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ABSTRACT

Single-molecule experiments significantly expand our capability to
characterize complex dynamics of biological processes. This rela-
tively new approach has contributed significantly to our under-
standing of the RNA folding problem. Recent single-molecule
experiments, together with structural and biochemical character-
izations of RNA at the ensemble level, show that RNA molecules
typically fold across a highly rugged energy landscape. As a result,
long-lived folding intermediates, multiple folding pathways, and
heterogeneous conformational dynamics are commonly found for
RNA enzymes. While initial results have suggested that stable
secondary structures are partly responsible for the rugged energy
landscape of RNA, a complete mechanistic understanding of the
complex folding behavior has not yet been obtained. A combination
of single-molecule experiments, which are well suited to analyze
transient and heterogeneous dynamic behaviors, with ensemble
characterizations that can provide structural information at a
superior resolution will likely provide more answers.

1. Introduction

Since the groundbreaking discovery that certain RNA
molecules are catalysts,!? a growing list of cellular reac-
tions are seen to be catalyzed by ‘ribozymes’ or RNA
enzymes. Important functions such as translation, pre-
messenger RNA splicing, and tRNA maturation are carried
out by ribonucleoproteins that use the RNA constituents
to perform major catalytic functions.?”6 In addition, RNA
demonstrates extensive versatility in modern biotechnol-
ogy and medicine, as a gene regulatory tool,” as a
therapeutic agent,® and for high-throughput drug discov-
ery.? Our growing appreciation of RNA’s considerable
importance has not yet been matched by a thorough
understanding of how linear RNA sequences fold into
specific structures that mediate complex functions. How-
ever, even at this early stage RNA folding has already
proven to be as rich and fascinating as its protein folding
counterpart.!0-3!

A distinct property of RNA folding is its hierarchical
nature.3 RNA molecules fold by forming secondary struc-
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tures (local duplexes and single-stranded loops) before
arranging tertiary structures (interactions between the
secondary structural elements). As a result of the relatively
stable secondary structures, either non-native or native
but formed at the wrong time, RNA is easily caught in
misfolded configurations (kinetic traps) that must be
resolved before the native structure can be attained.!”?2%
Additional folding traps also exist due to non-native
tertiary structures or native ones that formed too early.!>1833

RNA enzymes often follow many pathways and traverse
multiple intermediate states before attaining native
structures.'3! For example, probing the RNA structure
during the folding process using oligonucleotide hybrid-
ization, hydroxyl radical foot printing, circular dichroism,
or UV absorption assays has led to the discovery that
RNA folding occurs through a series of intermediate
states.!07121415 The hydroxyl radical foot-printing assay is
particularly impressive in that it offers structural informa-
tion at nucleotide resolution with millisecond time resolu-
tion."* RNA enzymes were seen to fold along multiple
pathways by native gel electrophoresis and enzymatic
activity assays.!3171922 However, these methods that mea-
sure the average property of an ensemble of molecules
can only probe accumulative intermediate states and
significantly populated pathways but cannot detect non-
accumulative, transient intermediate states. The existence
of a large number of folding pathways will also make the
characterization of each individual pathway difficult by
ensemble assays. In these cases single-molecule ap-
proaches come to the rescue due to their intrinsic
capability to detect nonaccumulative transient intermedi-
ate states and heterogeneity in the system. Here, we review
recent developments in the field of RNA folding that have
been made possible by single-molecule experiments,
focusing on those using fluorescence resonance energy
transfer (FRET).21242528-3134-37 Gingle-molecule force stud-
ies of RNA folding/unfolding®—° will not be covered in
this review.

2. Single-Molecule FRET

FRET is a powerful technique for studying the structural
dynamics of biomolecules.*'~*3 In this method fluorescent
donor and acceptor dyes are attached to two specific sites
of a molecule. The induced dipole—dipole interaction
between the donor and acceptor causes energy transfer
between them, leading to a decrease in the donor emis-
sion and an increase in the acceptor emission. The energy-
transfer efficiency E is given by

E=1/(1+ (R/Ry® (1)

where R is the distance between the two dyes. Ry, the
Forster radius, is typically 3—8 nm, making FRET sensitive
to changes of a few nanometers in the distance between
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the donor and acceptor. The energy-transfer efficiency
also depends on the orientation of the two dyes. This
introduces uncertainty into FRET-based distance deter-
mination, a problem that can be mitigated if the dyes are
attached to the host molecule with flexible linkers to
ensure their free rotation. As this condition is difficult to
satisfy rigorously in practice, we have found that the best
way to correlate a FRET change to a specific change in
conformation is to introduce mutations that specifically
perturb the conformational change.?!?*

The development of single-molecule fluorescence spec-
troscopy allows FRET to be measured at the single-
molecule level.*#* Using an RNA three-way junction as
model system it was shown that ligand-induced confor-
mational changes of an RNA could be monitored by FRET
at the single-molecule level.** RNA conformational dy-
namics over a wide range of time scales have been probed
by single-molecule FRET, ranging from milliseconds to
minutes or even hours.??*3% This range was further
extended into the microsecond range for a reversible
conformational transition using fluorescence correlation
spectroscopy.’” Here, we focus on the exploration of RNA
folding by single-molecule FRET.

3. Folding and Structural Dynamics of Small
Rihozymes

Much of our knowledge of RNA structure has been
obtained from the study of small RNA molecules. The
structures of small ribozymes have provide detailed
characterization of RNA tertiary contact motifs as well as
insights into how ribozymes catalyze reactions.*’ %! How-
ever, these largely static structures provide little informa-
tion about how small RNAs fold. Recent single-molecule
studies have filled this gap by revealing the rich, dynamic
nature of small ribozymes.2*29:30,34-37

A small ribozyme that has been studied extensively by
single-molecule FRET is the hairpin ribozyme, one of the
best-characterized small ribozymes.*?5 The structure of
the hairpin ribozyme was revealed in two recent high-
resolution crystal structures.’®®! Two forms of hairpin
ribozymes have been studied at the single-molecule level.
Those are the two-way junction ribozyme, a minimal
hairpin ribozyme with high enzymatic activity, and the
wild-type ribozyme that has a four-way junction.5>%3

To observe the structural dynamics of single hairpin
ribozyme molecules we attached a fluorescent donor and
an acceptor dye to the ends of the helix—loop—helix
domains (Figure 1A).2* FRET trajectories of individual
molecules of the two-way junction ribozyme have allowed
us to directly observe the undocked, docked, and substrate-
free states of the ribozyme (Figure 1B) and thus to dissect
the entire cleavage pathway into five distinct steps (Figure
1C): (i) substrate binds to the ribozyme, forming the
extended, catalytically inactive, undocked state; (ii) loop
domains A and B dock, forming the catalytically active
state; (iii) the ribozyme cleaves the substrate; (iv) the
ribozyme—product complex undocks; (v) the products are

released. These results confirmed previously proposed
reaction pathway-based ensemble measurements.>?~5*

Single-molecule FRET experiments have demonstrated
a highly complex folding dynamics for this small ri-
bozyme.?* While previous ensemble FRET experiments
have shown the existence of docked and undocked
conformations,>*° single-molecule experiments have al-
lowed the reversible docking and undocking transitions
of individual molecules to be observed in real time and
the docking and undocking kinetics to be quantitatively
determined (Figure 2A). The two-way junction ribozyme
docks with a single rate constant but undocks with at least
four different rate constants.?* Furthermore, the molecules
exhibit a memory effect: ribozymes retain their particular
undocking rates through many docking—undocking cycles,
and conversion between different undocking behaviors
requires at least several hours.?* This suggests the exist-
ence of at least four different docked states and four
different undocked states, which is remarkable for such a
small RNA enzyme. This type of heterogeneous docking/
undocking kinetics was not unique to the wild-type two-
way junction ribozyme but was generally observed for
ribozymes with modifications that significantly affect the
docking and undocking rate constants.?* A study on the
four-way junction hairpin ribozyme also shows pro-
nounced heterogeneity in docking—undocking kinetics.3°
A distinct property of the four-way junction ribozyme is
that docking occurs 2—3 orders of magnitude faster.® This
dramatic increase is a result of the intrinsic structural
dynamics of the four-way junction: the ribozyme appears
to dock via an intermediate state in which the four-way
junction juxtaposes the loop domains into proximity but
without substantial loop—loop interactions.* This result
is further supported by a single-molecule study of hairpin
ribozymes freely diffusing in solution.®® Even when the
two loops are replaced with perfectly base-paired helices,
these helices are still juxtaposed into proximity by the
four-way junction, while both two-way and three-way
junctions lack this capability.3¢ The undocking kinetics
does not seem to be accelerated by the junction dynamics.

One might wonder whether the heterogeneity observed
in these studies is an experimental artifact introduced by
modifications of RNA molecules that facilitates single-
molecule experiments. However, the enzymatic activity
of hairpin ribozymes determined from single-molecule
experiments is quantitatively similar to results from
ensemble experiments.?® Moreover, the heterogeneous
structural dynamics seen in single-molecule experiments
is quantitatively consistent with the heterogeneous cleav-
age kinetics observed in ensemble experiments.?*3* Similar
heterogeneity was also detected in liposome-encapsulated
hairpin ribozymes, which are most likely free from surface
perturbations.’® Heterogeneity in conformational dynam-
ics and reaction kinetics was also observed in large RNA
enzymes,*! ribonucleoproteins (our unpublished results),
and protein enzymes.>”%® These observations suggest that
the observed heterogeneous structural dynamics, rather
than being an experimental artifact, may be a general
property for RNA and proteins, which has gone under-
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FIGURE 1. Reaction pathway of the hairpin ribozyme. (A) The two-way junction form of the ribozyme and a FRET labeling scheme. The Cy3
and Cy5 dyes serve as the fluorescent donor and acceptor. The ribozyme was immobilized to the surface via a biotin—streptavidin interaction.
Tertiary interactions are indicated by the following colors: red, g+1:C25 Watson—Crick base pair; green, ribose zipper; purple, U42 binding
pocket. (B) Following the structural dynamics and function of single ribozyme molecules. (Top and middle) A fluorescence time trace of a
single ribozyme that shows hinding of a noncleavable substrate, docking, and undocking. Green and red lines are the fluorescence signals
from the donor and acceptor, respectively. The blue line is the FRET value, defined as the acceptor signal divided by the sum of the donor
and acceptor signals. The substrate-free ribozyme gives a FRET value at 0.4. Upon hinding of a substrate the FRET value changes to 0.2,
indicating an undocked state. The FRET then exhibits stochastic transitions between two levels (0.2 and 0.8) that correspond to the undocked
and docked states, respectively. (Bottom) FRET time trace of a single complex of the ribozyme with a cleavable substrate showing docking,
undocking, and cleavage. The release of products after cleavage recovers the ribozyme to a FRET value of 0.4. (C) The reaction pathway of
the hairpin ribozyme. Rz, S, and 3'P and 5'P stand for the ribozyme, the substrate, and the 3' and 5' cleavage products, respectively. The rate
constants were obtained from single-molecule FRET experiments in conjunction with ensemble cleavage and ligation assays.?3*

appreciated so far due to the lack of effective experimental found that the tertiary contacts that stabilize the docked
tools. Thus far, the structural basis of the heterogeneity structure are not substantially formed in the transition
remains quite elusive. state (Figure 3A and B). The metal-ion titration experi-

The docking transitions of the two-way junction hairpin ments suggest that the two loop domains of the ribozyme
ribozyme are surprisingly slow. To determine the mech- are in close proximity in the transition state. This compact
anism underlying the slow docking transition we charac- transition state (ensemble) has lower conformational
terized the docking transition state using ®-value analy- entropy than the extended configurations and may thus
sis.?? A @ value reflects the degree to which a particular present a bottleneck in the docking transition. This notion
tertiary contact is formed in the transition state and is of the entropic barrier is consistent with the faster docking
calculated by behavior observed for the four-way junction ribozyme in

which the stacking interactions in the four-way junction
O = AAG dock/(AAGjF dock — AAG undock) (2) counterbalance the entropic cost and help to bring the
two loop domains into close proximity. The entropic

where AAG* unydock is the mutation-induced change in the barrier is probably not the only reason the docking
free energy barrier for (un)docking.® Using site-specific transition is slow. Stacking interaction between helices in
mutations to destabilize each of the three sets of tertiary the undocked state also contributes partially to the
interactions existing in the docked state (Figure 1A) we docking barrier.?® The disruption of RNA secondary struc-
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FIGURE 2. Heterogeneous conformational dynamics of the hairpin
ribozyme. (A) FRET time traces of individual ribozyme molecules show
heterogeneous undocking kinetics with dramatically different rate
constants. The distributions of dwell times of undocked and docked
states, obtained from hundreds of time traces, indicate that the wild-
type two-way junction ribozyme docks with a single rate constant
but undocks with at least four different rate constants given in Figure
1C.2%% Each rate constant is exemplified by one FRET trace. The
molecules retain memory of their undocking kinetics for many hours.
(B) Examples of memory loss after 3 h. The upper(/lower) trace
indicates an increase(/decrease) in the undocking rate constant after
3h.

ture within the loop domains provides another obstacle
to docking.5%606! Such entropic costs and secondary
structure corrections are probably two general reasons
why structural transitions in RNA molecules are slow.
The slow and heterogeneous docking/undocking kinet-
ics reflect a rugged folding energy landscape. Such a
rugged landscape not only dictates folding dynamics but
also influences the enzymatic activity of the ribozyme. A
combination of single-molecule FRET, ensemble assays,
and kinetic simulations suggests that the overall cleavage
kinetics of the two-way junction ribozyme is strongly
limited by structural transition steps (docking and un-
docking) and the internal equilibrium constants of the
reversible cleavage reaction (Figure 1C).2*3! The hetero-
geneous conformational dynamics result in heterogeneous
reaction kinetics.?#3* The rate-limiting mechanism of the
four-way junction ribozyme is, however, different. It
appears that cleavage dramatically accelerates undocking
in the case of the four-way junction ribozyme. As a result,
the undocking rate constant is faster than that of ligation
and the overall cleavage reaction rate is primarily limited
by the internal cleavage reaction.®® By contrast, the
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FIGURE 3. Transition-state analysis of docking of the hairpin
ribozyme. (A) Effect of mutations on the rate constants for docking
and undocking. The columns show the rate constant for docking
(kgock) and the slowest rate constants for undocking (kungock 1) of the
wild-type and various mutant two-way junction ribozymes at 12 mM
Mg?* and 37 °C (left) and at 12 mM Mg?* and 25 °C (right). The
dG11 mutation destabilizes the ribose zipper motif. The dC12 mutation
destabilizes the U42 binding pocket. The a-+1:U25 mutation replaces
the g+1:C25 with a weaker Watson—Crick base pair. (B) ® values
of the above modifications at various Mg concentrations. The low
@ values indicate that the corresponding tertiary interactions are
not formed to a substantial extent in the transition state(s). (C)
Dependence of Kgock and Kungock 1 Of the wild-type two-way junction
ribozyme on Mg?* concentration at 37 °C.2

undocking rate constant of the two-way junction ribozyme
complexed with its natural cleavage products is much
slower than the ligation rate constant® (Bokinsky, G.;
Walter, N.; Zhuang, X. Unpublished results). This discrep-
ancy between the two-way and four-way junction ri-
bozymes indicates an interesting allostery effect that the
junction has on the docked structure of the loop domains.

Perhaps the most surprising finding from these single-
molecule studies is that even a small RNA molecule, such
as the hairpin ribozyme, shows very complex, heteroge-
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neous structural dynamics.?#3%34 This discovery would
have been difficult to make without single-molecule
experiments. In addition, the above results also clearly
demonstrate the power of single-molecule measurements
to dissect a complex, multistep reaction and determine
the rate constant of each individual reaction step.?43435

4. Folding Dynamics of Large, Multidomain
Rihozymes

Large ribozymes typically exhibit more complex folding
dynamics than small RNAs due to the many stable
interactions that can form between different domains and
the intricate interplay between these interactions. Recent
single-molecule studies on large, multidomain RNAs?!2>2831
have improved our understanding of RNA folding, comple-
menting results from ensemble characterizations using
various foot-printing methods, enzymatic activity
assays, and optical scattering or spectroscopic tech-
niques_10—20,22,23,25—27

The first single-molecule RNA folding study used the
Tetrahymena ribozyme, one of the best-studied large
ribozymes, as a model system.?! The power of single-
molecule FRET is apparent in this early work. Dynamic
properties that are difficult to analyze with ensemble
experiments, including nonaccumulative intermediate
states, parallel folding pathways, and equilibrium confor-
mational fluctuations, are directly observed in single-
molecule FRET trajectories.

At equilibrium the 5'-end duplex (P1) of the Tetrahy-
mena ribozyme spontaneously docks with and undocks
from the active core of the folded ribozyme, as vividly
demonstrated in FRET time traces of individual molecules
(Figure 4A and B). A single-molecule ®-value analysis has
shown that none of the tertiary contacts are formed in
the transition state of P1 docking,?® similar to the hairpin
ribozyme. However, in contrast to the strong Mg?*-
dependent docking found for the hairpin ribozyme, the
P1 duplex docking exhibits little Mg?* dependence. The
rate-limiting mechanism was suggested to be due to a
kinetic trap(s), instead of conformational searching, based
on the observation that a modification that increases the
degree of freedom between the P1 duplex and the ri-
bozyme core accelerates docking. Considering the capa-
bility of single-molecule experiments to isolate an indi-
vidual transition step in a complex, multistep process,
single-molecule ®-value analysis can, in principle, be used
to characterize the transition state of any reaction step of
a multistep reaction.

Single-molecule FRET trajectories recorded during the
folding course of ribozyme directly reveal kinetic folding
intermediates.?! Addition of Mg?* to trigger folding causes
the FRET signal to increase from the unfolded state value
of 0.1 to an intermediate value (0.3) before attaining the
native value (0.9) (Figure 5A). The increase to 0.3 coincides
with a rapid, electrostatic collapse of the ribozyme before
substantial formation of tertiary structure.?® The increase
of the FRET to 0.9 coincides with attainment of the native
structure.?! A number of folding intermediates identified
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FIGURE 4. Single-molecule FRET study of Tetrahymena ribozyme.
(A) Labeling scheme of the Tetrahymena ribozyme. The Cy3 and
Cyb dyes serve as the fluorescent donor and acceptor. The ribozyme
was immobilized to the surface via a biotin—streptavidin interaction.
(B) Time trajectories showing the docking and undocking of the P1
duplex of a single ribozyme molecule at equilibrium. Red trace: the
donor signal. Green trace: the acceptor signal. Blue trace: the FRET
value. The FRET levels of 0.3 and 0.9 correspond to the undocked
and docked states of P1, respectively.

in previous studies!®*!> were not distinguished in this
study, presumably because the dye labeling scheme used
yields the same FRET value for these states. It is thus
necessary to vary the attachment sites of donors and
acceptors to allow a more thorough characterization of
the folding dynamics. This is especially important for
multidomain RNAs that have a large number of tertiary
interactions.

Nevertheless, this initial study has already illustrated
a complex network of folding pathways taken by the
Tetrahymena ribozyme.?! A histogram of folding times
obtained from single-molecule FRET trajectories yields
two distinct folding rates, 1 s7* and 1 min~! (Figure 5B).
In addition, a large fraction of molecules was trapped in
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FIGURE 5. Complex folding pathways of the Tetrahymena ribozyme.
(A) Folding time trajectories showing the unfolding and folding of a
single ribozyme molecule. Red trace: the donor signal. Green
trace: the acceptor signal. Blue trace: the FRET value. The unfolding
and refolding were triggered by removing and adding Mg?" at 3
and 30 s, respectively. The transient decrease at ~40 s is a P1-
duplex undocking event. (B) Folding time histogram. The line is a
single-exponential fit with the first bin excluded, giving a rate
constant of 1 min~". (Inset) Expansion of the first bin of the main
histogram. Relatively few molecules fold in the first second due to
a delay between the initiation of refolding buffer and its arrival at
the sample. The line is a single-exponential fit giving a rate constant
of 1 s7. (C) Partition of the molecules into the “fast”, “slow”, and
“misfolding” pathways at various initial Na* concentrations. N,
and N-gqn stand for the numbers of molecules folded with 1 s™!
and 1 min~! rate constants. Nei Stands for the total number of
molecules.

an extremely long-lived, misfolded state and eventually
folded to the native state after many hours. Altogether,
theses results indicate that the Tetrahymena ribozyme
folds along at least three distinct pathways, designated the
“fast”, “slow”, and “misfolding” pathways. While the latter
two pathways have been observed previously in ensemble
measurements,'3171922 the most rapid pathway was first

observed in the single-molecule FRET experiment. The
existence of multiple pathways indicates that the RNA
folds across a highly rugged energy landscape.

Preincubation of the ribozyme with different concen-
trations of monovalent salt dramatically alters the partition
among the “fast”, “slow”, and “misfolding” pathways
(Figure 5C).?> The cause of this redistribution was origi-
nally attributed to changes in the unfolded (secondary)
structure induced by monovalent salt based on the
following three observations.? (1) Monovalent salt pro-
motes specific secondary structures. In particular, forma-
tion of the P13 or P3 duplex exhibits a similar Na*
concentration dependence, respectively, to that of the
repartitioning behavior from the “slow” to “fast” or from
the “misfolding” to correctly folding pathways. (2) P13
stabilizes the folded structure of the ribozyme and influ-
ences folding kinetics.?>%? A modification that stabilizes
P3 prevents the ribozymes from misfolding.!'”?> (3) The
ribozyme in monovalent salt is significantly less compact
compared to the compaction intermediates observed on
the folding pathway, which precede the first intermediate
state with tertiary interactions. However, recent results
from a hydroxyl radical foot-printing assay suggest that
high concentrations of monovalent salt induce an exten-
sive amount of tertiary structures in addition to secondary
structure changes.?” Thus, the changes in the folding
kinetics induced by preincubation with monovalent
salt may not be solely caused by changes in the
secondary structures but by preformed tertiary structures
as well.

The rugged energy landscape of RNA is also demon-
strated in a single-molecule FRET study of another large
RNA molecule, the catalytic domain of Bacillus subtilis
RNase P RNA.3! Ensemble characterizations of this enzyme
indicate the existence of three thermodynamically stable
conformational states: the unfolded state (U), the inter-
mediate state (Ioq), and the native state (N). However,
analysis of the molecules at equilibrium using single-
molecule FRET suggests at least seven different thermo-
dynamically stable conformations, as distinguished by
their corresponding FRET levels and connectivity between
different states. While at low or high Mg?* concentrations
(unfolding or folding conditions, respectively) the mol-
ecules exhibit a constantly low or high FRET level, at
intermediate concentrations the molecules exhibit very
complex dynamics. In contrast to the two- or three-state
transitions observed in the equilibrium FRET traces of the
Tetrahymena or hairpin ribozyme, the FRET time traces
of the RNase P RNA often exhibit broad, continuous
fluctuations over a wide range of FRET values. The
transition behavior shows a high degree of heterogeneity
from molecule to molecule. This result suggests that the
molecules are broadly scattered among distinct regions
of a rugged folding landscape, each with its own charac-
teristic set of metastable states. It is interesting to ask
whether such complex equilibrium dynamics also occurs
in other large RNA molecules.
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5. Summary and Future Directions

A distinct advantage of single-molecule techniques is their
capability to detect transient, nonaccumulative states and
heterogeneous behavior. Such capability makes these
techniques well suited to investigate folding mechanisms
of biomolecules. When applied to RNA folding, single-
molecule experiments show that RNA molecules exhibit
highly complex folding and equilibrium dynamics. Even
a small RNA like the hairpin ribozyme can adopt many
different conformational states separated by large ener-
getic barriers at equilibrium. The folding dynamics of a
large, multidomain RNA is even more sophisticated,
consistent with results from ensemble experiments. A
general picture of RNA folding begins to form: RNA
molecules tend to have rugged energy landscapes, much
more so than proteins of similar sizes. As a result, multiple
folding pathways, long-lived folding intermediates, and
heterogeneous equilibrium dynamics appear to be ubiq-
uitous. The fundamental mechanism underlying this
ruggedness is still not completely clear, although the stable
secondary structures of RNA definitely play an important
role.

The complex and slow structural dynamics resulting
from rugged landscapes can impose severe limits on the
catalytic capabilities of RNA enzymes. As some of the most
essential cellular reactions are performed by RNA en-
zymes, a critical question arises: how does nature over-
come the limits imposed by the frustrated structural
dynamics of RNA? The solution lies partly in protein
cofactors. Roles of protein cofactors in stabilizing the
functional architecture of RNA, chaperoning the folding
reaction, and promoting ligand binding and dissociation
have been indicated.®*~% Exploration of the folding dy-
namics of ribonucleoproteins is still in its infancy and
presents an exciting future direction for single-molecule
studies. It would also be extremely interesting to monitor
the folding behavior of individual RNA molecules in vivo,
although many technical difficulties have to be overcome
before this can be realized.

Finally, we comment on the shortcomings of single-
molecule techniques. The small amount of signal that can
be collected from a single molecule fundamentally limits
the structural resolution that such techniques can achieve.
As a result, although single-molecule experiments can in
principle detect transient states and heterogeneous be-
havior better than other approaches, it is often difficult
to obtain a high-resolution structure of such transient
states or the structural basis of the heterogeneity. This can
be partly overcome by intelligent placement of the fluo-
rescent donor and acceptor on the biomolecule or by
mutations that specifically perturb the structural dynam-
ics. Even so, the best structural resolution that single-
molecule approaches can achieve probably will not match
some of the ensemble techniques such as chemical foot-
printing methods. A full understanding of RNA folding can
only come from integrated knowledge provided by these
different experimental approaches together with theoreti-
cal modeling and simulation of real RNA molecules, which
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have become realistic due to recent technology develop-
ments.%6:67
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