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An unusual pH-independent and metal-ion-independent 
mechanism for hairpin ribozyme catalysis 
Stephen Nesbitt”, Lisa A Heggt and Martha J Fedor* 

Background: Hairpin ribozymes (RNA enzymes) catalyze the same chemical 
reaction as ribonuclease A and yet RNAs do not usually have functional groups 
analogous to the catalytically essential histidine and lysine sidechains of protein 
ribonucleases. Some RNA enzymes appear to recruit metal ions to act as Lewis 
acids in charge stabilization and metal-bound hydroxide for general base 
catalysis, but it has been reported that the hairpin ribozyme functions in the 
presence of metal ion chelators. This led us to investigate whether the hairpin 
ribozyme exploits a metal-ion-independent catalytic strategy. 

Results: Substitution of sulfur for nonbridging oxygens of the reactive 
phosphate of the hairpin ribozyme has small, stereospecific and metal-ion- 
independent effects on cleavage and ligation mediated by this ribozyme. Cobalt 
hexammine, an exchange-inert metal complex, supports full hairpin ribozyme 
activity, and the ribozyme’s catalytic rate constants display only a shallow 
dependenceonpH. 

Conclusions: Direct metal ion coordination to phosphate oxygens is not 
essential for hairpin ribozyme catalysis and metal-bound hydroxide does not 
serve as the general base in this catalysis. Several models might account for 
the unusual pH and metal ion independence: hairpin cleavage and ligation 
might be limited by a slow conformational change; a pH-independent or metal- 
cation-independent chemical step, such as breaking the 5’ oxygen-phosphorus 
bond, might be rate determining; or finally, functional groups within the ribozyme 
might participate directly in catalytic chemistry. Whichever the case, the hairpin 
ribozyme appears to employ a unique strategy for RNA catalysis. 
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Introduction 
The hairpin ribozyme, along with the hammerhead, 
axehead and Newospora VS catalytic RNAs, belongs to the 
family of small RNA endonucleases that reversibly cleave 
phosphodiesters of RNA substrates to generate 5’ hydroxyl 
and 2’,3’-cyclic phosphate termini (for review, see [1,2]). 
Found in the negative strand of the genome of the satellite 
RNA of tobacco ringspot virus [(-)sTRSV], hairpin-ribo- 
zyme-catalyzed self-cleavage and ligation reactions are 
believed to be responsible for processing intermediates in 
rolling circle replication [3]. 

A hairpin secondary structure model composed of two 
pairs of helix-loop-helix segments [4] is supported by 
truncation, mutagenesis, primer extension, phylogenetic 
comparison, in vitro selection, cross-linking, and chemical 
protection studies (reviewed in [S]). The sequence of most 
helical regions can vary without loss of activity, while 
mutations of most unpaired nucleotides impair activity. A 
symmetrical internal loop in the base of the hairpin stem 
contains the reactive phosphodiester. The two helix-loop- 
helix segments are thought to adopt, a non-coaxial structure 
and to associate through additional tertiary interactions [6]. 

Although the hairpin domain assembles from sequences 
within a single RNA in V~UO, separate ribozyme and sub- 
strate RNAs can combine through complementary base 
pairing to assemble an active ribozyme [4]. Intermolecular 
ribozyme configurations facilitate application of conven- 
tional enzymological methods to studies of catalytic mech- 
anisms [7] and the design of ribozymes for antisense 
applications [8]. 

The cleavage mechanism of small self-cleaving RNAs 
involves deprotonation of the 2’ hydroxyl and in-line 
nucleophilic attack of the resulting 2’ oxyanion on the 
adjacent phosphorus. A trigonal bipyramidal transition 
state is generated in which five oxygens transiently bond 
to phosphorus (Figure 1, reviewed in [l]). Breaking of the 
5’ oxygen-phosphorus bond is accompanied by protona- 
tion of the 5’ oxyanion leaving group. Ligation is a simple 
reversal of the cleavage reaction. The same reaction is cat- 
alyzed by ribonuclease A and other degradative ribonucle- 
ases and also occurs during nonenzymatic alkaline 
hydrolysis of RNA. In the catalytic mechanism of RNase 
A, an imidazole of a histidine residue, acting as a general 
base, removes a proton from the 2’ hydroxyl. A positively 
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Figure 1 
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The mechanism of catalysis by self-cleaving RNAs. In the cleavage 
mechanism, the 2’ hydroxyl is deprotonated, leading to nucleophilic 
attack by the resultant 2’ oxyanion on the adjacent phosphorus. A 
trigonal bipyramidal transition state is generated, in which five oxygens 
transiently bond to phosphorus. Breaking of the 5’ oxygen-phosphorus 
bond is accompanied by protonation of the 5’ oxyanion leaving group. 
The ligation is simply the reversal of the cleavage reaction. B, base; 
A, adenosine; G, guanosine. 

charged E amino group of a lysine residue is positioned in 
the RNase A active site to counteract developing negative 
charge as the 2’ oxyanion attacks phosphorus. Protonation 
of the 5’ oxyanion leaving group by a histidine imida- 
zolium, acting as a general acid, accompanies the breaking 
of the 5’ oxygen-phosphorus bond [9,10]. 

The dilemma for RNAs catalyzing proton transfer reac- 
tions is that RNA functional groups, at least in free 
nucleosides, have pK, (pK, is the log of the acid dissocia- 
tion constant) values far outside the neutral range and are, 
therefore, not well-suited to serve as general acid-base 
catalysts at neutral pH. Furthermore, no ribonucleoside 
functional groups are positively charged at neutral pH to 
stabilize negative charge in the transition state. RNA 
enzymes are believed to solve this dilemma by recruiting 
metal ion cofactors to act as Lewis acids in charge stabi- 
lization and hydrated metal ions to act as general 
acid-base catalysts in proton transfer [ll-141. All RNA 
enzymes seem to require metal ions. Because all RNA 
enzymes are likely to require counterions to stabilize 
folded structures, a metal ion requirement for activity does 
not necessarily implicate metals in the catalytic chemistry. 
Changes in divalent metal ion specificity that accompany 
substitution of sulfur for phosphate oxygens have impli- 
cated direct coordination of metal cations to phosphate 
oxygens for the hammerhead ribozyme and the TetraLy- 
mena self-splicing ribozyme [15,16]. ‘Hard’ metal ions such 
as Mgz+ bind to o xygen ligands well, but bind to sulfur 
ligands poorly, while ‘soft’ metal ions such as Mnz+ bind to 
oxygen ligands and sulfur ligands with similar affinities 
[17,18]. Substitution of sulfur for the pro-Rp oxygen of the 
reactive phosphate inhibits hammerhead cleavage in 
buffers containing Mg2+ but not in buffers containing 
Mnz+, implicating direct metal cation coordination to the 

nonbridging pro-Rp oxygen in the hammerhead transi- 
tion state [15,19,20]. The Tetralzymena ribozyme cleaves 
phosphodiesters in a mechanistically distinct reaction that 
generates 3’ hydroxyl and 5’ phosphate termini. In the 
Tetrahymena reaction, substitution of the bridging 3’ oxy- 
gen at the cleavage site with sulfur inhibits cleavage in 
buffers containing Mga+ but not in buffers containing Mna+ 
or Zn2+, implicating metal cation coordination in the stabi- 
lization of the negative charge on the 3’ oxyanion leaving 
group [ 161. 

Additional evidence for a catalytic role for metal ions 
comes from the correspondence between cleavage rates 
and the titration of metal-bound water molecules as a 
function of pH to promote general base catalysis in ham- 
merhead cleavage [Zl]. Comparison of hammerhead reac- 
tion rates in buffers with different metal cations shows 
that pH-rate profiles shift in accordance with the pK, of 
the hydrated metal ion included in the reaction buffer, 
and cleavage displays a log-linear dependence on pH. 
This correlation between cleavage rates and metal- 
hydroxide concentrations is consistent with the metal 
hydroxide acting as a general base catalyst to deprotonate 
the 2’ hydroxyl in a reaction limited by the availability of 
the 2’ oxyanion nucleophile. 

The hairpin ribozyme appears to exploit a distinct catalytic 
strategy, one that does not require metal-bound water 
complexes or direct coordination of metal cations to phos- 
phate oxygens. While no hammerhead ribozyme activity is 
observed in the absence of divalent metal cations, even 
when alternative counterions are available to stabilize 
hammerhead structure [Zl], hairpin ribozyme catalysis has 
been detected in buffers containing metal ion chelators, 
although at significantly reduced levels [22,23]. Substitu- 
tion of the pro-Rp oxygen of hairpin substrates with sulfur 
had only small effects on hairpin cleavage in buffers with 
Mga+ [23,24]. This result argues against direct coordination 
of Mg2+ to the pro-Rip oxygen because Mg2+ binds to sulfur 
poorly. Furthermore, the hairpin ribozyme remains active 
in buffers containing cobalt(III)hexammine in place of 
MgCl, (A. Hampel, personal communication). The amine 
ligands of cobalt hexammine are kinetically stable [25] and 
do not exchange to allow direct coordination of Co3+ with 
phosphate oxygens or with water molecules to generate 
metal hydroxides capable of general base catalysis. We 
have confirmed and extended these results by assessing 
the effects of Rp and Sp phosphorothioate substitutions on 
hairpin-catalyzed cleavage and ligation rate constants and 
the pH- and metal-ion-dependence of these effects. 

Results and discussion 
The effects of phosphorothioate substitutions on hairpin 
ribozyme cleavage rate constants 
The ribozyme sequence used to measure cleavage kinet- 
ics (Figure Za) is derived from the minimal self-cleaving 
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domain of (-)sTRSV [4]. The cleavage substrate has an 
unpaired 5 terminal cytosine, a modification previously 
found to simplify kinetic analyses by minimizing non- 
productive complex formation [7]. Short substrates were 
chosen for determination of cleavage rate constants to 
ensure that cleavage was driven by rapid dissociation and 
dilution of cleavage products, so that observed cleavage 
rates monitor the rate-determining step in cleavage and 
not the approach to an equilibrium between cleavage and 
ligation or product dissociation steps [7]. 

Hairpin substrate RNAs with sulfur substituted forpro-Rp 
or pro-Sip nonbridging oxygens of the reactive phosphate 
(Figure 2b) were prepared by sulfurization during chemi- 
cal synthesis, separated by reverse phase high pressure 
liquid chromatography (HPLC) [ZO] and identified by 
digestion with stereospecific specific snake venom and Pl 
nucleases. Both the Rp and Sp diastereomers reacted 
almost completely and with first order kinetics, confirm- 
ing the homogeneity of substrate RNA preparations (data 
not shown). 

The cleavage rate constant was fourfold lower for substrate 
with an Rp phosphorothioate than for substrate with 
normal phosphate in buffer with 10 mM MgCl, (Figure 3a, 
Table 1). The modest inhibition of cleavage by an Rp sulfur 
substitution is consistent with the previously reported 
effect of an Rp phosphorothioate on hairpin activity [23,24]. 
Because pro-Rp and pro-Sp oxygens are very close in space, 
a small difference in active-site geometry between ham- 
merhead and hairpin ribozymes might change the stere- 
ospecificity of a large ‘thio effect’. The cleavage rate 
constant for substrate with an Sp phosphorothioate was, 
however, slightly higher than for substrate with normal 
phosphate. Thus, for hairpin substrates, neither diastereo- 
mer gives rise to a thio effect of the same order as the 
> loo-fold inhibition reported for hammerhead cleavage of 
Rp phosphorothioate substrates in buffers with 10 mM 
MgCl, [ 151. 

It is important to rule out the possibility that contamination 
of MgCl, buffers with thiophilic metal ions able to coordi- 
nate phosphorothioates directly could account for the high 
reactivity of sulfur-substituted hairpin substrates. Addition 
of 1 mM diethyldithiocarbamate, a strong thiophilic metal 
ion chelator, produced no change in cleavage rate constants 
for normal or sulfur-substituted substrates. Thus, the small 
effects of Rp and Sp thio substitutions on hairpin cleavage 
in MgCl, buffers suggests that direct coordination of metal 
cations to either of the nonbridging phosphate oxygens is 
not essential for hairpin ribozyme catalysis. 

The difference in thio effects between hairpin and ham- 
merhead cleavage could arise from differences in kinetic 
mechanisms rather than differences between the two 
ribozymes in metal ion coordination. A large thio effect on 

Figure 2 
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Analyzing the effects of sulfur substitutions of nonbridging oxygens on 
hairpin ribozyme cleavage activity. (a) Sequences used for analysis of 
cleavage kinetics. Trace amounts of 5 ’ 32P-labeled substrate (red) 
were combined with various excess concentrations of hairpin ribozyme 
(blue) and the appearance of 5’ cleavage product (P1 ; the arrow 
indicates the point of cleavage) was monitored over time. The choice 
of a small substrate ensures that cleavage is driven by rapid 
dissociation and dilution of cleavage products that bind the ribozyme 
with low affinity. (b) Hairpin substrates with thiophosphate 
substitutions at the reactive phosphate. The two diastereomer 
substitutions, Rand S, that give Pi and P2, respectively, are shown. 

hairpin catalytic chemistry could be underestimated if the 
chemical step is only partially rate-determining in the 
hairpin mechanism and a different step, such as a slow 
conformational change, also limits observed cleavage rates. 
If the small thio effect on hairpin cleavage reflects the loss 
of direct Mga+ coordination, replacing Mg2+ with Mn2+, 
which binds sulfur well, should restore full activity. The 
relative effects of Rp and Sp thio substitutions on hairpin 
cleavage were, however, virtually the same in buffers with 
MgCl, or MnCla (Figure 3b, Table 1). 

Cobalt hexammine supports hairpin ribozyme catalysis 
Similar small, stereospecific thio effects on hairpin cleavage 
are seen in buffers with Co(NH,),Cl, in place of M&l, or 
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Figure 3 
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Assays of cleavage kinetics. Cleavage rate constants and K$ values 0.1 mM EDTA with (a) 10 mM MgCI,, (b) 10 mM MnCI,, or (c) 0.1 mM 
were computed from the y intercept and slope, respectively, of plots of 

k leavage, obs verSuS kcleavag~. obs I [RI, where [RI is the concentration of 
Co(NH,),CI,. The ‘thio effect’ is kcleavage, s I kleavage, o (S and 0 
indicate sulfur and oxygen substituents, respectively). K,s, Michaelis 

ribozyme. Cleavage kinetrcs of sulfur-substituted and unmodified 
substrates were determined at 25°C in 50 mM Tris-HCI, pH 7.5, 

constant for substrate; kcleavage, ohs, observed rate of cleavage. 

MnC12 (Figure 3c, Table 1). Unlike chloride ligands of 
Mgz+ or Mnz+, amine ligands of Cos+ in cobalt hexammine 
are kinetically stable [25] and unable to exchange with 
phosphate or thiophosphate ligands on the timescale of 
cleavage reactions. Thus, the ability of cobalt hexammine 
to support cleavage activity argues against a role for direct 
metal cation coordination to nonbridging phosphate 
oxygens, or any other ligands, in hairpin catalysis. 

Despite the inability of Co3+ in cobalt hexammine to coor- 
dinate phosphate ligands directly, Co(NH,),Cl, was par- 
ticularly effective in promoting hairpin ribozyme catalysis 
compared to MgCl, (Figure 4). Half-maximal cleavage 
rate constants were observed in buffers with 0.1 mM 
Co(NH,),Cl,, while loo-fold higher concentrations of MgCl, 

Table 1 

were required to support the same level of activity. This 
difference in the metal ion concentration-dependence of 
hairpin cleavage in Co(NH3),C13 and MgCI, buffers was 
far greater than the twofold difference in ionic strength 
between Co(NH,),Cl, and MgCl, solutions of the same 
molarity. This low Co(NH,),Cl, concentration-dependence 
would not be expected if the ability of Co(NH,),CI, 
buffers to support hairpin catalysis could be explained by 
the presence of trace contaminants. 

A number of control experiments were carried out to eval- 
uate whether hairpin cleavage activity observed in 
Co(NH,),Cl, buffers results from contaminating metal 
ions capable of direct phosphate coordination. No change 
in cleavage kinetics of sulfur-substituted or unmodified 

Cleavage kinetics of normal and phosphorothioate-substituted RNAs. 

10 mM MgCI, 10 mM MnCI, 0.1 mM Co(NH,),CI, 

k, leavage W Lavage. s k cleavage F.? kleavage, s k cleavage W Lvage. s 

Linkage (min-I) (CIM) kcleavage, o (min-I) (PM) kcleavage. o (min-l) (PM) kclewage, 0 

Phosphate 0.45 0.35 0.17 0.45 1.2 0.36 

Rp phosphorothioate 0.12 0.69 0.27 0.034 0.50 0.20 0.23 0.41 0.2 

Sp phosphorothioate 0.82 0.89 1.8 0.23 0.69 1.4 1.9 0.47 1.6 

k, ,eavage, cleavage rate constant; K, s, Michaelis constant for substrate; kcleavage, s and bleavage , o are cleavage rate constants for sulfur-substituted 
and unmodified substrates, respectively; kleavage, s / kleavage, o, ‘thio effect’. 
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Figure 4 
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The dependence of hairpin cleavage rate constants on metal ion 
concentration. Cleavage rate constants for unmodified hairpin 
substrates were determined at 25°C in 50 mM Tris-HCI, pH 7.5, 
0.1 mM EDTA, with varying concentrations of MgCI, (red) or 
Co(NH,)sCI, (blue), as described in the legends to Figures 2 and 3. 
Lines represent fits to the cooperative binding equation: 

&wage, obs = ‘umage 
W” 

[Me]’ + KDMe 
(5) 

where KDMe is the dissociation constant for a given metal (Me), giving 
Ko”a = 13 mM and Koco = 0.1 mM. Best fits were obtained with 
n = 1.5 for MgCI, and n = 1.2 for Co(NH,),CI,. 

substrate RNAs occurs when the concentration of EDTA 
in reaction buffers is increased from 0.1 mM to 1 mM, 
when buffer and RNA solutions are extracted with the 
strong chelator diphenylthiocarbazone [26], or when reac- 
tion buffers contain 1 mM diethyldithiocarbamate (a 
strong thiophilic metal ion chelator) in addition to 1 mM 
EDTA. Because the cobalt hexammine complex is 
thermodynamically unstable, despite its kinetic stability, 
cobalt hexammine solutions might produce degradation 
products over time that are responsible for promoting 
catalysis. Periodic monitoring of Co(NH,),Cl, stock solu- 
tions over several months, however, revea’led no changes 
in absorption spectra that might indicate accumulation of 
degradation products and no change in the ability of 
Co(NHs),Cl, buffers to support catalysis. Finally, the 
R9/S9 hammerhead [27] showed no detectable cleavage 
activity in reaction buffers with.Co(NH,),Cl, included as 
the only metal cation (data not shown). Evidently, the 
ability of cobalt hexammine to promote activity is a 
unique feature of hairpin catalysis that argues against any 
requirement for metal ions capable of direct coordination 
to RNA functional groups. 

The effects of phosphorothioate substitutions on ligation 
rate constants and the internal equilibrium between 
cleavage and ligation 
Sulfur substitutions also produce small, stereospecific 
effects on hairpin-catalyzed ligation (Figure 5, Table 2). 

Consistent with the inversion of configuration that accom- 
panies cleavage and ligation (Figure Sa), 2’,3’-cyclic thio- 
phosphate with sulfur in the Rp configuration ligates 
faster than thiophosphate with sulfur in the Sp configura- 
tion. In 10 mM MgCl,, the ligation rate constant Ear a 2’,3’- 
cyclic thiophosphate with sulfur in the Sp configuration is 
-g-fold lower than for an Rp phosphorothioate and 
-13-fold slower than for normal 2’,3’-cyclic phosphates 
(Figure SC). Ligation rate constant measurements can be 
subject to considerable error, particularly when the differ- 
ence between cleavage and ligation rate constants is small 
(see the Materials and methods section). The relative effi- 
ciency of Rp and Sp thiophosphate ligation remained at 
least qualitatively the same in MnClz and Co(NH,),Cl, 
buffers (Figure 5d,e), despite apparent variation in the 
magnitude of the thio effects. 

Ligation and cleavage rate constants can be compared to 
assess the internal equilibrium (Keq, int = kligacion/kcleavage). 
The K,, int value of 4.5, calculated from phosphodiester 
cleavage and 2’,3’-cyclic phosphate ligation rate constants, 
is in reasonable agreement with the tenfold preference for 
ligation over cleavage reported previously for hairpin 
ribozymes [7]. For both Rp and Sp thiophosphate substi- 
tutions, however, K,, inr values were only slightly greater 
than 1 in MgCl, buffer. The considerable error inherent in 
comparisons of small differences in rate constants mea- 
sured in independent assays limits the accuracy of K,,, int 
values calculated in this way. Qualitatively, however, 
sulfur in either an Rp or an Sp configuration appeared to 
shift the internal equilibrium towards cleavage. 

An independent measure of the internal equilibrium for 
substrates with phosphates and thiophosphates at the 
cleavage site can be obtained from the relative amounts of 
substrate and product at equilibrium. The fraction of sub- 
strate formed at saturating concentrations, when all sub- 
strate and product is ribozyme bound, was extrapolated 
from the endpoints of ligation reactions carried out over a 
range of concentrations (Figure 6). 

Two effects of phosphorothioate substitutions can be 
seen. First, Sp and Rp 2’,3’-cyclic thiophosphate substitu- 
tions produce a shift in the equilibrium towards cleavage, 
regardless of the metal ion present in reaction buffers. 
Second, a stereospecific effect of thio substitutions is seen 
in Co(NHs),Cl, buffer, with the Sp 2’,3’-cyclic thiophos- 
phate promoting cleavage more than the Rp 2’,3’-cyclic 
thiophosphate. The stereospecificity of sulfur effects on 
the equilibrium in Co(NH,),Cl, buffer is consistent with 
evidence from cleavage and ligation rate measurements 
that nonbridging oxygens or sulfurs make stereospecific 
contacts in the active site that do not involve direct metal 
ion coordination. The absence of a detectable stereospe- 
cific thio effect in MgCl, and MnCla buffers might result 
from differences among Mg2+, Mn2+, and CO(NH&~+ 
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Analyzing the effects of sulfur substitutions of nonbridging oxygens on 
hairpin ribozyme ligation rate constants. (a) Ribozyme-mediated 
cleavage of 5’ 32P-labeled substrates with sulfur substitutions in the 
Rp and Sp configurations yields 5’ products (P’) with thiophosphate 
substitutions in the Sp and Rp configurations, respectively. 
(b) Sequences used for analysis of ligation kinetics. Trace amounts of 
5’ 32P-labeled PI (red) were combined with various excess 
concentrations of a binary complex containing the hairpin ribozyme and 
the 3’ cleavage product P2 (blue), and the appearance of 
5’ 32P-labeled substrate was monitored over time. (The arrow indicates 

cleavage products and the rate of the approach to the equilibrium 
between cleavage and ligation. Ligation rate constants of sulfur- 
substituted and unmodified products were determined at 25°C in 
50 mM Tris-HCI, pH 7.5, 0.1 mM EDTA, with (c) 10 mM MgCI,, (d) 
10 mM MnCI,, or (e) 0.1 mM Co(NH,),CI,, by computing the best fit 
to: 

kligatmn. obs = hgatmn 
[ 1 R.P2 

[ 1 R.P’ +KMpl 
+ kieavage (‘5) 

the position of cleavage.) Observed rates of ligation reflect the 
concentration of ternary complex containing the ribozyme and both 

Thio effect = hgatm, s ’ hgation 01 where kligation, s and “Ggation o are 
ligation rates for sulfur and oxygen substituents, respectively. 

counterions in their ability to stabilize RC3, R-Pl*Pz, and 
transition state structures. 

Equilibrium dissociation constants (K,) for P1 binding to 
the R-P’ binary complex can also be determined from 
the concentration dependence of ligation reaction extents 
(Table 2). KDP’ values provide information about ground 

state interactions between P1 and the R.P2 binary complex. 
KMS (Michaelis constant for substrate) and KMp’ (Michaelis 
constant for P’) values reveal little information about the 
effect of sulfur substitutions on ground state interactions 
because, in the hairpin ribozyme kinetic mechanism, K, 
and K, values are not necessarily equivalent [7]. KDP’ 
values varied by about tenfold in reactions carried out in 
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Table 2 

Ligation kinetics of normal and phosphorothioate-substituted RNAs. 

10 mM MgCI, 10 mM MnCI, 0.1 mM Co(NH,),Cls 

kltgation KoP’ 4 ,gat,on, s kligatton K,P’ k I1gatm s kligatlon KoP’ k Ilgatlon, s 

Linkage (min-‘) (0) kl,gat,on, 0 (min-l) (KM) kllgatlon, 0 (mini) (PM) klfgation, o 

Phosphate 2.0 2.1 0.41 0.38 2.8 0.26 

Rp phosphorothioate 1.2 1.7 0.6 0.55 0.84 1.2 3.4 0.42 1.2 

Sp phosphorothioate 0.15 0.72 0.08 0.24 0.76 0.58 0.32 0.32 0.11 

Abbreviations as in Table 1. 

different buffers with the strongest P1 binding observed in cleavage. Furthermore, any intrinsic thio effect on cleavage 
Co(NH,),Cl, and the weakest P1 binding observed in chemistry is expected to be the same for both diastere- 
MgCI,. Differences in K,” values among different buffers omers [28,30], but Rp and Sp thio substitutions affect 
are likely to reflect differences in the general effectiveness hairpin ribozyme cleavage rate constants differently. The 
of MgZ+, Mna+ and CO(NH,),~+ counterions in promoting stereospecificity of thio effects on hairpin cleavage indi- 
RNA structure. No significant differences were detected cates that pro-Sip and pro-Rp oxygens form different inter- 
among K,P’ values for Pi RNAs with Rp or 5’~ phos- actions within the hairpin active site, interactions that are 
phorothioates or normal phosphates in any buffer. Thus, more-or-less favorable when oxygen is replaced with 
sulfur substitutions had no detectable effects on ground sulfur. Because thio effects are not affected by the affinity 
state interactions within the P’*R*Pa ternary complex. of buffer cations for oxygen or sulfur, nonbridging oxygens 

or sulfurs must participate in distinct interactions with 
No intrinsic thio effect occurs in alkaline hydrolysis of functional groups of the ribozyme, and not metal cations. 
RNA, an uncatalyzed reaction that occurs through the 
same chemical mechanism [28,29]. A difference in intrinsic In an uncatalyzed reaction analogous to hairpin ribo- 
reactivity between phosphates and phosphorothioates zyme-catalyzed ligation, alkaline hydrolysis of 2’,3’-cyclic 
cannot, therefore, account for thio effects on hairpin phosphate does show an intrinsic thio effect (k,/k,) equal 

Figure 6 
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Analyzing the effects of sulfur substitutions of nonbridging oxygens on 
the internal equilibrium between cleavage and ligation. The fraction of fraction S, = K,,, ,“, (7) 
5’ 32P-labeled Pi converted to substrate by the end of ligation 
reactions (fraction substrate,,) is plotted as a function of R.P2 
concentration for ligation reactions carried out as described in Figure 5 
with (a) 10 mM MgCI,, (b) 10 mM MnCI,, or (c) 0.1 mM Co(NH,),CI,. No correction was made for the fraction of 5’ 32P-labeled Pi (-15%) 

The fraction of substrate at saturating concentrations of R.P2 (fraction that remained unreactive. Consequently, fraction S_ is lower than 

SJ and Koe’ values were computed from the fit to: K eq, ,“r (the internal equilibrium, k,gation/kc,eavase). 
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to 0.17 for both Sp and Rp diastereomers [30]. This 
intrinsic thio effect on 2’,3’-cyclic phosphate hydrolysis 
suggests that sulfur substitutions stabilize 2’,3’-cyclic phos- 
phates relative to phosphorothiodiesters by -1 kcal/mol, 
thereby raising the energy barrier for ligation. An intrinsic 
thio effect on hairpin ligation chemistry would be 
expected to reduce ligation rate constants for 2’,3’-cyclic 
thiophosphates and shift the internal equilibrium towards 
cleavage, as indeed the thio effects appear to do. 

Although differences in stability between 2’,3’-cyclic thio- 
phosphates and phosphates give rise to a chemical thio 
effect, interpretation of thio effects on hairpin ligation rate 
constants and the internal equilibrium is complicated by 
two factors. First, any intrinsic thio effect on ligation chem- 
istry is superimposed over the stereospecific thio effects 
revealed by cleavage rate constant measurements that are 
independent of catalytic chemistry. Second, the hairpin 
ribozyme internal equilibrium is not determined exclu- 
sively by intrinsic chemical differences between substrates 
and products. 

The balance between ribozyme-catalyzed ligation and 
cleavage is believed to reflect both an enthalpic contribu- 
tion from the intrinsic chemistry of the reaction and an 
entropic contribution from differences in the dynamics of 
RS and R*Pl.P* complexes that accompany catalysis [7,31]. 
Due to a small, -1 kcal/mol, enthalpic advantage for 3’,5’- 
phosphodiesters relative to 2’,3’-cyclic phosphates [32], 
relief of strain in the 2’,3’-cyclic phosphate contributes a 
favorable enthalpy for ligation. Consistent with ligation 
rate and equilibrium measurements, sulfur substitutions 
are expected to counter the enthalpic advantage for 
diesters and shift the hairpin equilibrium towards cleavage. 

If cleavage is accompanied by an increase in dynamics 
of the R*Pl.Pz complex as the positions of P1 and Pa are 
no longer constrained by a diester linkage, a favorable 
enthalpy for ligation can be counteracted by an increase in 
entropy favoring cleavage [7,31]. Because metal cations 
vary in their ability to stabilize hairpin structures, as shown 
by the variation in KDp’ values in buffers with Mg2+, Mn2+ 
or Co(NHJG3+ counterions, entropic determinants of the 
internal equilibrium might well vary in different buffers. 
Thus, thio effects on the internal equilibrium reflect more 
than the intrinsic chemical differences between substrates 
and products, and metal ion effects cannot be assessed 
solely in terms of phosphate or phosphorothioate coordina- 
tion. Sorting out the contribution of each factor is particu- 
larly difficult because the experimental evidence consists 
of small differences among rate and equilibrium constants. 

A model consistent with the energetics of sulfur effects 
on hairpin-catalyzed cleavage and ligation is shown in 
Figure 7. Small, stereospecific thio effects on cleavage 
rate constants can be explained by specific interactions of 
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Free energy diagram representing the effects of sulfur substitutions on 
cleavage and ligation. The Rp and Sp phosphorothioates are proposed 
to raise or lower, respectively, the energy of the transition state based 
on stereospecific effects of sulfur substitutions on cleavage rate 
constants. An intrinsic difference in stability between 2’,3’-cyclic 
phosphates and phosphorothioates is proposed to reduce the free 
energy of cleavage products and increase the energy barrier for 
ligation equally for both diastereomers. The Rp or Sp configurations 
are indicated for cleavage substrates that give rise to cleavage 
products with the opposite configuration. 

nonbridging oxygens within the active site that become 
more or less favorable when the pro-Sp or pro-Rip oxygens, 
respectively, are replaced with sulfur. Thus, an Rp phos- 
phorothioate substitution raises the energy of the transi- 
tion state, by I 1 kcal/mol, while an Sp substitution 
reduces transition state energy by a smaller amount. If 
both thio diastereomers stabilize 2’,3’-cyclic phosphate 
cleavage products, both Rp and Sp phosphorothioates will 
increase the barrier to ligation by the same amount, 
-1 kcal/mol. Stereospecilic effects on transition state sta- 
bility and nonstereospecific effects on 2’,3’-cyclic phos- 
phate cleavage product stability will combine to determine 
the overall effect of sulfur substitutions on hairpin ribo- 
zyme-mediated ligation rate constants and the equilibrium 
between cleavage and ligation. 

The dependence on pH of hairpin ribozyme cleavage and 
ligation rate constants 
The pK, of a reaction can provide vital information about 
the identity of functional groups involved in proton trans- 
fer steps, exemplified by the bell-shaped pH-rate profile 
of RNase A in which catalytic activity parallels the ioniza- 
tion state of histidine imidazoles [33]. The log-linear pH- 
rate profile for hammerhead cleavage appears to reflect 
the ionization state of metal-bound water implicating 
metal hydroxide as the general base catalyst [Zl]. 

In contrast, hairpin cleavage rate constants changed only 
2.3-fold between pH 5.5 and pH 9 in MgCl, buffers 
(Figure 8a). With a pK, value of 11.4 for the hydrated Mga+ 
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ion [ 111, the concentration of MgOH- would increase lOOO- 
fold across this pH range. Consequently, the absence of a 
corresponding increase in cleavage rate constants demon- 
strates that catalysis is not limited by the availability of 
MgOH- to serve as a general base catalyst. 

Accuracy of cleavage rate constant measurements at pH 
values above 9 becomes limited in MgCl, buffers because 
of ribozyme and substrate RNA degradation due, presum- 
ably, to MgOH- mediated hydrolysis. Furthermore, sharp 
increases in KMS values at pH extremes, which are likely 
to be due to pH-dependent destabilization of intermol- 
ecular helices, make it difficult to approach saturating 
concentrations. 

Virtually no background hydrolysis was detected in 
Co(NH,),Cl, buffers, and KMS values remained in the 
experimentally accessible range at pH values as high as 
10.1 (Figure Sb). The absence of detectable RNA hydrol- 
ysis in Co(NH,),Cl, buffers at pH 10.1 provides strong 
evidence that the ability of Co(NH3),Cl, to support catal- 
ysis does not reflect the presence of contaminants capable 
of forming metal hydroxides. 

Hairpin cleavage and ligation rate constants changed less 
than fivefold between pH 4.9 and pH 10.1 (Figures 8a,9) 
in Co(NH,),Cl, buffers. Stereospecific thio effects re- 
mained constant, arguing that cleavage rates monitor the 
step in the hairpin cleavage reaction that is also sensitive 
to sulfur substitutions throughout this pH range. 

If a metal complex serves as general base catalyst and a 
step requiring proton transfer is rate determining, pH-rate 
profiles are expected to correlate with the ionization state 
of the catalyst. Thus, the shallow pH-dependence of 
hairpin cleavage and ligation rate constants in MgCl, and 
Co(NH&Cl, buffers indicates that hairpin catalysis is not 
limited by the availability of metal-bound hydroxide or 
any other metal complex acting as a general base catalyst. 

Several explanations might account for the shallow pH 
dependence of hairpin catalysis. Buffer ions rather than 
metal ligands might serve as general base catalysts. Similar 
shallow pH-rate profiles were, however, determined at 
Tris buffer concentrations of lo-200 mM (data not 
shown). If general base catalysis is provided by buffer 
ions, and a step requiring proton transfer is limiting, cleav- 
age rate constants would have increased with increasing 
buffer concentration. 

Hairpin catalysis might be limited by a slow, pH-inde- 
pendent conformational change and not by the rate of the 
chemical step. The chemical step in the hairpin reaction 
might increase with pH in a log-linear fashion but accel- 
eration of the chemical step could be hidden under 
a ceiling imposed by a slow conformational change. A 
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The pH dependence of hairpin ribozyme cleavage kinetics. 
(a) Cleavage rate constants, (b) K,s values, and (c) thio effects were 
determined for hairpin substrates with a normal phosphate (blue 
circle), an Rp phosphorothioate (orange triangle), or an Sp 
phosphorothioate (green square) at the cleavage site in 50 mM buffer, 
0.25 mM Co(NH,),CI,, 0.1 mM EDTA, at 25°C and for unmodified 
substrate (red circle) in 50 mM buffer, 10 mM MgCI,, 0.1 mM EDTA 
(red circle), as described in the legends to Figures 2 and 3 except that 
the sequence of the substrate used for cleavage rate constant 
measurements in MgCI, buffer was 5’-CUGGCAGUCCUGUUU-3’. 
The red line represents a theoretical log-linear pH dependence. 

rate-determining conformational step has been proposed to 
account for the pH-independence of Tetrahymena ribozyme- 
catalyzed cleavage at pH values above 7 [34]. But hairpin 
pH-rate profiles remain shallow with a variety of ribozyme 
and substrate sequences in self-cleaving and intermolecular 
configurations, at temperatures ranging from 25°C to 75”C, 
in buffers containing a variety of divalent metal cations, at 
an ionic strength as low as 0.01 mM Co(NH,),Cl, and in 
1 M urea (data not shown). In short, hairpin catalysis dis- 
plays similar shallow pH-rate profiles under a variety of con- 
ditions that might be expected to accelerate any potentially 
rate-determining conformational change. 
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Figure 9 
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The pH dependence of hairpin ribozyme ligation kinetics. (a) Self- 
ligation kinetics were measured in 50 mM buffer, 0.25 mM 

Co(NH,),CI,, 0.1 mM EDTA, at 25°C using a ribozyme configuration in 
which the PI RNA was covalently joined to the ribozyme through an 
oligonucleotide linker. Reactions contained a trace amount of uniformly 
labeled ribozyme and various concentrations of P* RNA. (b) Ligation 
rate constants were computed from the fit to: 

kligarion, obs = hgarion (8) 

If a log-linear dependence of hairpin catalytic chemistry is, 
in fact, masked by a slow conformational step, hairpin cat- 
alytic rate constants must be significantly faster than the 
hammerhead cleavage rate constant of 1 min-1 [27]. A 
hairpin cleavage rate constant greater than 0.2 min-r at 
pH 5 would increase to > 200 min-1 at pH 8. 

A rate-determining conformational change might be 
excluded if the thio effect on ligation rate constants could 
be shown to correspond with the intrinsic thio effect 
expected for nonenzymatic hydrolysis of 2’,3’-cyclic phos- 
phates. Unfortunately, the superimposition of stereospe- 
cific thio effects on any intrinsic chemical thio effect and 

the error inherent in measuring small differences among 
rate constants precludes a conclusive interpretation of 
these data. 

An alternative explanation for the shallow pH dependence 
is that cleavage and ligation rate constants monitor cat- 
alytic chemistry, but the highest barrier to catalysis is a 
PI-I-independent chemical step such as breaking the 
5’ oxygen-phosphorus bond. Alternatively, bond making 
and bond breaking steps that require protonation and 
deprotonation could each be partially rate-determining. A 
complex, shallow pH-rate profile could result from a 
requirement for general acid and base catalysts with dif- 
ferent pK, values, perhaps provided by functional groups 
of the ribozyme. These possibilities remain to be tested. 

Significance 
Hairpin ribozymes (RNA enzymes) catalyze the same 
chemical reaction as ribonuclease A and yet RNAs do 
not usually have functional groups analogous to the cat- 
alytically essential histidine and lysine sidechains of 
protein ribonucleases. Some RNA enzymes appear to 
recruit metal ions to act as Lewis acids in charge stabi- 
lization and metal-bound hydroxide for general base 
catalysis. Prompted by reports that the hairpin ribozyme 
functions in the presence of metal ion chelators, we 
investigated whether the hairpin ribozyme exploits a 
metal-ion-independent strategy. 

Small, stereospecific effects of thiophosphate substitu- 
tions on hairpin-ribozyme-catalyzed cleavage and liga- 
tion and the ability of cobalt hexammine to support 
hairpin catalysis indicate that the rate-determining step 
in hairpin-ribozyme-catalyzed cleavage and ligation does 
not depend on direct coordination to metal cations. Fur- 
thermore, the shallow pH dependence of hairpin cataly- 
sis in MgCl, and Co(NH&Cl, buffers shows that the 
rate-determining step does not depend on metal-bound 
hydroxide acting as a general base catalyst. Several 
models might account for the unusual pH independence 
and metal-ion-independence of hairpin catalysis. Hair- 
pin cleavage and ligation might be limited by a slow 
conformational change. A pH independent and metal- 
cation-independent chemical step, such as breaking the 
5’ oxygen-phosphorus bond, might be rate determining. 
Finally, functional groups within the ribozyme might 
participate directly in catalytic chemistry. Whichever the 
case, the hairpin ribozyme appears to employ unique 
strategy for RNA catalysis. 

Materials and methods 
Preparation of RNAs 
Unmodified ribozyme, substrate and 3’ cleavage product RNAs were 
prepared and labeled with 32P as previously described ([71, and refer- 
ences therein). Briefly, ribozyme RNAs were synthesized by T7 RNA 
polymerase transcription of partially duplex synthetic DNA templates 
and purified by denaturing gel electrophoresis. Cleavage substrates 
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and 3’ cleavage products (3’ ligation substrates) were synthesized 
chemically, deprotected, desalted and gel purified. 5’ 32P-labeled sub- 
strate RNAs were prepared by reaction with T4 polynucleotide kinase 
and [TRAP] ATP and [cx-~~P] ribozyme RNAs were prepared by in vitro 
transcription with [a-s2P] ATP. RNA concentrations were determined 
by assuming a residue extinction coefficient of 6.6 x 1 O3 M-l cm-l at 
260 nm or calculated from the specific activity of the [Y-~~PI ATP or 
[WEEP] ATP used for labeling. 

Substrate RNAs with sulfur substitutions were synthesized using con- 
ventional phosphoramidite chemistry except that reaction with 3H-1,2- 
benzodithiol-3-one, 1 ,l -dioxide (Beaucage reagent) replaced standard 
iodine oxidation of the diester linkage corresponding to the reactive 

phosphorus 1201. After deprotection and desalting, the mixture of Rp 
and Sp thio-substituted RNAs were fractionated by reverse phase 
HPLC (semi-preparative Cl8 column, Microsorb MV, Rainin; Gait, 
1992), using a gradient of 2-4.5% acetonitrile in 0.1 M ammonium 
acetate. 5’ cleavage products (5’ ligation substrates) were prepared 
through ribozyme-mediated cleavage of 5 ’ 32P-labeled substrates, frac- 

tionated by denaturing gel electrophoresis, eluted and desalted by 
G15 Sephadex chromatography in water. Because cleavage occurs 
with inversion of configuration [35], the Rp thio-substituted substrate 
yields a 5’ cleavage product with an Sp thio 2’,3’-cyclic phosphate 
(endo) and Sp thio-substituted substrate yields a 5’ cleavage product 
with an /?p thio 2’,3’-cyclic phosphate (exe). 

The location of phosphorothioate linkages in RNA from each Cl 8 fraction 
was confirmed by I2 cleavage [36]. The f?p and Sp diastereomers were 
assigned through partial digestion of 5 ’ 32P-labeled labeled RNA from 
each Cl 8 fraction and unmodified RNA with stereospecific nucleases. In 
reactions with P’ endonuclease, which cannot cleave an Rp phosphoroth- 

ioate linkage 1371, the thioester linkage of RNA from the early Cl 8 fraction 
resisted cleavage through 20 min incubation with 5 rig/ml nuclease PI, 
300 mM sodium acetate pH 5.3,0.2 mglml carrier RNA, 0.1 mM EDTA, at 
25°C. RNA from the late Cl 8 fraction showed evidence of some cleav- 
age at the phosphorothioate linkage under the same conditions, but far 
less cleavage than observed for the corresponding phosphodiester 
linkage in unmodified RNA. In reactions with snake venom phosphodi- 
esterase, which favors cleavage of the Rp phosphorothioate [28], the 
fragment corresponding to cleavage of the phosphorothioate linkage in 
RNA from the late Cl 8 fraction was approximately twofold less abundant 

than the corresponding fragment in reactions with RNA from the early 
Cl8 fraction after digestion with 20 rig/ml snake venom phosphodi- 
esterase in 50 mM Tris-HCI, pH 7.5, 10 mM MgCI,, 0.2 mglml carrier 
RNA, 0.1 mM EDTA, at 25°C. Thus, RNA from the early Cl 8 fraction was 
inferred to contain sulfur in the /?p configuration and RNA from the late 
Cl 8 fraction was inferred to contain sulfur in the Sp configuration. 

Ribozyme-mediated cleavage of normal and sulfur-substituted sub- 
strates generated 5’ products that co-migrated during denaturing gel 
electrophoresis, demonstrating that cleavage occurs precisely at the 
phosphorothioate linkage. The /?p and Sp sulfur-substituted substrates 
cleaved almost completely and reaction kinetics remained linear through 
at least three half lives, evidence that substrate RNA preparations were 
chemically homogeneous. 

Kinetics analyses 
Unless otherwise indicated, cleavage and ligation reactions were 
carried out in 50 mM Tris-HCI, 0.1 mM EDTA, and the indicated metal 
ions at pH 7.5 and 25”C, as previously described (71, except that sub- 
strate and product RNAs were not subjected to a heat denaturation 
step to avoid degradation of the phosphorothioate linkage. Separate 
solutions of ribozyme, substrate and product RNAs were equilibrated in 
buffer at 25°C for t 10 min and reactions were initiated by mixing 
ribozyme with substrate or product RNAs. Samples were removed at 
intervals, quenched with an equal volume or more of 8 M urea, 25 mM 
EDTA, 0.002% bromophenol blue, 0.002% xylene cyanol, and fraction- 
ated on denaturing gels. Radioactivity in product and substrate bands 
was quantitated by radioanalytic scanning. 

To maximize accuracy in measuring small differences in reaction kinet- 
ics among modified and unmodified RNAs, a single solution of 
ribozyme was divided among each solution of substrate or product 
RNA in parallel kinetics time courses. 

Kinetic parameters for substrate cleavage were determined from single 
turnover reactions with various ribozyme concentrations in excess of 
trace amounts of 5’ 32P-labeled substrate or product RNAs as previously 
described [7]. Observed cleavage rates were obtained from fits to: 

fraction product = e-k0tJ or -kobst = In (fraction S) (1) 

after normalization to the fraction of substrate that remained intact at 
the end of the reaction, which was > 0.9 or 0.8 for sulfur-substituted 
and unmodified substrates, respectively. Plots of b,eavage,obs versus 
k cleavage, O,,/[R] (where [RI is the ribozyme concentration) were used to 
calculate KIns values from the slooe and cleavage rate constants, 
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k c,eavage, from the y-intercept. Kinetic parameters obtained from similar 
cleavaae exoeriments carried out at different times varied no more 
than twofold while the ratio of values obtained among modified and 
unmodified substrates within a single experiment varied <300/o. 

Ligation rate constants for sulfur-substituted and unmodified 5’ cleav- 
age product (PI) RNAs were measured in reactions with trace amounts 
of 32P-labeled 5’ product (PI) and various concentrations of a binary 
complex containing the ribozyme bound to 3’ cleavage product (R.P2), 
as previously described [71. Observed ligation rates and the fraction of 
substrate at equilibrium were determined from exponential fits of frac- 
tion S versus time. Because substrate formed through ligation remains 
associated with the ribozyme, the observed ligation rate reflects the 
approach to equilibrium between cleavage and ligation and is the sum 
of cleavage and ligation rates. Ligation rate constants were obtained by 
computing the fit to: 

k obs, ligafion 

[R-P’] 
=kligatlon ,R. p21 +KhrlP2 + kcleavage 

! I 

(21 

where [R.P2] (concentration of R.P2) is assumed to equal [RI,,,,, (total 
concentration of R). The accuracy of ligation kinetics parameters deter- 
mined for sulfur-substituted RNAs was limited because observed liga- 
tion rates varied approximately twofold between saturating and 
subsaturating concentrations of R.P2. Values of kllgatlon determined for 
sulfur-substituted RNAs varied as much as fivefold among independent 
experiments while the ratio of values obtained among modified and 
unmodified substrates within a single experiment varied < 50%. 

To assess the effect of phosphorothioate substitutions on the internal 
equilibrium between cleavage and ligation (Ke4, ,“t= k,,gationlkcbava 3, the 
final fraction of product converted to substrate was measured at t f: e end 
of reactions with trace amounts of 32P-labeled 5’ product (Pi) and 
various concentrations of a binary complex containing the ribozyme 
bound to 3’ cleavage product (ReP2). The fraction of product converted 
to substrate by the end of a ligation reaction is the product of K,,, ,nt and 
the amount of PI associated with R.P2 binary complex, or [R.P2]/([R.P2] 
+ K,p2). Kop’ and the fraction of substrate with saturating concentrations 
of R.P2 at equilibrium were determined by computing the fit to: 

(3) 

At the high concentrations used for ligation experiments -15% of P’ 
RNA fails to react, probably due to nonproductive complex formation 
171, resulting in an underestimation of KTg, ,nt’ Consequently, reported 
values for the fraction of substrate at equlhbrium are lower than Keg, ,n,. 

In experiments to determine the pH dependence of hairpin ribozyme 
ligation with unmodified RNAs, self-ligation kinetics were measured in 
reactions with a trace amount of 32P-labeled ribozyme and various 
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excess concentrations of 3’ cleavage product (P*) RNA. kligation was 
computed from the fit to: 

kligatmn, ohs = hgation + kcleavage (4) 

The pH dependence of cleavage and ligation rate constants was mea- 
sured in 0.1 mM EDTA with 0.25 mM Co(NH,),CI, or 10 mM MgCI,, 
as indicated, and the following buffers at a concentration of 50 mM: 
Na acetate, pH 4.9-5.4; Na MES (2-[N-morpholinolethanesulfonic 
acid), pHs 5.4, 5.9, 6.5, and 6.8; Na PIPES (piperszine-N,N’-bis[2- 
ethanesulfonic acid]), pH 6.4; Tris-HCI, pHs 7.1, 7.3, 7.5, 8.1, 8.4, 8.6, 
and 8.8; and Na CHES (2-[N-cyclohexylaminolethanesulfonic acid), 
pHs 9.0, 9.2, 9.5, and 10.1; with pH values measured at 25°C. The 
RNA sequences used for measurement of kinetic parameters in 
Co(NH,),CI, are shown in Figures 2a and 9. The sequence of the sub- 
strate RNA used to determine cleavage rate constants in MgCI, buffer 
was 5’-CUGGCAGUCCUGUUU-3’. 

To avoid formation of insoluble metal oxides [21], buffers and RNA 
solutions were prepared immediately before use. To minimize exchange 
of amine ligands of Co3+ in Co(NH,),CI,, stock solutions were stored 
at -20°C and protected from exposure to light. 
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