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Docking of the P1 duplex into the pre-folded core of the Tetrahymena
group I ribozyme exemplifies the formation of tertiary interactions in the
context of a complex, structured RNA. We have applied ®-analysis to P1
docking, which compares the effects of modifications on the rate constant
for docking (kgock) With the effects on the docking equilibrium (Kgock). To
accomplish this we used a single molecule fluorescence resonance energy
transfer assay that allows direct determination of the rate constants for
formation of thermodynamically favorable, as well as unfavorable, states.
Modification of the eight groups of the P1 duplex that make tertiary inter-
actions with the core and changes in solution conditions decrease Kqock up
to 500-fold, whereas k4o changes by =2-fold. The absence of effects on
k4ock, both from atomic modifications and global perturbations, strongly
suggests that the transition state for docking is early and does not closely
resemble the docked state. These results, the slow rate of docking of
357!, and the observation that a modification that is expected to increase
the degrees of freedom between the P1 duplex and the ribozyme core
accelerates docking, suggest a model in which a kinetic trap(s) slows
docking substantially. Nonetheless, urea does not increase Kkqock,
suggesting that there is little change in the exposed surface area between
the trapped, undocked state and the transition state. The findings high-
light that urea and temperature dependencies can be inadequate to
diagnose the presence of kinetic traps in a folding process. The results
described here, combined with previous work, provide an in-depth view
of an RNA tertiary structure formation event and suggest that large,
highly structured RNAs may have local regions that are misordered.
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Introduction

To function, many RNA molecules form complex
tertiary structures characterized by the packing

21 and L-16, indicates the position of the 5 most residue
of the ribozyme relative to the 5 end of the parent intron;
P and ] followed by numbers and letters, as in P1 and J1/
2, refer to the base-paired regions and joining regions in
the ribozyme secondary structure; FRET, fluorescence
resonance energy transfer; IGS, internal guide sequence;
S, oligonucleotide substrate; G, guanosine; modifications
to the P1 duplex are indicated by d for 2'-deoxyribose,
and m for 2’-methoxy-2'-deoxyribose followed by the
number of the residue modified; wt indicates the
unmodified, all-ribose L-21 ribozyme with the 3’
extension for single molecule studies; wt, wild-type.
E-mail addresses of the corresponding authors:
schu@stanford.edu; herschla@emgm.stanford.edu

together of helical secondary structure elements
interlaced by single-stranded regions. The pro-
cesses by which RNAs form functional tertiary
structures has been studied intensely for a number
of large and small RNA molecules (for recent
reviews, see Treiber & Williamson,'* Tinoco &
Bustamante,> and Woodson*), including RNase
P°7 the Tetrahymena ribozyme,” '* and its P4-P6
domain,'’®""” several tRNAs,'®"* and the small
viral hairpin ribozyme.*** For one of the best
understood of these, the ribozyme derived from
the self-splicing group I intron of Tetrahymena
thermophila  (Figure 1), tertiary folding from

0022-2836/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved
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Figure 1. The Tetrahymena group I ribozyme and docking of its P1 duplex. (a) The ribozyme secondary structure
colored according to structural sub-domains. Small numbers indicate the residue position relative to the cleavage site
in the parent intron. Secondary structure elements are labeled sequentially with P, for paired region, and J, for joining
region. Only the ] regions that are discussed in the text are labeled. T, for tail, indicates the extension that is
complementary to the Cy5-labeled tether used in surface attachment for single molecule measurements.®® Prominent
long-range tertiary contacts are indicated by broken lines.***'" (b) A model for P1 docking shown in the context of
the tertiary structure model of the ribozyme.** Colors are as for (a). The undocked P1 duplex is shown near the cross-
link to A88 (grey, circled) in P2 that is formed in the undocked state.”* The docked P1 duplex is proximate to A114
(white, circled).”*"° (c) The sequence of the P1 duplex, which is formed from the internal guide sequence (IGS) and
the oligonuceotide substrate (S). S is the 5'-exon analog. The cleavage site phosphoryl group is represented by a circled
P, and the remainder of the ribozyme is indicated by E. The Cy3 on the 3’ end of the substrate is the donor dye in FRET
studies. The numbers indicate the residue positions relative to the cleavage site in the parent intron, where a minus
sign (—) signifies that a residue is 5’ of the cleavage site. In previous studies each residue of the P1 duplex has been
substituted with a deoxyribose residue.**” Groups that were previously found to change the equilibrium for docking
are shown explicitly and are indicated by the underlying grey shading. The L-16 ribozyme has an extended IGS
(5-GGUUUGGAGGG-3), which is used with a complementary substrate (5-CCCUCUAAACC-3).*” In the short
substrate, CUCU, the residues within the broken box, C(—5) and C(—6), are absent.
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secondary structure requires magnesium or
another divalent metal ion,”?® occurs via multiple
intermediates,”” and can follow multiple
pathways.'*"*!*?” The first steps of folding involve
rapid compaction® followed by formation of local
and long-range tertiary interactions.”'” Depending
on solution conditions, tertiary structure formation
can be accompanied by secondary structure
rearrangements.”*’~3 The late steps of folding can
include resolution of kinetically trapped species
within the context of a molecule that is highly
structured."'**

The study of RNA folding is motivated by the
desire to understand the processes by which
RNAs attain functional structures. Here we
examine what appears to be the last step of
folding®™?* and an initial step of the chemical reac-
tion of the Tetrahymena ribozyme: docking of the
P1 duplex formed between the ribozyme internal
guide sequence (IGS) and the 5 splice site analog
(S) into the ribozyme active site (Figure 1(b) and
(c)).** P1 duplex docking may allow examination
of tertiary structure formation with isolated
secondary structure in the absence of other compli-
cating events. As docking occurs in the context of a
highly structured RNA, it may be an especially
good system for understanding late tertiary folding
events.

A further motivation for understanding the
attainment of structure by complex RNAs is the
prevalence of multi-step reaction cycles involving
native state conformational changes within biologi-
cally important RNA systems. Splicing, as carried
out by group I and group II self-splicing introns
as well as the ribonucleoprotein spliceosome,
involves conformational changes between the first
and second steps of splicing.” Throughout trans-
lation, numerous conformational changes of the
ribosome have been observed (e.g. see Frank &
Agarwaal®); the most conspicuous of these is the
translocation of tRNAs through the core of ribo-
some particle.””* As a reaction step of the Tetra-
hymena ribozyme, P1 duplex docking represents a
conformational change within the native state of
the ribozyme and may give insight into confor-
mational changes in complex RNAs.

The features of the P1 duplex in the undocked
state have led to a model that P1 is an isolated sec-
ondary structure element. The undocked P1 duplex
has the same stability as a duplex free in solution.*'
Further, the P1 duplex forms only tenfold less
rapidly than an isolated duplex*** with a rate that
is largely insensitive to temperature and length as
expected for a free duplex (e.g. see Williams et al.**).
Upon docking, biochemical studies suggest a model
in which the minor groove of the P1 duplex®*##>~+
forms a triplex with the J4/5 and J8/7 segments of
the ribozyme core.****' The J4/5 and J8/7 regions in
turn contact all other regions of the ribozyme core,
either covalently or through tertiary interactions
(Figure 1(b)).*~** Unlike many other binding reac-
tions involving RNA, the P1 duplex and the native
state of the Tetrahymena ribozyme core have been

suggested to be largely preformed in the absence of
P1 docking'25,34,50,53755

To test this model and better understand the pro-
cess of P1 duplex docking, we measured the rate
and equilibrium constants for docking under a
variety of conditions. We employed ®-analysis, a
powerful formalism developed by Fersht and
colleagues™ that compares the properties of the
transition state to those of the initial and final
states for the reaction of interest. ®-analysis has
been used extensively to examine protein folding
(reviewed by Plaxco et al”” and Oliveberg®®)> %
and binding reactions®®” and has begun to
be applied to RNA folding."”**® Here, the
reaction is docking of the P1 duplex. The initial
state is undocked and the final state is docked.
Dndocked—Transition state (), Nereinafter ®, compares the
energetic effect of a modification on the rate con-
stant for docking with the energetic effect of a
modification on the equilibrium for docking
(equation (1)).

P = AAG(kclock, modiﬁed—»unmodiﬁed)
AAG(Kdock, modified—»unmodiﬁed)

()

A ®-value of ~1 suggests that the interactions
with the modified group are made at or before the
rate limiting transition state, implying that the
modified group is in a similar environment in the
transition state as in the docked state. A ®-value
of ~0 is most simply interpreted to indicate that
the interactions with the modified group have not
yet been made in the transition state.

Our initial study, with substitution of a single
group involved in tertiary contacts between P1
and the core, found no effect on kg, relative to
that for wild-type (wt), yielding a ®-value of ~0.%®
Here, we have greatly expanded our examination
of the docking process by measuring the effects of
substitutions at all positions of P1 known to make
tertiary interactions, as well as the effects of vary-
ing salt, temperature, and urea. The data suggest
that the transition state for docking is highly dis-
similar from the docked state. Further, we propose
a model in which the ribozyme is not locally pre-
arranged to allow docking, a situation that may
generally hold even for large, cooperatively folded
RNAs.

Results

Docking of the P1 duplex with the core of the
Tetrahymena group I ribozyme was examined by
measuring the effects of various perturbations on
docking kinetics and thermodynamics. Rate and
equilibrium constants were obtained with a single
molecule FRET assay for docking that we estab-
lished previously.”” The single molecule assay
allows states that do not accumulate to be directly
observed (reviewed by Weiss®). Thus, the rate con-
stants for both docking and undocking can be
measured directly even when the equilibrium is
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Figure 2. Representative fluorescence data for indi-
vidual ribozymes with different P1 duplexes: (a) and (b)
wild-type; (c) and (d) m22. In each pair of panels, the
top panel (a, c) shows the fluorescence signals, after
background correction, with the donor signal in green
(D, Cy3) and the acceptor signal in red (A, Cy5). The bot-
tom panels (b, d) show the FRET efficiency, defined as
[Ia/(a + Ip)], in blue, and the assignment of the docked
and undocked states according to primary and second-
ary screening criteria, in black. Assignment of an event
is based on the fluorescence characteristics at each time
bin. Docked events are identified by a FRET value of
=0.75 and undocked events are identified by a FRET
value of =0.5. In addition to undocking, reductions in
FRET are also caused by a photophysical “blinking”
events in which either dye enters into a relatively long-
lived (t = 20 ms) non-emitting state, as seen in the trace
of wild-type (wt) (double-headed arrows). (Blinking
events are also observed with other ribozyme complexes
besides wt.) We distinguished low FRET signals due to
undocking from those due to blinking primarily based
on a loss in total fluorescence signal, which generally
accompanies blinking but not undocking. However, sig-
nal-to-noise was not always sufficient to allow all blink-
ing events to be excluded, resulting in a fast phase in
some undocked time plots. Data analysis with respect to
blinking is described in Supplementary Material.

far from unity. Modifications in data collection and
analysis are outlined in Materials and Methods
and elaborated further in Supplementary Material.
Representative docking time traces for single ribo-
zymes are shown in Figure 2, and the data
described below are summarized in Table 1 and
Figure 4.

Modifications of the P1 duplex

The effects on docking of modification of each of
the eight groups on the P1 duplex known to make
tertiary interactions are summarized in Table 1(A).
Specific 2'-hydroxyl (-OH) groups of the ribose
rings of P1 were replaced with 2'-deoxyribose (d;
-H) and/or 2-methoxyribose (m; —OCHs;) resi-
dues (Figure 1(c)). The role of the exposed exocyclic
amine of the G-U wobble pair at the cleavage site
was probed by replacement with a hydrogen atom
in the 122 construct (I for inosine, in which the exo-
cyclic amine is replaced with a hydrogen atom) and
replacement of the U residue with C to form a G-C
Watson—Crick base-pair. All of the modifications
gave significant effects on the docking equilibrium
under our experimental conditions. Quantitative
differences between these and previously published
results™*'** are attributed to the different con-
ditions and constructs employed and are discussed
in Supplementary Material.

Figure 3(b) and (c) shows representative kinetic
data for the wild-type (wt) and two modified
constructs. For these and all other site-specific
modifications that disrupt docking, the effect is
exerted nearly entirely on the rate constant for
undocking (kundock) (Figure 3(c)), with =2-fold
effects on the rate constant for docking (kgock)
(Figure 3(b)). The small apparent difference in
ksock value between the wild-type and modified
constructs in Figure 3(b) results from photo-
physical effects, which have been assessed
quantitatively (Figure 3(a)) and accounted for as
described in Materials and Methods and
Supplementary Material.

Other perturbations of docking

To gain further insight into the docking process,
the effect of several other factors on the docking
rate and equilibrium constants were also
examined. Binding of the guanosine substrate (G)
to the ribozyme increases the binding affinity of
the oligonucleotide substrate.”” To measure this
effect we replaced the 2’-OH at U(— 1), the cleavage
site (Figure 1(c)), with hydrogen [d(—1)] to prevent
cleavage of the oligonucleotide substrate (S) on the
time scale of these measurements.”! We also
measured the docking kinetics for a substrate with
a 2'-H at position —3 [d(—3)], as this substitution
decreases the docking equilibrium constant to
near 1 and thereby increases the accuracy in deter-
mination of the rate and equilibrium constants as
explained in Supplementary Material. Guanosine
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Figure 3. Analysis of docking and undocking kinetics. Plots show the cumulative number of events observed versus
length of time spent in the docked or undocked state, or dwell time, for each event, i.e. the sum of the number of
events observed with a dwell time less than or equal to the value on the x-axis. (a) Comparison of the low FRET events
that pass the filtering criteria for undocking for wt ribozyme (O) and for a DNA duplex with a Cy3—-Cyb5 pair at one
end (0) from 840 seconds of data taken at similar laser intensity. The inset is an expansion of the short times. The
DNA data are fit by a single exponential, N(t) = N[1 — exp(—kt)], where N is the number of events observed. The ribo-
zyme data are fit by a double exponential, N(t) = N[1 — AV exp(—kVt) — A® exp(—k®t)]. Consistent with the fast
phase in the wt ribozyme data being caused by photophysics, a similar number of short events (N = 10, DNA, [J;
AW =8 ribozyme, O) and magnitude of rate constant associated with them (k=230(x10)s"!, DNA;
kD = 60(+20)s71, ribozyme) was identified for the DNA and wt ribozyme. Thus, the rate constant of the fast phase
in the undocked time histograms is attributed to blinking of the dyes and approximates the rate constant for leaving
the blinked state, kynplink- Irregularities in the data are the result of noise due to the small data set. (b and c) Plots of
the times spent in the undocked (b) and docked states (c) for the wt (O), the m(—1) (0), and m22 (A) ribozymes. The
number of events observed (N) is normalized to 1 so that the data may be easily compared. The data sets are composed
of data from observations made on multiple days. In (b), the wt undocking data (O; N = 680) are fit by a double expo-
nential (A® =02, k), =23=4s!, AP =08, kP, =25=1)s"), and the m(-1) (O N =1856;
Kdock = 2.1(x0.1) s71) and m22 (A; N = 645; kgock = 1.9(=0.2) s71) data are fit by a single exponential equation. The
rate constant of the fast phase for wt, k(dlgck likely reflects blinking, and thus is designated as kynplink- Such a fast phase
was also observed for most mutants examined but was able to be eliminated by secondary screening criteria from
data sets for which Kgock <~ 5 (see Supplementary Material). The data for m22 exclude three very long, statistically
unlikely undocked events. In (c), the wt data (O; N = 516) are best fit by a double exponential, as shown (A! = 0.21,
kf}gdmk =0.7(x02)s7!, A2=0.79, kfr:dock =0.15(+0.01) s 1); fitting by a single exponential gives Kkyndock =
0.19(+0.01) s*. The m(—1) (O; N = 1497; kundock = 1.6(+0.1) s71) and m22 (A; N = 666; kundock = 11(+1) s71) data are
fit by a single exponential equation. (d) Comparison of dwell times in the undocked state for the short S,
d(—1)CUCU (O), versus full length (—1d)S (O) with the L-16 ribozyme. The short S data are fit by a single exponential
(O; N = 300; kgock = 35(x5) s7"). The full length S data are fit by a double exponential (O0; N = 563) (AD = 0.5, kggck =
11(£2)s71, A® = 0.5, kggck =3.3(x0.4) s71). Despite the similarity of ko for the short substrate to kggck (i.e. kunblink)
for full-length substrates (L-21 and L-16), the greater frequency of low FRET events for the short S relative to full-length
S and the absence of a second, slower phase in the undocked time plot for the short S suggest that the reported rate
constant is due to docking and not simply to blinking (see Supplementary Material for elaboration).

has an ~3-fold effect on Kgok, consistent with
previous results at this temperature.”? Within
error, the effect of bound guanosine is manifested
in a smaller kungock value with no effect on kqock
(Table 1(B)).

Increasing the MgCl, concentration from 10 mM
to 100 mM had only a ~2-fold effect on Kgock

and had no effect within error on the rate constant
for docking (Table 1(B)). Similarly, previous
measurements detected no change in kgock between
5mM and 15mM MgCL.”? In contrast to the
absence of effect with increased Mg>*, addition of
500 mM Na™" decreased the equilibrium for dock-
ing by ~50-fold, consistent with previous
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Table 1. Perturbations of the thermodynamics and kinetics of docking

A. Effects of site-specific modifications to the P1 duplex on docking®

AAG (Kdock)d kaocxk® AAGH (kdock)f Kundock® —AAG? (kundock)®
P1 duplex® Kaock® (kcal mol™") (s (kcal mol ™) (s (kcal mol™) (o8
wt 25 + 3 - 25 +0.2 - 0.07 + 0.02 - -
d(—1) 22 +5 - 27 +04 - 0.13' = 0.04 - -
d(-1)™ 32 +4 - 33+ 04 - 0.15% + 0.02 - -
d(—=2/-1) 0.8 0.1 20+0.1 1.5 = 0.1 0.3 +0.1 1.9°+0.2 1.6 £0.2 0.2 +0.1
d(=3/-1) 0.36 = 0.04 24 +0.1 1.6 = 0.1 0.3 £0.1 3.7°+0.3 20*+0.2 0.13 = 0.04
22™ 1.7 £02 1.7 £ 0.1 3.8" £ 03 -0.1=*=0.1 1.7° £ 0.1 14 +04 —0.05 £ 0.05
C(—1) 0.40 £0.03 24 +0.1 2.6" £0.1 0.0 =0.1 5.6°+ 0.3 25+0.2 —0.01 £ 0.02
d22m 0.37 = 0.05 2.6+ 0.1 2.6+ 0.2 0.1=0.1 6.2°+ 0.5 22+04 0.05 = 0.03
d23 12+3 04 *+01 3.8" £ 0.6 -03*01 04'+0.1 1.0 £03 —P
d24 307 -0.1x02 4.1 £ 0.8 -03*=0.1 0.14% + 0.06 04 =02 —-P
d25 4+1 1.0+ 0.1 40=+07 -03*0.1 1.0 £0.2 1.5+0.2 -03*+02
d25™ 1.1 =01 20=*01 3.6 0.2 -01=*01 2.6°*+0.2 1.7£04 0.00 £ 0.01
d26 41 +0.6 1.1 £0.1 43 05 -03*=0.1 1.2 £0.1 1.6 £0.2 -03*0.1
m(—1) 1.3 +0.1 1.7 0.1 220+ 0.1 0.1=0.1 1.6° = 0.1 1.8 +0.2 0.04 = 0.03
m(—3) 0.14 £ 0.01 3.0*+01 1.6" = 0.1 0.3 *+0.1 9.7° £ 0.5 29 +0.2 0.09 = 0.02
m(—3)™ 0.77 £ 0.05 22+0.1 3.7+02 -01=*=01 52 +0.2 21 +0.1 —0.03 £ 0.02
m22 0.17 = 0.02 29+ 0.1 26"+ 0.2 0.0 = 0.1 15°*+1 31+02 —0.01 = 0.02
m25 0.04 £ 0.01 3.7*+01 2.7 03 0.0 0.1 62°+ 6 39+0.2 —0.01 £ 0.02
C(—1)/d25 0.22 £0.03 28 0.1 39" £ 04 -03*0.1 18° =2 32+02 —0.09 £ 0.03
m(—3/22) 0.07 = 0.03 34+03 2.6 = 0.7 0.0+02 31°*= 8 35*02 —0.01 = 0.05
m(—1/22) 0.12 = 0.02 3.1=*x0.1 3.5" £ 0.5 -02=*=0.1 16° £ 2 3.2+0.2 —0.06 £ 0.03
d(—-1ncucu™ 90 = 20 —0.6 0.2 34 t5 -14 0.1 03'+0.1 0.1=*=01 2.4 + 0.69

B. Effects of guanosine binding and increased monovalent and divalent metal ion concentration on docking®

AAG (Kdock)d kdocke AAG# (kdock)f kundocke _AAG: (kundock)f
Conditions* Kaock® (kcal mol ™) (s™ (kcal mol ™) ™ (kcal mol ™) Parp s
- 22 +5 - 2.7+ 04 - 0.13% + 0.04 - -
2mM G 47 = 14 —04+02 21 +05 0.1£0.2 0.05 = 0.04 —0.6 05 -03*+04
-t 0.36 = 0.04 - 16" = 0.1 - 3.7+ 03 - -
2mM G! 1.6 0.3 -09 +0.1 1.7+0.2 0.0 £0.1 1.3° £ 0.2 —0.6 £0.1 0.0 0.1
- 22 +5 - 2.7+ 04 - 0.13 £ 0.04 - -
500 mM NacCl 04 £0.1 24 £0.2 3.6 £0.3 -02=*01 74 04 24 0.2 —0.07 £ 0.04
100 mM 40 £ 10 —04x02 25 +1.0 0.0£0.3 0.10 £ 0.05 -02+04 —-0.1*+0.8

MgCl,

? Measured at 22 °C, 10 mM MgCl, (pH 7.0), unless specified otherwise.

® See Figure 1(c) for a diagram of the P1 duplex and the abbreviations for a description of nomenclature.

¢ Kgock from total time spent in the docked state divided by total time spent in the undocked state.

4 AAG (Kgoek) = —RT ln(KdmOLéi Kygck), where R is the gas constant, and T is the temperature in Kelvin.

¢ Rate constants are adjusted to account for systematic biases in data collection as described in Materials and Methods and Sup-
plementary Material and noted here. The general form of equations used is given in the legend to Figure 3.

£ AAG (kgoek) = —RT In(kut /K¢ ).

i —AAG (kupdock) = —RT ln(ky;dock/kumnﬁock)'

i @ = AAG* (kdock)/AAG (Kdock)-

! Errors are two standard deviations based on Poisson statistics and are calculated as 1/+/N, where N is the number of events
observed for a given perturbation.

) k(dz(zck, the rate constant for the second phase of the undocked time histogram, which excludes photophysical events.
x Kundock = kuz)zdock,obs - kphotobleach — 1/(trace length)~

kundock = kundock - kphotobleach - 1/ (trace length)-

™ Measured in the context of the L-16 ribozyme which has a five residue extension of the IGS compared to the L-21 ribozyme.”

™ kdock, corrected for undercounting of short undocked events.

° Kundock, corrected for undercounting of short docked events.

P d-values are not given for modifications that have <1 kecal mol " effect on Kqock, as the error associated with these measurements
is large relative to the size of the effect.

9 This is a ®*PP-value because shortening the substrate is a complex modification (see footnote s).

" All measurements in the context of d(— 1) substrate with the L-21 ribozyme, unless otherwise specified.

$ PP = AAGH(kgoak)/(AAG(Kgock)- The superscript app, for apparent, indicates that while the ratio of AAG*/AAG may still be used
to compare the properties of the transition state with those of the ground state, these perturbations are not described by typically
defined ®-values.

! For the P1 duplex with the d(—1/—3) modifications.
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cross-linking results.”* The effect arises from an
increase in the rate of undocking, whereas kgock is
affected <2-fold (Table 1(B)).

The global properties of the docking process
were probed by measuring the urea and tempera-
ture dependencies of docking. Figure 4(a) shows
that while the docking equilibrium is greatly
reduced by urea, there is little effect on the docking
rate constant; the entire effect is expressed in the
undocking rate constant. Figure 4(b) shows that
increasing temperature renders docking more
favorable, and both the docking and undocking
rate constants increase, in qualitative agreement
with previous results.”

Lastly, the effect of increasing the length of the
single-stranded region between the P1 duplex and
the ribozyme was probed by shortening the oligo-
nucleotide substrate by two residues, i.e. removing
residues (—5) and (—6) (Figure 1(c)). Previous
studies found effects of <3-fold on Kgo due
to removal of the 2'-hydroxyl groups or the entire
residue at these positions.******” The shortened P1
duplex docks somewhat more strongly (~3-fold)
than the full length duplex (Table 1(A)).
Interestingly, the rate of docking of the short P1
duplex is ~10-fold faster than that of full length
(Figure 3(d)). The undocking rate constant is also
increased modestly.

Discussion

Docking of the P1 duplex into the pre-folded
Tetrahymena ribozyme core provides an oppor-
tunity to examine a tertiary structure formation
event in the context of a large, highly structured
RNA (Figure 1(b)). As noted in the Introduction,
this may also provide a model for conformational
transitions of functional RNAs such as the
ribosome and spliceosome.

To dissect the docking process we used &-
analysis, which allows the development of a
picture of the transition state for docking relative
to the wundocked and docked states, using
equation (1).* It has been emphasized that
modifications used in ®-analysis should be con-
servative to reduce effects on the structure and
solvation of the ground state structure.”®”
Especially in the context of a rigid duplex, the
single atom modifications made here are unlikely
to have large effects on the undocked state. More
generally, the rigidity of RNA secondary structure
elements and the ability to modify individual
functional groups may maximize the power of
®-analysis.

The transition state for P1 docking

Figure 5 depicts simple models for docking in
which different possible transition states contain
progressively larger numbers of contacts between
the P1 duplex and the ribozyme core. The three
models shown represent a continuum of possi-
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Figure 4. Effect of urea (a) and temperature (b) on the
thermodynamics and kinetics of docking. Kgoek (O) is
from the total time spent in the docked state divided by
the total time spent in the undocked state. kgocx (A) and
kundock (H) are from fits of dwell time data as described
for Figure 3. Measurements were conducted at 22 °C in
10 mM MgCl, (pH 7.0). Errors are two standard devi-
ations from Poisson statistics and are smaller than the
symbols if not shown. Tables with the individual values
are provided in Supplementary Material. For (a) the
lines are linear best fits to the log plot shown according
to the equation: AG(urea) = AG + m[urea]. The resulting
slopes (in kcalmol™) are m(Kgok) = 0.65(£0.05),
m¥(kgock) = 0.07(£0.04), and m* (kyndock) = —0.44(%0.05).
The relatively large errors in m-values and imperfect
agreement between the m-values determined from the
rate versus the equilibrium data arise largely from limi-
tations in the data at 0M and 5M urea. At 0M urea
there is considerable error in kyndock due to the small
number of events observed and other biases (see Sup-
plementary Material), and at 5 M urea the data are con-
sistent with the presence of two ribozyme populations
with different rate and equilibrium behavior (data not
shown). Omission of these points gives improved agree-
ment but does not significantly change the m-values,
nor does it effect the conclusions drawn. The ratio
m* (kdoa) /M (Kdock), expressed as Bf, has a value of
0.1(x0.1). Data are from four independent experiments.
For (b) the equilibrium data are fit by the van't
Hoff equation: Kgox = exp(AH/RT — AS/R), yieldin
AH = 8(*2) kcal mol™! and AS = 25(%+8) cal mol ! K™ 1.
Rate constants are fit by the Eyring equation:
k= aexp(AH*/RT — AS*/R).  AH*(kgock) = 12(£2) kcal
mol™! and AH* (kyndock) = 5(+3) keal mol ™. AS*(kgok) =
—14 to 13calmol™K™' and AS*(kuyndock) = —37 to
—10 cal mol ™' K™, where the lower activation entropies
use a value for a that is estimated based on polymer
folding in solution, and the higher are based on an esti-
mate for covalent bond vibration (see footnote on page
1019%). Data are from three independent experiments.
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bilities. In the first transition state model, the P1
duplex is localized near the active site but has not
yet formed contacts with the core (i;). The tran-
sition state is “early” in the docking process, and
modifications that disrupt interactions in the
docked state have no effect on the rate constant
for docking (® = 0). Alternatively, the transition
state for docking may be later in the docking
process, containing a few (%,) or many (%) contacts
between the P1 duplex and the core. In the
simplest case, formation of a particular set of
interactions in the transition state is required for
docking. Modifications that interfere with those
interactions decrease the rate constant for docking
and destabilize the docked state to the same degree
(@ =1).

As summarized in Table 2, modifications that
affect specific interactions in the docked state and
changes in solution conditions that may act less
site-specifically have large effects on the docking
equilibrium, up to 3.7 kcal mol™', but negligible
effects on the rate constant for docking
(£0.3kcal mol™!). Thus, a transition state for
docking that is highly dissimilar from the
docked state is suggested. Below we describe
the significance of the individual measurements
as well as limitations of this analysis. The sub-
sequent sections use these and additional data
to further develop our model for this folding
process.

Removal of each of the functional groups on the
P1 helix involved in tertiary interactions and a
replacement with a hydrogen atom (e.g.
2'-OH — 2'-H) give small or negligible effects on
the docking rate constant and ®-values that are
within error of 0.1 (Table 1(A)). The exception,
d26, has a small negative ®-value because docking
appears to be slightly faster; nevertheless, this rate
constant is within twofold of that for wild-type

S LAEAITT:

Undocked Docked

Figure 5. Simple models for the transition state for
docking that represent the continuum of possibilities:
(#1) (broken line) is an “early” transition state in which
no contacts are made with the core; (%,) (dot-dash line)
represents an “intermediate” transition state in which a
few contacts are formed between P1 and the core; (f3)
(dotted line) represents a “late” transition state in which
many contacts are formed between P1 and the core.
Tertiary contacts between P1 and the core are depicted
as bold dots.

and provides no evidence for a transition state
interaction. The possible significance of small vari-
ations in the docking rate constant upon modifi-
cation is addressed below.

As all positions gave ®-values close to zero, the
simplest interpretation is an absence of native
contacts in the folding transition state. Never-
theless there are important alternative models for
®-values that are not unity.” First, tertiary contacts
that are formed in the transition state can give
small ®-values if there is less cost to accommodat-
ing the modification, because the surrounding
environment is less structured in the transition
state than in the final state.®’””® Second, multiple
folding pathways with distinct transition states
will result in small ®-values if a contact is formed
in only a fraction of the transition states.”® While
the alternative models cannot be eliminated, the
experiments described below designed to probe
these possibilities gave no indication of their appli-
cability to docking.

The analysis described above involved replace-
ment of functional groups by hydrogen atoms. To
test whether the energetic consequence of disrupt-
ing contacts is greatly reduced in the transition
state and therefore undetected upon removal of
the 2'-OH group, we also introduced 2'-OCHj; sub-
stitutions at several positions (Table 1(A)). Despite
the substantially larger equilibrium effects of the
bulky substituents, the ®-values for the 2'-OCHj,
substitutions remain near zero and do not increase
relative to those for the 2'-H substitutions. These
results provide no indication of neighboring con-
tacts with reduced energetic consequences in the
docking transition state.

To test whether the near-zero ®-values arose
from multiple folding transition states, we
examined constructs with two modifications made
simultaneously. Within error the double modi-
fications have no effect on kgock, similar to the
single modifications. This provides no evidence
for multiple transition states with different P1 con-
tacts. Nevertheless, the experimental uncertainty
in these measurements renders this test unable to
discern situations in which there are more than a
few competing transition statest.

To further probe the docking transition state,
we followed the response of docking kinetics
and thermodynamics to several types of more
global perturbations. In each case, kgock is insen-
sitive to the perturbation, bolstering the view
that the docking transition state is early and
highly distinct from the docked complex. As the

1 For example, if there are three distinct transition
states, each containing distinct subsets of interactions, a
modification that fully destabilizes one of the three
transition states, preventing it from being accessed,
would decrease the rate constant for docking by one-
third, i.e. from 3 s™' to 2 s *. Disruption of two of the
three possible transition states, for example, by making
two key modifications, would decreases the rate constant

1

for docking by two-thirds, i.e. from 3 s ' to1s™"
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Table 2. Summary of perturbations and their effects on the transition state for docking

Perturbation Class® Effect on Kgock”

Fractional effect on

Effect on kqoc” U — i versus U — D¢

Interference with a =< + 3.7 kcal mol ™!

tertiary interaction

Site-specific

Bound guanosine Site-specific ~ —0.6 kcal mol ™"

Magnesium Site-specific < —0.3 kcal mol "

(100 mM) and/or global

Sodium Site-specific +2.4 kcal mol ™

(500 mM) and/or global

Urea Global = + 3.3 kcal mol !

(0 to 5 M) m = 0.65 * 0.05 kcal mol ™' M’
Temperature Global AH =8 * 2 kcal mol™*

(10 °C to 43 °C)

AS =25+ 8calmol ' K™!

+0.3 kcal mol ! ~0 (P =0.3)

+0.1 kcal mol ™! ~0 (PP = —0.3)

None ~0

—0.2 kcal mol™ ~0 (PP < —0.1)

=< + 0.3 kcal mol ! -
m*=0.07 = 0.04 kcalmol "M ~0 (B*=0.1)

AH* =12 * 2 kcal mol™* -
AS*¥ = —-14to13calmol 'K -

# Class refers to whether the perturbation effects a specific interaction or set of interactions within the ribozyme (site-specific) or if
the effects are less specific, interfering with all or many interactions (global).
Positive energetic effects indicate a decrease in Kgock Or kdock, Negative effects an increase.
¢ Effect on kgock (undocked (U) to the transition state(:)) divided by the effect on Kgock (U to docked (D).
4 See the legend of Figure 4 for an explanation of the range of values.

effects of global perturbations on processes are
not described by typically defined ®-values, we
use ®*P, with the superscript app for apparent,
to indicate that the ratio of AAG'/AAG may
nonetheless be used to compare the properties
of the transition state with those of the ground
state.

Binding of guanosine, the other ribozyme sub-
strate, is thermodynamically coupled to P1 dock-
ing via a metal ion that bridges the 2'-moiety of G
and the reactive phosphoryl group of the oligo-
nucleotide substrate strand of the P1 duplex.””””
The absence of an effect of G on the kgo value
suggests that the regions of the ribozyme active
site responsible for coupling are not involved in
the transition state for docking. Similarly, the
destabilizing effect of Na* on the Kgock Vvalue is
likely due to displacement of Mg** that support
docking. The absence of an effect of Na* on the
ksock value suggests that these sites are not
involved in the docking transition state (®** = Q)
(Table 1(B)). Further, the absence of effects on kqock
of increased concentrations of Na* and Mg** pro-
vides evidence against large electrostatic differ-
ences between the undocked state and transition
state.

Urea denaturation is a powerful probe for
thermodynamic and kinetic studies of protein
folding’®” and has seen increasing use in RNA
folding.”""*~% Urea substantially destabilizes the
docked state, with the slope of the urea versus In K
plot, or m-value, equal to 0.65kcal mol""M™
(Figure 4(a)). Shelton et al.*' found a linear depen-
dence of the m-values for the urea dependencies
of duplex dissociation and tRNA unfolding on the
change in solvent accessible surface area (AASA)
between folded (duplexes) and unfolded (single-
strands). From this empirical relationship, the

m-value for docking corresponds to a change in
solvent accessible surface area of ~4300 A2
equivalent to the AASA of forming ~5 base-
pairs.®’ In contrast, there is little effect of urea on
the rate of docking (m* = 0.07 kcal mol"!M™1)
(Figure 4(a)). The ratio between m*(kgoek) and
m(Kgock), referred to as B*, has a value of ~0.1,
and suggests that only ~10% of the AASA for the
overall docking process has occurred in the tran-
sition state.”®*

Regarding the temperature dependence of dock-
ing, a difference in sign of AS and AS* has been
taken as evidence for a physical difference between
the docked and transition states.** However, uncer-
tainty in the exponential pre-factor in the Eyring
equation that defines AS* makes this parameter
ambiguous and prevents interpretation of AS*
relative to AS+.

The multiple small ® and ®*P-values, and the
small B* provide evidence that both locally and

+ AS* values are sensitive to the value of the pre-
exponential factor, o, in the Eyring equation: k =
a-exp(AH* /RT — AS*/R). For chemical reactions in a
vacuum, a has been determined to be approximately
equal to kgT/h = 6.2 X 102 571, the frequency of
vibration of the breaking bond (where kg is Boltzman'’s
constant and / is Planck’s constant).* For a polymer in
solution, this is certainly an overestimate of the
maximum observable rate constant for an interaction.
Based on the measured rate of diffusion together of two
residues of a short polypeptide, the o value for proteins
has been roughly estimated at ~10°s™".*® Interestingly, a
dependence of the rate constant of DNA hairpin
formation on loop size extrapolated to zero loop residues
is also ~10° s .* Nevertheless, it would be naive to
expect a single value of o to be appropriate for all pairs
of potentially interacting groups within a polymer or

polymer type.

17,87
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globally the properties of the transition state for
docking are highly dissimilar from the docked
state. This set of results strongly suggests that the
transition state is not late in the docking process
(Figure 5, #3), and an “intermediate” transition
state (%,) is also unlikely. The remaining model, an
early transition state for docking (%), is fully con-
sistent with all of the data. This model is
developed further and refined below.

An early transition state for docking:
conformational search or kinetic trap?

The analysis described above strongly suggests
that the transition state for docking is similar to
the undocked state. Figure 6 presents alternative
models to account for the early transition state for
docking: a conformational search and a kinetic
trap. Based on crystallographic, chemical protec-
tion, and small angle X-ray scattering data the
undocked state is thought to be compact and
highly structured, with most characteristics of the
native, docked state.®3+%55+%0-92 If the undocked
state of the ribozyme core were pre-organized for
binding the P1 duplex, the simplest model for an
early docking transition state would be a rate-
limiting conformational search. However, compari-
sons with model systems and additional data
described below suggest that docking is unlikely
to be limited by a conformational search. Instead
we propose that the existence of a kinetic trap,
escape from which includes local reordering,
slows docking. In principle, the barrier for
escaping the kinetic trap could be large, so that
escape from the kinetic trap is rate limiting.
Alternatively, the kinetically trapped state could
be thermodynamically favorable relative to other
intermediates on the reaction coordinate, so that a
step subsequent to breaking the interactions that
stabilize the kinetic trap is rate limiting.

Macromolecular folding entails the establish-
ment of native interactions, accompanied by a
reduction in chain entropy and an increase in
solvent entropy. Folding can be limited simply by
the diffusion together of contact partners.”?%*
Such a rate-limiting conformational search may be
slow because it is “frustrated” by intramolecular
collisions between different regions of the
polymer” or because infrequently sampled confor-
mations are required for formation of native
interactions.” Further along the continuum of pos-
sibilities, folding can be limited by escape from
kinetic traps (e.g. see Pandya et al.””). This occurs
when the requirement to break interactions formed
in the course of folding slows the folding rate sig-
nificantly. Indeed, many RNA folding processes
have been suggested to be dominated by escape
from kinetic traps."'"'+>%%%%

Experimentally, the hallmarks for kinetic traps in
RNA folding have been considered to be the accel-
eration of folding upon addition of urea, increased
temperature, reduced Mg>*, or introduction of
destabilizing mutations.®"** Recently, models

(a) Conformational Search Model

Models for an Early Transition State
b
[Bo= (%= %
«— A «—
(b) Kinetic Trap Model

5[4 [8

Figure 6. Alternative models to account for an early
transition state for P1 duplex docking. Interactions are
emphasized by dots. (a) A conformational search involving
the P1 duplex and limited regions of the ribozyme core
slows docking. (b) A kinetic trap slows docking of the P1
duplex. As depicted schematically, we conjecture that this
kinetic trap may consist of interactions in J1/2 and/or
interaction between the P1 duplex and the ribozyme, as
well as local misfolding of regions in the core, such as J8/7.

with rate-limiting conformational searches have
been proposed to account for RNA folding events
that are not accelerated by urea or increased
temperature.>®

The absence of urea dependence for P1 docking
superficially supports a model in which a confor-
mational search limits docking. Alternative
interpretations for the urea and temperature data
are possible, however. Indeed, in at least two
protein systems, intermediates with non-native
interactions that slow overall folding have been
described, but folding is still decelerated by
denaturant.'”~'%> More generally, if there is no net
change in hydrogen bonding or solvent accessible
surface area (in the case of urea®) or net bonding
enthalpy (in the case of temperature) between the
kinetically trapped state and the rate-limiting tran-
sition state for escape from the trapped state, then
the observed rate constant would not be sensitive
to these experimental parameters. For example,
escape from the trapped state might involve a
sliding motion with no net change in surface
exposure or a large motion but with an early tran-
sition state, so that all exposure occurs after the
rate-limiting barrier. We therefore investigated
further whether a conformational search is rate
limiting for docking.

Docking occurs on the hundreds of milliseconds
time scale, with a rate constant of ~3s™ ' If the
three adenosine residues between P1 and P2,
termed J1/2 (Figure 1(a)), were acting as a simple
tether, docking would be expected to occur in tens
of microseconds or faster, similar to the folding
rate of a DNA hairpin with a four residue loop
(kzip = 10° s71).1% Further, overall folding of the
~400 residue Tetrahymena ribozyme can occur at
~157",'" even though many more degrees of free-
dom are expected to be lost in overall folding than
in docking from an already structured undocked
state. Folding of other large RNAs occurs at similar
or faster rates.”'” These data suggest that presum-
ably extensive conformational searches can occur
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much more rapidly than docking and argue
against docking being limited by a conformational
search between the P1 duplex and the preordered
ribozyme coref. In addition, while temperature
dependencies, like urea dependencies, are difficult
to interpret, as expressed above, the observed posi-
tive AH* value of 12(*2) kcal mol ! is greater than
that expected for a diffusion limited process” and
consistent with an increase of temperature acceler-
ating the breaking of interactions or rearrangement
of solvent in escape from a kinetic trap, as
suggested previously for docking.'”

To test the conformational search model more
directly we measured the kinetics of docking of a
P1 duplex formed with a short oligonucleotide
substrate that frees two guanine residues of the
IGS from Dbase-pairing interactions, thereby
lengthening the tether between P1 and the ribo-
zyme (Figure 1(c)). Analogous experiments have
been carried out to assess the contribution of con-
formational entropy to protein folding.*>'%*'%” If a
conformational search  were  rate-limiting,
lengthening the tether between the P1 duplex and
the ribozyme in this manner is most simply
expected to increase the degrees of freedom
involved in the docking process and thus decrease
the rate of docking.'”™ However, kgox does not
decrease due to this modification; instead, the rate
of docking is increased by ~tenfold (Table 1(A)
and Figure 3(d)). This result provides experimental
evidence against a rate-limiting conformational
search for docking and supports instead the
model of a kinetic trap slowing docking.
Analogously, increasing the loop length of o;-anti-
trypsin, a serpin protein that folds to a kinetically
trapped state, was shown to prevent accumulation
of the trapped state."”

The basis for faster docking of the shortened P1
is under exploration. The simplest hypothesis is
that the shortened substrate relieves constraining

1 For a perspective on the magnitude of the rate
constant for docking we can utilize a simple probabilistic
model, in which the rate constant for an interaction
varies approximately by keolq = ko-CN, where k, is the
maximal rate constant for interacting, C is the fraction of
conformations of a group that can interact, and N is the
number of independent ligands involved. If multiple
independent regions must be correctly aligned to
support docking (i.e. large N) and/or the probability of
correct alignment of any or all of ligands is small (i.e.
small C) then k¢,1q becomes very slow. Nonetheless, using
a rough estimate of k, = 1 s~ based on hairpin® and
polypeptide data,*® N and C must take on surprising
values in order to approach the slow rate of docking. If
C = 1/3, the estimated value of N that would give kgock
of 3s7'is N = 10. Ten independent regions that must
come together for docking to occur is a large number
given the evidence that the ribozyme is largely pre-
folded in the absence of the P1 duplex (Figure
1(a)).>**°%-% Alternatively, if N = 3, for the regions
involved in docking, namely P1, J1/2, and J8/7, then C
becomes ~0.014, such that only 1/70th of conformations
for each region would support docking.

interactions between P1 and other regions of the
ribozyme resulting in accelerated docking. Con-
sistent with conformational restriction of P1 in the
undocked state, cross-linking experiments with a
highly reactive azidophenacyl group at the end of
the IGS show a predominant cross-link with a
residue in P2 in the undocked state.”*"* Addition-
ally, a residue within J1/2 (Figure 1(a)) is modified
strongly by dimethyl sulfate in the docked state
but not in the undocked state,* """ suggesting a sig-
nificant change in the conformation of J1/2 upon
docking. Lengthening and shortening J1/2 have
similar effects on the cleavage position within the
P1 duplex providing further evidence that this
region does not act as a simple tether.**'"* The
shortened P1 duplex may stack less well on J1/2
than the full length duplex, freeing P1 to achieve
the docking transition state more frequently. Simi-
larly, the observation of small (~ twofold) increases
(with modifications to the IGS) and small decreases
(with modifications to S) in kgocx may be due to
destabilization or stabilization, respectively, of
non-native interactions between P1 and the
ribozyme in the undocked state.

Importantly, the rate constant of ~30s™' for
docking with the shortened P1 duplex remains
two to three orders of magnitude slower than
expected for formation of a simple intramolecular
RNA structure.*”'” Thus, there may be significant
additional barriers to docking beyond the possible
mispositioning of the P1 duplex and J1/2 in the
undocked state. Other regions that might require
rearrangement in the process of docking are those
in the core with which P1 has been proposed to
interact, namely the J4/5 loop and J8/7.*°°%' J8 /7
is a particularly good candidate for a structural
rearrangement as it is the longest unduplexed
region in the ribozyme.” In principle J8/7 could
be unstructured and require a conformational
search to attain the docked state, perhaps to a
state that includes infrequently sampled confor-
mers. However, the observation of protection
against hydroxyl radicals of the J8/7 backbone®
suggests instead that J8/7 is structured. Thus, we
conjecture that J8/7 has an incorrect structure(s) in
the undocked state that must be disrupted to sup-
port docking. This model is consistent with the
high propensity of each RNA residue to interact
with each other one through stacking, hydrogen
bonding between bases,"” and hydrogen bonding
with the 2-hydroxyl groups of the ribose rings.
Indeed, hairpin formation was proposed to be
slowed by myriad local misfolded structures.'®
Further, in the context of the preformed ribozyme
core, the propensity for formation of moderately
stable structures may redouble as a result of pre-
alignment of multiple residues.

In summary, a kinetic trap in the undocked state
involving J1/2 and possibly J8/7 provides the
simplest model to account for the dissimilarity
between the transition state and the docked state,
the slow rate of docking, the positive AH*, and the
absence of rate decrease upon unpairing residues
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within the P1 duplex. Nevertheless, conformation-
al search models in which a large number of rare
conformations must be attained to support docking
and/or in which intra-chain collisions slow the
search cannot be wholly excluded. Both classes of
models (Figure 6) imply that the catalytic site of the
ribozyme is not fully pre-organized for P1 binding.
Indeed, recent experiments provide a strong pre-
cedent for rearrangements within the ribozyme
active site: guanosine binds to the ribozyme several
orders of magnitude slower than diffusional encoun-
ter, and rearrangements of functional group inter-
actions have been identified within ribozyme
complexes with substrates and products.”*”"*
Another example of an alternative local structure in
the context of a cooperatively folded RNA is the
alternative pairing of P3 in a misfolded Tetrahymena
ribozyme structure that is otherwise similar to the
native fold by chemical protection.'*">*

The emerging picture of misorder in the Tetra-
hymena ribozyme core suggests that even large,
cooperatively folded RNAs can have local regions
that lack native structure. These regions become
appropriately ordered in the course of folding or
reaction, much like the structural accommodation
between binding partners described for numerous
small RNAs.">!"¢ Modifications to selected tertiary
interactions involved in tRNA and P4-P6 folding
were also observed to have no effect on the folding
rates of these RNAs."*° The apparent observation
of early transition states in these processes as well
as in docking may arise because rearrangement
from alternative structures is a common feature of
these and other RNA folding and binding events.
The challenge remains to discern to what degree
RNA’s propensity for alternative conformations
has interfered with biological function and, con-
versely, to what degree this propensity has
enhanced function. Has the propensity for multiple
states facilitated the use of RNA in complex
reactions that utilize successive structural states,
and has nature taken advantage of these multiple
states to regulate processes?

Materials and Methods

Reagent preparation

Oligonucleotide substrates were purchased from
Dharmacon, Inc. (Lafayette, CO) and labeled with Cy3
as described.®® For single molecule measurements, the
well-characterized L-21 Scal ribozyme or a ribozyme
with an extended IGS (L-16, having an additional 5'-
GGUUU sequence)” was extended at the 3’ end by 27
residues (T; Figure 1(a)) for annealing to a biotinylated
DNA tether.®® Ribozymes with IGS modifications were
created by ligation of a synthetic oligonucleotide to a
transcribed L-38, T ribozyme with minor modifications
to previous protocols”''” using low Mg** and a 44mer
DNA oligonucleotide complementary to the 3’ end of
the ribozyme to prevent 3’ end processing. After gel
purification, ligated molecules were >90% of the popu-
lation as judged by kinase exchange labeling."*®

Single-molecule measurements

For single molecule fluorescence resonance energy
transfer (FRET) assays, ribozymes were annealed with
donor-labeled (Cy3) oligonucleotide substrate and accep-
tor-labeled (Cy5), biotinylated tether and bound to a
streptavidin-coated glass surface for visualization with a
confocal microscope (Figure 2). Minor modifications to
previous protocols® are described in Supplementary
Material. Unless stated otherwise, experiments were
carried out at 22(+1) °C, 10 mM MgCl,, 50 mM sodium
Mops (3-[N-morpholino]propanesulfonic acid) (pH 7.0),
with an oxygen scavenging system consisting of 10%
(w/v) glucose, 1% (v/v) B-mercaptoethanol), ~50 ng/
ml glucose oxidase (Roche Molecular Biochemicals),
10 pg/ml catalase (Roche Molecular Biochemicals). Con-
trol experiments with wild-type ribozyme showed that
lower and higher glucose (3% and 13%) did not affect
the rate and equilibrium constants for docking within
error (data not shown). For experiments with urea,
oxygen-scavenging enzymes were incubated with the
buffer for five to ten minutes before addition of urea.

Docked and undocked states, indicated by high and
low FRET events, respectively, were identified based on
quantitative criteria for FRET and relative fluorescence
signals as described in Supplementary Material. The
reported equilibrium constants for docking (Kgock) are
the ratio of the total time spent in the docked and
undocked states. The rate constants for docking (kgock)
and undocking (kundock) Were determined by fitting
plots of the cumulative number of undocked and docked
events observed with each dwell time, respectively
(Figure 3). The observed dwell times for events attribu-
ted to the undocked state for wild-type ribozyme and
other complexes with Kgock greater than ~5 are not well
described by a single exponential (Figure 3(a) and (b)).
A similar number of short-duration, low-FRET events
that fulfill the criteria for undocking were identified for
a control DNA duplex with a Cy3-Cyb5 pair at one end
(Figure 3(a)). This and additional observations suggest
that the fast phase in the undocked time plot is due to
photophysical events, termed “blinking” events, and is
thus unrelated to the ribozyme (see Supplementary
Material). Other corrections to the reported rate con-
stants were made for systematic biases due to time trace
truncation and undercounting of short docked events
(Supplementary Material). These modifications improve
the accuracy of the reported rate constants by =two-
fold and the agreement between equilibrium constants
calculated from total times and the ratio of rate con-
stants, but are not necessary for the conclusions made
herein.
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