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ABSTRACT: Globally RNA folding occurs in multiple stages involving chain compac- o
tion and subsequent rearrangement by a number of parallel routes to the folded state.
However, the sequence-dependent details of the folding pathways and the link between
collapse and folding are poorly understood. To obtain a comprehensive picture of the
thermodynamics and folding kinetics we used molecular simulations of coarse-grained
model of a pseudoknot found in the conserved core domain of the human telomerase
(hTR) by varying both temperature (T) and ion concentration (C). The phase diagram
in the [T,C] plane shows that the boundary separating the folded and unfolded state for
the finite 47-nucleotide system is relatively sharp, implying that from a thermodynamic
perspective hTR behaves as an apparent two-state system. However, the folding kinetics
following single C-jump or T-quench is complicated, involving multiple channels to the
native state. Although globally folding kinetics triggered by T-quench and C-jump are
similar, the kinetics of chain compaction are vastly different, which reflects the role of
initial conditions in directing folding and collapse. Remarkably, even after substantial reduction in the overall size of hTR, the
ensemble of compact conformations are far from being nativelike, suggesting that the search for the folded state occurs among the
ensemble of low-energy fluidlike globules. The rate of unfolding, which occurs in a single step, is faster upon C-decrease compared to
a jump in temperature. To identify “hidden” states that are visited during the folding process we performed simulations by
periodically interrupting the approach to the folded state by lowering C. These simulations show that h'TR reaches the folded state
through a small number of connected clusters that are repeatedly visited during the pulse sequence in which the folding or unfolding
is interrupted. The results from interrupted folding simulations, which are in accord with non-equilibrium single-molecule folding of
alarge ribozyme, show that multiple probes are needed to reveal the invisible states that are sampled by RNA as it folds. Although we
have illustrated the complexity of RNA folding using hTR as a case study, general arguments and qualitative comparisons to time-
resolved scattering experiments on Azoarcus group I ribozyme and single-molecule non-equilibrium periodic ion-jump experiments
establish the generality of our findings.

B INTRODUCTION

In order to function, RNA molecules have to adopt nearly
compact structures, thus making it necessary to understand their
folding in quantitative detail. Folding landscapes of RNAs are
rugged' ~® because they readily adopt alternate structures with
free energies that are not significantly higher than the native
fold. Consequently, the stability gap relative to kgT (kg is the
Boltzmann constant and T is the temperature), which is the free
energy difference between the native state and other low free
energy conformations,”® is only modest. As a result there is a
substantial probability that RNA molecules are kinetically
trapped in alternate misfolded structures. Trapping in low-lying
free energy states gives rise to complex folding kinetics even in
the formation of simple hairpins.” "> Although the general
principles governing the folding of RNA are in place,>> '€ the
interplay of multiple conflicting energy scales makes it difficult to
map the major stages of RNA folding from an initial ensemble of
unfolded conformations.
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Folding (unfolding) of RNA can be triggered by increasing
(decreasing) the concentration, C, of counterions. In typical
ensemble experiments C (or T) is used to trigger folding or
unfolding of RNA."'7'® Considerable insights into the fold-
ing mechanisms of RNA have come from such experi-
ments, 1141920 theoretical arlguments,3 and simulations using
coarse-grained (CG) models.>' “** These studies have shown
that RNA folds by multiple parallel pathways and is succinctly
summarized by the kinetic partitioning mechanism (KPM).'%*®
According to KPM a fraction (@) of initially unfolded molecules
reaches the native basin of attraction (NBA), whereas the
remaining fraction is kinetically trapped in competing basins
of attraction (CBAs). The long transition times from CBAs to
NBA result in slow folding of ribozymes.>* Single-molecule
fluorescence resonance energy transfer (sSmFRET) experiments
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Figure 1. Ion pulse and structural features of human telomerase pseudoknot. (A) The top panel shows a folding pulse in which the ion concentration is
increased from a low value to a high value for the duration A7g. Time-dependent changes in the fraction of native contacts, Q (scale for Q is on the right)
in a sample trajectory is superimposed. The lower panel is an unfolding pulse in which C is lowered to interrupt folding. (B) Secondary structure of the
47-nucleotide hTR in which the stems and loops are labeled. (C) Tertiary structure of hTR. The backbone is colored in yellow. (D) Distribution of
distances between the bases in the native state shown in (C). Two bases are in contact if the distance between them in an arbitrary conformation is within
a £0.2 of that in the native state. Small R;; values correspond to distances between bases in the stems.

performed by immobilizing Tetrahymena ribozyme on a surface””
have given additional insights into RNA folding. Analysis of the
smFRET trajectories following a single jump in ion concentra-
tion quantitatively confirmed the predictions of the KPM.*®
Cumulatively, these studies firmly established that RNA mol-
ecules fold by multiple pathways with an array of time scales, thus
confirming the rugged nature of their folding landscapes.

Single ion-jump experiments*>>° are useful in describing the
dominant ensemble of intermediate structures {I;} that accumu-
late under folding conditions. However, due to limitations in
temporal resolution, they cannot be used to probe the ensemble
of structures that are sampled prior to the formation of {I;} or the
NBA. These states, if they are accessed during the folding
process, would be “hidden” in conventional near-equilibrium
smFRET experiments. The nature of hidden conformations can
be revealed by interrupting folding after initiating an ion-jump.>"
Consider an ion-pulse sequence (Figure 1A), which shows that

20635

following an ion-jump the high C condition is maintained for a
duration Aty prior to a decrease in C. If Aty is less than the C-
dependent folding time, 7x(C), or the time to reach {I;}, then the
conformations that are sampled in the pathways leading to the
folded state or {I;} can be characterized. In smFRET experiments
the states are described using the distribution of FRET efficien-
cies measured just prior to a decrease in T. By varying Atg it is
possible to probe structures that are hidden in typical experi-
ments. The utility of pulse sequences, which was first demon-
strated using theory and simulations®” and subsequently realized
in experiments in the context of single-molecule force spectro-
scopy,” has been demonstrated in an ingenious experiment to
reveal the underlying complexity of RNase P RNA folding.>" In
the experimental study A7y, which for most part was kept con-
stant, was apparently not long enough to complete the folding
reaction even at high ion concentration.
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Inspired by the interrupted multiple ion-jump single-molecule
experiments”' we performed simulations using a coarse-grained
model of the human telomerase (hTR) pseudoknot.** First, we
calculated the thermodynamics of the hTR pseudoknot in terms
of a phase diagram in the [T,C] plane.” The folded (F) and the
unfolded (U) states are separated by a well-defined boundary,
which shows that the melting temperature, T,, increases non-
linearly as C increases. Folding kinetics using single ion-jump or
T-quench shows that the flux to the folded state occurs through
two dominant channels. In all trajectories folding is preceded by
collapse of the hTR, as assessed by a decrease in the radius of
gyration. The time-dependent changes in the radius of gyration
show that even after substantial compaction the collapsed
structures are not nativelike. There are dramatic differences in
the approach to the native state between folding initiated by C-
jump or T-quench. By performing several interrupted ion-jumps,
with varying waiting times ATg, we establish that there are
multiple folding pathways reflecting the heterogeneity of the
folding process. Conformations, which are difficult to character-
ize in a single ion-jump, become visible as (A7g)/(7£(C)) is
varied. These results, which are qualitatively similar to those
found in the folding of RNase P RNA, show that the complete
characterization of the states that are sampled during the folding
process will require a combination of nonequilibrium experi-
ments”' and simulations.

Bl MODELS AND METHODS

Coarse-Grained TIS Model for RNA. We used a modified form
of the three interaction site (TIS) model to represent RNA. The energy
function and parameters are described in detail elsewhere.”" Briefly, in
the TIS model each nucleotide is represented by three beads (or
interaction centers) corresponding to the base, ribose sugar, and the
charged phosphate group. The Hamiltonian for the TIS model is Hr =
Hc + Hyg. The term, H, accounts for chain connectivity and rotational
degrees of freedom. The term Hyp representing interactions between
sites that are not directly connected to each other is Hyg = Hnc +
Hitacking + Helee: The term Hyc represents stabilizing native contact
interactions, and Hicing is for base stacking interactions based on
Turner’s Rules.>* %7 Finally, H,j.. accounts for electrostatic repulsions
between the charged phosphate groups. For interactions between
phosphate groups P; and P; we use the Debye—Hiickel potential,

2
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Vpp, (1)
We vary the ion concentration in our simulations by changing the Debye
length Iy = ( (8JZZBI)1/ 2)~! for monovalent cations. Here, Iy & 7 A is
the Bjerrum length at room temperature and I, the ionic strength, is
proportional to the ion concentration. In our earlier study,** we showed
that the melting temperatures of three psedoknots obtained using the
TIS model simulations were in excellent agreement with experimental
measurements, which we consider to be a key validation of the coarse-
graining procedure. We should note that there are other theoretical
approaches that have also reproduced the thermodynamics of pseudo-
knot folding.*®

Simulation Details. We used Langevin dynamics in the low
friction limit, which has been shown to enhance conformational
sampling of proteins and RNA, to calculate various thermodynamic
properties.”® In order to produce realistic estimates of folding and
unfolding times we performed Brownian dynamics simulations using a
friction coefficient that is appropriate for water.*® For each simulation
condition (specified by ion concentration or temperature) we generated
100 trajectories, which seem sufficient to obtain converged results.

Simulations at friction coefficient corresponding to water viscosity allow
us to map the simulation time scales to real times, as detailed in the
Supporting Information of ref 34. All simulations were performed for the
human telomerase pseudoknot (PDB code: 1YMO), referred to as hTR
through out the paper.

Analysis of the Trajectories. To monitor the collapse transition
we calculated the radius of gyration using

where r;; is the distance between sites i and j, and N is the total number of
interaction centers in RNA. The folding and unfolding transitions are
determined using the fraction of native contacts, Q. Two interaction sites
are in tertiary contact if the distance between them is less than the cutoff,
r.. We only consider contacts between bases, which suffice to uniquely
specify the conformations of hTR. With this definition there are 94
tertiary contacts in the TIS representation of the native structure of h\TR
(IYMO). The native contacts are computed by considering bases
including those that are part of the two stems (see Figure 1B). With
such a definition we are assured that in the folded state both secondary
and tertiary interactions are fully developed. In the TIS representation of
the native state of hTR there is a distribution of distances involving
contacts between bases in the native state (Figure 1D). The values of
r. vary, depending on the contact. For each contact we allow a tolerance
of about 20% to take thermal fluctuations into account. Thus, if a contact
is at a distance Ry in the native state then it is assumed to be a native
contact in any arbitrary conformation if the distance between them is at
Ry + 0.2Ry.

We characterize the ensemble of unfolded conformations using a
number of order parameters including g-score*" given by

1 N
= — e - 3
[ I P R ®)
where ij labels the non-neighboring pair, r;; is the distance between the
two beads, and rg is the native distance between two beads. The value of

q varies from 0 to Iwith g = 1 corresponding to the native state. We also
calculated the structural overlap function,* y = 1 — (Nx)/(Nr) where

Ne= Y HO |y~ @)

with Nt = [(n — 1)n)]/2, H(x) is the Heavyside function, and d =
0.1 nm. Note that if y = 0 the conformation is in the naive state. At finite
temperatures both ) and g-score have well-defined values. In the TIS
representation of the 47-nucleotide hTR the value of n = 140 because the
first nucleotide has only two interaction centers.

B RESULTS

Phase Diagram in C and T Plane. We determined the phase
diagram as a function of C and T of the experimentally well-
characterized hTR pseudoknot.®~* The hTR pseudoknot
has 47 nucleotides with a secondary structure (Figure 1B) that
corresponds to the commonly observed H-type RNA pseudo-
knot, which is defined as two double-stranded and base-paired
helices that are each connected by single-stranded loops
(Figure 1B and C). We designate the two helices as Steml
(S;) and Stem?2 (S,), and the loops as Loopl (L,) and Loop2
(L,). Both the stems are predicted to be stable based on Mfold,*®
and could form RNA hairpins (S; and S,) in isolation.>* There
are extensive Hoogsteen base triples between S, and L;, which
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Figure 2. Phase diagram and folding kinetics. (A) phases of hTR pseudoknot as a function of temperature (T) and ion concentration (C). The
concentration of monovalent ions is in mM and temperature is in Kelvin. The phases are assigned on the basis of the fraction of native contacts Q whose
scale is on the right. The boundary between the NBA and UBA corresponds to Q = 0.5. (B) Fraction of unfolded molecules upon T-quench (blue) and C-
jump (red). The T-quench simulations are performed with C = 0.1 mM, and T is quenched from 400 K to 250 K. For the C-jump T is fixed at 250 K, and
the ion concentration is increased from 0.001 mM to 0.1 mM. The solid lines are fits to the data accounting for flux to the NBA through two dominant
channels and are given by Py(t) = @, exp(—t/7,) + @, exp(—t/7,). The values for @, and P, for C-jump folding are 0.47 (0.50) and 0.35 (0.36),
respectively, where the numbers in parentheses are for T-quench folding. Similarly, the values of 7, and 7, are 4.3 ms (4.9 ms) and 2.0 ms (3.0 ms),
respectively. (C) Folding trajectories for two dominant pathways by which hTR folds. The contact formation involving S,, L,, and S}, are in blue, green,
and red, respectively. The fraction @,;, (P,;,) corresponds to the formation of S, (S,) followed by L, (S,) and finally S; (S,). The left panel is for C-

jump folding, and the right is for T-quench folding.

we classify as tertiary interactions. Recently, Cho, Pincus, and
Thirumalai (hereafter referred to as CPT) showed that the
thermodynamic properties of hTR pseudoknot could be accu-
rately predicted using the TIS model.** The folding transition
was highly cooperative with a large value of the dimensionless
cooperative measure.” ’

To calculate the phase diagram of the hTR pseudoknot in the
[CT] plane, we performed a series of coarse-grained MD
sunulatlons using the TIS model in the low friction underdamped
limit.** Multiple simulations were performed over a broad range
of ion concentrations (0.001 mM to 0.1 mM) and temperatures
(150 K to 400 K). During the time course of each trajectory, we
monitored the degree of folding by Q, the fraction of native
contacts (See Models and Methods for a formal definition). The
ensemble average, (Q), is used as an order parameter in the
calculation of the phase diagram (Figure 2A). From a thermo-
dynamic perspective there are two distinct states that correspond
to the unfolded (red) and folded (blue) states with a boundary
between the two states. However, there is a region (shown as
green in Figure 2A), which perhaps should be classified as
intermediate states. The locus of points separating the folded

and unfolded states can be approximately described as T, ~ Cpy,
with a ~ 0.3.

Kinetics of hTR Folding. CPT showed that the related VPK
pseudoknot folds in ~5 ms upon temperature quench. The
measured folding times in a recent temperature jump experi-
ment'® are in near quantitative agreement with our earlier pre-
dictions, which further validates the efficacy of the TIS model
in predicting the overall folding times. With this as an additional
validation of the TIS model and the Brownian dynamics proto-
col, we carried out two kinds of folding simulations, one in which
folding is triggered by a temperature quench and the other by an
ion concentration jump. The folding times were estimated using
Tg = [Py(s) ds where Py(t) is the probability that the molecule
has not folded at time t. We computed Py(t) = [(Pgp(s) ds from
the distribution of first passage times Pgp(s) obtained from a
hundred independent trajectories. The first passage time for each
trajectory is the time at which a molecule starting from an
unfolded state reaches the folded state for the first time. We
assume that the folded state is reached if Q is 0.8.

In the CPT study it was established that upon temperature
quench hTR folded by parallel pathways in a few milliseconds.
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Here, we carried out T-quench and ion-jump folding kinetics of
hTR so that a detailed comparison between the two methods
used to initiate folding can be made. Figure 2B shows the time
dependence of Py (t) when folding is initiated by ion-jump and T-
quench. In both cases, Py(t) is well fit using Pyy(t) = P, exp(—t/
7,) + @, exp(—t/1,) where @, and @, are the amplitudes
representing flux of the two dominant channels to the folded
state. Our results are in accord with previous work*® showing the
use of a master equation that pseudoknots fold by biphasic
kinetics. The values of @, ®,, 71, and 7, are given in the caption
to Figure 2. Using extensive structural analysis CPT showed that,
for T-quench folding, the biexponential fits for Py(t) imply
that there are two dominant parallel (and a few subdominant)
routes to folding. A similar interpretation holds well for folding
induced by jumping the ion concentration (see below). Inter-
estingly, the global parameters obtained from Py(t) fits char-
acterizing both the T-quench and ion-jump folding are similar.
Thus, the differences in folding mechanisms on time scales
exceeding about one millisecond do not significantly depend
on the differences between the initial conformations at high
temperatures and low ion concentrations. As detailed below, the
effect of the initial conditions are lost on time scales that are
comparable to the overall collapse time, 7.

Parallel Routes to Folding. In both T-quench and C-jump
folding, we find that there are two dominant pathways that
account for flux in excess of 80% to the native state (Figure 2B).
In addition, there are four minor pathways to the folded state.
The time dependence of the fraction of native contacts Q(t) for
two sample trajectories, one for C-jump and the other for T-
quench, illustrates the distinct routes to the native state
(Figure 2C). In pathway I, S, forms first, which subsequently
nucleates interactions with L,. Subsequently, S; forms, leading to
tertiary structure formation. In pathway II, the order of formation
is folding of S; followed by interactions involving L,, and finally
consolidation of S, and the native structure. The amplitudes for
these pathways using T-quench and C-jump folding are similar
(Figure 2C), which suggests that the overall folding mechanisms
do not change significantly. However, on time scales that are shorter
than 7, the nature of the populated structures are different, depend-
ing on the protocol used to trigger folding (see below).

Link between Collapse and Folding. In order to establish
the link between collapse and folding transitions we computed
the time-dependent changes in (R,(t)) upon initiation of folding.
The normalized radius of gyration,

(Rg(t)) — RY
(Rg(0)) — RY

where (Ry(t)) is the average (over an ensemble of trajectories)
radius of gyration at time ¢, and Rg (~2.0 nm) is the size of h\TR
in the folded state as shown in Figure 3A. Upon ion-jump and T-
quench, S,(t) decays in two major steps. The fast time constant
(see the fits in the caption to Figure 3A) is S times shorter when
collapse occurs by ion-jump. In both cases the bulk of the
reduction in the radius of gyration occurs during the initial rapid
step. The value of (Rg(O)) (~4.0 nm) corresponding to the
thermally equilibrated ensemble is considerably smaller
(~7.6 nm) than that at low C (Figure 3A). Interestingly, the
degree of collapse measured by S,(t) is far greater upon C-jump
than by T-quench. For example, upon C-jump S,(t) ~0.2att~ 1
ms, whereas during T-quench, even when t ~ 14 ms, Sy(t) is
above 0.2 (Figure 3A). Nevertheless, for a fixed S, the absolute
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Figure 3. Chain compaction and folding. (A) Extent of chain compac-
tion (eq S) as a function of t following T-quench (green) and C-jump
(purple). The red curve, a fit to the data in green, is given by S,(t) = 0.61
exp(—t/7.,) + 0.28 exp(—t/7.,) where 7., and 7, are 1.1 and 44.1 ms,
respectively. The corresponding fit to the purple curve is S,(t) = 0.61
exp(—t/7.) +0.13 exp(—t/T,) where 7., and T, are 0.24 and 25.6 ms,
respectively. Because (Ry(0)) for C-jump is much greater than for the
thermally equilibrated ensemble, the absolute value of Ry(t) is greater
when folding is initiated by C-jump than by T-quench. The inset shows a
plot of t; 9 as a function of t;5 where t;g and t;5o are the times when 90%
of the native contact and chain compaction is reached. The line is the
expected result if folding and collapse occur simultaneously. The plot
reveals that in all trajectories collapse precedes folding. (B) Distribution
of fraction of native contacts obtained at various stages of chain
compaction. The left panel is for C-jump and the right panel is for
T- quench The values of R, are also indicated. In the folded state
Rg ~ 2.0 nm.

values of (Ry(t)) are less at all times upon T-quench than by C-
jump (Figure 3B), which is a consequence of the dramatic
difference in the values of (R;(0)).

Although average values of folding and collapse time scales are
instructive in ascertaining the link between folding and collapse,
a more precise picture emerges by examining the behavior of
individual molecules. We plot t;qo and t59 for each folding
trajectory i where ;g9 (fis9) denotes the time at which 90% of
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folding (collapse) has occurred. As before, folding is assessed by
Q. If folding and collapse occur nearly simultaneously, then the
[tiqes tiso] plot should be linear with a slope of near unity as
indicated by the line in the inset to Figure 3A. However, the inset
in Figure 3A shows that in all the trajectories collapse occurs on
time scales that are considerably shorter than the first passage
time. Although on an average the folding time is about an order of
magnitude greater than the collapse time, there are great varia-
tions in the behavior of individual molecules. A substantial
number of points are clustered around the lower left of the
[tiqo, tiso] plot. For this subset of molecules the collapse times are
about a factor of (5—10) smaller than the folding time. Collapse
here may be considered to be specific in the sense that they
produce nativelike compact structures. However, the ensemble
of hTR may be topologically frustrated, leading to the formation
of a few non-native conformations. This finding provides a
structural interpretation for the prediction made in an earlier
study.* For a large number of molecules there is a clear
separation in collapse and folding time scales, which is likely a
consequence of incomplete formation of the necessary interac-
tions to nucleate the folded conformation. The partitioning
of the initial pool of molecules into two distinct populations
with very different folding behavior is consistent with earlier
predictions based on KPM, and is in accord with a variety of
experiments.

The extent to which nativelike structures form as hTR
collapses can be obtained by plotting the distribution of the
fraction of native contacts that are formed when hTR has
compacted to varying fractions of the starting size. In the panels
on the left side of Figure 3B we show P(Q,t = t;), which is the
distribution of Q calculated at various stages of chain compaction
following a jump in C. The corresponding distribution upon T-
jump is on the right side in Figure 3B. Surprisingly, both these
distributions are far from being nativelike, which implies that,
despite acquiring compact structures, the folding (as measured
by Q) is incomplete. We also find that at this level of compaction
the secondary structures (S, or S,) are not fully formed. The lack
of nativelike character even after considerable compaction is due
to formation of incorrect contacts due to topological frustration.
Even after nearly 90% compaction the ensemble of structures
after C-jump and T-quench remain as only near-native globules.
This implies that rearrangement to the native stage in a large
fraction of molecules occurs at times that are longer than the
collapse time.

Differences between C-Jump and T-Quench Folding. The
results in Figure 2C show that hTR folds by two dominant
pathways upon a single jump in C or a T-quench. Therefore, the
differences between the two protocols must occur only on times
that are comparable to collapse time scales. Such a difference is
expected because the initial conformations at high T and low C
are dramatically different. Because the order parameter to
characterize the state of the finite-sized RNA and proteins
is not unique we calculated the distribution of six quantities,
which describe the structures at t = 0. For each of these order
parameters (see Figure 4A) we show the distributions of the
order parameters calculated from 100 independent conforma-
tions from which folding is initiated. The panels shaded in yellow
in Figure 4A correspond to a fixed high T and the lower panels
are for low C. The distribution functions P(R..) and P(R,) show
that the structures at low C are considerably more extended
than the equilibrium structures at high T. Similarly, these
structures are less nativelike than the counterparts generated at

T 0.2
V04T T T T T =
L2001 S g
o °:"'|'q'h‘|‘—|—|—. o
0.1 I . -
0
0 10 20 30
M e (nm)

P(q)

25 45 65 5
R (nm
g (nm)
o 02 -  ~02
<o01F w1 Boa
L o | ENFEETEL
01F e 0.1
0 0
2 4 6 8 0.
AR (nm)
1.0
0.8f
0.6f
€
n-u. 100
0.4}
0.2
0
0 10

t (us)

Figure 4. Characterizing the unfolded ensemble and unfolding kinetics.
(A) The ensemble of unfolded states are described by six order
parameters: end-to-end distance (R..), R, root-mean square deviation
(AR) from the native state, contact g-score (eq 3), structural overlap
function y, (eq 4), respectively. The distribution functions are computed
from the ensemble of 100 equilibrated conformations from which the
folding simulations are initiated. Yellow figures are the results at T = 400 K
and C = 0.1 mM, and those in white correspond to T =250 Kand C =
0.001 mM. The unfolded states at low C and high T are similar according
to the Q, g-score, and . However, there are significant differences
between them according to the other three parameters indicating that
different probes are likely to report distinct aspects of hTR. (B) Blue
(red) corresponds to the fraction of molecules that remains folded
(P(t)) as a function of t following an increase in C (T). The fits can be
represented as Pg(t) ~ e~ /(%) yhere 7y = 04 us (blue) and 7y = 1.4 us
(red). The inset shows swelling measured by Ry(t) following an increase in
C (blue) and T (red).

high T (see P(AR) in Figure 4A). Because all the structures from
which folding commences are more compact at high T than at
low C the initial routes explored on time scales on the order of
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7¢ are different. These differences are clearly manifested in the
rates of hTR collapse (see Figure 3A). The detailed structural
attributes of hTR (see the right panels in Figure 4A) clearly show
that initial structures have very little resemblance to the folded
state. It is clear from the distribution functions in Figure 4A that
the initial structures at low C have much less overlap with the
native state than the high temperature structures.

Kinetics of hTR Unfolding. To understand how hTR unfolds
we performed simulations by decreasing the ion concentration
and by raising the temperature. In both sets of simulations the
initial 100 structures are obtained from equilibrating the con-
formations in the NBA. The fraction, P(t), of molecules that
remains folded at time f following a sudden decrease in C or
increase in T is used to quantify the unfolding kinetics. In both
cases Pg(t) can be fit using an exponential function (unfolding is
two-state-like) after a transient time (Figure 4B). The unfolding
rate is greater when C is suddenly decreased compared to the
thermal melting rate. The time constant for unfolding caused by a
decrease in C is ~0.2 us, which is about 6 times faster than the
time for thermal melting (see caption in Figure 4B). The inset in
Figure 4B shows that kinetics of swelling follow either an increase
in T (red) or decrease in C (blue). The overall swelling rate is also
greater when C is decreased compared to when T is increased.
Interestingly, the swelling rate occurs at a slower rate than loss of
native contacts (see the inset in Figure 4B).

Hidden States during Folding and Unfolding. Folding
simulations following a single jump in C show that there are
two dominant pathways (Figure 2C). To quantify if there are
additional hidden states that are sampled as hTR folds or unfolds
we performed simulations by jumping the ion concentrations
from a low (high) to a high (low) value and interrupting the
folding (unfolding) at predetermined values of Atg. This strat-
egy, which is easy to execute in simulations, is similar to the use of
ion—pulses employed in a recent single-molecule study of RNase
P RNA.”" Repeated cycling between high and low C carried out
multiple times for a single molecule is equivalent to generating a
swarm of trajectories and interrupting their folding at predeter-
mined values of A7g. From a computational perspective it is
efficient to generate a large number of trajectories and interrupt
their folding at varying At rather than subject one molecule to
multiple ion-pulses. For ergodic systems the two methods are
equivalent. To illustrate the effect of using ion pulses (Figure 1A)
we carried out a few simulations by periodically altering the
concentration of ions. An example of a trajectory, which reaches
the folded state (Q ~ 1) in a single ion jump but unfolds
subsequently (Figure 1A), illustrates the heterogeneity of hTR
folding. In this example, after the first decrease in C the molecule
remains unfolded even after about 4 cycles of increase and
decrease in ion concentration even though it is folded after the
first ion jump. Only in the final C-jump is the native state reached.

For each Atg, we generated a swarm of 100 trajectories from
which the routes to the folded states could be determined in
terms of variables that characterize the hTR pseudoknot. In
Figure S we show the distributions, P(Q,Atg), at various values of
Atg. Unfolding distributions (Figure SA) show that loss of
structure occurs continuously with P(Q,Aty) changing synchro-
nously from the values at t = 0 to the equilibrium distribution
function. As t progresses, the hTR samples Q regions with
decreasing similarity to the native state. From the unfolding
trajectory in Figure 5C it is clear that structure is lost continu-
ously as the folded state is destabilized. In contrast, in the folding
distribution functions, P(Q,ATy), there is evidence that even as
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Figure S. Approach to the folded and unfolded states. (A) On the left
are shown the distribution of P(Q,A7y) at various A7y values (see
Figure 1A) at which folding is interrupted following a decrease in C.
(B) Same as in (A) except the distributions correspond to C-jump
corresponding to folding simulations. (C) Decay of Q(t) for a representative
trajectory upon initiation of unfolding. (D) Same as in (C) except that this is
a folding trajectory. Unfolding occurs in a single step (C), whereas the
formation of the folded state takes place in discrete steps with great variations
from trajectory to trajectory (see also top panel in Figure 1A).

t increases Q values that correspond to unfolded conformations
are sampled (Figure SB). We conclude that unfolding is not the
reverse of folding under these conditions. The increase in the
native content Q(t) for a sample trajectory shows that the folded
state is reached in steps. In contrast to unfolding the refolding
process has greater heterogeneity. It should be pointed out that
the nature of distribution functions could change as T is varied,
and is likely to depend on the depth of jump, (Cyz — C)/(C)
where Cy (Cp) are the high (low) ion concentrations and C,, is
the ion concentration at which the folded and unfolded states
coexist.

To explore the routes explored by hTR upon increasing or
decreasing the ion concentration we calculated the distributions
involving time-averaged values of the fraction of native contacts.
We computed the distributions, P,(Q,Atg = 0.175) (7g ~ 3 ms),
where i labels the trajectories, and

At
Q(s) ds

q =10

Acs (6)

is the time average value of the fraction of native contacts over
the interval Atg. The distributions for two folding trajectories
following a jump in the ion concentration in Figure 6A are
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Figure 6. Folding and unfolding heterogeneities upon interrupted folding. (A) Distribution of Q (eq 6) for two molecules (A7g = 0.17) shortly after
folding is initiated by C-jump. The ensemble of conformations partition into two basins shown in blue and red at early stages of folding. (B—D) Same as
(A) except these correspond to distributions of Q obtained at various Aty values following C-increase. The solid colors are for four molecules.

similar. Not surprisingly, they differ dramatically from the
equilibrium fluctuations under folding conditions because At
is not long enough to reach the folded state. Comparison of the
distribution of Q under native conditions and the nonequilibrium
P(Q,Atg = 0.17g) distributions in Figure 6A shows that native
structures are not even partially formed when Aty = 0.17g It
should be emphasized that on the time scale 0.1A7g there is
substantial reduction in R, (Figure 3A). In other words, although
increase in the ion concentration leads to the formation of
collapsed structures, the folding reaction is incomplete.

The results for interrupted unfolding by decreasing the ion
concentration (see Figure 1A) show that unfolding is highly
heterogeneous for all values of Aty. Histograms P(Q ,Atg) for
Aty =0.1,0.3,and 0.5 7y (& 3 us) for 3—4 molecules are vastly
different, which implies that at each Aty there is considerable
pathway diversity as hTR unfolds. During the unfolding process
RNA goes from a low-entropy folded state to a high-entropy
unfolded state. Thus, there are considerable fluctuations in the
ensemble of unfolded states, which result in greater pathway
diversity. Interestingly, for all values of A7y and even Aty =
0.57y hTR samples values of Q &~ 0.4, which is larger than the
average of Q ~ 0.2 at long times (see Figure SA). Parts B—D in
Figure (6), with peaks at multiple Q values, show that even as
Aty is increased from 0.17y to 0.57y there are several routes
through which flux is channeled from the folded to unfolded
state. Despite the high entropy of the unfolded state we find that
there are only a small (4—5) number of populated routes to the
unfolded state. Indeed, the ensemble of unfolded structures can
be grouped into a small number of clusters based on the Q values.
The conformations in each cluster are structurally related.

Flux to the Folded State Involves Multiple Channels. As
(Atg)/(tg) is increased beyond ~0.1 the conformations that are
sampled as hTR folds can be partitioned into ~6 major clusters

(see Figure 7 for Atp = 0.575). The distributions P(Q,A7g) in
Figure 7 show the acquisition of native structure in each of the
clusters. Somewhat surprisingly, even when (Atg)/(7) ~ 1
there is a substantial probability that RNA samples conforma-
tions with Q that are closer to the unfolded state (see panels 1, 2,
and § in Figure (7)). We find that the patterns in Figure 7 are
similar at lower and higher values of Aty except that the number
of molecules in each cluster changes. In Figure 8 we show that
various states are gradually populated as the folding reaction
proceeds upon C-jump. Even at t = 27 the folded state is not the
most populated, which implies that equilibrium is only reached at
times that far exceed 7p. These observations show that the
approach to the folded state under folding conditions, which
occurs through multiple channels, involves interconversion
among a small number of dominant states that are repeatedly
visited as hTR continues to become nativelike. Only when
(Atg)/(tg) far exceeds unity do we find that the equilibrium
distribution (last panel in Figure SB) is reached.

W DISCUSSION

The predicted phase diagram in the [C,T] plane of the hTR
can be understood as a transition between the folded and
unfolded states as C is increased or T is lowered. From a
thermodynamic perspective it appears that in the T and C range
studied here hTR folds in an apparent two-state manner. Because
of the simplicity of the model, which has allowed us to explore a
wide range of conditions, the predicted phase diagram may not
be quantitatively accurate. For example, the predicted meltin ng
temperatures are likely to be low. We note, however, that CPT?
have shown that the melting temperature at high monovalent salt
concentration is in good accord with experiments. Given that this
genre of models have been remarkably successful in explaining
and anticipating a range of scenarios for RNA folding we expect
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Figure 7. Hidden states during folding induced by C-jump. The
ensemble of folded conformations at time Aty = 0.57 at which folding
is interrupted by partition into six distinct basins as assessed by
distributions of Q. Similar distributions are obtained at other values of
At > 0.175. The folded state is reached by interconversion among these
basins as Aty increases. Folding landscape of hTR can be viewed as a
sparsely connected network of a small but distinct number of states.

that the qualitative predictions will hold well. In particular,
the prediction that T, & Cy, is amenable to experimental test.
The phase diagram will depend on the nature of counterions.
In particular, it is possible that size and shape® can alter
the predicted phase boundary. Capturing these important effects
will require more refined treatments of electrostatic interac-
tions™° than attempted here.

The multistage compaction of RNA,*® which was predicted
using theory of polyelectrolyte collapse,”" is remarkably similar to
recent time-resolved small angle X-ray scattering (SAXS) experi-
ments on the longer Azoarcus ribozyme.>> Theoretical arguments
predict that in general ion-induced compaction must occur in
three stages with the first one being a very fast process represent-
ing substantial neutralization of the charged phosphate groups.”®
Typically, this process, which is perhaps diffusion controlled, is
too fast to be resolved in SAXS experiments.>” Because the current
version of the TIS model does not explicitly model ions the fast
process of counterion condensation is not captured. In the second
step, which occurs in about 7. & 0.2 ms for ion-jump, substantial
compaction (greater than about 70%) occurs, just as observed in
time-resolved SAXS in experiments. Surprisingly, the ratio (7.)/(7¢)
for hTR in our simulations and Azoarcus ribozyme is similar,”> which
reinforces the theoretical prediction that the collapse transition in
the earliest stages of folding is a generic aspect of RNA folding driven
primarily by nonspecific polyelectrolyte effects. Thus, 7. should be
largely determined by the number of nucleotides,”®*" which in turn
determines the overall bare charge on RNA.

An interesting finding in our work is that the rate of hTR
compaction under conditions used in the present simulations is
greater when folding is initiated by ion-jump than by temperature-
quench. Although demonstrated here in the context of hTR
folding, this result is valid in general for the following reasons. It is
now firmly established using theory and experiments that upon
an increase in ion concentration the earliest event in folding is
substantial neutralization (>80%, depending on the valence of
counterions) of the charges on phosphate groups by nonspecific
counterion condensation. This event drastically decreases the
extent of repulsion between the phosphate groups, and poises

t (TF) 2 00 " Q

Figure 8. Dynamic picture of the folding landscape upon C-jump.
Distribution of Q at various times expressed in terms of P(Q,t) where
time is measured in units of the folding time. The emergence of the
various basins of attraction that are repeatedly sampled are revealed as
peaks in P(Q,t). Even when projected along a highly coarse-grained
variable Q the folding landscape of hTR is rugged. A similar picture
emerges when folding is initiated by T-quench as shown in the Table of
Contents figure.

RNA to become compact on a time scale that is proportional to the
number of nucleotides. In contrast, folding initiated by T-quench
with high C does not lead to a large decrease in electrostatic
repulsion because only the dielectric constant changes without
altering the net charge on the phosphate groups. Thus, upon T-
quench RNA folding is controlled to a greater extent by non-
bonded short-range tertiary interactions, which become favorable
only when RNA becomes compact enough for them to be effective.
This key qualitative prediction can be experimentally checked by
performing time-resolved SAXS experiments by varying both C
and T. The phase diagram (Figure 2A) shows that the interplay
between thermal fluctuations and electrostatic interactions is likely
to be more subtle at intermediate values of T and C.

The existence of multiple channels through which flux to the
folded state flows was first shown in the context of protein folding
by Klimov and Thirumalai®* and has subsequently been con-
firmed by others using different methods.>* It is surprising that
despite the complexity of the RNA folding landscape there are
only a finite number of sparsely kinetically connected channels
that carry flux to the native state. By sparse, we mean that the
structures in the small number of clusters interconvert among
each other, becoming increasingly nativelike without creating
(destroying) additional (existing) clusters. Thus, during the
folding process the ensemble of unfolded hTR repeatedly visits
only a finite number of states, which is consistent with conclu-
sions reached on the basis of inherent structure calculations for a
designed four-helix-bundle protein.** We should emphasize that
these conclusions depend on the choice of the observable used in
assessing the number of productive channels in the folding
reaction. We suspect that the existence of multiple pathways
through which RNA (or for that matter proteins) reach the
NBA is independent of the reaction coordinate. More impor-
tantly, by manipulating external conditions (preincubating RNA
in the presence of a modest ion concentration) one can change
the number of pathways.

B CONCLUSIONS

In order to dissect the complexity of RNA folding we have
carried out extensive simulations of pseudoknot-forming hTR
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using coarse-grained simulations. Coarse-grained models, which
capture the essence of the folding problem,*® have proven to be
useful not only in interpreting experiments but also in anticipat-
ing their outcomes. Our work suggests that a new class of
experiments in which folding is interrupted at various times
when combined with CG simulations are powerful for monitor-
ing the regions of the folding landscapes that cannot otherwise be
easily explored. Although our results were obtained using the
hTR pseudo knot as a case study, many of the conclusions are
expected to be valid in general because they rely on the interplay
of forces that govern folding of all RNA molecules. For example,
the generic features of the phase diagram should be valid
for other RNA molecules whose folding thermodynamics can
be described using the two-state approximation. Many of the
surprising findings, including the demonstration that a large frac-
tion of compact structures could be far from being native and the
demonstration that the folding mechanisms triggered by tem-
perature quench and a jump in the ion concentration are dif-
ferent, warrant further scrutiny.
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