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Hepatitis delta virus (HDV) ribozymes employ mul-
tiple catalytic strategies to achieve overall rate
enhancement of RNA cleavage. These strategies
include general acid—base catalysis by a cytosine side
chain and involvement of divalent metal ions. Here we
used a frans-acting form of the antigenomic ribozyme
to examine the contribution of the 5’ sequence in the
substrate to HDV ribozyme catalysis. The cleavage
rate constants increased for substrates with 5’
sequence alterations that reduced ground-state bind-
ing to the ribozyme. Quantitatively, a plot of acti-
vation free energy of chemical conversion versus
Gibb’s free energy of substrate binding revealed a lin-
ear relationship with a slope of —1. This relationship is
consistent with a model in which components of the
substrate immediately 5’ to the cleavage site in the
HDYV ribozyme-substrate complex destabilize ground-
state binding. The intrinsic binding energy derived
from the ground-state destabilization could contribute
up to 2 kcal/mol toward the total 8.5 kcal/mol reduc-
tion in activation free energy for RNA cleavage cata-
lyzed by the HDV ribozyme.

Keywords: catalytic mechanism/catalytic RNA/ground-
state destabilization/HDV ribozyme/self-cleaving RNA

Introduction

Self-cleaving ribozymes encoded in the hepatitis delta
virus (HDV) genomic and antigenomic RNA sequences
catalyze cleavage of a phosphodiester bond with a rate
107-fold faster than the uncatalyzed reaction (Perrotta and
Been, 1991, 1998; Shih and Been, 2001). To account for
this significant rate enhancement, several catalytic strat-
egies, including general acid-base catalysis, metal ion
catalysis and substrate destabilization, have been proposed
for HDV ribozyme-catalyzed RNA cleavage. General
acid-base catalysis by a cytosine side chain, C75 in the
genomic ribozyme and C76 in the antigenomic ribozyme,
is supported by both structural and biochemical data
(Ferré-D’ Amaré€ et al., 1998; Perrotta et al., 1999; Nakano
et al., 2000; Shih and Been, 2001). An involvement of
catalytic divalent metal ions in chemical catalysis is
strongly suggested for the HDV ribozymes (Kuo et al.,
1988; Sharmeen et al., 1988; Wu et al., 1989; Perrotta and
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Been, 1990; Suh et al., 1993; Shih and Been, 1999;
Nakano et al., 2000), although there is no structural
evidence to support this proposition. For the hammerhead
and Tetrahymena ribozymes, use of intrinsic binding
energy to facilitate catalysis has been demonstrated
(Bevilacqua et al., 1994; Narlikar er al., 1995; Hertel
et al., 1997; Narlikar and Herschlag, 1998). With the
trans-acting antigenomic HDV ribozymes, the intriguing
observation of an ~25-fold (~2 kcal/mol) difference in
dissociation equilibrium constants (K,) between a 10mer
substrate and its 3’-cleavage product was consistent with,
but not necessarily evidence for, a ground-state destabi-
lization mechanism (Shih and Been, 2000).

Ground-state destabilization is one of the strategies that
enzymes employ to maximize the transition-state stabili-
zation. The active site of enzymes may not be geometric-
ally or electrostatically complementary to the substrate at
the ground state, but, instead, to the transition-state
structure. Specific interactions of an enzyme with the
functional groups of the substrates might not be apparent
at the ground state, but are revealed at the transition state
(Jencks, 1975; Fersht, 1985). Thus, the term intrinsic
binding energy refers to the sum of both the ground-state
and the transition-state binding energy (Jencks, 1975).
Several means by which binding interactions can facilitate
chemical conversion include positioning substrates in the
active site and thus reducing entropic requirements,
desolvating reactive groups on the substrates, and geo-
metrically or electrostatically destabilizing substrates.

Active site components of the HDV ribozymes are
proposed to reside in the sequence 3’ to the cleavage site
(3" sequence) because a single nucleoside 5" to the
cleavage site (—1 nucleoside) is sufficient for activity
(Perrotta and Been, 1990, 1992). A crystal structure of the
genomic 3’ self-cleavage product revealed an intricate
tertiary fold with a well-defined active site buried deeply
in a cleft formed by P1, J4/2 and P3/L3, leaving minimal
space in the catalytic pocket to position the scissile
phosphodiester bond and the -1 nucleoside (Ferré-
D’Amaré et al., 1998). Nevertheless, the —1 nucleoside
and scissile phosphate are not only key participants in the
reaction but also contain metal-chelating groups that could
contribute to catalysis by positioning a catalytic divalent
metal ion, or by orienting the scissile phosphodiester bond
toward the catalytic residues, or both. Additional 5’
flanking sequence is unlikely to participate directly in
chemical catalysis, although longer 5’ sequences can
interfere with cleavage activity (Perrotta and Been, 1990,
1991; Chadalavada er al., 2000).

To better define the contribution of nucleotides 5’ to the
cleavage site (5" sequence) in HDV ribozyme catalysis, a
trans-acting form of the antigenomic ribozyme (ADC1)
and a series of substrates (Figure 1; Table 1) were used for
systematic analysis of the effect of length and base
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composition of the 5’ sequence. A minimal kinetic
mechanism for ADCI1 cleavage of a 10mer substrate,
established using pre-steady and steady-state kinetics,
serves as a framework for the kinetic characterization
presented here (Scheme I) (Shih and Been, 2000). The
rate-limiting step for multiple turnover is release of the 3’
cleavage product, which is at least 103-fold slower than
dissociation of the 5" product. Under ribozyme saturating
conditions, the chemical transformation is the rate-deter-
mining step for the pre-steady state at ~1 min~!. This rate is
30-fold slower than that determined for the self-cleaving
sequence (Perrotta and Been, 1998; Shih and Been, 2000),
giving an overall rate enhancement in the intermolecular
form of the reaction of ~10%fold. In this study, thermo-
dynamic and kinetic parameters were determined for
substrates that varied in length and base composition.
These studies revealed that the 5” sequence affected both
the stability of the enzyme—substrate (E-S) complex and
the rate of chemical conversion. The relationship between
these two parameters is consistent with a mechanism
in which the 5" sequence contributes to ground-state
destabilization and this free energy is recovered in
achieving the transition state.

Results

General approaches

Contributions to HDV ribozyme catalysis by nucleotides
5’ to the cleavage site were examined using the trans-
acting ribozyme ADCI1. ADCI is derived from the HDV
antigenomic ribozyme (Perrotta and Been, 1992) and
associates with oligonucleotide substrates through base
pairing (Figure 1). ADC1 cleavage of all-RNA substrates
follows a kinetic mechanism where the rate constants for
substrate dissociation (k_;) and the chemistry step (k,) are
comparable. Each oligonucleotide substrate used in this
study contains the wild-type sequence 3’ to the cleavage
site (A\GGGUCGG, where A denotes the cleavage site), but
differs in the 5" sequence (Table I). The naming scheme of
substrates (S), deoxynucleotide-containing substrate ana-
logs (DSA) and abasic residue-containing substrate (ABS)
includes a number that designates its total length in
nucleotides. For the substrates with an abasic residue, a
second number is used to designate the position of the
abasic site. Kinetic parameters were measured for these
substrates using approaches described previously (Shih
and Been, 2000). Under ribozyme saturation conditions,
the cleavage reactions for all the substrates showed single-
exponential kinetics, and active site titration experiments
indicated that >90% of the ribozyme was active. In
addition, the results from pulse—chase experiments, pH rate
profile and kinetic solvent isotope effects are consistent
with the chemistry step being rate limiting (Shih and Been,
1999, 2000 and data not shown).
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Fig. 1. Sequence and secondary structure of the ADCI ribozyme and

a substrate. The frans-acting ribozyme and substrate (S15) are shown
in outlined and solid letters, respectively. The cleavage site is indicated
by an arrow. Paired (P) regions are labeled; J4/2, the sequence joining
P4 and P2.

Destabilization of the E-Pr;- complex by a

5’ phosphate

Based on the observation that the K4 for the substrate S10
was ~25-fold higher than that of the 3" product (Prs-;
5’-GGGUCGG-3’), we had proposed that the scissile
phosphodiester linkage at the cleavage site reduced the
stability of the E-S complex (Shih and Been, 2000). In the
crystal structure of the genomic ribozyme 3’ product
(Ferré-D’ Amaré et al., 1998), the 5’-OH leaving group is
within H-bonding distance of the N3 (and O2) of C76. This
H-bonding interaction may contribute to the relatively
greater stability of the E.Pry complex. To assess the
destabilizing effect of the scissile phosphodiester linkage
on the E-S complex, both K, and k_; were determined for
the 5’-phosphorylated Prs.. Phosphorylation of the 5-OH
leaving group will disrupt H-bond formation between C76
and the 5’-OH group, and partially mimic the scissile
phosphodiester at the active site (at pH 8, the mono-
phosphate bears an additional negative charge relative to
the phosphodiester). A 4-fold increase in Ky for the
5’-phosphorylated Pry (Table II), equivalent to AAG =
+0.85 kcal/mol, is consistent with that expected for the
loss of one H bond (0.5-2.3 kcal/mol) (Fersht et al., 1985;
Fersht, 1987; Silverman and Cech, 1999). The lower
stability of the E-Prs-phosphorylated complex was also
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Table 1. Kinetic parameters for single-turnover reactions®

ko (MgCly) (min™")

ky (CaCl,) (min™')

Knv' (MgClL) M) k. MgClL)® (min™!) Ky (MgCL)* (nM)

S8 CAGGGUCGG  0.35 1.3
DSA8 dCAGGGUCGG

S9 UCAGGGUCGG  0.74 -
DSA9 UdCAGGGUCGG

S10d UUCAGGGUCGG  0.97 1.5
DSA10 UUdACAGGGUCGG

S12 UCUUCAGGGUCGG 1.0 -
DSA12 UCUUdCAGGGUCGG

S15 UCCUCUUCAGGGUCGG  0.43 —
DSA15 UCCUCUUdCAGGGUCGG

S8u UAGGGUCGG  0.83 0.51
DSAS8u dUAGGGUCGG

S8a AAGGGUCGG  0.25 0.031
DSA8a dAAGGGUCGG

S8g GAGGGUCGG  0.045 0.027
DSAS8g dGAGGGUCGG

ABS9-1 UXAGGGUCGG  0.08 0.013
ABS10-1 UUXAGGGUCGG  0.11 0.013
ABS10-2 UXCAGGGUCGG 1.8 2.7

12 0.35
18
97 0.64
35
120 1.4
58
143 1.6
65
225 0.86
50
33 0.64
24
5.1 0.56
10
300 <0.2
3.1
40 0.78 -
55 1.4 -
145 2.1 -

S, all-ribonucleotide substrates; DSA, deoxynucleotide-containing substrate analogs; ABS, abasic residue-containing substrate. —, values were not
determined; A, cleavage site; X, reduced abasic residue. The deviation of each determination was <15%.

aThe kinetic parameters were determined in 40 mM Tris—-HCI pH 8.0, 1 mM EDTA and 11 mM MgCl, or CaCl,.

PThe values for k_, were determined using equation 4 (see Materials and methods).

¢K4 was determined by gel-shift and inhibition competitive assays using non-cleavable deoxy substrate analogs under the same conditions.

dS10 was renamed from S3 (Shih and Been, 2000) for consistency of naming oligonucleotides in this paper.

reflected in its dissociation rate constant (k_;), which was
10-fold faster than dissociation of the E-Pr3- complex (data
not shown). However, the effect of adding the terminal
phosphate group was less than the total difference
observed in K, between E-S and E-Prz., suggesting that
the presence of moieties 5" to the cleavage site phosphate
must also interfere with the stability of the E-S complex.

Base specificity at the —1 position

The effect of varying the base at the —1 position (—1 base)
was examined using the oligonucleotide substrate S8 and
its —1 variants (S8a, S8g and S8u; see Table I). ADCI1
cleaves substrates with any of the four natural bases at the
—1 position, but with different efficiencies (Perrotta and
Been, 1992). Here, the pre-steady-state parameters were
determined for the four substrates. The cleavage rate in
11 mM MgCl, for these substrates decreased in the
following order: U > C > A > G, with the first-order rate
constant (k) for S8u 18-fold higher than that for S8g
(Table I). The cleavage rates were relatively faster for
pyrimidines than purines at position —1, and this
pyrimidine preference was more prominent in CaCl,
than in MgCl, (Table I). The equilibrium dissociation
constants of the four substrates, determined using non-
cleavable analogs, varied over an 8-fold range (Table 1),
suggesting that identity of the —1 base also affected the
stability of the E-S complex.

Contributions of the —1 base in cleavage reactions of the
HDV ribozyme were further characterized using substrates
containing an abasic residue at the —1 position connected
through a normal 3’,5’-linked ribose—phosphodiester bond
at the cleavage site (—1 abasic substrates). The two —1
abasic substrates ABS9-1 and ABS10-1 shared the
remainder of the sequence with the normal substrates S9
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and S10 (Table I). The ADCI1 ribozyme cleaved the —1
abasic substrates at the correct position, between G+1 and
the —1 abasic residue (Figure 2). The 3’ cleavage product
generated from ABS9-1 and ABS10-1 co-migrated with
that generated from S9 and S10, suggesting that cleavage
of the —1 abasic substrates also yielded a 5’-OH group on
the 3’ cleavage product. As a control for aberrant cleavage
at abasic sites, a substrate containing a single abasic
residue at the —2 position, ABS10-2, was also tested with
ADCI1. ABS10-2 was cleaved at the normal position,
generating a 3" product that migrates with the correct size
and bears a 5’-OH group (Figure 2). With each of the three
abasic substrates, there was no evidence for enhanced
cleavage at other sites.

Although the abasic residue at the —1 position did not
affect cleavage-site selection, the kinetics of the cleavage
reaction were altered. The first-order rate constants (k) of
the —1 abasic substrates were ~10-fold lower than their
corresponding wild-type substrates (Table I). However,
moving the abasic residue to the —2 position resulted in a
2-fold increase in k, relative to the wild-type substrate. For
both of the —1 abasic substrates, the substrate dissociation
rate constants (k_;) were the same as the normal substrates.
Thus, k; was ~10-fold faster than the chemistry step,
and cleavage of the —1 abasic substrates followed a
Michaelis—Menten mechanism. With both of the —1 abasic
substrates, K; measured by gel-shift assays using an
inactive ribozyme, ADC1(76u), was comparable to that of
the deoxy substrate analogs (Table II). These numbers
were also in good agreement with Ky, as expected for the
Michaelis—Menten cleavage mechanism (Kgq = Kyy).
The results suggested that the slower cleavage rate for
the abasic substrates was not due to a difference in stability
of the E-S complex.



Table II. Equilibrium dissociation constants (K4)*

ADC1(wt) (nM) ADC1(C76u) (nM)

ABS9-1 - 62
ABS10-1 - 87
ABS10-2 - 52
DSA9 35 57
DSA10 60 89
Pryb 1.9 -

Phosphorylated-Prs/ 74 -

aThe equilibrium dissociation constants were determined by gel-shift
assays in 40 mM Tris—HCI pH 8.0, 1 mM EDTA and 11 mM MgCl,.
The deviation between individual determination is within 20%.

bPr;. were renamed from DP3 (Shih and Been, 2000).
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Fig. 2. Trans-cleavage of abasic and normal substrates by ADCI1. The
cleavage reactions contained a trace amount of the 3’-end 32P-labeled
oligonucleotide substrate and 1 uM ADCI, in 40 mM Tris—-HCI pH 8.0,
1 mM EDTA and 11 mM MgCl,. Reaction times for each substrate
were: S10, 1 min; ABS10-1, 30 min; ABS10-2, 1 min; S9, 1 min;
ABS9-1, 30 min. Reactions were fractionated on a 20% polyacrylamide
gel. The substrate (Sub) and 3’ cleavage product (Pr3) were 3’-end
labeled. Hyl and Hy2 were the alkaline partial digests of S10 and S9,
respectively. g1 and ¢2 were untreated substrate S10 and S9,
respectively.
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Fig. 3. pH dependence of the S10 and ABS10-1 cleavage reactions.
The pH profiles of S10 (open squares; dashed line) and ABS10-1
(closed circles; solid line) were performed under k., conditions
with a saturating ribozyme concentration and fit to: kqps = ko/(1 +
10PKa1=PH 4 10PH - PKa2) The two apparent pK, values are 5.7 = 0.1
and 8.9 *= 0.1 for S10, and 5.6 = 0.1 and 9.0 = 0.1 for ABS10-1,
respectively.

HDV ribozyme catalysis

=

=]

7
e o
c >
E @
o @
o 2
6 —~
2 3
© 3
=~ L
Lo ~

0.1 1 10 100
[Mg2+] (mM)

Fig. 4. Metal ion concentration dependence of S10 and ABS10-1
cleavage reactions. The first-order rate constants k, were determined
under k., conditions with a saturating ribozyme concentration at pH 8.0
and varied MgCl, concentration for S10 (open squares; dashed line)
and ABS10-1 (closed circles; solid line). The data were fit to the Hill
equation, and the apparent binding constants and Hill constants were

15 and 1.6 mM, respectively, for both S10 and ABS10-1.
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Fig. 5. Change in the cleavage rate and dissociation equilibrium
constants with increasing length of the 5" sequence. k, and K4 were
determined for wild-type substrates with length 5" to the cleavage site
varying from 1 to 8 nt (Table I). Both k, (circles) and Ky (squares)
were normalized to those of S8 and plotted against the number of
nucleotides in their 5" sequence.

To examine whether the —1 base interacts with catalytic
residues at the active site, the pH dependence of the
cleavage reaction was determined with the —1 abasic
substrate ABS10-1. ADCI1 cleavage of a normal substrate
(S10) demonstrated a bell-shaped pH profile (Shih and
Been, 1999), with an apparent pK, of 5.5 possibly
reflecting the pK, of the cytosine side chain at position
76 (C76). The pK, of C76 may be shifted toward neutral
pH by interactions with active site components
(Ferré-D’ Amaré et al., 1998). The pH dependence of
ABS10-1 cleavage is identical to that of S10 (Figure 3),
suggesting that the —1 base is not involved in interactions
that result in the pK, shift of C76.

The Mg?* concentration dependence was determined for
cleavage of both the normal (S10) and —1 abasic substrates
(ABS10-1) (Figure 4). For both reactions, the Hill constant
was 1.6 and the apparent Ky was ~15 mM at pH 8.0. The
absence of a change in either the Hill constant or apparent
K4 suggests that the base at the —1 position does not
directly coordinate a catalytic metal ion.

Effect of the length of the 5’ sequence on
substrate binding and cleavage

A series of substrates derived from the wild-type sequence,
but varying in length from 1 to 8 nucleotides (nt) 5" to the
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Fig. 6. Linear correlation between substrate binding and difference in
activation free energy. The Gibb’s free energy of substrate binding
(AAGy;ng) and activation free energy (AAG¥) were calculated as
described in the text. The standard errors for both substrate binding and
cleavage were plotted, and the substrate used to generate each data
point is indicated. The linear correlation of the thermodynamic and
kinetic parameters yields a slope of —=1.0 (n = 9; r = 0.94).

AAG o510 = AAGipingz = AGiping1
AAGEem = AAGE, - AAGE

AAG destab = -AAeichem

Fig. 7. Reaction coordinate diagram of the ADC1 ribozyme cleavage
under k., conditions. Reaction pathways for two substrates, S; and S,,
are shown. The binding energy of substrate S, is destabilized from that
of S; by AAGyesan- The activation free energy for S, cleavage is
reduced from that of S| by AAG# e, Data for Figure 6 indicated that
AAGestab = ~AAG* pem. Thus, the reactions of S; and S, go through an
energetically equivalent transition state.

cleavage site (S8, S9, S10, S12, S15; Table I), were tested
in ADCl1-catalyzed cleavage reactions. There was a 3-fold
increase in k, as the length of the 5" sequence increased
from 1 to 3 nt, although it appeared to decrease slightly
when the 5" sequence exceeded 5 nt in length (Figure 5,
circles). The Ky of these substrates also changed, with a
trend similar to that observed for k, (Table I; Figure 35,
squares). Nevertheless, the cleavage reactions of these
substrates, which contain the wild-type sequence, fol-
lowed a similar kinetic mechanism (k_; ~ k,; Table I), and
the second-order rate constants (k./Ky{) did not vary
greatly among these substrates, suggesting that the 5
sequence affected substrate specificity only slightly.

Ground-state destabilization

As shown above, the length and base composition of the 5’
sequence affected both Ky and &, in a manner qualitatively
consistent with a mechanism of ground-state destabiliza-
tion. From these two parameters, the relative Gibb’s free
energy for the E-S complex (AAGy;,q) and the difference in
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activation free energy between HDV-catalyzed and the
uncatalyzed reactions (AAG*) were estimated (equations
5.1 and 5.2). With the all-ribonucleotide substrates and
ABS10-2, the thermodynamic binding energy (AAGp;ng)
demonstrated a linear correlation with activation energy
(AAG?), giving a slope close to —1 (Table I; Figure 6). This
linear dependence suggests a model where the 5" sequence
causes destabilization of the E-S complex, and the
unfavorable binding energy contributes to a lower acti-
vation energy barrier for chemical catalysis (Figure 7). Of
the substrates tested, S15 exhibited the largest deviation
from the linear relationship. The source of this discrepancy
was not apparent, but it could be due to the formation of a
hairpin structure in S15, which would result in a higher
observed Kj, or it could be due to unproductive binding of
S15 with ADCI1, which would lead to lower k.

Discussion

Dissecting substrate-binding energetics
Energetic analyses of the contributions of the scissile
phosphate, —1 nucleoside and 5" nucleotides to substrate
binding revealed unfavorable binding interactions of the 5’
sequence with the ADCI1 ribozyme. The destabilizing
effect of the scissile phosphodiester bond was estimated by
comparing the binding energy of the 3’ product (Prs/)
containing a 5’-OH to that of the 5’-phosphorylated Pry. A
4-fold increase in K4 was observed (AAG = +0.85 kcal/
mol) for the oligonucleotide with the 5’-phosphate. This
difference would be consistent with the disruption of a H
bond, such as that involving the 5-OH group and C76. It is
also likely that, in the electronegative environment of the
active site (Ferré-D’Amaré et al., 1998), the additional
negative charge on the phosphomonoester causes unfavor-
able interactions. The stabilizing effect of adding a 5'-
dangling nucleoside to an RNA duplex can be as high as
—0.3 kcal/mol (Freier et al., 1985). Thus, if the -1
nucleoside stacked on the end of P1 and there were no
destabilizing interactions, adding the —1 nucleoside (S8)
should result in ~1.6-fold stronger binding of the substrate
relative to the product. However, in the context of the
ADCI1 ribozyme, the presence of the —1 nucleoside
destabilizes the E-S complex. The Ky of S8 is 2.3-fold
higher than the 5’-phosphorylated Pr3- and ~10-fold higher
than Prs-. Increasing the number of 5" nucleotides from one
to three reduces the stability of the E-S complex by an
additional factor of four. The substrate-binding affinity
remained unchanged as the 5" sequence was increased
from 3 to 5 nt, but may become slightly tighter when a
substrate with a longer 5” sequence (8 nt) was used. One
explanation for a lower apparent K4 of S15 could be an
alternative binding mode with the ADCI ribozyme. In
total, a 3 nt 5" sequence lowers the stability of the E-S
complex by ~2 kcal/mol from that of the E-Pr3- complex.
It is worth noting at this point that the overall
thermodynamic equilibrium has not been established in
the HDV ribozyme cleavage reaction because the 5’
cleavage product dissociates from the ribozyme readily
after cleavage (k3 = 12 min~!; Scheme 1) and the ternary
complex (E-Prs-Prz) is not detectable by gel-shift or gel-
filtration assays (Shih and Been, 2000). In the case of the
hammerhead ribozyme, which catalyzes a similar chem-
ical reaction, the cleavage reaction is exothermic due to



the penalty paid in product formation of the 2’,3’-cyclic
phosphate, but the reaction is spontaneous due to a large
gain in entropy upon the formation of two cleavage
products (Hertel et al., 1994). An entropy-driven reaction
could also be the case for the HDV ribozyme, despite the
strong binding of the 3’ cleavage product, because of the
instability of the E-Prs-Prs- complex.

Intrinsic binding energy in HDV ribozyme catalysis
The use of intrinsic binding energy for catalysis is
characteristic of enzyme-catalyzed reactions where inter-
actions between the substrate and the enzyme at positions
away from the reactive residues may not manifest as
apparent binding affinity in the ground state but are
realized in the transition state (Jencks, 1975). Thus, adding
a specific substituent to the substrate could increase the
rate of chemical catalysis but cause little or no increase, or
even a decrease, in apparent binding. This effect has been
demonstrated with many protein enzymes (Jencks, 1975),
and more recently with ribozymes (Bevilacqua et al.,
1994; Narlikar et al., 1995, 1997; Hertel et al., 1997,
Narlikar and Herschlag, 1998). A mechanism of substrate
destabilization appears also to be used by the HDV
ribozymes. Data presented here suggest that 1-3 nt of the
5 sequence result in unfavorable interactions in the
ground state, which reduces the activation free energy
barrier and facilitates chemical conversion. Moreover, a
slope of —1 in the plot of Gibb’s free energy of binding
versus difference in activation free energy (Figure 6)
indicates that the increase in AAGy,q, as a result of
substrate destabilization, is equal to the reduction in the
activation free energy for chemical catalysis (AAGY).
Thus, this relationship reveals that the interactions
involving the 5" sequences are utilized almost solely in
ground-state destabilization and not in transition-state
stabilization (Figure 7). Furthermore, the slope of -1
implies that each substrate adopts an energetically equiva-
lent transition state because the amount of decreased
binding energy is exact payment for the increase in the
cleavage rate constant (decrease in the activation energy).

Utilization of intrinsic binding energy to facilitate
chemical catalysis can be achieved by substrate desolva-
tion, by destabilizing the substrate electrostatically or
geometrically, or by positioning the substrate at the active
site, thereby reducing the entropic requirement (Jencks,
1975). Substrate destabilization by electrostatic repulsion
in the ground state, which is relieved in the transition state
by charge redistribution, has been demonstrated in the
Tetrahymena ribozyme (Narlikar et al., 1995). An analo-
gous model of electrostatic destabilization by a protonated
cytosine side chain (C76/C75) (Nakano et al., 2000) is
possible for the HDV ribozymes (Shih and Been, 2000).
Although the identity of the base immediately 5" to the
cleavage site is not critical, contacts made by the 5
sequence may occur through the ribose—phosphate back-
bone or result from steric clash. From the crystal structure
of the HDV genomic ribozyme 3’ cleavage product, it
would appear that the active site, located in a cleft where
portions of P1, P3-L.3 and J4/2 come together (Bravo et al.,
1996; Rosenstein and Been, 1996; Ferré-D’ Amaré€ et al.,
1998), has limited space available for the 5" sequence. A
possible exit site for the 5" sequence is through an opening
between L3 and P1. Accommodation of the 5" sequence

HDV ribozyme catalysis

would appear to require a change in the direction of the
backbone at the cleavage site phosphate (Ferré-D’ Amaré
et al., 1998). A bend in the scissile phosphodiester may
destabilize, for example, the bottom base pairs of P1, but
result in a configuration of the ribose—phosphate backbone
resembling that of the penta-coordinated transition state
for in-line nucleophilic attack. Alternatively, the presence
of the 5 sequence might force the catalytic pocket to adopt
a conformation that allows the exit of the 5" sequence
without inducing a sharp bend. In that case, a local
conformational adjustment of the ribozyme might facili-
tate chemical catalysis by better positioning the catalytic
residues toward the reactive groups of the substrate, but
might also reduce stacking interactions between P1 and
P1.1, thereby destabilizing ground-state substrate binding.
In either scenario, stress on the substrate or local
conformational strain on the ribozyme induced by the 5
sequence may cause geometrical substrate destabilization
(Fersht, 1985).

Influence of the -1 base on HDV ribozyme
catalysis

Although there is only limited sequence specificity for the
nucleoside at the —1 position, the stability of the E-S
complex is affected by the identity of the —1 base. The K4
values of all of the 8mer substrates are higher than that of
the 3’ product (Pry), but they vary for different bases at
the —1 position. In particular, the substrates with purines
at the —1 position bind to the ADC1 ribozyme more tightly
than those with pyrimidines, but they cleave more slowly.
Itis conceivable that a purine nucleoside at the —1 position,
by simply orienting differently than a pyrimidine nucleo-
side, allows the ribose—phosphate backbone to adopt a
configuration that forms a more stable ground-state E-S
complex, but, as a result, there is slower chemical
conversion.

The base preference for the —1 position is more
prominent in the presence of CaCl, than in MgCl,. In
MgCl,, the cleavage rate constants (k) of the substrates
with pyrimidine bases at the —1 position are 1.5- to 18-fold
faster than that of the purine or abasic substrates, while the
cleavage reactions in CaCl, showed 20- to 100-fold
differences. It has already been argued that direct
coordination of the —1 base to a catalytic metal ion is
unlikely because the concentration dependence of divalent
metal ions for the —1 abasic cleavage reaction is identical
to that of the wild-type cleavage reaction. However, the
influence of different metal ions on the magnitude of base
preference leaves open the possibility that a metal ion is
interacting with the scissile phosphate or the ribose at the
—1 position, and that this interaction is affected indirectly
by base identity.

In contrast to the all-ribonucleotide substrates, or
ABS10-2, cleavage of the —1 abasic substrates showed a
reduced cleavage rate but no change in the binding
constant when compared with the substrates with a
pyrimidine as the -1 base. Relative to the normal
substrates, binding of the —1 abasic substrate at the active
site may not correctly position the scissile phosphodiester
bond in the transition state, and this difference may,
therefore, result in the reduced cleavage rate. It is also
possible that the phosphodiester linkage at an abasic site
has more degrees of freedom, resulting in a larger entropic
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factor and, thus, a larger activation energy in forming the
transition state. Therefore, in addition to a role in ground-
state destabilization, the —1 base could, by reducing the
entropic penalty, contribute to transition-state stabiliza-
tion.

Conclusion

Compared with the uncatalyzed reaction, the rate of
cleavage of a phosphodiester bond in an oligonucleotide
substrate is increased 10°-fold by the trans-acting form of
the HDV ribozyme. Energetic analyses of cleavage of
substrates with different 5 sequences demonstrated
utilization of intrinsic binding energy in HDV ribozyme
catalysis. The overall rate enhancement is equivalent to an
~8.5 kcal/mol reduction in the activation free energy.
Consistent with the idea that multiple catalytic strategies
are employed by enzyme-catalyzed reactions, general
acid-base catalysis and, very possibly, metal ion catalysis
is critical to HDV ribozyme cleavage. Here we show that
substrate destabilization can account for an ~2 kcal/mol
reduction in activation free energy and, thus, also
contributes significantly to chemical catalysis in the
HDV ribozymes.

Materials and methods

Materials

T7 RNA polymerase was purified from an overexpressing clone provided
by W.Studier (Brookhaven National Laboratory, Upton, NY). Restriction
endonucleases, enzymes, chemicals and reagents were purchased
commercially. Plasmid DNA used for in vitro transcription was purified
by CsCl/ethidium bromide equilibrium centrifugation. All-ribonucleotide
substrates (S) or DSA were purchased from Dharmacom Research
(Boulder, CO). Substrates containing a reduced ABS (Beigelman et al.,
1994, 1995; Matulic-Adamic et al., 1996) were kindly provided by
Ribozyme Pharmaceuticals (Boulder, CO).

Preparation of RNA

Trans-acting ribozymes were prepared by in vitro transcription using T7
RNA polymerase with HindIll-linearized plasmid DNA. RNA was
separated on denaturing polyacrylamide gels, and recovered by elution
and ethanol precipitation. Aliquots of RNA were heated to 95°C in 40 mM
Tris—HCI pH 8.0 and 1 mM EDTA immediately before use. Radioactive
end-labeling of oligonucleotides was as described previously (Perrotta
and Been, 1992).

Pre-steady-state kinetics

Pre-steady-state kinetic parameters k, and Ky, were determined from
single-turnover cleavage reactions using excess ribozyme ([R]/[S] = 5)
under ‘standard conditions’ of 40 mM Tris—HCI pH 8.0, | mM EDTA and
11 mM MgCl, at 37°C. The cleavage reactions were initiated by the
addition of MgCl, to a final concentration of 11 mM. Aliquots were
quenched in an equal volume of 0.1 M EDTA and fractionated on
poly(ethyleneimine) (PEI) plates in 1 M LiCl. The conversion of substrate
to product was quantified using a Phosphorlmager (Molecular
Dynamics). Time courses of single-turnover reactions were fit to a first-
order single exponential: F; = F,, x (1 — e %) where F, = F., and are
the fractions cleaved at time ¢ and end point, respectively, and ko, is the
pseudo-first-order rate constant. The first-order cleavage rate constant at
saturating ribozyme concentration (k) and the concentration at which the
cleavage rate is half-maximal (Ky;") were obtained from a plot of kg
versus ribozyme concentration, which was fit to a Michaelis—Menten
equation:

ky [E] total
(KM/ + [E] total )

obs

The dependence of the cleavage reaction on divalent metal ion
concentration was determined under ribozyme saturating conditions
(keae conditions) in 40 mM Tris-HCl pH 8.0 and various MgCl,

4890

concentrations. To obtain the pH profile for cleavage activity, the
reactions were performed at constant ionic strength under k., conditions
at 37°C in 1 mM EDTA, 11 mM MgCl, and a buffer system containing
25 mM acetic acid/25 mM MES [2-(N-morpholino)ethanesulfonic acid]/
50 mM Tris pH 4.0-8.0 or 50 mM MES/25 mM Tris/25 mM AMP (2-
amino-2-methyl-1-propanol) pH 7.0-10.0.

Pulse-chase experiments

The dissociation rate constants (k_;) of substrates were measured by
pulse—chase experiments under standard conditions. Cleavage of a trace
amount of 5’-end 32P-labeled substrate (<2 nM) with saturating ribozyme
was initiated by addition of MgCl, to a final concentration of 11 mM. At
time #;, the chase consisting of excess unlabeled 3’ cleavage product (Pry,
5-GGGUCGG-3") was added to the reaction (final concentration 5 uM).
At time 1,, aliquots were quenched and fractionated as described above.
The dissociation rate constant k_; was calculated using two methods as
described previously (Shih and Been, 2000). First, k_; was obtained from
the ratio of the extent of cleavage in the chase and control reactions
([P]OO, chase and [P]OC, cnntro]) LlSiIlg equation L.

([P]OC chase — [P]t,‘ conlrol)/([P]w. control — [P]Il, conlrol) =
kol(k_y + k3) 1

where [Pl;1 conwor 1S the fraction cleaved at time f7;, when the chase is
added. In the second method, the first-order rate constant (k) after
addition of the chase is the sum of k, and k_; (equation 2).

kobs, chase = k2 + k—l (2)

The values obtained from the two methods agreed within +20%.

k_; was also determined by following dissociation of the E-S complex
directly with a gel-shift assay using a 5’-end 32P-labeled deoxy substrate
analog. The two methods gave similar values for k_;.

Gel-shift and competitive inhibition assays

The equilibrium dissociation constants of oligonucleotides with trans-
acting ribozymes were determined by gel-shift or competitive inhibition
assays using 3’ cleavage products, substrates or substrate analogs with a
deoxyribonucleotide at the cleavage site. For gel-shift assays, a trace
amount of 5’- or 3’-end 3?P-labeled oligonucleotide was pre-incubated
with increasing concentrations of ribozyme under standard conditions for
30 min and fractionated on a non-denaturing gel (Shih and Been, 2000).
The binding constant (K4) was obtained from a plot of the fraction of
bound substrate (Fyoung) versus ribozyme concentration ([E]) using
equation 3:

1
Fround = ( (3)

I+ Kd/[E]tolal)

Competitive inhibition assays were used to determine the inhibition
constant (Kj), which is equivalent to Ky. Cleavage reactions were carried
out under subsaturating ribozyme concentrations (k.,/K;, conditions)
with a trace amount of 5’-end 3?P-labeled S10. The second-order rate
constants [(ka/Kn)obs] Were measured using increasing concentrations of
deoxy substrate analogs, and data were fit to equation 4:

(k2 /Kw")

(k2 /Knt") gy = (1 + [inhibitor] /K;)

)

Calculations of thermodynamic parameters

The relative Gibb’s free energy of the E-S complex (AAGy;,q) and the
difference in activation free energy between the ADC1-catalyzed and the
uncatalyzed reactions (AAG*) were estimated from the following
equations:

AAGyina = - RT X In(U/KES) G
AAG# = — RT X In(ky/kynca) 5-2)

in which R is the gas constant (1.98 cal K-! mol™!), T is the reaction
temperature (310 K) and kypea is the background cleavage rate in the
absence of ribozyme (10-° min~') (Shih and Been, 1999).
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