases.
For each of the wild type, dG8, and 2'-OMe-G8 hammerheads, substitution of
Cd2+ for Mg2+ lowers the general acid pKa. This effect is illustrated by simulation in
Figure 4.24.

These findings confirm M2+–involvement in general acid catalysis, as

suggested by the S-link cleavage data, and agree well with previous data for cleavage of a
natural all-RNA substrate by a different extended hammerhead (RzB).288 However, these
data do not resolve whether a Mg2+-coordinated water molecule (Figure 4.23B) or the G8
2'-hydroxyl (Figure 4.23C) transfers a proton to the 5'-oxygen leaving group.

206

Figure 4.24: Simulation of the effects of general acid pKa perturbation on the pH-rate
profile for O-link substrate cleavage catalyzed by the S. mansoni hammerhead ribozyme.
The general base titrations are coloured blue, the general acid titrations are coloured red,
and the pH-rate profiles are coloured black. (A) Substitution of Cd2+ (---) for Mg2+ (─)
dramatically lowers the pKa of the general acid. (B) Presumed substitution of a Mg2+bound water ligand for the G8 2'-hydroxyl slightly increases the pKa of the general acid in
the dG8 mutant (---) relative to wildtype (─). (C) The dG8 mutation (---) similarly raises
the general acid pKa relative to wildtype (─) in the presence of Cd2+. The general base
titration is invariant in all cases (pKa set to 8). For clarity, kmax was set to 0.1 for wildtype
and 0.001 for dG8. Simulations were generated as described in Section 2.2.1.
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In order to discriminate between the mechanisms in Figures 4.23B &C, the pHrate profiles for native substrate cleavage by the wild type, dG8, and 2'-OMe-G8
hammerheads were compared in the presence of both Mg2+ and Cd2+ (Figure 4.22).
Regardless of M2+, the general acid pKa appears to be shifted higher for the both the dG8
and 2'-OMe-G8 mutants relative to wild type. This effect is particularly clear in the
presence of Cd2+, and appears to hold true in the presence of Mg2+, although one must be
cautious in drawing conclusions from pH effects so close to the onset of general alkaline
denaturation of RNA (at pH ~9). I propose that the upward shift in general acid pKa
signals that a M2+-bound water ligand assumes the duty of transferring a proton to the
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leaving group in cases where the G8 2'-hydroxyl is modified to prevent such proton
transfer (Figure 4.24B).

This interpretation is qualitatively consistent with the pKa

difference between free water (pKa = 15.7) and a 2'-hydroxyl in RNA (experimentally
determined 2'-hydroxyl pKa values in model compounds range from ~12.5 to 13.7,4, 300,
301

although theoretical predictions range as high as 14.9302). It is thus reasonable that

this pKa difference should be reflected, qualitatively at least,99 in the general acid pKa
expressed by M2+-bound water versus G8 2'-hydroxyl (Figure 4.25A & B).

This

hypothesis is also consistent with the more severely impaired activity and greater S-link
rescue for the 2'-OMe-G8 versus the dG8 mutant; the added methyl group in the former
presents a structural impediment to proton transfer from a M2+-bound water ligand to the
5'-oxygen leaving group.

Figure 4.25: General acid catalysis mechanisms hypothesized based on the data
presented in this chapter for (A) wildtype and (B) dG8 S. mansoni hammerhead
ribozymes.
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4.4.3 Conclusions
In summary, I have reported the first experimental investigation focused on
evaluating the synergistic involvement of the G8 2'-hydroxyl and a divalent metal cation
in general acid catalysis in the hammerhead ribozyme. The rescue of activity for G8 2'hydroxyl mutations with this S-link substrate, coupled with general acid pKa perturbation
by both M2+ substitution and replacement of the G8 2'-hydroxyl by water, provides
compelling evidence that supports the general acid catalysis mechanism depicted in
Figure 4.23C. The S-link data also reveal the importance for general acid catalysis
specifically of new structural interactions uncovered in the S. mansoni crystal structure
(namely the G8:C3 base pair and the G12:A9 sheared pair).270 My findings help to
clarify the unique mechanism of general acid catalysis in the hammerhead ribozyme, and
confirm the role of a divalent metal cation therein.
demonstrates

that

M2+-mediated

pKa

perturbation

More generally, this study
can

be

exploited

by

ribozymes/DNAzymes to help overcome their intrinsic lack of functionality well-suited
for general acid/base catalysis at physiological pH.40, 303, 304
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CHAPTER 5: PROBING GENERAL BASE CATALYSIS IN
THE HAIRPIN RIBOZYME

5.1 INTRODUCTION
5.1.1 Hairpin Ribozyme Structure and Function
The hairpin ribozyme constructs used in mechanistic studies comprise the
naturally occurring structural elements that are minimally required for activity.305-307 As
illustrated in the secondary structure of the trans-cleaving EH4 construct used in this
study (Figure 5.1), a hairpin ribozyme consists of two domains linked at a hinge point (in
the natural context the hinge point occurs at a four-way helical junction).307 Each of
these two domains consists of two base paired helices, separated by an unpaired loop
region. Sequence variation is well tolerated in the base paired regions, but the loop
sequences are largely conserved between species and are important for efficient activity.
Early structural insights furnished by photocrosslinking308 and FRET309, 310 studies, as
well as mutational and kinetic studies311, 312 have established that the two domains are
arranged parallel to each other in the catalytically active conformation. Furthermore,
specific tertiary contacts between the two unpaired loops were identified such as a
C25:G(-1) base pair,311 and a “ribose zipper” interaction based on hydrogen bonds
formed amongst the 2'-hydroxyl groups and nucleobases of several residues.313, 314
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Figure 5.1: Secondary structure representation of the trans-cleaving EH4 hairpin
ribozyme in complex with substrate.315 The ribozyme strand (black) is numbered from 5'
to 3' starting from A1; ribozyme residues particularly crucial for catalytic activity are
numbered. In the substrate strand (blue), the cleavage site is indicated by the red arrow.
Canonical Watson-Crick base pairs are indicated by the black bars; non-canonical base
pairs are indicated by black dots. The reverse transcription primer binding site
corresponds to the ribozyme sequence inside the dashed green box (see Section 5.2.4).
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Although folding and activity of the hairpin ribozyme are strongly enhanced at
higher Mg2+ concentrations,316 there is ample evidence that Mg2+ plays an entirely
passive role in catalysis. First of all, the contribution of Mg2+ to catalysis can be replaced
quite efficiently by any of a chemically diverse variety of positively charged cofactors;
for example, reasonably efficient M2+-independent hairpin activity has been observed in
the presence of monovalent cations (Li+ or NH4+)160 or the exchange-inert [Co(NH3)6]3+
complex,159 as well as cationic peptides, aminoglycoside antibiotics, or spermine.317
Second, metal cation coordination of the scissile phosphate, as proposed in the
hammerhead ribozyme, has been clearly ruled out by the fact that hairpin cleavage of
nonbridging phosphorothioate substrates is not sensitive to either soft metal cation
substitution or the absence of M2+ cations altogether.158,

238

Overall, these findings
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suggested the involvement of ribozyme functional groups and/or specific acid and/or base
catalysts in active site chemistry.
The solution of hairpin ribozyme crystal structures by Ferré D’Amaré and
coworkers confirmed the predicted tertiary structure and clarified the nature of the
interdomain contacts.318 With regard to active site mechanism, the crystal structure of a
vanadate inhibited hairpin ribozyme-substrate complex pinpointed several potential
transition state stabilizing hydrogen bond interactions, which involve the base pairing
faces of G8 and A38 and scissile substrate residue (Figures 5.2 & 5.3).319 The position of
G8 is similar to that of G12 in the hammerhead structure,270, 285 in that N1 of each of
these residues is within hydrogen bonding distance of the scissile 2'-hydroxyl. A38
appears poised to deliver a proton to the 5'-alkoxide leaving group, in analogy to the role
of C75/76 in the HDV ribozymes.68 There is also strong functional evidence based upon
abasic rescue320 and A38 mutation studies321,
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which indicate that the positively

charged, N1 protonated form of A38 is required for catalysis (either in general acid
catalysis23 or electrostatic stabilization of the transition state323). The role of G8 in
catalysis, which is the focus of this work, has been much more controversial, and requires
more detailed consideration.
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Figure 5.2: Crystal structure of a hairpin ribozyme bound to a vanadate-triester transition
state analogue.319 The ribozyme and substrate strands are coloured teal and orange,
respectively; the U1A RNA binding protein is coloured green; the scissile substrate
nucleotide is coloured white; and the G8 and A38 ribozyme residues are colour coded as
indicated. The full structure (A) is depicted along with a cartoon stick and ribbon model
(B). A close up view of the active site is also shown (C). Images were generated from
protein data bank (pdb) files using PyMol.67
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Figure 5.3: Hydrogen bond interactions (dashed red lines) involving G8 and A38, which
were identified in the crystal structure of the hairpin ribozyme bound to a vanadate
transition state analogue.319
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5.1.2 The Role of G8 in Hairpin Catalysis
In light of the hairpin crystal structures,318,

319

as well as detailed structure-

function data, there exists ample evidence that the N1 position of G8 is directly involved
in transition state stabilization.23, 320-322, 324-328 pH-rate and pKa perturbation experiments
have provided insightful functional data regarding the role of G8 in catalysis. For the
wildtype hairpin ribozyme, the pH-rate profile is rather flat throughout the physiological
range, which could reflect two titratable catalytic residues with well separated pKa values
(Figure 5.4B). The higher pKa titration in the pH-rate profile (the pKa value varies
slightly with ribozyme construct, but is always >9) has been attributed to deprotonation
of N1 of G8, based on the observation that the pKa of this titration shifts predictably in
response to replacing G8 with lower N1 pKa isosteres such as 2,6-diaminopurine and
inosine.324

Very similar pKa perturbation effects have also been observed for the
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chemical rescue of G8-abasic hairpin ribozymes using lower pKa guanine analogues.326
Since the work described herein, Fedor and coworkers have also studied the titration of
G8 by exploiting the protonation state-dependent fluorescence of 8-aza-guanosine.329
Fluorescence titration experiments using the G8(8-aza-G) mutant ribozyme demonstrated
that the pKa value for G8 closely matches that observed for the higher pKa titration in the
pH-rate profile for the same mutant ribozyme.330
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Figure 5.4: Either of two kinetically ambiguous mechanisms can account for the change
in pH-rate profile caused substitution of 2,6-diaminopurine for G8 in the hairpin
ribozyme.

(A) Mechanism requiring protonated G8 and A38, and specific base

catalysis.324-326 (B) Mechanism requiring deprotonated G8 and protonated A38.23 pHrate profiles are shown in black; solid lines correspond to wildtype and dashed lines to
the G8(2,6-diaminopurine) mutant.

Titrations are colour green for G8 and

diaminopurine, orange for A38, and blue for the 2'-hydroxyl. The following pKa values
were used: 9 for G8, 6 for 2,6-diaminopurine, 5 for A38, and 13 for the substrate 2'hydroxyl. For clarity, kmax was arbitrarily set to 0.5 min-1 in all cases. Simulations were
generated as described in Section 2.2.1.
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In light of the available data, a mechanism has been proposed in which protonated
N1 of G8 acts like an “oxy-anion hole” in donating a hydrogen bond to stabilize negative
charge build up on the 2'-oxygen as it is activated for nucleophilic attack by
deprotonation (Figure 5.4A).158,

324

In this proposed mechanism, N1 of G8 must be

protonated for activity; therefore, in simulating the effects of G8 mutation on the pH-rate
profile (Figure 5.4A), an acidic titration must be assigned to G8. In this analysis, I have
also assumed that A38 must be protonated for activity, which dictates that the lower pKa
titration is also acidic as it reflects inhibition of activity caused by deprotonation of A38.
Clearly, in order to maintain the experimentally observed pH-rate profile shape, a third
titration (for a general or specific base) must be introduced.
The issue of base catalysis within the current mechanistic model remains very
much unresolved. For the purposes of this discussion, I have invoked a basic titration
with a pKa of 13.5 that reflects specific base catalyzed 2'-hydroxyl deprotonation (Figure
5.4A).

This model reproduces the experimental pH-rate profile, and is reasonable

because no other ribozyme-based general base candidate is obvious in the crystal
structure. The results of a recent computational study suggest another possible general
base catalysis mechanism in which the scissile 2'-hydroxyl proton is transferred to a
nonbridging scissile phosphate oxygen.331

However, the fact that nonbridging

phosphorothioate substitution of the scissile phosphate has little effect on hairpin activity
appears to be inconsistent with this hypothesis.229 It is also unclear to me how this
hypothesis could be reconciled with the pH-rate data, given the very low pKa (~1)12 for a
nonbridging oxygen.
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As pointed out by Bevilaqua,23 the principle of kinetic ambiguity dictates that the
pH-rate profile and pKa-perturbation data can be equally well explained by a simple
general acid/base catalysis model (Figure 5.4B). That is, because the kmax value cannot
be predicted a priori for mutant ribozymes containing G8 isosteres, none of the data
presented to date can distinguish between the kinetically equivalent models in Figures
5.4A & B. In Bevilacqua’s model, the single acidic titration can be assigned to A38
deprotonation (as was done in Figure 5.4A), while the assignment of the higher pKa
titration is changed to a basic titration, which reflects the fact that G8 must be
deprotonated in order to act as a general base catalyst.23
In light of my findings that suggest general base catalysis by N1-deprotonated
G12 in the hammerhead ribozyme, which occupies a conspicuously similar structural
position to G8 in the hairpin ribozyme, Bevilacqua’s model23 for hairpin catalysis seems
especially attractive. To provide a direct comparison of the functional properties of
hammerhead G12 and hairpin G8, I have applied the 2'-bromoacetamide affinity labeling
experiment to the hairpin ribozyme. Not surprisingly, my data clearly confirm that N1 of
G8 is positioned proximal to the scissile 2'-hydroxyl, in direct analogy to the results for
G12 in the hammerhead ribozyme. However, in contrast to the data for alkylation of the
hammerhead G12 residue, G8 alkylation in the hairpin ribozyme shows very little pH
dependence. The implications for ribozyme mechanism are discussed in light of this
difference.
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5.2 MATERIALS AND METHODS
5.2.1 Chemicals and Biochemicals
All chemicals and buffers were from Sigma-Aldrich (molecular biology or
reagent grade purity) and were used as received. DNA oligonucleotides were synthesized
by the NAPS unit at UBC; RNA oligonucleotides were synthesized by Dharmacon and
Trilink Biotech.

The T7 Mega Short Script kit (Ambion) was used for in vitro

transcription of ribozyme RNA. Reverse transcription reactions were carried out using
the SuperScript II kit (Invitrogen). The α- and γ-32P-ATP were purchased from PerkinElmer, polynucleotide kinase from New England Biolabs, and RNase T1 and RNase I
from Fermantas.

5.2.2 Oligonucleotide Preparation
Body labeled hairpin ribozymes were prepared by run-off transcription289 from
synthetic DNA templates in the presence of α-32P-ATP. The DNA transcription template
encoded the wild type “EH4” ribozyme sequence:315 5'-pppGGGAAAUAGAGAAGCG
AACCAGAGAAACACACGACGUAAGUCGUGGUACAUUACCUGGUA (mutations
to this sequence are described in the text). Ribozyme mutants containing only canonical
nucleotides were also synthesized by run-off transcription from appropriately modified
DNA templates. All ribozyme transcripts were purified by 10% denaturing PAGE, eluted
with 1% LiClO4/10 mM Tris-HCl (pH 8) for 30 minutes at 65 ˚C, concentrated by
butanol extraction, precipitated with ethanol, resuspended in H2O, and desalted on a G-25
spin column prior to use.

219

The mutant ribozyme in which 2'-deoxy-7-deaza-guanosine replaces the natural
G8 residue was prepared by ligation of a short oligonucleotide containing the synthetic
modification to a truncated, 5'-phosphorylated ribozyme transcript that comprised the
remainder of the ribozyme sequence. The two RNAs to be joined were annealed to a
splint DNA and treated with T4 DNA ligase at 16 ˚C overnight.332 The resulting fulllength hairpin RNA was then d-PAGE purified as above for the other ribozyme
sequences, and 5'-32P labeled using T4 polynucleotide kinase and γ-32P-ATP.
The 2'-amino substrate analogue was synthesized by automated solid phase
synthesis, purified by 20% d-PAGE, and eluted and desalted as described above for
ribozyme sequences.

The 2'-amino substrate analogue sequence was: 5'-UCGC-Z-

GUCCUAUUU where Z is 2'-deoxy-2'-amino-cytidine. The affinity label was prepared
by bromoacetylating this substrate analogue, as described in Section 2.2.3.

5.2.3 Ribozyme Affinity Labeling Reactions
Alkylation reactions were performed with 5'-32P-labeled ribozyme and unlabeled
affinity label oligonucleotide in 50 mM sodium borate (for pH 8, 8.5, and 9) or sodium
cacodylate (for pH 7.5) buffer with 50 mM MgCl2. Reactions were conducted in the dark
at room temperature (21-22 ˚C).

The ribozyme concentration was 5 μM and the

concentration of substrate analogue was 5.5 μM. Reactions aliquots were quenched by
mixing with two volumes of 90% formamide/50 mM EDTA/0.01% xylene cyanol/0.01%
bromophenol blue. Reaction products were resolved by 10% d-PAGE and quantified by
phosphorimagery (Imagequant v5.2).
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5.2.4 Reverse Transcription Footprinting of the Alkylation Site
Alkylated wildtype and G8A mutant hammerhead ribozyme were excised from
the gel, eluted, and desalted as described above for ribozymes. A trace (< 1 pmol) of 5'32

P-labeled RT primer (5'-32P-GTCGTGTGTTTCTC) was then annealed to alkylated

ribozyme template (~5 pmol, d-PAGE purified).

Following the manufacturer’s

instructions, primer and template were combined in Superscript II buffer, heated to 65 °C
for 2 minutes, and then cooled on ice briefly. The following components were then
added to the reaction mixture: dATP, dCTP, dGTP, dTTP (each to 250 μM), DTT (to 10
mM), 200 units Superscript III reverse transcriptase, and 1 unit RNase inhibitor.
For dideoxy sequencing reactions unmodified ribozyme (10 pmol) was used as
template RNA.

The dideoxy nucleotide triphosphates (ddATP, ddCTP, ddGTP, or

ddTTP) were added separately to each of four reactions to a concentration of 750 μM; in
each case, the corresponding nucleotide triphosphate concentration was also lowered to
125 μM (the other three nucleotide triphosphates were maintained at 250 μM).
All reactions were incubated at 53 °C for 30 minutes, and were then terminated by
adding two volumes of 90% formamide/50 mM EDTA/0.01% xylene cyanol/0.01%
bromophenol blue. Prior to analysis by high resolution 10% d-PAGE, the samples were
heated to 95 °C for 10 minutes and placed on ice to denature the RNA:DNA heteroduplex that results from reverse transcription,

5.2.5 Alkaline Footprinting of the Alkylation Site
Prior to bromoacetylation, the 2'-amino substrate analogue was 5'-phophorylated
using unlabeled ATP and T4 polynucleotide kinase. The sample was extracted twice
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with phenol/chloroform, precipitated with ethanol, and desalted on a G-25 spin column.
Following transcription, the ribozyme was 5'-dephosphorylated by treatment with shrimp
alkaline phosphatase; the reaction was terminated by heat inactivation of the enzyme (65°
for 10 minutes), after which the sample was extracted twice with phenol/chloroform,
precipitated with ethanol, and desalted by G-25 spin column. The ribozyme was reacted
with the 5'-phosphorylated, bromoacetylated substrate analogue as described above (at
pH 8 for ~48 hours), on larger scale (1-2 nmol ribozyme). The reactions were terminated
by the addition of EDTA to 50 mM; the samples were then concentrated by butanol
extraction, and precipitated with ethanol. Unlabeled, alkylated hairpin ribozyme was
purified by 10% denaturing PAGE, visualized by UV shadowing, eluted, and desalted as
described for the ribozyme transcripts. The alkylated ribozyme was then radiolabeled
using γ-32P-ATP and T4 polynucleotide kinase, and repurified by 10% d-PAGE. Only
the 5'-end of the ribozyme is radiolabeled, as the 5'-end of the substrate strand was
previously phosphorylated using unlabeled ATP.
Alkaline footprinting was carried out by treating the 5'-end labeled ribozyme and
alkylated ribozyme samples with 0.5% K2CO3 at 95 ˚C for 3 minutes in a volume of 20
μL.

To generate the G specific cleavage pattern, the 5'-end labeled ribozyme was

combined with 5 nmol of carrier RNA (a synthetic 16-mer oligonucleotide: 5'GCGUGCCCGUCUGUUdG) in 10 μL of 1 mM Tris-HCl (pH 7.5) and treated with 1
unit of RNase T1 at 37˚C for 4 min. Reactions were terminated by adding 40 μL of 90%
formamide/50 mM EDTA/0.01% xylene cyanol/0.01% bromophenol blue.

The

footprinting samples were analyzed immediately on 20% d-PAGE sequencing gels run at
40 W.
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5.2.6 Nuclease Digestion/MALDI-TOF Mass Spectrometry
Approximately 2 nmol of alkylated hairpin ribozyme was prepared and purified as
described in Section 5.2.3. Following elution from the gel, the sample was ethanol
precipitated, resuspended in water, and G-25 desalted.

Digestion of the alkylated

ribozyme was then carried out by adding 200 units each of RNase T1 and RNase I, and
incubating the mixture at 37 °C for 2 hours. The sample was then further desalted by
incubating the sample at room temperature for one hour with a small portion of cation
exchange beads (Bio-Rad AG50W-X8 resin, NH4+ form). The MALDI-TOF matrix used
consisted of an 8:2 mixture of a 0.5 M solution of trihydroxyacetophenone in ethanol and
a 2.4 % aqueous solution of ammonium citrate. The matrix was combined in a 1:1 ratio
with the aqueous digestion sample on the MALDI-TOF target and allowed to air dry at
room temperature. MALDI-TOF spectra were recorded on a Bruker Biflex II instrument
in reflexive negative ion mode.
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5.3 RESULTS
5.3.1 Hairpin Ribozyme Affinity Labeling
Reaction of the 2'-bromoacetamide substrate analogue with the trans-acting EH4
hairpin ribozyme315 yielded a significant amount of a single crosslinked product of higher
molecular weight than the ribozyme (Figure 5.5). As in the case of the hammerhead
ribozyme, the yield of the ribozyme alkylation reaction was highest when a slight excess
of substrate analogue over hairpin ribozyme was used. The rate and extent of wildtype
hairpin ribozyme alkylation was significantly diminished relative to that observed for
either of the two hammerhead ribozyme alkylation products under similar conditions. It
should be noted that the less efficient alkylation of the hairpin ribozyme cannot be
attributed to poor bromoacetylation yield in the preparation of the affinity label (the gel
shift assay data in Section 2.3.1 clearly indicate a yield of ~85%).

Affinity label

inactivation via self-alkylation in the context of a folded structure unique to this substrate
sequence is another potential explanation for poor alkylation activity. However, this
possibility is ruled out by the fact that alkylation of the G8A hairpin mutant is observed
to proceed at a greater rate and to a greater extent, more closely resembling the results of
the hammerhead alkylation reaction.
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Figure 5.5: Observation of higher molecular weight, crosslinked species upon reaction of
5'-32P-labeled hairpin ribozymes with the 2'-bromoacetamido affinity label. The fraction
alkylated at each time point is indicated for alkylation of (A) wildtype, (B) G8A, and (C)
7-deaza-dG8 ribozymes, each in 50 mM MgCl2, 50 mM Na-cacodylate pH 7.5.
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5.3.2 Reverse Transcription Footprinting of the Alkylation Site
Initially, the site of hairpin ribozyme alkylation was probed using a reverse
transcription (RT) footprinting assay (Figure 5.6). This technique relies on the premature
termination of reverse transcription caused by chemically modified nucleotides in the
RNA template.

Most commonly, cDNA polymerization terminates at the template

nucleotide immediately preceding the site of chemical modification; that is, the last
efficiently incorporated cDNA nucleotide complements the template nucleotide
immediately preceding the modified nucleotide (at its 3'-side). This termination pattern is
observed for a wide variety of chemical modifications of RNA.

Obviously, the

modification of functional groups involved in Watson-Crick base pairing (such as
alkylation of N3 of C or N1 of A by dimethyl-sulphate333, 334) very effectively disrupts the
incorporation of a complementary cDNA nucleotide.335 Although not directly disruptive
to base pairing, purine N7 adducts (such as carboxyethylation of A333 or platination of
G336) lead to the same RT-termination pattern. The most comparable RNA lesions to the
alkylation linkage in this work that have been probed by RT-footprinting are photoinduced interstrand crosslinks.337,
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Surprisingly, even in the case of such large

oligonucleotide adduct structures, the same RT termination pattern is observed as for the
aforementioned small molecule RNA modifications. The RT footprinting data for the
alkylation linkage characterized here are therefore interpreted in this same way.
The 5'-32P-labeled primer used for RT-footprinting analysis of the alkylated
hairpin ribozyme hybridizes to the ribozyme sequence such that the first nucleotide
incorporated at the 3'-terminus of the primer (dT) is complementary A18 of the ribozyme
sequence (the primer binding site is highlighted in Figure 5.1). Based on the crystal
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structure, we hypothesized that alkylation was occurring at or near G8; therefore, the
primer binding site was chosen such that cDNA products terminated near G8 could be
readily separated by d-PAGE, with high resolution. It should be noted that this analysis
cannot detect any alkylation lesions occurring in the sequence from A18 to the 3'-end of
the ribozyme. Dideoxy-nucleotide terminated cDNA products served as electrophoretic
mobility standards in d-PAGE analysis of cDNA resulting from footprinting experiments.
Reverse transcription of the alkylated hairpin ribozyme was most prominently
terminated following incorporation of the cDNA nucleotide complementary to A9, with
minor incorporation of a further nucleotide complementary to G8 in the wildtype or A8 in
the G8A mutant (Figure 5.6, Lanes 5 & 6). These termination sites must be attributed to
the presence of the alkylation linkage, because no natural arrest of reverse transcription
was observed at these sites in the dideoxy sequencing lanes, in which unmodified hairpin
ribozyme was used as the RT template. Surprisingly, very minor incorporation of several
more nucleotides beyond G8, and even a small amount of cDNA polymerization to the
end of the ribozyme template were observed. Clearly, A9 is the last ribozyme nucleotide
for which a complementary nucleotide is efficiently incorporated by reverse transcriptase.
This arrest at A9 is therefore consistent with alkylation of G8, assuming that reverse
transcription is terminated by the novel alkylation linkage in the same way as for the
other RNA crosslinks studied previously.
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Figure 5.6: Reverse transcription footprinting assay (using a 5'-32P-labeled primer) to
locate the alkylation linkage on the hairpin ribozyme (the primer binding site is indicated
in Figure 5.1). Lanes 1-4: sequencing by dideoxy termination of (non-alkylated) hairpin
ribozyme template. The dideoxy nucleotide (ddX) triphosphate included in each reaction
is indicated, along with the complementary nucleotide in the RNA template sequence.
Lanes 5 & 6: Reverse transcription of alkylated G8A and wildtype ribozymes
respectively.
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1
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2
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3
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A
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Alk
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5

Alk
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5.3.3 Alkaline Footprinting of the Alkylation Site
To locate the alkylation site with greater certainty, the d-PAGE purified, 5'-32P
labeled alkylated ribozyme was subjected to alkaline footprinting analysis (see Figure 4.5
for explanation).

The dramatic increase in molecular weight of the 5-32P-labeled

cleavage fragments above A7 in the cleavage ladder for the alkylated ribozyme (Figure
5.7, Lane 3) indicates that G8 is the site of hairpin ribozyme alkylation. The abrupt
disruption of the ribozyme cleavage ladder due to G8 alkylation is not as clean as that
observed in footprinting the alkylated hammerhead ribozyme. The faint cleavage bands
observed immediately above A7 are likely due to minor alkaline degradation of the RNA
substrate strand (in the case of hammerhead alkylation, substrate strand degradation was
suppressed by the use of DNA affinity labels). Also, a very small amount of alkylation
linkage to A9 could be consistent with the footprinting data, although no such linkage
was identified by enzymatic digestion/MALDI-TOF fragment analysis (vide infra).
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Figure 5.7: (A) Alkaline footprinting analysis with 5'-32P-labeled hairpin ribozyme.
Lane 1: Untreated alkylated ribozyme; Lane 2: Untreated ribozyme; Lane 3: Alkylated
ribozyme treated with 0.5% K2CO3; Lane 4: Ribozyme treated with 0.5% K2CO3; Lane 5:
Ribozyme treated with RNase T1. (B) Quantitative analysis of autoradiography data in
panel (A).
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5.3.4 Enzymatic Digestion/MALDI-TOF Mass Spectrometric Analysis
of the Alkylation Site
The alkylation of a G residue was also confirmed by MALDI-TOF mass
spectrometric analysis of alkylated ribozyme fragments that were generated by nonspecific nuclease digestion in the presence of RNase T1 and RNase I (Figures 5.8, Table
5.1). The digestion fragment that proves alkylation at a G residue is shown in Figure
5.9A (note that identification of this fragment does not identify which G in the hairpin
sequence is alkylated). In both fragments that were assigned to contain the alkylation
linkage, two nucleotides are necessarily derived from the substrate analogue strand
because the G residue immediately to the 3'-side of the 2'-acetamide linkage cannot be
removed by the nucleases (the presence of the 2'-acetamide linkage precludes 2'transesterification, which prevents ribonuclease cleavage of the adjacent phosphodiester
bond). One other digestion fragment assigned to contain the alkylation linkage was
identified; this larger fragment does not indicate which nucleotide is alkylated, but the
assigned sequence from the ribozyme strand is consistent with G8 alkylation (Figure
5.9B). Thus the MALDI-TOF data are in agreement with the footprinting data which
indicate alkylation at G8. It should also be noted that no digestion fragments could be
assigned that would indicate alkylation of any ribozyme residue other than G.

231

Figure 5.8: MALDI-TOF spectrum obtained for nuclease digested samples of alkylated
hairpin ribozyme. The region of the spectrum from m/z = 930 it 1110 is magnified in the
inset.
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Table 5.1: Predicted and observed m/z values and sequence assignments for the digestion
fragments observed in the MALDI-TOF spectra shown in Figure 5.8.
Peak Number

Observed m/z a

Predicted m/z a

Assignment

1

572.3

572.1

UpAb

2

667.3

667.1

CpGp

3

691.2

691.1

ApGp

4

973.2

973.1

CpUpGp

5

978.1

978.1

CpApG>pc

6

996.2

996.1

CpApGp

7

1020.2

1020.2

ApApGp

8

1067.7

1069.2

See Figure 5.9A below

9

1326.1

1326.2

UpApApGp

10

1959.5

1959.3

ApApCpCpApGp

11

1984.4

1984.3

ApApApUpApGp

12

2406.5

2406.3

UpCpCpUpApUpUpUd

13

2706.5

2706.4

See Figure 5.9B below

14

2905.0

2904.4

ApApApCpApCpApCpG>pc

15

2922.4

2922.4

ApApApCpApCpApCpGp

a

m/z values reflect deprotonated, negatively charged molecular ions [M-H]-.
b
This fragment represents the 3'-terminus of the ribozyme and therefore lacks a 3'phosphate.
c
>p denotes a 2',3'-cyclic phosphate terminated sequence.
d
This fragment represents the 3'-terminus of the substrate analogue and therefore lacks a
3'-phosphate.
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Figure 5.9: Structures assigned to the digestion fragments observed by MALDI-TOF
analysis in Figure 5.8 whose m/z values are consistent with the presence of the alkylation
linkage.
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5.3.5 Properties of the Alkylation Reaction
The correlation of the properties of the hairpin alkylation and cleavage reactions
was examined with regard to the effects of reaction conditions, ribozyme mutations, and
a competitive inhibitor (Figure 5.10 and Table 5.2).

First, prior addition of a

stoichiometric quantity of unreactive 2'-amino substrate analogue was found to
essentially inhibit alkylation of the ribozyme by the affinity label.

This result

demonstrates that the alkylation reaction depends upon normal binding to the ribozyme of
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the affinity label (in place of the substrate). Like the catalytic reaction, alkylation was
almost completely inhibited in low ionic strength buffer lacking Mg2+, which is necessary
for tertiary structure formation and catalysis.

We also observed that the extent of

alkylation was significantly diminished by the C25A mutation, which is known to inhibit
tertiary structure formation (and catalysis) by disrupting the interdomain base pair formed
between C25 and G(-1) residues of the ribozyme and substrate, respectively (see Figure
5.1).311 While a lower extent of alkylation is consistent with the fact that a small
proportion of C25A ribozyme forms the active (docked) conformation, this effect is not
as dramatic as the reduction in the native catalytic acitivity.311, 324 It is also perplexing
that the first order and initial rate constants for C25A mutant alkylation appear to slightly
exceed those of wildtype alkylation, despite the lowered endpoint.

Perhaps by

coincidence G8 is better positioned for alkylation, but not catalysis, in the small
proportion of C25A ribozyme in which the two domains are docked.

Overall, the

properties of the G8 alkylation reaction appear to reflect the properties of the native
cleavage reaction, for the most part.

This suggests that alkylation occurs, at least

primarily, when the ribozyme is folded in a catalytically competent conformation in the
presence of Mg2+.
Given that G8 was identified convincingly as the site of alkylation by footprinting
analysis, we examined the effects of G8 mutation in an effort to assign the position of
alkylation on this residue. Previous studies have established that the N7 position is
generally the most reactive nucleophile of free guanosine with respect to simple
alkylating agents (such as dimethyl-sulphate) under neutral conditions.220, 339, 340 Of the
other possible nucleophilic sites on guanosine, N3 is alkylated to a lesser extent, and N1
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and the exocyclic N2 are not alkylated appreciably under neutral conditions.220, 339, 340
With a pKa of 9.4,237 the alkylation of anionic N1 can be enhanced in alkaline solution,339
or under neutral conditions when the N1 pKa is perturbed downward in the active site of a
ribozyme, such as in the case of hammerhead G12 alkylation.
In light of the noted nucleophilicity of the N7 position of free guanine under
neutral conditions, we first determined whether this was the site of G8 alkylation in the
hairpin ribozyme. Alkylation of N7 of G8 would likely be entirely unrelated to general
base catalysis because: 1) a 7-deaza-deoxyguanosine substitution has only a minor effect
on catalysis,324 and 2) the N7 position of G8 is not in close proximity to the scissile 2'hydroxyl in the crystal structure, and is thus unlikely to participate directly in catalysis.319
In order to determine whether N7 of G8 had been alkylated, an active mutant ribozyme
was synthesized where 2'-deoxy-7-deaza-guanosine replaced G8 (referred to as “dG8c7”).
This mutant showed very similar alkylation activity to the wildtype ribozyme (Figure
5.10), which demonstrates convincingly that N7 of G8 is not alkylated in the wildtype
ribozyme. Note also that the 2'-deoxy substitution in this mutant is also inconsequential
for alkylation, which rules out the unlikely possibility that the 2'-oxygen of G8 is
alkylated.
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Figure 5.10: Kinetic plots of hairpin ribozyme alkylation under various conditions and or
for ribozyme mutants. Unless otherwise stated, reactions were in 50 mM Na-Cacodylate
pH 7.5, 50 mM MgCl2, for wildtype (◊), dG8c7 (□), G8A ( ), C25A ( ), Wiltype in the
presence of unreactive 2'-NH2 substrate analogue ( ), and Wildtype in the absence of
Mg2+ (○).
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Alkylation of a G8A ribozyme mutant was also examined (Figure 5.10) to further
refine the assignment of the alkylation site. The G8A mutation is detrimental to catalytic
activity,324 but led to much enhanced alkylation activity relative to the wild type
ribozymes, under the same conditions. This contrast appears to reflect the differing N1
protonation states of free adenosine and guanosine; the N1 position of free adenosine is
fully deprotonated (pKa of the conjugate acid of N1 is 3.5125) and is readily alkylated in
neutral solution340, 341, whereas N1 of free guanosine is largely protonated (with an N1
pKa 9.4125) and is therefore much less nucleophilic. Aside from N7, which is ruled out
above, alkylation of N3 of either A8 or G8 is also plausible, as these positions are fully

237

deprotonated at neutral pH in both cases. However, N3 alkylation is inconsistent with the
marked enhancement of alkylation for the G8A mutant.220

Also, from a structural

perspective, the crystallographic data of the hairpin ribozyme suggest that N1 is the site
alkylation and not N3 (See Figures 5.2 and 5.3).319 Finally, I note that the increase in
hairpin alkylation rate in the G8A mutant is very similar to difference in alkylation rate of
N1-protonated G12 (at pH <7) and N1-deprotonated A12 in the hammerhead ribozyme
(G to A mutation increases the alkylation rate by slightly greater than one order of
magnitude in both cases). Overall there is an abundant reason to assign the site of hairpin
alkylation to N1 of G8.
The pH-dependence of the rate constant and the extent of reaction for G8
alkylation were also examined for signs of N1 titration (Figure 5.11 and Table 5.2).
Hairpin alkylation activity, as gauged by any of first order rate constants, initial rates, or
maximal extent of alkylation, increased only slightly with increasing pH from 7.5 to 9.
These results clearly contrast with the log-linear increase (slope ~1) observed for
hammerhead G12 alkylation over the same pH range (see Section 5.4 for discussion).
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Table 5.2: Rate constants and extents of reaction for the hairpin ribozyme affinity
labeling in 50 mM Na-Cacodylate pH 7.5, 50 mM MgCl2.

1st Order
Rate Constant a
(hr -1)

Maximum Fraction
Alkylated (P∞)

Initial Rate
Constant (hr -1) b

pH 7.5

0.024

0.22

0.0053

pH 8.0

0.025

0.25

0.0063

pH 8.5

0.026

0.31

0.0081

pH 9.0

0.029

0.31

0.0090

G8A pH 7.5

0.16

0.53

0.085

dG8c7 pH 7.5

0.034

0.24

0.0082

C25A pH 7.5

0.049

0.13

0.0064

Ribozyme/
Conditions
Wildtype:

a

1st order rate constants, kobs, determined by fitting the data in Figures 5.10 and 5.11





to P  P 1  e  kobst .
b

Initial rate constants estimated using the fitted first order rate constants (kobs) and

endpoints (P∞) using dP dt  P kobse

 k obst

= kinitial, where t was set to zero, such that P =

kinitial t, where kinitial would be the slope of a plot at early time points of product formed
(note that P is expressed of a fraction of reactant converted to product).
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Fraction Ribozyme Alkylated

Figure 5.11: (A) Plots of the progress of wildtype hairpin ribozyme alkylation in 50 mM
MgCl2 and 50 mM buffer at pH 7.5 (◊), pH 8.0 ( ), pH 8.5 (□), and pH 9.0 (○). (B)
Logarithmic plot of the pH-depndence of the reaction endpoint (P∞) ( ), the first order
alkylation rate constant determined by fitting the data in Panel A (○), and the initial rate
constant (□), estimated as described in the Table 5.1 footnotes. For comparison, a loglinear plot with slope of 1 is included (dashed line).
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5.4 DISCUSSION AND CONCLUSIONS
The hairpin ribozyme affinity labeling reaction proceeds under the same
conditions that support the normal hairpin ribozyme cleavage reaction. Like the cleavage
reaction, alkylation is diminished when affinity label binding is inhibited by competition
with a non-reactive substrate analogue, or when ribozyme tertiary structure formation is
inhibited 1) in low ionic strength buffer that lacks Mg2+, or 2) by the C25A mutation.
Therefore, as concluded for alkylation of the hammerhead G12 residue, the hairpin
alkylation reaction appears to proceed in the context of a catalytically active
conformation.
Unlike the hammerhead ribozyme, only one alkylation product could be detected
in the hairpin-substrate complex. G8 appears to be the sole hairpin ribozyme alkylation
site, based on the results reverse transcription and alkaline footprinting analyses, as well
as MALDI analysis of the ribonuclease digestion fragments of the alkylated ribozyme.
The increased alkylation activity for the G8A mutant, as well as the indifference of
alkylation activity toward N7-deaza-dG8 substitution implicate N1 of G8 as the
alkylation site. Therefore, my results confirm that, in solution, N1 of G8 is in close
proximity to the scissile 2'-hydroxyl, as observed in the crystal structures.238, 239, 318, 319
These results, along with the biochemical data,

23, 324-326, 330

leave little doubt that N1 of

G8 is an active participant in hairpin catalysis.
With regard to mechanistic implications, the most salient results reported here
concern the lack of a strong pH-dependence for the hairpin alkylation reaction. This
finding clearly contrasts with the log-linear increase in the rate of hammerhead G12
alkylation with increasing pH. Evidently, hairpin G8 alkylation is dominated by a pH-
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independent electrophilic aromatic substitution-like mechanism, as proposed to dominate
below pH ~7 for hammerhead G12 alkylation. It is therefore clear that G8 exists in its
N1 deprotonated form to just a very small extent, even up to pH 9, whereas the
hammerhead G12 appears to become nearly fully deprotonated by pH 8.5. Given that the
log-linear increase in hammerhead alkylation persisted for ~1.5 pH units below the
estimated G12 pKa, it follows that the pKa of G8 must be >10, if a similar titration is to be
expected as G8 becomes deprotonated. Clearly the pKa of the hairpin G8 is much higher
than that of the hammerhead G12, at least in the context of the alkylation reaction. Note
that it is certainly possible that the presence of the bromoacetamide probe could disrupt
the hairpin active site structure in particular, so as to alter the pKa’s of active site residues
relative to those expressed in the context of catalysis.
Overall, my data strongly suggest that the higher pKa (>9) titration in the catalytic
pH-rate profile should be attributed to G8 deprotonation, a suggestion which has
subsequently been confirmed by the 8-aza-G8 titration studies of Fedor and coworkers
(vide supra).330 Neither of these results, however, clarify whether G8 deprotonation
activates catalysis (as in Figure 5.4B where G8 acts as general base) or deactivates
catalysis (as in Figure 5.4A where G8 donates a hydrogen bond to the scissile 2'-oxygen).
At the very least, the contrast between hammerhead and hairpin alkylation pH-rate
profiles suggests that G12 in the hammerhead would seem to be much better adapted (in
terms of N1 pKa) for general base catalysis than G8 in the hairpin. In other words, it
would seem surprising that, with such a high pKa, G8 could function efficiently as a
general base (with a pKa >10, less than 0.01% of G8 would exist in the active, N1
deprotonated form at neutral pH);330 however, Bevilacqua has cautioned that surprisingly
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efficient catalysis is possible, even when the pKa’s of catalytic residues would seem far
from ideal.23
Considering the simulations shown in Figure 5.4, it appears that the pH-rate
profile for hairpin catalysis must include a titration attributable to a specific of general
base; whether this titration is attributable to G8 or another species is the point of
contention. My data certainly help to correlate the high pKa titration in the hairpin
catalytic pH-rate profile with G8 deprotonation, but the role of G8 still cannot be
definitively assigned. Indeed, the distinction between the two limiting cases for the
catalytic role of G8 general base may be moot: it is possible that the two protonation
states for G8 could rapidly equilibrate with the aid of a specific or general base catalyst
prior to rate limiting nucleophilic attack of the 2'-oxygen on the scissile phosphate
(Figure 5.12). If this were the case, considering the pKa values for water, the 2'-OH, and
the N1 of G8, the N1-deprotonated state for G8 should be thermodynamically favoured
(Figure 5.12, at right). Therefore, despite its considerably higher pKa and its different
alkylation pH-rate profile, the hairpin G8 may indeed function as a general base in its
anionic form to deprotonate the scissile 2'-OH, much like the hammerhead G12.
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Figure 5.12: The two limiting cases proposed in the literature23, 158, 324 for the role hairpin
G8 (see Figure 5.4A & B) could be rapidly interconverting with the aid of a specific or
general base prior to nucleophilic attack by the 2'-oxygen. The pKa’s for the protonation
sites of interest are indicated in blue text. The protonation state depicted at right is
thermodynamically favoured.
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Future studies should apply the 2'-bromoacetamide affinity label to other small
nucleolytic ribozymes, as well as to RNA cleaving DNAzymes. The GlmS ribozyme is
of particular interest in this regard, as recent biochemical342 and crystal structure343, 344
data suggest that the N1 position of an active site guanine residue is positioned near the
scissile 2'-hydroxyl, as in the hammerhead and hairpin ribozymes. As in the case of the
hairpin ribozyme, it is unclear whether this guanine acts directly as a general base, or
whether it provides transition state stabilization in its N1-protonated form.

Also,

although no crystal structure yet exists, biophysical evidence has been presented that
again implicates a particular active site guanine N1 position in general acid or base
chemistry in the VS ribozyme.345 Overall, the participation of guanine in 2'-hydroxyl
activation appears to be emerging as a recurring theme in natural ribozyme mechanisms,
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and 2'-bromoacetamide affinity labeling should be useful in characterizing this
phenomenon further.
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