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ABSTRACT: The two ribozymes of hepatitis delta virus (HDV) cleave faster in divalent metal ions than in
monovalent cations, and a variety of divalent metal ions can act as catalysts in supporting these higher
rates. Although the ribozymes are closely related in sequence and structure, they display a different metal
ion preference; the genomic form cleaves moderately faster in Mg2+ than in Ca2+ while the reverse is
true for the antigenomic ribozyme. This difference raises questions about understanding the catalytic role
of the metal ion in the reaction. We found that the metal ion reactivity preference correlated with the
identity of a single nucleotide 5′ of the cleavage site (-1 position). It is a U in thegenomic sequence and
a C in the antigenomic sequence. With both ribozymes, the reactivity preference for Mg2+ and Ca2+

could be reversed with a change at this position (C to U or U to C). Moreover, with an A at position-1,
there was a relative increase in cleavage rates in low concentrations of Mn2+ for both ribozymes. Metal
ion reactivity preference was also linked to changes in pH, and the pH-rate profiles could be shifted
with nucleotide changes at position-1. Together, the data provide biochemical evidence in support of an
organized active site, as seen in the crystal structures, where at least one metal ion, an ionizable group,
and the conformation of the phosphate backbone at the cleavage site interact in concert to promote cleavage.

The ribozymes found in the genomic and antigenomic
RNAs of hepatitis delta virus (HDV)1 are self-cleaving RNAs
that generate a 5′-OH group and a 2′,3′-cyclic phosphate
group upon cleavage (1, 2). The HDV self-cleaving ri-
bozymes catalyze this reaction in high concentrations of
monovalent salts (e.g., 0.5-4 M LiCl); however, much
higher rates of cleavage are seen in physiological concentra-
tions of divalent metal ions (e.g., 1-2 mM Mg2+ or Ca2+)
(3-7). Although the ribozyme structure is mostly defined
by the sequence 3′ of the cleavage site, crystal structures of
the HDV genomic ribozyme reveal a metal bound in the
active site of the ribozyme precursor (8) that is not observed
in the ribozyme 3′ product (9). This finding suggests that
the precursor contributed ligands for the metal which are
not present in the 3′ fragment by itself. Indeed, in the
precursor structures, the metal ion can form outer sphere
contacts to backbone phosphate oxygens not present in the
3′ cleavage product (8).

Metal ions associated with RNA can serve both catalytic
and structural roles that could be required for ribozyme
activity (10, 11). For the HDV ribozymes, structural and
biochemical evidence would be consistent with a model in
which at least one metal ion positioned in the active site
prior to cleavage could be acting as a catalytic cofactor (6,
8). We had also found that changing the phosphodiester bond
at the substrate cleavage site from a 3′,5′ to 2′,5′ linkage

affected relative rates in different metal ions (12). More
recently, an analysis of the Mg2+ concentration and pH
dependence of the HDV genomic ribozyme reaction revealed
a relationship that was consistent with a model in which
binding of either one or two divalent metal ions supports
cleavage activity (5, 6). Furthermore, it was suggested that
one of the bound metal ions could have a direct catalytic
role and function as a general acid-base catalyst to facilitate
proton transfer from the attacking 2′-OH group. However,
in the crystal structure it is difficult to reconcile the position
of the only observed active site divalent metal ion with a
role for it as a proton acceptor to activate the 2′-OH group
of nucleotide-1 (8).

If a metal ion is directly involved in catalyzing a rate-
determining step, both ribozyme reactions might be predicted
to show a consistent preference in metal ion reactivity that
is related to the properties of the metal ions (charge, size,
hardness, coordination geometry, pKa of bound water, etc.).
However, we have observed that the HDV antigenomic
ribozyme cleaved slightly faster in Ca2+ than in Mg2+, while
the genomic ribozyme cleaved faster in Mg2+. This difference
seemed incompatible with, for example, a rate-determining
step in which the metal ion acted a general acid-base catalyst
because the rates might then be expected to show a more
consistent dependence on the pKa of the hydrated metal ion.

The two HDV ribozymes can adopt very similar overall
secondary structures but they are not identical in sequence.
A seemingly minor difference in sequence is that the genomic
ribozyme has a uridine 5′ to the cleavage site (-1 position)
whereas the antigenomic ribozyme has a cytidine at position
-1. Here we show that changing the U to C or the C to U
at position-1 reversed the Mg2+/Ca2+ preference in both
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the genomic and antigenomic ribozyme cleavage reactions.
Mutations at position-1 also altered the pH-rate profile
of the reaction, and the metal ion reactivity preference order
can be sensitive to pH. Together, these data provide evidence
that a divalent metal ion which is located close to the
cleavage site influences the rate of ribozyme cleavage.

MATERIALS AND METHODS

Ribozymes and General Methods.Construction of the
plasmids containing the wild-type ribozyme sequences used
here has been described (13-15). For the -1 variants,
sequence changes were introduced into the plasmids using
oligonucleotide-directed mutagenesis (16, 17). Precursor
RNA was prepared by in vitro transcription with T7
polymerase (18) from linearized plasmid DNA. The RNA
was radiolabeled by including [R-32P]CTP or [R-32P]ATP in
the transcription reactions, and the precursor RNA was
purified by gel electrophoresis. The isolated RNA was stored
frozen at-20 °C in 0.1 mM EDTA. T7 polymerase was
prepared by M. Puttaraju; all other enzymes, the nucleotides,
and reagents are from commercial suppliers.

Ribozyme CleaVage Kinetics.Prior to the cleavage reac-
tions, the ribozyme precursor was heat denatured at 95°C
for 3 min in 10 mM Tris-HCl, pH 7.5, and 0.1 mM EDTA
and then renatured with the addition of 0.1 mM spermidine
at 37°C for 10 min. The RNA was diluted into 50 mM buffer
at the desired pH, and the reaction shifted to 25°C for at
least 5 min before initiating the reaction with the addition
of metal ion. For the reactions at pH 7.5 where the metal
ion concentrations were varied, the buffer was Tris-HCl. For
the pH-rate curves, two three-buffer systems were used:
25 mM acetic acid/25 mM MES [2-(N-morpholino)ethane-
sulfonic acid]/50 mM Tris-HCl (AMT buffer, pH 4.0-8.0)
or 50 mM MES/25 mM Tris-HCl/25 mM AMP (2-amino-
2-methyl-1-propanol) (MTA buffer, pH 7.0-10.0) (19).
MTA buffer was also used in the metal ion experiments at
pH 8.7. Aliquots for each time point were terminated with
2 volumes of formamide/running dyes containing 0.1 M
EDTA. For reactions containing higher metal ion concentra-
tions, the reactions were first terminated with excess 0.5 M
EDTA, and then the formamide/dye mix was added. The
RNA products were separated by polyacrylamide-urea gel
electrophoresis, and the fraction cleaved at each time was
quantified using a PhosphorImager and ImageQuant software.

Most of the kinetic data were collected manually, in which
case the earliest time points were at 3-4 s. In comparisons
to data collected with a rapid quench apparatus we found
this approach allowed an estimate for rate constants up to
about 40-60 min-1 (see Figure 3a below), assuming the
reactions followed a first-order reaction. A burst or lag in
the first few seconds would go undetected with data collected
manually; however, we have not seen evidence for a biphasic
kinetics in these reactions where data were collected on a
rapid quench apparatus (data not shown). At a minimum,
rate constants in excess of 20 min-1 obtained from data
collected by hand provided reasonable estimates that allow
a qualitative comparison of relative rates. The metal ion
concentration in all reactions greatly exceeded the concentra-
tion of the labeled RNA. For each cleavage reaction the rate
constantkobs for self-cleavage is obtained by fitting the
fraction cleaved (f) at time (t) to the first-order rate equation

f ) F(1 - e-kobs(t)), whereF is the end point for the reaction
(KaleidaGraph; Synergy Software).

Metal Ion Concentration Rate CurVes. kobs for each
reaction was plotted against the total metal ion concentration
minus the concentration of EDTA in the reaction. The curves
shown in the figures were generated by fitting the rate data
to either of two models. Scheme 1:n metal ion binding sites
in the ribozyme (R) bindn metal ions to generate the active
ribozyme‚metal ion complex, R‚Mn, that cleaves, with rate
constantkc, to generate products.

Much of the kinetic data for the antigenomic ribozyme and
variants (at pH 7.5) can be fit using eq 1, and the value for
n (the Hill value) varies from∼0.5 to 2.0 (data not shown).
This suggested that there may be at least two classes of metal-
binding site, but the cooperativity of the binding varies with
the -1 mutation, the metal ion, and pH of the reaction.

Scheme 1 does not describe the behavior of ribozyme
metal ion combinations in which the rate-metal ion curves
are bell-shaped. The shape of these curves suggest that metal
ions bind to at least two classes of metal sites, and the
ribozyme was active with either one or two metal ions bound.
Moreover, the two metal ion ribozyme complexes cleave with
different rates (Scheme 2), and this difference can be most
apparent whenk2 is less thank1.

Scheme 2 makes assumptions about the number of sites, their
relationship, order of binding, etc., that may not be justified.
However, eq 2, derived from this scheme, generates curves
that aid visually in presenting the data in the metal
concentration-rate curves. Although the values obtained in
the curve fitting for dissociation and rate constants appeared
reasonable, the introduction of the fourth variable often
resulted in large errors. For that reason, and especially
because we have not established the correctness of the model,
we did not report the kinetic values determined with this
curve fitting.

RESULTS

Description of the Precursor RNAs.The RNA sequences
used for HDV genomic and antigenomic ribozymes in this
study were similar in size. The antigenomic form (PEX1)
(Figure 1a) had 8 nt 5′ to the cleavage site and 93 nt 3′ of
the cleavage site. The genomic (TGR1) (Figure 1b) had
4 nt 5′ to the cleavage site and 85 nt 3′ of the cleavage site.

Scheme 1

Scheme 2
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The core of both PEX1 and TGR1 were the wild-type
sequence. For the cleavage site variants used here, single-
base changes were introduced at the-1 position (5′ to the
cleavage site); otherwise, each of the variant ribozymes is
identical to the starting sequence. The ribozymes cleaved
with first-order kinetics giving end points of 70-90%
cleavage, depending on the ribozyme and the reaction
conditions. To facilitate manual collection of the time points
in the kinetic studies, the temperature of the reactions was
25 °C rather than 37°C. Nevertheless, with some constructs,
rate constants in excess of 20 min-1 were observed under
favorable pH and metal ion concentrations. A comparison
of rates measured by hand and with a rapid quench
instrument indicated that, for comparison of relative rates,
rate constants obtained manually were adequate for all but
the fastest reactions.

The Genomic and Antigenomic Ribozymes Differed in
Metal Ion Preference.pH-rate curves were generated for
cleavage of the antigenomic (PEX1) ribozyme reaction in
10 mM Mg2+, Ca2+, or Mn2+ (Figure 2a). In the optimal pH
range of 7-8, the highest rates were in Ca2+. In contrast,
with the genomic ribozyme (TGR1) (Figure 2b), the higher

rates were in Mg2+. However, a shift in the pH-rate curves
for the genomic ribozyme also revealed that, below pH 7,
cleavage rates in Ca2+ could exceed those in Mg2+. This pH-
dependent change in metal ion preference was only seen with
the high metal ion concentrations (10 mM) used in these
reactions (see below). In lower metal ion concentrations
(1 mM) (Figure 2b inset) the pH-rate curves with the
genomic ribozyme were nested, with the highest rates in
Mg2+ and slowest in Mn2+.

Cleavage rate constants of antigenomic and genomic
ribozymes in increasing concentrations of different metal
ions, Mg2+, Ca2+, and Mn2+, were compared at pH 7.5
(Figures 3a and 4a). The rates for both ribozymes increased
with concentrations of Mg2+ or Ca2+. However, there were
differences in the profiles of the metal ion concentration-
rate curves for the two ribozymes. With the antigenomic
ribozyme, high concentrations of metal ion (∼50-100 mM)
were required (Figure 3a) to approach a maximum rate, and
the Mg2+ or Ca2+ concentration giving half-maximal rates
(K1/2) was 10 mM or greater. The cleavage rates with the
genomic ribozyme (TGR1) showed saturation at much lower
concentrations of both Mg2+ and Ca2+ (Figure 4a), with
maximal rates at about 10 mM and aK1/2 of about 1 mM. In
general, over a range of concentrations, the antigenomic
ribozyme cleaved about 2-fold faster in Ca2+ than in Mg2+,
whereas the genomic ribozyme cleaved about 2-fold faster
in Mg2+ than in Ca2+. This relative difference was mainly
due to the difference in the rates in Ca2+ because both
ribozymes cleaved at roughly similar rates (∼20 min-1) in
high concentrations of Mg2+ (10-100 mM).

There was evidence of bell-shaped metal ion concentration
curves indicating a second class of metal-binding sites. At
low metal ion concentration (∼0.1 mM), the genomic
ribozyme showed highest activity in Mn2+, but those rates
decreased when the Mn2+ concentration exceeded 1 mM

FIGURE 1: The HDV ribozymes. (a, b) Sequence and secondary
structures of the antigenomic ribozyme (PEX1) and the genomic
ribozyme (TGR1) precursors. The-1 nucleotide position is boxed,
and an oval is drawn around the catalytic cytosine. Lower case
letters represent the non-wild-type sequence. The sequence of
hairpin loop 4 in PEX1 differs from several clinical isolates by a
nucleotide deletion (4). (c) Illustration of the bend in the backbone
at the cleavage site phosphate in the genomic C75U ribozyme
precursor in Mg2+ (PDB code 1SJ3), solved by Ke et al. (8). Only
a subset of the atoms close to the Mg2+ are shown; the distances
from the metal ion to O4 of U75 and the nonbridging and 5′
bridging oxygen on the scissile phosphate are 2.2, 3.7, and 4.3 Å,
respectively. The distance from the metal ion to the center of the
pyrimidine ring at-1 is about 10 Å. This figure was prepared with
Mage software (31).

FIGURE 2: pH-rate curves for the wild-type precursors in divalent
cations. (a) Rate of cleavage for the antigenomic sequence as a
function of pH in 10 mM Ca2+ (circles), Mg2+ (squares), or Mn2+

(closed diamonds). (b) pH-rate profiles for the genomic sequence
in 10 mM divalent cations [symbols as in (a)]. (b, inset) rate-pH
profiles for the genomic sequence in 1 mM divalent cations. All
reactions were at 25°C. The curves were generated by fitting the
pH-rate data to the equationkobs ) kc/(1 + 10pKa1-pH + 10pH-pKa2

+ 10pKa1-pKa2).
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(Figure 4a). Bell-shaped concentration curves in Ca2+ and
Mg2+ were also seen with some of the-1 variants
(see below), suggesting that this bell shape is not just a Mn2+

artifact.
Altering the Nucleobase at the-1 Position Changed the

Metal Ion ReactiVity Preference.Whereas the genomic
ribozyme has a U atposition-1, the antigenomic ribozyme
has a C atthat position (Figure 1). The possibility that a
metal ion preference could be related to the identity of the
nucleobase at this position was tested after making base

changes at position-1. Changing -1C to U in the
antigenomic ribozyme (PEX-1U) caused the rate of cleavage
to decrease in Ca2+ and to increase in Mg2+ (Figure 3b).
The -1U to C change in the genomic ribozyme (TGR-1C)
resulted in a 10-fold decrease in activity in Mg2+ and a small
(∼1.5-fold) increase in Ca2+ (Figure 4b). As a result, the
TGR-1C has a relative metal ion preference similar to wild-
type PEX1 (-1C) (Figure 3a), and PEX-1U has a relative
preference similar to wild-type TGR1 (-1U) (Figure 4a).
Thus, there appeared to be a linkage between the nucleobase
at position-1 and cleavage rates in Mg2+ and Ca2+.

With G or A at the-1 position, both ribozymes cleaved
slower, but again, there was a change of the metal ion
preference with the nucleobase at-1. PEX-1A (Figure 3c)
cleaved fastest in Mn2+, while in Ca2+ it was 100-fold slower
than the wild type. With TGR-1A (Figure 4c), cleavage rates
in low metal ion concentrations were also fastest in Mn2+,
although the bell-shaped response resulted in relatively higher
rates in Ca2+ or Mg2+ as the concentrations increased (above
∼10 mM). The-1G variants, PEX-1G and TGR-1G, cleave
fastest in Mn2+ at very low concentrations of metal ion, but
at higher concentrations, the fastest rates were in Ca2+

(Figures 3d and 4d). The bell-shaped response to metal ion
concentrations (Mg2+, Ca2+, and Mn2+) was especially
apparent in the TGR-1G reactions.

The highest rates of ribozyme cleavage show a consistent
correlation between the-1 nucleobase and an order of
reactivity preference for metal ion at pH 7.5. These data
suggest that at least one metal ion binding site is partially
specified either by the-1 nucleotide or by a region of the
ribozyme in close proximity to that nucleotide, and oc-
cupancy of this site by a metal ion contributes to (or affects)
the observed cleavage rate.

Metal Ion Concentration-Rate CurVes Suggested Two
Classes of Metal Ion Binding Sites.As already noted, metal
ion rate curves were bell-shaped for certain ribozyme and
metal ion combinations. This bell-shaped response was very
apparent with the genomic ribozyme and its-1 variants in
increasing concentrations of Mn2+. A combined plot of the
Mn2+ data at pH 7.5 for the-1 variants shows that the metal
ion concentration dependence does vary with the-1 nucleo-
base (Figure 5a). However, bell-shaped curves were also
evident in Ca2+ for TGR-1G (Figure 4d) and in other metal
ion-ribozyme combinations if the pH of the reaction was
increased (data not shown; see below). The antigenomic
ribozymes showed less evidence for a decrease in cleavage
rate with higher metal ion concentrations under the standard
conditions we used, but the PEX1-metal concentration curve
became bell-shaped when the reaction pH was increased. At
pH 8.7, the response of PEX1 to increasing Mn2+ concentra-
tions was also bell-shaped (Figure 6). We consider it unlikely
that the bell-shaped response of PEX1 in Mn2+ could be due
to nonspecific effects such as aggregation at the higher pH
and metal ion concentrations because the peak activity with
the genomic ribozymes (Figures 4 and 5a) occurred at much
lower concentrations, closer to 1 mM Mn2+, and at pH 7.5.
A nonspecific interaction of the metal ion and RNA that
slowed the reaction should result in inhibition of both
ribozymes at similar metal ion concentrations.

The pH-Rate CurVe Is SensitiVe to the Nucleobase at
Position -1. In 1 mM Mn2+, the pH-rate curve of the
genomic HDV ribozyme was bell-shaped, relatively narrow,

FIGURE 3: Metal ion concentration-rate curves for PEX1 and-1
variants. All reactions were done at pH 7.5 and 25°C. (a) Rate of
cleavage for the PEX1 (wt) antigenomic sequence as a function of
[metal ion] in Ca2+ (circles), Mg2+ (squares), or Mn2+ (closed
diamonds). The closed circle and closed square at 50 mM Ca2+

and Mg2+ were rate constants determined from data collected using
the rapid quench apparatus. All other data were collected manually.
(b-d) Variants PEX-1U, PEX-1A, and PEX-1G, respectively.
Symbols are the same as for (a). The data for PEX-1G in Mn2+ (d)
could not be reasonably fit with either eq 1 or 2, so no curve is
shown.

FIGURE 4: Metal ion concentration-rate curves for TGR1 and-1
variants. All reactions were done at pH 7.5 and 25°C, and the
symbols are the same as for Figure 3. (a) TGR1 (wt) genomic
sequence. (b-d) Variants TGR-1C, TGR-1A, and TGR-1G,
respectively.

Metal Ion Preference in HDV Ribozymes Biochemistry, Vol. 46, No. 17, 20075127



and with a pH optimum of 7.3( 0.2 (Figure 5b). With
changes at position-1, particularly U-1A and U-1C, there
was a shift in the curve. From the curve fitting, the calculated
apparent pKa values on the ascending side of the curve were
nearly the same for all constructs: 6.4( 0.1 for TGR1 and
the-1C and-1G variants (vertical dashed line, Figure 5b)
and 6.3( 0.1 for the-1A variant. From previous studies
(3, 20-22), we assume that this value would correspond to
the ionization constant of a proposed catalytic group, C75,
common to the ribozyme constructs. The second apparent
pKa (arrows, Figure 5b) varied and was calculated as 8.2(
0.1 for TGR1 (-1U), 8.4( 0.1 for-1G, 7.6( 0.1 for-1A,
and 6.8( 0.4 for -1C. These values do not correlate with
the unperturbed pKa values for the nucleobase (23) at -1,
suggesting that ionization of that nucleobase was not
immediately responsible for the apparent pKa observed in

these reactions. However, it was this second apparent pKa

that changed with the nucleobase at position-1 and
accounted for the shift in the shape of the pH-rate profiles.

DISCUSSION

In this study, we examined the effect that changing the
nucleotide 5′ to the cleavage site had on metal ion reactivity
preference in the genomic and antigenomic HDV ribozymes.
A single nucleotide (or even an abasic ribose) 5′ to the
cleavage site is sufficient for cleavage activity in both cis
and trans-acting forms of the ribozymes (16, 24-26). The
two structurally related HDV ribozymes have similar se-
quence but differ in the nucleotide at the-1 position. In
sequences of clinical isolates (4), the nucleotide 5′ to the
cleavage site in the antigenomic ribozyme was always a C,
while in the genomic sequence it was always a U. In the
crystal structure of the genomic ribozyme precursor with a
C75U mutation (8) there is a sharp kink in the backbone at
the cleavage site (Figure 1c). In this structure, likely to
approximate a ground state structure, the uracil at-1 is
positioned such that it could hydrogen bond to a nonbridging
phosphate oxygen between nucleotides 2 and 3 (8). Before
cleavage can occur, the-1 nucleotide is proposed to rotate
out of that position so that its 2′-OH group is positioned
in-line with the phosphorus and the 5′-O leaving group.
Nucleobase changes at-1 are likely to alter a ground state
structure, and a particular nucleobase change could either
facilitate or limit motion required to approach the transition
state structure. We can hypothesize that mutations at the-1
position will affect the position of the 2′-oxygen at nucleotide
-1 (the nucleophilic group), the scissile phosphate group,
and even the 5′-oxygen at position+1 (the leaving group).
If the catalytic metal ion was interacting at any of these
positions, perturbing the structure or local environment could
alter metal ion preference.

In examining the effect of the-1 position on metal ion
preference, we found that the-1 nucleotide-metal ion effect
was sensitive to pH and also that binding of a second metal
ion could limit cleavage rates. We could not explore all of
the possible variations of these parameters (-1 nucleotide,
pH, metal ion, and metal ion concentration), so many aspects
of this analysis and interpretation are more qualitative than
quantitative. With both ribozymes, we found a strong
qualitative correlation between the metal ion that supports
the highest rate of cleavage and the nucleobase at the-1
position (at pH 7.5). With a U atposition -1 the highest
rates were in Mg2+, with a C or G thehighest rates were in
Ca2+, and with an A the highest rates were in Mn2+. Although
the differences in rates are not overly large, a change in the
metal ion reactivity preference for cleavage was easily
detectable. We found it noteworthy that the recently discov-
ered CPEB3 ribozyme in mammals, which is a naturally
occurring but slow-cleaving HDV-like ribozyme, has an A
at position-1, and it also cleaved fastest in Mn2+ (27). Our
data predict that changing nucleotide-1 to C or U in the
CPEB3 ribozyme should enhance its cleavage rate in Ca2+

and Mg2+.
We propose that the identity of the nucleobase at position

-1 affects metal ion preference by shifting the position of
metal ion ligand groups and altering the ionic environment
near the cleavage site, but either effect could be indirect with

FIGURE 5: Bell-shaped metal ion concentration-rate and pH-rate
curves for cleavage of the genomic ribozyme and variants in Mn2+.
(a) The Mn2+ cleavage data (at pH 7.5) for TRG1 (circles) and the
three -1 variants (-1A, squares;-1G, triangles; and-1C,
diamonds) were plotted on a single graph. (b) pH-rate curves in
1 mM Mn2+. The symbols are the same as in (a). The data were fit
to the equation given in the legend to Figure 2; the heavy dashed
vertical line is the average apparent pKa on the ascending slope,
and the arrows indicate the second apparent pKa (see text).

FIGURE 6: Bell-shaped metal ion curves for the antigenomic
ribozyme with increased pH. The reactions with PEX1 in three
different metal ions were similar to those in Figure 3 but with the
pH raised to 8.7.
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respect to the nucleobase. The possibility that an absolutely
essential catalytic metal binds directly to the nucleobase at
position -1 appears to be low because an oligonucleotide
with an abasic residue at position-1 is a substrate for
cleavage (26). Likewise, in the crystal structures, the divalent
metal ion that was in the active site was not associated with
the nucleobase at position-1 (8), although it may recruited
in the transition state. Metal ion rescue of a HDV ribozyme
that has a thiophosphate substitution at the scissile phosphate
was inconclusive in demonstrating metal ion coordination
to a nonbridging oxygen. In those experiments, thepro-RP-
(S) substitution inhibited activity in Mg2+, but it could not
be rescued with a softer metal ion (28). However, the lack
of metal ion rescue is not evidence that a metal ion is not
required. An antigenomic HDV ribozyme with a sulfur
substitution of the 5′ bridging oxygen has been examined
more recently (29), and the data demonstrate a requirement
for the catalytic cytosine acting as a general acid-base
catalyst but not direct coordination of a metal ion at that
position. Although there are other interpretations for the data
presented in this paper, a linkage between the nucleotide at
position -1 and divalent metal ion preference would be
consistent with the hypothesis that a metal ion at the active
site acts as a cofactor for the reaction.

The bell-shaped metal-concentration curves are unam-
biguous evidence for at least two metal ion binding sites. A
possible model is that cleavage rates first increase as one
site becomes occupied, but as the second site is occupied,
the rate can be additionally affected (Scheme 2 in Materials
and Methods). With binding of the second metal ion, the
rate could further increase, level off, or even decrease. The
actual shape of the curve may depend on the ribozyme, the
nucleobase at position-1, the metal ion, metal ion concen-
trations, and the pH of the reaction. Bevilacqua and co-
workers (6) have examined the interplay of pH and metal
ion concentrations on the rate of cleavage of a longer version
of the genomic ribozyme, and they have evidence of
interference with metal ion binding by protonation of a group
in the ribozyme. Here, the bell-shaped metal ion curves were
most prominent in the genomic ribozyme, so it could be that
the bell-shaped curves are related to the interference reported
by Nakano et al. (6). However, the decrease in activity that
we saw was at higher pH and metal ion concentrations, so
there is reason to suspect that we could be looking at different
metal sites. Our data do suggest that the metal ion preference
is due to interactions at a metal site near the-1 nucleotide,
rather than at a more distal metal site.

The evidence for two binding sites, one of which may
contribute to a slower rate when occupied, does raise the
possibility that the basis of the metal ion reactivity preference
itself is due to a metal ion limiting or slowing rates rather
than enhancing cleavage rates. On the basis of the preferences
seen, at least one of the metal ions is binding near the scissile
phosphate; while the second may bind at the active site, the
data do not rule out the possibility that it binds elsewhere.
The data do not distinguish between a metal site that
enhances the cleavage rate and a site that limits it. Thus, a
model where binding at a site near nucleotide-1 slows
cleavage while binding at a distal site enhances cleavage rates
could be consistent with the data. A simpler model might
be that a catalytic metal binds at the active site at low
concentrations but, at higher metal ion concentrations, a

second metal can bind there as well. In that case, under the
conditions where the bell-shaped curve is seen, the binding
of two metal ions interferes with cleavage. A second metal
ion in the active site could alter the local structure, perturb
the pKa of an important ionizable group, or affect a
conformation change required for cleavage. Ke et al. (30)
have recently located three monovalent metal ions (Tl+)
bound in the active site region of the genomic ribozyme.
Two of the monovalent metal ions occupy the site previously
seen to bind a divalent metal ion (8), and both Tl+ ions are
competed away with cobalt hexaamine. The third Tl+ binds
at a second site and forms inner sphere contacts with a
nonbridging oxygen (corresponding to thepro-SP position
for a thiophosphate) on the scissile phosphate and the 2′-
oxygen nucleophile. In light of the results presented here, it
is tempting to speculate that this site may bind a divalent
metal ion; however, that was not observed by Ke et al. (30).

The results we present here, especially the metal ion
preference changes, underscore the difficulty in correlating
physical properties of the metal ions and the rate of the
reaction with the HDV ribozymes. For example, demonstrat-
ing that the rates of cleavage show a predictable dependence
on the pKa of the hydrated metal ion would support a model
in which the metal ion acted as a general acid-base catalyst
in the reaction. Nevertheless, the results do support the idea
that a metal ion near the cleavage site, though not necessarily
the one seen in the crystals (8), contributes to enhanced
cleavage activity.
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