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Eukaryotic cells continuously remodel their membrane architecture by fusion processes, which are ini-
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tiated by the adhesion of two membranes and eventually lead to a single membrane with a membrane

neck or fusion pore. The fusion of cellular membranes involves membrane proteins but the fusion of

biomimetic membranes such as lipid bilayers can be induced by bilayer tension even in the absence of
proteins. Tension-induced fusion competes however with membrane rupture, which tends to impair
the fusion process. Here, we show by molecular dynamics simulations that nanovesicles enclosed

by tensionless and asymmetric bilayers can undergo fusion without rupture and that these fusion
processes follow two distinct pathways, a slow and a fast one. Fast fusion starts immediately after an
initial point contact between the two vesicles has been established whereas slow fusion occurs only

after the vesicles have formed a spatially extended contact area. The two pathways are controlled by

the stress asymmetry between the two bilayer leaflets or, equivalently, by the resulting transbilayer
torque. Our simulation results have important consequences for the free energy landscapes corre-
sponding to fast and slow fusion of nanovesicles, for experimental studies elucidating these fusion
pathways, and for protein-mediated fusion of cellular membranes.

1 Introduction

The fusion of bilayer membranes is ubiquitous in all eukaryotic
cells, where it is crucial for many cellular processes such as vesi-
cle trafficking between different membrane-bound organelles®,
exocytosis of neurotransmitters, hormones, and exosomes2? as
well as the interactions of enveloped viruses with their host cells4.
Membrane fusion starts with the adhesion of two membranes and
is completed when the two membranes are connected by a mem-
brane neck or fusion pore. The simplest mechanism for mem-
brane fusion is provided by the mechanical tensions acting within
the membranes in their prefusion state.” One major drawback of
this fusion mechanism is, however, that tense membranes tend
to rupture before they fuse. This competition between membrane
fusion and membrane rupture strongly reduces the probability for
fusion when induced by bilayer tension.

Here, we show, using coarse-grained molecular dynamics sim-
ulations, that even tensionless bilayers of nanovesicles undergo
fusion provided their outer bilayer leaflets are stretched whereas
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their inner leaflets are compressed. We identify two distinct path-
ways for such fusion processes, a fast and a slow one. Fast fusion
starts as soon as the two vesicles come into close contact whereas
slow fusion requires the formation of an extended contact area
between the two vesicles. Furthermore, both fusion pathways are
characterized by vanishing bilayer tension which implies that they
avoid membrane rupture.

For simplicity, we focus on the fusion of two identical nanovesi-
cles, which are assembled from the same number of lipid
molecules and enclose two spatial regions of equal volume as
shown in Figures[l] and [2] further below. The vesicles then un-
dergo translational and rotational diffusion which leads to their
initial contact. Subsequently, the two vesicle bilayers attain a va-
riety of intermediates bilayer states until they fuse and form a sin-
gle vesicle. Whether they fuse via the fast or slow fusion pathway
is primarily controlled by the stress asymmetry between the two
bilayer leaflets. This stress asymmetry generates a transbilayer
torque'Z that acts to rotate the bilayers’ cross-sections around their
mid-surfaces.

Our results are obtained via Dissipative Particle Dynam-
ics (DPD), a coarse-grained molecular dynamics simulation
method. 10 As explained in the Methods section, DPD enables
us to prepare and study nanovesicles with a diameter of about
40nm and to obtain a reliable statistics for the fusion process.
In contrast, the main experimental approach to study the mor-
phology of nanovesicles has been imaging by different variants
of electron microscopy. #MHI3 These experimental methods have
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one major drawback, however, because they provide only a single
snapshot of each vesicle. In contrast, computer simulations with
molecular resolution as used here can reveal the molecular dy-
namics of the lipids and the nanoscopic dynamics of the bilayers,
thereby monitoring and elucidating the spatio-temporal remodel-
ing of individual nanovesicles.

Our paper is organized as follows. In the next section, we will
describe the assembly of lipid nanovesicles and their character-
ization in terms of lipid numbers and leaflet tensions. In addi-
tion, we will also emphasize that the vesicle volume represents
another important control parameter and that the nanovesicles
attain a unique reference state with tensionless leaflets. Next, we
use time series of simulation snapshots to distinguish fast from
slow fusion events. This distinction is further corroborated by a
systematic analysis of the different clusters as formed by thehead-
groups and hydrophobic chains of the two vesicle bilayers. The
cluster analysis also identifies specific vesicle states corresponding
to hemifusion stalks as well as interbilayer bridges formed by pro-
trusions and splayed lipids. The stochastic character of the fusion
process is demonstrated by computing the fusion times of individ-
ual simulation trajectories as well as the average fusion time. We
also emphasize several important consequences of our simulation
results for the free energy landscapes of fast and slow fusion, for
possible experimental studies, and for protein-mediated fusion of
cellular membranes. At the end, we summarize the results of our
paper and give a brief outlook on related topics that can be stud-
ied using the same computational approach as described here.

2 Assembly and characterization of nanovesicles

2.1 Assembly of lipids into bilayer membranes

Each nanovesicle is enclosed by a bilayer of lipid molecules, which
consists of two leaflets and represents the universal building block
of both biological and biomimetic membranes. In the simulations,
each nanovesicle is assembled from N, lipids in the outer leaflet
and N; lipids in the inner leaflet. To reduce the number of system
parameters, all vesicles studied here are assembled from the same
total number of lipids as given by Ny + N;; = 10100. To study the
fusion of two nanovesicles, we focus on two identical nanovesi-
cles, each of which is assembled from the same lipid numbers N
and N; = 10100 — N,;. In addition, each vesicle encloses the same
number of water molecules and, thus, has the same volume. To
start the fusion simulations, we place the two vesicles into close
proximity, with their outer leaflets separated by a small distance
of the order of the bilayer thickness. The vesicles then undergo
translational and rotational diffusion, which typically brings them
into close contact after a relatively short simulation time.

2.2 Vesicle volume controlled by osmotic conditions

Each vesicle membrane creates two aqueous compartments, an
interior compartment enclosed by the membrane and an exterior
compartment outside of the vesicle. Furthermore, lipid bilayers
represent semipermeable surfaces, which allow the permeation
of water but are impermeable to most ions and even small so-
lute molecules. As a consequence, the volume of the vesicle can
be controlled by the concentrations of solutes in the exterior and
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interior aqueous compartments. In the simulations, the inflation
and deflation processes are mimicked by changing the number
of water beads, which are initially enclosed by the vesicle. Be-
cause the permeation of water across the vesicle membranes is
very slow on the time scale of the simulations, the number of en-
closed water beads is essentially fixed to its initial value and thus
represents another useful control parameter.

2.3 Volume parameter and tensionless bilayers

It will be convenient to measure the vesicle volume in terms of
the volume parameter v, which represents the ratio between the
actual number of interior water beads and a fixed reference num-
ber of these beads, see Methods section. By changing the vesicle
volume and thus the volume parameter v, we also change the
bilayer tension X, which vanishes for a certain value v = vy of
the volume parameter. Nonzero values of membrane tension will
be given in units of kg 7'/ d?, where kgT is the thermal free energy
and d is the bead diameter, which represents the basic length scale
in the simulations. For an inflated vesicle with volume parameter
v > Vv, the vesicle membrane is subject to a positive bilayer ten-
sion, ¥ > 0, but experiences a negative bilayer tension, ¥ < 0, for
a deflated vesicle with v < vy. In the following, we will first focus
on vesicles with volume parameter v = v and vanishing bilayer
tension.

2.4 Leaflet tensions of lipid bilayers

Even though the lipid numbers N, and N are convenient control
parameters for the in-silico assembly of nanovesicles, they pro-
vide only limited insight into the mechanical and elastic states of
the lipid bilayers and their leaflets. Indeed, each leaflet of the bi-
layer membrane can be stretched or compressed when it is subject
to a positive or negative leaflet tension. Furthermore, for a lipid
bilayer with a fixed total lipid number, we can identify a unique
reference state, in which both leaflets are tensionless.Z14415 For
total lipid number Ny + N; = 10100 as studied here, the reference
state with tensionless leaflets is obtained for Ny = N} = 5993 and
Ny = N; = 10100 — N} = 4107.14

We denote the outer leaflet tension by X, and the inner leaflet
tension by ¥;. The sum Xj + X, of the two leaflet tensions is
equal to the bilayer tension X. The reference state of the bi-
layer is then characterized by X, = X = 0. To avoid membrane
rupture, the vesicle membranes are taken to experience only a
low bilayer tension. However, even for vanishing bilayer tension,
Y =% +X, =0, the individual leaflets can still experience signif-
icant leaflet tensions if one leaflet is stretched by a positive leaflet
tension whereas the other leaflet is compressed by a negative and
opposite leaflet tension, that is, if the two leaflet tensions satisfy
Yo = —X;. To explore the different bilayer states with vanish-
ing bilayer tension, we vary the stress asymmetry AX = X — X
between the two leaflets by changing the lipid numbers N, and
N; = 10100 — N, within the outer and inner leaflets for vanishing
bilayer tension.

Page 2 of 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sm00288a

Page 3 of 11

Open Access Article. Published on 11 June 2026. Downloaded on 6/11/2026 11:35:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

3 Fusion of nanovesicles with tensionless bilayers

Two nanovesicles, which are enclosed by tensionless bilayers, un-
dergo fusion for a sufficiently large and positive stress asymme-
try AX, corresponding to stretched outer and compressed inner
leaflets. Intuitively, these fusion processes can be understood as
follows. First, within the emerging contact area, the shielding
of the hydrophobic bilayer cores from the water is reduced by
stretching the two outer leaflets, thereby increasing their areas
per lipid. Second, the stretched outer leaflets try to reduce their
areas, thereby opening the emerging fusion pore. More precisely,
we observe vesicle fusion in all simulations with tensionless bilay-
ers for lipid number N, < 5700 and N;; 2 4400. Furthermore, each
fusion event can be categorized as “fast fusion" or “slow fusion"
as we will first demonstrate by visual inspection of the simulation
snapshots.

3.1 Fast fusion process

A fast fusion event starts shortly after the vesicles come into local
contact for the first time. One example for a fast fusion process
is shown in Figure[T] for lipid number N, = 5600 and stress asym-
metry AL = 2.2kgT /d®. In this specific example, the two vesicles
fuse at time 7 =ty = 0.6 us. Based on nine replicas, that is, on
nine statistically independent simulations, we obtain the average
fusion time (r7) = 3.1 us for Ny = 5600.

388

t=0ps t=0.4ps t=0.6 ps t=0.9 ps

Fig. 1 Time series of cross-sections for fast fusion of two nanovesicles
with lipid numbers Ny = 5600 and N;; = 4500 as well as volume parameter
v =V =0.966. The vesicles form an initial contact at r =0us, a hemi-
fusion stalk at r = 0.4 us, and fuse at t =17 = 0.6us. The average fusion
time (17) as obtained from nine statistically independent simulations is
equal to (tr) = 3.1 us.

3.2 Slow fusion process

Next, we consider two nanovesicles with lipid numbers N, = 5700
and N; = 4400. Compared to the nanovesicles with N, = 5600
and N = 4500, only 100 lipids corresponding to about 1 percent
of the total lipid number have been reshuffled from the inner to
the outer leaflet. This small change in the lipid numbers leads
to the reduced stress asymmetry AX = 1.68kgT /d*> and to slow
fusion that occurs only after the vesicles have formed a spatially
extended contact area. One example for such a slow fusion pro-
cess is depicted in Figure In this case, the vesicles fuse at time
t =ty = 23.2 us. Based on nine replicas, we obtain the average fu-
sion time (ty) = 15.8 us for No; = 5700. Thus, by reshuffling about
1 percent of the lipids from the inner to the outer leaflet, the av-
erage fusion time exhibits a five-fold increase.
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t=0ps t=6ps t=19 ps t=20.4 ps
t=224nps t=23.2ps t=25ps t=25.3 ps

Fig. 2 Time series of cross-sections for slow fusion of two vesicles en-
closed by tensionless bilayers with Ny = 5700, N; = 4400 and v = 0.966.
The vesicles come into contact at ¢t = Ous, adhere to each other for
0<t<6.2us, form a hemifused state for 6.2 us <t < 20.4 us, and fuse at
t =23.2us, forming a fusion pore or neck close to the contact line. The
horizontal arrow at 7 = 19 us indicates a hemifusion stalk, the vertical ar-
rows indicate pores across one of the bilayers or across the two adhering
bilayers, and the horizontal arrow at r =23.2 us points towards the fusion
pore. The average fusion time (f;) as obtained from nine statistically
independent simulations is equal to (t;) = 15.8 us.

3.3 Fast and slow fusion for other lipid numbers

When we start from the fast fusion process with lipid numbers
Ny = 5600 and N; = 4500 as displayed in Figure and further
increase the stress asymmetry AY by reshuffling a certain number
of lipids from the outer to the inner leaflet, we further reduce
the shielding of the hydrophobic bilayer cores from the water and
thus expect to facilitate the fusion process. This expectation is
confirmed for lipid numbers N, = 5500 and N; = 4600 as shown
in Figures S1 - S3 of the ESIt. Indeed, by reshuffling a hundred
lipids from the outer to the inner leaflet, the average fusion time
(tr) is reduced from (t7) = 3.1 us for Noy = 5600 to (t7) = 1.4 us for
Nop =5500.

On the other hand, when we start from the slow fusion process
with lipid numbers N, = 5700 and N; = 4400 as in Figure and
further decrease the stress asymmetry AY. by reshuffling a certain
number of lipids from the inner to the outer leaflet, we improve
the shielding of the hydrophobic chain region from the water and
thus expect to hinder the fusion process. This expectation is con-
firmed for lipid numbers Ny = 5900 and N; = 4200 as shown in
Figures S4 and S5 of the ESI{. In this case, we reshuffle 200
lipids from the inner to the outer leaflet, which leads to a strong
increase of the average fusion time (t7) from (r7) = 15.8 us for
Ny = 5700 to (tr) > 140 us for Ny = 5900. In fact, for Ny = 5900,
we observe only adhesion and no subsequent fusion of the two
nanovesicles even for long run times up to + = 140 us. Therefore,
for N,; = 5900, we obtain only the lower bound (tf) > 140 us for
the average fusion time (7).

Our results about the average fusion times for nanovesicles en-
closed by tensionless bilayers are summarized in Table S1 of the
ESIt. In addition, we also demonstrate that the distinction be-
tween the fast and slow fusion pathways is relatively insensitive
to the precise value of the volume parameter v. Indeed, this dis-

Journal Name, [year], [vol.], 1 |3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sm00288a

Open Access Article. Published on 11 June 2026. Downloaded on 6/11/2026 11:35:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

tinction also applies to slightly inflated nanovesicles, which ex-
hibit a volume parameter v = 1 > v, and are subject to a positive
bilayer tension, X > 0, see Figures S6 - S8 of the ESIj. Likewise,
we also observed slow fusion for a slightly deflated nanovesicle
with Ny = 5700 and volume parameter v = 0.9 < vy, which leads
to a negative bilayer tension, X < 0, see Figure S9 of the ESI7.

Our conclusions about the individual fusion events as obtained
by visual inspection of the time series of simulation snapshots
can be scrutinized and corroborated in a quantitative manner by
counting the total number of clusters, which are formed (i) by the
lipid headgroups and (ii) by the lipid chains, as explained in the
next subsection.

4 Cluster analysis of simulation trajectories

4.1 Cluster analysis for fast vesicle fusion

Two nanovesicles with outer leaflet numbers N, = 5600 undergo
fast fusion as displayed by the time series of snapshots in Figure[]
The corresponding cluster analysis is depicted in Figure[3] For
the intermediate time interval with 0.4 us < < 0.5 us, the cluster
analysis of the two nanovesicles with N, = 5600 again leads to
the cluster numbers ny = 3 and nc = 1, corresponding to a hemi-
fused state. In this example, the fusion time ty =, —1; = 0.6 us,
corresponding to the horizontal arrow in Figure[3]

\nC

nH—o—,

Fusion time t

J

Number of clusters

e

0

0.5 1 1.5
Time t [us]

Fig. 3 Cluster analysis of the fast fusion trajectory in Figure with Ny =
5600: Headgroup cluster number ny (blue) and chain cluster number
nc (red) versus time t. For t < Ous, the cluster numbers ny =4 and
nc = 2 represent two well-separated vesicles. At time ¢t =1 = 0us, the
two vesicles come into contact. During the time interval Ous <7 < 0.3 us,
the adhesion of the two vesicles leads to the cluster numbers ny =3 and
nc =2. For 0.4us <t <0.5us, we observe hemifusion with ng =3 and
nc = 1. Finally, for t > 0.6 us =t,, the fused vesicles are characterized by
ny =2 and nc = 1. Thus, the fusion time ¢ty =t —#; = 0.6 us, as shown
by the horizontal arrow.

4.2 Hemifusion diaphragms versus hemifusion stalks

Inspection of Figure[3|reveals that the two vesicles with Ny = 5600
exhibit an intermediate state with cluster numbers ny = 3 and
nc = 1 during the time interval 0.4 us < < 0.5us. These cluster
numbers correspond to hemifused states of the two vesicles, in
which the outer or proximal leaflets of the two vesicle bilayers
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have merged whereas their inner or distal leaflets remain sepa-
rate. In the literature, hemifused states are often described as
hemifusion diaphragms.16119 Such a diaphragm is provided by
a weakly curved bilayer segment which is bounded by a circular
line of chain junctions, at which three chain layers meet. In our
simulations, we do not observe such hemifusion diaphragms but
rather hemifusion stalks as displayed in Figure[d]

Nl
P e

Fig. 4 A hemifusion stalk formed by two adhering vesicle bilayers with
Nop = 5600 lipids at time r = 0.4 us, see the corresponding snapshot in
Figure Sections across the stalk displaying (a) both the blue head-
groups and the red lipid chains of the adjacent bilayers; (b) only the red
lipid chains, which form a single chain cluster corresponding to nc = 1;
and (c) only the blue headgroups, which form three headgroup clusters
corresponding to ng = 3. The three headgroup clusters are provided by
the merged outer leaflets of the two nanovesicles and by the two inner
leaflets of these vesicles.

4.3 Cluster analysis for slow vesicle fusion

Two nanovesicles with outer leaflet numbers N, = 5700 undergo
slow fusion as illustrated by the snapshots in Figure[2] The cor-
responding cluster analysis is depicted in Figure[5] After the two
vesicles come into contact with each other at time ¢ = Ous, they
adhere and form an extended contact area as in Figure[2] Such an
adhering state is characterized by the cluster numbers ny = 3 and
nc = 2 as previously shown in Figure[3 for N, = 5600. However,
for N, = 5700, the adhesion of the two vesicles involves recurrent
fluctuations of the chain cluster number nc between nc =2 and
nc = 1.

4.4 Interbilayer bridges by protrusions and splayed lipids
The recurrent fluctuations of the chain cluster number nc be-
tween nc = 2 to nc = 1 as observed in the adhesion state for the
time interval Ous <t < 6.2us, see Figure[§] are caused by lipid
protrusions and lipid flip-flops between the two adhering bilay-
ers. These lipid protrusions and lipid flip-flops form interbilayer
bridges between the adjacent bilayers as shown in Figures[f| and
respectively.

In Figure[f] we see two highlighted lipids that protrude from
the upper and lower bilayer in such a way that the chains of
these protruding lipids come into contact. In this way, the chain
cluster number nc is reduced from nc =2 to nc = 1. In Fig-
uref7} on the other hand, the interbilayer bridge is formed by
the splayed conformation of a single lipid molecule, in which the
two chains of the lipid point in opposite directions. When the
splayed lipid is in contact with the two chain layers of the adher-
ing bilayers, the chain cluster number n¢ changes from nc =2 to
nc = 1 as in Figure[5] When the splayed lipid relaxes and returns
to the usual lipid conformation with a parallel alignment of its
two chains, the cluster number nc changes back from nc =1 to
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Fig. 5 Cluster analysis of the slow fusion trajectory in Figure with
Noi = 5700: Time dependence of headgroup cluster number ny (blue) and
chain cluster number nc (red). The two vesicles are well separated for
t <Ous and first come into contact at 7 =7 =0us. For Ous <t < 6.2us,
they adhere to each other with ng =3 and nc = 2. Within this adhering
state, the chain cluster number nc exhibits recurrent fluctuations between
nc =2 and nc =1 until nc changes permanently from nc =2 to nc =1
at r =6.2us. At the latter time point, the two vesicles form a hemifused
state with ng =3 and nc = 1. This hemifused state persists up to t =
20.4 us, when the headgroup cluster number ny changes from ny =3 to
ng = 2. A detailed comparison of the cluster analysis with the cross-
sections in Figure reveals that the two vesicles fuse at r =23.2us. The
recurrent fluctuations of nc for r < 6.2 us are caused by lipid protrusions
and lipid flip-flops between the two adhering bilayers, see Figures[6]and
whereas the final changes of ny for t > 20.4 us arise from pore formation.

nc = 2. Splayed lipids, originally denoted as extended lipid con-
formations?%2l| have been previously observed in coarse-grained
molecular dynamics simulations based on DPD® and on the Mar-
tini force field22,

t=1.1ps

t=1.2ps t=1.3ps

Fig. 6 Protrusions of two highlighted lipids with yellow chains and cyan
head groups that form a transient bridge between two adhering bilayers
for Noj = 5700. The protrusion-induced bridge decays quite fast, see the
data for the chain cluster number nc (red) in Figure with r 2> 1.1 us.

4.5 Cluster analysis for other lipid numbers

The cluster analysis for fast fusion as observed for nanovesicles
with lipid numbers N, = 5500 and »; = 4600 within the outer
and inner bilayer leaflets is displayed in Figure S2 of the ESIf.
Furthermore, the cluster analysis for Ny = 5900 and N; = 4200 is
shown in Figure S5 of the ESIt. As previously mentioned, the two
nanovesicles with Ny = 5900 form an extended contact area for

Soft Matter

View Article Online
DOI: 10.1039/D6SM00288A

t=6.1ps t=6.2 T t=6.3 ps

Fig. 7 Splayed conformation of a single lipid molecule that forms a
transient bridge between the two adhering bilayers for N, = 5700. In
the splayed conformation, the two chains of the lipid point in opposite
directions. The cluster analysis implies that the transient bridge formed
by the splayed lipid decays quite fast, see the data for the chain cluster
number nc (red) in Figure with 7 2> 6.1 us.

at least 140 us but are not observed to undergo fusion during this
time scale.

5 Statistics of fusion times

In order to fuse, the two vesicles have to adhere and subse-
quently overcome one or several free energy barriers. As a conse-
quence, the fusion time ¢4 of an individual fusion event represents
a stochastic variable, which can be characterized by a cumulative
distribution function P(ts) and by an average fusion time (¢). The
cumulative distribution function P(ry) represents the probability
for a fusion event to occur at time ¢ with 0 <z <1;.

5.1 Fusion time statistics for fast fusion

The fast fusion process of two vesicles with outer lipid number
Ny = 5600 as in Figureleads to the cumulative distribution func-
tion P(t5) in Figure This distribution P(zs) is based on nine sim-
ulation trajectories, each of which with a run length of 15us. An
average over the individual fusion times as measured for the nine
trajectories leads to the average fusion time (7) = 3.1 us. The ex-
ample in Figure with ¢ty = 0.6 us corresponds to the 1st fusion
event of the distribution P(ts) as displayed in Figure

5.2 Fusion time statistics for slow fusion

The slow fusion process of two vesicles with outer lipid num-
ber Ny = 5700 as illustrated in Figure]2] leads to the cumulative
distribution function P(t) as depicted in Figure@ This distribu-
tion is obtained from nine simulation trajectories, each of which
with a run length of 30 us. The individual fusion times as mea-
sured for the nine trajectories leads to the average fusion time
() = 15.8us. The example in Figure[2] with 7y = 20.3 us corre-
sponds to the 7st fusion event of the distribution P(;) in FigureEl,
see dashed vertical line in this figure.

5.3 Fusion time statistics for other lipid numbers

For lipid numbers Ny = 5500 and N; = 4600 as well as volume
parameter v = vy = 0.966, the two nanovesicles undergo a fast
fusion process, see Figures S1 and S2 in the ESI{. The corre-
sponding fusion time statistics is displayed in Figure S3 of the
ESIf.
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Fig. 8 Cumulative probability distribution (black) for the fusion times
ty as obtained from nine fusion simulations of two nanovesicles with
Ny = 5600, N; =4500, and v =0.966. The blue line represents a fit to
the Weibull distribution P(t;) = 1 —exp(—(t7/7)¥) with the fitting param-
eters T=3us and k= 1.4. Averaging over the nine discrete fusion times,
one obtains the average fusion time (f7) =3.1us. The example in Fig-
ure with 7y = 0.6 us provides the 1st fusion event of the distribution as
indicated by the broken vertical line.
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Fig. 9 Cumulative probability distribution (black) for the fusion times
tr as obtained from nine fusion simulations of two nanovesicles with
Ny = 5700, N; = 4400, and v =0.966. The blue line represents a fit to
the Weibull distribution P(t;) = 1 —exp(—(t7/7)¥) with the fitting param-
eters 7 =16.2us and k =2.2. By averaging over the nine discrete fusion
times, one obtains the average fusion time (t;) = 15.8 us. The example in
Figure with 17 =20.3 us provides the 7th fusion event of the distribution
as indicated by the broken vertical line.
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6 Important consequences of simulation results

6.1 Free energy landscapes.

The fusion process observed in our simulations represents a topo-
logical transformation that is not coupled to any chemical reac-
tion such as nucleotide hydrolysis. As a consequence, this process
is “downhill” or exergonic in the corresponding free energy land-
scape, which has two local free energy minima corresponding to
(i) the initial two-vesicle state before fusion (BF) and (ii) the fi-
nal one-vesicle state after fusion (AF). In order to proceed without
any chemomechanical coupling, the free energy of the two-vesicle
BF state must lie above the free energy of the one-vesicle AF state.
Furthermore, the rate, with which the fusion process proceeds, is
governed by the free energy barrier that separates the BF state
from the AF state. Indeed, the fusion pathways observed here
imply that fast fusion has to overcome only a relatively low bar-
rier whereas slow fusion encounters a relatively high barrier. Our
simulations also demonstrate that the barrier height can be con-
trolled by the stress asymmetry between the two bilayer leaflets,
with a larger stress asymmetry generating a lower free energy
barrier.

It is also instructive to compare the curvature energies of the
initial BF states and the final AF states. These curvature ener-
gies consist of two terms, the bending energies and the Gaussian
curvature energies.2324 Inspection of Figure[l] for fast fusion im-
plies that the bending energies of these two states are very simi-
lar because the membrane neck in the third snapshot of Figure[]]
does not make any significant contribution to the bending energy.
Therefore, the curvature energies of these two states are deter-
mined by the Gaussian curvature energies which are proportional
to the Gaussian curvature (or saddle-splay) modulus k;. More
precisely, the two-vesicle BF state has the Gaussian curvature en-
ergy 8mk; whereas the one-vesicle AF state has the Gaussian cur-
vature energy 4nk;. The “downhill” fusion process from BF to AF
then implies that the free energy change is given by —4n kg, which
is negative for positive k. For slow fusion as in Figure[2] the free
energy of the vesicle system involves adhesion free energies in ad-
dition to the curvature energies. As far as the curvature energies
are concerned, the transformation of the BF state at timet =0s to
the AF state at r = 23.2 s is again dominated by the change —4n kg
of the Gaussian curvature energies as follows from a comparison
of the corresponding snapshots in Figure[2] Furthermore, the ad-
hesion free energy of the AF state acts to further decrease the free
energy of the one-vesicle AF state and thus to stabilize the latter
state compared to the two-vesicle BF state.

For symmetric planar bilayers, the Gaussian curvature modu-
lus x5 can be obtained from the second moment of the stress
profile.2. Using previous results for the stress profile of such
a bilayer’”Z, we have confirmed that kg is indeed positive and
has the numerical value kg = (74 1) kgT for the molecular lipid
model used here. A positive value kg ~ 20kgT has also been re-
ported for the Gaussian curvature modulus of egg lecithin bilay-
ers at room temperature, based on the experimental observation-
ave that these bilayers form a lattice of passages.2>2° The same
positive value kg ~ 20kgT was also obtained from the theoreti-
cal analysis?Z of electron microscopy images for smectic lyotropic
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phases as formed by egg lecithin bilayers“®. On the other hand,
giant vesicles enclosed by lipid bilayers that contain two phos-
pholipids and cholesterol have been observed to divide into two
daughter vesicles without any chemomechanical coupling, which
implies that these lipid bilayers have a negative Gaussian curva-
ture modulus.22

6.2 Experimental studies of nanovesicle fusion

Nanovesicles as investigated here by molecular dynamics sim-
ulations are also accessible to experimental studies. Indeed,
both synthetic and cellular nanovesicles have been experimen-
tally studied for a long time. Synthetic nanovesicles are assem-
bled from lipid molecules, using a variety of preparation methods,
which produce a wide range of vesicle sizes.=% These methods in-
clude extrusion of lipid dispersions through filters with a certain
pore size31i32
nanovesicles are frequently observed such as synaptic vesicles
with a diameter between 20 and 60 nm'®#3>l as well as exosomes
with a diameter between 40 and 100 nm*=057,

and microfluidic mixing®®?. In vivo, even smaller

Furthermore, several experimental methods have been devel-
oped to change the molecular densities within the two leaflets
of the nanovesicles. These methods include: asymmetric in-
sertion of amphiphilic molecules with a slow transbilayer flip-
flop rate®®: fusing the vesicles with micelles that carry ligand
molecules®?; cyclodextrin-mediated exchange of lipids between
two vesicle populations4?; flip-flops of an anionic phospholipid
from the outer to the inner leaflet driven by Ca’* ions in the
exterior solution*142; and enzymatic conversion of phospholipid
headgroups in the outer leaflet#344, Al] of these protocols change
the molecular densities in the bilayer leaflets and, thus, can be
used to vary the leaflet tensions.

6.3 Local stress asymmetry generated by membrane
proteins

Fusion of cellular membranes also proceeds without membrane
rupture but typically involves the formation of protein complexes
anchored to the membranes in their pre-fusion state. Relatively
simple examples are provided by viral fusion proteins such as
hemagglutinin molecules“® that are anchored to the membrane
envelope of the virus. The viral fusion protein inserts into the ac-
ceptormembrane of the host cell, a process that does not seem to
require additional proteins within the acceptor membrane. An-
other protein-mediated fusion mechanism is used in homotypic
fusion of intracellular membranes that enclose the endoplasmic
reticulum or belong to the outer membranes of mitochondria.
In this case, the apposing membranes are pulled together by the
dimerization of identical membrane proteins, which are anchored
in both membranes to be fused. These membrane proteins have a
GTPase domain that hydrolyzes GTP. Examples are proteins from
the atlastin family, which drive GTP-dependent fusion of the en-
doplasmic reticulum membranes in multicellular animals. 46742 A
third type of multiprotein complex is used along the outward se-
cretory or exocytic pathway in eukaryotic cells. This pathway,
which involves the heterotypic fusion of different organelles and
vesicles, is dominated by proteins from the SNARE family, 292
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For SNARE-mediated fusion, each of the fusing membranes con-
tributes a different set of membrane proteins to the multiprotein
complex that mediates their adhesion. Based on our simulation
results for nanovesicles, we propose that these membrane pro-
teins generate a local stress asymmetry together with an associ-
ated torque that leads to a stretching of the proximal leaflets and
to a compression of the distal leaflets of the two membranes in
their prefusion state.

7 Summary and outlook

In this paper, we use dissipative particle dynamics (DPD), a
coarse-grained molecular dynamics method, to show that two
lipid vesicles can undergo tension-induced fusion without mem-
brane rupture. All fusion events as observed in our simulations
can be classified as “fast fusion” or “slow fusion”. We first analyze
these fusion events via time series of simulation snapshots, see
Figures|l|and[2] using the lipid numbers N, and N; assembled in
the outer and inner leaflets of the two vesicle membranes as con-
venient control parameters. More precisely, the vesicles are as-
sembled from N, lipids in the outer leaflets and N;; = 10100 — N,
lipids in the inner leaflets of the vesicle bilayers.

In the main text, we study tensionless bilayers with volume
parameter v = vy. Fast fusion is observed for N, = 5600, as illus-
trated in Figure [I] whereas slow fusion dominates for Ny = 5700
as depicted in Figure 2] For N, = 5600, eight out of nine simu-
lation trajectories lead to fast fusion with an average fusion time
(tr) =3.1us (Figure. In contrast, for Ny = 5700, that is, after
reshuflling only 100 lipids, which represent less than one percent
of the total lipid number, from the inner to the outer leaflet, eight
out of nine simulation trajectories lead to slow fusion with an
average fusion time (t;) = 15.8us (Figure@. Thus, reshuffling
less than one percent of the lipids from the inner to the outer
leaflet leads to a five-fold increase in the average fusion time,
corresponding to an increase in the free energy barrier of about
1.6 kgT between the BF and AF states, assuming an Arrhenius-
type kinetics. Likewise, fast fusion is also observed for Ny = 5500
(Figures S1-S3 in the ESIt) whereas for N, = 5900, even rather
long simulation trajectories with run times above 140 us do not
lead to vesicle fusion (Figures S4 and S5 in the ESIT), which im-
plies that the individual fusion times exceed 140 us for Ny = 5900.

To corroborate the results as obtained from the time series of
simulation snapshots, we study the individual simulation trajec-
tories by cluster analysis, that is, by counting the numbers ny and
nc of hydrophilic headgroup and hydrophobic chain clusters as a
function of time. This cluster analysis allows us to identify tran-
sient states of the interacting vesicles as provided by hemifusion
stalks (Figure [4), lipid protrusions (Figure [6) and splayed lipids
(Figure [7). Both lipid protrusions and splayed lipids reduce the
number nc of chain clusters, see the cluster analysis in Figure
Finally, we looked at the statistics of membrane fusion and com-
puted the cumulative probability distribution P(¢/) for the fusion
time 7 as displayed in Figures[8|and [9for different bilayer asym-
metries.

We also emphasized some important consequences of our sim-
ulation results as discussed in the previous subsection. First, the
free energy landscape for this fusion process is characterized by
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a positive value of the Gaussian curvature modulus. Second, we
describe how the stress asymmetry between the two leaflets of the
nanovesicles could be changed experimentally, using a variety of
preparation methods that have been discussed in the literature.
Third, we propose that protein-mediated fusion of cellular mem-
branes without membrane rupture is accomplished by local stress
asymmetries within the bilayer segments close to the proteins,
thereby stretching the proximal leaflets and compressing the dis-
tal leaflets of the bilayer segments to be fused.

For the slow fusion pathway, we observed membrane pores
forming and closing spontaneously, as indicated by the vertical
arrows in Figures [2| S8 and S9. We emphasize that these tran-
sient pores are distinct from irreversible membrane rupture as
observed in previous simulation studies®®. In fact, both the fast
and slow fusion processes as described here occur without rup-
ture of the vesicle membrane.

It is worth noting that during vesicle fusion, lipids can exchange
between the inner and outer leaflets of the two bilayers, causing
the lipid number asymmetry to be altered and relaxed to some
extent. This lipid exchange is facilitated by the disordered bi-
layer structure within the contact area of the two vesicles. As a
consequence, the initial asymmetry of the outer and inner leaflets
consisting of N, and Nj lipids is not preserved in the bilayer of the
final vesicle formed by the fusion processes. In particular, the bi-
layer of the final vesicle is not necessarily tensionless. Moreover,
the lipid exchange during vesicle fusion is a stochastic process,
and the tensions of the leaflets in the final vesicle depend on the
particular realization of this process.

Our computational approach can be extended to a variety of
membrane systems. One may study, for instance, how fast and
slow fusion are affected by the geometry of the vesicles, that is,
by vesicle size and membrane curvature. Using coarse-grained
molecular dynamics simulations, such a dependence on the vesi-
cle geometry has been previously observed for lipid flip-flops be-
tween the two bilayer leaflets as well as for structural instabilities
of the lipid bilayers, revealing a strong increase of the flip-flop
rates with increasing stress asymmetries. 123 Very recently, the
activation energies for lipid flip-flops have also been studied us-
ing a model for glassy dynamics.>4

Likewise, it will be interesting to consider the limit, in which
one of the vesicles becomes a planar bilayer with vanishing cur-
vature. Irrespective of its size and curvature, each vesicle will
attain a unique reference state with tensionless leaflets as well as
tensionless bilayer states with one stretched and one compressed
leaflet. On the other hand, when the vesicle bilayers are subject
to different bilayer tensions, they will exhibit shape fluctuations
of different amplitudes, which are expected to affect their fusion
statistics as well.

For simplicity, our study of vesicle fusion focuses on bilayers
with a single lipid component. For bilayer membranes with two
or more lipid components, one can study the fusion of nanovesi-
cles with different lipid compositions. Furthermore, multicompo-
nent vesicle membranes can undergo lipid phase separation and
form intramembrane domains of different compositions. The vesi-
cles will then adhere and fuse via specific domains with a distinct
lipid composition. Finally, our study is based on the DPD sim-
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ulation technique, which represents a coarse-grained molecular
dynamics method with particularly simple force fields. However,
the distinction between fast and slow fusion should also be acces-
sible to other molecular dynamics simulations with more complex
force fields that are derived from all-atom force fields in a more
systematic manner. Such more elaborate force fields can be used
to study how fast and slow fusion processes depend on the chem-
ical structure of the lipids.

8 Methods

Coarse-Grained Model for Lipid Molecules. Lipid molecules
are modeled as in our previous studies:Z14>3| Each lipid has a
head group, consisting of three hydrophilic beads, as well as two
chains, each of which consists of six hydrophobic beads. All beads
have the same diameter d, which is about 0.8 nm and provides the
basic length scale for the simulations.

Assembly of Nanovesicles. The software package Packmol=2 is
used to assemble two spherical vesicles, each with Ny lipids in
the inner leaflet and N, lipids in the outer leaflet. In all simula-
tions described here, the total number of lipids is always taken to
be Ny + Ny = 10100 for each vesicle. In this way, we reduce the
lipid number space from two to one dimension because the outer
leaflet number N, determines the inner leaflet number. Each vesi-
cle has the outer radius 24 d, corresponding to 40 nm in diameter.
The number of water beads inside each vesicle is Ny = vN\i;,p with
N\i,f,p =90400 and the volume parameter v < 1. The simulation box
was a cuboid of side lengths L, = L, =864 and L, = 130d. Outside
the vesicles, the box contains about 2.5 million water beads. Ini-
tially, the Cartesian coordinates of the centers of the vesicles were
(0,0,25d) and (0,0,—25d). Thus the initial distance between the
centers of the vesicles was 504. Moltemplate® was used to con-
vert Packmol output files into the LAMMPS format.

The fusion of two nanovesicles
YBHIO

Dissipative Particle Dynamics.
is studied by Dissipative Particle Dynamics (DPD
grained simulation method of molecular dynamics. Compared to
all-atom molecular dynamics simulations, the DPD method has
several advantages. First, one can study the behavior of relatively
large bilayer segments, which are not accessible to all-atom sim-
ulations. Second, the molecular models used in DPD are built
up from a small number of different molecular groups or beads
and, thus, involve only a small number of parameters for the in-
teraction forces between the beads. As a consequence, one is
able to explore large regions of the parameter space and to study
the relative importance of these parameters in a systematic man-
ner. Third, DPD simulations explicitly include water, the univer-
sal solvent for all biomolecules, and reproduce the correct hydro-
dynamics, because all forces used in DPD conserve momentum.
The hydrodynamic interactions between different membrane seg-
ments of the nanovesicles are important because their remodeling
involves transient hydrodynamic flows, which affect the time evo-
lution of the systems. Fourth, membrane fusion is slowed down
by free energy barriers. The time to cross such a barrier is stochas-
tic in nature. In such a situation, one should sample a sufficiently
large number of fusion events in order to obtain a reliable statis-
tics, which would be prohibitively expensive for all-atom molecu-

, a coarse-
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lar dynamics simulations.

Vesicle Simulations. The simulations are performed using
LAMMPS version 2 August 202327 with the DPD interaction pa-
rameters introduced in our earlier studies on lipid bilayers and
vesicles”14, For each vesicle, equilibration simulations of one mi-
crosecond are performed using the Berendsen barostat with the
damping parameter of 1 ns to reach the standard DPD pressure
of 23.7kgT /d. Next, production simulations are performed with
fixed side lengths of the simulation box. The time step of 10 ps is
used in both the equilibration and production runs. Simulations
in which no contact between the vesicles was observed in 15 us
were restarted with a different seed for the random number gen-
erator.

Cluster Analysis of Headgroup and Chain Clusters. To follow
the topological changes of the two vesicles, we count the number
of different clusters, which are formed by the lipid headgroups
and by the lipid chains of the two vesicles. For a given configura-
tion of the two vesicles, say vesicle I and vesicle II, two headgroup
beads with indices i and j are assigned to the same cluster if their
distance d;; < 1.5d where d is the bead diameter of the coarse-
grained molecular model as previously mentioned. Likewise, two
lipid chains belong to the same chain cluster if the two chains
involve two chain beads k and / with distance dj; < d. A similar
cluster analysis was previously used for polymers interacting with
membranes.>8

As long as the two vesicles are well separated from each other,
the cluster analysis leads to ny = 4 headgroup clusters and nc =2
chain clusters: two headgroup clusters formed by the inner and
outer leaflets of vesicle I, two headgroup clusters provided by the
inner and outer leaflets of vesicle II, as well as two chain clusters
corresponding to the hydrophobic chains the two bilayer mem-
branes. When the vesicles adhere to each other, the cluster num-
ber ny of lipid headgroups is reduced from ny = 4 to ny = 3, cor-
responding to the inner leaflet of vesicle I, the inner leaflet of vesi-
cle II, and the combined outer leaflets of vesicles I and II, whereas
the cluster number nc of lipid chains remains at nc = 2. After the
fusion of the two vesicles, we obtain a single fused vesicle with
ny = 2 clusters of headgroups, corresponding to the inner and
outer leaflet of the fused vesicle, and a single chain cluster with
nc = 1.

Computing Fusion Times via Cluster Analysis. Keeping track
of how the cluster numbers ny and nc change with time ¢ helps to
identify characteristic events for a given trajectory, as illustrated
by Figures|6] - [3] for Ny = 5500, 5600, 5700 and 5900. If the vesi-
cles get into contact at time ¢ = 1, the headgroup cluster number
ny is reduced from ny = 4 to ny = 3 whereas the lipid chain clus-
ter number nc remains at nc = 2. When the vesicles fuse at time
t =1, the cluster numbers change to ny =2 and nc = 1. Therefore,
we define the fusion time ¢, of an individual simulation trajectory
by ty =, —t;. In all cases, the results of the cluster analysis have
been confirmed by visual inspection of the simulation snapshots.

Conflicts of interest

There are no conflicts to declare.

Soft Matter

View Article Online
DOI: 10.1039/D6SM00288A

Data availability

The compuer simulations were performed using LAMMPS soft-
ware. The code for LAMMPS can be found at
https://www.lammps.org/download.html with a detailed user
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