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ABSTRACT: Wediscusgherole
coarse-graineanodelsplay in in-

vestigating collective phenomena

in bilayer membranesand place
themin the contextof alternative
approachesBYy reducing the de-
grees of freedom and applying
simpleeffectivepotentials,coarse-
grained models can addressthe
largetime scalesandlengthscales

of collective phenomenan mem-
branes Although the mappingfrom

a coarse-grainechodelonto chemi-
cally realisticmodelsis a challenge,
such modelsprovide a direct view

on the phenomendhatoccuron the

lengthscalesof a few tensof nano-
meters.Their relevances exempli-
“ed by the studyof fusion of model
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INTRODUCTION

The behaviorof complexmolecularsystemscanbe an-
alyzedon differenttime andlengthscalesThe particular
choiceof the level of detail, or abstractiondependon
the problemat hand.For instancepnemay beinterested
in single-moleculgropertiesn alargesystemor, at the
otherextremethemacroscopiclescriptionof bulk-phase
transitions.Justasdifferent experimentatechniquesare
suitedfor studyingdifferent phenomenatheoreticalap-
proachewvaryin their ability to describedifferentaspects
of complex systems.Biological systemsundoubtedly
presentan exampleof extremecomplexity. They have
inspiredthe developmentbf a wide rangeof experimen-
tal aswell astheoreticaltoolsto aid their study. One of
the main problemsis to link these experimentaland
theoreticaldescriptionsacrossthe hierarchyof time and
lengthscales It would be a formidabletask evento list
all the possibletools availableto theoristsinterestedn
biological problems.Insteadwe considerthe theoretical
descriptionof lipid bilayermembranesgjeceptivelysim-
ple systemswith avery rich behavioron a wide rangeof
scales.

Lipid moleculesplay animportantrole in a multitude
of chemicalandbiological processesBy virtue of their
amphiphilic architecture lipids self-assemblénto spa-

tially periodic microphasesLamellar-forminglipids are
the basicbuilding blocks of biological membranesBi-
layer membraneserve as semipermeabldarriersthat
organizespacdnto compartmentandprovideamedium
for proteinsto function. Lipid moleculesare also in-
volvedin collectivephenomenghatchangehetopology
of thecompartment®y fusion}--dysis, budding,or pore
formation.Despitethe fact thatthesecollectivephenom-
ena are involved in fundamentalbiological processes
suchasfertilization, synapticreleaseintracellulartraf“c,
and viral infection, their basic mechanismis not well
understood.

Much of the dif‘culty in obtaining a microscopic
view of thesecollectivephenomenaanbetracedto the
length and time scaleson which these processesoc-
cur,a few tensof nanometer&nd milliseconds.These
scalesare not amenabldo direct experimentabbserva-
tion or afully atomistictheoreticalstudy.Indirectexper-
iments,suchasthosethatexaminethe dependencef the
fusion rate on lipid architecturé;® and phenomenologi
cal modelshavemadevaluablecontributionsto the un-
derstandingand control of thesecollective processesA
moredirectanddynamicpictureof thesephenomenaan
be obtainedwithin a frameworkof coarse-grainedim-
ulations. This techniquecan addresghe pertinentwin-



dow of time andlengthscalesunattainabldoy atomistic
simulations,with a reasonableomputationakffort.

We do not discusscollective phenomenawithin a
large single molecule (e.g., conformationalchangesas
they occur in protein folding), nor do we attemptto
providea completesurveyaboutmembranemodels.We
rather give an accountof our simulation of fusion of
model membrane$ and place it within the context of
otherapproachesWe brie"y discussthe computational
models that describebilayer membraneson different
coarse-graininglevels, the problemsthat can be ad-
dresseddy them,andthe connectionsamongthe differ-
ent approachesWe then illustrate the role of coarse-
grained modelsby applying one to membranefusion.
Detailsof thisinvestigationwill be publishedelsewhere.
We closewith an outlook andwith openquestions.

MODELS

Becauseprocessesn membranesvolve on vastly dif-
ferent time and length scales,a variety of membrane
modelshasbeendevised.We divide themroughly into
atomistic,coarse-grainedand elasticity models.

Atomistic models describe bilayer propertieswith
chemicalaccuracy.Molecular architectureand interac-
tionsarefaithfully modeledincluding electrostatidnter-
actions, torsional, and bending potentials. Ideally the
interactionsarederivedfrom ab initio calculationsRou-
tinely moleculardynamicssimulationsareusedto exam-
ine membranepatchesof a few nanometerover time-
scalesof a few tensof nanosecond§? This givesinfor-
matior? aboutthe bilayerstructure a detaileddescription
of the hydrophobic/hydrophiliénterface the orientation
of segmentsthe role of undersaturatiorf lipid tails or
of the addition of non-lamellar-forminglipids, and the
interactionswith small inclusionslike peptidesor choles-
terol 1° Dynamicpropertiesfor example the lateralself-
diffusion of lipid moleculesor the transportpropertiesof
smallmoleculesacrosshe bilayer, arealsoaccessiblé?!
With rareexceptiongsee,e.g.,ref. 8), the bilayer struc-
ture hasto be preassemblethecausehe time scale of
self-assemblyrom a homogeneoumixture of lipids and
watertypically exceedghe simulationtime scale.Phase
transitionsand out-of-planestructures,which occur in
budding,are also beyondthe scopeof atomisticmodel-
ing. Neverthelessit is possibleto extracteffective ma-
terial propertiessuchastensionandelasticmoduli, from
thesesimulations.

Coarse-grainedhodelsdo not attemptto describethe
large-scalgphenomenatartingfrom the smallestatomic
length scalebut ratherlump a small numberof atoms
into aneffectiveparticle!?-*Theseparticlesinteractvia
coarse-grainedsimpli“ed interactions Electrostaticand
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torsionalpotentialsaretypically neglectedn thesemod-
els. The reducednumberof degreesf freedomandthe
softerinteractionson a coarsescaleleadto a signi“cant
computational speed-up.Hence, larger systems and
longertime scalescanbeinvestigatedThe objectivesof
mesoscopianodelsare twofold. They help to identify
interactionsthat are necessaryo bring aboutcollective
phenomenan a mesoscopicscale,suchas self-assem-
bly. This information yields qualitative insight into the
way thatparameteren a microscopidevelin”uencethe
mesoscopidehavior. An exampleis provided by the
meansin which the architectureof lipids in"uencesthe
structureof the self-assembledystem Also, this classof
modelselucidatesthe universalbehavioron the meso-
scopicscaleitself (e.g.,therole of thermal’uctuationsor
the existenceof phasetransitionsbetweenself-assem-
bled morphologies). They also are an ideal testing
groundfor phenomenologicatoncepts.Coarse-grained
models can be studied by a variety of techniques,
Monte Carlosimulation,moleculardynamicsdissipative
particledynamics *°?*22dynamicaldensityfunctional
theory?® andself-consistenteld theory?*2*The ba
sic problemsthatlimit the predictivepowerof coarse-
grainedmodelsare the identi“cation of time, length,
and energyscalesto be usedas comparedwith the
experimentand the identi“cation of the degreesof
freedomandinteractionsto be retainedat the coarse-
grainedscaleto incorporatethe essentialphysics of
the system?® Some of these problems can be ad-
dressedby *systematicZcoarse-grainingrocedure®
(discussedbelow) or by comparingdifferent coarse-
grainedmodels By doingso,onecangaugethedegree
of universalityandthe relevanceof interactions.This
yields muchinsightinto the mechanismghat underly
the phenomena.

Elasticity modelsareat the otherendof the spectrum
of theoreticaltreatmentsof membranes® The descrip
tion of particlesis droppedaltogetherandthe membrane
is modeledon thelevel of averagematerialpropertiesin
the simplestcase,it is conceivedas an in“nitely thin,
elasticsheet,characterizedy a small numberof meso-
scopiccoef‘cients,tension, spontaneousurvatureand
bendingrigidity.3! Despitethe apparentsimplicity, the
statisticaimechanicss quiteintricateandresultsin arich
phasebehavior**1°32--3Thjs approachalso forms the
basis of the phenomenologicaldescription of fu-
sion¢-2 Although these models can addresslarge
lengthscaleqe.g.,change®f thetopologicalstructureof
anassemblyf membranes}theyhavedif‘culty describ-
ing the processeshat evolve on the scaleof the mem-
brane thicknessitself and cannot describethose that
involve changesdn lipid conformations.

The division of modelspresentedaboveis not abso-
lute. Thereareapproachethatunitetechniquegrom the
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different classes,thus providing a smooth transition
acrossthe time andlength scales For example dissipa-
tive particle dynamicssimulation hasbeenusedto in-
vestigatean elastic membranemodel in which eparti-
clesZrepresensmall patchesof the membrané?

The coarse-grainingf atomisticmodelsis usually a
conceptualstep, ratherthan a well-de“ned quantitative
procedurelt relies on the observationthat a variety of
real physical systemswith very different microscopic
interactionssharethe samequalitative behavioron the
mesoscopiscale.For example amphiphilicpolymersin
aqueoussolutions form polymersomeswhich exhibit
behavior similar to that of liposomesand biological
cells****Thisincludes,in particular,fusionandrupture
of bilayer membranesin addition, the self-assembled
phasesn lipid-water mixturesarealsofoundin diblock
copolymermelts.

The main goal of conceptualZoarse-grainings to
sacri“ce atomistic detail to gain computationaladvan-
tagewhile retainingonly thosearchitecturaldistinctions
andinteractionsneededo bring aboutmesoscopiphe-
nomenaof interest.In the caseof lipid moleculeqor any
extendedamphiphilic molecules) the latter are consid-
eredto be the partitioning of the lipid moleculesinto a
hydrophilic sheadZand a hydrophobicstailZ and the
strong repulsionbetweenhydrophilic and hydrophobic
entities.Evenif theinteractionson the microscopicscale
areextremelycomplex,they canoften be capturedqual-
itatively by simpli“ed interactionson the mesoscopic
length scale.Coarse-graineanodelsare well suitedto
examinethe generic, universalfeaturesof mesoscopic
behavior.By extractinglarge-scalequantities,such as
bilayer thickness tension,bendingrigidity, and viscos-
ity, from a coarse-grainechodelandcomparingthoseto
experimentaldata one can identify time, length, and
energyscalesof the phenomenalUnfortunately,a single
identi“cation of scale factors cannotreproduceall of
thoselarge-scaleguantitiessimultaneously.

The use of coarse-grainednodelsto describepoly-
meric systemshas a long tradition?°4%4° |n polymer
solutionsand melts, the elimination of the degreesof
freedomis justi“ed by the self-similar structureon a
greatrangeof length scalesfrom the statisticalsegment
length to the polymerssradius of gyration. Becauseof
this, the coarse-grainingrocedurein suchsystemscan
formally be performedexactly within the frameworkof
therenormalizatiorgroup>°-->Recenteffortshavebeen
directedtoward coarse-grainegolymermodelsthat not
only capturethe genericfeaturesof polymerson the
coarse-grainedcalebutalsoretaininformationaboutthe
underlying chemical structure. These ssystematicZ
coarse-grainingpproachesaim at designingmodelsthat
bridge the length and time scalesfrom atomistic to
macroscopié/ >34 To this end, one choosesa set of
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structuralandthermodynamiaquantitiesof the underly-
ing atomisticsystems(e.g., extractedfrom an atomistic
simulation or measuredin experiments)and constructs
interactiondetweerthe coarse-grainedegree®f freedom
to reproducethosequantities. Typical choice$®*®include
geometricatharacteristicef themoleculesthedistribution
of distanceshetweenentities,and thermodynamigroper-
ties. Shelly et al>® used a very similar procedureto
constructa coarse-grainedhodel of phospholipidmem-
branesThis systematicoarse-grainingrocedureserves
a twofold purpose.First, it permits the prediction of
propertiesnaccessibldo atomisticsimulations.Second,
it allowsthereintroductionof atomicdegree®f freedom
andthe smallerlengthscaleghey entail oncethe coarse-
grainedmodel hasequilibratedon a large length scale.
Systematiccoarse-grainingroceduregpromisethe pos-
sibility of constructingmodelstailored to speci“c sys-
temsand problems.Neverthelessthereare caveats As
the interactionson the coarse-grainedcalediffer quali-
tatively from the atomistic interactions,they are not
transferable? thatis, the systematicoarse-grainingro-
cedureis speci“c to a particularstatepoint speci“ed by
temperaturepressureand so forth. Moreover,a small
inaccuracyin the free energyon the atomisticscalecan
give rise to dramaticchangeson mesoscopior macro-
scopiclengthscales.This holdsa fortiori in the vicinity
of phasetransitionswhere one encountersa singular
dependencen systemparametersThus, much of the
quality of the coarse-grainingdependson a careful
choiceof the setof quantitiesusedfor the mappingand
the type of interactionsin the coarse-grainednodel>®

Notwithstanding the limitations of coarse-grained
models they offer importantqualitativeinsightsandtest
the accuracyof phenomenologicatonceptsin the fol-
lowing, we illustrate their usefulnessn the contextof
simulating fusion of model membranesDetails of the
simulationwill be given elsewheré.

EXAMPLE:FUSION OF MODEL
MEMBRANES

Two bilayer membranesunder tension fuse when
broughtin close apposition.Although proteinsplay an
important role in overcomingthe free energy barrier
associatedwvith bringing the two membranegogether,
the proper fusion event (i.e., the interruption of the
bilayer integrity and the formation of a fusion pore)is

thoughtto be determinedby the propertiesof the lipid

bilayer itself.* Theoreticaldescriptionshavefocusedal-

mostexclusivelyon elasticitymodelswhich describehe
bilayers by the bending propertiesof its monolayers.
Although the descriptionis successfulin rationalizing
thedependencef thefusionrateonthelipid architecture
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Table 1. Structural and Elastic Properties of Bilayer Membranes
Polymersomes Liposomes Simulation

d. 80 A 30 A (DOPE), 25 A (DOPC) 21u
f 0.39 0.35 0.10 0.34375
Cod, No data 1.1 (DOPE), 0.29 (DOPC) 0.68

AlA, 0.19 0.05 0.19

o 2.4 4.4 (DOPE), 2.9 (DOPC) 4.1

ol od2 0.044 0.10 (DOPE), 0.12 (DOPC) 0.048

d. is the thickness of membrane hydrophobic core, f is the hydrophilic fraction, C, is the

monolayer spontaneous curvature,

experimental systems, and the actual strain used in simulations),
p, is the monolayer bending modulus, and

ibility modulus,

Al/A, is the bilayer area expansion (critical value for the

. is the bilayer area compress-
o is the hydrophilic/hydrophobic

interface tension (oil/water tension of 50 pN/nm for the experimental systems, and A/B homopoly-
mer tension for the simulations). Data on EO7 polymersomes is taken from ref. 41; and on lipids

from ref. 68 and 69. Values of , and
65.

andmembrangensionandis compatiblewith the mixing
of the lipids in the two apposingcis layers,the applica-
tion of elasticitymodelsreliesontwo assumptiongrirst,
onehasto assumea speci‘c fusion pathway>****8The
starting point is two tensebilayersin close apposition.
Lipids in the facing, proximal, or cis layers rearrange
locally andbridgethe aqueougiapbetweerthe bilayers.
This resultsin the formation of an axially symmetric
stalk. In mostversions,the stalk then expandsradially
and the cis layersrecede.The distal translayers make
contactand producean axially symmetric hemifusion
diaphragmNucleationof a holein this diaphragmcom-
pletestheformationof anaxially symmetricfusionpore.
Second,it is assumedhat expansiongjuadraticin the
curvaturesare adequateto calculatethe propertiesof
highly curved structuresthat occur when the bilayers
join. Theseapproximation$avea greatin’'uence on the
estimateof the free energy of the transition state. In
contrastcomputersimulationsof coarse-grainechodels
provevaluablein providing directinformationaboutthe
fusion processof model membraneswithout invoking
theseadditionalassumptions.

In our Monte Carlo simulation, we useda coarse-
grainedthree-dimensionalattice model, the bond "uc-
tuation model® Each effective segmentis represented
by a unit cubethat blocks all eight cornersfrom addi-
tional occupancy.Hydrophilic and hydrophobic seg-
mentsrepel eachother, whereassegmentof the same
kind attracteachotherif their distances smalleror equal
than 6 in units of the lattice spacingu. Eachcontact
involvesthe energy0.1768%;T. sLipidsZ consistof 11
hydrophilicand 21 hydrophobiclinearly connectedseg-
ments.The hydrophobic/hydrophili@asymmetryusedby
us mimics the ratio of headandtail sizein biologically
relevantlipid moleculesThe segmentslonga molecule

are connectedby bondsof length2, 5, 6, 3, or

o for the simulated model were calculated by us an in ref.

10u. The solventis modeledby "exible chainsof 32
hydrophilic units, that is, we conceive a hydrophilic
chainasa small clusterof solventmolecules.

The model incorporatesthe relevantaspectsof am-
phiphilic solutions,, excludedvolume of the segments,
connectivity of hydrophilic and hydrophobicsegments
alongtheamphiphile andrepulsionbetweerhydrophilic
andhydrophobicentities, butwe cannotprovidea der-
ivation in termsof a esystematicZcoarse-grainingro-
cedurefor a speci“c biological lipid membrane Many
propertiesof the modelare known, however,andit can
be quantitatively comparedto the standardGaussian
chainmodel. The repulsioncorrespondso intermediate
segregation N 30 in terms of the Flory...Huggins
parameter .>°

A comparisonof the relevantlarge-scalestructural
and elastic propertiesof our simulation model to lipo-
somesand polymersomess presentedn Table1l. Iden-
tifying the length scaleby the thicknessof the hydro-
phobicregionof the bilayer andthe energyscaleby the
tensionof the hydrophilic/hydrophobidnterface we ob-
tain agreementfor polymersomeg(i.e., large vesicles
formedby amphiphilic polymersin solutiorf*) andrea
sonableagreemenfor lipidic vesicles.The simulation
model does not differ from the experimentalsystem
more strongly than the two distinct systemswhich ex-
hibit bilayerfusion, differ from oneanother.This obser-
vation inspires reasonablecon“dence that our coarse-
grainedmodel indeedcapturesthe appropriateinterac-
tions to describethe universal aspectsof the fusion
process?

Thesimulationsof fusionareperformedn the canon-
ical ensemblein a cell of geometry 156u 156u

128u with periodic boundaryconditions. Two "at,
tense preassemblebilayersof areal56u  156u and
thickness25u are stackedon top of eachotherwith a
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spacingof 10u. A singletensebilayeris stableon the
time scaleof the fusion event. Each systemcomprises
3613 amphiphilesand 3708 effective solvent clusters.
Thirty-two independensimulationruns are performed.
Theinitial stagef thetwo runsarepresentedn Figures
1 and 2 panelA. Two slightly different fusion paths,,
Figuresl and2,are observedn our simulations.Dur-
ing the initial stageof the simulation,the two bilayers
collide with oneanotherfrequentlyandsometimegorm
small local interconnectionsFor the most part, these
contactsaretransientOccasionallywe observesuf cient
rearrangemerntf theamphiphilesn eachbilayerto form
a con“guration, the stalk (panelsB), that connectsthe
two bilayers.Stalksare metastableandtheir lifetime is
smallerbutcomparableo thetimescaleof fusion,thatis,
somestalksvanishwithout proceedindurtherto afusion
pore.After the stalksareformed,therateof formationof
holesin either of the two bilayersincreasesand holes
form preferentiallyin the vicinity of stalks.Thesecon-
“gurations aredepictedin panelsC. The stalksbeginto
surroundtheholesto reducetheir line tension.Two other
eventsoccur to completethe formation of the fusion
pore,andthey canoccurin eitherorderleadingto two
slightly different fusion paths. In the “rst, shown in
Figurel, thestalkcompletelyencirclesaholeto form the
rim of the fusion pore (panel D). This structurelooks
similar to the radially extendedstalk, the hemifusion
diaphragmput it consistsof the two monolayersof the
uppermembranendnot of the two distaltranslayersof
differentmembranesshypothesizedy phenomenolog-
ical approache8!“*2*8Formationof the rim is followed
by theappearancef a seconcholewithin thediaphragm
(panelE) completingthe fusion pore.Oncethe porehas
formed, it expandsdriven by the reductionin surface
tension(panelF). The alternativepathis also shownin
Figure2. Beforethestalkcompletelysurround®nehole,
a secondhole formsin the otherbilayer (panelD). The
stalk completely encircles both holes (panel E) and
alignsthem. This completeshe fusion pore (panelF).

DISCUSSION AND OUTLOOK

The mechanisnof fusion observedn the simulationsof
our coarse-grainednodel beginswith a stalk, as pro-
posedby otherfusion scenariosThe subsequenévolu-
tion, however differs from almostall othermechanisms.
In particular,the fusion intermediatesve observen the
simulationsbreakthe axial symmetry,a possibility that
hasnot beenconsideredn previousstudies.

A fusion mechanisnsimilar to the pathwayin Figure
2 hasbeenseenindependentlyin simulationsof a very
different coarse-grainedhodel® In theseBrowniandy-
namicssimulationsamphiphilesveredescribedy short
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rigid rods,andno explicit solventwasused.The appar-
ent insensitivity to details of the simulationsmodel is
very importantasit suggestghatthe fusion mechanism
is rather universaland that coarse-grainednodels are
adequatdo investigatethesecollective phenomena.

Importantly,the simulationsprovidea qualitative,yet
direct, rationalefor experimentalobservationsExperi-
ment§*52observearansientmixing of thelipids between
thetransandcis leavesThis processs differentfrom the
usual lipid "ip-"op that is a very slow process.An
increasednixing of thelipids betweerthe two leavesof
the samemembrands alsoobservedn the simulations.
Part of this is dueto an overall thinning of the bilayer
causedby the imposedtensionthat resultsin "ip-"op
barrierreductionIn addition,this mixing is facilitatedby
theformationof transientholesthatare promotedby the
stalks. Thereis ample experimentalevidencé-° that
fusionis very frequentlyaccompaniedy leakage Most
experimentannotaddresghe questionof whetherfu-
sion and transientmembranepermeability are indeed
correlatedn spaceandtime. However,in a recentelec-
trophysiological study®®®° it has been convincingly
demonstratedhat theseprocessesre dynamically cor-
related. In our simulations, this effect can be easily
explainedby the formation of transientholes, in the
individual bilayers,that play a pivotal role in the fusion
mechanism.

Thecomparisorto experimentdemonstratethevalue
of the coarse-grainedhodelthat shouldserveasa good
starting point for further investigationof the following
issues.

First, knowledgeof the free energybarriersalongthe
fusion pathis importantfor controlling fusion and con-
comitant processesAlthough free energy barriers are
dif‘cult to measuren simulations,coarse-grainechod-
els can be investigatedby a variety of computational
techniquesFor instance pur modelcanbe mappedonto
the standardGaussianchain model for which self-con-
sistent“eld theory® "% "?can be usedto calculatethe
free energy of different intermediatesand transition
states.

Second much experimentalkeffort hasbeendirected
toward understandinghe role of non-lamellar-forming
lipids on the fusion rate**® Their effects also can be
addresseavith coarse-grainedhodels.

Third, coarse-grainethodelsmay also provideinput
for theapproachesn thebasisof elasticitytheoryasone
can extractfrom the former the bendingrigidities and
spontaneousurvaturesequiredfor the latter/? Coarse-
grainedmodelscanalsoprovidedirectinformationabout
thestructureof bilayerjunctions.An accuratelescription
of this structurehasprovento be crucial in calculating,
with elasticity theory, the free energyof the transition
state.



Figure 1. Observed pathway of fusion process. The snapshots were taken from a representative simulation run. Each con“guration is shown from four
different viewpoints. The hydrophobic core is shown as dark gray; the hydrophilic... hydrophobic interface (de“ned as a surface on which densities of
hydrophilic and hydrophobic segments are equal) is light gray. Hydrophilic segments are not shown for clarity. Top and bottom left subpanels have been
generated by cutting the system along the middle x..y plane; the top and bottom halves are viewed in the positive (up) and negative (down) z direction,
respectively. Top and bottom right subpanels are side views with cuts made by x..z and y..z planes, respectively. Grid spacing is 20u 1.2 R..
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Figure 2. Seecaption to Figure 1.



Fourth, is the developmentof models with some
chemical speci“city. We note that our coarse-grained
model reproducesthe characteristicdata of polymer-
somesbetterthan that of liposomes(c.f. Table 1). It is
important to understandwhich interactions on the
coarse-grainetevel distinguishbetweenthesetwo sys-
tems.

Fifth, mesophaserderingin block copolymermelts
hasbeenexaminedwithin differentdynamicalmodels.It
hasbeensuggestetf thathydrodynamidnteractionscan
strongly affect the kinetics of domaingrowth. The im-
portanceof theseeffectsin the processof membrane
fusion or any other collective membranaeorganization
is not clearandremainsan openproblem.

Finally, an understandingf fusion in model mem-
branesmight shedlight on therole of fusion peptidesn
biological systemsultimately providing rational control
of this process.Preliminary studiesof a very simple
model* haveshownthatmembrangerturbationsaused
by modelpeptidegrovidesitesfor small-holenucleation
that, aswe haveseen,is necessaryor the formation of
fusion pores.
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berg stipend.

REFEREENCEAND NOTES

1. Jahn, R.; Grubmu'ller, H. Curr Opin Cell Biol 2002,
14, 488.

2. Lentz, B. R.; Malinin, V.; Haque, M. E.; Evans, K.
Curr Opin Struct Biol 2000, 10, 607.

3. Monck, J. R.; Fernandez, J. M. Curr Opin Cell Biol

1996, 8, 524.

. Chernomordik, L. Chem Phys Lipids 1996, 81, 203.

5. Zimmerberg, J.; Chernomordik, L. V. Adv Drug
Delivery Rev 1999, 38, 197.

6. Mdiller, M.; Katsov, K.; Schick, M. J. Chem Phys
2002, 116, 2342; preprint, cond-mat/0212310.

7. Lindahl, E.; Edholm, O. Biophys J 2000, 79, 426.

8. Marrink, S. J.; Mark A. E. J Phys Chem B 2001,
105, 6122.

9. Mouritsen, O. G.; Jorgensen, K. Curr Opin Struct
Biol. 1997, 7, 518.

10. Chiu, S.W.; Jakobson, E.; Mashi, R. J.; Scott, H. L.

Biophys J 2002, 83, 1842.

11. Moore, P. B.; Lopez, C. F.; Klein,

2001, 81, 2484.

N

M. Biophys J

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24,

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.
43.

HIGHLIGHT 1449

Larson, R. G. J Phys Il 1996, 6, 1441.

Haas, F. M.; Hilfer, R.; Binder, K. J Phys Chem
1996, 100, 15290.

Goetz, R.; Lipowsky, R. J Chem Phys 1998, 108,
7397.

Goetz, R.; Gompper, G.; Lipowsky,
Lett 1999, 82, 221.

Carmesin, |.; Kremer, K. Macromolecules 1988, 21,
819.

Dotera, T.; Hatano, A. J Chem Phys 1996, 105,
8413.

Noguchi, H.; Takasu, M. J Chem Phys 2001, 115,
9547.

Shillcock, J. C.; Lipowsky, R. J Chem Phys 2002,
117, 5048.

Soddemann, T.; Dunweg, B.; Kremer, K. Eur Phys
J 2001, 6, 409.

Groot, R. D.; Rabone, K. L. Biophys J 2001, 81, 725.
Groot, R. D.; Warren, P.B. J Chem Phys 1997, 107,
4423.

Fraaije, J. G. E. M. J Chem Phys 1993, 99, 9202.
Helfand, E.; Tagami, Y. J Chem Phys 1972, 56,
3592.

Noolandi, J.; Hong, K. M. Macromolecules 1981,
14, 727.

Matsen, M. W.; Schick, M. Phys Rev Lett 1994, 72,
2660.

Li, X.-J.; Schick, M. J Chem Phys 2000, 112, 6063.
Mdiller, M. Mesoscopic and Continuum Models. In
Encyclopedia of Physical Chemistry and Chemical
Physics, Moore, J. H.; Spencer, N. D., Eds.; IOP:
Bristol, 2001; Vol. Il, pp 2087...2110.
Mdiller-Plathe, F. Chem Phys Chem 2002, 3, 754.
Safran, S. A. Statistical Thermodynamics of Sur-
faces, Interfaces and Membranes; Addison-Wesley:
Reading, MA, 1994.

Helfrich, W. Z. Naturforsch 1973, 28, 693.
Gompper, G.; Kroll, D. M. J Phys Condens Matter
1997, 9, R8795.

Kumar, P. B. S.; Gompper, G.; Lipowsky, R. Phys
Rev Lett 2001, 86, 3911.

Seifert, U. Adv Phys 1997, 46, 13.

Seifert, U. Phys Rev Lett 1999, 83, 876.

Kozlov, M. M.; Markin, V. S. Bio“zika 1983, 28,
255.

Kozlovsky, Y.; Chernomordik, L. V.; Kozlov, M. M.
Biophys J 2002, 83, 2634.

Kozlovsky, Y.; Kozlov, M. M. Biophys J 2002, 82,
882.

Kuzmin, P.l.; Zimmerberg, J.; Chizmadzhev, Y. A,
Cohen, F. S. Proc Natl Acad Sci USA 2001, 98,
7235.

Markin, V. S.; Albanesi, J. P. Biophys J 2002, 82,
693.

Markin, V. S.;Kozlov, M. M. Bio“zika 1983, 28, 73.
Siegel, D. P. Biophys J 1993, 65, 2124.

Ayton, G.; Voth, G. A. Biophys J 2002, 83, 3357.

R. Phys Rev



1450

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

MU LLER, KATSOV, AND SCHICK

Discher, B. D.; Won, Y.-Y.; Ege, D. S.; Lee, J. C.-M.;
Bates, F. S.; Discher, D. E.; Hammer, D. A. Science
1999, 284, 1143.

Discher, D. E.; Eisenberg, A. Science 2002, 297,
967.

Baschnagel, J.; Binder, K.; Doroker, P.; Gusev,
A. A.; Hahn, O.; Kremer, K.; Mattice, W. L.; Muller-
Plathe, F.; Murat, M.; Paul, W.; Santos, S.; Suter,
U. W.; Tries, V. Adv Poly Sci 2000, 152, 41.
Kremer, K.; Muller-Plathe, F. MRS Bull 2000, 26,
169.

Glotzer, S.;Paul, W. Annu Rev Mater Res 2002, 32,
401.

Monte Carlo and Molecular Dynamics Simulations
in Polymer Science; Binder, K, Ed; Oxford Univer-
sity Press: New York, 1995.
Freed, K. F. Renormalization
Macromolecules; Wiley-Interscience:
1987.

des Cloizeaux, J.; Jannink, G. Polymers in Solu-
tion: Their Modeling and Structure; Oxford Sci-
ence: Oxford, 1990.

Schaefer, L. Excluded Volume Effects in Polymer
Solutions; Springer: Berlin, 1999.

See, for example, http://octa.jp/.

Tries, V.; Paul, W.; Baschnagel, B.; Binder, K.
J Chem Phys 1997, 106, 738.

Shelly, J. C.; Shelly, M. Y.; Reeder, R. C.; Bandyo-
padhyay, S.;Klein, M. L. J Phys Chem B 2001, 105,
4464,

The mapping dynamic properties from atomistic to
coarse-grained models might prove an even bigger
challenge. First, the softer interactions on the
coarse-grained scale typically speedup the dynam-
ics. Second, some models'” or simulation methods
(DPD) do not respect the topological constraints in
the molecules dynamics (non-crossability), a fact
that selectively speeds up the dynamics of ex-
tended molecules. Third, electrostatic interactions
might be not essential for structural properties but
might signi“cantly alter the dynamics.®’ Fourth,
the head-group mobility is coupled with the struc-
tural rearrangement of water in their vicinity, but
the local structure (e.g., hydrogen bonds) is not
faithfully  reproduced by coarse-grained models.
Likewise, the elimination of degrees of freedom in
the coarse-graining procedure might speed up the
diffusive motion of the lipid tails. Both changes of
the dynamics might not be described by a single-
scale factor. ®” Fifth, a study of the role of explicit
solvent on the dynamics of the collapse of a polymer
chain in a bad solvent can be found in: Chang, R.;
Yethiraj, A. J Chem Phys 2001, 114, 7688.

Group Theory of
New York,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.
76.

. Lopez, C. F.; Nielson, O. F.; Moore, P. B.; Shelly,

J. C.; Klein, M. L. J Phys Condens Matter 2002, 14,
9431.

Chernomordik, L. V.; Kozlov, M. M.; Melikyan,
G. B.; Abidor, I. G.; Markin, V. S.; Chizmadzhev,
Y. A. Biochim Biophys Acta 1985, 812, 643.

Mdiller, M.; Binder, K. Macromolecules 1995, 28,
1825.
We did not try to map the time scale. Although the

moleculess motion is diffusive on large time scales,
the Monte Carlo algorithm doesnot correspond to a
realistic dynamics on small length scales. Never-
theless, for times much larger than a single Monte
Carlo step, we do not expect the time sequence to
differ qualitatively from that of a simulation with
more realistic dynamics. Therefore, the details of
the dynamics only set the absolute time scale, but
the rate of fusion is dominated by free-energy bar-
riers encountered along the fusion pathway, which
are independent of the actual dynamics used.
Lentz, B. R.; Talbot, W.; Lee, J.; Zheng, L.-X. Bio-
chemistry 1997, 36, 2076.

Evans, K. O.; Lentz, B. R. Biochemistry 2002, 41,
1241.

Cevc, G.; Richardsen, H. Adv Drug Delivery Rev
1999, 38, 207.

Shangguan, T.; Alford, D.; Bentz, J. Biochemistry
1996, 25, 4956.

Dunina-Barkovskaya, A.Y.; Samsonov, A. V.; Pivo-
varov, V. S.; Frolov, V. A. Membr Cell Biol 2000, 13,
567.

Bonnafous, P.; Stegmann, T. J Biol Chem 2002,
275, 6160.

Haque, M. E.; Lentz, B. R. Biochemistry 2002, 41,
10866.

Smit, J. M.; Li, G.; Schoen, P.; Corver, J.; Bittman,
R.; Lin, K.-C.; Wilschut, J. FEBS Lett 2002, 421,
62.

Frolov, V. A.; Dunina-Barkovskaya, A. Y.; Sam-
sonov, A. V.; Zimmerberg, J. Preprint, 2002.
Matsen, M. W. Macromolecules 1995, 28, 5765.
Matsen, M. W.; Bates, F. S. Macromolecules 1996,
29, 7641.

Mdller, M.; Gompper, G. Phys Rev 2002, 66,
0418051.
Groot, R. D.; Madden, T. J.; Tildesley, D. J. 3 Chem

Phys 1999, 110, 9739.

Noguchi, H.; Takasu, M. Biophys J 2002, 83, 299.
Chen, Z.; Rand, R. P. Biophys J 1997, 73, 267.
Leikin, S.;Kozlov, M. M.; Fuller, N. L.; Rand, R. P.
Biophys J 1996, 71, 2623.



