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Abstract

Motivatedby recentlydevelopedcomputationatechniquedor studyingprotein e xibility , andtheir
potentialapplicationsn docking,we proposeanef cient methodfor samplingthe conformationakpace
of complex molecularstructuresWe focusontheloop closute problem,identi ed in thework of Thorpe
andLei [32] asaprimarybottleneckin the fastsimulationof moleculammotions.

By modelinga molecularstructureas a branching robot, we usean intuitive methodin which the
robotholdsontoitself for maintainingloop constraints.New conformationsaregeneratedy applying
randomexternal forces while internal, attractive forcespull the loops closed. Our implementation,
testedon several model moleculeswith low numberof degreesof freedombut mary interconnected
loops,givespromisingresultsthatshaov analmostfour timesspeed-umnthebenchmarlcube-molecule
of ThorpeandLei.

1 Intr oduction

Macromoleculesindego conformationakbhangego performtheir biologicalfunction. Experimentatech-
niques suchasX-ray crystallographyandNMR, areusedo extractinformationonindividual conformations
or ensembleshut lack the capability of capturingthe entire conformationspace.ln mary biological pro-
cessesfor exampleproteindocking, a proteinmoleculetransitionsfrom onelow-enegy conformationto
anothelin whichit is ableto bind theligand. To determinethe function of a macromoleculeit is therefore
necessaryo build arepresentatioof feasibleconformationathanges.

Many biologically relevant macromoleculegontain e xible rings. A valid conformationfor sucha
moleculemustsatisfythering closureconstraint$15] for everyoneof its loops. Thesetof all conformations
that satisfytheseconstraintgepresents vanishinglysmall portion of the overall conformationspace.As
a result, most conformationsgeneratedy the perturbationof a setof bond angleswill violate the ring
constraints.This makesthe explorationof the valid conformationspacefor a moleculewith e xible rings
computationallyery dif cult.



Approachedo samplethe conformationspaceof moleculeswith rings emplo/ a two-stepapproach.
Initially, a new con guration is obtainedby rotating someof the bondsof the molecule. The resulting
conformatiorviolatesthe loop closureconstraintsin a secondstep,theseconstraintsarere-attainedising
iterative procedures.

We proposea new, fastermethodfor samplingthe entire conformationspaceof molecularstructures
containingloops. The key contrikution of our papersconsistsof our approachof re-attainingloop clo-
sureconstraintgor arandomlyperturbedconformation.This methodis basedon standardechniquegrom
robotics. We modelthe moleculeasa branding robot that holds ontoitself to maintainloop constraints.
New conformationganef ciently begeneratedby applyingrandomexternalforces while internal, attrac-
tive forcespull theloopsclosed.

Our work builds uponthe generalmethodologyof ThorpeandLei [32], whichis incorporatednto the
ROCK softwaresystem[22, 26]. They decompose proteinstructureinto regionswith varying degreesof
exibility. Thenthey generateandommotionsof the atoms,while attemptingto reinstatethe constraints
imposedy thebondlengthsandanglesf thestructure Substantiatomputationagffort goesinto satisfying
theloop closue andstericconstraints.

Theproposeapproaclef ciently generatearepresentationf thevalid conformatiorspaceof molecules
with e xible rings. This valid conformationspaceis signi cantly smallerthanthe conformationspaceof
all possiblebondangles.Effectively, the proposedapproachesxploits the kinematicconstraintdmposed
by loopsto determinea signi cantly reducedconformationspace. Using this reducedspace,t becomes
computationallynuchmoretractableto perform computationdasedon enegetic considerationsin this
paperwe focuson the computatiorof this smallersearchspace Enegetic considerationsf searchin this
reducedspacearenot consideredbut canbeaccomplishedavith a variety of method€oundin theliterature
(seeSection?).

Theloop closureproblemis alsorelevantin otherareasof molecularbiology. In homologymodeling,
for example,the structureof a proteinis predictedby assemblingragmentsfrom a numberof homologs.
The matchingof the termini of thesefragmentscanbe viewed asaninstanceof theloop closureproblem.
Canutescetal. [7], Lotanetal. [23] andKolodry etal. [18] have successfullyappliedroboticstechniques
to this domain.

2 RelatedWork

Researcheisave investigatecanumberof differentapproacheto sampleheconformatiorspaceof molecules.
Moleculardynamicq33] simulationsnumericallysolve Newton's equationsof motionfor a detailedmodel
(suchasan atomicmodel)of a molecule. This procedureggenerates: trajectorythroughthe conformation
spaceof themolecule.Sincethetrajectoryis computedn adiscretizedashionwe cansaythatthis method
sampleghe conformationspaceof the molecule. Moleculardynamicssimulationsrequirelarge amounts
of computation.Consequentlythey canonly computea smallfractionof the total accessibleonformation
spaceof alarge moleculein areasonablamountof time.

In molecularstructuresatomsdo notmaove independentlyput insteadareconstraintedby covalentbonds
and otherinteractionswith atomsin the molecule. To ensurethat a moleculardynamicssimulationdoes
not violate theseconstraintsresearcherhave proposech numberof augmentationo the basicmolecular
dynamicsalgorithm.The Shale method27] implementsaniterative procedurdo satisfyspatialconstraints
betweeratoms.The Rattlealgorithm[2] extendsShale by alsoconsideringvelocity constraints Settle[25]
furtherimproveson Rattleby providing moreef cient computationsTheseapproachesonsidethemotion
of every atomindependentlyDueto this independencdahe motion of anatomwill violate the constraints
imposedby themolecularstructure.The Shale, Rattle,andSettlemethodssmploy aniterative approacto
re-attainviolatedconstraintsBecauséhevariousconstraint@aredependenthisis acomputationallycostly



procedureln contrasttheapproactproposedn this paperexploits techniquegrom roboticsto maintainall
but oneconstrainperloop duringthemotion. Consequentlyonly asingleconstrainhasto bere-attaineger
loop, irrespectie of the numberof atomspresenin thatloop. This signi cantly reducegshe computational
costcomparedo methodghatmove eachatomof a moleculeindependentlyThe computationatostof the
proposedilgorithmdepend®nthenumberof loopspermolecule ratherthanthe numberof atoms,making
it ef cient evenfor very large molecules.

Monte Carlosimulationsareadifferentmethodof samplingtheconformatiorspaceof amolecule. They
performarandomwalk in conformationspace piasedby the Metropoliscriterion[24]. This randomwalk
is not constrainedy Newton's law of motion, asit wasthe casein moleculardynamicssimulations,and
henceMonte Carlo simulationsare computationallymore ef cient than moleculardynamicssimulations.
Oneof thedravbacksof Monte Carlo simulationsis thatthey spendconsiderableomputationatesources
exploring local minima. Researcherbave devised a large numberof extensionsto the Monte Carlo al-
gorithm to addressghis problem. Theseextensionsinclude: the replica Monte Carlo method[30], the
mutlicanonicakensemblenethod[3], entropicsampling[21], methodsbasedon weightedhistogramg19],
paralleltempering[17], jump walking [14], multicanonicaljump walking [34], smartwalking [36], and
localenegy attening [35]. Thesemethodsattemptto renderthe explorationof conformationspacemore
ef cient basedon enegetic considerationsHowever, in the context of moleculeswith e xible rings, the
mostsevereconstraintson con guration spaceareimposedoy loop closureconstraintsandnot by eneget-
ics. An enegeticallyfavorableconformationwill generallyhave very few otherfavorableconformationsn
its neighborhoodsinceadjacentonformationsnayviolatetheloop closureconstraintsWithoutanexplicit
treatmentof loop closureconstraintstheseextensionsto the Monte Carlo methodare not well suitedfor
moleculeswith e xible loops.

The proposedapproacicanbe viewed ascomplementaryo Monte Carlo simulationsin the context of
moleculeswith e xible loops. The methoddescribedn this paperdetermineghe partof the conformation
spaceof a moleculewith loops that satis es the loop closureconstraints. This subsetof the conforma-
tion spaceis computedwithout consideringenepgetics. Monte Carlo simulationsthat arerestrictedto this
valid subsebf the overall conformationspacecanthenbe usedto considerenegetic considerationsnuch
moreef ciently, asthey will only sampleconformationghat satisfyloop closureconstraints.Effectively,
the methoddescribedn this paperexploits the kinematicsconstraintsof moleculeswith loopsto reduce
the searchspaceavailable to Monte Carlo simulations,thus signi cantly increasingtheir computational
efciency.

During a Monte Carlo simulation, the randomchangeof a single bond angle may resultin a large
displacementf large portionsof the molecule.This is not necessarilypiologically plausibleandtherefore
researcherbave devisedspecialMonte Carlo movesthatonly affect alocal areaof the molecule.A move
consistof selectinga shortlinearsegmentof the moleculeandchangingts conformationwithout affecting
otherpartsof the molecule. Note thatthe shortlinear segmentcanbe viewed asa e xible loop. Methods
to perform suchlocal movesinclude randomwalks in a lattice [29], numericalapproacheso determine
valid conformationgfor the shortlinear sgment[13], “wriggling” the chainand re-attainingconstraints
usinglinearalgebrg6], andthelocal applicationof Shale [1]. All of thesemethodssuffer from the same
problemsasShale thatwerediscusse@bove. Furthermorethey have only beenappliedto shortsegments,
ratherthanloopsof arbitrarylength.

Anothermethodof samplingthe conformationspaceof moleculeperformsexhaustve searcH4]. The
searchspacdor suchanexhaustve searchgrows exponentiallywith the numberof rotatablebonds.Con-
sequentlythesecomputationsoecomeintractable,even for relatively shortmolecules. Furthermorethis
approachs not well suitedfor moleculeswith loops: dependingon the discretizationof the space Joop
closureconstraintcannotnecessarilype satis ed by con gurationschooserfrom alatticein conformation
space.



ThorpeandLei [32] werethe rst to be explicitly concernedwvith moleculescontainingmary inter
connected,e xible loops. Given a conformation,ThorpeandLei's approachattemptsto samplethe space
aroundit by randomlyperturbingtheanglesata chosersetof bonds.Thedif culty of theloop closureprob-
lemliesin nding asolutionto a complicatedalgebraicsystemof equationsaccomplishedby minimizing
a ctitious ring closue potential However, becauséhe perturbedondanglesareofteninterdependenta
solutionmay not exist, resultingin a high rejectionrate.

To the bestof our knowvledge, only one other approachhasbeenproposedior generatingmolecular
conformationswith loopstaken underconsiderationln therecentwork of [10], the generaltechniquefor
loopclosureof [11], calledRandonloopGeneator (RLG), is appliedto proteins.RLG hasbeendeveloped
in roboticsandfollows from thework of LaValle etal. [20] andHanandAmato[16] in thedomainof path
planning. The algorithmof [20] breaksthe loops,thenusesiterative distanceminimizationto restorethe
loop constraints Both [16] and[11] partitiontheloopsinto activeandpassivechains;forward kinematics
is appliedto the active chains,while inversekinematicsis appliedto maintainthe loop closure. More
speci cally, samplingis accomplishedby selectingrandomvaluesfor the active chainsthen nding values
for the passie chainsthatclosetheloop; however, just asin the caseof ThorpeandLei's approachit is not
alwayspossibleto nd avalid con gurationfor the passie chains resultingin arejection.

3 Methodology

We describenow our methodfor ef ciently samplingthe conformationspaceof a molecularstructurewhen
stericclashesare ignored Indeed,aswe alreadypointedout, a major challengan generatinghen confor
mationsis loop closure.

3.1 Initial framework

To bagin with, we describeheframenork usedto modelthe molecularstructure:a branding robot whose
key building blockis a simplerobotarm.

3.1.1 Simplerobotarm

The kinematicsof robot armsis well-understoocand coveredin mostgraduate-ieel roboticstexts, such
as[12]. We presentereabrief overview, adaptedo our speci ¢ context.

Frame assignment. A robotarm is a singlechainconsistingof joints connectedy links. It is important
to notethatthe rst andlastelementsf the chainare special;they actuallyarenot consideredoints and
are calledthe baseand end effector, respecirely, of the robotarm. SeeFigure 1 for an example. We
consideronly revolute joints, i.e. joints that allow rotationalmotion abouta x ed axis; we call  the
variablerepresentinghis single degreeof freedom. Jointsare labeled ; link  connectsloint to
Joint . In our model,revolutejoints areassociateavith atomsandconstant-lengthinks with bonds.
We attachrigidly to eachlink acoordinateframe althoughary framemaybechosenthereis astandard

conventionin roboticsfor frameassignmentReferto Figurel for frameassignmenten the examplerobot
arm. We denoteby Frame the frameattachedo link ; by corvention,its origin  lies on Joint and
its alignswith Joint 's axis of rotation. The -axisis onthecommonnormalof and , andthe

-axisis choserto obey aright-handcoordinatesystem.A specialworld frame denoted=rame , is chosen
asthe framein whichto expressall others;for simplicity, its origin is choserasthe bases position. Once
frameshave beenchosena homa@eneoudransformatiommatrix ~ from theworld frameto Frame
is determined.
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Figurel: Examplerobotarmandattachedrames.

Force propagation. TheJacobianmatrix relatestherateof changeof the positionandorientationof the
endeffectorto thoseof thejoints. We now shav how to computet. The Jacobiarconsistof acolumn
for eachdegreeof freedom(or joint), with 3 rows correspondindgo positionand 3 rows correspondindo
orientation,andis expressedsfollows:

For Joint , we usetheaxisof rotation andorigin  of theframeattachedo link , foundin thethird and
fourth columnsof |, respectiely.

Theinstantaneousffectof aforce (with 6 componentsgorrespondingo positionandorientation)at
theendeffectorcannow beexpressedy the equation:

where is an -vectorfor the torquesat eachjoint resultingfrom the force. We approximatethe next
con guration of therobotarm by updatingeach to thevalue , Where is aconstanthatcanbe
thoughtof asthetime step;notethatwe considerall joints to have unit mass.

3.1.2 Branching robot

Molecular structuresare often more complicatedthan a simple openchain. We introducethe conceptof
a branching robot to accommodateuchstructures. A branchingrobot is preciselyits namesa&: joints
connectedy links in atree-like fashion.For sucharobot,thereis a specialbase correspondingo theroot
of thetree.Every otherjoint is connectedo the baseby links alonga singlewell-de ned branchor path.

Branchingrobots[9] have the following theoryestablishedor force propagation Whena forceis ap-
pliedatajoint, we canconsidetthebranchfrom thebaseo thatjoint to bea simplerobotarm;thetechniques
from Section3.1.1areapplied. If multiple forcesareappliedsimultaneouslythe resultingtorquesaread-
ditive andindependentthus,we simply accumulatehe torquesfrom eachforce beforeapproximatinghe
next con gurationof therobot.
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Figure2: Initializationandloop closureon simple2d example.

Breaking loops. Becauseour input structureis expectedto have mary interconnectedoops, we initially
breaktheseconstraintgo associate branchingrobot. We begin by viewing the structureasa simplegraph
on edgesandvertices;arootandspanningreearearbitrarily choserfor this graph(usinga standardinear
time spanningreealgorithm,e.g.breadth- rst-search}p allow thestructureo beinterpretecasabranching
robot. Thenwe introducesereralnew vertices,to be usedin theloop closuremethod,asfollows. Consider
theedgesotincludedin the spanningree;they correspondo loopsthathave beenbroken. For eachsuch
edgewe duplicatethe endpointswe call the duplicatedendpointsheloop verticesandthe corresponding
originalstheir partnes. SeeFigure 2 for a simple 2d example; Figure 3 containsa 3d example. Each
duplicatedendpointis thenattachedo the oppositeoriginal loop endpointmaintainingthe tree constraint.
This completeghe constructiorof the branchingrobot.

3.2 Samplingthe conformation space

We now describethe samplingof the conformationspace. While we experimentedwith a few otherap-
proacheswhatwe presenthereis the mosteffective andef cient. Generatiorof a nev sampleconsistsof
two stagesthe rst stagebreakstheloop constraintswhile the secondestoreghem.

3.2.1 Stagel: extemal force

The rst stageappliesa randomexternalforceto the branchingrobot; the effect of suchaforce breaksthe
loop constraints.SeeFigure 3(b) for an exampleof the effect of sucha force. Note thatthe lighter loop
verticesareno longeralignedwith their partners.

3.2.2 Stage2: internal, attractive forces

Oncethe loop constraintshave beenviolated, we useinternal, attractive forcesto closethe loops. Each
loop vertex andpartnerthatarenot alignedresultin anattractve force betweerthem;seeFigure2(c) for a
simpletwo-dimensionakxampleillustratingthis conceptWe applyall suchinternalforcesanditerateuntil

theloop verticesandtheir partnersalign; notethatwe allow a smallerrortolerance Becauseotationabout
theloop edgeis allowed, this satis estheloop constraint.A morecomple three-dimensionadxampleof

theloop closureapproachs shavn in Figure3.
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Figure3: 3d exampleof loop closureapproach.



4 Model Moleculesand Results

To validate our methodand comparetimings, we presentthree model molecules. They correspondo
subdvisions of the simplestplatonic polyhedra: the tetrahedroncubeand octahedron. The cube model
moleculeC S H wasdesignedn [32] to demonstrat¢he effectivenesof exploring conformationspace
of moleculeswith mary interconnectedings. We useit to compareour methodwith [32]. We have de-
signedseveral othermodelsstartingfrom pure mathematicaprinciples: the readeris advisedthat we did
notintendthemto have ary chemicalmeaning.They have exactly two degreesof freedom to allow for the
effective visualizationof theconformatiorspacesampling.Thebrokenloopscorrespondo facesof thecor
respondingoolyhedronandallow for a reliablemathematicahccountingof the stateddegreesof freedom.
They permitan easyreplicationof our computationakxperimentswhich suggesthat the methodscales
well with the numberof broken loops. The geometryfor our modelswasfound usingthe freely licensed
ArgusLabsoftware [31], which alsoattachedatomicinterpretationgo the nodesandaddedthe hydrogen
atomsconnectedo thecornernodesof our polyhedra.

4.1 Cubemodelmolecule

Figure 4 depictsan exampleconformationof the molecule. It consistsof 8 carbonatoms(mediumgray
spheresatthe cornersof a cube,with 8 hydrogernatoms(smallwhite spheresattachedo each;20 sulphur
atoms(large gold spheresmake up the restof the molecule. The distancesetweencarbonand sulphur
sulphurand sulphur and carbonand hydrogenatomsare 1.805A, 2.01A, and1.12M, respecitely. All
bondanglesaboutthecarboratomsare109.5 ; sulphurbondanglesarel35 . As statedn [32], themolecule
hastwo degreesof freedom which canberepresentedstorsionalangles and in Figure4.

Figure4: Model moleculeC S H . Thereare8 carbonatoms(mediumgray spheresyith 8 hydrogen
atoms(smallwhite spheresattachedo each;20 sulphuratoms(large gold spheresimake up therestof the
molecule.This moleculehastwo degreesof freedom shavn astorsionalangles and

4.1.1 Symmetries

Themodelmoleculehastwo symmetrieoon  and
Symmetry 1

Symmetry 2
We malke useof themin our samplingmethodjustlike [32].
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Figure5: Tetrahedroimodelmoleculeandresults.

4.2 Tetrahedron and octahedion model molecules

The tetrahedon modelmolecule(depictedin Figure 5(a)) has4 carbonatoms(mediumgray spheresht
the cornersof a tetrahedron.Eachcarbonhasa hydrogenatom (small white sphere)attachedto it; 14
sulphuratoms(large gold spheres)ie alongthe edgesof the tetrahedron.The octahedon modelmolecule
is depictedin Figure6(a). An octahedroris de ned by the 6 carbonatoms(mediumgray spheresyith 32
sulphuratoms(large gold spherespn the edges.lt is interestingto note thatthe samplingresultsfor the
tetrahedrommoleculeshav thatnot all the valuesof the sampleddegreesof freedomarepresenin thereal
conformationf themolecule.

4.3 Results

Oursystemwasimplementedn Javzaandrunonalntel PentiumM 1600MHz processorFigure4.3depicts
several resultson the cubemolecule,shaving that our approachquickly begins samplingthe space(see
Figure7(a));asmoreconformationsareproducedthe samplingbecomesner.

Notethatthe previously discussedymmetrieson the cubemodelmoleculewereapplied. An example
generatedonformatioralongwith azoomof theloop closureds shavn in Figure8.

Resultsfor the tetrahedrorand octahedrommoleculesare shavn in Figures5(b) and6(b), respectiely.
Table4.3 comparesesultson all threemolecules.

5 Conclusionsand Future Work
Wehave presentednen approactbasednroboticsmethodologyfor effectively samplingheconformation

spaceof molecularstructuresparticularlythosewith interconnectedoops. By modelinga moleculeasa
branchingrobot,we apply externalforcesto generateen conformationsanduseattractie, internalforces
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Figure6: Octahedrormodelmoleculeandresults.

Number| Number Numberof Timeto generate

of atoms| of bonds| “broken” loops | 500conformations

Tetrahedron 22 24 3 60 minutes
Cube 36 40 5 100minutes
Octahedron 38 44 7 130minutes

Tablel: Comparisorof threemodelmolecules.
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(a) 32 conformationsn 6 minutes. (b) 152 conformationsn 22 minutes.

(c) 415conformationsn 73 minutes. (d) 5,022conformationsn 13 hours,27 min-
utes.

Figure7: Sampledconformationspaceresults;notethatsymmetriesvereappliedto the generateatonfor
mations.
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Figure8: Generatedonformationof modelmolecule.On the left is a zoomof severalloop closuresihe
smallverticesrepresentheloop vertices.Notethe smallamountof toleratederror.

to maintainloop closureconstraints While basedon techniquegrom robotics,the backgroundequiredin
this eld is minimal.

We are aware only of [32] and[10] as other algorithmsfor generatingconformationsof molecular
structureswith loop constraintdaken underconsideration.Both of themmustdealwith the problemthat
randomlyperturbingportionsof interconnectedbopscouldresultin analgebraicsystemwith no solution;
our approaclis ableto avoid the obsered large rejectionprobability by usinginternalforcesto pull loops
closed.

The system,implementedn Java, was testedon seseral model moleculeswith mary interconnected
loops,but few degreesof freedom;evenwith no particularattentionto codeoptimization,it performsalmost
four timesasfaston the cubemodelmoleculefrom [32]. Our resultsalsoshav thatthe algorithmbegins
samplingthe spacevery effectively within a shortperiod of time (about5 minutes),with the sampling
becomingner asmoreconformationsaregenerated.

Futur e dir ections. While our resultsindicatessigni cant speed-upn samplingconformationakpaces,
vanderWaalsoverlapandenegy calculationshave not yet beenconsideredn this paper Theirintegration
into our systemwith a specialattentionpaidto speedandaccurag andalongwith a systematienathemat-
ical andbio-chemicalvalidation,will be pursuechext.
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