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ABSTRACT. Self-splicing of Tetrahymenagre-rRNA proceeds in two consecutive phosphoryl transesteri-
fication steps. One major difference between these steps is that in the first an exogenous guanosine (G)
binds to the active site, while in the second thde3minal G414 residue of the intron binds. The first

step has been extensively characterized in studies of the L-21Scal ribozyme, which uses exogenous G as
a nucleophile. In this study, mechanistic features involved in the second step are investigated by using
the L-21G414 ribozyme. The L-21G414 reaction has been studied in both directions, with G414 acting
as a leaving group in the second step and a nucleophile in its reverse. The rate constant of chemical step
is the same with exogenous G bound to the L-21Scal ribozyme and with the intramolecular guanosine
residue of the L-21G414 ribozyme. The result supports the previously proposed single G-binding site
model and further suggests that the orientation of the bound G and the overall active site structure is the
same in both steps of the splicing reaction. An evolutionary rationale for the use of exogenous G in the
first step is also presented. The results suggest that the L-21G414 ribozyme exists predominantly with
the 3-terminal G414 docked into the G-binding site. This docking is destabilized 1§0-fold when

G414 is attached to an electron-withdrawing pA group. The internal equilibriumKaith= 0.7 for the
ribozyme reaction indicates that bound substrate and product are thermodynamically matched and is
consistent with a degree of symmetry within the active site. These observations are consistent with the
presence of a second Mg ion in the active site. Finally, the slow dissociation' @& analog relative

to a ligated exon analog from the L-21G414 ribozyme suggests a kinetic mechanism for ensuring efficient
ligation of exons and raises new questions about the overall self-splicing reaction.

Self-splicing of theTetrahymengre-rRNA proceeds in The first step of self-splicing has been studied by using a
two consecutive phosphoryl transesterification steps (Figure shortened version of the intron. This version, referred to as
1A; Cech, 1990). In the first step, an exogenous guanosinethe L-21Scal ribozyme (Figure 2B), has the first 21 and last
(G)* acting as a nucleophile attacks tHesplice site, leaving 5 nucleotides removed and mimics the first step of the self-
the 8 exon with a 3-hydroxyl terminus. In the second step, splicing reaction (Figure 1B). Extensive studies of the
the 3-terminal residue of the intron, G414, binds to the active L-21Scal ribozyme have provided insights into the mecha-
site, and its 3 phosphoryl group is attacked by thé-3  nism of RNA catalysis and the first step of self-splicing
hydroxyl of the 5 exon. This gives ligated exons and the (Cech et al., 1992).

free intron. The second step of self-splicing, however, has not been
characterized in as much detail. Several components have
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1 Abbreviations: P, oligonucleotides of the sequence CCCUCU, mediately preceding the-8erminal G and two nucleotides
without specification of the sugar identity; P*-%P-labeled product, : : . s
~1d,rP* of rP*: S, oligonucleotides of the sequence CCCUCUAAAAA, N the core of the intron. It presumably assists in positioning

without specification of the sugar identity; S¥-$P-labeled substrate, ~ the 3-terminal G in its binding site (Burke et al., 1990;
—1d,rS* or rS*; 1S, rP, all-ribose substrate (rCrCrCrUrCrUrArArArArA) - Michel et al., 1989). The helix P10 is comprised of base

and product (rCrCrCrurCru), respectively:1d,rS, —1d,r chimeric — najrs petween the' @xon and internal guide sequence (IGS).
substrate and product with a single deoxyribose residue at position

from the cleavage site and all others ribose residues, rcrcrcrurcdu- AS the IGS also binds the Bxon, P10 presumably aligns
rArArArArA and rCrCrCrUrCdu, respectively; 14 the L-21G414 the exons for ligation (Burke et al., 1990; Waring & Davies,
ribozyme with a 3guanosine residue; %4, the L-21G414 ribozyme  1984; Michel & Westhof, 1990).

with an AAAAA tail attached to G414; &2 the L-21Scal ribozyme; initial h d a detailed understandi f
G, guanosine; G414/ 3erminal guanosine residue of tietrahymena As an initial approach toward a detailed understanding o

intron; IGS, internal guide sequence; IVS, intervening sequence; CHES, the second step, a simplified model system was employed.
(cyclohexylamino)ethanesulfonic acid; EDTA, (ethylenedinitrilo)tet- \We used a ribozyme containing both thet@&minal G414

raacetic acid; EPP8I-2-(hydroxyethyl)piperazin&3-propanesulfonic ; _ ;
acid; HEPESN-(2-hydroxylethyl)piperaziné¥-(2-ethanesulfonic acid); and the helix P9.0, referred to as L-21G414 8f&(Figure

MES, 2-(N-morpholino)ethanesulfonic acid; Tris, Tris(hydroxymethyl)- ZC) This ribozyme uses the'-&rminal _G414 as an
aminomethane. intramolecular nucleophile to catalyze the site-specific cleav-
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A.Self-Splicing Reaction
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B. L-21Scal Ribozyme Reaction (Step1 analog)

C. L-21G414 Ribozyme Reaction (Step 2 analog)
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Ficure 1: Tetrahymengre-rRNA self-splicing (A) and ribozyme reactions (B and C). The lowercase letters and thick lines represent exon
sequences, and the uppercase letters and thin lines represent intron sequences. The self-splicing of pre-rRNA undergoes two transesterification
steps. The L-21Scal ) and L-21G414 (B4 ribozymes mimic the first and second steps of the splicing reaction, respectively. The
differences between the intron and ribozymes are depicted in Figure 2. For simplicity, a conformational change required to link the two
chemical steps in self-splicing (A), in which the exogenously added G leaves the active site and G414 splibe Site enters the active

site, is not shown as a distinct step.

age of oligonucleotide substrates providedrans (Figure ligase (Bruce & Uhlenbeck, 1978). The labeled oligonucle-
1C; Zaug & Cech, 1986a,b). A kinetic and thermodynamic otides were purified by nondenaturing polyacrylamide gel
framework for the L-21G414 ribozyme reaction in both electrophoresis (Herschlag et al., 1993a). Ribozyme labeled
directions has been established in this study. This frameworkwith 2P on its 3 end was produced by incubating the
provides mechanistic insights for understanding RNA ca- ribozyme with the 3labeled oligonucleotide for 30 min at
talysis and the self-splicing reaction. A kinetic model for 50°C in the presence of 10 mM Mgg€and 50 mM sodium
ensuring efficient exon ligation is proposed from this MES (pH 6.8). The labeled ribozyme was then purified by
framework. This model raises new questions concerning gel electrophoresis (4% polyacrylamide/8 M urea).
how rapid and.efficient self-splicing is_acgomplisheq. As  General Kinetic MeasurementsAll reactions were per-
the L-21G414 ribozyme has been usediforitro evolution formed under single-turnover conditions witR4#in excess
of new RNA catalysts (Robertson & Joyce, 1990; Lehman o s+ essentially as described previously (Herschlag & Cech,
& Joyce, 1993; Tsang & Joyce, 1994), the framework 1990: Herschlag et al., 1993a). The ribozyme was prein-
presented herein will also provide a starting point for analysis ~,pated with 10 mM MgGland 50 mM sodium MES, pH
of functio.nal consequences of molecular changes in these6_8, at 5C°C for 30 min. The preincubation promotes folding
evolved ribozymes. of the ribozyme into an active conformation, as previously
observed for the L-21Scal ribozyme. Cleavage reactions
were initiated by addition of S*~40.1 nM) and were
L-21G414 Ribozyme.The L-21G414 ribozyme was quenched at particular times by addition of a stop solution
prepared byn vitro transcription oHindllI-digested plasmid ~ containing 20 mM EDTA in 90% formamide with 0.005%
pT7L-21 with T7 RNA polymerase as described previously xylene cyanol, 0.01% bromophenol blue, and 1 mM Tris
(Zaug et al., 1988). The transcripts were then incubated for (pH 7.5). S* and P* were separated by electrophoresis on
60 min at pH 9.0 to generate th&t@rminal G414 with a  a 20 %/7 M urea polyacrylamide gel, and their identities
free 3-hydroxyl group via site-specific hydrolysis and were were confirmed by migration relative to known standards.
purified by gel electrophoresis (4% polyacrylamide/8 M urea) The slow migration of the product from reaction with 3

MATERIALS AND METHODS

and gel filtration (Zaug & Cech, 1986a,b).
Oligonucleotide and Ribozyme End Labelingligonucle-

labeled S is consistent with formation of thé [goduct,
EC414Ap™Ap - The ratio of S* and P* at each time point was

otides were made by solid-phase synthesis (provided byquantitated using a Molecular Dynamics Phosphorimager.
Ribozyme Pharmaceuticals, Inc. or used and characterizedData were analyzed by nonlinear least-squares fitting (Ka-

in previous studies). For'#abeling, oligonucleotides were
labeled with {-*2P]JATP by T4 polynucleotide kinase (Zaug
etal., 1988). For'3labeling, oligonucleotides were labeled
with [5'-32P]adenosine’® -bisphosphate (pAp) by T4 RNA

leidaGraph by Synergy Software, Reading, PA). Reactions
followed good first-order kinetics, unless stated otherwise.

Errors are within 2-fold, based on repeated experiments as
well as on measurements using independent experimental
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Scheme 4
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g aliquots were immediately added to a loading buffer contain-
ing 40% glycerol and 0.5% xylene cyanol and carefully
loaded onto a 10% native polyacrylamide gel while the gel
was running (Pyle et al., 1990). The gel running buffer
contained 100 mM Tris-HEPES (34 mM Tris and 66 mM
HEPES, pH 7.5), 0.1 mM EDTA, and 10 mM MgChnd

the running temperature was maintained at°@0to limit
further dissociation. Control experiments demonstrated that
the complexes remain intact during loading and electro-
phoresis. Ribozyme with boung¢1d,rS* or —1d,rP* ap-
peared as a single high molecular weight band, whereas free
—1d,rS* and—1d,rP* appeared as distinct low molecular
weight bands. The identity of these species was confirmed
by comigration with —1d,rS* and —1d,rP* standards.
Analogous gel mobility shift assays were performed to
determine the rate constant for dissociation-ad,rP* from

the E2419—1d,rP* complex.

FIGURE 2: Secondary structure dietrahymengre-rRNA group | Test of Actie Population of the L-21G414 Ribozymighe
intron (A) and ribozymes derived from it (B and C). The exon folding of ES414 was extensively tested by changing the
sequences are depicted by the lowercase letters, and the introrconcentration of MgGl and the temperature during the
sequences by the uppercase letters and thin lines. To produce theyreincubation period. An optimum folding condition was

L-21Scal ribozyme (B), the first 21 nucleotides from theskle . . . . .
and the five nucleotides from the 8nd were removed from the chosen in which the ribozyme was preincubated with 10 mM

intron; the ribozyme uses exogenous G as an intermolecular MClz at 50°C for 30 min. Longer incubations gave no
nucleophile. To produce the L-21G414 ribozyme (C), only the first increase in rate. The leveling off of the reaction extent at
21 nucleotides were removed; the ribozyme uses 'iter@ninal ~40% (see Results) was not a result of inactive ribozyme,
G414 as an intramolecular nucleophile. as reactions were carried out with a large excess%HE

approaches. For experiments requiring saturating concentra®Ver S*, and increasing the’ concentration or decreasing
tions of E2414 saturation was verified by showing that the the —1d,rS* concentration did not increase the extent of

observed rate constants and reaction extents remained€action. The amount of active ribozyme was tested by
constant as [£*14 was varied from 100 to 500 nM. titrating the ribozyme with unlabeled S and following the
Pulse-Chase ExperimentPulse-chase experiments (Rose reaction with a trace amount of S*. Side-by-side comparison

et al., 1974; Herschlag & Cech, 1990) were extensively used ©f E***and E* preparations indicated t?at both are fully
in this study. The advantage of this technique is that the active (-80%). Finally, no degraded** was observed

change in reaction conditions in the chase step allowsUPOn electrophoresis of &nd-labeled E4in 4% poly-
isolation of individual reaction steps. In a typical experiment, acrylamide/g8 M urea gels.
the reaction was initiated by addition of S* following RESULTS
preincubation of E*4 and the initial phase of the reaction
was allowed to proceed for a specified tinig.( The reaction In contrast to the L-21Scal ribozyme, the L-21G414
mixture (typically containing 100 nM ®“and 0.1 nM S*) ribozyme uses the'3erminal G414 residue as an intramo-
was then diluted 10-fold with a chase solution containing 5 lecular nucleophile to initiate the transesterification reaction
uM unlabeled rP in the appropriate buffer. The 10-fold (Figure 1B,C). For the L-21Scal ribozyme, the rate of the
dilution of E®** and the addition of a large excess of chemical reaction can be controlled by varying the concen-
unlabeled rP were designed to prevent free S* or P* from tration of exogenous nucleophile. However, in the case of
rebinding to B44 ([rP)/[E®*Y = 500). The effectiveness L-21G414, the nucleophile is covalently linked to the
of the chase solution was tested by control experiments inribozyme. Thus, an alternative approach using an intrinsi-
which S* was added with the chase solution; no cleavage cally slower substrate was taken in this study. A deoxyribose
was observed, indicating that the chase was effective. Insubstitution at the cleavage siteld,rS, reduces the rate of
addition, when S* and the large excess of unlabeled rP werethe chemical step of the L-21Scal ribozyme reaction about
added along with the chase solution, no binding of S* to 1(*-fold, without having a significant effect on binding
EC®44was observed in a gel mobility shift assay (see below). (Herschlag et al., 1993b). Several specific experiments
Gel Mobility Shift Assay To Follow Dissociation of S and suggest that the all-ribose substrate also behaves similarly
P. E®44 after preincubation, was mixed withld,rS* to in both ribozyme reactionsvide infra and unpublished
allow binding and equilibration of the bound species at 50 results).
°C (t2 = 10 min). A 10-fold excess of the chase solution =~ Scheme 1 summarizes the results of the kinetic and
containing unlabeled rP in reaction buffer at®Dwas then thermodynamic study described in following sections for the
added, and aliquots were removed at specified times. ThelL-21G414 ribozyme, and Table 1 compares these results with

L-21Scal
B. Rlbozyme

OCOSOCII»

c L-21G414
* Ribozyme

OSHSOSIR»
+*
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Table 1: Comparison of Rate Constants for the L-21G414 and
L-21Scal Ribozymes

rate constant L-21G414 L-21Scaf
K, (M~ min1) 0.5x 10 1x 108
Koy (min™?) 1.4 0.2
ke (min~?) 0.4 0.4
k: (min~?) 0.5 ND
Koy (min2) 0.007 ND
Kogr (min~2)? 0.1 03
K, (M~ min1) 0.2x 1C° 0.6 x 10

a Reaction of—1d,rS at 50°C with 50 mM sodium MES and 10
mM MgCl,, pH 6.8.P Rate constants for the L-21G414 ribozyme are
defined in Scheme 1 and were obtained as described in the Rate
constants for the L-21Scal ribozyme are defined as in the following
equation:

S P
EG+ St E-SG - E-P-GA— E + P
k§" kgn

The rate constants were obtained as follow;, from Herschlag et

al. (1993b);k§ﬁ, from the value of 1 min! for dissociation of-1d,rS
from E5¢@ (Herschlag et al., 1993b); this value was corrected by 5-fold
to account for the slower dissociation of S in the presence of bound G
(McConnell et al., 1993).k: was measured side-by-side witf4€*in

this study; the value agrees well with the literature valuelg ef 0.55
min~ (pH 7.0; McConnell et al., 1993) and 0.29 mh{pH 6.6; Knitt

et al., 1994).k andk’, could not be determined, as the weak binding
of GAs to the ribozyme prevents saturation from being achieved (T. S.
McConnell, D. Herschlag, and T. R. Cech, unpublished results).
kP, for —1d,rP was estimated from the rate constant of 0.12 fior
dissociation of rP from &2 in the absence of bound G (G. J. Narlikar
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FiGure 3: L-21G414 ribozyme reaction reaches a plateau. Reac-
tions of 100 nM E414 with 0.1 nM S-labeled —1d,rS
(p*CCCUCdUA) (O) or 3-labeled—1d,rS (CCCUCdUAp*Ap)

(®) with 10 mM MgCkL and 50 mM sodium MES (pH 6.8) at 50
°C. Lines represent nonlinear least-squares fits to the datayith

= 0.90 mirr! and an endpoint of 0.6 for disappearance of the 5
labeled substrateX) andkops= 0.95 mirr* and an endpoint of 0.4
for formation of the 3labeled product, 144P*Ap, from the 3-
labeled substrate®).

0.90 mirr* (Figure 3, open symbols). The remaining 0.4 of
the radioactivity was present as thegsoduct P* (eq 1a),
but the 3 product, predicted to be®#4, is not labeled. To
identify the 3 product and test this result further, S* labeled
at its 3 end was used (eq 1b). This reaction also gave a
plateau with 0.6 S* remaining, while 0.4 of it was converted
to the 3 product, EB4#AP"A (Figure 3, closed symbols).
Moreover, the observed rate constant of 0.95thimas the

and D. Herschlag, unpublished results), and a 2.5-fold increase in theggme. within experimental error, as that obtained with 5

rate constant for dissociation from the weaker duplex stability with a
deoxyribose residue at b(l) (Bevilacqua & Turner, 1991; G. J.
Narlikar and D. Herschlag, manuscript in preparation). Though G and
the oligonucleotide product bind anticooperatively, the effect is small
(~2-fold) and may in part be reflected kg, rather thark.« (Bevilacqua

et al., 1993; McConnell et al., 1993). Therefore, no correction was
made ink'’>; for this effect. This estimate fdt'F, is expected to be
accurate to within 3-fold.k”, was measured for rP in the absence of
bound GA (G. J. Narlikar and D. Herschlag, unpublished results);
single deoxyribose substitutions do not significantly affect rate constants
for binding to the ribozyme (Herschlag et al., 1993a,b). In addition,
though bound GAwas not present, bound G has less than a 2-fold
effect on the rate of S binding (Herschlag & Cech, 1990; McConnell
etal., 1993; D. S. Knitt, G. J. Narlikar, and D. Herschlag, unpublished
results).d The rate constant for dissociation-efld,rP from either E*4

or E? i.e., with intramolecular or exogenous G occupying the
guanosine binding site.

those obtained previously for the L-21Scal ribozyme. For
simplicity, E®44 and BE°® refer to the L-21G414 and
L-21Scal ribozymes, respectively, S the substrate, either
—1d,rS or the all-ribose substrate rS, and P the product, eithe
—1d,rP or rP.

Obsewation of an Internal Equilibrium for the L-21G414
Ribozyme Reaction

The chemical step of the¥“reaction was isolated under

r

labeled S*. A similar plateau, with 0.4 S* remaining and
0.6 converted to P*, was also observed for the reaction of
rS. However, the reaction was too fast to determine the
observed rate constant (not shown), as predicted from results
with ES®@ (Herschlag et al., 1993b).

Evidence for the Establishment of an Internal Equilibrium
(Kin)). The plateau remained constant over the time course
of Figure 3, suggesting that an equilibrium was reached. The
final extent of reaction did not increase with increasing
ribozyme concentration, suggesting that the plateau represents
the internal equilibrium of bound S and P (data not shown).
The pulse-chase experiment described below directly tested
the existence of the internal equilibriurki¢, Scheme 1).
The results show that P* dissociation is slow (compared to
S* dissociation) and that bound P* can be converted back
to S* in the reverse reaction, providing evidence that the
internal equilibrium was indeed established.

In the pulse-chase experiment, time was first allowed for
equilibration between boundld,rS* and—1d,rP* (Figure
4A, t;). The reaction reached the plateau shown in Figure
3, with the fraction of S* remaining nearly constant between
10 and 60 min (Figure 4B, closed symbols). During this
plateau period (a = 30 min), a chase solution containing

single-turnover conditions in the presence of excess, saturata large excess of unlabeled P was added to prevent rebinding

ing E®4'4 which allows rapid and complete formation of the
EC414S* complex (eq la).

kobs

ECH4p*r(CCCUC)dUr(AAAAA)
ECH45.p*r(CCCUC)dU (1a)

ES*41(CCCUC)dUr(AAAAA)p*Ap o
EC44AP™AP.(CCCUC)dU (1b)
The reaction proceeded to a plateau with 0.6 of the 5
labeled S* remaining, with an observed rate conskant=

of S* and P* that has dissociated from the ribozyme before
or duringt, (eq 2). Addition of the chase resulted in the
P

k
EG414A5 4 px ~off

slow
Pw
trap

EG414A5.p + p*

S
koff

EG414A5 op* EGA4144S* EGA414 + S*

P\itrap

EG414 4P + S*

@

near quantitative regeneration of S* durig(Figure 4B,
open symbols). This result demonstrates that nearly all of
the P* remained bound durirngand that the bound P* was
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A be converted to S* via the reverse reaction and subsequently

10nM E 0.1nMS* (pH6.8) dissociate, giving regeneration of S* as observed in Figure
4B (open symbols). Thus, this increase in S* following the
chase suggests that P* dissociation from the ribozyme is
much slower than that of S*.

The results shown in Figure 4 were unexpected based on
previous results with the L-21Scal ribozymeSt8. The
halftime for dissociation of-1d,rP from B is ~5 min
(Herschlag & Cech, 1990; Herschlag et al., 1993b; G. J.
Narlikar, D. S. Knitt, and D. Herschlag, unpublished results).
Assay We therefore expected that after 30 min most of the P* would

have dissociated from®*5s and been trapped in a nonre-

5uMP (pH 6.8)

B active complex by the large excess of fre€*® present
10 duringt; (eq 3)? In contrast, if S* dissociates it can rapidly
0.8

* k wP

(7] o5 L Ecitd 4+ - off [EG414.5% EG414A5 op] <A~ £ Gar4a5 4 @)

.5 . 50414\{

© o4l

E ’ EG414 op*
02 F (P* is trapped)
00 ———" rebind to the large excess off*and react again. Thus,

0 20 40 60 80 . .
Time (min) the reaction was expected to proceed to completion.

FiIGURE 4. Regeneration of S* provides evidence for the establish- The observation that the plateau remains nearly constant
ment of the internal equilibriumK(,). (A) Outline of the pulse u_nt'l 6_0 min (Figure 4B, closed SymbOIS)_ suggests that P

chase protocol. #14(100 nM) was mixed with~0.1 nM 3-labeled dissociates slowly, as does the observation that S* can be
—1d,rS* fort; = 30 min (10 mM MgC} and 50 mM sodium MES, nearly quantitatively regenerated during the chase (Figure
pH 6.8, at 50°C). The reaction mixture was then diluted 10-fold 4B, open symbols). Moreover, the dissociation rate constants

by a chase solution containing®1 unlabeled rP to initiate the of —1d.rP and-1d.rS from B<@ are similar. with the product

phase of the reaction. (B) The disappearance of S* dusii@), . D
and its regeneration during (O). The lines represent noniinear  diSSociating only~3-fold more slowly (Herschlag et al.,

least-squares fits to the data. The regeneration of S* dui(Q) 1993a). The observed rate of 0.29 niifor S* regeneration
follows a single first-order rate constant wikg,s = 0.28 mirr?! (Figure 4B) provides an estimate for the rate constant for
and an endpoint of 0.88 S*. The disappearance of S* dui@®, —1d.rS dissociation from 4 of k§ ~ 1.2 mirt [k§ is
additional time points not shown) is fit to two successive expo- ' ff ' , Loff

nential functions according to the equatiin= Sie™t + Se !, calculated fromkops = (kkSi)/ (ki + ko + kSy), which was
with k; = 0.88 mirr, k, = 0.005 min%, S, = 0.38, andS, = 0.62. derived from eq 2, usingy,s= 0.29 mirr?, k= 0.41 mirr?,

The initial fast phase represents establishment of the internalandk, = 0.58 mimrY]. This rate constant is, in fact, larger

equilibrium and the second phase the slow dissociation of P (seethan the value obtained withSE' (Table 1), suggesting that
text). (These values are in reasonable agreement with those obtaine%ﬂ - . 7 e
via independent approaches.) nOet 5414-conta|n|ng ribozyme slows dissociation of P but

competent to participate in the reverse reaction. Independent " summary, the above‘kresults irliigate that an equilibrium
evidence for this equilibration was also obtained by experi- 'S €stablished betweer?£4S and E*A-P. Estimates were

ments in which the equilibrium was perturbed in both obtained for the equilibrium constar;), the rate constants

directions by changing the identity of the divalent metal jon O the forward and reverse of the chemical ste(dk,),
present (R. Mei and D. Herschlag, unpublished results). and the rate constant for dlssoua}‘uon of Byl In
Rate and Equilibrium Constants for the Internal Equilib- addition, the dissociation of P fronfE*%-P was predicted

rium. The data of Figure 3 and analogous experiments give {0 be much slower than the dissociation of S frofi&S.
values ofiy, = [EG414A+P]/[ES414S] = 0.70+ 0.03 anckeps The estimates were used to design experimental tests of these
= 0.99+ 0.24 mimL. The reaction is an approach to the initial conclusions. The following sections describe ap-

internal equilibrium so thako,s = ki + k- (Scheme 1). The  Proaches to isolate individual reaction steps and directly
rate constants = 0.41 mimt andk = 0.58 mirm® were measure their rate and equilibrium constants to confirm and

calculated fromkeps and Kine (= kik;) using the values  €xtend the above conclusions. _ |
obtained above. The agreement of the calculated rate Probing the Chemical StepPrevious work with B
constants with values determined directly provides further Showed that the chemical step is pH-dependent, increasing
evidence for this equilibrium (see below). in a log-linear fashion from pH-5—9 for —1d,rS (Herschlag

Equilibrium Experiments Suggest That P Dissociates Much & Khosla, 1994; Knitt & Herschlag, 1996). For the G414-
More Slowly Than S.In the pulse-chase experiment of containing r_ﬂ_ao;yme, the rate constant for approach to the
Figure 4, if S* and P* dissociated from the ribozyme at the nternal equilibrium Kebs = ki + k; Scheme 1) was also log-

same rate, the addition of chase would have resulted in
irreversible dissociation of both S* and P* so that the ratio 2 This is expected because the reaction was carried out withtfié E

* * ; in vast excess over S* (100 nM vs 0.1 nM). This means that at most
of S* and P W‘?“'d*h"?“’e rgmalned unchanged (eq 2). O*n 0.1 nM E5*14 could be generated. Thus, if P* dissociated froffi'es,
the other hand, if P* dissociates much more slowly than S*, it\yould have much greater probability of bindin§4*(99.9 nM) than

only S* would dissociate and P* that remains bound would E®44% (<0.1 nM).
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FiIcURe 5: Determination of the rate constant for the reverse reaction
(k). (A) EC**was incubated with-1d,rS* fort; = 10 min (10
mM MgCl, and 50 mM sodium MES, pH 6.8, at 5C). The
reaction mixture was then diluted 10-fold with a low-pH chase
solution containing &M unlabeled P, 10 mM MgGJ and 50 mM
sodium MES (pH 5.3). (B) Time course for regeneration of S*
following the chase. The curve is a nonlinear least-squares fit to
the data and givek,ps = 0.021 mirr?.

Table 2: Summary oKy, ki, andk; Values for—1d,r&

pH ki (min2) k- (min™) Kint

5.3 0.022 0.021 1.1

6.1 0.13 0.16 0.79
0.10' 0.19

6.8 0.4% 0.58 0.71
(0.57§ (0.66)

a At 50 °C with 10 mM MgCk and 50 mM sodium MES? At pH
5.3, the chemical step is slow, so ttka; perturbs measurement Kfy
and contributes tdons Thus, ks is calculated fromkops = ki + ki =
0.040 minm! and k. = 0.021 mirr?, with correction for the small
contribution tokeps from the dissociation of Pk{;; = 0.007 mir?).
¢ Calculated fronmkops = ki + k. = 0.29 mirr?, k, = 0.16.9 Calculated
from Kint = kilk- = 0.79 andkops = ki + k = 0.29 mirr. € Calculated
from Kine = ki/ke = 0.70 andkops = ki + k- = 0.99 mirr?. f Extrapolated
from the values obtained at pH 5.3 and 6.1.

linear with pH (not shown), whereas the internal equilibrium
is unaffected Kine = ki/k;; see below). This suggests that
the chemical step is rate-limiting for reaction-eid,rS with

the G414-containing ribozyme.

The ability to manipulate the rate of the chemical step by
changing pH, without perturbing bindingide infra), was
instrumental in isolating the reverse reactity) &s well as
other individual reaction steps via putsehase experiments
employed throughout this study.

Direct Measurement of the Rate Constant for thed®ge
Reaction (K

A pH-drop pulse-chase experiment was designed to

Biochemistry, Vol. 35, No. 18, 1996801

Table 3: pH Dependence of the Chemical Stip for ES°@ and
EG414a

ki (min~1)®
pH EScaI EGAlA
5.3 0.011 0.014
6.1 0.051 0.082
6.8 0.48 0.45

a gScalgnd B4 reactions were performed side-by-side with 10 mM
MgCl, and 50 mM sodium MES at 50C. In the B¢ reaction, a
saturating concentration (2.5 mM) of guanosine was USEdr E5¢2,
kobs = k¢ since its reaction proceeds to completion. FEFE how-
ever,kops = ki + ki since its reaction reaches an internal equilibrium,
andk; was calculated froniin: = ki'k; andkons = ki + k. ¢ Calculated
from kops= ki + k- = 0.027 min* andKin = ki/k; = 1.1 with correction
for the small contribution tdips from the dissociation of P, as in
Table 2.

5A). The underlying idea was to sloly by lowering the

pH so that it, rather than the dissociation of S, would become
rate-limiting for the overall reverse reaction. An excess of
EC44was incubated with-1d,rS* at pH 6.8 fott; = 10 min

to establish the internal equilibrium (eq 4; Figure 5A).

K.
duringt,; EC44s* == ES414%.px (4)
Then, a pH 5.3 chase solution was added to the incubation
mixture ¢, = 0). This decreases the rate of the chemical
conversiorn~30-fold without changing the dissociation rates
(vide infra), so that the rate-limiting step for conversion of
bound P* to free S* ik (eq 5;k < kSﬁ). Thus, the value

K

fast

K

slow

_—

EG414'S* EG414+ S*

(5)

of Kobs = 0.021 mirr?® for formation of S* duringt, reflects

k- (Figure 5B; Table 2, pH 5.3). A value & = 0.16 mir?®
was obtained from an analogous experiment at pH 6.1
(Table 2). Howeverk, at pH 6.8 could not be directly
measured because ~ k3, at this pH so thakos reflects

a combination of rate constants. The valuekpf= 0.58
min~! at pH 6.8 was calculated from the equilibrium con-
stant for the internal equilibrium and the observed rate
constant for the approach to this equilibrium (Table 2). This
value is in reasonable agreement with the valuk of 0.66
min~! at pH 6.8 obtained from extrapolation of the values
at pH 5.3 and 6.1 to pH 6.8, using the log-linear pH
dependence.

The value of the internal equilibrium and the rate constant
for approach to the equilibrium were also determined at each
pH to validate and extend the above conclusions (Table 2).
These results indicate that bd¢handk; increase log-linearly
with pH and thatKi is pH-independent.

Comparison of the Rate of the Chemical Step f6f
and B2 The rate of the chemical step for the L-21G414
and L-21Scal ribozymes were compared side-by-side (eq
6a,b). The rate constantg)(are the same, within error, for

duringt,: E®*%%s.px

EG4l4.g LY EG414, o (6a)

ESealG.g L ES®LGA,-P (6b)

measure the rate constant for the reverse reaction (Figure—1d,rS at various pH values (Table 3). ForrS, accurate rate
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Ficure 6: Determination of the rate constant for the dissociation
of substratek). (A) ES*14was incubated with-1d,rS* fort, =

1 min (10 mM MgC} and 50 mM sodium MES, pH 5.3), followed
by a 2-fold dilution with a chase solution containing
unlabeled P, 10 mM MgG| and 50 mM MES, pH 5.3, at various
timest,. The reaction mixtures were then diluted 10-fold with a
second chase solution at pH 8.2.{8 unlabeled P, 10 mM MgGJ
and 50 mM sodium EPPS) foy= 30 s, enough time for conversion
of S* to P* but not for dissociation of P*. (B) The fraction of P*
formed duringiz as a function of thé, incubation time @). Control
experiments showed that there<€.1 formation of P* durings.

Mei and Herschlag

duringt,: E®**+ s* dast pGa14, gx SO AL, b @)

addition of a chase solution containing a large excess of
unlabeled P for various timg.

The low pH during the first two steps was designed to
prevent conversion of 14S* to EC444-P* and to allow
the dissociation of S* to be followed: during when S*
dissociates from !4 it cannot rebind because the freg*2
is trapped by unlabeled P (eq 8).

duringty: EG414es+ -5 EGa14As upx

@®

fast

EG414 4 S*
8
EGA4144p*
At the end of each,, a high pH (8.2) chase solution

allowed a constant fraction of the S* remaining bound to be
rapidly converted to P*k > k3;) (eq 9). As shown in

(9)

Figure 6B, the amount of P* formed decreased with
increasing,, and a value ok, = 1.4 mir* was obtained
This value is in good agreement with the value of 1.2 Thin
calculated above.

. very fast
duringt,: E®*4 s === EC44%.px

Determination of Substrate and Product Association Rate
Constants K5, and k],

k. Under subsaturating conditions, the binding of
substrate k) is rate-limiting if the rate of the chemical
conversion is faster than the dissociation of substrige (
< ko). This holds for reaction of rS with ¥ (Herschlag

The line represents a nonlinear least-squares fit to the data giving& Cech, 1990a; Herschlag et al., 1991a). However, there

a rate constant oky; = 1.4 mim?. The amount of P* formed

are difficulties in using-1d,rS to measure this rate constant.

duringtsis less than 1.0 even when S* has had no time to dissociate (1) As shown abovek(fﬁ andk of —1d,rS are similar so that

(t2 = 0). This is because the reverse of the chemical #g@iso
occurs durings to rapidly establish the internal equilibrium. The
P* formed durings is proportional to the amount of S* that remains
bound at the end of eadht [S*]i, = [P*]1,(1 + Kin)/Kint, SO that
the decrease in P* formed with increasiagives the rate constant

for dissociation of SK;.

EC414S* partitions between dissociation and formation of
product. (2) At the low E*“ concentration required to
establish subsaturating conditions fed.d,rS, the reaction

is so slow that the subsequent dissociation of P also
contributes to the reaction, rendering the reaction non-first-
order.

constants can only be measured by manual pipetting at low The all-ribose substrate (rS) was therefore used to measure

pH and low temperature. Similar valueskpf= 0.10 and0.11
min~! were obtained at 30C and pH 4.5 for the L-21G414

and L-21Scal ribozymes, respectively. These comparisons

suggest that the results obtained from the L-21G414 ri-

bozyme reaction with-1d,rS can be related to its reaction
with rS by analogy to the L-21Scal ribozyme reaction.

Further, the observation of the same rate constants for
reaction of exogenous G and the intramolecular G414
suggests that the same G-binding site is used in the first and

second steps of self-splicing (see Discussion).

Determination of the Rate Constant for Substrate
Dissociation ()

The rate constant of S dissociatidy) from the binary
complex EB44S* was measured by a three-part pH-jump
pulse-chase experiment (Figure 6A). ExcesS*E was
incubated with—1d,rS* at pH 5.3 fort; = 1 min to allow
the formation of the B*4S* complex (eq 7), followed by

@n; for rS, the chemical step is very fast compared to
substrate dissociationki( > k3,).3 The observed rate
constant was measured with subsaturating concentrations of
ES414 (5—30 nM), and the second-order rate considht=

0.5 x 10® M~! min~! was obtained from the slope of the
plot of the observed rate constant V& concentration (data
not shown; the concentrations off£* used that exceed
Kﬁ are not saturating because of the rapid conversion of
bound S to P, analogous to the steady-state situation in which
Km > Kg). Previous studies with ¥2' have demonstrated
that a deoxyribose substitution at thél or other positions
does not significantly affect the rate of substrate binding
(Herschlag et al.,, 1993a,b). Qualitative results kig

3k ~ 200 mirm? > k5, ~ 1 min~L. The value ofk; was obtained
from rS reacting with £ and the value ok, was obtained from
—1d,rS dissociating from ®4or E5* rS dissociates even more slowly
(~2.5-fold) than—1d,rS from Ec@ (Herschlag & Cech, 1990; Herschlag
et al., 1993b).
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obtained with B44 and —1d,rS (not shown) suggest that
this also holds for B4

KBy G414
= E>"S*

fast G414
—= ECA.px

EC44 4 g (10)
k' . To obtain the rate constant for P binding, tHe# &
form of the ribozyme is required. Labele®E*P*AP was
generated by using'-3abeled S and purified by denaturing
PAGE (see Materials and Methods). The all-ribose oligo-

nucleotide version of P was used for the reasons described

above for S. The observed rate constant for formation of
EC4144p"Ap.p was measured with a set of subsaturating
concentrations of unlabeled rP<20 nM) which was added

to ~0.1 nM E*414AP™Ap_ A second-order rate constant of
K’ = 0.2 x 10® M~1 min~ was obtained from the slope of

the plot of observed rate constant vs P concentration (not

shown).

Ko

EG414A5p*Ap L+ p= EG414A5p*Ap. pP=

Determination of the Rate Constant for Dissociation of
Product &)

A pulse-chase experiment, essentially as described above

in Figure 4A, was used to determine the rate constant for
dissociation of P. The central feature of this experiment is
that P* that dissociates is trapped by (eq 3 and above).
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Ficure 7: Determination of the rate constant for dissociation of
product from E4144 (K. (A) The pulse-chase protocol fol-

In contrast, S* that dissociates rebinds the large excess oflowed that outlined in Figure 4A, except that a higher pH chase
E®44and is converted to P* that can subsequently be trapped(8-2) was used to ensure rapid and quantitative conversion of the

by EC*“ (eq 3; see above). Thus, P* slowly accumulates
during t;, gradually perturbing the plateau in Figure 7A
(closed symbols). At varioug;, a high pH (8.2) chase
solution with a large excess of unlabeled P was added.
During t,, the high pH ensured that bound P* was rapidly
converted to S*, and the dissociation of S*, which is faster
than that of P*, allowed essentially all bound P* to
accumulate as free S* (eq 2). This is confirmed by the nearly
complete regeneration of S* at the shortgs (Figure 7A,
open circles). Thus, the amount of bound P* remaining at
the end ot; decreased with increasing and this difference
represents the amount of P* that had dissociated duging
This is plotted in Figure 7B and giveg,s = 0.003 min?,
from which K}, = 0.007 min? is obtained K, = [(1 +
Kin)/KindKond.  The slow phase of bound S* decrease (Figures

4B and 7A, closed circles) can also be used as a measure oﬁ

the rate constant of P* dissociation. It gives an identical
rate constant.

Visualization of the Dissociation of P and SA gel
mobility shift method was employed to visualize the dis-
sociation of P and S and to test predictions from the overall
kinetic and thermodynamic framework for th€*& ribozyme
reaction. Pulsechase experiments were performed analo-

gously to those described above (Figure 4A), except that the

samples were directly loaded onto a native gel at various

P* remaining bound to S*. 14 (100 nM) was incubated with
~0.1 nM —1d,S* (10 mM MgC} and 50 mM sodium MES, pH
6.8) for various times; to establish the internal equilibrium and to
allow subsequent dissociation of P* (see text) and was then diluted
10-fold with a chase solution containing/ unlabeled P, 10 mM
MgCl,, and 50 mM EPPS, pH 8.2, fas. The closed symbol&)
represents the fraction of S* as a functiontpfi.e.,t, = 0), and

the open symbols represent the fraction of S* at titpedter chases
initiated at the indicatet} times: t; = 10 min ©), 30 min @), 60

min (&), 120 min €), and 180 min¥). (B) Fraction of P* that is

not converted to S* during. This corresponds to the fraction of

P* trapped by E44duringt;. The curve in B represents a nonlinear
least-squares fit to the data. The curves in part A were obtained as
described in the legend to Figure 4. The curve in B and the second
phase of the curve through the closed symbol in A divg =
0.003 min?, from whichkl, = 0.007 mintis derived K5y = kobd

(1 + Kin))/King)- The curves through the open symbols give values
of kops = 0.45-0.69 mimr?! for regeneration of S*. These rate
onstants are faster than the corresponding rate constant in Figure
B because the higher pH used in Figure 7 speeds the conversion
of bound P* to S*.

rapidly established. Native gel analysis confirmed this
conclusion, showing that90% of the labeled S and P
migrated with the ribozyme as a single slowly migrating band
(Figure 8A,t, = 0). Following a chase with an excess of
unlabeled P, there is an initial fast phase of S* dissociation
followed by a slower release of more S*, with no significant
formation of free P* (Figure 8A). These results are predicted

timet,. Inthe previous experiments, samples were analyzed

by denaturing gel electrophoresis to assay the total amount™om the reaction framework of Scheme 1 as follows. The
of S* and P* present. In this experiment, a native gel was fast phase is consistent with dissociation of the 0.6 of the

employed to separate bound S* and P* from free S* and label present as ®'4S*, and the slow phase is consistent
free P*. with conversion of the 0.4 of the label present &4'&s-P*

The denaturing assays described above suggested that th® E***4S* followed by dissociation of S*; S* dissociates
internal equilibrium between bound S* and bound P* is instead of P* because, > kKo; (eq 2).
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FiIGURE 8: Visualization of substrate and product dissociation by w
gel mobility shift. A pulse-chase protocol was followed, in which
the internal equilibrium was first established at pH 6.8 (100 nM
EC414 ~0.1 nM B-labeled—1d,rS, 10 mM MgC}, 50 mM sodium ; . Y I
MES; t; = 10 min), followed by addition of a chase solution 0 20 40 60 80 100
containing excess unlabeled P at pH 6.8 (A) or pH 4.5 (B). Aliquots t, (min)

taken at various timet were mixed with loading solution and o ) o
immediately loaded onto a running native gel (see Materials and FIGURE 9: Determination of rate constant for P dissociation from
Methods). S* and P* correspond to standardsld,rS* and EC414 (A) A gel mobility shift experiment, as described in the
—1d,rP*, respectively, loaded at the end of the experiment. The legend to Figure 8A, except thaf£4was mixed with—1d,rP*
apparent differences in migration are due to different loading times. instead of with—1d,rS* so that dissociation of thef24p* complex
The fraction of free—1d,rS* @) and —1d,rP* (a) formed after was followed. (B) The fraction of free 1d,rP* formed as a function

addition of chase in part B is plotted as a functiortgfwith the of time t, following the chase with an excess of unlabeled P. The
latter giving a rate constant &¢ps = 0.005 mirr® (C) andkf,’ﬁ — curve represents a nonlinear least squares fit to the data and gives
0.01 mirr?, as described in the legend to Figure 7. Théd,rP* a rate constant o€ty = 0.1 mimL.

curve is a nonlinear least-squares fit to the data.
. additional stabilization of bound P, the rate of dissociation
In a second related experiment, a low-pH chase (4.5) Was ¢ b from ES4144 and 5414 was compared. The pulse
T : 14, 4145, p* . . . . Lo
used.to inhibit re formauon of @145 from E° .AS P (eg chase gel mobility shift experiment described in Figure 8
12; Figure 8B). In this case, a slow accumulation of P* was was repeated, except tha®¥ was mixed with P* instead

P ou e of S*. This allowed dissociation of P* from theCE4pP*
: as| . . . . .
during t,EG41445 + Pr— O Eed14As op+ 22" EGareugs EG414+ 5+ complex to be monitored (Figure 9A). The dissociation of
wtrap P\ttrap P* from E®*4is much faster than from %44 (Figure 9A
vs Figure 8A) and gives a dissociation rate constant of
EGAlAAs.p + p* EG414ep + S*

k'’ = 0.1 min® (Figure 9B). This is about 15-fold greater
than that of the B*44-P* complex (Table 1), suggesting
{hat the ribozyme’s pAtail is largely responsible for the
slow dissociation. In contrast, the values kf, for
dissociation of P from £14and B are similar (Table 13,
suggesting that the terminal five residues of the intron,
including the 3 portion of P9.0 and the'3erminal G414,
do not have a large effect on binding of P.

(12)

observed subsequent to the rapid release of S*, consisten
with the conclusion that, is much less thaky,. The rate
constant for dissociation of P 6f0.01 mirr* obtained from
Figure 8C is similar to the value d;, = 0.007 min?
obtained above at pH 6.8. This experiment confirms the very
slow dissociation of P and suggests that the dissociation is

largely insensitive to pH. Competition between Exogenous G and th&&minal
G414 for the G-Site

The same value df for the L-21Scal and the L-21G414
ribozyme reactions suggests that thée8minal residue G414
is predominantly docked into the G-binding site. The

Interactions Responsible for the Strong Binding of P

Product dissociates fronfE4% about 40-fold more slowly
than from the L-21Scal ribozyme (Table 1). The differences
between these two ribozyme forms are theABs tail that
was transferred from S to the G414-containing ribozyme and . " _ - —
the five 3-terminal residues present in the L-21G414 _ ' Though E*contains G in the G-binding site wherea¥does

. - . not, the presence of bound G was previously shown to have only a
ribozyme but not the L-21Scal ribozyme (Figure 2B,C). TO gmall effect of~2-fold on binding of P to = (McConnell et al.,

identify which of these components contributes to the 1993; Bevilacqua et al., 1993).
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Ficure 10: Exogenous G does not compete effectively with the \ ot
3'-terminal G414. Reaction of 100 nMPE4with 0.1 nM 3-labeled K' = 0.01
—1d,rS (CCCUCdUAp*Ap) was carried out in the presence of K =1

2.5 mM G, 10 mM MgC}, and 50 mM sodium MES, pH 5.3, at ext

50 °C for the indicated times. The product dt@rminal G414 as  Figure 11: Free energy-reaction profile for the L-21G414 ribozyme

nucleophile is 3Iat_)eled ribozyme E41440"Ap and the product of and—1d,rS (10 mM MgC4, pH 6.8, 50°C). A standard state of 1

the exogenous G is GA*Ap. nM reactants and products was chosen; the relative free energies
were obtained from the rate and equilibrium constants in Scheme

occupancy of G414 in the G-binding site was further tested 1 and an assumed value Kf, = 1 for the overall phosphoryl

by a competition experiment in which intermolecular G was transesterification reaction (see Results). The absolute values of

added to compete with the intramolecular G414-E@d- equilibrium constants for docking of the intramolecular G414 or

. . . . . G414A into the ribozyme’s active site are not known and are
labeled oligonucleotide substrate was used in this experimentherefore depicted with dashed lines. However, the relative free

If the ribozyme used the'3erminal G414 as the nucleophile, energy for docking of G414 vs G4144s obtained from this free
a 3-labeled ribozyme, B144P"Ap  would be formed; if it energy-reaction profile. Docking of G4144s more difficult than

he ex n Ap woul form 13). that of G414. A model for the origin of this destabilization is
used the exogenous G, G#Ap would be formed (eq 13) described in the Discussion.

G414, *Ap ——= gG414A5p*Ap ., . . .
E CCCUCUASp™Ap E PAp » cocucy damaged ribozyme that lacks thet8rminal G414 residue.

! In summary, exogenous G cannot compete effectively with
the intramolecular G414 residue, suggesting that th“E

G414 ribozyme exists predominantly with G414 docked in the G

E/-CCCUCUAsp'Ap binding site.
4l Free Energy-Reaction Profile
+ GOH
A free energy profile for the L21-G414 ribozyme reaction
G414 with —1d,rS was obtained from the rate and equilibrium
'-%OC%UCUASp'Ap constants of Sch_eme 1 (Figqre 11). The co'nversion to free
energy was obtained according to the equatis@s— —RT
In K and AG* = —RT In (hklkgT), where R is the gas
constant,T is temperature i, h is Planck’s constant, and
G414 ks is the Boltzmann constant. The profile was formulated
« CCCUCU + G A5p*Ap (13) as follows. First, relative energies foP4S and EB4144-P

and the barrier for their interconversion was obtained from

Reactions were carried out in the presence of 2.5 mM Kimy ki, @ndk. Second, the height of activation energy
exogenous G, a concentration well above its dissociation Parriers for S and P dissociation were determined from

constant with the L-21Scal ribozymek§ ~ 0.1 mM; « and ko, respectively. Next, the free energies oftS
McConnell et al., 1993). As shown in Figure 10, the only E*#and P+ ES4%A relative to the level of the activation

product observed at early times i$%*4PA, the product barriers for S and P dissociation were determined from the

from reaction with G414. As bound oligonucleotide sub- association rate constanis, andk,,; a standard state of 1
strate and product are in equilibrium and interconverting (eq "M reactants and products was used.

13), exogenous G has multiple opportunities to react with  Finally, the free energy values were related to the overall
the labeled oligonucleotide substrate. The product from the reaction equilibrium. To do this, two hypothetical species
exogenous G reaction, G&Ap, was observed after long were defined, E** and E****°. These species represent
incubation times (Figure 10). Analogous results were the E*#4 and E°4%% forms of the ribozyme with the '3
obtained at different pHs and in the presence of 20 mM GMP terminus flipped out of the active site. Thus, the energies
(not shown). The~100-fold slower formation of the of G414 (+S) and G414A (+P) follow the energetics of a
exogenous G product (not shown) sets an upper limit on thesimple phosphoryl transesterification in solution. A value
fraction of time that G414 spends out of the G binding site. of K¢ = 1 is assumed for the transesterification in the free
This value is an upper limit because the slow reaction with energy profilee Thus, the free energy levels §E°** +
exogenous G could be catalyzed by a small fraction of S} and{E°*** + P} are the same. However, the energy



5806 Biochemistry, Vol. 35, No. 18, 1996 Mei and Herschlag

of these species relative to those in the central portion of Comparison of the reactivity of exogenous G with that of
Figure 11 is not known. The “docking” of G414 into the the intramolecular '3terminal G provides a further test of
active site is depicted as energetically downhill, because thethis model. The rate of the chemical step for reactions of
3-terminal G of E4* appears to exist predominantly the L-21 Scal ribozyme with bound exogenous G and the
occupying the guanosine binding site (see Discussion).  L-21G414 ribozyme with its ‘3terminal G were the same,
Relating the external equilibrium to the energies of the within experimental uncertainty, under various conditions of
docked and bound states indicates that docking of G414A changing pH, temperature, and oligonucleotide substrate
is ~100-fold harder than docking of G414. This is seen in identity (Table 3 and Results). These data strongly support
the relative docking equilibriaKS$m /K SeA° {= ([E44/ the single site model and further suggest that the overall
[ECDI([EC*HAJEY]) = KeuK'}. Similarly, the spe-  active site architecture and orientation remain the same in

cies{EC414+ S} is favored ovef EG41%A + P} by 100-fold both steps. An unlikely coincidence would be required to

(Figure 11,K' = 0.01 = ([ES4MA][P])/([E®*4[S]) = allow the same rate of reaction from different or overlapping

(S KiC)/(kSkIC) = 0.01. This latter comparison is inde-  Pinding sites. o

pendent of the assumption & ~ 1. A model for the Evolution of a smg!e binding site is expecteq to be more

origin of the destabilization of 144 relative to E414 is probable than evolution of two distinct or partially distinct

described in the Discussion. sites. The intron has apparently taken advantage of the same
G binding site in both self-splicing steps. This evolutionary

DISCUSSION perspective also answers a related question: Why did the

intron “choose” exogenous G as a cofactor in the first step?

The L-21G414 ribozyme contains thétg@rminal G and Chemically, the nucleophilicity of the '®H of G is
P9.0 duplex, features involved in the second step of group | essentially the same as the hydroxyl groups of of other
self-splicing (Figure 2C). As these components are absentnycleosides, sugars, and water, and water is present at much
in the previously characterized L-21Scal ribozyme (Figure higher concentrations. Indeed, group I introns can self-splice
2B), comparison of the kinetic and thermodynamic frame- jn 4itro in the absence of G by using water in the first
work for these ribozymes allows a stepwise approach towardreaction step [e.g., Inoue et al. (1986)]. However, once G
understanding the second step of self-splicing (Scheme 1.was chosen as the residue that defines treplice site, that
Figure 11, and Table 1). This comparison has elucidated same G binding site could be used to facilitatslice site
the behavior of the intramolecular G nucleophile, which is cleavage in the first step. The first step of self-splicing is
used in the second step of self-splicing, relative to the faster in the presence of G than in its absence, suggesting
behavior of exogenous G, which is used in the first step of that the intron uses binding interactions with the G for
self-splicing (Figure 1). The framework and the ability to positioning the 30H and perhaps functional groups such
study the reaction in both directions have led to mechanistic a5 the 20H to help activate the'8H (Bass & Cech, 1986).
insights. Finally, the results provide new information, as The evolution of the single G binding site that is used in
well as raise new questions about how the group | intron two successive steps is presumably analogous to the situation
ensures efficient ligation of exons. for the protein enzymes galactose-1-P uridylyltransferase and

Kinetic Ezidence for a Single G Binding SiteSelf-splicing nucleoside diphosphate kinase. These enzymes use a single
of group | pre-rRNA occurs through two sequential steps substrate binding site and covalent catalysis to transfer a
(Figure 1A). Exogenous G is used as the nucleophile in the uridyl phosphate or phosphate group between group acceptors
first step and a universally conserved@minus G residue  that are sterically and electrostatically similar (Sheu et al.,
of the intron is used in the second step (Cech, 1990). These1979). In contrast, the use of &Q@H nucleophile in the
steps are chemically the reverse of each other, with the boundfirst reaction step and a-8H leaving group in the second
exogenous G nucleophile in the first step equivalent to the step of the group Il self-splicing reaction and comparison
3'-terminal G leaving group in the second step. This led to of the thiophosphate discrimination in the first and second
the proposal that a single G binding site was used in both steps suggest differences in the binding modes or active sites
steps (Inoue et al., 1986), though a model with two distinct between the two steps [Padgett et al., 1994; Podar et al.,
sites was also proposed (Kay et al., 1988). More recent 1995; see also Moore and Sharp (1993)].
results have provided strong support for the single site model. The 3-Terminal G Is Predominantly Docked in the G
Whereas the wild-type intron has a preference for exogenousBinding Site. The similar rate constants for reaction of the
G over A in the first step of self-splicing and for at@rminal 3-terminal G414 of the L-21G414 ribozyme and the exog-
G over A residue in the second step, mutation of a single enous G bound to the L-21 Scal ribozyme also suggest that
base pair in the ribozyme’s core switches this preference tothe 3-terminal G of the G414-containing ribozyme is in the
A over G in both steps (Michel et al., 1989; Been & Perrotta, G binding site (i.e., that the equilibrium for docking of the
1991). G414 favors the docked form). A slower rate for the
L-21G414 reaction would be expected if G414 were un-

5 A value of Keq = [P][GAJ[S][G] = 4 has been observed for the ~docked and out of the active site a significant fraction of
analogous reaction with the all-ribose oligonucleotide substrate, CCCU- the time. The inability of exogenous G to compete with
%Slﬁté)T-PSrélmr?;gf}ggh I?é Sft'jzggsht'gg\}aﬂg&é% Jf:fg?rt]ﬁeupergi:?il:asnhed G414 (Figure 10) further suggests that the intramolecular G
of CCC'UCdUA [this value may differ from 1 becéuse the transfer of 'S predominantly do?"e‘j in the G bmd'_ng site. This .hlgh
a phosphoryl group from dU to rG is no longer fully symmetrical in Occupancy may be important for ensuring accuracy in the
the vicinity of the phosphoryl group (T. S. McConnell, D. Herschlag, choice of the 3 splice site during self-splicing and in
and T. R. Cech, unpublished results)]. Thus, there is significant preventing spurious side reactions.
uncertainty in the value ofKew The extent of this uncer- ; . o
tainty, however, is not expected to alter the qualitative conclusions in A Thermodynamic Barrier for G414/Mocking: A Model
the text. of Substrate DestabilizationThe free energy-reaction profile
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for the L-21G414 reaction reveals that itid 00-fold harder A. Inefficient self-splicing

to dock G414 into its binding site when a ptail is attached

(Figure 11). Similarly, the 8144 .P form of the ribozyme diss°°“$"\°' 5 exon dissaciation of ligated exons
is ~100-fold destabilized relative to the?£4S form K' = =\

chemistry

0.01). The internal equilibrium is unaffected by shortening

this tail to a single A residue (unpublished results), and GA

and GA have the sameg./Kn, for reaction intranswith the

L-21Scal ribozyme, suggesting that the terminal four A’s 0}
are not responsible for the destabilization (T. S. McConnell, <
D. Herschlag, and T. R. Cech, unpublished results). The

binding of unreactive '2deoxyribose G analogs also show 5"? —{3 S s‘r:F 3
50-fold destabilization upon addition of the pN tail to dG —¥

(Moran et al., 1993), and kinetic studies indicate that GA

binds at least 20-fold weaker than G to the L-21Scal B. Thermodynamic model for efficient self-splicing

ribozyme (T. S. McConnell, D. Herschlag, and T. R. Cech,
unpublished results).

This destabilization is reminiscent of results obtained
previously for binding of the oligonucleotide substrate and
product to the L-21 Scal ribozyme. Piccirilli et al. (1993)
obtained evidence for an interaction of thisdXygen of the
U leaving group with M@" in the transition state from an
oxygen/sulfur metal ion specificity switch experiment. It
was subsequently shown that the reactive phosphoryl of the

dissociation of 5' exon

chemistty  gissociation of ligated exons

AG—>

—% g3

substrate destabilizes tertiary binding interactions by 40-fold S —_ 5'|:f'—'-‘ ¥
relative to binding of the oligonucleotide product, which ——t 3

contains a 30H group (Narlikar et al., 1995). The

destabilization was attributed to weakening of the interaction C. Kinetic model for efficient self-splicing
of the 3-oxygen of the U leaving group with the active site
Mg ion upon attachment of the electron-withdrawing phos-
phoryl group to the 3oxygen. This led to a model for
catalysis in which electrostatic destabilization of the ground
state and electrostatic stabilization of charge accumulation
on the 3-oxygen of U in the transition state both contribute
to lowering the barrier for reaction.

A second active site metal ion has been the subject of
much discussion (Steitz & Steitz, 1993; Herschlag et al., 53 53
1993b; Yarus, 1993). One model involving a second Mg S — 0y — ==
ion that interacts with the'3xygen of G could account for —3
the weaker docking of G414 when a phosphoryl group is Ficure 12: Models to ensure completion of the self-splicing
attached to its '3oxygen. Such an interaction would be reaction. Part A demonstrates that splicing would be inefficient with
expected to be catalytic because bound G414pA (or exog-a” internal equilibrium of 1 between bound ligated exons and bound

. 5 exon and similar dissociation rates for the ligated exon species
enous phosphorylated G) would be destabilized and the and the 5exon. Parts B and C show two solutions to this problem,

partial negative charge that accumulates on thexggen changing the internal equilibrium to favor the ligated exon species
of G414 in the transition state would be stabilized. The (B, thermodynamic model) or slowing the release of thex®n
presence of a second active site Mg ion is also consistentrelative to the ligated exons (C, kinetic model). Exon sequences
with the thermodynamic symmetry between bound substratesz;re depicted as open boxes and the intron as a line. The dot depicts
. . - ound species.
and products, as discussed in the next section. It should be
emphasized, however, that there are other possible originsthermodynamics K« &~ 1) have been proposed to be
of this destabilization, including destabilization of G414pA characteristic of catalytically optimized enzymes (Albery &
by catalytic hydrogen bond donors and stabilization of G414 Knowles, 1976, 1977; Burbaum & Knowles, 1989; Burbaum
by nonproductive donation of a hydrogen bond from its 3 et al., 1989), though there may be different constraints in
hydroxyl group; there is no direct evidence for the presence self-splicing imposed by the single-turnover and two-step
of this second metal ion. nature of this reaction. The matched energetics are consistent
A Thermodynamically Matched Agti Site (Ky~ 1). The with structural symmetry in an active site designed to
chemical step of the L-21G414 ribozyme reaction reaches catalyze phosphoryl transfer between chemically identical
an internal equilibrium near K{; = ki/k, = [E®*4s -P]/ 3'-oxygen atoms via a symmetrical trigonal bipyramidal
[EC414S] = 0.7 for the—1d,rS substrate; Table 2). The value transition staté.
of Kint is rather insensitive to the nature of the substrate. For Thermodynamic Coupling between G414A ahdE%on
exampleKi: = 1.5, 0.71, and 1.0 were obtained for reactions Analogs. The 8 exon analog, P (CCCUCU), dissociates
of the all-ribose substrate CCCUCA0f CCCUCdUA, from EC44% 200-fold more slowly than the ligated exon
and of CCCUCdUU, respectively (Results and unpublished analog, S (CCCUCUA, from E*** However, P dissociates
results; the 3U of CCCUCdUU mimics the ligated exons, from E®44 ~15-fold faster than from 14 (Table 1),
as the first residue of the 8xon is a U). Balanced internal indicating that an interaction of the pAail contributes

dissociation of 5' exon

dissociation of Iigated exons

chemistry

AG ———pp
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Ficure 13: Kinetic control as a potential mechanism for completion of self-splicing. The rate and equilibrium constants listed were obtained
in the L-21G414 reaction, which models the second step in self-splicing (Table 1). Note, however, that this ribozyme lacks the structural
element P10 (Figure 2), which is expected to modulate the observed rates (see Discussion).

significantly to the slow dissociation. The observation of component of the ligated exons. Thus, strong binding of

slow dissociation of P from 4 localizes the coupling to
the 3-pA (unpublished results). Thermodynamic coupling
between binding of G and S was also localized to the 3

the B exon is a necessary but not sufficient criterion for
efficient exon ligation.

The problem is illustrated by the hypothetical free energy-

PA, in this case to part of the oligonucleotide substrate S reaction profile in Figure 12A. In this case, splicing is

(McConnell et al., 1993). Preliminary experiments with

inefficient even though the’ ®xon is bound tightly. This is

substrates of varying sequence suggest that the A rather thapecause the ligated exons are bound just as tightly as the 5
the phosphate is responsible for the slow dissociation of P exon and the equilibrium between bourice%on and bound

from EG4A (unpublished results). In contrast, the similar
rate of dissociation of P from ®'* and B¢ suggest that
the 3 residues of the intron, including residues required for
P9.0 formation, do not contribute to the slow dissociation
of 5’ exon analogs.

A Kinetic Mechanism To Ensure Completion of the Self-
Splicing Reaction.The self-splicing reaction, as a simple

ligated exons is 1. Thus, there is an equal probability for
dissociation of ligated exons and &on, and only half of
the RNA precursors yields ligated exons.

Figure 12 panels B and C present two possible solutions
to this problem. In the thermodynamic model in Figure 12B,
the 3 exon and ligated exons still dissociate with the same
rate constant, but efficient ligation is ensured by perturbing

phosphoryl transesterification reaction, might be expected the internal equilibrium to favor bound ligated exons. Little

to have an overall equilibrium near 1. This raises a
question: what is the thermodynamic driving force that

bound 5 exon dissociates since it does not accumulate. In
contrast, the kinetic model in Figure 12C allows an internal

allows accumulation of ligated exons? The simplest answer equilibrium of unity with loss of the 'sexon prevented by a

is that the thermodynamic driving force is provided by the
high concentration of G relative to the RNA vivo (Cech,

larger kinetic barrier for its release than for release of the
ligated exons.

1990). Structural changes over the course of self-splicing  Figure 13 shows the self-splicing reaction with the
and subsequent reaction of the free intron may also help d”Vepertinent rate constants obtained from this study of the

the reaction thermodynamically.
Although there is a thermodynamic driving force for the

L-21G414 ribozyme. The internal equilibrium near 1 and
the 200-fold slower release of the ®xon analog, P

overall reaction, a second question remains: how does the(CCCUCU), than of the ligated exon analog, S (CCCU-

intron ensure that self-splicing is completed rather than
aborted after the first step due to dissociation of thexan
from the B3 exonintron—3 exon intermediate? It was
previously noted that the tertiary binding interactions with
the B exon may play the biological role of preventing its
dissociation and allowing sufficient time for the exon to
attack at the 3splice site in the second step of self-splicing
(Herschlag & Cech, 1990b). However, the tertiary binding
interactions that slow the release of tHee%on should also
slow the release of the ligated exons, as the)on is a

6|t is observed that different energetic contributions to catalysis from
the 2-OH groups of the G and U are directly involved in the phosphoryl

transfer (Bass & Cech, 1986; Tanner & Cech, 1987; Herschlag et al.,

1993b; G. J. Narlikar and D. Herschlag, unpublished results). This

observation suggests that there is not complete structural symmetry in

CUAs), are consistent with the kinetic model in Figure 12C.
The slow release of the Bxon may be likened to the strong
binding of reaction intermediates to protein enzymes, which
is presumably involved in ensuring completion of these
reactions and preventing the release of reactive intermediates
[e.g., Pompliano et al. (1990) and Kato et al. (1994)].

The slower release of thé &xon analog than of the ligated
exon analog is maintained when CCCUCUU is used as the
ligated exon analog (unpublished results). U is theeSidue
of the 3 exon in Tetrahymena thermophilgre-rRNA.
However, other differences remain between this initial
ribozyme model for the second self-splicing step and the
actual self-splicing system. The most profound difference
is the absence of P10 in the L-21G414 ribozyme (Figure
2A,C). This helix formed between the intron’s IGS and the

the active site. Farther from the reactive phosphoryl group, the base 5’ end of 3 exon provides additional base pairing interactions

of U is positioned in a @J wobble pair, whereas the base of the
attacking G is positioned by an interaction with aQ3air and other
interactions in P7 of the ribozyme’s core (Michel et al., 1989; Yarus
etal., 1991a,b; Doudna et al., 1989; Knitt et al., 1994; Strobel & Cech,
1993, 1994).

with the ligated exons but not with thé &xon. It is thus
most simply expected tslowthe dissociation of the ligated
exons. Indeed, as there is potential to form six Watson
Crick base pairs in P10, the effect is expected to be large
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(Figure 2A). The problem of how the intron ensures the Inoue, T., Sullivan, F. X., & Cech, T. R. (1988) Mol. Biol. 189

release of the ligated exon species rather than ‘teadn is
thus reintroduced.

143-165.

Kato, H., Tanaka, T., Vamaguchi, H., Hara, T., Nishioka, T.,

Yukiteru K., & Oda, J. (1995Biochemistry 334995-4999.

These additional interactions also present a second kineticKay' P. S., Menzel, P., & Inoue, T. (198&VBO J. 7 3531

problem—the release of the ligated exons within a physi-

3537.

ologically relevant time frame. The six P10 base pairs are Knitt, D. S., & Herschlag, D. (19983iochemistry 351560-1570.

predicted to slow ligated exon release ©§0*-fold (Freier

et al., 1986). The predicted half-life for dissociation is then
on the order of days at 5T (our experimental conditions)
and even slower at physiological temperatures. It remains

Knitt, D. S., Narlikar, G. J., & Herschlag, D. (1998jochemistry
33, 13864-13879.

Lambowitz, A. M. (1993)Annu. Re. Biochem. 62587-622.

Lehman, N., & Joyce, G. F. (1993ature 361 182-185.

McConnell, T. S., Cech, T. R., & Herschlag, D. (19%3pc. Natl.

to be determined whether features intrinsic to the intron are  Acad. Sci. U.S.A. 98362-8366.
responsible for speeding this dissociation or whether the Michel, F., & Westhof, E. (1990). Mol. Biol. 216 585-610.
assistance of cellular components is required, such as proteinéﬁiggil, F., Jacquier, A., & Dujon, B. (198Biochimie 64 867—

acting as RNA chaperones.
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