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ABSTRACT: The dynamics of binding of various guanosine, or G, substrates to theTetrahymena thermophila
L-21 ScaI ribozyme have been investigated by fluorescence-detected stopped-flow experiments. Upon
rapid mixing of various G substrates with a preformed complex of the ribozyme and the fluorescent 5′
splice site analogue CCUCUεA, fluorescence transients that provide rates for binding of G substrates and
the rate-limiting step for transesterification are observed. The measured apparent bimolecular rate constant
for binding of pG is 103 M-1 s-1, much slower than expected for diffusion. pG appears to bind to the
preformed complex of the ribozyme and CCUCUεA in at least two steps, a bimolecular step followed by
at least one conformational change. This two-step binding of pG, involving a rapid pre-equilibrium,
leads to the slow apparent rate constant for binding of pG. Furthermore, the 2′-OH of pG and of the 3′
terminal G of the G substrate GUCG and the nonbridgingpro-Sp phosphoryl oxygen atom at the site of
phosphoryl transfer on CCUCUεA appear to mediate formation of a properly conformed docked ternary
complex of the G substrate, 5′ splice site, and ribozyme which may represent an intermediate required for
initiation of transesterification. It is possible that the 2′-OH of pG and this nonbridgingpro-Sp phosphoryl
oxygen interact, directly or indirectly, with one another.

Little is known about the dynamics of natural RNAs in
either folding or function. The kinetics of RNA folding have
been studied for tRNA (Crothers et al., 1974; Hilbers et al.,
1976) and for theTetrahymena thermophilaL-21 ScaI
ribozyme (Zarrinker & Williamson, 1994; Banerjee &
Turner, 1995; Sclavi et al., 1997). RNA dynamics related
to function have been studied for a spliced leader sequence
(Le Cuyer & Crothers, 1994) and for theTetrahymenaL-21
ScaI ribozyme (Bevilacqua et al., 1992, 1993, 1994; Li et
al., 1995; Li & Turner, 1997; Turner et al., 1996). Much
remains to be discovered, however, about the factors that
affect RNA dynamics.
TheT. thermophilaL-21 ScaI ribozyme, R, is a version

of the T. thermophilaLSU intron shortened by 21 and 5
nucleotides at the 5′ and 3′ ends, respectively. It catalyzes
a transesterification reaction between an exogenously added
analogue of the 5′ splice site and the guanosine, or G,
substrate (Inoue & Kay, 1987; Zaug et al., 1988). A 2′-H
substitution on G and a sulfur substitution for the nonbridg-
ing, pro-Sp phosphoryl oxygen atom at the site of transes-
terification inhibit the transesterification reaction catalyzed
by this RNA (Bass & Cech, 1986; Rajagopal et al., 1989;
Piccirilli et al., 1993). A mechanism for explaining inhibition
by either substitution has not been elucidated, however. An
understanding of how these substitutions affect the dynamics
of individual steps required for catalysis will offer insights
into the catalytic mechanism of RNA.

For either substitution, inhibition could be due to an effect
on substrate binding and positioning and/or to an effect on
the phosphoryl transfer step. Fluorescent probes of substrate
binding and phosphoryl transfer offer a means of following
individual steps in the catalytic pathway (Bevilacqua et al.,
1992, 1994; Li et al., 1995; Turner et al., 1996) and,
therefore, of potentially elucidating how these modifications
on substrates affect catalysis. Previous studies have used a
pyrene probe at the 5′ end of an oligonucleotide substrate to
follow docking of a helix into the catalytic site. As with
most fluorescent probes of RNA (Tuschl et al., 1994; Walter
& Burke, 1997), the pyrene probe is large, consisting of 38
atoms. Here, we report the application of a much smaller
probe, 1,N6-ethenoadenosine,εA (Figure 1) (Tolman et al.,
1974; Spencer et al., 1974), to the study of steps involved
in the binding of various G substrates to theT. thermophila
L-21 ScaI ribozyme. TheεA adds only four new atoms to
a 5′ splice site analogue and is at the 3′ rather than at the 5′
end of the substrate. A kinetic analysis of interactions
between various G substrates and a preformed complex of
the 5′ splice site analogue CCUCUεA, and its phospho-
rothioate derivatives, with the L-21ScaI ribozyme has been
undertaken. Changes in the environment ofεA lead to
changes inεA fluorescence (Tolman et al., 1974; Spencer
et al., 1974; Kubota et al., 1983). Herein, fluorescence
transients are shown to result upon binding of the G substrate
to the complex of the ribozyme and CCUCUεA. By
analyzing the fluorescence transients induced by different
G substrates, we infer that the G substrate binds in at least
two steps to the complex of the ribozyme and CCUCUεA
and that the 2′-OH of the G substrate and the nonbridging,
pro-Sp phosphoryl oxygen at the site of phosphoryl transfer
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are important for productive alignment of CCUCUεA in the
ternary complex prior to transesterification.

MATERIALS AND METHODS

Materials. The L-21 ScaI ribozyme was prepared as
previously described (Bevilacqua et al., 1994). pG and

pdG were obtained from Sigma. Oligonucleotides except
CCUCUεA and GUC3′dG were synthesized and purified as
previously described (Bevilacqua et al., 1994). CCUCUεA,
with and without a thio substitution, and GUC3′dG were
prepared using tetrahydropyranyl as the 2′-O blocking group
(Markiewicz et al., 1984; Iyer et al., 1990; Stec et al., 1984).
For thio-substituted CCUCUεA, the pro-Rp and pro-Sp
diastereomers were separated and purified by HPLC using
a Supelcosil ABZ+Plus column and an isocratic mobile
phase of 100 mM TEAA/15% acetonitrile in H2O. The
substrate was characterized as apro-Rp or pro-Sp phospho-
rothioate as described by Weeks and Cech (1995).

Prior to experiments, GUC3′dG and GUCdG were pre-
treated with 4 mM sodium periodate for 1 h at room
temperature to convert thecis-diol of any ribo-G contaminant
to an unreactive dialdehyde form (Kay & Inoue, 1987). This
was done to ensure that fluorescence transients observed with
GUC3′dG and GUCdG were not due to ribose contaminants.
To inactivate the periodate, 20 mM ethylene glycol was
added, and this mixture was allowed to react for 1 h atroom
temperature. Control experiments with GUCG demonstrated
that this procedure eliminates the fluorescence transients
associated with the binding of and transesterification with
GUCG. Also, further control experiments with GUCG
demonstrated that the presence of ethylene glycol and
inactivated sodium periodate causes no changes in fluores-
cence traces produced upon mixing GUCG with a complex
of the ribozyme and CCUCUεA.

Kinetics. All kinetics experiments were performed at 15
°C in 5 mM MgCl2, 110 mM NaCl, and 50 mM NaHEPES
at pH 7.5. The ribozyme was renatured in this solution by
incubating for 10 min at 50°C and cooling to room
temperature.

In stopped-flow mixing experiments, a preformed complex
of the ribozyme and CCUCUεA was mixed with the G
substrate in a KinTek stopped-flow apparatus with a 1.5 ms
mixing time (Johnson, 1986), a 395 nm band-pass filter (50
nm FWHM), and a 75 W xenon lamp. A solution containing
400 or 800 nM ribozyme and 400 nM CCUCUεA was
equilibrated for 10 min at 15°C prior to mixing with the G
substrate. After mixing, it is estimated that greater than 87%
of the premixed ribozyme and CCUCUεA exists as a base-
paired complex, R‚CCUCUεA (Bevilacqua et al., 1994).
Doubling the concentration of the ribozyme or CCUCUεA
does not alter measured rates, confirming that duplex
formation does not contribute to the rates. Concentrations
of the G substrate were in at least 10-fold excess of that of
the R‚CCUCUεA complex to maintain pseudo-first-order
conditions. Excitation of samples was at 280 or 310 nm.
Excitation at 280 and 310 nm enhances the fluorescence
signal at lower and higher concentrations, respectively, of
pG or GUCG. Rates are independent of excitation wave-
length. For each fluorescence trace, 500 data points were
collected. For some traces, data were collected in two time
domains with 250 data points in each. All rates are from an
exponential fit of an average of several individual traces,
and errors are the standard error of this fit. The axis of
fluorescence intensity, measured in volts (V), for each trace
presented has been offset by subtracting a constant from the
real voltage of each trace in order to give an origin of 0 V.
This allows easier comparison of the amplitudes for various
traces.

FIGURE 1: (A) Structure of the fluorescent nucleosideεA with a
phosphodiester linkage to CCUCU. One or the other of the
nonbridging phosphoryl oxygen atoms shown is replaced by a sulfur
atom in thepro-Rp or pro-Sp phosphorothioate. All other phosphate
linkages in these sulfur-substituted substrates are phosphodiesters.
(B) Schematic of the secondary structure of the active site of L-21
ScaI (Michel & Westhof, 1990) with CCUCUεA and GUCG
substrates bound. Shaded lines and nucleotides represent the
ribozyme sequence. Black lines represent base pairing between
substrates and the ribozyme and between nucleotides G249 and
C311 of the ribozyme. CCUCUεA binds to GGAGG (shaded), a
part of the internal guide sequence of the ribozyme, to form helix
P1. GUC of GUCG binds to CAG (shaded) to form an extended
helix P9.0. The open circle represents a base triplet formed between
the 3′ terminal G of GUCG and the G249‚C311 base pair of the
ribozyme. The closed circle represents the phosphate bond of
substrate attacked by the 3′-OH of the 3′ terminal G of GUCG
during the phosphoryl transfer reaction.
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Fluorescence-detected stopped flow was similarly utilized
to analyze complex formation between the ribozyme and
CCUCUεA or its thioate derivatives. For these experiments,
100 nM ribozyme was mixed with CCUCUεA ranging in
concentration from 200 to 800 nM. Fluorescence data were
collected and analyzed as previously described. Excitation
of samples was at 280 nm.
Rates for transesterification with CCUCUεA labeled at the

5′ end with 32P were measured by hand mixing. Similar
concentrations of pG and a preformed complex of the
ribozyme and CCUCUεA were used as in the stopped-flow
experiments. Reaction time points were collected by remov-
ing aliquots and quenching them in an equal volume of stop
buffer (10 M urea, 3 mM EDTA, and 0.1× TBE). The
reaction components were separated on a 20% acrylamide/8
M urea gel, and bands were quantified on a Molecular
Dynamics phosphorimager. Typically, 10 time points were
collected over at least 3 half-lives of a given reaction. For
each experiment, the percent of CCUCUεA cleaved as a
function of time was fit to a single exponential using the
SigmaPlot fitting program (Jandel) to yield an observed rate
constant for transesterification. Standard errors in fitting
were less than 10%, and each reported observed rate constant
represents an average of values from two independent
experiments.
For thepro-Sp phosphorothioate substrate, Mn2+ rescue

of substrate binding conformation and transesterification were
monitored by fluorescence-detected stopped-flow and gel
electrophoresis, respectively, as previously described. How-
ever, for these experiments, a mixture of 1 mM MnCl2 and
4 mM MgCl2 was substituted for 5 mM MgCl2.

RESULTS

Mixing of a Preformed Complex of the Ribozyme and
CCUCUεA with pG Yields Two Fluorescence Transients with
Rates for Two-Step Binding of pG and the Rate-Limiting Step
for Transesterification.Mixing of a preformed complex of
the ribozyme and CCUCUεA with pG produces two fluo-
rescence transients, an enhancement and a subsequent
quenching of fluorescence (Figure 2A). Fluorescence traces

fit a double-exponential function yielding observed rate
constants for each transient. The fluorescence quenching
exhibits an increase in rate with increasing concentrations
of pG. This rate presumably reports the rate of the rate-
limiting step for transesterification because the observed rate
constant of quenching, 0.06 s-1, at saturating concentrations
of 5 mM pG is consistent with the rate for transesterification,
0.06 s-1, measured for CCUCUεA with a 32P assay (data
not shown) and with the previously reported rates of 0.04
and>0.05 s-1 for transesterification of pyrene-CCUCUA
and CCUCUA substrates, respectively, under the same
conditions (Bevilacqua et al., 1994). Therefore, the quench-
ing of fluorescence is assigned either to a conformational
rearrangement concomitant with or to a step (e.g. release of
pGεA) after and much faster than the rate-limiting step for
transesterification. pdG does not produce this quenching
transient, although it does bind to the ribozyme (Moran et
al., 1993). That pdG does not undergo transesterification
(Bass & Cech, 1986) is also consistent with the quenching
being associated with transesterification. The fluorescence
enhancement precedes quenching and also exhibits an
increase in rate with increasing concentrations of pG.
Therefore, the enhancement reflects binding of pG to the
R‚CCUCUεA complex or subsequent conformational changes
of the pG‚R‚CCUCUεA ternary complex.

The rates of both fluorescence transients exhibit hyperbolic
dependencies on pG concentration (see the Supporting
Information). This is consistent with a minimal three-step
reaction mechanism:

Here, binding of pG occurs in two steps, and the first step,
or the bimolecular step, is not observed by stopped flow.

For the mechanism of Scheme 1 with the first step being
a rapid preequilibrium, andτe-1 andτq-1 being the observed
rate constants for enhancement and quenching, respectively
(Bernasconi, 1976):

FIGURE 2: (A) Representative trace and exponential fit for the dependence of fluorescence intensity on time after mixing equal volumes of
400 nM CCUCUεA/400 nM ribozyme and 1 mM pG. Excitation was at 280 nm. The trace represents an average of three individual traces.
The trace is fit toY) A1e-k1t + A2e-k2t + C. The observed rate constant of enhancement is 1.14( 0.05 s-1, and the amplitude of enhancement
is -0.205( 0.004 V. The observed rate constant of quenching is 0.039( 0.001 s-1, and the amplitude of quenching is 0.408( 0.002 V.
Errors are standard errors.C ) -0.205 V.ø2 is 0.0885. The trace is offset to give an origin of 0 V asexplained in Materials and Methods.
In the original averaged trace, the initial voltage equals 5.109 V. The dashed line represents division of trace into two time domains as
explained in the methods section. (B) Representative trace and exponential fit for the dependence of fluorescence intensity on time after
mixing equal volumes of 400 nM CCUCUεA/400 nM ribozyme and 100µM GUCG. Excitation was at 280 nm. The trace represents an
average of three individual traces. The trace is fit toY) A1e-k1t + A2e-k2t + C. The observed rate constant of enhancement is 2.48( 0.13
s-1, and the amplitude of enhancement is-0.96( 0.07 V. The observed rate constant of quenching is 0.73( 0.03 s-1, and the amplitude
of quenching is 1.34( 0.06 V. Errors are standard errors.C ) -0.396 V.ø2 is 0.234. The trace is offset to give an origin of 0 V as
explained in Materials and Methods. In the original averaged trace, the initial voltage equals 6.859 V.

Scheme 1
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Figure 3 shows plots ofτe-1 + τq-1 andτe-1τq-1 as a function
of pG concentration. A fit to eq 1 of the plot ofτe-1 + τq-1

vs [pG] (Figure 3A) gives values fork-2 + kc + k-c of 0.69
( 0.06 s-1, k2k1/k-1 of 1030( 143 M-l s-l, andk1/k-1 of
243( 48 M-1. A fit to eq 2 of the plot ofτe-1τq-1 vs [pG]
(Figure 3B) gives values for (k2k1/k-1)(kc + k-c) of 74( 9
M-l s-l, k1/k-1 of 245 ( 41 M-1, and k-2k-c of 0.007(
0.004 s-1. This allows calculation of the following quanti-
ties: k2 ) 4.2( 1.0 s-1, k-2 ) 0.62( 0.06 s-1, kc + k-c )
0.07( 0.01 s-1, and dissociation constantsKd,1 ) k-1/k1 of
4.1( 0.8 mM andKd ) k-1k-2/k1k2 of 599( 104µM for
the first step and both steps, respectively, in the binding of
pG. The rate constant for binding is an apparent rate
constant,kon,app) k2k1/k-1, and the limiting rate constant for
dissociation isk-2. The calculatedKd is close in value to
the value of 1.5 mM measured by Moran et al. (1993).

The dynamics of GUCG binding are consistent with
Scheme 1. Figure 2B shows a typical plot of fluorescence
intensity vs time after mixing a preformed R‚CCUCUεA
complex with GUCG. The observed rate constants of
fluorescence enhancement and quenching as a function of
GUCG concentration are shown in the Supporting Informa-
tion, and plots ofτe-1 + τq-1 andτe-1τq-1 vs [GUCG] are
shown in Figure 4. Fits to eqs 1 and 2 give the following
rate and dissociation constants:k2 ) 12( 7 s-1, k-2 ) 0.81
( 0.39 s-1, kc + k-c ) 0.9( 0.3 s-1, kon,app) k2k1/k-1 )
4.5× 104 ( 1.1× 104 M-1 s-1, Kd,1 ) 270( 130µM, and
Kd ) 18 ( 10 µM. This Kd is similar to the value of 6.6
µM measured by Moran et al. (1993). The 40-fold faster
rate constant,kon,app, for binding of GUCG relative to that
of pG could result from a larger actual bimolecular associa-
tion rate constant,k1, for the first step in binding, a larger
forward rate constant,k2, for the second step in binding, or
the expected slower dissociation rate constant,k-1, of the
collision complex resulting from additional base-pairing
interactions (see Figure 1), or some combination of these
effects. The similarity of thek-2 values for pG and GUCG
is consistent with release of both substrates being limited
by a similar conformational rearrangement of the ternary

FIGURE3: (A) Dependence of the sum of observed rate constants of fluorescence enhancement and quenching,τe-1 + τq-1, on concentration
of pG. The solid line represents a hyperbolic fit of data to eq 1 (see the text).ø2 for this fit is 0.0273, whileø2 for a linear fit is 0.531.
Excitation was at (O) 280 and (0) 310 nm. Error bars on data points represent the standard error of the sum. (B) Dependence of the product
of observed rate constants of fluorescence enhancement and quenching,τe-1τq-1, on concentration of pG. The solid line represents a hyperbolic
fit of data to eq 2 (see the text).ø2 for this fit is 0.004 25, whileø2 for a linear fit is 0.0723. Excitation was at (O) 280 and (0) 310 nm.
Error bars on data points represent the standard error of the product.

FIGURE4: (A) Dependence of the sum of observed rate constants of fluorescence enhancement and quenching,τe-1 + τq-1, on concentration
of GUCG. The solid line represents a hyperbolic fit of data to eq 1 (see the text).ø2 for this fit is 0.283, whileø2 for a linear fit is 0.580.
Excitation was at (O) 280 and (0) 310 nm. Error bars on data points represent the standard error of the sum. (B) Dependence of the product
of observed rate constants of fluorescence enhancement and quenching,τe-1τq-1, on concentration of GUCG. The solid line represents a
hyperbolic fit of data to eq 2 (see the text).ø2 for this fit is 0.600, whileø2 for a linear fit is 1.275. Excitation was at (O) 280 and (0) 310
nm. Error bars on data points represent the standard error of the product.

τe
-1 + τq

-1 ) {(k2k1/k-1)[G cofactor]/

[1 + (k1/k-1)[G cofactor]]} + k-2 + kc+ k-c (1)

τe
-1τq

-1 ) {(k2k1/k-1)(kc + k-c)[G cofactor]/

[1 + (k1/k-1)[G cofactor]]} + k-2k-c (2)
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complex, as expected for the mechanism in Scheme 1. Table
1 summarizes rate and dissociation constants for these G
substrates.

2′-H and 3′-H Substitutions on the G Substrate Result in
Changes in the Fluorescence Traces, Suggesting Changes
in Binding. The enhancement and quenching of fluorescence
observed upon mixing pG or GUCG with a preformed
complex of the ribozyme and CCUCUεA are not produced
with pdG (Figure 5A) or GUCdG (Figure 5B). With pdG,
no significant transient is observed, even though pdG is
known to bind to the ribozyme with aKd similar to that of
pG (Moran et al., 1993). This suggests the initial binding
of pG does not result in a fluorescence change, as discussed
above. GUCdG produces a quenching of fluorescence
attributable to its binding. The quenching fits a double-
exponential function with the amplitude of the faster
exponential opposite in sign from and about 10-fold less than
that observed for the fluorescence enhancement associated
with binding of GUCG. Pretreatment of the GUCdG with
sodium periodate does not lead to significant changes in the
fluorescence traces, ruling out reaction with a ribo-G
contaminant as a source for the quenching. The rate of the
faster exponential increases with GUCdG concentration
(Figure 6) and is attributed to binding of GUCdG to the R‚
CCUCUεA complex. For the slower exponential, rates and

amplitudes are similar to those observed with controls in
which a preformed R‚CCUCUεA complex is mixed with
buffer. Therefore, this phase of the fluorescence quenching
is likely due to a small amplitude mixing artifact at long
times. The results in Figure 6 are consistent with either one-
or two-step binding of GUCdG. For this case, the observed
rate constant,τ-1, is given by Bernasconi (1976):

Table 1: Summary of Rate and Dissociation Constants for Various G Substrates

G substrate kon,appb (M-1 s-1) k2 (s-1) k-2 (s-1) Kd,1
c (µM) Kd

d (µM) kc+ k-c (s-1)

pGa 1030( 143 4.2( 1.0 0.62( 0.06 4100( 800 599( 104 0.07( 0.01
GUCGa 45 000( 11 000 12( 7 0.81( 0.39 270( 130 18( 10 0.9( 0.3

kon(M-1 s-1) koff (s-1) Kd (µM)

GUCdG 82 000( 5000 1.1( 0.3 13( 4
GUC3′dG 37 000( 4000 4.1( 0.4 110( 20

aRate and dissociation constants refer to Scheme 1 (see the text) describing a mechanism for G substrate binding and were derived from fits of
rate data to eqs 1 and 2 (see the text).b kon,app) k2k1/k-1. c Kd,1 ()k-1/k1) is the dissociation constant for the first step only in G substrate binding.
d Kd ()k-1k-2/k1k2) is the overall dissociation constant for both steps in G substrate binding.

FIGURE 5: (A) Representative trace for the dependence of fluorescence intensity on time after mixing equal volumes of 400 nM CCUCUεA/
400 nM ribozyme and 1 mM pdG. Excitation was at 280 nm. The trace represents an average of two individual traces. The trace is offset
to give an origin of 0 V as explained in Materials and Methods. In the original averaged trace, the initial voltage equals 5.378 V. The
dashed line represents the division of the trace into two time domains as explained in Materials and Methods. (B) Representative trace and
exponential fit for the dependence of fluorescence intensity on time after mixing equal volumes of 400 nM CCUCUεA/400 nM ribozyme
and 100µM GUCdG. Excitation was at 280 nm. The trace represents an average of seven individual traces. The trace is fit toY )
A1e-k1t + A2e-k2t + C. The observed rate constant of the first quenching phase is 5.46( 0.46 s-1, and the amplitude of this phase is 0.098
( 0.005 V. The observed rate constant of the second quenching phase is 0.214( 0.029 s-1, and the amplitude of quenching is 0.045(
0.002 V. Errors are standard errors.C ) -0.158 V.ø2 is 0.0572. The trace is offset to give an origin of 0 V asexplained in Materials and
Methods. In the original averaged trace, the initial voltage equals 5.233 V. (C) Representative trace and exponential fit for the dependence
of fluorescence intensity on time after mixing equal volumes of 400 nM CCUCUεA/400 nM ribozyme and 100µM GUC3′dG. Excitation
was at 280 nm. The trace represents an average of five individual traces. The trace is fit toY) A1e-k1t + A2e-k2t + C. The observed rate
constant of enhancement is 5.51( 0.39 s-1, and the amplitude of enhancement is-0.139( 0.005 V. The observed rate constant of
quenching is 0.177( 0.031 s-1, and the amplitude of quenching is 0.046( 0.003 V. Errors are standard errors.C ) 0.082 V.ø2 is 0.119.
The trace is offset to give an origin of 0 V asexplained in Materials and Methods. In the original averaged trace, the initial voltage equals
4.956 V.

FIGURE6: Dependence of the observed rate constant of fluorescence
transient (τ-1), as described in the text, on concentration of GUCdG
(0) and GUC3′dG (O). The solid line represents a linear fit of data
for GUC3′dG, and the dashed line represents a linear fit of data
for GUCdG. Error bars represent the standard error of the rate.
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For one-step binding,kon ) k1 andkoff ) k-1; for two-step
binding,kon ) k2k1/k-1 andkoff ) k-2. A fit of the data to
eq 3 yields akon of 8.2× 104 ( 0.5× 104 M-1 s-1 and akoff
of 1.1 ( 0.3 s-1. The dissociation constant,Kd ) koff/kon,
equals 13( 4 µM for GUCdG.

Mixing of GUC3′dG with a preformed complex of the
ribozyme and CCUCUεA produces an enhancement of
fluorescence followed by a smaller, slower quenching of
fluorescence (Figure 5C). The rate and amplitude of the
enhancement are not significantly changed with sodium
periodate pretreatment of the GUC3′dG, indicating that
GUC3′dG rather than a ribo-G contaminant is responsible
for the fluorescence enhancement. The rate and amplitude
of the fluorescence quenching are similar to those obtained
when a preformed R‚CCUCUεA complex is mixed with
buffer. Therefore, this fluorescence quenching also is
probably due to a small amplitude mixing artifact at long
times. The rate of the enhancement increases with concen-
tration of GUC3′dG (Figure 6) and is attributed to binding
of GUC3′dG to the complex of the ribozyme and CCUCUεA.
A fit of the data to eq 3 yields akon of 3.7× 104 ( 0.4×
104 M-1 s-1 and akoff of 4.1 ( 0.4 s-1. The dissociation
constant,Kd ) koff/kon, equals 110( 20 µM for GUC3′dG.
Table 1 summarizes rate and dissociation constants for these
deoxy-G substrates.

A Thio Substitution for the pro-Sp Nonbridging Phosphoryl
Oxygen Atom at the Site of Phosphoryl Transfer Also Results
in Changes in the Fluorescence Trace, Suggesting Changes
in the Conformation of the pG‚R‚CCUCUεA Ternary Com-
plex. A thio substitution for thepro-Rp phosphoryl oxygen
atom at the site of phosphoryl transfer (Figure 1) results in
an enhancement and quenching of fluorescence when a
preformed complex of the ribozyme and this substrate is
mixed with 5 mM pG (Figure 7A). The trace fits best to
three exponential phases with the enhancement and first
phase of the quenching having rates similar to those of the

phosphodiester substrate. The rate of transesterification
measured with this phosphorothioate substrate with a32P
assay is 0.05 s-1 (data not shown), consistent with the rate
of the faster phase of the quenching reporting the rate of the
rate-limiting step for phosphoryl transfer. The final slow-
quenching transient observed upon excitation at 310 nm
could represent an interaction between CCUCUεA and a
differently conformed ribozyme population, photobleaching
of CCUCUεA or the pGεA product, or a rearrangement of
the ribozyme-product complex such as release of pGεA.
Similar slow transients are observed in the absence of
ribozyme for all the phosphodiester substrates, for both
phosphorothioate substrates, and for pGεA.

A thio substitution for thepro-Sp phosphoryl oxygen atom
at the site of phosphoryl transfer results only in a quenching
of fluorescence when a preformed complex of the ribozyme
and this substrate is mixed with pG (Figure 7B). With a
32P assay, this substrate is observed to react negligibly over
the same time course that gives almost complete reaction of
the pro-Rp phosphorothioate substrate (data not shown).
Efficient phosphoryl transfer with thepro-Rp and not thepro-
Sp phosphorothioate is consistent with previous observations
(Rajagopal et al., 1989; Piccirilli et al., 1993; McSwiggen
& Cech, 1989). Substitution of 1 mM MnC12 and 4 mM
MgC12 for 5 mM MgC12 does not restore the rate of
transesterification of thepro-Sp phosphorothioate to a value
close to that for thepro-Rp phosphorothioate. Nor does Mn2+

“rescue” conformation in binding of this substrate as no
enhancement of fluorescence is observed in fluorescence-
detected stopped-flow studies (data not shown). An inability
of Mn2+ to restore the rate of cleavage for this phospho-
rothioate substrate has been previously observed (Piccirilli
et al., 1993; McConnell & Cech, 1995).

Upon mixing the ribozyme and an excess of CCUCUεA,
an exponential enhancement of fluorescence is observed. A
plot of τ-1 for this enhancement as a function of the
concentration of CCUCUεA reveals a rate increasing with
the concentration of CCUCUεA (Figure 8A). A linear fit

FIGURE 7: (A) Representative trace and exponential fit for the dependence of fluorescence intensity on time after mixing equal volumes of
800 nM CCUCUεA/400 nM ribozyme and 10 mM pG. The CCUCUεA contains apro-Rp thio substitution as described in the text. Excitation
was at 310 nm. The trace represents an average of three individual traces. The trace is fit toY ) A1e-k1t + A2e-k2t + A2e-k3t + C. The
observed rate constant of enhancement is 4.62( 0.18 s-1, and the amplitude of enhancement is-0.143( 0.003 V. The observed rate
constants of quenching are 0.0478( 0.0018 and 0.008 82( 0.000 70 s-1 with amplitudes of 0.500( 0.021 and 0.460( 0.013 V, respectively.
Errors are standard errors.C ) -0.830 V.ø2 is 0.0398. The trace is offset to give an origin of 0 V asexplained in Materials and Methods.
In the original averaged trace, the initial voltage equals 5.878 V. The dashed line represents the division of the trace into two time domains
as explained in Materials and Methods. (B) Representative trace and exponential fit for the dependence of fluorescence intensity on time
after mixing equal volumes of 800 nM CCUCUεA/400 nM ribozyme and 10 mM pG. The CCUCUεA contains apro-Sp thio substitution
as described in the text. Excitation was at 310 nm. The trace represents an average of two individual traces. The trace is fit toY) A1e-k1t

+ A2e-k2t + C. Observed rate constants of quenching are 0.386( 0.026 and 0.007 87( 0.000 17 s-1 with amplitudes of 0.0409( 0.0014
and 0.219( 0.002 V, respectively. Errors are standard errors.C ) -0.256 V.ø2 is 0.0102. The trace is offset to give an origin of 0 V as
explained in Materials and Methods. In the original averaged trace, the initial voltage equals 5.394 V. The dashed line represents the
division of the trace into two time domains as explained in Materials and Methods.

τ-1 ) kon[GUCdG]+ koff (3)
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of this plot yields a slope of 1.8× 106 ( 0.1× 106 M-1 s-1

and an intercept of 0.02( 0.05 s-1. Since these rates are
consistent with the rates of 4.4× 106 M-1 s-1 and 0.016 s-1

for association and dissociation, respectively, of base pairing
between pyrene-CCUCUA and the ribozyme (Bevilacqua et
al., 1994), this fluorescence transient presumably reports
formation of helix P1 between ribozyme and CCUCUεA.
Mixing the ribozyme with thepro-Rp or pro-Sp phospho-
rothioate results in an enhancement of fluorescence similar
to that of the phosphodiester in terms of rate and amplitude
at similar concentrations of each substrate and ribozyme
(Figure 8B,C). Thus both thepro-Rp andpro-Sp phospho-
rothioates bind to the ribozyme. For each of the three
substrates, a linear increase in fluorescence follows the
exponential phase of the enhancement. A similar linear
increase in fluorescence, without the initial exponential phase,
is observed when CCUCUεA is mixed with buffer alone.
Therefore, this transient is attributed to an effect, e.g.
photochemistry, on the excess substrate which is not bound
to ribozyme.

DISCUSSION

Fluorescent substrates provide a way to follow individual
steps in assembly of the catalytic site of theTetrahymena
ribozyme. For example, the dynamics of splice site docking
into the catalytic core have been followed with substrates
labeled at the 5′ end with pyrene (Bevilacqua et al., 1992,
1994; Li et al., 1995; Turner et al., 1996). Here, we show
that the fluorescence of a splice site substrate labeled with
the much smallerεA probe at the 3′ end is sensitive to
binding of G substrates. Rapid mixing experiments with this
fluorescent substrate and its phosphorothioate derivatives
provide insights into the steps required for G binding and
into the importance of the 2′-OH group of G and the
nonbridging,pro-Sp phosphoryl oxygen atom at the site of
phosphoryl transfer for productive alignment of the splice
site for reaction.

Binding of G substrates involves at least two steps, since
the rate of the fluorescence enhancement reporting pG
binding exhibits a hyperbolic dependence on pG concentra-
tion. Also, pdG induces no change in fluorescence even
though it binds. Evidently, the fluorescence enhancement
observed with pG is dependent on a conformational rear-
rangement following initial binding, and this conformational
rearrangement is dependent on the 2′-OH group of pG. Thus,
the two-step binding shown in Scheme 1 is the minimal
mechanism consistent with the available observations.

For the mechanism in Scheme 1, the first step is G
substrate binding to the preformed R‚CCUCUεA complex,
presumably at the previously characterized G substrate
binding site (Figure 1B) (Michel et al., 1989; Yarus et al.,
1991; Yarus & Majerfeld, 1992). This bimolecular step is
a rapid pre-equilibrium so that the measured rate constants
for binding are apparent bimolecular association rate con-
stants,kon,app) k2k1/k-1, for the G substrates completing both
steps in binding. For Scheme 1, the kinetic data provide
rate constants of 0.6 and 0.8 s-1 for k-2 with pG and GUCG,
respectively, consistent with both substrates being trapped
by a similar conformational change following initial binding.
This conformational change enhances binding of pG and
GUCG by approximately 7- and 15-fold, respectively. Other
deconvolutions of the measured rates for a two-step binding
mechanism are possible, but would require coincidences in
combinations of rate constants between pG and GUCG.
Therefore, Scheme 1 and the calculated rate constants (Table
1) represent a reasonable model for the dynamics of binding
of pG and GUCG.

It has previously been shown that, under identical solution
conditions, docking of a pyrene-labeled 5′ splice site
analogue into the catalytic core of the L-21ScaI ribozyme
requires the binding of a G substrate (Bevilacqua et al.,
1994). Thus, it is probable that the second step in binding
of CCUCUεA involves docking of the 5′ splice site analogue
into the catalytic core of the ribozyme. The docking and
undocking rate constants for the pyrene-labeled 5′ splice site

FIGURE 8: (A) Dependence of the observed rate constant for the exponential phase of fluorescence enhancement (τ-1), as described in the
text, on concentration of CCUCUεA. The final concentration of the ribozyme was 50 nM. The solid line represents a linear fit of data. Error
bars represent the standard error of the rate. (B) Representative trace and exponential fit for the dependence of fluorescence intensity on
time after mixing equal volumes of 500 nM CCUCUεA, with a pro-Rp thio substitution as described in the text, and 100 nM ribozyme.
Excitation was at 280 nm. The trace represents an average of three individual traces. The trace is fit toY) A1e-k1t + k2t + C. The observed
rate constant of the exponential phase of enhancement is 0.442( 0.020 s-1, and the amplitude of enhancement is-0.103( 0.002 V. The
observed rate of the linear phase of enhancement is 0.003 20( 0.000 13 s-1. Errors are standard errors.C ) 5.133 V.ø2 is 0.0217. (C)
Representative trace and exponential fit for the dependence of fluorescence intensity on time after mixing equal volumes of 500 nM CCUCUεA,
with a pro-Sp thio substitution as described in the text, and 100 nM ribozyme. Excitation was at 280 nm. The trace represents an average
of two individual traces. The trace is fit toY) A1e-k1t + k2t + C. The observed rate constant of the exponential phase of enhancement is
0.335( 0.013 s-1, and the amplitude of enhancement is-0.0926( 0.0016 V. The observed rate constant of the linear phase of enhancement
is 0.001 92( 0.000 08 s-1. Errors are standard errors.C ) 5.210 V.ø2 is 0.0127.
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analogue, pyrene-CCUCUA, are 0.60 and 0.15 s-1, respec-
tively, similar to the values of 4.2 and 0.6 s-1 measured here
for k2 andk-2, respectively, of CCUCUεA (Table 1). This
is consistent with both pairs of rate constants arising from
docking of the 5′ splice site analogue. Furthermore, en-
hanced binding of pG, by 7-fold, in the second step in
binding is consistent with the cooperativity observed between
binding of pG and CCCUCUA (McConnell et al., 1993). In
that study, binding of pG enhanced by a factor of 5 was
observed, but only in the presence of a docked 5′ splice site
analogue. As will be discussed, the docking rearrangements
observed with bothεA and pyrene depend on the 2′-OH of
pG, also suggesting that these rearrangements are similar.
Thus, the results with two very different fluorescent probes
suggest the rate constants for helix docking and undocking
in this system are on the order of 1 s-1. These are
fundamental steps in RNA folding and unfolding. The rate
constants are several orders of magnitude slower than rate
constants for formation of secondary structure under similar
conditions (Yuan et al., 1979; Labuda et al., 1984). Rate
constants for rupture of secondary structure range from faster
to slower depending on the sequence (Turner et al., 1990).
Thus, it is possible for a tertiary interaction associated with
helix docking to stabilize and “capture” a secondary structure
before the secondary structure has time to unfold.
2′-dG is a competitive inhibitor of G in transesterification

catalyzed by theTetrahymenaintron (Bass & Cech, 1986).
Both pdG and GUCdG bind approximately as tightly as their
all-ribo counterparts to theTetrahymenaribozyme but do
not participate in transesterification (Moran et al., 1993). The
similar binding of GUCdG and GUCG is confirmed here
(Table 1). The 2′-OH could be crucial for reaction because
it affects the catalytic step or because it has a specific role
in assembling the docked ternary complex of the 5′ splice
site, G substrate, and ribozyme in preparation for transes-
terification, or both. Spectroscopic results presented here
reveal a role for the 2′-OH in assembling the ternary
complex. Upon binding of pG or GUCG to a preformed
complex of the fluorescent 5′ splice site analogue, CCUCUεA,
and ribozyme, an enhancement of fluorescence is observed.
No enhancement of fluorescence and a quenching of
fluorescence are observed, however, upon binding of pdG
and GUCdG, respectively. A fluorescence inversion is also
observed upon substituting pdG for pG with the fluorescent
5′ splice site analogue pyrene-CCUCUA (Li & Turner,
1997). These differences in fluorescence imply that a
differently conformed ternary complex of the 5′ splice site,
G substrate, and ribozyme is produced in the presence of
the 2′-H compared to that in the presence of the 2′-OH. The
presence of the 2′-H could either disfavor docking or result
in a docked state without the proper alignment for catalysis.
The 2′-H could also perturb a conformational rearrangement
following the docking step. In this case, the fluorescence
enhancement detected with CCUCUεA and pG would arise
from an additional rearrangement of the ternary complex after
the docking step and before phosphoryl transfer. In support
of this possibility is the fact that pdG and GUCdG bind
approximately as tightly as their all-ribo counterparts. That
is, these deoxy-G substrates may undergo two binding steps,
but their 2′-H groups may not promote this subsequent
rearrangement, a repositioning that does not significantly alter
binding stability. Thus, the spectroscopic probe provides
more than just binding information. It indicates that the final

conformation is different in the presence or absence of the
terminal 2′-OH of the G substrate, even though the binding
constant is essentially the same. Thus, the catalytic rate
could be negligible because the fraction of bound substrate
in a required intermediate state is negligible. A function
for the 2′-OH of G in binding and/or positioning of the 5′
splice site could explain the observation of Emerick and
Woodson (1994), who found that GTP, but not dGTP,
induces a conformational rearrangement of theTetrahymena
RNA precursor which leads to splicing of the intron.

Binding with a 3′-H on a 3′dG substrate contrasts with
that for a 2′-H on a dG substrate. As with GUCG, GUC3′dG
induces an enhancement of fluorescence upon binding to R‚
CCUCUεA. This implies that GUC3′dG produces a docked
ternary complex with a conformation similar to that with
GUCG.

Similarities in the rates and amplitudes of fluorescence
enhancements observed upon mixing the ribozyme with
CCUCUεA phosphodiester,pro-Rp phosphorothioate, orpro-
Sp phosphorothioate suggest that each substrate binds to the
ribozyme in the absence of pG with similar stabilities and
conformations. This enhancement presumably reports base
pairing between theseεA-labeled substrates and the internal
guide sequence of the ribozyme for forming helix P1. Upon
addition of pG to these base-paired complexes of the
ribozyme and substrate, however, fluorescence traces ob-
tained with thepro-Sp phosphorothioate differ from those
obtained with thepro-Rp phosphorothioate (Figure 7) or the
phosphodiester. Thepro-Rp phosphorothioate produces an
enhancement and quenching of fluorescence with rates and
amplitudes similar to those obtained with the phosphodiester.
Rates measured for transesterification with a32P assay are
also similar for these two substrates. These results suggest
that sulfur at thepro-Rp position does not interfere with
positioning of substrates and transesterification. However,
no enhancement of fluorescence and a negligible transes-
terification rate are obtained when pG is mixed with a
preformed complex of the ribozyme and thepro-Sp phos-
phorothioate. Previous results have demonstrated that apro-
Sp sulfur inhibits reaction (Rajagopal et al., 1989; Piccirilli
et al., 1993), but the mechanism for this inhibition remains
unknown (Piccirilli et al., 1993; McConnell & Cech, 1995).
Our results suggest a mechanism for inhibition whereby, like
the 2′-H on pdG, sulfur at thepro-Sp position induces an
altered conformation of the ternary complex of pG, the
ribozyme, and the 5′ splice site analogue which inhibits the
phosphoryl transfer step. Although a steric effect with the
larger sulfur might lead to altered binding, a hydrogen bond
or coordination with a metal ion is more likely compromised
in the presence of sulfur. Since both thepro-Sp sulfur and
the 2′-H on pdG affect the same binding rearrangement in
similar ways, it is possible that these two groups interact
with one another. For example, as suggested by Turner et
al. (1996), the 2′-OH of pG could align the phosphodiester
bond for transesterification by forming a hydrogen bond to
a nonbridging oxygen, in this case thepro-Sp oxygen, in
much the same way that the OH group of a tyrosine positions
the reactive phosphodiester bond in the exonuclease site of
Klenow fragment (Freemont et al., 1988; Beese & Steitz,
1991). Indirect association of the two sites via a water, metal
ion, or ribozyme group would also be possible (Sugimoto et
al., 1988, 1989; Sjo¨gren et al., 1997; Toh et al., 1987).
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Interestingly, the conformational rearrangement reported
by the fluorescence quenching equilibrates approximately 10-
fold faster with GUCG than with pG. As previously
discussed, the rate of the conformational rearrangement
reported by the fluorescence quenching represents the
limiting rate for transesterification with pG. For GUCG, this
faster rate could be due to a faster rate for a conformational
rearrangement ordered prior to or concomitant with the bond
cleavage event of transesterification. The presence of helix
P9.0, formed by the additional UC nucleotides (Figure 1B),
could alter helix packing and the orientation of GUCG at
the catalytic core, leading to a faster equilibration rate for
this conformational rearrangement.
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