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RNA folding is a kinetic process governed by the competition of a large number of structures stabilized by
the transient formation of base pairs that may induce complex folding pathways and the formation of misfolded
structures. Despite its importance in modern biophysics, the current understanding of RNA folding kinetics is
limited by the complex interplay between the weak base pair interactions that stabilize the native structure and
the disordering effect of thermal forces. The possibility of mechanically pulling individual molecules offers a
new perspective to understand the folding of nucleic acids. Here we investigate the folding and misfolding
mechanism in RNA secondary structures pulled by mechanical forces. We introduce a model based on the
identification of the minimal set of structures that reproduce the patterns of force-extension curves obtained in
single molecule experiments. The model requires only two fitting parameters: the attempt frequency at the level
of individual base pairs and a parameter associated to a free-energy correction that accounts for the configu-
rational entropy of an exponentially large number of neglected secondary structures. We apply the model to
interpret results recently obtained in pulling experiments in the three-helix junction S15 RNA molecule
�RNAS15�. We show that RNAS15 undergoes force-induced misfolding where force favors the formation of a
stable non-native hairpin. The model reproduces the pattern of unfolding and refolding force-extension curves,
the distribution of breakage forces, and the misfolding probability obtained in the experiments.
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I. INTRODUCTION

Like proteins, RNAs have enzymatic, regulatory, and
structural functions that are crucial for the correct operation
of cells �1,2�. RNA molecules are found in single-stranded
form and are designed to fold into specific three-dimensional
conformations, called native states. RNA folding is a kinetic
process mainly governed by the interactions between
complementary bases, which can lead to the formation of
both native and non-native domains. As a result, folding into
states that are structurally different from the native state,
usually referred to as misfolding, can occur �3�. Misfolded
RNAs are not functional and can be harmful to organisms
�4�, just as misfolded proteins �e.g., prions� that are involved
in several diseases �5�. Folding of biomolecules, such as
RNA molecules and proteins, is therefore a subject of great
importance in modern biophysics. Under which conditions is
misfolding prone to occur? What are the structural elements
that prevent folding into the native structure? Is it possible to
control misfolding by designing specific molecular se-
quences? To answer such questions modeling of biomolecu-
lar folding is of great help. The competition between a very
large number of structures, which may lead to misfolding,
makes modeling of folding a difficult and challenging prob-

lem in biological physics where disorder and frustration play
a crucial role �6,7�. RNA mostly folds in a hierarchical fash-
ion dominated by the formation of secondary structures
�8–10,14,15�. In contrast to proteins where native state pre-
diction is very difficult, it is possible to infer the correct
secondary structure of RNA molecules from computer calcu-
lations �Mfold�. This makes RNA folding a more tractable
theoretical problem than protein folding. Bistability and mis-
folding in nucleic acids have been recently investigated in
temperature ramping �11� and force pulling �12� experi-
ments.

In this work we address the problem of folding and mis-
folding in RNA molecules that are stretched by mechanical
forces. Using single molecule techniques it is nowadays pos-
sible to pull on individual molecules such as biopolymers
�e.g., nucleic acids, proteins, sugars…�, molecular com-
plexes �e.g., motor proteins and DNA or protein fibers� or
even to stretch cells. Single molecule techniques provide
valuable information about the thermodynamics and kinetics
of biomolecular processes, thereby enlarging our knowledge
of fundamental processes at the molecular and cellular level
�13�. Among the most successful techniques in the field are
optical tweezers, AFM and magnetic tweezers, all them ca-
pable of exerting forces in the piconewton �pN� range
�1 pN=10−12 N�. Various studies have investigated the un-
folding and refolding of individual RNA molecules using
optical tweezers. RNA hairpins are typically unzipped at
forces around 15 pN where base pairs are disrupted by the
direct action of force. Folding kinetics in force is of current
interest as it provides an alternative route to investigate the
problem of molecular folding, complementary to studies of
folding by varying temperature or denaturant concentration.
What is the main effect of force in RNA folding? Under the
action of mechanical forces, the formation of secondary con-
tacts in RNA between bases located at distant segments of
the molecule is hampered by the stretching effect of the
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force. Starting from a stretched state and by progressively
decreasing the force, folding is partially a sequential process
in contrast to the nonsequential mechanism observed in ther-
mal folding �16�. Here we introduce a phenomenological
model, based on a sequential dynamics at the level of indi-
vidual base pairs, which is useful to investigate folding and
misfolding of RNA molecules that lack tertiary contacts. We
apply it to interpret and reproduce experimental results re-
cently obtained in the three-helix junction S15 RNA mol-
ecule, hereafter referred to as RNAS15, pulled by optical
tweezers �17� �see Fig. 1�. These experiments consist of re-
peated force cycles that start from the fully stretched mol-
ecule at high forces. The force is first decreased down to low
values to let the molecule refold. Next, it is increased up to
the initial value in order to unfold the molecule again �18�. In
this way the folding reaction can be monitored as a function
of time. In such experimental conditions, we show that
RNAS15 undergoes force-induced misfolding behavior as a
consequence of the competition between the formation of
two hairpins that cannot coexist in the same conformation.
The computed misfolding probability, defined as the prob-
ability to end up in the misfolded state at the end of the
relaxing process, is in good agreement with that obtained in
the experiments. We are also able to reproduce the experi-
mental unfolding and refolding force-extension trajectories,
and obtain distributions of breakage forces �i.e., the force at
which the native structure unfolds� that match the experi-
mental ones at different loading rates.

II. TWO UNFOLDING PATTERNS IN RNAS15

The present work is based on previous pulling experi-
ments �17� where optical tweezers �19� were used to induce
unfolding and refolding in RNAS15 at room temperature
�T=298 K� in a solvent free of magnesium ions to avoid the
formation of tertiary contacts. In these experiments a mo-
lecular construct is synthesized where the molecule RNAS15

is inserted between molecular DNA or RNA hybrid handles
that provide enough space between the two beads to avoid
nonspecific interactions between the molecule and the beads
�see Fig. 1�. The force applied on the molecular construct
�RNAS15 plus handles� is then ramped at constant speed
�20� between 2 pN and 20 pN at two loading rates, r
=12 pN s−1 and r=20 pN s−1. At 2 pN �20 pN�, the thermo-
dynamically stable state is the folded �stretched� state. The
output of the experiments is the force-extension curve that
gives the force applied to the molecule as a function of the
molecular extension. During the unfolding part of the cycle
�2 pN→20 pN�, two types of unfolding curves, referred to
as major and minor, are observed �see Fig. 1�. The major
curves correspond to approximately 95% �90%� of the tra-
jectories at r�12 pN s−1 ��20 pN s−1�. The minor curves
correspond to the rest �5% ��10% �.

The major curves show a cooperative transition similar to
that observed in the unzipping of small RNA hairpins
�17,18�. Up to forces �15 pN, the force-extension curve cor-
responds to the stretching of the molecular handles used to
manipulate the molecule �17,18�. The sudden large gain in
the extension at forces around 15 pN is consistent with the
whole opening of RNAS15 that is 77 bases long. On the
other hand, the minor curves do not show the typical stretch-
ing behavior of the handles at low forces �f �14 pN�. In
particular, a noncooperative transition occurs at force values
between 6 and 9 pN. At these forces, the minor trajectories
show large fluctuations in the extension �Fig. 1� suggesting
the presence of fast conformational events where the mol-
ecule partially unfolds and refolds. Moreover, the coopera-
tive transition observed in the minor curves at forces around
14 pN corresponds to the opening of an �30 bases domain
that is much shorter than the total length of the RNA mol-
ecule.

As shown in Fig. 2, the major unfolding curves are well
reproduced by using an extension of the sequential kinetic

FIG. 1. �Color online� Major and minor force-extension curves.
Left: Optical tweezers experimental setup for single RNA manipu-
lation �figure not to scale�. Right: Experimental major and minor
unfolding curves obtained from RNAS15 pulling experiments with
optical tweezers �17�. The reported extension corresponds to the
end-to-end distance of the RNA molecule plus the DNA/RNA hy-
brid handles.

FIG. 2. �Color online� Unfolding of the native structure. Left:
The RNAS15 three-helix junction native structure composed of a
stem S �green� that branches into two hairpin loops H1 �orange� and
H2 �purple�. Free energy of formation of the native state �25�:
�G0=−34.3 kcal /mol=−57kBT at room temperature �298 K�.
Right: Experimental major unfolding curves compared with nu-
merical results obtained from the sequential unfolding of the native
structure �see the text for details about the simulation procedure�.
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model introduced by Cocco et al. �21,22�, applied to the
native three-helix junction �denoted by N�. The model in �21�
describes the folding and unfolding force kinetics of single
hairpins at the level of individual base pairs. It has one free
parameter, which is the attempt frequency ka for the opening
and closing rates of a single base pair �see Methods�. We
extend this model to include multibranched structures such
as N in RNAS15, which is composed of a stem S that
branches into two hairpins H1 and H2 �Fig. 2�. We also
include the effect of the instrumental setup used in the opti-
cal tweezers experiments �23�.

Our numerical results show that, during the unfolding
transition, the whole structure unfolds immediately after the
stem opens. Accordingly, an analysis of the distribution of
breakage forces predicts a transition state for the unfolding
reaction that is located close to the native state �see Meth-
ods�. The corresponding kinetic barrier is actually generated
by the presence of successive strong GC base pairs in the
stem �throughout, G,C,A, and U stand for guanine, cytosine,
adenine and uracil�. On the other hand, this sequential dy-
namics applied to the structure composed of the native hair-
pins H1 and H2 does not reproduce the minor curves �data
not shown�. This suggests that the minor curves correspond
to the unfolding of a misfolded structure, rather than to the
unfolding of a structure that is partially folded into N �with
hairpins H1 and H2, but not the stem, formed�. By using the
VIENNA package for predicting RNA structures �25� we have
searched for the most stable structure without the stem
formed �in order to avoid the large cooperative rip character-
istic of the major curves�. This structure, denoted as M, is
composed of two hairpins, H1

M and H2
M, and has a free energy

of 6.3 kcal /mol ��10.5kBT� above that of the native struc-
ture �see Methods and Fig. 3�a��—note that N and M cannot
coexist at the same time since the same nucleotides are in-
volved in different base pairings. Upon stretching M, nu-
merical simulations show minorlike unfolding curves similar
to the experimental ones �see Fig. 3�b��. In the simulations,
the cooperative transition observed around 14 pN corre-
sponds to the unfolding of the �30 bases hairpin H2

M as
shown in Fig. 3�c�. This figure also shows that for loading
rates similar to those of the experiments, H1

M unfolds in a
noncooperative way at force values between 6 and 9 pN �see
Appendix A for a discussion on this issue�. This corresponds
to the noncooperative transition observed in the experimental
�unfolding� minor curves �see above and Fig. 1�. In the fol-
lowing, we provide quantitative evidence showing that the
minor curves indeed result from the formation of M.

III. MINIMAL STRUCTURES MODEL

In order to investigate the folding and misfolding in
RNAS15 we introduce a model that can be applied to any
nucleic acid secondary structures. We call it the minimal
structures model �MSM�. The essential idea behind the
model consists in associating to each type of experimental
unfolding curve—two in the case of RNAS15, “major” and
“minor”—a unique stable structure, whose unfolding force-
extension pattern, obtained using the sequential dynamics,
reproduces the experimental one. From this set of stable

structures, which we call minimal structures, we generate the
ensemble of configurations used to investigate both the un-
folding and the refolding of the molecule. These configura-
tions, hereafter referred to as MSM configurations, are built
as follows. First, we consider all the intermediate configura-
tions resulting from the sequential unfolding of each minimal
structure. Each of these intermediate configurations is com-
posed of hairpins that are separated by regions of unpaired
bases. The ensemble of MSM configurations results from all
the possible combinations of these hairpins �Fig. 4�. The ini-
tial set of locally stable structures is said to be minimal since
each of these structures is necessary to reproduce one of the
patterns of unfolding force-extension curves obtained in the
experiments. Moreover, this minimal set of structures makes
simulations of kinetics affordable from a computational point
of view �the number of configurations in the MSM grows in
a polynomial way as �i=1,#MSNi, Ni being the total number of
base pairs of the minimal structure i and #MS the total num-
ber of minimal structures�. Although the inclusion of more

FIG. 3. �Color online� Unfolding of the misfolded structure. �a�
The most stable structure without stem �called, in this paper, the
misfolded structure� is composed of two hairpins: H1

M �orange�
and H2

M �red�. Its free energy of formation is equal to �G1

=−29 kcal /mol=−48.3kBT. �b� Experimental minor unfolding
curves compared with numerical results obtained from the sequen-
tial unfolding of the misfolded structure on the left. �c� Curves
obtained from sequential simulations �see the text� of the unfolding
of the individual hairpins H1

M and H2
M that compose the misfolded

structure. Continuous lines represent a low bandwidth average of
the force-extension data.
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structures might appear desirable, the implementation of the
kinetics soon becomes exceedingly complicated and little is
actually gained regarding comparison with the experiments.
Finally, the dynamics that we implement at the level of
single base pairs �21� satisfies detailed balance and is ergodic
�i.e., each configuration in the MSM is connected through a
path, made out of a finite number of successive openings and
closings of base pairs, to any other configuration�. Detailed
balance and ergodicity are essential properties of the dynam-
ics ensuring that, in the equilibrium state, all configurations
are accessible and sampled according to the Boltzmann-
Gibbs distribution. Detailed balance and ergodicity make the
link between dynamics and thermodynamics where time av-
erages can be replaced by ensemble averages.

During refolding there is always competition in the for-
mation of hairpins that have bases in common �e.g., H1 and
H2

M in RNAS15�. Therefore, with more than one minimal
structure, the MSM naturally leads to the formation of the
different minimal structures and hence to misfolding. In
RNAS15, a comparison between experiments and numerical
simulations for the unfolding curves �Figs. 2 and 3� suggests
one to choose N and M as the minimal structures. The total
number of configurations within the MSM is on the order of
a few hundreds. We have carried out numerical simulations
of force cycles in the MSM in RNAS15 and observed the
presence of minor and major unfolding curves in agreement
with the experiments. Yet, the current model is not good
enough to reproduce the experimental results as we are still

not able to simultaneously reproduce the unfolding and re-
folding curves in a quantitative way �data not shown�. In
particular, by choosing a value of the attempt frequency ka
that fits well the unfolding curves, we obtain refolding
curves that do not match the experimental results �typical
refolding forces are 2 pN higher in simulations than in ex-
periments�. Different causes could explain this discrepancy.
First, we have neglected a large number of configurations
that might compete with those of the MSM and whose pres-
ence would lead to lower refolding forces in agreement with
the experimental results. In addition, the transient formation
of tertiary interactions such as pseudoknots, could be rel-
evant during the folding process.

The number of secondary structures that can be formed in
RNA grows exponentially with the total number of bases.
Therefore, it is impossible, in large molecules, to simulate
kinetics in the full ensemble of secondary structures. Al-
though it is possible to determine the free energy of all pos-
sible secondary structures it appears extremely difficult to
implement kinetic rules between all possible configurations.
The simplest strategy, in order to include the effect of addi-
tional structures on the dynamics, is to consider all possible
secondary contacts that can be formed within the unpaired
regions in a given MSM configuration. Because the explicit
inclusion of all possible secondary structures in the dynamics
is too difficult, we take advantage of approximative schemes
to address such a problem. The current problem is reminis-
cent of that encountered in liquid or statistical field theories
where an infinite class of correlation functions or observables
have to be simultaneously solved. It is then common to solve
the dynamics by closing the hierarchies of observables by
selecting only a specific subset among all possible classes
and resumming all diagrams among that subset. Here we
adopt such a strategy. In the spirit of resummation techniques
in statistical physics, we integrate out all these additional
structures and add corrections to the free energies of the
MSM configurations as explained below.

A. Estimate of the free-energy correction in the MSM

Let us consider a generic configuration C of the MSM
with free energy G�C , f� at a given force f . C is by definition
composed of hairpins and regions of unpaired bases �Fig. 5�.
Starting from this configuration, we can generate additional
ones by allowing the formation of secondary contacts be-
tween complementary bases within each unpaired region.
The inclusion of these additional configurations in the MSM
would result in a larger ensemble of configurations. This
would also modify the thermodynamics of the system.
Hence, in order to keep an ensemble of configurations as
small as possible, the effect of such additional configurations
is taken into account by adding a free-energy correction
Gc�C , f� to each configuration C. Subsequently, the free en-
ergy of any configuration C in the MSM can be split into
three contributions as follows:

G�C, f� = G0�C� + Gm�C, f� + Gc�C, f� . �1�

G0�C� is the free energy of formation of the configuration C
at zero force. Gm�C , f� stands for the contribution to the me-

FIG. 4. �Color online� The minimal structures model �MSM�.
Top: Schematic representation of the sequential model for multi-
hairpin structures. The only allowed transitions are the opening and
closing of the base pairs located at the base of the hairpins �shown
as thick bonds� where the force is applied. Bottom: How to build
the ensemble of configurations of the MSM. The intermediate con-
figurations resulting from the sequential unfolding of either N or M
are composed of hairpins and regions of unpaired bases �shown in
blue�. Then, the final MSM ensemble results from the combination
of all the different hairpins and unpaired regions. In the example
shown here, two hairpins �A and B� are combined together to form
a configuration where the two original hairpins are separated by a
region of unpaired bases.

MANOSAS, JUNIER, AND RITORT PHYSICAL REVIEW E 78, 061925 �2008�

061925-4



chanical free energy due to the stretching of the unpaired
regions that are exposed to the force. This is equal to
�0

f xC�f��df�, where xC�f� is the equilibrium average exten-
sion of the configuration C at force f . Finally, the free-energy
correction at force f , Gc�C , f�, is added so that G�C , f� in-
cludes C and all the possible secondary structures that can be
formed from C using the bases of the unpaired regions. Note
that some of these structures may correspond to configura-
tions originally belonging to the MSM and, therefore, should
not be included in the calculation of Gc�C , f�. In fact, the
inclusion of such structures would lead to an incorrect and
strongly biased estimation of the free-energy correction in-
herent to the large thermodynamic stability of all configura-
tions that belong to the MSM. The proper estimation of
Gc�C , f� is therefore a very difficult task and a different strat-
egy is required to circumvent this problem as we shall ex-
plain in the following.

In the present treatment, for the sake of simplicity, we do
not consider interactions between bases of different unpaired
regions. As a consequence, Gc�C , f� can be decomposed as a
sum of independent contributions gc

i coming from each un-
paired region i. Having proceeded so far, we try to get an
estimation of the correction Gc�C , f� that can be efficiently
implemented in the numerical simulations of the kinetics. We

use an annealed approximation where the contribution from
each region i only depends on the number ni of bases of that
region, gc

i =gc�ni , f�. As a result, we get Gc�C , f�
=	i=1

NUgc�ni , f�; where NU is the total number of unpaired re-
gions �see Fig. 5�.

As the free energy of an RNA sequence depends much on
its sequence, gc�n , f� should be estimated for each primary
sequence. In this regard, our estimation procedure consists,
first, in evaluating the average free energy of an n-base-long
polynucleotide chain that is chosen within that sequence �see
Methods�. The average is taken over all possible segments of
length n along that sequence. To this value we subtract the
initial stretching free energy Gm�n , f� of the n-bases-long
polynucleotide and obtain F�n , f�. F�n , f� is always a lower
bound to gc�n , f� as it includes the contribution coming from
the additional new configurations but also the contribution
from configurations already generated by the minimal struc-
tures. In fact, by averaging over all segments covering the
whole sequence, the term F�n , f� gets contributions from all
possible hairpins that can be formed with n bases. Therefore
F�n , f� is biased toward low values due to the stabilizing
contribution to the free energy by the minimal structures
�e.g., the native or the misfolded structures in the case of
RNAS15�. This bias is particularly strong at low forces
where the native hairpins dominate the annealed average.
How does F depend on n and f? The fact that the free energy
F is an extensive variable �i.e., depends linearly on the size
of the system n, at least for n�5 where loop formation is
possible� implies that the first derivative �F /�f �i.e., respect
to the intensive variable f� also depends linearly on n. These
properties are well confirmed by using the VIENNA package
�25�, which gives the exact partition function and the equi-
librium free energy for any RNA sequence. In the case of
RNAS15 we find F�n , f�
af�n−5�, where the parameter af
depends linearly on f up to a certain force value fc�12 pN
for which it vanishes: af �a�f − fc� / fc if f � fc and af =0 if
f � fc, with a�0.5 kcal /mol=0.9kBT �see Fig. 5�. We stress
that, for arbitrarily long sequences, determining a and fc is
still possible by restricting the calculation of the free energy
F�n , f� to small values of n �e.g., up to n�50�, where af is a
linear function of f �Fig. 5�.

How to proceed now in order to estimate the true correc-
tion gc�n , f�? The functional form obtained for F�n , f� sug-
gests the same functional dependence for gc�n , f�, albeit with
a priori different parameters a and fc. fc in F�n , f� is the
force value where the free-energy correction vanishes and
below which secondary structures become, on average, more
stable than the fully unfolded or unpaired form. At forces
around fc�12 pN many other configurations can be as stable
as the MSM configurations. Therefore, the value of fc is not
expected to be very sensitive to the bias introduced in the
annealed average by the inclusion of the MSM configura-
tions. Thus, we keep fc�12 pN for gc�n , f� also. Conse-
quently, the free-energy correction term leads to only one
additional free parameter in the model, which we call A. The
free-energy correction finally reads gc�n , f�
Af�n−5� with
Af �A�f − fc� / fc if f � fc and zero otherwise. The parameter
A corresponds to the free-energy correction per base pair at
zero force and satisfies A�a because F�n , f� is a lower
bound to gc�n , f�. What is the main effect of A on the kinetics

f),(ngf),(ngf),(ngf),(ngfCG ccccc 4321),( +++=

f
n1 bases

n2 bases n3 bases
n4 bases

Configuration C

f

1n bases
2n bases n bases3

n bases4

(a)

(b)

FIG. 5. �Color online� Free-energy corrections. �a� Schematic
representation of a generic configuration C of the MSM. It is com-
posed of hairpins and regions of unpaired bases. The free-energy
correction of a given configuration C at force f , Gc�C , f�, is given
by the sum of the independent free-energy contributions coming
from all different unpaired regions. �b� Function F�n , f�, defined as
the free energy of an n-base polynucleotide chain minus the me-
chanical free energy of the fully extended chain averaged over all
possible segments of that length n along the RNAS15 sequence. We
find that F�n , f� is approximately linear with n, F�n , f�
af�n−5�.
The coefficient af as a function of the force is plotted in the inset of
the figure.
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of unfolding and folding? Additional configurations naturally
tend to slow down the formation of individual hairpins that
belong to the minimal structures. Accordingly, the free-
energy correction modifies the closing rates rather than the
opening rates of individual base pairs �see Methods�. There-
fore the value of the parameter A mostly determines the ki-
netics of folding rather than unfolding and a larger value of A
tends to slow down the kinetics of folding.

B. Applying the model to RNAS15

Overall the model requires only two free parameters ka
and A, in order to fit all the experimental data available in
RNAS15. The parameters A=0.3kBT and ka=107 s−1 lead, at
both loading rates, to unfolding and refolding force-
extension curves, distributions of breakage force, and mis-
folding probabilities that are in quantitative agreement with
those found in the experiments �Figs. 6 and 7�. Since no
further explicit structures are necessary to reproduce the ex-
perimental data, we conclude that, in this case, a model con-
taining the minimal structures N and M plus the free-energy
correction term, is enough to explain both the unfolding and
refolding kinetics of RNAS15. In this regard, we have ex-

tended our analysis by including other minimal structures
different from N and M and have obtained very similar re-
sults �data not shown�.

Regarding the force-extension curves we note that the
shoulder observed during the refolding trajectory �Fig. 6�a��
is mainly due to the transient formation of hairpins �H1, H2,
H1

M, and H2
M�. On the other hand, the minor curves corre-

spond to the unfolding of the misfolded structure M, where
the hairpin H2

M does not allow the formation of the native
hairpin H1: M acts as a kinetic trap that impedes the forma-
tion of N. Misfolding in RNAS15 is not induced by thermal
fluctuations since the free-energy difference between N and
M is very large, ��G0�10.5kBT. Rather it is induced by the
force that tends to favor the misfolding pathway.

Finally, we note that the free-energy correction per base
pair, A�0.3kBT, is an order of magnitude smaller than the
typical free energy of formation of individual base pairs
��3kBT�. Yet, it is necessary to include this correction �about
10%� to quantitatively reproduce the experimental features
of the unfolding and refolding kinetics in RNAS15.

IV. MISFOLDING PROBABILITY

In a force cycle protocol, misfolding can be quantified by
the misfolding probability PM. This is given by the probabil-
ity to end up in the misfolded state at the end of the relaxing
process. Multistate models of chemical reactions provide a
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FIG. 7. �Color online� Misfolding probability and three-state
model. �a� Representation of the three-state model including the
stretched, native, and misfolded states. The misfolded state acts as a
kinetic trap for the folding transition between the stretched state and
the native state. �b� Misfolding probability �computed at the end of
the relaxing process� as a function of the unloading rate. The ex-
perimental points correspond to r=20 pN.s−1 and r=12 pN.s−1.
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general picture about the unloading rate dependence of this
probability. The simplest model consists of a three-state sys-
tem �native N, misfolded M, and stretched S� where the
misfolded state M acts as a kinetic trap during the folding
transition �Fig. 7�a��. Starting from S at high forces, and by
decreasing the force at a constant rate r, the general question
we ask is how PM�r� depends on r. In the general situation of
a force-independent position of the kinetic barriers BN ,BM
�located at distances dN ,dM from S�, we find that PM�r� has a
unique maximum located at r* �see Appendix B�. However,
if dN and dM depend on the force, PM�r� shows a more com-
plex behavior where several maxima can appear �see Appen-
dix B�. This general scenario is expected to be applicable in
RNAS15 where the results obtained from simulations of the
MSM show a PM�r� with two maxima �Fig. 7�b��. From a
general point of view, a PM�r� with more than one maximum
suggests a complex free-energy landscape with force-
dependent transition states �leading to force-dependent fra-
gilities as in the case of RNA hairpins �26��.

V. DISCUSSION AND CONCLUSIONS

In this work we have investigated the folding and unfold-
ing behavior of nucleic acid secondary structures that are
pulled by mechanical forces. To this aim we have introduced
a phenomenological model �MSM� that is based on the se-
quential dynamics of a minimal number of structures, and
the inclusion of corrections in the free energy that account
for the configurational entropy contributed by the exponen-
tially large number of neglected secondary structures. The
model describes force-induced misfolding of nucleic acid
secondary structures such as RNA and DNA. It can be ap-
plied to arbitrary nucleic acid sequences that can form dif-
ferent secondary structure and can be used to predict the
phenomenology observed in dynamic force spectroscopy
measurements �breakage force distributions, force-extension
curves, and misfolding probability�. The applicability of the
approach has been shown in the case of the RNA three-helix
junction S15.

The model can also be used in the prediction of different
folding kinetics scenarios by implementing different sets of
minimal structures. Sometimes the full applicability of the
model may require the previous experimental identification
of the minimal set of structures that generate the different
patterns of force-extension curves. Although the model can-
not predict misfolding for a given sequence it can be applied
to identify possible misfolded states as well as kinetic inter-
mediates by doing systematic in silico experiments. A useful
strategy could be using the VIENNA package �25� to build up
the minimal set of structures and consequently, to determine
potential misfolded states by generating different sets of sec-
ondary structures for the given RNA sequence. Subsequently,
one should search for the most stable structures that can be
formed when native domains are not allowed. However, we
are not able yet to provide a receipt that leads to the system-
atic determination of these states. As a consequence, the
method we used for the determination of the misfolded struc-
ture must be specifically adapted to every RNA sequence.

For a given nucleic acid sequence the model only has two
fitting parameters, ka and A. The first one, ka, is an attempt

frequency at the level of individual base pairs which should
not vary much with the specific sequence under study. In this
regard, the value we report for ka in RNAS15 is in agreement
with the values obtained for other RNA molecules �21,23� as
expected. The second parameter A is a thermodynamic pa-
rameter related to the configurational space of the molecule,
i.e., the space of secondary structures associated with a given
nucleic acid sequence. In principle, for a given RNA, the
larger the ensemble of MSM configurations, the smaller the
correction, and hence the value of A. However, the total
number of configurations included in the free-energy correc-
tion grows exponentially with the total number of base pairs
of the molecule, whereas the number of configurations in the
MSM grows as a power of that total number. Consequently,
the inclusion of more minimal structures in the model should
not change much the value of A. In addition, A is the free-
energy correction per base pair and, therefore, it should not
be much more sensitive to the specific molecular sequence.
Therefore it is reasonable to expect that the reported value of
A�0.3kBT is largely constant among all RNA sequences un-
der identical environmental conditions �e.g., temperature and
salt�. What happens in the case of short canonical �i.e., fully
complementary or Watson-Crick base-paired� hairpins?
These molecules show two-state behavior and cooperative
folding �21,23�, yet the entropic correction might still be
necessary to fully describe the kinetics of folding. In this
case, there will be just one minimal structure �the native one�
so the effect of the entropic correction, albeit small, could be
experimentally observable. It would be very interesting to
carry out future experiments capable of identifying, in ge-
neric two-state molecules, this correction of entropic origin.
Finally, let us mention that a different theoretical approach is
required to model the thermal denaturation of RNAs and the
associated folding and misfolding mechanisms. In this case,
the dissociation of base pairs is not a sequential process any-
more.

Recent pulling experiments in HIV transactivation re-
sponse region �TAR� RNA �12� have shown how stretching
forces can help the formation of the native structure when the
molecule is initially trapped in misfolded structures. Here,
we have found that a mechanical force can also induce the
opposite effect, by favoring misfolding pathways that are
unlikely in the absence of force. It remains a challenge to
apply this model to predict the detection of misfolded struc-
tures and kinetic intermediates in single molecule pulling
experiments for specifically designed nucleic acid sequences.

VI. METHODS

A. Optical tweezers experimental setup

Experiments in RNAS15 were reported in a previous pa-
per by Collin et al. �17�. Buffer conditions were 100 mM
tris-HCl, pH 8.1, 1 mM ethylenediaminetetraacetic acid
�EDTA�, free of magnesium ions, at room temperature T
=298 K. RNAS15 is attached, via RNA/DNA handles
��160 nm�, to two micron-sized polystyrene beads. One
bead is held fixed at the tip of a micropipette. The force is
measured through the detection of the light deflected by the
bead in the optical trap �Fig. 1�.
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B. Transition state along the unfolding pathway

From the breakage force data, one can obtain information
about the transition state corresponding to the force-induced
unfolding pathway using a two-state model. According to
this model, the variance � f of the breakage force distribution
is inversely proportional to the distance xF from the transi-
tion state to the folded native state, that is, � f =

kBT

xF . In
RNAS15, this relation leads to a transition state for the un-
folding reaction that corresponds to a configuration where
only the first two or three base pairs of the stem are opened.

C. Extended sequential dynamics

In the sequential model of Cocco et al. �21�, successive
closing and opening of base pairs is restricted to take place at
the base of the hairpin, defined as the first 5�-3� base pair
formed �Fig. 4�. The corresponding opening rates �ko� de-
pend on the free energy of formation of the base pairs, �G0:
ko=ka exp�−�G0 /kBT�, where ka is an attempt frequency.
The closing rates �kc� depend on the mechanical energy loss
�Gm, due to the shortening of the unpaired part of the mol-
ecule: kc=ka exp�−�Gm /kBT�. These free energies have been
estimated by thermal denaturation experiments �27� and
single molecule force experiments, respectively �28,29�. The
attempt frequency ka is therefore the only free parameter of
the model. Typical values measured by NMR fall in the
range 107–108 Hz �24�. The extension of the model to mul-
tiple hairpins is depicted in Fig. 4.

In our simulations, we allow for the formation of both
Watson-Crick and noncanonical �GA and GU� base pairs.
The values for the free energies of formation of the different
base pairs have been obtained from the VIENNA package
�corresponding to 1 M NaCl �25�� by adding a uniform cor-
rection in order to meet the salt condition of the buffer used
in the experiments �100 mM tris-HCl�. The salt correction is
determined by imposing the value for free energy of forma-
tion in RNAS15 to be equal to that recovered in the experi-
ments �17�. The algorithm involves the whole experimental
setup �handles and beads� within the so-called mixed en-
semble where the control parameter is the distance between
the optical trap and the immobilized bead �23� �rather than
the force�. Therefore, we include in �Gm the contribution of
both the handles and unpaired RNA. The latter and the re-
gions of unpaired RNA bases are described by using a worm-
like chain model �30,31� with persistence lengths of 10 nm
�handles� and 1 nm �RNA� and contour lengths of
0.26 nm /bp �handles� and 0.59 nm/base �RNA�. These val-
ues fit reasonably well the experimental force-extension
curves in the region where the handles are stretched. Each
hairpin contributes to the total extension with an additional
extension of �2 nm. Finally, when taking into account our
phenomenological corrections, kc becomes kc
=ka exp�−��Gm+�Gc� /kBT�, where �Gc is the difference in
the free-energy corrections between the open and closed con-
figurations.

D. Free energy of an n-bases-long segment of RNAS15

Any secondary structure that is built up from an
n-bases-long polynucleotide can be seen as a succession of

unpaired regions and partial secondary structures closed by a
base pair �for instance, in Fig. 5 the partial secondary struc-
tures are the hairpins�. The free energy of such secondary
structure can then be divided into the mechanical free energy
corresponding to the stretching of both the unpaired regions
and the base pairs that close the partial secondary structures,
plus the free-energy formation of each partial secondary
structure. In RNAS15, we estimate the latter using the VI-

ENNA package. Computing the free energy of all the second-
ary structures that can be formed with the n-bases-long poly-
nucleotide allows us to determine the partition function, and
hence the free energy, of the n-bases-long polynucleotide at
force f .

E. Misfolding probability in RNAS15

We describe the dynamics of the MSM using a set of
master equations �see Appendix C�. These equations describe
the time evolution of the probability of the RNA to be in a
specific MSM configuration. To get the misfolding probabil-
ity we numerically integrate the set of equations. The force is
decreased at a given unloading rate r, starting from the
stretched state at an initial force f in=20 pN. The misfolding
probability is computed at the end of the relaxing process
when the force vanishes, i.e., when t=20 /r.
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APPENDIX A: COOPERATIVE UNFOLDING
OF HAIRPINS H1

M and H2
M

The misfolded structure M is composed of two hairpins
H1

M and H2
M. Both hairpins have similar thermodynamic sta-

bilities and they present several mismatches �internal loops
and bulges�. Why does H2

M unfold cooperatively whereas H1
M

does not �see Fig. 3�c��? By using the VIENNA package �25�
for the free energies of formation of different base pairs we
can compute the free energy of H1

M and H2
M as a function of

the number of denaturated base pairs at the critical force
where the folded and the unfolded hairpin are equally stable
�i.e., where both states have the same free-energy�. As shown
in Fig. 8 the free-energy landscape associated to H2

M �blue�
presents a high kinetic barrier between the folded and the
unfolded hairpin, whereas the free-energy landscape associ-
ated to H1

M �red� is roughly flat. This explains the difference
in the cooperativity observed between the two hairpins.

APPENDIX B: MISFOLDING IN A THREE-STATE
MODEL

In this appendix, we analyze in detail the dynamics of a
three-state model where a misfolded state �M� acts as a ki-
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netic trap during the folding transition from the stretched
state �S� to the native state �N�. Let us consider the case of a
pulling protocol where the mechanical force applied to the
system decreases at a constant loading rate r. Starting from a
high force value where the stretched state is the most stable
one, we prove that the misfolding probability PM�r� at the
end of the force releasing process shows a single maximum
along the r axis.

We denote by PN�t�, PM�t�, and PS�t� the probability to be
at time t in the state N, M, and S, respectively. The relax-
ation process is governed by the following set of master
equations:

ṖN =
dPN

dt
= kS→N

f PS − kN→S
f PN,

ṖM =
dPM

dt
= kS→M

f PS − kM→S
f PM ,

ṖS =
dPS

dt
= kN→S

f PN + kM→S
f PM − �kS→N

f + kS→M
f �PS,

�B1�

where ka→b
f is the transition rate to go from state a to state b

at a given force f . Note that this model does not allow for
direct transition pathways connecting N and M. Transitions
between these states always pass through the stretched state
S. S can then be viewed as an obligatory intermediate state
of the reaction N�M �see Fig. 9�.

1. Absorbing states

In a first stage, we study the analytically tractable case
where N and M are absorbing states, i.e., kN→S=0 and
kM→S=0. The set �B1� of master equations becomes

ṖN = kS→NPS,

ṖM = kS→MPS,

ṖS = − �kS→N + kS→M�PS. �B2�

In the presence of a mechanical force that is coupled to the
molecular extension, the rates kS→N, kS→M can be written as
kS→N=kN exp�−�dNf� and kS→M =kM exp�−�dMf�, respec-
tively, where dN �dM� is the distance along the reaction co-
ordinate between S and the kinetic barrier separating the
state S from the state N �M� �see Fig. 7�, kN and kM are the
rates at zero force, respectively, and �= �kBT�−1 is the inverse
of the thermal energy unit. Using these relations for the rates
and considering a ramping protocol where the force de-

creases at a constant rate r � ḟ =−r�, the set of Eqs. �B2� can
be written in terms of the force as follows:

dPN

df
= −

kN

r
e−�dNfPS,

dPM

df
= −

kM

r
e−�dMfPS,

dPS

df
=

1

r
�kNe−�dNf + kMe−�dMf�PS. �B3�

Starting from an initial stretched state at very large force �f

�, PS=1, PN= PM =0�, the solution to Eq. �B3� is given by

PS�f� = exp�−
kNe−�dNf

r�dN
−

kMe−�dMf

r�dM
� ,

PN�f� =
1

r



f

�

dgkN exp�− �dNg −
kNe−�dNg

r�dN
−

kMe−�dMg

r�dM
� ,

PM�f� =
1

r



f

�

dgkM exp�− �dMg −
kNe−�dNg

r�dN
−

kMe−�dMg

r�dM
� .

�B4�

Let us focus now on the misfolding probability PM = PM�f
=0�. Starting from Eq. �B4� and after some simple manipu-
lations, PM can be written as

FIG. 8. �Color online� Free energy as a function of the number
of opened base pairs for the two hairpins forming the M structure,
H1

M �red� and H2
M �blue�, at the critical force where both the folded

and the unfolded hairpins are equally stable �critical force values
are around 10 and 11 pN for H1

M and H2
M, respectively�. Results

shown are obtained by using the VIENNA package �25�.
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FIG. 9. Three-state model with three states N ,M ,S. S is an
intermediate state on pathway from the misfolded to the native
state. The four possible rates for ka→b

f are also shown.
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PM = PM�r̃,	,x� =
1

r̃



0

1

ds exp�−
s + 	sx

r̃
� , �B5�

where 	=
kNdM

kMdN
, r̃=

r�dM

kM
, and x=dN /dM are adimensional pa-

rameters. Interestingly, depending on the ratio x=dN /dM, two
behaviors can be distinguished for the dependence of PM as
a function of the adimensional rate r̃, i.e., of the rate r. In the
following, we show that for x�1, PM has a single maximum
along the r̃ axis, whereas for x�1, PM is a decreasing func-
tion of r̃.

The first derivative of PM with respect to r̃ reads

�r̃PM =
1

r̃3��1 − x�	

0

1

dssx exp�−
s + 	sx

r̃
� − r̃


exp�−
1 + 	

r̃
�� . �B6�

This clearly shows that when x�1, �r̃PM is negative for all
the �positive� values of r̃, i.e., PM is a decreasing function of
r̃. When x�1, the analysis is a bit more complicated. Let us
show that �r̃PM =0 has at least one solution for r̃�0. First,
when r̃→�, from Eq. �B6� it is clear that �r̃PM is negative.
Second, the following inequality holds:



0

1

dssx exp�−
s + 	sx

r̃
� � exp�−

1 + 	

r̃
�


0

1

dssx

� exp�−
1 + 	

r̃
� , �B7�

so that r̃3�r̃PM, and hence �r̃PM, is positive when r̃→0 �see
Eq. �B6��. Since �r̃PM is a continuous function that is posi-
tive when r̃→0 and negative when r̃→�, we conclude that
�r̃PM =0 has at least one solution for r̃�0. We could rigor-
ously prove that this solution is unique. However, for the
sake of lightness, we present here a proof based on physical
arguments. First of all, at large r̃, PM decreases when r̃ in-
creases simply because the system does not have enough
time to escape from S when the loading rate becomes too
large. On the other hand, a decreasing PM when r̃→0 re-
flects the fact that at very large forces, the probability to fold
into N is much higher than the probability to fold into M, the
probabilities being very low though. In this case, the more
time spent at high force values, i.e., the lower r̃, the less
probable to fold into M.

Because PM →0 when both r̃→0 and r̃→�, PM shows at
least one maximum at intermediate values of r̃. Moreover, in
the present case where the location of the kinetic barriers
does not depend on the applied force, we find that there is a
single maximum for PM when x�1.

2. Nonabsorbing states: The quasistatic regime

In the more realistic case where the states are not absorb-
ing, the dependence of PM with respect to r has a different
nature at low r. In this case fluctuations between M and N
�passing through S� tend to populate N at low forces. Indeed,
by definition, the native state N is supposed to be much more

stable than the other states of the system at zero force,
namely, M and S. Consequently, at low r the system has
enough time to populate the native state. Or in other words,
PM�r� tends to its equilibrium value �exp�−��G0 /kBT�
when r→0. In any case �for both x�1 and x�1�, we hence
expect that PM →exp�−���G0�
0 when r→0, where
��G0 is the free-energy difference between M and N.

To conclude, we can say that in a three-state system with
force-independent location of the kinetic barriers, the mis-
folding probability PM always shows a bell shape as shown
in Fig. 10. However, the presence of the maximum may have
a different cause depending on the value of the ratio x
=dN /dM, i.e., depending on the relative distances of the na-
tive and misfolded kinetic barriers to the stretched state.

3. Force-dependent location of the kinetic barriers

Numerical simulations in RNAS15 show a complex de-
pendence of the misfolding probability at the end of a force
cycle with respect to the loading rate r �see Appendix C and
Fig. 7�. This suggests that RNAS15 cannot be modeled as a
three-state model with force-independent position of the ki-
netic barriers along the reaction coordinate. Interestingly, in
the three-state model described above, still one can numeri-
cally study the effect of force-dependent positions of the ki-
netic barriers on the shape of PM�r�. Physically, a depen-
dence of dN and dM on the force corresponds to structural
changes in the corresponding transition states �26�. In the
case of absorbing states N and M, and for a force protocol
where the force is released at constant rate r, the probabilities
to be in the different states N, M, and S at a given force f
read

PS�f� = exp�−
1

r



f

�

dg�kNe−�dN�g�g + kMe−�dM�g�g�� ,

FIG. 10. �Color online� Misfolding probability PM as a function
of the adimensional rate r̃ for the three-state model with force-
independent positions of the kinetic barriers and native or misfolded
absorbing states. The full curves have been obtained by numerically
integrating Eq. �6� with 	=1 /x so that kN=kM. The dashed curves
show the corresponding case where the native or misfolded states
are nonabsorbing. In this case, we denote by dN

† , respectively dM
† ,

the distance from states N, M, respectively, to the position along the
reaction coordinate of the kinetic barrier separating these states
from S. The curves have been obtained using kN→S

=kN exp�−���G0+ fdN
† �� and kM→S=kM exp�−���G1+ fdM

† �� with
kN=kM =�=dN

† =dM
† =1. �G0=20 and �G1=10 correspond to the

free energy of formation of the native and misfolded states, respec-
tively, at zero force.
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PN�f� =
1

r



f

�

dgkN exp�− �dN�g�g +
1

r



g

�

dh�kNe−�dN�h�h

+ kMe−�dM�h�h�� ,

PM�f� =
1

r



f

�

dgkM exp�− �dM�g�g +
1

r



g

�

dh�kNe−�dN�h�h

+ kMe−�dM�h�h�� . �B8�

By playing with the force dependence of dN�f� and dM�f� we
can obtain different shapes for the misfolding probability
PM�f =0� that show several extrema along the r axis. For
instance, we can choose dM�f��dN�f� at low forces and
dM�f��dN�f� at high forces. We then obtain a misfolding
probability curve as the one shown in Fig. 11. The maximum
at r�0 corresponds to a typical maximum of the force-
independent case x=dN /dM �1, whereas the minimum at
lower r is due to a crossover from x�1 to x�1. Interest-
ingly, by solving the master equations �C1� �see below� and
by imposing the misfolded structure of RNAS15 to be an
absorbing state, we obtain the same kind of dependence for
the misfolding probability. This suggests that in RNAS15,
dM�f��dN�f� at low forces. This also suggests that in the
nonabsorbing case, the low r regime observed in the numeri-
cal simulations of RNAS15 is the consequence of a quasi-
static regime that tends to populate the native state.

APPENDIX C: MISFOLDING PROBABILITY IN RNAS15

In RNAS15, we can estimate the misfolding probability
by using the minimal structures model ��MSM�, see the main

text�. Within this scheme, each configuration in the MSM
can be labeled by Ci, where i=1, . . . ,N ,N being the total
number of MSM configurations. If Pi�t� is the probability to
be in the configuration Ci at time t, the dynamics within the
MSM is governed by the following set of master equations:

Ṗi�t� = − 	
�j�

ki→j
f Pi�t� + 	

�j�
kj→i

f Pj�t� ∀ i � �1;N� ,

�C1�

where �j� counts for all the MSM configurations Cj that are
connected to Ci via the sequential dynamics described in the
Methods �see the main text�. ki→j

f and kj→i
f are the corre-

sponding force-dependent closing and opening rates �see the
Methods section�.

We numerically integrate this system by imposing a de-
creasing force at constant rate r with the following initial
condition: the molecule is in the stretched state �Pi�t=0�=1
if Ci=S and Pi�t=0�=0 otherwise� and the force f =20 pN.
The curves we obtain are in good agreement with the experi-
mental results �see Fig. 12�.

Numerically, we have checked that our results remain un-
changed using a coarse-grained description at the level of a
few base pairs in order to get results faster �simulations tend
to be very slow when the number of configurations starts to
grow�. In this case, we use the following two-state approxi-
mation. Let us suppose, for instance, that we coarse-grain the
system of Eqs. �C1� at the level of nbp base pairs �typically
nbp=2,3�. If k

o,c
* are the effective opening and closing rates,

then k
o
*+k

c
*=	s, where 	s is the smallest eigenvalue of the

nbp
nbp evolution matrix. The detailed balance condition
imposes the value of the ratio k

o
* /k

c
*, hence it determines the

values of k
o
* and k

c
*.

0.01 0.1 1 10 100
r

0

0.2

0.4

0.6

P(r)

FIG. 11. Misfolding probability PM as a function of the rate r in
the case of a force-dependent position of the barrier between the
native and the stretched state in the three-state model with absorb-
ing native or misfolded states. The curve has been obtained by
taking dN=0.8dM for f �5.5 pN and dN=1.25dM for f �5.5 pN. We
have also used kN=kM =�=1.

FIG. 12. �Color online� Misfolding probability obtained from
the set of master equations �C1� describing the folding kinetics in
the MSM. The dashed black lines correspond to the case where the
misfolded state is absorbing.
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