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SI Text
Stochastic Resonance (SR) in the Presence of Handles. To study
whether the SR is still realized when the weak signal is indirectly
exerted to the system through handle polymers, just like in the
real experimental condition in laser optical tweezers (LOTs),
we simulate folding dynamics of an RNA hairpin by attaching stiff
handles to the two of the P5GA RNA hairpin modeled with SOP
representation (Eq. 2 in the main text). Each handle is modeled
by using the following energy potential (1):

Hhandles ¼
kS
2 ∑

N−1

i¼1

ðri;iþ1 − r0Þ2 − kA ∑
N−2

i¼1

r̂i;iþ1 · r̂iþ1;iþ2: [S1]

The first term denotes the chain connectivity, with an equilibrium
distance r0 ¼ 0.5 nm and spring constant kS ¼ 1.4 ×
104 pN · nm−1. The second term is the bending penalty potential
with bending modulus kA ¼ 561 pN · nm, which gives rise to the
persistence length lp ¼ 70 nm. We take N ¼ 40 for the length of
handle, which amounts to the contour length of L ¼ 20 nm.
Fig. S1 shows time trajectories of the extension of the entire sys-
tem, which includes the extension of two handles, at f ¼ 17 pN
and δf ¼ 1.4 pN, for three different driving periods. The mole-
cular extension zðtÞ (left) and the total extension zLðtÞ (right) are
depicted in the red and black axes, respectively. As shown in the
trajectories, the phase of zLðtÞ is compatible with that of zðtÞ.
Even in the presence of handles, the SR is realized at an optimal
period 60 ms (Fig. S1B) where the folding transitions are synchro-
nized to the frequency of external driving. The other trajectories
under relatively fast (Fig. S1A) and slow (Fig. S1C) driving show

random transitions regardless of the drivings. As is discussed in
the main text and in the ref. 1, the presence of the handles pins
the overall molecular motion and slows down the transition ki-
netics of the molecule sandwiched between the handles. We have
estimated that the transition dynamics with handles with
lp ¼ 70 nm and L ¼ 20 nm tend to be almost about sixfold
slower (1) than the Kramers times (≈10 ms for folding and
≈0.7 ms for unfolding) without handles, which we have consid-
ered in the text, and found SR (Fig. S1B) at an optimal driving
period TΩ ≈ 60 ms, which is approximately sum of the Kra-
mers times.

SR at the Transition Midforce. To demonstrate the SR using LOTs
experiment, it would be most straightforward to perform the
experiment around the external force value near the transition
midforce, at which the transition from one basin to another is
most frequent. To show SR under the transition midforce
(fm ¼ 14.7 pN), we have performed the SOP simulations for
hopping (folding and unfolding) dynamics of a P5GA under
fm. Fig. S2 shows time trajectories of the P5GA extension zðtÞ
for three different driving periods, at δf ¼ 1.4 pN. SR is clearly
shown in the Fig. S2B at an optimal driving period TΩ ¼ 4 ms. In
this case, the optimal driving period is found to be around twice
the mean hopping transition time (≈2τFðf ¼ fmÞ ≈ 4 ms; see also
Fig. 1C where τF ¼ τU ¼ 2 ms), in consistent with the time-scale
matching condition as has extensively been discussed in the SR
community (2–4). The other trajectories, under relatively faster
(Fig. S2A) and slower (Fig. S2C) drivings that deviate from the
optimal frequency, show random transitions.
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Fig. S1. Demonstration of RNA hairpin trajectories under SR condition in the presence of handles. Together with the SOP representation of RNA hairpin, we
considered the handle of contour length L ¼ 20 nm and persistence length lp ¼ 70 nm. The time trajectories of molecular extension zðtÞ (red; left axis) and the
extension with handles zLðtÞ (black; right axis) are displayed at constant tension f ¼ 17 pN, driving force δf sinðΩtÞ with δf ¼ 1.4 pN, and period TΩ ¼ 2π∕Ω.
The phase of extensions zLðtÞ overlaid on the zðtÞ is in good agreement. Both zðtÞ and zLðtÞ show random transitions at (A) TΩ ¼ 10.0 ms and (C) TΩ ¼ 150.0 ms.
(B) The folding transitions are synchronized with an optimal driving period TΩ ¼ 60.0 ms. The blue curves are overlaid to show the phase of oscillatory driving
forces.
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Fig. S2. Demonstration of bona-fide SR using the SOP model under the transition midforce fm ¼ 14.7 pN in the absence of handles. We depicted time
trajectories of molecular extension zðtÞ at fm and δf sinðΩtÞ with δf ¼ 1.4 pN and period TΩ ¼ 2π∕Ω. zðtÞ show random transitions at (A) TΩ ¼ 0.1 ms
and (C) TΩ ¼ 10.0 ms, while coherent transitions occur at an optimal period (B) TΩ ¼ 4.0 ms. The blue curves are overlaid to show the phase of oscillatory
driving forces.
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