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Using simple polymer elastic theory and known RNA free energies, we study the single RNA folding and
unfolding on the secondary structure level under mechanical constant force by stochastic kinetic simulation. As
a primary application, this method is used to simulate the experiment performed by Liphardtet al. [Science
292, 733(2001)]. The extension-force curves in equilibrium and kinetic reaction rate constants for folding and
unfolding are calculated. Our results show that the agreement between simulation and experimental measure-
ments is satisfactory.
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Folding processes and folding structures of protein and
RNA are the result of physical forces generated in molecules,
such as by hydrophobic or hydrophilic interaction, self-
avoidance between molecular components, and electrostatic
interactions, etc. Therefore, direct force measurement or ex-
erting force to molecules is an intriguing way to study the
molecular folding problem. The advent of single-molecule
manipulations offers the opportunity to directly measure and
manipulate protein or RNA molecules on a single-molecule
level [1–8]. Compared to the general thermodynamics of
protein or RNA under forces in equilibrium, single-molecule
methods could be more interesting in the kinetic studies of
biomolecules[9]. Unlike bulk folding research, the single-
molecule experiments allow us to follow the actual folding
or unfolding trajectories of single molecules with high reso-
lution [5,6], which will shed light on the difficult kinetic
folding problem.

Recently, enormous theoretical efforts have been devoted
to understanding the folding and unfolding phenomena of
proteins and RNA observed in single-molecule experiments.
Diverse methods, including molecular dynamics[10,11], the
Monte Carlo method[12,13], and other theoretical models
[14,15], have been developed. However, we note that these
studies mainly focused on the dynamical behavior of pro-
teins under force, and few were concerned about RNA[8].
To fill this gap, in this work, we study the RNA kinetics
under constant force. The theoretical model is sketched in
Fig. 1. The essence of our method is a stochastic RNA fold-
ing algorithm. The algorithm is based on individual base
pairs and was developed by Flammet al. [16]. We show that
the secondary structural RNA folding and unfolding kinetics
under mechanical force can be traced by using a simple poly-
mer elastic theory and known RNA free energies obtained
from bulk experiments.

A secondary structureS of a RNA sequence l
=sx1,x2, . . . ,xnd ,xi P hA,U ,C,Gj is a list of base pairs
fxi ,xjg, i , j ; for any two base pairsfxi ,xjg and fxk,xlg with
i ,k holds i ,k, l , j . All structures of the sequencel com-
prise a setSsld=hS0,S1, . . . ,Sm,0j; here 0 denotes the com-

pletely open chain conformation. In order to construct a ki-
netic algorithm, a relationM must be defined to specify
whether two structures are accessible from each other by an
elementary “move.” The move set we apply here consists of
the removal and insertion of single base pairs; it is also the
simplest move set on the level of secondary structure[16].
The structural set and the relation comprise a RNA second-
ary structural conformational spaceCsld=hSsld ,Mj. Any tra-
jectory of RNA folding and unfolding can be described by a
succession of elementary steps in this space. We model the
RNA folding and unfolding as a Markov process which sat-
isfies the master equation,

dPistd
dt

= o
j=0

fPjstdkji − Pistdkijg, s1d

wherePistd is the probability of the RNA conformation being
Si at time t. kij is the transition rate from conformationSi to
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FIG. 1. Theoretical model and RNA sequences and their native
structures studied in the present work. The structures are folded by
the VIENNA RNA package 1.4. The equilibrium and kinetic behav-
iors of these three RNAs, p5ab, p5abcDA, and p5abc, have been
studied in detail[6].
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conformationSj; the nonzero rates are required to satisfy the
detailed balance condition,

kij

kji
= expf− DEijsfd/kBTg, s2d

whereDEijsfd is the energy difference between two confor-
mations under constant forcef. On the coarse-grain level, the
energy difference can be written as

DEijsfd < DGijsfd = DGj
0 − DGi

0 − smj − midfdssfd, s3d

whereDGi
0 andDGj

0 are the energies obtained from folding
the sequence into the conformationsSi and Sj, respectively,
while mi andmj are the numbers of exterior unpaired bases
of corresponding conformations. The extensiondssfd per
base isdssfd=bssfcot sud−1/ug, here u= l f /kBT, bss is the
base distance, andl is the Kuhn length[17].

To improve the efficiency of the simulation, we assume a
symmetric rule for the transition rateskij [18]

kij = to
−1 expf− DGijsfd/2kBTg, s4d

whereto is used to scale the time axis of the unfolding pro-
cess; it will be determined by experimental data. Although
the form of the master equation looks relatively simple, it is
mathematically intractable to solve analytically even for a
simpler system such as the p5ab molecule below. We resort
to a continuous time Monte Carlo simulation[16,19,20] to
study the stochastic process described by Eq.(1).

To test the accuracy of our simulation, we first study the
extension-force curves of three small RNA, p5ab, p5abDA,
and p5abc in equilibrium. These molecules represent major
structural units of large RNA assemblies[6]: p5abc is a
simple RNA hairpin; p5abcDA has an additional helix and
thus is a three-helix junction, and p5abc is comparatively
complicated and contains anA-rich bulge; see Fig. 1. We
perform the simulation at the experimental temperatureT
=298 K, and use the single-strand DNA parameters for RNA
because they have a similar chemical structure:b=0.56 nm,
l =1.5 nm[17]. The free energy parameters for RNA second-
ary structures are selected from theVIENNA package 1.4[21].
The salt concentrations arefNa+g=1M and fMg2+g=0M.
Figure 2 shows the extension-force curves for the sequences.
When these molecules are stretched by small forces, their
extensions increase monotonically. However, when force in-
creases to around 13.3 pN, the extension of p5ab is inter-
rupted by an,20 nm jump. Similar to p5ab, the extension of
p5abcDA also has a sharp jump at force,11.3 pN. These
curves show that the transitions of mechanical unfolding for
p5ab and p5abcDA are all or none. Because the native states
of these two molecules are almost the same except an addi-
tional helix in p5abcDA, we conclude that the presence of an
the helix destabilizes the molecular structure. Compared to
the simple all-or-none behaviors of p5ab and p5abcDA, the
extension-force curve of p5abc provides more features: the
extension has a large jumps,17 nmd around force 8.0 pN,
and an inflection is followed and the extension increases
gradually to full length. The smaller unfolding force of p5abc
shows that the presence ofA-rich bulge makes the molecule
more unstable. Because the jump is about two-thirds of the

full extension, the transition represents an unfolding of the
p5a helix and parts of the three-helix junction. All results
obtained above are consistent with experiment[6].

The main advantage of our simulation is in studying RNA
kinetics under force. In unfolding experiments, when the
force was held constant at the transition within,1 pN, p5ab
and p5abDA switched back and forth with time from folded
hairpin (hp) to unfolded single strand(ss). A two-state ki-
netic description has been proposed to explain the intriguing
phenomena. The researchers found that the rate constants for
unfolding can be fit to an Arrhenius-like expression,kusfd
~expsfDxu

‡/kBTd very well, whereDxu
‡ is the thermally aver-

aged distance between the hairpin state and the transition
state along the direction of force. A similar expression holds
for the folding ratekfsfd [6]. Apparently, this description can-
not clarify the physics underlying the folding and unfolding
[22].

In contrast to the two-state model, our simulation is com-
pletely based on microscopic interactions. We simulate the
experimental process. The extension-time traces of RNA
molecules at various forces in equilibrium are recorded. For
example, three time traces of p5ab are shown in Fig. 3(a).
We find that the extension of the molecule jumps between
two values,,5 nm and,22 nm around the transition force.
Because the jumps are extremely rapid with respect to the
lifetimes of the two extension values, we simply classify the
states whose extensions are larger than 15 nm as single
stranded states, and the others as hairpin states. Around the
transition the frequencies of different lifetimes at the single
stranded state and the hairpin state are obtained by a long
time simulation(the time for each running is 109t0). Figure
3(b) gives the frequency distributions of a typical simulation
at a force of 12.90 pN. These distributions can be fit to ex-
ponential functions~exps−t / ktild very well, where ktil , i
=u, f denotes force-dependent average lifetimes of the
single-stranded and hairpin states, respectively. For example,
the average lifetimes of the two states in this simulation are

FIG. 2. The extension-force curves for the three RNA mol-
ecules. Our simulations show that the folding and unfoldings for
p5ab and p5abcDA under constant force are all or none around the
transitions 13.3 pN and 11.3 pN, respectively, while the extension-
force curve for p5abc has an intermediate phase between 8.0 and
11.0 pN.
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ktul<3.43104to andkt fl<3.13104to. We calculate all av-
erage lifetimes near the transition force of p5ab; their corre-
sponding values with various forces are shown in Fig. 4. We
find that the logarithms of the lifetimes for the two states are
strikingly consistent with linear functions of force. Because
the rate constants are inverse to the average lifetimes, we fit
to by making ktulsf*d=kt flsf*d equal to experimental value
1/k* , wherek* ;ku=kf, and haveto

−1=2.23105 sec−1. Using
the same method, we also calculate the reaction rate con-
stants of the p5abcDA molecule. These results and experi-
mental data are listed in Table I[23]. Because our simulation
does not introduce additional fitting parameters, the striking
consistency of our results with the experiment assures us that
the RNA model under force proposed here has grasped the
main physics.

It is noteworthy to compare our method with the recent
work given by Coccoet al. [24]. They used a simple dynami-
cal model to explain the slow folding and unfolding kinetics.
There are several differences with the method proposed by
us. First is the force energy formula. They suggested that the
energy contributed by constant force should begssfd
=kBTbss/ l ln sin sud /u. We have applied the same formula at
the beginning of our work. Our simulation, however, showed
that this energy could not obtain the results within the ex-
perimental errors, e.g., the unfolding forces larger than mea-
surements about 3 pN. On the other hand, in serious simula-
tions which include conformational transformations, the
force energy isf ·r , wheref is constant force vector andr is
the conformational end-to-end vector at each simulation step
[25]. To avoid complete thermodynamic or complex micro-
scopic description, we propose Eq.(4). In addition to its
accuracy in predicting experiments, the physical meaning of
our formula is also apparent: the maximum probable confor-
mation is important for the force energy. The second is the
choice of the move set. Coccoet al. restricted formation or
removal of the base pair just proceeding in the “fork” loca-
tion. This restriction should be reasonable for the pairing of
two distant bases is inhibited by a kinetic barrier. However,
we have to point out that their method must preset the RNA
native structure, while it is available only for simpler RNA

FIG. 3. Simulation for RNA p5ab kinetics.(a) The extension
versus time traces of the molecule at different forces in equilibrium;
here the unit of time isto. (b) The frequency distributions of the
lifetimes of the single stranded and hairpin states at the transition
force 12.90 pN. The average lifetimes of these two states in this
simulation can be obtained by fitting to exponential functions.

FIG. 4. Logarithm of the average
lifetimes of single stranded and hairpin
states for the p5ab molecule at difference
forces around the transition 12.9 pN. The
time is in unitto, which can be obtained
by fitting to experimental data. Note the
slopes of lnkt fl and lnktul are indepen-
dent of the fitting valueto.
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hairpins or double-stranded DNA. Therefore, their model is
not suitable to study general RNA unfolding by force. In
contrast, because our model is based on a general RNA fold-
ing algorithm, the kinetic inhibition effects are naturally
taken into account by the entropy term in RNA free energy
[26,27]. Finally, we require the rate constants to satisfy the
detailed balance; the symmetric rule used here is only for the
improvements of simulation efficiency rather than anad hoc

physical assumption having to be made in Ref.[24].
Several improvements can be added in the algorithm.

Firstly, because mechanical unfolding experiments are typi-
cally performed by stretching the ends of the molecule at a

constant pulling speed, inclusion of the loading rate is essen-
tial to correctly understand the RNA unfolding kinetics under
forces, e.g., the influence of the apparatus on the actual ki-
netics of molecules[22]. Secondly, a complete model should
include the effects of Mg+2 [6]. The tertiary structures in-
duced by the ions cannot be described in our simulation now.
In addition, how to extend our algorithm to include
pseudoknots[28] should be considered in future studies[8].
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TABLE I. Simulation results for the p5ab and p5abcDA molecules compared to experimental values from
Ref. [6] (in bold).

Molecule kDxlsnmd f*spNd ln kfsfdss−1d lnkusfdss−1d

p5ab, Mg+2 19±2 14.5±1 41±1.9−s2.8±0.1df −39±2.3+s2.9±0.2df

p5ab, by Marko 15.1 27.5–2.74f −42.9+1.93f

p5ab, EDTA 18±2 13.3±1 37±4.0−s2.7±0.3df −32±4.8+s2.6±0.4df

p5ab, by us 20.0 12.9±0.5 36.1±1.4−s2.7±0.1df −31.5±0.7+s2.6±0.1df

p5abcDA, Mg+2 22±4 12.7±0.3 58±7.5−s4.2±0.5df −39±9.3+s2.7±0.7df

p5abcDA, by Marko 12.9 9.4–2.05f −43.8+2.06f

p5abcDA, EDTA 23±2 11.4±0.5 31±6.0−s2.6±0.5df −31±11+s2.5±0.3df

p5abcDA, by us 25.0 11.3±0.6 36.2±1.8−s3.4±0.2df −27.8±0.8+s2.3±0.1df
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