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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 fundamertal biological pro-
ces of importan in fertilizaton, syrapic releag, intra-
celulartraffe, andviral infedion, its basc medanism is not
well understaod. Much of theliterdure hasfocusedonfusion
proténs whose function is, inter alia, to overcome the en-
ergeic cog of bringing the bilaye's to be fused to within a
small diganceof oneandher, a step which placesthe mem
branes uncer tension (Chen and Sctleller, 2001). Theee is
acamulating eviderce, howeve, that the sulseqiert stages
in the fusion pahway, theinteruption of theintegiity of the
bilayers andthe molecular rearangemerts that lead to the
formation of the fusion pore itself, areesenially lipidic in
naure (Lentz et al., 2000; Zimmemberg and Cherromadik,
199). A corsealerce of this view is that thefusion process
canbestudied,both expelimentdly andtheoeticaly, utilizing
simple mocel memiyane sygems. Knowledge of the fusion
mechanism in thesesimpler sydemswould illuminate add-
tiond rolestha the prateins neel to play in biological fuson.
Thetheoeticaltreatmehof membrandusion has,almost
without exception, been resticted to phenonenologcal
models which describethe bilayer, not in terms of the
microscofc architectire of its compaments,but rathe in
termsof themacroscogi elasticpropertieof its monolayers
The comnon assumpbn is that theseelastic modul are
uniform and indepenient of membrane deformations
(Safran 1994).Although attractve mahematicdy, this ap-
proachhasits limitations.Forinstanceit is notclearwhether
the expansiorof the membrandree energyto secondorder
in deformationsis sufpciat to descrbe the highly curved
intermediate structure that may be involved in fusion.
Additional approximationsmustbe introducedto calculate
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the propertiesof junctions of bilayers, which are not well
describedby simple bending deformations.The energyof
thesestructures hasprovento be particulaly sensitve to the
approximaton usedin therr descripton (Kozlovky and
Kozlov, 2002; Kuzmin et al., 2001; Markin and Albanes;j
2002; Siege] 1993). Importantly, application of these
approacles requires one to assumea particdar fusion
pathway.The only pathways consideredo datehavebeen
limited to variantsof one hypottesis(Chernonordik et al.,
1985;Kozlov andMarkin, 1983;Markin andKozlov, 1983).
Onestartswith two bilayersin closeapposiion. Lipids in the
facing, or cis, layesrearrangéocally andbridge theaqueous
gap betweenthe bilayers. This resultsin the formaton of
an axially symmetic stak. In mostversions the stalkthen
expandsradidly andthe cis layersrecedeThetranslayers
makecontat andproducean axialy symmetric hemifuson
diaphragmNucleationof aholein thisdiaphagmcompletes
the formation of anaxialy symmeéric fusion pore.Because
of the evolutionof the stalkinto a hemfusiondiaphiagmin
this mode| we shallreferto it asthe hemfusionmechanism
Becuseonly variantsof the hemifuson mechaism have
beenexamhed,andbecaus¢hetheol isphenonenologcal,
one doesnot know, a priori, in what systemshis pathway
may be the mostfavored, or underwhat condtions. Some
insight is gained by comparisa with experimentwhich
shows this hypotresizedmechaism to be consstentwith
a wide range of experimental obsenations of biological
lipids (Jahnand Grubmdler, 2002; Monck and Fernandez
1996; Zimmerberg and Chenomordik 1999). However
thereis no direct eviderce to conbrmthat this particula
pathway is that taken either by biological or laboraory-
preparednodelmenbranes

In light of the alove, it would certainly be desirableto
examinethefusion pathwayin a systemwhosecomponents
aredescrbedby amicroscojc model Such examinatiorhas
begunrecenty. A minimal mode| consstingof rigid amphi-
philes of one hydroptilic and two hydroplobic segments,
and with no explicit solvent, was studiedwith Brownian
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dynamicssimulations(Noguch and Takasu,2001). At the
sametime, a model of more complex,Rexble chainmole-
culeswidelyemployedn thepolymercommunty, wasused
by us to study bilayerscompaed of amphphilic, diblock
copolymersin a hydrophlic solvent (Muiler et al., 2002).
Suchcopolymersareknown, in fact,to form bilayervesides
which canundergdusion (Discheretal., 1999).Thissystem
was studied by meansof Monte Carlo simulations Both
theoretial studiesobseredtheformationof theinitial stalk,
but found that the subsegent fusion pathwaywas not the
usual hemfusion mechaism, but involved intermedates
thatbroketheaxialsymmety. In particula, off to thesideof
theinitial stak, the formationof smal poresin eachof the
fusing bilayerswas cleaty seen.(We shall refer to these
small poreswhich spanone bilayeronly asholes to avoid
confusionwith fusionpores which spanbothbilayers.)It is
intriguing that the two studiesobsered the samefusion
pathwayeventhoughthe archiectureof the constituerts of
the two sysemsdiffered consderaby, sharinglittle other
thanthe genericpropety of beingamphiphiic and capabé
of bilayer selfassemlyl.

The two investigationsgave a brst glimpse of a fusion
pathwaywhich differsfrom the hemfusion mechaism, but
did not provide a greatdeal of quantitaive detail. In this
article we preseh an extengve study of the samemicro-
scopicmodelwe empbyed previously and offer sufpcient
quantitaive eviderceto substantite our earlierobsenations.

Naturallywe are concerné with the quesion of whether
the fusion pathway we obserne in our model systemis
relevantto membranefusion in biological systems The
architectire of the compmentsin our sysem obviowsly
differs greatlyfrom thoseof biologicallipids, andit is not
clearhow one shouldcompae the systemsWe makesuch
anattemptby calcubtingseveradimensiotessratioswhich
can be formed from membraneparanetersand compaing
thosein our sysem with ratios charactestic of vesides
formedof block copolymers,andof liposones.(SeeTablel
below.) Ultimately we cannotbe sure of the systens to
which our resultsapply andunderwhatconditiors, savethe
very particula onesthatwe havesimulatedor theparticular
caseof block copolymers.In this sensepur resuts mustbe
evaluatedn the sameway as thosefrom the phenoneno-
logical theoies; they mustbe compaedto experimentWe
do so in the Discus#on. In particula we note that our
mecharsm predcts that the fusion rate dependson lipid
architectire and membrandension,that thereis mixing of
lipids in the cis leavesbeforemixing of conterts, and that
thereis alsomixing of lipids betwea cisandtranslayers. Of
mostinterest our mechaism predictsthattransent leakag
is causdl linked to the proces of menbranefusion.

SIMULATION DETAILS

Simulationof membranéusionin afully chemially realistic
model would be most valualde, becauset could provide
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TABLE 1 Structural and elastic properties of
bilayer membranes

Polymersmes Liposomes Simulation
de 80 Al 30 A (DOPB*, 25 A(DOPCY 21 units
f 0.39 0.356 0.10 0.34375
Cole No data 1.1 (DOPEJ, 0.29(DOPCY 0.68
DA/A, 0.19 0.05 0.19
K4Go 2.4 4.4 (DOPEY, 2.9 (DOPCY 41
ky/go/d?  0.044 0.10(DOPEY, 0.12 (DOPCY} 0.048

d., Thicknes of membranehydrophobiccore; f, hydrophilc fraction;
Co, monolayer spontaneasl curvature; DA/A,, bilayer area expansion
(critical value for the experimetal systemsand the actualstrainusedin
simulations); k,, bilayer area compressittity modulus; k,, monolayer
bendingmodulus;go, hydrophilic/tydrophobicinterfacetension(oil/water
tensionof 50 pN/nmfor the experimentasystemsandA/B homopolyner
tensionfor the simulatiors).

Dataon EO7 polymersoresis takenfrom Discheret al. (1999).Dataon
lipids is takenfrom:

*Rand and Parsegia (1989).

YRandet al. (1990).

“ChenandRand(1997).

“Leikin et al. (1996).(Seealso http://aqeous.labs.brdw.calipid/.)
Valuesof d., Co, andk, for DOPE were obtainedby linear extrapolation
from theresultson DOPE/DOR (3:1) mixturesandpureDOPC.Valuesof
Kp, 0o, andCy for the simulatednodelwerecalculatedy usingthemethod
of Muller and Gompper(2002).

informationaboutspeckc structural changeson the atomic
level This would be particulaly important if changesin
molecular confomations entaileda qualitative spatial re-
distribution of hydrophilic and hydroplobic segments.
Unforturately, the simulaton of atomisically faithful
modek canonly follow thetime evolutionof afew hundred
of lipid moleculesoverafew nanoseandsevenon state-of-
the-at superomputers.Given that the timescaleof mem-
branefusion is on the order of millisecondsand involves
lenghsontheorderof afew tensof nanoneters an atomistic
simulation of the fusion proces is not yet feasitbe andone
has to resortto coarsegrainedmodes.

Coase-gained modelsof amphiphiic chain molecules
have beenusedwith greatsucces to invegigate comnon
featues of self-assmbly. Such modelsretain only those
molecular propeties that are necessaryor selfassembl,
such as the connedity of hydrophlic and hydroplobic
portions along the amphphilic molecule,and the mutual
repukion betweenthesedifferent kinds of segnents, and
ignore specbc chemical or electostaticinteractions.The
usefulnessof this approab restson the obsenation that
chemicallyverydifferentsystemssuchasbiologicallipidsin
agueousnvirormentandblock copolymersin a homopoly-
mer enviromment, exhibit a comnon phasebehavior and
similar structural paterns on length scalescompaable or
large, than the molecularsize. The selfassemby of am-
phiphiles into bilayer membranestself is an exampe of
auniversabehavor, i.e.,onewhich doesnotdepencn bne
detailsof theundering archtecturelt hasbeensuccesfully
studied by coarsegrainedmodes (Shillcock andLipowsky,
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2002).We expectthatall membranesanbe causedo fuse;
however, theremay be severadifferentpathwayswhich are
takenby differentsystemsunder differentconditiors. Our
purpo® hereis to demorstrateone path which is takenin
asysemmodeledmicroscopcally.

We employ the bond RBuctuationmodel (Carrresin and
Kremer, 1988) of a polymer chain, which has beenused
previously to study pore nucleationin a symmetic bilayer
membraneindertenson (Meller andScdick, 1996).Muchis
known about the structure and thermodynanics of this
model,andthe paraneterscanbe mappe ontothe standrd
Gaussia chain model of a dense mixture of extended
molecules In this threedimensimal lattice model, each
segnentoccupesa latticecube.No two occupiedcubescan
shareany corner a rule that mimics hard-ore repukion
interacton. Furthemorethis ensurs thatthe lattice spacing
is sufbcieny smallerthanthewidth of interfacessothatthe
effect of the discretzation of spaceis minimd. To ensure
that the chain of segmentscannot intersect itself, the
segnentsare connectd by bondlengthsthat cannotbe too
large In particular, neightoring segmentsalong the chain
pan Be conneﬁed by oneof 108 bondvectos of lengths2,

5,7 6;3,or 10measrredin unitsof thelatticespacngu.
The anglesbetweenadjacat monomersantakeon any of
87 values The large numbe of bond vectos and the
extenaed segmentshapeallow a rathe faithful approxma-
tion of continuousspacewhile retainingthe compuational
advanagesof lattice models. The amphiphiic molecules
consst of 11 hydrophlic segmentsand 21 hydroplobic
segnents.This asymmetry mimics theratio of headandtalil
sizein biologically relevantlipid moleculesandis slightly
smallethanempbyedby uspreviously(Muiler etal.,2002).
Wereducedin thisstudy, theasymmetryof themoleculesso
that a solvent-free systemnot only would be in a lamella
phase(L,), but would alsobe furtherthanin our previaus
study from the bounday separting the lamella and in-
verted-hexa@nal (H,) phasesThe solvent in our sysemis
repregntedby chainsof 32 hydrophilic segnents,i.e., we
conceve a hydrophilic chain as a small cluser of solvent
moleculesjustasin othercoarsegranedmodeling(Shelley
et al., 2001) The mean head-to-td distanceof the am-
phiphiles and solvent moleculesis 17 u. Like segnents
attracteachotherandunlike segnentsrepeleachothervia
asquarewell potentialwhich compisesthenearet54 lattice
sites.Ead conta¢ changeghe energyby an amounte %
0.17689kgT. This correpondsto an intermedate segreg-
tionxN  30in terns of the Flory-Hugginsparaneterx. If
we increasedthe incompatbility much more, we would
reducethe interfacial width betweenhydrophlic and hy-
dropholic segnentsto theorderof thelatticespacngandthe
local structureof thelatticemodelwould becmeimportan.
If we decreasd the inconpatibility, we would reducethe
clear segregtion between hydrophlic and hydroptobic
regims. Similaty if we replacedthe solvert homomlymers
by monomerswe would effectively reducethe incompati
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bility (Matsen, 1995), and again reducethe segregtion
betweenthe diblock and solvent hydrophilic segnentsand
thediblock hydroptobic segmentsWerewe to increasethe
incompatbility to resbrethe desireddegreeof segregtion,
wewouldagainreduceheinterfacialwidth of themembrane
to an extentthatlattice effectswould becone importart.

Monte Carlo simulationsare perfomedin the canoncal
ensembleexceptfor somerunsdescrbedin thenextsection.
The segmentnumbe density, i.e., the fraction of lattice
cubesoccuped by segnents,is Pxedat r ¥4 1/16. The
confomationsareupdate by local segnentsdisplacements
and slithering-siake-like movemenrd. The different moves
areapplied with a ratio 1:3. We countone attemptedocal
displacemnt per segnent and three slithering-siake-lke
attemps per moleculeas four Monte Carlo steps(MCS).
This schene relaxesthe molecular conformaion rather
efpciettly. The latter moves do not mimic a realsstic
dynanics of lipid molecules and we cannot idenify
straighforwardly the numbe of Monte Carlo stepswith
time. Thedensty of hydrophlic andhydropltobic segnents,
however, is consered so that the moleculesmove dif-
fusively. Moreover, the moleculescannotcrosseachother
duringther diffusivemotion. In thissenseve haveaslightly
morerealistictime evoluion on local lengh scales thanin
dissipaive particle dynamics simulations (Shillcock and
Lipowsky, 2002), but Monte Calo simulatons canna
includehydrodynamt Rows,whichmightbeconeimportart
onlargelengh scalesAt anyrate,we do notexpecthetime
sequeneto differ qualitatvely from thatof asimulaton with
more realistic dynanics on timescats much larger than
a single Monte Calo step. Most importarly, fusion is
thougt to be an activatedproces, therdore thedetailsof the
dynanics only setthe absolte timescale,but the rate of
fusion is dominated by free energy barriers enountered
along the fusion pathway,which are indepadent of the
actualdynanics used.

PREPARATION AND PROPERTIES OF A
SINGLE BILAYER

It seens clear that bilayers that are under no stress will
not undergofusion, asthereis no free energyto be gained
by doing so. So to promotefusion, we have subjectedthe
studiedbilayersto lateral tenson. This hasbeendone by
providing the systemwith fewermoleculegshanareneeded
to spanthe given areaof our samplecell with bilayersthat
aretensbnless.Of coursewe needto know just how many
moleculesareneededo makeatensionésshilayerthatspans
the cell. To determire propeties of the tensbnlessbilayer,
we madeuseof thedePnitionof thetensionin thisliquidlike
bilayerasthederivatiwe of thefreeenergywith respetto the
bilayerareaat constait tenperatureandparticle number.We
thereforanvedigatedanisolatedbilayerwith a straight free
edge.A simulationcell of size64 u3 200u 3 64 u with
periodic bounday conditiors in all dimensionswas used.

Biophysical Journal 85(3) 1611..1623
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Thebilayer, orientedin thexBy plane ,spannedhesysemin
theshort x, direction butdid notspanthesystenin thelong,
y, direction Its exten#on in thisdirectionadjustedtself until
it neithergrewnor shrank Thusthesurfacgensiong, of the
bilayerwas zero. This vanising value includes,of course
the contibutionsfrom the Buctuationsof the bilayer. Even
thoughthe tenson vanised, theselfuctuationsof the mid-
planewere not very large dueto the stiffnessof the rather
small patchof menbraneconsdered.A typical snapsbt of
thebilayerconbguréionis shownin Fig. 1 a. Rearangenent
of amphiphies at the bilayer free edgesis clear The aver-
ageproblealongthe y-axis, the long axis of the bilayer, is
presentedn Fig. 1 b. To obtan it, we haveaveragedhe
problesalong the x- and z-direction and estimagd the in-
stantaneouanglethe bilayer makeswith the z-direction(to
correctfor the differencebetweenprojected andtrue area).
We obserefor thesdaterally averagegroblesthattheedge

(a)

Miller et al.

of thebilayeris slightly thickerthanthemiddle;theincrease
is; 7% for theamphphilic segmentensty, and ; 16%for
the density of hydroptobic segnents.Away from the edge,
the densties decayexponentlly to thoseof the uniform
bilayer (i.e.,withoutanedge) andwe estmatethethickness
of thetensionésshilayerfrom thatin themiddle,prdingit to
be do Y231 u.

Theproblesacrossa singlebilayerof thicknessdy %231 u
are shown in Fig. 1 c. They wereobtainedby simulaton in
acell40u3 40u 3 80uin whichthebilayerspannedoth
shortdiredions. Oneseeghathydroplobic andhydrophlic
reginsareclealy separted,butthereis someinterdigitation
of the hydroplobic tails emepging from the opposng
monohyers.

Knowing thethicknesof thetensonlesshilayer,weknow
the numberof moleculesneededo spanthe simulaton cell
with sucha bilayer,and cancontroltensionby varying the
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FIGURE 1 (a) Snapshobf anisolatedbilayerin thetensionlesstate Hydrophdic andhydrophilicsegment®f amphiplies areshownasdark andlight
gray spheresFor clarity, solventsegmentarenot shown.(b) Densityproblesalongthey-axis. The edgeof the bilayeris thickerthanits middle.(c) Probles
acrosghebilayerfor alateralpatchof size40u 3 40u. (d) Dependeneof thebilayerthicknesntheexchangehemicapotentialDmbetweeramphiphiles
andsolvent.Theinsetdisplaysthe tensiong of the bilayerasa function of exchangepotential.
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numbe of moleculesintroducedinto the cell. We cannot
deteminethistensionasonemightin amoleculardynanics
simulaton, from theexcesgangeiial stressn theinterfacal
zonebecauseave empby a lattice model Nevethelesswe
can detemine the tenson purely from thernodynanic
relations To do so,we assembledsingle bilayerin asysem
of sizel56u 3 156u 3 64 u, wherethebilayer spannedhe
systemin the xBy plane.Using semgrandcanoncaliidentity
switchesbetweeramphphilesandsolvent, we controlled the
exchangepotental Dm betweenthe speces and monitored
thethicknessof thebilayer(measuredby the arealdensityof
amphipliles). The dependece of the bilayer tensionon the
chemicé potentias of the amphiphie, me, andsolvent, my,
is given by the Gibbsabsorpion isotherm(Davis, 1996):

L’dg ¥4 dncdm. dn.dm,  dn.dDm (1)
wherednc and dnp are the excessnumberof moleculesin
the bilayer. In the last approximaibn we have assumed
that the liquid is incorpressibl&li.e., dna dn¢, and
the solulility of the amphiphie in the solventis vanish-
ingly smal. Resllts of the simulationfor the numbe of
amphipliles dnc asa functon of the exchanggotental Dm
Yame  mu areshownin Fig. 1 d. Using the thicknessof
the tensonlesshilayer, we can estimagé the tensionof an
arbitrary bilayer as a function of exchangepotental or of
thicknessoy integratingEg. 1. Theresults,in reducedunits
of bare A-B homopolyrer interfacal tensiongg ¥ 0.068
ks T/u?, areshownin the insetof Fig. 1 d. Dashedines in
Fig. 1 d andtheinsetcorrepondto the tensionésshilayer.
Compaison of the relevant structurd and elasticpropeties
of the polymersanes,liposones,andsimulatedmenbranes
is providedin Tade 1.

Wearenowin aposiion to simulatbilayersunderagiven
tensionin the canoncal enserble. Knowing the areaof our
simulaton cell, and the segnentdensity we addthenumbe
of amphiphies which will producea bilayer of a given
thicknessFrom Fig. 1 d, we know whattensionis placedon
this bilayer.For our studyof two bilayersundertensionwe
havechosertheir thicknessto bed %2 25 u, smallerthanthe
thicknessdy ¥4 31 u of the tensonlessbilayer. This cor-
respomlsto atenson of theorderof g/go 0.75andanarea
expansdn, DA/A;  0.19.We know from our simulatons
that a single bilayer of the thicknesschosend % 25 u, is
metastale on the timescag of fusion, i.e., the small holes,
which appeatransieny, do not grow pasttheir critical size
on thetimescag of fusion in our simulations

PREPARATION OF A SYSTEM OF
TWO BILAYERS

We beginwith a systemcontaning only amphphiles.lt is
156u 3 156u3 25u with periodicbounday conditiorsin
thelongdiredions,andhard,impenetrablewallsin theshort
diredion. They attract the hydroplhilic portion of the am-
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phiphile and repel the hydroptobic portion. Theseinter-
actionsextendovertwo layersnearesto thewall, andeach
contat¢ changesthe energyby 0.6 ksT. The amphphiles
assemblénto a bilayer structurewhich is free of defecs.
Two of theseRRatbilayersarethenstacled on top of each
otherwith a distanceof D betweerthem,andareembeded
into asimulationcell with geoméry 156u3 156u3 126u.
There are no walls at this point, and periodic bounday
conditiors are utilized in all three dimensons. The con-
ditions of Rat bilayers mimic the approab of two vesides
whoseradii of curvatre are much largerthanthe patchof
membranaeededor fusion. The solvent of homomlymers
is theninseted into the simulaton cell via grandcanoncal,
conbguriond-bias Monte Calo movesat inPnitely large
chemicalpotential of the homoplymer until the segnent
numbe densityof r ¥ 1/16is reachedTheinitial distanceD
betweenthe bilayers translags into the thicknessof the
residualsolventiayerbetweerthetwo membranesNe have
carriedout the mostextensve seresof runswith D ¥ 10u
and unlessspecbked othewise, all our resultsare for that
separtion. Becausdhe solventhomomlymersare [3exible
coils, and eachrepresents cluser of solvent molecules,
manylayers of solvent segnentsarerepregntedbetweerthe
bilayers at this separtion. In our previous simulatons
(Muiler etal.,2002),we setD ¥4 0 andobseredqualitatvely
similar behavor as we do with this large separtion. We
increasedhe separton for this extensve studybecausgas
expeckd, the rate of fusion eventsdecreasd (seenext sec-
tion), and this allowed us to obsere the sequene of
structurh rearrmgemets moreclealy thanin our previous
work. The separtion chosenga bit lessthan half the thick-
nessof onebilayer,is compaableto the separdon at which
fusionoccus whenmedatedby hemaggutinin (Flint etal.,
2000). A snapsbt of the two bilayersis shown in Fig. 2.
Hydrophobt¢ and hydrophlic segnentsof amphiphies are
shownas dark and light gray sphers. For clarity, solvent
segmentsyhicharepresenin thesimulation arenotshown.
Thirty-two independentstartingconbgurdions were pre-
pared,eachcontaning 194,688segnentscorrespading to

FIGURE 2 Snapshoof theinitial conpgurtion in thetwo-bilayersystem.
Hydrophdic and hydrophilic segmets of amphiphilesareshownasdark
andlight gray spheresFor clarity, solventsegments&renot shown.

Biophysical Journal 85(3) 1611..1623



1616

; 3613amphiphiesand3708solventmoleculesAfter every
25,000 Monte Carlo steps,a conbguréion was stored for
further analysis. Ten thousnd hours of CPU time were
utilizedin thecourseof thisinvestigation,with 32 procesors
runningfor abouttwo weels.

THE PROCESS OF FUSION

It is straghtforwardto monitor the internal energyof the

systemduring the simulation becausethis energy arises
solelyfrom contads betweersegmentsandthelocationsof

all segnentsareknown. (In contrastthe free energycannot
be obtaineddirectly) We showin Fig. 3 thebehavor of the

internalenergyof two sysems,onesepartedby adistanceD

Y4 4 u (squares), andthe otherwith D %2 10 u (circles. The

energyis plotted in units of kgT, as a function of time, in

units of 25,000 Monte Callo steps The energy initially

decayswhich re3ectgthe equilibration of the system.Dur-

ing this initial relaxation of the startingconbguréion the

interfacebetweenthe bilayerand the solvent adjuds locally.

The timescaleof this initial relaxation { 25,000MCS) is

indepemnlent of the distancebetween the bilayers, and is

approximatly two orders-ofmagnitué smaller than the

timescaleon which the fusion pore forms. Due to this

separatiomf timescalebetweerinitial relaxatian andfusion

we do notexpecttheprepaationof thestating conbguration
to affectthe fusion proces. Similaly we do not expectour

resultsto dependon our particular choice of relaxation

moves,asotherchoices would alsoleadto relaxation of the

bilayerswhich takesplaceon a muchshorertimescag than
doesfusion.

-77600 — ‘ :
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-77750 | o | 2
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c
-78350 | £
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FIGURE 3 Evolution of internalenergyin fusion simulations.The two
curvescorrespod to initial bilayerseparation® % 4 u (squarey andD ¥4
10 u (circles. To reduceluctuatios, the dataare averagedover all 32
conbgurtionsat equaltime andadditionallyoversmalltime windows. The
largenegativevalue of the energymirrorsthe attractiveinteractioss in the
solvent. The inset shows the sample-tossample energy RBuctuatios as
a functionof time. LargeBuctuatios identify the onsetof fusion.
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After the initial relaxation, two subsequet time regimes
can be idenibed. First the energy rises slowly. Two
mechaisms contribue to this increae of the energy.On
the one hand,capilary waves of the hydrophlic/hydropho-
bic interfacesbecone thermall excited.They increasethe
effectiveinterfaceareaandtherdoy leadto aslowincreasef
theenergy.Additionally, unduldions resultin the formation
of stalks and holes. We shall disciss the details of this
processdn thenextsubsetion. Later,; 3203 25,000MCS,
the energy decreass rapidly. This bnal decreas of the
energy resultsfrom the fusion of the memiyaneswhich
releasessomeof thetensionstoredin them As notedabove,
the fusion occursmore rapidy the closerthe bilayers,as
expected. The increase in energy precedng fusion re-
Bects the formation of fusion intermediats, the focus of
our study.

Theinsetof Fig. 3 showsthe Ructuaionsin the energy,
i.e., the Buctuationsbetweenthe 32 differentruns at equal
time. Strong Buctuationsindicate energy differencesbe-
tweenthe independentruns. The peakatt 320 indicates
that somesystemshavealrealy formeda fusion pore (and
therdore havea lower energy)whereasother systemshave
only staks andholes(andtherdore havea higherenergy)
Theverticalbarindicateshetimewe havechoserto indicate
on severd bguresasthe onsetof fusion. The width of the
peakprovidesanestimatdor thespreadf thetime atwhich
a fusion pore appears

The stalk and associated hole formation

During theinitial stageof simuationsthe3uctuaing bilayers
collide with one anothe frequently and someimes form

smal local interconnetions. For the most part, these
contactsare Reeting. Occaiondly we obsene sufpbcient
rearrmgemat of the amphiphies in eachbilayer to form

a conbgurdon, i.e., the stalk, which connec$ the two

bilayers(seeFig. 4 a), andwhich is not astrangent. Such
astalkwashypottesizeal longagoto beinvolvedin theinitial

stags of fusion (Kozlov and Markin, 1983; Markin and
Kozlov, 1983).In contastto stablearraysof staks which

havebeenobservedn block copolymemelts(Disko et al.,

1993) andin lipid systemgYang andHuang 2002),those
we see are isolated, and increasethe free energy of the
sysem. We infer the latter from two obsenations: that
theappearancef stalksis correlatedvith theincreasen the
internal energyof the sysemasa function of time shown in

Fig. 3; thatsomestalksvanish without proceethg furtherto

afusionpore.Thusit appearshatthestalkrepregntsalocal

minimum along the fusion pathway. Densiy probPles of

the hydrophlic andhydroptobic partsof theamphphilesin

the presene of the stalk, and obtaned by averaging over
conbgurationsare shown in Fig. 5. The dimples in the
menbranesat eachend of the stalk axis are notabe. What
can barelybe seens a slight thinning of eachbilayera short
distancefrom the axis of the stalk.
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FIGURE 4 Representate snapshots(a) Stalk intermedige. (b) Com-
plete fusion pore from one of the simulationruns. Eachconbgurton is

shownfrom four differentviewpoints.Hydrophdic coreis shownasdark
gray, the hydrophilc-hydrophobidnterface(debnedasa surfaceon which
densitiesf hydrophilicandhydrophobicsegmentsreequal)is light gray.

For clarity, hydrophilc segmentsare not shown. Top- and bottom-lef
subpanel$iavebeengeneratedby cuttingthe systemalongthe middle xBy

planethetop andbottomhalvesareviewedin thepositive(up) andnegative
(down) z-direction,correspondinly. Top- and bottom-ridht subpanks are
side views with cuts madeby xEx and yEr planes,correspodingly. Grid

spacingis 20 u. Three-dimasional orientationaxis is the samefor all

snapshotsandshownin a.

After staks areformed, the rateof formation of holesin
eitherof thetwo bilayersgoesup markelly. Thiscanbeseen
in Fig. 6, in which we plot the fractionalareaof holesas
a function of time for the systemof two apposedvilayers,
andcompae it to the rate of hole formation in anisolated
bilayer.In contastto the largeincreasein the areaof holes
formedin the apposedilayersat time t ¥ 200 3 25,000
MCS, the fracional area in single bilayers RRuctuates
someavhat aboutan averagevalue which is rathe consant
over time at a value of ; 0.004. Compaison with Fig. 3
showsthattheincreasein the rateof hole producton in the
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FIGURE 5 Densitydistributionof segment thestalk,averageaverall
simulationruns. At each point only the majority comporent is shown:
solventaswhite, hydroplobic andhydrophilicsegmets of amphiplies as
black andgray, respectively.

apposedilayersin this systemwith bilayer spacng D ¥4 10
u is correhtedin time with the decreasin the energyof the
system,and it is reasoable to infer that the decreaséan
energyis causedy the producton of holesand, later, the
fusion pore. Similarly, during the time beforethis increase
in hole production, stalks are forming, and it is also
reaso@bleto infer thattheincreasen energyis dueto their
formaton.

Thelocationsof stalksandholesarecorrelatedholesform
closeto the stalks,and the stalk elongdes and movesto
surroundhehole.A snapsbt of thisis shownin Fig. 7 aand
d. In both snapsbts an elongaed stak is seenanda smal
hole is formed in the upperbilayer nextto the stalk. The
extentto which holesare,on averagefound closeto a stalk
canbe deteminedfrom the holestalk correlationfunction
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FIGURE 6 Areaof holesvs. timein the systemof two apposedilayers
(gray for onebilayerandblackfor the otheron thebottompane)) andin an
isolatedbilayer (top pane).
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FIGURE 8 The hole-stalkcorrelatim functionat earlytimes.

where Pyrg, ry) is the joint probabiity that the lateral
positionr gis partof astak andr, is partof ahole,andd(r) is
theDiracdeltafunction.Thevalueof g(r) at largedistances
is propotional to the productof the arealfracion of holes
andstalks.This correhtionfunction is shownin Fig. 8. The
scaleof g(r) increaseswith time, indicatingthe simultareous
formaton of stalksand holes. The bgure showsthat the
correlaton peaksatadistanceof ; 16 u, andfalls rapidy at
large distarces. (Reall that eachbilayer has an average
thicknessof 25 u.)

It is notdifpcut to understanavhy thepresere of a stalk
pronmotes hole formation. First, if the hole forms closeto
a stalk,thentheline tenson, or energyperunitlengh | , of
that part of the hole nearthe stalk is signibcany reduced
This canbe seenfrom the schemati in Fig. 9. In the upper
partof thepgue, we showaholewhich hasformedfar from
astalk,while in thelower,we showa hole which hasformed
closeto one.It seens clearthattheline tensionin thelatteris
reducedsimply due to the reducion of curvatue of the
hydrophobic-hydrophilic interface. The secondreasonthat
thestalkformationencourgestheappearaceof holesis due
to the slight thinning of the membraneén the vicinity of the
stalk to which we alluded earler. Furthe, it has been
suggeted recenty that the local surface tensionin the
neightorhood of a defect, such as a stak, is increased
signibcatly (Kozlovskyetal.,2002),makingsuchalocaion
thelikely site of hole formation.

Now thatone hole hasformednextto the stak, andthe
stalk has begunto surrownd it, two other eventsoccur to
completethe formaton of the fusion pore. They are 1),
a secondhole formsin the other bilayer; and 2), the stalk
surraundsthe hole@) to form therim of thefusionpore. We
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FIGURE 9 Schematiexplanatiorof the line tensionreductionnearthe
stalk.

haveobsered thesestepsto occurin either order,and will
brieRydiscitssthemseparately

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

In this scenaio, a hole apparsin onebilayerandthe stalk
completey surraindsit ratherrapidly. A snapsbt of the
systemin this conbgurationis shownin Fig. 7 b. Thislooks
very much like a hemifuson diaphiagm which has been
suggetedby manyauthos as an intermedatestagen fusion
(Chernonordik et al., 1985; Markin and Kozlov, 1983;
Siegel,1993). However this diaphragmis quite different
from the usual hemifusbon one that corsists of two trans
monolayersof the fusing membranesIn contast, the
diaphragn we obsenre is madeof one of the pre-exsting
bilayers;that is, it is madeof cis and trans leaves The
appearaceof aholein thisdiaphagm,asshownin Fig. 7 c,
andits expansdn completesheformation of thefusion pore.

Pathway 2: Appearance of second hole followed
by rim formation

In this scenaio, aholeappearsn onebilayerand,beforethe
stalk compktely surraundsit, a secondhole appearsin the
other bilayer. The stalk tries to surroundthem both, and
alignsthemin doingso.In Fig. 7 ewe showonestagein this
proces. Oneseesalargehale in theupperbilayer.A smal
hole is formed in the lower bilayer next to the stalk.
Eventualy, the stalk aligns and completey encircles the
holes(seeFig. 7 f) to form thebnalfusionporeshown in Fig.
4 b. Again,thedrivingforcefor thestalkto surraundthetwo
holesis thereductionin their(bare)line tensionBecause¢he
stalk aligns and surraunds two holes we obsere this
pathwayto be somewhaslowerthanthat of pathway1, in
which the stak needonly surroundonehole.

Oncethe fusion pore hasformed, by either of the above
mechaisms,it expams, driven by the reducton in surface
tension.Thegrowth of the fusion poreeventally slows and
endsasthe porereachedts optimumsizedeteminedby the
Pnitesizeof our cell.

FIGURE 7 Two observegathway of fusionprocessThesnapshts aretakenfrom two represetativesimulationruns.Eachconbgurtion is numberedy
thetime (in multiplesof 25,000MCS) atwhichit wasobservedSeeFig. 4 for explanatiorof the graphicsshown.For discussiorof the mechanisnseetext
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DISCUSSION

We havecarriedout extengrze Monte Carlo simulationson

the fusion of two bilayer membranesomprisedof am-
phiphilic moleculesmmersd in solvent. The amphphiles
and solvent are modekd by copolymers and homoply-

mers,respetively. The membranesre undertenson. The
mechaism of fusion that we seebeginswith a stak, as
positedyears ago, and incorporagd in almost all fusion
scenariosHowever, what follows after stalk formation is

different from all other mechaisms which have been
proposd save that preseted indepadently by Noguchi
andTakasu(2001) In particular,thefusionintermedateswe
seebreakthe axial symnetry which hasbeenassuned in

almostall previouscalculatons.We obsered thatthe stalk
destabilizeghe bilayersby catal/zing the creaton of small
holesin them.We arguedthatthe mechanisnbehindthis is

quitesimpe: theenergyperunit lengthof theedgeof ahole
is reducedvhenthe edgeis adjacet to a stalk. Forthesame
reasonthe stalkwill try to surraundthe holeformedin one
bilayer oncethe hole hasappearedTwo slightly different
pathwaysto the bPnal fusion pore were obsenred differing
only on whetherthe hole in the secondbilayer, which is

necessy for compkte fusion, appearseforeor after the
stalkcompletey surraundsthe brsthole.

Thequeston now arisesasto whetter the pathway we see
in themodelsystenis thatwhich occursn biologicalfusion.
There are many differencesbetweenthe model studied
andabiologicalsystemPerhapshe mostobviousis thatwe
havemodeledRexible, single chain block copolymers not
lipids with two semif3exilte tails and a rigid head.How is
oneto determire wheherthesearchtecturaldifferencesare

FIGURE 10 Probabilityof Pndinganamphipliic molecue in its original
monolar aftertime t. The solid and dashedlines referto simulationsof
asinglebilayerundertensiong/go ¥ 0 andg/go ¥2 0.75,respectivelyLines
with symbolspresentthe results obtainedin the simulatiors of fusing

bilayers.Squaresindcirclesreferto cisandtransmonolayes, respectively.

Thetime periodcorrespodsto theformationof stalksandholes.Errorbars
showstandardleviationsobtainedfrom 32 runs.
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signipcant?It is useful to recall that phenonenologcal
theoiescompletey ignore the archiectureof themembrane
constituents andencapslate their effectsin a smallnumbe
of paraneterswhich enterthetheory, suchasthe monolayer
sponaneouscurvatre and bendirg modulus.In that same
spilit, we can extract from our simulaton those same
parametersand compae dimensonles ratios of them to
thoseof othersysems.We havedonethat andpresetedthe
resuts in Tale 1. One seesthat the valueswe obtain are
reasomlble.Theratio of the bilayercompessbility modulus
to the hydrophlic/hydropholic interfacetenson, kJgo, is
closer to that of liposome than of polymersones. The
rever® is true for the ratio of the monohyer bendirg
modubs to the productof surfece tensbn and the squareof
the hydroptobic thicknessky/god2. One line in the table
deservesommnentNthat for the experimerdl valuesof the
bilayerareaexpansionPA/Ag, quotedatrupture (thecritical
valueg. That for liposones is smaller than that for
polymersome at rupture,which is equalto the bilayer area
expansionwe utilized However thevaluesquotedatrupture
have no thermodymmic meaning,becauseany membrane
undertensbn is inherently unstadle andwill be observedo
ruptue if the timescaleof obsenration is sufbcently long.
The experimental values quoted apply over some un-
specbked,laboratorytimescale.Onthis pointwe addthat as
in experment,wefoundmanyof ourbilayersto ruptureover
the time we obsenred them, but the timescalefor this to
happenwas signikcantly greaterthan that for fusion. If
the bilayer areaexpansio, or equivalenly, its tensionwere
reduced either in experimentor in our simulation, the
timescaledor the bilayersto fuseandlaterto rupture would
bothincrease perhapgo theextentof makingimpossblethe
observatiorof fusion. Indeedwe chosethe valueof tension
in the simulation such that fusion could be obsened
convenienty. One could still ask wheter, in addition to
increasingthetimescaé for fusion,asignibcanteducion in
bilayer tensionwould favor an alternatve fusion pathway.

FIGURE 11 Areaof pore(symbol¥ andof holes(lineg vs. time for one
simulationrun (identicalto Fig. 6). Notethedifferentscalefor poreandhole
areas.
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To attemptto answerthis queston, one could cortemplate
even longer Monte Carlo runs on membranesinder less
tension.

Thereare other phystcal paraneterswhich might affect
the fusion pathwaybut which are not enconpassecdy the
guantitesin Tablel1. For exampe, one might askwheher
thefusion pathwayis expeceédto bethesamefor largevirus-
encapslating endosomessit is for smallsynapic vesides.
Thus one would considerthe dimensionlessratio of the
membraneOhydroplobic thicknessto the radiuss of the
veside in quesiton. We have consideredhe simples case
of planar membranesfor which this ratio is zero. For
endosorasencapslating inBuena viruseswith an average
diameterof 100 nm, the ratio is smallN# 0.03, but for
synapic vesides of 50-nm typical diameter, it is at least
twice this. It is not difbcut to imaginethatfor a sufpbcently
largevalueof thisratio,whichimpliesasmallareaof conta¢
betweerthefusingvesides,theremightbeinsufbcientroom
for thegrowthandmovementf the stalkwe haveobserved,
sothatour mechaismwould be supphntedby anothe. But
we do not know this.

Ultimatdy the mostmeanngful testof theapplicability of
our mechaism to biological fusion is compaison to ex-
perimentandour scenaio doeshavetestableeonsequenes.
First, becausef the initial stalk formation, one expecs to
seethemixing of lipidsin thetwo proximallayersbeforethe
fusion pore opens,if it forms at allNa resultwhich is in
accordwith experment (Evansand Lentz, 2002; Lee and
Lentz, 1997; Melikyan et al., 1995). Second, due to the
formation of holesin eachbilayer neara stalk,our scenao
allows for the mixing of thoselipids in the cis and trans
leavesof onebilayer andalsoof lipids in the cis leaf of one
bilayerwith thosein thetransleafof theother. The standird
hemifusbn mechanisndoesnot pernit eitherproces. Note
thatthis movemenis differentfrom lipid Bip-Ropwhichis
known to be very slow. Mixing of lipids betweenthecisand
trans monolayers hasbeenobsenred in fusion (Evansand
Lentz, 202; Lentz et al., 1997), but it hasnot yet been
detemined from which menbranethey originate and in
which menbranethey terminate.We have monitored the
amphipliles to seewhetter theyremainin theleafin which
theyweresituatedat the beginnng of the Monte Cato run,
or mix with amphphiles in other leaves. Instantaneas
assignmenof amphiphies to a respetive monohyerwas
deteminedby the certer of massof their hydroptilic part.
Theresultsareshownin Fig. 10. Theysharewith experiment
thefactthatthe menbraneof origin is not distingushednor
isthemembranef Pralresidene. To evaludetheresultsor
the apposedbilayers undertension,we havealso included
thosefor the singleisolatedbilayer underzerotensionand
underthesametension(g/gq ¥2 0.75)asin thesimulationsof
fusion. Lateraltensiongreaty enhanceshe Rip-Ra ratein
thesinglebilayersystemThis effectcanbe explanedby an
overal thinning of the menbrane,which lowersthe trans
locationbarrier,aswell asby the diffusion of amphiphies
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through the transientholes formed under tension.In the

simulations of the apposed bilayers, translocabn of

amphiphiesfrom the transleavednitially follows the same
dynanics as in the single bilayer system,but eventually

deviatesfrom it, apparetly dueto the formaton of holes
facilitatedby theappearace of the stalks ,asdiscussedh the

previoussection.Amphiphiles from the cis leavesundergo
mixing to the largest extent,as would be expecteddue to

stalk formation. Third, our mechaism allows for transent

leakag during fusion. As notedearlier,therewill begreater
leakag if fusion occursvia pathway2, in which the stalk
alignsandsurround two holes thanif it occursvia pathway
1, in which the stalk rapidy surraundsonehole beforethe

secondappearsClearly the amoun of leakag dependon

thesizeof thetrangent holesformedin the bilayer,thetime

betweertheformationof theinitial stalkandthe compktion

of the fusion pore, and the diffusion constan of the mol-

eculeswhich leak. This constantintroducesanothe time-

scale whose magnituet, relative to that of fusion pore
formation, determires whetherthe fusion proces is obser-
vedto beleaky or tight.

It is clearthatwithin our mechaism,leakag via transent
holesandfusion via pore formation arecorrelatedn space
andtime. The latteris shownin Fig. 11 which presets, as
afunctionof time, theareaof holesandthatof fusion pores
from oneof thesimulaton runs.Oneseesn thisbgureasin
the Monte Calo snapshotsthat the rate at which holes
appearandthereforgherateatwhich leakag shouldoccur,
increasessignipcantly before and is correhted with, the
formation of fusion pores.Oncethefusionporehasformed,
thecreationof otherholesdecreassdueto releasef tension
initially storedin the membranes

Thequesion of whethertransentleakag is charactestic
of menbranefusionis anopenone.On the onehand,some
experimerg detect no leakag (Smit et al., 2002; Spruce
etal., 1991; Tseet al., 1993), while on the otherthereis
agreatdealof evidene thatfusion of biologicalmembranes
is, indeed aleakyproces (BonnafausandStegnann,2000;
Dunina-Bakovskay et al., 2000; Haque and Lentz, 2002;
Shangguaetal.,1996;Smitetal.,2002).It couldbeargued
that observe leaka@ is due to the presere, in these
experimerg, of fusion proteins, such as hemagglunin,
which are certanly presen in the vicinity of fusion, and
which are known to undergo conformaional changesin
which partof the protdn insetsitself into thetargée veside.
In suppot of thisview, onecould citethewell-known ability
of fusion peptdesto initiate erythrocyte hemoysis (Niles
etal., 1990). Suchpeptidesarenot includedin our model.
This argurent s vitiated however, by the obsenation that
leakag is alsodetectedn the fusion of modelmembranes
without suchpeptides(Cevc and Richargen,1999; Evans
andLentz,2002; Lentz et al., 1997).In theseexperiments,
large molecules such as polyethykeneglcol, are usedto
bring the fusing vesides together.It would be difpcut to
arguethat thesemolecues, which undergono confoma-
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tional change, are resposible for the leakag as they
generatean attractive osmotic force betweenthe vesides
preciselybecasetheir largesizemakesit difpcut for them
to enterthe regin whetre the vesides arecloselyapposed

One test that might distingush whetherleakagesimply
accompniesfusion or is causdly relaedto it is provided
by the obseration above that in our mechaism transent
leakages correbtedin time andspacewith fusion. Justsuch
anexperimentto measirethesecorrelatonshasbeencarried
out recenty (Frolov et al., 2003), and is repored in the
compaion article to this manuscrip They obsenre that
leakageis, in fact, correlatedspatally andtemporally with
the proces of fusion Indeed,their resultscompaing the
time sequene of the electrich corductancearisng from
leakagewith thatarisng from fusion(shown in their Fig. 5),
displaya remarkak# similarity to our resuts, compaing the
time sequene of the arealfraction takenup by holeswith
thattakenup by fusion pores(our Fig. 11).

While the congru@ce between the predctions of our
modelandexpermentarevery encourging,therearefurther
testswve shouldlike to applytoit. Foremostamongthesds to
determire thefreeenergybarriersfor thevarious stepsalong
the fusion pathway.As notedabove,it is relatively simple
to determir the internal energyduring the courseof the
simulationasoneneedonly monior theinteractionsbetween
all segnents.But the simulationscannoteasilyevaluatethe
entropychangeslongthe fusion pathwayor, thereforethe
freeenergybarrier. To determire theactualvaluefor thefree
energybarrier, calculatonsusingselfconsistat beldtheoy,
which have been extremey succesful in descriling the
phasebehavor of amphiphies (Matsen and Bates, 1996;
MatsenandSchick,1994)arecurrentlybeingpursue by us.
Also, elasticconsantsof the simulatedamphiphiic mono-
layers,e.g.,cdculatedin Muler andGompper(2002) could
be empbyed in the simpler pheromenologtal theoies,
which haveprovedto be souseful.Conmparisonwith thefull
self-consstentbeldcalcubtionswould permitdetermimtion
of the accuracyof theseelasticmodelsin descrbing the
highly curvedintermedatesinvolvedin the fusionreaction.
Furthermoe, thereis an extensve experimerdl eviderce
on the effect of lipids of differing archtectureon fusion
(Chernonordik, 1996; Zimmerberg and Chenomordik
1999). The selfconsistat bdd theok is able to describe
suchdifferencegLi andSchick, 2000;Matsen,1995)andto
determire both the spatial distribution of differentamphi-
philesin inhomogeneousstructurs such as the stalk, the
holes,andthe fusion pore,aswell as the changen thefree
energyof thesestructures.Resultsof theseinvestigations
will be publishedsepartely.

It would be of greatinterestto repeatour simulatons
under different membranetension, as this would help to
clarify the importanceof fusion peptidesin bringing about
such tension. Finaly, it would be desiable to carry out
simulationsn which fusion peptidesareincludedexplicitly.
Onecoud invedigatewheher the membranegertubations
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associatedwith suchinclusiors provide sites for the nu-
cleationof the smallholesthatarenecesary for the forma-
tion of the fusion pore.If this were so, one could testthe
furtherinferencethat by providing nucledion sitesin close
proximity, one in eachmembranesuch peptidesfacilitate
succesful ard rapid fusiontherely reduchg leakag.

We acknowledg very useful conversabns with L. Chernomadik, F.
Cohen, M. Kozlov, B. Lentz, D. Siegel,and J. Zimmerbeg. We are
particularlygratefulto V. Frolov for sharinghis knowledg and expertise
with us.

Financialsupportwas providedby the National ScienceFoundatiorunder
grantsDMR 9876864and DMR 0140500and the Deutsche~orschungs-
gemeinschaffDFG) Bi 314/17.Computettime atthe NIC Jdich, theHLR
Stuttgart, and the computirg center in Mainz is also gratefully
acknowledgedM.M. thanksthe DFG for a Heisenbergtipend.

REFERENCES

BonnafousP.,andT. Stegmann2000.Membraneperturbatiorandfusion
pore formationin inuenzahemagglutim-mediatedmembraneusion.
J. Biol. Chem.275:6160D636.

Carmesin)., and K. Kremer.1988. The bond Buctuationmethod:a new
effective algorithm for the dynamics of polymers in all spatial
dimensionsMacronolecules21:819D823.

Cevc,G., andH. Richardsa. 1999.Lipid vesiclesand membrangusion.
Adv.Drug. Deliv. 38:207D232.

Chen,Y. A., andR. H. Scheller.2001. Snare-mediad membrandusion.
Nat. Rev.Mol. Cell Biol. 2:98D106.

Chen, Z., and R. P. Rand. 1997. The inBuence of cholesterolon
phospholipidmembranecurvatureand bending elasticity. Biophys. J.
73:267D276.

Chernomordik L. 1996. Non-bilayer lipids and biological fusion
intermedites. Chem.Phys.Lipids. 81:203D23.

ChernomordikL. V., M. M. Kozlov, G. B. Melikyan, |. G. Abidor, V. S.
Markin,andY. A. Chizmadhev.1985.Theshapeof lipid moleculesand
monolayemembrandusion. Biochim.Biophys.Acta. 812:643D655

Davis,H. 1996.StatisticaMechanicof PhasednterfacesandThin Films.
Wiley-VCH, New York, NY.

Discher,B. D., Y. Y. Won, D. S. Ege,J. C. M. Lee, F. S. Bates,D. E.
Discher,andD. A. Hammer.1999.Polymersmes:toughvesiclesmade
from diblock copolymes. Science284:11481146.

Disko, M. M., K. S. Liang, S. K. Behal,R. J. Roe,andK. J. Jeon.1993.
Catenoid-larellar phasein blends of styrene-butaédne diblock co-
polymerandhomopolyme. Macromoleculs. 26:2983D29R

Dunina-Barkeskaya,A. Y., A. V. Samsonovy. S. Pivovaov, andV. A.
Frolov. 2000. Hemagglutinirinduced fusion of hab2 and plc cells:
dynamicsof fusion pore conductanceMembr.Cell Biol. 13:567D80.

Evans,K. O., and B. R. Lentz. 2002. Kinetics of lipid rearrangemest
during poly(ethylee glycol)-maliated fusion of highly curved uni-
lamellarvesicles Biochemisty. 41:12418249.

Flint, S., V. Racanilo, L. Enquist, A. Skalka, and R. Krug. 2000.
Virology: Molecular Biology, Pathogenesisand Control ASM Press,
WashingtonDC. p136.

Frolov, V. A., A. Y. Dunina-Barkeskaya, A. V. Samsonov,and J.
Zimmerberg 2003. Membiane permeabily changesat early stagesof
inBuenzehemagglutim-mediate fusion. Biophys.J. 85:1726D178

Haque,M. E., andB. R. Lentz.2002.InRuenceof gp41fusion peptideon
the kineticsof poly(ettylene glycol)-medided modelmembrandusion.
Biochemisty. 41:1086®10876.

Jahn,R., and H. Grubmdler. 2002. Membranefusion. Curr. Opin. Cell
Biol. 14:488D@5.



Mechanism of Membrane Fusion

Kozlov, M. M., andV. S. Markin. 1983.Possiblenechanisnof membrane
fusion.Biobzika28:255D261.

Kozlovsky, Y., L. V. Chernomordik and M. M. Kozlov. 2002. Lipid
intermediges in membranefusion: formation, structure,and decay of
hemifuson diaphragmBiophys.J. 83:2634D26b

Kozlovsky, Y., andM. M. Kozlov. 2002.Stalkmodelof membrandusion:
solutionof energycrisis. Biophys.J. 82:882D85.

Kuzmin, P. 1., J. ZimmerbergY. A. Chizmadhev,andF. S. Cohen.2001.
A quantitative model for membranefusion based on low-energy
intermediges.Proc. Natl. Acad.Sci. USA.98:7235D723

Lee,J.,andB. R. Lentz.1997.Evolutionof lipidic structuregluringmodel
membranefusion and the relation of this processto cell membrane
fusion. Biochemisty. 36:6251D62%

Leikin, S., M. M. Kozlov, N. L. Fuller,andR. P. Rand.1996. Measured
effects of dyacilglyceol on structuraland elastic propertiesof phos-
pholipid membraneBiophys.J. 71:2623R632.

Lentz, B. R., V. Malinin, M. E. Haque,and K. Evans.2000. Protein
machires andlipid assembliescurrentviews of cell membranedusion.
Curr. Opin. Struct.Biol. 10:607D&5.

Lentz,B. R., W. Talbot,J. Lee,andL. X. Zheng.1997.Transbilger lipid
redistrbution accompaies poly(ethyleneglycol) treatmentof model
membrang but is not inducedby fusion. Biochemisty. 36:2076R2083.

Li, X.-J.,andM. Schick.2000.Distributionof lipids in nonlamellaphases
of their mixtures.J. Chem.Phys.112:606®6072.

Markin, V. S., and J. P. Albanesi.2002. Membranefusion: stalk model
revisital. Biophys.J. 82:693DT12.

Markin, V. S., and M. M. Kozlov. 1983. Primary act in the processof
membrandusion. Biobzika.28:73D78

Matsen,M. W. 1995. Phasebehaviorof block copolynmer/homopolyme
blends.Macromoleales.28:57655773.

MatsenM. W., andF. S. Bates.1996.0riginsof complexself-assemblin
block copolymes. Macromoleculs. 29:76418644.

Matsen, M. W., and M. Schick. 1994. Stable and unstablephasesof
a diblock copolymermelt. Phys.Rev.Lett. 72:2660D26%

Melikyan, G. B., J. M. White, and F. S. Cohen. 1995. Gpi-anchoed
inBuerza hemagglutim induceshemifusionto both red blood cellsand
planarbilayer membranesl. Cell Biol. 131:679D691

Monck, J.R.,andJ. M. Fernandez1996.Thefusionporeandmechanisma
of biologicalmembrandusion. Curr. Opin. Cell Biol. 8:524D53.

Muller, M., and G. Gompper. 2002. Elastic properties of polymer
interfacs: aggregationof pure diblock, mixed diblock, and triblock
copolyrrers.Phys.Rev.E. 66:041865041813.

1623

Meuidler, M., K. Katsov,andM. Schick.2002.New mechanisnof membrane
fusion.J. Chem.Phys.116:23452345.

Meudler, M., and M. Schick. 1996. Structureand nucleationof poresin
polymericbilayers:a Monte Carlosimulation J. Chem Phys.105:828 B
8292.

Niles, W., M. Peeplesand F. Cohen.1990. Kinetics of virus-induced
hemolysismeasuredor singleerythrocytesVirology. 174:593D598

Noguchi, H., and M. Takasu. 2001. Fusion pathways of vesicles:
a Brownian dynamicssimulation.J. Chem.Phys.115:954P9551.

Rand,R. P., N. L. Fuller, S. M. Gruner,and V. A. Parsegia. 1990.
Membranecurvature, lipid segregationand structuraltransitionsfor
phospholipidsunderdual-sdvent stress Biochemistry29:76D87

Rand, R. P., and V. A. Parsegian.1989. Hydration forces between
phospholipidbilayers.Biochim.Biophys.Acta. 988:351876.

Safran,S. A. 1994, StatisticalThermognamicsof Surfaces|nterfacesand
MembranesAddison Wesley,Reading MA.

Shanggua, T., D. Alford, and J. Bentz.1996. InRuenzavirus-liposone
lipid mixing is leaky andlargelyinsensitie to the materialpropertiesof
the targetmembranesBiochemisty. 25:4956D49%

Shelley,J. C., M. Shelley,R. Reeder,S. Bandyopdhay, and M. Klein.
2001.A coarsegrainmodelfor phospholipidsimulatiors. J. Phys.Chem.
B. 105:4464D470.

Shillcock, J. C., andR. Lipowsky. 2002. Equilibrium structureand lateral
stress distribution of amphiphilic bilayers from dissipatie particle
dynamicssimulations.J. Chem.Phys.117:5048D581.

Siegel, D. P. 1993. Energets of intermedi&es in membranefusion:
comparisonof stalk and inverted micellar intermediée mechanism.
Biophys.J. 65:21242140.

Smit, J. M., G. Li, P. Schoen,J. Corver, R. Bittman, K. C. Lin, and
J. Wilschut.2002.Fusionof alphaviruss with liposome is a non-leaky
processFEBSLett. 421:62D66.

SpruceA., A. lwata,andW. Almers.1991. The brstmillisecands of the
pore formed by a fusogenicviral envelopeprotein during membrane
fusion. Proc. Natl. Acad. Sci. USA.88:3623D362

Tse,F., A. lwata,and W. Almers.1993. Membrane3ux throughthe pore
formedby a fusogent viral envelopeproteinduring cell fusion.J. Cell
Biol. 121:543D552

Yang, L., and H. W. Huang.2002. Observationof a membranefusion
intermediatestructure Science297:1877D11.

Zimmerberg J., and L. V. Chernomordik 1999. Membranefusion. Adv.
Drug Deliv. Rev.38:197D@5.

Biophysical Journal 85(3) 1611..1623



