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ABSTRACT

Although the hammerhead reaction proceeds most efficiently in divalent cations, cleavage i n 4 M LiCl is only ;10-fold
slower than under standard conditions of 10 mM MgCl 2 (Murray et al., Chem Biol , 1998, 5:587–595; Curtis & Bartel,
RNA, 2001, this issue, pp. 546–552). To determine if the catalytic mechanism with high concentrations of monovalent
cations is similar to that with divalent cations, we compared the activities of a series of modified hammerhead
ribozymes in the two ionic conditions. Nearly all of the modifications have similar deleterious effects under both
reaction conditions, suggesting that the hammerhead adopts the same general catalytic structure with both mono-
valent and divalent cations. However, modification of three ligands previously implicated in the binding of a functional
divalent metal ion have substantially smaller effects on the cleavage rate in Li 1 than in Mg 21. This result suggests that
an interaction analogous to the interaction made by this divalent metal ion is absent in the monovalent reaction.
Although the contribution of this divalent metal ion to the overall reaction rate is relatively modest, its presence is
needed to achieve the full catalytic rate. The role of this ion appears to be in facilitating formation of the active
structure, and any direct chemical role of metal ions in hammerhead catalysis is small.
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INTRODUCTION

The hammerhead ribozyme is a self-cleaving RNA mo-
tif found in several plant satellite RNA and viroid ge-
nomes (Forster & Symons, 1987a, 1987b; Uhlenbeck,
1987; Fig+ 1)+ It catalyzes an intramolecular phosphoryl
transfer reaction to generate two products, one with a
29-39 cyclic phosphate and the other with a 59-hydroxyl+
The hammerhead has been modified to develop an
experimentally accessible, kinetically well-defined sys-
tem in which to study catalysis (e+g+, Uhlenbeck, 1987;
Hertel et al+, 1994, 1998; Stage-Zimmermann & Uhlen-
beck, 1998)+ The in vitro reaction is most efficient in
millimolar quantities of divalent metal cations and dis-
plays a rate order dependency on one metal ion+ These
observations are consistent with the view that RNA
catalysis might generally involve metal ions (Dahm et al+,
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1993; Pan et al+, 1993; Steitz & Steitz, 1993; Yarus,
1993; Pyle, 1996; Narlikar & Herschlag, 1997; Feig &
Uhlenbeck, 1999)+

More recent experiments, however, have provided
strong evidence that many ribozymes can perform ca-
talysis by mechanisms not involving divalent metal ions+
The hairpin ribozyme can carry out efficient catalysis in
the absence of divalent metal ions and in the absence of
direct metal ion coordination (Hampel & Cowan, 1997;
Nesbitt et al+, 1997; Young et al+, 1997; Fedor, 2000)+ It
was shown that the hammerhead and the VS ribozymes
are active in the absence of divalent metal ions provided
that very high concentrations of monovalent cations are
present (Murray et al+, 1998a)+ Several in vitro selection
experiments have also successfully obtained RNA and
DNA catalysts that operate in the apparent absence of
divalent metal ions or their direct coordination (e+g+,
Geyer & Sen, 1997; Jayasena & Gold, 1997; Roth &
Breaker,1998;Suga et al+,1998)+The X-ray crystal struc-
ture of the hepatitis delta ribozyme revealed a conserved
base held at the position of strand cleavage (Ferre-
D’Amare et al+, 1998), and subsequent functional stud-
ies provided the first mechanistic evidence for general
acid–base catalysis mediated by an RNA base, a pro-

tonated C residue (Perrotta et al+, 1999; Nakano et al+,
2000)+ Most recently, the X-ray crystal structure of the
50S ribosomal subunit has revealed that there are no pro-
tein residues in the vicinity of the peptidyl transfer active
site, and a structure with a bound transition state analog
provides no indication of any divalent metal ions bound
in the active site (Ban et al+, 2000; Nissen et al+, 2000)+

Despite investigation of more than a hundred site-
specific modifications and several X-ray crystal struc-
tures (Pley et al+, 1994; Scott et al+, 1995, 1996;McKay,
1996; Murray et al+, 1998b, 2000; Vaish et al+, 1998;
Zhou & Taira 1998), the mechanism of catalysis by the
hammerhead ribozyme has remained obscure (McKay,
1996)+ Based upon the high rate of hammerhead cleav-
age in the presence of divalent metal ions, the differ-
ences in rate with different divalent metal ions, and
competition experiments with different divalent metal
ions, direct catalytic roles for divalent metal ions in the
hammerhead reaction have been proposed (Taira et al+,
1990; Perreault et al+, 1991; Dahm et al+, 1993; Scott &
Klug, 1996; Pontius et al+, 1997; Lott et al+, 1998; Zhou
& Taira, 1998)+ This conclusion received support from
experiments showing that catalytically impaired ham-
merhead ribozymes containing phosphorothioate sub-
stitutions at certain locations could be “rescued” by the
addition of thiophilic metal ions, which suggested that
these phosphoryl groups participate in functional diva-
lent metal ion interactions (Dahm & Uhlenbeck, 1991;
Koizumi & Ohtsuka, 1991; Slim & Gait, 1991; Knoll
et al+, 1997; Peracchi et al+, 1997; Scott & Uhlenbeck,
1999;Wang et al+, 1999; Yoshinari & Taira, 2000)+ How-
ever, as specifically bound metal ions are typically crit-
ical for promoting the correct folding of RNA (Draper,
1996), it is difficult to rigorously distinguish direct par-
ticipation of metal ions from such structural effects+
Indeed, it has recently been proposed that the two res-
cuable phosphorothioate sites in the hammerhead co-
ordinate a single metal ion whose primary role is to
stabilize a form of the ribozyme that forms only tran-
siently prior to catalysis (Wang et al+, 1999)+

The observation that a substantial amount of ham-
merhead catalysis occurs in the presence of high con-
centrations of monovalent cations and exchange–inert
metal ions of higher valency (Murray et al+, 1998a; Cur-
tis & Bartel, 2001) provided an opportunity to distin-
guish the structural and catalytic roles of divalent metal
ions in the reaction+However, before this could be done,
it was critical to show that the hammerhead catalytic
mechanism is the same in divalent and monovalent
cations+ We have compared the effect of a number of
mutations and modifications of the hammerhead on the
rate of cleavage in the presence of monovalent and
divalent cations+ The results support the previously pro-
posed role of divalent metal ions in stimulating adop-
tion of the active conformation of the hammerhead
ribozyme and also suggest that any direct role of diva-
lent metal ions in the reaction chemistry is not large+

FIGURE 1. Hammerhead ribozymes and substrates+ Secondary
structure of HH16 (A) and HH8 (B) with their respective substrates+
Numbering is according to Hertel et al+ (1992)+ The catalytic core is
shown in outlined letters, and the arrow depicts the cleavage site
P1+1 phosphoryl group+
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RESULTS AND DISCUSSION

Hammerhead cleavage in monovalent
cations

Two kinetically and thermodynamically well-charac-
terized hammerhead ribozyme constructs, HH8 and
HH16 (Fig+ 1) were used in this study (Fedor & Uhlen-
beck, 1992; Hertel et al+, 1994, 1998)+ Previous studies
have shown that effects of modifications are compara-
ble between the two ribozymes (Baidya & Uhlenbeck,
1997; Baidya et al+, 1997)+ Reactions were performed
under single-turnover conditions, with ribozyme satu-
rating with respect to the oligonucleotide substrate to
ensure that conversion of the E•S complex to E•P was
observed kinetically without complications from slow
product release+ To compare hammerhead catalysis
stimulated by divalent and monovalent cations, the
cleavage of HH8 as a function of cation concentration
is shown in Figure 2+ Consistent with a previous study,
HH8 displays an approximately first-order depen-
dence on Mg21 concentration until saturation at a rate
of 1+3 min21 is achieved (Dahm & Uhlenbeck, 1991)+6

In contrast to the efficient cleavage in millimolar Mg21,
the hammerhead cleavage rate is very slow in LiCl
below 0+5 M+ The reaction rate shows a second-order
dependence on Li1 up to 4 M where a rate of 0+24 min21

is reached+ No saturation is observed for the reaction
in Li1, which may reflect much weaker binding of Li1 or
the nonideal behavior of concentrated LiCl solutions+
The observed difference in the ion concentration de-
pendencies of hammerhead cleavage rates may reflect
the differential ability of monovalent and divalent cat-
ions to interact with and neutralize the charge in the
polyanionic ribozyme•substrate complex+

To further characterize hammerhead cleavage in
monovalent cations, the pH dependence of the reac-
tion was examined+ The pH-rate profile of HH16 cleav-
age was determined in the presence of 4 M Li1 and
4 M NH4

1 and compared to that in 10 mM Mg21+As had
been found previously for many hammerheads in the
presence of various divalent cations (Dahm et al+, 1993;
Stage-Zimmermann & Uhlenbeck, 1998; Zhou & Taira
1998), a log-linear pH-rate profile with a slope of one
was observed (data not shown)+ As observed previ-
ously (Murray et al+, 1998a; Curtis & Bartel, 2001), the
rates of the monovalent-stimulated reactions were only
10- to 100-fold below those measured in 10 mM Mg21

(Fig+ 2; data not shown)+ The data displayed more scat-
ter in the case of the monovalent-stimulated pH-rate
profiles than in the case of the Mg21 dependent reac-
tions, which may reflect differential effects of the high
salt concentrations on the activity of buffer components
for the different buffers used+ The pH dependencies
indicate that the hammerhead reaction requires loss of
a single proton prior to the rate-limiting step, whether it
is stimulated by either monovalent or divalent cations+
The slope of one for the NH4

1 reaction is particularly
significant as it rules out the involvement of NH3, which
has the potential to act as a general base+ Catalysis
stimulated by NH4

1 then indicates that hammerhead
cleavage can occur in the absence of any metal ions
(Murray et al+, 1998a)+

Cleavage of modified hammerhead
ribozymes in Mg 21 and Li 1

The cleavage rates of a series of previously character-
ized modified hammerhead ribozymes were compared
in 10 mM Mg21 and 4 M Li1+ If all the modifications
were to have analogous effects under both conditions,
the data would imply a common reaction mechanism,
one presumably not directly utilizing divalent metal ions
for catalysis+ However, any differences in Mg21 and Li1

could highlight differences in the two reaction mecha-
nisms+ Thirteen derivatives of HH16 containing single
abasic sites throughout the catalytic core (Peracchi et al+,
1996, 1998) and six derivatives of HH8 containing mod-
ifications at C3, G5, and C17 (Baidya et al+, 1997) were
measured in Mg21 and Li1 (Table 1)+ In all cases the

6Although many hammerhead ribozymes show a first-order de-
pendence on Mg21 concentration, the values of KMg and maximal
rate constant vary considerably among different sequences (Clouet-
D’Orval & Uhlenbeck, 1997; Stage-Zimmermann & Uhlenbeck, 1998)
suggesting that these properties are not intrinsic to the hammerhead
core+ For example, it is possible that the reaction rate levels off due
to the binding of an inhibitory Mg21 ion and not because of saturation
of the stimulatory ion(s)+ We therefore do not use these values in
mechanistic interpretations+

FIGURE 2. Concentration dependence for hammerhead catalysis in
the presence of Mg21 (d) or Li1 (C)+ The lines are drawn as a linear
best fit with the slopes of 0+7 and 1+8 for reactions in Mg21 and Li1,
respectively+ Reaction conditions: 50 mM NaPIPES, pH 7+5, 1 mM
HH8, trace substrate, 0+1 mM Na2EDTA, and varying concentrations
of metal chloride salt+
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rate constants and effects of the modifications (krel)
observed in Mg21 are the same within error (approxi-
mately twofold) as observed previously (Peracchi et al+,
1996; Baidya et al+, 1997)+

Figure 3 graphically compares the relative rate con-
stants for the 19 hammerhead variants under the two
conditions+ There is, in general, a striking correspon-
dence between the effect of the modifications in Mg21

and Li1+ For example, C3X,A6X, and G8X, which have
undetectable catalysis in Mg21, are down *104-fold in
Li1, and U4X and U7X, which have only modest de-
fects in Mg21, have similar modest defects in Li1+ Sim-
ilarly, modification of C17 to A, U, or a phenyl group
gives rate effects of less than 10-fold in both Mg21 and
Li1, whereas modification to iso-C gives a substantially
larger effect under both conditions+ The overall corre-
spondence between the effects of modifications in Mg21

and Li1 as observed in Figure 3 would be highly un-
likely to arise from random chance+ The results most
simply suggest an analogous reaction mechanism in
Mg21 and Li1+

There are, however, two differences between the
Mg21 and Li1 data in Figure 3+ First, the modifica-
tions with the largest effects in Mg21 (krel . 105-fold)
each have somewhat smaller effects in Li1 (krel '
104-fold)+ This difference is not due to a faster back-

ground rate of cleavage in Li1+ In 50 mM NaPIPES,
pH 7+0, the background rate of cleavage for the sub-
strate was 2 3 1026 min21 in 4 M LiCl, which is
similar to that in 10 mM Mg21 (data not shown; Cur-
tis & Bartel, 2001)+ We speculate that formation of
the global catalytic conformation for hammerhead ca-
talysis is less cooperative in Li1 than in Mg21, result-
ing in smaller effects from individual modifications (see
Peracchi et al+, 1998, for discussion of cooperativity
in formation of the active hammerhead conformation)+

An interesting additional difference between the rate
effects of the mutations studied in Mg21 and in Li1

concerns the substitution of abasic residues at posi-
tions G10+1 and C11+1 in HH16 (Fig+ 3A)+ For these two
mutant ribozymes, the cleavage rates in Li1 were faster
than that observed for the wild-type ribozyme+ This find-
ing contrasts with the modest rate decreases observed
for these two hammerhead variants in Mg21+ The crys-
tal structure of the hammerhead ribozyme shows that
residues G10+1 and C11+1 form a Watson–Crick base
pair+ Furthermore, the N7 of G10+1 has been implicated
by both X-ray crystallographic analysis (Pley et al+, 1994;
Scott et al+, 1996) and functional data (Peracchi et al+,
1997; Wang et al+, 1999) as a ligand for the binding of
a divalent metal ion+ We therefore tested the effect of
removal of this nitrogen atom in Mg21 and in Li1, using

TABLE 1 + Effect of hammerhead mutations and modifications on reactions in divalent and monovalent cationsa

Metal cation

10 mM MgCl2 4 M LiCl

Ribozyme kc (min21) krel
b kc (min21) krel

b

A+ HH16 WT 0+43 (1) 8+9 3 1022 (1)
C3X #3 3 1026 #7 3 1026 4+4 3 1026 4+9 3 1025

U4X 2+8 3 1022 6+5 3 1022 1+2 3 1022 0+14
G5X #3 3 1026 #7 3 1026 2+5 3 1025 2+8 3 1024

A6X 7+3 3 1026 1+7 3 1025 4+0 3 1025 4+5 3 1024

U7X 6+8 3 1023 1+6 3 1022 1+2 3 1023 1+3 3 1022

G8X #3 3 1026 #7 3 1026 3+9 3 1026 4+4 3 1025

A9X 2+9 3 1024 6+7 3 1024 1+8 3 1023 0+02
G10X 3+1 3 1022 7+2 3 1022 0+21 2+3
C11X 7+6 3 1022 0+18 0+71 7+9
G12X 7+8 3 1025 1+8 3 1024 1+0 3 1023 0+01
A13X #3 3 1026 #7 3 1026 2+2 3 1025 2+5 3 1024

A14X #3 3 1026 #7 3 1026 3+9 3 1025 4+4 3 1024

A15X #3 3 1026 #7 3 1026 4+5 3 1026 4+9 3 1025

B+ HH8c WT 1+4 (1) 0+18 (1)
C17A 0+18 0+13 2+5 3 1022 0+14
C17U 0+16 0+11 0+13 0+72
C17Iso-C 3+7 3 1024 3+0 3 1024 2+2 3 1024 1+2 3 1023

C17Phe 0+53 0+38 0+06 0+33
C3U 4+0 3 1024 3+0 3 1023 4+0 3 1024 2+2 3 1023

G5C 5+0 3 1025 4+0 3 1025 3+0 3 1025 1+6 3 1024

aAll reactions were single turnover with a saturating excess of ribozyme relative to substrate and were carried out at 25 8C
(see Methods)+ The rate constant kc represents the reaction of the E•S complex+ Reactions of HH16 and its variants were
carried out with 200 nM ribozyme in 50 mM NaMOPS, pH 7+3, and reactions of HH8 and its variants were carried out with
1 mM ribozyme in NaPIPES, pH 7+5+ “#” indicates an upper limit for the reaction rate+

bkrel 5 kc
variant/kc

wt+
cErrors were typically #30%+
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the base 7-deazaG at position 10+1+7 This site-specific
change mimicked the effect of base ablation at G10+1,
giving krel less than one in Mg21 and greater than one
in Li1 (krel 5 0+025 and 2+2, respectively; data not
shown)+

These results suggest that the hammerhead reaction
in the presence of monovalent and divalent cations is
analogous overall, but raise the possibility that ham-
merhead interactions that coordinate a stimulatory di-
valent cation may be absent in the reaction stimulated
by monovalent cations+ This finding prompted an ex-
amination of other hammerhead modifications known
to affect binding of the divalent metal ions+

Thio effects in Mg 21 and Li 1 stimulated
hammerhead catalysis

Previous experiments have shown that replacing the
pro-RP phosphoryl oxygen atom at position P9 in do-
main II of the conserved core and at the cleavage site
(position 1+1) with a sulfur gave large deleterious rate
effects in Mg21 (Fig+ 4)+ Furthermore, these deleterious
thio effects (thio effect 5 kc

wt/kc
modified) could be substan-

tially rescued upon addition of a thiophilic metal ion,
such as Cd21, which has a higher affinity for sulfur than
for oxygen (Knoll et al+, 1997; Peracchi et al+, 1997;
Scott & Uhlenbeck, 1999;Wang et al+, 1999; Feig, 2000)+
The simplest interpretation of these results is that the
pro-RP phosphoryl oxygen atoms at positions P9 and
P1+1 are metal ion ligands in the divalent cation stim-
ulated reaction+

If these atoms are indeed sites of divalent metal ion
coordination, and if these sites are no longer used in
the monovalent cation reaction, then the deleterious
effect from sulfur substitution would be predicted to be
greatly diminished in 4 M Li1+ As shown in Table 2, this
prediction is indeed correct+ The 103–104-fold thio ef-
fects observed in 10 mM Mg21 are the same within
error as those obtained previously for both HH16 and
HH8 studies (Peracchi et al+, 1997; Scott & Uhlenbeck,
1999; Wang et al+, 1999), whereas the thio effects in
4 M Li1 for both hammerheads at both positions are
only ;10-fold+8 As was observed previously in the pres-
ence of Mg21 (Koizumi & Ohtsuka, 1991; Knoll et al+,
1997; Scott & Uhlenbeck, 1999; Wang et al+, 1999),
there is also no significant thio effect in Li1 from re-

7A HH16 construct was used in this experiment having a 7-
deazaguanine 29-deoxyribose substitution at position 10+1+ The 29-
deoxyribose substitution was previously shown to have no significant
effect on catalysis (Wang et al+, 1999)+

8A somewhat larger thio effect of 50–70 is observed for the
cleavage site sulfur substitution (P1+1) in 1 M Li1, but not for the
P9 substitution+ This thio effect was unaffected by the presence or
absence of added 0+1 mM Na2EDTA, providing no indication that
potentially contaminating metal ions are responsible+ We do not
understand the origin of this difference+

FIGURE 3. Comparison of the effect of mutations and modifications
on reactions in 10 mM Mg21 (solid bars) or 4 M Li1 (gray bars)+
Wild-type (wt) and variant HH16 effects are shown in A and HH8 wt
and variants in B+ krel represents the reaction rate for the variant
relative to wt under the same reaction conditions, such that krel [ 1
for wt in both Mg21 and in Li1+ The dotted line defines the lower limit
of detection; arrows represent upper limits for rate constants for
specific ribozymes+ Data are from Table 1+

FIGURE 4. Nomenclature and depiction of sites of sulfur substitu-
tion at hammerhead phosphoryl oxygen atoms implicated in divalent
metal ion binding on reactions, following Wang et al+ (1999)+
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placement of the pro-SP phosphoryl oxygens at these
positions (data not shown)+

The substantial diminution of the pro-RP thio effect in
Li1 is consistent with a role of these oxygens as diva-
lent metal ion ligands that is absent in the monovalent
cation reaction+The small remaining thio effect could be
caused by conformational and electrostatic differences
between normal phosphoryl groups and the sulfur-
substituted ones, or by a small contribution of a mono-
valent cation binding at this position (Frey & Sammons,
1985;Smith & Nikonowicz, 2000;Suzumura et al+, 2000)+

Cd21-stimulation of reactions of
thio-substituted hammerhead
ribozyme in Li 1

To confirm that the divalent metal ion site involving
P9 and P1+1 is not used in Li1, rescue experiments
were performed to determine whether the thiophilic
divalent metal ion Cd21 could stimulate catalysis of the
phosphorothioate-substituted hammerheads in 4 M Li1+
When Cd21 was added to hammerhead•substrate com-
plexes containing an Rp-phosphorothioate at either P9
or P1+1 (Fig+ 5, open squares and open circles, respec-
tively), a 100-fold stimulation of the cleavage rate was
observed+ In contrast, no significant Mg21-stimulation
was observed in the presence of 4 M Li1+ Conversely,
for reactions of ribozyme•substrate complexes with
phosphate or Sp-thiophosphate at P9 and P1+1 in the
4 M Li1 reaction mix, addition of 10 mM MgCl2 gave a
15-fold rate increase (data not shown), whereas addi-
tion of Cd21 up to 100 mM had little effect (approxi-
mately threefold; data not shown)+

Added Cd21 shows a somewhat larger stimulation
with wild-type HH16 when reactions are carried out in
10 mM Mg21 or 10 mM Ca21 (10- and 400-fold, re-
spectively, with saturating Cd21) than in Li1 (Fig+ 5;

Wang et al+, 1999)+ The smaller stimulation afforded by
Cd21 observed in reaction mixes containing 4 M Li1

may be due to a lower ability of Cd21 to bind in high
ionic strength and a lower concentration of free Cd21 in
the presence of high concentrations of Cl2 (Butler &
Cogley, 1998)+ The Cd21 effects described above and
previously (Peracchi et al+, 1997; Wang et al+, 1999)
show that the stimulation has the same stereochemis-

TABLE 2 + Effect of sulfur substitutions at positions P9 and P1+1 on the hammerhead reaction in divalent and in monovalent
cationsa

10 mM MgCl2 4 M LiCl

Parent ribozyme Construct kc (min21) thio effect kc (min21) thio effect

HH16 O/N•O 0+42 NA 0+08 NA
SRP
/N•O 7+8 3 1024 550 1+6 3 1022 5

O/N•SRP
1+4 3 1024 3,000 5+2 3 1023 15

HH8 O/N•O 1+1 NA 0+09 NA
SRP
/N•O #1+7 3 1022b $65b 1+9 3 1022 5

O/N•SRP
1+4 3 1024 7,900 7+4 3 1023 14

aAll reactions were single turnover with a saturating excess of ribozyme relative to substrate and were carried out at 25 8C
in 50 mM NaMOPS, pH 7+3 (see Methods)+ The rate constant kc represents the reaction of the E•S complex+ Reactions of
HH16 and its variants were carried out with 200 nM ribozyme, and reactions of HH8 and its variants were carried out with
1 mM ribozyme+ The same thio effects were obtained in other buffers+ Errors were typically less than 30%+ NA 5 not
applicable+

bThese values are limits because the observed rate constant could arise from a small amount of contaminating oxygen-
containing ribozyme, as described previously (Peracchi et al+, 1997)+

FIGURE 5. Cd21 effect on hammerhead reactions in the presence
of 4 M LiCl+ Reactions of HH16 constructs O/N•O (d); O/N•SRP

(C);
SRP
/N•O (▫): SRP

/N•SRP
(L) (see Fig+ 4 for definitions of the con-

struct)+ The data are fit to stimulation by a single Cd21 ion, and give
Kd

app and kmax of Cd21 binding for O/N•O of 24 6 4 mM and 0+20 6
0+01 min21; O/N• SRP

of 56 6 5 mM and 0+5 6 0+02 min21; SRP
/N•O

of 30 6 3 mM and 1+7 6 0+1 min21; SRP
/N•SRP

of 33 6 2 mM and
0+38 6 0+01 min21+ Reaction conditions: 4 M LiCl, 20 mM Na2EDTA,
50 mM BTP, pH 7+0, with varying concentrations of CdCl2+
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try with monovalent and divalent cations+ Finally, the
Cd21 rescue is consistent with an effect from a single
metal ion, even when both positions are simultaneously
substituted with sulfur (Fig+ 5, open diamonds), as was
observed in Mg21 or Ca21 (Wang et al+, 1999)+

These results support the view that the sole substan-
tial difference between hammerhead cleavage in mono-
valent and divalent cations is the stimulatory effect of a
divalent metal ion bound to the P9/P1+1 site, an inter-
action that is absent or ineffectual under the high Li1

conditions+

SUMMARY AND IMPLICATIONS

We have compared the cleavage activity of 24 modi-
fied hammerhead ribozymes in monovalent and diva-
lent cations+ Two major conclusions have emerged+ The
first is that the properties of hammerhead cleavage
observed with monovalent cations are very similar to
those of hammerhead cleavage in divalent cations+ This
conclusion was reached because nearly all of the mod-
ified hammerheads showed similar deleterious effects
under both conditions, an occurrence that otherwise
would be highly improbable+ This finding is important
because it provides strong evidence against the pop-
ular notion that much of the hammerhead’s catalytic
power derives from divalent metal ions acting to help
deprotonate the attacking 29-hydroxyl group or to sta-
bilize the leaving 59 oxygen atom+ Although monova-
lent cations could potentially act in this way, albeit less
effectively, the observation of considerable hammer-
head catalysis in NH4

1 and exchange-inert metal ions
(Murray et al+, 1998a; Curtis & Bartel, 2001) that can-
not serve directly in the above-mentioned catalytic roles
renders this unlikely+ Thus, the most likely role for cat-
ions is simply to neutralize phosphate repulsion and
facilitate the folding of the hammerhead core into a
conformation that is active for cleavage+

The second major conclusion that emerged from this
work is that a small part of the hammerhead rate en-
hancement does involve at least one divalent metal
ion+ This possibility was hinted at by the observation
that the rate enhancement in monovalents is smaller
than in divalents (;104 versus ;106 ; Murray et al+,
1998a; Curtis & Bartel, 2001; results herein)+ However,
this difference could have reflected weaker binding of
Li1 or a structural defect+ A smaller rate enhancement
of 103–104 was also observed with exchange-inert
Co(III) (Curtis & Bartel, 2001), again leaving open the
possibility of a unique role for a divalent metal ion+

Two experiments presented herein suggest that a
metal ion binding site, which involves the N7 of G10+1
and the pro-RP phosphoryl oxygens of P9 and P1+1
and is important for catalysis in the presence of diva-
lent metal ions, is not productively occupied in the pres-
ence of monovalent cations+ First,when any of the three
ligands at this site is disrupted, there is a large delete-

rious effect on the rate in Mg21, but not in Li1+ Second,
the cleavage of a hammerhead ribozyme containing an
RP-phosphorothioate at either or both of the critical
phosphoryl ligands is substantially enhanced in 4 M
Li1 upon the addition of Cd21, a thiophilic metal ion
previously shown to function effectively at this site (Wang
et al+, 1999)+ Thus, the hammerhead appears unable to
use its full complement of catalytic interactions unless
this divalent metal site is occupied+

What, then, is the role of this divalent metal ion? It is
possible that it has only a stabilizing role, to facilitate
adoption of the catalytically active structure of the ham-
merhead by bridging the P9/P1+1 sites,which are ;20 Å
apart in the X-ray structures (Wang et al+, 1999)+ It is also
possible that the metal ion interaction with a nonbridg-
ing phosphoryl oxygen atom at P1+1, the cleavage site,
provides a modest amount of electrostatic stabilization
to the reaction’s transition state+ Such electrostatic sta-
bilization would be possible if there were an increase in
negative charge on the nonbridging phosphoryl oxy-
gens in going from the ground state to the transition state+
This mechanism is commonly assumed, as analogous
interactions are present in many protein enzymes+Nev-
ertheless, nonenzymatic studies have not determined
whether or not an increase in negative charge on the
phosphoryl oxygens actually occurs+ It should be rec-
ognized that it is extremely difficult to discern the mech-
anistic origin of rate enhancements even in model
reactions catalyzed by metal ions (Cooperman, 1976;
Thatcher & Kluger, 1989)+ Thus, it is difficult to distin-
guish a specific catalytic role in electrostatic stabiliza-
tion of the transition state from other possible roles such
as positioning the reactants or stabilizing the active con-
formation+ It remains possible that the sole role of the P9/
P1+1 metal ion interaction is to facilitate formation of the
catalytic conformation of the hammerhead core+

In summary, the results of this and prior studies sug-
gest that the primary role of divalent metal ions in ham-
merhead catalysis is to help the ribozyme fold into its
active conformation+ One divalent metal ion appears to
interact directly with the cleavage site phosphoryl group
and may provide a modest catalytic contribution from
electrostatic stabilization of the transition state in addi-
tion to its role in facilitating formation of the active ham-
merhead structure+ Nevertheless, most of the direct
catalytic interactions do not involve metal ions+ Uncov-
ering the identity and role of the hammerhead func-
tional groups that are involved in its catalysis presents
an enormous and exciting future challenge+

MATERIALS AND METHODS

Materials

CdCl2 (.99+99%), MgCl2 (.99+99%) were purchased from
Sigma-Aldrich+ LiCl (.99%, with Mg21 , 5 ppm) was Ultra-
Sigma grade from Sigma-Aldrich+ Buffers (.99%) were from
Sigma or United States Biochemical+ Recombinant T7 RNA
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polymerase was purified from an expression strain by stan-
dard procedures (Davanloo et al+, 1984)+

Wild-type and mutant HH8 ribozymes were synthesized
by in vitro transcription using synthetic DNA templates and
T7 RNA polymerase as previously described (Milligan et al+,
1987)+ Wild-type and modified HH16 ribozymes and HH16
and HH8 substrate oligonucleotides were chemically syn-
thesized by standard solid-phase phosphoramidite synthe-
sis (Usman & Cedergren, 1992; Wincott et al+, 1995; Baidya
et al+, 1997)+ RNAs were purified by polyacrylamide gel
electrophoresis or HPLC prior to use+ Stereoisomers of
phosphorothioate-containing oligonucleotides were sepa-
rated by anion-exchange HPLC and were assigned as de-
scribed previously (Peracchi et al+, 1997; Wang et al+, 1999)+
Substrates for HH16 and HH8 ribozyme cleavage reactions
were 59-end labeled with [g32P]-ATP and T4 polynucleotide
kinase and purified by gel electrophoresis prior to use+

The sequences and numbering for the HH16 and HH8
ribozyme and substrates are shown in Figure 1A and 1B,
respectively+ The structure and nomenclature for phospho-
rothioate-containing ribozymes and substrates are shown
in Figure 4+

Methods

Kinetic experiments were carried out under single-turnover
conditions by using a large excess of ribozyme (50–300 nM
for HH16 and 1+0 mM for HH8) and trace quantities of radio-
labeled substrate (,0+1 nM)+ To prevent affects from contam-
inating metals, 0+1 mM Na2EDTA was present in the reactions
unless stated otherwise+ Addition of 40 mM sodium diethyldi-
thiocarbamate gave no observable precipitate, nor did this ad-
dition or addition of 100 mM EDTA affect the observed rate
constants, suggesting that there was no significant divalent
metal ion contamination (Derrick et al+, 2000)+ Unless other-
wise noted, the ribozyme and substrate oligonucleotides were
combined in the appropriate buffer for a given experiment in
the absence of the added monovalent or divalent ions, incu-
bated for 1–2 min at 95 8C, and then equilibrated at 25 8C for
5–20 min to allow proper annealing+A slightly altered anneal-
ing condition was used for the HH8 reactions containing phos-
phorothioate substitutions and corresponding controls, in which
the ribozyme and substrate oligonucleotides were incubated
in separate tubes at 95 8C for 2 min, then combined at 25 8C+
Reactions were initiated by mixing the E•S complex with the
appropriate divalent or monovalent ion solution to give the de-
sired final concentrations+Aliquots of the kinetic reactions were
quenched at the appropriate times by dilution into a solution
containing 85% formamide or 8 M urea,a molar excess of EDTA
over any divalent metal ion present, and dyes (bromophenol
blue and xylene cyanol)+Controls indicated that the quench was
effective for all reaction conditions+The cleavage products were
separated from unreacted substrate by electrophoresis in 20%
polyacrylamide/7 M urea gels+ Radioactivity was quantitated
by using a Molecular Dynamics PhosphorImager+ Rate con-
stants (kc) were obtained from plots of product formed versus
time (KaleidaGraph; Synergy Software)+ Unless noted other-
wise, the data fit well to single exponential curves with end-
points of ;80% as previously observed (Hertel et al+, 1994,
1998; Stage-Zimmermann & Uhlenbeck, 1998; Wang et al+,
1999)+ Reactions with phosphorothioate-containing HH16
ribozymes or with HH16 or HH8 phosphorothioate-containing

substrates were fit to a double exponential for two indepen-
dent exponential processes to account for small levels of con-
tamination by the other thio-isomer and RNA lacking the sulfur
substitution, as described previously (Peracchi et al+, 1997;
Wang et al+, 1999)+ The kinetic phases are readily separable,
and the rate constants obtained are highly reproducible and
reliable+The slowest reactions were followed for 1–3 days and
kc was obtained from the early portion of the reaction progress
curve assuming an endpoint of 80%+
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