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Abstract

SNARE proteins are the core components of the cellular machineries that fuse membranes for
neurotransmitter or hormone release and other fundamental processes. Fusion is accomplished
when SNARE proteins hosted by apposing membranes form SNARE complexes called
SNAREpins, but the mechanism of fusion remains unclear. Computational simulations of
SNARE-mediated membrane fusion are challenging due to the millisecond timescales of
physiological membrane fusion. Here we used ultra-coarse-grained (UCG) simulations to
investigate the minimal requirements for a molecular intracellular fusogen, and to elucidate the
mechanisms of SNARE-mediated fusion. We find fusion by simple body forces that push
vesicles together is highly inefficient. Inter-vesicle fusogens with different aspect ratios can fuse
vesicles only if they are rodlike, of sufficient length to clear the fusogens from the fusion site by
entropic forces. Simulations with rod-shaped SNAREpin-like fusogens fused 50-nm vesicles on
ms timescales, driven by entropic forces along a reproducible fusion pathway. SNARE-SNARE
and SNARE-membrane entropic forces cleared the fusion site and pressed the vesicles into an
extended contact zone (ECZ), drove stalk nucleation at the high curvature ECZ boundary, and
expanded the stalk into a long-lived hemifusion diaphragm in which a simple pore completed
fusion. Our results provide strong support for the entropic hypothesis of SNARE-mediated
membrane fusion, and implicate the rodlike structure of the SNAREpin complex as a necessity
for entropic force production and fusion.
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Introduction

Fundamental processes such as neurotransmitter (NT) or hormone release rely on regulated
exocytosis, when a signal, usually Ca?*, triggers fusion of docked secretory vesicles to the
plasma membrane (PM), releasing signaling or other bioactive molecules via the fusion pore.
Evoked exocytotic release is accomplished by specialized cellular machineries. SNARE proteins
are the core of these fusion machineries. Vesicle-associated v-SNAREs form SNAREpin
complexes with PM-associated t-SNAREs, pulling the membranes together for fusion (1, 2).

How the ~ 10 nm long rod-shaped SNARE complexes (“SNAREpins”) accomplish
fusion is not established. SNARE-mediated fusion is often thought driven by some fraction of
the ~60 kT zippering energy of SNARE complex formation(3, 4), but how this energy is
transduced into the membranes is unexplained. Experiments suggest fusion requires a certain
minimum number of SNAREpins, but the reported requirements vary widely. In vivo
experimental evidence suggests the number of SNAREpins required for fusion ranges from 2-8
(5-8). In vitro, 1-3 SNAREpins were sufficient to fuse small unilamellar vesicles (SUVs) (9, 10),
but 5-10 SNAREpins were required to fuse SUVs with supported bilayers (11, 12). Interestingly,
large unilamellar vesicle (LUV) fusion required up to ~ 30 SNAREpins (13).

SNAREpins could use zippering fores for fusion, by the linker domains (LDs) connecting
the Syntaxin and VAMP SNARE motifs to TMDs (14, 15) exerting bending torques on the
membrane (16). However, evidence from NMR and EPR suggests the LDs are unstructured and
flexible (17-21). In functional studies with short flexible sequences inserted into the LDs fusion
is progressively impaired rather than completely abolished (22-24), though a recent study found
that fusion could be abolished depends on the precise insertion location (25).

Many computational molecular dynamics (MD) studies have sought to elucidate the
mechanisms, but SNARE-mediated fusion was rarely observed. Fusion timescales appear
inaccessible to all-atom (AA) approaches (16, 26). However SNARE-driven fusion was achieved
using the coarse-grained (CG) MARTINI force field approach (27, 28). In one study planar
membranes and nanodiscs fused via a minimal hemifused connection, the stalk, and then an
inverted micelle intermediate (27). In another groundbreaking study, 20 nm pure PE lipid
vesicles fused via stalk, inverted micelle and enlarged hemifusion diaphragm (HD) intermediates
(28). Both studies achieved fusion in < 1 ps, within reach of MARTINI, a surprisingly short
timescale given that electrophysiological measurements of synaptic vesicle release rates suggest
~ ms fusion times (29-32). However, on one case fusion was favored by small vesicle sizes and
unphysical lipid composition (28), and fusion in both studies relied on stiff LDs (27, 28).

We previously used simulations with highly coarse-grained (CG) SNAREs and
continuous membrane surfaces to access physiological ms timescales (33, 34). These studies
suggest that SNARESs fuse membranes by entropic forces, a radically different mechanism to the
hypothesized mechanisms based on zippering energy or LD stiffness. In simulations with
SNARE proteins bridging a vesicle and planar membrane, the waiting time for the membrane
energy to attain the fusion energy threshold was measured Any number of SNAREs catalyzed
fusion, but more SNAREs gave faster fusion (33, 34). Entropic forces organized the fully
assembled SNAREpins into a ring and pulled the membranes together for fusion.

TMD-mediated membrane thinning may promote fusion (35, 36). Experiments and CG
simulations showed that TMDs induce can locally thin membranes due to mismatch in the length
of the hydrophobic regions of the TMDs and the membrane, proposed to segregate SNARE
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proteins into microdomains in cells. Another MARTINI study found TMD-induced membrane
thinning lowers the activation energy for stalk formation (36).

Considerable experimental evidence suggests extended contact and hemifused states lie
on the pathway to fusion. In protein-free calcium-driven studies, GUVs adhered and then formed
an HD connection which subsequently ruptured for fusion (37), a pathway that was quantiatively
reproduced by a mathematical model (37-39). Extended contact and hemifused states have been
observed in SNARE-reconstituted vesicle-vesicle fusion systems (40, 41). HDs have also been
observed in live cells. Dense-core vesicles made hemifused connections featuring and HD with
the plasma membrane of chromaffin and pancreatic B cells (42).

Here we simulated fusion of ultra-coarse-grained (UCG) explicit lipid membranes by
UCG fusogens of different classes, building up to SNARE-like fusogens. We sought to establish
the minimal requirements for a molecular intracellular fusogen, and to elucidate the mechanisms
of SNARE-mediated fusion. We first fused membranes by simple body forces that push vesicles
together (43), which we find is highly inefficient. Inter-vesicle fusogens with different aspect
ratios were then simulated, showing that fusion requires rodlike shapes of sufficient length to
clear the fusogens from the fusion site by entropic forces. Finally, simulations with rod-shaped
SNARE-like fusogens were able to fuse 50-nm vesicles on ms timescales, driven by entropic
forces. The fusion pathway was reproducible: SNARE-SNARE and SNARE-membrane entropic
forces cleared the fusion site and pressed the vesicles into an extended contact zone (ECZ), drove
a stalk to nucleate at the high curvature ECZ boundary, and drove stalk expansion into a long-
lived hemifusion diaphragm (HD) in which a simple pore completed fusion. These results are
consistent with our earlier simulations using simple continuous membranes (33, 34), but now
articulate the deformed state of the adhered vesicles resulting from the entropic forces that press
them together. Our results provide strong support for the entropic hypothesis of SNARE-
mediated membrane fusion.

Results

Model
To determine the essential features of productive molecular fusogens, we performed molecular
dynamics (MD) simulations and studied whether either externally applied forces or model
molecular fusogens could fuse two vesicle membranes. Since the fusion timescale in
neurotransmitter release is sub-millisecond (44, 45), far beyond what is achievable with atomistic
or widely used MARTINI models, we used coarse-grained (CG) representations of phospholipids
and molecular fusogens to test for possible fusion events on these timescales.
Ultra-coarse-grained representation of phospholipids. We employed the coarse-grained
Cooke-Deserno lipid model in our simulations (46-48). In this model, the phospholipid is
represented by linearly connected beads consisting of one head bead (h) and three tail beads (t)
(Fig.1A), which interact through an implicit-solvent force field. For interaction details, please see
SI. The CG length unit o is set to 0.88nm (46-48) by equating the CG lipid bilayer thickness (~
5.7¢) with the experimentally observed membrane thickness of 5 nm for pure
phosphatidylcholine (49). The CG energy unit € is set to 0.6kzT (46-48), and the attractive
potential decay range w, is set to 1.60 (46-48).

All lipid beads are defined to have mass m = 1 (46-48). The simulation time step At is
determined as 0.068 ns (46-48) by equating the measured lateral lipid diffusivity 8.8 X
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1075 o2 /At from simulations with the experimental measurement of 1um? /s in a mixed lipid
membrane (DOPC/SM/CHOL) (50).

SNARE-like fusogen model. The synaptic SNARE complex is a coiled-coil of four a-helices
(51, 52), where two helices are from SNAP-25, and the other two helices come from VAMP and
Syntaxin (Stx), respectively. VAMP and Stx are anchored to membranes by their transmembrane
domains (TMDs), which are connected to the SNARE motif by linker domains (LDs) (Fig. 1C)
(52). We constructed a minimal model fusogen designed to mimic the most basic features of the
SNARE complex; the structure of these SNARE-like fusogens was based on the neuronal
SNARE complex crystal structure (52), shown in Fig.1 D, E. We represent the coiled-coil
SNARE motif as a rigid body with a length Lgyarg = 10 nm and a width Dgyarg = 2 nm
consisting of 9 linearly placed beads. The «-helical TMDs of VAMP and Stx are each
represented by a rigid body with a length Ltyp = 3 nm and a width Dyyp = 1 nm, consisting of
3 linearly placed beads (Fig.1 D).

Experiments using optical tweezers to unzipper the neuronal SNARE complex found that
SNARE complex unzippering requires a ~18 pN force, and releases ~65 kgT in zippering free
energy (3). The SNARE zippering free energy landscape is approximately linear near the
SNARE motif C-terminus (3), i.e. the zippering force is constant. Thus we used a linear
zippering potential, tapering harmonically to zero,

1
Ekrz, r<mn
Vip(r) =

kryr — Ekrf, r=mn

with r; = 0.1nm and k = Ty;,/r;, Where T,;, = 18pN is the zippering force. To incorporate the
LD in the model, one bead with a diameter Dyp located at the LD C-terminus interacts with a
point at the LD N-terminus via the potential V() where r is the LD length (Fig. 1E).

Non-bonded interactions involving SNARE-like fusogen beads were set similar to the
Cooke-Deserno lipid model. We used the WCA potential to define each bead size. In addition to
this, we assigned an attractive potential between lipid head beads and the C-terminus beads of
the TMD and LD to represent the charged residues. We also assigned an attractive potential
among TMD hydrophobic beads and between TMD hydrophobic beads and lipid tail beads.
Assignments of the attractive potential were based on the hydrophobicity of residues in the
VAMP and Stx TMDs and residues in LDs near the C-terminus (52).

Both of these attractive potentials have the form of Vi . We set a depth € = 0.6 kT
and a decay range wryvpmp = 1.6Dryp for the attractive interaction among TMDs. The
attraction potential parameters between TMD beads and lipid beads were set to prevent TMD
pullout (see SI for details). We choose a depth erypn = 1.2 k3T and erype = 1.8 k3T and a
decay range wryvp; = 1.6D;;, where D;; is the sum of the interacting bead radii.

All rigid bodies have the same mass m as lipid beads. Moment of inertia matrixes I for
all rigid bodies were that of a uniform density cylinder with principal axis along the x-axis,

1 /Dp\?
b =3mi(3)

1 DN*
Iy,i =IZ,i =Emi 3(?) +Ll

where i is either TMD or SNARE motif.
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Molecular dynamics simulations. For simulations involving molecular fusogens, Nsnarg
molecular fusogens are embedded into two synaptic vesicles with ~50 nm diameter (Fig. 1C).
We used a rectangular box with sides Ly = L, = 88 nm and L, = 123 nm subject to periodic
boundary conditions.

The vesicle tension is controlled by the osmotic pressure, which is created by placing
solvent beads inside the lumen. Solvent beads interact only with lipid beads via the WCA
potential and not with each other, similar to a previous membrane simulation study that used a
phantom solvent to control system pressure (53). The concentration of solvent molecules in each
vesicle was chosen to produce a desired pressure, which creates a tension in the vesicle
membrane determined by the Young-Laplace 1aw, Psyivent = 2Vves/Rves » Where Pgolyent 1S the
pressure produced by solvent beads, y,.s is the vesicle membrane tension, and R, is the radius
of the vesicle. The solvent beads have the same mass as lipid beads.

All MD simulations were run using the HOOMD-blue toolkit in the NVT ensemble using
a Langevin thermostat (54-56). The simulation time step At is set to 0.0057 (46-48, 57), where t
is the CG time unit. The translational drag was y, = m/t for all beads (46-48) and rigid bodies.
The rotational drag matrix was yro;; = ¥.6;; for all rigid bodies.

Brute force generates a large contact area and fuses vesicles inefficiently
The conceptually simplest way to fuse two membranes is to press them together. A previous
simulation study induced fusion between two ~30 nm diameter CG lipid vesicles (43) by
applying biasing forces to each bead of the lipid molecules. The biasing forces were released at
the moment when lipid exchange between the two vesicles was initiated. How fusion is affected
by the size of the vesicles and the magnitude of the applied force was not discussed.

Here, we used a similar procedure, varying the size of the vesicles as well the magnitude
of the applied force. We simulated two vesicles of equal diameter 30 nm or 50nm with tension
~1 pN/nm. The applied force ranged from ~1460 pN to ~100 pN. The two types of vesicles were
confined in a cylindrical wall of diameter 50 nm and 60 nm, respectively, to prevent them from
sliding past each other. We then applied a constant force on every lipid bead in the two vesicles,
pressing the vesicles towards each other. We found that this method successfully induced fusion
between the two vesicles but required much larger forces on each vesicle than are provided by
cellular fusogens.

In our simulations, pressing the two ~30 nm vesicle membranes together first resulted in
the formation of a large flattened membrane contact zone with a radius ~10 nm (Fig. 2A).
Multiple hemifusion connections were formed successively at the edge of this contact zone (Fig.
2B). The fate of these hemifusion connections depended on the magnitude of the applied force: if
the applied force exceeded a critical force ~360 pN per vesicle, one of the hemifusion
connections then expanded laterally along the contact zone edge and developed into a fusion
pore (Fig. 2B). When the force was less than this value, hemifusion connections formed at the
contact zone edge with lifetime ~1-10 us and severed stochastically; no hemifusion connections
were seen to develop into a fusion pore within ~1 ms, the total duration of each simulation.
Pressing the two ~50 nm vesicles together, the fusion pathway was similar to that of the 30 nm
vesicles, but the critical force and the contact zone radius increased to ~670 pN and ~20 nm,
respectively. Interestingly, when the critical force, ~360 pN per 30nm diameter vesicle and ~670
pN per ~50 nm diameter vesicle, was applied, the contact zone area gives estimated pressures of
~10 atm and ~6 atm, respectively, agreeing with the reported minimum pressure to fuse two
DMPC membranes measured using the surface force apparatus (58).

6
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We note, however, that this brute force method is much less efficient than SNARE
complexes at driving fusion because the total force required to mediate fusion between two ~30
nm vesicles, ~720 pN, is orders of magnitude larger than the force generated by SNAREpin
zippering, ~18 pN (3). This is likely because the simple brute force approach generated a large
membrane contact zone, weakening the pressure so that a larger force was needed to reach the
~10 atm fusion threshold (58).

Non-rodlike membrane-bound fusogens produce transient hemifusion and no fusion
During cellular membrane fusion, the force pressing the membranes together is provided by a
specialized molecular machinery interposed between the two fusing membranes. Thus we asked
if fusogens providing a tight molecular connection between membranes were sufficient for
fusion. We simulated a synthetic molecular fusogen complex (Fig. 2C), anchored in the two
membranes with two TMDs, connected via two LDs, which we refer to as TMD-LD-TMD (TLT)
fusogens. These are membrane-spanning complexes we imagine were produced by an earlier
complexation event of two fusogens, one in each membrane. Unlike SNARE complexes, they are
not rodlike. The LDs were represented by the bonded potential V;p(r) and are assumed to
generate zippering forces of 18 pN, comparable to those of the neuronal SNARE complex (3).

We performed simulations to test whether such fusogens could mediate membrane fusion,
and found that, although the TLT fusogens could sometimes produce hemifusion, they were
unable to mediate membrane fusion within the ~1 ms simulation time because the driving force
pressing the membranes together was lost after hemifusion was achieved. We simulated two ~ 50
nm vesicles connected via six copies of the TLT fusogens. In the simulations, tension in the LDs
caused the TMDs to aggregate at the point of closest approach between the two membranes (Fig.
2C). In most simulations, hemifusion was not achieved during the 1 ms run (n = 12 of 20
simulations). In the remaining runs, a hemifusion connection (1-30 us) formed near the cluster
of fusogens (Fig. 2C) and then stochastically severed, similar to simulations using the brute force
method (n = 8 of 20 runs). During these brief hemifused episodes, the LDs connecting the two
TMDs were able to contract to a minimal length by migrating to the edge of the hemifused zone,
fig. 2C. Thus, the driving force for fusion was lost following hemifusion, and the TLT fusogens
were unable to drive full fusion. The vesicles were in a hemifused state for only a tiny fraction of
the time; during an entire ~1 ms simulation, only 0-2 hemifusion episodes typically occurred,
lasting ~ 1-30 ps.

SNARE-like molecular fusogens clear the contact zone, drive long-lived hemifusion
diaphragms, and drive the transition from hemifusion to fusion
The core of the cellular fusion machinery, the SNARE complex, isa ~ 2 nm thick and ~ 10 nm
long rod-shaped coiled-coil. Viral fusion proteins such as the spike protein of SARS-CoV-2 (59)
and hemagglutinin of influenza (60) are also rodlike structures in the folded state. Our previous
simulation studies of SNARE-mediated neurotransmitter release suggested that the rodlike
structure of the SNARE complexes gave rise to entropic forces that organize the SNARES into a
ring-like arrangement and drive expansion of the ring, pressing the membranes together for
fusion (33, 34). We therefore hypothesized that relative to the simple transmembrane TLT
complex, a rodlike structure might stabilize hemifusion and facilitate the transition from
hemifusion to fusion.

We performed simulations using model SNARE-like fusogens in which the coiled-coil of
the SNARE complex was represented with a rigid rod-shaped domain comprising ten beads, each
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2 nm in diameter (Fig. 1D). The SNARE-like fusogens spontaneously cleared themselves from
the contact zone, and organized into a ring. SNARE-like fusogens successfully drove full fusion
of the two vesicles in the majority of simulations.

Unlike the TLT fusogens, the SNARE-like fusogens did not cluster at the point of closest
approach between the two membranes. Initially, 6 SNARE-like fusogens were placed into a ring
with the coiled-coil domains pointing outward with a radius of 10 nm connecting the two ~50 nm
diameter vesicles (Fig. 1C). The fusogens maintained this organization, though the radius of the
ring decreased to 5.7 + 0.8 nm (Fig. 3). The fusogens spontaneously vacated the contact zone
between the vesicles due to collisions between the long rods and between the rods and the
membrane. These collision forces are of entropic origin, tending to expand the ring of SNARE-
like fusogens: larger rings are less crowded and give the fusogens greater orientational entropy
(33, 34).

These entropic forces pushed the fusogens to the edge of the contact zone (Fig. 3), where
the SNARE-like fusogens were able to successfully drive the opening of a fusion pore. Inn =
35 out of 40 runs, a hemifusion connection formed at the edge of the contact zone (Fig. 3). Once
the hemifusion connection was formed, the fusogens migrated radially inward toward the edge of
the hemifusion connection, driven by the zippering force. In n = 23 simulations, the hemifusion
connection expanded into a hemifusion diaphragm (Fig. 3), in which a simple pore then
developed, yielding fusion (Fig. 3). Note that, unlike the TLT constructs, the SNARE-like
fusogens stabilized hemifusion connections which were sometimes long-lived (reach ~ 0.1 ms)
via entropic force.

Membrane fusion requires a sufficiently long SNARE motif to generate sufficient
entropic force

So far, our simulations have shown that rod-shaped SNARE-like fusogens successfully drive
membrane fusion, while non-rodlike TLT fusogens do not. We reasoned that this is due to
entropic forces associated with the rod-shaped coiled-coil domain that tend to push the SNARE-
like fusogens radially outward. To test this hypothesis, we performed simulations varying the
length of the coiled-coil domain in the SNARE-like fusogens. A short coiled-coil domain would
be expected to produce little to no entropic force and would therefore be expected to drive
transient hemifusion, but not fusion.

We modeled SNARE “length mutants” with a SNARE motif lengths 2 nm, 6 nm, and 14
nm, compared to the “wildtype” length of 10 nm (Fig. 4A). We performed simulations using 6
copies of each mutant (n = 20) and measured the fraction of simulations producing hemifusion
or hemifusion followed by fusion.

Simulations showed that stable hemifusion and fusion required coiled-coil domains
longer than 2 nm, consistent with the conclusion that entropic forces expanding the ring of
fusogens stabilized hemifusion and drove the transition from hemifusion to fusion. With a
coiled-coil length of 2 nm, fusion occurred in zero runs, while with a longer coiled-coil, fusion
occurred after a certain waiting time (Fig. 4B). Similar to the TLT fusogens, SNARE-like
fusogens with a 2 nm coiled-coil domain drove transient hemifusion in n = 4 runs (out of 20)
(Fig. 4B).

TMD-induced membrane thinning facilitates fusion
Mathematical models and simulations have shown that membrane insertions and TMDs can
locally perturb the membrane thickness (28, 61). This effect was proposed to explain the
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spontaneous sorting of Syntaxin TMDs into membrane domains of various compositions (35). In
VAMP2 and Syntaxin-1, several residues at the interface between the LD and TMD are
positively charged, and the TMDs have a negatively charged carboxyl group at their C-terminus.
These charged groups strongly prefer to interact with polar lipid head groups. Since the length of
the TMDs (~3 nm) is shorter than the membrane thickness (~5 nm), TMDs can thin the
membrane locally. The locally thinned membrane has a shape of a dimple with positive
curvature at its edge. These positive curvature regions may facilitate membrane fusion by
exposing the hydrophobic membrane interiors toward the opposing membrane, enhancing lipid
exchange (62), and inducing membrane stress that may be relaxed by fusion.

Interestingly, in simulations, the TMDs of the SNARE-like fusogens thinned the
membrane locally and formed dimples on each membrane (Fig. 4C) due to the mismatch in the
lengths of the hydrophobic regions of the membrane and the SNARE TMDs. We hypothesized
that the membrane stress induced by the hydrophobic mismatch in our simulations might
promote membrane fusion.

We therefore performed simulations using SNARE-like fusogens lacking attractive
interactions between the N and C terminal beads of the TMDs and the lipid head beads. This
mutation abolished the ability of the fusogens to induce local thinning of the membrane (Fig. 4C).
Simulations used 6 fusogens.

In these simulations with abolished membrane thinning, no fusion occurred during the ~
Ims running time (n = 10 runs). To quantify the decrease in thinning, we measured the
membrane insertion depths of the TMD C-terminus bead and the LD C-terminus bead for both
the SNARE mutants and the WT SNAREs throughout the simulations. For the WT SNARE, the
two beads were significantly closer to surrounding lipid head beads than the SNARE mutant (Fig.
4C), indicating that the WT SNAREs could thin the membrane much more potent.

Membrane fusion requires a sufficiently strong zippering force

Optical tweezer experiments have shown that a single neuronal SNARE complex can
provide a zippering force of ~ 18 pN (3). This finding has been reproduced using CG
simulations (27). Based on our simulations showing that membrane fusion requires the
membranes to be pressed together with force greater than a critical value, we hypothesized that
membrane fusion requires a sufficiently large zippering force.

We therefore performed simulations using 6 SNARE-like fusogens, varying the
magnitude of the zippering force from 6 pN to 18 pN. A zippering force of 18 pN per SNARE or
more was required for fusion, while 15 pN was required for hemifusion (Fig. 4D). Simulations
with a zippering force less than 18 pN produced no fusion; the fraction of simulations in which
fusion occurred increased as the zippering force increased, reaching 100% with a zippering force
of 24 pN. Membrane fusion was faster as the zippering force increased beyond the 18 pN
requirement (Fig. 4D).

We measured the radius of the ring of SNARES that formed prior to hemifusion (fig. 4D)
and the total force pressing the two membranes together (Fig. 4E). Interestingly, we observed a
smaller SNARE ring with a larger SNARE zippering force. With a larger zippering force, the
SNAREs were more spatially confined to generate higher entropic force to balance the in-plane
component of the zippering force. When the zippering force reached 15 pN, the pressure acting
on the vesicle-vesicle contact zone within the snare ring reached ~10 atm, comparable to the
value required in brute force simulations, suggesting a minimum zippering force of this
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magnitude should be expected. However, we note that the exact value of the minimum zippering
force may be sensitive to the parameters of our model and the duration of our simulations.

Membrane fusion is faster with more SNARES

Whether fusion requires a minimum number of SNARE complexes is controversial, and
reports of the number required range widely from 1 to 10 (5, 7-9, 11-13, 32). In our previous
simulation studies, we found that no requirement for the number of SNAREs, but fusion was
faster with more SNARESs (33, 34). Here, we performed simulations using varying numbers of
SNARE-like fusogens to investigate the dependence of fusion kinetics on the number of
SNAREs at the fusion site.

Consistent with previous simulation studies, fusion was faster with more SNARE-like
fusogens. With more than 3 fusogens, the fraction of runs in which fusion occurred increased
with additional SNARE-like fusogens, while the fraction of runs in which hemifusion occurred
was approximately unchanged (Fig. 5A). Similarly, the delay from hemifusion to fusion
deceased with additional fusogens. Our results suggest that the two membranes are more likely
to be trapped in the hemifusied state with fewer SNARES (“dead-end hemifusion”).

With fewer than 3 fusogens, we observed no fusion events over the course of simulations
lasting ~1 ms (n = 40). We speculate that this apparent requirement for 3 or more fusogens
could be caused by our limited simulation time. Indeed, extrapolating the membrane fusion time
to fewer than 3 SNARE-like fusogens produced estimates in excess of the total duration of our
simulations.

Two mechanisms influence the fusion kinetics as the number of SNAREs changes.
Firstly, the total zippering force provided by all SNAREs increases with more SNARES present,
resulting in a greater force pressing the two membranes together (Fig. 5B). In the previous
section, we showed that the fusion rate was faster with a larger zippering force per SNARE-like
fusogen; thus, a greater net pressing force is expected to speed fusion. Secondly, the entropic
forces expanding the SNARE ring are enhanced with additional SNAREs (Fig. 5B). Thus, with
fewer SNARES, a weaker force presses the membranes together, reducing fusion rates.

Membrane tension increases hemifusion and fusion rates

Experimental studies suggested that membrane tension activated exocytosis during the
migration of fibroblasts (63, 64). In an in vitro study of SNARE-mediated fusion lipid mixing
between large unilamellar vesicles (LUVs) and either giant unilamellar vesicles (GUVs) or
planar membranes increased sharply when the tension of the GUV or planar membrane was
elevated beyond ~3-4 pN/nm (65), much higher than typical cellular membrane tensions, ~0.04
pN/nm (66). MD simulations of protein-free fusion also found that fusion required high tensions
(67); however, the reported threshold value required for fusion of ~50 pN/nm is several times
greater than typical membrane rupture tensions ~5-10 pN/nm, possibly undetected due to the
~1us timescales of their simulations. It has been hypothesized that membrane tension facilitates
membrane fusion directly by lowering the energy barrier to fusion (68). Thus we performed
simulations to investigate the possible effects of membrane tension on SNARE-mediated
membrane fusion kinetics.

We used 6 SNARE-like fusogens and performed simulations under different membrane
tension ranging from 0.05 pN/nm to 4 pN/nm (n = 20 runs). Membrane tension was set by
placing solvent beads in each vesicle with a concentration chosen to produce the desired tension
based on the Young-Laplace law and the ideal gas law. Solvent beads interact only with lipids
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and are thus expected to be well-described by the ideal gas law. We found that hemifusion events
occurred more frequently at higher membrane tensions (Fig. 5C), and fusion was delayed as
tension increases from 0.05 pN/nm, but fusion rate was restored when the tension reached the
rupture tension in our simulation, 4 pN/nm.

Conclusions

Here we used 4-bead lipids interacting via the well-tested Cooke-Deserno force field (46-48) to
build DPPC vesicles. We controlled the vesicle membrane tension with a fictitious intravesicle
gas, and used SNAREpin-like fusogens whose zippering was mimicked with an 18 pN zippering
force as measured experimentally (3) (Fig. 1). With this UCG system, the UCG SNAREpins
fused 50-nm vesicles on ms timescales along a reproducible fusion pathway: SNARE-SNARE
and SNARE-membrane entropic forces cleared the fusion site and pressed the vesicles into an
extended contact zone (ECZ), drove a stalk to nucleate at the high curvature ECZ boundary, and
drove stalk expansion into a long-lived hemifusion diaphragm (HD) in which a simple pore
completed fusion.

Consistent with enhanced neurotransmitter release rates observed with cells with
mutations so that more SNAREpins are at the fusion site (32, 69), in simulations more SNARES
generated higher entropic forces and fused membranes faster (34), from ~ 8.9 ms (5 SNARES) to
~ 0.7 ms (9 SNAREs). TMD-mediated membrane thinning (35, 36) and zippering forces
promoted fusion. In simulations with short fusogens, fusion and entropic forces were abolished.
In summary, our results suggest that the functional significance of the rodlike SNAREpin shape
is for fusogenicity, endowing SNARE complexes with the ability to exert entropic forces that
drive hemifusion and fusion on ms timescales.
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Figure 1. Coarse-grained model of phospholipid vesicles and SNARE complexes. (A) Cross-
section of a simulated ~50 nm diameter CG phospholipid vesicle, in which lipid head beads are
shown white and lipid tail beads red. Solvent beads (blue) in the vesicle lumen are used to
maintain the membrane tension. Scale bars: 10 nm. (B) Side view of the simulation initial
condition in the absence of SNARE-like fusogens, in which two ~50 nm diameter vesicles are
placed within a cylinder (blue lines) and pressed together by forces applied to every bead. Scale
bars: 10 nm. (C) Simulation of SNARE-mediated fusion. Left: Side view of the simulation initial
condition, in which 6 SNARE-like fusogens connect two ~50 nm diameter vesicles, with lipids
overlapping the TMDs deleted. Scale bars: 10 nm. Top right: Schematic of two trans-SNARE
complexes connecting two vesicle membranes. VAMP is colored blue; Stx is colored red, and
SNAP-25 is colored green. VAMP and Stx are anchored to a vesicle membrane by a-helical
TMDs (yellow)(PDB ID: 3HD7) (52). Bottom right: zoomed in view of the 6 SNARE-like
fusogens connecting two vesicles. Scale bars: 5 nm. (D) Top: SNARE complex and the coarse-
grained model. Bottom: TMD and the coarse-grained model. The TMD consists of two
hydrophobic beads (green) and one hydrophilic bead (yellow). An LD C-terminus bead (cyan)
attaches to the TMD rigid body. (E) Top: the neuronal SNARE complex and the CG SNARE
complex with unzippered LDs. Bottom: zipppered SNARE complex.
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Figure 2. Brute force method mediating membrane fusion and the TMD-LD-TMD (TLT)
fusogens. (A) Cross-section of two ~30 nm diameter vesicles being pressed together, showing
the flattened membrane contact zone. Lipid head beads (green, white) and lipid tail beads (blue,
magenta) are colored differently to distinguish the upper and lower vesicles. (B) Bottom view of
a membrane patch at the membrane contact zone from the top vesicle shown in (A). First, a
hemifusion connection formed at the edge of the contact zone, indicated by a yellow arrow.
More hemifusion connections accumulated until a fusion pore developed in one of them (bottom
right snapshot, orange arrow). (C) The TLT fusogen cannot fuse two vesicles together. The TLT
fusogen consists of two TMDs and two LDs with the same color scheme as in Fig. 1D.
Simulation snapshots of the whole system (top), the cross-section side view box region (middle),
and the top view of the contact zone between vesicles (bottom) are shown. The fusogens cluster
on the vesicles. TLT fusogens often lead to reversible hemifused stalk connections.
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Figure 3. Snapshots showing the SNARE-mediated membrane fusion pathway. Top: Side view
of fusing vesicles. Scale bar: 10 nm. Middle: Cross-section of the box region in the system. Scale
bar: 5 nm. Bottom: Top view of the SNAREpin ring, including the bottom vesicle membrane.
Scale bar: 5 nm. The membrane adhesion zone develops early, after 1 ps.

3

19


https://doi.org/10.1101/2021.06.23.449668

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.23.449668; this version posted June 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

- $
g}; % djj g R
- § ' a i 0
. i @ P
o5 DR CINOnIIooDs 2 2031
2 nm% 6nm ¢ 14 nm % E 2
€
T
' % g : :
0 0.5 1
Time (ms)
T s 1
=]
2 8
a e
305 <05
‘e =
E o
T
6 9 12 15 18 21 24 27 30 06912151821242730
TMD-mutant
Zippering force (pN) Zippering force (pN)

100

50

Pressing membranes force (pN)

SNARE ring radius (nm)

6 9 12 15 18 6 9 12 15 18

Zippering force (pN) Zippering force (pN)
Figure 4. SNARE mutants affect membrane fusion kinetics. (A) Two SNARE mutants with 2
nm (left), 6 nm (middle), and 14 nm (right) SNARE motif. (B) Cumulative of the fraction of
simulations (n=20) achieved hemifusions (left) and fusion after hemifusion happened (right)
using mutants with different SNARE motif lengths (6 SNARES) during 1.36 ms simulation time.
For more details, please see Fig. S1. (C) Simulation snapshot of the WT SNARE with local
membrane thinning (left) and SNARE mutants with neutrally charged TMD C-terminus and LD
C-terminus residues to switch off local thinning (right). Scale bar: 5 nm. (D) Fraction of 6-
SNARE-mediated fusion simulations (n=20) resulted in hemifusion (left) and fusion (right)
under each SNARE zippering force within 1.36 ms. (E) Force pressing membrane together (left)
and the SNARE ring radius (right) under each value of zippering force before hemifusion
happened. Measurement was conducted every ~10 ps. Error bars: SD.
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Figure 5. Effect of number of SNAREs and membrane tension on the hemifusion and fusion
kinetics. (A) Cumulative distribution function describing the fraction of simulations (n=40)
achieving hemifusion and fusion following hemifusion, for different numbers of SNARESs during
the 1.36 ms simulation time. Mean hemifusion and fusion times are shown. The insets are the
zoomed in view for hemifusion time of 5-9 SNAREs and hemifusion to fusion time for 6-9
SNAREs, respectively. Error bars: SDs of mean time. For details, see Fig. S2. (B) Force pressing
membrane together and the SNARE ring radius (right) under each value of zippering force
before hemifusion happened. Measurement was conducted every ~10 ps. Error bars: SD. (C)
The cumulative distribution function of the fraction of 6-SNARE-mediated simulations (n=20)
resulted in hemifusion (left) and fusion after hemifusion happened (right) under each membrane
tension during 1.36 ms simulation time. For more details, please see Fig. S3.
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