
Cooperativity-dependent folding of
single-stranded DNA

X. Viader-Godoy1, C. R. Pulido2, B. Ibarra2, M. Manosas1,
and F. Ritort1

1Small Biosystems Lab, Departament de F́ısica de la Matèria
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S1 DNA hairpin synthesis

H120 and H204 were synthesized following the protocol in Ref. [1]. The oligonu-
cleotide forming the 3’ end of the hairpin was labelled with a digoxigenin tail-
ing. After a purification step (QIA Nucleotide removal kit), all the oligonu-
cleotides forming the hairpin (Table S1) were annealed by starting at a high
temperature (70 °C) and 1 °C was decreased every minute until room tem-
perature was reached. The hairpin was next ligated using the T4 DNA
ligase (New England Biolabs) in an overnight reaction (16 °C). H700, H964,
H4452 and H13680 were prepared as described in Refs. [2] and [3]. Finally,
H1904 and H7138 were synthesized following the protocol in Ref. [3], changing
the restriction enzyme for the digestion step: EcoRI (New England Bio-
labs) for H7138, and BspHI (New England Biolabs) for H1904. The sequences
of the oligonucleotides used for preparing the DNA hairpins are given in
Sec. S2. Fig. S1(a)-(b) shows an scheme of the molecular construct for short
(N ≤ 204b) and long (N > 204b) hairpins, respectively.
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Figure S1: Hairpin synthesis. (a) H120 is assembled by ligating two
oligonucleotides (blue and red). The oligonucleotide A is purchased biotiny-
lated and the oligonucletide B is end-labelled with digoxigenins using the
T4 terminal transferase. The splint oligonucletides are annealed to create
dsDNA handles. H204 is synthesized following the same steps, but the ini-
tial assembling involves 4 oligonucleotides (A, B, C, D). (b) The long DNA
hairpins are assembled by ligating a set of oligonucleotides (magenta, cyan,
blue) to the PCR-amplified and digested λ-phage fragment (black). Note
that the complementary strands of the handles are also tailed. Color code as
in Tables S1 and S2.
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S2 Oligonucleotides for hairpin synthesis

Name Sequence
120b-A 5′-Biotin-AGT TAG TGG TGG AAA CAC AGT GCC AGC GCG AAC

CCA CAA ACC GTG ATG GCT GTC CTT GGA GTC ATA CGC AA -3′

120b-B 5′-GAA GGA TGG AAA AAA AAA AAA AAA AAA ACA TCC TTC
TTG CGT ATG ACT CCA AGG ACA GCC ATC ACG GTT TGT GGG
TTC AGT TAG TGG TGG AAA CAC AGT GCC AGC GC-3′

204b-A 5′-Bio-AGT TAG TGG TGG AAA CAC AGT GCC AGC GCC GAC CTC
T-3′

204b-B 5′-Pho-TAA CCT CCA AGC GTA CAG GGT GGA CTT TGC AAC GAC
TTC CTA GAC CAA AGA CTC GCT GTT TAC GAA ATT TGC GCT
CAA GCG AGA GTA TTG AAT TTT TTC AAT AC-3′

204b-C 5′-Pho-TCT CGC TTG AGC GCA AAT TTC GTA AAC AGC GAG TCT
TTG GTC TAG GAA GTC GTT GCA AAG TCC ACC CTG TAC GCT
TGG AGG -3′

204b-D 5′-Pho-TTA AGA GGT CGA GTT AGT GGT GGA AAC ACA GTG CCA
GCG C -3′

splint 5′-GCG CTG GCA CTG TGT TTC CAC CAC TAA CT-3′

Table S1: Oligonucleotides used for the synthesis of H120 and H204. The loop
region is shown in bold.
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Name Sequence
13680b-loop 5′-Pho-GAT CGC CAG TTC GCG TTC GCC AGC ATC CGA

CTA CGG ATG CTG GCG AAC GCG AAC TGG C-3′

7138b-loop 5′-Pho-AAT TGC CAG TTC GCG TTC GCC AGC ATC CGA
CTA CGG ATG CTG GCG AAC GCG AAC TGG C-3′

4452b-loop 5′-Pho-TGA TAG CCT ACT AAG GCT ATC ACA TG-3′

1904b-loop 5′-Pho-CAT GAC AGT CGT TAG TAA CTA ACA TGA TAG TTA
CTT TTG TAA CTA TCA TGT TAG TTA CTA ACG ACT GT-3′

964b-loop 5′-Pho-GTC ACT TAG TAA CTA ACA TGA TAG TTA CTT
TTG TAA CTA TCA TGT TAG TTA CTA A-3′

700b-loop 5′-Pho-GTC ACT TAG TAA CTA ACA TGA TAG TTA CTT
TTG TAA CTA TCA TGT TAG TTA CTA A-3′

Bio-cosRshort 5′-Bio-GAC TTC ACT AAT ACG ACT CAC TAT AGG GAA ATA
GAG ACA CAT ATA TAA TAG ATC TT-3′

cosRlong 5′-Pho-GGG CGG CGA CCT AAG ATC TAT TAT ATA TGT GTC
TCT ATT AGT TAG TGG TGG AAA CAC AGT GCC AGC GC-3′

Bio-cosLshort 5′-Bio-GAC TTC ACT AAT ACG ACT CAC TAT AGG GAA ATA
GAG ACA CAT ATA TAA TAG ATC TT-3′

cosLlong 5′-Pho-AGG TCG CCG CCC AAG ATC TAT TAT ATA TGA GTC
TCT ATT AGT TAG TGG TGG AAA CAC AGT GCC AGC GC
3′

HandBio-SMFP 5′-Bio-GAC TTC ACT AAT ACG ACT CAC TAT AGG GAA ATA
GAG ACA CAT ATA TAA TAG ATC TTC GCA CTG AC -3′

HandDig-SMFP 5′-Pho-AAG ATC TAT TAT ATA TGT GTC TCT ATT AGT TAG
TGG TGG AAA CAC AGT GCC AGC GC -3′

splint3 5′-TCC CTA TAG TGA GTC GTA TTA GTG AAG TC-3′

inverted-splint 3′-AAA AA-5′-5′-GCG CTG GCA CTG TGT TTC CAC CAC TAA
C(SpC3)-3′

Table S2: Oligonucleotides used for the synthesis of long DNA hairpins. The
loop region is shown in bold.
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Name Sequence
13680b− block− loop 5′-TAG TCG GAT GCT GGC GAA CGC GAA

CTG GCG-3′

7138b− block− loop 5′-TAG TCG GAT GCT GGC GAA CGC GAA
CTG GCG-3′

4452b− block− loop 5′-TAG TAG GCT ATC ACA TGC TGG CCA
CCG GCT-3′

1904b− block− loop 5′-TTA CAA AAG TAA CTA TCA TGT TAG
T-3′

964b− block− loop 5′-TTA CAA AAG TAA CTA TCA TGT TAG
T-3′

700b− block− loop 5′-TTA CAA AAG TAA CTA TCA TGT TAG
T-3′

204b− block− loop 5′-AAA ATT CAA TAC TCT CGC TTG AGC
G-3′

Table S3: Blocking loop oligonucleotides used to generate ssDNA FECs for
the different hairpins.
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S3 Obtaining trap stiffness

For forces of the order of a few tens of pN (i.e. small bead displacements),
the optical trap can be approximated to an harmonic potential, with a trap
stiffness kb. This allows us to relate the displacement of the bead in the trap,
xb, with the applied force as f = kb xb. The bead in the optical trap can
be modeled as a Brownian particle in a harmonic potential with the power
spectrum of the measured force, Sf (ν), following a Lorenzian distribution:

Sf (ν) =
kBT

2π2γ

k2b
ν2 + ν2c

, (S1)

where γ is the drag coefficient of the particle, ν is the frequency and νc is
the so-called corner frequency: νc = kb/(2πγ). From fitting Eq. (S1) to the
zero-force power spectrum, γ and kb are determined (Fig. S2).
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Figure S2: Force power spectrum of a trapped bead at zero force.
Power spectrum obtained from the Fourier transform of the registered force
signal (orange) and its log-spaced average (red points) in a log-log represen-
tation. The black line shows the fit of Eq. (S1) to the red points, leading to
kb = 0.088± 0.004 pN/nm.
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S4 Blocking oligonucleotide method for H204

The binding of the blocking oligonucleotide in the loop region slightly changes
the elastic response of the molecule. However, the change in the extension
per base induced by the hybridized oligonucleotide decreases with the length
of the molecule and it is negligible for long enough molecules [4]. In order
to investigate the effect of the blocking oligonucleotide, we measured the
FEC (following the procedure described in App. A, main text) with and
without the blocking oligonucleotide for the shortest molecule studied with
this method, H204. As it is shown in Fig. S3, both FECs as well as the elastic
fits (persistence, p, and contour length, l) are compatible within error bars.
This indicates that the dsDNA hybridized region has a minimal effect on the
ssDNA elasticity, for molecules with N & 204.
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Figure S3: Binding of the blocking oligonucleotide for H204. Average
FEC for H204, with (triangles, yellow) and without (circles, blue) blocking
loop oligonucleotide (25 bases). The values for the best fitting elastic param-
eters l and p [Eq. (2), main text] for the FEC with (yellow, continuous line)
and without (blue, dashed line) blocking oligonucleotide are l = 0.630(13)
nm, p = 1.20(19) nm and l = 0.64(4) nm, p = 1.0(4), respectively.
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S5 Elastic parameters and scaling factors

In absence of secondary structure (e.g. at high forces, ∼ 15 pN or above)
ssDNA is expected to behave as an ideal polymer. The ideal regime can be
described by the WLC model [main text, Eq. (2)] or the Saleh formula [main
text, Eq. (3)]. Both models are compatible at high salt concentrations, giving
rise to similar fitting parameters of the helix-coil model, as shown in Sec. S6.
However, at low salts where the excluded volume effects become relevant,
the Saleh formula describes better the ideal ssDNA elasticity (see App. B
in the main text). For this reason, we only use the WLC model to describe
the ideal elasticity (i.e. the elasticity of the bases forming F- domains) when
fitting the ssDNA FECs (obtained at a high salt concentration) for different
molecular lengths (Figure 3 in the main text). The WLC elastic parameters
are taken from Ref. [4] (Sec. E.1 in main text). Otherwise, for the salt
dependent data (Figures 4, 5 and 6 in the main text), we use the Saleh
formula with the elastic parameters given in Sec. E.2 in the main text. In
this way, we can reduce the number of free parameters of the model to just
two: ε and γ. However, this restriction leads to small differences between
the experimental FECs and the theoretical elastic curves at high forces. To
correct these differences, we impose that the ssDNA extension at f = 15 pN
coincides with that of the WLC model or the Saleh formula by multiplying
the measured extension by a scaling factor, comprised between 0.95 and 1.05.
The elastic parameters (from Ref. [4] for the WLC, the concentrations used
for the Saleh formula (Sec.E.2, obtained from Refs. [5, 6, 7]) and scaling
factors used for each molecule and salt condition are given in Tables S4, S5
and S6.
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Molecule Scaling factor
H120 0.99
H204 0.95
H700 0.95
H964 1.04
H1904 1.01
H4452 1.01
H7138 1.02
H13680 1.02

Table S4: Scaling factors used for different molecules at 10mM MgCl2. The
elastic model used to describe the ideal ssDNA elasticity is the WLC with
the parameters p = 0.75 nm and l = 0.69 nm, reported in [4] for 10mM
MgCl2.

[NaCl](mM) c(M) Scaling factor
10 0.015 0.97
25 0.030 0.96
50 0.055 0.98
100 0.105 0.96
250 0.255 0.96
500 0.505 0.98
1000 1.005 0.99

Table S5: Scaling factors used for H13680 at different NaCl conditions. We use
the Saleh formula (Sec.E.2, main text) to describe the ssDNA ideal elasticity.
For each concentrations c, we compute the elastic parameters in Eqs. (3)-(4)
as explained in (Sec.E.2, main text). The equivalent monovalent concen-
tration, c was obtained by adding the [NaCl] concentration and the ionic
contribution of the 10mM Tris in the buffer (equivalent to 5mM monovalent
ion Ref.[8]).
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[MgCl2](mM) c(M) Scaling factor
0.5 0.055 0.98
1 0.105 0.96
2 0.205 1.04
4 0.405 0.99
10 1.005 1.01

Table S6: Scaling factors used for H13680 at different MgCl2 conditions. The
Saleh formula (Sec.E.2, main text) was used to describe the ideal ssDNA
elasticity taking into account the dependence of the elastic parameters in
Eqs. (3)-(4) with concentration c. The equivalent monovalent concentration,
c was obtained by adding the [MgCl2] concentration (considering the 1:100
rule [9, 4]) and the ionic contribution of the 10mM Tris in the buffer (equiv-
alent to 5mM monovalent ion Ref.[8]).
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S6 Helix-coil energy parameters obtained with

different elastic models
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Figure S4: (Continued on the following page)
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Figure S4: Energy parameters, ε and γ, for different elastic models.
Average energy per base, ε (left panels), and interfacial energy , γ (right
panels), as a function of the ssDNA molecular length (a,b) and as function of
sodium and magnesium concentration [(c-d) and (e,f), respectively]. We show
the results obtained from the fits of the helix-coil model to the experimental
FECs using three diferent elastic models for describing the ideal elasticity:
the WLC [cyan, Eq. (2), main text], the extensible Freely-Jointed Chain
(magenta) and the Saleh formula [orange, Eq. (3), main text]. The elastic
parameters for the WLC and exFJC are taken from Ref. [4], while the ones
used for the Saleh formula are reported in the main text (Sec. E.1).
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S7 Comparison between non-cooperative and

cooperative theoretical FECs
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Figure S5: Non-cooperative versus cooperative FECs. A non-
cooperative (dashed, red) and a cooperative (continuous, black) theoreti-
cal FEC have been fitted to the experimental FEC obtained for the H13680

(yellow circles) at 10mM MgCl2. The values obtained for the fits of the co-
operative model are ε = 0.185(2) kcal/mol and γ = 0.665(4) kcal/mol, and
ε = 0.20(11) kcal/mol for the non-cooperative one (γ = 0 kcal/mol). These
results show that a cooperativity term is required to successfully reproduce
the experimental FECs.
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S8 Salt dependent FECS fitted with the WLC

model

Here, show the results obtained when using the WLC model [Eq. (2)] to
describe the ideal ssDNA elastic behavior in absence of secondary structure
at all salt conditions. We took the elastic parameters from Ref. [4]: l = 0.69
nm/base and a salt-dependent p:

p(c) = p0 + Ac−1/2, (S2)

where c is the salt concentration in M units; p0 = 0.68 nm and A = 0.069
nm for NaCl and p0 = 0.70 nm and A = 0.051 nm for MgCl2

1. Note that
for MgCl2 conditions, c = 100·[MgCl2] to account for the salt equivalence
between monovalent and divalent cations in nucleic acids [4, 9]. In Figure
S6 we show the results obtained from the fits of the helix-coil model to
the experimental FECs for varying salt conditions. It is the equivalent to
the Figure 4 in the main text changing the ideal elastic model (from the
Saleh formula to the WLC). In Table S7 we show the summary of the fitting
parameters obtained with the WLC, ε and γ.

Table S7: Fitting parameters obtained for each studied condition, using the
WLC model.

Condition Relation Values (kcal/mol)
Length ε = ε0 + b/N ε0 = 0.18(1), b = 18(4)

(10mM MgCl2) γ =constant γ = 0.61(2)
c=[NaCl] ε0bp = 0.28(4), mc = 0.13(2)

Salt εbp(c) = ε0bp +mc log (c) γ0 = 0.66(2), mγ = −0.036(18)
γ(c) = γ0 +mγ log (c) c=[MgCl2] ε0bp = 0.74(15), mc = 0.10(2)

γ0 = 0.47(7), mγ = −0.041(11)

1The A factors given here (for concentration in M) have been obtained from the ones
reported for concentrations in mM from [4], A′, as: A = A′/

√
1000.
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S9 Comparison between Mfold free energy

predictions and the helix-coil model
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Figure S7: Free energy of formation of non-specific secondary struc-
tures for varying salt conditions. Free energy of formation of non-specific
secondary structures per base ∆G/N as a function of the salt concentration
for different ssDNA sequences with 46% GC content. The Mfold predic-
tion for a 2004b molecule (H2004, green squares) is compared with the helix-
coil model fitted to the experimental data for the H13680 molecule using the
elastic WLC model (cyan triangles) or the Saleh formula (purple triangles).
For comparison, we also show the results predicted by Mfold for the H4458

molecule with 52% GC content (red circles) that reveals the strong sensitivity
of ∆G with the GC content.
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S10 Comparison with the phenomenological

formula

As discussed in App. C, main text, neglecting the contribution of the C-
domains length to the molecular extension is a reasonable approximation in
our helix-coil model. In these conditions, the ssDNA extension per monomer
[Eq. (13), main text] can be written as:

xssDNA(f) = φF(f)xF(f), (S3)

where xF(f) is the extension of a single monomer given either by the WLC
model [inverting main text Eq. (2), as described in Ref. [10]] or by using
Saleh’s formula [Eq. (3), main text] and φF(f) is the fraction of bases in
F-domains. The latter is given by [Eq. (7), main text]:

φF(f) =
1

2

1 +
sinh (βA(f))√

e−4βγ + sinh2 (βA(f))

 , (S4)

with β = 1/kB T and A defined in Eq. (8) (main text):

A(f) = − ε
2

+
1

2

∫ f

0

xF(f ′)df ′. (S5)

Note that φF corresponds to the fraction of unpaired bases φ defined in
Ref. [4], and described by the following phenomenological formula:

φF(f) =
1

1 + e−(f−f†)/δ
, (S6)

where f † is a critical force verifying φF(f †) = 1/2, and δ is the force-width
of the transition.

In order to compare our model with this phenomenological description,
we fitted Eq. (S6) (f † and δ) to φF curves generated by Eq. (S4) using ε and
γ values from the fits of the model to the experimental FECs [Fig. 3(a) and
Fig. 4(b)-(c), main text]. In Fig. S8, we show φF for the helix-coil model
(continuous line) as well as the fit of the phenomenological formula (dashed
line) for different NaCl conditions [panel (a)], MgCl2 conditions [panel (b)]
and ssDNA lengths [panel (c)]. In each condition, both curves (continuous
and dashed) follow a similar trend, and only differ significantly at low forces.
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From the computed φF(f) (Fig. S8) we can predict the FECs using
Eq. (S3). As shown in Fig. S9, a good agreement between the phenomeno-
logical description (dashed lines) and the helix-coil model (continuous lines)
is observed. However, at the low force regime (∼ 1 pN, insets of Fig. S9),
differences arise due to the different leading behaviors of the two descriptions.
In the limit f → 0, φF(f) for the helix-coil model [Eq. (S4)] can be expanded
as:

φF(f) ≈ 1

2

1− sinh (βε/2)√
e−4βγ + sinh2 (βε/2)

+O(f 2) = k0 +O(f 2).(S7)

The expansion at zero force for the phenomenological formula [Eq. (S6)]
reads,

φF(f) ≈ 1

1 + ef†/δ
+

ef
†/δ

δ
(
1 + ef†/δ

)2f +O(f 2) = k̂0 + k̂1f +O(f 2). (S8)

In the limit f → 0 the ideal WLC model follows a Hookean lineal be-
haviour, xF(f) ∼ 2 p l

3 kBT
f + O(f 2) = kWLCf + O(f 2). Therefore the ssDNA

extension [Eq. (S3)] behaves as xssDNA(f) ∼ k0kWLCf + O(f 2) (helix-coil
model) and xssDNA(f) ∼ k̂0kWLCf +O(f 2) (phenomenological formula).

The difference observed between models at forces ∼ 1 pN (insets of
Fig. S9) is due to the fact that, in this force regime, the extension de-
rived from the phenomenological formula is dominated by the quadratic term,
whereas that of the helix-coil model is dominated by the linear term. Over-
all, the phenomenological formula reproduces successfully the experimental
data, although some differences appear at low forces, especially at high ionic
strengths, leading to an underestimation of φF(f) [Fig. S8] at low forces.

The best fitting values for f † and δ in Fig. S8 are reported in Table S8.
These values are similar to those obtained from directly fitting the phe-
nomenological formula Eq. (S6) to experimental FECs [4], also shown for
comparison in Table S8. Note that the φF fitting procedure allows to esti-
mate f † and δ at low salt concentrations (i.e. 10, 25 and 50mM NaCl) where
the direct fitting to Eq. (S6) cannot be used (because secondary structure is
formed at low forces and FECs do not present any clear force shoulder).
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Figure S8: Fraction of free bases, φF, as a function of the force.
Solid lines are obtained from the helix-coil model [Eq. (S4)], using the best
fitting values for ε and γ (main text). Dashed lines are fits of Eq. (S6) to the
continuous lines for different (a) [NaCl] (increasing concentration from light
to dark magenta) (b) [MgCl2] (increasing concentration from light to dark
blue) and (c) molecular length (increasing length from yellow to dark green).

As shown in Fig. S10(a), f † is found to depend logarithmically with salt
concentration:

f †(c) = a log (c) + b, (S9)

with c = [NaCl] or c = [MgCl2] (in M units). Fits to Eq. (S9) are shown
in Fig. S10(a) as dashed lines. The results of the fits are a = 1.12(16) pN
and b = 4.8(5) pN in sodium and a = 1.2(2) pN and b = 10.9(16) pN
in magnesium. δ is also found to follow a logarithmic relation with salt
concentration:
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Figure S9: Predicted FECs Theoretical FECs are obtained from Eq. (S3),
using φF both from the helix-coil model [Eq. (S4)] (solid lines), and from
the phenomenological formula [Eq. (S6)] (dashed lines). Triangles show ex-
perimental FECs for two different (a) [NaCl], (b) [MgCl2] and (c) molecular
lengths. Insets show the zoomed area in the rectangles of the FECs at low
forces (f < 5 pN). Color code as in Fig. S8.

δ(c) = α log (c) + β, (S10)

with c = [NaCl] or c = [MgCl2] (in M units). Fits to Eq. (S10) are shown
in Fig. S10(b)-(c) as dashed lines. The results from the fits are α = 0.038(3)
pN and β = 1.82(10) pN for sodium and α = −0.011(5) pN and β = 1.6(3)
pN for magnesium.

Finally, the best fitting values for f † and δ as a function of the molecular
length are shown in Fig. S10(c)-(d). While δ is constant [δ = 2.04(8) pN], f †

follows a 1/N correction, with N being the number of bases:
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Figure S10: Salt and length dependence of f † and δ. The points show
the best fitting values for f † and δ as a result of fitting Eq. (S6) to φF

[Eq. (S4)] for different salt conditions [panels (a)-(b)] and different molecular
lengths [panels (c)-(d)]. The continuous lines in panels (a)-(b) correpond to
the fits to Eqs. (S9)-(S10). The dashed line in panel (c) corresponds to the
fit to Eq. (S11), whereas the dashed line in panel (d) is the average δ value.

f †(N) = f †0 +
fN
N
. (S11)

The results from the fits are f †0 = 6.2(3) pN and fN = 450(60) pN
[Fig. S10(c)]. Table S9 summarizes the formulae and the best fitting val-
ues for the different parameters needed for obtaining f † and δ for a given
ssDNA molecular length and salt concentration. It is worth noticing that
the obtained values of varying salt concentrations for f † and δ are very dif-
ferent from those given in Ref. [4]. This is expected since in that reference,
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the WLC model was used for describing the ideal ssDNA elasticity, while
for the salt dependence we have used the Saleh Formula (Section E.2, main
text).
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ε (kcal/mol) γ (kcal/mol) f † (pN) δ (pN) f † (pN) δ (pN)
[4] [4]

Molecule
H120 0.035(17) 0.69(3) 2.7(3) 1.8(3) - -
H204 0.066(17) 0.62(2) 3.4(6) 2.2(2) - -
H700 0.174(18) 0.57(2) 6.0(4) 2.09(18) - -
H964 0.189(19) 0.59(3) 6.3(4) 2.16(17) - -
H1904 0.153(17) 0.515(19) 5.5(4) 2.55(15) - -
H4454 0.208(18) 0.541(19) 6.8(4) 2.17(13) - -
H7138 0.147(17) 0.599(16) 5.4(4) 2.04(11) - -
H13680 0.166(17) 0.643(16) 5.9(4) 1.81(10) 5.68 1.43

[NaCl](mM)
10 0.0043(14) 0.700(2) 0.304(9) 1.612(8) - -
25 0.004(4) 0.730(8) 0.377(8) 1.592(8) - -
50 0.0166(11) 0.688(2) 0.828(9) 1.789(9) - -
100 0.0489(15) 0.647(2) 1.883(9) 1.926(10) 0.44 2.09
250 0.0894(12) 0.653(2) 3.21(11) 1.840(11) 3.6 1.75
500 0.1489(17) 0.662(2) 4.857(14) 1.687(12) 4.85 1.64
1000 0.146(3) 0.670(5) 5.072(15) 1.692(13) 5.32 1.52

[MgCl2](mM)
0.5 0.057(15) 0.694(3) 1.992(8) 1.587(8) 0.62 1.96
1 0.08(2) 0.648(5) 2.829(10) 1.798(10) 2.27 2.07
2 0.144(13) 0.676(2) 2.695(10) 1.764(11) 3.31 1.58
4 0.149(17) 0.674(3) 4.813(13) 1.608(12) 4.90 1.61
10 0.17(2) 0.679(17) 5.678(15) 1.574(13) 5.68 1.43

Table S8: Best fitting values for ε and γ obtained from the fits shown in
Fig. 3(a) and Fig. 4(a)-(b) (main text). The values of f † and δ have been
obtained by fitting Eq. (S6) to φF from the model [Eq. (S4)] using the best
fitting values for ε and γ at each condition. The values of f † and δ given in
Ref. [4] are also shown for comparison (last two columns).
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Condition Relation Values (pN)

Length f †(N) = f †0 + fN
N

f †0 = 6.2(3), fN = 450(60)
(10mM MgCl2) δ =constant δ = 2.04(8)

c=[NaCl] a = 1.12(16), b = 4.8(5)
f †(c) = a log (c) + b α = 0.038(3), β = 1.82(10)

Salt
δ(c) = α log (c) + β c=[MgCl2] a = 1.2(2), b = 10.9(16)

α = −0.011(5), β = 1.6(3)

Table S9: Best fitting values for f †0 , fN, δ, a, b, α and β from Eqs. (S9-S11).
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S11 Drift correction

The drift is a low frequency noise due to macroscopic fluctuations, such as
temperature changes or mechanical and acoustic vibrations. Correcting the
drift is important to accurately determine the molecular extension. For long
molecules (∼ 1000b), a constant shift λ0 is imposed in each folding-unfolding
cycle to ensure the collapse between consecutive cycles, as described in [4].
However, for shorter molecules (e.g. H120), we use a continuous time depen-
dent shift, λ0(t), to obtain an accurate estimation of the molecular extension.
To do so, we first take a reference unfolding curve [e.g. magenta curve in
Fig. S11(a)] and find the position of the trap, λref , at a certain aligning force
where the hairpin is always unfolded (∼ 20 pN, black points in the magenta
curve). Next, for all cycles of the tether, the position of the trap at the align-
ing force, λalign, is computed, and the shift calculated as λ0 = λalign − λref
[Fig. S11(a)]. The continuous function λ0(t) is build by performing two spline
interpolations (for unfolding and refolding curves) to λ0 as a function of time
data, [Fig. S11(b)], as in Ref. [11]. This allows us to perform sub-nanometric
corrections, as shown in Fig. S11(c).
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Figure S11: Drift correction. (a) Two unfolding curves f(λ) for H120. The
purple curve is the aligning reference curve with λref at the aligning force
∼ 20 pN, whereas the blue curve corresponds to the unfolding curve from
another cycle with λalign at the same force. The shift λ0 = λalign − λref
is used to correct the molecular extension. (b) λ0 as a function of time
for the unfolding (blue) and refolding (red) curves (crosses). The spline
interpolations are shown as solid lines. (c) The two unfolding curves shown in
panel (a) after the drift correction has been performed. The aligned curve is
plotted using the colour code in the right of the figure for the shift correction
λ0 applied at each point.
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