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Abstract—The contribution of substrate binding to allosteric regulation in the ribozyme catalysis has been investigated using
allosteric ribozymes consisting of the hammerhead ribozyme and a flavin mononucleotide (FMN) aptamer. Kinetic parameters
were measured for various lengths of the substrates with a wide range of binding energy. The maximum cleavage rate of each
ribozyme was retained with the long substrates. However, the cleavage rates largely decreased by the truncation of the substrates
according to loss in the free energy of substrate binding. The high sensitivity to the substrate lengths is attributed to the increase in
the energetic requirement for the catalytic core folding, which is caused by the incorporation of the aptamer region. One role of
FMN binding is assisting the promotion of the core folding through the stabilization of the aptamer domain. The allosteric effect is
significantly expressed only when the substrate binding energy is insufficient for the core folding of the ribozyme—substrate complex.
This type of allosteric interaction dominates the substrate dependency of another type of regulation. These results demonstrate that
an adequate correlation between the type of regulation and the substrate binding is responsible for the effective allosteric interaction

in the kinetic process. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

The functional control observed in enzymatic catalysis
is often attained by allosteric regulation, in which an
allosteric effector binds to a part of an enzyme apart
from its catalytic site and controls the catalytic
activity.'=® The successful design of the allosteric inter-
actions created the allosteric ribozymes by rational
design and in vitro selection.®~!> These ribozymes
consisted of a ribozyme domain and a ligand binding
site. The catalytic activities are regulated by small
molecules, such as ATP, flavin mononucleotide (FMN)
and theophylline. To achieve effective allosteric regula-
tion, one must consider the entire interaction involved
in the system, such as binding of ligand, binding of
substrate, conformational state of the complex and rate
constants for the various processes. There has been
substantial evidence for the ligand binding, the con-
formational transition and the kinetics.>~'> However,
little is known about the connection between the role of
the substrate binding in the enzymatic catalysis and the
allosteric effect. We now ask if modulation of a sub-
strate binding can affect the allosteric interactions in the
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kinetic process. For this purpose, we have introduced a
simple allosteric regulatory system with a heterotropical
interaction in a monomeric ribozyme.

To regulate the kinetic process by heterotropic interac-
tions, not only the role of an allosteric effector but also
the role of substrate binding in catalysis must be con-
sidered. Catalytic reaction is caused by stabilization of
the transition state without equivalent stabilization of
the ground state.!> Enzymes have the ability to use
energetic contribution in substrate binding interactions,
which result in the alteration from the ground state to
the transition state.'*!> Therefore, substrate binding
can prompt a conformational change from one to
another state of an enzyme in a rate process. From this
point of view, modulation of the substrate binding may
alter the intrinsic equilibrium between the states to
affect the kinetic regulation of enzymatic catalysis. Our
previous study showed that a ribozyme with allosteric
interaction could be constructed by unifying the ham-
merhead ribozyme as a catalytic site and a FMN apta-
mer as a regulatory site into a monomeric allosteric
ribozyme (Fig. 1).!> Binding of FMN to the aptamer
domain promotes formation of the stem II region to
regulate the catalytic reaction. In this allosteric ribo-
zyme system, we could easily manipulate the substrate
depending on the length and sequence of the helices. To
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evaluate coupling between the substrate binding and the
kinetic control in the allosteric interactions, the con-
tribution of the substrate binding to the kinetic property
and the FMN effect in each ribozyme were measured
using a series of substrates. The results show that the
kinetic cooperativity is significantly dependent on the
energetic contribution of the substrate binding.

Results and Discussion

Unusual sensitivity of intrinsic Kkinetic property to
truncation of substrate

The hammerhead ribozyme can specifically cleave the
substrate in an enzymatic catalysis manner.'®"'® The
catalytic activity depends on proper folding in the con-
served core of the internal loop region surrounded by
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three stem regions. The stems III and I are formed with
the substrate, and the exact orientation of the stem II
domain is important for the catalytic activity.?*=2* The
allosteric ribozyme was constructed by incorporation of
the FMN aptamer into the loop II region (Fig. 1).1>25-28
Previous results indicated that the introduction of the
aptamer region perturbed only the ribozyme with the
unstable stem II region (<3 base pairs) to yield the
conformational differences between the open and closed
states. This structural equilibrium is the origin of the
kinetic regulation by FMN. Specific FMN binding
could assist the stem II formation and promote the
subsequent core folding to enhance the cleavage rate. In
the current study, the allosteric ribozymes with the
unstable stem II (FR3M, 3AU and 2) were constructed
to examine the substrate dependency of the allosteric
regulation because it is predicted that the lower the
stability of the stem II region, the more the effect of
FMN.
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Figure 1. Designed allosteric ribozyme consisting of the core region of the hammerhead ribozyme and the FMN-binding aptamer region is depicted
with the bound substrate, S12. The stems I and III recognize the substrate through base pairing with each other. The arrow indicates the position of
cleavage. The outlined residues are essential to the catalytic activity of the hammerhead ribozyme (right) and the binding of FMN (left). Each
construct includes different base pairs in the stem II region. FRO has the stem II region identical to FR2 and GCAA loop instead of FMN-aptamer

domain (boxed region).
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Figure 2. Illustration of various lengths of substrates with an extended version of the stems I and III. The arrow indicates the position of cleavage.
The substrate sequences (top) are shown pairing to stems I and III on the ribozyme (bottom).
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A series of substrates with various lengths were synthe-
sized, based on the fact that the substrate binding affi-
nity varies with the length of the substrate (Fig. 2).2°73!
Both stems I and III of the ribozyme were extended to
be able to form helices with all substrates. To determine
the individual effects of substrates on the kinetic prop-
erty, the reaction rates were measured at varying ribo-
zyme concentrations. The ks values of each reaction
increase with increasing amounts of ribozyme con-
centration (Figs 3 and 4: open symbols). The maximum
rates of each reaction at high ribozyme concentration
depend on the substrate length. The observed rate con-
stants of each reaction were fitted using a standard
curve from the pseudo-first-order reaction. Table 1
summarizes the k, and K, values of FR3M, FR3AU,
and FR2. The k, values of all ribozymes with S14 and
S16 showed similar values to that of FRO (Table 2). On
the other hand, the k, values observed in S10 sig-
nificantly diminished by 10-103 times those observed in
the reactions with S14 and S16. The decrease in the k,
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values was accompanied by an increase in the K,
values. In the case of FRO, only the K, values respond
to such a truncation of substrates (Table 2). Similar
events were observed in the allosteric ribozymes with
stable >4 base pairs in stem II (FR4 and 5, data not
shown). It is thus suggested that the high sensitivity of
the k> values to the substrate truncation is caused by the
introduction of the FMN aptamer perturbing the stem
II formation.

The single turnover experiments revealed that the
intrinsic catalytic rate is highly dependent on the var-
ious lengths of the substrates. We next set out to deter-
mine the affinity for the ribozyme-substrate complexes
to explore the energetic contribution of substrate bind-
ing to each cleavage rate. If the equilibration between
the bound and unbound substrates is fast compared to
the cleavage, the K, values correspond to Ky values.
However, the cleavage reaction should be fast under the
present experimental condition because the cleavage
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Figure 3. Determination of kinetic parameters for a series of substrates and FR3M and 3AU. Representative rate versus ribozyme concentration
plots are shown. The ks values were obtained by single-turnover experiments. Values of k, and K, were determined by plotting the ks values as a
function of the ribozyme concentration and fitting the plot to eq (1) (see Materials and Methods). The open symbols and solid line represent data
from the reaction without | mM FMN. The closed symbols and dashed line indicate data from the reaction with 1 mM FMN. All of the kinetic
parameters are summarized in Table 1. (A) Kinetic behavior of FR3M (square) and FR3AU (triangle) toward S16 in the absence and presence of 1
mM FMN. Reactions were performed with various concentrations (1 nM~1 pM) of each ribozyme. (B) Kinetic behavior of each ribozyme toward
S14. Reactions were performed with the various concentrations (1 nM~1 pM) of each ribozyme. (C) Kinetic behavior of each ribozyme toward S12.
Reactions were performed with various concentrations (10 nM~2.5 uM) of each ribozyme. (D) Kinetic behavior of each ribozyme toward S10.
Reactions were performed with various concentrations (100 nM~5 pM) of each ribozyme.
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rates were extremely slow in the reaction with S10. In
this condition, the equilibrium between the bound and
unbound substrates was not suggested to be faster than
the cleavage rate. Therefore, we performed pulse-chase
experiments to evaluate the k_; values in all cases. A
typical example (FR3M-S16) is shown in Figure 5. In
the reactions with S10 and S12, the equilibration rates
between the bound and unbound substrates exceeded
the cleavage rates, and the Ky values were very close to
the K, values (Table 1). The binding energy of the
substrates was calculated using Ky values (AGping=
—RTIn(1/Ky)) (see Experimenal). The Ky values varied
over a wide range according to the length of substrates,
as observed in the K, values. Compared with FRO,
these values were 10>-10° times higher, and the free
energy of the substrate binding showed lower values.
The decrease in the substrate binding energy may be due
to the deformation of the stem II region. However, the
loss in the substrate binding energy cannot directly
account for the decrease in the cleavage rate to the
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substrate deletion, because the maximum k, values of
each ribozyme indicated similar values to that of FRO.
Correlation between the k, values and the substrate
binding energy revealed that the k, values of each ribo-
zyme almost correspond to those of FRO in reaction
with the long substrates of nearly 10 kcal/mol of bind-
ing energy. This value is higher than the unfavorable
free energy of AGeore = +3-7 kcal/mol for folding of
the hammerhead core.3?73* The high sensitivity of the &,
values to the substrate deletion is attributed to the
increase in the unfavorable energy of the core folding.
Why does the deformation of the stem II region give rise
to the unfavorable energy? There is substantial evidence
for a conformational change prior to the cleavage of a
bound substrate by the hammerhead ribozyme.3>4!
Several base residues and functional groups play a cru-
cial role in this process, despite the fact that they have
no structural connections to the cleavage site. The for-
mation of the stem II region is also one of the connec-
tions participating in the core folding. Thus, the
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Figure 4. Determination of kinetic parameters for a series of substrates and FR2. Representative rate versus ribozyme concentration plots are
shown. The ks values were obtained by single-turnover experiments. Values of k, and K, were determined by plotting the ks values as a function
of the ribozyme concentration and fitting the plot to eq (1) (see Materials and Methods). The open symbols and solid line represent data from the
reaction without 1| mM FMN. The closed symbols and dashed line indicate data from the reaction with 1 mM FMN. All of the kinetic parameters
are summarized in Table 1. (A) Kinetic behavior of FR2 (circle) toward S16 in the absence and presence of 1| mM FMN. Reactions were performed
with various concentrations (1 nM~1 pM) of each ribozyme. (B) Kinetic behavior of each ribozyme toward S14. Reactions were performed with
various concentrations (1 nM~1 uM) of each ribozyme. (C) Kinetic behavior of each ribozyme toward S12. Reactions were performed with various
concentrations (10 nM~2.5 uM) of each ribozyme. (D) Kinetic behavior of each ribozyme toward S10. Reactions were performed with various con-

centrations (100 nM~5 uM) of each ribozyme.
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deformation of the stem Il domain increases the ener-
getic requirement for the core folding to yield the con-
formational equilibrium.

Coupling between substrate and Kinetic

regulation by FMIN

The single turnover experiments with FR3M, FR3AU,
and FR2 to S10-16 were performed in the presence of 1
mM FMN to evaluate the substrate dependency of the
allosteric regulation by FMN (closed symbols in
Figs 3 and 4). The k. values of each reaction are

binding

dependent on the ribozyme concentration as observed in
the reaction without FMN. Each maximum rate at high
ribozyme-FMN complex concentration varies accord-
ing to the substrate length except for that of the FR2—
FMN complex (see below). The dissociation constants
for the substrate binding in the presence of excess FMN
were also determined by the pulse-chase experiment
(Fig. 5). As shown in Table 1, the k, values of FR3M
and FR3AU were enhanced by about 10-fold in the case
of the reaction with S10 or S12, while the k, values to
S14 and S16 were almost unchanged. There are no
remarkable effects on the Ky values. The k, values of

Table 1. Kinetic parameters for FR3M, FR3AU, and FR2 to each substrate with and without 1 mM FMN®#

Substrate FMN (mM) k> (min~") K (nM) K4 (nM)® AGying (kcal/mol)©
FR3M

S10 — (1.640.12)x10~* 390041200 2300 —8.0
S12 — (4.2£0.51)x1073 590+65 240 -94
S14 — (1.440.33)x 107! 170£100 34 —10.6
S16 — (1.340.02)x 10! 40+4 10 114
S10 1 (1.5£0.33)x1073 3000£1300 1800 —-8.2
S12 1 (3.54£0.29)x 1072 580492 120 -9.8
S14 1 (1.0£0.09)x 10! 58422 12 —11.3
S16 1 (1.240.03)x 107! 2743 9 —11.4
FR3AU

S10 — (2.840.04)x 103 30001600 1200 —8.4
S12 — (1.0£0.28)x 1073 200+90 36 —10.6
S14 — (2.540.25)x 107! S1+19 10 —11.3
S16 — (2.0£0.11)x 107! 12+4 2.4 —12.2
S10 1 (1.3£0.22)x 1072 22004740 850 —8.6
S12 1 (1.3£0.10)x 10! 56+13 15 —11.1
S14 1 (1.9£1.17)x 107! 18+10 4 —-11.9
S16 1 (1.940.10)x 107! 16+4 2.3 —12.3
FR2

S10 — (1.140.20)x 103 3900+650 2700 -7.9
S12 — (1.5£0.14)x 1072 301£73 167 -9.6
S14 — (1.3£0.21)x 107! 212447 77 —10.1
S16 — (1.440.28)x 107! 74+19 7.4 —11.5
S10 1 (1.2£0.09)x 1073 16001310 1100 —8.4
S12 1 (7.9£0.30)x 1073 86+14 57 —10.3
S14 1 (8.5£0.14)x 1073 55£19 28 —-10.7
S16 1 (6.9£0.60)x 103 8+6 1.6 —12.4

2The k, and K, values were obtained by monitoring the pseudo-first-order, single-turnover reaction rates as a function of ribozyme concentration
(see Figs 3 and 4). Errors were obtained from the fits to the data. Reactions were performed at 37 °C in a buffer of 50 mM Tris—HCI (pH 7.5), 5 mM

MgCl,, and 50 mM NaCl.
®Values of Kq(k_1/k)) were calculated from values of ks, K, and k_;.

°Binding free energies were determined from the relationsip AGying = —RTIn(1/Ky), where T is 310 K and R is 0.001987 kcal/mol/K for each substrate.

Table 2. Kinetic parameters for FRO to each substrate with and without | mM FMN#

Substrate FMN (mM) k> (min—1) K, (nM) K4 (nM)® AGying (kcal/mol)©
S10 — (1.940.12)x 103 5104120 70 —10.1
S12 — (4.240.51)x 10! 110+65 5 —11.8
S14 — (5.1£0.33)x 107! 17+10 0.03 —14.9
S16 — (5.34£0.02)x 107! 3+1 0.002 —16.6
S10 1 (1.840.33)x 10! 730+130 110 -9.9
S12 1 (3.54£0.29)x 107! 170+£92 11 —11.3
S14 1 (4.640.09)x 10! 25+12 0.1 —14.2
S16 1 (5.0£0.03)x 10! 5+3 0.008 —15.7

4The k> and K, values were obtained by monitoring the pseudo-first-order, single-turnover reaction rates as a function of ribozyme concentration
(see Figs 3 and 4). Errors were obtained from the fits to the data. Reactions were performed at 37 °C in a buffer of 50 mM Tris—HCI (pH 7.5), 5 mM

MgCl,, and 50 mM NaCl.
®Values of K4(k_;/k;) were calculated from values of ks, K, and k_;.

°Binding free energies were determined from the relationship AGping=—RTIn(1/Ky), where T is 310 K and R is 0.001987 kcal/mol/K for each sub-

strate.
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FR3M and FR3AU-FMN complexes were dependent
on the substrate sequences, as can be observed in the
reaction without FMN. From these facts, FMN assists
the folding of the unfolded catalytic core rather than the
substrate binding. These results are consistent with the
previous results where specific FMN binding could res-
cue the stem II formation and promote the subsequent
core folding to enhance the cleavage rate. In this sense,
FMN binding on FR3M and FR3AU has the same
effect on the catalytic rate as the energetic contribution
of the substrate binding. The common effects on the
catalytic rate lead to the substrate dependency of the
FMN regulation. A marked effect is expressed only
when the ratio of the open complex exceeds that of the
closed state, as shown in the reaction with the short
substrates.

The effects of FMN on FR2 provided another example
for the substrate dependency of the allosteric regulation.
Remarkable inhibition of the cleavage rate by FMN
was observed in the reaction with the long substrates
(Table 1). The structural basis for the inhibition of the
ko value is explained by the superimposition of the
atomic coordinates of the hammerhead ribozyme and
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Figure 5. Pulse-chase experiments for FR3M-S16 to determine sub-
strate dissociation rate constants. The fraction of substrate converted
to product at various times is shown for a reaction in which 1 uM
FR3M was combined with a trace amount of [5'-*?P] S16 in the
absence (upper) and presence (lower) of | mM FMN. After 3 min, t;,
the reactions were chased with 25 M nonradioactive S16 (@), or the
reaction was allowed to proceed without the chase (O).

the FMN aptamer (data not shown).?”-3>-3% The struc-
ture of the FMN aptamer reveals that the loop region
folds compactly and forms an approximately A-form
helical structure, except that the adenine residue sticks
out upon FMN binding. By the fusion of this aptamer
domain to the hammerhead ribozyme, the adenine resi-
due is arranged to impair the catalytic core only in stem
IT of the two base pairs, FR2. However, the inhibitory
effect could not be observed in the reaction with S10.
The low k, values of the FR2-FMN complex were
independent of the substrate with a wide range of bind-
ing energy. These results suggest that FMN would reg-
ulate the cleavage rate of FR2 in two opposite ways, the
inhibition of the cleavage chemistry and the promotion
of the core folding. In the case of the long substrates,
only the inhibitory effect expresses as output from FMN
binding because FMN has no effect on the core folding.
No remarkable effect was observed in the short substrate,
which is attributed to the inhibitory effect being offset by
the core folding effect. This type of regulation is thus
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Figure 6. FMN concentration dependence of the observed first-order
rates. Single-turnover reactions after pre-annealing were carried out at
increasing concentrations of FMN. (Upper) FMN dependent
enhancement of the observed rate of FR3M—-S12 complex. The reac-
tions were performed with 2.5 uM FR3M and a trace amount of S12
at various concentrations of FMN. The line indicates the least squares
fits of the experimental data to eq (2). (Lower) FMN dependent inhi-
bition of the observed rate of the FR2-S16 complex. The reactions
were performed with 1 pM FR2 and a trace amount of S16 at various
concentrations of FMN. The line indicates the least squares fits of the
experimental data to eq (2).
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distinctly expressed when the catalytic core is fully fol-
ded, as observed in the reaction with S16.

Different effect of specific FMN binding on each
ribozyme

To evaluate two effects of FMN binding on the cleavage
rate, the reaction rates for FR3M-S12 and FR2-S16
complexes were plotted as a function of FMN con-
centration (Fig. 6). These conditions were chosen
because the FMN effect on the ribozyme is remarkably
exhibited in each case. The marked dependence on the
FMN binding for both ribozymes indicated that specific
binding of FMN to the aptamer region regulated the
cleavage rate. The dissociation constants of FMN from
the FR3M and FR2-substrate complex were estimated
to be 140 and 6 uM, respectively. The difference
between each Kyr value may be attributed to the state
difference (open or closed) in the stem II region. These
results strongly support the idea that FMN binds to the
open state of FR3M with low affinity to promote the
core folding, and FMN binds to the closed state of FR2
with high affinity to inhibit the cleavage chemistry. The
lower K4 value is in good agreement with the apparent
K4 values obtained for similar allosteric ribozymes that
were in vitro selected by modulating the stem II
region.3®4! This correspondence suggests that the in
vitro selected ribozyme would exist as the closed state,
and would not take the energetic contribution of the
substrate binding into account. By manipulating the
substrate sequences, it is possible to create the allosteric
ribozyme under more effective regulation.

Conclusion

By measuring the substrate dependency of the allosteric
regulation, we have demonstrated the relation between
the allosteric regulation and the contribution of the
substrate binding to the catalytic rate. One role of FMN
is assisting in the core folding through the stem II for-
mation. This effect is mainly due to the energetic con-
tribution of the substrate binding and determines the
substrate dependency of the allosteric regulation.
Another role is the effect on the cleavage chemistry in
the reaction. This effect itself is independent of the sub-
strate binding. However, the substrate dependency of
the allosteric regulation is dominated by the core fold-
ing effect. These observations demonstrate that mod-
ulation of the substrate binding alters the intrinsic
equilibrium balance in the catalytic process to affect the
allosteric interactions. The connection between the sub-
strate binding and the allosteric regulation is an essential
factor to achieve effective allosteric regulation.

Experimental
RNA preparations
All synthetic DNAs were purchased from Amersham

Pharmacia Biotech. Double-stranded templates of ribo-
zymes were constructed by a polymerase chain reaction

using the corresponding antisense DNA and the pri-
mers. Each ribozyme was prepared by in vitro trans-
cription from the DNA template using T7 RNA
polymerase as previously described.!'>*> RNA was
purified by electrophoresis through a 15% denaturing
polyacrylamide gel electrophoresis (PAGE), staining in
ethidium bromide solution, visualized by UV, excised,
and eluted overnight at room temperature in 500 mM
ammonium acetate solution containing 1 mM EDTA.
The eluates were extracted with 1-butanol, and then
ethanol-precipitated. RNA pellets were washed with
70% ethanol, dried, resuspended in water, and quanti-
fied by measuring the absorbance at 260 nm. The RNA
substrate was prepared by standard solid-phase meth-
ods.®? Substrate RNA was purified by a 20% PAGE,
5’-32P end-labeled with T4 polynucleotide kinase and
[v->*p] ATP and was repurified by a 20% PAGE.

General Kkinetic analysis

Single turnover experiments were performed under the
conditions of excess ribozyme (final concentration, 1
nM-10 pM) with the substrate (final concentration,
~0.5 nM). Ribozyme and substrate were separately
denatured for 1 min at 70 °C in 50 mM Tris—HCI buffer
(pH 7.5) containing 50 mM NaCl and cooled at room
temperature for 15 min. Each sample solution contain-
ing 5 mM MgCl, was incubated at 37°C for 15 min.
The reactions were initiated by mixing two sample
solutions at 37°C. In certain cases, the ribozyme and
substrate were heated and cooled in the buffer, and then
the reaction was initiated by the addition of MgCl, to 5
mM concentration. Aliquots of the reaction mixture
were removed at appropriate intervals and quenched
with an equal volume of 100 mM Tris—HCI/100 mM
boric acid/10 mM EDTA/9 M urea/0.1% xylene cyanol/
0.1% bromophenol blue. To obtain the rate constants
from the initial rates, the quenching interval was varied
from 30 s to 10 h depending on the observed cleavage
rate of each reaction. The extents of cleavage were ana-
lyzed by a 20% PAGE and detected by auto-
radiography. The simple two-step reaction pathway is
described by the mechanism of the cleavage reaction as
follows:

ki k2
E+S 4?' E - S— Products
Scheme 1.

The time course of all reactions fitted well to a single-
exponential function with end points of ~90%. Appar-
ent cleavage rates (kops) were obtained from the slope of
a semilogarithmic plot (logarithm of unreacted fraction
versus time) derived from the pseudo-first-order reac-
tion equation.**4° The k., values were evaluated from
two or three independent experiments varying <20%.
To determine the kinetic parameters for &k, and K, the
kobs Values were plotted as a function of the ribozyme
concentration for each substrate. In each FMN-depen-
dent experiment, the rate constant was determined
similarly, except for the addition of 1 mM FMN during
the incubation. Most of the ribozymes exist as the
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FMN-ribozyme complex form and are regarded as E in
Scheme 1 in this condition. The resulting apparent
binding curves were fitted to a standard Michaelis—
Menten curve (eq (1)).

ko [E]

Ko +[E] M

kobs =

K., is the Michaelis—Menten constant corresponding to
(ko + k_1)/ky. Curve fitting yields k, as the horizontal
asymptote of the plot and K, as the ribozyme
concentration at half-maximal rate (R?>0.98).

To determine the affinity of FMN for the ribozyme-—
substrate complex, the single-turnover experiments at
constant ribozyme concentration over the radioactive
substrate were performed with increasing concentra-
tions of FMN. In these experiments, the ribozyme—sub-
strate complexes were equilibrated before initiation of
the reaction with a mixture of 5 mM MgCl, and various
concentrations of FMN. The ks values were plotted as
a function of the FMN concentration. Each plot of
FR3M and FR2 was fitted to eq (2) derived as
previously described.!?

Kchem *Kar + k;:hem'F
Ker +F

(@)

kobs =

Determination of dissociation constants for ribozyme—
substrate complex

The method for determining the thermodynamic dis-
sociation constants of the enzyme—substrate complexes
(Kq=k_1/k;) depends on the kinetic property of the
individual ribozyme. Here, K4 values were determined
using pulse-chase reaction under the same conditions as
the cleavage reaction.*>*® First, each ribozyme and a
trace amount of radioactive substrate were combined at
a sufficiently high concentration ranging from 10 to 100
times the K, value. After an initial binding period, ¢, at
37°C, excess amounts of a nonradioactive substrate
were added to initiate the chase reaction. The duration
of the initial binding period ranged from 1 to 30 min.
The concentration of the nonradioactive substrate dur-
ing the chase ranged from 50 to 100 times the ribozyme
concentration. During the chase period, #,, samples
were removed at appropriate intervals and quenched.
The t, value corresponds to 3 times the ¢, value for the
cleavage reaction. The control reactions were performed
similarly, except for the addition of the nonradioactive
substrate. The samples were removed from the reaction
after the initiation throughout the chase reaction. The
substrates and products were quantitated as described
in the single-turnover experiment. The rate constants
for substrate dissociation (k_;) were calculated by com-
paring the chase and control reactions at long times, as
previously described.*® The Ky (= k_;/k1) values were
then calculated from the experimentally determined K,
(ky +k_1)/ki.
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