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ABSTRACT. The L-21Scd ribozyme derived from th&etrahymena thermophilare-rRNA group | intron
catalyzes a site-specific endonucleolytic cleavage of RNA, DNA, and chimeric RNA/DNA oligonucleo-
tides: CCCUCUA + G— CCCUCU+ GAs. The pH-rate dependence was determined for the reaction

of the EG complex with the oligonucleotide substrate d(CCCUC)r(UQI(KKk-a/Km)S conditions].
Although it was shown that the pH dependence is not affected by specific buffers, there is inhibition by
specific monovalent cations. The intrinsic pihte dependence is ledinear with slope 1 below pH 7,
displays an apparen&p of 7.6, remains nearly level until pH 8.5, and then begins to fall. Two models

to explain the apparentqa were ruled out: (1) thelg, represents loss of a proton from the nucleophilic

3 OH of G, and (2) the K, arises from a change in rate-limiting step from a pH-dependent to a pH-
independent step. In addition, these models, or others involving a single titration, cannot account for the
decrease in activity at high pH. A third, unconventional, model is consistent with all of the data. It
involves inactivation of the ribozyme by any of several independent titrations of groups Ktrapues
considerably higher than the apparektpf 7.6. The data are consistent with loss of catalytic function
upon release of a proton from any one of 19 independent sites Witk 9.4 (the unperturbedia of N1

of G and N3 of U in solution). Independent experiments investigating the effect of pH on different
reaction steps supported this model and suggested the identity of some of the required protons. This
mechanism of inactivation is expected to generally affect the behavior of RNAs at pH values removed
from the K, of the titrating bases.

In 1982, Cech and co-workers discovered that a group | MATERIALS AND METHODS
RNA intron from Tetrahymena thermophilpre-rRNA was ) ) L
capable of catalyzing its own excision from thedhd 3 Mate_na]s. L-21 Scaltlnbozyme was prepargd b vitro
exons (Kruger et al., 1982). This discovery revealed that transcription and purified as Qescrlbed pre;vpusly .(Z"f‘ug et
macromolecular catalysis is not exclusive to proteins and al., ;988)' The an'alqgous ribozyme b_eglnnlng V.V'th a5
that RNA is capable of stabilizing a transition state. Studying OH instead of thg 5tr|phosphate was kindly prowd_ed by
RNA catalysis, however, presents different problems than Scott St_robel. Ollgonuclgoudes were mr_;xde by so||d.phas_e
studying protein catalysis. RNA contains four very similar synthess and were sup.phed. by the Protein and Nucleic Acid
building blocks, each with titratable groups, whereas proteins Facility at Stanford University or by Clqntech (Palo Alt(?’
contain 20 varied building blocks, only some of which CA)’ or were used and c_h_aracterlzed In previous studies.
contain titratable groups. The backbones of each moIecuIeOI'gonUCIGOt'des were pu_rlfled by nondenatunng polyacryl-
also greatly differ, with proteins containing polar amide amide gel electrophoresis and characterized subsequent to

1_ _ H H _32 . .
linkages and RNA containing negatively charged phosphodi- 5-end-labeling with {-*P]ATP using T4 polynucleotide

ester linkages. These differences suggest that pH, specifickmase as described previously (Zaug et al., 1988; Herschlag

) 2 et al., 1993a). Ribozyme was-énd-labeled and purified
ions, and ionic strength may have larger effects on RNA ; : .

. . . by denaturing polyacrylamide gel electrophoresis subsequent
catalysis than on protein catalysis.

- : _ ) ~to removal of the Striphosphate with calf intestinal phos-
This paper addresses these issues with a ribozyme deriveghhatase (Zaug et al., 1988; Latham & Cech, 1989).

from the Tetrahymenantron and provides general insight  General Kinetic Methods. All reactions were single

into how pH can affect RNA catalysis and function. The turnover, with ribozyme (B)in excess of 5end-labeled

results suggest that titration of multiple independent protons ¢ ,pstrate (S*~0.1 nM) and unless otherwise stated were
that are required for activity collaborate to give an apparent

pKa, considerably lower than that of the individual functional — ) ] ] )
1 Abbreviations: S is used to generically refer to the oligonucleotide

groups. This mechanism of inactivation \,N”I likely be substrate, CCCUCUAAAAA, without specification of the sugar identity.
observed for other RNA catalysts and functional RNAs. s+ represents'send-labeled oligonucleotide substrate. The individual
substrates investigated are defined in Chart 1. E is the IS€4d
ribozyme; P1 is the helix formed between the internal guide sequence
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carried out in 50 mM buffer, and 10 mM Mggat 50°C as Chart 1

described previously (Herschlag & Cech, 1990; Herschlag abbreviation  oligonucleotide substrate
et al., 1993a). Briefly, reactions were initiated by addition
of S following a 15 min/5C°C preincubation of E in MgGl 5 -3 4 42 44
and buffer. Six aliquots of 12 uL were removed from 20 Ards dC dC dC dU dC rU dA dA dA dA dA

L reactions at specified times, and further reaction was
guenched by the addition ef2 volumes of 20 mM EDTA ds dCdCdCdUdCdy A dAdAdAdA
in 90% formamide with 0.005% xylene cyanole, 0.01% -1drS rC rC rC rU rCdU rA rA rA rA TA
bromophenol blue, and 1 mM Tris, pH 7.5. Substrates and Ar-1pgdS  dCdC dC dU dC rUp.s dA dA dA dA dA
products were separated by electrophoresis on 20% poly-

-1(p)dS dC dC dC dU dC dUjp.s) dA dA dA dA dA

acrylamide/7 M urea gels, and their ratios at each time point
were quantitated with a Molecular Dynamics Phosphor-
Imager. Reactions were typically followed fe3ty,, except the Results, as only measurements atpB.5 are invoked.
for the slowest reactions, which were followed for times such For model Ill, it was necessary to include the data obtained
that there was no indication of inactivation of E from atpH=> 8.5. The absence of saturation over the entire pH
curvature in reaction progress curves or from loss of activity range influences the quantitative interpretation but not the
in control reactions in which E was incubated under reaction qualitative conclusion. In addition, the pH dependence for
conditions for varying times prior to initiation of a reaction the third-order reaction of B S + G had the same overall
that is first order in E concentration Rf/K)S conditions”]. shape as that fok{/Kr,)*2P (data not shown).
The disappearance of S was first order, and endpoints of The term Ky is used to define the concentration of
~95% were typically obtained in nonlinear least-squares fits ribozyme, G, or S that provides half of the maximal rate,
(KaleidaGraph, Synergy Software, Reading, PA). If only even though the reactions are single turnover and therefore
initial rates could be measured, an endpoint of 95% was not under steady state conditions. This nomenclature is used
assumed. There was one exception to the endpoint of 95%10 emphasize that this value does reofpriori equal an
The phosphorothioates studied had endpoints~60%. equilibrium dissociation constant. For each of the saturation
These substrates have sulfur replacing a nonbridging phos-curves presented herein, there is strong independent evidence
phoryl oxygen atom at the cleavage site. They were usedsuggesting that® equals the true equilibrium dissociation
as a mixture of the Rand § isomers, but only the R constant,K4¢, as described previously (McConnell et al.,
substrate reacts on the time scale of these experimentsl993). The association constaff® (= 1/Kq°) is used in
(Rajagopal et al., 1989; Herschlag et al., 1991; J. A. Piccirilli the text for clarity.
and T. R. Cech, personal communication). Details of specific Minimization of Enzyme Degradation by the pH Jump
kinetic experiments are described in the following sections. Method. The pH jump method consists of an incubation at
The pH dependencies were fitted using SigmaPlot (Jandel50 °C, 12.5 mM MgC}, and 25 mM NaMES at pH-7.
Scientific). Aliquots of these reaction mixtures, 4., were incubated
The buffers used in these experiments (and their pH valuesfor 15 min at 50°C and then added to 14 of a solution,
at 50°C) were as follows: sodium acetate (5.6); NaMES also at 50°C, containing the buffer at the pH of the reaction
(5.2-6.7); NaHEPES (6.57.8); NaMOPS (6.87.8); along with varying concentrations of MgCind G. Fifteen
NaEPPS (6.98.8); NaCHES (8.69.5). Typically, the pH seconds after the pH was raised, the radioactive substrate
was measured at 28 and corrected to 50C using the was added in a 2L aliquot to generate a final volume of
following factors: sodium acetate, no change; NaMES.2; 20 uL. The final concentration of NaMES buffer, initially
NaHEPES, -0.3; NaMOPS;0.3; NaEPPS-0.3; NaCHES, pH ~7, was 5 mM, while the final concentration of the high
—0.6. These correction factors were obtained by measuringpH sodium buffers was 50 mM. NaMES, pH 7, was chosen

the pH at 25 and 50C for each buffer at select pH values

for the incubation buffer as it has little buffer capacity at

and agree reasonably well with those previously reported higher pH values and thus did not significantly affect the

(Good et al., 1966; Gueffroy, 1978).

Kinetic Constants.The following nomenclature is used
for kinetic constants. k./Km)S represents the second-order
rate constant for reaction of-& + S — products, and

pH following the jump. This protocol gave the same rate

constants as were obtained in reactions carried out without

the pH jump for reactions carried out at intermediate pH.
Further Controls for Ribozyme Degradation at High pH.

(keafKm)® represents the second-order rate constant for In addition to utilization of the pH jump method described

reaction of ES + G — products. Values ofk¢/Km)S were
obtained with 2 mM G, which is nearly saturating at pH
8.5 Kn® ~ 1 mM; these reported values are 30%0%
below the values obtained by extrapolation to saturating G).
Binding of G is weaker at pH 8.5 (vide infra), and the
limited solubility of G prevented determination of the higher
Kn® values. Thus, the rate constants in-ptdte profiles
that include reactions at pH 8.5 are referred to as
(kea/Km)S2PPto indicate that 2 mM G is not saturating over

above to minimize degradation at high pH values, other
controls were carried out to ensure the validity of the rate
constants measured at high pH values. These controls
included (1) ensuring that good first-order kinetics were
followed, (2) preincubating the ribozyme at the reaction pH
for differing lengths of time to ensure that there is no change
in the observed rate constants over the time period of the
reaction from time-dependent degradation, and (3risl-
labeling the ribozyme to measure the amount of degradation

the entire pH range. These reactions are depicted with G inat the higher pH values; only time points corresponding to

parentheses,EG) + S— products, again to signify that G
is not saturating over the entire pH range. This problem
with G saturation does not affect the observéd, pf 7.6,

nor does it affect the tests of models | and Il presented in

less than~20% ribozyme degradation were used in the
determination of kinetic constants.

pH Dependence for Reaction ofLr,dS. The pH depen-
dence for reaction of 1r,dS (Chart 1) was determined under
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(keafKm)S2PP conditions, E(G) + S — products, with the
measurements carried out at 80, 50 mM sodium buffer,
100-300 nM E, 2 mM G,~0.1 nM —1r,dS, and 10 mM
MgCl, with or without added salts. Several control experi-
ments with varying [E] at several pH values indicated that

E was subsaturating [Herschlag et al. (1993a) and data not

shown].

pH Dependence for Reaction efld,rS. (K.a/Km)® was
determined for reaction of 1d,rS at 50°C, 50 mM sodium
buffer, 200 nM E,~0.1 nM —1d,rS, and 10 mM MgGl
Guanosine concentrations ranged from O tqud® with at
least five concentrations used for ead.dKn)® determi-

nation. The G concentrations were chosen to remain at least

5-fold below the dissociation constant of G from the&SE
complex of ~100 uM (McConnell et al., 1993). It has
previously been shown that the concentration of E is

Knitt and Herschlag
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Ficure 1: pH dependence for cleavage-ofr,dS. The rate constant
(keafKm)S2PPfor the reaction HG) + S* — products was determined
with the following buffers: MES[O, B; MOPS, v; HEPES, A;

saturating with respect to S over this pH range (Herschlag EPPS ¢, ®; and CHESO, ® (50 mM sodium buffer, 2 mM G,

& Khosla, 1994).

K.¢ Measurementss pH for Reaction of-1r,dS. Rate
constants for reaction of 1r,dS were determined at 5C,
50 mM sodium buffer, pH 5.28.5, 100 nM E,~0.1 nM
—1r,dS, and 10 mM MgGlwith concentrations of G ranging
from 0 to 4.6 mM. Under these conditions, the concentration

100 nM E, 10 mM MgC}, 50 °C). The closed symbols represent
rate constants obtained via the pH jump method (see Materials and
Methods). The second-order rate constkn/K,)S2°Pis referred

to as “apparent” because G is not saturating at pH8.5 (see
Materials and Methods). The data represent a compilation from
several independent experiments.

dependence of the rate reflects the actual association constanfM E, 2 MM G, and~0.1 nM —1r,dS at pH values ranging

G
a

as described previously (McConnell et al., 1993).

from 6.6 to 8.9 using the pH jump method to standardize

Multiple independent experiments were carried out becauseConditions and prevent E degradation. After preincubation

determination ofK,® was limited by the low solubility of

of 4 uL of E and G in buffer and MgGlat 50°C for 15

G, which prevented use of G concentrations 10-fold above MiN, 12uL of a jump was added to increase the pH. Fifteen

the dissociation constant. G binding at pH values3.5

seconds later, zL of a 10x concentration of IGSwas

could not be accurately determined due to weaker binding @dded, followed after another 15 s by g addition of
coupled with a higher amount of scatter in the primary data radioactive substrate to give a final reaction volume of 20

for reactions at high pH.

Determination of the Thio-Effect for Reaction-elr,dS
and dSvs pH. (k.afKm)S was determined at 50C, 50 mM
sodium buffer, pH 5.68.2, 56-300 nM E, 2 mM G,~0.1
nM S, and 10 mM Mgdl for substrates containing either
an oxygen or a sulfur at thero-R,, position of the phosphate
at the cleavage site [S —1r,dS;—1r,—1(P-S),dS; dS; or
—1(P-S),dS, Chart 1]. The ratio ofk{/Ky)° for the
phosphate oxygen relative tdk.{/K,)S for the phospho-
rothioate substrate is termed the thio-effect.

Though variations of up te~2-fold in individual rate

uL. Inhibition curves were obtained with at least six IGS
concentrations. Concentrations of IG@ere used that
spanned the observdt}® value by ~5—10-fold on either
side.

RESULTS

pH Dependence of {¢/Ky,)S2PPfor Reaction of—1r,dS.
The —1r,dS substrate was chosen to probe the pH depen-
dence of the ribozyme reaction rather than the standard all-
ribose substrate, rS, because previous work revealed an
apparent K, for rS arising from a change in rate-limiting

constants have been observed in independent experimentstep (Herschlag & Khosla, 1994). The results described
(Herschlag & Cech, 1990), the variation in side-by-side below demonstrate that this complication is avoided with
experiments is considerably less. Multiple determinations the chimeric substrate. In addition, the role of the individual
in each experiment allowed the observed small thio-effects 2'-OH groups is well established, allowing results obtained
to be distinguished from a thio-effect of 1.0 (see Figure 4 with chimeric substrates to be related to the behavior of the
below). all-ribose substrate (Bevilacqua & Turner, 1991; Pyle &
Measurement of Duplex Stabilities by Substrate Inhibition. Cech, 1991; Herschlag et al., 1993a,b; G. J. Narlikar and D.
Duplex stabilities were determined using a method termed Herschlag, unpublished results).
substrate inhibition (G. J. Narlikar, M. Khosla, N. Usman, (Keal Km)S2P vs pH for —1r,dS is shown in Figure 1,
and D. Herschlag, manuscript in preparation). This method representing the reactiorr (&) + S — products. This pH
involves measuring k{/Km)>2° while adding increasing  dependence revealed a region with a slope of 1, a leveling
amounts of the inhibitor, IGGGAGGGA)! The inhibitor off around pH 8, and a drop in reactivity above pH 8.5.
competes with the IGS strand on the ribozyme for binding However, before this dependence could be interpreted as
to S and thereby slows reaction of S. Because these reactionéintrinsic” to the ribozyme, it had to be determined if the
were carried out under conditions in which free E, free S, pH dependence arose solely from the changing][ts
and free IGSwere in equilibrium K, is equal toK®, the effects from ionic strength, specific buffers, or specific salts
duplex stability of the model duplex between IGS and S [see can complicate an observed pH dependence. Such effects
Knitt et al. (1994) and G. J. Narlikar, M. Khosla, N. Usman, might be especially problematic when dealing with a highly
and D. Hershlag, manuscript in preparation, for controls). charged RNA molecule. As described in the next section,
(kea/Km)>2Pvalues for reaction of-1r,dS were determined  there are no specific buffer effects, whereas specific salts
with 0—300uM IGS' at 50°C, 50 mM sodium buffer, 100  do have differential inhibitory effects. Nevertheless, the pH
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Ficure 2: Effects of buffer and salt on the observed pH depend
of varying concentration of buffers ok.4/K,)S. The buffer concentr

eggK()S, 2 mM G, 100 nM E, 10 mM MgGl 50 °C]. (A) Effect
ations used were 25 50 mM, ®; 100 mM,; 150 mM, ®; and

200 mM, @. The following buffers were used: sodium acetate, pH 5.6; NaMES, pH 6.6; NaMOPS, pH 6.8; NaHEPES, pH 7.8; NaEPPS,
pH 8.2; and NaCHES, pH 8.3. (B) Effect of specific salts kn/Km)S. Reactions were carried out in 50 mM buffer in the abse®geof

presence of 200 mM added salt: RbCl, KCI, O; NaCl, O; or LiCl,
6.6; NaHEPES, pH 7.2; NaEPPS, pH 8.2; and NaCHES, pH 8.8.
Reactions were carried out in 50 mM buffer with NaCl added to g
6.6; NaMOPS, pH 6.8, 7.8; 7.5, 7.8 NaHEPES, pH 6.5, 7.2; Nal

A. The following buffers were used: NaMES, pH 6.1; NaMES, pH

(C) Determination of the apjganentigr conditions of constant Na

ive 50 mM total Nae following buffers were used: NaMES, pH 6.1,

EPPS, pH 7.2, 7.6, 8.2, 8.5; and NaCHES, pH 8.4, 8.6, 8.8. The closed

symbols represent the data used in a nonlinear least-squares fit to eq 1. The fitkgiy69Y = 3.5 x 10° M~ min~t andK, = 2.4 x
108 M. The open symbols represent the data not used in the fit as they were not consistent with the model of a single &pparent p

dependence of Figure 1 provides a reasonable representatio

of the intrinsic pH dependence (see Figure 5 below).

Effects of Specific lons and lonic Strength on the pH

Dependence of (¢Ky)S2Pfor Reaction of—1r,dS. Dif-

ferent buffers used in overlapping pH regions in Figure 1

§cheme 1
S + EBH
H* Ka :
(kca/Km)$
S + EB- —d products

gave similar rate constants, suggesting that specific buffer ) ) )

effects do not have a large effect on the observed pH effect of charge screening. (The differences in the effects
dependence_ However, each buffer at each pH Containeoof the ions at the pH extremes is consistent with model Ill
different concentrations of unprotonated buffer, protonated below, as described in the Discussion.)

buffer, and sodium counterion. The effects of these differen

t To avoid specific sodium ion effects, the pH dependence

concentrations and ionic strengths were investigated by first for (kea/Km)® with the [Na’] held constant was used for

determining k.a/Km)S for reaction of —1r,dS at buffer
concentrations ranging from 25 to 200 mM (Figure 2A).

analysis of the origin of the pH dependence (Figure 2C).
Though conditions with 50 mM Naand 10 mM Mg+ were

Increasing the buffer concentration, which also increased thechosen, the pH dependence has the same shape at higher

concentration of the Nacounterion, decreased.{/Km)S.
However, varying the buffer concentration while maintaining
constant N& concentration had no significant effect dga(
Km)3, indicating that the buffers are not inhibitof20—125
mM buffer (acetate, MES, HEPES, and CHES) with {iNa
= 200 mM maintained by addition of NaCl; data not shgwn
This suggests that the decreasekin/Km)S with increasing

Na' (Figure 2B and data not shown). In addition, the shape
was essentially unchanged in the presence of varyingMg
concentrations (350 mM, data not shown).

Analysis of pH Dependence of.{k)S for Reaction of
—1r,dS. An initial step in the analysis of the pH dependence
was to determine the value of the appardft pThe simple
model presented in Scheme 1, which illustrates that a proton

buffer concentrations was due to the increased concentratiormust be lost for the reactants to be catalytically active, was

of Na'.

To test this directly and to determine if this effect arose
from ionic strength or specific ion effects, the effect of
different added salts orkf/K,)® was determined (Figure
2B). Addition of 200 mM of monovalent salt (LiCl, NaCl,
KCI, or RbCI; open symbols) inhibited the rate of reaction
in all cases relative to the rate with 50 mM sodium buffer
and 50 mM total N& (closed symbols). Figure 2B also
reveals specific ion effects, with a larger inhibition seen for
the smaller, more densely charged metal ions: EQVaCl
> KCI > RbCI. This trend would support models of
competition with specific metal binding sites or binding of
ions to inhibitory sites rather than a more general inhibitory

assumed. Scheme 1 is represented mathematically by eq 1.

(KeafK)® = (Kol K) SH(HVKY) + 13 (D)

When eq 1 is fit to the data in Figure 2C, the value obtained
for the apparent g, is 7.62

Models for the Origin of the Obseed pH Dependence
for Reaction of—1r,dS. Three models are addressed in
dealing with the origin of the pH dependence fkg{Km)S
for reaction of the—1r,dS substrate. These models are as

2Data at pH> 8.5 were omitted from the fit, as they cannot be
accounted for by a single apparett.pThese data are discussed with
model Il below.
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Scheme 2
K.G% =1x 103 M-1
E + S + GOH - E-GOH + §
K= 10'13M1 1( Kf'=1076M
E +S + GO +H* ~ EGO + S + H*

KaG% =2.5x 18 M-1

[S-E:GO'] —> products

follows: (I) the ribozyme active site lowers th&pof the
3'-OH of the attacking G to 7.6; (Il) the rate-limiting step

changes from a pH-dependent to a pH-independent step,

giving a kinetic K, of 7.6; and (Ill) there are multiple
independent deprotonations withKgs higher than the
apparent g, of 7.6, each of which inactivates the ribozyme.
Evidence is presented against models | and Il. A model in
which titration of a group other than one on the attacking G
is responsible for the observedpof 7.6 cannot be ruled
out; such a model cannot account for all of the data, however.
Model Il is the only one consistent with all of the data, and
further evidence in support of this model is also described.
Test of Model I: Is the Apparent pKof 7.6 Due to
Deprotonation of the of the Attacking GA simple explana-
tion for the apparent i, of 7.6 is that it represents the
titration of a specific group on the ribozyme or substrate
that must be deprotonated to allow reaction (Scheme 1).
Although there are no groups on RNA wittKp values
around neutrality in solution (with the closest values being

Knitt and Herschlag

pH

Ficure 3: The absence of stronger binding of G with increasing
pH indicates that the apparerpof 7.6 for the pH dependence of
—1r,dS is not due to the deprotonation of tHeC3H of G. (A) G
concentration dependence oflr,dS cleavage at pH 5.27
(NaMES); 6.7 @ (NaMES); and 7.50 (NaMOPS) (50 mM buffer,
0—2.6 mM G, 106-300 nM E, 10 mM MgC]J, 50 °C). The lines
represent nonlinear least-squares fits to a simple binding curve
(Michaelis-Menten equation) and givié.° = 1.1 x 1, 0.83 x

1% and 0.59x 1M1 at pH 5.2, 6.7, and 7.5, respectively. The
rate constants were normalized such that, = 1 corresponded

to the rate constant with saturating G obtained from the individual

4.5 and 9.4; Saenger, 1983), the values could be perturbedits. (B) K® as a function of pH. Values from A and analogous

by the environment of the ribozyme. An obvious candidate
is the 3-OH of the attacking G, as this group must lose a
proton in the course of the reaction and deprotonation could
facilitate the reaction by increasing the nucleophilicity of

experimentsO represents a single determination as in A, ahd
represents the average of two independent determinations. The
average standard deviation for tig® measurements obtained from
two independent determinations w&6.2 mM-1. The solid line is
drawn at 0.8x 10° M1, which is the average value ¢.°. It

the attacking G (Scheme 2). This model can be easily tested’epresents the predicted behavioKif is independent of pH over

because it predicts that the binding of G gets stronger as the

pH is increased Ka%)obsa €9 2, derived from Scheme 2.
This occurs because in order to lower thi€,mf the 3-
hydroxyl of G, the ribozyme must bind more strongly to
G° than to ®" (Scheme 2, eq 3).

KL = (K)gpsa= K& {1+ KSTMHDY (2

®3)

If the pK, of 7.6 isassumedo represent the titration of
the 3-OH of G, thenKaGO and the pH dependence of G
binding can be predicted quantitatively as follows: (1) the
values fork 2" and K{H* are known from previous work
(McConnell et al., 1993; Saenger, 1983), (2) the value of
10778 M for K™ was again assumed from the apparefd p

GOH
a

KK =KETIK

this range. The dashed line illustrates the predicted chanie®in
according to model | (Scheme 2, eq 2), in which the deprotonation
of the 3-OH of G is responsible for the observelof 7.6.

remained constant at 0.8 10° M~ up to pH 8.5 (Figure
3B). In contrast, model | predicts that the binding increases
substantially (Figure 3B, dashed line). For example, the
predicted value oK. = 7.9 x 10®* M1 at pH 8.5 is 10-
fold greater than the observed average value of>0.80°
M™%, providing strong evidence against model I. While
deprotonation of the '3OH of G does not appear to be
responsible for the apparenKpof 7.6, it may nevertheless
be responsible for the slope of one if its deprotonation is
required for reaction. Its K, must be > 8, however.
Something else must therefore cause the rate to level off
above pH 7.6 as observed in Figure 2C.

Though it is not possible to test each of the ribozyme and
substrate functional groups for a perturbad,pa second

of 7.6 (Figure 2C), and (3) these values and eq 3 were usedopvious candidate is the'-iphosphate. This group is

to obtain the predicted value &5 = 2.5 x 108 M1,
completing the thermodynamic box of Scheme 2.

attached at the start of the IGS and therefore could lie in or
near the active site. However, the same pH dependence and

Model | was therefore tested by measuring the observedapparent [, were observed in reactions using a ribozyme

value ofK.C at different pH values (eq 2). Figure 3A shows with a 3-OH replacing the 5triphosphate (data not shown),
representative binding curves for G at three different pH indicating that the Striphosphate is not responsible for the
values, and Figure 3B displays tKg® values obtained from  observed K.

these binding curves as a function of pH. The observed Test of Model II: Is a Change in the Rate-Limiting Step
binding did not get tighter as pH is increased; instead it Responsible for the Apparent gK A second model which
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could account for the apparertpof 7.6 is a change in rate- A 3
limiting step from one that is pH dependent to one that is
pH independent. This is depicted in Scheme 3 for a pH- -
dependent chemical step and a pH-independent conforma- 2 2 —5 D_ODD
tional step. It should be noted that eq 4, representing model T |0 TTHL]
! el
de kconf kchem/[H +] . )
EG + S=— (EGS)— (EG'S) — products 0 T s °
p!
(kca{Km)Svappz {(kchenkconf)/(kchem+ kconT{H +])}/de (4) B 3
= ,_‘ D D
. _ {(kcohenkconf)/(kcohem—i_ kconI{H +])}/de _ e 2| TS ~
thio-effect= S " = @ S
{ (kcshenkconf)/(kchem-i_ kconI{H ])} /Kd E’ N ~
(K ofK, )5 Ovoen EAl S
(kC !K )S,SU”UT (5)
al m.
0 , s
II, has the same mathematical form as eq 1, representing 6 7 pH 8 9

model I, so that the fits are equivalent and cannot be usedFIGURE 4: The absence of a change in thio-effect with increasing

to differentiate between these models. o pH suggests that the rate plateaukn{Km)S at high pH is not due

One way to test for a change in rate-limiting step for the to a change in rate-limiting step for1d,rS (A) and dS (B). (A)
Tetrahymenaibozyme is to use a phosphorothioate substrate, Thio-effect for reaction of-1r,dS as a function of pH (50 mM
in which a sulfur atom replaces a nonbridging phosphoryl sodium buffer, 56-100 nM E, 2 mM G, 10 mM MgGl 50 °C):
oxygen atom at the cleavage site. This approach has beergeterm_lnat_lon in triplicate); average of two independent triplicate

d previously to identify a pH-independent conformational dete_rmlnatlonsm. Th_e average standard c;lewanon for measurements

usedp y 1o AL P pende , obtained from two independent determinations-3. The solid
change for reaction of this ribozyme with the all-ribose jine represents a thio-effect of 1.8, which is the average of the
substrate (rS, Chart 1): in that case, thio substitution slowedobserved thio-effects. The dashed line represents the effect of pH
the rate of the chemical step2—3-fold for the all-ribose on the thio-effects predicted by model Il (Scheme 3) as was obtained
substrate (rS), while having no significant effect on binding 0™ €4 5 and the following: (1cor andKq® were assumed to be

/ the same for the oxygen and sulfur substrates (Herschlag & Khosla,
or conformational steps (Herschlag et al., 1991; Herschlag 1994: Herschlag e)t/gal., 1991); (2) values kﬁﬁ(en(KdS _ %_084

& Khosla, 1994). min~! andkeondKeS = 3.5 x 108 M~ min~! were obtained from a

Thio substitution was therefore employed to probe the rate- nonlinear least-squares fit of the observed pH dependence of Figure
limiting step for the—1r,dS reaction as a function of pH 2C to eq 4; and (3)Ge,{Ke® = 0.047 min® was obtained from
(Figure 4A). The thio-effect is constant and greater than 1, kS, /K¢S = 0.084 mirr* and the observed average thio-effect of
consistent with a rate-limiting chemical step over the entire 1.8. (B) Thio-effect for reaction of dS as a function of pH (50 mM
pH range 6.2-8.4. In contrast, if a change in rate-limiting ~ Sedium buffer, 306-400 nM E, 2mM G, 10 mM MgGl 50 °C):

¢ | to that denicted in Sch 3 determination in multiplicateO; average of two independent
step, analogous 1o that depicted In scheme 5, were respon?nultiplicate determinationg]. The average standard deviation for

sible for the apparentia of 7.6, the thio-effect would be  measurements obtained from two separate determinatia®. &
predicted to drop to 1.0 at high pH (Figure 4A, dashed line). The solid line represents a thio-effect value of 2.3, the average of

These results therefore provide evidence against a changéhe observed thio-effects. The dashed line represents the effect of
in rate-limiting step that is responsible for the observid p ggt;’iﬂetgeatshge'ggﬁgtezF;Leg\":ted by model Il (Scheme 3) and was
The thio-effect for the-1r,dS reaction is small, only 1.8, '
and the maximal value ok{/K,)® for the —1r,dS substrate  dS throughout the pH range (Figure 4B), providing further
of ~10/ M~! min~! approaches values 6f10°* M~ min—! evidence against a change to a rate-limiting conformational
previously determined for binding of oligonucleotide sub- step at high pH.
strates to the ribozyme (Herschlag & Cech, 1990; Herschlag Neither Model | nor Il is Consistent with the Decrease in
et al., 1993b). Though a change to a rate-limiting binding (k.a/Km)S2Pat High pH. Evidence against both models |
step would also be predicted to give a change to a thio-effectand Il was presented above. In addition, neither of these
of 1 (Herschlag, 1992; Herschlag & Khosla, 1994), we models nor a model invoking titration of a single ribozyme
wanted to provide an independent test of this and the functional group can explain the decreasekin/Km)S2*Pat
conformational change model of Scheme 3. These possibili- high pH (Figure 2C). One simple explanation could be that
ties were therefore tested with another substrate, dS. Thethis decrease is due to ribozyme degradation, but precautions
pH dependence fok{/Km)® for dS followed the same shape were taken to minimize degradation using the pH jump
as that for—1r,dS (not shown). As this substrate reacts much method and controls suggested that degradation was not a
slower than—1r,dS ¢10%fold; Herschlag et al., 1993b), the problem (see Materials and Methods).
possibility of a change to a rate-limiting binding step at high ~ Model Ill: Multiple Independent Deprotonations Are
pH is eliminated. Further, the thio-effect is slightly larger Capable of Inactiating the RibozymeA third model that
with a deoxyribose residue than a ribose residue at thecan account for all regions of the pH dependence (slope of
cleavage site, allowing a more sensitive probe for a changel, leveling off, and the drop at high pH) is that there are
in rate-limiting step. A thio-effect of 2.3 was observed for multiple independent deprotonations, each of which inacti-
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Ficure 5: The pH dependence for cleavage-afr,dS at constant
vates the ribozyme, and that thKgs are far removed from o - ol ot 250 TV Scdium bug i NaCl
e reactions were carried out at 50 mM sodium buffer, with Na
the apparent i, of 7.6 (Scheme 4). The pH dependence added to a total of 50 mM Na (The pH jump method was used
by eq 6, in which alln groups that inactivate the ribozyme Materials and Methods.) The solid line represents the nonlinear
least-squares fit to the data for model Ill, in which the loss of
S,app_ + + n
(Kea Km) ke[ TH @A+ (K/HTD)T (6) give ks = 0.070 mirm! andn = 19 for the number of titratable
groups that lead to inactivation (eq K is the pH-independent,
(in eq 6)= Ky = Kg, = ... from Scheme 4ks is defined in ribozyme with S, as depicted in Scheme 4). The dotted and dashed
Scheme 4 as the pH-independent rate constant for reactiorfin€s shown for comparison represent curve fits in whigtr 0.070
. ; fixed atn = 1, 5, or 25.
assumption that each deprotonation has no effect on the other
nth-order dependence in eq 6 arises not from cooperative
deprotonation or protonation but rather from the requirement
The solid line in Figure 5 shows that this model provides
a good fit to the observed pH dependence, giving an estimate
assumed in this fit because it represents the lowKstopb
RNA in the basic region; 9.4 is thekp of N3 of U and N1
likely to be deprotonated than groups with high&g, palues
and therefore are expected to play a larger role in the r
Though the fit of the pH dependence to eq 6 suggests that 9
model Il can account for the observed pH dependence, the pH
inactivates the ribozyme is only a crude estimate for the —1r,dSGGAGGGA (IGS) duplex. The substrate inhibition method
fo”owing reasons: (l) The actuaKgS of essential groups was employed, as described in the Materials and Methods (50 mM
. o . least-squares fit to eq 7, giving a value of four protons and with
group. (2) Groups with IKa's higher than 9.4 will also  35symed i, values of 9.4 on the IGSor substrate strands that
of their contribution decreasing with increasing.p (3) The the dashed lines show the dependence expected if seven or one
loss of certain protons may only partially inactivate the Protons with [, 9.4 are lost.
9.4 gave good fits to the data with = 10 and 36, range of pH (Figure 6). There are five G’s in the ribozyme’s
respectively (not shown). This underscores the difficulty in IGS (and in IGY and two U’s in S (Figure 7A). N1 of G

Na* concentration (2 mM G, 100 nM E, 10 mM Mg£s0 °C).
predicted for a simplified version of Scheme 4 is represented ;; 4y0id problems from ribozyme degradation at high pH; see
protons from side chains ofifa ~9.4 inactivate the ribozyme to
upon proton loss are assumed to have the saféie., Ko second-order rate constant for reaction of the active form of the
of E<(G) + S]. Equation 6 was derived with the simplifying min~! and the number of protons which lead to inactivation was
deprotonations, i.e., that the independence is absolute. The
that alln sites be protonated in order for the reaction to occur.
of 19 groups with ; 9.4. The [K, value of 9.4 was
of G free in solution (Saenger, 1983). These groups are more
observed inactivation.
valuen = 19 obtained for the number of protons whose 10ss Ficure 6: The effect of pH on the dissociation constant for the
can vary due to the environment surrounding each titrating S2dium buffer, 10 mM MgGl 50°C). The solid line represents a
contribute to the loss of activity at high pH, with the extent disrupt duplex formationKSninsic = 24 uM). For comparison,
ribozyme. Assuming aky, value of 9.1 or 9.7 instead of sequence of the ribozyme’s IGS, were determined over a
determining precise numbers of titratable groups and their and N3 of U, which titrate with thelg, of 9.4, are normally

individual pK, values. Nevertheless, inactivation froa20
titratable groups appears reasonable (see Discussion).
Effect of pH on the Stability of a Model P1 Duplex
Provides Support for Model Ill.The loss of certain protons
could decrease binding of S to the ribozyme. As S binding
includes duplex formation, stabilities for a model duplex
between—1r,dS and the oligonucleotide IGSvhich has the

involved in base pairing. Thus, deprotonation of any of these
seven candidates is predicted to prevent duplex formation.
The stability of the model duplex is weakened at higher pH
(Figure 6). The data fit a model in which deprotonation of
four groups of K, 9.4 prevents duplex formation (eq 7,
derived analogously to eq 6). This is in reasonable agree-
ment with the predicted involvement of seven protons, given
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Ficure 7: Tetrahymenaibozyme and its reaction. (A) Position of G's and U'’s in the secondary structure dfettnehymenaibozyme

(Michel & Westhof, 1990). Only the G’s and U'’s in nonduplex regions of the secondary structure are shown explicitly, except for the

ribozyme’s internal guide sequence (IGS) and the oligonucleotide substrate (S), which are shown in italics with their G's and U’s circled
[modified from Cech et al. (1994)]. The IGS and S pair to form the P1 duplex. (B) Individual steps Tiettedymenaibozyme reaction.

The first step is formation of the P1 duplex between S and the IGS of the ribozyme; this duplex then docks into tertiary interactions with

the ribozyme’s core. Evidence for the individual steps has been reviewed previously (Cech et al., 1992; Cech & Herschlag, 1996). Modified
from Knitt et al. (1994).

K> = K nrinsidL + (KJ[H)" ) consistent with model 1ll, as deprotonation of N3 of the
nucleophilic guanosine and deprotonation of G’s and U’s in
the small size of the effect over the observed pH range and!® fiPozyme’s guanosine binding site could prevent gua-
the simplifying assumptions stated above. nosine binding. S|>§ groups titrating wittkp 9.4 woulld give
The experiments described above that disprove models 1 2—fpld decrease n binding at PH 8.5, though it was not
and Il are consistent with model Ill. The fact that the thio- pos&blg tq ascertain th? precise 'e.xtent of weakened binding
effect is constant over the observed pH range suggests thaflu€ t© limits of guanosine solubility.
the same step of the reaction remains rate limiting at all pH’s, pH Dependence of {¢K)® for Reaction of—1d,rS
consistent with model 1ll. At pH values greater than 8.5 Provides Further Support for Model Ill According to model
the binding of G weakened (data not shown). This is lll, binding and docking of S would elevate th&gs of the
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might nevertheless be present (Herschlag et al., 1993b). The
pH study reported herein was undertaken to understand the
origin of this apparentlg, and, more generally, to understand
how pH can affect the behavior of RNA catalysts and what
experimental precautions are required to obtain a valid pH
profile. The results suggest that this appareft goes not
arise either from titration of a catalytic group or from a
change in rate-limiting step but rather arises from indepen-
102 . ‘ . dent titrations of the RNA bases, which hav&;js greater

6 7 psH 9 10 than the observed apparerip

FIGURE 8: pH dependence for cleavage 61d,rS [kealKim)®, 50 Effects of Specific lons and Buffers on the pH Dependence.
mM sodium buffer, 6-20 uM G, 200 nM E, 10 mM MgC, 50 To ensure that the observed pH dependence accurately
°C]. The solid line and dashed line represent nonlinear least-squareseflected the intrinsic effect of protonation on the ribozyme

fits to the data for model Il (eq 6) and an apparett feq 1), reaction, controls for effects of specific ions, buffer com-
respectively, except that the reactions were followed under sub-

saturating G and saturating substrate conditiokg/m)C instead ponents, ?nd ionic strength were carried out. In this case,
of (Keaf Km)S2P% with the termkg used instead dfs (kg is then the no specific buffer effects were observed, but there was
pH-independent rate constant for reaction of the active form of the jnhipition by specific cations (Ii > Na* > K+ > Rb").

E-S complex and G, as depicted in Scheme 4 with G replacing S). : S
Model IIl (eq 6) gave values dt = 0.0004 mirr! andn = 6 for Presumably the smaller ions are more effective inhibitors

the number of titratable groups which lead to inactivation. The fit Pecause of stronger interactions with the charged phosphodi-
to a single K, (eq 1) gave values ok{y/Ky)¢ = 7.7 x 10* M1 ester backbone. The pH dependence was therefore carried

min~* and (Ka = 8.2. out in the presence of a constant concentration of a single
G's and U’s on the IGS and S, as well as thé,p of cation. More generally, carrying out pH-dependence experi-
ribozyme groups required for docking (Figure 7B). These ments for RNA reactions with constant cation concentration
groups would then no longer have a significant effect on @nd including different buffers with overlapping pH values
reactivity in the observed pH range. Thus, a reaction that Will help prevent the appearance of artifacts from specific
begins with S already bound and docked is predicted to salt effects and will help identify effects from specific buffers.
exhibit less of a rate decrease at high pH. Figure 8 showsUsing high concentrations of salt may also minimize effects
the pH dependence for-&+ G — products, Kea/Km)C, for from changes in salt and buffer as pH is varied. Salt or
reaction of—1d,rS. These data are best fitted with six groups buffer effects may have skewed previously observed pH
of pKa 9.4 whose deprotonation inactivates th&Eomplex.  dependencies of RNA catalysts that did not fit a simple
Thus, fewer protons affect reaction of theSEcomplex than  theoretical dependence with an integer slope (Dahm et al.,
reaction of free E. The difference in the behavior of free E 1993; Weeks & Cech, 1995).

and S and the £5 complex is also demonstrated by the higher
apparent [, of 8.2 for the ES reaction compared to the
apparent [, of 7.6 for reaction of E and S (Figure 5 and 8,

An Uncorventional Origin for an Apparent pK Two
explanations are typically presented to account for apparent

fit to eq 1)3 pKy's: titration of a functional group or a change in rate-
limiting step from one that is pH dependent to one that is
DISCUSSION pH independent. The pH dependence for the reactions

investigated herein did not appear to fit either of these

A kinetic and thermodynamic framework was previously . . .
categories. However, another mechanism that is expected

established for individual steps of the reaction of the ) .
Tetrahymenaibozyme at a single pH (Herschlag & Cech, to be common for _RNA at higher pH vglues is the loss of
1990)." In subsequent studies, an apparéft @ 7 was protons due to the tltra_tlons of RNA functional groups (Dahm
observed for reaction of the cognate, all-ribose substrate.€t al., 1993). A leveling off and subsequent drop at high
Because RNA contains no groups that titrate near neutrality, PH values could result from several independent deproto-
the possibility that the ribozyme perturbed thK.pof a nations with each individual proton loss leading to inactiva-
catalytic functional group was introduced. However, this tion of the ribozyme; these individual effects combine to give
apparent K, was shown to arise from a change in rate- an apparent i, that is far removed from the actuaKp
limiting step rather than from an actual titration (Herschlag values of the functional groups, followed by a decrease in
& Khosla, 1994). The somewhat higher appareft,p rate at higher pH values (Scheme 4 & model Ill from
observed for reaction of a slower substratér,dS, suggested  Results).

that a catalytic group with alfg, perturbed to near neutrality The pH dependence for reaction of the oligonucleotide

substrate—1r,dS was fitted to a simplified version of this
3The apparent I§, of 7.6 was determined for the reaction ofGe P

with S. The observation that the binding of G is not affected from pH Unconventional model in which each of the titrating groups
5.2-8.5 indicates that reactions involving free E (i.e 85 + S— had [K;'s of 9.4, the unperturbedi of N1 of G and N3 of
[E-G-SF) follow the same apparent. Different chimeric substrates U, and gave a dependence on 19 titratable groups (Figure

were used to follow the B- S and the ES reactions; these are used \ . .
because their different binding affinities and reactivities allow different 2)- |here are en_OUQh G’s and U_S in nonduplex regions of
reaction steps to be followed conveniently. The effects of individual the Tetrahymenaibozyme (60, Figure 7A) to account for

2 hydroxyl groups on binding and reactivity are well-understood thjs dependence. Some of these G’s and U’s may have their
(Bevilacqua & Turner, 1991; Pyle & Cech, 1991; Herschlag et al., , . . . .
1993a,b; McConnell et al., 1993; G. J. Nariikar and D. Herschlag, PKa'S perturbed to higher values from tertiary interactions

unpublished results) and are not expected to affect the conclusions. and would therefore play a smaller role in the observed pH
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dependencé. Also, the ribozyme would not be expected to
require a proton on all of these G’s and U’s for activity,
especially those removed from the catalytic core.

Biochemistry, Vol. 35, No. 5, 1996569

Ribozyme Inactiation Analogous to That Obsezd at
High pH Is Predicted to Occur at Low pHThe mechanism
of multiple independent deprotonations that influence the

Additional experiments provided support for this mech- ribozyme’s activity was discussed above for groups that
anism of inactivation. These experiments, combined with titrate in the basic region. RNA also contains groups that
previous structural and functional data, suggested the identitytitrate in the acidic region; N1 of A and N3 of C titrate at
of some of the protons required in individual reaction steps pH ~4 (Saenger, 1983). Thus, an analogous mechanism of
(Figure 7B). The first step is formation of the P1 duplex multiple independent inactivating protonations (rather than
between the oligonucleotide substrate and the ribozyme’s IGSdeprotonations) would be expected to inhibit the ribozyme’s
to give the open complex [(Boped- As the substrate and  activity at low pH values. Evidence supporting this model
IGS contain a total of five G's and two U’s (Figure 7A), a atlow pH includes the pH dependence breaking from a slope
dependence on seven titratable groups &f 9.4 was of one to a steeper slope below pH &:(Kn)S for —1r,dS]
expected. The formation of a model P1 duplex gave a bestand the affinity of G for the ES complex decreasing below
fit to a dependence on four groups, which is in reasonable pH 6 (D. S. Knitt and D. Herschlag, unpublished results).
agreement with the expected value of 7 given the small sizeln addition, perturbation of theky's of the inactivating
of the effect and the assumptions involved (Figure 6 and groups may be responsible for the differences in specific salt
Results). effects at both the low and high pH extremes (Figure 2A,B).

It was predicted that the pH dependence of a reaction Multiple Independent Deprotonations As a General Mech-
starting with the P1 duplex already formed and docked into anism for Inactiation of Functional RNAsThe mechanism
its tertiary interactions [(E)qosed Figure 7B] would involve of multiple independent deprotonations (or protonations)
fewer titratable groups. This is expected because theleading to inactivation is expected to hold for functional
titratable groups involved in duplex formation and docking RNAs in general. Each RNA base contains a group that
would have [.'s perturbed to higher values and therefore titrates at pH~9 or ~4, in contrast to proteins, which have
have a smaller effect in the observed pH range. The only a fraction of side chains withiy's in the region 4-9.
observed dependence on six protons rather than 19 confirmedidditionally, RNA contains no groups with unperturbed
this prediction [Figure 8, reaction of £-1d,rS); KeafKm)]. neutral X;'s whereas pH dependencies for proteins are often
One of these six protons is presumably N1 of the G dominated by side chains that titrate near neutrality.
nucleophile, which donates a hydrogen bond to O6(G) of Indeed, pH-rate profiles for the hammerhead ribozyme
the conserved G26€311 base pair in the G binding site (Dahm et al., 1993), RNase P RNA (Smith & Pace, 1993),
(Michel et al., 1989). Guanosine binding is indeed weakened and a group Il derived ribozyme (Pyle & Green, 1994) level
above pH 8.5, though the extent of this effect could not be off in the pH 7-9 region. The pH dependencies for these
determined due to the low solubility of G. The remaining functional RNAs do not all level off at the same pH value,
five titratable groups estimated to affedt{K.)¢ for the which is expected as the RNAs differ in size and active site
—1d,rS substrate could be ribozyme groups involved in G environments. The higher appareriapobserved for the
binding or in the chemical step. small hammerhead ribozyme versus the larger and more

Of the 19 titratable groups estimated to affect the overall complexTetrahymenaRNase P, and group Il ribozymes is
reaction, four to seven groups have been implicated in duplexconsistent with these general expectations.
formation and approximately six groups subsequent to Forthe RNase P ribozyme, appareKts of ~8 in pH—
docking. This leaves an estimated six to nine titratable rate profiles were suggested to arise from titration to form a
groups that are involved in docking of the P1 duplex into nucleophilic MgOH™ species, with the Ig, lowered from
tertiary interactions (Figure 7B). Previous structural and its normal value of 11.4 by the active site environment (Smith
functional studies have suggested that J8/7 and J4/5 are in&k Pace, 1993; Baes & Mesmer, 1976). A prediction of this
the vicinity of the docked P1 duplex and may provide Proposal applied to the group I reaction is that the binding
docking contacts (Michel & Westhof, 1990; Pyle et al., 1992; of the nucleophilic G increases as pH increases. This

Wang et al., 1993). Thus the three G’s and U’s of J8/7 and prediction was tested and disproved for thetrahymena

two of J4/5 are candidates for this effect (Figure 7A).
Finally, a trans splicing reaction of theetrahymenantron

is slowed at lower pH values when thk of the N3 position

of U is lowered via replacement of the intron U’s with

5-fluoro-U (Danenberg et al., 1989), consistent with model
M.

The inactivating titrations could either remove a proton
involved in a direct contact or indirectly affect the structure.
The inability of increased My to significantly perturb the
apparent K, suggests that global unfolding is not respon-
sible, however. In contrast, Mghas been shown to rescue
deleterious effects from many intron mutations (Flor et al.,

ribozyme (Figure 3). The analogous experiment cannot be
carried out with RNase P because the concentration of the
water nucleophile cannot be varied in a controlled manner.
However, the similar apparenKpfor the RNase P reaction
in Mg?* and in C&" is not simply reconciled with participa-
tion of a nucleophilic MgOH* or CaOH*", as these species
have different intrinsic §5's. Inactivation of RNase P from
multiple independent deprotonations, as described herein for
the Tetrahymenaibozyme, could account for these apparent
pKs's.

pH Dependencies Pride Mechanistic Insights into the
Tetrahymena Ribozyme Clemye Reaction.The pH-rate

1989; Beaudry & Joyce, 1990; Joyce et al., 1989; Jaeger etprofiles determined in this study confirm and extend conclu-

al., 1991; Mohr et at., 1994).

4Some G’s and U’s or other groups may instead have thejisp

perturbed to lower values and therefore play a larger role in the observed

pH dependence.

sions from preliminary pHrate profiles that were obtained
prior to performing the rigorous controls described herein
(Herschlag et al., 1993b; Herschlag & Khosla, 1994).

(i) The slope of one observed in the pihte profiles
below pH~8 indicates that a proton is lost before the rate-
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limiting step. There is strong evidence that this rate-limiting

step is the chemical step [summarized in Herschlag et al.

(1993b)].

(ii) The results of Figure 3 showed that th&jof the
3'-OH of G is not lowered below 8. However, th&GH
could still be perturbed. An interaction with Migor another
ribozyme group could lower itska, to a lesser extent. The
Mg ion that interacts with the'3H of the oligonucleotide
product presumably lowers itKp (Piccirilli et al., 1993;

Narlikar et al., 1995), but binding data analogous to that

presented here for G suggest that thi§, pemains> 9
(unpublished results).
(iii) More generally the results indicate that th&pof
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