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Supporting Information Text

A. Calibration of the SNAREpin model. To calibrate and validate the model of a single SNAREpin, we use available experimen-
tal data on single molecule unfolding, see Refs. (1),(2). In this type of experiments, a single SNARE complex is attached to
one bead and linked to another bead by a DNA handle. Both beads are trapped by optical tweezers. Increasing the distance
between the two laser beams while recording the distance between the beads allows to meaure the statistics of the fluctuations
associated with unfolding events. Each event is characterized by finite size back and forth jumps of the bead’s position, see
Fig. S1 (blue trace).

A mechanical model of this experiment is shown in Fig. S2 (A). We take as a reference the position of the left bead to
which the SNARE complex is directly attached (not drawn). The other end of the SNAREpin—whose position is denoted by
y—is attached to the other bead via a DNA handle. This second bead, whose recorded position is denoted by yB is trapped
by a laser beam located at a controlled distance yT from the reference.

The total energy of the system is given by

e(y, yB ; yt) = en,c(y) + eDNA(y, yB) + eT(yB ; yT ), [1]

where, en,c(y) is the energy of the SNAREpin defined by Eq. (7) in Materials and Methods, eDNA(y, yB) is the energy of
the DNA handle and eT(yB) is the energy associated with a displacement of the bead from the center of the optical trap.
At the elongation where the n ↔ c transitions are observed, we can assume that the energies of both the DNA handle
and the optical are quadratic. Denoting by κDNA and κT the stiffnesses of the DNA the optical trap, respectively, we have
eDNA = κDNA

2 (yB − y)2 and eT = κT
2 (yT − yB)2.

A.1. Estimation of the parameters a and e0. The total elongation yT being fixed, the equilibrium distribution of the variable yB

takes the form

ρ(yB) = 1
Z

{
e

− ẽc(yB )
kBT + e

− ẽn(yB )
kBT

}
e

− eT(yB )
kBT , [2]

where Z is the partition function, ṽc(yB) = 1
2 κ̃cy2

B and ṽn(yB) = e0 + 1
2 κ̃n(yB − a)2. The parameters

κ̃n,c = κn,cκDNA

κDNA + κn,c
[3]

represent the equivalent stiffnesses of the SNARE and the DNA handles connected in series.
The fit of Eq. 2 to the experimental distribution of Ref. (1) [see Fig. S2(B)] is obtained with the following parameters:

yT = 992 nm, a ∼ 6.9 nm, e0 = 30.7 kBT, κ̃c ≃ 0.795 pN nm−1, and κ̃n ≃ 0.761 pN/nm. The good agreement between the
model and the data seems to validate our model, however, only indirect estimates of the stiffnesses of the stiffnesses κn and
κc can be obtained at this stage because the distribution Eq. Eq. (2) only depends on the effective stiffnesses κ̃n,c. This point
is discussed in more details in the next section.

A.2. Stiffness of the Vc domain, κc. To identify the contribution of the SNAREpin stiffness to the parameters κ̃n,c, we used the
force vs extension response recorded with the DNA handle alone with the same setup. The force-extension curves obtained
for DNA alone and for the SNAREpin + DNA system are superimposed in Fig. S1.

In the enthalpic regime, the DNA force-extension relation f(yB) can be modeled as an extended worm-like chain (EWLC)
(3, 4)

yB = ℓc

[
1 − 1

2

(
ℓpf(yB)

kBT − 1
32

)− 1
2

+ f(yB)
f0

]
, [4]

where the contour length of the DNA handle is ℓc = 768 nm (1), the persistent length ℓp = 45 nm (1), and f0 = 560 pN is a
fitting parameter, chosen in agreement with the typical range of value adopted in literature (4). The force-extension curve
obtained with this model is shown with the pink dahsed line in Fig. S1. With these parameters, we estimate the DNA stiffness
at the force f∗ = 17 pN—where the n ↔ c transition is observed—to be κDNA ≃ 0.4555 pN nm−1.

We can now estimate the value of κ̃c by using Eq. (4) with the SNARE+DNA system. In this case, the parameters are
ℓc = 768 + 2 = 770 nm, ℓp = 45 nm and f0 = 530 pN. We obtain κ̃c ≃ 0.4388 pN nm−1 (at f∗ = 17 pN). Notice that, the
contour length has been increased by 2 nm to take into account the linker domain [see Ref. (1) for the details]. Finally, using
Eq. 3, we obtain the following estimate for the stiffness of Vc domain (at the transition force): κc ≃ 12 pN nm−1.

A.3. Stiffness of the Vn domain, κn. The same procedure cannot be used to estimate the value of κn because the n ↔ c transition
is almost immediately followed by a large debonding which leaves a too short (about ∼ 7 nm) interval for identifying elastic
properties, see Fig. S1. However, once the values of κc and e0 are fixed, the value κn directly controls the value of the intrinsic
energy barrier ∆e and therefore the value of ∆Φ1(N = 1), see the paragraph preceding Eq. (6) in the main text. The estimate
∆Φ1 ∼ 0 kBTto4.7 kBT was obtained in Refs. (1, 5) from the analysis of the of the n ↔ c transition kinetics. We chose the
intermediate value of ∆v = 2 kBT, corresponding to κn ≃ 2.5 pN nm−1, and we performed a complementary parametric study
for different values of ∆v in the broad range of 0 − 11kBT (see Fig 3 of the main text).

2 of 6 Fabio Manca, Frederic Pincet, Lev Truskinovsky, James E. Rothman, Lionel Foret and Matthieu Caruel



B. Parameters of the Fusion Energy Barrier. We interpret the reference y = 0 as a state where the two fully dehydrated
membranes would be in contact, with the SNAREs being fully zippered. The two membranes remain stable as long their
distance is above ∼2 nm, see (6, 7). Therefore we fix the position of the fusion point at yf = 2 nm. The typical range of the
repulsive forces is σf ≃ 0.3 nm, in accordance with Refs. (8, 9).

For the height of the fusion barrier ef , a broad range of value, from 20 kBT to 35 kBT, can be found in the literature, see
(10–21). This number depends on the type of lipid, and on the curvature and tension of the membranes (16–20). Recent
experiments measuring the spontaneous fusion rate of lipid vesicles in vitro lead to the estimate ef = 26–34 kBT depending
on the lipid type (15). In our simulations (see Fig. 2 in the main text), we set ef = 26 kBT, which corresponds to the value
reported for POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-line) membranes. With this value, the average fusion time
is 1 s for N = 1 as measured in Ref. (21, 22). A parametric study of the influence of the value of ef is discussed in the main
text.

C. Numerical implementation of the model. The overdamped Langevin dynamics of the vesicle (see Eq. (1) of the main text)
is simulated using a first-order integrator of the overdamped Langevin equation (23). At each time step i, the new position of
the vesicle membrane yi+1 is computed as follows

yi+1 = yi − ∆t

η

∂

∂y
[Esnare(y, Nc) + Efusion(y)]

∣∣∣∣
yi,Ni

c

√
2kBT

η
∆t ξi, [5]

where ξi is a random number drawn from the standard normal distribution. We consider k−1 as he time scale of the system,
and fixed ∆t = 4.5 × 10−3k−1.

The value N i+1
c is obtained by writing N i+1

c = N i
c + ∆N i

c , with the increment ∆N i
c given by

∆N i
c =


+1 if ri < W i

+∆t,

−1 if W i
+∆t ≤ ri < (W i

+ + W i
−)∆t,

0 otherwise,

where ri is a random number uniformly distributed in the interval [0, 1]. The transition rates W i
± are defined by W i

+ =
(N − N i

c)k+(N i
c , yi+1) and W i

− = N i
ck+(N i

c , yi+1). To obtain the statistics presented in the main text, 103 realizations of this
process have been generated with the same initial condition.
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Fig. S1. Force-extension curve of the SNARE-DNA conjugate of Ref. (1) (blue curve), and FEC of the DNA handle alone (green curve). The SNARE-DNA conjugate and the
DNA alone FECs can be approximately fitted by the extended worm-like chain model (EWLC) reported in Eq. 4 (pink dashed line).
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Fig. S2. Experimental setup and characterization of the unzippering and zippering of a single SNARE complex. (A) The SNARE complex is trapped to one side and linked to
a DNA-handle, which is anchored to an optical-tweezers bead on the other side. Here, yT denotes the total elongation of the system, yB the position of the second bead and
y the internal configuration of the SNAREpin. (B) The experimental probability density of the position of the bead yB (open blue circles) of Ref. (1), fitted by the equilibrium
model (solid red line).
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