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A New Mechanism of Model Membrane Fusion Determined
from Monte Carlo Simulation
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ABSTRACT We have carried out extensive Monte Carlo simulations of the fusion of tense apposed bilayers formed by
amphiphilic molecules within the framework of a coarse-grained lattice model. The fusion pathway differs from the usual stalk
mechanism. Stalks do form between the apposed bilayers, but rather than expand radially to form an axial-symmetric
hemifusion diaphragm of the trans leaves of both bilayers, they promote in their vicinity the nucleation of small holes in the
bilayers. Two subsequent paths are observed. 1), The stalk encircles a hole in one bilayer creating a diaphragm comprised of
both leaves of the other intact bilayer, which ruptures to complete the fusion pore. 2), Before the stalk can encircle a hole in one
bilayer, a second hole forms in the other bilayer, and the stalk aligns and encircles them both to complete the fusion pore. Both
pathways give rise to mixing between the cis and trans leaves of the bilayer and allow for transient leakage.

INTRODUCTION

Although membrane fusion is a fundamental biological pro-
cess of importance in fertilization, synaptic release, intra-
cellular trafÞc, andviral infection, its basic mechanism is not
well understood.Much of theliteraturehasfocusedonfusion
proteins whosefunction is, inter alia, to overcome the en-
ergetic cost of bringing the bilayers to be fused to within a
small distanceof oneanother,a step which placesthemem-
branes under tension (Chen and Scheller, 2001). There is
accumulating evidence,however, that the subsequent stages
in the fusion pathway, theinterruption of theintegrity of the
bilayers, and the molecular rearrangements that lead to the
formation of the fusion pore itself, areessentially lipidic in
nature (Lentz et al., 2000; Zimmerberg andChernomordik,
1999). A consequenceof this view is that thefusion process
canbestudied,bothexperimentally andtheoretically, utilizing
simple model membrane systems.Knowledge of the fusion
mechanism in thesesimpler systems would il luminate addi-
tional rolesthat theproteinsneed to play in biological fusion.

Thetheoreticaltreatment of membranefusion has,almost
without exception, been restricted to phenomenological
models which describethe bilayer, not in terms of the
microscopic architecture of its components,but rather in
termsof themacroscopic elasticpropertiesof itsmonolayers.
The common assumption is that theseelastic moduli are
uniform and independent of membrane deformations
(Safran, 1994).Although attractive mathematically, this ap-
proachhasits limitations.Forinstance,it is notclearwhether
theexpansionof themembranefreeenergyto secondorder
in deformationsis sufÞcient to describe the highly curved
intermediate structures that may be involved in fusion.
Additional approximationsmustbe introducedto calculate

the propertiesof junctions of bilayers,which are not well
describedby simple bending deformations.The energyof
thesestructures hasprovento beparticularly sensitive to the
approximation used in their description (Kozlovsky and
Kozlov, 2002; Kuzmin et al., 2001; Markin and Albanesi,
2002; Siegel, 1993). Importantly, application of these
approaches requires one to assumea particular fusion
pathway.The only pathwaysconsideredto datehavebeen
limited to variantsof onehypothesis(Chernomordik et al.,
1985;Kozlov andMarkin, 1983;Markin andKozlov, 1983).
Onestartswith two bilayersin closeapposition.Lipids in the
facing,or cis, layersrearrangelocallyandbridgetheaqueous
gap betweenthe bilayers.This resultsin the formation of
an axially symmetric stalk. In mostversions,the stalk then
expandsradially andthecis layersrecede.The trans layers
makecontact andproduceanaxially symmetric hemifusion
diaphragm.Nucleationof aholein thisdiaphragmcompletes
the formation of anaxially symmetric fusionpore.Because
of theevolutionof thestalkinto a hemifusiondiaphragmin
thismodel, weshallreferto it asthehemifusionmechanism.
Becauseonly variantsof the hemifusion mechanism have
beenexamined,andbecausethetheory isphenomenological,
one doesnot know, a priori, in what systemsthis pathway
may be the most favored, or underwhat conditions. Some
insight is gained by comparison with experimentwhich
shows this hypothesizedmechanism to be consistentwith
a wide range of experimental observations of biological
lipids (JahnandGrubmu¬ller, 2002;Monck andFernandez,
1996; Zimmerberg and Chernomordik, 1999). However,
there is no direct evidence to conÞrmthat this particular
pathway is that taken either by biological or laboratory-
preparedmodelmembranes.

In light of the above, it would certainlybe desirableto
examinethefusionpathwayin a systemwhosecomponents
aredescribedby amicroscopic model. Such examinationhas
begunrecently. A minimal model, consistingof rigid amphi-
philes of one hydrophilic and two hydrophobic segments,
and with no explicit solvent, was studiedwith Brownian
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dynamicssimulations(Noguchi andTakasu,2001).At the
sametime, a modelof morecomplex,ßexible chainmole-
cules,widelyemployedin thepolymercommunity, wasused
by us to study bilayerscomposedof amphiphilic, diblock
copolymersin a hydrophilic solvent (Mu¬ller et al., 2002).
Suchcopolymersareknown, in fact,to form bilayervesicles
whichcanundergofusion(Discheretal.,1999).Thissystem
was studied by meansof Monte Carlo simulations. Both
theoretical studiesobservedtheformationof theinitial stalk,
but found that the subsequent fusion pathwaywas not the
usual hemifusion mechanism, but involved intermediates
thatbroketheaxialsymmetry. In particular, off to thesideof
the initial stalk, the formationof small poresin eachof the
fusing bilayerswas clearly seen.(We shall refer to these
small poreswhich spanonebilayeronly asholes, to avoid
confusionwith fusionpores, which spanbothbilayers.)It is
intriguing that the two studiesobserved the samefusion
pathwayeventhoughthearchitectureof theconstituents of
the two systemsdiffered considerably, sharinglittle other
thanthe genericproperty of beingamphiphilic andcapable
of bilayer self-assembly.

The two investigationsgavea Þrst glimpseof a fusion
pathwaywhich differsfrom thehemifusionmechanism,but
did not provide a greatdeal of quantitative detail. In this
article we present an extensive study of the samemicro-
scopicmodelwe employedpreviously, andoffer sufÞcient
quantitativeevidenceto substantiateourearlierobservations.

Naturallywe areconcerned with thequestion of whether
the fusion pathway we observe in our model systemis
relevant to membranefusion in biological systems. The
architecture of the components in our system obviously
differs greatlyfrom thoseof biological lipids, and it is not
clearhow oneshouldcompare the systems. We makesuch
anattemptby calculatingseveral dimensionlessratioswhich
can be formed from membraneparametersand comparing
those in our system with ratios characteristic of vesicles
formedof blockcopolymers,andof liposomes.(SeeTable1
below.) Ultimately we cannot be sure of the systems to
which our resultsapplyandunderwhatconditions,savethe
veryparticular onesthatwehavesimulatedfor theparticular
caseof block copolymers.In this sense,our results mustbe
evaluatedin the sameway as thosefrom the phenomeno-
logical theories; they mustbe compared to experiment. We
do so in the Discussion. In particular we note that our
mechanism predicts that the fusion rate dependson lipid
architecture andmembranetension,that thereis mixing of
lipids in the cis leavesbeforemixing of contents, and that
thereis alsomixing of lipids between cisandtranslayers.Of
mostinterest, our mechanismpredictsthat transient leakage
is causally linked to theprocess of membranefusion.

SIMULATION DETAILS

Simulationof membranefusionin afully chemically realistic
model would be most valuable, becauseit could provide

informationaboutspeciÞc structuralchangeson the atomic
level. This would be particularly important if changesin
molecular conformationsentaileda qualitative spatial re-
distribution of hydrophilic and hydrophobic segments.
Unfortunately, the simulation of atomistically faithful
modelscanonly follow thetimeevolutionof afew hundreds
of lipid moleculesovera few nanosecondsevenon state-of-
the-art supercomputers.Given that the timescaleof mem-
branefusion is on the order of milli secondsand involves
lengthsontheorderof afew tensof nanometers, an atomistic
simulationof the fusionprocess is not yet feasible andone
has to resortto coarse-grainedmodels.

Coarse-grained modelsof amphiphilic chain molecules
have beenusedwith greatsuccess to investigatecommon
features of self-assembly. Such models retain only those
molecular properties that are necessaryfor self-assembly,
such as the connectivity of hydrophilic and hydrophobic
portions along the amphiphilic molecule,and the mutual
repulsion betweenthesedifferent kinds of segments,and
ignore speciÞc chemical or electrostatic interactions.The
usefulnessof this approach restson the observation that
chemicallyverydifferentsystems, suchasbiologicallipids in
aqueousenvironmentandblock copolymersin a homopoly-
mer environment, exhibit a common phasebehavior and
similar structural patterns on length scalescomparable or
larger, than the molecularsize. The self-assembly of am-
phiphiles into bilayer membranesitself is an example of
auniversalbehavior, i.e.,onewhichdoesnotdependonÞne
detailsof theunderlyingarchitecture.It hasbeensuccessfully
studiedby coarse-grainedmodels (Shillcock andLipowsky,

TABLE 1 Structu ral and elastic properties of
bilayer membranes

Polymersomes Liposomes Simulation

dc 80 Aû 30 Aû (DOPE)*, 25 Aû(DOPC)y 21 units
f 0.39 0.356 0.10 0.34375
C0dc No data � 1.1 (DOPE)¤, � 0.29 (DOPC)z � 0.68
DA/A0 0.19 0.05 0.19
ka/g0 2.4 4.4 (DOPE)y , 2.9 (DOPC)y 4.1
kb/g0/dc

2 0.044 0.10 (DOPE)z , 0.12 (DOPC)¤ 0.048

dc, Thickness of membranehydrophobiccore; f, hydrophilic fraction;
C0, monolayer spontaneous curvature; DA/A0, bilayer area expansion
(critical value for the experimental systems,and the actualstrainusedin
simulations); ka, bilayer area compressibility modulus; kb, monolayer
bendingmodulus;g0, hydrophilic/hydrophobicinterfacetension(oil/water
tensionof 50 pN/nmfor theexperimentalsystems,andA/B homopolymer
tensionfor the simulations).
Dataon EO7 polymersomes is takenfrom Discheret al. (1999).Dataon
lipids is takenfrom:
*Rand andParsegian (1989).
yRandet al. (1990).
zChenandRand(1997).
¤Leikin et al. (1996).(Seealsohttp://aqueous.labs.brocku.ca/lipid/.)
Valuesof dc, C0, andka for DOPEwereobtainedby linear extrapolation
from theresultson DOPE/DOPC (3:1)mixturesandpureDOPC.Valuesof
kb, g0, andC0 for thesimulatedmodelwerecalculatedby usingthemethod
of Mu¬ller andGompper(2002).
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2002).We expectthatall membranescanbecausedto fuse;
however, theremaybeseveral differentpathwayswhich are
takenby differentsystemsunderdifferentconditions. Our
purpose hereis to demonstrateone pathwhich is takenin
a systemmodeledmicroscopically.

We employ the bond ßuctuationmodel (Carmesin and
Kremer, 1988) of a polymer chain, which has beenused
previously to studyporenucleationin a symmetric bilayer
membraneundertension(Mu¬ller andSchick,1996).Muchis
known about the structure and thermodynamics of this
model,andtheparameterscanbemapped ontothestandard
Gaussian chain model of a densemixture of extended
molecules. In this three-dimensional lattice model, each
segmentoccupiesa latticecube.No two occupiedcubescan
shareany corner, a rule that mimics hard-core repulsion
interaction. Furthermorethis ensures that the latticespacing
is sufÞciently smallerthanthewidth of interfacessothatthe
effect of the discretizationof spaceis minimal. To ensure
that the chain of segmentscannot intersect itself, the
segmentsareconnected by bondlengthsthatcannotbe too
large. In particular, neighboring segmentsalong the chain
canbe connected by oneof 108 bondvectors of lengths2,���

5
p

,
����
6;

p
3, or

�����
10

p
measuredin unitsof thelatticespacingu.

Theanglesbetweenadjacent monomerscantakeon any of
87 values. The large number of bond vectors and the
extended segmentshapeallow a rather faithful approxima-
tion of continuousspace,while retainingthecomputational
advantagesof lattice models.The amphiphilic molecules
consist of 11 hydrophilic segmentsand 21 hydrophobic
segments.This asymmetrymimics theratio of headandtail
sizein biologically relevant lipid molecules, andis slightly
smallerthanemployedby uspreviously(Mu¬ller etal.,2002).
Wereduced, in thisstudy, theasymmetryof themoleculesso
that a solvent-freesystemnot only would be in a lamellar
phase(La), but would alsobe further than in our previous
study from the boundary separating the lamellar and in-
verted-hexagonal (HII) phases. Thesolvent in our systemis
representedby chainsof 32 hydrophilic segments,i.e., we
conceive a hydrophilic chain as a small cluster of solvent
molecules, justasin othercoarse-grainedmodeling(Shelley
et al., 2001) The mean head-to-tail distanceof the am-
phiphiles and solvent moleculesis 17 u. Like segments
attracteachotherandunlike segmentsrepeleachothervia
asquarewell potentialwhichcomprisesthenearest 54 lattice
sites.Each contact changesthe energyby an amounte ¼
0.17689kBT. This correspondsto an intermediate segrega-
tion xN � 30 in terms of theFlory-Hugginsparameterx. If
we increasedthe incompatibility much more, we would
reducethe interfacial width betweenhydrophilic and hy-
drophobic segmentsto theorderof thelatticespacingandthe
localstructureof thelatticemodelwouldbecomeimportant.
If we decreased the incompatibility, we would reducethe
clear segregation between hydrophilic and hydrophobic
regions.Similarly if we replacedthesolvent homopolymers
by monomers, we would effectively reducethe incompati-

bility (Matsen, 1995), and again reduce the segregation
betweenthe diblock andsolvent hydrophilic segmentsand
thediblock hydrophobic segments.Werewe to increasethe
incompatibility to restore thedesireddegreeof segregation,
wewouldagainreducetheinterfacialwidthof themembrane
to anextentthat latticeeffectswould become important.

Monte Carlo simulationsare performed in the canonical
ensemble,exceptfor somerunsdescribedin thenextsection.
The segmentnumber density, i.e., the fraction of lattice
cubesoccupied by segments, is Þxed at r ¼ 1/16. The
conformationsareupdated by local segmentsdisplacements
and slithering-snake-likemovements. The different moves
areapplied with a ratio 1:3. We countoneattemptedlocal
displacement per segment and three slithering-snake-like
attempts per moleculeas four Monte Carlo steps(MCS).
This scheme relaxes the molecular conformation rather
efÞciently. The latter moves do not mimic a realistic
dynamics of lipid molecules and we cannot identify
straightforwardly the number of Monte Carlo stepswith
time.Thedensity of hydrophilic andhydrophobicsegments,
however, is conserved so that the moleculesmove dif-
fusively. Moreover, the moleculescannotcrosseachother
duringtheir diffusivemotion. In thissensewehaveaslightly
morerealistictime evolution on local length scales than in
dissipative particle dynamics simulations (Shillcock and
Lipowsky, 2002), but Monte Carlo simulations cannot
includehydrodynamic ßows,whichmightbecomeimportant
on largelength scales.At anyrate,wedonotexpectthetime
sequenceto differ qualitatively fromthatof asimulation with
more realistic dynamics on timescales much larger than
a single Monte Carlo step. Most importantly, fusion is
thought to bean activatedprocess,thereforethedetailsof the
dynamics only set the absolute timescale,but the rate of
fusion is dominated by free energy barriers encountered
along the fusion pathway,which are independent of the
actualdynamics used.

PREPARATION AND PROPERTIES OF A
SINGLE BILAYER

It seems clear that bilayers that are under no stress will
not undergofusion, asthereis no freeenergyto be gained
by doing so. So to promotefusion, we havesubjectedthe
studiedbilayers to lateral tension. This hasbeendoneby
providingthesystemwith fewermoleculesthanareneeded
to spanthe given areaof our samplecell with bilayersthat
aretensionless.Of coursewe needto know just how many
moleculesareneededto makeatensionlessbilayerthatspans
the cell. To determine properties of the tensionlessbilayer,
wemadeuseof thedeÞnitionof thetensionin this liquidlike
bilayerasthederivativeof thefreeenergywith respect to the
bilayerareaatconstant temperatureandparticlenumber.We
thereforeinvestigatedanisolatedbilayerwith astraight, free
edge.A simulationcell of size64 u 3 200 u 3 64 u with
periodic boundary conditions in all dimensionswas used.
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Thebilayer,orientedin thexÐy plane,spannedthesystemin
theshort,x, direction, butdid notspanthesystemin thelong,
y, direction. Itsextension in thisdirectionadjusteditselfuntil
it neithergrewnorshrank. Thusthesurfacetension,g, of the
bilayer waszero.This vanishing valueincludes,of course,
the contributionsfrom the ßuctuationsof the bilayer.Even
thoughthe tension vanished,theseßuctuationsof the mid-
planewere not very largedue to the stiffnessof the rather
smallpatchof membraneconsidered.A typical snapshot of
thebilayerconÞguration isshown in Fig.1 a. Rearrangement
of amphiphiles at the bilayer free edgesis clear. The aver-
ageproÞlealongthe y-axis, the long axis of the bilayer, is
presentedin Fig. 1 b. To obtain it, we haveaveragedthe
proÞlesalong the x- and z-direction and estimated the in-
stantaneousanglethebilayer makeswith thez-direction(to
correctfor the differencebetweenprojectedandtrue area).
Weobservefor theselaterally averagedproÞlesthattheedge

of thebilayer is slightly thickerthanthemiddle;theincrease
is ; 7% for theamphiphilic segmentdensity, and ; 16%for
thedensity of hydrophobic segments.Away from theedge,
the densities decayexponentially to thoseof the uniform
bilayer(i.e.,withoutanedge),andweestimatethethickness
of thetensionlessbilayerfromthatin themiddle,Þndingit to
bed0 ¼ 31 u.

TheproÞlesacrossasinglebilayerof thicknessd0 ¼ 31 u
are shown in Fig. 1 c. They wereobtainedby simulation in
acell 40 u 3 40 u 3 80 u in which thebilayerspannedboth
shortdirections.Oneseesthathydrophobic andhydrophilic
regionsareclearly separated,butthereissomeinterdigitation
of the hydrophobic tails emerging from the opposing
monolayers.

Knowing thethicknessof thetensionlessbilayer,weknow
thenumberof moleculesneededto spanthesimulation cell
with sucha bilayer,andcancontrol tensionby varying the

FIGURE 1 (a) Snapshotof anisolatedbilayerin thetensionlessstate.Hydrophobic andhydrophilicsegmentsof amphiphilesareshownasdark andlight
grayspheres. Forclarity, solventsegmentsarenot shown.(b) DensityproÞlesalongthey-axis.Theedgeof thebilayeris thickerthanits middle.(c) ProÞles
acrossthebilayerfor a lateralpatchof size40u 3 40u. (d) Dependenceof thebilayerthicknesson theexchangechemicalpotentialDmbetweenamphiphiles
andsolvent.Theinsetdisplaysthetensiong of thebilayerasa functionof exchangepotential.
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number of moleculesintroducedinto the cell. We cannot
determinethistension,asonemightin amoleculardynamics
simulation, from theexcesstangential stressin theinterfacial
zonebecausewe employ a latticemodel. Nevertheless,we
can determine the tension purely from thermodynamic
relations. To do so,weassembledasinglebilayerin asystem
of size156u 3 156u 3 64u, wherethebilayerspannedthe
systemin thexÐy plane.Usingsemigrandcanonical identity
switchesbetweenamphiphilesandsolvent,wecontrolled the
exchangepotential Dm betweenthe speciesandmonitored
thethicknessof thebilayer(measuredby thearealdensityof
amphiphiles).Thedependenceof thebilayer tensionon the
chemical potentials of theamphiphile, mC, andsolvent, mA,
is givenby theGibbsabsorption isotherm(Davis, 1996):

L2dg ¼ � dnCdmC � dnAdmA � � dnCdDm; (1)

wherednC and dnA are the excessnumberof moleculesin
the bilayer. In the last approximation we have assumed
that the liquid is incompressibleÑi.e., dnA � � dnC, and
the solubility of the amphiphile in the solvent is vanish-
ingly small. Results of the simulation for the number of
amphiphilesdnC asa function of theexchangepotential Dm
¼ mC � mA areshownin Fig. 1 d. Using the thicknessof
the tensionlessbilayer, we can estimate the tensionof an
arbitrarybilayer as a function of exchangepotential or of
thicknessby integratingEq. 1. Theresults,in reducedunits
of bareA-B homopolymer interfacial tensiong0 ¼ 0.068
kBT/u2, areshownin the insetof Fig. 1 d. Dashedlines in
Fig. 1 d andthe insetcorrespondto the tensionlessbilayer.
Comparison of the relevant structural andelasticproperties
of thepolymersomes,liposomes,andsimulatedmembranes
is providedin Table 1.

Wearenowin aposition tosimulatebilayersunderagiven
tensionin thecanonical ensemble. Knowing theareaof our
simulation cell, and thesegmentdensity,weaddthenumber
of amphiphiles which will producea bilayer of a given
thickness.FromFig. 1 d, weknowwhattensionis placedon
this bilayer.For our studyof two bilayersundertension,we
havechosentheir thicknessto bed ¼ 25 u, smallerthanthe
thicknessd0 ¼ 31 u of the tensionlessbilayer. This cor-
respondsto atensionof theorderof g/g0 � 0.75andanarea
expansion, DA/A0 � 0.19. We know from our simulations
that a single bilayer of the thicknesschosen,d ¼ 25 u, is
metastable on the timescale of fusion, i.e., the small holes,
which appeartransiently, do not grow pasttheir critical size
on thetimescale of fusion in our simulations.

PREPARATION OF A SYSTEM OF
TWO BILAYERS

We beginwith a systemcontaining only amphiphiles.It is
156u 3 156u 3 25 u with periodicboundary conditions in
thelongdirections,andhard,impenetrablewalls in theshort
direction. They attract the hydrophilic portion of the am-

phiphile and repel the hydrophobic portion. Theseinter-
actionsextendover two layersnearest to thewall, andeach
contact changesthe energyby 0.6 kBT. The amphiphiles
assembleinto a bilayerstructurewhich is freeof defects.

Two of theseßatbilayersarethenstackedon top of each
otherwith a distanceof D betweenthem,andareembedded
into asimulationcell with geometry 156u 3 156u 3 126u.
There are no walls at this point, and periodic boundary
conditions are utilized in all three dimensions. The con-
ditions of ßat bilayersmimic the approach of two vesicles
whoseradii of curvature aremuchlargerthanthe patchof
membraneneededfor fusion.Thesolvent of homopolymers
is theninsertedinto thesimulation cell via grandcanonical,
conÞgurational-bias Monte Carlo movesat inÞnitely large
chemicalpotentialof the homopolymer until the segment
number densityof r ¼ 1/16is reached.Theinitial distanceD
betweenthe bilayers translates into the thicknessof the
residualsolventlayerbetweenthetwo membranes. Wehave
carriedout themostextensive seriesof runswith D ¼ 10 u
and unlessspeciÞedotherwise, all our resultsare for that
separation. Becausethe solventhomopolymersareßexible
coils, and eachrepresentsa cluster of solvent molecules,
manylayersof solvent segmentsarerepresentedbetweenthe
bilayers at this separation. In our previous simulations
(Mu¬ller etal.,2002),wesetD ¼ 0 andobservedqualitatively
similar behavior as we do with this larger separation. We
increasedtheseparation for this extensive studybecause, as
expected, the rateof fusioneventsdecreased (seenext sec-
tion), and this allowed us to observe the sequence of
structural rearrangements moreclearly thanin our previous
work. The separation chosen,a bit lessthanhalf the thick-
nessof onebilayer, is comparableto theseparation atwhich
fusionoccurs whenmediatedby hemagglutinin (Flint et al.,
2000).A snapshot of the two bilayersis shown in Fig. 2.
Hydrophobic andhydrophilic segmentsof amphiphiles are
shownas dark and light gray spheres. For clarity, solvent
segments,whicharepresent in thesimulation,arenotshown.

Thirty-two independentstartingconÞgurations were pre-
pared,eachcontaining 194,688segmentscorresponding to

FIGURE 2 Snapshotof theinitial conÞguration in thetwo-bilayersystem.
Hydrophobic andhydrophilicsegments of amphiphilesareshownasdark
andlight gray spheres. For clarity, solventsegmentsarenot shown.
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; 3613amphiphilesand3708solventmolecules. After every
25,000Monte Carlo steps,a conÞguration was stored for
further analysis.Ten thousand hours of CPU time were
utilizedin thecourseof thisinvestigation,with 32processors
runningfor abouttwo weeks.

THE PROCESS OF FUSION

It is straightforward to monitor the internal energyof the
systemduring the simulation becausethis energy arises
solelyfrom contacts betweensegments,andthelocationsof
all segmentsareknown.(In contrast,thefreeenergycannot
beobtaineddirectly.) We showin Fig. 3 thebehavior of the
internalenergyof two systems,oneseparatedby adistanceD
¼ 4 u (squares), andtheotherwith D ¼ 10 u (circles). The
energyis plotted in units of kBT, as a function of time, in
units of 25,000 Monte Carlo steps. The energy initially
decays,which reßectsthe equilibration of the system.Dur-
ing this initial relaxation of the startingconÞguration the
interfacebetweenthebilayerand thesolvent adjusts locally.
The timescaleof this initial relaxation (\ 25,000MCS) is
independent of the distancebetween the bilayers, and is
approximately two orders-of-magnitude smaller than the
timescaleon which the fusion pore forms. Due to this
separationof timescalesbetweeninitial relaxation andfusion
wedonotexpectthepreparationof thestarting conÞguration
to affectthe fusionprocess. Similarly we do not expectour
results to dependon our particular choice of relaxation
moves,asotherchoices would alsoleadto relaxation of the
bilayerswhich takesplaceon a muchshorter timescale than
doesfusion.

After the initial relaxation, two subsequent time regimes
can be identiÞed. First the energy rises slowly. Two
mechanisms contribute to this increase of the energy.On
theonehand,capillary waves of thehydrophilic/hydropho-
bic interfacesbecome thermally excited.They increasethe
effectiveinterfaceareaandthereby leadto aslowincreaseof
theenergy.Additionally, undulations resultin theformation
of stalks and holes. We shall discuss the details of this
processin thenextsubsection. Later, ; 320 3 25,000MCS,
the energy decreases rapidly. This Þnal decrease of the
energy results from the fusion of the membraneswhich
releasessomeof thetensionstoredin them. Asnotedabove,
the fusion occursmore rapidly the closer the bilayers,as
expected. The increase in energy preceding fusion re-
ßects the formation of fusion intermediates, the focus of
our study.

The insetof Fig. 3 showsthe ßuctuations in the energy,
i.e., the ßuctuationsbetweenthe 32 different runsat equal
time. Strong ßuctuationsindicate energy differencesbe-
tweenthe independentruns.The peakat t � 320 indicates
that somesystemshavealready formeda fusion pore(and
therefore havea lower energy)whereasothersystemshave
only stalks andholes(andtherefore havea higherenergy).
Theverticalbarindicatesthetimewehavechosento indicate
on several Þguresas the onsetof fusion. The width of the
peakprovidesanestimatefor thespreadof thetimeatwhich
a fusion pore appears.

The stalk and associate d hole form ation

During theinitial stageof simulationstheßuctuating bilayers
collide with one another frequently and sometimes form
small local interconnections. For the most part, these
contactsare ßeeting. Occasionally we observe sufÞcient
rearrangement of the amphiphiles in eachbilayer to form
a conÞguration, i.e., the stalk, which connects the two
bilayers(seeFig. 4 a), andwhich is not as transient. Such
astalkwashypothesized longagoto beinvolvedin theinitial
stages of fusion (Kozlov and Markin, 1983; Markin and
Kozlov, 1983). In contrast to stablearraysof stalks which
havebeenobservedin block copolymermelts(Disko et al.,
1993) andin lipid systems(Yang andHuang, 2002),those
we see are isolated, and increasethe free energyof the
system. We infer the latter from two observations: that
theappearanceof stalksis correlatedwith theincreasein the
internalenergyof thesystemasa function of timeshown in
Fig. 3; thatsomestalksvanish withoutproceeding furtherto
a fusionpore.Thus it appearsthatthestalkrepresentsa local
minimum along the fusion pathway. Density proÞles of
thehydrophilic andhydrophobic partsof theamphiphilesin
the presence of the stalk, and obtained by averaging over
conÞgurations, are shown in Fig. 5. The dimples in the
membranesat eachendof the stalk axis arenotable. What
can barelybeseenis aslight thinningof eachbilayerashort
distancefrom theaxisof thestalk.

FIGURE 3 Evolution of internalenergyin fusion simulations.The two
curvescorrespond to initial bilayerseparationsD ¼ 4 u (squares) andD ¼
10 u (circles). To reduceßuctuations, the dataare averagedover all 32
conÞgurationsatequaltimeandadditionallyoversmalltimewindows.The
largenegativevalueof theenergymirrorstheattractiveinteractions in the
solvent. The inset shows the sample-to-sample energy ßuctuations as
a functionof time.Largeßuctuations identify theonsetof fusion.

1616 Müller et al.

Biophysical Journal 85(3) 1611…1623



After stalks areformed, the rateof formationof holesin
eitherof thetwo bilayersgoesupmarkedly. Thiscanbeseen
in Fig. 6, in which we plot the fractionalareaof holesas
a function of time for the systemof two apposedbilayers,
andcompare it to the rateof hole formation in an isolated
bilayer.In contrastto the largeincreasein theareaof holes
formed in the apposedbilayersat time t ¼ 200 3 25,000
MCS, the fractional area in single bilayers ßuctuates
somewhat aboutan averagevaluewhich is rather constant
over time at a value of ; 0.004. Comparison with Fig. 3
showsthat the increasein therateof holeproduction in the

apposedbilayersin this systemwith bilayerspacing D ¼ 10
u is correlatedin timewith thedecrease in theenergyof the
system,and it is reasonable to infer that the decreasein
energyis causedby the production of holesand, later, the
fusion pore.Similarly, during the time beforethis increase
in hole production, stalks are forming, and it is also
reasonableto infer thattheincreasein energyis dueto their
formation.

Thelocationsof stalksandholesarecorrelated; holesform
close to the stalks,and the stalk elongates and movesto
surroundthehole.A snapshot of thisis shownin Fig.7 a and
d. In both snapshots an elongated stalk is seenanda small
hole is formed in the upperbilayer next to the stalk. The
extentto which holesare,on average,foundcloseto a stalk
canbedeterminedfrom thehole-stalkcorrelationfunction

gðrÞ[
+ rs;rh

dðjr s � r hj � rÞPshðr s; r hÞ

+ rs;rh
dðjr s � r hj � rÞ

; (2)
FIGURE 4 Representative snapshots.(a) Stalk intermediate. (b) Com-
plete fusion pore from one of the simulationruns.EachconÞguration is
shownfrom four differentviewpoints.Hydrophobic coreis shownasdark
gray, thehydrophilic-hydrophobicinterface(deÞnedasa surfaceon which
densitiesof hydrophilicandhydrophobicsegmentsareequal)is light gray.
For clarity, hydrophilic segmentsare not shown. Top- and bottom-left
subpanelshavebeengeneratedby cuttingthesystemalongthemiddlexÐy
plane;thetopandbottomhalvesareviewedin thepositive(up) andnegative
(down) z-direction,correspondingly. Top- andbottom-right subpanels are
side views with cuts madeby xÐz and yÐz planes,correspondingly. Grid
spacingis 20 u. Three-dimensional orientationaxis is the samefor all
snapshots,andshownin a.

FIGURE 5 Densitydistributionof segmentsin thestalk,averagedoverall
simulation runs. At eachpoint only the majority component is shown:
solventaswhite, hydrophobic andhydrophilicsegments of amphiphiles as
black, andgray, respectively.

FIGURE 6 Areaof holesvs. time in thesystemof two apposedbilayers
(gray for onebilayerandblackfor theotheron thebottompanel) andin an
isolatedbilayer(top panel).
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where Psh(rs, rh) is the joint probability that the lateral
positionrs is partof astalk andrh is partof ahole,andd(r) is
theDiracdeltafunction.Thevalueof g(r) at largedistancesr
is proportional to the productof the arealfraction of holes
andstalks.This correlationfunction is shownin Fig. 8. The
scaleof g(r) increaseswith time,indicatingthesimultaneous
formation of stalks and holes. The Þgureshowsthat the
correlation peaksat a distanceof ; 16 u, andfalls rapidly at
larger distances. (Recall that eachbilayer has an average
thicknessof 25 u.)

It is notdifÞcult to understandwhy thepresenceof astalk
promoteshole formation.First, if the hole forms closeto
a stalk,thentheline tension, or energyperunit length l , of
that part of the hole nearthe stalk is signiÞcantly reduced.
This canbeseenfrom theschematic in Fig. 9. In theupper
partof theÞgure,weshowaholewhichhasformedfar from
astalk,while in thelower,weshowaholewhichhasformed
closeto one.It seemsclearthattheline tensionin thelatteris
reducedsimply due to the reduction of curvature of the
hydrophobic-hydrophilic interface.The secondreasonthat
thestalkformationencouragestheappearanceof holesis due
to theslight thinning of themembranein thevicinity of the
stalk to which we alluded earlier. Further, it has been
suggested recently that the local surface tension in the
neighborhood of a defect, such as a stalk, is increased
signiÞcantly (Kozlovskyetal.,2002),makingsuchalocation
the likely site of hole formation.

Now that onehole hasformednext to the stalk, andthe
stalk has begunto surround it, two other eventsoccur to
completethe formation of the fusion pore. They are 1),
a secondhole forms in the otherbilayer; and 2), the stalk
surroundsthehole(s) to form therim of thefusionpore.We

haveobserved thesestepsto occurin either order,andwill
brießydiscussthemseparately.

Pathway 1: Rim formation followed by appearance
of a second hole

In this scenario, a hole appearsin onebilayerandthe stalk
completely surrounds it rather rapidly. A snapshot of the
systemin this conÞgurationis shownin Fig. 7 b. This looks
very much like a hemifusion diaphragm which has been
suggestedby manyauthorsasan intermediatestagein fusion
(Chernomordik et al., 1985; Markin and Kozlov, 1983;
Siegel,1993). However, this diaphragmis quite different
from the usual hemifusion one that consistsof two trans
monolayersof the fusing membranes. In contrast, the
diaphragm we observe is madeof one of the pre-existing
bilayers; that is, it is madeof cis and trans leaves. The
appearanceof aholein thisdiaphragm,asshown in Fig. 7 c,
andits expansioncompletestheformationof thefusionpore.

Pathway 2: Appearance of second hole followed
by rim formation

In thisscenario, aholeappearsin onebilayerand,beforethe
stalk completely surroundsit, a secondhole appearsin the
other bilayer. The stalk tries to surroundthem both, and
alignsthemin doingso.In Fig.7 eweshowonestagein this
process. Oneseesa largehole in theupperbilayer.A small
hole is formed in the lower bilayer next to the stalk.
Eventually, the stalk aligns and completely encircles the
holes(seeFig.7 f ) to formtheÞnalfusionporeshown in Fig.
4 b. Again,thedrivingforcefor thestalkto surroundthetwo
holesis thereductionin their(bare)line tension.Becausethe
stalk aligns and surrounds two holes, we observe this
pathwayto be somewhat slowerthanthat of pathway1, in
which thestalk needonly surroundonehole.

Oncethe fusion porehasformed,by either of the above
mechanisms,it expands,driven by the reduction in surface
tension.Thegrowth of thefusion poreeventually slows and
endsastheporereachesits optimumsizedeterminedby the
Þnitesizeof our cell.

FIGURE 8 Thehole-stalkcorrelation functionat earlytimes.

FIGURE 9 Schematicexplanationof the line tensionreductionnearthe
stalk.

FIGURE 7 Two observedpathwaysof fusionprocess.Thesnapshotsaretakenfrom two representativesimulationruns.EachconÞguration is numberedby
thetime(in multiplesof 25,000MCS)at which it wasobserved.SeeFig. 4 for explanationof thegraphicsshown.Fordiscussionof themechanismseetext.
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DISCUSSION

We havecarriedout extensive Monte Carlosimulationson
the fusion of two bilayer membranescomprisedof am-
phiphilic moleculesimmersed in solvent. The amphiphiles
and solvent are modeled by copolymers and homopoly-
mers,respectively. The membranesareundertension. The
mechanism of fusion that we seebeginswith a stalk, as
posited years ago, and incorporated in almost all fusion
scenarios.However, what follows after stalk formation is
different from all other mechanisms which have been
proposed save that presented independently by Noguchi
andTakasu(2001). In particular,thefusion intermediateswe
seebreakthe axial symmetry which hasbeenassumed in
almostall previouscalculations.We observed that thestalk
destabilizesthe bilayersby catalyzing the creation of small
holesin them.We arguedthatthemechanismbehindthis is
quitesimple: theenergyperunit lengthof theedgeof ahole
is reducedwhentheedgeis adjacent to astalk.For thesame
reason,thestalkwill try to surroundtheholeformedin one
bilayer oncethe hole hasappeared. Two slightly different
pathwaysto the Þnal fusion pore were observed differing
only on whetherthe hole in the secondbilayer, which is
necessary for complete fusion, appearsbeforeor after the
stalkcompletely surroundstheÞrsthole.

Thequestion nowarisesasto whetherthepathwaywesee
in themodelsystemis thatwhichoccursin biologicalfusion.
There are many differencesbetweenthe model studied
andabiologicalsystem.Perhapsthemostobvious is thatwe
havemodeledßexible, singlechainblock copolymers, not
lipids with two semißexible tails anda rigid head.How is
oneto determine whether thesearchitecturaldifferencesare

signiÞcant?It is useful to recall that phenomenological
theoriescompletely ignore thearchitectureof themembrane
constituentsandencapsulatetheir effectsin a smallnumber
of parameterswhichenterthetheory, suchasthemonolayer
spontaneouscurvature and bending modulus.In that same
spirit, we can extract from our simulation those same
parametersand compare dimensionless ratios of them to
thoseof othersystems.Wehavedonethat, andpresentedthe
results in Table 1. One seesthat the valueswe obtain are
reasonable.Theratioof thebilayercompressibility modulus
to the hydrophilic/hydrophobic interfacetension, ka/g0, is
closer to that of liposomes than of polymersomes. The
reverse is true for the ratio of the monolayer bending
modulus to theproductof surfacetension and thesquareof
the hydrophobic thicknesskb/g0dc

2. One line in the table
deservescommentÑthat for the experimental valuesof the
bilayerareaexpansion,DA/A0, quotedatrupture(thecritical
values). That for liposomes is smaller than that for
polymersomes at rupture,which is equalto thebilayer area
expansionweutilized. However,thevaluesquotedatrupture
have no thermodynamic meaning,becauseany membrane
undertension is inherently unstable andwill beobservedto
rupture if the timescaleof observation is sufÞciently long.
The experimental values quoted apply over some, un-
speciÞed,laboratorytimescale.On thispointweaddthat, as
in experiment,wefoundmanyof ourbilayersto ruptureover
the time we observed them, but the timescalefor this to
happenwas signiÞcantly greaterthan that for fusion. If
thebilayer areaexpansion, or equivalently, its tensionwere
reduced, either in experimentor in our simulation, the
timescalesfor thebilayersto fuseandlaterto rupture would
bothincrease,perhapsto theextentof makingimpossiblethe
observationof fusion. Indeedwe chosethevalueof tension
in the simulation such that fusion could be observed
conveniently. One could still ask whether, in addition to
increasingthetimescale for fusion,asigniÞcantreduction in
bilayer tensionwould favor an alternative fusion pathway.

FIGURE 10 Probabilityof Þndinganamphiphilic molecule in its original
monolayer after time t. The solid anddashedlines refer to simulationsof
asinglebilayerundertension,g/g0 ¼ 0 andg/g0 ¼ 0.75,respectively.Lines
with symbolspresentthe results obtainedin the simulations of fusing
bilayers.Squaresandcirclesreferto cisandtransmonolayers,respectively.
Thetimeperiodcorrespondsto theformationof stalksandholes.Errorbars
showstandarddeviationsobtainedfrom 32 runs.

FIGURE 11 Areaof pore(symbols) andof holes(lines) vs. time for one
simulationrun(identicalto Fig.6).Notethedifferentscalefor poreandhole
areas.
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To attemptto answerthis question, onecould contemplate
even longer Monte Carlo runs on membranesunder less
tension.

Thereare other physical parameterswhich might affect
the fusion pathwaybut which arenot encompassedby the
quantities in Table1. For example, onemight askwhether
thefusionpathwayis expectedto bethesamefor largevirus-
encapsulatingendosomesasit is for smallsynaptic vesicles.
Thus one would considerthe dimensionlessratio of the
membraneÕs hydrophobic thickness to the radius of the
vesicle in question. We have consideredthe simplest case
of planar membranesfor which this ratio is zero. For
endosomesencapsulating inßuenza viruseswith an average
diameterof 100 nm, the ratio is smallÑ# 0.03, but for
synaptic vesicles of 50-nm typical diameter, it is at least
twice this. It is not difÞcult to imaginethatfor a sufÞciently
largevalueof thisratio,whichimpliesasmallareaof contact
betweenthefusingvesicles,theremightbeinsufÞcientroom
for thegrowthandmovementof thestalkwehaveobserved,
sothatour mechanismwould besupplantedby another. But
we do not know this.

Ultimately themostmeaningful testof theapplicability of
our mechanism to biological fusion is comparison to ex-
periment, andourscenario doeshavetestableconsequences.
First, becauseof the initial stalk formation, oneexpects to
seethemixing of lipidsin thetwo proximal layersbeforethe
fusion pore opens,if it forms at allÑa result which is in
accordwith experiment (Evansand Lentz, 2002; Lee and
Lentz, 1997; Melikyan et al., 1995). Second, due to the
formation of holesin eachbilayer neara stalk,our scenario
allows for the mixing of thoselipids in the cis and trans
leavesof onebilayer andalsoof lipids in thecis leafof one
bilayerwith thosein thetransleafof theother.Thestandard
hemifusion mechanismdoesnot permit eitherprocess.Note
that this movementis differentfrom lipid ßip-ßopwhich is
known to beveryslow.Mixing of lipids betweenthecisand
trans monolayers hasbeenobserved in fusion (Evansand
Lentz, 2002; Lentz et al., 1997), but it has not yet been
determined from which membrane they originate and in
which membranethey terminate.We have monitored the
amphiphiles to seewhether theyremainin theleaf in which
theyweresituatedat thebeginning of theMonte Carlo run,
or mix with amphiphiles in other leaves. Instantaneous
assignment of amphiphiles to a respective monolayer was
determinedby the center of massof their hydrophilic part.
Theresultsareshownin Fig.10.Theysharewith experiment
thefact thatthemembraneof origin is not distinguishednor
is themembraneof Þnal residence.To evaluatetheresultsfor
the apposedbilayersundertension,we havealso included
thosefor the single isolatedbilayer underzerotensionand
underthesametension(g/g0 ¼ 0.75)asin thesimulationsof
fusion.Lateraltensiongreatly enhancesthe ßip-ßop ratein
thesinglebilayersystem.Thiseffectcanbeexplainedby an
overall thinning of the membrane,which lowers the trans-
locationbarrier,aswell asby the diffusion of amphiphiles

through the transientholes formed under tension. In the
simulations of the apposed bilayers, translocation of
amphiphilesfrom thetransleavesinitially follows thesame
dynamics as in the single bilayer system,but eventually
deviatesfrom it, apparently due to the formation of holes
facilitatedby theappearanceof thestalks,asdiscussedin the
previoussection.Amphiphiles from the cis leavesundergo
mixing to the largest extent,as would be expecteddue to
stalk formation. Third, our mechanism allows for transient
leakage during fusion.As notedearlier,therewill begreater
leakage if fusion occursvia pathway2, in which the stalk
alignsandsurrounds two holes, thanif it occursvia pathway
1, in which the stalk rapidly surroundsonehole beforethe
secondappears. Clearly the amount of leakage dependson
thesizeof thetransientholesformedin thebilayer,thetime
betweentheformationof theinitial stalkandthecompletion
of the fusion pore, and the diffusion constant of the mol-
eculeswhich leak. This constantintroducesanother time-
scale whose magnitude, relative to that of fusion pore
formation, determineswhetherthe fusion process is obser-
ved to be leakyor tight.

It is clearthatwithin ourmechanism,leakagevia transient
holesandfusion via poreformation arecorrelatedin space
andtime. The latter is shownin Fig. 11 which presents, as
a functionof time, theareaof holesandthatof fusion pores
from oneof thesimulation runs.Oneseesin thisÞgure,asin
the Monte Carlo snapshots,that the rate at which holes
appear,andthereforetherateatwhich leakageshouldoccur,
increasessigniÞcantly before, and is correlated with, the
formation of fusion pores.Oncethefusionporehasformed,
thecreationof otherholesdecreasesdueto releaseof tension
initially storedin themembranes.

Thequestion of whethertransient leakage ischaracteristic
of membranefusionis anopenone.On theonehand,some
experiments detect no leakage (Smit et al., 2002; Spruce
et al., 1991; Tse et al., 1993), while on the other thereis
agreatdealof evidence thatfusion of biologicalmembranes
is, indeed, a leakyprocess (BonnafousandStegmann,2000;
Dunina-Barkovskaya et al., 2000; Haque andLentz,2002;
Shangguanetal.,1996;Smitetal.,2002).It couldbeargued
that observed leakage is due to the presence, in these
experiments, of fusion proteins, such as hemagglutinin,
which are certainly present in the vicinity of fusion, and
which are known to undergo conformational changesin
which partof theprotein inserts itself into thetarget vesicle.
In support of thisview,onecouldcitethewell-knownability
of fusion peptides to initiate erythrocyte hemolysis (Niles
et al., 1990).Suchpeptidesarenot includedin our model.
This argument is vitiated, however, by the observation that
leakage is alsodetectedin the fusion of modelmembranes
without suchpeptides(Cevcand Richardsen,1999; Evans
andLentz,2002;Lentz et al., 1997).In theseexperiments,
large molecules, such as polyethyleneglycol, are used to
bring the fusing vesicles together.It would be difÞcult to
arguethat thesemolecules, which undergono conforma-
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tional change, are responsible for the leakage as they
generatean attractiveosmotic force betweenthe vesicles
preciselybecausetheir largesizemakesit difÞcult for them
to entertheregion where thevesiclesarecloselyapposed.

One test that might distinguish whetherleakagesimply
accompaniesfusion or is causally related to it is provided
by the observation above that in our mechanism transient
leakageis correlatedin timeandspacewith fusion.Justsuch
anexperimentto measurethesecorrelationshasbeencarried
out recently (Frolov et al., 2003), and is reported in the
companion article to this manuscript. They observe that
leakageis, in fact, correlatedspatially andtemporally with
the process of fusion. Indeed,their resultscomparing the
time sequence of the electrical conductancearising from
leakagewith thatarising from fusion(shown in their Fig. 5),
displaya remarkable similarity to our results,comparing the
time sequence of the arealfraction takenup by holeswith
that takenup by fusionpores(our Fig. 11).

While the congruence between the predictions of our
modelandexperimentareveryencouraging,therearefurther
testsweshouldlike to applyto it. Foremostamongtheseis to
determinethefreeenergybarriersfor thevariousstepsalong
the fusion pathway.As notedabove,it is relativelysimple
to determine the internal energyduring the courseof the
simulationasoneneedonly monitor theinteractionsbetween
all segments.But thesimulationscannoteasilyevaluatethe
entropychangesalongthe fusionpathwayor, therefore,the
freeenergybarrier.To determinetheactualvaluefor thefree
energybarrier,calculationsusingself-consistent Þeldtheory,
which have been extremely successful in describing the
phasebehavior of amphiphiles (Matsen and Bates,1996;
MatsenandSchick,1994)arecurrentlybeingpursued by us.
Also, elasticconstantsof the simulatedamphiphilic mono-
layers,e.g.,calculatedin Mu¬ller andGompper(2002), could
be employed in the simpler phenomenological theories,
whichhaveprovedto besouseful.Comparisonwith thefull
self-consistentÞeldcalculationswouldpermitdetermination
of the accuracyof theseelasticmodels in describing the
highly curvedintermediatesinvolved in thefusionreaction.
Furthermore, there is an extensive experimental evidence
on the effect of lipids of differing architectureon fusion
(Chernomordik, 1996; Zimmerberg and Chernomordik,
1999). The self-consistent Þeld theory is able to describe
suchdifferences(Li andSchick, 2000;Matsen,1995)andto
determine both the spatialdistribution of differentamphi-
philes in inhomogeneousstructures such as the stalk, the
holes,andthe fusion pore,aswell as thechangein thefree
energyof thesestructures.Resultsof theseinvestigations
will bepublishedseparately.

It would be of great interest to repeatour simulations
under different membranetension,as this would help to
clarify the importanceof fusion peptidesin bringing about
such tension.Finally, it would be desirable to carry out
simulationsin which fusion peptidesareincludedexplicitly.
Onecould investigatewhether the membraneperturbations

associatedwith such inclusions provide sites for the nu-
cleationof thesmallholesthatarenecessary for the forma-
tion of the fusion pore. If this wereso, one could test the
further inferencethat, by providing nucleation sitesin close
proximity, one in eachmembrane,suchpeptidesfacilitate
successful and rapid fusionthereby reducing leakage.
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