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REPORT

An early transition state for folding

of the P4-P6 RNA domain
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2Howard Hughes Medical Institute, University of Colorado at Boulder, Boulder, Colorado 80309-0215, USA

ABSTRACT
Tertiary folding of the 160-nt P4-P6 domain of the

Tetrahymena group | intron RNA involves burying of substantial

surface area, providing a model for the folding of other large RNA domains involved in catalysis. Stopped-flow

fluorescence was used to monitor the Mg

2*.induced tertiary folding of pyrene-labeled P4-P6. At 35

10 mM, P4-P6 folds on the tens of milliseconds timescale with

energy AG* of ~8-16 kcal/mol is calculated, where the large range for

°C with [Mg 2*] =
kops = 15-31 s~1. From these values, an activation free
AG* arises from uncertainty in the pre-

exponential factor relating  kops and AG*. The folding rates of six mutant P4-P6 RNAs were measured and found to be
similar to that of the wild-type RNA, in spite of significant thermodynamic destabilization or stabilization. The ratios

of the kinetic and thermodynamic free energy changes

on the Mg 2* concentration, and the initial slope of

® = AAG*/AAG®' are =~0, implying a folding transition state in
which most of the native-state tertiary contacts are not yet formed (an early folding transition state). The
kobs Versus [Mg 2*] suggests that only

kops depends
~1 Mg?* ion is bound in the

rate-limiting folding step. This is consistent with an early folding transition state, because folded P4-P6 binds many

Mg?* ions. The observation of a substantial
two-state folding diagram for Mg

AG* despite an early folding transition state suggests that a simple
2*.induced P4-P6 folding is incomplete. Our kinetic data are some of the first to

provide quantitative values for an activation barrier and location of a transition state for tertiary folding of an RNA

domain.
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INTRODUCTION

A major goal of current biomolecular structural studies
is a full description of folding energy landscapes. Sig-
nificant effort has been dedicated to investigating
protein-folding landscapes at the level of both theory
(Leopold et al., 1992; Bryngelson et al., 1995; Onuchic
et al., 1996, 1997; Dill & Chan, 1997; Lazaridis & Kar-
plus, 1997; Socci et al., 1998; Dobson & Karplus, 1999)
and experiment (Jackson & Fersht, 1991a, 1991b;
Fersht et al., 1992; Otzen et al.,, 1994; Fersht, 1997;
Dobson & Karplus, 1999). Experimental studies on RNA
folding have also begun to reveal the overall features
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of RNA-folding landscapes (Zarrinkar & Williamson,
1994; Zarrinkar et al.,, 1996; Pan & Sosnick, 1997;
Maglott et al., 1998; Sclavi et al., 1998; Treiber et al.,
1998; Fang et al., 1999a, 1999h; Maglott et al., 1999;
Pan et al., 2000), but little quantitative data is available.

Here we investigate tertiary folding of the P4-P6 do-
main of the Tetrahymena group | intron RNA (Murphy &
Cech, 1993; Cate et al., 1996). This 160-nt RNA is
substantially larger than tRNA (~75 nt), arguably the
class of RNA for which folding pathways have been
studied most extensively (Cantor & Schimmel, 1980).
P4-P6 is large enough to possess a substantial interior
surface that is relatively solvent inaccessible, the first
crystallographically determined RNA structure to ex-
emplify this feature (Cate et al., 1996). However, P4-P6
is not so large that multidomain interactions control its
folding pathway. Therefore, studying P4-P6 folding al-
lows us to quantify a global, tertiary folding process
that is not dominated by kinetic traps (Thirumalai &
Woodson, 1996; Pan & Sosnick, 1997; Rook et al.,
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1998; Treiber & Williamson, 1999), for which unfolding
of misfolded domains controls the overall folding.

We have described site-specific pyrene labeling of
P4-P6 RNA to monitor equilibrium formation of tertiary
structure (Silverman & Cech, 1999b), and we recently
extended these studies to the kinetic domain with
stopped-flow fluorescence (Silverman et al., 2000). In
protein-folding studies, information about the folding
transition state is gleaned through mutations that affect
both the kinetics and thermodynamics of folding. Mu-
tants are characterized by their values of ® = AAGY/
AAG®’, which compare the free-energy contributions
of certain residues or functional groups to the kinetic
activation barrier AG* and to the thermodynamic fold-
ing free energy AG®’ (Fersht et al., 1992; Serrano et al.,
1992; Fersht, 1995; Nymeyer et al., 2000). The ® value
(0 = ® = 1) describes the location of the rate-limiting
transition state along the folding reaction coordinate.
A low ® ~ 0 implies an early folding transition state,
one which resembles the unfolded state of the mol-
ecule. Conversely, a high ® ~ 1 indicates a late folding
transition state, one that resembles the fully folded
structure. Here, folding rates of mutant and wild-type
P4-P6 RNAs reveal two fundamental features of the
P4-P6 tertiary folding pathway: the height of the fold-
ing activation barrier and the location of the tertiary
folding transition state. Our observations suggest that
a simple two-state model for P4-P6 tertiary folding is
incomplete.

RESULTS AND DISCUSSION

Activation free energy for
P4-P6 tertiary folding

When MgCI, was titrated into a solution of pyrene-
labeled P4-P6 in Tris-borate buffer (1 X TB) at 35°C,
the fluorescence intensity increased substantially, as
reported earlier (Silverman & Cech, 1999b). The
[Mg?*14,, for the major component of fluorescence
change was ~1.1 mM (filled circles in Fig. 1). We ex-
amined the folding kinetics by mixing pyrene-labeled
P4-P6 with Mg2™ in stopped-flow experiments as re-
cently described (Silverman et al., 2000). Upon mixing
to a final [Mg?*] = 10X [Mg?*]y,, = 10.6 mM in 1X TB
at 35 °C, the major (~95%) component of fluorescence
change occurred with k,ps = 31 s71 (t;, = 22 ms;
Fig. 2). When 200 mM NacCl was included in the buffer,
Kops = 15 s71 (t» = 45 ms) (Silverman et al., 2000);
that is, inclusion of 200 mM Na™ affected the folding
rate only twofold.

These values of k,,s may be used to calculate the
activation free energy AG* for Mg?*-induced P4-P6
tertiary folding. Assuming that the simple Eyring equa-
tion kops = (Kg T/h)-exp(—AG*/kg T) (Where kg is the
Boltzmann constant and h is the Planck constant) holds,
these folding rates correspond to AG* ~ 16 kcal/mol.
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FIGURE 1. Equilibrium fluorescence titration data for pyrene-labeled
P4-P6 and several destabilized mutants in Tris-borate buffer. See
Silverman and Cech (1999b) for a detailed description of the exper-
iment. The major component of fluorescence change (component A)
for wild-type pyrene-labeled P4-P6 is indicated. The [Mg2* ]2 val-
ues were determined for each P4-P6 RNA as follows: wild-type:
1.06 = 0.02 mM (n = 3; error = S.E.M.); AC209: 0.71 + 0.05 mM
(n = 2); U168C:U177G: 1.24 + 0.05 mM (n = 2); dC109:dG110:
1.54 mM (n = 1); U167C: 2.24 + 0.16 mM (n = 2); G174A: 2.45 +
0.18 mM (n = 2); and dC109:dG110:U167C: 3.01 mM (n = 1). In
titrations of mutants containing the dC109:dG110 2’-deoxy substitu-
tions, tiny amounts of Mg?" (<0.1 mM) led to a significant initial
decrease (up to 40%) in the relative fluorescence intensity that was
not observed with the other mutants. This may be related to the close
proximity of the 2’-deoxy substitutions at C109/G110 and the pyrene
chromophore at the 2'-position of U107.

The twofold difference in ks is equivalent to a shift in
AG* of only 0.4 kcal/mol. However, the pre-exponential
term kg T/h, which applies to gas-phase reactions of
small molecules, is almost certainly inappropriate for
more complex reactions (Kramers, 1940) such as the
folding of large protein or RNA molecules in agueous
solution (Dill & Chan, 1997). Indeed, the correct pre-
exponential term is probably many orders of magnitude
smaller, which affects the quantitative value of AG*.
For example, if the pre-exponential term is lower than
kg 7/h by a factor of 108, as would be required to shift
the term from the ps~! to the us™* range (Cohen &
Cech, 1997), then AG* is ~8 instead of ~16 kcal/mol.
Experiments to determine the pre-exponential term for
P4-P6 folding—or folding of any RNA—have not yet
been performed. Whatever the correct term, these val-
ues of AG* are at least as large as the actual (not
standard) tertiary folding free energy AG’, which is only
a few kilocalories per mole at several millimolar Mg?*
for other large RNAs (Fang et al., 1999b) as well as for
P4-P6. Thus, the activation free-energy barrier to P4-P6
tertiary folding is substantial. Previously, we studied
the temperature dependence of wild-type P4-P6 fold-
ing kinetics, which allowed the separation of enthalpic
and entropic contributions (Silverman et al., 2000). We
found that AH* and AS* are both large and positive, so
that the folding barrier is primarily enthalpic in origin.
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FIGURE 2. Fluorescence kinetics traces for Mg?*-
induced folding of pyrene-labeled P4-P6. Top trace:
wild-type P4-P6. Bottom trace: thermodynamically de-
stabilized dC109:dG110:U167C mutant. Data were col-
lected at 35 °C immediately after 1:1 mixing of ~8 uM
P4-P6 in 1X TB buffer (annealed at 90 °C in the pres-
ence of 0.1 mM EDTA) with 21.2 mM MgCl; in 1X TB,
providing final concentrations of ~4 uM RNA and
10.6 mM MgCl,. The instrument dead time was 1.3 ms.
For each trace, six shots (each 4,000 data points at
intervals of 0.25 ms) were averaged. Increasing volt-
age corresponds to increasing fluorescence intensity.
Data from 10-1,000 ms of the top trace were fit with a
double exponential with a major (94% of fluorescence

0.0 10.6 mM Mg+, 1x TB, 35 °C change) component kyps = 31.0 + 0.2~ 1 (1, =22.4 +
Y 0.2 ms) and a minor (6%) component Kpps = 1.29 +
0 250 500 750 00 0.07 st (t]_/z =0.54 +0.03 S). Data from 10-1,000 ms
. of the bottom trace were fit with a single exponential
time, ms with kops = 17.7 + 0.1 571 (f, = 39.2 + 0.2 ms). In both
- cases, additional traces recorded from the same sam-
residuals ples out to 20 s showed no further kinetic components
L e b b Bl il (data not shown). Data analogous to that shown in the
= 014 ‘ BRI A "‘I“"* |0_1 \Y top trace obtained at very high [Mg?"] = 318 mM
n il i 1wy (= 300% [Mg?*1y/2) showed a minor (~10%) decreas-
© J ing fluorescence component with t,, ~ 3 s (data not
© nm ] | shown); such a decreasing component was not ob-
© 014 ! \’ . i Ik Al ; At kAL o 01V served at lower [Mg?*]. The lower apparent fluores-
W { b e i i o : cence change for the destabilized mutant compared to
J wild type is accounted for by the drop in fluorescence
S —— at extremely low [Mg?*] observed only for the mutant
0 250 500 750 1000 (Fig. 1).
time, ms
Minor kinetic effects of mutations indicate
an early P4-P6 folding transition state 1xTB, 35°C . % e
. . . g
In several previous studies (Juneau & Cech, 1999; Sil- o TO
verman & Cech, 1999a, 1999b; Silverman et al., 1999), voe
we identifieq site—directed mutati.ons and specific 2'- - 0. o *o T 10.6 mM Mg2+
deoxy substitutions that substantially affect the P4-P6 @ o5
: : ; or 2 1 c: O
thermodynamic terth_';\ry fo_ldmg free energy AG : Her_e 5 ' Si e widipe
we explore the relationship between P4-P6 folding ki- ] ° .g I o UlesCUIT7G
netics and thermodynamic stability by examining the 4 O F 1 X dC109:dG110
effects of these mutations and substitutions on the P4-P6 ] g1 a4 uerc
tertiary folding rate. Kinetic data (ko) for folding of 8 . ?gggdmw:umc
wild-type P4-P6 and six mutants are shown as a func- 1 M
tion of [Mg?*] in Figure 3. Overall, there is very little ] 10 0
difference between the folding rate of any mutant and [Mg2+], mM

of wild-type P4-P6 at any given [Mg?*]. In particular,
the data for wild-type P4-P6 and three mutants all ob-
tained at 10.6 mM Mg?" (arrow in Fig. 3) show a dif-
ference in folding rates of less than a factor of two:
Kops = 31 s (t, = 22 ms) for wild-type P4-P6, and
Kops = 18571 (t1,» = 39 ms) for the dC109:dG110:U167C
mutant (Fig. 2). This corresponds to a difference in
activation free energies AAG* of <0.4 kcal/mol, inde-
pendent of the Eyring pre-exponential term, which can-
cels in computing AAG*. In contrast, the thermodynamic
destabilizations for these mutants are quite large. In
the case of the dC109:dG110:U167C triple mutant,
which has two 2'-deoxy substitutions at C109 and G110

FIGURE 3. Dependence of the Mg?*-induced folding rate of P4-P6
on [Mg?*] and on mutations that alter the tertiary folding energy AG®’
of P4-P6. Data are shown for wild-type P4-P6 (filled circles) and for
six mutants (other symbols). Data were collected in 1X TB buffer at
35°C as described in the Figure 2 legend. The AC209 mutation
stabilizes P4-P6 tertiary folding by ~1.1 kcal/mol, whereas all of the
other mutations destabilize folding by varying amounts (= 3 kcal/mol
for the dC109:dG110:U167C mutant), as described in Materials and
Methods. Kinetic data for wild-type P4-P6 and the site-directed (non-
2'-deoxy) mutants were obtained at 1, 3, 10, 30, 100, or 300 times
the [Mg?*11/» value for the particular RNA. The amplitude of fluores-
cence change was very small when [Mg?*] < [Mg?*]y/,, making it
difficult to determine kyps values accurately. Data for the two 2’-deoxy
mutants were obtained only at 10.6 mM, which is 10X [Mg?*]y,, for
wild-type pyrene-labeled P4-P6 and ~3Xx [Mg?*]y, for the most
destabilized dC109:dG110:U167C mutant (Fig. 1).
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in addition to the U167C mutation, the 2’-deoxy sub-
stitutions together are destabilizing by AAG®" = 1.5 kcal/
mol (Silverman & Cech, 1999a), and the U167C point
mutation is destabilizing by at least the same amount
and possibly several kilocalories per mole more (Sil-
verman et al., 1999), for a total estimated destabiliza-
tion of AAG®" = 3 kcal/mol.

These kinetic data indicate that very little of the AAG®’
for any given P4-P6 mutant is felt in the rate-limiting
folding transition state. The ratio ® = AAG*/AAG® is
very small; the significantly destabilized dC109:dG110
double mutant has k,,s approximately equal to that of
wild-type P4-P6, implying ® ~ 0. This low value of ®
indicates an early transition state for the rate-determining
step of Mg?*-induced P4-P6 tertiary folding.

A folding energy diagram for P4-P6

Our kinetic data may be related to an energy diagram
for P4-P6 tertiary folding. Consider a very simple dia-
gram in which the unfolded state U (which has only
secondary structure) folds into the folded state F (with
both secondary and tertiary structure) through a single
transition state t (Fig. 4). An early transition state for
P4-P6 folding is consistent with the Hammond postu-
late (Hammond, 1955; Matouschek & Fersht, 1993;

AGHt

mutant

AAG®'
F wild-type

free energy G

folding reaction coordinate

FIGURE 4. A simple two-state energy diagram for P4-P6 tertiary
folding. A single transition state () is located between unfolded (U;
secondary structure only) and folded (F; secondary plus tertiary
structure) states. The dual observations of a large AG* and an early
transition state (low ®) suggest that this model is incomplete. The
folding reaction coordinate (or “order parameter” (Socci et al., 1998))
is not well defined, as the structure of P4-P6 at any point along the
folding pathway other than the fully folded state (Cate et al., 1996) is
not known with precision. The free energy of the folded state is
shown as lower than that of the unfolded state (i.e., AG’ < 0), which
is the case at [Mg?*] > [Mg?*11/» (e.g., 10.6 mM Mg?" in Tris-borate
buffer at 35°C). The activation barrier AG* is ~8-16 kcal/mol de-
pending on the Eyring pre-exponential term as described in the text.
The value of ® = AAG*/AAG® ~ 0 was determined from the folding
kinetics of several mutant P4-P6 RNAs (Fig. 3). The free energy
profile of a generic, destabilized mutant RNA is shown; the magni-
tude of AAG* relative to AAG®’ is exaggerated for clarity. The energy
of the unfolded state is depicted as unperturbed by a mutation that
affects AG®’, which is equivalent to the assumption that the tested
mutations specifically affect interactions only in the folded state of
P4-P6.

S.K. Silverman and T.R. Cech

Matouschek et al., 1995), because Mg?*-induced P4-P6
folding is “downhill” in free energy (AG* < 0, and
AG’ < 0 under the experimental conditions). The ob-
servation of a very low ® value indicates that the tran-
sition state ¥ strongly resembles the unfolded state U.
That is, most of the tertiary contacts that specifically
stabilize the fully folded state F are not yet formed at 1.

However, the dual observations of low ® and large
AG* prompt a question: if £ resembles U, then why is
AG* so large? Some interactions must be disrupted to
explain the substantial folding barrier. The existence of
structure in “unfolded” tRNA was recognized long ago
(Fresco et al., 1966), even before high-resolution tRNA
structures were known. However, we know little about
the structure of unfolded RNA molecules like P4-P6,
and it is unclear what sorts of interactions must be
disrupted to distort the RNA conformation from U to *
(a similar issue has been pointed out for proteins (Ny-
meyer et al., 2000)). Such interactions in P4-P6 could
be nonnative tertiary contacts in the Mg?*-free un-
folded state (Deras et al., 2000; Silverman et al., 2000),
or stacking interactions in the “hinge” region that con-
nects the quasihelical halves of P4-P6 (Murphy & Cech,
1993; Cate et al., 1996; Szewczak & Cech, 1997). There
is some secondary structure rearrangement accompa-
nying the tertiary folding of P4-P6 (Wu & Tinoco, 1998;
Silverman et al., 1999), and this could also contribute
to the activation barrier. Whatever the disrupted struc-
tural interactions, a large AG* seems inconsistent with
a low value of @, because the former implies a sub-
stantial difference between U and f, whereas the latter
suggests that U and ¥ have similar structures. We there-
fore propose that the simple two-state diagram of Fig-
ure 4 is an incomplete description of Mg?*-induced
P4-P6 tertiary folding.

Application of ®-value analysis to a non-two-state
folding or unfolding process is reasonable (Serrano et al.,
1992), but care must be taken in the interpretation of
the data. In the present case, the low value ® ~ 0,
taken alone, implies only that most of the native-state
tertiary contacts are not yet formed at the rate-
determining folding transition state. A more accurate
folding diagram to replace Figure 4 would require more
direct data on the nature of any intermediate(s) along
the folding pathway.

Mechanistic role of Mg 2%
in the folding process

Because P4-P6 tertiary folding incorporates at least
five Mg?* ions (Cate et al., 1997), one might expect
that the folding kinetics would depend strongly on
[Mg?*]. Indeed, as the Mg?* concentration was raised
in the range of 1-30 mM, where ~1 mM is [Mg?*],, for
wild-type P4-P6, k,,s increased significantly (Fig. 3, filled
circles), but the slope was only ~1 (or a little less).
However, above ~30 mM Mg?* (~30X [Mg?*]y,, for
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wild-type P4-P6), the rate leveled off with further in-
creases in [Mg2™"].

These data help to reveal the role of Mg?* in the
RNA folding process. For [Mg?*] > 30 mM, folding is
not rate limited by Mg?* binding but must instead be
limited by conformational changes occurring subse-
quent to Mg?™* binding. However, for [Mg?*] < 30 mM,
the rate-limiting folding step involves chelation of only
~1 Mg?* ion. This observation is consistent with an
early folding transition state as follows. Formation of
tertiary interactions in the fully folded state presumably
requires incorporation of numerous Mg?* ions into spe-
cific binding sites (Cate et al.,, 1997). However, be-
cause most of these tertiary interactions are not yet
formed at the rate-determining folding transition state,
one would expect far fewer Mg?* ions to be required to
achieve this transition state, and indeed only ~1 such
ion is required. For folding of the 112-nt Escherichia
coli @ mRNA pseudoknot, the rate-limiting conforma-
tional change was also reported to involve binding of
only a single Mg?* ion (Gluick et al., 1997).

CONCLUSIONS

We report some of the first quantitative values for an
activation barrier and location of the transition state for
tertiary folding of an RNA domain (Maglott et al., 1999).
Upon mixing with Mg?* at 35 °C, P4-P6 folds with K,ps =
15-31 s (t,, = 20-50 ms), equivalent to an activa-
tion free energy AG* of ~8-16 kcal/mol. Further ex-
periments are required to calibrate more precisely the
relationship between k,,s and AG* for all RNAs, includ-
ing P4-P6. By examining the folding rates of thermo-
dynamically perturbed P4-P6 mutants, we demonstrate
an early transition state for P4-P6 tertiary folding. That
is, most of the native tertiary contacts in P4-P6 are not
yet formed at the rate-determining transition state for
Mg?*-induced folding. We also find that only ~1 Mg?*
ion is involved in the rate-determining folding step at
low [Mg2*]. These observations suggest that the en-
ergy diagram for P4-P6 tertiary folding involves more
than two states.

MATERIALS AND METHODS

RNA preparation

RNAs were prepared as described elsewhere (Silverman et al.,
2000), by ligation of pyrene-labeled 15-mer oligonucleotides
to T7 RNA polymerase transcripts comprising the remainder
of P4-P6 (A15-P4-P6 transcripts) (Silverman & Cech, 1999b).
The pyrene was site-specifically incorporated at the 2’ posi-
tion of U107. All oligonucleotides were prepared at Dharma-
con Research, Inc. (Boulder, CO) and purified by PAGE. RNAs
containing the destabilizing (AAG®" = 1.5 kcal/mol) dC109:
dG110 double-2’'-deoxy substitutions (Silverman & Cech,
1999a) were prepared using 15-mer oligonucleotides synthe-

165

sized using the appropriate 2’-deoxyphosphoramidites. The
AC209 deletion stabilizes folding of P4-P6 (Juneau & Cech,
1999) by 1.1 kcal/mol, determined by nondenaturing gels as
described (Silverman & Cech, 1999a; K. Juneau and T.R.
Cech, unpubl.). The destabilizing U168C:U177G double mu-
tation was identified during the course of a previous study
(Silverman et al., 1999) as causing a small shift in the Mg?™*
dependence of P4-P6 folding; from nondenaturing gel data
(Silverman & Cech, 1999a), the estimated AAG®’ at 35°C is
0.4 kcal/mol (data not shown). The destabilizing (1.5—-6 kcal/
mol) U167C and G174A mutations were described previously
(Silverman & Cech, 1999b; Silverman et al., 1999). RNAs
containing the AC209, U168C:U177G, U167C, or G174A mu-
tations were obtained using A15-P4-P6 transcripts prepared
from appropriately mutated DNA templates.

Equilibrium and stopped-flow
fluorescence measurements

Fluorescence experiments were performed as described else-
where (Silverman et al., 2000). The 1X TB buffer is 89 mM
each Tris and boric acid, pH 8.3.
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