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ABSTRACT: RNA pseudoknots are examples of minimal structural motifs in C’/‘
RNA with tertiary interactions that stabilize the structures of many ribozymes.
They also play an essential role in a variety of biological functions that are
modulated by their structure, stability, and dynamics. Therefore, understanding
the global principles that determine the thermodynamics and folding pathways
of RNA pseudoknots is an important problem in biology, both for elucidating the
folding mechanisms of larger ribozymes as well as addressing issues of possible
kinetic control of the biological functions of pseudoknots. We report on the
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folding/unfolding kinetics of a hairpin-type pseudoknot obtained with micro-

second time-resolution in response to a laser temperature-jump perturbation. The kinetics are monitored using UV absorbance as
well as fluorescence of extrinsically attached labels as spectroscopic probes of the transiently populated RNA conformations. We
measure folding times of 1—6 ms at 37 °C, which are at least 100-fold faster than previous observations of very slow folding
pseudoknots that were trapped in misfolded conformations. The measured relaxation times are remarkably similar to predictions of
a computational study by Thirumalai and co-workers (Cho, S. S.; Pincus, D.L.; Thirumalai, D. Proc. Natl. Acad. Sci. U. S. A. 2009, 106,
17349—17354). Thus, these studies provide the first observation of a fast-folding pseudoknot and present a benchmark against

which computational models can be refined.

B INTRODUCTION

Pseudoknots are important structural motifs in RNA mol-
ecules that bring remote parts of an RNA sequence together
through base pairing between loops and other single-stranded
regions to form a stable tertiary conformation. They stabilize the
structures of many ribozymes and also play an essential role in a
variety of biological functions that include regulating translation
initiation, modulating protein elongation by stimulating riboso-
mal frameshifting, and maintaining human telomerase RNA
activity."”” Their structure, stability, and dynamics modulate their
biological functions. For example, in human telomerase RNA
(hTR) pseudoknot, a conformational switch between competing
hairpin and pseudoknot structures plays an important functional
role in the translocation of telomerase during telomere addition.*
Diseases such as dyskeratosis congenital are caused by mutations
in the hTR pseudoknot that affect the equilibrium among
these alternative conformations.*> In viral mRNA, the unfolding
time scales of pseudoknot structures that cause ribosomes to pause
during elongation may be one of the key factors that determine the
frameshifting efficiency."®” These and many other data point out
the likely importance of kinetic control of the biological functions
of many pseudoknots.

Understanding the global principles that determine the ther-
modynamics and folding kinetics of RNA pseudoknots is there-
fore an important problem in biology, both for elucidating the
folding mechanisms of larger ribozymes as well as addressing
issues of the role of conformational fluctuations in their biological
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functions. Although much has been learned about the foldin.
thermodynamics of simple hairpin-type (H-type) pseudoknots,”
including a number of important micromanipulation studies on
the unfolding and refolding of pseudoknots under tension from
externally applied force,” ' a general picture of how pseudo-
knots spontaneously fold is lacking. As demonstrated for nucleic
acid hairpins, folding pathways and transition states may be very
different in the presence and absence of applied force.">'¢
Folding/unfolding rates under external force cannot always be
easily extrapolated to spontaneous events. Kinetics measure-
ments in the absence of applied force are limited to a few studies
on very slow folding pseudoknots.'”'® Observations of some fast
folding ribozymes™ >* have highlighted a fundamental ques-
tion: What are the mechanisms by which the minimal tertiary
unit in RNA molecules, the pseudoknot, forms?

Folding of large RNA molecules has been described as a
hierarchical process,” with initially a rapid collapse and forma-
tion of local secondary structure such as hairpins and bulges,
followed by tertiary contacts to form subdomains, which then
interact to form higher order structures with longer range tertiary
contacts. What are the time scales on which each of these steps
occurs? Hairpins form on time scales of tens-of-microseconds,' >~ *
while multivalent ions mediated collapse occurs within 10 ms.”**°
Large ribozymes with complex topologies typically fold on time
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Figure 1. Secondary and tertiary structures of MMTV/VPK. (a) NMR
structure of VPK pseudoknot (PDB ID: 1RNK). (b) Sequences of wild
type MMTV (left) and mutant VPK (right). The regions where G:C pairs
in the wild type are swapped by C:G pairs in VPK are indicated by boxes.

scales of 1—1000 s.*"** The bottleneck in ribozyme folding
appears to be misfolded structures that act as traps in the folding
energy landscape.>®>° These traps could arise as a result of non-
native base pairings at the level of secondary structure.**’

That some RNA molecules can fold rapidly, within 10 ms,
starting from correctly folded secondary structure, was known
from the early temperature-jump (T-jump) studies on the folding of
tRNA.>*** Recently, a number of groups have engineered modi-
fications in the native sequence of ribozymes that help to avoid
kinetic traps, leading to a number of fast-folding ribozymes."” >
The Azoarcus ribozyme is an example of a wild-type ribozyme
that exhibits very rapid folding dynamics, with substantial folding
within the dead-time of stopped-flow measurements.”*** These
fast-folding molecules provide valuable insights into aspects of
tertiary structure formation, such as entropic search in conforma-
tional space from prefolded secondary structure elements, that
may be obscured if the rate-determining step in the folding
kinetics is the unfolding from misfolded traps.

RNA pseudoknots provide an ideal playground to explore the
ruggedness of the energy landscape and the interplay between
competing secondary and tertiary interactions. This ru%gedness
is already evident in the folding of simple hairpins'>'®**~* and
is likely more pronounced in pseudoknots, as revealed by the very
slow folding kinetics observed in some isolated pseudoknots'”*®
or in the context of larger ribozymes.*> Recent computational
studies of a few H-type pseudoknots have predicted folding times
of a few milliseconds,***’ underscoring the need to examine the
folding kinetics of simple pseudoknots with minimal alternative
pairings, using experimental techniques that allow submillise-
cond time resolution.

Here, we use nanosecond laser T-jump to rapidly perturb
folded pseudoknots and monitor their relaxation kinetics. We
focus on VPK (Figure 1a), a variant of the MMTV pseudoknot
that promotes efficient frameshifting in mouse mammary tumor
virus.**** The VPK sequence differs from the wild-type MMTV
sequence in that four of the G-C base-pairs are flipped to C-G
base-pairs to disrupt G-rich tracks (Figure 1b), thus potentially
avoiding alternative pairings in the stem regions. The thermo-
dynamics of VPK pseudoknot have been extensively character-
ized under a range of ionic conditions.*”*® Thermal melting is
hierarchical, with first the loss of the pseudoknot structure and
then the loss of the residual hairpin structure at a higher
temperature, allowing us to isolate the kinetics of the transitions
between the pseudoknot and the partially folded intermediate

(hairpin) conformations. Our kinetics measurements provide the
first observation of a fast-folding pseudoknot, with folding times
of a few milliseconds, in remarkable agreement with predictions
from a simulations study.*’

B EXPERIMENTAL SECTION

Samples. All RNA strands were synthesized and fluorescently labeled
by Dharmacon. The extent of fluorescent labeling in F-VPK (VPK with
fluorescein attached at the S-end) was determined by comparing the
concentration of RNA strands, from UV absorbance at 260 nm (molar
extinction coefficient 344 500 M~ ' cm ™" for F-VPK) with direct measure-
ments of fluorescein concentrations in the labeled strands at 494 nm, with
molar extinction coefficients of 75000 M~ " cm ™.

Equilibrium Measurements. The steady-state absorbance and
fluorescence emission spectra were measured on HP4420 spectropho-
tometer (Hewlett-Packard, Co., Palo Alto, CA) and FluoroMax2 or
FluoroMax 3 spectrofluorimeters (Jobin Yvon, Inc., NJ), respectively.
The fluorescence emission spectra were acquired with excitation of
fluorescein at 495 nm.

For the absorbance measurements shown in Figure 2, two sets of
measurements were averaged together, with strand concentrations of
16.8 uM for VPK and 17.2 and 45 uM for F-VPK. For the fluorescence
measurements shown in Figure 3, the strand concentration was 3.8 M
for F-VPK. For the absorbance measurements on the hairpins (shown in
Figure S2, Supporting Information), the strand concentrations were 30
UM for HS1 (sequence G1-C19 of VPK) and 1 uM for HS2 (sequence
U8—U34 of VPK).

Analysis of Melting Profiles. All melting profiles that exhibited a
single-transition were described in terms of a van’t Hoff transition with
linear upper and lower baselines, and two parameters describing the
transition: AH,y, the enthalpy difference between the folded and the
unfolded conformations, and T, the melting temperature defined by
the mid-point of the transition. For melting profiles that showed two
transitions, the temperature dependence of the measured signal was
described in terms of two sequential van’t Hoff transitions as A(T) =
AL(T) + Afy + Ayfo; here AL (T) is the lower baseline parametrized as a
straight line, A; and A, are the amplitudes of the first and second
transitions, respectively, and f; and f, are the fraction unfolded in each of
the transitions, as described in eq 1.
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For melting profiles exhibiting two transitions, the thermodynamic
parameters were obtained from best fit to the derivative of the melting
profiles, as shown in Figure 2b.

Laser Temperature-Jump Spectrometer. Rapid T-jump was
achieved in sample cuvettes of path length 0.5 mm, as described pre-
viously.’"** The probe source for the absorbance measurements was a
200 W Hg—Xe lamp with a short-pass filter (Semrock FF01-310/SP),
with >80% transmission between 260 and 290 nm, placed between the
lamp and the sample, and an interference filter centered at 266 nm with
20 nm full width at half maximum (CVI H220-125), placed before the
photomultiplier tube (Hamamatsu R928) that was used to measure the
transmitted intensities. The probe source for the fluorescence measure-
ments was a 20 mW cw diode laser at 488 nm (Newport PC13589), and
the fluorescence emission intensities were measured with a band-pass
filter (Semrock FF01-580/23), with >95% transmission between 570
and 590 nm, placed before the photomultiplier tube. Kinetic traces were
typically acquired on multiple time scales, with ~20000 data points in
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each kinetic trace. The shortest time scale covered kinetics up to 200 us,
with a time-resolution of 10 ns, while the longest time scale covered
kinetics up to 80 ms, with a time resolution of 4 us. The data points prior
to ~10 us for fluorescence traces and ~100 us for absorbance traces
were discarded because of artifacts resulting from scattered laser light
and/or cavitation effects. The magnitude of the T-jump was determined
by fluorescence measurements on free Trp, in the setup with the Hg—Xe
lamp, or fluorescein labeled unstructured single-stranded (ss) DNA, in
the setup with the 488 nm diode laser, and the initial drop in the
measured fluorescence emission intensity as a result of the T-jump was
calibrated against steady-state measurements of the temperature-depen-
dent change in the quantum yield of the respective fluorophore. The
errors in estimating the size of the T-jump are about 10—20%.

Analysis of Kinetics Measurements. All relaxation traces are
well-described by a single-exponential decay with a characteristic time
constant 7,. To account for any contribution from the recovery of the T-
jump to the measured relaxation kinetics, on time scales >20 ms, we
deconvoluted the T-jump recovery from the relaxation kinetics, using the
following expression:*"

I(t) = (1(0") — I(c0))[exp( — t/7.]

T (1(eo) 4(0-))[ !

1+ t/Trec

] +1(07) 2)

Here I(t) denotes the measured signal (absorbance or fluorescence)
as a function of time after the T-jump, I(0") is the signal at t = 0" (i.e,, at
the beginning of the observed relaxation trace, immediately after the
T-jump), I(07) is the average signal before the T-jump, I(c0) is the
signal at the end of the observed relaxation process, at t > 7, and 7, is
the characteristic time constant on which the T-jump recovers to the
initial temperature Tj, and which was determined a priori by control
measurements on free Trp or fluorescein-labeled ssDNA. The para-
meters that were varied in the least-squares fit to the relaxation traces
were I(0%), I(c0), and the relaxation time T,.

To determine whether the amplitudes of the relaxation traces from
T-jump measurements obtained from the exponential decay analysis,
defined as I(c0) — I(0"), are consistent with the thermodynamics, we
estimated the amplitudes from the melting profiles (absorbance or
fluorescence) as

AA = A(Tg) — A(T;) AL(Tr)/AL(T)) (3)

where the final temperature T¢ was determined from T-jump measure-
ments on reference samples as described above. The factor Ay (Ty)/
A;(T;) in eq 3, obtained from the temperature dependence of the lower
baseline (Ay) in the melting profiles, was used to estimate any change in
the fluorescence or absorbance of the sample expected in the T-jump
measurements prior to the observed relaxation. For example, in the case
of fluorescence measurements, the temperature-dependent change in
the quantum yield of fluorescein contributes to the monotonic decrease
in baseline intensity in equilibrium measurements (Figure S3, Support-
ing Information), and should appear as a sharp drop in the fluorescence
intensity immediately after the T-jump. In absorbance measurements,
the temperature-dependent change in the extent of stacking in single-
stranded regions contributes to the monotonic increase in baseline
absorbance in equilibrium measurements (Figure 2) and may contribute
to unresolved fast components in the T-jump measurements.

An absolute comparison of the amplitudes obtained in T-jump
measurements with those predicted from melting profiles requires some
care to minimize errors that may be introduced from any mismatch
between signals measured under equilibrium conditions in the T-jump
spectrometer and those measured in the equilibrium spectrometers. In
the case of fluorescence measurements, this comparison is ideally done
for absolute quantum yield changes, as described by Kubelka et al,*®
which requires measurements of a reference sample in both the T-jump

and the equilibrium spectrofluorimeter. In this study, we simply multi-
plied the amplitudes estimated from the fluorescence melting profile for
each pair of initial (T;) and final (T;) temperatures by a factor necessary
to match the intensity A(T}) at the initial temperature, measured in the
spectrofluorimeter, with the intensity I(0~) measured in the T-jump
spectrometer for the corresponding kinetics trace. In the case of absor-
bance measurements, the amplitudes estimated from the equilibrium
melting measurements were corrected for any difference in the mea-
sured concentrations in the sample used for the equilibrium measure-
ments versus the sample used in the T-jump measurements. However,
no additional corrections were made for any systematic errors that may
be introduced when comparing absolute absorbance of a given sample,
measured in the equilibrium spectrophotometer, versus the absorbance
measured in the T-jump spectrometer, as a consequence of the
combination of broad-band and interference filters used in conjunction
with the Hg—Xe lamp in the T-jump apparatus.

B RESULTS

Thermal Melting of VPK Pseudoknot Measured by UV
Absorbance. The melting of VPK pseudoknot, measured by UV
absorbance, in buffer conditions (10 mM MOPS, pH 7.0, 50 mM
KCl) identical to that of a previous study,*® is shown in Figure 2.
Two transitions are observed, consistent with earlier studies,**>°
with the tertiary structure melting at ~54 °C and then the
residual hairpin melting in a second transition at ~86 °C. The
absorbance melting profiles are described in terms of two
sequential van’t Hoff transitions, as described in the Experimen-
tal Section, and the thermodynamic parameters for each transi-
tion are summarized in Table 1.

Secondary structure prediction using Mfold** suggests pri-
marily two distinct structures that are approximately isoener-
getic, one with stem 1 at the S'-end still intact (Figure Sla,
Supporting Information) and another with stem 2 at the 3’-end
still intact (Figure S1b, Supporting Information). A combination
of these and other related structures (see Figure Slc, Supporting
Information) may be present in the ensemble of residual struc-
tures that remain when the molecule loses its tertiary interac-
tions. For comparison, we made measurements on two hairpin
structures, denoted HS1 (sequence G1-C19, with stem 1 intact)
and HS2 (sequence U8—U34, with stem 2 intact). The melting
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Figure 2. Melting profiles of VPK from UV absorbance measurements.
(a) The absorbance of unlabeled VPK (red squares) and fluorescein-
labeled F-VPK (green circles), measured at 266 nm, is plotted as a
function of temperature. All measurements were carried out in 10 mM
MOPS buffer, pH 7.0, 50 mM KCIL. The two curves have been matched
at 20 °C. (b) The first derivative of the absorbance with respect to
temperature (0A/OT) is plotted as a function of temperature for VPK
(red squares) and F-VPK (green circles). Prior to calculating the
derivative, the absorbance data was smoothed over a 5 °C window.
Every other data point is plotted for clarity. The continuous lines in
panels (a) and (b) are fits to sequential two-step (three-state) melting.
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Table 1. Thermodynamics and Kinetics Parameters for VPK and Hairpins

sample T, (°C) AHy (kcal/mol)
VPK* 53.7 (86.3) —26.7 (—52.4)
F-VPK** 57.2 (81.3) —38.5 (—55.2)
F-VPK 542 —254
Hs1 *4 78.7 —52.4
Hs2 70.9 —31.8
HLS-ssDNA * 50.5 —43.6
HL9-RNA 55.0 —426

Tt AH;: (keal/mol) AH{; (keal/mol)
1.2 ms 11.2 ms 2.0 28.7
5.9 ms 50.6 ms —34 222
45.5 us 0.87 ms —6.1 50.1
82.0 s 3.7 ms 92 522

“Buffer: 10 mM MOPS buffer, pH 7.0, 50 mM KCL bThermodynamic parameters are from UV absorbance measurements shown in Figure 2; the
parameters are for the two transitions, with the second transition indicated in parentheses. “ Thermodynamic parameters are from fluorescence
measurements shown in Figure 3 and Figure S3 (Supporting Information). 4 Thermodynamic parameters are from UV absorbance measurements
shown in Figure S2 (Supporting Information). “Buffer: 10 mM sodium phosphate, pH 7.5, 100 mM NaCl, 0.1 mM EDTA; data from ref 59.
/Buffer: 10 mM Tris-HC], pH 7.5, 2.5 mM MgCl,; data from ref 52. ¢ Folding/unfolding times at 37 °C.
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Figure 3. Melting profile of VPK from fluorescence measurements.
The fluorescence emission spectra of F-VPK, with excitation at 495 nm,
are plotted as a function of temperature.

temperatures for these hairpins are ~79 °C and ~71 °C,
respectively (Figure S2, Supporting Information).

Thermal Melting of VPK Pseudoknot Measured by Fluo-
rescence. As an independent probe of VPK pseudoknot unfold-
ing, we measured the fluorescence of extrinsically labeled VPK
(F-VPK), with fluorescein attached at the 5'-end. The effect of the
label on the pseudoknot structure is small, although not negligible,
as indicated by a comparison of the transitions in VPK and F-VPK
from UV absorbance measurements (Figure 2). For F-VPK, the
tertiary melting transition is shifted to slightly higher temperature of
~57 °C in comparison with unlabeled VPK, and the second
transition is shifted to slightly lower temperature of ~82 °C.

The fluorescence emission spectra of F-VPK at different tem-
peratures, with excitation at 495 nm where fluorescein absorbs,
are shown in Figure 3. F-VPK exhibits a melting transition,
measured by an increase in fluorescence (Figure S3, Supporting
Information), in the same temperature range as the tertiary
unfolding transition measured by UV absorbance. The observed
increase in fluorescence of F-VPK when the pseudoknot melts
is attributed to the loss of interactions between fluorescein
and the pseudoknot conformation. The fluorescence measure-
ments are insensitive to the hairpin unfolding transition above
~65 °C, showing only a steady drop in fluorescence owing to
the drop in fluorescence quantum yield with increased tem-
peratures. The melting profile obtained from the fluorescence
emission maximum of F-VPK was analyzed in terms of a two-
state van't Hoff transition (Figure S3, Supporting Information).
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Figure 4. VPK pseudoknot and hairpin melting transitions. The frac-
tion of unfolded pseudoknots, obtained from the fluorescence measure-
ments on F-VPK shown in Figure 3, is plotted as a function of
temperature (black open diamonds), together with the fraction of
unfolded hairpins, HS1 (orange circles) and HS2 (blue open circles),
obtained from the optical melting profiles shown in Figure S2
(Supporting Information). The normalized fractions for the pseudo-
knot/hairpin melting transitions, obtained from the UV absorbance
measurements shown in Figure 2, are plotted for unlabeled VPK (red)
and F-VPK (green), with the first (pseudoknot) melting transition
shown with continuous lines and the second (hairpin) melting transition
shown with dashed—dotted lines. All thermodynamic parameters are
summarized in Table 1.

The melting temperature thus obtained, ~54 °C, is in very
good agreement with the UV absorbance melting tempera-
tures of ~54 and ~57 °C for VPK and F-VPK, respectively
(see Table 1).

The fraction of unfolded pseudoknots as a function of
temperature, obtained from the fluorescence measurements, is
shown in Figure 4, together with the unfolded pseudoknot/hairpin
fractions obtained from the UV absorbance melting profiles on
VPK, F-VPK, and the two hairpins HS1 and HS2. The residual
hairpin in VPK is the most stable structural element, with a
melting temperature that is ~7 °C higher than the 5'-stem
hairpin HS1. The increased stability of the residual hairpin in the
unfolded VPK can be attributed to the stabilizing effects of the
“dangling ends” (Figure S1, Supporting Information), which are
absent in the “blunt ended” hairpin stems of HS1 and HS2.%%%°

Pseudoknot Folding/Unfolding Kinetics. To probe the
kinetics of pseudoknot folding/unfolding, we measured the change
in absorbance at 266 nm on unlabeled VPK and the change in
fluorescence of F-VPK, in response to a laser T-jump perturba-
tion. A typical set of kinetics traces is shown in Figure 5. For both
sets of measurements, the relaxation kinetics traces are well described
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Figure S. Relaxation kinetics of VPK. (a) The change in absorbance of
unlabeled VPK (48 uM), in response to a ~4 °C T-jump from 43 to
47 °C, is plotted as a function of time. The signal prior to the laser
T-jump is averaged to obtain the horizontal blue line, and all absorbance
changes are calculated relative to that. The continuous red line is a single-
exponential fit to the data, with relaxation time ~0.95 ms. (b) The
change in absorbance of free tryptophan, in response to a ~4 °C T-jump,
shows a jump in the transmitted intensity as a result of “lensing” effect
from the heated volume, but no relaxation is observed on the time-scales
on which VPK shows relaxation kinetics. (c) The amplitude of the
relaxation kinetics, obtained from a single-exponential fit to the absor-
bance traces (filled circles), are plotted as a function of temperature,
together with amplitudes estimated from the absorbance melting
profiles, which were multiplied by a factor of 1.17 (open triangles).
(d) The donor fluorescence of F-VPK (20 #M), in response to a ~6 °C
T-jump from 44 to 50 °C is plotted as a function of time. The initial drop
in intensity is from a change in quantum yield of the fluorescein label as a
result of the T-jump. The subsequent relaxation kinetics is well-
described by a single-exponential decay, with relaxation time ~4.3 ms,
convoluted with the recovery of the T-jump. (e) The fluorescence of
fluorescein-labeled ssDNA in response to ~6 °C T-jump from 44 to
50 °C shows the initial drop in fluorescence, followed by recovery of the
T-jump, with a characteristic time constant of ~280 ms. (f) The
amplitude of the relaxation kinetics, obtained from a single-exponential
fit to the fluorescence traces (filled circles), is plotted as a function of
temperature, together with amplitudes estimated from the fluorescence
melting profiles, which were multiplied by a factor of 0.31 (open triangles).

as single-exponential decays, with time constants in the range
of a few milliseconds. The corresponding control experiments
(absorbance of free Trp in Figure Sb and fluorescence of
fluorescein-labeled 3S-nucleotide (nt) long ssDNA, previously
characterized to be unstructured,”” in Figure Se) do not show any
relaxation kinetics on these time scales; instead they show
recovery of the temperature to pre-T-jump values, with a time
constant of ~280 ms. Any contribution to the measured signals
from the recovery of the T-jump is deconvoluted from the
relaxation kinetics, as described in the Experimental Section.
To determine whether the observed relaxation kinetics cap-
ture the entire pseudoknot-to-hairpin transition expected from
the thermodynamics measurements, we compared the ampli-
tudes of the relaxation kinetics traces at different conditions of
initial and final temperatures, obtained from the single-exponen-
tial fit to the decay curves, with the amplitudes estimated from
the equilibrium melting profiles, for both absorbance and fluo-
rescence measurements (Figure Sc,f), as described in the

Experimental Section. For absorbance measurements, the am-
plitudes obtained from the relaxation traces are found to be
~17% larger than the amplitudes estimated from equilibrium
measurements, over the entire temperature range for which we
observed relaxation kinetics (Figure Sc). This discrepancy can-
not be from “missing” amplitudes in kinetics measurements.
Instead, we attribute it to errors introduced from imperfect match-
ing of the absorbance of the sample measured in the T-jump
apparatus with that measured in the equilibrium spectrophot-
ometer, compounded with errors in accurate estimates of the
final temperature after the T-jump.

For fluorescence measurements, the amplitudes obtained
from the relaxation traces are significantly smaller than the
amplitudes estimated from equilibrium measurements, by more
than a factor of 3 (amplitudes obtained from the melting profiles
are multiplied by 0.31 in Figure 5f). We attribute this discrepancy
primarily to the existence of a missing, fast component with
significant amplitude in the fluorescence measurements, arising
from a rapid increase in fluorescence intensity within the “dead-
time” of our kinetics measurements, as is evident from the
observed kinetics traces at different temperatures, shown in
Figure S4 (Supporting Information). The absolute amplitude
of this missing phase diminishes as the initial temperature is
raised, as does the fraction of pseudoknot population at equilib-
rium. However, the relative amplitude of this phase in compar-
ison with the amplitude of the observed relaxation remains
unchanged, as indicated by the nearly perfect agreement between
the amplitudes measured from the relaxation kinetics and the
scaled amplitudes estimated from the melting profile, over the
entire temperature range where kinetics was measured
(Figure Sf). Therefore, a plausible explanation for the missing
fast phase is partial loss of interactions between the fluorescein
label and the pseudoknot in a rapid “premelting” step, e.g,
“fraying” at the ends, in response to the T-jump, which, if it is
occurring on time scales faster than ~10 us, would be unresolved
in our kinetics measurements. The fact that the shape of the
amplitudes versus temperature profile obtained from fluores-
cence kinetics measurements is in excellent agreement with the
shape predicted from thermodynamics, together with our ob-
servation that the absorbance measurements show no evidence
for any missing phases, indicates that we are indeed measuring
the folding/unfolding kinetics corresponding to the pseudoknot-
to-hairpin transition that is observed in the thermodynamics
measurements.

The temperature dependence of the relaxation times obtained
for VPK and F-VPK is shown in Figure 6. The two sets of mea-
surements yield similar, though not identical, relaxation times for
the tertiary folding/unfolding; the relaxation times for VPK are
~S5-fold faster than for F-VPK. This difference may be attributed
in part to the effect of the fluorescent label on the stability and
folding pathway of the pseudoknot. The folding/unfolding times
can be extracted from the measured relaxation times and the van’t
Hoff equilibriurn parameters, assuming a two-state transition.
The folding (7r) and unfolding (7y;) times at 37 °C, together
with the corresponding activation enthalpies (AH; and AH;&),
obtained from an Arrhenius fit to the folding/unfolding times,
are summarized in Table 1.

W DISCUSSION

The present study was conducted to investigate how rapidly
RNA pseudoknot structures are formed under conditions where
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Figure 6. Temperature dependence of relaxation times. The relaxation
times obtained from single-exponential fits to the kinetics traces in (a)
absorbance measurements on VPK and (b) fluorescence measurements
on F-VPK are plotted as a function of inverse temperature. The error
bars represent standard deviations from the average of three measure-
ments for the absorbance data and two measurements for the fluores-
cence data. The continuous black lines are the best fit to the relaxation
times obtained from a two-state analysis, with the folding and unfolding
times shown as dashed and dashed—dotted lines, respectively, described
in terms of an Arrhenius dependence, with fit parameters summarized
in Table 1.

misfolding in non-native structures is minimized. Two factors
contribute to the avoidance of stable misfolded structures in this
study. The first is the RNA sequence of VPK, which was designed
to avoid significant stretches of mispaired stems.** The second is
the design of the experiment itself, in which a T-jump perturbs
the tertiary interactions but does not necessarily completely
unfold the RNA secondary structure. This is evident from the
hierarchical melting observed for VPK.*”*° Under monovalent
ionic conditions of the present study (~50 mM K"), two distinct
unfolding transitions, corresponding to first the loss of tertiary
interactions and then the loss of the residual secondary structure,
are observed, consistent with previous UV absorbance as well as
differential scanning calorimetry (DSC) measurements.*”°
All kinetics measurements reported here were obtained at tem-
peratures below ~60 °C, where negligible signal is expected from
the melting of the residual hairpin structures.

The folding times of ~1—6 ms at 37 °C reported here for VPK
are significantly smaller than previous measurements of pseudo-
knot folding times, which ranged from 350 ms to minutes.'”*>**
The very slow folding observed in these earlier studies was
attributed to mispaired stems that can be quite stable at
temperatures below their T,,. Recently, a few studies have
reported folding/ unfoldin% kinetics of H-type pseudoknots
under mechanical tension.” "> The measured rates are well-
described in terms of an exponential dependence on force, of
the form k(F) = ko exp(FAx*/ kgT), where Ax" is the distance
to the transition state. However, ko does not always correspond
to the actual rates under conditions of zero force, because the
position of the transition state itself may be force dependent.'" As
an illustration, mechanical unfolding measurements on a frame-
shifting pseudoknot from infectious bronchitis virus (IBV),
carried out over a force range of 15—20 pN, yield apparent
folding and unfolding times at zero force of ~1.8 us and ~8000's,
respectively.''

In another mechanical unfolding study,” on hTR pseudoknot,
which revealed a stepwise formation of the pseudoknot at low
forces with one stem forming before the other, measurements at
forces below 6 pN allowed the hairpin-to-pseudoknot (H—P)
transition to be studied separately from the completely unfolded
(single-stranded) to hairpin (S—P) transition, in a manner
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Figure 7. Relaxation times of pseudoknots and hairpins. The relaxation
times obtained from absorbance measurements on VPK (green squares)
and fluorescence measurements on F-VPK (black circles) are plotted
versus inverse temperature. For comparison, the relaxation times
obtained for a S-bp stem, 9-nt loop RNA hairpin (HL9-RNA, blue
diamonds) and a 7-bp stem, 8-nt loop ssDNA hairpin (HL8-ssDNA, red
triangles) are also plotted. The continuous lines are the best fit from a
two-state analysis.

similar in nature to the T-jump measurements reported here.
These measurements yield folding times for H—P transition in
hTR of ~8.3 s at 5 pN, with an extrapolated value of ~60 ms at
zero force, which is 10—60-fold slower than the folding of VPK
observed in this study. It remains to be determined whether
folding of h'TR is indeed slower than that of VPK, when measured
under identical conditions.

It is informative to compare VPK folding/unfolding times with
corresponding measurements on nucleic acid hairpins. Figure 7
shows the relaxation times obtained with T-jump measurements on
VPK (this study) and on two hairpins, a 7-bp stem, 8-nt loop single-
stranded DNA hairpin,59 denoted here as HL8-ssDNA, and a
5-bp stem, 9-nt loop RNA hairpin,** denoted here as HL9-RNA.
A striking result is the 10—100-fold slower folding of VPK
pseudoknot in comparison with hairpins. There are also some
notable similarities. First, hairpins and pseudoknots exhibit
qualitatively similar dependence of relaxation times on tempera-
ture, with negative or negligible activation enthalpies for the folding
step and large, positive activation enthalpies for the unfolding
step. All ssDNA and RNA hairpins that we have examined under
T-jump conditions in earlier studies with the exception of HL9-
RNA show negative activation enthalpies for the folding step.' 5>
Negative activation enthalpies are also observed in the folding of
B-hairpins in polypeptides.®’ Second, the activation enthalpies
for the unfolding step are comparable in magnitude to the eq-
uilibrium enthalpy change (Table 1). All together, these results
point to an entropic barrier as the dominant contributor to the
bottleneck for folding of both hairpins and pseudoknots. In the
case of hairpins, this free energy barrier is primarily the entropic
cost of loop formation,'*¢>%3

The question arises whether we can explain the significantly
slower folding of pseudoknots by a corresponding increase in the
free energy of loops in pseudoknots (AGﬁ,op), in comparison
with loops in hairpins (AGEOP). For hairpins, we estimate the
entropy of loops from the Shimada—Yamakawa expression for
loop-closure probability for a wormlike chain.* For a 9-nt loop
of length 6 nm and persistence length 1 nm, we obtain AGEOP x
2.3 keal/mol.**®* Our experimental folding times for VPK
pseudoknot are a factor of 15—70 slower than that of HL9-
RNA hairpin (Figure 7 and Table 1). If the slower folding of
pseudoknots is attributed primarily to an increased entropic
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Figure 8. Folding/unfolding pathways of H-type pseudoknots. A
schematic of different folding pathways for pseudoknots is illustrated,
with partially folded structures such as the §'-stem hairpin, the 3'-stem
hairpin, or a misfolded hairpin.

barrier, we estimate AGII;OP ~ 4.0 — 4.9 kcal/mol. On the basis of
our observation that F-VPK folding is S-fold slower than that of
VPK, it is tempting to suggest that the unfolding/refolding
pathways are not identical for the labeled and unlabeled VPK
and that the presence of the label in F-VPK perturbs the
thermodynamics in such as way as to tilt the balance in favor
of a different stem to unfold first in comparison with the
unlabeled VPK. Parallel folding pathways have been observed
in coarse-grained computational studies of RNA pseudoknot
folding kinetics,*’ as illustrated in Figure 8, which includes
possible “off-pathway” traps. Evidence for traps in the folding
pathway of H-type pseudoknots, with “non-native” Watson—
Crick pairs that needed to be disrupted for the pseudoknot to
fold, came from an earlier experimental study by Tinoco and co-
workers."” Further experimental studies are needed to examine in
detail the folding/refolding pathways of VPK.

Theoretical estimates for loop entropies of pseudoknots
remain a challenge and an area of intense research.”>” The
difficulty lies in correctly accounting for the conformational
space accessible to loops in pseudoknots, because of stem-loop
correlations that make the loop entropy calculation very com-
plex. Empirical estimates of AG{;OP have been proposed by
Gultyaev et al,*® who have provided a useful table of numerical
values at 37 °C, for loops and stems of various lengths. They
obtain AGE)DP ~ 4.2 keal/mol for a 6-bp long 3'-stem (stem 2)
interacting with 2-ntloop 1 and AGIIZ,OP A 6.4 kcal/mol for a 5-bp
long §'-stem (stem 1) interacting with 8-nt loop 2. Another
estimate comes from Cao and Chen,68 who obtain AGﬁmp 2.7
kcal/mol for a 6-bp long 3'-stem (stem 2) interacting with 2-nt
loop 1 and AGioep, 2 5.5 keal/mol for a 5-bp long §'-stem (stem 1)
interacting with 8-nt loop 2. Our experimental estimates of AGE)OP,
based on kinetics measurements, hold promise for further fine-
tuning of both theory and experimental interpretation.

How do our experimental results compare with theoretical
predictions of the folding kinetics of H-type pseudoknots?
Simulations carried out by Thirumalai and co-workers, using
coarse-grained models of RNA, have successfully captured the
salient features of the thermodynamics of VPK and other simple
H-type pseudoknots.”” More importantly, these simulations
make detailed predictions regarding the folding time scales and
pathways. For VPK, these studies predict parallel folding path-
ways with 77% molecules folding via stem1—stem2 pathway and
23% molecules folding via stem2—steml pathway, with time
constants of 0.4 and 4.3 ms, respectively. In another simulations

study, by Cao and Chen,*® on the hTR pseudoknot, a significant
reduction in folding times is predicted for the AU177 mutant in
comparison with the wild-type hTR. Their detailed predictions of
folding time scales and pathways have yet to be verified by direct
experiments. Our measurements are a first step in this direction,
with our results on VPK folding times in remarkably good a§reement
with some of the predictions of the Thirumalai group.*’

B CONCLUSIONS

The folding/unfolding kinetics measurements on VPK pseu-
doknot presented here represents the first observation of a fast-
folding pseudoknot under spontaneous folding conditions, with
folding times of a few milliseconds. These time scales are at least
100-fold faster than previous observations of pseudoknot folding
and raise an important question as to whether the rapid kinetics
observed in T-jump measurements are the result of refolding from
correctly preformed “on-pathway” secondary structures. Whether
the folding will follow kinetic partitioning if initiated from a
completely unfolded structure, with a fraction of rapidly folding
population that avoids traps and the remaining fraction that gets
stuck in misfolded conformations and folds slowly,”® remains to
be determined. In any event, the possibility of isolating the fast-
folding population using T-jump techniques holds promise for
gaining new insights into the conformational search problem
intrinsic to the folding of RNA pseudoknots from prefolded
secondary structure elements and for providing experimental
estimates of the entropic barriers to the folding process, thus aiding
computational models for structure prediction and folding
mechanisms. These measurements open up avenues that, in
synergy with computational studies, will help unravel the folding
pathways and the underlying energetics of RNA pseudoknots in
some detail.
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