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ABSTRACT

In the ribozyme from the hepatitis delta virus (HDV) genomic strand RNA, a cytosine side chain is proposed to facilitate proton
transfer in the transition state of the reaction and, thus, act as a general acid–base catalyst. Mutation of this active-site cytosine
(C75) reduced RNA cleavage rates by as much as one million-fold, but addition of exogenous cytosine and certain nucleobase or
imidazole analogs can partially rescue activity in these mutants. However, pH-rate profiles for the rescued reactions were bell
shaped, and only one leg of the pH-rate curve could be attributed to ionization of the exogenous nucleobase or buffer. When
a second potential ionizable nucleobase (C41) was removed, one leg of the bell-shaped curve was eliminated in the chemical-
rescue reaction. With this construct, the apparent pKa determined from the pH-rate profile correlated with the solution pKa of
the buffer, and the contribution of the buffer to the rate enhancement could be directly evaluated in a free-energy or Brønsted
plot. The free-energy relationship between the acid dissociation constant of the buffer and the rate constant for cleavage
(Brønsted value, b, = ;0.5) was consistent with a mechanism in which the buffer acted as a general acid–base catalyst. These
data support the hypothesis that cytosine 75, in the intact ribozyme, acts as a general acid–base catalyst.
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INTRODUCTION

The possibility that RNA side chains, or nucleobases, can
function directly as catalytic groups in ribozymes has been
suggested and supported by structural studies. Crystal
structures of small self-cleaving ribozymes have revealed
one or more nucleobases positioned in the active sites such
that their direct involvement in stabilizing the transition
state through H-bond formation, charge stabilization, or
even proton transfer is feasible. The positioning of cytosine
75 (C75) in the hepatitis delta virus (HDV) genomic
ribozyme was one such case (Ferré-D’Amaré et al. 1998;
Ferré-D’Amaré and Doudna 2000; Ke et al. 2004). Also, in
the hairpin ribozyme, both guanine 8 and adenine 38 are
well placed in the active site to act as chemical catalysts
(Rupert and Ferré-D’Amaré 2001; Ferré-D’Amaré and
Rupert 2002). However, even in these ribozymes, defining
the role of the nucleobase in catalysis can benefit from
additional tests of their proposed functions (Perrotta et al.

1999; Nakano et al. 2000; Shih and Been 2001; Kuzmin
et al. 2004, 2005; Das and Piccirilli 2005).

Ribozymes from the HDV genomic and antigenomic
RNAs catalyze an internal phosphoester transfer reaction
that cleaves the backbone of the RNA to generate products
with a 29,39-cyclic phosphate group and a 59-hydroxyl
group (Kuo et al. 1988; Sharmeen et al. 1988; Wu et al.
1989). Each ribozyme contains a cytosine in the active-site
pocket that has been proposed to act as a general acid–base
catalyst for this reaction (Ferré-D’Amaré et al. 1998;
Perrotta et al. 1999; Ferré-D’Amaré and Doudna 2000;
Nakano et al. 2000; Shih and Been 2001; Ke et al. 2004;
Das and Piccirilli 2005). A deletion of that cytosine in the
antigenomic ribozyme (C76) or genomic ribozyme (C75),
or a mutation that changes it to a G or a U, reduces
cleavage activity to nearly the noncatalyzed rate (Tanner
et al. 1994; Perrotta and Been 1996). However, catalyzed
cleavage rates are partially restored with the addition of
certain nucleobases such as cytosine and isocytosine or
buffers such as imidazole and imidazole analogs with
different pKa values (Perrotta et al. 1999; Shih and Been
2001). For chemical rescue of the HDV antigenomic
ribozyme with the C76 deletion, the pH-rate profiles
with each of the buffers followed a rate-law definition of
general-base catalysis, and the apparent pKa of the reaction

rna141 Perrotta et al. ARTICLE RA

Reprint requests to: Michael D. Been, Department of Biochemistry Box
3711, Duke University Medical School, Durham, NC 27710, USA; e-mail:
mdbeen@duke.edu; fax: (919) 684-5040.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.14106.

1282 RNA (2006), 12:1282–1291. Published by Cold Spring Harbor Laboratory Press. Copyright � 2006 RNA Society.

JOBNAME: RNA 12#7 2006 PAGE: 1 OUTPUT: Thursday June 8 20:06:18 2006

csh/RNA/118163/rna141



correlated with the pKa of the buffer in the reaction (Shih
and Been 2001). Those results are consistent with several
potential mechanisms in which the rate of the reaction is
limited by the extent of ionization of the buffer or
exogenous nucleobase. In the antigenomic ribozyme, it
was shown that the rate of the reaction increased with the
pKa of the buffer, suggesting that the acidity constant, and
not just the ionization state, was a factor in the reaction
rate. Moreover, the slope of the line generated from a free-
energy plot of the rate constant as a function of the buffer’s
acidity constant was consistent with values expected if the
buffer was acting as a general acid–base catalyst (Shih and
Been 2001). Initially, the biochemical evidence linking that
function of the buffer or exogenous base to the catalytic
role of C76 in the intact ribozyme was the finding that
a C76A mutation altered the apparent pKa of the self-
cleavage reaction in a predictable fashion (Perrotta et al.
1999). More recently, Das and Piccirilli (2005) have greatly
strengthened the support for C76 as a general acid–base
catalyst and extended the analysis in the HDV antigenomic
ribozyme by substituting the nucleobase of C76 with
analogs of varying pKa. In addition, they also provided
powerful evidence that the proton transfer occurs between
the cytosine base at position 76 and the 59 bridging oxygen
of the scissile phosphate group as proposed by Nakano
et al. (2000) for the HDV genomic ribozyme.

Cleavage activity of the HDV genomic ribozyme with
C75 deleted or changed to a U was also rescued with
imidazole (Nakano et al. 2000; Wadkins 2000; Ke et al.
2004) and by cytosine and several imidazole analogs
(Wadkins 2000). We report here characterization of the
chemical rescue results for the HDV genomic ribozyme and
a Brønsted analysis with those kinetic data. A similar study
was done with the HDV antigenomic ribozyme; however,
there were reasons to characterize the genomic form of the
ribozyme as well. First, crystal structures are available for
both the precursor and product forms of the genomic
ribozyme (Ferré-D’Amaré et al. 1998; Ferré-D’Amaré and
Doudna 2000; Ke et al. 2004), but there are none for the
antigenomic form. Second, the hypothesis of general acid–
base catalysis by RNA will be further tested with results
from a Brønsted analysis using a different ribozyme, even
if it is similar. Third, while results from kinetic studies on
either ribozyme might be expected to apply to both, there
are several differences in sequence, secondary structures,
and details of the cleavage reactions that distinguish the
two ribozymes (Wadkins and Been 1997; Wadkins et al.
2001). As an example of this last point we report here that,
for chemical-rescue reactions of the genomic ribozymes
with a mutation at only position C75, the pH-rate profiles
were bell shaped. A bell-shaped pH-rate profile compli-
cated the structure-reactivity correlation of the chemical-
rescue reactions and could also call into question some
fundamental features of the proposed catalytic mecha-
nisms. However, we found that the second leg of the

pH-rate curve was lost upon modifying the HDV genomic
ribozyme to eliminate a base-quadruple hypothesized to
favor protonation of one of its nucleobases (C41) (Ferré-
D’Amaré et al. 1998; Wadkins et al. 2001). The purported
ionizable base, C41, is proposed to not participate directly
in catalysis, due to its distance from the active site, but may
enhance cleavage rates through structural effects. In rescue
reactions with ribozymes lacking C41 (and C75), the pH-
rate profile followed a rate-law definition of general-base
catalysis that was consistent with one of the ionized forms
of the buffer participating in catalysis, and the Brønsted
analysis of the kinetic data supported a role for the buffer as
a general acid–base catalyst.

RESULTS

Activity of the genomic ribozyme is reduced
by mutations at C75

The wild-type HDV genomic ribozyme used in these
studies (TGR1, Fig. 1A) (Wadkins and Been 1997) cleaved
to completion (z80% in these reactions) in <15 sec in
10 mM MgCl2 at 37°C (Fig. 2A). For time points taken
manually, this reaction was more than half complete with
the first time point (3–4 sec), but the 19 min�1 value
obtained for the rate constant from those data provided
a reasonable estimate for comparison of activity with the
much slower C75 mutants. Changing the cytosine at
position 75 (Fig. 1A) to a uracil (C75U) or deleting the
nucleotide (C75D) reduced activity to near the background
rates of RNA degradation (0.5 3 10�5 min�1 to 5 3 10�5

min�1) (Fig. 2A, inset). The C75A mutant cleaved 100–
1000 times faster (3 3 10�3 min�1) than the deletion or U
substitution, but it was still significantly slower than the
wild-type construct. We and others have suggested that
adenine is able to provide catalytic function similar to that
of cytosine in the HDV ribozymes (Perrotta and Been 1996;
Perrotta et al. 1999; Nakano et al. 2000; Shih and Been
2002). However, for this study, the large decrease in the rate
constant for cleavage of the C75U and C75D ribozymes
provided a sensitive probe for chemical (exogenous base)
rescue studies in this ribozyme.

Cytosine rescues activity of C75 mutants

With the C75D mutant, addition of free cytosine (37 mM
final concentration) to the reaction increased the cleavage
rate as much as 1000-fold (1.3 3 10�2 min�1 at pH z6)
(Fig. 2B). The reaction rates with cytosine increased with
increasing pH from pH 4.5 to about pH 6.4, but then
decreased as the pH increased further (Figs. 2B, 3A).
Several cytosine analogs (Fig. 1B) were tested for rescue
of cleavage activity, and, of those tested, 2-aminopyridine
was particularly effective. With this analog, rates were
comparable to the cytosine rescue, but the pH optimum
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for the reactions were slightly higher (Fig. 3B). Isocytosine
also rescued activity, but the reaction with the C75D
mutant was not further characterized (data for isocytosine
rescue of another ribozyme variant is presented below).

Several other nucleobase analogs were less effective in
the rescue reaction. After 24 h at 37°C, there was z15%
conversion of precursor to product with 0.4 M amino-
pyrazine and <5% with 0.4 M 2-aminopyrimidine. Little or
no cleavage was detected with pyridine, 3-aminopyridine,
or 2-, 3- or 4-hydroxypyridine (data not shown). Given the
effectiveness of both 2-aminopyridine (pKa = 6.7) and
cytosine (pKa = 4.6) in these reactions, the lack of rescue by
either pyridine (pKa = 5.2) or 3-aminopyridine (pKa = 5.8)
was somewhat surprising. However, that result may in-
dicate that the presence and position of the exocyclic amino
group relative to the ring nitrogen is important for rescue
by the cytosine analogs (Fig. 1B). While it was important
to demonstrate rescue of cleavage with free cytosine, the
available cytosine analogs did not provide a useful collec-
tion of related compounds for a Brønsted analysis.

Imidazole rescue of cleavage activity

Consistent with earlier reports for the HDV ribozymes,
addition of imidazole to the reaction rescued cleavage

activity of both the C75D mutant (Fig. 4) and the C75U
mutant (data not shown). For the wild-type ribozyme
(TGR1), addition of 200 mM imidazole did not increase
the rate of cleavage (data not shown). With the slower
C75A mutant, addition of imidazole (200 mM) resulted in
only a small (twofold) increase in the cleavage rate (data
not shown). With the inactive C75D mutant, imidazole
restored cleavage activity, and the rate of cleavage increased
with increasing imidazole concentration (Fig. 4). The
reaction did not reach saturation at 0.5 M imidazole,
suggesting that binding is likely to be very weak. A
concentration of 0.4 M base was used for most of the
subsequent studies in which several water-soluble imidaz-
ole analogs were screened for their ability to rescue cleavage
activity. Rescue was detected with 4-methylimidazole,
4-hydroxylmethylimidazole, 2-amino-1,3,4-triazole, and
3-aminopyrazole (Table 1). Similar results were seen for the
C75U variant (data not shown) but only rescue of the C75D
variants was further characterized.

The pH-rate curves are bell shaped and shift
with the pKa of the base

As noted above, cytosine was particularly effective in the
rescue reactions with the C75D mutant, but the pH-rate

FIGURE 1. (A) Sequence and secondary structure of the HDV genomic ribozyme and variants used in this study. The complete sequence of the
wild-type ribozyme (TGR1) is shown. Changes at position 75 included deleting the nucleotide (C75D) or substituting with U or A (C75U, C75A).
The sequence C41A42A43 was deleted from the C75D variant to generate the C75DC41D construct. (B) Structures of the four natural nucleobases
and the exogenous bases used in the rescue reactions. The solution pKa values for the bases are given in parentheses.
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curve for the cleavage in 37 mM cytosine was bell shaped (Fig.
3A). The pH-rate curve in 0.4 M 2-aminopyridine was also
bell shaped, but it was both narrower and shifted to higher
pH relative to the cytosine data (Fig. 2B; Table 1). Likewise,
bell-shaped pH-rate curves were characteristic of imidazole
and imidazole-analog rescued cleavage reactions of the C75D
ribozyme (Fig. 3C–F; Table 1). It was evident that the curves
varied in both their width and pH optimum for the different
bases. The bell-shaped curves contrasted with the shape of the
pH-rate curves generated in the rescue reactions with the
C76D mutant form of the HDV antigenomic ribozyme
(Perrotta et al. 1999; Shih and Been 2001). In those rescue
reactions, the rate of cleavage of the antigenomic C76D
ribozyme increased with pH, at low pH, and leveled off at pH
values greater than the pKa of the base. Thus, the pH-rate
profiles are described as following a rate-law definition of
general-base catalysis (Shih and Been 2001).

The bell-shaped pH-rate curves seen with the genomic
C75D ribozyme complicated interpretation of the rescue

data, but indicated that the rate of cleavage is limited by the
ionization state of two, or at least two, groups with pKa

values in the experimental pH range. For some, but not all,
of the rescue reactions, one of the two apparent pKa values
is close to the solution pKa of the base (Table 1). However,
apparent pKa values cannot be well defined in some of
these reactions because of uncertainty in the curve fitting
when the inflection points are too close together. Never-
theless, the observed rate constants reflected the ionization
state of two groups with somewhat similar pKa values.

A modification of the HDV genomic ribozyme
simplified the pH-rate profiles

The genomic HDV ribozyme contains a ‘‘pedestal’’ for the
active-site pocket (Ferré-D’Amaré et al. 1998). Protonation
of the N3 position of C41 could stabilize a base quadruple

FIGURE 3. pH-rate curves comparing the rescued cleavage rates for
C75D (circles) and C75DC41D (squares) in the presence of exogenous
base. The concentration of cytosine (A) was 37 mM and the reactions
also contained 40 mM AMT or MTA buffer. The concentration of the
bases in the other reactions (B–F) was 0.4 M. Rate constants were
normalized to 1 M total base. Curves were fit to the data using the
equations kobs = kmax/(1 + 10(pKa1-pH) + 10(pH-pKa2) + 10(pKa1-pKa2))
for C75D, and kobs = kmax/(1 + 10(pKa-pH)) for C75DC41D. Apparent
pKa values are given in Table 1.

FIGURE 2. Kinetics of cleavage of TGR1 and the C75 variants. (A)
Cleavage of TGR1 and C75 mutants in the absence of exogenous base
in 10 mM MgCl2, 50 mM Tris-HCl (pH 7.5) at 37°C. The curves are
fit to an exponential with rate constants of 19 min�1 for the wild-type
ribozyme (open circles) and 3.2 3 10�3 min�1 for the C75A variant
(closed circles). For the C75U and C75D variants, nonspecific
degradation interfered with quantifying specific cleavage; limits
for the rate constants were estimated at about 5 3 10�6 and 5 3
10�5 min�1, respectively, from the linear fit. (B) Cleavage of the C75D
variant rescued with exogenous cytosine at the pH given in the figure.
Rescue reactions contained 25 mM MgCl2, 37 mM cytosine, and
40 mM AMT/MTA buffers (see Materials and Methods).
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(A43dC41dG73dC44) in the base of this pedestal structure
by allowing the N3 of C41 to form an additional H-bond
to O6 of G73. The antigenomic ribozyme lacks the 3-nt
sequence equivalent to C41–A42–A43 (CAA) in the geno-
mic ribozyme and, as a result, would not be able to form
a similar arrangement to favor an ionized base at this
position. This extra CAA segment in the genomic ribozyme
is not critical for cleavage activity under some cleavage
conditions, and, for the reaction in 10 mM MgCl2, deletion
of the CAA sequence resulted in slightly faster cleavage
(Wadkins and Been 1997). However, under conditions less
favorable for cleavage activity (1M NaCl and no MgCl2),
a pH-dependent contribution to cleavage rates correlated
with the presence of the CAA sequence, and this effect was
detected in both the genomic and antigenomic ribozymes
(Wadkins and Been 1997). To test if ionization of a group
associated with this feature was the source of the second
apparent pKa observed in the chemical-rescue reactions,
the genomic C75D ribozyme was further modified by again
deleting the CAA segment so that the quadruple involving
C41 could not form. This construct, referred to as
C75DC41D, was examined for chemical rescue cleavage
activity. As expected, cleavage activity of the C75DC41D
variant of TGR1 was very slow (z1 3 10�5 and 2 3

10�4 min�1 at pH 7.0 and 8.7, respectively) (Fig. 5; data not
shown) but could be rescued with addition of cytosine,
isocytosine, or 2-aminopyridine to the reaction (Fig. 5).
While the rate constants for chemical-rescue cleavage in the
C75DC41D construct were lower than those for the C75D
construct over most of the pH range tested (Fig. 3; data
not shown), the pH-rate profiles now followed a rate-law
definition of general-base catalysis as was observed pre-
viously with rescue of the HDV antigenomic ribozyme. At
higher pH values (>z8), the rates for the two HDV
genomic ribozyme variants converged, and for some
buffers the C75DC41D variant was observed to cleave faster
than the C75D variant. Thus, the deletion of the CAA
sequence substantially altered the pH-rate profile for the
chemical-rescue reactions, and the apparent pKa for
chemical-rescue cleavage corresponded well to the solution
pKa of the buffers (Table 1).

The change in the pH-rate curve suggested that the
ionization state of a group (presumably C41) in the base-
multiple or pedestal structure contributed to the higher
cleavage rates seen with the C75D ribozyme in the rescue
reactions at lower pH values. At higher pH, this advantage
can be lost. The data just presented are consistent with the
previous idea that low pH favored protonation of C41,
which then, by stabilizing the pedestal for the active site,
contributes positively to the overall reaction rate (Ferré-
D’Amaré et al. 1998; Wadkins et al. 2001).

Brønsted analysis

Elimination of the second leg in the pH-rate curve
simplified interpretation of the pH-rate data for the HDV
genomic ribozyme. With the C75DC41D construct, maxi-
mal cleavage rates in the chemical-rescue reactions oc-
curred in the higher pH range for each nucleobase or buffer
tested. Among the imidazole analog buffers, there was
a consistent correlation between increasing rate constants
at high pH (kmax) and increasing pKa of the base used in
the reaction (Table 1). Such a relationship would be
expected if the nucleobase analogs were acting as general
acid–base catalysts in the reaction but not if catalysis
depended only on the ionization state of the nucleobase
(Jencks 1969; Fersht 1985). The sensitivity of the reaction
to the pKa of the base is described by the Brønsted value
(b), which is the slope of the line from the equation

log krel ¼ bðpKaÞ þ c,

where krel is a normalized second-order rate constant (here,
we used kmax at 1 M base from the pH-rate curves) for each
base and the slope of the line is b. The Brønsted plot of the

FIGURE 5. Cleavage of the C75DC41D variant of TGR1 is rescued
with increasing concentrations of cytosine and cytosine analogs. In the
absence of exogenous base, the rate of cleavage at pH 7.0 (40 mM
AMT buffer) was < 6 3 10�6 min�1 (filled circles). Data is shown for
isocytosine at 5, 10, and 20 mM (triangles), cytosine at 10, 20, and
37 mM (circles) (AMT buffer at pH 7.0), and 2-aminopyridine at 50,
100, and 250 mM (pH 7.3, no additional buffering) (squares). Pseudo
first-order rate constants ranged from z3 3 10�4 to 1 3 10�2 min�1

for the rescue reactions shown.

FIGURE 4. Imidazole rescue of the C75D variant. The dependence of
the cleavage rate on imidazole concentrations (pH 7.4).
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rescue data (Fig. 6) revealed a linear correlation between
the log of the strength of the base and the log of the rate of
the reaction, and a slope or Brønsted value (b) of z0.5
(0.47 6 0.03).

DISCUSSION

The hypothesis that the cytosine nucleobase at position 75
in the HDV genomic ribozyme acts as a general acid–base
catalyst was examined by quantifying the contribution of
buffer as an exogenous-nucleobase analog to cleavage rates
in a C75 deletion mutant. To test this idea, a Brønsted
analysis was applied to the chemical-rescue kinetic data.
This approach to study an enzyme’s catalytic mechanism
was first used by Toney and Kirsch (1989) to evaluate
general acid–base catalysis in aspartate aminotransferase.
Chemical (base) rescue has also been used in structure–
function studies of the hammerhead ribozyme containing

abasic residues in the conserved core region to probe and
identify transition state interactions (Peracchi et al. 1996,
1998). More recently, chemical rescue has been used with
the hairpin ribozyme in defining the catalytic roles of the
G8 and A38 side chains (Lebruska et al. 2002; Kuzmin et al.
2004, 2005). For the hairpin ribozyme, the data were
interpreted as supporting a model of electrostatic catalysis
in which an exogenous nucleobase could rescue activity
by countering the negative charge that develops on the
cleavage-site phosphate in the transition state (Kuzmin
et al. 2004, 2005). For the HDV ribozymes, a structural or
electrostatic catalytic role for buffer or exogenous nucleo-
bases is also possible for rescue of the C75 and C76
mutants. However, if either role were the sole catalytic
functions, the rate of the reaction might be expected to
show a dependence on the ionization state of the buffer but
not on its pKa. The Brønsted analysis quantifies the con-
tribution of the acidity constant to the rate enhancement.

This study initially was complicated by the finding that,
in addition to the exogenous nucleobase or buffer, there
was a second ionizable group that contributed to the shape
of the pH-rate profiles in the rescue of the C75 mutants.
There could be several candidates for a second ionizable
group. One possibility is that there were, originally, two
titratable nucleobases acting as catalytic groups in the active
site; for example, a proton donor and an acceptor acting in
concert. However, that prospect appears unlikely unless the
crystal structures of the HDV ribozyme shows an arrange-
ment of the nucleotides far removed from its active forms
(Ferré-D’Amaré et al. 1998; Ferré-D’Amaré and Doudna
2000; Ke et al. 2004). (A metal ion-bound water in the
active site may participate in catalysis, but its pKa would
likely be high relative to the experimental pH range and,
thus, would not be the source of the second leg of the bell-
shaped pH-rate curve in these studies; Nakano et al. 2001;
Ke et al. 2004). A more probable explanation is that the
observed second titratable group is a nucleobase previously
identified as part of a structural feature near, but not

FIGURE 6. Brønsted plot of the rescue data for the C75DC41D
variant. For each reaction, the log of the normalized rate constants
was plotted against the pKa of the base used in the reaction. The slope
of the line fit to these data is 0.47 (R = 0.97). For 2-amino-1,2,
4-triazole, 4-hydroxylmethylimidazole, imidazole, and 4-methylimi-
dazole, kmax values from independent pH-rate curves of the rescue
reactions were used. For 3-aminopyrazole, the rate constant used was
the kobs obtained from the initial slope of 24–48-h reactions at pH 7.6
(z15% cleavage in 24 h).

TABLE 1. Comparison of pH-rate data for the rescue reactions of two HDV genomic ribozyme constructs

C75D C75DC41D

Nucleobase or buffer (pKa) pKa1,app pKa2,app pHopt kmax pKa,app kmax

Cytosine (4.6) 5.4 7.4 6.4 4.0 3 10�1 5.4 7.3 3 10�2

2-Aminopyridine (6.7) 6.8 7.8 7.3 8.8 3 10�2 6.8 1.4 3 10�1

Imidazole (7.0) 6.9 7.8 7.9 2.1 3 10�2 7.3 9.1 3 10�3

4-Methylimidazole (7.8) 6.5 8.2 7.3 9.6 3 10�3 7.8 1.1 3 10�2

4-Hydroxymethylimidazole (6.5) 6.3 7.8 6.5 9.8 3 10�3 6.5 2.9 3 10�3

2-Amino-1,3,4-triazole (5.5) 5.1 7.9 6.5 1.3 3 10�2 5.5 1.8 3 10�3

[3-Aminopyrazole (4.1) — — — 2.5(61) 3 10�4 2.1(61) 3 10�4]

With the exception of 3-aminopyrazole, the observed kmax for C75D is the rate constant (M�1min�1) from graphs (Fig. 3) at the pHopt, and the
observed kmax for C75DC41D is the rate constant (M�1min�1) from fitting to the pH-rate curves (Fig. 3). For the reactions with 3-aminopyrazole,
the rate constants were determined at pH 7.6. Error estimates for the apparent pKa values (pKa1,app and pKa2,app) are 60.2 units and for the rate
constants are less than 625%, unless otherwise noted.
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directly part of, the active site. In the structures of the HDV
genomic ribozyme, the Doudna group had identified a base
quadruple (A43dC41dG73dC44) within a larger multibase
interaction located between the ends of P4 and P1.1 that
could help stabilize a pedestal for the active-site pocket
of the ribozyme (Ferré-D’Amaré et al. 1998).

Protonation of the N3 position of cytosine 41 was
predicted to stabilize the base quadruple (Ferré-D’Amaré
et al. 1998; Lupták et al. 2001). There is additional
independent support of that proposal; an identical nucleo-
base-quadruple interaction in two frame-shifting pseudo-
knots studied by NMR provides strong evidence that
ionization of the cytosine is important for stability in that
context as well (Nixon and Giedroc 2000; Nixon et al.
2002). Importantly, the wild-type HDV antigenomic ribo-
zyme cannot form this quadruple. Here, we provided
additional evidence that there is ionization of a group in
the pedestal structure of the genomic ribozyme, and the
results suggest that the bell shape of the pH-rate profile
reflects ionization states of both C41 (or an associated
group) and the exogenous nucleobase or buffer (substitut-
ing for C75). Removal of C41–A43 resulted in a pH-rate
curve for the rescue reaction that followed a rate-law
definition of general-base catalysis. The results were also
consistent with the idea that the ionized form of C41
functions to enhance the rate of cleavage, although evi-
dence for inhibition of cleavage rates by the nonionized
form was also seen at higher pH. The distance from C41 to
the scissile phosphate group would appear to be quite far
(about 15–17 Å) for that protonated cytosine to participate
directly in catalysis, for example, in the electrostatic
stabilization of the anionic transition state. Moreover, the
space between C41 and the scissile phosphate is largely
occupied by part of the short P1.1 duplex. Given this
location of C41, it appears that its contribution to catalysis
is indirect, although additional study would be necessary
to reveal how this might work.

For the rescue of the C75DC41D variant, there was
a noticeable positive correlation between the reaction rate
and the pKa of the buffer. A Brønsted plot (log kobs vs. pKa)
revealed a linear free-energy relationship between the rate
constant for the reaction and the equilibrium constant for
the buffer, with a characteristic slope or Brønsted co-
efficient (b) of about 0.5. In this case, the value can be
taken to reflect the extent of positive charge transfer
between donor and acceptor atoms in the transition state
(Jencks 1969; Fersht 1985), and it supports a mechanism
of general acid–base catalysis by the buffer or exogenous
nucleobase in these reactions. It is also picturesquely
described as evidence for a proton ‘‘in flight’’ in the
transition state. A value of or close to zero would suggest
a mechanism in which the buffer was not involved in
transferring a proton in the transition state, and, thus, not
acting as a general acid–base catalyst. Examples might be
the ionized buffer molecule acting as an electrostatic

catalyst by shielding developing charge in the transition
state or the un-ionized base stabilizing the transition state
by filling a space left by the deletion mutation. A value close
to one would suggest a role involving extensive new bond
formation in the transition state. An example would be the
buffer acting as the nucleophile in the reaction. Values of
0.4–0.8 were experimentally determined in rescue reactions
with enzymes proposed to use a histidine or lysine for
general acid–base catalysis (Toney and Kirsch 1989;
Newmyer and de Montellano 1996; Huang and Tu 1997).
A Brønsted value (z0.5) was found previously for chemical
rescue with the HDV antigenomic ribozyme (Shih and
Been 2001).

A recent study of the catalytic mechanism of the HDV
antigenomic ribozyme supports a model for catalysis in
which the active-site cytosine (C76) acts as a general acid–
base catalyst at the 59 bridging oxygen of the scissile
phosphate (Das and Piccirilli 2005). We assume that the
mechanisms of the two HDV ribozymes are similar, and,
therefore, C75 and the exogenous nucleobases or buffer acts
at this same position in the genomic ribozyme. Thus,
a model for catalysis of the reaction in the direction of
cleavage involves transfer of a proton from the protonated
nucleobase to the 59 bridging oxygen, making the oxygen
a better leaving group in the rate-determining step for
cleavage. The nucleobase can then be viewed as functioning
as a general-acid catalyst for the forward (cleavage) reaction
and as a general-base catalyst in the reverse (ligation)
reaction. It is important to emphasize that the observed
pH-rate profile for the chemical-rescue reactions with the
C75DC41D ribozyme, which is described as a general-base
pH-rate profile, is not in conflict with a mechanistic role
for the nucleobase as a general-acid catalyst in the cleavage
direction of the reaction. Resolution of what may at first
seem a contradiction is nicely addressed by Jencks (1969),
who illustrates why catalysis by a specific-base plus general-
acid mechanism follows a pH-rate profile described as
general base. His description is restated here for the
reactions of this study. As long as the pH of the reaction
is below the pKa of the buffer or exogenous nucleobase, the
buffer (nucleobase) catalyst would exist mostly in the
protonated form and that concentration would not vary
appreciably (<2-fold, until the pH exceeds the pKa)
(Fig. 7A). Thus, with increasing pH, but at pH still below
the pKa of the buffer (nucleobase), the rate of the reaction
increases because the concentration of ‘‘activated substrate’’
increases log-linearly with deprotonation of the 29-OH
group. This increase in the concentration of the activated
form of the ribozyme in the reaction continues as the pH
increases, and the increase in the rate of cleavage reflects
this activation. However, at pH values above the pKa of the
buffer (nucleobase), the concentration of the acid form of
the general acid–base catalyst will decrease, also log-
linearly. Thus, as the pH increases in this higher pH range,
the concentration of the active form of the general-acid
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catalyst decreases by loss of a proton at the same rate as the
29-OH group is activated by loss of a proton, and the sum
of those effects on the overall rate of the reaction exactly
cancel each other. As a result, the pH-rate profile, which
reflects the sum of the effects of pH on the two positions,
follows the rate-law definition of general-base catalysis
(Jencks 1969; Nakano et al. 2000). For this description,
the ionization of the 29-OH group is assumed to be rapid
and occurring prior to the rate-determining step in the
cleavage reaction, and, thus, that step appears kinetically as
specific-base catalysis. However, the same explanation for
the pH-rate profiles can apply to the reaction catalyzed by
a concerted general-acid general-base mechanism in which
the cytosine (or buffer) is still acting as the general-acid
catalyst, but a hydrated metal ion, functioning as a general-
base catalyst, is ‘‘activated’’ with increasing pH, and it then
accepts the proton from the 29-OH group (Nakano et al.
2000, 2001, 2003; Nakano and Bevilacqua 2001). The data
we present here do not distinguish between these mecha-
nisms for activation of the 29-OH group. However, in
either mechanism, the interpretation of the role of the
cytosine as a general acid–base catalyst and its effect on the
pH-rate curves would be the same.

Although we have presented the results in the context of
a mechanism consistent with the findings of Das and
Piccirilli (2005) that demonstrate that the cytosine acts at
the 59 bridging oxygen, it is important to note that a recent
structure of a precursor form of the HDV genomic
ribozyme (Ke et al. 2004) appears to position the nucleo-
base at position 75 for action at the 29-OH group. As such,
the cytosine could activate the 29-OH group by accepting
its proton. If transfer of this proton from the 29 oxygen to
C75 was rate determining for the reaction, C75 would be
acting as a general-base catalyst in the cleavage reaction.
The rescue studies we present do not distinguish between
the two models for the site of catalysis because, again, both
the forward and reverse reactions would be predicted to
follow the rate-law definition of general-base catalysis
(Jencks 1969).

There is yet another related issue of ambiguity involving
use of the data from the rescue studies in the interpretation
of the results of the Brønsted analysis. Were the buffers to
act as ‘‘true’’ general-base catalysts in the cleavage reaction,
it is obvious how the catalytic mechanism could generate
the kinetic data and the subsequent Brønsted plot; that is,
the rate constants would increase with the pKa, or in-
creasing basicity. Likewise, for ‘‘true’’ general-acid catalysis
the slope of the line for a similar Brønsted plot would be
negative because the rate constants would decrease with
decreasing acidity constant (increasing pKa) of the buffer.
What can be less obvious, initially at least, is why the plot
should show an increase in rate with increasing pKa of the
buffer in a specific-base plus general-acid catalyzed reaction
because it is, after all, the conjugate acid of the buffer that
would be the proton donor. Simply noting that this is the
case because ‘‘true’’ general-base catalysis and specific-base
plus general-acid catalysis are kinetically equivalent may
not provide an intuitively satisfying explanation for the
Brønsted plot. However, because it is easier to see the
relationship between increasing rate constants and increas-
ing basicity in ‘‘true’’ general-base catalysis, it is useful to
view the result in terms of the kinetically equivalent reverse
reaction. For the Brønsted analysis it would not matter in
which reaction direction the kinetics are measured because
the buffer, in acting as a catalyst, lowers the activation-
energy barrier for the reaction regardless of the direction
of the reaction. That is, if increasing the pKa of the buffer
increases the rate of cleavage, it would also increase the rate
of ligation (assuming ligation is a true reversal of the
cleavage reaction). For the reverse of the cleavage reaction,
the buffer catalyzes the same rate-determining step as in the
forward reaction, yet now that step, deprotonation of the
59 OH group, would be described as ‘‘true’’ general-base
catalysis. Thus, the Brønsted plot immediately appears
consistent with catalysis by the buffer for reverse reaction,
and, for the reasons just described, a Brønsted analysis of
the data from the reaction measured in either direction
would give the same results. The bottom line is that the

FIGURE 7. Idealized examples of how the shape of a pH-rate curve
would relate to the extent of protonation of ionizable groups. (A) A
general-base pH-rate curve (dotted line) resulting from specific-base
plus general-acid catalysis. An increase in the concentration of the
activated substrate (activation of the 29-OH group by base) is
represented by the line through circles, while the decrease in
concentration of the conjugate-acid form of the nucleobase catalyst
with a pKa of 6 (arrow) is represented by the line through squares. (B)
A bell-shaped pH-rate curve (dotted line) resulting from specific-base
plus general-acid catalysis and a second ionizable group that, when
protonated, increases activity of the ribozyme. Lines through circles
and squares as in A but in addition there is a third ionizable group
(e.g., C41) with a pKa of 7 (triangles).
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ambiguity inherent in the kinetic data is not eliminated
when those data are used in the Brønsted analysis;
nevertheless, the Brønsted value should correctly describe
the transition state.

From data presented here and elsewhere for the HDV
genomic and antigenomic ribozymes (Ferré-D’Amaré et al.
1998; Perrotta et al. 1999; Nakano et al. 2000; Shih and Been
2001; Wadkins et al. 2001; Das and Piccirilli 2005), we
suggest that the bell-shaped pH-rate curves for rescue of
cleavage activity in the C75D mutants of the genomic
ribozyme can be best explained by the effect of pH on three
ionizable groups (Fig. 7B). Those three groups are: (1) the
29-OH group nucleophile (or a general-base catalyst with
a relatively high pKa that acts at the 29-OH group; Nakano
et al. 2000, 2001); (2) the buffer that substitutes for C75 and
acts as a proton donor in the cleavage reaction; and (3)
a nucleobase (C41) associated with the pedestal structure.
The ascending leg of the bell-shaped curve, at low pH, reflects
activation of the 29-OH group (or a hydrated metal ion
general acid–base catalyst, as noted above). The leveling off
and descending leg of the curve, as the pH increases further,
is then attributed to a combination of the loss of a proton
from the conjugate base of the buffer acting as the general-
acid at the 59 bridging oxygen and to a presumably indirect
effect of removing a proton from the ionized form of C41.

MATERIALS AND METHODS

Enzymes and reagents

T7 RNA polymerase was prepared by M. Puttaraju from an over-
expressing clone provided by W. Studier, Brookhaven National
Laboratory, Upton, NY (Davanloo et al. 1984). All other enzymes
and chemicals were purchased from commercial suppliers.

Bases and nucleobases used in the rescue reactions were
purchased from Aldrich. Stock solutions were prepared and the
pH adjusted with HCl or NaOH. For reactions with cytosine and
isocytosine, additional buffering was provided with a three-buffer
system; 25 mM acetic acid/25 mM MES (2-(N-morpholino)etha-
nesulfonic acid)/50 mM Tris (AMT buffer, pH 4.0–8.0) or 50 mM
MES/25 mM Tris/25 mM AMP (2-amino-2-methyl-1-propanol)
(MTA buffer, pH 7.0–10.0) (Ellis and Morrison 1982).

Ribozymes

The construction of the plasmid containing the ribozyme sequen-
ces used in this study (TGR1) was described previously (Wadkins
and Been 1997). Site-directed mutagenesis with single-stranded
uracil-containing DNA and synthetic oligonucleotides (Kunkel
et al. 1987; Vieira and Messing 1987) was used to generate the C75
variants and to delete the C41–A43 sequence, as previously
described (Wadkins and Been 1997; Wadkins et al. 2001). Plasmid
DNA was linearized with BamHI and transcribed in vitro with T7
RNA polymerase in the presence of [a-32P]-ATP or [a-32P]-CTP
to prepare labeled run-off transcripts. Products of the transcrip-
tion reaction were fractionated on denaturing polyacrylamide gels,
the band containing precursor RNA was excised, and the RNA was

eluted and stored frozen in 0.1 mM EDTA. To block self-cleavage
of the TGR1 ribozyme during transcription, the reaction included
a second plasmid that was cotranscribed to yield a short RNA that
base-paired to part of the ribozyme (Wadkins and Been 1997).
This blocking RNA was removed upon gel purification.

Ribozyme rescue reactions

To prepare the RNA, it was heated for 1 min at 95°C in 0.1 mM
EDTA, allowed to cool to room temperature (10 min), and then
incubated at 37°C for 10 min in 5 mM Tris-HCl (pH 7.5), 1 mM
EDTA, 0.1 M NaCl. The renatured RNA was then diluted 1:25 into
a reaction buffer containing 25 mM MgCl2, 1 mM EDTA, 0.5 mM
spermidine, and the base (typically 400 mM) at various pH values.
All reactions were at 37°C. To avoid evaporation/condensation in
the tubes for the longer time points, the reactions were incubated
in a 37°C incubator rather than a water bath. The final pH was
measured from a mock reaction lacking only the RNA. For
reactions in cytosine and isocytosine, 50 mM AMT or MTA
buffer (see above) were included in the reaction. Aliquots were
removed at various times and quenched with an equal volume of
formamide containing 50 mM EDTA and tracking dyes, and these
were frozen until all samples were collected. Precursor and
product RNAs were separated by gel electrophoresis, and the
extent of cleavage was quantified using a PhosphorImager (Mo-
lecular Dynamics). First-order rate constants were determined
from nonlinear curve fitting to the exponential form of the equa-
tion using KaleidaGraph (Synergy Software). Reaction conditions
and time courses for TGR1 and the C75A, C75U, and C75D
variants without exogenous base were as previously described
(Wadkins and Been 1997; Wadkins et al. 1999, 2001), and differed
mainly in that the RNAs were preincubated in the absence of
divalent metal ions and the reactions initiated with addition of
MgCl2 to 11 mM.
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