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Membrane fusion is essential for intracellular trafficking and virus infection, but the molecular mechanisms un-
derlying the fusion process remain poorly understood. In this study, we employed all-atommolecular dynamics
simulations to investigate the membrane fusion mechanism using vesicle models which were pre-bound by
inter-vesicle Ca2+-lipid clusters to approximate Ca2+-catalyzed fusion. Our results show that the formation of
the hemifusion diaphragm for vesicle fusion is a multi-step event. This result contrasts with the assumptions
made in most continuum models. The neighboring hemifused states are separated by an energy barrier on the
energy landscape. The hemifusion diaphragm is much thinner than the planar lipid bilayers. The thinning of
the hemifusion diaphragm during its formation results in the opening of a fusion pore for vesicle fusion. This
work provides new insights into the formation of the hemifusion diaphragm and thus increases understanding
of themolecular mechanism ofmembrane fusion. This article is part of a Special Issue entitled: Membrane Struc-
ture and Function: Relevance in the Cell's Physiology, Pathology and Therapy.
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1. Introduction

Membrane fusion is an essential event for intracellular trafficking,
fertilization, recycling, and neurotransmitter release [1,2]; it is also a
critical step for viral infection. Membrane fusion can be driven by fusion
proteins, such as solubleN-ethylmaleimide–sensitive factor attachment
protein receptor (SNARE) synaptotagmin. In protein-induced mem-
brane fusion, specialized fusion proteins bind to membranes and bring
the membranes together regulating content mixing and expanding
the fusion pore [2]. Membrane fusion can also occur without the pres-
ence of a fusion protein in which case it is usually driven by membrane
tension [3,4], pH [5], temperature, the lipid composition of the mem-
brane [6], and cation binding [7–10]. According to the stalk hypothe-
sis [1,11], fusion proceeds through the sequential merger of lipid
leaflets from a membrane pair starting with the initial contact of the
outer leaflets of themembrane pair, followed by stalk formation, forma-
tion of an expanded hemifused state, and opening of a fusion pore. In
the stalk state, lipids from the proximal (outer) leaflets of a membrane
pair are merged and the distal (inner) leaflets are separated. This stalk
state can expand to form a hemifused state that features a hemifused
diaphragm between distal (inner) leaflets of a membrane pair. The
hemifused diaphragm (HD) can be opened forming a fusion pore that
allows lipid mixing and content release.
brane Structure and Function:
.
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Many studies have explored the mechanism underlying membrane
fusion using various molecular simulation techniques in conjunction
with different membrane models [5,6,12–16]. Significant new events in
membrane fusion have recently been revealed. A transition state before
the formation of stalk state has been identified by committor analysis
from million-atom vesicle fusion simulations [17]; this transition state
is characterized as the protrusion of a few hydrophobic tails into the hy-
drophilic interface from a vesicle pair. Using a coarse-grained model in
conjunction with a planar lipid bilayer model at low hydration level,
Knecht and colleagues also suggested that a similar higher energy state
called a pre-stalk transition state exists prior to the fusion stalk formation
[16]. Formation of this pre-stalk transition state requires energy to drive
lipid tails splaying from the interior region of pairs of vesicles or planar
lipid bilayers. We also observed this pre-stalk transition state in our re-
cent all-atom molecular dynamics simulation of micelle fusion in the
presence of Ca2+ ions [8]. Moreover, the Ca2+ ions were able to destabi-
lize the micelles and promote the formation of this pre-stalk transition
state. The pre-stalk transition state is not considered in most continuum
models [18–20].

Whether the fusion process requires the formation of an equilibrium
HD or not also remains controversial. In the hemifused state, only the
outer leaflets of a membrane pair are fused, while the inner leaflets en-
gage forming a new lipid bilayer referred to as the HD. In a coarse-
grained molecular dynamics (MD) simulation of mixed PC/PE vesicle
fusion, two fusion pathways have been observed [13]. One follows the
so-called stalk-pore fusion mechanism, in which the stalk, expanded
HD, and fusion pore are formed sequentially. In the other pathway, the
pore forms after the formation of a “banana-shaped” stalk state. Ensem-
ble MD simulations show that the first pathway with the formation of
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Fig. 1. Graph representing the initial contact of two vesicles bound together with inter-
vesicle Ca2+-lipid clusters. The inter-vesicle Ca2+-lipid clusters are highlighted (Ca2+ cat-
ions are shown in van der Waals (VDW) style and the lipids are shown in licorice style).
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the HD intermediate is the predominant of the two [12]. An energy barri-
er was observed for the nucleation of a small hemifused membrane seg-
ment in the vesicle-planar membrane fusion simulations [21].

In this study, we employed all-atom molecular dynamics simula-
tions in conjunction with a vesicle model to investigate the molecular
mechanism of vesicle fusion. We focused on the formation of the
hemifusion diaphragm and its structure. We found that the formation
of hemifusion diaphragm is not a continuous event, but rather, a
multi-step event. The structure of the hemifusion diaphragm was
investigated.

2. Computational methods

Each vesicle was composed of 357 1-palmitoyl 2-oleoyl phosphati-
dylethanolamine (POPE) lipids with 98 lipids making up the inner leaf-
let and 259 lipids making up the outer leaflet; the ratio of inner lipid
number to the total lipid number is 27% [22]. The chemical structure
and labeling of atoms of the POPE lipid are shown in Figure SI. Individual
vesicles were first equilibrated in water using the TIP3P explicit solvent
model [23] by a 50 ns MD simulation. Pairs of vesicles were bound to-
gether with the pre-formed inter-vesicle Ca2+-lipid clusters [9,24,25]
solvated in TIP3Pwater with 150mMCaCl2 (Fig. 1). Six MD simulations
of vesicle fusion were performed using different initial configurations
and velocities. The details of the simulations and the nomenclature of
the simulation systems are summarized in Table 1.

All the MD simulations were performed using the CHARMM36 [26]
all-atom force field and in parallel using MD NAMD 2.7b3 software
[27]with an NPT ensemble under three-dimensional periodic boundary
conditions. The simulation temperature was controlled to 310 K by
Langevin dynamics and the pressure was controlled to 1 bar using the
Table 1
Names, compositions, and simulation times of the studied systems.

System name Atoms POPE
(Inner/outer)a

Water
(Inside/outside)b

Single vesicle system
1V-POPE-Ca2+-SysI 283398 98/259 804/78573

Two vesicle system
2V-POPE-Ca2+-SysI 465231 98/259 803/123382
2V-POPE-Ca2+-SysII 451833 98/259 803/118921
2V-POPE-Ca2+-SysIII 465084 98/259 803/123333
2V-POPE-Ca2+-SysIV 529317 98/259 804/144686
2V-POPE-Ca2+-SysV 451683 98/259 803/118877
2V-POPE-Ca2+-SysVI 529428 98/259 804/144723

a Inner leaflet/outer leaflet POPE lipid number per vesicle.
b Components located inside one vesicle/outside the vesicle(s).
Langevin piston Nosé–Hoover method [28]; the three orthogonal di-
mensions of the periodic cell were changed independently. Cutoffs of
12.0 and 13.5 Å were used to calculate the pairwise interactions and
generate a list of neighboring atom pairs, respectively. The non-
bonded neighbor list was updated every 10 steps. The particle-mesh
Ewald summation technique was used to count the long-range electro-
static interactions. The force switching function [29] was applied to
smooth the nonbonded electrostatics and van derWaals potential ener-
gy when the inter-nuclear distance for two atoms was between 9 and
12.0 Å. The covalent bond lengths involving hydrogen atoms were
constrained by the SHAKE algorithm [30] which allows the use of an in-
tegration timestep of 2 fs. Prior to production runs, each simulation sys-
tem was energy-minimized using a conjugate gradient algorithm to
remove the bad contacts of the initial configuration. All simulated sys-
tems reached an energy tolerance of 0.0001 kcal/mol after 100,000
minimization steps. A 0.1-ns slow heating simulation was then per-
formed until the system temperature reached 310 K. The trajectories
were recorded every 5 ps.

Several properties were calculated. Inter-vesicle contact to measure
the degree of vesicle fusionwas calculated using 4 differentmethods ac-
cording to the following criteria. Two heavy atoms located on different
vesicles were considered to be one contact when their distance was
shorter than 5 Å. This cutoff was chosen based on the radial distribution
function (RDF) of heavy atoms in a single vesicle, bywhich the first peak
was covered. The same method was used to calculate the contact num-
bers of water molecules inside individual vesicles. To estimate the de-
gree of exposure of the lipid tails, we calculated the solvent-accessible
surface area (SASA) using the approach described by Lee et al. [31].
The lipid tails of POPE were defined as extending from C34 to C316 in
Sn-1 and from C24 to C218 in Sn-2. These aliphatic carbon atoms were
originally buried to a greater extent inside the vesicle based on the
atom distribution analysis of the simulation of the single vesicle. The
method used to calculate the number of water molecules between
two vesicles (NW) is described in detail in our previous work [8]; in-
stead, a square with sides of 70 Å, slightly smaller than the diameter
of a vesicle (ca. 100 Å) was used. We calculated the value of g(r),
which is useful for describing the structures of two chosen atoms in a
given system, using the expression

g rð Þ ¼ N rð Þ
4πr2ρδr

where N(r) is the number of two chosen atoms at a distance r, δr is a
spherical shell of thickness at a distance r of two chosen atoms, and ρ
is the number density. All analyses were performed using Pine-MD, an
in-house program developed by our group that has been employed in
previous MD studies of the structural and dynamic properties of lipid
bilayers [24,25], and the molecular mechanism of micelle fusion [8].
Ca2+

(Inside/outside)b
Cl−

(Inside/outside)b
Simulation time
(ns)

Results

2/212 4/424 40 Equilibrium

2/335 4/670 180 Hemifused
2/330 4/660 130 Fused
2/335 4/670 130 Fused
2/391 4/782 105 Fused
2/324 4/648 100 Unfused
2/391 4/782 100 Fused
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3. Results and discussion

We performed all-atom MD simulations to investigate membrane
fusion using vesicle models composed of POPE lipids. Vesicle pairs
were first bound together with pre-formed inter-vesicle Ca2+-lipid
clusters [9,24,25] to approximate Ca2+-catalyzed fusion. Six simulations
were performed using different initial configurations and velocities.We
observed spontaneous fusion within a 100-ns simulation for five of the
six simulations. Here, we present the 2V–POPE–Ca2+–SysI in detail as a
framework for general fusion events. The other systems are presented
in summary, highlighting the differences between them and the
2V–POPE–Ca2+–SysI.

3.1. Structural characteristics of fusion events

To understand the structural characteristics of vesicle fusion and
transformation, we calculated six parameters of the 2V-POPE-Ca2+ sys-
tem as a function of the simulation time (Fig. 2): contact numbers of
inner lipids–inner lipids of vesicle pairs (NC-in) and outer lipids–outer
lipids of vesicle pairs (NC-out), four different types of SASA for lipid
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was formed. In addition, several vertical dotted lines and arrows in Fig. 2
indicate the time periods of the stable hemifused states. Each stable
hemifused state is also labeled with a Roman numeral. These time
points and their corresponding states were mainly determined from
the trends in the values of NC-in, SASAsum-in, NC-out, and SASAsum-out and
the free energy landscape (see Section 3.2). Theywere further validated
by visualizing the structures of simulated trajectories using VMD
software [32].

In the 2V–POPE–Ca2+–SysI simulation, the SASAsum-out value in-
creased from 0 to 20 ns and then slowed down thereafter. Of note, the
SASAsum-out value remains at a similar level between 20 and 25 ns. A sim-
ilar tendency is observed for theNC-out values. These results indicate that
the lipid tails of the outer leaflets from two individual vesicles are in
contact and the contacting structure remains stable from 20–25 ns.
We, therefore, characterize the structure during this time period as a
stalk state.

After 153 ns (marked by the green dashed line), the contact number
of innerwatermolecules of two individual vesicles (NC-wat) dramatically
increases indicating the formation of a fusion pore. During the time pe-
riod between 25 ns (stalk state) and 153 ns (formation of fusion pore),
the SASAsum-in, SASAsum-out, NC-in and NC-out values generally increase
with simulation time. Nevertheless, during some specific time periods,
0

1

2

3

4

5

6

7

0

1

2

3

4

5

6

7

0

1

2

3

4

5

6

7

0

1

2

3

4

5

6

7

4000 6000 8000 10000

0

1

2

3

4

5

6

7

before fusion

G

before fusion
I II

G

before fusion

I
II

G

before fusion
I

G

SASA
s

before fusion

I

G
 (

in
 k

B
T

)

a) 2V-PO

b) 2V-PO

c) 2V-PO

d) 2V-POPE

e) 2V-POPE

Fig. 3.One dimensional free energy profile of a hemifusion diaphragm formation at 310 K. The fr
are given in multiples of kBT.
we observed that the SASAsum-in, and NC-in values remain at a similar
level. The contact of the inner lipids of two individual vesicles indicated
by the SASAsum-in, and NC-in values is a structural characteristic of the
hemifusion diaphragm. Half of the SASAsum-in can be considered as the
area of the hemifusion diaphragm [17]. Thus, we characterize the struc-
ture during this time period as the hemifusion diaphragm. For the 2V–
POPE–Ca2+–SysI, we characterized four hemifusion states (marked
with Roman numerals): hemifused state I remains stable for approxi-
mately 6 ns between 33.5 and 39.5 ns; it starts to form 8.5 ns after the
formation of the stable stalk state (25 ns). After 39.5 ns, the SASAsum-in,
and NC-in values start to increase and reach a similar level between
47.7 and 72.6 ns (hemifused state II; stable for 27.9 ns). After 72.6 ns,
the SASAsum-in, andNC-in values start to increase again and reach a similar
level during the period between 84.3 and 96.1 ns (hemifused state III;
stable for 11.8 ns). Similarly, the SASAsum-in, and NC-in values start to re-
main at a similar level at 120 ns and the fusion pore forms at 153 ns.We
define the time period between 120 and 153 ns as hemifused state IV.
The size of the hemifusion diaphragm increases with time indicated
by the increased SASAsum-in, and NC-in values. Similarly, more than two
hemifused states were observed for other simulation systems. These
results show that the formation of the hemifusion diaphragm is not a
continuous event, but rather a multi-step process.
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In general, the SASAsum-in and SASAsum-out values increase with simu-
lation time; however, SASAtot-in remains at constant low values and the
SASAtot-out values decrease slightly with time. These results imply that
the exposed lipid tails of one vesicle were hindered by the other vesicle
and vice versa. The inter-vesicle water molecules were almost expelled
out from the inter-vesicular regions after a stable hemifused state I
was formed.

Increasing evidence suggests that intermediate structures with
negative values of a local monolayer curvature are required for
membrane fusion [33,34]. Recent membrane simulation reveals that a
decrease in pH results in decreased area per lipid, increased membrane
thickness, and increased order parameter of the lipid hydrocarbon chains
[5]. Furthermore, the results show that the value of spontaneous curva-
ture in a membrane shifts in the negative direction with decreasing pH
formed solely of lysophosphatidylcholines and free fatty acids. Our previ-
ous study [25] of lipid bilayers in various cations show that the Ca2+ ions
by forming Ca2+-lipid clusters [5] can induce similar structural changes
to those observed in the acidic environment. Therefore, it is expected
that Ca2+ ions can also induce the negative curvature of lipid micelles
[8] as well as the lipid vesicles in this study and that this negative curva-
ture may be involved in the membrane fusion process.

3.2. Multi-step formation of hemifusion diaphragm

The states labeled with Roman numerals in Fig. 2 are characterized
by their stable SASAsum-in and NC-in values, obvious structural features
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of two fusing vesicles are presented in licorice style in purple and black, respectively. The inner
tively. For clarity, the water molecules are presented as oxygen atoms only using CPK style; th
of the hemifusion diaphragm. To further characterize the hemifusion
states, we projected the trajectories on one reaction coordinates—the
value of SASAsum-in—in terms of the potential mean force (Fig. 3). We
calculated the free energy using the equation

ΔG qð Þ ¼ –kBTlnP qð Þ

where q is the value of SASAsum-in and P(q) is a canonical probability dis-
tribution function; the lowest free energy was set to zero. To assess
whether the simulations were sufficient to calculate such an energy
profile, we performed a cross validation procedure using a jack-
knifing approach [35]. We randomly removed 10% of the trajectories
at a time and recalculated the free energy profile. We thus obtained
ten resulting sets of free energy profiles (nine sets had 10% trajectories
removed, one set was the original one) and calculated their standard
deviations. The standard deviations are labeled in Fig. 3. It can be seen
from Fig. 3 that the standard deviations aremuch smaller than their cor-
responding free energies, indicating that the simulationswere sufficient
to calculate the energy profile. Fig. 3 shows some local energy minima
labeled with Roman numerals, which correspond to the hemifusion
states labeled in Fig. 2. For a given system, all neighboring local energy
minima are separated by an energy barrier. These results further sug-
gest that the formation of a hemifusion diaphragm for vesicle fusion is
a multi-step process.

To investigate the mechanism of hemifusion diaphragm formation
in more detail, we projected the trajectories of the 2V–POPE–Ca2+
SAsum-out
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Table 2
The average thickness of hemifusion diaphragm.

Simulations systems

State 2V-POPE-
Ca2+-SysI

2V-POPE-
Ca2+-SysII

2V-POPE-
Ca2+-SysIII

2V-POPE-
Ca2+-SysIV

2V-POPE-
Ca2+-SysVI

I 25.61 ± 0.43 26.70 ± 0.68 28.90 ± 1.24 25.40 ± 1.18 30.81 ± 1.55
II 22.78 ± 0.32 23.17 ± 0.67 24.66 ± 0.73 19.77 ± 0.33 24.29 ± 0.78
III 24.77 ± 0.20 21.92 ± 0.22 22.30 ± 0.15 18.26 ± 0.49 21.90 ± 0.21
IV 22.31 ± 0.23 – 20.69 ± 0.12 – –

V – – 21.18 ± 0.27 – –
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0.02

0.03
 Planar Lipid Bilayers
 Single Vesicle 
 Hemifusion Diaphragm
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Fig. 6. Radial distribution functions g(r) of phosphorus atoms of the POPE lipids of the
hemifusion diaphragm, planar lipid bilayers and a single vesicle.
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simulations on two reaction coordinates—the values of SASAsum-in and
SASAsum-out—in terms of the potential mean force. We calculated the
free energy using the equation

ΔG q1; q2ð Þ ¼ –kBTlnP q1; q2ð Þ

where q1 is the value of SASAsum-out, q2 is the value of SASAsum-in, and
P(q1,q2) is a canonical probability distribution function; the lowest free
energy was set to zero. Fig. 4 shows the free energy landscape for the
2V–POPE–Ca2+-SysI fusion simulation. The free energy landscapes for
other fusion simulations are provided in Figure SI. The vesicle-vesicle fu-
sion event proceeded from the initial state [Fig. 4(a)] having two vesi-
cles bound by inter-vesicle Ca2+–lipid clusters. Fig. 4(b) presents the
configuration of the stalk state featuring several lipids of outer leaflets
of vesicles connecting two vesicles. Fig. 4c, d, e, and f present the four
hemifusion states with various sizes of hemifused diaphragm. Although
hemifusion state III is less obvious in the one dimensional energy profile
(Fig. 3), it forms an obvious energy basin in this two-dimensional ener-
gy landscape. All of the two neighboring hemifusion states are separat-
ed by a higher energy basin indicating the formation of the hemifusion
diaphragm for the fusion pore is a multi-step event requiring energy
input (e.g., thermal energy) for inner lipids to overcome the energy bar-
rier to form a mature hemifusion diaphragm for the fusion pore. From
hemifusion states I to IV, the SASAsum-in values increase indicating the
expansion of the hemifusion diaphragm; at the same time, the
SASAsum-in values are also increased indicating the re-organization
of the outer leaflets of two fusion vesicle. These results imply that
the expansion of hemifusion diaphragm is a collective re-
organization of inner and outer lipids. Similar results have been ob-
served for other simulated fusion systems. A fusion pore [Fig. 4(g)]
was formed associated with the hemifusion state IV.

3.3. Properties of the hemifusion diaphragm

Table 2 lists the average thickness of hemifusion diaphragms in all
hemifused states. The inner lipids of two individual vesicles are
Fig. 5. Snapshots of the structure of the hemifusion diaphragm. (a) Tilting tails of lipids and (b)
are presented by phosphorus atoms displaying an orange VDW ball; the inner leaflets of two fu
tilting tails are highlighted.
considered to form a hemifusion diaphragm when they are in contact.
The thickness of a hemifusion diaphragmwas calculated as the shortest
distance between the phosphorus atom of one lipid in a given leaflet
and all of the phosphorus atoms of the lipids in the other leaflet. There-
fore, each lipid in one leaflet can define one thickness of hemifusion di-
aphragm. The average thickness of a hemifusion diaphragm was
averaged over the thickness defined by all of the lipids in one leaflet
and then averaged over a defined simulation time. The average thick-
ness of the hemifusion diaphragm of all hemifused states for all fusion
systems is 23.07 ± 2.51 Å. The calculated thickness of planar POPE
lipid bilayers in the presence of Ca2+ cations is 43.45 ± 0.87 Å. The
thickness of the hemifusion diaphragm of the fusion vesicle is only
~50% of that of planar POPE lipid bilayers. Interestingly, a hemifusion di-
aphragm thinning effect was observed for the hemifusion pore forma-
tion. For a given system (except for 2V-POPE-Ca2+-SysIII), the last
hemifused state associated with the pore formation has a thinner
hemifusion diaphragm than others. In the 2V-POPE-Ca2+-SysIII,
hemifusion diaphragm IV is slightly thicker than hemifusion diaphragm
III, nevertheless, hemifusion diaphragms III and IV are less thick than
hemifusion diaphragms I and II. To further investigate the structure of
the hemifusion diaphragm, we calculated the tail lengths of lipids in-
volved in the hemifusion diaphragm. The calculated tail lengths of lipids
[36] are 16.79 ± 0.45 and 16.38 ± 0.47 Å for the sn-1 and sn-2 chains,
respectively. The tail lengths of lipids involved in the hemifusion dia-
phragm are only slightly shorter than those of the planar lipid bilayers
(18.42 ± 0.41 and 18.10 ± 0.95 Å for the sn-1 and sn-2 chains). These
results indicate that the thinning of the hemifusion diaphragm does
not mainly arise from the shrinkage of lipid tails. By visualizing the
interdigitated lipid tails. Color code: The head group regions of the hemifusion diaphragm
sing vesicles are presented in licorice style in gold and purple, respectively. The lipidswith

image of Fig.�6
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structure of the simulated hemifusion diaphragm, we observed that the
tails of lipids involved in the hemifusion diaphragm are more perpen-
dicular to the hemifusion diaphragm normal [Fig. 5(a)] in contrast to
that of more parallel fashion observed in the planar lipid bilayers.
Some lipids of two individual leaflets of the hemifusion diaphragm are
interdigitated [Fig. 5(b)] and the Sn-1 and Sn-2 chains in one lipid are
not packed together.

Fig. 6 shows the calculated g(r) of phosphorus atoms of the
hemifused diaphragm, planar lipid bilayers and a single vesicle. The
first peaks in the distributions g(r) of the hemifused diaphragm were
broad, centered at 5.5 Å; the second peak was less obvious. In contrast,
the structural features in the distribution g(r) of the planar lipid bilayers
and single vesicle were prominent; the first peak is centered at c.a. 5.2 Å
and its secondpeak is sharp, centered at 7.0 Å. These results suggest that
the hemifused diaphragm is less structured than the planar lipid
bilayers and single vesicles.

4. Conclusions and summary

We have used all-atom MD simulations to simulate membrane
fusion in a spontaneous fashion using vesicle models, which were pre-
bound by inter-vesicle Ca2+-lipid clusters. The free energy landscape
of vesicle fusion and the fusion events during vesicle fusion were inves-
tigated. Unlike assumptions made in most continuum models [12–14],
our results show the formation of the hemifusion diaphragm for vesicle
fusion is amulti-step event, inwhich each neighboring step is separated
by an energy barrier. The expansion of the hemifusion diaphragm re-
quires a collective re-organization of the lipids of the inner and outer
leaflets of individual vesicles at the same time. In comparison to planar
lipid bilayers, the hemifusion diaphragm is less structured and thinner.
The tails of lipids involved in the hemifusion diaphragm are packed in a
more perpendicular fashion with respect to the hemifusion diaphragm
normal. Hemifusion diaphragm thinning leads to the formation of fu-
sion pore for vesicle fusion. This work provides new insights into the
formation of the hemifusion diaphragm, which increase our under-
standing of membrane fusion.
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