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Abstract

Therehavebeenvariousattemptsto simulatetheself-assemblyprocessof lipid aggregatesby comput-

ers.However, dueto thecomputationallycomplex natureof theproblem,previoussimulationswereoften

conductedwith unrealisticsimpliÞcationsof themoleculesÕmorphology, intermolecularinteractions,and

theenvironmentin whichthelipid moleculesinteract.In thispaper, wepresentanew computationalmodel

in which eachlipid is simulatedby a morerealisticamphiphilicparticleconsistingof a hydrophilichead

anda long hydrophobictail. The intermolecularinteractionsareapproximatedby a setof simpleforces

reßectingphysicalandchemicalpropertiesof lipids, e.g.,hydrophobicityandelectrostaticforces,which

arebelieved to becrucialfor theformationof variousaggregates.With a setof carefullyselectedparame-

ters,this modelis ableto successfullysimulatetheformationof micellesin anaqueousenvironmentand

reversedmicellestructuresin anoil solventfromaninitially randomlydistributedsetof lipid-lik eparticles.

This model canbe usedto study, at the microscopiclevel, the self-assemblyof differentprotocell

structuresin the evolutionaryprocessand the impactof environmentalconditionson the formationof

thesestructures.It maybefurthergeneralizedto simulatetheformationof other, morecomplex structures

of amphiphilicmoleculessuchasmonolayerandbilayeraggregates.
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1 Intr oduction

Fromthequestfor theoriginsof life emergesthis question:How did theÞrst living cell form? This question

leadsto many speculations,including the origin of DNA, RNA, proteins,and also the origin of protocell

structuressuchas micellesand membranes.The generallyacceptedassumptionsare: 1) basicelements

found in living systemswereavailableon theprimordial Earth;2) asa resultof variouskindsof energy and

catalyticeffects,thesimplemoleculesin theatmosphere,hydrosphereandlithospherereactedto form awide

varietyof smallorganiccompounds;3) condensationandpolymerizationreactionsresultedin theformation

of compoundsof highermolecularweight andpolymericproducts;andÞnally, 4) the selective interaction

andassociationof thesemacromoleculesresultedin the generationof a living cell [17]. Researchershave

beentrying to verify theseassumptions,anddifferentapproacheshave beentaken toward this problemfrom

several differentperspectives. They includeÞnding cluesaboutthe processesinvolved in the origin of the

cell, identifying underlyingprinciples,constructinglaboratorymodels,andmorerecently, creatingcomputer

simulations.

The focus of our work is the developmentof computationalmodelsto simulatethe formation of sim-

ple protocell structuresfrom lipid-lik e amphiphilic particles. In this paperwe presenta new approachfor

computermodelingof theself-assemblyprocessof micellesandreversedmicelles.

1.1 The formation of protocell structur es

Thegeneralhypothesisabouttheorigin of life onEarthis thatanabundanceof thesimplestmoleculesexisted

in the prebiologicalperiod; thesesimple moleculesunderwentchemicalreactionsto form moreandmore

complex molecules,eventually forming all of the elementalcomponentsof the Þrst cell [4]. In order to

supportthishypothesis,it is necessaryto show convincing evidencethatall of therequiredmolecules,aswell

astheconditionsnecessaryfor themto evolve into morecomplicatedforms,existedon theearlyEarth.

It is reasonableto assurethatmoleculeson theprimordial Earthwereat leastascomplex as thosecom-

monly found in interstellarspace.Findingmoleculesthatarenecessaryto form living systemsin interstellar

spacesuggeststhatsuchmoleculesalsoexistedon prebiologicalEarth. While six of themostabundantele-
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mentsin theuniverse(H, C,N, O,S,P)arepreciselythosenecessaryto form living systems,a largenumberof

organicandinorganicmoleculeshave alsobeenidentiÞedin differentgalaxies.Twelveof themostnumerous

onesÒcanbeconsideredastheprebiologicalprecursorsof essentiallyall thebiochemicalcompoundspresent

in living systems(shown in Table1)[17].

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Table1 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

Laboratoryexperimentshavealsoshown thatamixtureof thesebasicmoleculescanbecoercedinto form-

ing morecomplex macromolecularorganiccompoundsundertheright combinationof temperature,pressure

andotherenvironmentalfactors(ultraviolet light or electricaldischarge from lightning, for instance,consis-

tentwith conditionsbelieved to have beenpresenton theprebioticEarth).For example,Fox, et. al produced

a proteinoidfrom thermalcopolymerizationof aminoacidsin 1958 [6], andHargreaves, et. al conducted

experimentsto synthesizevariouslipids from glycerol, fatty acid,aldehydeandphosphateunderconditions

believed to be similar to thaton theprebioticEarth[9].

If life did comefrom a gradualchemicaland biological evolution, it is conceivable that somemech-

anismcreateda closedcompartmentenclosinga complex mixture of simple (organic and inorganic) and

macromolecularorganiccompounds,prior to the formationof theÞrst living cell. It is generallyagreedthat

structuressimilar to cell membranesprovidedsuchclosedenvironmentswithin which bio-chemicalreactions

crucialfor life couldtake place.Themajorcomponentsof contemporarycell membranesarelipids, primarily

in theform of phospholipids.Togetherwith protein,they divide theintracellularsubstancefrom theexternal

environment.Lipids arewater-insolubleorganicsubstances.They maybeconsideredamphiphilicmolecules

that containnonpolarandpolar regions,wherethe term amphiphilicmeansthat they incorporatebotha hy-

drophobictail and a hydrophilic headwithin a single lipid molecule. The attractive interactionbetween

nonpolarmoleculesin water is referredto asa hydrophobiceffect. The specialpropertiesof amphiphilic

moleculesprovide themtheability to self-associateor self-assembleinto smallmolecularaggregatessuchas

monolayers,micelles,bilayers,vesiclesandbiologicalmembranes(Figure1).

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure1 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
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Two opposingforces,arisingfrom thehydrophobicpropertiesof lipids, arebelieved to be themaincon-

tributing factorsto theself-assemblyof lipid aggregates.Thehydrophobicnatureof thelipid tailscausesthem

to associate,while thehydrophilicnatureof thelipid headgroupstendsto forcethesemoleculesto remainin

contactwith water, andthusaway from eachother[12]. However, exactly how lipid moleculesformedthese

protocellstructuresin a prebioticenvironmentis still unknown.

1.2 Previouswork on computer simulation of lipid aggregates

With therapiddevelopmentof computersandcomputingtechnology, computersimulationof biological sys-

temshasbecomeprogressively more important in the study of prebiologicalevolution. The formation of

theÞrst living cells asa resultof possiblyhundredsof millions of yearsof biochemicalevolution is impos-

sible to completelysimulateor reproducein a biology lab. However, fairly realisticcomputersimulationof

inter-molecularinteractionsandcompoundformationcanstill provide insightsinto prebioticbiochemicalsyn-

thesis.Moreover, sincea computersimulationcanbebuilt uponour understandingof biologicalsystemsand

hypotheses,it providespersuasive supportfor theunderlyingbiological theories.Also, a well-deÞnedcom-

putationalmodelcanbeusedasa tool to investigatethepropertiesanddynamicsof morecomplex biological

structures.

Therehave beena numberof attemptsby researchersto develop computationalmodelsrelevant to the

originsof life, e.g.,theÒspontaneousÓemergenceof self-replicatingstructures[18] [3]. Herewe focussolely

on thoseconcernedwith the formationof lipid structures.Eachapproachedthe problemdifferently, yield-

ing differentresults,andvery often thesesimulationsarevery computationallyexpensive (requiringdaysto

monthsof computertimefor asimulation).Somesimulatedtheself-assemblyof lipid aggregates,while others

focusedon investigatingthepropertiesof suchaggregates.Someof themainresultsarereviewedbelow.

B. Smit et al. developeda computationalmodel to simulatethe dynamicsof an oil-water-surfactant

system[19]. This modelworks with two kinds of particles:oil (o) andwater(w). A watermoleculein the

waterregion consistsof onew particle,andanoil moleculein theoil region consistsof oneo particle. Each

surfactantmoleculeis representedasa chainof 2 w particlesfollowed by 5 o particles,eachboundto its

neighborin the chain by a strongharmonicforce. All surfactantsare initially randomlydistributed in the
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waterregion. The interactionbetweenparticles(oÕs andwÕs in waterandoil regions,andin surfactants)is

determinedby theLennard-Jonespotential:

(1)

Theo-o andw-w interactionis truncatedatamuchlargerdistance( ) thanthatof o-w ( ). As aresult,

interactionsbetweenthe sametypesof particlesare attractive (within the truncationdistance)but almost

completelyrepulsive betweendifferenttypesof particles.Thesimulation,usinga MonteCarlomethod,with

39,304particles,yields formationof micelle-like structuresin the water region anda monolayeralong the

water-oil interfacebetweenthe two regions. However, the model fails to producethe reversedmicellesin

the oil region that one would have expectedin sucha system. Another drawback of this model is that it

doesnot take into accountthe actualbiological structureof the lipid molecules,and the useof w and o

particlesto form surfactantscannotaccuratelycapturetheinteractionsof lipid-lik e moleculeswith waterand

oil solvents.Also, themicellesthesimulationgeneratesaresomewhatdifferentfrom theonesseenin actual

biological experiments. Due to the geometricalpackingpropertiesof lipid molecules,lipids tend to form

micellestructureswhenthey areconeshaped,i.e. whenthey aresingle-chainedlipids (surfactants)with large

head-groupareasandrelatively thin tails [12]. However, in thesesimulationexperiments,thesurfactantshave

largetails andsmallhead-groupareas,andthusshouldform invertedmicelles.

J. M. Drouffe et al. developeda computationalmodel that simulatesthree-dimensionalparticleswhich

self-assembleto form membrane-like objects[5]. In this model, eachparticle, representedas a ball, is a

combinationof two lipid moleculeswith thetwo tails combinedinto a intermediatelayeracrossthecenterof

a ball. A setof interactionforcesis usedto representtheinter-particleinteractions.Startingfrom a randomly

distributedsetof 1,962particles,thesimulationendswith amembrane-like structurerepresentingaminimum

energy state.Themainpurposeof this modelis to analyzethelarge-scaleuniversalpropertiesof membranes

andvesicles,ratherthantheir realisticformation. Fromthepoint of formationof protocellstructures,several

assumptionson which this model is basedarequestionable.First, the basicparticle structureusedin this

model is not an actualstablebiological structure. Suchparticlescould not be presentin abundancein the

PrebioticEarth. Also this modelneglectstheeffect of theshapeandstructureof individual lipid molecules,
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which is generallyconsideredessentialto theself-assemblyof lipid aggregates.Anotherproblemis thatthere

is no biologicalevidenceto suggesttheexistenceof anÒanisotropicÓinteraction,which is usedin this model

asthemajor interactionforcing themoleculesto align in planarconÞgurations.

H. Helleretal. performedamoleculardynamicssimulationof arectangularpatchof a lipid bilayerstruc-

ture (membrane)in a waterenvironment[11]. The initial stateof thesystemconsistsof a hand-constructed

patchof a bilayer membranewith 200 moleculesof 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine

(eachcontaining134 atoms)andof 5483watermoleculescovering the headgroupson eachsideof the bi-

layer. Thesimulationwasdoneat theatomiclevel, with atotalnumberof about38,000atoms.Thesimulation

representeda time spanof 263ps( ) of thechemicaldynamicprocess.However, adopting

this approach(i.e.,simulatingthemoleculardynamicsat theatomiclevel) to theformationof protocellstruc-

turessuchasmembranesis computationallyintractable.This is becausethe simulationof the formationof

a membrane(or a patchof it) is computationallyseveral ordersof magnitudemorecomplex thanthe simu-

lation of analready-formedmembranereachingthermalequilibrium (which itself took monthsof time on a

supercomputer).

Finally, B. Mayer et al. introduceda different type of self-assemblysimulation, the lattice molecular

automaton(LMA) model[14]. As a cellular automatamodel,eachcell, representinga particle,changesits

stateaccordingto thestatetransitionrules(representingthe inter-particle interaction)andthe currentstates

of its hexagonalneighbors.This model is ableto simulateformationof small polymerclustersof lipid-lik e

pentamersin a polarenvironment.Oneadvantageof this modelis its low computationalcomplexity. Unlike

othermodelswhereinteractionis computedfor everypair of particlesateachcomputingstep,eachcell in the

LMA modelonly interactswith its six neighbors,ignoringpotentiallyimportantlarger rangeinteractions.In

orderto simulatesystemsof largerscale,suchasmicellesandmembranes,thelevel of descriptionof automata

would have to beredeÞnedto make thecomputationmorerealistic.

2 A Molecule-Level Computational Model

A goodcomputationalmodelfor simulatinglipid aggregatesshouldhave theability to simulate:1) different

typesof protocellstructures,2) formationof structuresunderdifferentenvironmentalconditions(differentpH
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levels, presenceof salt, etc.),3) fairly realisticanddetailedlipid moleculestructuresandtheir interactions,

and4) protocell formation in a computationallyefÞcient manner. Decidingwhat level of detail the model

shouldrepresentis crucial for a goodcompromiseamongtheseconßicting objectives.

Basedon theseconsiderations,weadoptedanapproachdifferentfrom thesimulationmodelssummarized

in theprevioussection.Our modelis centeredon whatis believed to be themostimportantpropertyof lipid

moleculesresponsiblefor theformationof lipid aggregates,namely, thedifferenthydrophobicityof thelipidÕs

headandtail. First, to betterreßect this amphiphilicproperty, eachlipid is modeledasa structured particle

having a large headanda long, thin tail. Second,the inter-molecularinteractionsareapproximatedasa set

of simpleforceswith headsandtails of particlesplaying differentroles in deÞning theseinteractive forces.

Eachof theseforcesreßectssomephysicalor chemicalpropertyof the lipid particlesbelieved to be crucial

to the formationof variousaggregates.They, togetherwith properlychoosingparameters,capturein some

detail the interactionsoccurringduringactualbiochemicalprocess.Theseforcesarethenusedto determine

thelinearandrotationalmovementsof individual particlesaccordingto classicalNewtonianmechanics.

For example,our approachdiffers from existing modelssuchasthatof Smit et al. ([19]) wheremolec-

ular interactionswere coarselymodeledby an energy function (Lennard-Jonespotential) and an energy-

minimizing approachwas usedto determinethe motion of particles. Our approachis also different from

the model of Drouffe et. al [5], wherestructurallyunstableparticleswere usedas the basicelementsof

simulations.While we do not attemptto modeleventsat the level of individual atoms,we believe thatNew-

tonianmechanicsprovidesa reasonableapproximationfor theforcesinßuencingthemotionof themolecular

particlesin thecomputersimulation.

2.1 Basicmodeland the interacting forces

In anaqueousenvironment,hydrophobiceffectsdrive phospholipidparticlescloserto eachother, with their

tails pointing inward, forming structureslike micelleswherewater hasbeenÒsqueezedoutÓ. In order to

simulatehydrophobiceffects, we deÞne eachparticle in our model to be an amphiphilic structurehaving

a polar hydrophilic headgroup and a non-polarhydrophobictail. Theselipid-lik e particlesare the basic

elementsof our computationalmodel. The headof a particle is deÞnedasa sphereof radius . The tail is
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representedasa thin, inßexible rod of length (Figure2).

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure2 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

Basedon hydrophobicityand other physicaland chemicalpropertiesof lipids, we deÞne seven inter-

particle interactionforces(Figure3). Theseforces,describedbelow from a top-level, intuitive viewpoint,

exist betweenevery individual pair of particlesin thesystem.In theforcedeÞnitions theparticlesaretreated

asstructuredrigid bodyratherthansinglepoints,andheadsandtails play differentrolesin thesedeÞnitions.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure3 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

1. Thehydrophobiceffect is themajordriving forcein this model.To modelhydrophobicityin thelipid tails

andhydrophilicity in thelipid heads,weintroducethefollowing groupof forces.All forcesin thisgrouphave

relatively long range.

: head-headattraction.Theheadsof theparticlesarehydrophilic.Thereforethey tendto movetoward

thedirectionof anaqueousenvironment.We interpretthis asanattractionforcebetweentheheadsof

eachpair of particles.Thedirectionof is depictedin theÞgure,andthepoint of actionis thecenter

of thehead.

: tail-tail attraction.Thetails of particlesarehydrophobic.Thereforethetails will alsotendto move

toward eachotherin anaqueousenvironment,forming a structureto createanenvironmentthatdoes

notcontainwater. In otherwords,they will tendto squeezewateroutof thecompartment.Werepresent

this effect asanattractionforcebetweenthetails of eachpair of lipid particles.Strictly speaking,since

tails arelong rods,every partof a tail is attractedby every partof theothertail. To simplify theforce

computation,we treat this force asbetweenthe endsof the two tails, asdepictedin the Þgure. An

alternative, treatingthis forceasbetweenthecentersof thetwo tails,did not work well in thecomputer

simulations.
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and : tail-headandhead-tailrepulsion.Thetails andheadsof the lipid have oppositehydropho-

bicity. Thereforethe headof a particle tendsto repel the tail of anotherparticle,andvice versa. We

representthis propertyasa repulsive force betweenheadsand tails of different particles. Again, as

depictedin theÞgure,theseforcesarebetweenthecenterof theheadandtheendof thetail.

2. Forcesbasedon electrostaticchargeandhydrophilicity.

: head-headrepulsion. It is known that theheadsof lipids areelectricallychargedbut tails arenot.

Theelectrostaticchargewill preventtheheadsfrom becomingtoocloseto eachother. Also, if two heads

do becometoo closeto eachother, their hydrophilicity will tendto increasetheir distance,ensuringa

waterenvironmentamongthem. Thesetwo interactionsarecapturedby the repulsive force . This

forcehasrelatively shortrange.

3. Forcesfrom incompressibilityof particles.

and : apairof repulsionforces.Theseforcesexist betweentwo particlesdueto theincompressibil-

ity of themoleculeswhenthey arecloseto eachother. In ourcurrentsimulationmodel,theseforcesare

simpliÞedby only consideringtheendpoints(headsandtheendsof tails) of theparticles(Figure3b).

SpeciÞcally, considera pair of particles and . If an endpointof particle is too closeto (measured

by the minimum distancefrom that endpointof to any part of ), thenthe repulsive force takes

effect. Force is the reactingforceof , appliedon by . For eachpair of particlestherearefour

pairsof forces and , onefor eachof thefour endpoints.Theseforceshave very shortrange.

In summary, for any particle , its headwill besubjectto forcesof , and from particle , while its

tail will besubjectto and from . Moreover, when and aresufÞciently closeto eachother, may

imposetwo typeof forceson , onefrom Õs head,theotherfrom Õs tail. Conversely, is subjectto two

forcesfrom , which arereactionsof the forcesthat Õs headandtail imposeon . Therefore,a total of

nine forceswill beappliedto particle from anotherparticle , althoughsomeof themmayhave negligible

magnitudeswhen and arenot close. Theseforcestogetherprovide a moredetailedandcomprehensive

representationof theinter-particleinteractionsrelevant to protocelldevelopmentthanpreviousmodels.
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2.2 Computing the forces

Thedirectionsandthepointsof actionsof forces through areshown in Figure3. Themagnitudesof the

forces dependon their typesandtheir respective distances betweenthetwo entitiesthey actedon. For

example, dependsonthedistancebetweenthecentersof theheadsof two particles,while dependsonthe

distancebetweenthecenterof theheadof particle andtheendpointof the tail of particle . Thefunctional

relationshipsbetween and aredifferent for individual forces,andsomeof themarecomplicated.To

simplify thecomputation,weadoptthefollowing relationshipbetween and for all forcesinvolved.Force

maintainsa constantmaximummagnitudeaslong as is within a givenÞxed range,anddropsquickly

towardits minimumvaluewhen is beyondthatrange.To furthersimplify thecomputation,insteadof using

a smooth,differentiablefunction(e.g.,theradial functionusedin [5] or theLennard-Jonespotentialin [19]),

rampfunctions(seeFigure4) areusedin thismodelto implementthefunctionalrelationshipsbetween and

. A rampfunction for force canbespeciÞedby thefollowing parameters:

: themaximummagnitudeof ;

: theminimummagnitudeof ;

: the radiusof therangewithin which force maintainsthemaximummagnitude(e.g.,if

then );

: theradiusof therangebeyondwhich force maintainstheminimummagnitude(e.g.,if

then ).

When is in between and , decreaseslinearly as increases.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure4 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

Two typesof rampfunctionsareusedin thesimulation.TheÞrsthas , andthusallowsarelatively

slow reductionof as exceeds . This typeof rampfunctionis usedfor thelong-rangeforces , , ,

and . Thesecondtype of rampfunction has , where is a constant,andthuscausesa
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moreabruptreductionof as exceeds . This typeof rampfunction is usedfor theshort-rangeforces.

Themagnitudeof eachforce is thendeterminedby thedistance andthethreeparameters , , and

thatdeÞneits rampfunction. Given distance , theforcemagnitude is thencalculatedvia thefunction

(2)

Eachforceproducesa torquerelative to thecenterof massof theparticleby thefunction

(3)

where is thedistancefrom thepoint of actionof force to thegeometriccenterof theparticle,and is

theanglebetween andthetail of theparticle.

2.3 Overall movementinßuences

Now we considerthemovementof eachparticlewhensubjectedto the interactive forcesfrom all otherpar-

ticles. The linear movementof particle is representedby the movementof the centerof massof . This

movementis determinedby thecompoundforce on , which is computedby

(4)

TheÞrst term in thecompoundforce is thevectorsummationof all interactive forcesto from all other

particles in thesystem,asdeÞnedabove. Thesecondtermin , , isasmallrandomforceplacedon

particle , representingthermaleffects.Thethird term, , is theÒfrictionÓ(resistanceto Õsmovement),

where is thecurrentvelocity of particle , and is thefriction coefÞcient.

Assumingeachparticlehasa unit mass,andusingEulerÕs methodto approximateNewtonÕs secondlaw

of motion,we thenhave,

(5)

(6)

where is thelineardisplacementfor thetime step .
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Therotationalmovementof particle canbedeterminedsimilarly. Thecompoundtorqueof particle can

becomputedby

(7)

where rangesover all forcesfrom to , and

is thetorquegeneratedby force at time ,

is a smallrandomtorque,

is thecurrentrotationalvelocity, and

is rotationalfriction coefÞcient.

Assumingeachparticleto beanuniform thin rodof length , therotationalinertia canbecomputed

by

(8)

Therotationalmovementwill thenbe

(9)

(10)

where is theangulardisplacementfor thetime step .

3 Implementation and Simulation Results

Basedon thecomputationalmodeldescribedin theprevious section,we have built a systemto simulatethe

interactionsbetweenthe lipid particlesin an aqueousenvironment,andusedit to examinethe formationof

micelle structuresfrom free-ßoating lipid molecules. A major difÞculty with the computersimulation,as

with the previous modelsdevelopedby othersthat we summarizedearlier, is the computationalcomplexity

involved. As discussedin theprevious section,every particleis subjectto nine forcesin its interactionwith

every otherparticle. Therefore,to determineone-stepmovementsof all particlesduring a single iteration
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for a systemof particles,we needto conduct individual forcecomputations.Moreover,

hundredsof thousandsof simulationsteps(iterations)areneededfor the systemto reacha relatively stable

statewhen is at thelevel of a few hundred.When is toosmall,thesystemwouldnothavesufÞcientlipid

concentrationto yield satisfactoryresults.We madevariousefforts to reducethecomputation.In developing

the computationalmodel,we usethe endpointof a tail ratherthanthe entire tail rod to deÞne forces

and . Also, insteadof smoothfunctionssuchasa radial function,we usethecomputationallysimpleramp

functionsto calculatethemagnitudesof interactive forces. To further reducethecomputationalcomplexity,

we restrict the simulationsto two spatialdimensions,andcalculateinter-particle interactionsonly for those

particlepairswhosedistanceis within a certainrange.

Anothermajorpracticalissueis theadjustmentandÞnal selectionof theparameters , and , which

deÞne the rampfunction for computingthe force magnitudes.Qualitatively, and , the head-headand

tail-tail attractions,areresponsiblefor pulling particlestowardeachother;thehead-headrepulsion ensures

thatthedistancesbetweenheadsaregreaterthanthosebetweentails;and and , thetail-headandhead-tail

repulsions,move tails away from heads,andthusalign theparticlesin suchasway thattheir headsarein one

directionandtails in anotherdirection.SuperÞcially, it appearsconceivablethattheseforceswould beableto

pull particlestogetherandform a circle-like structurewherethetails of theseparticlesall point to thecenter

of thecircle. However, theactualmovementof theparticles,andthustheevolution of thesystem,dependson

themagnitudesof theseforces,deÞnedby theparameters and . If theseparametersarenot selected

properly, micelle-like structuresdo not form. For example,when and aretoo small,thecircumferences

of circlesformedby the particlesbecomezigzag. Only whenwe increasetheseforces,circleswith smooth

circumferenceswereformed.Wealsofoundin theexperimentthatÒfrictionÓor resistanceto motionfor both

linearandrotationalmovements( and in Eqs. 4 and 7.) areimportantfor thesystemto reach

a stablestate.

The resultsshown in this sectionaresimulationsof a systemin an aqueousenvironment. The sizeof

the environmentis 900 900 (normalized)spatialunits. Eachlipid particlehasa sphereheadof radius5

units,anda tail of length30units.Thereare200lipid-lik e particlesrandomlydistributedin theinitial stateof

thesystem.Two representative simulationsarereportedhere.They startedfrom differentrandomizedinitial
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states,anduseslightly differentparametersets.Theparametersetof Simulation1 is givenin Table2.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Table2 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

A seriesof snapshotsfor differentstagesof Simulation1 is shown in Figure5. After 260,000iterations,

thesystemreachesa relatively stablestatein which all lipids stopmove. Micelle-like structurescanbeseen

forming eventuallyduring theprocess.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure5 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

Simulation2 usesthe samesetof parameters,except that the rangesof repulsive forces and are

reduced from thoseusedin Simulation1. As theresult,particlesin a largerneighborhoodcanbedrawn

togetherto form larger micelles. The snapshotsat stagesin Simulation2 aregiven in Figure6. It canbe

observedthat largersizedmicellestructuresareindeedformedin Simulation2.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ
Figure6 abouthere.

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÐ

Simulation1 wasperformedonanSGIR4400platform.Thetotal runningtimefor 260,000iterationswas

about76 hours. Simulation2 wasperformedon anSGI R8000platform,with a total runningtime of about

57.5hoursfor thesamenumberof iterations.Actual simulationscanbeviewedmoreclearlyusingan inter-

active animateddisplaysoftwarewe developedfor this task. This softwarereadsthedataÞle containingthe

locationsandorientationsof all particlesateverysimulationtimestepandgraphicallydisplaysthemovement

of lipid particles.Moreover, theuseris allowedto changethedisplayspeed,to pauseandresumethedisplay

at any time.

4 Formation of ReversedMicelles

Reversedmicelles,whichcanbeformedby lipids in anoil environment,arealsobelieved to exist in prebiotic

Earth. It is interestingto seeif our computationalmodelfor micelle formationcanbemodiÞed to simulate
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the formationof reversedmicelles. Theenvironmentwe choosefor this investigationis an oil environment

that containsnumeroussmall waterdropsand randomlydistributed lipid particles. Intuitively, in suchan

environment,dueto thehydrophobicnatureof thetailsandhydrophilicnatureof theheads,thelipid particles,

if closeto a waterdrop,tendto have their headsmoving into thedropbut keepingthetails outsidethedrop,

thusforming a reversedmicelle.

To simulatethis interaction,we madethefollowing modiÞcationsto themodeldevelopedin theprevious

sections.Note that theopposinghydrophobicityof lipid headsandtails stemsfrom the interactionbetween

the lipids andwatermolecules.Therefore,hydrophobicity, which playsthecentralrole in forming micelles

in aqueousenvironment,becomeslessobvious in theoil environmentexceptwhenthelipid particlesaresuf-

Þciently closeto thewaterdrops.In otherwords,theinteractionbetweenlipid particlesandwatermolecules

in nearbywaterdrops,ratherthanbetweenthelipids themselves,playsthedominantrole in theformationof

thereversedmicelles.Consequently, all inter-particleforcesmodelinghydrophobicityin theprevious model

areeliminatedor reduced.Theseforcesinclude for head-headattractionand for tail-tail attraction,and

and for head-tailrepulsion.

Two new forcesareintroducedto modeltheinteractionbetweentheheadsandtails of lipid particlesand

thewatermoleculesin thenearbywaterdrops(Figure7):

Force : tail to waterrepulsion.Whena lipid tail is sufÞciently closeto awaterdrop,thehydrophobic

effect will drive the tail away from water. A repulsive force from thewaterdrop,actingon the tail of

particle,is deÞnedto approximatethis property. This force is of very shortrange.Therampfunction

usedfor this force is the sameas the ramp function shown in Figure 4. It has ,

, , where is theradiusof thewaterdrop, is thelengthof thelipid tail,

is theradiusof lipid heads.

Force : headto waterattraction. Due to its hydrophilicity, a lipid headwill tendto move toward a

closewaterdrop. We modelthis propertyby anattractive force betweenthe waterdrop andthe lipid

head.

Force is of relatively long range. It will move a lipid particleÕs headtoward the closestwaterdrop
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until theheadof a lipid is completelysubmergedin thewater. At that time, on thatparticleis reducedto

zero. Also notethat thehead-to-waterattractionis anelectrostaticforce,which comesfrom thenet surface

chargeformedby thealignmentof watermoleculedipolesat thesurface.Thewaterdropthuscanbeassumed

to inducea charge proportionalto its own surfacearea(in the two dimensionalcase,its circumference).

Whenever a lipid headis drawn into the waterdrop, the electricÞeld lines closebetweenthe waterdipoles

andthemoleculehead,reducingthetotalsurfacechargeof thewaterdropby aconstantamount.Thatis,when

a reversedlipid micelleformsaroundthewaterdrop,themicelleÒshieldsÓtheoutsideenvironmentfrom this

attractionforceof thewaterdrop. In otherwords,theability of a waterdropto attractlipid headsdiminishes

whenmoreandmorelipid headsaredrawn into it. This effect is incorporatedinto with its magnitudeset

to beproportionalto where is thenumberof lipids submergedin thewaterdrop.

A testsimulationwas performedon an SGI R10000platform. It simulateda systemof waterdrops

and lipid particles.In this simulation,we increasedthetime-stepby 10 fold. Thetotal runningtime was

about hourswhena relatively stablestatewas reachedafter steps.A seriesof snapshotsfor this

simulationis shown in Figure8, wherereversedmicellesareformedaroundwaterdrops.

5 Discussion

In this paperwe presenteda new computationalmodelfor simulationsof theself-assemblyof lipid-lik e par-

ticles into well-formedmicelle-like protocellstructuresin anaqueousenvironment.By adoptinga structural

particlemodelandusinga setof simple forcesasan approximationof the inter-molecularinteractionsbe-

tweenlipid molecules,thismodelprovidesareasonablereßectionof protocellandreversedmicelleformation

while remainingreasonablytractablecomputationality. The effectivenessandefÞciency of this modelwas

demonstratedboth by successfulsimulationsof the formationof suchasmicellesfrom a pool of randomly

distributedlipid-lik e particles,andtheformationof reversedmicellestructuresin anoil environmentcontain-

ing smallwaterdrops.

While therearevery promisingresults,muchwork remainsto bedone.Our next objective is to simulate

theformationof monolayerstructuresin anoil-waterinterfaceenvironment,anddevelopcomputerprograms
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for a three-dimensionalsimulation.This modelmayalsobeusedto study, at themicroscopiclevel, theself-

assemblyof differentprotocellstructuresin theevolutionaryprocessandtheimpactof environmentalcondi-

tionson theformationsof thesestructures.It mayalsobeusefulasa tool to investigatetheeffectsof changes

in theenvironment(suchaspH valuesandtemperaturein the solvent, thedensityof the lipids, etc.) on the

formationof lipid aggregates,aswell asthe dynamic(ßuid-like) propertyof thoseaggregates.This model

maybefurthergeneralizedto simulatetheformationof other, morecomplex structuresof amphiphiliccom-

ponents.Along this line, wearecurrentlyexploring thepossibilityof furtherextendingthismodelto simulate

theformationof membrane-like bilayerstructures.Wehopethatfurtherprogressof this researchwill provide

substantialinsightinto theprocessof protocellstructureformations,andprovideausefultool for suchstudies.
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InterstellarMolecule Formula BiochemicalMonomersandProperties

1. Hydrogen ReducingAgent,Protonation

2. Water UniversalSolvent,Hydroxylation

3. Ammonia BaseCatalysis,Amination

4. CarbonMonoxide HydrocarbonsandFatty Acids

5. Formaldehyde Monosaccharides(ribose)andGlycerol

6. Acetaldehyde Deoxypentoses(deoxyribose)

7. Aldehydes(HCN) Amino Acids

8. Thioformaldehyde CysteineandMethionine

9. HydrogenCyanide Purines(adenine,guanine)andAmino Acids

10. Cyanacetylene Pyrimidines(cytosine,uracil, thymine)

11. Cyanamide Polypeptides,PolynucleotidesandLipids

12. Phosphine(Jupiter) PhosphatesandPolyphosphates

Table1: Biochemicalmonomersandpropertieswhich canbederived from interstellarmolecules[17].
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Force Description Magnitude Range Residual

head-headattraction

head-headrepulsion

tail-headrepulsion

head-tailrepulsion

tail-tail attraction

(active) repulsiondueto incompressibility

(reactive) repulsiondueto incompressibility

Table2: Parametersusedin simulation1.
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Figure1: Formationsof lipids in waterandoil environments[13].
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Figure3: TheinteractionforcesdeÞnedin themodel.
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(a) initial state (b) after20,000iterations

(c) after40,000iterations (d) after60,000iterations

(e)after100,000iterations (f) after260,000iterations

Figure5: Systemof 200lipid particles,Simulation1.
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(a) initial state (b) after20,000iterations

(c) after40,000iterations (d) after60,000iterations

(e)after100,000iterations (f) after260,000iterations

Figure6: Systemof 200lipid particles,Simulation2.
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Figure7: InteractionforcesdeÞnedfor reversedmicellesimulation.
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(a) Initial State (b) Formationafter1600iterations

(c) Formationafter6000iterations (d) Formationafter14600iterations

(e)Formationafter32400iterations (f) Formationafter10000iterations

Figure8: Systemof 16 waterdrops,200lipid particles.
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