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ABSTRACT

The hairpin ribozyme acts as a reversible, site-specific endoribonuclease that ligates much more rapidly than it cleaves cognate
substrate. While the reaction pathway for ligation is the reversal of cleavage, little is known about the atomic and electrostatic
details of the two processes. Here, we report the functional consequences of molecular substitutions of A9 and A10, two highly
conserved nucleobases located adjacent to the hairpin ribozyme active site, using G, C, U, 2-aminopurine, 2,6-diaminopurine,
purine, and inosine. Cleavage and ligation kinetics were analyzed, tertiary folding was monitored by hydroxyl radical
footprinting, and interdomain docking was studied by native gel electrophoresis. We determined that nucleobase substitutions
that exhibit significant levels of interference with tertiary folding and interdomain docking have relatively large inhibitory
effects on ligation rates while showing little inhibition of cleavage. Indeed, one variant, A10G, showed a fivefold enhancement
of cleavage rate and no detectable ligation, and we suggest that this property may be uniquely well suited to intracellular
targeted RNA cleavage applications. Results support a model in which formation of a kinetically stable tertiary structure is
essential for ligation of the hairpin ribozyme, but is not necessary for cleavage.
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INTRODUCTION

The hairpin ribozyme is derived from the negative strand of
the tobacco ring spot virus satellite RNA (Buzayan et al.
1986b). It catalyzes a reversible, site-specific cleavage and
ligation reaction by transesterification (Fig. 1). The sec-
ondary structure of the hairpin ribozyme consists of two
domains, A and B (Hampel and Tritz 1989), each com-
posed of an internal loop flanked by two helices. These two
domains must associate through tertiary interactions
(‘‘dock’’) to form an active complex (Esteban et al. 1997,
1998; Walter et al. 1998). In nature, the two domains are
joined as a four-way helical junction (4WJ) (Buzayan et al.
1986a), of which only the two domains and a two-way
helical junction (2WJ) are required to form a functional

minimal hairpin ribozyme (Hampel and Tritz 1989;
Hampel et al. 1990). The two domains are also capable of
interacting when unconnected strands are provided sepa-
rately. These features provide investigators with the ability
to study the ribozyme as a native 4WJ construct, minimal
2WJ, or as separated domains (Butcher et al. 1995; Hampel
et al. 1998).

The cleavage reaction yields products with 29, 39-cyclic
phosphate and 59-OH termini (Buzayan et al. 1986b). The
reverse reaction, ligation, is favored, and its rate is at least
10 times faster than that of cleavage (Hegg and Fedor 1995;
Esteban et al. 1997; Fedor 1999). Most studies have con-
centrated on the cleavage reaction of the ribozyme. Less
attention has been focused on ligation, which is assumed to
be a microscopic reversal of the cleavage reaction (Buzayan
et al. 1988a,b; Chowrira et al. 1993; Nesbitt et al. 1997).
Docking studies of the ribozyme with cleavage products
have proven difficult due to the technical challenges
involved. Similarly, residues important for ligation have
not been meticulously established. An observation in our
laboratory that a ribozyme with an A9G substitution ligated
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poorly although its cleavage activity was unaffected sug-
gested that certain nucleotides in the ribozyme might be
important for ligation but not cleavage. This observation
led to the present study.

In order for the ligation reaction to occur, the products
must bind the ribozyme, the two ribozyme domains must
associate, and the ends of the products must be correctly
aligned for an SN2 reaction. Two laboratories have recently
solved three-dimensional crystal structures of the hairpin
ribozyme, one using the naturally occurring four-way
junction ribozyme fused to a binding site for U1A protein
and cocrystallized with the protein (Fig. 1C; Rupert and
Ferré-D’Amaré 2001; Rupert et al. 2002), the other using
two protein-free constructs consisting of the minimal
ribozyme–substrate complex (Salter et al. 2006; Torelli
et al. 2007). In each structure, the active sites had generally
similar conformations. The active site of the hairpin
ribozyme is composed of G8, A38, C25, A9, and A10 plus
the substrate nucleotides at the reaction sites, G + 1 and
A � 1 (Fig. 1C; Berzal-Herranz et al. 1993; Rupert and
Ferré-D’Amaré 2001; Salter et al. 2006; Torelli et al. 2007).
G8 and A38 are proposed to be directly involved in the

reaction chemistry (Fedor 2000; Pinard et al. 2001; Rupert
and Ferré-D’Amaré 2001).

A9 and A10 interact less intimately with the reaction site,
and their roles in supporting catalysis are less clear. G + 1
flips out from the substrate strand to make an essential
interdomain base pair with C25, an interaction that is
important for the domain docking (Pinard et al. 1999). The
exocyclic 6-amino group of A9 is proposed to form
hydrogen bonds with the N3 of A � 1 and with one of
the nonbridging oxygens of the scissile bond (Rupert and
Ferré-D’Amaré 2001; Rupert et al. 2002), while A10 is part
of the ribose zipper in which its 29 OH interacts with the
sugar of C25 (Klostermeier and Millar 2001). A10 is located
within the active site, but in the crystal structures it is not
close enough to make direct interactions with any of the
reactants (Fig. 1C; Rupert and Ferré-D’Amaré 2001; Rupert
et al. 2002). In the recent crystal structure (Salter et al.
2006; Torelli et al. 2007) the authors propose water-
mediated interactions of the exocyclic amino group and
the N1 of A10 with A38, and also interactions of the N1 of
A9 with the exocyclic amino group of G + 1 through water
molecules. A water molecule (W52) that was proposed to

FIGURE 1. Ribozyme constructs, reactions, and nucleobase variants. (A) Secondary structure of the SV5 hairpin ribozyme used in this study.
Loops A and B and individual strands are indicated and color coded. Cleavage site on the substrate (S) is indicated with an arrow and the
products (39p and 59p) are shown with their respective end groups. Nucleotides at positions 9 and 10 (bold) in the 59 ribozyme strand (59 Rz)
were individually substituted with nucleobases as shown in B. (B) Structures of the nucleobases used in this study, with their respective N1 pKA

values. (C) Model of the active site and the nucleotides surrounding A9 and A10 with potential hydrogen bonds. Adapted from crystal structure,
1M5O (Rupert et al. 2002).
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mediate an interaction between exocyclic amino groups
of A9 and A38 (Salter et al. 2006) is now interpreted as a
nonbridging oxygen in the newer crystal structure (2P7E)
(Torelli et al. 2007).

Previous studies have generally viewed the ligation
reaction as a microscopic reversal of the cleavage reaction
in the hairpin ribozyme (Buzayan et al. 1986b; Buzayan
et al. 1988a; Chowrira et al. 1993; Nesbitt et al. 1997). How-
ever, relatively few studies have specifically addressed the
differences between the requirements for cleavage and
ligation. Nucleotide analog interference mapping (NAIM)
studies of the hairpin ribozyme showed inhibition of the
ligation reaction when A9 and A10 were substituted
with phosphorothioate nucleotide analogs (Ryder and
Strobel 1999). These findings suggested a role for A9 and
A10 in catalysis; in particular, A10 was proposed to
undergo a catalytically important ionization (Ryder et al.
2001).

The ligation reaction presumably requires, in addition
to binding of the products and docking of the two
domains, interactions to orient the ribose moiety of A � 1
with its 29, 39- cyclic phosphate and that of G + 1 with its
59-OH, so that their geometry is appropriate for the
transesterification reaction. In this work, we explore the
requirements for the ligation reaction, in the background of
a well-characterized two-way junction hairpin ribozyme,
and how they compare to the requirements for cleavage.
In the present study, kinetic analysis is supplemented by
hydroxyl radical footprinting and native gel electrophore-
sis, which provide insights into the effects of nucleobase
substitutions on tertiary folding and association of the two
domains of the ribozyme–substrate complex. Our results
indicate that ligation requires a more stably docked com-
plex than cleavage and that the docking of the ribozyme
complex is very sensitive to nucleobase substitutions at the
A9 and A10 positions. Study of the numerous variants also
demonstrated that it is possible to convert a reversible
ribozyme into one whose activity is functionally unidirec-
tional, strongly favoring cleavage under typical reaction
conditions.

RESULTS

Choice of ribozyme constructs

In these studies, we used the well-characterized minimal
ribozyme construct SV5 (Butcher et al. 1995; Sargueil et al.
1995). The minimal ribozyme (containing a two-way
helical junction) was chosen instead of the native ribozyme
(containing a four-way helical junction) because the four-
way junction is known to counteract the effect of many
destabilizing mutations by strongly favoring formation of
the docked, active tertiary structure (Fedor 1999; Walter
et al. 1999; Zhao et al. 2000; Klostermeier and Millar 2001).
Therefore, the minimal construct provides a more sensitive

and appropriate platform with which to probe mutational
effects on activity and tertiary folding.

Reaction conditions: Cleavage versus ligation

Different reaction conditions were used to carry out
cleavage and ligation of the ribozymes. Each reaction was
optimized independently and it was observed that higher
concentrations of the ribozyme strands were required to
saturate the reaction for ligation (Sargueil et al. 2003) while
maintaining the same Mg2+ and buffer concentrations.

Cleavage and ligation kinetics of A9 and A10 variants

Kinetic assays were conducted to determine the effects of
nucleobase substitutions at A9 and A10 on cleavage and
ligation rates (Fig. 2A; Table 1). Under our standard assay
conditions, the unmodified (SV5) ribozyme exhibits an
observed cleavage rate of 0.09 min�1 with 80% cleavage and
an observed ligation rate of 0.68 min�1 with 80% ligation.
A9 and A10 were independently substituted with G, U, C,
2-aminopurine (2AP), 2,6-diaminopurine (DAP), purine
(P), and inosine (I) (Fig. 1B), and cleavage and ligation
rates were monitored. In general, ligation rates were more
significantly affected than were cleavage rates (Fig. 2A;
Table 1).

Pyrimidine substitutions at positions 9 and 10 affected
the ribozyme most severely. Although 70% of the substrate
is cleaved by C9 and U9 variants, the observed rate is slower
than that of the unmodified SV5 construct. No ligation
could be observed in assays with ribozymes containing
C9 or U9 (Fig. 2A; Table 1). In contrast, C10 and U10
substitutions inactivate both cleavage and ligation. The
latter base has the potential to form a Watson–Crick base
pair with cleavage site nucleobase A � 1, thus extending
helix 2 and creating a highly unfavorable active site
geometry that would interfere with the positioning of the
29-OH of A � 1 for inline attack on the scissile cleavage site
phosphorus. Similarly, the C10 variant has the potential to
form a Watson–Crick base pair with the other cleavage site
nucleobase G + 1, with potentially profound catalytic and
structural effects. In the active ribozyme, G + 1 flips out to
make an essential interdomain base pair with C25 (Pinard
et al. 1999), in turn positioning its 59-oxygen for an inline
SN2 reaction. A base pair between C10 and G + 1 could
inhibit activity by preventing docking of the ribozyme.

Purine analogs at position 9 were much less inhibitory
to cleavage, but had dramatic effects on ligation (Fig. 2A;
Table 1). Crystallographic studies show that the exocyclic
amino group of A9 forms hydrogen bonds with the N3 of
A � 1 and one of the nonbridging oxygens of the scissile
bond (Rupert and Ferré-D’Amaré 2001; Rupert et al. 2002).
Substitution of A9 with purine analogs did not significantly
affect the observed cleavage rate or the extent of the
reaction except for G9, which decreased the extent of the
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cleavage reaction to 50%. This suggests that the contacts
between the exocyclic amine of A9 and the cleavage site are
not essential for cleavage in the SV5 construct under the
conditions used in these experiments. Substitution with
other purines (2AP, DAP, I, and P) at position 9 resulted
in no detectable change in the cleavage rate. Strikingly,
ligation was much more sensitive to purine substitutions
(Fig. 2A; Table 1). The extent of the reaction was reduced
fourfold in the ribozymes containing 2AP9 and DAP9
compared to the unmodified SV5 ribozyme (A9), suggest-
ing that the substitution induces a kinetically stable misfold
in a majority of the ribozyme–substrate complex popula-
tion. Together the data argue that the presence of a
2-amino group (2AP and DAP) may interfere with folding

and activity, while the high fraction of ligation and
relatively fast rate of the ribopurine 9 variant (k = 0.28
min�1, reaction extent = 80%) compared to other active
variants argues against an essential role for the 6-amino
group in ligation, especially for folding. Interestingly, the
presence of a keto group at N6 (G9, I9) not only reduced
the rate of ligation, but totally eliminated it. One possibility
is that the keto group might be making some unfavorable
interactions, causing a misfold or improper orientation of
the active site with the products.

Purine analogs at position 10 gave cleavage and ligation
results (Fig. 2A; Table 1) that may be less easily interpret-
able according to existing structural models. The 2AP10
variant cleaves at the same rate as the unmodified A10
ribozyme, and the rates of the P10 and DAP10 variants are
both reduced only twofold. In ligation reactions, the 2AP10
variant functions at nearly the same rate as the unmodified
SV5 ribozyme, while the P10 and DAP10 variants yield
rates around 50% that of unmodified ribozyme. These
results suggest that the crystallographic interactions of
the 6-amino group of A10 are not essential for activity.
Unexpectedly, the ribozyme variant containing G10 cleaves
five times faster than the unmodified ribozyme. Since the
I10 variant cleaves faster than A10 but not as fast as the G10
ribozyme, the maximal cleavage rate appears to require the
presence of both the 2-amino and 6-keto groups of G. The
G10 variant was not reported to be an activating mutation
in previous work (Shippy et al. 1998). The ribozyme used
by Shippy et al. was a cis-acting construct derived from the
wild-type hairpin ribozyme sequence. Cleavage was carried
out at 37°C in transcription reactions. This combination of
construct and conditions may enhance the negative effects
of nucleotide variants. In contrast to its enhanced cleavage
activity, the ligation reaction of the G10 variant was very
strongly inhibited, proceeding at an undetectable rate, as
did that of the I10 variant. One possible explanation for
lack of ligation by the G10 ribozyme could be that the N1 is
unlikely to be ionized, as previously suggested for A10 by
studies using the wild-type ribozyme (Ryder et al. 2001).
Ligation rates of ribozymes substituted with DAP10 (pKA =
5.1) over a pH range of 4.5–8 were compared with those of
A10 (pKA = 3.5). If the protonation of N1 were essential for
ligation, the increase in ligation rate would occur at a
higher pH for DAP10 than the unmodified ribozyme.
However, the ligation rate versus pH plot (Fig. 2B) did
not show a significant shift (apparent pKA of the A10
reaction = 5.9, and that of the DAP10 reaction = 6.0);
hence, we conclude that in the SV5 ribozyme, the pro-
tonation of the base at position 10 is probably not essential
and not the reason for failure of ligation in the G10 variant.
The reaction catalyzed by the G10 variant of the hairpin
ribozyme appears to be shifted very strongly toward
cleavage, whereas the unmodified SV5 and native four-
way junction ribozymes strongly favor ligation. Biotech-
nology implications of these findings are discussed below.

FIGURE 2. Cleavage and ligation rates for the hairpin ribozyme
variants. (A) Reactions were carried out in the presence of 15 mM
MgCl2 and 50 mM HEPES/NaOH at pH 7.0 (cleavage) and pH 7.5
(ligation) at ribozyme concentrations as mentioned in Materials and
Methods for optimal rates. Values above each of the bars represent the
extent of the reaction. Asterisk denotes catalytic rate #0.001 min�1.
Experiments were repeated at least three times for each variant, and
the experimental variation did not exceed z15% for the reaction rates
and the amplitudes (Table 1). (B) Ligation rate–pH profile of
unmodified, (A10) (black squares) and DAP10 (gray circles) variant.
Reaction rates were determined under standard conditions of 50 mM
reaction buffer and 15 mM MgCl2 at 25°C as described in Materials
and Methods. Buffers used over the pH range include MES buffers for
pH 4.5–6.5 and HEPES/NaOH for pH 7–8.
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Tertiary folding assays

Modifications to ribozymes that inhibit catalytic activity
may do so by inhibiting folding to the native tertiary structure
or by inhibiting a step (presumably chemical) that follows
tertiary structure formation. To distinguish these possibilities,
we employ two assays—hydroxyl radical footprinting and
native gel electrophoresis. The methods are highly comple-
mentary, but each has its advantages and disadvantages.

Hydroxyl radical protection has the advantage of single
nucleotide resolution, but may not reveal information
about different global tertiary folds. In our hands, the
method has a 30-sec experimental dead time, so that any
events taking place within this time after the initiation of
the reaction are not observed. In the hairpin ribozyme–
substrate complex, backbone protection is observed when
the two domains dock to form a stable three-dimensional
structure (Hampel et al. 1998).

Native gel electrophoresis does not approach the spatial
resolution of the footprinting technique, but can resolve
distinct tertiary folds, especially those that differ in the
disposition of RNA molecules around helical junctions.
This latter analysis is particularly informative in the hairpin
ribozyme, where docking of the two domains of the
ribozyme has been shown to be an essential step in the
formation of the active complex (Hampel and Burke 2001).

Tertiary folding of A9 and A10 variants by hydroxyl
radical footprinting

Folding assays were carried out with A9 and A10 variants
and appropriate controls, employing noncleavable substrate
or nonligatable products, as described in Materials and
Methods. Previously, we had demonstrated that unmodified
ribozyme in the presence of noncleavable substrate or

nonligatable products is protected at
positions 11–15 (helix 2), 25–27 (59

segment of internal loop B), and 38,
42, 43 (39 segment of internal loop B)
(Hampel et al. 1998).

For the A9 and A10 variants, we
observe poor correlation between the
extent of protection and the cleavage
rates (Figs. 2A, 3A–C,E; Table 1). For
example, comparing the cleavage rates
with the protections in the 39 Rz strand
(Fig. 3C), we find that ribozymes with
I9 and I10 cleave faster than wild type,
but no backbone protection is seen at
any position. Also, G10, which cleaves
extremely fast, shows no protection at
all. P10, with a slow cleavage rate of 0.04
min�1 shows more protection than I10,
which cleaves at the rate of 0.15 min�1.
The protections in the 59 Rz strand also
do not correlate with the cleavage rates

(Fig. 2A). Note that previous studies had identified variants
with robust cleavage activity that lacked the ability to form
a stable, docked structure (Walter et al. 2001). These results
are interpreted as complexes that can form a transient
docked state, resulting in only a small fraction of molecules
residing in the docked state at any point in time. However,
this small fraction of docked complexes is apparently
sufficient for supporting the cleavage reaction at significant
rates, and such states have been physically identified through
single-molecule fluorescence resonance energy transfer stud-
ies (FRET) (Walter et al. 2001).

Protection data were obtained for ligation complexes
with nonligatable products (Fig. 3D,F). These data reveal a
much stronger relationship between biochemical activity
and tertiary complex formation (Fig. 3G). Importantly,
significant levels of protection were observed in the case of
the P9, 2AP10, and P10 variants along with the wild-type
control; these are the variants that show significant ligation
activity (Fig. 2A; Table 1). All the other variants show levels
of protection that are either undetectable or barely detect-
able. These results indicate that the ligation reaction is
more sensitive to tertiary structure formation and/or
stability than is the cleavage reaction.

Tertiary folding of A9 and A10 variants by native
gel electrophoresis

Native gel analysis was used as a complementary method to
examine global tertiary folding by qualitatively determining
the ability of each variant to fold into the docked, active
tertiary complex. A construct (LB-S) in which a non-
cleavable substrate analog (containing 29-deoxy A � 1) is
linked to residue A50 of the 39 ribozyme fragment (39 Rz)
via a pentacytidine linker was used to differentiate between

TABLE 1. Cleavage and ligation rates of all the variants used in the study with their respective
reaction extents

Variants
Cleavage

rate (min�1)
Cleavage

extent
Ligation

rate (min�1)
Ligation
extent

Unmodified 0.09 6 0.008 0.86 0.68 6 0.096 0.76
2AP9 0.11 6 0.012 0.76 0.10 6 0.062 0.19
DAP9 0.06 6 0.011 0.75 0.16 6 0.04 0.19
G9 0.08 6 0.017 0.50 # 0.001 0.00
P9 0.07 6 0.003 0.83 0.28 6 0.022 0.79
I9 0.11 6 0.007 0.68 # 0.001 0.00
C9 0.03 6 0.002 0.68 # 0.001 0.00
U9 0.04 6 0.003 0.68 # 0.001 0.00
2AP10 0.09 6 0.023 0.79 0.57 6 0.18 0.78
DAP10 0.04 6 0.014 0.77 0.23 6 0.05 0.68
G10 0.47 6 0.124 0.63 # 0.001 0.00
P10 0.04 6 0.00 0.78 0.31 6 0.06 0.79
I10 0.15 6 0.021 0.70 # 0.001 0.00
C10 #0.001 0.00 # 0.001 0.00
U10 #0.001 0.00 # 0.001 0.00
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FIGURE 3. Hydroxyl radical footprinting assay. Polyacrylamide gel analysis of 59-end-labeled 39 ribozyme in the absence (�) or presence (+) of
noncleavable substrate with different 59 ribozyme strands containing nucleobase variants; A9-substituted 59 Rz (A) and A10- substituted 59 Rz
(B), reacted with Fe(II)-EDTA reagent. (C–F) Fractional protection seen in 39 Rz (C,D) and 59 Rz (E,F) strands of the various mutants with
noncleavable substrate (C,E) and nonligatable products (D,F). Vertical scale indicates fraction protected. For the unmodified ribozyme, 39 Rz
protection is seen at positions 38, 42, and 43 and 59 Rz protection is seen at 11–15 and 25–27 (Hampel et al. 1998). Protection and loading
controls were taken into account while calculating fractional protection, as described in Materials and Methods. Values represented are the
average of at least three experiments. (G) Comparison of ligation rates of ribozyme variants with degree of backbone protection at position 38
in the 39 Rz with nonligatable products.
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the docked and undocked ribozyme–substrate complex
(Hampel and Burke 2001). As a negative control for docked
complex formation, the G + 1A mutant that cannot form
the essential G + 1�C25 interdomain base pair was used
(Hampel et al. 1998; Walter et al. 1998). The ribozyme–
substrate complex can resolve into two bands—the docked
complex that migrates with higher mobility and the
undocked complex with lower mobility that comigrates
with the negative control (Walter et al. 1998). Cleavage
reactions in the presence of T4 RNA ligase demonstrated
that helices 2 and 3 are coaxially stacked in the undocked
ribozyme–substrate complex (Esteban et al. 1998).

It is distinctly visible from Figure 4 that variants that
form docked complexes are the ones that undergo ligation.
Bands with the docked complexes are clearly seen for the
unmodified, P9 and P10 variants. 2AP10 and DAP10
variants also dock, although to a lesser extent. These data
do not correlate with the cleavage performance of the
variants. A similar observation was made previously with
the abasic +2 substrate variant that cleaved faster than
all other +2 nucleotide substitutions but did not show
backbone protection or the formation of a docked complex
(Walter et al. 2001). G9-, G10-, and I10-substituted
ribozymes migrate in an anomalous fashion, which suggests
the formation of an atypical tertiary structure possibly
detrimental to ligation but not cleavage. These observations
provide direct support for a model in which ligation
requires a more stably docked structure than cleavage.

DISCUSSION

The hairpin ribozyme catalyzes cleavage and ligation of
its substrate, with its internal equilibrium shifted strongly

toward ligation (Hegg and Fedor 1995; Esteban et al. 1997;
Wilson et al. 2005). Under many conditions, reaction
chemistry is rate limiting for cleavage, but tertiary structure
formation can be rate limiting for ligation (Walter et al.
1998). Nucleotides essential for the cleavage reaction have
been extensively studied, but most studies have focused on
cleavage. In this study, we examine variants that selectively
inhibit ligation and shift the reaction toward cleavage.

The hairpin ribozymes used in published studies have
differences in their design, which can lead to significant
differences in the reported activities of variants. These
activity differences generally are a consequence of altered
RNA folding behavior, which may be additionally influ-
enced by choice of reaction conditions and folding proto-
cols. Here, we have primarily used the modified minimal
hairpin ribozyme SV5 (Butcher et al. 1995; Sargueil et al.
1995) instead of the ‘‘wild-type’’ ribozyme construct
(Hampel and Tritz 1989; Anderson et al. 1994) because it
shows superior folding and kinetic characteristics. The SV5
construct has permitted physical studies of the docked com-
plex (Hampel et al. 1998; Walter et al. 1998), whereas
similar efforts with the original ‘‘wild-type’’ hairpin ribo-
zyme had not yielded evidence of stable tertiary structure
with a lifetime amenable to biochemical detection (Butcher
and Burke 1994).

The chemistry of ligation is assumed to be a microscopic
reversal of cleavage. However, the ground state of the com-
plex formed by the ribozyme and uncleaved substrate
differs, particularly in constraint, from that formed by the
ribozyme with the two short products, one containing a
free 59 hydroxyl group and the other containing a 29, 39-
cyclic phosphate. The conformational changes required to
form docked complexes and access the transition state from
their respective ground states very likely differ from one
another. Nucleotide substitutions in the ribozyme might
have differential effects on cleavage versus ligation because
(1) they might stabilize one ground state compared to the
other or misfold one and not the other (for instance, by
causing new interactions with the free ends of the products
in the ground state); (2) they might interfere with transient
interactions needed in conformational changes from one
ground state and not the other in accessing the docked
conformation; or (3) they could alter interactions specifically
involved in alignment of the product termini for ligation.

Mutational and interference studies proposed the
involvement of A9 and A10 in cleavage (Chowrira et al.
1993; Grasby et al. 1995; Shippy et al. 1998; Ryder and
Strobel 1999) and are supported by the observation that
they are located in the active site of the crystal structures
(Rupert and Ferré-D’Amaré 2001; Salter et al. 2006; Torelli
et al. 2007). Molecular dynamic studies based on the 1M5O
crystal structure (Rupert and Ferré-D’Amaré 2001) with
vanadate at the cleavage site suggest that A9, G8, and A38
function to stabilize the negatively charged oxygen atoms
in the transition state (Park and Lee 2006).

FIGURE 4. Native gel electrophoresis of hairpin ribozyme variants.
Lane 1 (+) for each variant is the LB-S (noncleavable substrate linked
to 39 Rz via a pentacytidine linker) that promotes folding. Lane 2 (�)
for each variant is the negative control (G + 1A). First two lanes
of each gel are the two individually labeled LB-S. Docked complex
migrates faster than the coaxially stacked undocked complex.
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Several studies carried out with the wild-type hairpin
ribozyme or closely related constructs have suggested that
A9 may play a role in the cleavage reaction (Chowrira et al.
1993; Grasby et al. 1995; Shippy et al. 1998). However, in
the background of our construct, nucleobase substitutions
at position 9 show minimal effects on cleavage. Similar
findings have been reported for a hairpin ribozyme stabi-
lized by a four-way junction, where an abasic substitution
at position 9 decreases the cleavage rate only three- to
fourfold (Kuzmin et al. 2004).

The ligation reaction, in contrast to cleavage, shows a
strong preference for the conserved A9 (Berzal-Herranz
et al. 1993). While most variants at position 9 show moder-
ate to extreme inhibition, the observed ligation rate for P9
is only 1.5-fold lower than that of A9. NAIM studies, also
based on a ligation assay, showed a higher degree of
interference from the substitution of a purine-a-phospho-
rothioate (PaS) nucleotide at position 9, leading to the
conclusion that the 6-amino group of A9 was essential for
activity (Ryder and Strobel 1999). The difference between
the observations is most likely due to the difference in the
constructs used (the NAIM analysis was performed with
the wild-type hairpin ribozyme) and different reaction
conditions (4°C for NAIM versus 25°C for these studies).

In the recent hairpin ribozyme crystal structure contain-
ing vanadate at the active site (Torelli et al. 2007), the N1
position of A9 is seen to coordinate with a water molecule
that in turn interacts with one of the nonbridging oxygens
of vanadate and the exocyclic amino group of G + 1. If this
represents a meaningful stabilizing interaction, it might
explain why the ribozyme with P9, whose N1 pKA is lower
than those of the other variants, shows the presence of a
docked ribozyme–substrate complex (Fig. 4), plus signifi-
cant backbone protection from hydroxyl radicals (Fig. 3G)
and a higher ligation rate (Fig. 2A).

Variants G9 and I9 do not decrease the cleavage activity
of the ribozyme, but significantly inhibit ligation, suggest-
ing that the keto group and/or the N1 proton might be
making unfavorable interactions, although neither of the
two positions is within hydrogen bonding distance to any
other functional group as seen in the crystal structures. Both
folding assays indicate that tertiary folding is inhibited—
little or no docked complex is observed by native gel
electrophoresis and low levels of protection are observed in
the hydroxyl radical footprinting experiments. Together,
these results suggest that these substitutions at position
9 act to inhibit formation of the active docked complex by
(1) stabilizing ground state interactions or by (2) inhibiting
essential interdomain contacts required for tertiary struc-
ture formation.

In accordance with prior results (Shippy et al. 1998), the
10 position of the hairpin ribozyme requires at least a
purine ring to maintain minimal cleavage activity (Fig. 2A;
Table 1). A single exocyclic amino group (2AP10, A10)
seems to aid in cleavage; two (DAP10) or none (P10)

(Grasby et al. 1995) hinder it while a 6-keto group (G10,
I10) enhances it. Unlike the previous observation in the
wild-type sequence ribozyme where a G10 variant had
cleavage activity reduced by 18-fold (Shippy et al. 1998),
data here suggest that the presence of the keto group in our
construct increases the rate of the cleavage reaction about
fivefold compared to the A10 ribozyme (Fig. 2A), although
it does not stabilize the docked complex, as is evident from
the native gel analysis (Fig. 4) and hydroxyl radical foot-
printing data (Fig. 3). The apparent destabilizing effect of
the 6-keto group may disrupt docking enough in the wild-
type ribozyme to inhibit cleavage while leaving the SV5
ribozyme still able to interact stably enough to cleave.

The same substitutions have very different effects on
ligation. In spite of the high cleavage rates seen in G10 and
I10 variants, their ligation in this background is strongly
inhibited, implying that the same interactions that desta-
bilize docking and enhance cleavage may concomitantly
hinder ligation. Crystal structures suggest that A10 prob-
ably does not play a direct role in ligation chemistry;
however, some of the mutations may interfere with the
formation of the active site and/or with electrostatic
stabilization of the transition state.

The 2AP10 substituted variant behaves similarly to the
unmodified ribozyme, while P10 and DAP10 substitution
reduces the rate nearly twofold. Similar substitutions with
phosphorothioate analogs analyzed by NAIM gave slightly
different results. High interference was observed with
2APaS and PuraS and none with DAPaS (Ryder and
Strobel 1999; Ryder et al. 2001), emphasizing the impor-
tance of the Hoogsteen face of A10. Again, the observations
may vary because of differences in the constructs and con-
ditions used. The exocyclic amino group and N1 of A10
have been proposed to make some crucial water-mediated
interactions to stabilize the reacting groups (Salter et al.
2006; Torelli et al. 2007) that would be disturbed in the
presence of G10 and I10, possibly leading to a drastic shift
in the reaction equilibrium favoring cleavage.

Stability of docking is more important for ligation
than it is for cleavage

Assembling all the strands of the ribozyme and the cleavage
products into a conformation favorable for the ligation
reaction to occur is more complicated than the analogous
process for the cleavage reaction. The docking rate for
assembling the cleaved products–ribozyme complex is
slower than undocking a cleaved substrate–ribozyme com-
plex (Liu et al. 2007), making it a limiting factor for the
ligation reaction. The ligation rate is much faster than
cleavage but it is more influenced by the stability of the
docked complex. Many variants do not exhibit protection
or the presence of a docked complex and yet they can cleave
their substrates (i.e., I10, G10), sometimes faster than the
variants that show protection and are docked. A similar
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observation was made in the past (Walter et al. 2001) in
which an abasic +2 substrate variant that least affected the
cleavage rate among other +2 substitutions did not show
any detectable docking by FRET. This is similar to what is
seen with some of the variants here—the protection data do
not correlate well with the cleavage activity of the variant.
These observations could be due either to extremely slow
folding rates or dynamic docking during cleavage.

Ligation activity, on the other hand, is only observed for
the variants that seem to form a stably docked structure
and that show backbone protection. Apart from the
unmodified SV5 ribozyme (A9, A10), only P9, 2AP10,
and P10 variants show more than 20% protection in the
hydroxyl radical footprinting assay and have some fraction
of their molecules docked as measured by nondenaturing
gel electrophoresis. The docked complex is stabilized by a
network of weak interactions in such a way that disruption
of any of a number of interactions could prevent docking
(Walter et al. 1998), and variants with unstable or
undocked complexes are unable to catalyze a transester-
ification reaction to ligate the cleavage products.

The SV5 construct can overcome many docking prob-
lems compared to the wild-type ribozyme construct
(Butcher et al. 1995), but it is still sensitive to some
mutants like G9 and G10, among others. The four-way
junction construct stabilizes the docked tertiary structure
such that it can remain active under conditions that are
destabilizing and inhibit the two-way junction construct
(Hampel and Tritz 1989; Fedor 1999; Walter et al. 1999;
Zhao et al. 2000; Klostermeier and Millar 2001). Ligation
was partially rescued in all the inhibited variants (including
G9 and G10) by introducing the substitution into the four-
way junction construct (data not shown). This indicates
that the destabilizing effects of the substitutions can be
overcome by structural elements that stabilize the global
tertiary fold. Our results support the view that ligation
activity is highly dependent on the stability of the tertiary
structure.

Changing the nature of ribozymes from reversible
to unidirectional

The base substitution studies at the A9 and A10 position of
the minimal SV5 ribozyme have led to the identification of
a ribozyme that cleaves faster than the unmodified SV5 and
yet does not give detectable ligation. The G10 modification
in the SV5 construct cleaves five times faster than A10
(unmodified) and does not ligate in the two-way junction
construct. Previously, in the wild-type ribozyme construct,
this same modification had reduced the cleavage rate
18-fold (Shippy et al. 1998). Unlike the base substitution
mutant ribozymes in a previous study (Anderson et al.
1994), none of which gave activities significantly greater
than the wild-type form, a number of variants were
obtained in the SV5 background that cleaved slightly faster

than the unmodified ribozyme, for example, 2AP9, I9, I10,
and G10.

The G10 variant effectively changes a reversible cleavage
reaction into an irreversible one under these conditions.
Such substitutions might prove useful in the design of
ribozymes for specific purposes where ligation is undesir-
able. This may be extremely valuable in ribozyme-based
targeted RNA cleavage studies aimed at disease models and
gene therapy (Zhang and Burke 2005).

MATERIALS AND METHODS

RNA preparation

All oligonucleotides were prepared by solid-phase synthesis using
standard RNA phosphoramidite chemistry. Reagents were pur-
chased from Glen Research. Following deprotection, RNA was
purified by denaturing gel electrophoresis and reverse-phase HPLC,
as previously described (Sargueil et al. 1995; Walter et al. 1998).

Ribozyme kinetic analysis

Cleavage assays were carried out in 50 mM HEPES/NaOH (pH
7.5) and 15 mM MgCl2 (reaction buffer) at 25°C. Unlabeled 59 Rz
and 39 Rz (at 0.2 mM final concentration), shown in Figure 1A,
were mixed with reaction buffer in one tube and z1 nM 59-32P-
labeled S (four-way substrate; Walter et al. 1999) with reaction
buffer in another. Both the tubes were preincubated at 37°C for
10 min and then allowed to equilibrate to a reaction temperature
of 25°C. Reactions were initiated by combining the two volumes.
These concentrations were found to be saturating for all mutants
examined. At least 16 time points were taken for each experiment
by quenching 1.6-mL aliquots on ice into 18.4 mL of formamide
loading solution (FLS, 15 mM EDTA, 0.02% [v/v] bromophenol
blue and 0.02% [v/v] xylene cyanol in formamide). The reactions
were run on 20% polyacrylamide gels, and bands were quantified
using a Bio-Rad Molecular Imaging System GS-525 at the Ver-
mont Cancer Center DNA Analysis Facility. The reaction rates and
extents were determined by nonlinear regression using Microcal
Origin software. Experiments were repeated at least three times for
each variant, and the experimental variation did not exceed z15%
of the reaction rates or amplitudes.

Ligation assays

59-32P-labeled 59 product (59p) was generated by large-scale
cleavage of 59 labeled S. The 59p was purified on a 20%
polyacrylamide denaturing gel. 59p had to be isolated by cleavage
since the 29, 39-cyclic phosphate containing product cannot be
synthetically prepared, and the long substrate (S) was used instead
of the regular 14-nucleotide (nt) SV5 substrate to improve the
recovery of the labeled 59 cleavage product. All other strands were
used at saturating concentrations of 15 mM. Ligation reactions
were similar to cleavage except that reactions were initiated with
the 39 product (39p). Briefly, 59 Rz, 39 Rz, and z1 nM 59-32P
labeled 59p were mixed with reaction buffer and the reaction was
initiated by combining it with the 39p in reaction buffer sub-
sequent to being separately incubated at 37°C for 10 min and then
allowed to equilibrate to a reaction temperature of 25°C. Buffers
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used for the pH profile were MES buffers for pH 4.5–6.5 and
HEPES/NaOH for pH 7–8.

Hydroxyl radical footprinting

Cleavage reactions were carried out as previously described
(Hampel et al. 2001; Hampel and Burke 2003). All reactions were
carried out in a final volume of 10 mL with noncleavable substrate
or nonligatable 39-phosphorylated 59p (Walter et al. 1998). To
allow the ribozyme to fold, trace amount of 59-32P-end-labeled
RNA and saturating concentrations (1 mM each) of the unlabeled
RNAs were preincubated in 25 mM sodium cacodylate (pH 7) and
15 mM MgCl2 at room temperature for 20 min, as suggested by
FRET experiments for docking kinetics of the two domains
(Walter et al. 1998). For the cleavage reaction, 0.75 mL of each
of the following components—H2O2 (0.375% v/v), Fe(II)-EDTA
(5 mM Fe(NH4)2(SO4)2, 5 mM Na2-EDTA at pH 8.0, freshly
mixed), and 60 mM sodium ascorbate—were added as individual
drops in the cap of the reaction tube. The reaction was initiated
by a quick microcentrifuge spin. The reactions were terminated
by addition of 190 mL stopping cum precipitating buffer
(0.125 mg/mL tRNA, 0.075 mM thiourea, 300 mM sodium acetate
at pH 7.0). Each reaction was precipitated with ethanol and the
pellet resuspended in 15 mL FLS. The products were analyzed on a
15% polyacrylamide 8 M urea gel and quantified using a Bio-Rad
Molecular Imager FX system.

Fractional protection of a particular position was determined
by subtracting from it the counts at the same nucleotide position
but from the lane without hydroxyl radical treatment. The counts
from ‘‘control’’ positions, whose protection does not change with
docking, were also included in the calculations to account for gel
loading differences. The control positions for the different bases
were 9 for helix 2, 23 for nucleotides 25–27, and 45 for 39 Rz.

Native gel electrophoresis

A noncleavable (deoxy A � 1) construct (Walter et al. 1998) was
used, in which the 39 Rz is attached to the substrate via a
pentacytidine linker, RLS (Hampel and Burke 2001). RLS with
sequence 59-GGUCGUGGUACAUUACCUGGUACCCCCUCGC
dAGUCCUAUUU-39 promotes folding in the presence of 59 Rz
but inhibits cleavage. The negative control strand is of the same
sequence except for a G + 1A modification instead of deoxy A � 1
(Hampel et al. 1998; Walter et al. 1998), which prevents docking
of the two domains of the ribozyme. Each variant 59 Rz (5 pmol in
10 mL) is incubated in nondenaturing buffer (0.4 M Tris-acetate at
pH 7.5 and 0.25 M Mg-acetate), 5% glycerol, and a trace amount
of 59-32P-end-labeled RLS for 10 min at 25°C and then run on a
10% nondenaturing gel in the same buffer for 18 h at 4°C.
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