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Insights into the Molecular Mechanism of Membrane Fusion from Simulation:
Evidence for the Association of Splayed Tails
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We present coarse-grained simulations of fusion between two liposomes from which a detailed
picture of lipid movements emerges. In these simulations the bilayers dilate at the contact edge, and the
resulting increase in the area per lipid produces a tilting of the individual molecules as predicted. Fusion
is initiated when some of these tilted lipids splay their aliphatic tails, such that the molecules are shared
between the opposing leaflets. Multiple splayed lipids subsequently associate with their aliphatic tails in
contact, which produces a new hydrophobic core. As the tails extend into a more parallel conformation
the two outer leaflets become contiguous to produce a hemifused structure. The results have interesting
implications for biological membrane fusion and suggest new possibilities for designing molecules that
control fusion.
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However, the molecular aspects of membrane fusion are
not treated by the continuum models and have yet to be

of 11 beads, four for each aliphatic tail (T beads) and
three for the headgroup (H beads). The solvent (S beads)
The molecular details of the fusion between two lipid
bilayers is one of the most vexing problems in membrane
biophysics today [1,2]. Fusion models based on contin-
uum mechanics predict initial fusion of the outer leaflets
to form a stalklike structure and the subsequent merger of
the two sides [2– 4]. Here we present coarse-grained
simulations of fusion between two liposomes pushed
into contact, from which a detailed picture of lipid move-
ments emerges. The results have interesting implications
for membrane fusion and suggest new possibilities for
designing molecules that control fusion.

The process of membrane fusion is central to biology
and plays a role in events such as vesicular trafficking,
fertilization, viral entry, and mitosis [5,6]. While fusion
between two biological membranes is normally a process
mediated by proteins, many pure lipid bilayer systems
will spontaneously fuse implying important similarities
in the underlying physical chemistry [1,2,7]. In addition,
mechanisms of fusion between pure lipid systems have a
number of technological applications such as liposome
based drug delivery [8,9] and the formation of supported
lipid bilayer biosensors and other devices [10]. As a result,
fusion between pure lipid membranes has been the subject
of a wide range of experimental, computational, and theo-
retical studies. These efforts have produced a number of
models, typically involving the local deformation of a
membrane, the formation of a hemifused inverted hex-
agonal phaselike structure as an intermediate, and the
subsequent complete merger of the two sides [2–4,11].
In the hemifused intermediate the outer leaflets are
fused while the inner leaflets remain separate to form a
connection between membranes referred to as a stalk.
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determined experimentally. Here we have performed mo-
lecular dynamics (MD) simulations that suggest new
processes in membrane fusion and reveal novel molecular
details of lipid movement.

Experimental measurements of fusion suggest a pro-
cess that occurs beyond the time scale that is available to
traditional MD methods [1,12]. Two aspects of our simu-
lations of liposome fusion are critical for overcoming this
time-scale difficulty. First, we coarse grain the system
using bead-spring models for the lipid molecule. This
approach has been extensively used in polymer simula-
tions, where these models have been shown to capture
central physical and chemical features [13]. More recently
the approach has been applied to lipids, where it has been
shown to reproduce the spontaneous process of lipid self-
assembly into a bilayer [14]. Simulations of trimer am-
phiphiles without solvent have produced vesicle fusion
[15]. However, even when using coarse-grained lipid
models, the time for two liposomes in near contact to
spontaneously fuse is prohibitive and to overcome that
barrier we push the liposomes together. This will bias the
simulations with respect to spontaneous fusion, but
methods exist to compensate for this biasing [16,17].
Moreover, the function of some fusion proteins and other
fusion molecules may be to act in lowering the fusion
barrier in a similar manner. There are both qualitative
and quantitative aspects to a full understanding of the
process. Here we focus on qualitative mechanistic in-
sights into the geometry of membranes and the conforma-
tional changes of the individual lipids during fusion and
leave a quantitative analysis for future publication.

The lipid model used for the simulations is composed
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FIG. 1 (color). Cross sections (10� thick) of fusing liposomes
showing a sequence of events to complete fusion. (a) Flat in-
terface at t � 55 �s; (b) initial stalk at t � 94 �s; (c) growth
of stalk to other side with solvent cavity at t � 140 �s; (d) dis-
solution of one connector and solvent cavity t � 149 �s; (e) in-
termediate fusion state at t � 204 �s; (f) complete fusion at
t � 231 �s [18]. Coloring scheme: right (left) liposome has H
blue (cyan) and T red (yellow). Solvent is not displayed. The
system is under osmotic pressure with internal solvent density
20% larger than external density.
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is represented by a single bead. Beads interact through the
Lennard-Jones (LJ) potential

uLJ�r� � 4����=r�12 � ��=r�6�: (1)

The size of a single bead is given by the LJ diameter �
which is approximately 0.5 nm [18]. The TT, HH, HS, and
SS interactions have the LJ potential with a cutoff rc �
2:5�. The HT and TS interactions are purely repulsive
with cutoff rc � 21=6�. The bond potential [19] is the sum
of the attractive finitely extensible, nonlinear elastic po-
tential and the purely repulsive LJ potential uLJ with
cutoff equal to 21=6�,

Ubond�r� � �1
2k0R

2
0 ln�1� r2=R2

0� � uLJ�r�; (2)

where k0 � 30�=�2 and R0 � 1:5�. Angle terms are
included via the harmonic potential

Ubend��� � k���� �0�
2; (3)

where � is the angle between neighboring bonds and k� �
2�=rad2 and �0 � 180� give a persistence length of about
2� for the tails. Other angle terms are included for the
headgroup geometry. This model system spontaneously
self-assembles into a lamellar bilayer when started from
a random configuration of lipids and solvent at appropri-
ate lipid concentrations (see also Ref. [14]). Massively
parallel MD simulations using a Verlet integrator with a
time step of 0:005 were performed on a CPlant cluster
[20]. Simulations were performed at constant temperature
T � 1� using the Langevin thermostat.

To form the starting state, we create a spherical lipo-
some by placing lipids on a sphere with their tails in
contact. For our calculations, we created liposomes with
outer diameters D of 30� and 50�. The number of lipids
is determined by the area per lipid A which is chosen to be
4:0�2, slightly larger than the values obtained in simula-
tions of lamellar bilayers. Solvent particles are placed
randomly in the unoccupied volumes inside and outside
the liposome. The effective osmotic pressure is controlled
through our choice of the amount of solvent placed in
these two regions. A nonzero osmotic pressure was found
to speed up the fusion process. However, zero osmotic
pressure simulations yielded the same qualitative dynam-
ics. For a fusion simulation, this single liposome is first
equilibrated for about 300 �s to ensure stability. The
liposome is copied and two equilibrated liposomes are
placed with their outer diameters about 10� apart along
the axis of approach (x axis). For liposomes with D �
30�, the total system has N � 330 000 beads. Two lipo-
somes are brought together by applying small biasing
forces in the range 0:0025–0:001�=� in the x direction
to each bead in the lipid molecules. Once a few lipids have
been exchanged between the two liposomes, the force is
released and the process allowed to proceed. Once contact
occurs the work by the biasing forces goes into deforming
the liposome and promoting fusion as well as translation.
The total work by the biasing force from contact to initial
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fusion is the upper bound of the fusion barrier. For the
smallest biasing force the total work is 41 kT which is
consistent with calculations [21].

In a typical fusion simulation, the process begins after
the liposomes contact and a flattened contact forms be-
tween the liposomes [Fig. 1(a)]. This causes membrane
bending at the contact edge bringing two strained points
on the membranes into close proximity. Fusion between
the outer membrane leaflets initiates at the edge of the
contact surface [Fig. 1(b)]. There are several factors that
promote fusion at the contact edge, including strain that is
relieved by fusing with the neighboring liposome and an
increase in area per lipid giving more mobility to mole-
cules in this region. Recent calculations show that edges
in the internal leaflets of membrane greatly reduce the
free energy cost of the stable intermediate [22]. Similar
calculations should show that the cost of forming the
external edge is within reason. While this finding of the
edge originated fusion is intuitive, it offers a contrasting
view to that described in existing models. For example,
Kuzmin and co-workers suggested that formation of a
nipple shaped protrusion in opposing bilayers serves as
a point of initiation for fusion and leads to the formation
of a stable intermediate [21]. The present work suggests a
second although not mutually exclusive mechanism in
which first a membrane-membrane contact forms (here
through an initially applied force). This causes membrane
bending at the contact edge bringing two strained points
on the membranes into close proximity where fusion
initiates. Hence the point of fusion can be significantly
distal to the initial point of closest approach.
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The simulations also provide direct insight into the
dynamics of individual lipids during the early stages of
fusion. To begin with there is a tilting of the lipids at the
presumptive point of fusion, similar to that proposed for
the modified stalk model [4,23] which appears to be
facilitated by the local increase in the area per lipid.
The first exchange between the membranes occurs when
an aliphatic tail rotates out of the parent membrane and
inserts into the opposing membrane, resulting in a tilted
lipid with the aliphatic tails in a splayed (trans) confor-
mation that is shared between the two fusing bilayers
(Fig. 2). This immediately suggests a mechanism for
accommodating curvature strain on a molecular level.
The possibility of splayed lipid conformations has been
considered in some models for membrane fusion [24,25],
however the picture that emerges here is distinctly differ-
ent. In our simulations the splayed lipids tend to orient
such that their aliphatic tails contact each other, thus
creating the beginnings of a new hydrophobic core. As
additional (tilted) lipids associate with the splayed bridg-
ing lipids, the aliphatic tails of these molecules extend
into a more cislike conformation, establishing a hydro-
phobic core and eventually forming a classical stalk.

A somewhat surprising finding is that following the
initial formation of the stalk, this structure expands
highly asymmetrically along the strained membrane at
the contact edge (Fig. 3). In current fusion models the
stalk forms in a central location and growth occurs radi-
ally outward from the center with cylindrical symmetry.
A consequence of fusion along the contact edge is the
formation of a partially confined solvent cavity between
FIG. 2 (color). Lipid conformations and associations in the
early stages of fusion. System and coloring scheme is the same
as in Fig. 1. The left side is at t � 58 �s and the right side at
t � 66 �s. (a) and (c) show splaying of lipids that bridges the
two outer leaflets. There is a tendency for the aliphatic tails of
the splayed lipids to oppose each other. (b) and (d) show asso-
ciation of splayed lipids and the beginning of a hydrophobic
core that spans the space between the two liposomes. The line
in (d) is a guide to the eye to indicate the ordering of the upper
bilayer to become part of the stalk. For evolution beyond
t � 66 �s the external force was turned off.
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the two liposomes [see Fig. 1(c)]. Some of the confined
solvent joins the external solvent, and some empties into
the left liposome as the inner bilayer dissolves and an
extended hemifused structure forms [Fig. 1(d)]. We also
note that in the simulation of the larger system, mul-
tiple, independent stalks initially formed as one might
expect for a system large enough to allow well-separated
initiation sites. The dynamics become more complex in
this case as stalks merge and dissolve. We present here the
simpler, single stalk case whose dynamics forms the basis
of the more complex possibilities contained in larger
systems.

While many of the general features of our simulations
agree well with models based on a continuum mechanics
framework, the present work offers significant insights
into the molecular details of the early stages of fusion.
In particular the simulations suggest a model for specific
molecular rearrangements that results in the formation of
a stalk (Fig. 4). This model builds on the notion of tilted
lipids in a strained prestalk structure [4,23], which here
facilitates the splaying of lipids to connect the two fusing
membranes. A critical event is then the association of the
aliphatic tails of splayed lipids, which nucleates a new
hydrophobic core that spans the gap between the original
membranes. This core grows as the chains extend and
resolves completely the fusion between the outer leaflets.
In addition, the importance of mechanisms that accom-
modate changes in membrane curvature is highlighted.
Continuum models of the stalk do not provide a clear
molecular view of how the stresses are resolved during
the fusion process [22].

A number of interesting considerations arise from these
results, including new ways in which proteins might
FIG. 3 (color). Cross sectional images of fusion in the plane
of fusion (yz): (a) initial stalk at time t � 69 �s; growings
stalk at (b) 86 �s; (c) 108 �s; and (d) almost complete fusion
of outer leaflets at t � 140 �s. Only lipids in the outer leaflets
are shown and the slice is about 10� thick.
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FIG. 4 (color). Schematic of the early stages of fusion and
association of splayed lipids suggested by the simulations.
(a) Two liposomes are brought together and (b) a flat contact
forms where, at the edge, the area per lipid in the outer leaflet
increases as the membrane is strained. (c) Lipids tilt at strained
contact and (d) subsequently the aliphatic tails of some mole-
cules begin to splay. Although not shown here, lipid exchange
occurs early in the process. (e) Splayed lipids then associate by
their tails to form a new hydrophobic core, (f) which expands
as the tails extend to form a classical stalklike structure.
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mediate the fusion process. For example, proteins might
act directly to facilitate splaying of lipid tails or stabilize
bridging lipid molecules. Proteins might also act more
indirectly as adhesion molecules that promote the forma-
tion of a flat contact that produces a strained contact edge.
In such a picture, proteins would serve a relatively passive
function by keeping membranes apposed, while fusion
occurs away from the actual protein mediated contact.
The results also suggest that conformational properties of
lipids that have not previously been closely examined play
an important role in fusion. In that context, it is interest-
ing to consider the possibility of rationally designing
lipids with an improved ability to adopt splayed confor-
mations, or lipids that can controllably be switched be-
tween a cis and a trans conformation of the tails, or other
novel molecules that might be used to facilitate or control
membrane fusion.
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