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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 LighaldfScience
292, 733(200D]. 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 angletely open chain conformation. In order to construct a ki-
RNA are the result of physical forces generated in moleculeqyetic algorithm, a relatiorM must be defined to specify
such as by hydrophobic or hydrophilic interaction, self-whether two structures are accessible from each other by an
avoidance between molecular components, and electrostaliSementary “move.” The move set we apply here consists of
interactions, etc. Therefore, direct force measurement or exhe removal and insertion of single base pairs; it is also the
erting force to molecules is an intriguing way to study thesjmplest move set on the level of secondary strucfas.
molecular folding problem. The advent of single-moleculeThe structural set and the relation comprise a RNA second-
manipulations off_ers the opportunity to directly measure andary structural conformational spa&l)={S(l),M}. Any tra-
manipulate protein or RNA molecules on a smgle-mo.lecul ectory of RNA folding and unfolding can be described by a
level [1-§]. Compared to the general thermodynamics o succession of elementary steps in this space. We model the

pro:ﬁmdor RNIQ lénder forc;e;s n (ath|I|br|;Jhm,Elngtl'e—rrlolde.culeFNA folding and unfolding as a Markov process which sat-
methods could be more interesting in the kinetic studies Ofctoc the master equation,

biomolecules[9]. Unlike bulk folding research, the single-

molecule experiments allow us to follow the actual folding dr(t) _ B

or unfolding trajectories of single molecules with high reso- dt _].E:()[Pi(t)kii Pi(tk ], 1)
lution [5,6], which will shed light on the difficult kinetic

folding problem. whereP;(t) is the probability of the RNA conformation being

Recently, enormous theoretical efforts have been devote§ at timet. k;; is the transition rate from conformatic to
to understanding the folding and unfolding phenomena of
proteins and RNA observed in single-molecule experiments. P3ab
Diverse methods, including molecular dynamj&®,11], the B e“‘A
Monte Carlo method12,13, and other theoretical models
[14,19, have been developed. However, we note that these v
studies mainly focused on the dynamical behavior of pro-
teins under force, and few were concerned about R8IA A
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To fill this gap, in this work, we study the RNA kinetics ;§ Coicag,- & AAWJE'%
under constant force The theoretical model is sketched in = ;g Cgieocy-g
Fig. 1. The essence of our method is a stochastic RNA fold- ;é Efi §§§
ing algorithm. The algorithm is based on individual base WY\ Y EE%
pairs and was developed by Flanahal. [16]. We show that A

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 sequencel F F
=(Xq, %o, ... %), X €{A,U,C,G} is a list of base pairs ~-- -
[, %], i <j; for any two base pairfx;,x;] and[x,x] with
i <k holdsi <k<I<j. All structures of the sequen¢eom-

; - . B FIG. 1. Theoretical model and RNA sequences and their native
prise a se81)={%,S,, .. S, 0); here 0 denotes the com 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, p5al#; and p5abc, have been
*Email address: liufei@tsinghua.edu.cn studied in detai[6].
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conformationS; the nonzero rates are required to satisfy the 40
detailed balance condition,

ki exfd— AE; (f)/ksT] 2) %

k. B D

)

where AE;(f) is the energy difference between two confor-
mations under constant foréeOn the coarse-grain level, the
energy difference can be written as

Extension (nm)
n
(=3

AE;(f) = AG;;(f) = AG] - AG? ~ (m; - m)fdy(f), (3) 10
whereAG? and AGJ-O are the energies obtained from folding
the sequence into the conformatioBsand S§;, respectively, o LexX . . . .
while m andm; are the numbers of exterior unpaired bases 0 5 Force ©N) 15 2
of corresponding conformations. The extensidyif) per
base isdy(f)=bJcot (u)—-1/u], here u=If/kgT, by is the FIG. 2. The extension-force curves for the three RNA mol-
base distance, arldis the Kuhn lengt17]. ecules. Our simulations show that the folding and unfoldings for
To improve the efficiency of the simulation, we assume ap5ab and p5aticA under constant force are all or none around the
symmetric rule for the transition ratés [18] transitions 13.3 pN and 11.3 pN, respectively, while the extension-
force curve for p5abc has an intermediate phase between 8.0 and

kj = 75" expl— AG;;(f)/2kgT], (4 11.0pN.

wherer, is used to scale the time axis of the unfolding pro-
cess; it will be determined by experimental data. Althoughfull extension, the transition represents an unfolding of the
the form of the master equation looks relatively simple, it isp5a helix and parts of the three-helix junction. All results
mathematically intractable to solve analytically even for aobtained above are consistent with experim@ht
simpler system such as the p5ab molecule below. We resort The main advantage of our simulation is in studying RNA
to a continuous time Monte Carlo simulatigh6,19,2Q to  kinetics under force. In unfolding experiments, when the
study the stochastic process described by (Ex. force was held constant at the transition withid pN, p5ab

To test the accuracy of our simulation, we first study theand p5al\A switched back and forth with time from folded
extension-force curves of three small RNA, p5ab, p&ab  hairpin (hp) to unfolded single strangss. A two-state ki-
and p5abc in equilibrium. These molecules represent majdietic description has been proposed to explain the intriguing
structural units of large RNA assembli¢6]: p5abc is a Phenomena. The researchers found that the rate constants for
simple RNA hairpin; p5abtA has an additional helix and unfolding can be fit to an Arrhenius-like expressidq(f)
thus is a three-helix junction, and p5abc is comparatively=exp(fAx;/ksT) very well, whereAx; is the thermally aver-
complicated and contains ai-rich bulge; see Fig. 1. We aged distance between the hairpin state and the transition
perform the simulation at the experimental temperaflire state along the direction of force. A similar expression holds
=298 K, and use the single-strand DNA parameters for RNAor the folding ratek:(f) [6]. Apparently, this description can-
because they have a similar chemical structbre0.56 nm,  not clarify the physics underlying the folding and unfolding
[=1.5 nm[17]. The free energy parameters for RNA second-[22].
ary structures are selected from thenNnA package 1.421]. In contrast to the two-state model, our simulation is com-
The salt concentrations afdNa*]=1M and [Mg?*]=0M.  pletely based on microscopic interactions. We simulate the
Figure 2 shows the extension-force curves for the sequencesxperimental process. The extension-time traces of RNA
When these molecules are stretched by small forces, theinolecules at various forces in equilibrium are recorded. For
extensions increase monotonically. However, when force inexample, three time traces of p5ab are shown in Fg). 3
creases to around 13.3 pN, the extension of p5ab is inteM/e find that the extension of the molecule jumps between
rupted by an~20 nm jump. Similar to p5ab, the extension of two values,~5 nm and~22 nm around the transition force.
p5abAA also has a sharp jump at foreell.3 pN. These Because the jumps are extremely rapid with respect to the
curves show that the transitions of mechanical unfolding folifetimes of the two extension values, we simply classify the
p5ab and p5akliA are all or none. Because the native statesstates whose extensions are larger than 15 nm as single
of these two molecules are almost the same except an additranded states, and the others as hairpin states. Around the
tional helix in p5abAA, we conclude that the presence of antransition the frequencies of different lifetimes at the single
the helix destabilizes the molecular structure. Compared tstranded state and the hairpin state are obtained by a long
the simple all-or-none behaviors of p5ab and p2afcthe  time simulation(the time for each running is 2@&)). Figure
extension-force curve of p5abc provides more features: th8(b) gives the frequency distributions of a typical simulation
extension has a large jun{p-17 nm around force 8.0 pN, at a force of 12.90 pN. These distributions can be fit to ex-
and an inflection is followed and the extension increaseponential functionsxexp(-t/(7)) very well, where(r),i
gradually to full length. The smaller unfolding force of p5abc =u,f denotes force-dependent average lifetimes of the
shows that the presence Africh bulge makes the molecule single-stranded and hairpin states, respectively. For example,
more unstable. Because the jump is about two-thirds of théhe average lifetimes of the two states in this simulation are
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30 (ry=~3.4X 10%7, and(7s) = 3.1x 10%7,. We calculate all av-
erage lifetimes near the transition force of p5ab; their corre-
14.00pN sponding values vyith various fprc_es are shown in Fig. 4. We
w0l : 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
7, by making(7,)(f")=(7)(f") equal to experimental value
1/K', wherek” = k,=k;, and haver,'=2.2x 10° sec™. Using
the same method, we also calculate the reaction rate con-
stants of the p5aldcA molecule. These results and experi-
mental data are listed in Tablg23]. Because our simulation
does not introduce additional fitting parameters, the striking
consistency of our results with the experiment assures us that
13.00pN 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 Coccet 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

Time (x10°) us. First is the force energy formula. They suggested that the
£=12.90 pN energy contributed by constant force should bgf)

=kgThss/I In sin (u)/u. We have applied the same formula at

the beginning of our work. Our simulation, however, showed
3 that this energy could not obtain the results within the ex-
b perimental errors, e.g., the unfolding forces larger than mea-
S surements about 3 pN. On the other hand, in serious simula-
2 tions which include conformational transformations, the
% force energy ig-r, wheref is constant force vector andis

g the conformational end-to-end vector at each simulation step
[25]. To avoid complete thermodynamic or complex micro-
scopic description, we propose E@). 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

FIG. 3. Simulation for RNA p5ab kineticga) The extension  cpoice of the move set. Coce al. restricted formation or
versus time traces of the molecule at different forces in equilibrium; o . o\ o1 of the base pair just proceeding in the “fork” loca-
here the unit of time isr,. (b) The frequency distributions of the o “Thig restriction should be reasonable for the pairing of
lifetimes of the single stranded and hairpin states at the transiti0|{|WO distant bases is inhibited by a kinetic barrier. However
force 12.90 pN. The average lifetimes of these two states in thi%\/e have to noint out that their method must resét the RNA
simulation can be obtained by fitting to exponential functions. P P

native structure, while it is available only for simpler RNA
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TABLE I. Simulation results for the p5ab and p5a#cmolecules compared to experimental values from
Ref. [6] (in bold).

Molecule (AX)(nm) " (pN) In k(f)(s™d) Ink,(f)(s™)
p5ab, Mg*? 19+2 14.5+1 41+1.9€2.8+£0.0f -39+2.3+42.9+£0.2f
p5ab, by Marko 15.1 27.5-2.74 -42.9+1.93
p5ab, EDTA 18+2 13.3x1 37+4.02.7+0.3f -32+4.842.6+£0.4f
p5ab, by us 20.0 129405  36.1+1.@7+0.0f  -31.5+0.742.6+0.Df
p5abcAA, Mg*? 22+4 12.7+0.3 58+7.5A4.2+0.5f -39+9.3H2.7+£0.9f
p5abdA, by Marko 12.9 9.4-2.06 -43.8+2.06
p5abcAA, EDTA 23+2 11.4+0.5 31+6.02.6+0.5f -31+11+H2.5+0.3f
p5abaA, by us 25.0 11.3+0.6  36.2+1.83.4+0.2f  -27.8+0.8%2.3+0.)f

hairpins or double-stranded DNA. Therefore, their model isconstant pulling speed, inclusion of the loading rate is essen-
not suitable to study general RNA unfolding by force. In tial to correctly understand the RNA unfolding kinetics under
contrast, because our model is based on a general RNA folderces, e.g., the influence of the apparatus on the actual ki-

ing algorithm, the kinetic inhibition effects are naturally

netics of molecule§22]. Secondly, a complete model should

taken into account by the entropy term in RNA free energyinclude the effects of Mtf [6]. The tertiary structures in-

[26,27. Finally, we require the rate constants to satisfy theqyced by the ions cannot be described in our simulation now.
detailed balance; the symmetric rule used here is only for thg, aqgdition, how to extend our algorithm to include

improvements of simulation efficiency rather than aanhoc
physical assumption having to be made in R2#].

pseudoknot$28] should be considered in future studi&s.

Several improvements can be added in the algorithm. We thank Dr. Flamm for providing us his computer pro-
Firstly, because mechanical unfolding experiments are typigramkINFOLD. It is also a pleasure to acknowledge Professor
cally performed by stretching the ends of the molecule at &1.-W. Peng for many helpful discussions on this work.
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