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ABSTRACT. We recently described site-specific pyrene labeling of RNA to monitoPMigpendent
equilibrium formation of tertiary structure. Here we extend these studies to follow the folding kinetics of
the 160-nucleotide P4P6 domain of thd etrahymengroup | intron RNA, using stopped-flow fluorescence

with ~1 ms time resolution. Pyrene-labeledH26 was prepared using a new phosphoramidite that allows
high-yield automated synthesis of oligoribonucleotides with pyrene incorporated at a speaifiind-
2'-deoxyuridine residue. P4P6 forms its higher-order tertiary structure rapidly, witgs = 15—31 s1

(t2 &~ 20—50 ms) at 35°C and [Mg*] ~ 10 mM in Tris—borate (TB) buffer. The folding rate increases
strongly with temperature from 4 to 4&, demonstrating a large activation enthalgiy* ~ 26 kcal/mol;

the activation entropyASF is large and positive. In low ionic strength 10 mM sodium cacodylate buffer

at 35°C, a slow (1> ~ 1 s) folding component is also observed. The folding kinetics are both ionic
strength- and temperature-dependent; the slow phase vanishes upon increas]rig [Na cacodylate
buffer, and the kinetics switch completely from fast at’80to slow at 40°C. Using synchrotron hydroxyl
radical footprinting, we confirm that fluorescence monitors the same kinetic events as hydroxyl radical
cleavage, and we show that the previously reported slowH®4folding kinetics apply only to low ionic
strength conditions. One model to explain the fast and slow folding kinetics postulates that some tertiary
interactions are present even without Mgn the initial state. The fast kinetic phase reflects folding that

is facilitated by these interactions, whereas the slow kinetics are observed when these interactions are
disrupted at lower ionic strength and higher temperature.

Early investigations of transfer RNAs revealed the exist- structure has been shown to be intimately related to regula-
ence of RNA tertiary structure, which usually forms after tion of viral replication (8), to expression of alternative
assembly of secondary structure elements such as stems angrotein sequences via programmed frameshiftit@-21),
loops (L—3). Several crystal structures of tRNAs revealed to suppression of stop codor22( 23, and to translational
the details of tertiary interactions in these molecutessg). repression of ribosomal and other protei@d-26). How-
Since then, the structures of several folded RNAs have beenever, the energetic rules by which RNA adopts well-defined
determined by X-ray crystallography or NMR spectroscopy tertiary structure, and thus can participate in these biologi-
(for example, refs9—14), revealing a variety of tertiary  cally important functions, are only beginning to be explored
contacts that give these molecules their intricate shapes. Thesystematically 27).
discovery of catalytic RNA15, 16 stimulated investigations RNA folding pathways are also poorly understood. A main
of how RNA structure allows these molecules to accelerate feature of the folding of many large, multidomain RNAs is
chemical reactionsl{). More recently, higher-order RNA  the presence of kinetic trap®8—31), in which slow (seconds
to minutes) unfolding of a misfolded region is the rate-
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FIGURE 1: Mg?t-dependent tertiary folding and equilibrium
fluorescence titrations of pyrene-labeled-H26 RNA. (A) Sche-
matic diagram of the tertiary folding of pyrene-labeled#®6. In
the absence of Mg, P4-P6 has secondary structure but little if

Silverman et al.

for the fluorescence increase is not yet kno\86)( These
previous experiments mainly involved equilibrium titrations
of the RNA with Mg?*, and only a preliminary determination
of the folding kinetics was obtained.

Here we describe stopped-flow fluorescence experiments
that monitor the kinetics of Mig-induced P4-P6 tertiary
folding with millisecond resolution. A key technical advance
is the synthesis of a new phosphoramiditehat allows
preparation of large amounts of pyrene-labeled RNA. Several
experiments then permit us to quantify features of the
P4—P6 tertiary folding pathway. Under certain conditions,
we observe two kinetic phases of folding, revealing the
existence of multiple salt- and temperature-dependent
P4—P6 folding pathways. We find an excellent correlation
between folding kinetics monitored by fluorescence emission
and by changes in the hydroxyl radical footprinting pattern
(37), supporting the validity of both methods in monitoring
RNA tertiary structure formation.

MATERIALS AND METHODS

RNA Preparation.Wild-type P4-P6 was labeled with
pyrene on a2amino group at nucleotide U107; the resulting
RNA is denoted as P4P6-wt-U107(pyr3) 86). RNA was
prepared by a modification of the previously described splint
ligation strategy 6, 39. The pyr3-labeled 15-mer oligo-
nucleotide representing P46 nucleotides 102116 was
prepared by Bsilyl-2'-orthoester solid-phase RNA synthesis
chemistry 89), using the new phosphoramididedescribed
below to incorporate a U(pyr3) residue. The phosphoramidite
4 was dissolved to a concentration of 0.07 M in acetonitrile;
with 0.2 M Sethyltetrazole as the activatot,coupled in
>99% vyield within 60 s (data not shown). A T7 RNA
polymerase transcript comprising the remaining nucleotides
(117-261) of P4-P6 (A15-P4-P6 transcript) was prepared
as described3p). The ligation reaction to join the pyr3-

any tertiary structure, and the fluorescence emission intensity of labeled 15-mer oligonucleotide amxil5-P4-P6 transcript

the covalently attached pyrene is low. Addition of Mgnduces

tertiary folding, and the pyrene fluorescence emission intensity

increases36). (B) Equilibrium fluorescence titrations with Mg

of wild-type P4-P6 [P4-P6-wt-U107(pyr3)] and the unfolded
control molecule P4P6-bp [P4-P6-bp-U107(pyr3)], which is
P4—P6 with several base substitutions in the J5/5a “hinge” region
that establish WatserCrick base pairing and thus lock the
molecule into an unfolded conformatioB4). The buffer was the
standard Tris-borate buffer X TB (89 mM each Tris and boric
acid, pH 8.3). Titrations were performed at 35 essentially as
described 36) (see Materials and Methods). All data were fit as
described 6). For wild-type pyrene-labeled P46, the value of
[Mg?*]y, for component A was 1.06t 0.02 mM f = 3
determinations; erro= SEM), and the Mg" Hill coefficient n was
3.0+ 0.3.

and it folds independently of the remainder of the intrbh, (
34). Folding starts with a well-characterized RNA secondary
structure that folds in half at an internal looB4( 39,
forming the two major tertiary interactions observed by X-ray
crystallography (Figure 1A)1(1). Recently we described the
use of a fluorescent probe to monitor tertiary folding of this
RNA domain 86). A pyrene chromophore is covalently
tethered to a specific'dosition in P4-P6; when Mg@" is

was performed on the 4 nmol scale. Typically four such
ligation reactions were pooled before PAGE purification (see
strategy 1 in ref38), affording approximately 8 nmol of
pyrene-labeled P4P6 per synthesis. Unfolded control RNA
with the J5/5a base-pairing substitutions that prevent tertiary
folding of P4-P6 [P4-P6-bp-U107(pyr3)36)] was prepared
from a A15-P4-P6 transcript that was prepared from a
mutated DNA template3d4).

Synthesis of Phosphoramidide The phosphoramiditd
was synthesized in three steps froraghino-2-deoxyuridine
1 (Scheme 1), itself prepared in three steps from uridine
according to reported procedure)( 41). The LIF/ TMS—
Ns; method @0) was used to prepare the'-&zido-2-
deoxyuridine intermediate.

2'-[(1-Pyrenyl)-4-butyrylamido]-2deoxyuriding2). To a
mixture of 1.72 g (7.07 mmol) of'’Zamino-2-deoxyuridine
1 and 3.0 g (7.8 mmol, 1.1 equiv) qiyr3-NHS (1-py-
renebutyric acidN-hydroxysuccinimide ester, Aldrich) was
added 50 mL of anhydrous DMF. The resulting solution was
stirred at room temperature under argon for 13 h, and most
of the DMF was removed under vacuum. The residue was

added to the RNA, the pyrene fluorescence emission intensitynot sufficiently soluble in neat methanol or @&, (or a
increases (Figure 1A). We established that the major mixture thereof) for silica gel chromatography, so the DMF-
component of this fluorescence change is due to tertiary containing residue was diluted severalfold with £ and

folding of the RNA, although the precise physical explanation

quickly loaded onto a silica gel column (23@00 mesh; 4
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cm diameter, 20 cm height) before precipitation could occur.

The column was eluted with~700 mL of CHCI, (the

5'-O-Bis(trimethylsiloxy)benzhydroxysilyl-8P-diiso-
propylamino-P-methoxy)phosphin6{21-pyrenyl)-4-buty-

column cracked substantially) and then a gradient to 10% rylamido]-2-deoxyuriding(4). To a solution of 2.97 g 08

methanol/CHCI, until all of the produc was eluted. The

(3.29 mmol) in 20 mL of CHCI, was added 1.29 g of bis-

appropriate fractions were combined and evaporated to afford(N,N-diisopropylamino)methoxyphosphine (Dharmacon Re-

2.21 g (61%) o® as an off-white solid*H NMR (300 MHz,
DMSO-dg) 6 11.24 (s, 1H, uridine NH), 8.347.85 (m, 11H,
9 pyrene CH+ uridine H-6+ 2'-NH), 5.94 (d,J = 8.5 Hz,
1H, CI-H), 5.70 (m, 2H, uridine H-5+ OH), 5.19 (t,J =
4.9 Hz, 1H, OH), 4.58 (m, 1H, CH), 4.09 (t,J = 4.6 Hz,
1H, C3-H or C4-H), 3.93 (s, 1H, C3H or C4-H), 3.59
(m, 2H, CB-Hyy), 3.22 [t,J = 7.5 Hz, 2H, C(O)CH, 2.31
and 1.93 [each m, 2H, C(O)CGEH,]. FAB-MS M** 513,
[M + H]* 514. Exact mass HRMS calcd forgEl,7N3O,
513.1900; found, 513.1920.
5'-0-Bis(trimethylsiloxy)benzhydroxysilyl-g1-pyrenyl)-
4-butyrylamido]-2-deoxyuridine(3). A solution of 2.20 g
of 2 (4.28 mmol) in 50 mL of THF containing 0.60 mL of
diisopropylamine (4.28 mmol) was stirred at®@. Separately,
9.09 g of bis(trimethylsiloxy)benzhydroxysilyl chloride
(BzH-ClI, Dharmacon Research; 21.4 mmol, 5 equiv) was
diluted with 25 mL of THF. Diisopropylamine (3.60 mL,
25.7 mmol, 6 equiv) was added slowly to the BzH-ClI
solution over 1 min. The solution of silylating reagent was
added slowly to the solution ¢ in 3-mL aliquots until2

search; 4.93 mmol, 1.5 equiv), followed immediately by
0.184 g of tetrazole (2.63 mmol, 0.8 equiv). The solution
was stirred at room temperature for 14 h and washed with
5% sodium bicarbonate and then with saturated sodium
chloride. The organic layer was dried over sodium sulfate
and filtered. The phosphoramiditewas purified by silica
gel chromatography, eluting with 6:3:1 hexanesfCH
triethylamine, providing 2.82 g (89%) of a clear, colorless
oil. 'H NMR (500 MHz, DMSO#; all assignments based
in part on alH—H COSY spectrumy 11.38 (s, 1H, uridine
NH), 8.34 (dd, 1H) and 8.24 (dd, 2H) and 8.19 (dd, 1H)
and 8.14 (dd, 2H) and 8.11 (d, 1H) and 8.04 (t, 1H) and
7.89 (td, 1H) (9H total, pyrene CHs), 7.88 @= 7.5 Hz,

1H, 2-NH), 7.64 (m, 1H, uridine H-6), 7.39 (d,= 7.3 Hz,

4H, C2-H of phenyls), 7.28 (1) = 7.6 Hz, 4H, C3-H of
phenyls), 7.19 (tmJ = 7.3 Hz, 2H, C4-H of phenyls), 6.01
(S, 1H, OCHPEI), 5.95 (t,JHCCCOP% Jer-H-c2-H &~ 8.3 Hz,

1H, Cl’-H), 5.35 (m, 1H, uridine H-5), 472 (dthccopz

37 Hz, Jer-v-c2-n ~ Jez-n-cznn & 8.5 HZ, Jez-can &

6.1 Hz, 1H, C2H), 4.28 (ddd Jucor = 104 Hz,Jcz-H-ca-H

was completely consumed as monitored by thin-layer chro- = 11.0 Hz, Jcz.i-c3-nw = 5.8 Hz, 1H, C3H), 4.10 (dm,

matography. The solution was washed with 5% sodium

Jhccor= 53 Hz, 1H, C4—H), 3.82 (ddd,]Hcccopz 17.2 Hz,

bicarbonate and then with saturated sodium chloride; the Jcs-pa—cs-Hp = 11.5 HZ,Jcs5-Ha-ca-n = 3.4 Hz, 1H, C5H,),
organic layer was dried over sodium sulfate and filtered. The 3.71 (m, 1H, C5Hy), 3.49 (m, 2H, two NCKPr,), 3.28 [m,

product3 was purified by silica gel chromatography, eluting

2H, C(O)CHy], 3.25 and 3.224v = 13.2 Hz; each dJ4cop

with a hexanes/ethyl acetate gradient containing 20% acetone= 44 Hz, 3H total; overlap withd 3.28 prevents accurate

affording 2.97 g (77%) of a clear, colorless oil that was
carried directly to the next step.

area ratio determination; POGH 2.4—2.2 [m, 2H, C(O)-
CCCHJ, 2.00 [m, 2H, C(O)CCH], 1.04 and 0.98 Av =
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26.2 Hz; each dd, total 12H; area ratid .5:1.0;J = 16.1 for 1 min and cooling slowly to 42C. Folding kinetics were
and 6.8 Hz foré 1.04, 19.1 and 6.8 Hz fod 0.98; first determined by rapidly mixing the RNA with Mg&to 10
Jhcenm seconddyccr; two NC(CHg),], 0.01 [m, 9H, Si- mM Mg?* and measuring the time-dependent protection from
(CHg)3], —0.01 [m, 9H, Si(CH)3]. The spectrum clearly  X-ray-generated hydroxyl radical cleavage as previously
reflects slow inversion of configuration around P on the reported 87). Following X-ray exposure, the RNA was
NMR time scale at room temperature [two sets of peaks of precipitated and analyzed by denaturing PAGE as described
unequal area for NC(CH methyl groups, and two sets of  (44).
peaks for POCk. ESI-MS [M + H]* 1063, [M + Na]*
1085, [M + Et;N]* 1164. RESULTS

Equilibrium Fluorescence TitrationsEquilibrium fluo-

rescence measurements were performed on a SLM 48000S New Phos?horamidite for Preparing P);renle-ll_abtlaled R'EA
spectrometer. The cuvette holder was maintained &35 | e 160-nucleotide P4P6 RNA was covalently labeled wit

with a recirculating water bath. Titrations were performed € pyrene-containing pyr3 moiety on admino-2-deoxy-

as described3p), except that stock solutions of MgGlere uridine [the U(pyr3) residue] at nucleotide U107. This was
in 1x concentration of the appropriate buffer instead of °riginally accomplished36) by a two-step procedure in
water. which a 15-mer oligonucleotide containing a singlagino-

2'-deoxyuridine residue was first derivatized with tNe
Stopped-Flow Fluorescence Measuremestspped-flow L
data were acquired on an Applied Photophysics model ydroxysuccinimide estepyr3-NHS (see Scheme 1) and

17MV stopped-flow apparatus withe = 319 nm. The then Iigated to a 145-nucleotide T7 RNA polymerase
emission was filtered with a Schott KV-370 band-pass filter transcript, generating full-length pyreqe—labeled—m. We
before entering the photomultiplier tube. For each acquisition, "2V€ NOW synthesized a phosphoramidiieScheme 1) that
4000 data points were recorded, an€83acquisitions were allows .dlrect soI|d—phas_e synthesis .Of. ohgonupleoﬂdes
averaged to provide each final kinetic trace. The instrument containing U(pyr3): 2Ar_n|no-2-deoxyur|d|ne1 .("’?Va"ab'e
dead time was 1:01.3 ms in any given experiment. Stopped- in m“'“gram quantities in three steps from uridid, 47
flow folding experiments were initiated by rapidly mixing Was derivatized withpyr3-NHS to provide 2-[(1-pyrenyl)-
the contents of the two syringes (RNA in buffer and buffer/ 4-butyrylam|do]-2-deoxyur|d|ne2, which was 53|Iylate.d_
Mg?") in a 1:1 volume ratio. The final RNA concentration to form 3 and 3—phosph_|tylat¢d to afford phosphoram|d!te
after mixing was 4 uM. The total volume of solution used 4. Reagen# was used in solld—_phase synthesis essentially
per acquisition was 125150 uL: the sample cell volume @S described39) to prepare micromole-scale amounts of
was 20uL. Kinetic traces were fit with single or double ~PYreéne-labeled oligonucieotides. These were in trn ligated
exponentials as appropriate by using KaleidaGraph versiont© transcripts composing the remainder of 6, providing
3.0.2, providing the values ooy reported in the text. ~ Several nanomoles of pyrene-labeled+*6 RNA.
Residuals for curve fits were calculated at each time point Establishing the Conditions for Stopped-Flow Fluores-
as (data— fit); for all shown fits, the residuals appeared to cence KineticsWhen increasing amounts of Nfgwere
be distributed randomly around zero over the range of the titrated into a solution of pyrene-labeled PR6 at equilib-
fit. For most experiments, the pyrene-labeledP$ was rium, two Mg?™-dependent fluorescence components denoted
collected after each stopped-flow experiment, treated with A and B were observed (Figure 1B), as previously reported
severalfold excess EDTA, and precipitated with NaCl/ethanol (36). Only component A reflects tertiary folding of the RNA;
to provide ~90% recovery of material. In several tests, component B, which occurs at relatively high [k is not
various P4-P6 RNAs that were processed through5 such correlated with tertiary folding and probably represents more
experiments showed fit,s values indistinguishable from  local structural changes. These conclusions are supported by
those of freshly synthesized samples (data not shown). ~ humerous lines of evidenc86), an important one of which
Samp|es for Ma"'_induced f0|d|ng were typ|ca||y annealed is that the unfolded control molecule PEPG-bp (WhICh is
by first heating to 90C for 2 min in the appropriate buffer ~ unable to undergo global tertiary folding due to base-pairing
in the presence of 0.1 mM EDTA, followed by Coo"ng at in the J5/5a hinge region) SpeCifically lacks fluorescence
room temperature for 20 min and then at % for 5 min component A (Figure 1B).
before equilibration in the stopped-flow instrument fob We sought to perform stopped-flow kinetics experiments
min at the required temperature. No corrections were madeat a [Mc¢?'] at which component A predominates, to avoid
for the temperature dependence of the pH of Tris solutions. complications from component B. At 3& in 1x TB buffer
Although samples were not dialyzed against buffer, the (89 mM each Tris and boric acid, pH 8.3), fluorescence
contribution of the RNA itself to the [Ng is only ~0.6 component A of P4P6 folding is observed with [Md]1/2.a
mM, assuming a 4M sample of a 160-nucleotide RNA = 1.06 mM (Figure 1B). This is slightly higher than the
with all Na* counterions. In experiments with 10 mM sodium  [Mg?*]y; value of~0.7 mM at 25°C (36). At 10 times the
cacodylate buffer, pH 7.5, the contribution of Nfsom the [Mg?t]1 value at 35°C, or 10.6 mM Md", component A
NaOH used to adjust the stock solution’s pH was taken as appears to be largely complete, while component B has
10 mM Na'" for simplicity, although the precise contribution barely begun (Figure 1B). That this [M{ is appropriate
is somewhat below this value. for monitoring P4-P6 tertiary folding is strongly supported
Synchrotron Hydroxyl Radical Footprintin§4—P6 RNA by the Mg titration of unfolded control RNA P4P6-bp
was prepared and-8?P-end-labeled as previously described (34), for which the change in relative fluorescence intensity
(42, 43. Samples were dissolved in CE buffer (10 mM at 10.6 mM Mdg" is minimal. Therefore, in our initial
sodium cacodylate- 0.1 mM EDTA, pH 7.5) with additional ~ stopped-flow experiments with pyrene-labeled+6, we
NaCl when indicated and then annealed by heating t&®5  performed a rapid jump from 0 to 10.6 mM Migin 1x TB
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Ficure 2: Fluorescence kinetics traces for Menduced folding
of pyrene-labeled P4P6 in Tris—borate buffer in the absence or
presence of 200 mM NaCl. Data were collected at 35
immediately after 1:1 mixing of~8 uM pyrene-labeled P4P6 in
buffer (annealed at 90C in the presence of 0.1 mM EDTA; see
Materials and Methods) with 21.2 mM Mggh buffer, providing
final concentrations of~4 uM RNA and 10.6 mM MgCJ. The

instrument dead time was 1.3 ms. For each trace, six acquisitions
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(data not shown), a single exponential wis = 15 s*
(tu2 = 45 ms) provided a satisfactory fit to the fluorescence
data (Figure 2, lower trace).

We established that annealing the RNA before folding has
little effect on the observed kinetics. Inx1TB, when the
RNA samples were not annealed before rapid mixing (data
not shown), the kinetic traces akglsvalues were essentially
equivalent to those observed from samples annealed at 70
°C (data not shown) or at 9TC (Figure 2).

Comparison of Fluorescence Emission and Synchrotron
Hydroxyl Radical Footprinting KineticsKinetics of RNA
tertiary folding have also been investigated by hydroxyl
radical footprinting 87, 45). In such experiments, hydroxyl
radicals generated by exposure of water to X-rays abstract
hydrogen atoms from ribose groups, leading to cleavage of
the RNA. Residues in the interior of a folded RNA are
protected from cleavaget®), and the pattern of cleavage
and protection provides information about the tertiary
structure of the RNA. The kinetics of tertiary folding may
be determined by monitoring changes in the extent of
cleavage with time.

The folding of theTetrahymenaroup | intron ribozyme
was previously monitored by synchrotron hydroxy! radical
footprinting in 10 mM sodium cacodylate buffer, pH 7&);

Tris was not used because it scavenges hydroxyl radicals.
In these experiments, the PB6 domain of the intron was
observed to fold at 42C with t;p, ~ 0.7 S kops ~ 1 %)

(37). Subsequent experiments on the isolated P& domain
yielded similar resultst{, = 0.3 s,kobs ~ 2 s°%; Figure 3;

ref 45). These rates are an order of magnitude slower than
those obtained from changes in pyrene fluorescence emission

(each 4000 data points at intervals of 0.25 ms) were averaged.(t12 &~ 20—50 ms in Tris-borate at 35C; Figure 2). Either
Increasing voltage corresponds to increasing fluorescence intensity the two techniques monitor different folding transitions, or

Data were not normalized. The voltage origin for each trace is
arbitrary; the traces are vertically offset for clarity. Data from 10
to 1000 ms of the top trace were fit with a double exponential with

major (94% of fluorescence change) comporgmp= 31.0+ 0.2
s71(ty, = 22.4+ 0.2 ms) and minor (6%) componekys = 1.29
4+ 0.07 s (ty» = 0.54+ 0.03 s). Data from 10 to 1000 ms of the
bottom trace were fit with a single exponential wifys = 15.4+

0.1 st (ty = 45.0 £ 0.3 ms). In both cases, additional traces
recorded out to 20 s showed no further kinetic components (data

not shown).

differences in experimental details (such as ionic strength)
give rise to significantly different folding rates.

To compare the fluorescence emission and synchrotron
hydroxyl radical footprinting results more directly, we
repeated the fluorescence experiments in the same low ionic
strength buffer used for the synchrotron experiments (10 mM
sodium cacodylate; total [N& ~ 10 mM). Under these
conditions, a biphasic fluorescence signal was observed at
35 °C upon Mgt-induced folding of P4 P6 (Figure 4). In

buffer at 35°C. Under such conditions, the observed folding contrast, in Tris-borate (which is of moderate ionic strengh
ratekops Should have at most a very minor contribution from even without added N3, essentially monophasic kinetics

the unfolding reaction. That i&pns = (Ksolding T Kunfolding =
kioiding: NOte that all three of thesevalues are composite,

were observed (Figure 2). The sodium cacodylate fluores-
cence data at 38C (Figure 4) were fit with a double

not elementary, rate constants, as they encompass both ioexponential, with “fast” and “slow’k,,s values of 24 and

binding steps and RNA conformational changes.
Stopped-Flow Fluorescence Experimentsvédd Mil-

lisecond Kinetics of P4P6 Tertiary Folding.Upon mixing

pyrene-labeled P4P6 to a final [Mg'] = 10.6 mM in 1x

0.59 s (t1p=29 ms and 1.2 s). The fast value is similar to
that observed in Trisborate buffer{y,, ~ 20—50 ms; Figure

2), while the slow value is similar to that observed for
P4—P6 folding by hydroxyl radical footprinting as described

TB at 35°C, a substantial fluorescence change on the tensabove. The biphasic kinetics suggest that tertiary folding can
of milliseconds time scale was resolved (Figure 2, upper occur via two different mechanisms in the low ionic strength

trace; the instrument dead time was 1103 ms in all

cacodylate buffer (although a folding intermediate cannot

experiments). These data were best fit by an exponential withbe excluded). The relative amplitudes of the fast and slow

major (94%) componerio,s = 31 st (typ = 22 ms). The
minor (6%) component hakbps = 1.3 s (t3, = 540 ms).

kinetic components depended slightly on annealing condi-
tions and on sample history as described in the Figure 4

Because & TB comprises only Tris and boric acid but no caption.

added monovalent metal ions, we tested whether the observed It seemed likely that the presence of the slow folding
kinetics were affected by addition of Naln 1x TB buffer process would depend on ionic strength, because the slow
supplemented with 200 mM NaCl, conditions for which the kinetic phase was not observed in Frisorate, which is of
[Mg?*] 12,4 value is shifted to somewhat higher concentration signficantly higher ionic strength than sodium cacodylate.
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ature dependence of the folding kinetics. In FHimrate-
NacCl buffer, the observed folding rate was strongly depend-
ent on temperature between 4 and 45 (Figure 5). In
particular, the rate at 3%C (t;, = 45 ms) dropped 3-fold
upon lowering the temperature to 2& (t1, = 147 ms),
another 4-5-fold on cooling to 15°C (t;, = 700 ms), and
another 6-fold at 4C (t1> = 4.5 s). The activation parameters
calculated from the Eyring plot (circles and solid line in
Figure 6) wereAH* = 26 kcal/mol andASF = +31 eu. The
quantitative value oAS depends on the preexponential term
in the Eyring equation relatingo,s and the activation free
energyAG*, as described elsewhere (S. K. Silverman and
T. R. Cech, submitted for publication). In contrast, the value
of AH*is largely unaffected by the preexponential term. The
data above~30—35 °C showed apparent non-Arrhenius
behavior (Figure 6) and were not used in the analysis.
Temperature-Dependent Switch between Two Kinetics
Phases in Low-Salt Cacodylate Buff&¥e also examined
the temperature dependence of the fluorescence folding
kinetics in the low ionic strength sodium cacodylate buffer.
Surprisingly, the folding kinetics switched completely from
“fast” to “slow” over an extremely narrow temperature range

(Figure 7). At 30°C, the observed kinetics were monophasic
and fast, while at 40C only the slow phase was detected.
Eyring plots for the two phases were obtained (Figure 6)
and compared to that for the only (fast) phase observed in
Tris—borate buffer. For the fast phase in sodium cacodylate
(4—30°C), the activation parameterali* = 29 kcal/mol,

AS = +42 eu; triangles in Figure 6) were very similar to
those observed in Trisborate, strongly suggesting that the
two fast phases represent the same physical process. For the
slow phase in sodium cacodylate (3246.0 °C), the
activation parameters were significantly largAki* = 44
kcal/mol andAS* = +81 eu (squares in Figure 6).

fraction folded

0.54

- -4--[Na*),,; = 60 mM
--V--[Nat), =110 mM

0.0

L S B S S S |

2 4 6 8
time, s

OB -mm-mmm o
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Ficure 3: Synchrotron hydroxyl radical footprinting kinetics for
P4—P6 tertiary folding. 53%P-end-labeled P4P6 RNA (not
derivatized with pyrene) was annealed in cacodyt&BTA (CE)
buffer alone (total [N&] ~ 10 mM; pH 7.5) or in CE supplemented
with NaCl to a total N& concentration of 30, 60, or 110 mM (see DISCUSSION

Materials and Methods). Folding was initiated in a stopped-flow . )
apparatus by mixing to 10 mM Mg at 42 °C prior to X-ray Multiple Salt- and Temperature-Dependent Folding Path-

exposure §7). For each data set, the zero time point was taken ways for P4-P6.In Tris—borate buffer, the rate-determining

from an unfolded control experiment in which PR6 was not step in M@ *-induced tertiary folding of P4P6 occurs with
treated with M§" prior to X-ray exposure. Data were normalized Kops = 15—31 S'1 (ty ~ 2050 ms) at 35C and [M@*] =
S ~ -

d analyzed as described7( 44. The 10 mM Nd dat fit ) .
and analyzed as describey( 49, The 10 m A 10.6 mM (Figure 2). The precise value kfy,s was only

to a single exponential with, = 0.3+ 0.1 s. The other data were - ! k
fit to single exponentials withy, < 0.1 s. The instrument dead  slightly (less than 2-fold) affected by inclusion of 200 mM
time is approximately 30 ms. Na* (Figure 2), indicating that monovalent metal ions do
not play a controlling role in P4P6 tertiary folding.
We therefore examined the fluorescence kinetics in cacody-However, in particularly low ionic strength conditions (10
late buffers containing additional NaCl. At 3%, upon mM sodium cacodylate buffer; Figure 4), a significant
increasing [N4] to a total of~50 mM, the fast fluorescence  fraction of P4-P6 tertiary folding is rate-limited by a process
component remained, but the slow component vanishedthat occurs much more slowlyif =~ 1 s) than does folding
(Figure 4). These fluorescence results predicted that the slowin higher ionic strength condition$; ¢ ~ 20—50 ms; Figure
kinetic component should disappear in the synchrotron 2). Increasing the ionic strength by raising the'Nancen-
hydroxyl radical footprinting experiments when the cacody- tration (Figure 4) leads to disappearance of the slow folding
late buffer is supplemented with NaCl to increase the ionic component. Synchrotron hydroxyl radical footprinting ex-
strength. As shown in Figure 3, when even small amounts periments in cacodylate buffer with increased {NéFigure
of additional NaCl ¢-30 mM total N&) were included with  3) confirm that the previously reporte@7) slow kinetics
cacodylate, tertiary folding of the P46 domain was indeed  of P4—P6 folding are found only in especially low ionic
complete within the dead time of the synchrotron experiment Strength conditions. Such close agreement between two
(~30 ms), consistent with the kinetics observed by fluores- significantly different physical techniques, fluorescence
cence emission (Figure 4). emission and synchrotron hydroxyl radical footprinting, lends
Temperature Dependence of PR6 Folding Reeals confidence that both methods report formation of the native
Large Positve Activation Enthalpy and EntropyTo deter- tertiary structure of the P4P6 RNA domain under a variety
mine the activation enthalpy and entropy parametes of conditions. Our kinetic data for P4P6 tertiary folding
andAS for P4—P6 tertiary folding, we studied the temper- may be summarized as shown in Figure 8, which emphasizes
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Ficure 4. Mg?™-induced folding of pyrene-labeled P#6 in sodium cacodylate buffer with varying [NaData were collected as described

in the Figure 2 caption. Three experiments are shown, in 10 mM sodium cacodylate buffer supplemented with NaCl tooséll[Da

50, or 200 mM (i.e., 10 mM sodium cacodylate0, 40, or 190 mM NacCl). For each buffer, the left panel shows a kinetic trace obtained
from 0 to 1000 ms after mixing, and the right panel shows data obtained from 0 to 20 s for the same sample. The voltage origin for each
trace is arbitrary; the traces are vertically offset for clarity. Data at the lowes{ jMere fit with a double exponential with fast component

(38% of fluorescence changk),s= 24.0+ 0.2 ! (1, = 28.9+ 0.2 ms) [taken from left-panel data, $@000 ms] and slow component

(62% of fluorescence changk),s = 0.585+ 0.004 s? (t;, = 1.18 4+ 0.01 s) [taken from right-panel data, 10 #%0 s]. The ratio of
components was 62% slow/38% fast for the illustrated data, but this varied somewhat depending on annealing conditions (38% slow for an
unannealed sample) and on sample history (74% slow for a sample tested after processing through the stopped-flow experiment 18 times
as described under Materials and Methods). In all such cases, howevie,streEues were unchanged. Data at higher{Naere fit with

single exponentials.

that the slow folding component is observed only at different model postulates that some native-P4 secondary
particularly low ionic strength (sodium cacodylate but not structure element is formed poorly in low ionic strength
Tris—borate) and at higher temperature. conditions or melted at higher temperature, leading to slow
Mechanistic Explanations for the Multiple Folding Path- folding via a kinetic trap. While this cannot be ruled out,
ways. The fast kinetic phase nevertheless has a substantialve consider it unlikely because there is no obvious candidate
activation barrier, the possible origins of which are discussed for such a weak secondary structure element and no
elsewhere (S. K. Silverman and T. R. Cech, submitted for independent evidence for a kinetic trap (45).
publication). In contrast, the mechanistic explanation forthe  This prompts us to consider the involvement of tertiary
slow, low ionic strength folding kinetics is unclear. That the interactions. Although the structure of the initial-P86 RNA
kinetics switch completely from fast to slow over a very (in the absence of Mqg) is not understood at the same level
narrow temperature range (between 30 and@gFigure 7) of detail as the crystallographically determined folded
implies melting of some structural element that may be either structure {1), P4-P6 probably has some tertiary interactions
secondary or tertiary in nature. The activation enthaipif in its initial state before Mg -induced folding (45). We
for the slow phase in sodium cacodylate is much larger than propose that a subset of initial-state tertiary contacts biases
AH* for the fast phase (Figure 6), as might be expected if P4—P6 toward formation of its native structure upon addition
the slow phase involves secondary structure changes. Al-of Mg?*. In this model, in the low ionic strength sodium
though the;, =~ 1 s is slower than formation of typical RNA  cacodylate buffer at lower temperature, such interactions aid
secondary structure, rearrangements of secondary structureelatively fast folding {3 ~ 20—50 ms). Upon raising the
can occur on the seconds time scale even in buffers of highertemperature, the initial-state tertiary interactions are disrupted
ionic strength 47), and incorrect secondary structures are (with melting temperature between 30 and*@), and Mdg™-
known to form in tRNAs under low ionic strength conditions induced folding is much slowett;(; ~ 1 s; Figure 8). In
(48). However, it is implausible on thermodynamic grounds contrast, in higher ionic strength Tridorate buffers, these
that the P4-P6 folding kinetics are explained by an aberrant tertiary interactions are not yet melted at the highest
low ionic strength secondary structure. If this were so, then temperature examined (4%), and only the fast folding is
increasing the temperature should favor fast folding as the observed.
incorrect secondary structure is melted, whereas only slow Two technical concerns may be raised with the fluores-
folding is observed at higher temperature (Figure 7). A cence experiments. One worry is that the some kinetically
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FiGUrRE 5: Temperature dependence of Mgnduced folding of the expected fast-phate WOUId. be 4 ms, easily observable
pyrene-labeled P4P6 in Tris-borate buffer- 200 mM NaCl. Data  (Put not actually observed) with thel ms stopped-flow
were obtained between 4 and 35 as described in the Figure 2 dead time.

caption. Note the time scale change between the top (35 and 25 Comparing P4-P6 Tertiary Folding Kinetics to Models
°C) and bottom (15 and #C) panels. The voltage origin for each  anq to Folding of Other RNAs and ProteiriEne observed

trace is arbitrary; the traces are vertically offset for clarity. The o : . .
data at 35, 25, 15, and 4C were fit with a single exponential P4-P6 folding rates may be compared with expectations

between 10, 10, 25, and 120 ms, respectively, through the end offfom quantitative models for folding of biopolymers. Such
the displayed trace. The fit values kf,s were 15.4+ 0.1 s}, models typically provide an expected folding time= 7oN®,
47 £ 0.1 s, 0.990 + 0.004 s', and 0.155+ 0.001 s*, wherery is a prefactor that depends on solution viscosity
respectively. Residuals (not shown) were comparable to those 5,4 persistence lengthl is the number of monomer units
shown in Figure 2. . : .

in the polymer, andv depends on the particular folding
relevant part of the folding process causes a negligible changemodel @9). For the nonspecific collapse of a protein,=
in fluorescence and thus goes undetected. While it is difficult 2.0—2.2, whereas specific collapse to the native conformation
to disprove this rigorously, our data show no evidence of is characterized by = 3.8—4.2. For P4-P6, takingN =
any such missing component. In particular, the absolute 160 andro = 1 ns @9, 50, 7 values of about 2570 us and
amplitude of fluorescence change is similar even when 200 ms-2 s are calculated for nonspecific and specific
comparing P4P6 folding under conditions for which the collapse. The kinetics shown in Figure 2 fall between these
kinetics are dramatically different (Figures 6 and 7), implying extremes. Howeverro clearly depends on the chemical
that no significant kinetic component of folding is missing. nature of the biopolymer, and because most folding models
A second concern is that the observed temperature-dependeriiave been developed for proteins, the folding of polyanionic
“switch” between slow and fast kinetics could be explained RNA might best be described by significantly different
by a failure to detect the slow kinetic phase at lower models.
temperature because the time scale is too slow; similarly, Our P4-P6 tertiary folding kinetics may be also compared
the fast phase could be too fast to observe at higherwith results of previous experiments on RNA and protein
temperature. However, we are confident that the kinetic folding. RNA secondary structure typically forms on the-10
phases not observed at certain temperatures are truly absen,00 us time scale 1, 48, 5). tRNA tertiary structure can
rather than simply too slow or fast to measure, for the fold and unfold in milliseconds, provided sufficient salt is
following reasons. From the Eyring plot in Figure 6, at 30 present%2, 53. Tertiary docking of the substrate helix into
°C in 10 mM sodium cacodylate the expected slow-phase the group | intron active site requires several hundred
t12 would be~4.1 s, and no such phase is observed (Figure milliseconds %4, 55. On the slow end, many conformational
7). At 20 °C the expected slow-phasg, would be~50 s, changes in large RNAs require seconds to minu2&s 80,
and no such phase is observed in data acquired to 100 s (noB2, 33, 56-59) and sometimes even hou&, usually due
shown). Similarly, at 45C in 10 mM sodium cacodylate, to kinetic traps. Thirumalai and Woodsae8| and also Pan
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FiGure 7: Strongly temperature-dependent switch between “fast” and “slow” kinetic phases foriMtyiced tertiary folding of P4P6.

Data were obtained between 30.0 and 4€C0n 10 mM sodium cacodylate, pH 7.5. The voltage origin for each trace is arbitrary; the traces
are vertically offset for clarity. Note that the amplitude of voltage change for each trace is quantitatively similar. The data at 30.0, 37.5, and
40.0°C were fit with single exponentials, while the data at 32.5 and 36.@ere fit with double exponentials. The only (fast) component

at 30.0°C was fit withkyps= 17.04 0.1 s (t1, = 40.84 0.2 ms). The kinetic values at 326 were fast component (92% of fluorescence
changekops = 24.2+ 0.1 s* (t3, = 28.6+ 0.2 ms) and slow component (8%y,s = 0.303+ 0.003 s (t;, = 2.294+ 0.02 s). The data

at 35.0°C are the same as those shown in Figure 4. The only (slow) component &tG3Wés fit with kyps = 0.9304 0.004 st (t1, =

745+ 4 ms), and at 40.0C with kops= 1.714 0.02 s1 (t1» = 405+ 5 ms). Double-exponential fits to the 376 and 40.0°C data did

not improve the residuals (data not shown).

Mg?+-induced P4-P6 in milliseconds. Our observation of kinetics on this ap-
tertiary folding kinetics proximate time scale (Figure 2) suggests that, under ap-
propriate conditions, P4P6 tertiary folding is an example

ionic strength
of such a process.

fow high The activation parametersH* andAS for P4—P6 tertiary

folding may be related to values for other RNAs. One of

o B slow fast the best-studied RNA conformational changes is the docking

.'g = Avmoting of the P1 (substratmternal guide sequence) double helix

g even | into the catalytic site of the group | intron ribozym&5(

£ " 61). An activation enthalpAH* = 22 kcal/mol was observed

23 fast fast (55), close to theAH* = 26—29 kcal/mol observed for
P4—P6 tertiary folding in Tris-borate (Figure 6). For P1

docking, this value was interpreted to mean that docking is
35°C: f:;:vth:;ofso ms not diffusion-controlled. Similarly, the substantial activation
2 barrier for P4-P6 tertiary folding has implications for the
Ficure 8: Summary of buffer- and temperature-dependent kinetics nature of the folding transition state, as described elsewhere
for Mg?*-induced P4-P6 tertiary folding. The slow folding (S, K. Silverman and T. R. Cech, submitted for publication).

component is observed only at particularly low ionic strength and t ; ;
higher temperature. In low ionic strength 10 mM sodium cacodylate, Even largerAH* values for RNA tertiary folding processes

the narrow (5-10 °C) temperature range over which the kinetics are known §9, 62. The positive activation entropyS* for
change from fast to slow (Figure 7) indicates that a melting event P4—P6 folding,AS* = +31 eu, is larger than that observed
is responsible for the kinetics switch. Addition 6£30—50 mM for P1 docking AS* = +21 eu, both calculated withlaT/h

total Na' to the cacodylate buffer provides sufficient ionic strength Eyring preexponential). In both cases, the posith& may
such that the slow component vanishes and folding is entirely fast f

(Figures 3 and 4). Note that Trdorate buffer (k TB) is of originate in release of Mg-poordinateq water upon forma-
sufficient ionic strength even without added Nauch that the ~ tion of tertiary contacts in the folding transition state,
kinetics are almost entirely monophasic and fast (Figure 2). although other explanations are possil38)(

Protein folding kinetics also cover a large range of time
and Sosnick 29) have suggested that “error-free” RNA scales. The “speed limit” for protein folding 181 us (63—
folding (i.e., folding not limited by kinetic traps) can occur 66), and examples of submillisecond protein folding continue
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to be identified 67, 6§. However, even some proteins that 6. Schevitz, R. W., Podjarny, A. D., Krishnamachari, N., Hughes,

fold by simple two-state transitions do so much more slowly, i-gJo-: Sigler, P. B., and Sussman, J. L. (19¥8jure 278188~

requi_ring sgcondﬁ@, 7Q. When kinetic tra.lps. are present, 7. Morés, D., Comarmond, M. B., Fischer, J., Weiss, R., Thierry,

protein folding can take even longétl 72, similar to RNA. J.C., Ebel, J. P., and Giege, R. (198@)ture 288 669-674.

The relationship between protein folding and RNA folding 8. woo, N. H., Roe, B. A., and Rich, A. (1980ature 286

is not entirely clear (but see r28), in part because relatively 346-351.

little information is available about the latter process. 9-5;'32)’,6';- \%, Flaherty, K. M., and McKay, D. B. (199%Rture
RNA Folding Ezents at Very Fast Time Scale?e note 1 gcott, W. G., Finch, J. T., and Klug, A. (1995l 81, 991

that in addition to the fluorescence increase upor?™g 1002.

induced folding, there is an initimlecreasen fluorescence 11. Cate, J. H., Gooding, A. R., Podell, E., Zhou, K., Golden, B.

at very fast time scales (see, for example, tHf&C4race in g}’:ignucnedrzgt,'alcégllgggh’ T. R., and Doudna, J. A. (1996)

Figure 5). Under conditions where the folding reaction is 12. FerfeD'Amaré, A. R., Zhou, K., and Doudna, J. A. (1998)

extremely slow, e.g., at lower temperature and fMgthis Nature 395 567-574.

initial fluorescence decrease can be more clearly observed 13. Hoogstraten, C. G., Legault, P., and Pardi, A. (12080l

(data not shown). The rate of the initial decrease 32 Biol. 284, 337-350.

orders of magnitude faster than that of the fluorescence 14. Wedekind, J. E., and McKay, D. B. (1999at. Struct. Biol.

; ; ; 6, 261—268.
increase caused by tertiary folding (data not shown). Under 15. Kruger, K., Grabowski, P. J., Zaug, A. J., Sands, J., Gottschiing,

buffer and temperature conditions where the foldipgis D. E., and Cech, T. R. (198Dell 31, 147-157.
on the order of tens of milliseconds (Figure 2), this initial 16 Guerrier-Takada, C., Gardiner, K., Marsh, T.. Pace, N., and
event is extrapolated to occur with, on the order of tens Altman, S. (1983)Cell 35 849-857.

to hundreds of microseconds. Although this is far too fast 17.Cech, T. R., and Herschlag, D. (1996)Nncleic Acids and

for resolution by conventional stopped-flow experiments, this g""'Eesg')ar Bigi’?yg/orlihlgr(%cé‘rsl;‘r?in' F., and Lilley, D. M.
is the approximate time scale suggested for fundamental 18. O”|Sth0(l)rl’Fl)pR. C.L. pMe?ten's S., Brederode, F. T., and Bol, J.

dynamical changes in RNA structuré3d). These observa- F. (1999)EMBO J. 18 4856-4864.
tions suggest the need to develop experimental approaches19. Brierley, I., Digard, P., and Inglis, S. C. (198%ll 57, 537—
for resolving RNA structural changes on the microsecond 547.

time scale. The analogous need for ultrafast measurements 20- Liphardt, J., zNgslsogqi’szé Kontos, H., and Brierley, I. (1999)
of protein folding has also been emphasized recerm®; ( 21.Kim, Y.-G., Su, L., Maas, S., O'Neill, A., and Rich, A. (1999)

74, 79. Proc. Natl. Acad. Sci. U.S.A. 964234-14239.
Concluding Remarks<urrent theories for protein folding ~ 22. Wills, N. M., Gesteland, R. F., and Atkins, J. F. (1991dc.

emphasize the “funnel” characteristics of protein folding 3 xf‘;'mAgadL S\?\i/.illlé.SNA.M883ﬁ19lr;?n99‘]5. A Atkins. . F.. and
landscapes, in favor of folding pathways proceeding through =™ 5o diand R, F. ('19993.'|’\/|0I9 Biol. 288 837-852.

well-defined structural intermediateg& 76-84). Energy _ 24. Tang, C. K., and Draper, D. E. (198Ggll 57, 531-536.
landscape models also explain many features of RNA folding 25. Baard, L., Philippe, C., Dondon, L., Grunberg-Manago, M.,
(28), although further kinetic investigations are clearly Ehresmann, B., Ehresmann, C., and Portier, C. (198d)
warranted. Our finding of multiple P4P6 folding pathways Microbiol. 14, 31-40.

shows that the pathway and kinetics of RNA folding can 26.{<1i533ri|2<1. B., and Schmidt, M. G. (199@urr. Microbiol. 38

depend greatly on ionic strength and temperature. We hope 27_ Tinoco, I., Jr., and Bustamante, C. (1999)Mol. Biol. 293
that further kinetic measurements such as those presented 271-281.
here will help to clarify the nature of RNA tertiary folding ~ 28. Thirumalai, D., and Woodson, S. A. (19983c. Chem. Res.

pathways. 29, 433-439.
29. Pan, T., and Sosnick, T. R. (199at. Struct. Biol. 4931—
938.
ACKNOWLEDGMENT 30. Rook, M. S., Treiber, D. K., and Williamson, J. R. (1998)

. . . Mol. Biol. 281 609-620.
We thank Susy Kohout for frequent assistance in main- 31. Treiber, D. K., and Williamson, J. R. (1999rr. Opin. Struct.

taining the stopped-flow fluorescence spectrometer and David Biol. 9, 339-345.

Kitchen for RNA oligonucleotide synthesis. 32. Zarrinkar, P. P., and Williamson, J. R. (19®kience 265
918-924.
REFERENCES 33. Downs, W. D., and Cech, T. R. (199BNA 2 718-732.
34. Murphy, F. L., and Cech, T. R. (199Bjochemistry 325291~
1. Crothers, D. M., Cole, P. E., Hilbers, C. W., and Shulman, R. 5300.
G. (1974)J. Mol. Biol. 87 63-88. 35. Szewczak, A. A., and Cech, T. R. (19HINA 3 838-849.
2. Hilbers, C. W., Robillard, G. T., S.hulman, R. G.., Blake, R. 3632';??:2387 K., and Cech, T. R. (19%8ipchemistry 38
gi,r)y\/legli,SF;A_K.l,Slgzesco, R., and Riesner, D. (198@chem- 37. Sclavi, B., Sullivan, M., Chance, M. R., Brenowitz, M., and
' . Woodson, S. A. (1998pcience 2791940-1943.
3. Fresco, J. (1998) IRNA Structure and Functiof®imons, R. 38. Silverman, S. K., and Cech, T. R. (19%jpchemistry 38
W., and Grunberg-Manago, M., Eds.) pp-35, Cold Spring 8691—8702.
ngbor Laboratpry Press, Cold Spring Harbor, NY. 39. Scaringe, S. A., Wincott, F. E., and Caruthers, M. H. (1998)
4.Kim, S. H., Quigley, G. J., Suddath, F. L., McPherson, A., J. Am. Chem. Soc. 1201820-11821.
Sneden, D., Kim, J. J., Weinzierl, J., and Rich, A. (1973) 40. McGee, D. P. C., Vargeese, C., Zhai, Y., Kirschenheuter, G.
Science 179285-288. P., Settle, A., Siedem, C. R., and Pieken, W. A. (1995)
5. Robertus, J. D., Ladner, J. E., Finch, J. T., Rhodes, D., Brown, Nucleosides Nucleotides 14329-1339.
R. S., Clark, B. F., and Klug, A. (197Nature 250 546— 41. Verheyden, J. P. H., Wagner, D., and Moffatt, J. G. (1971)

551. Org. Chem. 36250-254.



Multiple RNA Folding Pathways

42.
43.
44.
45.

46.
47.

48.

49.
50.

51.
52.

53.
54.
55.
56.
57.
58.
590.
60.

61.
62.

Zaug, A. J., Grosshans, C. A., and Cech, T. R. (1988) 65.

Biochemistry 278924-8931.

Latham, J. A., and Cech, T. R. (1989¢ience 245276—
282.

Sclavi, B., Woodson, S., Sullivan, M., Chance, M. R., and
Brenowitz, M. (1997)J. Mol. Biol. 266 144—159.

Deras, M. L., Brenowitz, M., Ralston, C. Y., Chance, M. R.,
and Woodson, S. A. (200Biochemistry in press.

Deleted in press.

LeCuyer, K. A., and Crothers, D. M. (199joc. Natl. Acad.
Sci. U.S.A. 913373-3377.

Cole, P. E., Yang, S. K., and Crothers, D. M. (1972)
Biochemistry 114358-4368.

Thirumulai, D. (1995)). Phys. | France 51457-1467.

Pan, J., Thirumalai, D., and Woodson, S. A. (199@c. Natl.
Acad. Sci. U.S.A. 96149-6154.

Draper, D. E. (1996\Nat. Struct. Biol. 3397—-400.

Cole, P. E., and Crothers, D. M. (197Bjochemistry 11
4368-4374.

Urbanke, C., Roer, R., and Maass, G. (1975)r. J. Biochem.
55, 439-444,

Bevilacqua, P. C., Kierzek, R., Johnson, K. A., and Turner,
D. H. (1992)Science 2581355-1358.

Li, Y., Bevilacqua, P. C., Mathews, D., and Turner, D. H.
(1995) Biochemistry 3414394-14399.

Zarrinkar, P. P., Wang, J., and Williamson, J. R. (1REA

2, 564-573.

Pan, J., Thirumalai, D., and Woodson, S. A. (1997Mol.
Biol. 273 7—130.

Pan, J., and Woodson, S. A. (1998Mol. Biol. 28Q 597—
6009.

Fang, X., Pan, T., and Sosnick, T. R. (198@}. Struct. Biol.

6, 1091-1095.

Gluick, T. C., Gerstner, R. B., and Draper, D. E. (1997)
Mol. Biol. 1997 451—463.

Herschlag, D. (199Biochemistry 311386-1399.

Emerick, V. L., Pan, J., and Woodson, S. A. (198B&)chem-
istry 35 13469-13477.

66.
67.
68.
69.
70.

71.
72.
73.
74.

75.
76.
77.
78.
79.
80.

81.
82.

83.

63. Hagen, S. J., Hofrichter, J., Szabo, A., and Eaton, W. A. (1996) 84.

64.

Proc. Natl. Acad. Sci. U.S.A. 931615-11617.
Eaton, W. A, M(inz, V., Thompson, P. A., Chan, C.-K., and
Hofrichter, J. (1997)Curr. Opin. Struct. Biol. 710—14.

Biochemistry, Vol. 39, No. 40, 2002475

Wittung-Stafshede, P., Lee, J. C., Winkler, J. R., and Gray,
H. B. (1999)Proc. Natl. Acad. Sci. U.S.A. 96587-6590.
Wildegger, G., Liemann, S., and Glockshuber, R. (19€#)
Struct. Biol. 6 550-553.

Spector, S., and Raleigh, D. P. (1999Mol. Biol. 293 763—
768.

Park, S.-H., Shastry, M. C. R., and Roder, H. (1988}.
Struct. Biol. 6 943-947.

Guijarro, J. I., Morton, C. J., Plaxco, K. W., Campbell, I. D.,
and Dobson, C. M. (1998). Mol. Biol. 276 657-667.

van Nuland, N. A. J., Chiti, F., Taddei, N., Raugei, G.,
Ramponi, G., and Dobson, C. M. (1998) Mol. Biol. 283
883—-891.

Fedorov, A. N., and Baldwin, T. O. (1999)Mol. Biol. 294
579-586.

Bhuyan, A. K., and Udgaonkar, J. B. (198)chemistry 38
9158-9168.

Cohen, S. B., and Cech, T. R. (1997Am. Chem. Soc. 119
6259-6268.

Roder, H., and Shastry, M. C. R. (1990rr. Opin. Struct.
Biol. 9, 620-626.

Brockwell, D. J., Smith, D. A., and Radford, S. E. (20QQjr.
Opin. Struct. Biol. 1016—25.

Leopold, P. E., Montal, M., and Onuchic, J. N. (1992yc.
Natl. Acad. Sci. U.S.A. 88721-8725.

Bryngelson, J. D., Onuchic, J. N., Socci, N. D., and Wolynes,
P. G. (1995)Proteins: Struct., Funct., Genet. 2167—195.
Onuchic, J. N., Socci, N. D., Luthey-Schulten, Z., and
Wolynes, P. G. (1996folding Des. 1 441-450.

Dill, K. A., and Chan, H. S. (199WNat. Struct. Biol. 410—

19.

Lazaridis, T., and Karplus, M. (199Bcience 2781928~
1931.

Fersht, A. R. (1997Curr. Opin. Struct. Biol. 73-9.

Onuchic, J. N., Luthey-Schulten, Z., and Wolynes, P. G. (1997)
Annu. Re. Phys. Chem. 4845-600.

Socci, N. D., Onuchic, J. N., and Wolynes, P. G. (1998)
Proteins: Struct., Funct., Genet. 3236—-158.

Dobson, C. M., and Karplus, M. (199€urr. Opin. Struct.
Biol. 9, 92—-101.

BI000828Y



