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Abstract

Therehave beenvariousattemptgo simulatethe self-assemblyprocesf lipid aggreyatesby comput-
ers.However, dueto the computationallycomplex natureof the problem previoussimulationsvereoften
conducteadvith unrealisticsimplibcationsof the molecules@orphologyintermoleculainteractionsand
theenvironmentin whichthelipid moleculesnteract.In this paperwe presenanew computationamodel
in which eachlipid is simulatedby a morerealisticamphiphilicparticleconsistingof a hydrophilichead
anda long hydrophobicail. Theintermoleculaiinteractionsare approximatedy a setof simpleforces
relRectingphysicalandchemicalpropertiesof lipids, e.g.,hydrophobicityandelectrostatidorces,which
arebelieved to be crucialfor theformationof variousaggreates With a setof carefullyselectecpbarame-
ters,this modelis ableto successfullysimulatethe formationof micellesin anaqueougrnvironmentand
reversedmicellestructuresn anoil solventfrom aninitially randomlydistributedsetof lipid-lik e particles.

This model can be usedto study at the microscopiclevel, the self-assemblyof differentprotocell
structuresin the evolutionary processand the impactof environmentalconditionson the formation of
thesestructureslt maybefurthergeneralizedo simulatetheformationof other morecomple structures

of amphiphilicmoleculessuchasmonolayemndbilayeraggreates.



1 Intr oduction

Fromthe questfor the origins of life emegesthis question:How did the brstliving cell form? This question
leadsto mary speculationsjncluding the origin of DNA, RNA, proteins,and also the origin of protocell
structuressuch as micelles and membranes. The generally acceptedassumptionsare: 1) basic elements
foundin living systemswereavailable on the primordial Earth; 2) asa resultof variouskinds of enegy and
catalyticeffects,the simplemoleculesn the atmospherehydrospherandlithospherereactedo form awide
variety of smallorganiccompounds3) condensatiorand polymerizationreactionsresultedin the formation
of compoundsf higher molecularweight and polymeric products;and Pnally, 4) the selectve interaction
and associatiorof thesemacromoleculesesultedin the generationof a living cell [17]. Researcherbave
beentrying to verify theseassumptionsanddifferentapproachefase beentaken toward this problemfrom
several different perspecties. They include bnding cluesaboutthe processesnvolved in the origin of the
cell, identifying underlyingprinciples,constructingaboratorymodels,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

computemodelingof the self-assemblyprocessof micellesandreversedmicelles.

1.1 The formation of protocell structures

Thegenerahypothesisabouttheorigin of life on Earthis thatanabundanceof the simplestmoleculesxisted
in the prebiologicalperiod; thesesimple moleculesunderwentchemicalreactionsto form more and more
complex molecules,eventually forming all of the elementalcomponentsof the brst cell [4]. In orderto
supportthis hypothesisit is necessaryo shawv corvincing evidencethatall of therequiredmoleculesaswell
asthe conditionsnecessaryor themto evolve into morecomplicatedforms, existedon the early Earth.

It is reasonabléo assurethat moleculeson the primordial Earthwereat leastascomple as thosecom-
monly foundin interstellarspace.Finding moleculeshatarenecessaryo form living systemsn interstellar

spacesuggestghat suchmoleculesalsoexisted on prebiologicalEarth. While six of the mostalundantele-



mentsin theuniverse(H, C, N, O, S,P) arepreciselythosenecessaryo form living systemsalarge numberof
organicandinorganicmoleculeshave alsobeenidentipedin differentgalaxies.Twelve of themostnumerous
onesOcarbe consideredasthe prebiologicalprecursorf essentiallyall the biochemicalcompoundspresent

in living systemgshavn in Table1)[17].
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Tablel abouthere.
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Laboratoryexperimentshave alsoshavn thata mixture of thesebasicmoleculescanbecoercednto form-
ing morecomplex macromoleculaprganiccompoundsinderthe right combinationof temperaturepressure
andotherervironmentalfactors(ultraviolet light or electricaldischage from lightning, for instance consis-
tentwith conditionsbelieved to have beenpresenion the prebiotic Earth). For example,Fox, et. al produced
a proteinoidfrom thermalcopolymerizationof aminoacidsin 1958 [6], and Hargreaves, et. al conducted
experimentsto synthesizevariouslipids from glycerol, fatty acid, aldehydeand phosphatainderconditions
believed to be similar to thaton the prebioticEarth[9].

If life did comefrom a gradualchemicaland biological evolution, it is concevable that somemech-
anism createda closed compartmentenclosinga comple< mixture of simple (organic and inorganic) and
macromoleculaprganiccompoundsprior to the formationof the brstliving cell. It is generallyagreedthat
structuressimilar to cell membranegprovided suchclosedernvironmentswithin which bio-chemicalreactions
crucialfor life couldtake place.Themajorcomponent®f contemporarcell membranesrelipids, primarily
in the form of phospholipids.Togethemwith protein,they divide theintracellularsubstancérom the external
ernvironment. Lipids arewaterinsolubleorganicsubstancesThey may be consideredcamphiphilicmolecules
that containnonpolarand polar regions, wherethe term amphiphilic meanshat they incorporateboth a hy-
drophobictail and a hydrophilic headwithin a single lipid molecule. The attractve interactionbetween
nonpolarmoleculesin wateris referredto asa hydrophobiceffect. The specialpropertiesof amphiphilic
moleculesprovide themthe ability to self-associat@r self-assemblénto smallmolecularaggr@atessuchas
monolayersmicelles,bilayers,vesiclesandbiologicalmembranegFigure1).

NNNNNNNNNNNNNNNNND
Figurel abouthere.
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Two opposingforces,arisingfrom the hydrophobicpropertiesof lipids, arebelieved to be the maincon-
tributing factorsto the self-assemblyf lipid aggrejates.Thehydrophobicnatureof thelipid tails causeshem
to associatewhile the hydrophilic natureof the lipid headgroupsendsto force thesemoleculeso remainin
contactwith water andthusaway from eachother[12]. However, exactly how lipid moleculesformedthese

protocellstructuredn a prebioticervironmentis still unknown.

1.2 Previouswork on computer simulation of lipid aggregates

With therapid developmentof computersandcomputingtechnology computersimulationof biological sys-
temshasbecomeprogressiely more importantin the study of prebiologicalevolution. The formation of
the brst living cellsasa resultof possiblyhundredsof millions of yearsof biochemicalevolution is impos-
sibleto completelysimulateor reproducein a biology lab. However, fairly realisticcomputersimulationof
intermolecularinteractionsandcompoundormationcanstill provide insightsinto prebioticbiochemicakyn-
thesis.Moreover, sincea computersimulationcanbe built uponour understandingf biological systemsand
hypothesesit provides persuasie supportfor the underlyingbiological theories. Also, a well-dePned com-
putationalmodelcanbe usedasatool to investigatethe propertiesanddynamicsof morecomple biological
structures.

Therehave beena numberof attemptsby researcherso develop computationaimodelsrelevant to the
origins of life, e.g.,the Ospontaneoustepgenceof self-replicatingstructureq418] [3]. Herewe focussolely
on thoseconcernedwith the formation of lipid structures.Eachapproachedhe problemdifferently yield-
ing differentresults,andvery often thesesimulationsare very computationallyexpensve (requiringdaysto
monthsof computettime for asimulation). Somesimulatedheself-assemblyf lipid aggreateswhile others
focusedon investigatingthe propertiesof suchaggregates.Someof the mainresultsarereviewed below.

B. Smit et al. developeda computationalmodelto simulatethe dynamicsof an oil-watersurfactant
system[19]. This modelworks with two kinds of particles: oil (0) andwater(w). A watermoleculein the
waterregion consistsof onew particle,andanoil moleculein the oil region consistsof oneo particle. Each
surfactantmoleculeis representedsa chainof 2 w particlesfollowed by 5 o particles,eachboundto its

neighborin the chain by a strongharmonicforce. All surfactantsare initially randomlydistributed in the



waterregion. The interactionbetweenparticles(o@ andw@® in waterandoil regions,andin surfactants)is

determinedoy the Lennard-Jonepotential:
© = 4ef(0/r)"? — (o/r)°] 1

Theo-o andw-w interactionis truncatecata muchlargerdistance(2.5¢) thanthatof o-w (2/%0). Asaresult,
interactionsbetweenthe sametypes of particlesare attractve (within the truncationdistance)but almost
completelyrepulsize betweendifferenttypesof particles. The simulation,usinga Monte Carlo method with
39,304 particles,yields formation of micelle-like structuresin the waterregion anda monolayeralongthe
wateroil interface betweenthe two regions. However, the modelfails to producethe reversedmicellesin
the oil region that one would have expectedin sucha system. Another drawback of this modelis that it
doesnot take into accountthe actual biological structureof the lipid molecules,and the useof w and o
particlesto form surfactantscannotaccuratelycapturethe interactionsof lipid-lik e moleculeswith waterand
oil solvents. Also, the micellesthe simulationgeneratesre somavhat differentfrom the onesseenin actual
biological experiments. Due to the geometricalpacking propertiesof lipid molecules lipids tendto form
micelle structuresvhenthey areconeshapedi.e. whenthey aresingle-chainedipids (surfactants)with large
head-groumreasandrelatively thin tails [12]. However, in thesesimulationexperimentsthe surfactantshave
large tails andsmall head-groupreasandthusshouldform invertedmicelles.

J. M. Drouffe et al. developeda computationaimodelthat simulatesthree-dimensionaparticleswhich
self-assembld¢o form membrane-lik objects[5]. In this model, eachparticle, representecgs a ball, is a
combinationof two lipid moleculeswith thetwo tails combinedinto aintermediatdayeracrosshe centerof
aball. A setof interactionforcesis usedto representheinter-particleinteractions.Startingfrom arandomly
distributedsetof 1,962particlesthesimulationendswith amembrane-lik structurerepresentingaminimum
enegy state.The main purposeof this modelis to analyzethe large-scalauniversalpropertiesof membranes
andvesicles ratherthantheir realisticformation Fromthe point of formationof protocellstructuresseveral
assumptionon which this modelis basedare questionable.First, the basicpatrticle structureusedin this
modelis not an actual stablebiological structure. Suchparticlescould not be presentin abundancein the

PrebioticEarth. Also this modelneglectsthe effect of the shapeand structureof individual lipid molecules,



whichis generallyconsideredessentiato the self-assemblyf lipid aggrgyates.Anotherproblemis thatthere
is no biological evidenceto suggesthe existenceof an Oanisotropicidteraction,whichis usedin this model
asthe majorinteractionforcing the moleculedo align in planarconbgurations.

H. Helleretal. performeda moleculardynamicssimulationof arectangulapatchof alipid bilayerstruc-
ture (membranejn awaterervironment[11]. Theinitial stateof the systemconsistsof a hand-constructed
patchof a bilayer membranewnith 200 moleculesof 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylcholine
(eachcontaining134 atoms)and of 5483 water moleculescovering the headgroupson eachside of the bi-
layer Thesimulationwas doneattheatomiclevel, with atotal numberof about38,000atoms.Thesimulation
representea time spanof 263ps (1 x 10~'?seconds) of the chemicaldynamicprocess However, adopting
this approaclH(i.e., simulatingthe moleculardynamicsat the atomiclevel) to the formationof protocellstruc-
turessuchasmembraness computationallyintractable. This is becauseahe simulationof the formation of
a membrandor a patchof it) is computationallyseveral ordersof magnitudemore comple thanthe simu-
lation of an already-formedmembraneaeachingthermalequilibrium (which itself took monthsof time on a
supercomputer).

Finally, B. Mayer et al. introduceda differenttype of self-assemblysimulation, the lattice molecular
automaton(LMA) model[14]. As a cellular automatamodel,eachcell, representing particle, changests
stateaccordingto the statetransitionrules (representinghe inter-particle interaction)andthe currentstates
of its hexagonalneighbors.This modelis ableto simulateformation of small polymer clustersof lipid-lik e
pentamersn a polarenvironment. Oneadwantageof this modelis its low computationatompleity. Unlike
othermodelswhereinteractionis computedor every pair of particlesateachcomputingstep,eachcell in the
LMA modelonly interactswith its six neighborsjgnoring potentiallyimportantlarger rangeinteractions.In
orderto simulatesystemf largerscale suchasmicellesandmembraneghelevel of descriptionof automata

would have to beredéPnedto make the computationmorerealistic.
2 A Molecule-Level Computational Model

A goodcomputationamodelfor simulatinglipid aggreatesshouldhave the ability to simulate:1) different

typesof protocellstructures?) formationof structuresinderdifferentervironmentalconditions(differentpH



levels, presenceof salt, etc.), 3) fairly realisticanddetailedlipid moleculestructuresandtheir interactions,
and 4) protocell formationin a computationallyefrcient manner Decidingwhat level of detail the model
shouldrepresents crucial for agoodcompromiseamongthesecomicting objectives.

Basedontheseconsiderationsye adoptecanapproactdifferentfrom the simulationmodelssummarized
in the previous section.Our modelis centerecon whatis believed to be the mostimportantpropertyof lipid
moleculegesponsibldor theformationof lipid aggrgatesnamely thedifferenthydrophobicityof thelipid@
headandtail. First,to betterrel3ectthis amphiphilic property eachlipid is modeledasa structuted particle
having a large headanda long, thin tail. Secondtheinter-molecularinteractionsareapproximatedasa set
of simpleforceswith headsandtails of particlesplaying differentrolesin debning theseinteractie forces.
Eachof theseforcesrel3ectssomephysicalor chemicalpropertyof the lipid particlesbelieved to be crucial
to the formation of variousaggreates. They, togetherwith properly choosingparametersgapturein some
detail the interactionsoccurringduring actualbiochemicalprocess.Theseforcesarethenusedto determine
thelinearandrotationalmovementsof individual particlesaccordingto classicalNewtonianmechanics.

For example,our approachdiffers from existing modelssuchasthatof Smitetal. ([19]) wheremolec-
ular interactionswere coarselymodeledby an enegy function (Lennard-Jonepotential) and an enegy-
minimizing approachwas usedto determinethe motion of particles. Our approachis also different from
the model of Drouffe et. al [5], wherestructurally unstableparticleswere usedas the basic elementsof
simulations.While we do not attemptto modeleventsatthelevel of individual atoms,we believe that New-
tonianmechanicprovidesareasonabl@approximationfor the forcesinfBuencingthe motion of the molecular

particlesin the computersimulation.

2.1 Basicmodeland the interacting forces

In anaqueouservironment, hydrophobiceffectsdrive phospholipidparticlescloserto eachother with their
tails pointing inward, forming structureslike micelles where water hasbeenOsqueezedutO. In order to
simulatehydrophobiceffects, we debne eachparticle in our modelto be an amphiphilic structurehaving
a polar hydrophilic headgroup and a non-polarhydrophobictail. Theselipid-lik e particlesare the basic

elementsof our computationalmodel. The headof a particleis debnedasa sphereof radiusr. Thetail is



represente@dsathin, inRexible rod of length L (Figure2).
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Figure2 abouthere.
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Basedon hydrophobicity and other physicaland chemicalpropertiesof lipids, we debne sesen inter-
particle interactionforces (Figure 3). Theseforces,describedbelov from a top-level, intuitive viewpoint,
exist betweerevery individual pair of particlesin the system.In the force debnitions the particlesaretreated
asstructuredigid bodyratherthansingle points,andheadsandtails play differentrolesin thesedebnitions.

NNNNNNNNNNNNNNNNND
Figure3 abouthere.
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1. Thehydrophobiceffectis the majordriving forcein this model. To modelhydrophobicityin thelipid tails
andhydrophilicity in thelipid headswe introducethefollowing groupof forces.All forcesin thisgrouphave

relatively long range.

¢ f1: head-heaattraction. Theheadof the particlesarehydrophilic. Thereforethey tendto move toward
the directionof anaqueousrvironment. We interpretthis asan attractionforce betweernthe headsof
eachpair of particles.Thedirectionof f; is depictedin the bgure,andthe point of actionis the center

of thehead.

e f5: tail-tail attraction.Thetails of particlesarehydrophobic.Thereforethetails will alsotendto move
toward eachotherin anaqueousrvironment,forming a structureto createan ervironmentthatdoes
notcontainwatet In otherwords,they will tendto squeezavaterout of thecompartmentWerepresent
this effect asanattractionforce betweerthetails of eachpair of lipid particles.Strictly speakingsince
tails arelong rods, every partof atail is attractedby every partof the othertail. To simplify theforce
computation,we treatthis force as betweenthe endsof the two tails, asdepictedin the bgure. An
alternatve, treatingthis force asbetweerthe centersof thetwo tails, did notwork well in the computer

simulations.



e f3 andf,: tail-headandhead-tailrepulsion. Thetails andheadsof thelipid have oppositehydropho-
bicity. Thereforethe headof a particletendsto repelthe tail of anotherparticle,andvice versa. We
representhis propertyas a repulsive force betweenheadsandtails of differentparticles. Again, as

depictedin the bgure,theseforcesarebetweerthe centerof the headandthe endof thetail.
2. Forcesbasedon electrostaticchage andhydrophilicity.

e f5: head-headepulsion. It is known thatthe headsof lipids areelectrically chagedbut tails arenot.
Theelectrostatichagewill preventtheheaddrom becomingoo closeto eachother Also, if two heads
do becometoo closeto eachothet their hydrophilicity will tendto increaseheir distance gnsuringa
water environmentamongthem. Thesetwo interactionsare capturedby the repulsve force §. This

force hasrelatively shortrange.
3. Forcesfrom incompressibilityof particles.

e fgandf;: apairof repulsionforces.Theseforcesexist betweertwo particlesdueto theincompressibil-
ity of themoleculesvhenthey arecloseto eachother In our currentsimulationmodel,theseforcesare
simplibed by only consideringthe endpoints(headsandthe endsof tails) of the particles(Figure 3b).
Speckbcally, considera pair of particles: andj. If an endpointof particle j is too closeto i (measured
by the minimum distancefrom that endpointof j to ary partof 1), thenthe repulsive force § takes
effect. Force f7 is thereactingforce of f;, appliedon j by i. For eachpair of particlestherearefour

pairsof forces fs and f7, onefor eachof thefour endpoints.Theseforceshave very shortrange.

In summaryfor ary particlei, its headwill besubjectto forcesof f, fo, and f3 from particlej, while its
tail will be subjectto f; and f5; from 5. Moreover, wheni andj aresufbciently closeto eachother ; may
imposetwo f; type of forceson i, onefrom ;@ head the otherfrom j@ tail. Corversely i is subjectto two
f- forcesfrom j, which arereactionsof the f; forcesthati® headandtail imposeon j. Therefore atotal of
nine forceswill be appliedto particle: from anotherparticle j, althoughsomeof themmay have negligible
magnitudesvheni andj are not close. Theseforcestogetherprovide a more detailedand comprehensie

representatiof theinter-particleinteractionsrelevantto protocelldevelopmenthanprevious models.

9



2.2 Computing the forces

Thedirectionsandthe pointsof actionsof forcesfi throughf; areshavn in Figure3. The magnitudeof the
forces f; dependon their typesandtheir respectre distancesj, betweenhe two entitiesthey actedon. For
example, f; depend®nthedistancebetweerthecentersof theheadsf two particles while £ depend®nthe
distancebetweenhe centerof the headof particle: andthe endpointof thetail of particlej. Thefunctional
relationshipsbetweenf;, andd, aredifferentfor individual forces,and someof themare complicated. To
simplify thecomputationwe adoptthefollowing relationshipbetweenj. anddy, for all forcesinvolved. Force
fr maintainsa constantmaximummagnitudeaslong asd is within a given bxed range,anddropsquickly
towardits minimumvaluewhend, is beyondthatrange.To furthersimplify thecomputationjnsteadof using
a smooth differentiablefunction (e.g.,the radial function usedin [5] or the Lennard-Jonepotentialin [19]),
rampfunctions(seeFigure4) areusedin this modelto implementthe functionalrelationshipsetweenf and

di.. A rampfunctionfor force f,, canbe specbed by thefollowing parameters:
e q;: themaximummagnitudeof f;;
e by theminimummagnitudeof fj;

e 7 theradiusof the rangewithin which force f, maintainsthe maximummagnitude(e.g.,if d, < ry

then fi, = ax);

e r;: theradiusof therangebeyond which force f; maintainsthe minimummagnitude(e.qg.,if d, > ry

then fr = bk)

Whend, is in betweenr;, andr,, f; decreasebnearly asdj, increases.

NNNNNNNNNNNNNNNNND
Figure4 abouthere.
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Two typesof rampfunctionsareusedin thesimulation.Thebrsthasy;, = 2r;, andthusallows arelatively
slow reductionof f;, asd;, exceeds . Thistypeof rampfunctionis usedfor thelong-rangeforcesf, fs, f4,

and f5. The secondtype of rampfunction hass,, = r + ¢, wheree < 7, is a constantandthuscausesa

10



moreabruptreductionof f;, asd;, exceedsr;. Thistype of rampfunctionis usedfor the short-rangeorces.
The magnitudeof eachforce f;, is thendeterminedy the distanced, andthethreeparametersy, a, andb

thatdebneits rampfunction. Given distanced,, theforce magnitudef; is thencalculatedvia thefunction

fr. = ramp (ag, by, 7, di). (2)

Eachforce producesatorquerelative to the centerof massof the particleby the function

Tk = fr * o * sin(ay), (3

wheregy, is thedistancefrom the point of actionof force f; to the geometriccenterof the particle,andqy, is

theanglebetweenf;, andthetail of the particle.

2.3 Overall movementinfRuences

Now we considerthe movementof eachparticlewhensubjectedo the interactive forcesfrom all otherpar
ticles. The linear movementof particle: is representedby the movementof the centerof massof i. This
maovementis determineddy the compoundorce £ oni, which is computedby
Fi(t) = (Zka(ﬂ) + randy(t) — c1 * vi(t). 4)
Jj#i k

The brsttermin the compoundforce E; is the vector summationof all interactive forcesto ¢ from all other
particlesj in thesystemasdebPnedabore. Thesecondermin £, rand(t), isasmallrandomforceplacedon
particles, representinghermaleffects. Thethird term,q *v;(t), isthe OfrictionQresistanceo i@ movement),
wherew;(t) is the currentvelocity of particlei, andg > 0 is thefriction coefcient.

Assumingeachparticle hasa unit mass,andusing Euler®methodto approximateNewton® secondaw

of motion,we thenhave,

Avi(t+6t) = Fi(t)-ot (5)

AS;(t+6t) = %E(t)étQ + v;(t) 0t (6)

whereAS; is thelineardisplacementor thetime stepdt.

11



Therotationalmovementof particle: canbedeterminedsimilarly. Thecompoundorqueof particle: can

be computedby
T;(t) = (Z Z Tk(t)> + randa(t) — cow;(t) (7)

J#L k
wherek rangesover all forcesfrom 5 to ¢, and
e 74(t) isthetorquegeneratedy force f;, attimet,
e rands is asmallrandomtorque,
e w;(t) is thecurrentrotationalvelocity, and

e ¢ > ( is rotationalfriction coefcient.

Assumingeachparticleto beanuniform thin rod of length2r + [, therotationalinertial canbecomputed

by
I= i(2 +1)2 (8)
= 12 r .
Therotationalmovementwill thenbe
Aw(t +6t) = Tif) 5t, )
AG;(t+ 6t) = %TiT(t)(st? + w;(t)dt (10)

whereA#; is theangulardisplacementor thetime stepdt.

3 Implementation and Simulation Results

Basedon the computationaimodeldescribedn the previous section,we have built a systemto simulatethe
interactionsbetweernthe lipid particlesin an aqueouservironment,andusedit to examinethe formation of
micelle structuresfrom free{3oating lipid molecules. A major difbculty with the computersimulation, as
with the previous modelsdevelopedby othersthat we summarizedearlier is the computationakcompleity
involved. As discussedn the previous section,every particleis subjectto nine forcesin its interactionwith

every other particle. Therefore,to determineone-stepmaovementsof all particlesduring a single iteration

12



for a systemof NV particles,we needto conduct4.5 « N (N — 1) individual force computations.Moreove,
hundredsof thousandf simulationsteps(iterations)are neededor the systemto reacha relatively stable
statewhen is attheleve of afew hundredWhenxN is too small,the systemwould not have sufbcientlipid
concentratiorto yield satishctoryresults.We madevariousefforts to reducethe computation.In developing
the computationaimodel, we usethe endpointof a tail ratherthanthe entiretail rod to debne forces {, 14
and f5. Also, insteadof smoothfunctionssuchasa radial function, we usethe computationallysimpleramp
functionsto calculatethe magnitude=f interactie forces. To further reducethe computationatomplexity,
we restrictthe simulationsto two spatialdimensionsand calculateinter-particle interactionsonly for those
particle pairswhosedistances within a certainrange.

Anothermajor practicalissueis the adjustmentindbnal selectionof the parameters,, b, andr, which
debne the ramp function for computingthe force magnitudes.Qualitatvely, f and f4, the head-headnd
tail-tail attractionsareresponsibldor pulling particlestowardeachother;the head-headepulsions ensures
thatthedistancedetweerheadsaregreateithanthosebetweertails; and § and f4, thetail-headandhead-tail
repulsionsmove tails away from headsandthusalign the particlesin suchasway thattheir headsarein one
directionandtails in anotherdirection. Supebcially, it appearsoncevablethattheseforceswould beableto
pull particlestogetherandform a circle-like structurewherethe tails of theseparticlesall point to the center
of thecircle. However, theactualmovementof the particles,andthusthe evolution of the systemdependon
the magnitudeof theseforces,debPnedby the parameters, b, andry. If theseparametersarenot selected
properly micelle-like structuresdo notform. For example,when § and f, aretoo small,the circumferences
of circlesformedby the particlesbecomezigzag. Only whenwe increasetheseforces,circleswith smooth
circumferencesvereformed. We alsofoundin the experimentthat Ofriction®r resistanceo motionfor both
linearandrotationalmovementyq v; (t) andcaw;(t) in EQs. 4 and 7.) areimportantfor the systemto reach
astablestate.

The resultsshovn in this sectionare simulationsof a systemin an agueouservironment. The size of
the ervironmentis 900 x 900 (normalized)spatialunits. Eachlipid particle hasa sphereheadof radius5
units,andatail of length30 units. Thereare200lipid-lik e particlesrandomlydistributedin theinitial stateof

the system.Two representadie simulationsarereportedhere. They startedfrom differentrandomizednitial

13



statesanduseslightly differentparametesets.The parametesetof Simulationl is givenin Table2.
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Table2 abouthere.
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A seriesof snapshotsor differentstagesof Simulationl is shovn in Figure5. After 260,000iterations,
the systemreaches relatively stablestatein which all lipids stopmaove. Micelle-like structurescanbe seen
forming eventuallyduring the process.

NNNNNNNNNNNNNNNNND
Figure5 abouthere.
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Simulation2 usesthe samesetof parametersexceptthat the rangesof repulsve forces § and f, are
reduced30% from thoseusedin Simulationl. As theresult,particlesin alarger neighborhoodcanbe dravn
togetherto form larger micelles. The snapshotat stagesn Simulation2 are given in Figure 6. It canbe
obsenedthatlargersizedmicelle structuresareindeedformedin Simulation2.

NNNNNNNNNNNNNNNNND
Figure6 abouthere.
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Simulationl wasperformedon an SGIR4400platform. Thetotal runningtime for 260,000iterationswas
about76 hours. Simulation2 wasperformedon an SGI R8000platform, with atotal runningtime of about
57.5hoursfor the samenumberof iterations. Actual simulationscanbe viewed moreclearly usinganinter-
active animateddisplay software we developedfor this task. This software readsthe datable containingthe
locationsandorientationsof all particlesat every simulationtime stepandgraphicallydisplaysthe movement
of lipid particles.Moreover, the useris allowedto changethe displayspeedio pauseandresumehedisplay

atary time.

4 Formation of ReversedMicelles

Reversedmicelles,which canbeformedby lipids in anoil environment,arealsobelieved to exist in prebiotic

Earth. It is interestingto seeif our computationaimodelfor micelle formationcanbe modiped to simulate

14



the formation of reversedmicelles. The ervironmentwe choosefor this investigationis an oil ervironment
that containsnumeroussmall water drops and randomly distributed lipid particles. Intuitively, in suchan
environment,dueto thehydrophobicnatureof thetails andhydrophilic natureof the headsthelipid particles,
if closeto awaterdrop,tendto have their headsmoving into the drop but keepingthe tails outsidethe drop,
thusforming areversedmicelle.

To simulatethis interaction,we madethe following modipcationsto the modeldevelopedin the previous
sections.Note thatthe opposinghydrophobicityof lipid headsandtails stemsfrom the interactionbetween
the lipids andwatermolecules.Therefore hydrophobicity which playsthe centralrole in forming micelles
in agueouservironment,becomedessobviousin the oil ervironmentexceptwhenthelipid particlesaresuf-
Pciently closeto thewaterdrops.In otherwords,the interactionbetweerlipid particlesandwatermolecules
in nearbywaterdrops,ratherthanbetweerthelipids themseles, playsthe dominantrole in the formationof
thereversedmicelles. Consequentlyall interparticle forcesmodelinghydrophobicityin the previous model
areeliminatedor reduced.Theseforcesinclude f; for head-headttractionand f; for tail-tail attraction,and
f3 and f, for head-tailrepulsion.

Two new forcesareintroducedto modelthe interactionbetweenthe headsandtails of lipid particlesand

thewatermoleculesn the nearbywaterdrops(Figure7):

e Force fg: tail to waterrepulsion.Whenalipid tail is sufpciently closeto a waterdrop,the hydrophobic
effect will drive thetail away from water A repulsive force from the waterdrop, actingon the tail of
particle,is debnedto approximatethis property This forceis of very shortrange. The rampfunction
usedfor this force is the sameas the ramp function shavn in Figure4. It hasq, = 40,5, = 0,
rs = R+ L,r{ = R+ L+ 2r, whereR is theradiusof thewaterdrop, L is thelengthof thelipid tail,

r is theradiusof lipid heads.

e Force fy: headto waterattraction. Due to its hydrophilicity, a lipid headwill tendto move toward a
closewaterdrop. We modelthis propertyby an attractve force betweenthe waterdrop andthe lipid
head.

Force fq is of relatively long range. It will move a lipid particle®headtoward the closestwater drop
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until the headof a lipid is completelysubmegedin the water At thattime, § onthat particleis reducedo
zero. Also notethat the head-to-vater attractionis an electrostatidorce, which comesfrom the net surface
chage formedby thealignmentof watermoleculedipolesatthesurface. Thewaterdropthuscanbeassumed
to induce a chage proportionalto its own surface area(in the two dimensionalcase,its circumference).
Wheneer alipid headis dravn into the waterdrop, the electric beld lines closebetweenthe water dipoles
andthemoleculehead reducingthetotal surfacechage of thewaterdropby aconstanamount.Thatis, when
areversedipid micelle formsaroundthe waterdrop, the micelle Oshieldsée outsideervironmentfrom this
attractionforce of the waterdrop. In otherwords,the ability of awaterdropto attractlipid headsdiminishes
whenmoreandmorelipid headsaredrawvn into it. This effectis incorporatednto § with its magnitudeset
to be proportionalto 2w R — 2rm wherem is the numberof lipids submegedin thewaterdrop.

A testsimulationwas performedon an SGI/ R10000platform. It simulateda systemof 16 waterdrops
and200 lipid particles.In this simulation,we increasedhetime-stepby 10 fold. Thetotal runningtime was
about2.5 hourswhenarelatively stablestatewas reachedafter 100, 000 steps.A seriesof snapshotgor this

simulationis showvn in Figure8, wherereversedmicellesareformedaroundwaterdrops.

5 Discussion

In this paperwe presented new computationaimodelfor simulationsof the self-assemblyf lipid-lik e par
ticlesinto well-formedmicelle-like protocellstructuresn anaqueousrvironment. By adoptinga structural
particle modeland using a setof simple forcesasan approximationof the inter-molecularinteractionsbe-
tweenlipid moleculesthis modelprovidesareasonableel3ectionof protocellandreversedmicelleformation
while remainingreasonabltractablecomputationality The effectivenessand efbciengy of this modelwas
demonstratedboth by successfukimulationsof the formation of suchasmicellesfrom a pool of randomly
distributedlipid-lik e particles,andtheformationof reversedmicelle structuresn anoil ervironmentcontain-
ing smallwaterdrops.

While therearevery promisingresults,muchwork remainsto be done.Our next objectie is to simulate

theformationof monolayerstructuresn anoil-waterinterfaceervironment,anddevelop computerprograms
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for athree-dimensionasimulation. This modelmay alsobe usedto study at the microscopiclevel, the self-
assemblyof differentprotocellstructuredn the evolutionary processandtheimpactof ervironmentalcondi-
tionsontheformationsof thesestructureslt mayalsobe usefulasatool to investigatehe effectsof changes
in the ervironment(suchaspH valuesandtemperaturen the solvent, the densityof thelipids, etc.) onthe
formation of lipid aggreyates,aswell asthe dynamic(RBuid-like) propertyof thoseaggr@ates. This model
may be further generalizedo simulatethe formationof othet morecomple structuresof amphiphiliccom-
ponentsAlong this line, we arecurrentlyexploring the possibility of further extendingthis modelto simulate
theformationof membrane-lik bilayer structuresWe hopethatfurtherprogressf thisresearctwill provide

substantialnsightinto the processf protocellstructureformations andprovide ausefultool for suchstudies.
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InterstellarMolecule Formula | BiochemicalMonomersandProperties

1. Hydrogen H, ReducingAgent, Protonation
2. Water H>O UniversalSolvent, Hydroxylation
3. Ammonia N Hj BaseCatalysis Amination

4. CarbonMonoxide CO(Hz) | HydrocarbonsaindFatty Acids

5. Formaldehyde CH>0 Monosaccharide&ibose)andGlycerol

6. Acetaldehyde CH3;CHO | Deoxypentosefdeoxyribose)

7. Aldehydes(HCN) RCHO | Amino Acids

8. Thioformaldehyde CH,S CysteineandMethionine

9. HydrogenCyanide HCN Purines(adenineguanine)andAmino Acids
10. Cyanacetylene HC3N Pyrimidines(cytosine,uracil, thymine)

11. Cyanamide HyNCN | PolypeptidesPolynucleotidegndLipids

12. PhosphindJupiter) PH; PhosphateandPolyphosphates

Tablel: Biochemicalmonomersandpropertieswhich canbederived from interstellarmoleculeq17].

21



Force Description Magnitude| Range| Residual
ak Tk by

f head-headttraction 40 15 0.4

f2 head-headepulsion 30 30 0

f3 tail-headrepulsion 30 30 0.6

fa head-tailrepulsion 30 30 0.6

f5 tail-tail attraction 40 40 0.4

fs (active) repulsiondueto incompressibility 1600 15 0

f7 | (reactve) repulsiondueto incompressibility, 1600 15 0

Table2: Parametersisedin simulationl.
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Figurel: Formationsof lipids in waterandoil ervironments[13].
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Figure2: Lipid particleN Thebasicelementin the simulation.
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(@)

Figure3: Theinteractionforcesdebnedin the model.
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Figure5: Systemof 200lipid particles,Simulationl.
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water drop

Figure7: InteractionforcesdebPnedfor reversedmicelle simulation.
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