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Computersimulationsof coarse-graineaholecularmodelsfor amphiphilic systemscan pro-
vide insightinto the the structureof amphiphilesat interfaces. They canhelp to identify the
factorsthatdeterminghe phasebehaior, andthey canbridgebetweeratomicdescriptionsand
phenomenologicakld theories.

Herewe focuson modelsystemgfor amphiphilicmembranesAfter a brief generalintroduc-
tion, we presentelectedsimulationresultson monolayershilayers,andbilayer stacks.First,
we discusgnternalphasetransitionsin membranesndshav thatidealizedmodelsreproduce
the genericphasebehaior. Thenwe considermembraneuctuations andmembranelefects.
The simulationdatais comparedwith mesoscopicheories,and effective phenomenological
parametersanbe extracted.

1 Intr oduction

Amphiphilic moleculesare characterizedy the featurethatthey containboth waterlov-
ing (hydrophilic) and water “hating” (hydrophobic)structuralunits. Familiar examples
are alcoholsor lipids (seeFig. 1). Amphiphilesareimportantfor mary applicationsin
technologyandnature.They arevery effective at helpingto dissole differentsubstances
in water which malkesthemvery useful,e. g., asdetegents,or as coatingmaterialsto
stabilizecolloidal systems.Furthermorethey form a rich variety of structuresat higher
concentrationsln orderto shieldtheir hydrophobicpartsfrom the water the amphiphiles
self-assemblénto sphericalor cylindrical micellesor bilayers (Fig. 2). Thesestructures
maythenorderon anevenhigherlevel andform superstructuregFig. 3)>3.

Particular interestingfrom an applicationpoint of view are thosephasesvherethe
materialis lled with bilayers. Suchbilayer interfacescan sene asbarriersagainstthe
diffusionof particles andhelpto dividethespacénto compartmentsindeed/ipid bilayers
arethe structuralbasisof all biological membraneswhich in turn play a centralrole for
thefunctionof all cellsandcell organelle$.

From an experimentalpoint of view, studyingthe propertiesof biomembranesn a
molecularscalein situ is not an easytask. Therefore several modelmembranesystems
have beendeveloped:(i) monolayerattheair-waterinterface(Langmuirmonolayers)(ii)
stacksof bilayers,(iii) single planarbilayers,and (iii) giantvesicles. The simplestand
oldestapproactis to spreadipid moleculeson a watersurface. Dueto the amphiphilic
natureof lipids, they form orientedmonolayersat air/water interfaces. Theseare tradi-
tionnally placedin a Langmuirtroughwith a movablebarrieron oneside,which allowsto
controlthe surfacearea(seeFig. 4). The monolayersarethenstudiedin the microscope,
with X -ray scatteringunderconditionsof grazingincidence or simply by measuringhe
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Figurel. Structureof asingleamphiphilicmolecule(DPPC).

pressure-aresotherms.Sincebilayersconsistof two weakly coupledmonolayersmary
importantbilayerpropertiexcanbe studiedalreadyin monolayersystems.

Anotherexperimentabpproacho studyinglipid bilayermembraneblasbeento exam-
ine lamellar stacksof bilayers,i. e.,lamellarphasesf lipids®2. Highly alignedstacks
have beenpreparedexperimentallyand then examinedby X -ray diffraction”8. Such
systemshave also beenuseful to study the interactionsof lipid membranesvith other
moleculesg. g., lipid-polymerinteraction$, lipid-proteininteractiong®!, lipid-DNA in-
teraction$®*3,

Furthermoretherealsoexist techniquedy which planarbilayersor giantbilayervesi-
clescanbe generated X -ray studiesof suchsystemsaredif cult, dueto the smallsize
of the sample. However, they canbe studiedby othertechniquessuchas phasecon-
trastmicroscopy or electronmicroscop, light scatteringpr transporimeasurements. It
shouldbe notedthatisolatedmembranesrenot stablein athermodynamicatense They
are metastablestructurespoundto breakeventually However,his doesnot restricttheir
importanceasmodelsystemdor biologicalmembranesyhich arethemselesnonequilib-
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Figure2. Self-assembledtructureof amphiphilesn water
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Figure3. Selectedstructuredphasesn amphiphilicsystems.The dashedinesrepresenbilayers. The different
shadingsn (d) distinguishbetweertwo differentinterwoven networksin the gyroid phase.

rium structures.

Whenattemptingto describdipid membranesheoretically onefacesa problemthat
is commonfor soft materials:The membrangropertiesesultfrom aninterplaybetween
physicalandchemicalphenomenahatlive on a hierarcly of lengthscalesyrangingfrom
the atomic to the mesoscopicscale(micrometers),and likewise on a hierarcly of time
scales.On the scaleof atomsandsmallmoleculegwater ions), onehastheforceswhich
keepthe membrandogetherin the rst place:the hydrophobiceffect andthe interaction
betweernwaterandhydrophilic headgroupswhichis still notyetfully understoodOnthe
molecularscale pnehastheinterplaybetweerocal chainconformationsgnembranestruc-
ture,andmembraneiscosityand uidity . We will comebackto thataspecturtherbelow.
Onealsohastheelectrostatigénteractionsetweerlipids. For bilayersunderphysiological
conditionsthey areshieldedo someextentby theionsin thesurroundingvater However,
they still in uence the effective size of the headgroups,thus stabilizingor destabilizing
theplanarlamellarstructure.ln monolayerselectrostatiénteractionsarenot shieldedand
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Figure4. Schematiictureof alangmuirtrough.



generatanesoscopi@atterns®%, On a supramoleculalengthscale,one hasthe uctu-
ationsof membranepositions. Theseare often describedn termsof phenomenological
parametersuchasthebendingstiffnessand(if applicableXhesurfacetensiort''’. Finally,
on the mesoscopitengthscale onehasphaseseparatioranddomainformation. This be-
comesparticularlyimportantin mixedsystemsFor example phaseseparatiorof different
lipids within a membranemay trigger budding processe$2°. Certainmembrandipids
and proteinsaggreate into “rafts”, which are believed to sere a biological purposé.
Polymersmayinducemembrandusior??.

Computersimulationswhich cover all theseaspectsarenot possible,andwill not be
possiblefor along time. Whenstudyingmembrane®y computersimulation,the rst and
main taskis thereforeto choosea problemandthenidentify an appropriate model Dif-
ferentmodelsoperateon differentlengthandtime scales. Ideally, it shouldbe possible
to establishconnectiondbetweerthe differentmodels(“multiscalemodeling”). The prob-
lem of bridging betweentime andlengthscalesis one of the greatchallengesn today's
computationakcience. We are still far from having reachedhat goal. However, there
exist several modelswhich canbe usedto study membrane®n particularlength scales,
andcomputersimulationsof thesemodelscancontributeto animproved understandingf
physicalphenomenanthatscale.

In fact, severalapproachesireintroducedin this school. Ole Mouritsenpresentdat-
tice modelswhich allow to studythe mesoscopiorganizationof complex biomembranes.
Alan Mark takesthe oppositeperspectie and studiesmembrane®n an atomisticlevel.
Here,we will assumeanintermediatepoint of view anddiscussnolecularcoarsegrained
models. Suchmodelscanbe usedto studythe structureof a systemsystematicallyfor a
rangeof parameterskor example,they reproduceself-assemblyanddifferentlipid-water
phasesaswell asinternalphasetransitionsin lipid membranesNumericalstudiespro-
vide insightinto mechanisnwhich contribute to the phasebehaior. Moreover, molecular
coarsegrainedmodelscanbe usedasstartingpointsfor simulationsthat bridge between
the molecularandthe mesoscopitevel. An exampleof sucha studywill be presentedn
Sec.3.3.

The paperis organizedasfollows. We will begin with a brief discussionof typical
modelsthat are usedto study membranes.In Sec.3, we presentsomeapplicationsof
coarsegrainedmolecularmodelsto study monolayerspilayers,and bilayer stacks. We
concludein Sec4.

2 Modelsand Levelsof CoarseGraining

As discussedn theintroduction,it is not possibleto de ne a singlesimulationmodelthat
is suitedto studyall relevantaspect@boutamphiphilemembrane# onesinglecomputer
simulation. Therefore a hierarcly of modelshasbeendevelopedandusedto studymem-
branedrom differentpoint of views.

Themodelsatthelowestlevel of thehierarcly aretheatomisticmodels.Eventheseare
nottruly ab-initio in the sensehatthe moleculesarenottreatedn full quantumchemical
detail. Atomistic moleculardynamicssimulationsof amphiphilicsystemsaisesemiempir
ical potentialssuchasthe GROMOSforce eld (seeAlan Mark's contritution), which are
constructedy tting the parameterso quantumchemicalcalculationsandto experimen-
tal data. Thusthey focuson therealisticdescriptionof speci ¢ substancesThetime and



lengthscalesaccessibléo sucha simulationarelimited, but they increasevery rapidly due
to theimproving performancenf the computerhardware,andto the developmentof good
algorithms. Nowadays atomisticsimulationscandealwith thousand®f amphiphilesor
reachtime scalesup to microseconds.

Thenext level of coarsggrainingis thatof idealizedmoleculamodels.Here, different
moleculesrestill treatedasindividual particles put their structures verymuchsimpli ed.
Atomic andmoleculardetailsarelargely disregarded.Only the featureshatareessential
for the behaior of the moleculesarekept. In the caseof amphiphilespne characteristic
attributeis clearlythedualcharacteof themoleculeswith their separatevaterloving and
waterhating parts. Anotherquantitythat seemdo be importantfor the self-oilganization
of the amphiphiless the conformationakentropy of the molecules.Many coarse-grained
amphiphilemodelsconcentratgreciselyon thesetwo aspectof the moleculesandrep-
resentamphiphilesby chainsof simple“water”-loving or “water”-repellingunits. Coarse
grainedmodelsareparticularlysuitedto studygenericpropertieof amphiphilesThey can
be regardedassimple,minimal systemghat provide generalinsightinto the mechanisms
thatdrive the self-assemblandthe phasebehaior of amphiphiles.

To optimize computationakf ciency, mary coarsegrainedmodelshave beenformu-
latedonalattice. A particularpopuladatticemodelhasbeenintroducedabouttwentyyears
agoby R. G. Larsonetal.?®. Watermoleculegw) occupy singlesitesof acubiclattice,and
amphiphilemoleculesaremodeledby chainsof “tail” monomerg and“head” monomers
h, which aretakento beidenticalto w-particles.Only particlesthatareneighborson the
lattice interactwith eachother The lattice is entirely lled by w, h, or t particles. The
interactioneneny is thusdeterminedby a single interactionparameterwhich describes
therelative repulsionbetweernt andw or h. The modelcanbe simulatedvery ef ciently
by Monte Carlo methods.It exhibits an amazinglyrich phasebehaior?*. Evena gyroid
structurecanbe obseredundercertaincircumstances.

Despitethe succes®f lattice models,they still have the obvious aw of imposingan
a priori anisotroly on space.Therefore poff-lattice modelsareattractinggrowing interest.
To our bestknowledge,the rst amphiphilemodelof this kind wasintroducedby B. Smit
etal.?® in 1990. The generalideais similar to thatof R. G. Larson. The amphiphilesare
representetby chainsmadeof very simpleh- or t-units, which arein this casespherical
beads. The “water” moleculesarerepresentedby free beads. Beadsinteractvia simple
short-ranggairwisepotentials pftentruncated_ennard-Jonepotentials.The parameters
of the potentialsare chosensuchthat ht pairsandhw pairseffectively repeleachothet
Suchamodelreproduceself-assemblymicelleandmembrandormation.

Many similaramphiphilemodelshave beende ned andappliedto studyvariousprob-
lems. Someexamplesfrom our own work will be presentedn the next section(Sec.3).

The modelsdiscussedo far still treatamphiphilesas e xible chains. Onemight ar-
guethatthechain e xibility is notabsolutelyessentiafor the characteiof anamphiphilic
system,andthata truly “minimal” modelshouldignoreit. Indeed,“molecular” models
thatrestrictthemselesto the very basicingredientshave beenef cient toolsto studycer
tain aspectf amphiphilic self-oganization. For example, spin modelswhich include
justthe orientationof amphiphilesandthe repulsionbetweeronemoleculeendandwater
have reproducedopological characteristicof amphiphilic phasebehaior?. A particu-
larly successfutlassof lattice modelshasbeendesignedpeci cally to modellipid mem-
brane$’~2% andhasbeenusedto studyvariouscomplex biomembraneat equilibriumand



evennonequilibrium.This approactwill be presentedn Ole Mouritsens lecture.

Finally, thehighestevel of coarsegrainingis reachedvith thephenomenologicahod-
els. Thesedropthenotionof singleparticlesentirelyanddescribeamphiphilicsystemsy
continuouselds, with afreeenegy functionalthatis governedby a few mesoscopia-
terial parametersFor example,Ginzlurg-Landaumodelg introducea free enegy func-
tional, which dependn local amphiphileandwaterconcentrationsin contrastrandom
interfacemodels’*° concentrateon the amphiphilic sheetswhich are parametrizedgind
characterizedn termsof mechanicaklasticity parametersuchas the bendingmoduli.
Mesoscopianodelsare good starting points for analyticalapproaches.Thus computer
simulationsof suchmodelsmayalsosene to testor to complemenainanalyticaltheory

After this brief overview over differenttypesof modelsfor amphiphilicsystemswe
will now focuson coarseggrainedmoleculamodels.In thenext sectionwe will shov how
computersimulationsof suchmodelscanhelp to understandhe structureandthe phase
behaior of amphiphilicmonolayersandbilayers.

3 Applications to Amphiphilic Layers

Thischaptewill addresswo differentaspect®f the structureof amphiphiliclayers:Inter-
nal phaseransitionsand uctuationsanddefectdn membranestacks.It is by nomeansa
completeoverview over all simulationstudieghathave dealtwith theseandrelatedissues.
Insteadjt mostlyfocusse®n someof ourown work, whichis hopefullysuitedto illustrate
the potentialandthe meritsof molecularcoarse-grainedimulations.

Lamellarstacksof lipids in waterassumeseveraldifferentstructuresAt hightempera-
turesandlow pressureghey areusuallyin the* uid” L phasewhichis characterizethy
alow degreeof conformationabrderanda high mobility of lipids within themembranes.
Uponloweringthetemperaturepneencounters rst ordertransition— the “main transi-
tion” — to a statewith higherconformationabrder andlower mobility: a “gel” state.In
thegelregion, thereexist differentphasesFor example the chainsmay displaycollective
tilt with respecto thesurfacenormal,they mayshow localhexatic order thelamellaemay
even exhibit asymmetriovavy undulations(ripple phase).Most biomembranen living
organismsaremaintainedn the uid state.Neverthelessthe maintransitionhaspresum-
ably somerelevancefor biological systemsasit occursat temperaturesloseto the body
temperaturéor somecommonbilayerlipids (e. g., 41° in DPPC).It will beconsideredn
thesubsection8.1and3.2.

Theinternalorderingof thelipids is oneimportantstructuralpropertyof amembrane.
Anotheris thespectrunof shapeuctuations,andthefrequeng andstructureof membrane
defects Membranalefectsdeterminecritically the permeabilityof membranesMoreover,
theformationof point defectss believedto play a crucialrole asa rst stepin theprocess
of membrandusior?!. Membraneuctuationsandmembranelefectshave beendescribed
with phenomenologicahpproache®¥ 25 andthesetheorieswere usedto interpretexper
imentalresults. In computersimulations the local structurecanbe investigatedin much
more detail thanin experiments. Thereforecomparisonof phenomenologicatheories
with molecularsimulationsareclearly of interest. An exampleof sucha comparisorwill
bepresentedh thesubsectiorB.3.



3.1 Monolayers

We bagin with discussinghe phasebehaior in monolayerslt is closelyrelatedto thatof
bilayers,whichis oneof thereasonsvhy Langmuirmonolayersareconsideredo be use-
ful modelmembranesystemsin particular the maintransitionhasa prominentmonolayer
equvalent—a rst-order phasedransitionbetweena “liquid expanded’stateanda denser
“liquid condensedstate. As in membranesthe condensedtateexistsin severalmodi -
cationswhich differ, amongother by tilt orderandpositionalorderof theheadgroups,or
by backboneorderof the chains.

Experimentally monolayerphasediagramsare often determinedasa function of the
temperatureand the areaper molecule, or alternatvely, the spreadingpressureof the
moleculeson the surface. The phasediagramsfor differentamphiphilic moleculesare
very similar. As anexample,Fig. 5 shavs a genericphasediagramof fatty acid monolay-
ers’i,36—38_

In orderto describesuchsystemsn a coarse-grainetével, we modeltheamphiphiles
aschainsof N “tail” beadswith diameter ., attachedo a slightly larger “head” beadof
diameter , > . Thewatersurfaceis representethy a planarsurfaceatz = 0, which
repelsthetail beadsandattractshe headbead.

More speci cally, the modelis de ned asfollows: The beadsin the chainsare con-
nectedby nonlinearspringswith thhe potential

i
K d2in 1 (d do)?=ds? forjd doj< ds |

Vs(d) = : _ ;
forjd doj> ds

1)
whered is the length of the spring. This potentialis constructedsuchthatit is nearly
harmonicin thecenteratd  dg, but divergesatd = ds. Thusthe distancebetween
neighborbeadsannottake arbitrarily large values which ensureshatchainscannotcross
eachother A potentialwith alogarithmic cutoff asin (1) is often called FENE-potential
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Figure5. Genericphasediagramfor fatty acid monolayers.(after Ref. 5). LE is theliquid expandedphase.In
theL, phaseandthe Ov phasethe chainsaretilted towardsnext-nearestindnearesheighborsrespectiely. In
theLS phasethey areon averageuntilted. Furtherphasesrefoundat lower temperaturegnot shavn).



(Finite ExtensionNonlinearEnegy). In additionto this springpotential,chainsaregiven
abendingstiffnessby virtue of a stiffnesspotential

Va = ka (1 cos); (2)

which actsontheangle betweensubsequengpringsandfavors = 0 (straightchains).
The parametek, canthenbe tunedto controlthe conformationafreedomof the chains
andstudytherole of the chainentrogy for the phasebehavior.

Two beads andj (i; j = h ort) thatarenotdirectneighborsn thesamechaininteract
with atruncatedandshiftedLennard-Jonepotential,

( 12 6 i
Vij (I') - ij =r 2 ij=r Vv forr Rij (3)
forr > R;
where j = ( i+ ;)=2 thecutof isRy = 2 y for thetail beadsandRp = 1,
Rnn = nn for the otherinteractions andthe shifting parametew; is chosensuchthat

Vj (r) is continuousat r = Rj . It is easyto seethat with this choice of the cutoff
parametergheinteractionsbetweentail beadsareattractve, andall otherinteractionsare
purelyrepulsie.

Finally, we have to specifytheinteractionof beadswith the surface.We have explored
two typesof surfacepotentials:First we useda modelintroducedby Haaset al®®, where
the surfaceimposegigid constraints:The headbeadsarecon ned to stayin the planeat
z = 0, andthetail beadsarenot allowed into the half-spacez < 0*%41, This modelhas
the adwvantageof beingvery simple,however, it is unptysicalin the sensehatreal water
surfacesarenot sharpon anatomicscale.lndeed betteragreementvith the experimental
phasediagramcanbereachedvith softersurfacepotentialé?. Here,headbeadsaresubject
to thepotential

( 0

h i for z< 05w
Vh(r) =

s=2In 1 (z+ 05W)2=w? for 0:5W < z< 0:5W @

andtail beadgo
h i
s2In 1 (z 05W)2=w? for 0:5W < z< 0:5W .

Vt(r) = .
for z> 0:5W

®)

withW = 1 ( and s = 10. It turnsoutthatthe exactform of the surfacepotentialis not
important,almostidenticalresultsareobtainedwith W = 2 ;.

The other model parametersveredy = 0:7 ¢, ds = 0:2 {, andks = 100. The
stiffnessparametek, wasvariedbetweerd:5 and100 . Theheadsizewaschosen y, =
1.1 or , = 1.2 ¢, andthechainlengthwasN = 7 in mostsimulations.

This modelwasstudiedby Monte Carlo simulationsat constanspreadingressureP :
We consideredh chainswith headggraftedin a planarparallelogramof variablesizeand
shapegcharacterizedby two sidelengthsL, andL, andoneangle . Theboundarycon-
ditionswereperiodicin thexy plane,andfreein thez direction. Thesimulationalgorithm
includedthreeelementaryMonte Carlomoves:

Singleparticledisplacements



Figure6. Snapshotsfamonolayeiin asystemwith ,, = 1:1 ,ka = 10 andrigid constraintatthesurface.
(T = 4=k andP = 50= ?2) (Courtesyof C. Stadler).

Variationsof L, or Ly, i. e, thewholecon gurationis stretchecr squeezedh one
direction. Caremustbetakenthatthis move satis esdetailedbalance.For example,
amove of theformL | L , where is uniformly distributed, cannotbe applied
without introducinga correctiontermin the probability for acceptingthe move. In
contrastthemove L ! L exp( ) canbe appliedwithout correction. In our simu-
lations,we variedL in anadditveway, L ! L + (rejectingmovesthat madeL
negative).

Shearinghebox,i. e, variationof  while keepingthetotal areaconstant.

The moveswereacceptedr rejectedaccordingto the Metropolisprescriptiort**>47 with
the effective Hamiltonian

H=E+PA nNTIlogA,; (6)

whereE is the (internal)enegy, andA is the areaof the system.To speedup the simu-
lations,we usedcell lists and Verletlists*®47. Fig. 6 shavs anexampleof a con guration
snapshot.

To analyzethe propertiesof the monolayeroneneedso de ne andmonitorappropri-
ate obsenables. One quantity of interestis the areaper molecule. Fig. 7 shaws typical
temperature-aresobars. One clearly discernsa discontinuougump, which moves to
highertemperaturewith increasingpressure.

Thenatureof this phasdransitioncanbe studiedin moredetailby inspectingheradial
pair correlationfunctionsandthe hexagonalorderparameteof two-dimensionammelting,

10 _ 2E
6= & exp(i6 k) )
n.
j=1 k=1
Herethesumj runsover all headsof the systemthe sumk overthesix nearesheighbors
of j, and ;i is the anglebetweerthe vectorconnectingthe two headsandan arbitrary
referenceaxis. The datafor ¢ which correspondo Fig. 7 areshawvn in Fig. 8. The

hexagonalorderparameters nonzerain the low temperaturgghase andjumpsto a value
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Figure7. Areapermolecule(in units t2) vs. temperaturdin units =k g ) in asystemwith ka = 4.7, p =
1:1  andsoftsurfacepotentials.The spreadingressuresregivenin unitsof = t2 FromRef.43.
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Figure8. Orderparameter g vs. temperaturgunits =k g ) for the samesystemasFig. 7. FromRef.43.

closeto zeroat thetransition. This indicatesthatthe high temperaturg@haseis liquid and
thelow temperaturg@hases hexatic or (quasi)crystalline.

A closerinspectionof the orderedlow-temperatureegion revealsthatit canbe sub-
dividedin at leasttwo regimes: At low pressuresthe chainsarecollectively tilted in one
direction, and at high pressurethey are on averageuntilted. The azimuthalsymmetry
breakingdueto collectivetilt ordercanbe characterizethy the orderparameter

[
Ry = hx]?+ [yl%i; (8)

where[x] and[y] denotethe x andy componentstespectiely, of the head-to-end/ector
of a chain,averagedover all chainsin onecon guration, and h i, the statisticalaverage
over all con gurations. The valuesof R,y asa function of the pressureon two different
isothermsareshavn in Fig. 9.

The datafor differenttemperaturesind spreadingpressureganbe summarizedn a
phasediagram.An examplefor the systemwith soft potentialsis shavn in Fig. 10. This
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Figure9. Tilt parameteRy, vs. pressurgin units = ?) attwo temperatured (in units =k g ) for the same
systemasFig. 7. FromRef.43.

phasadiagramhasgreatsimilarity with thehightemperatur@artof theexperimentaphase
diagramin Fig. 5. At high temperatureywe obsere a disorderediquid expandedphase
(LE). At low temperaturéwo typesof condenseghhasesare present- an untilted high-
pressurg@hasgLS) andatilted low-pressurg@hasgL ,/Ov). Thetemperaturef theorder
disordertransitionincreasesith pressureasin the experiment,andthe pressureof the
tilting transitionbetweerLS andL,/Ov is almostindependentf thetemperatureagain as
in theexperiment.

Thus we have establisheda minimal model which reproduceghe main featuresof
Langmuirmonolayerdn the vicinity of the main transition. At lower temperaturesthe

o 30 - LS
7 (ordered,
3 untilted)
S 20+
(@]
=
IS
0 10 L/Ov
o
2] (ordered, LE
tilted) (disordered)
0 L L
0 1 2
Temperature

Figure 10. Phasediagramfrom Monte Carlo simulationsof the monolayermodelwith ka = 4.7, =
1:1  and soft surface potentials. soft surface potentialsin the plane of spreadingpressure(units =k g tz)
vs. temperaturgunits =k g ). The chainstiffnessis ka = 4:7 . LE denotedisorderedohase LS untilted
orderedphase,and L2/Ov orderedphasewith tilt towardsnearestor next-nearesteighbors(undetermined).
FromRefs.42,43
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experimentalphasediagramof fatty acidsis muchmorecomple thanthat of our model.
This is not surprising. To reproducephenomendik e backboneordering,the chainshave
to bemodeledn muchmoredetailthanhasbeendonehere.Onthe otherhand thedetails
of thelow temperaturgortion of the experimentalphasediagramdependstronglyon the
particularchoiceof the amphiphile. Our modelwas never designedo describespeci ¢
propertiesof fatty acids. It wasdesignedo reproducethe main transitionin amphiphile
monolayersThisis achievedin a satishctoryway.

We canlearn more aboutthe main transitionby playing with the model parameters
andstudyinghow this in uencesthe phasebehaior. For example,increasingthe chain
stiffnessshiftsthe order/disordetransitionto highertemperatureandthetilting transition
to higherpressure®. Theform of the surfacepotential(rigid or soft) is notimportantfor
theorder/disordetransition,but it doesin uence theslopeof theline of tilting transitions
in pressure-arespacé?. Likewise,increasinghe headgroupsizeby 10 % doesnotin u-
encetheorder/disordetransitionvery much,but mayaffectthetilted phaseguitedramat-
ically*!. All theseobsenationscanbesummarizedy the statementhattheorder/disorder
transitionis basicallydriven by the chains,whereaghe tilting transitionsresultfrom an
interplaybetweerchainsandheadgroups.

3.2 Bilayers

As mentionedearlier lipid bilayersexhibit internalphasetransitionswhich arevery sim-
ilar to thoseobsenedin monolayers.In otherrespecthowever, they are fundamentally
different. They do not form by adsorptionon a pre-de nedsurface,instead,the lipids
self-assemblepontaneouslyo a structurewith planargeometry As aresult,bilayersare
not strictly planar but may curve aroundandundulate.In orderto studymembranespne
needgo de ne amodelwhichreproduceself-assembly

How can bilayer self-assemblype modeled? The simplestapproachs to force am-
phiphilesinto sheetsy tetheringthe headgroupsto two dimensionaburface$®-5% “Self-
assembly”is then enforcedby external constraints,with the obvious consequencéhat
the headgroupslose much of their translationaldegreesof freedom. In contrast,real
self-assembledtructuresare heldtogetherby aninterplayof amphiphile-amphiphile@nd
amphiphile-solentinteractions.Coarse-grainedhodelsthat reproducespontaneouself-
assemblymust accountfor the presenceof solvent one way or another However, the
solvent shouldbe modeledwith aslittle detail aspossible,sincethe focusis still on the
bilayers,

One possibility is to usethe Smit modef® mentionedin the introduction. The am-
phiphilesaremodeledby chainsof beadsandthe solventby beadwf the samesize. This
model indeedreproducesilayer self-assembi? and has beenapplied successfullyby
Goetzetal. to studyshapeuctuations of modelbilayers2.

Unfortunately even the simple Smit model still hasthe dravbackthat a substantial
amountof computertime in simulationsis spenton the uninterestingsolvent. It is there-
fore desirableto have a modelwhich doesnot includethe solventexplicitly. Thisideais
not particularlyeccentricsuchmodelsare commonlyusedin simulationsof polymersin
solvent. Theeffect of thesolventis thenincorporatedn the effective interactionsbetween
monomersHowever, it is nota priori clearthateffective (pair) interactionswill beableto
bring aboutsomethingascomplex asmembraneself-assembly

12



Indeed,it wasonly very recentlythat O. FaragG* establishedh solvent-freemolecu-
lar modelfor membranes Amphiphilesare representedby rigid linear trimers, madeof
beadswhich interactthroughtruncated_ennard-Jonemteractionswith carefully chosen
interactionparametersO. Faragoshowved that single bilayersremain(meta)stablen his
model, that they exhibit an orderdisorderphasetransitionas a function of the molecu-
lar areadensity andthat they even sustainpore formation. However, he alsomentions
thata lengthy “trial anderror” procesof ne tuningthe Lennard-Joneparametersvas
necessaryo achieve thisimpressie result.

In our own work>®, we proposea different, more robust approachthe “phantomsol-
vent” model. Solvent particlesaretreatedexplicitly, but they interactonly with the am-
phiphiles,not with one another The amphiphilesperceve the solvent particlesare soft
beadsof radius s = 1. Thebulk of the solventregionis simply anideal gas. Theam-
phiphilesaremodeledexactly in thesameway asin our previousmonolayemodel,except
that the surfacepotentials(4) and (5) are of courseeliminatedandreplacedby periodic
boundaryconditions. The modelcanbe implementedn a straightforvard way and stud-
ied by Monte Carlo simulations.We foundthatit producedstablebilayersat the rst go,
withoutarny parametetuning. Two examplesof snapshotareshavnin Fig. 11.

Thephantomsolventmodelhasseveraladwantages:

It is computationallyvery ef cient. The computationatime spenton the phantom
solventis only a few percentof that spenton the amphiphiles,for arny reasonable
numberof solventbeads.Thisis becausenly few pair interactionpotentialshave to
be evaluatedpersolventbead.

Thesolventhasno local liquid structure.This is good,becauseve arenotinterested
in the interplay betweensolvent and bilayer structure. If we intendedto studythis
aspect,we would have to modelthe solvent (water!) in much more detail. More-

Figure 11. Snapshotf bilayersembeddedn phantomsolventat pressure® = 1= 2 in the orderedstate
(left, temperaturd = 0:9 =k g ) andin the uid state(right, T = 1.0 =k g ). Solventparticlesarenot shavn.
( h = 1:1 t,kA = 4:7)
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Figure 12. Preliminary phasediagramof bilayersin the phantomsolvent modelin the plane pressurg(units
= 3)vs.temperaturgunits =k g ). Themodelparameterarethesameasin Fig. 10. Redpointsdenoteordered
membraneandgreenpoints uid membraneAt hightemperatureéblue points),the membranaisintegrates.

over, a structuredsolvent would introduceunwantedeffective interactionsbetween
thebilayerandit's periodicimagesn thenormaldirection.

The phantomsolvent hasa simple physical interpretation. It probesthe total free
volumethatis availableto the solventon the lengthscale 5. The self-assemblyn
ourmodelis drivenby theattractive interactiondbetweerthetails,andby theentropic
effect thatthe solventshave morespacewvhenthe amphiphilesareclusteredogether

At the moment,the modelstill shareghe handicapof all solvent-freemodels(andlattice
models) thathydrodynamicalnteractionshetweerthe membraneandthe solventcannot
betreatedvery easily It might be possibleto formulatedynamicalequationdor the phan-
tom solventwhich ensurethatit behaeslike aliquid andnotlike a gas. Otherwisethose
who intendto study hydrodynamiceffects might have to equipthe solvent particleswith

a weakintegrablepotential,asis donein dissipatve particle dynamicssimulations. As

long aswe calculatestaticpropertieswith Monte Carlo simulationsthis is however nota
problem.

After thesegeneraremarkswe turnbackto thediscussiorof our particularamphiphile
model.As mentionedefore,it producedstablebilayersover awide parameterange.The
con gurationsnapshotef Fig. 11 demonstratéhatthe bilayersexhibit alow-temperature
orderedphaseanda high-temperaturdisordereghase At evenhighertemperatureshey
disintggrate. The phaseransitionscanbe monitored.e. g., by inspectingthetotal nematic
order parameterof amphiphilesor the areaper lipid as a function of the pressureand
temperatureA preliminaryphasediagramis shavn in Fig. 12. We notethe similarity to
the monolayemhasediagramof Fig. 10. This corroborateshe assertiorthatmonolayers
aregoodmodelsystemgor membranes.

3.3 Bilayer Stacks

Having discussednternal phasetransitionsin monolayersand bilayers,the logical next
stepwould be to considerinternal phasetransitionsin lamellar stacks. They exist, of
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Figurel3. Snapshoof abilayerstackwith 30720amphiphilesand30720solventbeads.The“hydrophobic”tail
beadsareblue,the“hydrophilic” headbeadsarewhite, andthe solventbeadsareyellow.

course,but they are presumablynot very differentfrom thosein single bilayers. Thus
we will shift focusandconcentraten otheraspectof membraneén this section:shape
uctuations anddefect§®-58

We considera binary mixture of amphiphilesandsolventbeads.The modelshall not
be describedn full detail here. It wasoriginally introducedby Soddemant al>®¢° and
hassomesimilarity with the Smitmodel. Theelementarynitsarespheresvith ahardcore
radius , which may have two types:“hydrophilic” or “hydrophobic”. Beadsof the same
type attracteachotherat distancedessthan1:5 . “Amphiphiles” aretetrameramadeof
two hydrophilicandtwo hydrophobicheadsand“solvent” particlesaresinglehydrophilic
beads.

Thepressurandthetemperaturarechosersuchthatthe systemisin a uid lamellar
phaseMore speci cally, we studycon gurationswith 5 or 15 stacledbilayers,which are
swollen with 20 volume percentsolvent. The simulationsweredonewith constantpres-
suremoleculardynamics,usinga Langevin thermostato maintainconstantemperature.
The constantpressurealgorithmwas designedsuchthat the box dimensiongaralleland
perpendiculato thelamellae uctuate independentlyin orderto ensurehatthepressures
isotropicandthe membrane$iave no surfacetension.A con guration snapshots shavn
in Fig. 13. It wasproducedby equilibrationof aninitial con guration with lamellaror-
der, setup suchthatthe lamellaewereorientedperpendiculato thelong axis (the z-axis)
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Figure14. Typical conformationof amembrangositionhp (X; y).

of the simulationbox. However, we have checled with smallersystemghatthelamellae
self-assemblepontaneouslif theinitial con gurationis disordered.

Our studyaimedat analyzingshape uctuations of the membranesnddefectsin the
membranesThereforethe rst nontrivial taskwasto determinethe local positionsof the
membranei thelamellarstack.This wasdoneasfollows:

Thesimulationbox wasdividedinto Ny Ny N, cells.(Nx = Ny = 32). Notethatthe
sizeof the cellsmay vary betweencon gurationsbecausehe dimensionf the box
uctuate in a constanpressuresimulation.

In eachcell, therelative densityof tail beads .,(x; y; z) wascalculatedlt is de ned
astheratio of the numberof tail beadsandthetotal numberof beads.

Thehydrophobicspacds de ned asthe spacewvheretherelative densityof tail beads
is higherthana giventhreshold . The valueof thethresholdis roughly 0.7 (80 %
of themaximumvalueof ., anddepend®nthemeshsize.

The cells that belongto the hydrophobicspaceare connectedo clusters. Two hy-
drophobiccellsthatshareat leastonevortex areattributedto the samecluster Each
clusterde nes a membrane.This algorithmidenti es membranegvenif they have
pores.At the presencef othermembranalefectsadditionalstepshave to be taken.
(This happenederyrarelyin our system).

For each membranen and each position (x; y), the two heights hy"(x; y) and
hr=(x; y), wherethe density .,(X; y; z) passeghroughthethreshold o, aredeter
mined. Themeanpositionis de ned astheaveragehn, (x; y) = (hg" + hp>)=2:

The algorithmidenti es membranegvenif they have pores. A typical membranecon-
formation h, (x; y) is shown in Fig. 14. The statisticaldistribution of h,(x; y) canbe
analyzedandcomparedvith theoreticalpredictions.

One of the simplestmesoscopigheoriesfor uctuations in membranestacksis the
“discreteharmonicmodel®3. It describesstacksof membranesvithout surfacetension
andassumeshatthe uctuations aregovernedby two factors: The bendingstiffnessk

16



Figure 15. Ratiosof transmembranstructurefactorss1=sp ands;=sp vs. in-planewavevectorq in units of
1. Thesolid linescorrespondo atheoreticalt to Eq.(10)with one(common)t parameteK =B .

of singlemembranesandthe penaltyfor compressinghe membranes;haracterizedy a
compressibilitymodulusB . Thefreeenegy is givenin harmonicapproximation
z
X NK. @h, @h B 0
Fou = dxdy —(—=p + —=5)%+ —(hn  hpa +d)? ; 9
DH ] A y 2 @2 @2 ) 2( n n+1l ) ( )

whered is the averagedistancebetweenlayers. This free enegy functionalis simple
enoughthat statisticalaveragescan be calculatedexactly. For example,the transmem-
branestructurefactorwhich describegorrelationsdetweermembrangositionsin differ-
entmembraness givenby®’

h i
$0(Q) = Min(0) hmen(@)i = So(Q) 1+ 5 2 X(X*4) ;  (10)

whereh, (q) is the Fouriertransformof h,, (x; y) in the(x; y)-planeandX = ¢*K.=B is
adimensionlesparameterThe functionsy(q) canalsobe givenexplicitly . We cantest
the prediction(10) by simply plotting theratio s, =5y vs. g for differentn. Thefunctional
form of the curvesshouldbe givenby the expressiorin the squarebraclets,with only one
t parameteK .=B. Fig. 15 shavs our simulationdata. The agreementvith thetheoryis
very goodover the whole rangeof g. Hencethe discreteharmonicmodel,a mesoscopic
theory describeshe membraneuctuationsin our molecularway in a satisactoryway.

Moreover, our analysisprovidesa value for the phenomenologicgbarameteK .=B.
By combiningit with theanalyse®f otherquantitiesijt is possibleto determineK . andB
separately This establishes bridge betweenthe molecularandthe mesoscopiadescrip-
tion.

Next we turn to discussthe membranedefectsin the lamellar stack. On principle,
one can have threetypesof topologicalpoint defectsin membranesnecks,pores,and
passagesln our systemnecksandpassagewereextremelyrare,andwe did not collect
enoughdatato be ableto analyzethemstatistically Thuswe will focusontheporeshere.

As we have alreadymentionedthe propertiesof poresdeterminethe permeabilityof
amembraneA numberof atomisticandcoarsegrainedsimulationstudieshave therefore
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Figure16. Snapshobf the hydrophobicbeaddn asinglebilayer (top view).

addressegbore formatior?>:613 mostly in membranesindertension. In contrast,the
membrane@ our lamellarstackhave no surfacetension.As we shall see this affectsthe
characteristicef the poresquitedramatically

Fig. 16 shavs a snapshoof a hydrophobiclayer which containsa numberof pores.
Theseporeshave nucleatedspontaneouslyrhey “li ve” for awhile, grow andshrinkwith-
out diffusing too much, until they nally disappear Most poresclosevery quickly, but
somelarge onesstayopenfor alongtime.

We will rst analyzethe local membranestructurein the vicinity of a pore. Fig. 17
shavs averagecompositionpro les of tail beadsheadbeadsandsolventbeadsasa func-
tion of the in-planedistancefrom the centerof the pore,r, andthe normalout-of-plane
coordinatez. Theseaverageswere performedwith datafrom poreswith surfaceareas
betweerd and16 2. Thepicturesdemonstrat¢hattheamphiphilegearrangehemseles
attheporeedge sothatsolventbeadsn theporecenterareexposedmainly to headbeads.
Suchaporeis calledhydrophilic. In previoussimulations pothhydrophilicandhydropho-
bic poreshave beenreporteddependingn the systemunderconsideration.

Whereaghe local compositionpro les at the pore edgedependon the model, other
structuralpropertiesof poreson larger scalesare presumablygenericand can again be
describedby simple mesoscopitheories. For example,the simplestAnsatzfor the free

TAILS HEADS SOLVENT
1.0 1.0 1.0

35 35

08 4, 08 4, -m» 08
14

06 25 06 25 > 06

2.0 = | 2.0

04 15 0.4 15 0.4

02 10 02 10 02

LERE 05

00 1 T 0.0 T T 0.0

Figure17. Densitypro les of tail beads headbeadsandsolvent beadsasa function of the distancefrom the
centerof theporein radialin-planedirectionr andnormaldirectionz.
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Contour length ¢ (a.u.)

Figure18. Distribution of porecontoursin a semi-logrithmicplot.

enegy of aporewith theareaA andthe contourlengthc hastheform3*
E=Eo+ cC A, (11)

whereEy is acoreenegy, a materialparametercalledline tension,and the surface
tension. The lastterm accountdor the reductionof enegy dueto the releaseof surface
tensionin a stretchednembraneln our case the surfacetensionis zero( = 0), andthe
lastterm vanishes.The seconderm describeghe enegy penaltyat the porerim. If this
simplefree enegy modelis correct,the poreshapeshouldbe distributedaccordingto a
Boltzmanndistribution

P(c)/ exp( c): (12)

This canbetestedin the simulation. Fig. 18 shawvs a histogramof contourlengthsP (c).
The baredatado notre ect the expectedexponentialbehaior. Eitherthe Ansatz(11)is
wrong,or we have notusedit correctly

Indeed,a closerlook revealsthat Eq. (12) disregardsan importanteffect: The “free
enegy” (11) givesonly local free enegy contributions,stemmingfrom local interactions
andlocal amphiphilerearrangementsln addition,one mustalsoaccountfor the global
entrofy of possiblecontourlength conformations. Therefore,we have to evaluatethe
“degenerag” of contourlengthsg(c), andtesttherelation

P(c)/ g(c)exp( c): (13)

Fig. 19 demonstratethat this secondAnsatzdescribeghe datavery well. Fromthe
linear t to the data,onecanextracta valuefor theline tension . Thuswe have again
establishe@ bridgebetweerthe molecularsimulationmodelanda mesoscopitheory

If themodel(11)is correct,it makesa secondmportantprediction:Sincethefreeen-
ergy only depend®nthecontourlength,poreswith the samecontourlengthareequialent
andtheshape®f theseporesshouldbedistributedlik e thoseof two dimensionating poly-
mers.In particular they arenotround,but have a fractal structure.Frompolymertheory
oneknowsthatthesizeRq of atwo dimensionabelf-avoiding polymerscalegoughlylike
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P(c)/g(c)

Contour length ¢ (a.u.)

Figure19. Distribution of porecontoursdividedby the degenerag functiong(c).

Ry/ N 3=4 with the polymerlengthN . In our case the “polymer length” is the contour
lengthc. ThustheareaA of aporeshouldscalelike

Al R3I (C¥%H2= C3% (14)

Fig. 20 shavs thatthisis indeedthe case.

Many other propertiesof the porescan be investicated,e. g., pore distributions, the
dynamicalevolution of pores,porelife times®%8, Neverthelessye shall stophere. We
hopethatour brief discussiorhascorveyedanideahow a coarse-grainedolecularsim-
ulation helpto testandjustify mesoscopitheoriesandto establisha connectiorbetween
molecularandmesoscopidescription®f amphiphilicsystems.

Figure20. Poreareavs. contourlength(arbitraryunits).
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4 Qutlook

Simulationslike thosepresentedhereareonly avery rst steptowardsunderstandinghe
propertiesof membranes First, real biomembranesre not pure systemshput containa
mixtureof mary differentlipids, with saturateer unsaturatedhainswith chagedor neu-
tral headsetc. Secondpbiomembraneare lled with proteins.Typical biomembraneare
not homogeneoudyut compartmente¢hto severalregionswith differentlipid andprotein
composition.Furthermorepiomembranebave a comple ervironment,whichin uences
the membraneproperties. Finally, biomembranesre not equilibrium structures. They
containactive proteins,andthey aresurroundedy anever changingervironment.

Thesemary complicationsseemdiscouraging However, we hopeto have shovn that
a systematicapproachwherethe differentaspectof membranesre studiedoneby one
with appropriateddealizedmodels,can be rewarding. Still, muchremainsto be done.
Computersimulationsof membranesnd biomembranesvill certainly be an active and
lively researctareafor alongtime.
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