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Folding and unfolding single RNA molecules under tension
Michael T Woodside1,2, Cuauhtémoc Garcı́a-Garcı́a2 and Steven M Block3
Single-molecule force spectroscopy constitutes a powerful

method for probing RNA folding: It allows the kinetic, energetic,

and structural properties of intermediate and transition states

to be determined quantitatively, yielding new insights into

folding pathways and energy landscapes. Recent advances in

experimental and theoretical methods, including fluctuation

theorems, kinetic theories, novel force clamps, and ultrastable

instruments, have opened new avenues for study. These tools

have been used to probe folding in simple model systems, for

example, RNA and DNA hairpins. Knowledge gained from such

systems is helping to build our understanding of more complex

RNA structures composed of multiple elements, as well as how

nucleic acids interact with proteins involved in key cellular

activities, such as transcription and translation.
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Introduction
RNA plays diverse roles in the cell, ranging from the

transmission of genetic information to the regulation of

genes, ligand binding, and catalysis. Driven by the desire

to understand the myriad functions of RNA, there has

been an intense effort to unravel details of structure

formation and dynamics in RNA molecules. RNA folding

is simplified by the independent stability of the (generally

predictable) secondary structures, leading to a picture of

‘hierarchical’ folding [1] wherein secondary structure

forms before tertiary structure. Folding nevertheless

remains a formidable problem, characterized by multiple

conformations arrayed across rugged energy landscapes,

important chain entropy effects, and a sensitive depen-

dence on electrostatic interactions between RNA and

various metal ions [2,3].
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One of the newest techniques for studying RNA folding

is single-molecule force spectroscopy (SMFS), where

the extension of an individual molecule is measured

under an applied tension [4]. By varying the load, a

single RNA molecule can be unfolded and refolded

repeatedly. Force thus functions as a mechanical dena-

turant acting selectively on a given molecule, in contrast

to traditional denaturants, such as temperature or urea.

This property allows individual folding trajectories to be

observed, subpopulations and rare/transient states (in-

cluding partially folded intermediates) to be distin-

guished, and the behavior of molecules with widely

different stabilities to be compared under identical

buffer conditions. Because unfolded states are fully

stretched under load, the unfolded state is simplified

from an ensemble of energetically similar, high-entropy

configurations to a single low-entropy configuration:

Both the initial and final states of the folding reaction

are thus well defined. The vectorial nature of force also

imposes a preferential direction upon the folding reac-

tion, biasing particular pathways that can be isolated for

study. The molecular extension measured in SMFS

supplies a natural coordinate for describing the course

of the reaction and can be interpreted in terms of

specific structural elements. All these features make

SMFS particularly well suited for probing folding reac-

tions. Spatial resolution reaching the ångström level [5]

permits subnucleotide extension changes to be

measured. The broad temporal range currently achiev-

able, �10�4–103 s [6�], is well matched to the time

scales of RNA folding.

This review will focus on work with RNA using optical

traps, as this has been the most commonly employed

SMFS technique. We organize the discussion around four

themes characterizing recent advances: (1) work on model

systems for RNA folding, (2) advances in experimental

and theoretical methods, (3) folding of complex func-

tional RNAs, and (4) interactions between RNA folding

and nucleic acid enzymes.

Model systems for RNA folding
The first SMFS study of RNA folding [7] probed the

properties of the P5abc domain from the T. thermophila
ribozyme. A number of subsequent studies have examined

simple secondary structures, such as RNA and DNA hair-

pin loops [6�,8–11,12�,13,14��], and simple tertiary struc-

tures, such as kissing loops [15�] and pseudoknots [16,17].

A focus on model systems has not only allowed specific

structural elements and interactions to be examined in

isolation, but also established the utility and general

validity of SMFS [18].
www.sciencedirect.com

mailto:michael.woodside@nrc-cnrc.gc.ca
mailto:michael.woodside@nrc-cnrc.gc.ca
mailto:sblock@stanford.edu
http://dx.doi.org/10.1016/j.cbpa.2008.08.011


Folding and unfolding single RNA molecules under tension Woodside, Garcı́a-Garcı́a and Block 641

Figure 1

Representative SMFS measurements. (a) An RNA molecule is attached to two ‘handles’ bound to beads and manipulated using two optical traps.

Unfolded RNA is stretched by the force applied between the traps. As RNA unfolds or refolds, the resulting extension change is monitored. (b) FECs for

the HIV TAR hairpin. After unfolding in a single step (black), the hairpin refolds through multiple intermediate states (red), producing hysteresis.

Occasionally, an unfolded hairpin refolds partially to a metastable misfolded state (blue), as revealed by the return to the fully folded state in a

subsequent unfolding curve (green). The two pairs of FECs are offset for clarity. Gray arrows indicate the order of measurements: unfolding followed by

refolding or vice versa. Adapted from Fig. 1c in [12�] (copyright 2007 National Academy of Sciences USA). (c) Extension of a model DNA hairpin at

equilibrium under constant force, using a passive force clamp. The G:C content of the stem sequence was engineered to produce a landscape

containing a metastable, partially folded intermediate.
Force is generally applied to the RNA using duplex

‘handles’ attached to microspheres held either in two

optical traps (Figure 1a) or between one trap and a fixed

mechanical support [19]. Measurements typically take

one of two forms: force-extension curves (FECs), where

the extension is monitored as the force is ramped up and

down (Figure 1b), or extension trajectories, during which

the load is held constant by means of a force clamp

(Figure 1c). Common variants of the latter include

‘force-jumps,’ in which the constant-force extension is

measured after the load is changed abruptly [11], and

‘unclamped’ measurements, in which the load varies
www.sciencedirect.com
owing to the finite trap stiffness in the absence of a force

clamp [6�,11].

In both forms of measurement, unfolding increases the

molecular extension, whereas folding decreases it. In

FECs, extension changes are also accompanied by

changes in force, producing characteristic ‘sawtooth’ pat-

terns (Figure 1b). Multiple states can be observed, in-

cluding misfolded states (Figure 1b) and partially folded

intermediates (Figure 1c). Constant-force trajectories

directly reveal properties such as the extension changes

between states or the kinetics and energetics of the
Current Opinion in Chemical Biology 2008, 12:640–646
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folding process. Moreover, the force dependence of the

kinetics yields the locations of transition states along

the reaction coordinate [4]. Similar information may

be obtained from FECs by fitting results to kinetic

models [20�,21] or by applying theorems relating the

non-equilibrium work to the equilibrium free energy

[9,10,22,23].

Several important results have been obtained using

model systems. RNA and DNA hairpins with quasi-ran-

dom sequences fold and unfold with apparently high

cooperativity, behaving as two-state systems [6�,7],

although additional (intermediate) states may occur in

hairpins containing patterned (non-random) sequences

(Figure 1c) or basepair mismatches [14��]. SMFS

measurements of free energies have now been made

on a sufficiently wide range of sequences to provide an

independent verification of the nearest neighbor energy

parameters for nucleic acid stability obtained from

ensemble measurements [24]. The effects of monovalent

salts on duplex stability have been measured [13],

confirming and extending previous observations [2,25].

The stability provided by pseudoknot folds has also been

determined [16,17]. These studies have firmly estab-

lished SMFS as a viable method for measuring energetic

stabilities, especially for very stable molecules that are

difficult to probe by traditional methods.

Probably the most interesting results concern the location

of the transition state, which is generally difficult to

determine. For duplex formation in a hairpin, the tran-

sition state is often close to the unfolded state, involving

the formation of just a few basepairs to close the loop [6�].
However, it can be located closer to the folded state – or,

indeed, anywhere in between – if the GC content of the

duplex is unevenly distributed [14��]. By contrast, tertiary

interactions invariably appear to be ‘brittle’: Their tran-

sition states are generally found within �1–2 nm of the

folded state, presumably reflecting the short-range nature

of such interactions. Such brittle transition states have

been now observed for kissing loops [15�,26��], pseudo-

knots [16,17], metal-ion cores [7], and aptamer binding

sites [26��].

Advances in single-molecule force
spectroscopy methods
Significant progress has been made in understanding the

details of how SMFS measurements actually work, and

thereby how they can best be implemented and inter-

preted. This knowledge has been especially useful in

establishing confidence in SMFS and learning how to

relate results to those found using more traditional tech-

niques.

An improved understanding of instrument characteristics

has been gained through studies of the effects of trap

stiffness [27], duplex handle length [28�,29,30,31�], and
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recording bandwidth or feedback loop-closure times [29]

on measurements of kinetics or energy landscapes. Con-

siderable experimental effort has also been devoted to

increasing the spatiotemporal resolution and stability of

optical traps. Differential extension measurements have

been implemented [27,32], a helium atmosphere has

been used to reduce beam-pointing fluctuations [5],

and a passive force clamp that works without feedback

loops has been developed [27]. This last development is

particularly significant. The absence of feedback permits

data acquisition at the maximum possible bandwidth,

limited only by the physical properties of the molecule

and beads in solution, and facilitates an ideal measure-

ment in the Gibbs ensemble [33,34] where the force is

truly constant throughout the folding reaction.

A variety of models for RNA folding under tension have

been proposed and tested against experimental data,

including kinetic models [35–38], quasi-equilibrium

models [39], coarse-grained simulations [40], and self-

organized polymer models [41]. More fundamentally,

theoretical work has illuminated the question of how

force affects the folding pathway itself. RNA unfolding

under tension was found to display distinct differences

from unfolding driven by temperature changes [40,42].

Folding pathways may also differ, in principle, at low and

high force [43]. Furthermore, experimental interpret-

ations in terms of a one-dimensional reaction coordinate

(i.e. molecular extension) may sometimes represent a

significant simplification, especially by neglecting dihe-

dral angles [28�]. The effect of force on transition states

has been a particular focus, with the apparent transition

state location predicted to depend on both force and

loading rate [20�,28�,36,41]. Models for extrapolating

the kinetics to zero force and describing the loading-rate

dependence of measurements have been improved, and

constant-force results have now been related to those

obtained at constant loading rate [20�].

Fluctuation theorems, such as Jarzynski’s equality [22]

and Crooks’ theorem [23], which derive equilibrium free

energies from distributions of the non-equilibrium work

performed on single molecules (Figure 2), are particularly

noteworthy. These relations are very useful for SMFS,

because slow folding rates often produce non-equilibrium

measurements. First demonstrated on simple hairpins

[9,10], fluctuation theorems have now been applied

experimentally to estimate the free energy for pseudo-

knot [17] and riboswitch [26��] folding, as well as the salt-

dependence of duplex stability [13]. A method for recon-

structing the unfolding energy landscape based on the

Jarzynski equality has also been proposed [44]. Although

there is continuing debate about the general validity of

such theorems [45,46] and they are challenging to imple-

ment experimentally (especially far from equilibrium

[47]), they nevertheless represent an important addition

to the RNA toolbox.
www.sciencedirect.com
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Figure 2

Determining equilibrium free energies from non-equilibrium

measurements using the Crooks fluctuation theorem. The point of

intersection of the probability distributions for the irreversible work

done when unfolding (red) and refolding (black) a 3-helix junction

supplies the equilibrium free energy for the folding reaction. On

the basis of data from [9].

Figure 3

SMFS of folding in an adenine riboswitch aptamer. (a) Binding of the adenin

obtained at two different forces indicate five distinct states in the folding, corr

as indicated. (c) Energy landscape for the complete folding reaction, both w

www.sciencedirect.com
Complex systems: large RNAs and the
interaction of folding with cellular processes
A few large RNA molecules were studied by SMFS early

on, including the full-length ribozyme from T. thermophila
[48] and the 16S rRNA from E. coli [8]. These studies

observed complex FECs containing large numbers of

unfolding events. This work illustrates a principal limita-

tion of SMFS: Because different structural elements (or

combinations thereof) may lead to the same change in

molecular extension, the assignment of particular unfold-

ing events to specific substructures can be ambiguous.

Additional measurements are often required to remove

such ambiguities, including the use of mutations or anti-

sense oligomers to block the formation of targeted struc-

tures or interactions [48]. The formation of unusually

stable structures or interactions may also protect less

stable ones from unfolding, further complicating the

interpretation of FECs. This difficulty can sometimes

be overcome by making constant-force measurements

instead, as illustrated by recent work on folding and

ligand binding in an adenine riboswitch aptamer [26��].
In that study, FECs displayed only a single transient

intermediate (Figure 3a), whereas constant-force trajec-

tories revealed three distinct intermediate states, corre-

sponding to various secondary and tertiary structures

(Figure 3b). High-resolution measurements allowed each
e ligand alters the shape of the FECs. (b) Constant-force trajectories

esponding to the formation of specific structural elements of the aptamer,

ith (red) and without (black) ligand. Adapted from [26��].

Current Opinion in Chemical Biology 2008, 12:640–646
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Figure 4

Effect of co-transcriptional folding/unfolding of the histidine (his) terminator hairpin upon transcription. Adapted from [56��]. (a) Force is applied to an

RNA transcript during transcription, biasing the structure (folded/unfolded) of the terminator hairpin as the motion of polymerase is continuously

measured. (b) Efficiency of transcription is found to depend on force through two mechanisms that work in conjunction: (i) shearing of the RNA/DNA

hybrid at a U-rich tract (yellow), most evident at high force, and (ii) folding/unfolding of the intrinsic terminator hairpin (black), most evident at low force.

(c) Model of the energy landscape for termination, where the terminator hairpin lowers the barrier to termination. Force applied to the RNA can raise

this barrier in the presence of the hairpin by causing the hairpin to unfold (dashed black line), but can lower the barrier in the absence of the hairpin by

shearing the RNA/DNA hybrid at the U-tract (dashed yellow line).
intermediate to be assigned structurally, the sequence of

folding events to be determined, the energetic effect of

ligand binding to be measured, and the folding energy

landscape to be reconstructed (Figure 3c), providing an

integrated picture of a molecule with multiple substruc-

tures and interactions.

One of the most intriguing applications of SMFS to RNA

folding has been to study how RNA interacts with pro-

cessive nucleic acid enzymes, including polymerases,

helicases, and ribosomes. During translocation, such

enzymes often melt structures formed in their RNA

templates. Such structures can, in turn, regulate enzyme

progress, affecting the fundamental processes of tran-

scription and translation. The mechanism of ribosomal

frameshifting has been probed by SMFS measurements

relating the mechanical stability of a frameshifting pseu-

doknot to the frameshift efficiency [49�]. Other studies

have used the unfolding of RNA hairpins to probe the

motion of helicases [50�,51] and ribosomes [52��]: folded

hairpins held under moderate tension are melted by the

enzyme as it translocates, revealing key motor character-

istics such as the step size, processivity, and NTP depen-

dence.

The interaction between RNA transcript structure and

the process of transcription has been another focus of

study. By applying force to RNA molecules transcribed in
situ (Figure 4a), the effects of RNA structures on the

polymerase motion can be probed, as can the effects of

the polymerization process on the folding of the tran-

script. The structure of mRNA was shown to have little or

no effect [53] on the ‘ubiquitous’ pauses that are found in

single-molecule records of RNA polymerase motion

[54,55]. However, force applied to terminator hairpins

was found to exert a strong effect on transcriptional
Current Opinion in Chemical Biology 2008, 12:640–646
termination (Figure 4b). SMFS measurements of the

termination efficiency for various terminator hairpin con-

structs led to a quantitative model for termination effi-

ciency (Figure 4c) [56��]. The folding of a riboswitch

aptamer during transcription has also been compared with

its folding after transcription, in order to discern any

differences arising from competition between the

kinetics of folding and transcription [26��]. No co-tran-

scriptional effects of note were found, but only the one

such comparison has been made to date, and there are

many opportunities for further exploration.

Conclusions
Significant advances in instrumentation, theory, and mod-

eling have greatly enhanced the utility of SMFS as a

probe of RNA folding, especially for determining elusive

properties such as the structure or energetics of inter-

mediate and transition states. Most work to date has

involved relatively simple RNA structures. The infor-

mation gained from these systems, however, is now

enabling a detailed study of more complex RNAs, yield-

ing an integrated picture of folding landscapes and

dynamics. Efforts to obtain additional information about

conformational rearrangements by combining SMFS with

other modalities, particularly single-molecule fluor-

escence, are being actively pursued and now beginning

to bear fruit [57,58�]. Some issues about the interpret-

ations of SMFS measurements remain to be addressed,

however, such as why SMFS findings occasionally differ

from other types of measurement: for example, fluor-

escence studies of hairpin folding that suggest the exist-

ence of an ensemble of collapsed intermediate states

before duplex formation [59,60]. Looking forward, one

of the key contributions anticipated from SMFS is a

deeper examination of how RNA structures interact with

enzymes. Such measurements hold great promise for new
www.sciencedirect.com
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insights into the molecular mechanisms for the regulation

of transcription and translation.
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