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1 Introduction

Optical tweezer experiments have used mechanical forcig et folding and unfolding of
RNA molecules at a single molecule le¥él Application of tension to a specific position
of the molecule, induces sequence and structure-deperdpanse. The measured force-
extension curve (FEC) is fit using the worm-like (WLC) motteIThe stability of RNAs is
inferred by integrating the FECs. For simple motifs, suchagins, it has been shown that
the stability of the native structures can be accuratelysmesl using mechanical unfolding
trajectories which exhibit multiple transitions betweée folded and the unfolded state
when the force is held constant

Mechanical force has also been used to probe unfolding doldireg kinetics of RNA.
The cooperative reversible folding of hairpins has beemvshioy monitoring the end-to-
end distanceRf), a variable conjugate to the mechanigalas a function of time. This
procedure works best when RNA folding is described usingdtede approximation. For
multidomain ribozymes the folding/unfolding kinetics israplex and new tools are re-
quired to interpret the kinetic data. In a pioneering studho@et. al? showed that the
rips in FECs for the L-21 derivative dietrahymena thermophildbozyme {T. ribozyme),
composed of multiple domains, are a result of unfolding dividual intact domains that
are stabilized in the native state by counterion-depertdeidry interactions.

In this note, we probe the forced-unfolding dynamics of RNAirpins using a
simple model. Because these simulations can be used tatlgiraonitor structures
in the transition from folded to the fully stretched statesfolding pathways can be
unambiguously resolved. We use Self-Organized Polymer (SOP) modelr RNA
that is based only on the self-avoiding nature of the RNA dmedrtative structure. We
apply the SOP model to probe forced-unfolding of a number BARstructures of
varying complexity. Many of the subtle features of the véwmias in the mechanical
unfolding as a function of andr; can be illustrated using PSGA, a simple RNA. Our
results show that the response of RNA to force is largely déeet on the architec-
ture of the native state. More importantly, we have esthbtisthat the characterization
of the the energy landscape requires using force valuesddirig rates) over a wide range.
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2 Methods

Model: The SOP model for RNA that retains chain connectivity andifalsle attractive
interactions between sites that stabilize the native fRlach interaction center represents
the center of mass of a nucleotide. In terms of the coordéfate: = 1,2,... N} of RNA
with NV nucleotide the total potential energy in the SOP representss

Vr = VrENE + V,§Z”) + V,fge”)
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The first term is for the chain connectivity. The finite extblesnonlinear elastic (FENE)
potentia? is used withk = 2Okcal/(mol-,&2), Ry = 0.2 nm, andr; ;41 is the distance
between neighboring beads interaction centeasdi + 1, r¢,,, is the distance in the
native structure. The use of FENE potential is more advaaag than the standard
harmonic potential especially when considering forcedtshing because the fluctuations
of r; ;41 are strictly restricted arount{i 41 With variation of +Ry. The Lennard-Jones
potential is used to account for interactions that stabitize native topology. Native
contact is defined for the pair of interaction centers whaseudce is less thaRc = 1.4
nm in the native state fofi — j| > 2. If ¢ and sites are in contact in the native state,
A;; = 1, otherwiseA;; = 0. We useds;, = 0.7 kcal/mol for the native pairsg;, = 1
kcal/mol for non-native pairs. In the current version, we have negtboon-native
interactions which will not qualitatively affect the remibecause, under tension, such
interactions are greatly destabilized. To ensure the mossing of the chain, we set
o = 7A. Only for i,i + 2 pairs we set* = 3.5 A to prevent the flattening of the helical
structures when the overall repulsion is large. There aeegfarameters in the SOP force
field (k, Ro, en, €, andR.)8. Of these the results are sensitive to the precise values of
en /e andR.. We have discovered that the quantitative results are gitsento R, as long
as itis in the physical range that is determined by the RNAadmaps. In principle, the
ratio ¢;,/¢; can be adjusted to obtain realistic values of forces. Foplsity we choose
a uniform value of;, for all RNA constructs. Surprisingly, the SOP force fieldttwihe
same set of parameters, can be used to obtain near quaatitzgults for RNA molecules
of varying native topology.

Simulations:Using the SOP model, we simulated the mechanical unfoldialgefolding
of P5GA hairpin. In force-clamp simulations a constant éoig applied to one end of
the molecule while the other end is fixed. Finally, in foragegch computations the
force on the molecule is reduced to the final value to initratechanical refolding. In
both force-clamp and force-quench setup the dynamics oflitiker (usually hybrid
RNA/DNA handles) is not relevant whereas depending on tlaeattteristics of the linkers
the dynamics of linker may play an important role in the feramp experiments
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Time scales: Since a typical value for the mass of a nucleotide, ~ 300g/mol—
400g/mol, the average distance between the adjacent nucleotideshen SOP
representation of RNA iss ~ 5 A e = 07 kcal/mol, the natural time is
T, = (’2—;:2)1/2 = 3 ~ 5ps. We user; = 4.0ps to convert simulation times into
real times. To estimate the time scale for mechanical uifgldlynamics we use a
Brownian dynamics algorithf for which the natural time for the overdamped motion
is Ty = ,f;hThrL (r = 4ps). We used( = 1007-;1 in the overdamped limit, that
approximately corresponds to friction constant of a nuddieoin water. The equations of
motion in the overdamped limit are integrated using the Briaw dynamics algorithm.

Force-induced transitions in a simple hairpin (P5GA): Liphart et. al. showed that
the P5ab hairpin, the construct in which P5c stem-loop ardAthich bulge in P5a are
removed from the P5abc subdomainiin ribozyme, reversibly folds in an all-or-none
fashion upon application of constant force. The equilibribetween the native basin of
attraction N\BA) and the unfolded basin of attractiddBA) can be shifted by altering the
value of the constant forcég,. To probe the two-state behavior of hairpins under force we
used a smaller 22-nt hairpin, PSGA (Protein Data Bank (P@B)eor}® L For the P5GA
hairpin simulations over a wide range of forces can be peréarin reasonable times. The
topologically simple hairpin has a single tetra-loop antergonsecutive base pairs. In an
earlier study* we showed, using a minimal three interaction site (TIS) nhauevhich
each nucleotide is represented by three sites, that thexdgabbehavior of P5GA under
tension is qualitatively similar to P5ab. The much simpl@PSrepresentation of P5GA
allows us to probe exhaustively the folding and unfoldingekics of the hairpin that is
manipulated by force-ramp, force-quench, and force-clamp

The hallmark of P5aband P5GA?, when a constant force is applied to either the
3’ or the 5’ ends, is the observation of bistable kinetics. éWla constany. is applied
to the 3" end P5GA makes transitions (Fig. 1-B) betweenUBA (R ~ 8nm) to the
NBA (R =~ 2nm). At f. = 14.0, 15.4, 17.%N a large number of transitions occur over
45ms duration which suggests that the hairpin dynamics is effelgt ergodic. As in
our previous study the equilibrium constant between the folded and unfoldetphma
calculated using a long mechanical unfolding trajectorincides with an independent
ensemble average calculation i.e., time averages are Isowgjuivalent to ensemble
averages. Wherf. = 14 pN the residence time in thBIBA is much greater than in
the UBA while at f. = 16.8 pN the UBA is preferentially populated (Fig. 1-B). The
population of P5GA in th&N\BA changes whelrf, is varied can be seen in the histogram
(P(R)) of the end-to-end distande (Fig. 1). At f. = 15.4 pN, which is slightly above
the midpoint of theNBA < UBA transition, several jumps between tR8A and UBA
are observed. Th&(R) distribution reflects the bistable nature of the landscaplee
free energy profile with respect t8 is computed usingAF(R) = —kgT log P(R).
From P(R) at f. = 15.4 we can obtain the free energy of stability of the folded hairp
with respect to the unfolded state usings ~ f.ARyr where ARy is the distance
between the folded and unfolded states of P5GA. Uski§yr ~ 6nm we find that
AG =~ 13kcal /mol. The Vienna RNA packadé which uses an entirely different free
energy parameters for RNA, givés ~ 12.8kcal/mol. This comparison shows that the
SOP model can, for simple structures, give accurate refsulgtability. At f. = 15.4 pN,
the transition barrier is about 1.5k5T. The UBA is more populated at this value ¢f.
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Figure 1. A. The secondary structure of PSGA hairpin and its contact rBafhe time-dependent fluctuations
of P5GA hairpin between the folded?(= 1.5nm) and unfolded R ~ 8nm) states. The end-to-end distance
changes spontaneously between two values. The force-ethmygnamics of the PS5GA hairpin is probed for
~ 45 ms. The histogram$’(R) at f. = 14.0, 15.4, 16.8 pN are shown in red. The free energy profl&'(R)

as a function of for f. = 15.4 pN on the right shows two-state behavior.

The observed transition times are much shorter than théeese times in each basin of
attraction which is also a reflection of the underlying caapieity of the all-or-none of
nature of hopping betweddBA andNBA.

Force-ramp: We also performed force-ramp simulations by subjectingRBE&A hairpin

to a continuously changing force, i.e., varying the loadiatg (Methods). The simplicity
of the SOP model allows us to use values pthat are comparable to those used in LOT
experiments. Aty = 45 pN/s (~ 10rj§OT) the force-extension curves show a transition
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Figure 2. Force-ramp unfolding of P5GA hairpiA. An example of FEC at the loading ratg = 45 pN/s
(ks = 0.07 pN/nm, v = 0.64 um/s). The data points are recorded every/50(grey color), but for better
illustration the running average is displayed every %00(red color). B. The end-to-end distanceRj} as a
function of time.C. Time dependence of. The loading rate'y = df /dt is nearly a constanD. Distribution of
unbinding forces from 100 trajectories at four loading sate = r;, 1:—37";, %r;, anler; (r; =4.5x 103
pN/s (ks = 0.7 pN/nm, v = 6.4 um/s)). The red star is the rupture force valye' (= 12.5 pN) atry = 45
pN/s. E. Plot f*, the most probable unfolding force, as a function pf The position of transition statAleps
Alogry

A The inset shows the variation mxgs as a function of-y.

is computed using\z LS = kpT

to theUBA at aroundf ~ 13 pN (Fig. 2-A). As the force dynamically increases we
observe bistable fluctuations in the FEC betweerNBA and theUBA just as when force
is held constant (Fig. 2-A). The conformational fluctuatidretween the two states are
unambiguously seen in the time-dependence of the enddalistance R(¢)) (Fig. 2-B).
As time progresses the force is ramped up which results inaglonfolding R ~ 8 nm)
for ¢ > 400 ms (Fig. 2-B). During the time scale of simulation we find freqtiand sharp
transition between theBA and theNBA (Fig. 2-B).

The location of the unfolding transition stater% for proteins and RNA is often
estimated from force-ramp experiments using the variadiotme most probable rupture
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force withr ([f*,logry] plot). The loading rater; = df (t)/dt, and can be accurately
estimated from the slope of the time dependencg(of as a function of time. The slope
of f(t) as a function of (Fig. 2-C) is nearly the same ag ~ k; x v, wherev is the
pulling speed. Strictly speaking; = ke x v with k', = k' +k, 1 +kp; ). andk,,
kmot, andky;n ke are the spring constants of the optical trap, the RNA moke@rid linker,
respectively. Typicallyk, < kot Krinker, thuskers =~ k3. Throughout the paper we
obtain the loading rate using = k.

From the force distributions, computed at four differeradng rates (Fig. 2-D),
we observe that the most probable rupture forf® @does not increase logarithmically
over a wide range of loading rates (Fig. 2-E). Only if the mang r; is restricted
f* changes linearly withr;*4. The location of the transition staté\¢%?) is usually
calculated usingf* =~ (Akngs)bg r¢ which may be reasonable as longgsrange
is small. However, thef*,logr,] plot is highly nonlinear (Fig. 2-E). If we use linear
regression to analyze th¢*, log 7] plot thenAzLS ~ 0.8 nm for the distance between
the NBA and the transition state. The small value 5% is a consequence of the
large variation ofAzLS asr; is changed'° If the loading rate is varied over a broad
range, ther;-dependence oAxZ5 is manifested as a pronounced convex curvdtime
the [f*,1logr] plot (Fig. 2-E). Based on the equilibrium free energy profileR) as a
function of R we expect that for PSGAAxLS ~ 3 nm if r; is small. Indeed, from
the constant force simulation results in Fig. 1-B we find%> ~ Zu-fr Thus, the
slope of[f*,log ] should decreaseNzL® increases) as; decreases. To illustrate the
dramatic movement in the transition state we have calculatg® using f* values for
two consecutive values of;. For example, using™ ~ 12.5 pN atry = 450 pN/s and
[* ~14.9pN atry = 4.5 x 10° pN/s (a value that can be realized in AFM experiments)
we obtainAz%% ~ 4.0 nm. From the values of* at five values ofr; we find that
AxL5 can move dramatically (Fig. 2-E). In particular, we find tidetZ> changes by
nearly a factor of ten as the loading rate is decreased tesahat are accessible in
LOT experiments (see inset in Fig. 2-E). Because of the néaglarithmic variation of
AxTS onr; over a narrow range af; we do not expect\zX¥ to change appreciably
if r¢ is lowered from45pN/s to ~ 5pN/s. At high r¢ or f. the unfolded state is
greatly stabilized compared to the folded state. From Hantisopostulaté®, general-
ized to mechanical unfoldifgit follows that asf. increases\zL* should move closer

to the native state. The simulations are, therefore, inraloeidh the Hammond'’s postulate.

3 Conclusions

We have used the self-organized polymer representatioNéf IRairpins to predict their
mechanical unfolding trajectories. Constant force anddalamp simulations show that
dramatic changes in the force profiles take place as thergadites and the values of
the force are varied. If the force is varied over a wide rargstregions of the energy
landscape that cannot be accessed in conventional expesiicen be probed. However,
in order to realize the full utility of the single moleculeré® spectroscopy it becomes nec-
essary to use force in distinct modes (constant force, foan®, and other combinations)
along with reliable computations that can mimic the experital conditions as closely as
possible. We conclude the paper with the following adddaicemarks.
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Transition state movements show changes from plastic tideeblbehavior: The small size
and simple architecture of RNA hairpins has allowed us tdaegheir response to force
over a range of¢ that spans four orders of magnitude. The lowegsvalue is close to
those used in LOT experiments. A key prediction of our sirtiafe is that the location
of the transition state for PSGA moves dramatically fromuati®nm at low ¢ to about
0.5nm at highr; (see inset to Fig. 2-E). The large value&fL> at low r; suggests
that P5GA is plastic while the smallzZ* at highr is suggestive of brittle behavior.
The mechanical properties of RNA structures can be drdigtiatiered by varying the
loading rate which is reminiscent of the changes in the videstic behavior of polymeric
materials that changes with frequency. The transformditam plastic to brittle behavior
can be captured using the fragility indéxused to describe mechanical unfolding of
hairpins. Although we have discussed ilyedependent movement of the transition states
using P5GA as an example we predict that this result is geardsshould be observed in
other RNA structures as well.
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