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Supplementary Sections

S1. Kinetic rates from equilibrium force-jump experiments

For the three hairpins HN, HC and HB it is extremely difficult to observe transitions between
the unfolded and folded states within reasonable experimental timescales even when pulled
at the coexistence force. In fact the height of the kinetic barrier is too large and thermal
fluctuations not strong enough to induce the stochastic folding/unfolding of the hairpin in
reasonable timescales (e.g. within a few seconds). Consequencty, in order to obtain the force-
dependent kinetic rates from equilibrium experiments we perform force jump experiments
(Fig. 1). To determine the unfolding (folding) kinetic rate in these experiments at a force
f, the hairpin was repeatedly and manually set to the folded (unfolded) states at force f
waiting until a transition to the unfolded (folded) state was observed. The unfolding(folding)
kinetic rate is then estimated as the inverse of the average lifetime of the folded(unfolded)

state at that force.
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Figure 1: Force-jump experiments. Results for hairpin HN. a. Unfolding force-jump
experiments carried out at 17.5 pN. b. Folding force-jump experiments carried out at 14.2
pN. Different repetitions in each case are shown.

As shown in Figure 2, kinetic rates estimated using this approach and pulling experiments
give identical results, which validates the effective barrier approach for both equilibrium and
non-equilibrium data. Therefore, the analysis presented here to extract B(f) is independent

of the non-equilibrium or equilibrium origin of the experimental approach used to determine
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the kinetic rates.
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Figure 2: Kinetic rates for hairpins HN, HC and HB.. Kinetic rates of unfolding
(blue-solid symbols) and folding (red-empty symbols) measured from pulling experiments
performed at different loading rates and force-jump experiments (black symbols) for the
three hairpins HN, HC and HB.
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S2. Kinetic rates in the Bell-Evans model

According to the Bell-Evans (BE) model, the unfolding and folding kinetic rates read as:

_ B—frp\ _ frp
k’unf<f) = ko exXp (_kB—T> = km exp <]{]B_T (1)

B — AGyy + fx; AGyy — fal,
ko =k — =k ], 2
f 1d(f) 0 €XP ( knT exp lnT ( )

where B is the kinetic barrier; k,, = koexp (—B/kgT) is the unfolding kinetic rate at zero
force; 2!, = rg — rF and = zy — rg are the relative distances between states U and F
with respect to the TS at the coexistence force f,., respectively. Their sum should be equal
to the molecular extension zny = 2y — xp = x} + xZ]; and AGyy = f.ry is related to the
free-energy difference between states F' and U. Note that kgq(fe) = kunt(fe)-

The experimentally measured kyu¢(f) and kgq(f) for hairpins HN, HC and HB are first
fitted to Egs. (1) and (2) along the entire experimentally available range of forces in order
to extract k,,, AGnyy, x}, xL and f.. Results of such linear fits (in a log(k) versus f
representation) for the three hairpins are shown in Fig. 3b (solid-gray line) and numerical

estimations are summarized in Table 1. Comparison with theoretical values for AGyy,

S3



x} and a:TU (provided in Table 2) reveals discrepancies. In the best case the relative error

obtained for AG yy is approximately 20% for molecule HC.

Table 1: Fit of the experimental kinetic rates for HN, HC and HB to the BE
model. The logarithm of the experimental kinetic rates plotted in Fig. 3b were fitted
to Eqs. (1) and (2) over the whole force range to get estimations for k,, AGpy, zh,
and f. = AGpy/ (x} + xb) Error bars are calculated using error propagation of standard
statistical errors from the fit. Systematic errors due to imperfect instrumental calibration

are not included

Hairpin ko AGry x} x}} fe Lhe
(s7Y) (ksT)  (nm) (nm) (PN) (ad.)
HN (264 0.5)x1072 7642  10.5+0.3 8.64+0.3 16.3+£0.7 0.10+0.06
HC  (1.8£0.5)x107% 90£3 156407 65402 16.740.7 0.4140.07
HB (2.8 + 0.6)><10*17 6812 9.54+0.3 10.2£0.5 14.0£0.5 -0.04+£0.05

Table 2: Predicted parameters for BE model of HN, HC and HB. Theoretical values
for hairpins HN, HC and HB were obtained using the nearest-neighbor model by including
the proper elastic contributions (see main text) and averaging the unified oligonucleotide
set of parameters and unzipping predictions. FError bars are standard statistical errors.
Statistical errors for fragilities are too small and they are not shown. Systematic errors due
to imperfect instrumental calibration are not included.

Hairpin AGpy (kgT) x} (nm) :L‘L (nm)  f. (pN)  p. (ad.)

HN 11143 13.55+0.05 15.4+0.1 15.74£0.3 0.00
HC 11844 24.05+£0.05  5.5£0.1 16.3£0.5 0.76
HB 9442 7.20£0.05 21.5£0.1 13.4+£0.2 -047

S4



0.1
0.01 & -
0.001F ] F

1 1 1 1 1 1 1 1 I I 1 1 1
O'OOOIO 12 14 16 18 20 222 13 14 15 16 17 18 19 11 13 15 17 19

f (pN) f (pN) [ (pN)

Figure 3: Bell Evans model and kinetic rates for hairpins HN, HC and HB. Ki-
netic rates of unfolding kyue(f) (blue-solid symbols) and folding kgq(f) (red-empty symbols)
measured from pulling experiments performed at different loading rates, and fits to the BE

model performed along the whole range of measured forces (solid-gray line) for the three
hairpins HN, HC and HB.
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S3. Dudko-Hummer-Szabo model

According to the Dudko-Hummer-Szabo (DHS) model, the unfolding kinetic rates read as:

kane(f) = ko (1 — 7%) v exp {kBLT [1 — (1 — 7%)1/7} } . (3)

Here, B is the kinetic barrier, kg is the attempt frequency at zero force (kgexp(—B/kgT)
being the unfolding kinetic rate at zero force), x} is the relative distance between state F
and the TS, and v = 1/2 or v = 2/3 is related to the shape of the unperturbed molecular
free energy landscape. In what follows, we set v = 1/2.

In Fig. 4 and table 3 we show the results from the fit. It can be seen that even though
the fragility dependence is captured (z}(HC)> zl,(HN)> z!,(HB)), the numerical value

obtained for a:jm does not agree with the theoretical predictions (Table 2).

Table 3: Fit of the experimental unfolding kientic rates for HN, HC and HB to
the DHS model (y = 1/2). The experimental unfolding kinetic rates for HN, HC and HB
were fitted to Eq. (3) over the whole force range to get estimations for ky, x}, and B. Error
bars are calculated from the fit.

Hairpin ko (1/s) zh (nm) B (kT)
AN exp(—140 £20)  50£7  146+16
HC exp(—340 £ 60) 145425 347456
HB exp(—110 £ 10) 4445 114410
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Figure 4: Dudko-Hummer-Szabo model and kinetic rates for hairpins HN, HC
and HB. Kinetic rates of unfolding kuu¢(f) (blue-solid symbols) measured from pulling
experiments performed at different loading rates, and fits to the DHS model performed
along the whole range of measured forces (solid-gray line) for the three hairpins HN, HC and
HB (from left to right).

S6



S4. Continuous Effective Barrier Analysis

Based on Eq. (4a) the following x?_unf function can be defined:

2

Bth ;
Xunf Zl { Jl\{fgéf) (log /C(J)VU — log kunf(fz‘)) ; (4)

where N, is the total number of points for the experimental unfolding kinetic rate, log k,,¢(fi)
is the experimentally measured logarithm of the unfolding kinetic rate at force f; (i =
1,...,N,), and BR,;(f;) is the theoretical value of the height of the kinetic barrier obtained

at f;, measured using Eq. (5) in the main text.

Similarly, based on Eq. (4b) the following X%ol d function can be defined:

Byy (1) AGyy(f:) i
Xfold = Z{ T <1ng‘év U+kB—T—10gkfold(fi)>] ) (5)

where Ny is the total number of points for the experimental folding kinetic rate, log k¢14(f:)
is the experimentally measured logarithm of the folding kinetic rate at force f; (i = 1,..., N§),
B (f:) is the theoretical value of the height of the kinetic barrier obtained at f;, and
AGny(fi) = AGu(fi) — AGN(f;) is the free-energy difference between states U and N at f;
(Eq. 1).

The total x? function is defined as:

2 2 2
X" = Xynf T Xfold: (6)

The best match between the experimental and the theoretical profile of the force-dependent
kinetic barrier is given by the values of log k'Y and AGY;; that minimize this y? function.

From the derivatives of x? as a function of log k)Y and AG%;; is can be shown that best
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estimators for both magnitudes are:

Ny

'Bth y
log kYU = NL Z % + log k:unf(fz')] (7)

=1 =
Nf r
1

fi fi
AGhy =53 B+ [ mn(a = [t yar

0

If the elastic properties of the single-stranded nucleic acid are unknown, the x? function
can also be minimized for the persistence length P. Hence, the trio of values of P, log k{'Y
and AGY,, that satisfy:

ox* _ ox* ox*?

A A — A b
op Dlog kXU 0, DAGY,, 0, (92.b.c)

give the best match between the theoretical and the experimental profile of the kinetic barrier
when elastic properties are unknown.
The solution to the set of equations (9a,b,c) can be found numerically. The methodology

followed is:
1. Select a range of reasonable values for the persistence length P.

2. For each value of P, compute AG%;; and log k)Y according to Eq. (7).

3. For each trio of values of P, AG%, and log k'Y, calculate the numerical value of the

x? function (Eq. 6).
4. Find the trio of values P, AG%;; and log k'Y such that x? has an absolute minimum.

In Fig. 5, the value of x? as a function P for hairpins HN, HC and HB is shown. The result
depends on the set of basepair free energies used to calculate B, (f) (unified oligonucleotide
dataset versus unzipping predictions). Estimations for ko, AG%; and P are the average over

the results obtained using the two different sets of basepair free energies.
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Figure 5: x? versus persistence length P. Red-solid line was obtained by using the UO
set of base-pair free energies from?® for the evaluation of B (f) and blue-dashed line was
obtained by using the unzipping predictions from.?
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