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ABSTRACT: Binding of the Tetrahymenagroup I ribozyme’s oligonucleotide substrate occurs in two
steps: P1 duplex formation with the ribozyme’s internal guide sequence which forms an “open complex”
is followed by docking of the P1 duplex into tertiary interactions within the catalytic core which forms
a “closed complex”. By systematically varying substrate length, pH, and temperature, we have identified
conditions under which P1 duplex formation, P1 docking, or the chemical cleavage step limits the rate of
the ribozyme reaction. This has enabled characterization of the individual steps as a function of substrate
length, pH, and temperature, leading to several conclusions. (1) The rate constant for formation of the
open complex is largely independent of substrate length, pH, and temperature, analogous to that of duplex
formation in solution. This extends previous results suggesting that open complex formation entails mainly
secondary structure formation and strengthens the view that the second binding step, P1 docking, represents
a simple transition from secondary to tertiary structure in the context of an otherwise folded RNA. (2)
The temperature dependence of the rate constant for P1 docking yields a negative activation entropy, in
contrast to the positive entropy change previously observed for the docking equilibrium. This suggests a
model in which tertiary interactions are not substantially formed in the transition state for P1 docking. (3)
Shortening the substrate by three residues decreases the equilibrium constant for P1 docking by 200-fold,
suggesting that the rigidity imposed by full-length duplex formation facilitates formation of tertiary
interactions. (4) Once docked, shortened substrates are cleaved at rates within 3-fold of that for the full-
length substrate. Thus, all the active site interactions required to accelerate the chemical cleavage event
are maintained with shorter substrates. (5) The rate constant of∼103 min-1 obtained for P1 docking is
significantly faster than the other steps previously identified in the tertiary folding of this RNA. Nevertheless,
P1 docking presumably follows other tertiary folding steps because the P1 duplex docks into a core that
is formed only upon folding of the rest of the ribozyme.

TheTetrahymenagroup I ribozyme provides an attractive
system for investigating the principles of RNA folding.
Phylogenetic and biochemical analyses have determined the
secondary structure of this ribozyme and have also led to a
model for the tertiary structure (1-3). This model has been
supported and refined by biochemical studies, mutagenesis,
the recently solved 2.8 Å crystal structure of the P4-P6
domain, and the lower-resolution X-ray data obtained for
the catalytic core (4-18). Further, the ribozyme’s well-
characterized catalytic activity provides a direct readout for
the correct functional structure (9, 19-29).

Substantial previous work has led to a minimal model for
the tertiary folding of theTetrahymenaribozyme in which
folding proceeds via formation of a series of substructures

(Figure 1) (9, 10, 15, 30-33). Formation of the P5abc region
stabilizes folding of the P4-P6 domain, which in turn
stabilizes folding of the P3-P7 domain. Each step entails
the folding of large regions of the ribozyme and results in
formation of complex tertiary structures. This makes it
difficult to carry out detailed studies of these tertiary folding
steps. To study RNA tertiary folding in detail, we have
characterized a smaller, more localized folding step in which
the P1 duplex, formed between the ribozyme’s oligonucle-
otide substrate (S)1 and its internal guide sequence (IGS),
docks into tertiary interactions within an otherwise folded
core [Figures 1 and 2 (12, 14, 15, 20, 25, 34-41)].

The docking step was isolated in this study by shortening
the substrate and varying the pH and temperature such that
P1 docking limits the rate of the ribozyme-catalyzed reaction.
The effects of substrate length, pH, and temperature on the
identity of the rate-limiting step have allowed characterization
of P1 docking as well as P1 duplex formation and the chem-
ical cleavage step (Figure 2A). The results strengthen the
previous view that P1 docking represents a simple transition
between secondary and tertiary structure and provide ad-
ditional information about the nature of the docking step.
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MATERIALS AND METHODS

Materials.The L-21ScaI Tetrahymenaribozyme (E) was
prepared by in vitro transcription and purified as described
previously (42). Oligonucleotides were made by solid-phase
synthesis (43). Several were supplied by CloneTec (Palo
Alto, CA) or by the Protein and Nucleic Acid Facility at
Stanford or were used and characterized in previous studies.
Phosphorothioate substrates were applied to a Dionex Nucleo
Pac PA-100 anion exchange HPLC column to purify theRP-

stereoisomer. Separation of theRP- andSP-stereoisomers from
contaminating non-thio substrates was achieved using a linear
gradient of 167 to 265 mM NaCl in 10 mM Tris (pH 8.0)
and 10% ethanol at a flow rate of 5 mL/min over the course
of 40 min. Stereoisomers were assigned from relative
reactivity, on the basis of previous results (44-46). Oligo-
nucleotide substrates were 5′-end labeled with approximately
equimolar amounts of [γ-32P]ATP using T4 polynucleotide
kinase, and purified by nondenaturing polyacrylamide gel
electrophoresis, as described previously (36).

General Kinetic Methods.All reactions were carried out
in the presence of 10 mM MgCl2 and 50 mM buffer as
described previously (19, 36). The buffers used in the
reactions and their pH values at 25°C were as follows:
sodium MES, pH 5.2-6.8; sodium MOPS, pH 6.5-7.3; and
sodium EPPS, pH 7.2. Unless otherwise noted, pH values
are corrected for the temperature of the reactions (47, 48).
pH values beyond this range were not used because ribozyme
activity decreases below pH 5 and above pH 7.5, presumably
due to multiple protonations and deprotonations, respectively,
of ribozyme functional groups (48). Temperatures higher than
65 °C were not used because previous work suggests that
the ribozyme’s tertiary structure is mostly disrupted above
this temperature (30).

1 Abbreviations: E,TetrahymenaL-21 ScaI group I ribozyme; G,
guanosine; S, oligonucleotide substrate without specification of length
or sugar identity; S*,32P-5′-end-labeled oligonucleotide substrate; IGS,
ribozyme’s internal guide sequence, 5′-GGAGGG; 5′-pyr, 5′-pyrene
group; MES, 2-(N-morpholino)ethanesulfonic acid; MOPS, 2-(N-
morpholino)propanesulfonic acid; EPPS,N-(2-hydroxyethyl)piperazine-
N′-3-propanesulfonic acid; EDTA, (ethylenedinitrilo)tetraacetic acid;
Tris, tris(hydroxymethyl)aminomethane. The sequences of the shorter
substrates are represented with the missing bases replaced with a
hyphen. Thus, - -CUCUA5 represents a substrate that is two bases
shorter than the full-length substrate, CCCUCUA5. mU refers to a 2′-
methoxy substituent and dU to a 2′-deoxy substituent at a U residue.
Thus, CCCmUCUA5 refers to a substrate with a 2′-methoxy-2′-
deoxyribose residue at position-3 (positions defined in Figure 2B)
and ribose residues at all other positions. Similarly, CCCUCdUA5 refers
to a substrate with a 2′-deoxyribose residue at position-1 and ribose
residues at all other positions.

FIGURE 1: Steps involved in the overall tertiary folding of the ribozyme (9, 10, 15, 30-33). The last step involves docking of the P1 duplex
into the catalytic core formed by P4-P6 and P3-P7 (see the Discussion). The rate constants are for∼40 °C, 10 mM MgCl2, and pH 7.
The values for P5abc, P4-P6, and P3-P7 folding are from previous work (32, 33), and the rate constant for P1 docking is from Table 3.
The nonconserved peripheral elements P2, P2.1, P9, P9.1, and P9.2 are not shown for clarity.

FIGURE 2: Binding of the oligonucleotide substrate. (A) The oligonucleotide substrate binds in two steps prior to catalytic cleavage (14, 20,
25, 74). The substrate (S) first base pairs with the internal guide sequence (IGS) of the ribozyme to form the P1 duplex in the open
complex. The P1 duplex then docks into the catalytic core via specific tertiary interactions to give a closed complex. The docked substrate
is cleaved by a bound exogenous guanosine molecule (G).Kd

E is the observed equilibrium constant for dissociation of S from the EG‚S
complex;Kd

IGS is the equilibrium constant for dissociation of S from the open complex, andKdock is the equilibrium constant for docking
into the tertiary interactions. As in Figure 1, several structural elements are omitted for clarity. (B) The oligonucleotide substrate is held by
both base pairing interactions with the internal guide sequence of the ribozyme (IGS≡ 5′-GGAGGG) as well as tertiary interactions (12,
24, 34-41). The ribozyme active site is represented schematically by the outline. The 2′-OH groups shown explicitly and the exocyclic
amino group of the G‚U wobble pair shown in bold stabilize the tertiary structure of the P1 duplex.
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Reactions at 50°C were initiated by addition of 5′-end-
labeled substrate, S*, following a 15 min, 50°C preincu-
bation of E in 10 mM MgCl2 and buffer. Reactions at all
other temperatures were initiated after a 30 min, 50°C
preincubation followed by a∼5 min incubation at the
temperature of reaction (39). Six aliquots (1-2 µL) were
removed from 20µL reaction mixtures at specified times,
and further reaction was quenched by the addition of∼2
volumes of 20 mM EDTA in 90% formamide with 0.005%
xylene cyanol, 0.01% bromophenol blue, and 1 mM Tris
(pH 8). Substrate and product(s) were separated by electro-
phoresis on 20% polyacrylamide/7 M urea gels, and their
ratio at each time point was quantitated with a Molecular
Dynamics PhosphorImager.

All reactions were single-turnover except for those used
in the determination ofkchemfor - - -UCUA5. Single-turnover
reactions were carried out with E (5-1000 nM) in excess
of S* (0.01-0.05 nM) and were typically followed for about
three half-times (t1/2). The slow reactions of - -CUCUA5 and
- - -UCUA5 at temperatures above 55°C and of - -CUCdUA5
at 50 °C and pH 5 were followed only to 10% reaction
because ribozyme activity decreases after longer periods of
time. End points of 85-95% were obtained at the different
temperatures and were used in nonlinear least-squares fits
to the data to determine the first-order rate constant for the
disappearance of S* (KaleidaGraph, Synergy Software,
Reading, PA). Reactions for which only initial rates could
be measured were assumed to have the same end points as
faster reactions at the same temperature; several results from
previous work suggest that the reaction end points are not
significantly affected by substrate identity or pH and are
affected slightly by changes in temperature (19, 39; G. J.
Narlikar and D. Herschlag, unpublished results). Multiple-
turnover reaction mixtures contained unlabeled - - -UCUA5

(80-480 µM) with trace amounts of 5′-end-labeled - - -
UCUA5 (0.01-0.05 nM) in excess of E (0.5µM). Rate
constants for these reactions were determined from initial
rates obtained from linear least-squares fits to data from the
first 10% of the reaction.

Determination of Rate Constants.The observed rate
constant for a given single-turnover reaction is termedkobs.
(kcat/Km)S represents the second-order rate constant for the
reaction EG + S f products.kchem is the rate constant for
reaction from the EG‚S closed complex (Figure 2A). Under
“(kcat/Km)S conditions”, most of S is not bound to EG and
kobs is linearly proportional to the concentration of E with a
slope that equals (kcat/Km)S. At least three concentrations of
E were used for each (kcat/Km)S determination. Thio effects
were calculated from the ratio ofkobs values for the normal
and corresponding phosphorothioate substrate and were
measured in triplicate. Thekchem value for CCCUCdUA5 in
Table 4 was obtained fromkobs measured with saturating
concentrations of E and G at 50°C and pH 6.6; CCCUCd-
UA5 is predominantly docked under these conditions (36,
41). The kchem values for CCCUCUA5, -CCUCUA5, and
- -CUCUA5 listed in Table 5 were determined fromkobs

values measured using saturating concentrations of E and G
at 10°C and pH 6.3 or 5.4. Saturation by E was confirmed
by the observation that the rate was unaffected by a 5-fold
variation in the concentration of E. Thekchem value for
- - -UCUA5 was estimated from thekcat value measured using
saturating - - -UCUA5 in multiple-turnover reactions. Satura-

tion by - - -UCUA5 was confirmed by the observation that
the rate was unaffected by a∼6-fold variation in the
concentration of - - -UCUA5. Previous data suggest that
CCCUCUA5, -CCUCUA5, and - -CUCUA5 are docked at 10
°C (see the Results). - - -UCUA5 may not be stably docked
at 10 °C, so the reportedkchem value for - - -UCUA5 is a
lower limit (see the Results).

Determination of KdIGS, the Dissociation Constant of the
Open Complex.The value ofKd

IGS (Figure 2A) for a given
oligonucleotide substrate was estimated from the equilibrium
dissociation constant of E‚S, Kd

E, for a substrate analogue
having a 2′-methoxy substituent at the-3 position (Figure
2B). Previous structural and thermodynamic results have
provided strong evidence that substrates with 2′-methoxy
substituents at the-3 position bind predominantly in the
open complex (39, 49). In addition, in high concentrations
of Na+, which cause the all-RNA substrate, CCCUCUA, to
bind predominantly in the open complex, the E‚S complex
formed with CCCUCUA has the same stability as that
formed with CCCmUCUA [Kd

E(CCCUCUA)) 640 nM and
Kd

E(CCCmUCUA) ) 990 nM at 50°C, andKd
E(CCCU-

CUA) ) 2.8 nM andKd
E(CCCmUCUA)) 2.6 nM at 30°C

(pH 6.1, 10 mM Mg2+, and 1.6 M Na+) (ref 49 and data not
shown)]. These results suggest that the 2′-methoxy substituent
prevents docking but does not alter the stability of the open
complex so that the E‚S complex formed with the modified
substrate serves as a good mimic of the open complex formed
with the all-RNA substrate.

TheKd
IGS values for CCCUCUA5 at different temperatures

and pH 6.8 (pH value at 25°C) were calculated from the
temperature dependence ofKd

E for CCCmUCUA5 between
30 and 60°C, which is described by∆H ) -45.1 kcal/mol
and∆S) -108 cal mol-1 K-1 (data not shown). TheKd

IGS

values for -CCUCUA5 and - -CUCUA5 were analogously
obtained from the temperature dependence ofKd

E for
-CCmUCUA5 between 10 and 50°C (∆H ) -37.2 kcal/
mol and ∆S ) -90 cal mol-1 K-1) and of Kd

E for
- -CmUCUA5 between 0 and 20°C (∆H ) -26.7 kcal/mol
and∆S) -65 cal mol-1 K-1), respectively (data not shown).
For each substrate, values ofKd

IGS at temperatures beyond
the measured range were obtained by extrapolation from the
respective temperature dependence. TheKd

IGS value for
- - -UCUA5 was obtained from theKd

IGS value for - -CUCUA5

using nearest-neighbors rules for the destabilizing effect of
removing the terminal G‚C base pair adjacent to the A‚U
base pair (50). This approximation was necessary because
of the weaker binding of - - -mUCUA5 compared to that of
the other substrates.

The Kd
IGS values for CCCUCdUA5, -CCUCdUA5, and

- -CUCdUA5 listed in Table 4 were obtained from theKd
IGS

values for the corresponding all-RNA substrates by correcting
for a 3-fold destabilizing effect of the 2′-deoxyribose
substitution on the stability of the P1 duplex. This destabiliz-
ing effect is obtained from the 3-fold destabilizing effect of
the corresponding 2′-deoxyribose substitution in a full-length
model P1 duplex under the same conditions (pH 6.6, 50°C,
and 10 mM MgCl2) (41) and the expected independence of
this effect from removal of remote base pairs (24, 41, 50,
51).

The Kd
E values of the 2′-methoxy-substituted substrates

were obtained from a dependence of the rate constant for S
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cleavage on the concentration of E as described previously
(39, 49). Control experiments indicated that each concentra-
tion dependence reflects the true equilibrium dissociation
constant,Kd

E (22, 39).
Determination of∆Hq

dockand∆Sq
dockfrom Arrhenius Plots.

The lines in Figure 8 are fits to the Arrhenius equation (eq
1) in which kB is the Boltzmann constant,h is Planck’s
constant,R equals 0.00198 kcal mol-1 K-1, and T is the
temperature in kelvin.

The value of∆Hq
dock is obtained from the slope,E/R, and

that of∆Sq
dock from the intercept, ln(A), using aT of 323 K

(50 °C).
Estimation of Errors.Rate constants varied typically by

(20% in independent experiments. Thio effects typically
varied by(10% in independent experiments. TheKd

E values
for the substrates modified with 2′-methoxy substitutions
typically varied by(15% so that theKd

IGS values obtained
from theseKd

E values were also estimated to vary by(15%.
The values ofkdock were calculated fromKd

IGS and (kcat/Km)S

values (eq 4), so the error limits forkdock were conservatively
estimated as the sum of the error limits for theKd

IGS and
(kcat/Km)S values, i.e.,(35% (∼2-fold variation). Analogous
conservative error limits of(55% were obtained forKdock,
which is calculated fromKd

IGS ((15%), (kcat/Km)S ((20%),
andkchem ((20%) using eq 6.

∆Sq values are particularly sensitive to small experimental
variations in the individual rate constants because the
intercept of the Arrhenius plot, which is used to determine
∆Sq (eq 1), is obtained from a long extrapolation to infinite
temperature (1/T ) 0 in Figure 8). The intercept is most
sensitive to variations of rate constants at the extremes of
the temperature range. To determine whether the sign of
∆Sq

dock remains the same with experimental variations in
kdock, highly conservative upper and lower limits for∆Hq

dock

and∆Sq
dock were obtained by varying thekdock values at the

temperature extremes by 2-fold ((35%) and then fitting the
varied values to eq 1; i.e., thekdock value at 30°C was
decreased 2-fold, and that at 60°C was increased 2-fold and
vice versa. Error limits of(10 kcal/mol and(27 cal mol-1

K-1 were calculated for∆Hq
dock and ∆Sq

dock, respectively.
The maximum value of∆Sq

dock specified by the error limits
(-10 cal mol-1 K-1) is still negative, suggesting that although
there may be substantial error in the magnitude of∆Sq

dock,
the sign of∆Sq

dock is not affected by experimental variations
in kdock.

Construction of Free Energy Reaction Profiles.Each free
energy profile in Figures 5-7 schematically depicts the
activation energy barriers associated with P1 duplex forma-
tion and dissociation, P1 docking and undocking, and the
chemical step. These figures are presented to facilitate
interpretation of and to summarize the data. The free energy
differences in the figures have been exaggerated for clarity
in a manner that does not change the conclusions obtained
from a comparison of the actual free energy barriers, which
were derived as follows. The activation free energy,∆Gq,
for each step is related to the rate constant for the step,k,
according to eq 2, in whichkB is the Boltzmann constant,h

is Planck’s constant,R equals 0.00198 kcal mol-1 K-1, and
T is the temperature in kelvin.

The reaction profiles were constructed for a standard state
of 1 pM E, which is subsaturating for all substrates and
temperatures used, [S], [E], and a saturating G concentra-
tion. The rate and equilibrium constants for each step are
defined in Figure 2A. The results used and assumptions made
to obtain the individual rate and equilibrium constants are
noted below.

For each reaction profile, the value ofk1 was taken to be
1.8× 108 M-1 min-1, the (kcat/Km)S value for the full-length
substrate at 50°C and pH 6.6 reported in Table 1. This
assumption is based on previous results and results herein,
which suggest that P1 duplex formation limits (kcat/Km)S for
CCCUCUA5 and that k1 is essentially independent of
substrate length, pH, and temperature (see the Results). For
each substrate, theKd

IGS value at a given temperature and
pH 6.8 was obtained as described in Determination ofKd

IGS,
the Dissociation Constant of the Open Complex.Kd

IGS was
assumed to be independent of pH on the basis of the pH
independence of the stability of a model P1 duplex in solution
between pH 5 and 7 (41) and the pH independence ofKd

IGS

for the full-length substrate between pH 5.9 and 6.6 (49).
The value ofk-1 was derived from theKd

IGS andk1 values
using the equationk-1 ) Kd

IGSk1.
The kdock values for CCCUCUA5 and -CCUCUA5 at

different temperatures were assumed to be the same as that
for - -CUCUA5 reported in Table 3. This is a simple, though
untested, extrapolation of the results herein, which suggest
that at 65°C kdock is the same, within error, for - -CUCUA5
and -CCUCUA5. Analogously,Kdock values were assumed
to be the same for CCCUCUA5, -CCUCUA5, and - -CUCUA5

at all temperatures based on the data in Table 4, which
suggests thatKdock is the same for these substrates at 50°C
(Table 4). The previously determined temperature depen-
dence ofKdock for the full-length substrate was then used to
obtain Kdock values for CCCUCUA5, -CCUCUA5, and
- -CUCUA5 at a given temperature (49). For - - -UCUA5,
Kdock is significantly smaller than for the longer substrates
(Table 4), suggesting thatkdock may also differ. Hence, for
- - -UCUA5, kundock and kdock were not explicitly assigned.
For CCCUCUA5, -CCUCUA5, and - -CUCUA5, the value
of kundock was derived from theKdock andkdock values using
the equationkundock ) kdock/Kdock.

Thekchem value for each substrate was assumed to be the
same as that for the full-length substrate on the basis of the

ln(kdock) ) ln(A) - E/RT; A ) (ekBT/h) exp(∆Sq
dock/R);

E ) ∆Hq
dock + RT (1)

Table 1: Effect of Substrate Length on (kcat/Km)S a

substrate (kcat/Km)S b (M-1 min-1) 1/(kcat/Km)S,relc

CCCUCUA5 1.8× 108 (1)
-CCUCUA5 1.4× 108 1.3
- -CUCUA5 7.1× 106 25
- - -UCUA5 2.9× 104 6200
a Conditions: 50°C, 50 mM sodium MES, pH 6.6, and 10 mM

MgCl2. b (kcat/Km)S is the second-order rate constant for the reaction
EG + S f products and was obtained as described in Materials and
Methods. Each (kcat/Km)S value is the average of two determinations.
c (kcat/Km)S,rel ) [(kcat/Km)S]short-S/[(kcat/Km)S]full-length-S so that 1/(kcat/
Km)S,rel represents the amount the reaction is slowed relative to the rate
of the full-length substrate.

∆Gq ) -RT ln(hk/kBT) (2)
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results listed in Table 5, which suggest thatkchem is similar
for all the substrates at 10°C. The previously determined
pH and temperature dependencies ofkchemfor the full-length
substrate (21-23, 48) were used to obtainkchem at each pH
and temperature.

RESULTS

The standard oligonucleotide substrate of theTetrahymena
group I ribozyme (E), CCCUCUA5, forms six base pairs with
the ribozyme’s internal guide sequence (IGS), GGAGGG;
this duplex is termed the P1 duplex (Figure 2B). Table 1
summarizes the effect of shortening the oligonucleotide
substrate on the kinetic parameter (kcat/Km)S, which represents
the observed second-order rate constant for the reaction of
the oligonucleotide substrates (S) with the EG binary complex
(eq 3).

Shortening the oligonucleotide substrate by one residue to
give -CCUCUA5 does not affect (kcat/Km)S, whereas shorten-
ing the substrate by two residues (- -CUCUA5) and three
residues (- - -UCUA5) slows the reaction 25- and 6200-fold,
respectively.

Previous studies have identified three individual steps in
the single-turnover reaction of oligonucleotide substrates with
EG: two binding steps and the chemical step (Figure 2A;
19, 20, 25, 26). The first binding step entails P1 duplex
formation between the substrate and the IGS which gives
the open complex, and the second binding step entails
docking of this duplex into tertiary interactions with the
ribozyme core which gives a closed complex (Figure 2;12,
14, 15, 20, 25, 34-41). The chemical step includes a
deprotonation step in addition to chemical cleavage of the
substrate and any associated conformational changes of the
closed complex (21, 48, 52). Interpretation of the effects of
shortening the substrate requires identifying which individual
step limits the rate of reaction. The first section of the Results
describes the identification of the rate-limiting step for each
oligonucleotide substrate using the framework of three
individual steps described above. Results from this section
are then used and expanded in the second section to obtain
information about the nature of the individual reaction steps.

Identifying the Rate-Limiting Step for the Reaction of the
Oligonucleotide Substrates of Varying Length

P1 Duplex Formation Is Rate-Limiting for the Reaction
of CCCUCUA5 and -CCUCUA5. Previous results suggest that
P1 duplex formation limits the rate of reaction of the full-
length substrate with EG as summarized below. (i) A
transiently formed ribozyme‚oligonucleotide complex having
the same stability as a model P1 duplex was detected using
the fluorescent changes accompanying the binding of 5′-
pyrene-labeled - -CUCU (25). The rate constant for formation
of this complex is the same as the (kcat/Km)S value for
CCCUCUA5, consistent with P1 duplex formation limiting
(kcat/Km)S for CCCUCUA5 (19, 25). (ii) The chemical step
was previously identified on the basis of its log-linear pH
dependence and its sensitivity to substitution of the cleavage
site pro-RP phosphoryl oxygen with a sulfur (21, 46, 48).
The absence of a pH dependence and thio effect for (kcat/

Km)S suggested that a step other than chemical cleavage was
rate-limiting (46; D. S. Knitt and D. Herschlag, unpublished
results and see below). (iii) The (kcat/Km)S value for mutant
ribozymes and oligonucleotide substrates that have reduced
levels of tertiary stabilization was observed to be the same
as that for reaction of the wild-type ribozyme with CCCU-
CUA5 (20, 36, 37, 53), consistent with rate-limiting duplex
formation. (iv) With ribozymes having mutations in the J1/2
region that joins the IGS to the rest of the ribozyme,
substitution of thepro-RP phosphoryl oxygen with a sulfur
at the correct cleavage site does not affect (kcat/Km)S but does
reduce the ratio of correct to incorrect cleavage products (20,
53). Incorrect cleavage occurs when the P1 duplex docks
into an alternative tertiary binding register. Hence, these
results suggested that the choice of the docking register and
cleavage site is made after rate-limiting P1 duplex formation.
Further, processive substrate cleavage by one of the mutant
ribozymes demonstrated that the P1 duplex can undock from
the correct register and dock into alternative registers without
dissociation of the substrate from the P1 duplex. These results
indicated that even with weakened docking, the barrier for
dissociation of the substrate from the P1 duplex is greater
than the barrier for P1 docking, thus providing strong
evidence that P1 duplex formation is rate-limiting (20).

Under the standard conditions, the value of (kcat/Km)S for
-CCUCUA5 is the same, within error, as that for the full-
length substrate, CCCUCUA5, suggesting that P1 duplex
formation also limits the reaction of -CCUCUA5 (Table 1).
This conclusion is supported by the results depicted in
Figures 3 and 4, which show that (kcat/Km)S is the same for
these substrates over a range of pHs and temperatures. The
smaller values of (kcat/Km)S for - -CUCUA5 and - - -UCUA5

(Table 1) suggest that if P1 duplex formation limits the
reaction of these substrates, the rate constant for P1 duplex
formation is smaller for - -CUCUA5 and - - -UCUA5 than
for CCCUCUA5. Alternatively, P1 docking or the chemical
step limits the rate for - -CUCUA5 and - - -UCUA5. We first
tested whether the chemical step was rate-limiting for
reaction of - -CUCUA5 and - - -UCUA5.

pH Dependence and Thio Effects Distinguish Rate-
Limiting Chemical CleaVage from Rate-Limiting P1 Duplex
Formation and Docking.Previous work has suggested that
the chemical step of theTetrahymenaribozyme reaction has
a log-linear pH dependence with a slope of 1 between pH 5
and 7 (21, 48). In contrast, under conditions of rate-limiting
P1 duplex formation (see above), (kcat/Km)S for CCCUCUA5

is independent of pH over this range (D. S. Knitt and D.
Herschlag, unpublished results). The equilibrium constant
for docking is largely independent of pH between 5 and 7
so that the rate constant for P1 docking is also expected to
be pH-independent (41; G. J. Narlikar and D. Herschlag,
unpublished results). Hence, to distinguish between rate-
limiting chemical cleavage and rate-limiting duplex formation
and docking, the dependence of (kcat/Km)S on pH was
determined.

As shown in Figure 3, the value of (kcat/Km)S for -CCU-
CUA5 is independent of pH between 5 and 7, analogous to
the behavior of CCCUCUA5. This is consistent with the
above conclusion that P1 duplex formation limits the rate
for -CCUCUA5. In contrast, (kcat/Km)S for - - -UCUA5 shows
a log-linear pH dependence with a slope of 1 over this pH
range, suggesting that the reaction of - - -UCUA5 is limited

EG + S98
(kcat/Km)S

products (3)
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by the chemical step. - -CUCUA5 exhibits intermediate
behavior. Between pH 5.0 and 5.8, (kcat/Km)S increases log-
linearly with a slope of 1, suggesting that the reactions are

limited by the chemical step. At the higher pH values (pH
5.8-7.0), (kcat/Km)S becomes independent of pH, suggesting
that the chemical step is now sufficiently fast that another
step becomes rate-limiting.

The interpretations described above were tested and
confirmed by measuring thio effects for the shortened
substrates as a function of pH. Previous results have shown
that the chemical step is slowed∼2-fold upon substitution
of the pro-RP phosphoryl oxygen atom at the cleavage site
with sulfur (21, 46, 48). No detectable thio effects were
observed for reactions of -CCUCUA5. In contrast, thio effects
of 1.8 ( 0.3 were observed for reactions of - - -UCUA5

between pH 5.6 and 7.0 (data not shown), confirming that
the chemical step is rate-limiting. For - -CUCUA5, a thio
effect of 1.7( 0.1 was observed at pH 5.0 whereas the thio
effects went to 1.1( 0.1 at the higher pH values (pH 6.2-
7.0; data not shown), confirming that a step other than
chemical cleavage becomes rate-limiting at higher pH. This
step could be either P1 duplex formation or P1 docking.
However, the rate constant for open complex formation with
5′-pyrene-labeled - -CUCU is greater than the (kcat/Km)S value
for - -CUCUA5 (25; see above). Further, the rate of duplex
formation in solution is in general not significantly affected
by shortening the duplex from six to three base pairs (54-
57). These observations together with the results described
above suggest that P1 docking and not P1 duplex formation
limits (kcat/Km)S for - -CUCUA5 at the higher pH values. This
conclusion is supported by the temperature dependence
presented in the following section.

Temperature Dependence Distinguishes Rate-Limiting P1
Duplex Formation from Rate-Limiting P1 Docking.If the
reaction of EG and unbound oligonucleotide substrate were
limited by P1 duplex formation, the simplest expectation is
that the rate constant of this reaction [(kcat/Km)S] would be
largely invariant with respect to temperature. This is because
the rate constant for duplex formation in solution exhibits a
shallow temperature dependence (54-58). Figure 4 shows
that this is indeed observed with the full-length substrate,
CCCUCUA5, and with -CCUCUA5 between 10 and 60°C,
consistent with the above conclusion that P1 duplex forma-
tion is rate-limiting for these substrates.

In contrast, (kcat/Km)S for - -CUCUA5 increases as the
temperature is lowered, reaching a limiting value that is the
same, within error, as that for CCCUCUA5 and -CCUCUA5

below 15°C (Figure 4). This observation and the absence
of a pH dependence above pH 5.8 (Figure 3; data not shown)
suggest that (kcat/Km)S for - -CUCUA5 is limited by P1 duplex
formation below 15°C and at neutral pH. The steep
temperature dependence for - -CUCUA5 above 30°C sug-
gests that P1 duplex formation does not limit the reaction
rate. This result, together with the lack of a pH dependence
between 5.8 and 7 (Figure 3), suggests that P1 docking limits
the reaction rate for - -CUCUA5 under the standard condi-
tions (50°C and pH 6.6). For -CCUCUA5, the temperature
dependence of (kcat/Km)S and the absence of a pH dependence
and thio effect (data not shown) above 60°C analogously
suggests a change in the rate-limiting step from P1 duplex
formation below 60°C to P1 docking above 60°C.

Free Energy Reaction Profiles Describing Changes in the
Rate-Limiting Step.The effects of varying substrate length,
pH, and temperature on the rate-limiting step are described
by the reaction profiles of Figures 5-7, respectively. Each

FIGURE 3: Effect of pH on (kcat/Km)S for the reaction of CCCUCUA5
(O), -CCUCUA5 (0), - -CUCUA5 (]), and - - -UCUA5 (4) (50
°C, 10 mM MgCl2, and 50 mM buffer). The line drawn through
the (kcat/Km)S values for - - -UCUA5 has a slope of 1, and the line
drawn through the (kcat/Km)S values for CCCUCUA5 and -CCU-
CUA5 has a slope of 0. The line drawn through the (kcat/Km)S values
for - -CUCUA5 has a slope of 1 between pH 5.0 and 5.8 and a
slope of 0 between pH 5.8 and 7.

FIGURE 4: Effect of temperature on (kcat/Km)S for the reaction of
CCCUCUA5 (O), -CCUCUA5 (0), - -CUCUA5 (]), and - - -UCUA5
(4) (sodium MES, pH 6.8, at 25°C). The actual pH varies from
7.0 to 6.4 as the temperature varies from 4 to 65°C (47, 48). This
variation is not expected to affect P1 duplex formation or P1
docking (see the Results), and the∼4-fold variation in the chemical
step from this pH change (Figure 3;21) does not significantly affect
the results or conclusions. The curves are drawn to guide the eye
and are not fits to a particular model.
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reaction profile schematically depicts the free energy barriers
associated with the individual reaction steps and is con-
structed on the basis of rate and equilibrium constants
obtained here and previously (see Materials and Methods).

Figure 5 depicts reaction profiles for the full-length and
shortened substrates at 50°C and pH 6.6. Under these
conditions, P1 duplex formation is rate-limiting for CCCU-
CUA5 (Figure 5, black ‡).2 Shortening the substrate reduces
the number of base pairs in the P1 duplex and hence is
expected to increase the rate constant for dissociation of the
P1 duplex,k-1 (54-57). In contrast, the analysis in the next
section suggests that shortening the substrate by two residues
does not significantly affect the rate and equilibrium
constants for P1 docking or the rate constant for the chemical
step. For -CCUCUA5, k-1 is larger than for CCCUCUA5
(Figure 5, blue profile) but duplex dissociation remains
slower than the subsequent steps (Figure 5, blue profile where
k-1 , kdock). Hence, analogous to the full-length substrate,

P1 duplex formation limits the reaction rate. Removal of two
base-pairing residues to give - -CUCUA5 sufficiently in-
creasesk-1 that it becomes greater than the rate constant for
docking,kdock (Figure 5, green profile wherek-1 . kdock vs
black profile wherek-1 , kdock). As a result, the barrier for
P1 docking is now higher than that for P1 duplex dissociation
(Figure 5, green ‡), and P1 docking becomes rate-limiting.
Removal of three residues to give - - -UCUA5 increasesk-1

but also decreases the equilibrium constant for docking,Kdock,
as described in the next section (Figure 5,Kdock for red vs
black profiles). The unfavorable docking equilibrium un-
masks the chemical step (Figure 5, red ‡), resulting in rate-
limiting chemical cleavage.

Figure 6 depicts free energy reaction profiles for 50°C
and two pH values, 7 and 5. As described above, lowering
the pH from 7 to 5 decreases the rate constant for the
chemical step,kchem, in a log-linear manner (21, 48) but is
not expected to affect the rate and equilibrium constants for
P1 duplex formation and P1 docking. For the full-length
substrate and for -CCUCUA5, dissociation from E, which is
limited by dissociation of the P1 duplex, remains slower than
the chemical step even when the pH is lowered from 7 to 5.
Hence, P1 duplex formation remains rate-limiting (Figure

2 The rate-limiting step is defined as the step that when changed
causes the largest change in the overall rate of the reaction (59, 60).
This is illustrated for reaction conditions with subsaturating EG and S
levels in the free energy profiles of Figure 5. The rate-limiting step for
reaction of - -CUCUA5 (green profile) is P1 docking because changing
the rate of P1 docking (kdock) changes the overall rate of the reaction
whereas changing the rate of P1 duplex formation (k1) or chemical
cleavage (kchem) does not affect the overall rate. For subsaturating
conditions, the rate-limiting step is not determined by the largest free
energy barrier, which is associated with P1 duplex formation for the
reaction of - -CUCUA5 (Figure 5,k1 for green profile), but rather by
the highest point on the overall free energy profile, which is represented
by the activation barrier for P1 docking (Figure 5, green ‡). The rate-
limiting step can be distinguished between two successive steps by
analyzing the partitioning of the intermediate species. For example, in
the reaction profile for - -CUCUA5 (Figure 5),k-1 > kdock and the open
complex partitions more often to EG and S than to the closed complex
and subsequent cleavage so that the formation of the open complex
represents a pre-equilibrium step and the rate is limited by P1 docking.
In contrast, in the reaction profile for CCCUCUA5 (Figure 5, black
profile), k-1 , kdock. In this case, essentially every time the open
complex is formed it docks and is cleaved so that the rate is limited by
P1 duplex formation.

FIGURE 5: Schematic free energy profiles depicting the effect of
substrate length on the identity of the rate-limiting step for the
reaction EG + S f products (50°C, pH 6.6, and 10 mM MgCl2).
The free energy profiles are constructed as described in Materials
and Methods. The profile for CCCUCUA5 is black, for -CCUCUA5
blue, for - -CUCUA5 green, and for - - -UCUA5 red. The highest
point in a given free energy profile, “‡”, is depicted in the
corresponding color. The barriers for docking and undocking are
not explicitly shown for - - -UCUA5 as the data only establish a
lower limit for these rate constants (see Materials and Methods).

FIGURE 6: Free energy profiles depicting the effect of pH on the
identity of the rate-limiting step for the reaction EG + Sf products
(50 °C and 10 mM MgCl2). Although there are quantitative
differences in the free energy profiles for CCCUCUA5 and
-CCUCUA5, the overall effects of varying pH are the same, so the
same free energy profile is used to depict the reactions of both the
substrates.
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6A, ‡). For - -CUCUA5, rate-limiting P1 docking at pH 7
implies that docking is slower than P1 duplex dissociation
and undocking is slower than the chemical step (Figure 6B,
pH 7 wherek-1 . kdock andkundock , kchem). Lowering the
pH to 5 sufficiently decreaseskchemthatkchembecomes smaller
thankundock, rendering the chemical step rate-limiting (Figure
6B, ‡ at pH 5 vs 7).

Figure 7 compares the temperature dependencies of the
free energy profiles for the full-length substrate, CCCU-
CUA5, and for -CCUCUA5 and - -CUCUA5 at pH 7. For
each substrate at 15°C, dissociation of the P1 duplex is
slower than the steps following P1 duplex formation (Figure
7A, k-1 , kdock) so that P1 duplex formation is rate-limiting
(Figure 7A, ‡). Raising the temperature is expected to
increase the rate constant for dissociation of the P1 duplex
because duplexes in solution dissociate faster at higher
temperatures (54-58), whereas the analysis in the next
section suggests that the rate constant for docking is largely
independent of temperature. For -CCUCUA5 and - -CU-
CUA5, raising the temperature to 65°C increases the rate
constant for dissociation of the P1 duplex to the extent that
it becomes faster than docking (Figure 7B,k-1 . kdock).
Hence, P1 docking limits the reaction rate of -CCUCUA5

and - -CUCUA5 at 65°C (Figure 7B, blue and green ‡). The
transition from rate-limiting P1 duplex formation to rate-
limiting docking happens at a lower temperature for - -
CUCUA5 than for -CCUCUA5 because the P1 duplex formed
with - -CUCUA5 dissociates faster than that formed with
-CCUCUA5. For the full-length substrate, duplex dissociation
remains slower than docking at 65°C so that the rate remains
limited by P1 duplex formation (Figure 7B, black ‡).

The ability to isolate the steps of P1 duplex formation,
P1 docking, and chemical cleavage by varying substrate
length, pH, or temperature as illustrated above allowed us
to obtain information about the nature of these individual
steps, as described in the following section.

InVestigating the IndiVidual Reaction Steps: P1 Duplex
Formation, P1 Docking, and Chemical CleaVage

This section analyzes the effects of substrate length, pH,
and temperature on the individual reaction steps. The results
of the analysis are summarized in Table 2 for reference and
comparison.

Effect of Temperature, pH, and Substrate Length on the
Rate Constant for P1 Duplex Formation.As described above,
the absence of a pH dependence, temperature dependence,
or thio effect for (kcat/Km)S with CCCUCUA5 and -CCUCUA5

[Figures 3 and 4 (21, 46, 48, 54-58); D. S. Knitt and D.
Herschlag, unpublished results] supports the assignment of
rate-limiting P1 duplex formation for these substrates.
Conversely, the pH and temperature effects are consistent
with P1 duplex formation being largely unaffected by
variations in pH and temperature. Analogously, the identical
values of (kcat/Km)S for - -CUCUA5 and the full-length
substrate below 15°C (Figure 4) suggest that P1 duplex
formation also limits the reaction rate of - -CUCUA5 at these
temperatures. Together, these data provide a self-consistent
picture in which the P1 duplex is formed with a rate constant
of ∼108 M-1 min-1 over the temperature and pH range
investigated for duplexes 4-6 bp in length; the results
provide only a lower limit of 2.9× 104 M-1 min-1 for the
rate of formation of a 3 bp P1duplex.

Effect of Substrate Length and Temperature on the Rate
Constant for P1 Docking, kdock. (1) Obtaining the Rate
Constant for P1 Docking, kdock. For cases with rate-limiting
P1 docking,kdock was first deconvoluted from the overall
(kcat/Km)S value. This then allowed analysis of the effects of
substrate length and pH onkdock.

For - -CUCUA5, the observed reaction rate and the pH
and temperature dependence of (kcat/Km)S suggest that P1
docking limits (kcat/Km)S between 30 and 65°C at pH 7, as
described above. Under these conditions, there is sufficient
time to establish an equilibrium population of the open
complex prior to rate-limiting P1 docking (Figure 5, green
profile wherek-1 . kdock).2 Hence, (kcat/Km)S is related to
the equilibrium dissociation constant for the open complex,
Kd

IGS, andkdock according to eq 4 (Figure 5, green profile).

Table 3 lists the observed values of (kcat/Km)S, the estimated
values ofKd

IGS, and the resultant values ofkdock. The values
of Kd

IGS were estimated from the binding affinity of
- -CmUCUA5, a substrate with a 2′-methoxy substituent at
the -3 position (Figure 2B). Previous work has strongly

FIGURE 7: Free energy profiles depicting the effect of temperature
on the identity of the rate-limiting step for the reaction EG + S f
products (pH 7 and 10 mM MgCl2), as described in the legend of
Figure 5.

(kcat/Km)S ) kdock/Kd
IGS; kdock ) (kcat/Km)S × Kd

IGS (4)
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suggested that the E‚S complex formed with such substrates
is a good mimic of the open complex formed with the
corresponding all-RNA substrate (39, 49; also see Materials
and Methods). An analogous calculation ofkdock was possible
for -CCUCUA5 at 65 °C (Table 3) because, as described
above, (kcat/Km)S for -CCUCUA5 is limited by P1 docking
at this temperature (Figure 7B, blue profile).

(2) The Rate Constant for P1 Docking Is Not Greatly
Affected by Substrate Length and Temperature.The kdock

value of 710 min-1 obtained from the analysis described
above for -CCUCUA5 is the same, within error, as the value
of 520 min-1 obtained for - -CUCUA5 at this temperature
(Table 3) (errors are estimated as(35%; see Materials and
Methods), suggesting that this change in substrate length does
not substantially alter the rate of docking.

The data in Table 3 for - -CUCUA5 further suggest that
kdock does not vary significantly with temperature. This
temperature dependence was analyzed according to transition
state theory. The Arrhenius plot of ln(kdock) versus 1/tem-
perature gives the change in enthalpy,∆Hq

dock (5.2 ( 10
kcal/mol), and the change in entropy,∆Sq

dock (-37 ( 27
cal mol-1 K-1), associated with the formation of the transition
state for docking (Figure 8). Thekdock value at 65°C was
omitted for this analysis because the tertiary structure of the
ribozyme is partially disrupted at this temperature (30). The
error limits are highly conservative estimates and were
obtained as described in Materials and Methods to determine
if the sign of∆Sq

dock can be ascribed convincingly (see the
Discussion).

The∆Hq
dock and∆Sq

dock values obtained here are consider-
ably different from the∆Hq

dock value of 22 kcal/mol and
∆Sq

dock value of 21 cal mol-1 K-1 obtained previously using
a 5′-pyrene-labeled - -CUCU oligonucleotide, with∆Sq

dock

even differing in sign (27). The origin of the differences may
lie in the different oligonucleotides or the different conditions
used in the two studies, as described below.

(i) The activation parameters for docking of the oligo-
nucleotide substrate, - -CUCUA5, used here, may be intrinsi-
cally different from those of the oligonucleotide product,
- -CUCU, used in the previous study. An effect from the
3′-extension is consistent with the previous observation that
the oligonucleotide product - -pyrCUCU docks∼4-fold faster
than - -pyrCUCUA (26). The 5′-pyrene group attached to
- -CUCU in the previous study may also affect the activation
parameters. (ii) The previous study used a model duplex

Table 2: Summary of the Effects of Substrate Length, pH, and Temperature on the Individual Reaction Stepsa

P1 duplex formation P1 docking chemical step

k1 k-1 Ka
IGSb kdock kundock Kdock kchem

shortening substratec O + - O (ND for UCUA5) O (ND for UCUA5) O, -d O
increasing pHe O O O O O O +
increasing temperaturef O + - O - + +
a Individual rate and equilibrium constants are defined in the legend of Figure 2A:+, increase;-, decrease; O, no change; and ND, not determined.

b Ka
IGS ) 1/Kd

IGS. c pH 7 and 50°C; from the Results.d Kdock is similar for CCCUCUA5, -CCUCUA5, and - -CUCUA5 but is decreased for - - -UCUA5

relative to those of the longer substrates (see the Results).e At 50 °C; from the Results and refs21, 41, and48. f pH 7; from the Results and refs
23 and49.

Table 3: Estimation of the Rate Constant for Docking of the P1 Duplex,kdock
a

- -CUCUA5 -CCUCUA5

T (°C)
(kcat/Km)S b

(M-1 min-1) Kd
IGSc (M)

kdock
d

(min-1)
(kcat/Km)S b

(M-1 min-1) Kd
IGSc (M)

kdock
d

(min-1)

30 4.6× 107 e 8.9× 10-6 550 - - -
40 1.7× 107 3.7× 10-5 630 - - -
50 7.1× 106 1.4× 10-4 990 - - -
55 5.0× 106 2.6× 10-4 1300 - - -
60 2.3× 106 4.9× 10-4 1130 - - -
65 5.8× 105 9.0× 10-4 520 1.7× 107 4.2× 10-5 710

a Conditions: 50 mM NaMES, pH 6.8 (pH value at 25°C), and 10 mM MgCl2. b (kcat/Km)S is the second-order rate constant for the reaction EG

+ S f products. Each (kcat/Km)S value is the average of the individual values depicted in Figure 4.c Kd
IGS is the equilibrium constant for dissociation

of S from the open complex (Figure 2A).d kdock was obtained using eq 4.e At 30 °C, (kcat/Km)S for - -CUCUA5 is only 4-fold slower than for the
full-length substrate, suggesting that P1 duplex formation provides a small contribution toward limiting the reaction rate. Hence, thekdock value at
30 °C was obtained from the equation (kcat/Km)S ) (k1kdock)/(k-1 + kdock), derived for conditions with P1 duplex formation and P1 docking being
partially rate-limiting. The (kcat/Km)S value of 1.8× 108 M-1 min-1 for the full-length substrate was used fork1 because Figure 4 suggests that P1
duplex formation occurs at the same rate for CCCUCUA5 and - -CUCUA5 (see the Results). The value ofk-1 was obtained fromk-1 ) Kd

IGSk1

(Figure 2A).

FIGURE 8: Effect of temperature on the rate constant for P1 docking,
kdock. The values ofkdock are from Table 3. The line represents a fit
to the data that give a∆Hq

dock of 5.2 ( 10 kcal/mol and a∆Sq
dock

of -37( 27 cal mol-1 K-1 (eq 1). The error limits are conservative
estimates as described in Materials and Methods.
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between - -pyrCUCU and a modified IGS strand, GGAGAA,
to estimate the stability of the open complex,Kd

IGS, whereas
here the stability of the open complex has been directly
measured using substrate analogues (see Materials and
Methods). Although at 15°C, the open complex formed with
- -pyrCUCU exhibits the same stability as the model duplex
(25), possible differences at other temperatures would affect
the activation parameters obtained previously. (iii) The
previous experiments were carried out in the absence of G
with 5 mM MgCl2 and 160 mM Na+ at pH 7.4, whereas the
experiments described here were carried out using a saturat-
ing G concentration with 10 mM MgCl2 and 40 mM Na+ at
pH 6.8. Binding of G has been shown to stabilize the docked
state (22). (iv) The temperature range of 10-25 °C used in
the previous study differs from the range of 30-60 °C
investigated herein. Previous observations of a change in the
energetic coupling between G and S binding have suggested
a structural transition in the ribozyme around 30°C (23).
Hence, the two studies may have characterized P1 docking
for distinct states of the ribozyme.

Effect of Substrate Length on the Equilibrium Constant
for P1 Docking, Kdock. For the full-length substrate,Kdock was
obtained from the equilibrium constant for dissociation of S
from the E‚S complex,Kd

E, and the equilibrium constant for
dissociation of S from the open complex,Kd

IGS, using eq 5,
which is derived from Figure 2A. The value ofKd

E was taken
from previous measurements (22, 41), and the value ofKd

IGS

was estimated from the binding affinity of a substrate
analogue that has a 2′-methoxy substituent at the-3 position
(see above and Materials and Methods).

Shortening the substrate weakens binding, hindering a
direct measurement ofKd

E. Hence, for the shortened sub-
strates,Kdock was obtained indirectly using values of (kcat/
Km)S under conditions of rate-limiting chemical cleavage
(e.g., Figure 6B, pH 5 profile). Under these conditions, the
chemical step is slower than the steps limiting dissociation
of the substrate from the closed complex. Hence, there is
sufficient time to establish an equilibrium population of the
closed complex prior to rate-limiting chemical cleavage. The
value of (kcat/Km)S then relates toKd

IGS, Kdock, and the rate
constant for the chemical step,kchem, according to eq 6, which
is derived from Figure 2A.

To obtain Kdock using eq 6, conditions of rate-limiting
chemical cleavage were first established for the shortened
substrates. As described above, under the standard conditions
(pH 6.6 and 50°C), (kcat/Km)S for - - -UCUA5 is limited by
the chemical step but (kcat/Km)S for -CCUCUA5 and
- -CUCUA5 is not (Figure 3). To render the chemical step
rate-limiting for the reaction of -CCUCUA5 and - -CUCUA5,
the 2′-OH at the cleavage site was replaced with a 2′-H. This
substitution slows the chemical step∼500-fold without
affectingKdock (Table 4;21, 36, 41, 52). The log-linear pH
dependence of (kcat/Km)S for -CCUCdUA5 and - -CUCdUA5

with a slope of 1 strongly suggests that the chemical step is
indeed rate-limiting (data not shown) (21). As above, the

Kd
IGS values used in eq 6 were estimated from the binding

affinities of modified substrates having a 2′-methoxy sub-
stituent at the-3 position (see Materials and Methods). The
kchemvalues for the shortened substrates were assumed to be
the same as that previously measured for the full-length
substrate (19, 39), and this assumption is supported by the
results listed in Table 5.

The values ofKdock for the shortened substrates obtained
using eq 6 and the value ofKdock for the full-length substrate
obtained from eq 5 are summarized in Table 4. The results
suggest thatKdock is the same, within error, for CCCUCdUA5,
-CCUCdUA5, and - -CUCdUA5. In contrast, the value of
Kdock for - - -UCUA5 is ∼200-fold smaller than that for
CCCUCUA5.

Effect of Substrate Length on the Rate Constant for the
Chemical Step, kchem. The value ofkchem was obtained from
the rate constant for the reaction of the EG‚S ternary complex
under conditions for which the substrate is predominantly
docked (Figure 2A,kchem). The rate constants were measured
at 10°C to allow saturation with the shorter substrates. At
10 °C, binding of the full-length substrate to an 5′-
azidophenacyl-labeled ribozyme gives a site-specific cross-
link, the location of which is indicative of a docked P1 duplex
(14, 15; G. J. Narlikar and D. Herschlag, unpublished results).

Kdock ) Kd
IGS/Kd

E - 1 (5)

(kcat/Km)S ) kchem× Kdock/Kd
IGS;

Kdock ) (kcat/Km)S × Kd
IGS/kchem (6)

Table 4: Effect of Shortening the Substrate onKdock, the
Equilibrium Constant for P1 Dockinga

substrate
(kcat/Km)S b

(M-1 min-1)
Kd

IGSc

(M-1)
kchem

d

(min-1) Kdock
e Kdock

rel f

CCCUCdUA5 - 2.1× 10-7 0.3 63g (1)
-CCUCdUA5 3.9× 106 6.9× 10-6 0.3 90h 1.4
- -CUCdUA5 2.4× 104 4.2× 10-4 0.3 34h 0.5
CCCUCUA5 - 7.0× 10-8 200 63g (1)
- - -UCUA5 2.9× 104 2.0× 10-3 200 0.3h 0.005

a Conditions: 50°C, 50 mM sodium MES, pH 6.6, and 10 mM
MgCl2. b (kcat/Km)S is the second-order rate constant for the reaction
EG + S f products.c Kd

IGS is the equilibrium constant for dissociation
of S from the open complex.d kchemis the rate constant for the chemical
step (Figure 2A). Thekchem value for the full-length substrate is used
for the shortened substrates because at 10°C all the substrates have
similar kchem values (see Table 5 and the Results); the value ofkchem

for CCCUCdUA5 was measured as described in Materials and Methods,
and the value ofkchem for CCCUCUA5 was taken from previous
estimates (19, 21, 39). e Kdock is the equilibrium constant for P1 docking
(Figure 2A). f A Kdock

rel of <1 indicates a destabilizing effect of
shortening the substrate:Kdock

rel ) Kdock
(shortened-S)/Kdock

(full-length-S).
g Obtained from eq 5 as described in the Results usingKd

E values of
1.1 × 10-9 and 3.1× 10-9 M for CCCUCUA5 and CCCUCdUA5,
respectively. These values were obtained from the previously measured
Kd

E values of 8× 10-9 and 2.2× 10-8 M for CCCUCUA5 and
CCCUCdUA5, respectively, with a subsaturating G concentration and
the 7-fold stabilizing effect of bound G on the binding of these substrates
[Kd

E ) Kd
E(subsaturating-G)/7 (22, 41)]. h Obtained from (kcat/Km)S, Kd

IGS,
andkchem using eq 6 as described in the Results.

Table 5: Comparison ofkchem Values for Full-Length and Shortened
Substratesa

substrate pH kchem(min-1)b substrate pH kchem(min-1)b

CCCUCUA5 5.4 0.13 CCCUCUA5 6.3 1.0
-CCUCUA5 5.4 0.10 - - -UCUA5 6.3 0.3c

- -CUCUA5 5.4 0.16
a Conditions: 10°C and 10 mM MgCl2. b kchem is the rate constant

for the reaction from the (EG‚S)closed complex and was obtained as
described in Materials and Methods.c kchem for - - -UCUA5 is a lower
limit as described in the Results.
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Further, - -CUCUA5 binds to EG ∼20-fold more strongly at
10 °C than a substrate analogue that binds predominantly in
the open complex (G. J. Narlikar and D. Herschlag,
unpublished results), suggesting that - -CUCUA5 is predomi-
nantly docked. Together, these results suggest that the EG‚S
ternary complex formed with - -CUCUA5 and longer oligo-
nucleotide substrates at 10°C represents the closed complex.
For - - -UCUA5, there is no direct evidence that the EG‚S
ternary complex is in the closed complex at 10°C, so the
kchem value obtained below is a lower limit.

For - -CUCUA5 and -CCUCUA5, saturation could be
achieved using excess E over S. Binding of - - -UCUA5 is
still too weak at 10°C to achieve saturation using excess E,
and so itskchem value was estimated from thekcat value
obtained using excess - - -UCUA5 over E. The pH was
lowered to 5.4 or 6.3 to facilitate measurement of the
chemical step, which is faster than can be reliably measured
by manual pipetting at pH 7 (23). The results are summarized
in Table 5. At 10°C, the rate constant for the reaction of
the EG‚S ternary complex is the same, within error, for
CCCUCUA5, -CCUCUA5, and - -CUCUA5 and is only∼3-
fold smaller for - - -UCUA5 than for CCCUCUA5. These
results suggest that the rate of the chemical step is largely
unaffected by variations in substrate length and that all the
substrates, including - - -UCUA5, are docked or nearly
docked. If a substrate was predominantly undocked, it would
have been expected to react substantially slower than the
full-length substrate because of an additional energetic barrier
for P1 docking.

DISCUSSION

Binding of theTetrahymenaribozyme’s oligonucleotide
substrate presents an opportunity to investigate a local RNA
folding event in which secondary and tertiary folding occur
in two distinct steps, P1 duplex formation and P1 docking
(Figure 2) (12, 14, 15, 20, 24, 25, 34-41). Here we have
identified reaction conditions under which P1 duplex forma-
tion, P1 docking, or the chemical step is rate-limiting. This
has facilitated characterization of the individual steps and
provided insights into the nature of P1 duplex formation and
P1 docking as discussed below.

The Open Complex BehaVes in a Manner Similar, but Not
Identical, to That of a Simple Duplex.Initial work with
mutant ribozymes demonstrated that the oligonucleotide
substrate could move from one tertiary binding register to
another without dissociating from the ribozyme (20). This
led to a two-step model for substrate binding in which initial
duplex (P1) formation between the substrate and the IGS to
give an open complex was followed by docking of the duplex
into tertiary interactions. It was further shown that the
stabilities of transiently formed or thermodynamically stable
open complexes are the same, within error, as the stabilities
of model duplexes in solution, supporting the above descrip-
tion of the open complex (25, 49; Figure 2A). The data here
suggest that the rate of open complex formation is largely
independent of substrate length, pH, and temperature, also
analogous to duplex formation in solution. These results
extend the analogy between the open complex and a duplex
in solution.

Nevertheless, there are differences between the open
complex and a model duplex. The rate constants for

formation and dissociation of the P1 duplex are at least 10-
fold smaller than the corresponding rate constants for a model
duplex (25, 41). The slower rates could arise if steric
constraints imposed by regions of the ribozyme near the IGS
restrict the conformational freedom and accessibility of the
IGS relative to an oligonucleotide in solution (61). This
would limit the number of ways in which the oligonucleotide
substrate could approach toward or depart from the IGS.
Indeed, the rate of P1 duplex formation increases with
increasing Mg2+ concentration, suggesting that binding of
Mg2+ increases the accessibility of the IGS, overcomes an
electrostatic repulsion, or provides an electrostatic attraction
for oligonucleotides (62, 63). Further, an azidophenacyl
group attached at the 5′-end of the IGS makes site-specific
cross-links with peripheral regions of the ribozyme in the
absence of substrate and with oligonucleotides that bind
predominantly in the open complex (14, 15, 49). This is
consistent with conformational restriction of the free IGS
and the P1 duplex in the open complex.

In summary, the results described above suggest that the
open complex can be approximated by a model duplex, but
that some differences arise from differences between the
ribozyme and solution environments. Analogous to the
importance of characterizing the unfolded states of proteins
(64-67), further characterization of the nature of the open
complex will be important in better understanding the tertiary
folding process of P1 docking.

The Transition State for P1 Docking Does Not Resemble
the Closed Complex.The results discussed above suggest
that only base pairing interactions are formed in the open
complex. Hence, the step of P1 docking approximates a
simple tertiary folding event in which a single duplex adopts
its final tertiary structure. In previous work, a temperature
dependence of the equilibrium constant for P1 docking was
carried out to characterize this tertiary folding step (27, 49).
The results suggested that formation of the closed complex
is accompanied by a gain in entropy (∆S°′ ) 62 cal mol-1

K-1). The increase in entropy can be accounted for by a
model that invokes the release of bound water molecules,
by structural rearrangements of the core after formation of
tertiary interactions, or by a change in the number and
position of metal ions bound to the ribozyme, as discussed
previously (27, 49).

Here, we have determined the temperature dependence of
the rate constant for P1 docking,kdock, to probe the nature
of the transition state for docking. The results suggest that
formation of the transition state is accompanied by a loss in
entropy (∆Sq

dock ) -37 ( 27 cal mol-1 K-1). The negative
value of∆Sq

dock contrasted with the positive value of∆S°′
for formation of the closed complex most simply suggests
that the transition state for docking does not closely resemble
the final docked state. In contrast,∆Sq and ∆S°′ are both
negative for the folding of chymotrypsin inhibitor 2 and cold-
shock protein CspB, and independent results suggest that the
transition states for these proteins resemble the final folded
state more than they resemble the unfolded state (68, 69).
For the ribozyme, the negative value of∆Sq

dock could arise
if all or most of the tertiary interactions are not made in the
transition state.

P1 Duplex Rigidity Contributes to Stabilizing the Closed
Complex.The effects of substrate length on the equilibrium
constant for P1 docking,Kdock, underscore the role of duplex
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rigidity in stabilizing tertiary structure. Shortening the
substrate by three residues to give - - -UCUA5 reducesKdock

200-fold. One model that accounts for this destabilization
entails disruption of the tertiary interaction made by the 2′-
OH of G25 (Figure 2B) because the base pair with G25 is
broken in the P1 duplex formed with - - -UCUA5. However,
the observation that the 2′-OH of G25 contributes the same
amount of tertiary stabilization with - - -UCUA5 and CCCU-
CUA5 is inconsistent with this model (G. J. Narlikar, L. E.
Bartley, and D. Herschlag, manuscript in preparation).
Instead, the weaker docking of - - -UCUA5 may arise from
the decreased rigidity of the P1 duplex formed with - - -
UCUA5, which has three unpaired IGS residues and only
three base pairs. The unpaired residues are expected to
increase the flexibility of the P1 duplex in the open complex
and thereby increase the energetic cost of docking this duplex
relative to the P1 duplex with all six base pairs. Further
analysis along with additional results will be presented in a
future manuscript (G. J. Narlikar, L. E. Bartley, and D.
Herschlag, in preparation).

The Catalytic Structure of the Closed Complex Is Not
Affected by Shortening the Substrate.Once - - -UCUA5

docks, it is cleaved with a rate similar to that of the full-
length substrate (Table 5). Thus, although the P1 duplex
formed with - - -UCUA5 has increased flexibility, the avail-
able tertiary interactions appear to be sufficient to position
the duplex with respect to the catalytic groups.

P1 Docking Appears To Be the Fastest Step in the OVerall
Tertiary Folding of the Ribozyme.Substantial previous work
has suggested that the overall tertiary folding of the ribozyme
entails multiple steps, with each step resulting in the
formation of stable substructures (9, 10, 15, 30-33). Figure
1 depicts the postulated individual tertiary folding steps,3

along with the rate constant for each step.
The rate constant for P1 docking into its tertiary interac-

tions with the ribozyme core was previously measured by
Turner and co-workers between 10 and 25°C using 5 mM
MgCl2 [kdock ) 540 min-1 for - -pyrCUCU at 25°C (25-
27)]. Here, a similar rate constant for docking was obtained
under conditions closer to those used previously for studying
the overall folding of the ribozyme (40°C and 10 mM
MgCl2; kdock ) 630 min-1 for - -CUCUA5). The results
suggest that P1 docking is the fastest known step in the
overall folding of the ribozyme (Figure 1). Nevertheless, it
is unlikely to precede P4-P6 or P3-P7 formation because
folding of P4-P6 and P3-P7 provides the core into which
the P1 duplex docks. Indeed, the rate of overall tertiary
folding is the same in the presence and absence of the P1
duplex, consistent with an ordered folding pathway in which
P1 docks after folding of the rest of the ribozyme (R. Russell
and D. Herschlag, unpublished results).

Why are the other folding steps slower than P1 docking?
P1 docking involves a smaller loss of conformational entropy
and thus may have a smaller activation energy barrier relative
to the preceding folding steps. In addition, tertiary folding
can be slowed by the formation of stable non-native
interactions that have to be broken prior to correct folding

(70, 71). The folding of P5abc, P4-P6, and to some extent
P3-P7 occurs in the context of a largely unfolded ribozyme,
and hence, large regions of the ribozyme’s secondary
structure are available for making fortuitous non-native
interactions. In contrast, P1 docking involves rearrangement
of a single duplex in the context of an otherwise set ribozyme
structure. This may limit the opportunities for forming non-
native interactions.

Nevertheless, P1 docking, which occurs on the millisecond
time scale, is still substantially slower than simpler intramo-
lecular folding events such as hairpin formation. RNA hairpin
formation takes place on a microsecond time scale (72), the
time scale calculated for diffusion-limited end to end contact
formation in a 10-residue nucleic acid (73). The slower rate
of P1 docking compared to that of hairpin formation suggests
that docking is more complex than a simple diffusional search
for interacting partners. Docking may proceed via multiple
substeps involving an additional conformational change,
rearrangement of metal ions or water molecules, and disrup-
tion of non-native interactions, and may also require that
electrostatic barriers be overcome.
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