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Abstract

Motivatedby recentlydevelopedcomputationaltechniquesfor studyingprotein�e xibility , andtheir
potentialapplicationsin docking,weproposeanef�cient methodfor samplingtheconformationalspace
of complex molecularstructures.Wefocusontheloopclosureproblem,identi�ed in thework of Thorpe
andLei [32] asa primarybottleneckin thefastsimulationof molecularmotions.

By modelinga molecularstructureasa branching robot, we usean intuitive methodin which the
robotholdsonto itself for maintainingloop constraints.New conformationsaregeneratedby applying
randomexternal forces, while internal, attractive forcespull the loops closed. Our implementation,
testedon several model moleculeswith low numberof degreesof freedombut many interconnected
loops,givespromisingresultsthatshow analmostfour timesspeed-uponthebenchmarkcube-molecule
of ThorpeandLei.

1 Intr oduction

Macromoleculesundergo conformationalchangesto performtheir biologicalfunction. Experimentaltech-
niques,suchasX-raycrystallographyandNMR, areusedto extractinformationonindividualconformations
or ensembles,but lack thecapabilityof capturingtheentire conformationspace.In many biologicalpro-
cesses,for exampleproteindocking,a proteinmoleculetransitionsfrom onelow-energy conformationto
anotherin which it is ableto bind theligand. To determinethefunctionof a macromolecule,it is therefore
necessaryto build a representationof feasibleconformationalchanges.

Many biologically relevant macromoleculescontain�e xible rings. A valid conformationfor sucha
moleculemustsatisfythering closureconstraints[15] for everyoneof its loops.Thesetof all conformations
thatsatisfytheseconstraintsrepresentsa vanishinglysmall portionof theoverall conformationspace.As
a result, most conformationsgeneratedby the perturbationof a set of bond angleswill violate the ring
constraints.This makestheexplorationof thevalid conformationspacefor a moleculewith �e xible rings
computationallyverydif�cult.
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Approachesto samplethe conformationspaceof moleculeswith rings employ a two-stepapproach.
Initially, a new con�guration is obtainedby rotating someof the bondsof the molecule. The resulting
conformationviolatestheloop closureconstraints.In a secondstep,theseconstraintsarere-attainedusing
iterative procedures.

We proposea new, fastermethodfor samplingthe entireconformationspaceof molecularstructures
containingloops. The key contribution of our papersconsistsof our approachof re-attainingloop clo-
sureconstraintsfor a randomlyperturbedconformation.This methodis basedon standardtechniquesfrom
robotics. We modelthe moleculeasa branching robot thatholdsonto itself to maintainloop constraints.
New conformationscanef�ciently begeneratedby applyingrandomexternalforces, while internal,attrac-
tive forcespull theloopsclosed.

Our work builds uponthegeneralmethodologyof ThorpeandLei [32], which is incorporatedinto the
ROCK softwaresystem[22, 26]. They decomposea proteinstructureinto regionswith varyingdegreesof
�exibility. Thenthey generaterandommotionsof the atoms,while attemptingto reinstatethe constraints
imposedby thebondlengthsandanglesof thestructure.Substantialcomputationaleffort goesintosatisfying
theloopclosure andstericconstraints.

Theproposedapproachef�ciently generatesarepresentationof thevalidconformationspaceof molecules
with �e xible rings. This valid conformationspaceis signi�cantly smallerthantheconformationspaceof
all possiblebondangles.Effectively, theproposedapproachesexploits thekinematicconstraintsimposed
by loopsto determinea signi�cantly reducedconformationspace.Using this reducedspace,it becomes
computationallymuchmoretractableto performcomputationsbasedon energetic considerations.In this
paper, we focuson thecomputationof this smallersearchspace.Energeticconsiderationsof searchin this
reducedspacearenotconsidered,but canbeaccomplishedwith avarietyof methodsfoundin theliterature
(seeSection2).

The loop closureproblemis alsorelevant in otherareasof molecularbiology. In homologymodeling,
for example,thestructureof a proteinis predictedby assemblingfragmentsfrom a numberof homologs.
Thematchingof thetermini of thesefragmentscanbeviewedasan instanceof the loop closureproblem.
Canutescuet al. [7], Lotanet al. [23] andKolodny et al. [18] have successfullyappliedroboticstechniques
to this domain.

2 RelatedWork

Researchershaveinvestigatedanumberof differentapproachestosampletheconformationspaceof molecules.
Moleculardynamics[33] simulationsnumericallysolve Newton's equationsof motionfor adetailedmodel
(suchasanatomicmodel)of a molecule.This proceduregeneratesa trajectorythroughtheconformation
spaceof themolecule.Sincethetrajectoryis computedin adiscretizedfashion,wecansaythatthismethod
samplesthe conformationspaceof the molecule. Moleculardynamicssimulationsrequirelarge amounts
of computation.Consequently, they canonly computea small fractionof thetotal accessibleconformation
spaceof a largemoleculein a reasonableamountof time.

In molecularstructures,atomsdonotmoveindependentlybut insteadareconstraintedby covalentbonds
andother interactionswith atomsin the molecule. To ensurethat a moleculardynamicssimulationdoes
not violate theseconstraints,researchershave proposeda numberof augmentationsto thebasicmolecular
dynamicsalgorithm.TheShakemethod[27] implementsaniterative procedureto satisfyspatialconstraints
betweenatoms.TheRattlealgorithm[2] extendsShakeby alsoconsideringvelocityconstraints.Settle[25]
furtherimprovesonRattleby providing moreef�cient computations.Theseapproachesconsiderthemotion
of every atomindependently. Dueto this independence,themotionof anatomwill violate theconstraints
imposedby themolecularstructure.TheShake,Rattle,andSettlemethodsemploy aniterative approachto
re-attainviolatedconstraints.Becausethevariousconstraintsaredependent,this is acomputationallycostly
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procedure.In contrast,theapproachproposedin thispaperexploits techniquesfrom roboticsto maintainall
but oneconstraintperloopduringthemotion.Consequently, only asingleconstrainthasto bere-attainedper
loop, irrespective of thenumberof atomspresentin thatloop. This signi�cantly reducesthecomputational
costcomparedto methodsthatmoveeachatomof amoleculeindependently. Thecomputationalcostof the
proposedalgorithmdependson thenumberof loopspermolecule,ratherthanthenumberof atoms,making
it ef�cient evenfor very largemolecules.

MonteCarlosimulationsareadifferentmethodof samplingtheconformationspaceof amolecule.They
performa randomwalk in conformationspace,biasedby theMetropoliscriterion[24]. This randomwalk
is not constrainedby Newton's law of motion,asit wasthe casein moleculardynamicssimulations,and
henceMonte Carlo simulationsarecomputationallymoreef�cient thanmoleculardynamicssimulations.
Oneof thedrawbacksof MonteCarlosimulationsis that they spendconsiderablecomputationalresources
exploring local minima. Researchershave devised a large numberof extensionsto the Monte Carlo al-
gorithm to addressthis problem. Theseextensionsinclude: the replica Monte Carlo method[30], the
mutlicanonicalensemblemethod[3], entropicsampling[21], methodsbasedon weightedhistograms[19],
parallel tempering[17], jump walking [14], multicanonicaljump walking [34], smartwalking [36], and
local energy �attening [35]. Thesemethodsattemptto rendertheexplorationof conformationspacemore
ef�cient basedon energetic considerations.However, in the context of moleculeswith �e xible rings, the
mostsevereconstraintson con�gurationspaceareimposedby loop closureconstraintsandnot by energet-
ics. An energeticallyfavorableconformationwill generallyhave very few otherfavorableconformationsin
its neighborhood,sinceadjacentconformationsmayviolatetheloopclosureconstraints.Withoutanexplicit
treatmentof loop closureconstraints,theseextensionsto the Monte Carlo methodarenot well suitedfor
moleculeswith �e xible loops.

Theproposedapproachcanbeviewedascomplementaryto MonteCarlosimulationsin thecontext of
moleculeswith �e xible loops.Themethoddescribedin this paperdeterminesthepartof theconformation
spaceof a moleculewith loops that satis�es the loop closureconstraints.This subsetof the conforma-
tion spaceis computedwithout consideringenergetics. MonteCarlosimulationsthatarerestrictedto this
valid subsetof theoverall conformationspacecanthenbeusedto considerenergetic considerationsmuch
moreef�ciently, asthey will only sampleconformationsthat satisfyloop closureconstraints.Effectively,
the methoddescribedin this paperexploits the kinematicsconstraintsof moleculeswith loopsto reduce
the searchspaceavailable to Monte Carlo simulations,thus signi�cantly increasingtheir computational
ef�ciency.

During a Monte Carlo simulation, the randomchangeof a single bond anglemay result in a large
displacementof largeportionsof themolecule.This is not necessarilybiologically plausibleandtherefore
researchershave devisedspecialMonteCarlomovesthatonly affect a local areaof themolecule.A move
consistsof selectingashortlinearsegmentof themoleculeandchangingits conformationwithoutaffecting
otherpartsof themolecule.Note that theshortlinearsegmentcanbeviewedasa �e xible loop. Methods
to performsuchlocal moves includerandomwalks in a lattice [29], numericalapproachesto determine
valid conformationsfor the short linear segment[13], “wriggling” the chainand re-attainingconstraints
usinglinearalgebra[6], andthe local applicationof Shake [1]. All of thesemethodssuffer from thesame
problemsasShake thatwerediscussedabove. Furthermore,they have only beenappliedto shortsegments,
ratherthanloopsof arbitrarylength.

Anothermethodof samplingtheconformationspaceof moleculesperformsexhaustive search[4]. The
searchspacefor suchanexhaustive searchgrows exponentiallywith thenumberof rotatablebonds.Con-
sequently, thesecomputationsbecomeintractable,even for relatively shortmolecules.Furthermore,this
approachis not well suitedfor moleculeswith loops: dependingon the discretizationof the space,loop
closureconstraintscannotnecessarilybesatis�edby con�gurationschoosenfrom a latticein conformation
space.
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ThorpeandLei [32] were the �rst to be explicitly concernedwith moleculescontainingmany inter-
connected,�e xible loops. Givena conformation,ThorpeandLei's approachattemptsto samplethespace
aroundit by randomlyperturbingtheanglesatachosensetof bonds.Thedif�culty of theloopclosureprob-
lem lies in �nding a solutionto a complicatedalgebraicsystemof equations,accomplishedby minimizing
a �ctitious ring closure potential. However, becausetheperturbedbondanglesareofteninter-dependent,a
solutionmaynotexist, resultingin ahigh rejectionrate.

To the bestof our knowledge,only oneotherapproachhasbeenproposedfor generatingmolecular
conformations,with loopstakenunderconsideration.In therecentwork of [10], thegeneraltechniquefor
loopclosureof [11], calledRandomLoopGenerator (RLG), is appliedto proteins.RLG hasbeendeveloped
in roboticsandfollows from thework of LaValleet al. [20] andHanandAmato[16] in thedomainof path
planning. The algorithmof [20] breaksthe loops,thenusesiterative distanceminimizationto restorethe
loop constraints.Both [16] and[11] partitionthe loopsinto activeandpassivechains;forwardkinematics
is appliedto the active chains,while inversekinematicsis appliedto maintainthe loop closure. More
speci�cally, samplingis accomplishedby selectingrandomvaluesfor theactive chains,then�nding values
for thepassive chainsthatclosetheloop;however, justasin thecaseof ThorpeandLei'sapproach,it is not
alwayspossibleto �nd avalid con�gurationfor thepassive chains,resultingin a rejection.

3 Methodology

Wedescribenow ourmethodfor ef�ciently samplingtheconformationspaceof amolecularstructurewhen
stericclashesare ignored. Indeed,aswe alreadypointedout,a major challengein generatingnew confor-
mationsis loopclosure.

3.1 Initial framework

To begin with, wedescribetheframework usedto modelthemolecularstructure:abranching robot, whose
key building block is asimplerobotarm.

3.1.1 Simple robot arm

The kinematicsof robot armsis well-understoodandcoveredin mostgraduate-level roboticstexts, such
as[12]. Wepresenthereabrief overview, adaptedto ourspeci�c context.

Frame assignment.A robotarm is a singlechainconsistingof joints connectedby links. It is important
to notethat the �rst andlastelementsof thechainarespecial;they actuallyarenot consideredjoints and
arecalled the baseandendeffector, respectively, of the robot arm. SeeFigure1 for an example. We
consideronly revolute joints, i.e. joints that allow rotationalmotion abouta �x ed axis; we call

���

the
variablerepresentingthis singledegreeof freedom.Jointsarelabeled �����������
	 ; link � connectsJoint � to
Joint �
��� . In ourmodel,revolutejointsareassociatedwith atomsandconstant-lengthlinks with bonds.

Weattachrigidly to eachlink acoordinateframe; althoughany framemaybechosen,thereis astandard
conventionin roboticsfor frameassignment.Referto Figure1 for frameassignmentson theexamplerobot
arm. We denoteby Frame � the frameattachedto link � ; by convention, its origin �

�

lies on Joint � and
its �

�

alignswith Joint � 's axis of rotation. The � -axis is on the commonnormalof �

�

and �

�����

, andthe
� -axisis chosento obey aright-handcoordinatesystem.A specialworld frame, denotedFrame� , is chosen
astheframein which to expressall others;for simplicity, its origin is chosenasthebase's position. Once
frameshave beenchosen,a ����� homogeneoustransformationmatrix �

�

from theworld frameto Frame�

is determined.
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Figure1: Examplerobotarmandattachedframes.

Forcepropagation.TheJacobianmatrix � relatestherateof changeof thepositionandorientationof the
endeffectorto thoseof thejoints. Wenow show how to computeit. The ��� 	 Jacobianconsistsof acolumn
for eachdegreeof freedom(or joint), with 3 rows correspondingto positionand3 rows correspondingto
orientation,andis expressedasfollows:

!
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�

�"�

�

�$#%���&# '�'�'(�
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���
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'�'�'(�*)+���,)
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�
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For Joint � , weusetheaxisof rotation �

�

andorigin �

�

of theframeattachedto link � , foundin thethird and
fourthcolumnsof �

�

, respectively.
Theinstantaneouseffectof a force . (with 6 components,correspondingto positionandorientation)at

theendeffectorcannow beexpressedby theequation:/10

�324.5�

where

/

is an 	 -vector for the torquesat eachjoint resultingfrom the force. We approximatethe next
con�gurationof therobotarmby updatingeach

�$�

to thevalue
���

�76

/

�

, where 6 is a constantthatcanbe
thoughtof asthetime step;notethatwe considerall joints to have unit mass.

3.1.2 Branching robot

Molecularstructuresareoften morecomplicatedthana simpleopenchain. We introducethe conceptof
a branching robot to accommodatesuchstructures.A branchingrobot is preciselyits namesake: joints
connectedby links in a tree-like fashion.For sucha robot,thereis aspecialbase, correspondingto theroot
of thetree.Everyotherjoint is connectedto thebaseby links alongasinglewell-de�ned branchor path.

Branchingrobots[9] have the following theoryestablishedfor forcepropagation.Whena force is ap-
pliedatajoint, wecanconsiderthebranchfrom thebaseto thatjoint to beasimplerobotarm;thetechniques
from Section3.1.1areapplied. If multiple forcesareappliedsimultaneously, the resultingtorquesaread-
ditive andindependent;thus,we simply accumulatethe torquesfrom eachforcebeforeapproximatingthe
next con�gurationof therobot.
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(a) Initial structure. (b) Treewith new (lighter) loop ver-
ticesandcorrespondingpartners.

(c) Attractive loop closure forces
onbranchingrobot.

Figure2: Initializationandloop closureon simple2d example.

Breaking loops. Becauseour input structureis expectedto have many interconnectedloops,we initially
breaktheseconstraintsto associatea branchingrobot.Webegin by viewing thestructureasa simplegraph
onedgesandvertices;a rootandspanningtreearearbitrarilychosenfor thisgraph(usingastandardlinear-
timespanningtreealgorithm,e.g.breadth-�rst-search),toallow thestructureto beinterpretedasabranching
robot. Thenwe introduceseveralnew vertices,to beusedin theloop closuremethod,asfollows. Consider
theedgesnot includedin thespanningtree;they correspondto loopsthathave beenbroken. For eachsuch
edge,we duplicatetheendpoints;we call theduplicatedendpointstheloop verticesandthecorresponding
originals their partners. SeeFigure 2 for a simple 2d example; Figure 3 containsa 3d example. Each
duplicatedendpointis thenattachedto theoppositeoriginal loop endpoint,maintainingthetreeconstraint.
Thiscompletestheconstructionof thebranchingrobot.

3.2 Sampling the conformation space

We now describethe samplingof the conformationspace.While we experimentedwith a few otherap-
proaches,whatwe presenthereis themosteffective andef�cient. Generationof a new sampleconsistsof
two stages:the�rst stagebreakstheloop constraints,while thesecondrestoresthem.

3.2.1 Stage1: external force

The�rst stageappliesa randomexternalforceto thebranchingrobot; theeffect of sucha forcebreaksthe
loop constraints.SeeFigure3(b) for an exampleof the effect of sucha force. Note that the 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 anattractive forcebetweenthem;seeFigure2(c) for a
simpletwo-dimensionalexampleillustratingthisconcept.Weapplyall suchinternalforcesanditerateuntil
theloopverticesandtheir partnersalign;notethatweallow asmallerrortolerance.Becauserotationabout
the loop edgeis allowed, this satis�esthe loop constraint.A morecomplex three-dimensionalexampleof
theloopclosureapproachis shown in Figure3.
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(a) Initial struc-
ture.

(b) A randomexternal force
breaksloop constraints;note
tree structure with (lighter)
loopvertices.

(c) Attractive, internal
forces begin to close
loops.

(d) Loopclosure. (e) Loopclosure. (f) Loop closure. (g) Loopsconsid-
ered closed with
a small error tol-
erance.

Figure3: 3d exampleof loop closureapproach.
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4 Model Moleculesand Results

To validateour methodand comparetimings, we presentthreemodel molecules. They correspondto
subdivisions of the simplestplatonicpolyhedra: the tetrahedron,cubeandoctahedron.The cubemodel
moleculeC8 S#:9 H 8 wasdesignedin [32] to demonstratetheeffectivenessof exploring conformationspace
of moleculeswith many interconnectedrings. We useit to compareour methodwith [32]. We have de-
signedseveral othermodelsstartingfrom puremathematicalprinciples: the readeris advisedthat we did
not intendthemto have any chemicalmeaning.They have exactly two degreesof freedom,to allow for the
effectivevisualizationof theconformationspacesampling.Thebrokenloopscorrespondto facesof thecor-
respondingpolyhedronandallow for a reliablemathematicalaccountingof thestateddegreesof freedom.
They permit an easyreplicationof our computationalexperiments,which suggestthat the methodscales
well with the numberof broken loops. The geometryfor our modelswasfound usingthe freely licensed
ArgusLabsoftware[31], which alsoattachedatomicinterpretationsto the nodesandaddedthe hydrogen
atomsconnectedto thecornernodesof ourpolyhedra.

4.1 Cubemodelmolecule

Figure4 depictsan exampleconformationof the molecule. It consistsof 8 carbonatoms(mediumgray
spheres)at thecornersof acube,with 8 hydrogenatoms(smallwhitespheres)attachedto each;20 sulphur
atoms(large gold spheres)make up the restof the molecule. The distancesbetweencarbonandsulphur,
sulphurandsulphur, andcarbonandhydrogenatomsare1.805	A, 2.019	A, and1.120	A, respectively. All
bondanglesaboutthecarbonatomsare109.5; ; sulphurbondanglesare135; . As statedin [32], themolecule
hastwo degreesof freedom,whichcanberepresentedastorsionalangles

�
�

and
�

# in Figure4.

Figure4: Model moleculeC8 S#:9 H 8 . Thereare8 carbonatoms(mediumgray spheres)with 8 hydrogen
atoms(smallwhitespheres)attachedto each;20 sulphuratoms(largegoldspheres)make up therestof the
molecule.This moleculehastwo degreesof freedom,shown astorsionalangles

�<�

and
�

# .

4.1.1 Symmetries

Themodelmoleculehastwo symmetrieson
�=�

and
�

# .
Symmetry 1 >

�$�

�

�

#@?BAC>

�

#@�

�*�

?

Symmetry 2 >

�$�

�

�

#@?&AC>:D

���

�ED

�

#�?

Wemakeuseof themin oursamplingmethod,just like [32].

8



(a)Structure:thereare4 carbon
atoms (medium gray spheres)
with 4 hydrogenatoms(small
whitespheres)attachedtoeach;
14 sulphur atoms (large gold
spheres)makeuptherestof the
molecule. This moleculehas
two degreesof freedom,shown
astorsionalanglesFHG and FJI .

(b) Sampledconformationspace.

Figure5: Tetrahedronmodelmoleculeandresults.

4.2 Tetrahedron and octahedron modelmolecules

The tetrahedron modelmolecule(depictedin Figure5(a)) has4 carbonatoms(mediumgray spheres)at
the cornersof a tetrahedron.Eachcarbonhasa hydrogenatom (small white sphere)attachedto it; 14
sulphuratoms(largegold spheres)lie alongtheedgesof thetetrahedron.Theoctahedron modelmolecule
is depictedin Figure6(a). An octahedronis de�ned by the6 carbonatoms(mediumgrayspheres)with 32
sulphuratoms(large gold spheres)on the edges.It is interestingto notethat the samplingresultsfor the
tetrahedronmoleculeshow thatnot all thevaluesof thesampleddegreesof freedomarepresentin thereal
conformationsof themolecule.

4.3 Results

Oursystemwasimplementedin JavaandrunonaIntel PentiumM 1600MHz processor. Figure4.3depicts
several resultson the cubemolecule,showing that our approachquickly begins samplingthe space(see
Figure7(a));asmoreconformationsareproduced,thesamplingbecomes�ner.

Notethat thepreviously discussedsymmetrieson thecubemodelmoleculewereapplied.An example
generatedconformationalongwith azoomof theloopclosuresis shown in Figure8.

Resultsfor thetetrahedronandoctahedronmoleculesareshown in Figures5(b) and6(b), respectively.
Table4.3comparesresultson all threemolecules.

5 Conclusionsand Futur eWork

Wehavepresentedanew approachbasedonroboticsmethodologyfor effectively samplingtheconformation
spaceof molecularstructures,particularlythosewith interconnectedloops. By modelinga moleculeasa
branchingrobot,we applyexternalforcesto generatenew conformations,anduseattractive, internalforces
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(a) Structure: there are 6 carbon atoms
(mediumgrayspheres)with 32sulphuratoms
(largegoldspheres)makingup therestof the
molecule. This moleculehastwo degreesof
freedom,shown astorsionalanglesF�G and FKI .

(b) Sampledconformationspace.

Figure6: Octahedronmodelmoleculeandresults.

Number Number Numberof Time to generate
of atoms of bonds “broken” loops 500conformations

Tetrahedron 22 24 3 60minutes
Cube 36 40 5 100minutes

Octahedron 38 44 7 130minutes

Table1: Comparisonof threemodelmolecules.
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(a)32 conformationsin 6 minutes. (b) 152conformationsin 22 minutes.

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

Figure7: Sampledconformationspaceresults;notethatsymmetrieswereappliedto thegeneratedconfor-
mations.
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Figure8: Generatedconformationof modelmolecule.On the left is a zoomof several loop closures;the
smallverticesrepresenttheloopvertices.Notethesmallamountof toleratederror.

to maintainloop closureconstraints.While basedon techniquesfrom robotics,thebackgroundrequiredin
this �eld is minimal.

We are aware only of [32] and [10] as other algorithmsfor generatingconformationsof molecular
structureswith loop constraintstaken underconsideration.Both of themmustdealwith theproblemthat
randomlyperturbingportionsof interconnectedloopscouldresultin analgebraicsystemwith no solution;
our approachis ableto avoid theobserved largerejectionprobabilityby usinginternalforcesto pull loops
closed.

The system,implementedin Java, was testedon several modelmoleculeswith many interconnected
loops,but few degreesof freedom;evenwith noparticularattentionto codeoptimization,it performsalmost
four timesasfaston thecubemodelmoleculefrom [32]. Our resultsalsoshow that thealgorithmbegins
samplingthe spacevery effectively within a short period of time (about5 minutes),with the sampling
becoming�ner asmoreconformationsaregenerated.

Futur edir ections.While our resultsindicatessigni�cant speed-upin samplingconformationalspaces,
vanderWaalsoverlapandenergy calculationshave not yetbeenconsideredin this paper. Their integration
into oursystem,with a specialattentionpaidto speedandaccuracy andalongwith asystematicmathemat-
ical andbio-chemicalvalidation,will bepursuednext.
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[10] J. Cort́es, T. Siméon, V. Ruiz de Angulo, D. Guieysse,M. Remaud-Simon,and V. Tran. A path
planningapproachfor computinglarge-amplitudemotionsof �e xible molecules.Proc. 13thAnnual
Internationalconferenceon IntelligentSystemsfor MolecularBiology (ISMB), 2005.
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