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ABSTRACT In a previous examination using natural all-
RNA substrates that contained either a 5*-oxy or 5*-thio leaving
group at the cleavage site, we demonstrated that (i) the attack by
the 2*-oxygen at C17 on the phosphorus atom is the rate-limiting
step only for the substrate that contains a 5*-thio group (R11S)
and (ii) the departure of the 5* leaving group is the rate-limiting
step for the natural all-RNA substrate (R11O) in both nonen-
zymatic and hammerhead ribozyme-catalyzed reactions; the
energy diagrams for these reactions were provided in our pre-
vious publication. In this report we found that the rate of cleavage
of R11O by a hammerhead ribozyme was enhanced 14-fold when
Mg21 ions were replaced by Mn21 ions, whereas the rate of
cleavage of R11S was enhanced only 2.2-fold when Mg21 ions
were replaced by Mn21 ions. This result appears to be exactly the
opposite of that predicted from the direct coordination of the
metal ion with the leaving 5*-oxygen, because a switch in metal
ion specificity was not observed with the 5*-thio substrate.
However, our quantitative analyses based on the previously
provided energy diagram indicate that this result is in accord
with the double-metal-ion mechanism of catalysis.

Among various catalytic RNAs, the hammerhead-type ribozyme
is the smallest and best understood as far as the relationship
between structure and function is concerned. Naturally occurring
hammerhead ribozymes can be found in some RNA viruses, and
they act ‘‘in cis’’ during viral replication by the rolling circle
mechanism (1–3). The hammerhead ribozyme has been engi-
neered in such a way that it can act ‘‘in trans’’ against other RNA
molecules (4, 5). The trans-acting hammerhead ribozyme devel-
oped by Haseloff and Gerlach (5) consists of an antisense section
(stems I and III) and a catalytic domain with a flanking stem II
and loop section (Fig. 1a). Because of the small size of hammer-
head ribozymes, they are well suited for mechanistic studies,
being good representatives of catalytic RNAs. Recently, ham-
merhead ribozymes were crystallized and their structures were
analyzed in detail by two independent groups (6–9). The global
three-dimensional structures of the two crystallized ribozymes
were nearly identical: one domain of the conserved core, which
consists of the sequence C3U4G5A6 and is located next to stem I,
makes a sharp turn identical to the uridine turn in tRNAs (10).
As a result, stem II and stem III are aligned almost colinearly
through pseudocontinuous, long A-type helices.

It is now well established that ribozymes are metalloenzymes (2,
11–28). Although x-ray analysis of a hammerhead ribozyme iden-
tified one potential catalytic metal ion (7–9), the exact number of
metal ions required for catalysis remains obscure, because the
newly captured conformational intermediate appears to demand

further conformational change for the following in-line attack (9).
Direct evidence that a Mg21 ion acts as a Lewis acid by coordi-
nating directly to the leaving 39-oxygen, thereby stabilizing the
developing negative charge on the leaving 39-oxygen, was reported
in the case of ribozyme from Tetrahymena; this evidence was
provided by a switch in metal ion specificity with a 39-thio substrate
(14). Recently, evidence for the double-metal-ion mechanism of
catalysis was provided for the Tetrahymena ribozyme-catalyzed
reaction (29). Base catalysis mediated by Mg21 hydroxide was
proposed on the basis of pH–rate profiles of various metal-ion-
catalyzed reactions of the hammerhead ribozyme (13), although
this mechanism was recently challenged by the double-metal-ion
mechanism of catalysis, wherein metal ions are coordinated di-
rectly to the attacking and leaving oxygens (28). The latter
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FIG. 1. (a) RNA substrates (R11O and R11S) and trans-acting
hammerhead ribozymes (R32 and R31). An expanded view of the
cleavage site (between C17 and C1.1) is shown to provide details of the
phosphodiester linkage in the unmodified substrate (R11O) and in the
modified (R11S) substrate with a phosphorothioate linkage. Ribozyme
R31 lacks one nucleotide at the 39 end as compared with R32 ribozyme.
(b) Minimal reaction scheme for hammerhead ribozymes. The reaction
catalyzed by the hammerhead ribozyme consists of at least three steps.
The substrate (together with metal ions) first binds to the ribozyme
(kassoc). The phosphodiester bond of the bound substrate is cleaved by the
action of metal ions (kcleav). The cleaved fragments dissociate from the
ribozyme, which becomes available for a new series of catalytic events
(kdiss). In this study, kcat always reflects kcleav.
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double-metal-ion mechanism of catalysis with direct coordination
of metal ions with the attacking and the leaving oxygen atoms is
nearly identical with the mechanism we proposed on the basis of
our previous examination of solvent isotope effects (20) and ab
initio calculations (19). Although the number of Mg21 ions in-
volved in catalysis by hammerhead ribozymes remains obscure, a
general double-metal-ion mechanism would be well suited to
phosphotransfer catalyzed by ribozymes or by protein enzymes,
such as polymerases and alkaline phosphatases (17, 30).

Kuimelis and McLaughlin (26, 27) and our group (23)
recently worked on a substrate that contained a single man-
datory ribonucleotide with a 59-thio leaving group at the
cleavage site for the hammerhead ribozyme. We found that the
59-thio substrate (R11S) was two orders of magnitude more
susceptible to ribozyme-mediated cleavage than the parental
59-oxy substrate (R11O). We now report that our observation,
that the rate of cleavage of R11O by a hammerhead ribozyme
was enhanced 14-fold when Mg21 ions were replaced by Mn21

ions, whereas the rate of cleavage of R11S was enhanced only
2.2-fold when Mg21 ions were replaced by Mn21 ions, can be
best explained by the double-metal-ion mechanism of catalysis.

MATERIALS AND METHODS

Synthesis of Ribozymes and Substrates. Ribozymes (R32, R31,
and I-R32) and an unmodified RNA substrate (R11O) were
synthesized with a DNAyRNA synthesizer (model 394; PE Ap-
plied Biosystems) and purified as described previously (23). A
bridging 59-phosphorothioate linkage in a substrate (R11S) was
incorporated at a specific site (indicated within a circle in Fig. 1a)
by using 59-thiol amidite as described previously (23). 31P NMR
spectrum (JEOL; 200 MHz for 31P) of R11S confirmed the single
bridging thiolinkage at 17.12 ppm (23).

Cleavage of R11O and R11S Substrates by Ribozymes. For
59-end-labeling of the R11S substrate, a small aliquot of the
synthetic R11S substrate was incubated in buffer [50 mM
TriszHCl (pH 6.0)y10 mM MgCl2y0.1 mM EDTA] with polynu-
cleotide kinase (Escherichia coli A 19; Takara Biomedicals,
Kyoto) and [g-32P]ATP (10 mCiyml, Amersham; 1 mCi 5 37 kBq)
for 30 min at 37°C. After completion of the incubation, the
reaction products were extracted twice with phenolychloroform
(1:1) and precipitated in ethanol in the presence of sodium
acetate (23). The labeled R11S substrate was stored dry at 280°C
until further use. The R11O substrate was 59-end-labeled as
reported elsewhere (31).

Cleavage reactions were carried out in 50 mM Mes buffer (pH
6.0) in the presence of 0.3 mM metal ions (either Mg21 or Mn21)
at 28°C under multiple-turnover conditions. Concentrations of
ribozyme and substrate were 2.0 mM and from 2 to 50 mM,
respectively. The reaction was initiated by the addition of metal
ions and aliquots were removed from the reaction mixture at
appropriate intervals. These aliquots were then mixed with an
equal volume of a solution that contained 100 mM EDTA, 9 M
urea, and xylene cyanol and bromophenol blue (0.1% each).
Uncleaved substrate and 59-cleaved products were separated on
a 20% polyacrylamide gel that contained 7 M urea. Electrophore-
sis was carried out with circulating iced water on the back side of
the gel to prevent the decomposition of substrates. The extent of
cleavage reactions was determined by quantitation of radioactiv-
ity in the bands of substrate and product with a Bio-image
analyzer (BAS 2000; Fuji). Cleavage rates were obtained from the
slopes of the curves for the time-course of reactions at the initial
stage (0–3 min), and Km and kcat were calculated from Eadie–
Hofstee plots. For measurements of initial rates, for subsequent
calculations of kcat and Km, at different concentrations of sub-
strate (four to six different concentrations, spanning the Km), the
first 3 min of the reaction were examined. Initial rates were
measured in triplicate at four to six different concentrations of
substrate and the average values were plotted (Eadie–Hofstee
plots in Fig. 2 d–g). Calculated values of kcat and Km are

summarized in Table 1. Potential errors in these values were
found to be 30% at most from results of duplicate experiments
(two sets of Eadie–Hofstee plots).

RESULTS AND DISCUSSION

Stability of R11S and Reaction Conditions. As described
previously (23), because R11S was very labile, we had to identify
reaction conditions under which non-ribozyme-mediated hydro-
lysis could be minimized. Thus, reactions were carried out at pH
6.0 and concentrations of metal ions were kept at 0.3 mM.
Moreover, during the isolation of R11S, we could not avoid
contamination by a 9-mer product (59-GCCGUC(S)CC-39). Al-
though the 9-mer product could potentially serve as a substrate
for the ribozymes used in this study (R32 and R31), an exami-
nation of a synthetic 9-mer without the phosphorothioate linkage
(59-GCCGUCCC-39) revealed that its Km was more than 20-fold
higher and its kcat was more than 10-fold lower than the corre-
sponding values for the normal 11-mer substrate. Therefore, the
9-mer product did not act as a substrate or as an inhibitor during
the measurement of ribozyme-mediated cleavage of R11S (Fig.
2). Note that, even though the 9-mer product (about 20%;
indicated by asterisk on the autoradiograms in Fig. 2) was always
observed, its concentration remained constant during the kinetic
measurements. Therefore, we carried out all our kinetic mea-
surements in the presence of the 9-mer product.

The rates of background reactions at pH 6.0 and with 0.3 mM
metal ions were low enough for our purposes: the half-lives of
R11S were calculated to be 150 hr and 320 hr, respectively, with
Mn21 and Mg21 ions (Fig. 2a). Time courses for the ribozyme-
catalyzed reactions are shown in Fig. 2b for R11O and in Fig. 2c
for R11S. The autoradiogram included in Fig. 2a demonstrates
that, within the time frame of the ribozyme-catalyzed reactions (up
to 20 min), no background hydrolysis occurs. Nevertheless, for all
kinetic measurements, inactive ribozymes [I-R32 (see Table 1); in
which G5 was mutated to A (32)] were tested in parallel as controls
to confirm that, in a solution that contained an active ribozyme, we
were really monitoring ribozyme-catalyzed reactions.

Even at pH 6.0, the ribozyme-catalyzed hydrolysis of R11S was
very rapid. Therefore, we were unable to measure reactions under
excess ribozyme (single-turnover) conditions. Therefore, all the
measurements were carried out under multiple-turnover condi-
tions (Fig. 2). Calculated values of kcat and Km are summarized in
Table 1. In addition to our conventional R32 ribozyme, we also
used a 31-mer ribozyme (R31) that lacks one nucleotide at the 39
end, as compared with the parental 32-mer ribozyme (R32). Our
previous experiments demonstrated that, in our ribozyme system,
when the chemical cleavage step (kcleav in Fig. 1b) was the
rate-limiting step, shortening of the binding arm resulted in a
decrease in kcat and an increase in Km. By contrast, if the product
dissociation step (kdiss) were the rate-limiting step, shortening of
the binding arm would result in an increase in kcat (unpublished
results). When R11S was treated with R31 in the presence of
either Mg21 or Mn21 ions, kcat decreased 25- or 40-fold, respec-
tively, and Km doubled in each case, as compared with the values
obtained with the parental R32 ribozyme, demonstrating the
rate-limiting chemical cleavage (kcleav). As demonstrated previ-
ously (23, 25), kcat in our ribozyme-catalyzed reactions represents
the rate of the chemical cleavage step (kcleav): note, for example,
that, if kcat represented the rate of the product dissociation step
(kdiss in Fig. 1b), then values of kcat should have been the same for
both R11S and R11O in the same ribozyme-catalyzed reaction
because the cleavage products are nearly identical in both cases
except at the 39 end of the 59 fragment.

Energy Diagram. Examination of nonenzymatic and ribozyme
(R32)-catalyzed reactions of R11O and R11S in the presence of
0.3 mM Mg21 ions at pH 6.0 yielded energy diagrams (23) that
are replotted in Fig. 3. Relative energies are, for the natural
substrate (R11O; Fig. 3 Left) and a modified substrate with a
59-bridging thiophosphate linkage (R11S; Fig. 3 Right), of reac-
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tions catalyzed by a hammerhead ribozyme (solid lines) as well as
of nonenzymatic hydrolysis (broken lines). The chemical cleavage
step consists of the attack by the 29-oxygen at C17 on the
phosphorus (TS1) and the departure of the 59 leaving group
(TS2). Among the two separate transition states, TS1 and TS2,
according to our molecular orbital calculations (33), TS2 is always
a higher energy state than TS1, at least in nonenzymatic hydro-
lysis (Fig. 3 Top Left). This conclusion was confirmed by the
previous observation that 59-thio substrate was more than four
orders of magnitude more susceptible to nonenzymatic hydrolysis
than the corresponding 59-oxy substrate (23, 26, 27, 34, 35). If the
formation of the pentacoordinate intermediate [P(V)] were

rate-limiting (if TS1 were a higher energy state than TS2), R11S
should have been hydrolyzed at a rate slower than the rate of
hydrolysis of R11O because the 59-bridging phosphorothioate
linkage would not be expected to enhance the attack by 29-oxygen
(36), and because the transition state for R11S with an apical
sulfur atom is expected to be less stable than the corresponding
transition state for R11O with an apical oxygen (37). By contrast,
in the nonenzymatic hydrolysis of R11S (Top Right), TS1 must be
a higher energy state than TS2, because the pKa of a thiol is more
than 5 units lower than that of an alcohol. In fact, since a
pentacoordinate intermediate for the R11S is not expected to
exist (37), the actual, single transition state for R11S should be

FIG. 2. (a) Non-ribozyme-mediated hydrolysis of the R11S substrate in the presence of Mg21 or Mn21 ions. The autoradiogram shows the
background reaction for the first 20 min. Within 20 min, no hydrolysis of R11S occurs in the absence of ribozymes [reaction mediated by Mg21

ions (lanes 1–6) and Mn21 ions (lanes 7–12) in 0, 1, 3, 5, 10, and 20 min, respectively, is shown]. The product (P) was produced during the isolation
of R11S (S). The R11S substrate (25 mM) was incubated at 28°C in the presence of 50 mM Mes buffer (pH 6.0) and 0.3 mM either Mg21 or Mn21

ions (added as MgCl2 or MnCl2) for various times. (b) Time course of the R32 ribozyme-catalyzed reaction with R11O as substrate in the presence
of either Mg21 or Mn21 ions. In the autoradiogram, lanes 1–8 show the R32 ribozyme-mediated cleavage in the presence of Mg21 ions and lanes
9–16 show cleavage reactions in the presence of Mn21 ions (10, 20, 40, 60, 90, 120, 180, and 300 min, respectively). The R32 ribozyme-catalyzed
cleavage reaction was carried out by incubating R11O (25 mM) and R32 (2.0 mM) in 50 mM Mes buffer (pH 6.0) with 0.3 mM metal ions (either
Mg21 or Mn21) at 28°C. Samples of lanes with odd numbers were loaded first and electrophoresis was started. Then samples of lanes with even
numbers were added and electrophoresis was restarted. (c) Time course of the R32 ribozyme-catalyzed reaction for the R11S substrate in the
presence of either Mg21 or Mn21 ions. The ribozyme-catalyzed cleavage reaction was carried out under conditions similar to those described above,
except that R11S (25 mM) was used as substrate and the cleavage reaction was allowed to proceed for only 22 min. The lower autoradiogram
represents the ribozyme-mediated cleavage in the presence of Mg21 ions (lanes 1–10 for 0, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0, 15.0, and 22.0 min,
respectively), and the upper one represents that for Mn21 ions (lanes 1–10 for the same time intervals). (d) Eadie–Hofstee plot of kinetic data
obtained from reactions in 50 mM Mes buffer (pH 6.0), 0.3 mM Mg21 at 28°C. Initial rates of cleavage were determined with 2.0 mM R32 and
2.0–25 mM R11O. The line yields a Km of 1.2 mM and a Vmax of 0.008 mMzmin21. (e) This Eadie–Hofstee plot of the kinetic data was generated
under conditions similar to those used in d except Mg21 ions were replaced by Mn21 ions. The line yields a Km of 9.5 mM and a Vmax of 0.11 mMzmin21.
( f) Eadie–Hofstee plot of kinetic data obtained under conditions similar to those described for d except that R11S was used instead of R11O as
the substrate. The line yields a Km of 5.5 mM and a Vmax of 0.60 mMzmin21. (g) Eadie–Hofstee plot of kinetic data obtained under conditions similar
to those described for d except that, in this case, R11S and Mn21 ions were used. The line yields a Km of 10.2 mM and a Vmax of 1.3 mMzmin21.
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TS1-like, resulting from complete disappearance of TS2 that had
been stabilized by the good sulfur leaving group. The nonenzy-
matic hydrolysis of R11S via the single transition state, TS1-like
(Top Right), is more than four orders of magnitude more rapid
than the hydrolysis of R11O via the rate-limiting transition state,
TS2 (Top Left) (23).

In contrast to the earlier conclusion (26, 27), the departure of
the 59 leaving group is also the rate-limiting step in the hammer-
head ribozyme-catalyzed reaction with the natural substrate (Fig.
3 Bottom Left) because, as can be seen in Table 1, the 59-thio
substrate (R11S) was almost two orders of magnitude more
susceptible to the R32-mediated cleavage than was the parental
59-oxy substrate (R11O): the rate constants were 0.34 and 0.004
min21, respectively. This conclusion does not depend on the
life-time of the pentacoordinate intermediate [P(V)] for R11O.
If P(V) for R11O were kinetically insignificant (if the reaction
were concerted), the actual, single transition state for R11O
would be TS2-like (33).

Our proposed reaction mechanism for the ribozyme-
catalyzed reaction is also shown in Fig. 3, wherein metal ions
are coordinated directly to the attacking and the leaving
oxygen atoms (19, 20). This mechanism is nearly identical with
the recently proposed double-metal-ion mechanism (28) ex-
cept for the fact that, in the latter case, deprotonation of the
29-OH-Mg was proposed to be the rate-limiting step (see
below).

The Double-Metal-Ion Mechanism of Catalysis. We demon-
strated previously, from an examination of solvent isotope effects,
that a proton-transfer process is not involved in the reactions
catalyzed by a hammerhead ribozyme (20, 25). In that study, the
rate constant for the ribozyme-mediated cleavage in 1H2O was 4.4
times larger than the corresponding value in 2H2O (D2O). This
apparent isotope effect of 4.4 could have been taken as evidence
to support an involvement of a proton transfer during the transi-
tion state (20, 28). However, because the concentration of the
active species (MOO2OR) in D2O is severalfold lower than that
in H2O at a fixed pH (38), the reduction in the level of the active
species, MOO2OR, in D2O could have been the sole cause of the
lower rate of the reaction in D2O. Specifically, the active species
represented by MOO2OR is the magnesium-bound 29-alkoxide.
We could estimate the relative concentrations of the active species
(MOO2OR) in H2O vs. D2O, assuming that (i) the hydrated
metal ions have the same relative ratios of Ka

H2OyKa
D2O as organic

acids (38) and (ii) the ratio of the following equilibrium constants
(Ka

M-OH-RyKa
M-OD-R) in Eqs. 1 and 2) is the same as that (Ka

M-OH2y
Ka

M-OD2) in Eqs. 3 and 4, where M and OR represent metal ion and
ribose 29-oxygen, respectively. That is, a change in the equilibrium
concentration of metal-bound 29-alkoxide in the catalytic center
(Ka

M-OH-RyKa
M-OD-R) is nearly identical with a change in the equi-

librium concentration of metal hydroxide (Ka
M-OH2yKa

M-OD2).

MOOHORºMOO2OR 1 H1 @Ka
M2OH2R] [1]

MOODORºMOO2OR 1 D1 @Ka
M2OD2R] [2]

MOOH2ºMOO2H 1 H1 @Ka
M2OH2] [3]

MOOD2ºMOO2D 1 D1 @Ka
M2OD2] [4]

The estimation indicated that the concentration of the active
species (MOO2OR) is 4.5 times higher in H2O than that in D2O
(20, 25). Therefore, the 4.4-fold lower rate of the reaction in D2O
than in H2O was interpreted as the result of the perturbation of
the pKa: It was concluded that the reduction in the level of the
active species in D2O was the sole cause of the lower rate of
ribozyme-catalyzed reactions in D2O (20, 25). Thus, the absence
of the actual kinetic isotope effects in the step that leads to
cleavage of phosphodiester bonds by ribozymes can be inter-
preted only in terms of a mechanism in which proton transfer does
not take place in the transition state. This observation is consis-
tent with the double-metal-ion mechanism of catalysis (17, 19, 20,
28), in that Mg21 ions are directly coordinated with the attacking
and the leaving oxygens (Fig. 3 Left).

As pointed out by Pontius et al. (28), the direct coordination of
the metal ion with the 29-oxygen of the attacking nucleotide
residue, as shown in Fig. 3, polarizes and weakens the 29-OH
bond. As a result, the equilibrium in Eq. 1 shifts to the right,
yielding higher concentrations of the active nucleophile, 29-
alkoxide of the ribose (MOO2OR). Therefore, an inverse
correlation between the pKa of the metal-bound water molecule
(in reality, pKa of the metal-bound ribose 29-OH) and the
ribozyme activity holds (13, 28). Similarly, the direct coordination
of the metal ion with the 59-oxygen of the leaving nucleotide
residue, as shown in Fig. 3, weakens the 59-oxygen-phosphorus
bond (19): Metal ions with lower pKa values will weaken the
59-oxygen-phosphorus bond to a greater extent, and thereby
activate the ribozyme-mediated cleavage to a greater extent (19,
28). In this case, the active species should be completely proto-
nated metal-bound water molecules [left species in Eq. 5, where
(P)R9O represents the phosphorus-bound 59-oxygen; see Fig. 3 as
well].

(P)P9OOMOOH2º (P)R9OOMOO2H 1 H1 [5]

Then, in a pH–rate profile of a ribozyme-catalyzed reaction,
one would expect a slope of unity from Eq. 1 and a slope of 21
from Eq. 5, resulting in a bell-shaped pH–rate profile. Such
bell-shaped pH–rate profiles are common for imidazole-
catalyzed hydrolysis of RNA (39, 40) and RNase A-catalyzed
hydrolysis of RNA (41, 42), in that the maximal activity can be
found around pH 7, reflecting the pKa of the catalytic molecules
(imidazole or histidine). In the case of ribozyme-catalyzed reac-
tions, the activity increases linearly with pH from pH 6 to up to
pH 9 (13, 19) in accord with Eq. 1. However, because of the high
pKa of the metal-bound water molecules (.10), the decrease in
the activity (according to Eq. 5) at an even higher pH is not
discernible experimentally.

Experimental Supports for the Double-Metal-Ion Mechanism
of Catalysis. As discussed in the previous section, the absence of
the actual kinetic isotope effects indicating that a proton-transfer
process is not involved in the reactions catalyzed by a hammer-
head ribozyme is consistent with the double-metal-ion mecha-
nism of catalysis (20). The question is: Is there more direct
evidence for the double-metal-ion mechanism of catalysis? We
believe that quantitative analysis of kinetic parameters listed in
Table 1 will provide such evidence. From Eq. 1, we would expect
that metal ions with lower pKa will produce higher concentrations
of active species (MOO2OR). The pKa (Eq. 3) of Mn21-bound
water molecule is 10.6 and that of Mg21-bound water molecule is
11.4 (43). This explains the higher catalytic power of Mn21 in
ribozyme reactions (43) because, at a fixed pH, concentrations of

Table 1. Kinetic parameters for ribozyme-catalyzed
cleavage reactions

MySubyRz
kcat,

min21
Km,
mM

kcat(Mn)y
kcat(Mg)

Km(Mn)y
Km(Mg)

Mg21yR11SyR32 0.34 4.8
2.2 1.7

Mn21yR11SyR32 0.75 8.3
Mg21yR11OyR32 0.004 1.2

14 7.9
Mn21yR11OyR32 0.056 9.5
Mg21yR11SyR31 0.0075 7.3

4.0 2.1
Mn21yR11SyR31 0.03 15.6
Mg21yR11SyI-R32 0*
Mn21yR11SyI-R32 0*

All measurements were made in the presence of 0.3 mM metal ions
(M), 50 mM Mes (pH 6.0) at 28°C.
*No cleavage of substrates (Sub) was observed within 20 min of the

start of the reaction used to determine kinetic parameters for active
ribozymes (Rz; R32 and R31) at different concentrations of sub-
strates. The inactive ribozyme (I-R32) differs from R32 by a single
mutation of G5 to A.
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active species (Mn21OO2OR) is roughly 6.3 times higher in
Mn21-containing solution than the corresponding active species
(Mg21OO2OR) in Mg21-containing solution. However, as can
be seen in Table 1, R32-mediated cleavage of R11O is 14 times
more efficient in the presence of Mn21 ions than in the presence
of Mg21 ions, a result that cannot simply be explained by the
concentration difference alone of active species (MOO2OR),
because the maximum difference should be 6.3 times. This, we
believe, suggests an involvement of more than one catalytic metal
ion, as depicted in Fig. 3 [The energy diagram for R11O is also
consistent with our ab initio molecular orbital calculations (33,
44–49)].

Table 1 provides two sets of data that compare the ri-
bozyme-mediated cleavage of a substrate in the presence of
either Mg21 or Mn21 ions. The first set of data uses the normal
substrate R11O and the second set uses the 59-thio analog
R11S. In the first set of data, we observed that the kinetic ratio
(Mn21yMg21) for R11O is 14; the magnitude of this ratio can
be taken as an indication for the involvement of two required
metals, because it is greater than the theoretical maximum of
6.3. The argument here is that this value of 14 is the additive
effect of two essential metals.

The second set of data is the same experiment performed on
R11S. For this substrate, the corresponding ratio is 2.2, which
is significantly lower than the theoretical maximum of 6.3 and
it is greatly lower than the experimental value for R11O of 14.
This difference can best be interpreted, on the basis of the
energy diagram depicted in Fig. 3, that the rate-limiting step
of the reaction for R11S has shifted from the cleavage of the
PO(59-O) bond (in R11O) to the formation of the PO(29-O)
bond (in R11S). In R11S the charge build-up at the 59-leaving
group occurs after the rate-limiting step and, therefore, any
metal bound at that position is kinetically insignificant. Then,

why is this value only 2.2, in the case of R11S, considering the
fact that the concentration of the Mn21-bound nucleophile is
6.3 times higher than that of the Mg21-bound nucleophile?
This value, k1(Mn)yk1(Mg), of 2.2 for the R32-mediated cleavage
of R11S means that the nucleophilicity of the Mn21-bound
29-O2 was lower than that of the Mg21-bound 29-O2. This is
reasonable because the nucleophile with a higher pKa (Mg21-
bound 29-O2) is expected to be less stable, more reactive, and
a better nucleophile than the nucleophile with a lower pKa
(Mn21-bound 29-O2).

In short, in the case of the normal substrate R11O, two
metals are required because the kinetic ratio [kcat(Mn)ykcat(Mg)]
for R11O is “too large” to be accommodated by a single metal
model, and the same ratio for R11S is small enough to
represent a single metal involvement. The theoretical maxi-
mum value of 6.3 is the calculated ratio of catalytically active
species based on the difference in pKa values of the two
aqueous metal ions, Mg21 and Mn21. Anything over this value
must then be due to a second metal involvement. If there were
no involvement of metal ions in TS2 for the cleavage of R11O,
the overall value of k(Mn)yk(Mg) must be lower than 6.3, as in
the case of R11S with an extremely weak POS bond that does
not require an acid catalyst for its cleavage. It is also to be
noted that the Mn21 ion with a lower pKa value will weaken
the PO(59-O) bond to a greater extent than does the Mg21 ion,
just as the former weakens a metal-bound OOH bond to a
greater extent than does the latter, resulting in the large overall
kinetic ratio [kcat(Mn)ykcat(Mg)] for R11O of 14.

The above argument also holds for concerted reactions with
a single transition state, TS2-like and TS1-like for R11O and
R11S, respectively. The metal in the 29 position is the one that
correlates with the pKa of the aquated metal ion, reflecting the
well known slope of unity in the pH–log(rate) profile (13, 19).

FIG. 3. Relative energies, for the natural substrate (R11O; Left) and a modified substrate with a 59-bridging thiophosphate linkage (R11S; Right),
of reactions catalyzed by a hammerhead ribozyme (solid lines) as well as of nonenzymatic hydrolysis (broken lines). Among the two separate
transition states, TS1 and TS2, according to our molecular orbital calculations (33, 44–49), TS2 is always a higher-energy state than TS1 in
nonenzymatic hydrolysis (Top Left). This conclusion was confirmed by analysis of the rates of nonenzymatic hydrolysis of R11O and R11S because
R11S was more than four orders of magnitude more susceptible to cleavage than was R11O (23). Because the pKa of a thiol is more than 5 units
lower than that of an alcohol, TS1 must be a higher energy state than TS2 in the nonenzymatic hydrolysis of R11S (Top Right). Because of the
good thio leaving group, a metal ion catalysis may not be required to cleave phosphorus–sulfur bond in the ribozyme-catalyzed reactions (Bottom
Right). The nonenzymatic hydrolysis of R11S via TS1 (Top Right) is more than four orders of magnitude more rapid than that of R11O via TS2
(Top Left) (26, 34, 35). In contrast to the earlier conclusion (26), the departure of the 59 leaving group is also the rate-limiting step in the hammerhead
ribozyme-catalyzed reaction with the natural substrate (Bottom Left). The direct coordination of metal ions with the nucleophilic 29- and leaving
59-oxygens stabilizes TS1 and TS2 (Bottom Left). The rate of chemical cleavage of R11O is governed by k1, k2, and k21 [kcat 5 k1k2y(k21 1 k2)],
whereas that of R11S is governed by k1. Under the conditions of present kinetic measurements, the cleaved fragments dissociate from the ribozyme
at a higher rate than the rate of chemical reaction (56).
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Unless there is a metal ion coordinating directly with the 59
oxygen, the kinetic ratio [kcat(Mn)ykcat(Mg)] for R11O should not
exceed the theoretical maximum of 6.3, because only at the 59
position can Mn21 ion be a better catalyst than the Mg21 ion
owing to its lower pKa value and weakening the PO(59-O)
bond to a greater extent, while at the 29 position the nucleo-
philicity of the Mn21-bound 29-O2 should be lower than that
of the Mg21-bound 29-O2, as observed in the case of R11S with
the kinetic ratio [k1(Mn)yk1(Mg)] smaller than the theoretical
maximum of 6.3. Therefore, present kinetic evidence demands
that we invoke the double-metal-ion mechanism of catalysis
for reactions catalyzed by hammerhead ribozymes (17), re-
gardless of the presence or absence of the pentacoordinate
intermediates. Such double-metal-ion catalysis has been
proven to be an efficient mechanism for the cleavage of
phosphodiester bonds in nonenzymatic reactions (50–55).

Conclusion. Based on the relative energies (23), for both a
natural substrate and a modified substrate with a 59-bridging
thiophosphate linkage, of reactions catalyzed by a hammer-
head ribozyme, we could quantitatively analyze the differential
metal ion effects. We conclude that (i) the departure of the
59-leaving group is the rate-limiting step in the hammerhead
ribozyme-catalyzed reaction with the natural substrate; (ii)
similar to the cofactor that is involved in reactions catalyzed by
the Tetrahymena ribozyme (14, 29), a metal cofactor appears
to interact with the leaving group at the transition state (TS2)
for the natural substrate, although no switch in metal ion
specificity was observed for the 59-thio substrate (because of a
change in the rate-limitnig step); and (iii) it seems likely that
hammerhead ribozymes exploit the general double-metal-ion
mechanism of catalysis, wherein metal ions are coordinating
directly to both the attacking and the leaving oxygen atoms (17,
19, 20, 28, 29).
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