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membrane is a primary requirement of cells. Accordingly,

cellular events that breach the membrane are tightly
regulated’. Artificial vesicles used in drug delivery must also stay
intact until they have reached the desired target®. In both cases,
the intrinsic resistance of the membrane to rupture must be
overcome to allow the efflux of the vesicle’s contents. Here, we use
mesoscopic simulations® to study the fusion of 28-nm-diameter
vesicles to 50 x 50 nm* planar membrane patches over 2 ps.
We monitor the time evolution of 93 different fusion attempts.
This allows us to construct a global morphology diagram, using
the initial tensions of the vesicle and the planar membrane patch
as control parameters, and to determine the corresponding fusion
statistics. All successful fusion events are observed to occur within
350 ns, which reflects the presence of alternative pathways for the
tension relaxation.

Vesicle fusion in vivo, which involves many proteins interacting
in complex ways*®, occurs on a length scale of tens of nanometres
and a timescale that is submillisecond, and possibly faster than
100 microseconds®. It is therefore not yet possible to visualize the
formation of the fusion pore experimentally. Atomistic molecular
dynamics simulations are limited to length- and timescales involving
perhaps 100 lipid molecules evolving for tens of nanoseconds’,
leaving coarse-grained simulation as the only currently available
tool to follow the molecular rearrangements that occur on the path
to fusion. Accordingly, a number of simulation models have been
constructed to study the process. Coarse-grained molecular dynamics
simulation of the fusion®® of two 15-nm-diameter vesicles shows
that the high curvature of the vesicles and transient protrusions
of a few lipid headgroups drives their fusion. A two-dimensional
model of fusion between rigid rod-like lipids found that an
internal pressure in the ring-like vesicles was necessary for full fusion
to occur. Brownian dynamics simulations'' of rigid lipids without
explicit solvent revealed two possible pathways for fusion: one in
agreement with the theoretical stalk model'>", the other similar to
recent Monte Carlo simulations' of the fusion of two tense, planar
membrane patches. These techniques have limitations because of
the reduced dimensionality of the system'* or the lack of solvent
particles'. In addition, all previous simulation studies focussed
on a few fusion events, and thus could not address the statistics
of fusion.

Maintaining the integrity of their protective plasma
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Figure 1 Adhesion of a tensionless vesicle and membrane. Time sequence of
six snapshots corresponding to the adhesion of a relaxed 28 nm diameter vesicle
and a relaxed square membrane patch, of linear extent 50 nm, containing 6,541 and
8,227 molecules respectively. The corresponding molecular areas are A/Nay> = 1.26
for both planar membrane and vesicle (lower left corner in Fig. 3). For each bilayer,
the molecular area is obtained by dividing the area A of the two bilayer water
interfaces by the number N of lipid molecules and by the squared bead diameter

as. Each snapshot represents a cross-sectional image through the simulation box.
Particles representing groups of water molecules initially outside the vesicle are

not shown for clarity; those initially inside are shown. The slow emergence of a few
water particles through the vesicle membrane is seen, which is negligible compared
with the approximately 50,000 initially inside it. The thickness of the membranes

is about 3.3 nm. After initial contact between the vesicle and planar membrane
during the first 64 ns, the vesicle adheres to and spreads onto the planar membrane
patch up to about 640 ns (note the unequal time intervals between the snapshots).
After this time, the different membrane tensions are balanced and the membranes
attain a fixed shape as shown in Fig. S2.A of the Supplementary Information. (All
snapshots were produced using the PovRay ray tracing program, www.povray.org.)

Here, we use an alternative mesoscopic simulation technique,
dissipative particle dynamics (DPD), that includes explicit solvent
particles, has been shown to reproduce the correct hydrodynamic
forces appropriate to a fluid", and is capable of exploring the phase
behaviour of lipid molecules' and simulating vesicle formation'.
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80 ns

Figure 2 Fusion event between a vesicle and membrane. Time sequence of

six snapshots for a typical fusion event of a tense 28-nm-diameter vesicle and

a tense square membrane patch, of linear extent 50 nm, containing 5,684 and
5,455 lipids, respectively, driven by the uniform initial tensions in the vesicle/planar
membrane. The corresponding molecular areas are A/Na,? = 1.9 and 1.45 for the
planar membrane and vesicle, respectively (upper right corner in Fig. 3). Particles
representing groups of water molecules initially outside the vesicle are not shown
for clarity; those initially inside the vesicle are shown. Cross-sectional images
through the simulation box are shown at 32-ns intervals with the first image
generated 80 ns after the start of the simulation. The initial contact of the vesicle
to the planar membrane is by its shape fluctuations, and a few vesicle lipids are
drawn across the solvent-filled gap of 1.2 nm into the planar membrane by its
tension. The rare occurrence of a lipid spontaneously leaving the planar membrane
and re-entering it is visible in the first two snapshots. The slow emergence of water
particles from the vesicle interior is also visible before fusion, although the number
that leave on the fusion timescale (~20) is again negligible compared with the
number initially inside the vesicle (~50,000).

On monitoring the time evolution of 93 fusion attempts, we are
able to construct a global morphology diagram, which summarizes
the dependence of fusion on the initial tensions within the vesicle
and/or planar membrane, and to determine the corresponding
fusion statistics. Even in the regime of relatively large tensions, only
a certain fraction of all attempts results in successful fusion events.
This unreliability of tension-induced fusion indicates that one needs
fine-tuned forces within the contact zone of vesicle and membrane
in order to obtain a substantial increase in the fusion probability.
Methodological improvements to the original DPD algorithm'®
have resulted in an improved understanding of the integration
scheme and optimal integration step-size'. See ref. 20 for a general
review of DPD. The main advantage over coarse-grained molecular
dynamics is the ability to simulate a 50 x 50 x 50 nm’ fluid system
for many microseconds, allowing processes such as vesicle fusion to
be followed for long times. This gain in length- and timescales results
from a coarse-graining of atoms (or atomic groups) into beads,
which all have the same diameter a,, and a related softening of the
inter-molecular force fields to soft forces, which are all short-ranged
with range a,. A lipid is represented in our model by three linearly
connected hydrophilic beads (H), representing the polar headgroup,
to which two chains of four hydrophobic beads (C) are joined.
Solvent (water) particles are represented by a single bead W. Both
the vesicle and planar membranes are composed of the same kind of
lipid, and are in the fluid state. They can be placed under a uniform,
global tension by reducing the area per molecule. These tensions are
used as control parameters, and are determined using the procedure
described in the Supplementary Information. All simulations take
place in the N,VT ensemble with constant particle number N,,

P
simulation box volume V; and temperature T. All results reported
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Figure 3 Morphology diagram for a vesicle in close proximity to a planar
membrane. Shown as a function of the initial molecular areas, A/Nay?, for the
planar membrane and vesicle. The tensionless states are indicated by solid lines

at the lower left of the diagram, and the molecular areas, at which rupture occurs
almost immediately, by dashed lines at the upper right. Because rupture is a
dynamic process, occurring more slowly as the tension is reduced, the rupture
boundaries represent the molecular areas at which the vesicle or planar membrane
were always observed to rupture within 2 ps. The dotted line represents the stability
line of hemifused states; the shaded region corresponds to the fusion regime in
which we observed at least one successful fusion event. Points in the diagram are
coloured according to the outcome that occurred in an absolute majority of the
attempts: successful fusion is indicated by blue squares; rupture of the vesicle or
planar membrane is indicated by red squares; hemifusion is indicated by yellow
squares, and adhesion of the vesicle to the planar membrane, but without merging
of their proximal monolayers, is indicated by green squares. Note that most squares
represent the majority outcome of at least four independent simulations. Borderline
cases were more intensively examined, for example, 10 runs of 1.6 ps each

were performed for the point with the vesicle A/Na,? = 1.3 and planar membrane
A/Nay? = 1.9; and 7 runs of 640 ns for the point with vesicle A/Na,> = 1.45 and
planar membrane A/Na,? = 1.75. A total of 93 independent runs were performed to
generate the data represented in this diagram (see the Supplementary Information
for more details about the data set.)

here were obtained at room temperature (300 K) in a simulation
box of volume 50 x 50 x 50 nm’. Further details on the simulation
technique are given in the Supplementary Information and ref. 3.
Note that we did not attempt to map specific lipid molecules
and their interactions onto the lipid-like molecules simulated
here. However, because membrane fusion is a ubiquitous process
observed in diverse amphiphilic systems, which have quite distinct
microscopic interactions, we believe that our simulations capture
the essential features that are crucial for tension-induced fusion.

Our fusion protocol starts by assembling a 50 x 50 nm?
planar membrane patch and a 28-nm-diameter vesicle in close
proximity in a solvent-filled simulation box. The tensionless
planar membrane contains approximately 8,200 lipids, whereas the
tensionless vesicle contains approximately 6,500 lipids. Uniform
initial tensions are induced by reducing the number of molecules
for fixed projected area and fixed volume of membrane patch and
vesicle, respectively.

No fusion is observed when the vesicle and planar membrane
are initially relaxed. Instead, the vesicle adheres to and spreads onto
the planar membrane as shown in Fig. 1. Direct inspection of this
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figure shows that the shape of both vesicle and patch changes during
the spreading process until about 640 ns. During this time period, the
different membrane segments experience different tensions that are
not balanced along the boundary of the contact zone, and the system
exhibits hydrodynamic interactions through the water particles.
After about 640 ns, the system has relaxed and its morphology no
longer changes up to 1,440 ns; see Fig. S2.A in the Supplementary
Information where the time evolution of the tensions is discussed in
more detail.

A successful fusion event is shown in Fig.2 between a planar
membrane containing 5,455 lipids (molecular area A/Ngy=1.9
corresponding to a tension 50 mN m™) and a vesicle containing
5,684 lipids (A/Nay* = 1.45). For each bilayer, the molecular area is
obtained by dividing the area A of the two bilayer water interfaces
by the number N of lipid molecules and by the squared bead
diameter a3. The first snapshot in Fig.2 shows the tense membrane
and vesicle closely apposed, and a few lipids bridging the solvent gap.
Subsequent snapshots show the development of the fusion pore
through a flattened, contact zone in which the proximal monolayer
lipids intermingle. We note that the timescale for the fusion event, a
few hundred nanoseconds, is supported by the existence of a relatively
sharp boundary separating the lipids initially in the planar membrane
from those initially in the vesicle seen in the final snapshot of
Fig. 2, indicating a lack of significant in-plane diffusion during the
pore opening.

However, fusion is not always observed even in the presence
of relatively large initial tensions because the system can follow
alternative pathways to relax these tensions. The alternative pathways
are provided by the rupture of the planar membrane, rupture of
the vesicle membrane, and hemifusion of the two membranes in
the contact zone. The hemifused state arises from the merging of the
two bilayers in the contact zone (see Fig. S2.B in the Supplementary
Information) and has the same overall morphology as the adhered
state. These different pathways lead to the morphology diagram as
shown in Fig. 3, which summarizes the outcomes of 93 independent
simulation runs or fusion attempts. The planar membrane’s inital
molecular area is plotted along the x axis and the vesicle’s initial
molecular area along the y axis; these two quantities determine the
initial tensions in these two membranes, respectively.

We define the fusion regime to contain all initial tension
values for which we observed at least one successful fusion event.
This regime contains 74 of our 93 independent fusion attempts.
In Fig. 3, the fusion regime is bounded from above by the dashed
rupture lines at which the planar membrane or the vesicle rupture
prematurely before the system can explore any other pathway.
Note that the vesicle ruptures at a smaller molecular area (or,
equivalently, a smaller tension) than the planar membrane patch
as a result of the weakening effect of the vesicle curvature on the
membrane stability. As one starts from the rupture (dashed) lines
and decreases the initial tensions, one moves across the fusion
regime (shaded area) until one reaches the dotted line in Fig. 3,
which corresponds to the stability line of the hemifused state.

Within the fusion regime, the time evolution of the membrane
morphology is stochastic and can follow different pathways starting
from the same values (x,y) for the two initial tensions. Indeed, the
fusion regime displayed in Fig. 3 contains 42 successful fusion events,
eight vesicle ruptures, three planar membrane ruptures, and 21
hemifusion events. The blue squares within the shaded fusion regime
correspond to those initial tension values for which fusion represents
the dominant process. The detailed statistics of all simulation
runs included in Fig.3 is given in Table S1 of the Supplementary
Information, which also contains additional illustrations of the
different pathways within the fusion regime.

Inspection of Fig. 3 shows that the bilayer membranes simulated
here are more stretchable than phospholipid bilayers and behave, in
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Figure 4 Histogram of the 42 out of 93 independent simulations that result in
a fusion pore appearing in a given time. Results are grouped according to the
vesicle’s projected molecular area, A/Nay? (the rows in Fig. 3). For the cases with
A/Nay? = 1.3, a total of 17 simulations were performed, three of which resulted

in fusion within 1.6 ps, two cases ended in the planar membrane rupturing, and
the remaining 12 cases ended in hemifusion. For A/Na,? = 1.35, 25 simulations
were performed, of which 12 resulted in fusion, one in adhesion of the vesicle,

one in premature rupture of the planar membrane, and the remaining 11 cases in
hemifusion. For A/Na,? = 1.4, 30 simulations were performed, of which 14 resulted
in fusion, two in adhesion, one in premature rupture of the vesicle and the remaining
13 cases resulted in hemifusion. For A/Na,? = 1.45, a total of 21 simulations were
performed, of which 13 resulted in fusion, one in hemifusion and in the remaining
seven cases the vesicle ruptured. Note that all simulations were run for at least
640 ns, and many for 1,600 ns, ensuring that every case was simulated for at least
twice as long as the largest observed fusion time.

this respect, more like block-copolymer bilayers* (see also Fig. S1
of the Supplementary Information). Thus, in order to apply the
morphology diagram in Fig. 3 to phospholipid bilayers, one should
rescale both the x and the y axis in such a way that the maximal
molecular areas correspond to the experimentally observed ones.
Each fusion event can be characterized by its fusion time,
which is the time from first membrane contact to the appearance
of a complete fusion pore. The measured fusion times for the 42
successful fusion events are shown in Fig.4. This histogram has
two remarkable features. First, the fusion-time distributions for
different vesicle tensions have significant overlap and are all centred
around 200-300 ns. Second, we have not observed any fusion time
between 350 ns and 2 ps. This upper cut-off of the fusion-time
distribution arises from the stabilization of the hemifused state in
the membrane geometry considered here. Because the hemifused
state is (meta)stable for relatively large initial tensions, fusion can
only occur at even larger tensions for which the fusion pathway
exhibits no activation barrier. Similar fusion-time distributions
should apply to the fusion of two vesicles that are comparable in size.
In general, the stabilization of the hemifused state will depend on the
membrane areas that are stretched initially. If the area of the planar
membrane is large compared with the vesicle area, relatively stable
hemifused intermediates are also observed if one initially stretches
only a subsegment of the planar membrane. On the other hand, if
one stretches such a larger membrane uniformly, the hemifused
states are only stabilized for smaller initial tensions, and the dotted
stability line in Fig. 3 is shifted towards smaller tension values.
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