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ABSTRACT: Wediscusstherole
coarse-grainedmodelsplay in in-
vestigating collective phenomena
in bilayer membranesand place
them in the contextof alternative
approaches.By reducing the de-
grees of freedom and applying
simpleeffectivepotentials,coarse-
grained models can addressthe
largetime scalesandlengthscales

of collective phenomenain mem-
branes.Althoughthemappingfrom
a coarse-grainedmodelontochemi-
cally realisticmodelsis a challenge,
suchmodelsprovide a direct view
on thephenomenathatoccuron the
lengthscalesof a few tensof nano-
meters.Their relevanceis exempli-
“ed by thestudyof fusionof model
membranes.© 2003 Wiley Periodicals,
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INTRODUCTION

The behaviorof complexmolecularsystemscanbe an-
alyzedondifferenttime andlengthscales.Theparticular
choiceof the level of detail, or abstraction,dependson
theproblemat hand.For instance,onemaybeinterested
in single-moleculepropertiesin a largesystemor, at the
otherextreme,themacroscopicdescriptionof bulk-phase
transitions.Justasdifferentexperimentaltechniquesare
suitedfor studyingdifferent phenomena,theoreticalap-
proachesvary in theirability to describedifferentaspects
of complex systems.Biological systemsundoubtedly
presentan exampleof extremecomplexity. They have
inspiredthedevelopmentof a wide rangeof experimen-
tal aswell astheoreticaltools to aid their study.Oneof
the main problems is to link theseexperimentaland
theoreticaldescriptionsacrossthe hierarchyof time and
lengthscales.It would be a formidabletaskevento list
all the possibletools availableto theoristsinterestedin
biologicalproblems.Instead,we considerthetheoretical
descriptionof lipid bilayermembranes,deceptivelysim-
ple systemswith a very rich behavioron a wide rangeof
scales.

Lipid moleculesplay animportantrole in a multitude
of chemicalandbiological processes.By virtue of their
amphiphilic architecture,lipids self-assembleinto spa-

tially periodicmicrophases.Lamellar-forminglipids are
the basicbuilding blocks of biological membranes.Bi-
layer membranesserveas semipermeablebarriersthat
organizespaceinto compartmentsandprovideamedium
for proteins to function. Lipid moleculesare also in-
volvedin collectivephenomenathatchangethetopology
of thecompartmentsby fusion,1…3lysis,budding,or pore
formation.Despitethefact thatthesecollectivephenom-
ena are involved in fundamentalbiological processes
suchasfertilization,synapticrelease,intracellulartraf“c,
and viral infection, their basic mechanismis not well
understood.

Much of the dif“culty in obtaining a microscopic
view of thesecollectivephenomenacanbe tracedto the
length and time scaleson which theseprocessesoc-
cur„a few tensof nanometersandmilliseconds.These
scalesarenot amenableto direct experimentalobserva-
tion or a fully atomistictheoreticalstudy.Indirectexper-
iments,suchasthosethatexaminethedependenceof the
fusion rateon lipid architecture,4,5 andphenomenologi-
cal modelshavemadevaluablecontributionsto the un-
derstandingandcontrol of thesecollectiveprocesses.A
moredirectanddynamicpictureof thesephenomenacan
be obtainedwithin a frameworkof coarse-grainedsim-
ulations.This techniquecan addressthe pertinentwin-
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dow of time andlengthscales,unattainableby atomistic
simulations,with a reasonablecomputationaleffort.

We do not discusscollective phenomenawithin a
large single molecule(e.g., conformationalchangesas
they occur in protein folding), nor do we attempt to
providea completesurveyaboutmembranemodels.We
rather give an accountof our simulation of fusion of
model membranes6 and place it within the context of
otherapproaches.We brie”y discussthe computational
models that describebilayer membraneson different
coarse-graininglevels, the problems that can be ad-
dressedby them,andthe connectionsamongthe differ-
ent approaches.We then illustrate the role of coarse-
grainedmodelsby applying one to membranefusion.
Detailsof this investigationwill bepublishedelsewhere.
We closewith an outlook andwith openquestions.

MODELS

Becauseprocessesin membranesevolve on vastly dif-
ferent time and length scales,a variety of membrane
modelshasbeendevised.We divide themroughly into
atomistic,coarse-grained,andelasticitymodels.

Atomistic models describebilayer propertieswith
chemicalaccuracy.Molecular architectureand interac-
tionsarefaithfully modeledincludingelectrostaticinter-
actions, torsional, and bending potentials. Ideally the
interactionsarederivedfrom ab initio calculations.Rou-
tinely moleculardynamicssimulationsareusedto exam-
ine membranepatchesof a few nanometersover time-
scalesof a few tensof nanoseconds.7,8 This givesinfor-
mation9 aboutthebilayerstructure,adetaileddescription
of thehydrophobic/hydrophilicinterface,theorientation
of segments,the role of undersaturationof lipid tails or
of the addition of non-lamellar-forminglipids, and the
interactionswith small inclusionslike peptidesor choles-
terol.10 Dynamicproperties,for example,thelateralself-
diffusion of lipid moleculesor thetransportpropertiesof
smallmoleculesacrossthebilayer,arealsoaccessible.11

With rareexceptions(see,e.g.,ref. 8), thebilayerstruc-
ture has to be preassembledbecausethe time scaleof
self-assemblyfrom ahomogeneousmixtureof lipids and
watertypically exceedsthesimulationtime scale.Phase
transitionsand out-of-planestructures,which occur in
budding,arealsobeyondthe scopeof atomisticmodel-
ing. Nevertheless,it is possibleto extracteffectivema-
terialproperties,suchastensionandelasticmoduli, from
thesesimulations.

Coarse-grainedmodelsdo not attemptto describethe
large-scalephenomenastartingfrom thesmallestatomic
length scalebut rather lump a small numberof atoms
into aneffectiveparticle.12…20Theseparticlesinteractvia
coarse-grained,simpli“ed interactions.Electrostaticand

torsionalpotentialsaretypically neglectedin thesemod-
els.The reducednumberof degreesof freedomandthe
softerinteractionson a coarsescaleleadto a signi“cant
computational speed-up.Hence, larger systems and
longertime scalescanbeinvestigated.Theobjectivesof
mesoscopicmodelsare twofold. They help to identify
interactionsthat arenecessaryto bring aboutcollective
phenomenaon a mesoscopicscale,suchas self-assem-
bly. This information yields qualitativeinsight into the
way thatparameterson a microscopiclevel in”uencethe
mesoscopicbehavior.An exampleis provided by the
meansin which the architectureof lipids in”uencesthe
structureof theself-assembledsystem.Also, thisclassof
modelselucidatesthe universalbehavioron the meso-
scopicscaleitself (e.g.,theroleof thermal”uctuationsor
the existenceof phasetransitionsbetweenself-assem-
bled morphologies).They also are an ideal testing
groundfor phenomenologicalconcepts.Coarse-grained
models can be studied by a variety of techniques„
MonteCarlosimulation,moleculardynamics,dissipative
particledynamics,19,21,22dynamicaldensityfunctional
theory,23 andself-consistent“eld theory.24…27The ba-
sic problemsthat limit thepredictivepowerof coarse-
grainedmodelsare the identi“cation of time, length,
and energy scalesto be used as comparedwith the
experimentand the identi“cation of the degreesof
freedomand interactionsto be retainedat the coarse-
grainedscale to incorporatethe essentialphysicsof
the system.28 Some of these problems can be ad-
dressedby •systematicŽcoarse-grainingprocedures29

(discussedbelow) or by comparingdifferent coarse-
grainedmodels.By doingso,onecangaugethedegree
of universalityand the relevanceof interactions.This
yields much insight into the mechanismsthat underly
the phenomena.

Elasticitymodelsareat theotherendof thespectrum
of theoreticaltreatmentsof membranes.30 The descrip-
tion of particlesis droppedaltogether,andthemembrane
is modeledon thelevelof averagematerialproperties.In
the simplestcase,it is conceivedas an in“nitely thin,
elasticsheet,characterizedby a small numberof meso-
scopiccoef“cients„tension, spontaneouscurvature,and
bendingrigidity.31 Despitethe apparentsimplicity, the
statisticalmechanicsis quiteintricateandresultsin arich
phasebehavior.14,15,32…35This approachalso forms the
basis of the phenomenologicaldescription of fu-
sion.36…42 Although these models can addresslarge
lengthscales(e.g.,changesof thetopologicalstructureof
anassemblyof membranes),theyhavedif“culty describ-
ing the processesthat evolve on the scaleof the mem-
brane thicknessitself and cannot describethose that
involve changesin lipid conformations.

The division of modelspresentedaboveis not abso-
lute.Thereareapproachesthatunitetechniquesfrom the

HIGHLIGHT 1443



different classes,thus providing a smooth transition
acrossthe time andlengthscales.For example,dissipa-
tive particle dynamicssimulationhasbeenusedto in-
vestigatean elastic membranemodel in which •parti-
clesŽrepresentsmall patchesof the membrane.43

The coarse-grainingof atomisticmodelsis usuallya
conceptualstep,rather than a well-de“ned quantitative
procedure.It relies on the observationthat a variety of
real physical systemswith very different microscopic
interactionssharethe samequalitativebehavioron the
mesoscopicscale.For example,amphiphilicpolymersin
aqueoussolutions form polymersomes,which exhibit
behavior similar to that of liposomesand biological
cells.44,45This includes,in particular,fusionandrupture
of bilayer membranes.In addition, the self-assembled
phasesin lipid-water mixturesarealsofound in diblock
copolymermelts.

The main goal of •conceptualŽcoarse-grainingis to
sacri“ce atomistic detail to gain computationaladvan-
tagewhile retainingonly thosearchitecturaldistinctions
andinteractionsneededto bring aboutmesoscopicphe-
nomenaof interest.In thecaseof lipid molecules(or any
extendedamphiphilic molecules),the latter are consid-
eredto be the partitioningof the lipid moleculesinto a
hydrophilic •headŽand a hydrophobic •tailŽ and the
strong repulsionbetweenhydrophilic and hydrophobic
entities.Evenif theinteractionson themicroscopicscale
areextremelycomplex,theycanoftenbecapturedqual-
itatively by simpli“ed interactionson the mesoscopic
length scale.Coarse-grainedmodelsare well suited to
examinethe generic,universal featuresof mesoscopic
behavior.By extracting large-scalequantities,such as
bilayer thickness,tension,bendingrigidity, and viscos-
ity, from a coarse-grainedmodelandcomparingthoseto
experimentaldata one can identify time, length, and
energyscalesof thephenomena.Unfortunately,a single
identi“cation of scale factors cannot reproduceall of
thoselarge-scalequantitiessimultaneously.

The useof coarse-grainedmodelsto describepoly-
meric systemshas a long tradition.29,46…49 In polymer
solutionsand melts, the elimination of the degreesof
freedom is justi“ed by the self-similar structureon a
greatrangeof lengthscalesfrom the statisticalsegment
length to the polymer•sradiusof gyration. Becauseof
this, the coarse-grainingprocedurein suchsystemscan
formally be performedexactlywithin the frameworkof
therenormalizationgroup.50…52Recenteffortshavebeen
directedtowardcoarse-grainedpolymermodelsthat not
only capturethe generic featuresof polymers on the
coarse-grainedscalebutalsoretaininformationaboutthe
underlying chemical structure. These •systematicŽ
coarse-grainingapproachesaim at designingmodelsthat
bridge the length and time scales from atomistic to
macroscopic.47,53,54 To this end, one choosesa set of

structuralandthermodynamicquantitiesof the underly-
ing atomisticsystems(e.g.,extractedfrom an atomistic
simulation or measuredin experiments)and constructs
interactionsbetweenthecoarse-graineddegreesof freedom
to reproducethosequantities.Typical choices29,46 include
geometricalcharacteristicsof themolecules,thedistribution
of distancesbetweenentities,andthermodynamicproper-
ties. Shelly et al.55 used a very similar procedureto
constructa coarse-grainedmodelof phospholipidmem-
branes.Thissystematiccoarse-grainingprocedureserves
a twofold purpose.First, it permits the prediction of
propertiesinaccessibleto atomisticsimulations.Second,
it allowsthereintroductionof atomicdegreesof freedom
andthesmallerlengthscalestheyentailoncethecoarse-
grainedmodel hasequilibratedon a large length scale.
Systematiccoarse-grainingprocedurespromisethe pos-
sibility of constructingmodelstailored to speci“c sys-
temsand problems.Nevertheless,thereare caveats.As
the interactionson the coarse-grainedscalediffer quali-
tatively from the atomistic interactions,they are not
transferable,29 thatis, thesystematiccoarse-grainingpro-
cedureis speci“c to a particularstatepoint speci“edby
temperature,pressure,and so forth. Moreover,a small
inaccuracyin the free energyon the atomisticscalecan
give rise to dramaticchangeson mesoscopicor macro-
scopiclengthscales.This holdsa fortiori in thevicinity
of phasetransitionswhere one encountersa singular
dependenceon systemparameters.Thus, much of the
quality of the coarse-grainingdependson a careful
choiceof the setof quantitiesusedfor the mappingand
the type of interactionsin the coarse-grainedmodel.56

Notwithstanding the limitations of coarse-grained
models,theyoffer importantqualitativeinsightsandtest
the accuracyof phenomenologicalconcepts.In the fol-
lowing, we illustrate their usefulnessin the contextof
simulating fusion of model membranes.Details of the
simulationwill be given elsewhere.6

EXAMPLE:FUSION OF MODEL
MEMBRANES

Two bilayer membranesunder tension fuse when
brought in closeapposition.Although proteinsplay an
important role in overcoming the free energy barrier
associatedwith bringing the two membranestogether,
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.1 Theoreticaldescriptionshavefocusedal-
mostexclusivelyonelasticitymodels,whichdescribethe
bilayers by the bending propertiesof its monolayers.
Although the descriptionis successfulin rationalizing
thedependenceof thefusionrateonthelipid architecture
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andmembranetensionandis compatiblewith themixing
of the lipids in the two apposingcis layers,the applica-
tion of elasticitymodelsrelieson two assumptions.First,
onehasto assumea speci“c fusion pathway.36,41,58The
startingpoint is two tensebilayers in closeapposition.
Lipids in the facing, proximal, or cis layers rearrange
locally andbridgetheaqueousgapbetweenthebilayers.
This results in the formation of an axially symmetric
stalk. In most versions,the stalk then expandsradially
and the cis layersrecede.The distal trans layersmake
contact and producean axially symmetric hemifusion
diaphragm.Nucleationof a hole in this diaphragmcom-
pletestheformationof anaxially symmetricfusionpore.
Second,it is assumedthat expansionsquadraticin the
curvaturesare adequateto calculatethe propertiesof
highly curved structuresthat occur when the bilayers
join. Theseapproximationshavea greatin”uenceon the
estimateof the free energy of the transition state. In
contrast,computersimulationsof coarse-grainedmodels
provevaluablein providingdirect informationaboutthe
fusion processof model membraneswithout invoking
theseadditionalassumptions.

In our Monte Carlo simulation, we used a coarse-
grainedthree-dimensionallattice model, the bond ”uc-
tuation model.16 Eacheffective segmentis represented
by a unit cubethat blocks all eight cornersfrom addi-
tional occupancy.Hydrophilic and hydrophobic seg-
mentsrepel eachother, whereassegmentsof the same
kind attracteachotherif theirdistanceis smalleror equal
than � 6 in units of the lattice spacingu. Eachcontact
involvesthe energy0.17689kBT. •LipidsŽ consistof 11
hydrophilic and21 hydrophobiclinearly connectedseg-
ments.Thehydrophobic/hydrophilicasymmetryusedby
us mimics the ratio of headandtail size in biologically
relevantlipid molecules.Thesegmentsalonga molecule
are connectedby bonds of length 2, � 5, � 6, 3, or

� 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,andrepulsionbetweenhydrophilic
andhydrophobicentities„ but we cannotprovidea der-
ivation in termsof a •systematicŽcoarse-grainingpro-
cedurefor a speci“c biological lipid membrane.Many
propertiesof the modelareknown,however,andit can
be quantitatively comparedto the standardGaussian
chainmodel.The repulsioncorrespondsto intermediate
segregation� N � 30 in terms of the Flory…Huggins
parameter� .59

A comparisonof the relevant large-scalestructural
and elasticpropertiesof our simulationmodel to lipo-
somesandpolymersomesis presentedin Table1. Iden-
tifying the length scaleby the thicknessof the hydro-
phobicregionof the bilayer andthe energyscaleby the
tensionof thehydrophilic/hydrophobicinterface,we ob-
tain agreementfor polymersomes(i.e., large vesicles
formedby amphiphilicpolymersin solution44) andrea-
sonableagreementfor lipidic vesicles.The simulation
model does not differ from the experimentalsystem
more strongly than the two distinct systems,which ex-
hibit bilayer fusion,differ from oneanother.This obser-
vation inspires reasonablecon“dence that our coarse-
grainedmodel indeedcapturesthe appropriateinterac-
tions to describethe universal aspectsof the fusion
process.60

Thesimulationsof fusionareperformedin thecanon-
ical ensemblein a cell of geometry 156u � 156u
� 128u with periodic boundaryconditions.Two ”at,
tense,preassembledbilayersof area156u � 156u and
thickness25u are stackedon top of eachother with a

Table 1. Structural and Elastic Properties of Bilayer Membranes

Polymersomes Liposomes Simulation

dc 80 Å 30 Å (DOPE), 25 Å (DOPC) 21u
f 0.39 0.35 � 0.10 0.34375
C0dc No data � 1.1 (DOPE), � 0.29 (DOPC) � 0.68
� A/A0 0.19 0.05 0.19
� a/� 0 2.4 4.4 (DOPE), 2.9 (DOPC) 4.1
� b/� 0dc

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

dc is the thickness of membrane hydrophobic core, f is the hydrophilic fraction, C0 is the
monolayer spontaneous curvature, � A/A0 is the bilayer area expansion (critical value for the
experimental systems, and the actual strain used in simulations), � a is the bilayer area compress-
ibility modulus, � b is the monolayer bending modulus, and � 0 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 � b and � 0 for the simulated model were calculated by us an in ref.
65.
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spacingof 10u. A single tensebilayer is stableon the
time scaleof the fusion event.Eachsystemcomprises
3613 amphiphilesand 3708 effective solvent clusters.
Thirty-two independentsimulationruns are performed.
Theinitial stagesof thetwo runsarepresentedin Figures
1 and 2 panelA. Two slightly different fusion paths„
Figures1 and2„are observedin our simulations.Dur-
ing the initial stageof the simulation,the two bilayers
collide with oneanotherfrequentlyandsometimesform
small local interconnections.For the most part, these
contactsaretransient.Occasionallyweobservesuf“cient
rearrangementof theamphiphilesin eachbilayerto form
a con“guration, the stalk (panelsB), that connectsthe
two bilayers.Stalksaremetastable,andtheir lifetime is
smallerbutcomparableto thetimescaleof fusion,thatis,
somestalksvanishwithoutproceedingfurtherto a fusion
pore.After thestalksareformed,therateof formationof
holesin either of the two bilayers increases,and 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,and they canoccur in eitherorder leadingto two
slightly different fusion paths. In the “rst, shown in
Figure1, thestalkcompletelyencirclesaholeto form the
rim of the fusion pore (panel D). This structurelooks
similar to the radially extendedstalk, the hemifusion
diaphragm,but it consistsof the two monolayersof the
uppermembraneandnot of thetwo distal translayersof
differentmembranesashypothesizedby phenomenolog-
ical approaches.41,42,58Formationof the rim is followed
by theappearanceof asecondholewithin thediaphragm
(panelE) completingthe fusionpore.Oncetheporehas
formed, it expands,driven by the reductionin surface
tension(panelF). The alternativepath is alsoshownin
Figure2. Beforethestalkcompletelysurroundsonehole,
a secondhole forms in the otherbilayer (panelD). The
stalk completely encircles both holes (panel E) and
alignsthem.This completesthe fusion pore(panelF).

DISCUSSION AND OUTLOOK

Themechanismof fusionobservedin thesimulationsof
our coarse-grainedmodel beginswith a stalk, as pro-
posedby other fusion scenarios.The subsequentevolu-
tion, however,differs from almostall othermechanisms.
In particular,the fusion intermediateswe observein the
simulationsbreakthe axial symmetry,a possibility that
hasnot beenconsideredin previousstudies.

A fusionmechanismsimilar to thepathwayin Figure
2 hasbeenseenindependentlyin simulationsof a very
differentcoarse-grainedmodel.18 In theseBrowniandy-
namicssimulations,amphiphilesweredescribedby short

rigid rods,andno explicit solventwasused.The appar-
ent insensitivity to details of the simulationsmodel is
very importantasit suggeststhat the fusion mechanism
is rather universaland that coarse-grainedmodelsare
adequateto investigatethesecollectivephenomena.

Importantly,thesimulationsprovidea qualitative,yet
direct, rationalefor experimentalobservations.Experi-
ments61,62observetransientmixing of thelipids between
thetransandcis leaves.Thisprocessis differentfrom the
usual lipid ”ip-”op that is a very slow process.An
increasedmixing of the lipids betweenthetwo leavesof
the samemembraneis alsoobservedin the simulations.
Part of this is due to an overall thinning of the bilayer
causedby the imposedtensionthat results in ”ip-”op
barrierreduction.In addition,thismixing is facilitatedby
theformationof transientholesthatarepromotedby the
stalks.There is ample experimentalevidence61…69 that
fusion is very frequentlyaccompaniedby leakage.Most
experimentscannotaddressthe questionof whetherfu-
sion and transientmembranepermeability are indeed
correlatedin spaceandtime. However,in a recentelec-
trophysiological study,65,69 it has been convincingly
demonstratedthat theseprocessesare dynamicallycor-
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.

Thecomparisonto experimentdemonstratesthevalue
of the coarse-grainedmodelthat shouldserveasa good
startingpoint for further investigationof the following
issues.

First, knowledgeof the freeenergybarriersalongthe
fusion path is importantfor controlling fusion andcon-
comitant processes.Although free energy barriers are
dif“cult to measurein simulations,coarse-grainedmod-
els can be investigatedby a variety of computational
techniques.For instance,our modelcanbemappedonto
the standardGaussianchain model for which self-con-
sistent“eld theory26,70…72can be usedto calculatethe
free energy of different intermediatesand transition
states.

Second,much experimentaleffort hasbeendirected
toward understandingthe role of non-lamellar-forming
lipids on the fusion rate.4,5 Their effects also can be
addressedwith coarse-grainedmodels.

Third, coarse-grainedmodelsmay alsoprovideinput
for theapproacheson thebasisof elasticitytheoryasone
can extract from the former the bendingrigidities and
spontaneouscurvaturesrequiredfor the latter.72 Coarse-
grainedmodelscanalsoprovidedirectinformationabout
thestructureof bilayerjunctions.An accuratedescription
of this structurehasprovento be crucial in calculating,
with elasticity theory, the free energyof the transition
state.
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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 Re.
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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-grainedlevel distinguishbetweenthesetwo sys-
tems.

Fifth, mesophaseorderingin block copolymermelts
hasbeenexaminedwithin differentdynamicalmodels.It
hasbeensuggested73 thathydrodynamicinteractionscan
strongly affect the kinetics of domaingrowth. The im-
portanceof theseeffects in the processof membrane
fusion or any othercollectivemembranereorganization
is not clearandremainsan openproblem.

Finally, an understandingof fusion in model mem-
branesmight shedlight on the role of fusionpeptidesin
biological systems,ultimately providing rationalcontrol
of this process.Preliminary studiesof a very simple
model74 haveshownthatmembraneperturbationscaused
by modelpeptidesprovidesitesfor small-holenucleation
that, aswe haveseen,is necessaryfor the formationof
fusion pores.
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