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Abstract

The fusion pore controls the release of exocytotic vesicles contents through a precise

orchestration of lipids from the fusing membranes and proteins. There is a major lipid

reorganization during the different stages in life of the fusion pore: membrane fusion,

nucleation and expansion, that can be scrutinized thermodynamically. In this work,

using umbrella sampling simulations we describe the expansion of the fusion pore. We

have calculated free energy profiles to drive a nascent, just nucleated, fusion pore to its

expanded configuration. We have quantified the effects on the free energy of one and

two Synaptotagmin-1 C2B domains in the cytosolic space. We show that C2B domains

cumulatively reduce the cost for expansion, favoring the system to evolve towards full

fusion. Finally, by conducting thousands of unbiased molecular dynamics simulations,

we show that C2B domains significantly decrease the probability of kiss-and-run events.

Introduction

Exocytosis is a key mechanism used by eukaryotic cells to release biological compounds and

to transport molecules across the plasma membrane. As a response to physiological signals,

specialized secretory cells undergo regulated exocytosis. 1 In particular, sperm exocytosis (or

acrosome reaction) is a regulated secretion required to fertilize the egg that depends on large

bilayer remodeling, such as membrane bending and fusion. 2–4 During this unique process,

multiple fusion pores form between the acrosomal and plasma membranes, connecting the

lumen of the acrosome to the extracellular milieu. 5–7 Accurate molecular mechanisms that

describe membrane fusion and the formation of the fusion pore have been objects of research

among the experimental8,9 and computational10–13 sciences.

After membrane fusion, the nucleation of a nascent fusion pore (which in thermody-

namic terms is the first step in the formation of a new configuration) can follow different

possible paths: dilation (meta-stabilization), transient flickering (open-close repetitions) or
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kiss-and-run resealing (the metastable pore closes and bilayers evolve towards full recov-

ery).14 Therefore, the complete free energy landscape along the different stages of the fusion

pore becomes a desirable description to quantitatively determine the position of local minima

that could restrain the fusion pore from evolving in either one of these paths.

As broadly reported in the literature, the free energy cost to induce a trans-membrane

pore in a single lipid bilayer is highly dependent on its lipid composition. 15,16 For membrane

fusion, energetics are not only determined by the lipid composition 17 but also by the hy-

dration level of the bilayers for different inter-membrane distances. 8,18,19 These effects can

be extrapolated to the more complex fusion pore configuration, combining membrane fusion

and a water channel formation. Therefore, it is expected that the free energy to form a fusion

pore highly depends on the membranes molecular compositions and their inter-membrane

separation.16,19–21

Using a stalk-guided fusion pore and continuum model simulations with the SDK force-

field22 for opposed bilayers at 6.1nm (center-to-center distance), Kawamoto and Shinoda 21,23

calculated the free energy cost to nucleate a fusion pore between bilayers, with the following

results: ∼100 kBT for DOPC:DOPE (1:1), ∼120 kBT for DMPC:DOPE (1:1), ∼200 kBT

for DMPC:DOPC (1:1) and ∼250 kBT for pure DMPC. In good agreement, using Gromacs

and the Martini 2 coarse-grained model, we have previously reported ∼160 kBT (∼400

kJ/mol) for pure DPPC bilayers and ∼140 kBT (∼350 kJ/mol) for POPC:POPS:POP2

(87.5:10:2.5).24 Comparatively, the cost to drive a just nucleated fusion pore into a metastable

(slightly expanded) configuration is significantly lower. Again, Kawamoto and Shinoda 21,23

reported ∼30 kBT to stabilize a nucleated fusion pore for DOPC:DOPE (1:1), ∼20 kBT for

DMPC:DOPE (1:1), almost no difference for DMPC:DOPC (1:1) and an energy increase of

∼10 kBT for pure DMPC.

Recently, Hub and collaborators have developed a set of two reaction coordinates to re-

spectively induce25 and expand26 a transmembrane hydrophilic pore in a single lipid bilayer.

Here, we have generalized the latter methodology to expand a toroid-shaped fusion pore,
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formed by two independent bilayers (Prof. Hub generously shared with us his source code

through personal communication). Through umbrella sampling simulations, we have quan-

tified the effects of Synaptotagmin-1 (Syt1) C2B domains (PDB ID:1K5W 27) on the free

energy landscape during the expansion of the fusion pore. We have observed that the effects

are cumulative: one and two C2B domains progressively lower the free energy needed to

expand the metastable fusion pore. Remarkably, C2B domains boost just nucleated, nascent

fusion pores in the direction of expansion, though reducing the probability of kiss-and-run

events.

Together with our previous studies on membrane fusion and pore nucleation, 24,28 we com-

plete here another step along the life of the fusion pore by describing its expansion. We have

ported the nucleation and expansion processes into two convenient collective variables for

the PLUMED 2 development version environment (https://github.com/plumed/plumed2),29

easily compilable as an optional module and with source codes freely available on GitHub:

https://github.com/lautarodibartolo/FusionPore. The expansion procedure can be directly

used for free energy calculations with any pair of homogeneous/heterogeneous lipid bilayers,

at different hydration levels, with or without proteins under the Martini 3 coarse-grained

model.30

Results and discussion

Following the membrane composition used by Jahn and collaborators 31 to trap Syt1 to the

plasma membrane in the presence of calcium, along this work we have used a pair of 1024 lipid

bilayers under the new Martini 3 coarse-grained model, 30 containing 87.5% of 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine (POPC), 10% of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

L-serine (POPS) and 2.5% of the recently developed phosphatidylinositol 4,5-bisphosphate

(PI(4,5)P2, or simply PIP2) model.32 We have set the inter-membrane distance to ∼3.9nm

(measured between opposed PO4 head group planes of different bilayers) which effortlessly
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fits a Syt1-C2B domain able to interact with both cytosolic leaflets simultaneously.

As reported in the literature, the C2B polybasic region KRLKKKKTTIKK (positions

321-332)33,34 and the arginine pair (R398,R399)35 are key during large membrane remod-

eling processes mediated by Syt1, such as fusion and pore expansion. In particular, the

polybasic patch in C2B binds to negatively charged lipids, such as PIP2 clusters, in a

calcium-independent manner.36–40 Although in the atomistic space the inclusion of Ca2+

ions to model the penetration depth of the C2B binding loop would be in principle the right

approach, with coarse-grained models the strategy is not straightforward. In the reduced

resolution space, the parameterization of metal ions is still approximated or unavailable for

the most of coarse-grained force fields.41 For Martini, ions are modeled with single beads

representing both the ion itself and the first hydration shell. 42 Therefore, in this work we

have described Syt1-C2B binding mechanisms in a calcium-independent manner.

Based on an event-oriented classification for the different stages of the fusion pore 18,23,43–45

and in resemblance with the biological process of a vesicle about to fuse with the plasma

membrane, as schematically shown in figs. 1a and 1b, we have used independent collective

variables for membrane fusion (ξf ),28 fusion pore nucleation (ξn) and expansion (ξe), see

eqs. 1, 2 and 3. From initially flat and parallel opposed POPC:POPS:PIP2 bilayers, using

restrained molecular dynamics simulations we have sequentially induced the fusion stalk

(figure 1c), a traversing water channel through it (figure 1d) and its final expansion (figure

1e).

Membrane fusion, fusion pore nucleation and fusion pore expansion:

ξf , ξn and ξe

The collective variables nomenclature follows the same formulation originally developed by

Hub and collaborators19,25,26 and our previous works in membrane fusion28 and fusion pore

nucleation.24 Conceptually, ξf and ξn are analogous (see eqs. 1 and 2). Each one defines a

cylinder of radius Rcyl with Ns slices of thickness ds that can be filled by any user-defined

5



Cytosolic waterIntra-organelle water

intra-organelle 
      space

membrane
cytosol plasma 

fu s i o n

p
ore

b)
membrane

e)

Rmax

D
intra-organelle 
      space

membrane
cytosol plasma 

a) membrane

?
fusion stalk pore expansionc)

Rcylf

N
sf d

sf

d)

Rcyln

N s
nd

sn

pore nucleation

Figure 1: Three stages in the life of the fusion pore. a) Representation of a vesicle
separated from the plasma membrane. b) Vesicle connected with the plasma membrane
through a fusion pore. c) Spanning cylinder that defines collective variable ξf to fuse hemi-
layers (gray). d) Cylinder connecting the intra-organelle space with the extra-cellular milieu
that defines ξn and nucleates the fusion pore (green). e) Expansion of the fusion pore with
collective variable ξe using the single-slice cylinder (orange).

bead types according to an occupation factor ζ (the fraction to which a slice is filled upon

the addition of the first atom in the slice). Figure 1 shows a schematic representation of

the fusion pore between a vesicle and the plasma membrane, together with the geometrical

definition for collective variables ξf , ξn and ξe.

Recently, we have used eq. 1 to fuse membranes inducing a fusion stalk. 28 Here, starting

from the fusion stalk we have sequentially used eq. 2 for fusion pore nucleation and eq. 3

for its expansion.

ξf =
1

Nsf

Nsf−1�

s=0

δsf (Nsf
(p)) (1)

ξn =
1

Nsn

Nsn−1�

s=0

δsn(Nsn
(q)) (2)
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ξe =
R(r)−R0

R0

(3)

In eq. 1, membrane fusion is induced using a spanning cylinder composed of Nsf slices (see

fig. 1c). Nsf
(p) accounts for the number of tail beads (C4A, C4B or C5A) within slice s

inside the fusion cylinder. δsf is a continuous function in the interval [0 1] (δsf=0 for no

beads in slice s and δsf=1 for 1 or more beads in slice s). In eq. 2, fusion pore nucleation

is achieved with a different cylinder (composed of Nsn slices, see fig. 1d) now applied to an

also different group, containing lipid heads (PO4), dynamically defined intra-organelle (W)

water beads and accounted by Nsn
(q). For the rest, ξn is analogous to ξf . For mathematical

details see the original article.25

Eq. 3 is a normalized radius (by the simulation dependent parameter R0) of the first

approximation to the expanded fusion pore radius R(r) =
�

np(r)v0

πD
. This radius is calculated

dynamically at each simulation step using the number of intra-organelle water beads np(r)

inside a horizontal layer (parallel to the membranes) of height D, placed at the local Z center

(Zl) of all lipids inside a cylinder of radius Rmax around the nucleated fusion pore (see figure

1e). R(r) is then the radius of a cylinder of volume πDR(r)2 which, when normalized by the

volume of one W Martini bead30 (v0 = 0.076879nm3), equals the amount of water molecules

inside the fusion pore np(r).

Generalization to the fusion pore

As proposed before, lipid tails beads are a convenient group to induce membrane fusion. 19,24

By pulling from tail beads, lipids are tilted and reorganized to fuse radially displacing cy-

tosolic waters. This pulling mechanism splays the nearest lipids towards the fusion patch,

inducing a hydrophobic core. Therefore, for POPC and POPS lipids, collective variable ξf

pulls from C4A and C4B tail beads, while for PIP2 it pulls from C4B and C5A tail beads (see

supporting information for beads labels). Subsequently, for fusion pore nucleation, collective
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variable ξn pulls from intra-organelle water beads (W) and lipid phosphate heads (PO4). Fi-

nally, for fusion pore expansion ξe makes the water channel to widen and the fusion pore to

expand by radially pulling from intra-organelle water beads (W) and lipid phosphate heads

(PO4). However, the generalization of eq. 3 for the fusion pore from its original purpose to

expand a hydrophilic pore in a single bilayer, 26 required the following modifications:

a) Interactive water molecules

Clearly defined intra-organelle and cytosolic spaces are inherent to the biological concept of

the fusion pore (figs. 1a and 1b). Therefore, mutually exclusive groups of intra-organelle and

cytosolic water beads becomes a convenient definition for our simulation systems (figs. 1c

to 1e). Then, collective variable ξe dynamically selects at each molecular dynamics step if a

water bead is intra-organelle or cytosolic. Specifically, a water molecule belongs to the intra-

organelle subgroup if it fulfills 1 out of the following 3 conditions: (i) W is above the Z plane

that contains the geometric center of the upper bilayer, or (ii) W is below the Z plane that

contains the geometric center of the lower bilayer, or (iii) W is inside the cylinder of radius

Rmax that defines expansion. Any W bead not belonging to the intra-organelle subgroup is

considered cytosolic. This is not only an improvement in terms of computational performance

but also, it avoids possible errors due to water beads permeating through the bilayers from

the intra-organelle space into the cytosol and vice-versa (especially for very long µs-length

simulations).

b) Membrane undulations

1024 lipid bilayers are relatively large and naturally exhibit undulations that render the Z

center between both membranes inadequate for calculations. 26 Instead, we have used here

the local center Zl of the cylindrical volume of height D and radius Rmax where the water

channel locally forms in the XY plane (see figure 1e). The position of this cylindrical volume

is dynamically calculated at each molecular dynamics step, always centered around the water
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channel. In this way, large membrane undulations have negligible effects on the Zl position

now taken as reference by ξe for the dynamic location of the horizontal layer (parallel to the

membranes) of radius Rmax and height D.

c) Toroid-shaped fusion pore

We have used the amount of water molecules inside the cylinder that expands the fusion pore

to directly estimate its radius (see figure 1e). Martini W beads randomly accommodate in

the available space in the most compact way, which results in a maximum density of ∼63.33

per cent (see supplementary information). Theoretically, the most compact way to pack

spheres (random close packing) results in a maximum density of ∼64 per cent. 46–48 Following

a statistical description of jammed states, Makse and collaborators 49 showed that random

packing of hard spheres in three dimensions cannot exceed a density limit of ∼63.4 per cent.

This last result is in excellent agreement with the behavior of Martini beads under unbiased

conditions in an NPT equilibrated water box (see supporting information). Therefore, in

the Martini space, any volume V occupied by N water beads is the sum of all the individual

volumes
�N

1 vi divided by the 0.634 random packing correction, V = 1
0.634

�N
1 vi.

Given the scheme of a cylindrical torus as in figure 2a with internal radius r and external

radius R, its volume is calculated by eq. 4. There, the volume of the torus is decomposed in

the sum of its inner and outer halves (Vinner and Vouter), generated by rotating two half-discs

of radius r, areas πr2

2
and with centroids rc = 4

3π
r, respectively along lengths 2π(R± rc). For

more details, see supporting information.

Vtoroid = Vinner + Vouter = Rπ2r2 − 4

3
πr3 +Rπ2r2 +

4

3
πr3 = 2πRπr2 (4)

Given also a cylinder as in figure 2b of the same radius R and with height D, its volume

is calculated by eq. 5.

Vcyl = πR2D (5)
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Only water molecules are shown.

The difference between Vcyl and the inner-half volume of the torus Vinner, is then the

volume of the water channel of the expanded fusion pore, see figure 2c. Assuming D ∼ 2r

and defining Reff = R− r as the radius at the neck of the water channel (see figure 2c), the

volume of interest Vint is then defined by:

Vint = Vcyl − Vinner = πDR2
eff + (π − π2

4
)D2Reff + (

5π

12
− π2

8
)D3 (6)

If the effective volume of the toroid-shaped water channel is equal to the volume of an

equivalent cylinder of Vint = πR2
eqD, eq. 6 gives the solution for Reff in the form of a

quadratic equation (for more details, see supporting information):

R2
eff + (1− π

4
)DReff + (

5

12
− π

8
)D2 −R2

eq = 0 (7)

Finally, the relation with the collective variable is given by:

Req = R(r)/
√
0.634 + r0 = (ξe + 1)R0/

√
0.634 + r0 (8)

which includes the 0.634 random close packing correction 49 and the constant r0 = 0.5nm to

map ξe ∼ 0 to Reff ∼ 0.2nm for the just nucleated fusion pore. Therefore, negative values

of ξe indicate fusion pores with Reff < 0.2nm.
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Practically, D and R0 are defined as input parameters for collective variable ξe at the be-

ginning of simulations. From the value of ξe extracted from molecular dynamics trajectories,

eq. 8 gives Req, which introduced in eq. 7, gives the radius at the neck of the toroid-shaped

water channel Reff . Therefore, Reff becomes a convenient measure of the fusion pore di-

lation. Although almost linear with it (see figure 3d), ξe is a dimensionless parameter with

less intuitive physical meaning.

Although toroidal fusion pores have been commonly assumed in both computational and

experimental studies,50–54 it has been suggested that asymmetrical shapes are also present, 10

especially for large systems. For fusion pores with radii between ∼1nm and ∼4nm, Jackson

and collaborators proposed that a toroid could deform into a catenoid-like surface, overes-

timating the free energy.9 Using large DOPC bilayers (45x45nm) with an inter-membrane

distance of ∼10nm, Yoo et al.55 showed that the fusion pore exhibits a bowing feature related

to the slow relaxation of the lipids in regions far from the fusion pore. This characteristic

could, in principle, help to stabilize large fusion pores.

Collective variables ξf , ξn and ξe do not induce a priori the geometry of the fusion pore.

The sliced cylinder strategy biases the system to occupy the inner space of the membrane

spanning cylinder along the normal to the bilayers, with no restrictions imposed on the XY

planes. Using this technique, Hub and collaborators 25,26 showed that small pores in single

bilayers were nearly cylindrical, while larger ones (radius > 1.2nm) revealed a nearly ideal

toroidal shape. Systems used along this work belong to the category of small ones (17x17nm)

with a maximum fusion pore radius < 1nm (see figure 3c) and were modeled as toroidal.

However, we do not discard the existence of different fusion pore shapes for larger systems.

The expanded fusion pore is metastable at Reff ∼ 0.5nm

Starting from a fusion stalk28 as the initial configuration, we have nucleated a fusion pore us-

ing eq. 2. Nucleation uses a cylinder with Nsn=45, dsn=0.25nm, Rcyln=0.8nm and ζf=0.75.

The nucleated fusion pore with a narrow traversing water channel defines the initial config-
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uration for the expansion profile at ξe ∼ 0. Fig. 3a shows Potential of Mean Force (PMF)

calculations for the expansion of the fusion pore in both directions of collective variable ξe:

(i) forward (expanding pore, black line) and (ii) backward (shrinking pore, red line).
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Figure 3: Sampling and mapping in the ξe space. a) PMF for membranes-only along
forward and backward directions. Error bars are standard errors calculated by individually
splitting the profiles in independent blocks. b) Molecular dynamics snapshots. Nucleated
fusion pore for ξe ∼ 0 (left) and expanded fusion pore ξe ∼ 0.75 (right). Lipid molecules are
gray with PO4 beads in yellow (top) while water molecules are radially colored in blue and red
(bottom). c) Mapping the fusion pore effective radius Reff to the amount of water molecules
in the channel (blue circles) and to the amount of lipids surrounding it (red diamonds). d)
Mapping of ξe to the effective radius of the fusion pore Reff (green squares) and to the
effective volume of the toroid-shaped water channel (purple diamonds).

To expand the fusion pore we have used a slab of height D = 7nm parallel to the

bilayers, located at Zl and with Rmax=2.5nm (see figure 1e). Normalization radius was set

to R0 = 0.57nm. Fusion pore expansion ranges in the interval 0 < ξe < 0.75, see initial and

final configurations in figure 3b.

As observed, the free energy profile in figure 3a has a metastable minimum in the interval

0.38 < ξe < 0.41 (Reff ∼ 0.5nm). By conducting tens of short unbiased molecular dynamics

of ∼ 250ns (adding a total of ∼ 18µs) from uniformly distributed initial configurations along
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ξe in the interval [0 0.75], we have measured the amounts of lipids surrounding the water

channel and water molecules inside it, see figure 3c. Also, using eqs. 7 and 6, we have used

this data to map ξe to the effective radius Reff and to the volume Vint of the toroid-shaped

water channel that defines the fusion pore, see figure 3d. From panel 3d it results that ξe is

a good measure of the effective radius Reff at the neck of the toroid-shaped expanded fusion

pore. The largest fusion pore studied here has an effective radius Reff ∼ 0.85nm (see figure

3d).

By definition, ξe is an exclusive function of the intra-organelle water molecules and al-

though outnumbered, lipid phosphate heads (PO4). Therefore, the expansion of the fusion

pore has a clear effect on the amount of W molecules in the channel, which triples in the

interval 0.2 < Reff < 0.85, see blue circles in figure 3c. The quadratic relation between

Reff and the amount of water molecules inside the channel ∼ np(r), is a result of eqs. 3, 7

and 8, giving np(r) = R0
2(1 + ξe)

2π D
v0

and considering that ξe and Reff are almost directly

proportional in the interval 0.2 < ξe < 0.8 (see figure 3e). On the contrary, the amount of

lipids surrounding the channel shows little variations, being almost constant around ∼190

molecules, see red squares in figure 3c.

For membranes-only system we report here a decrease of ∼100 kJ/mol (∼40kBT ) to drive

a just nucleated fusion pore of radius ∼0.2nm to a metastable state of radius ∼0.5nm. Also,

we have measured that ∼60 kJ/mol (∼24kBT ) are needed to effectively increase the fusion

pore radius from 0.5nm to 0.8nm (see figure 3a). In the following sections, we show that the

introduction of one or two Syt1-C2B domains in the cytosolic space significantly equalize

these energetic barriers, ultimately conditioning the kinetics of the fusion pore.

Hysteresis-free sampling

Theoretically, the free energy cost to evolve from different thermodynamics states (i.e., fused

bilayers, nucleation or expansion) must be independent of the direction of the collective

variable.56 Therefore, the opening and closing paths of the fusion pore must be identical in

13



the free energy profile. Any significant differences between them suggest hysteresis problems,

inadequate sampling and/or poor convergence.57

To check for hysteresis-free sampling, initial configurations in both directions in the space

of ξe (forward and backward) were taken from a slow-growth path, as originally suggested

by Pearlman and Kollman.58 Profiles in figure 3a show no significant hysteresis.

The three stages in the life of the fusion pore

The application of ξe to the fusion pore completes the free energy landscape together with

ξf
19,28 and ξn.24,25 As demonstrated before,19,24–26,28 these collective variables show negli-

gible hysteresis and allow for effective free energy calculations using restrained molecular

dynamics simulations. Figure 4 shows schematically the full profile along the life of the

fusion pore, from initially flat and parallel bilayers until expansion. The fusion stalk region

(lilac) corresponds to our previous study on membrane fusion 28 using collective variable ξf .

Fusion pore nucleation (pink) was also described previously. 24 A gap in the transition from

nucleation to expansion still exists and is indicated in the PMF by a dashed line in the pink

region. Fusion pore expansion is colored green and is described in this study using collective

variable ξe. Expansion beyond Reff ∼ 0.8nm (marked by the dashed line in the gray region)

can be directly obtained using collective variable ξe, however, larger Reff may require larger

membrane patches to avoid finite size effects.

As shown before,28 the energy barrier for the first stalk is ΔGs ∼150 kJ/mol for an

identical pair of POPC:POPS:PIP2 bilayers (87.5:10:2.5) in the Martini 3 space, using SAP2

model32 for PIP2 lipids. The energy barrier ΔGn ∼350 kJ/mol was also calculated before,24

for a similar pair of POPC:POPS:PIP2 bilayers (87.5:10:2.5) in the Martini 2 space using

POP2 model for PIP2 lipids. Stabilization and expansion of the nucleated fusion pore were

calculated in this work using Martini 3 for a pair of POPC:POPS:PIP2 bilayers (87.5:10:2.5)

in the Martini 3 space, using also SAP2 model32 for PIP2 lipids.

Configurations around a just nucleated fusion pore are difficult to sample. Nucleated
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pores easily fall in the expansion region (to the right in figure 4, colored in green) or reseal

returning to the stalk (to the left, in figure 4, colored in lilac). Previously, we have studied

the nucleation of the fusion pore with negligible hysteresis 24 (represented by the solid line

in the pink zone of figure 4). However, a slight widening of the water channel produce

unstable configurations that cannot be sustained over long simulation times (dashed line

in the pink zone in figure 4). Such behavior prevents adequate sampling in the nucleation

region and discourages all attempts to calculate the free energy profile, further in the space

of ξn. Therefore, once we generated a nucleated fusion pore in the space of ξn we have let

it evolve freely in the space of ξe where it could be later controlled, either to be shrunk or

enlarged. The general shape of the schematic PMF shown in figure 4 is in good agreement

with other proposed energy landscapes.20,59–64
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The Synaptotagmin-1 C2B domains reduce the free energy for fusion

pore expansion

The presence of a single Syt1-C2B domain in the cytosolic space while membranes fuse and

the fusion pore nucleates has shown negligible effects on the free energy profile. 24 However,

the simultaneous action of a pair of Syt1-C2B domains (or the tandem Syt1-C2AB) signifi-

cantly reduced the free energy cost to form the fusion stalk. 28 Here, we complete the scene

by describing the C2B domain effects beyond nucleation and during the expansion of the

fusion pore. Figure 5 shows free energy profiles in the ξe space starting from a nucleated

pore (ξe ∼ 0) to an expanded one (ξe ∼ 0.75) for three cases: (i) membranes-only (black

line), (ii) with a single Syt1-C2B domain in the cytosolic space (red line) and (iii) with a

pair of Syt1-C2B domains also in the cytosolic space (blue line).

From the expanded fusion pore at metastable equilibrium (ξe ∼ 0.4) it is observed that

the cost to further expand it to its maximum radius at ξe ∼ 0.75 is reduced by one and two

Syt1-C2B domains by ∼ 20kJ/mol each, taking the membranes-only system as reference

(black line). Therefore, in agreement with experimental observations, 8,65–67 the presence of

Syt1-C2B domains facilitates the metastable fusion pore to evolve towards expansion.

Experimentally, it has been proposed that C2B domains cooperate with the SNARE com-

plexes in bringing the two membranes together. 68,69 Analogously to what has been observed

for the fusion stalk,28 the expansion of the fusion pore is also facilitated by a coopera-

tion mechanism between Syt1-C2B domains. With selected mutations identified in previous

experimental studies,70–72 such cooperative mechanism has been recently verified. 28 These

findings point to the relevance of PIP2 strong anionic interactions with the polybasic patch in

Syt1-C2B domains (KRLKKKKTTIKK, positions 321-332), in processes requiring high lipid

remodeling, such as membrane bending,33,67,73,74 membrane fusion74–77 and the energetically

costliest fusion pore expansion.51,65,78,79
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Figure 5: Free energy profiles for fusion pore expansion. Membranes-only (black line),
with 1 Syt1-C2B domain (red line) and with 2 Syt1-C2B domains (blue line). Error bars
are standard errors calculated by individually splitting the profiles in independent blocks.
Molecular dynamics snapshots show the expanded pore with one (red) and two (blue) Syt1-
C2B domains. Lipid molecules are black with PO4 heads in yellow. For clarity, water
molecules are not shown.

Synaptotagmin-1 C2B domains reduce kiss-and-run events

A crucial problem in neurotransmitter release is how the fusion pore regulates the amount of

cargo released during exocytosis.80 Vesicles can either merge with the plasma membrane (full

vesicle fusion) or they can release part of their neurotransmitters during transient contacts

(kiss-and-run events).81 From a lipocentric point of view, after the first aqueous connection,

fusion pores have been observed to either close or expand towards a metastable state. 12,82

Once there, the metastable fusion pore may continue to expand or it may reseal, still allowing

the vesicle to partially deliver its contents (kiss-and-run). 81 If resealing, the fusion pore may

flicker, opening and shutting multiple times before expanding again or before definitively

closing.83

Here, for POPC:POPS:PIP2 bilayers in the Martini 3 coarse-grained space, we report

a nucleation-expansion barrier of ΔGne ∼100 kJ/mol (∼40kBT ), see figs. 3a and 4. The

height of such energy barrier determines the metastability of the fusion pore at ξe ∼ 0.4.

Lower values of ΔGne indicate that the metastable fusion pore at ξe ∼ 0.4 may more easily

reconfigure back to a nucleated (and hence unstable) pore at ξe ∼ 0. Remarkably, Syt1-
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C2B domains have significant effects on this energy barrier, independently of the effects on

expansion (ξe > 0.4) described in the previous section. Red line in figure 5 shows that

one C2B domain marginally increases the nucleation-expansion energy barrier (ΔGne), see

region 0 < ξe < 0.4. However, the opposite effect is observed for a pair of C2B domains

surrounding the fusion pore. Blue line shows that ΔGne ∼ 60kJ/mol, a reduction to almost

one-half with respect to membranes-only system. Such collaborative behavior between a pair

of C2B domains has already been reported for the fusion stalk. 28

However, C2B domains not only modify the nucleation-expansion barrier ΔGne but also

the unexplored nucleation region (figure 4, dashed line in the pink zone). We have run

1,000 independent 5ns unbiased simulations from the same initial configuration: a nascent

fusion pore at ξe ∼ 0. We have conducted this procedure for the three systems: membranes-

only system (black), with one Syt1-C2B (red) and with two Syt1-C2B (blue). Figure 6

concentrates 15 µs of data from molecular dynamics for the three systems. Statistically,

it can be observed that the membranes-only system shows the lowest values of ξe (even

ξe < 0), indicating the existence of trajectories that evolve in the direction of pore closure

and membrane recovery (black). On the contrary, both systems including one (red) or two

(blue) Syt1-C2B domains show only positive values of ξe with all trajectories evolving toward

meta-stabilization at ξe ∼ 0.4 (see panels 6a and 6b).

Moreover, the system with 1 Syt1-C2B has the widest water channel (and the highest

values of ξe) with the lowest amount of surrounding lipids. On the contrary, membranes-only

system has the narrowest water channel (though the lowest values of ξe) surrounded by the

largest amount of lipids (see panels 6c and 6d). Interestingly, the system with 2 Syt1-C2B

domains is in between the other two cases. We hypothesize that the ratio between the

amounts of water molecules in the channel and lipids surrounding it, is optimized for 2 Syt1-

C2B domains to release free energy and to lower the nucleation expansion barrier ΔGne (see

figure 5). Also, we have observed that 2 Syt1-C2B domains increase the amount of PIP2:PIP2

interactions with respect to systems with 1 Syt1-C2B domain and membranes-only (for
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details, see supporting information). This increased propensity to form PIP2 clusters has

been observed before24 and is in agreement with other studies pointing to PIP2 clusters as

molecular beacons during vesicle recruitment. 33,84
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Figure 6: Unbiased trajectories starting from a nascent just nucleated fusion pore
(ξe ∼ 0). 1,000 simulations per system: membranes-only (black), with 1 Syt1-C2B domain
(red) and with 2 Syt1-C2B domains (blue). a) Evolution of ξe over time. b) Histograms of
all visited configurations in the space of ξe. c) Lipid molecules count surrounding the fusion
pore channel. d) Histograms for intra-organelle water molecules count inside the channel.

Therefore, the presence of one or two Syt1-C2B domains ensures that a nascent fusion

pore at ξe ∼ 0 will (most probably) evolve towards meta-stabilization at ξe ∼ 0.4. Once

there, the reduced -expansion barrier ΔGne for two C2B domains facilitates its exit from

the metastable state. Together with the reduced cost for expansion (ξe > 0.4), the system

containing a pair of C2B domains naturally evolves in the most probable direction of fusion

pore expansion, therefore, significantly reducing the probability of pore resealing and kiss-

and-run events.

This effect is also observable for the system containing one C2B domain, which also

pushes the nascent fusion pore towards meta-stabilization (see figure 6) and although less

significantly, also reduces the cost for expansion for ξe > 0.4 (see figure 5). However, the
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absence of a clear reduction of the nucleation expansion barrier ΔGne makes the overall effect

less noticeable. Accordingly, collaborative mechanisms between pairs of C2B domains (or

the tandem C2A:C2B) have already shown to be key during membrane fusion. 28

In agreement, Cafiso and collaborators35 hypothesized that Syt1 could mediate the tran-

sition during a fusion event by either lowering an energy barrier towards pore expansion

(the metastable fusion pore) or by preventing the system from getting trapped at an early

intermediate state (a just nucleated fusion pore), as also proposed by Kiessling and collab-

orators.85 Moreover, Chapman and collaborators86 recently observed that the interaction of

Syt1 with PIP2 serves to stabilize opening of fusion pores, while Janshoff and collaborators 87

suggested that Syt1 collaborates to accelerate fusion kinetics in the presence of Ca2+.

On the contrary, the absence of Syt1-C2B domains allow for a just nucleated fusion pore

to collapse more easily, letting the system evolve towards pore resealing, and following the

path of a kiss-and-run event. This result is in agreement with the hypothesis of flickering

fusion pores between lipid membranes in the absence of proteins, proposed more than 20 years

ago by Zimmerberg and collaborators.82 Here, we hypothesize that the Syt1-C2B domains

equalize the energy landscape in the nucleation region (figure 4, dashed line in the pink zone)

obstructing the path toward the stalk and smoothing it toward the expansion zone.

Conclusions

We have explored the space of fusion pore expansion with the special purpose collective

variable ξe that drives a just nucleated nascent fusion pore into an expanded configuration.

We have studied the effects of one and two Synaptotagmin-1 C2B domains along the ex-

pansion of the fusion pore, with the following conclusions: (i) one and two C2B domains in

the cytosolic space cumulatively reduce the energetic expansion cost, (ii) one C2B domain

marginally increases the nucleation-expansion barrier while two C2B domains significantly

reduce it, and (iii) C2B domains systematically push just nucleated nascent fusion pores
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toward expansion.

Biological implications of these results are of major importance. First, C2B domains

facilitate the expansion of the fusion pore beyond the metastable state at ξe ∼ 0.4 (Reff ∼

0.5nm). Second, the nucleation-expansion energy barrier that defines the metastability of

the first expanded pore at ξe ∼ 0.4, is significantly reduced by a pair of C2B domains.

Combined with the evidence obtained from thousands of independent unbiased simulations,

suggesting that a nascent fusion pore (in the nucleation region) has less probability to evolve

towards resealing, we have shown that kiss-and-run episodes become less frequent when one

or two C2B domains are present. Altogether, these results show that a pair of C2B domains

enhance fusion pore expansion and reduce kiss-and-run events.

Our computational predictions could be tested with an experimental setup suitable to

study single pore expansion. Accordingly, Khunlo et al. 88 used single vesicle-to-supported

bilayer fusion assay to dissect the role of α-synuclein in membrane fusion. Also, Nellikka

Rohith et al.89 used an in vitro approach with v-SNARE–reconstituted nanodiscs and t-

SNARE–reconstituted black lipid membrane 86,90 to study α-synuclein modes of action in

the micro- and milli-second time-scales. By replacing synuclein by synaptotagmin, these

experimental setups could be applied to test our theoretical and computational results.

Computational methods

We have conducted all our simulations using Gromacs-2020.5, 91,92 PLUMED-2.7.229 and the

Martini 3 coarse-grained model.30 Molecular dynamics simulations used the semi-isotropic

NPT ensemble and a time step of 20fs in all cases. The temperature was set to T=303.15K 93–97

and was controlled by a V-rescale thermostat98 with a coupling constant of 1ps. The pressure

was set at 1.0bar with the compressibility equal to 3x10−4bar−1, using the Parrinello-Rahman

barostat99 with a 12ps time constant. Neighbor search used the Verlet cut-off scheme with

a buffer tolerance of 0.005kJ/mol/ps and an update-frequency for the neighbor list equal
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to 20 steps. Periodic Boundary Conditions (PBC) were used in all directions. Coulomb

interactions used the reaction field method with a cut-off of 1.1nm and a relative dielectric

constant of 2.5 (see supporting information for an energy profile using a relative dielectric

constant equal to 15). Van der Waals interactions followed the cut-off scheme set to 1.1nm.

In all cases, we have used a pair of lipid bilayers containing 1024 molecules each. These

bilayer patches of ∼17x17nm ensure negligible finite-size effects due to interactions between

periodic images of the fusion pore.24,100 The pair of bilayers were solvated in more than

∼30x103 W coarse-grained water molecules to fulfill the ample water condition for Martini. 101

The inter-membrane separation was adjusted to equilibrate at ∼3.9nm to fit a Syt1-C2B

domain. This inter-membrane distance results in ∼10x103 water beads in the cytosolic

space.

Figures in this work were created using Visual Molecular Dynamics (VMD), 102 Grace

(GRaphing, Advanced Computation and Exploration of data), 103 Inkscape.104

PLUMED implementation

We implemented the collective variables to nucleate and expand a fusion pore as two mod-

ular C++ files for PLUMED, now available by simply installing the development version of

PLUMED 2 (https://github.com/plumed/plumed2) with the membranefusion module en-

abled (using the keyword -enable-modules=membranefusion). Input/output files and exam-

ples are freely available on GitHub: https://github.com/lautarodibartolo/FusionPore. Also,

see supporting information for PLUMED example input files.

PMF calculations

Free energy profiles were computed with umbrella sampling 105,106 and recovered with using

the Weighted Histogram Analysis Method (WHAM) using the implementation developed by

Prof. Grossfield.107 See supporting information for technical details on windows distribution

and convergence analyses.
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