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Abstract. We presentnew algorithmfor unbourd (reallife) docking of molecules,
whetherprotein—potein or protein—dry. The algorithm carriesout rigid dock-
ing, with surfacevariability/flexibility implicitly addresse throughliberalinter-
molecularpenetration.The high efficiengy of the algorithmis the outcomeof
several factors:(7) focusinginitial molecularsurfacefitting on localized,curva-
turebasedsurfacepatches(ii) useof GeometridHashingandPoseClusteringfor
initial transformatiordetectionj(ii:) accuratecompuationof shapecomplemen
tarity utilizing the Distance Transform; (iv) efficient steric clashdetectionand
geometricfit scoringbasedon a multi-resolutionshaperepresentationand (v)
utilization of biologicd informationby focusingon hot spot rich surfacepatches.
Thealgorithmhasbeenimplementecandappliedto a large numberof cases.

1 Intr oduction

Receptoiligandinteractiors playamajorrolein all biological processesKnowledge of
the molecularassociationsidsin undestandinga variety of pathways taking placein
the living cell. Docking is also an important tool in compuer assisteddrug design.
A new drug shouldfit the active site of a specific receptor Although electrostatic,
hydroptobic and van der Waalsinteradions affect greatly the binding affinity of the
molecues, shapecomplenentarity is a necessargondtion. The dockirng problem is
consideed difficult andinterestingfor a numter of reasonsThe conbinatorial com-
plexity of the possiblewaysto fit the surfacesis extremelyhigh. The structurs of the
molecuesarenot exact, containng expeiimentalerross. In addition molecdesusually
undego conformatioral changsupm associationknovn asinduce fit. Docking al-
gorithmsmustbetolerantto thosedifficulties, makingthe dockirg taskoneof themost
challengng prodemsin structuralbioinformatics.

There aretwo instancesn thedoding task- 'bound’ and’unbound. In the’bound’
casewe aregiven theco-crystallizedcomgex of two molecues.We separat¢ghemarti-
ficially andthegoalis to reconstrat the original complex. No conformatioral charges
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areinvolved.Successfuapplicationof analgoiithm to ’bound’ dockng casess neces-
saryto testits validity, yetit doesnotensuresuccessn thereal-life'unbound dockirg
predictian, wherewe aregiventwo molecuesin their native conformatiors. In this case
the doding algorithm shouldconsidepossibleconformatioral changsuponassocia-
tion. Most of the dockirg algorithns encourter difficulties with this case sinceshape
complementarityis affected[14].

Thegoalof dockirg algorithnsis to detectatransformation of oneof themolecules
which bringsit to optimalfit with the othermolecue without causingstericclash.Nat-
urally, optimdity heredependsnotonly on geometic fit, but alsoon biologcal criteria
represeting theresultingcomple stability. Moleculardockirg algoithmsmaybeclas-
sifiedinto two broadcateyaries:(z) brute forceenumeationof thetransfornationspace;
(47) local shapéeaturematching

Brute force algoithms searchthe entire 6-dmensionakransfornation spaceof the
ligand Most of thesemethod [33, 30, 31, 32, 11, 2, 3] usebruteforcesearctfor the3
rotatioral paraméersandthe FFT (FastFourier Trarsform,[19]) for fastenuneration
of thetranslatios. The runmingtimesof thosealgorithirs mayreachdays of CPUtime.
Anothe bruteforce algorithm is the 'soft docking’ method[17] that matchessurface
cubesTher arealsonondeterninistic method thatusegeneticalgorithns [18, 12].

Local shapefeaturematchingalgaithms have beenpioneeed by Kuntz [20]. In
1986 Connolly [6] describeda methodto matchlocal curvature maxima and minima
points.Thistechniqewasimprovedfurther in [23, 24] andwasalsoapgied to unbaind
docking [25]. Additional algoithms that emdoy shapecompgementarityconstraints,
whensearchindor the correctassociatiorof molecues werealsodeveloped[21, 13,
10]. Somealgorithmsaredesignedo handleflexible molecues[28, 27, 9].

Our methodis basedon local shapefeaturematchirg. To reducecompleity we,
first, try to detecthosemolecdar surfaceareaswvhich have a high probability to belorgy
to the binding site. This redwesthe numter of poterial doding solutions,while still
retainingthe correctconformation. The algorithm cantreatrecepors and ligands of
variable sizes.It succeed in doking of large proteirs (antibody with antigen and
small drugmoleculesThe running timesof the algoithm areof the orderof seconds
for smalldrugmoleculesandseverd minutesfor large proteirs. In addition weimprove
theshapeomplenentaritymeasuremakingthefundion more preciseandreduéng the
compleity of its compuation.

2 Methods

Our dockirg algorithm is inspiredby objectrecogrition andimagesegmentéion tech-
niquesusedin computervision. We cancomparedoding to assembling jigsawv puz-
zle. When solving the puzzlewe try to matchtwo piecesby picking one pieceand
searchingor the comgementaryone.We conceltrate on the patterrs that are unique

for the puzzleelementandlook for the matchirg patters in the restof the piecesOur

algoritthm emplg/s a similar technique. Giventwo molecues, we divide their surfaces
into patche accordng to the surfaceshape Thesepatchesorrespondo patternghat
visually distingush betweerpuzzlepieces Oncethe patchesareidentified,they canbe
superimpsedusingshapematchingalgoritims. Thealgoiithm hasthreemajor stages:



1. Molecular ShapeRepresentatio - in this stepwe comptethemolecdar surface
of themolecue. Next, we applya sggmentatim algorithm for detectionof geonet-
ric patches (corcave, corvex andflat surfacepieces).The patchesarefiltered, so
thatonly patcheswith 'hot spot’ residuesareretained15].

2. Surface Patch Matching - we applya hybrid of the Geomdric Hashing[34] and
Pose-Clusterin§29] matchirg technigesto matchthe patchesletectedn the pre-
viousstep.Concae patchesarematchel with corvex andflat patcleswith any type
of patches.

3. Filtering and Scoring - the candidateeomplexesfrom theprevious stepareexam
ined.We discardall compleeswith unaceptablepenetratias of the atomsof the
receptorto the atomsof the ligand Finally, the remainirg candidate areranked
accordng to ageometic shapecomgementarityscore.

2.1 Molecular ShapeRepresentatio

Molecular Surface Calculation. Thefirst stageof the algorithm computestwo types
of surfacesfor eachmolecue. A high densityConnollysurfaceis geneatedby theMS
progam(5, 4]. Thecalculatedsurfaceis prepraessednto two datastructues:distance
transfom grid and multi-resoluion surface(seeApperdix). Those datastructuresare
usedin the scoringroutines.In addition the distancetransfam grid is usedfurtherin
the shaperepresentatio stageof the algoiithm. Next, a sparsesurfacerepresentation
[22] is compued. It is usedin thesggmentatio of the surfaceinto geometic patches.

The sparsesurfaceconsistsof points nicknaned'caps’, 'pits’ and’belts’, where
eachcappointbelong to oneatom,a beltto two atomsanda pit to threeatoms.These
correspndto thefacecentersof the corvex, concae andsaddleareasof themolecuar
surface[22]. Thegravity centerof eachfaceis computedasa centroidandprojectel to
thesurfacein thenormaldirection

Detecticn of Geometic Patches. Theinput to this stepis the sparseset of critical
points. The goalis to divide the surfaceto patchesof almostequal areaof threetypes
accordng to their shapegeonetry: corcavities, corvexities and flats. We constriet a
graphinducel by thepoints of thesparsesurface Eachnoceis labeledasa’knoby, ‘flat’
ora’hole’ accordng to theircunature(seebelan). We computeconrectedcompnents
of knabs, flats andholes. Thenwe apply the split and merge routinesto improve the
compamentpartitionng of the surfaceto patcheof almostequalarea.

Surface Topology Graph. Basedon the setof sparsecritical poirts, thegraphG 4, =
(Viops Etop) representig the surfacetopolog is constructedn thefollowing way:

Viop = {Sparse Critical Points}

Eiop = {(u,v) | if wand v belong to the same atom}
Thenumberof edgesn thegraphis linear, sinceeachpit pointcanbeconrectedby an

edgeto at mostthreecapsandthreebelts. Eachbelt poirt is conrectedto two corre-
spondhg caps(seefigure? (a)).



Shape Function Calculation. In order to groy the pointsinto local curvaturebased
patcheswe usethe shapefunction definedin [6]. A sphereof radiss R is placedat
a surfacepoint. The fraction of the sphee inside the solvert-excluded volume of the
proteinis the shape function at this poirt. The shapefunction of every nodein the
graphis calculated.The radiusof the shapefunction sphereis selectedaccoding to
the molecue size.We use6A for proteirs and 3A for small ligands. As aresultevery
nodeis assigned valuebetweerD andl. In previoustechniques[23] pointswith shape
function valuelessthan é namedknobs’ andpoints with value greaterthan % namel
'holes’, were selectedas critical points.All ‘flat’ pointswith fundion value between
thosetwo wereignared.As canbeseerfrom the histogamof theshapeunction values
of thetrypsinmolecue (PDB code2ptn)in figurel, alarge numbe of points are'flats’.
In fact about70% of the points are flats and abou 30% are knobs or holes.(These
statisticsaretypical for othermoleallesaswell.) Conseqently, the prodem was, that
thenumbe of matchingsetsof quadaples/triples/pagof knabsversusholeswasvety
low [6]. Herewe sortthe shapeunction valuesandfind two cut-off valuesthatsplit the
nodes to threeequal sizedsetsof knabs, flatsandholes.

Simultareouslywith the shapefunction calculation the volume normal orientatian
is computedusingthe sameprobe sphere The solvent-acessibleartis definedasthe
complenentof the solvert-excludedpartof the probesphereGivena probe sphee we
definethe volume normal to be the unit vectorat the surfacepoirt in the directian of
thegravity centerof solventaccessiblgart.

Patch Detection. The ideais to divide the
surfaceof the molecue into non-irtersecting
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subgrap of G,p. To assurebettermatchirg
of patchesthey mustbeof almostequalsizes.
For eachtype of points (kndbs, flats, holes)
the grapts Gnob, G 1ot aNdGpope arecon-
structedassubgaphsof G',, inducedonthe
correspadingsetof noces.

Thealgoithm for finding conrectedcom-
ponetts in a gragh is appliedto eachof the
threegrapts. The output compnentsare of
different sizes,so split andmerge routines are appliedto achiese a betterpartitionto
patchesWe presensomedefinitionsthatareusedbelow:
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Fig. 1. Histogram of shape function
valuesfor the trypsin molecule(PDB
code2ptn).

1. Thegeodesidistancebetweertwo nodesf theconrectedcompamentis aweighted
shortestpathbetweerthem,wherethe weight of every edgeis the Euclidiandis-
tancebetweerthe correspondig surfacepoints.

2. The diameter of the componentis definedasthe largest geodsic distancebe-
tweenthe nodesof the compnent.Nodess andt thatgive the diameterarecalled



diameter nodes In casethe diametemodesare not uniquewe arbitraily choose
oneof thepairsasthesinglediameter

For eachconneted compnentwe compue the diameterandit's nodesby run-
ning the APSP(All Pairs Shortest Paths [7]) algorithmon the compament.We usetwo
threshdds for thediameterof the compmentsasfollows:

— If the diameterof the connectd commnentis more thanlow patch thr andless
thanhigh_patch_thr, thecompmentrepesentsa valid geometrigoatch.

— If the diameterof the conrectedcompamentis larger thanhigh patch thr the split
routineis appliedto thecommnent.

— If thediameterf the connectd compaentis lessthanlow patch thr the points of
this commnentaremeigedwith closestcompaments.

Notethata comectedcomponert is not alwaysa patch,sincethe compnen may
besplit to a numter of patchesor megedwith otherpatches.

Slit routine. GivenacompmentC, thedistancematrix from the APSPalgotithm and
it's diametemodess, t we split it into two new compaentsS andT thatcorrespondo
theVororoi cells[8] of thepoirts s, ¢. If thediameterof eachnew commnentis within
thedefinedthreshold, the compmentis addedo thelist of valid patchespthewmise it
is splitagain

Merge routine. The goal is to merge points of small compmnentswith 'closest’ big
patchesThosepointscorrespad to the commnentsthat are usuallylocatedbetween
hole andknadb patche, wheresurfacetopolagy changsquickly from concae to con-
vex. For eachpoint of small compmentswe compue the geodsic distanceto evety
valid patchusingthe Dijkstra[7] algorithm. The pointis addedo the closestpatch.

At this stagemostof the surfaceis representedy threetypesof patche of almost
equalareaqseefigure 2(b)). Now, we attemptto detectthosepatcheswhich aremost
likely to appeain thebinding sitesof themolecues.

Detectimn of Active Sites. The succes®f the doking canbe significantlyimproved
by determiiing the active site of the molecues. Knowledge of the binding site of at
leastone moleculegreatly reduces the spaceof possibledoding interactins. There
aremajor differencesn theinteractios of differenttypesof moleculeqe.g.enzyme
inhibitor, antibaly—arigen).We have developedfilters for every typeof interaction and
focusonly onthepatcheghatwereselectedy the apprariatefilter.

Hot Spot Filtering. A numter of studieshave shovn that pratein-prdein interfaces
have conseved polar and aromatic’hot-spot’ residuesThe goal is to usethe statis-
tics collected[15, 16] in orde to designa patchfilter. Thefilter is suppsedto select
patcheghathave high prokability of beinginsidetheactive site. Residuehot spotshave
expeiimentallybeenshavn (via alaninescanningnutagemsis)to contibute more than
2 Kcal/mol to the binding enepetics.In orderto measue it, we compute the propen-

sity of aresidue in a patch Pr(res;, patch) asthefractionof theresiduefrequeng in



Fig. 2. (a) Surfacetopology graphdfor trypsininhibitor (PDB codelba?. Thecaps beltsandpits
areconnectedvith edges(b) Geometricpatchesthe patchesarein light colorsandthe protein
is dark.

the patchcompaed to the residuefrequenc/ on the molecularsurface.Subsequatly,
we choase patches with the high propensitiesof hot spotresidueswhich are: (i) Tyr,
Asp, Asn, Glu, SerandTrp for antibaly; (i7) Arg, Lys, Asn andAsp for antigen (i)
Ser Gly, Asp andHis for proteaseand (iv) Arg, Lys, Leu, CysandPro for protease
inhibitor.

Antibody-Antigen interactions. Detection of CDRs. It is well knowvn that antibalies
bindto antigersthroughtheirhypervariabie (HV) regions,alsocalledcompgementarity
determirng regions (CDRSs)[1]. Thethreeheary-chainandthreelight-chain CDR re-
gionsarelocatedon the loopsthat conrectthe g strandsof the variabledomans. We
detectthe CDRs by aligning the sequencef the given antibod/ to a consenssi se-
querce of alibrary of antibodie. The dockirg algorithmis thenrestrictedto patches
whichintersecthe CDR regions.

2.2 SurfacePatch Matching

Giventhe patcles of a receptoranda ligand, we would like to compute hypothetical
docking transfomationsbasedon local geometic comgementarity The ideais that
knobpatcheshoud matchhole patchesandflat patclescanmatchary patch We use
two technigesfor matchiry:

1. SnglePatch Matching: onepatchfrom therecepor is matchedvith onepatchfrom
theligand. Thistypeof matchirg is usedfor docking of smallligands, like drugsor
peptides.

2. Patch-Pair Matching: two patchesrom therecepto arematchedwith two patches
from the ligand We usethis type of matchirg for pratein-prdein dockirg. The
motivation in patch-@ir matching is that molecues interactingwith big enaugh



contactareamusthave more thanonepatchin theirinterface. Therebre matchirg

two patchesimultaneasly will resultin nurrerically morestabletransfomations.
For this purpsewe develop aconeptof neightoring patchestwo patchesrecon-
sideredasneighborsif thereis atleastoneedgein G ,, thatconrectsthe patches.

Bothutilize theComputeNision motivatedGeometridHashing34] andPoseClus-
tering[29] techniguesfor matchingof critical pointswithin the patcles. At first local
featuresof the objectsare matcled to compute the candidategransfomatiors that su-
perimpsethem. After matchirg of the local featues a clusteringstepis apgied to
selectposes(hypotheticaltransfamatiors) with strongeviderce, i.e. transfamations
consistentvith alarge enowh numter of matching local features.

Generation of Poses. We implemen thematch-
ing step using GeometricHashing[34]. There
aretwo stagesn thematchingalgoiithm: prepo-

HQ --------------- . .
/---------5\ ------ ny, cessingandrecogtition. We denoteby a basea
~ 5>am/ minimal setof critical featureswhich uniguely
a B definesarigid transfornation. A transfomation

invariant shapesignatue is calculatedfor each
base.In the prepra@essingstage,eachbaseis
storedin a hash-tableaccodingto its signatue.
In therecogtition stagethebasef therecepto
arecomputed.Thebasesignatueis usedasakey
to the hashtable.For eachligand basefound in the hashtablea candid&e transfama-
tion thatsuperimpsedocal featuresof therecepto andtheligandis compued.

We usetwo points(a, b) andtheirvolumenormals (n ,, n;) asthebasefor transfa-
mationcalculation [23]. ThebasesignaturgdE, dG, a, 8, w) is definedasfollows (see
figure3):

Fig. 3. Baseformed by two points
andtheirnomals.

— TheEuclidianandgeocsicdistancebetweerthetwo points: dE anddG.

— The anglesa, 8 formed betweenthe line sggmen ab and eachof the normals
Ng,MNp.

— Thetorsionanglew formedbetweerthe plare of a, b, n , andtheplaneof a, b, n.

Two signatues,onefrom the recepor andthe otherfrom the ligand arecompatitbe if
their signaturs arecloseenoudy. Notethatwe do notdemail herematchingof aknob
to ahole,sinceit is ensuredy matchirg knobpatcheswith holepatches.

Clustering Poses.Matchingof localfeaturesnayleadto multiple instance®f 'almost’
thesametransfornation (similar pose) Therefae, clusterirg is necessaryo redu@ the
numter of potertial solutions We applytwo clusteringtechriques:clusteringby trans-
formation paraméersandRMSD clustering.Clusteringby transfomation paraneters
is coarsebut veryfast,andis appliedfirst. After thenumter of transfamationss signif-
icantly redwced,we run RMSD clusteringwhichis moreexact,but alsomuchslower.



2.3 Filtering and Scoring

Sincethetransfamationis compuedby localmatchingof critical pointswithin patches,
it mayresultin unaccefablestericclashedbetweerthereceptorandligandatoms.We
shouldfilter out all thosetransfamatiors. In addition we needto rankthe restof the
solutions.

Seric Clashes Test. In this stagethe distancetransfom grid is extensvely used.For

eachcandid#e transfornation we perfam the steric clashtestasfollows. The trans-
formationis appliedon the surfacepoirts of the ligand Next we accesghe distance
transfom grid of the receptorwith the coodinatesof every surfacepoirt. If the dis-

tanceis lessthan penetration threshold for eachsurfacepoirt, the transfornation is

retainedor the next step,othewisethetransfornationis disqualified.

Geometric Scoring. Thegeneraldeais to divide the recepto into shellsaccordng to
the distancefrom the moleallar surface.For exanple, in [23, 10 a recepto was di-
videdinto 3 shellsanda grid representinghemwasconstrictedasfollows: interior(l)
grid voxelscorrespadingto interioratoms(no surfacepoint geneatedfor them),exte-
rior(E) voxels for exterior atomsandsurface§) voxels for surfaceMS dots. The score
of the transfomationwas a weightedfunction of ligand surfacepoirts in eachrange:
S4E-10l. We have gereralizedthis appr@achand madeit more accuate usinga dis-
tancetransfom grid (seeApperdix). Eachshellis definedby a rang of distancesn
the distancetransformgrid. Insteadof using3 shellswe canuseary numker of shells
andthe scoreis aweightedfunction of the nunberof ligandsurfacedotsin eachshell.
In the current algoiithm implemertation5 shellsareused:[—5.0, —3.6), [ 3.6, —2.2),
[-2.2,-1.0), [-1.0,1.0), [1.0—). In the scoringstagefor eachcandidateransfoma-
tion we countthe nunber of surfacepoints in eachshell. The geonetric scoreis a
weightedaverage of all theshells whenwe prefer candidateompexeswith large num-
berof pointsin the[—1.0, 1.0) shell,andaslittle aspossiblepointsin the’penetating’
shells:[-5.0, —3.6), [-3.6, —2.2).

Thosealgoiithmsprovide very accuatefiltering andscoring but arealsovery slow,
especiallywhenhigh-censity surfaceis usedfor theligand In orde to speed-p this
part of the programwe use a multi-resolutionmolecularsurface datastructure(see
Apperdix). We constriet two trees:oneof high densityusingConnolly's MS Surface
andtheotherof lowerdensity usingthe sparsesurface[22] asthelowestlevel. Thetree
basedn the sparsesurfaceis usedfor the primaryscoringof thetransfomations.The
treebasednthe denseMsS surfaceis usedfor peretration(stericclash)checkandfor
fine geometic scoring

Givena setof candidatdransfornationsfrom the matchingstep,we first checkthe
stericclashesOnly transfomationswith 'acceptate’ penetréions(lessthansA) of the
atomsareretainal. Thesetransfamationsare scoredwith the low densitybasedree.
We select500high scoringtransfomationsfor every patchandre-scoe themusingthe
highdensitysurface.

Theremainirg transfomationscanbefurtherre-rankedaccordimg to biological cri-
teria.



3 Resultsand Discussion

It is nottrivial to detectdatato testunbounddoding algorithns. Note thatwe needto
know threestructuresThe structuresof thetwo molecuesto be docledaswell asthe
structureof their comple, so thatwe could reliably testour predction results.Thus,
themaximalcurrently availablebencimarkcontainsonly few tensof molecue pairs.

Tablel lists the 35 protén-pratein casesrom our testset.Our datasetncludes22
enzyne/inhibitor casesand 13 antibod/antigencasesin 21 caseghe unbaind struc-
turesof bothprateinswereusedin dockirg, in the otherl4 casesheunbaundstructure
for only onemoleculewasavailable.Our methodis comgetely autonated. The same
setof paraneterss usedfor eachtype of interactiors. In the enzyne/inhibitordocking
wematch’hole’ patche®f theenzymewith 'knob’ patctesof theinhibitor, sincethein-
hibitor usuallyblocks theactive sitecavity of theenzymeln theantibaly/antigendock
ing we matchall patchtypes,sincetheinteradion surfaces areusuallyflat comparedto
enzyne/inhibitor In additionwe restrictour searctto the CDRsof the antibaly.

Thefinal resultsaresummaizedin table2. All therunsweremadeonaPCworksta-
tion (Pentiunf© !l 500MHz processowith 512MB internalmemay). First,we present
theresultsfor thebourd casesAs canbeseernthecorrectsolutionwasfoundfor all the
casesln 31 out of the 35 exanples,thelowestRMSD achievedis below 2A. Thefirst
rankedresultis thecorrectonein 26 casesln other9 caseshecorred solutionis ranked
amongthefirst 30 results.Columns4 and5 describethe stericclasheghatoccu when
theunboundstructures aresuperinposedon the bound comgex. It shavs theextert of
shapecompementarityin every exanple. Column4 lists the maximalpenetratia of
theligand andrecepto surfacesinto eachother In somecasest is morethan5A. Col-
umn5 liststhenumbe of residue®f therecepto andtheligandrespectiely thatcause
deepstericclashegmore than2.2A surfaceperetration). Thenumberof thoseresidues
is morethen10in 4 casesln the unbandbourd caseghe numtersaresignificantly
lower, allowing usto reachbetterresults.We do not list the penetratia level for the
bourd compexes sincethe nunbersarevery small: the maximal surfacepenetratio
is belav 2.5A. In the resultsobtainel for the untoundcaseswe succeedd in finding
solutionswith RMSD uncer 5A in all but 3 casesin thosecases(PDB codes1DFJ,
25N, 1DQJ)shapecompdementarityis affected by mary side-ctain movements.The
rankis under350in 17 outof 22 enzyme/imibitor casesandis uncer 1000in 11 out of
13antibaly/antigencasesThebestrankedresultfor antibod/ Fab5G9/Tissuefactoris
shavnin figure4(a).

Theprogmamwastestecbnadditional exanples(ProteirDNA, Protein-Dug)which
arenotshown here.In figure4(b) we shov oneof theseresults.

Therankof the correctsolutiondepend on a nurmber of factors:

1. Shapecomplementarity - stericclashesntroducenoiseto the scoringfunctions,
reducirg the scoreandtherankof the correctsolution.

2. Interface shape- it is mucheasierto find correctassociatiorin molealeswith
concae/corvex interface(enzyme/inhilitor casesyatherthanwith flat interfaces
(antibady/antige cases)The shapecomgementarityis muchmore promnentin
the concae/corvex interfacesandtherdore easierto detect.

3. Sizesof the molecules- thelarger themolecuesthe higherthe nurberof results.



10

(a) Antibody-antigen (b) Protein—DM\

Fig.4. (a) Unbownd docking of the Antibody Fab 5G9 with Tissue factor (PDB codes
1FGN,1B0QY). The antibodyis depictedin ribbonsrepresentatiomndthe CDRsarein space-
fill. The antigenandthe solutionobtainedby our programaredepictedin backlobnerepresenta-
tion (RMSD 2.27A, total rank 8). (b) Protein-DNA docking: unbotnd-bourd case(PDB codes
1A73,1EVX). BestRMSD obtained0.87,rank 2. The DNA is shavn in spacefill. Our solution

superimpaedon the native complex is shavn in backbore representation.

In our algoithm the divisionto patchesandselectionof enepgetic hot spotsredice
the areaof the matchedsurfaces therefae the numbe of possibledocking configura-
tionsis decreasedndtherankirg is improved.

4 Conclusions

We have presentd anovel andhighly efficientalgorithm for docking of two moleailes.
While herewe have shavn resultsobtainedby applying the algoiithm to the dockirg
of two protén molealles,the algorithmcanbe appliedto receptordrugcasesaswell
(not shawvn here).The attractize runring times of the algotithm andthe high quality
of the resultscomparedto otherstateof the art metha [26, 12, 3] arethe outcane of
severalcompaments First, thealgoiithm dividesthemolecularsurfaceinto shape-based
patchesThis divisionaddresseboththe efficiency andat the sametime, distinguishes
betweerresidueypes(polarnon-plar) in thepatchesFurther we make useof residue
hot spotsin the patctes.Secondthe methodutilizes distanceransfam to improve the
shapecomplenentarity function. Third, it implenentsfasterscoring basedon multi-
resolutionsurfacedatastructure Ourimprovedshapecomgementarityfunction further
contritutesto thequality of theresults While herethedocking is rigid, theutilization of
thelastthreecompnentsenablesusto permit moreliberal intermdecularpenetratio
(upto 5 A here)
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|Comp|e< ReceptorLigand Description Rec.sizelig. sizq
1ACB 5CHA 1CSE(l) a-chymotrypsin/EglinC 236 63
1AVW  2PTN 1BA7  Trypsin/Sotbeaifrypsininhibitor 223 165
1BRC 1BRA 1AAP Trypsin/APPI 223 56
1BRS 1A2P 1A19 Barnase/Barstar 108 89
1CGlI 1CHG 1HPT «a-chymotrypsingen/pancratic secretory226 56
trypsininhibitor
1CHO 5CHA 20VO a-chymotrypsin/eomucoid3rd Domain 236 56
1CSE 1SCD 1ACB(l) SubtilisinCarlsbeg/EglinC 274 63
1IDFJ 2BNH 7RSA Ribonucleasénhibitor/Ribonucleas A 456 124
1FSS 2ACE 1FSC Acetylcholinesterase#sciculinll 527 61
1IMAH 1MAA 1FSC MouseAcetylcholinesterase/inhitor 536 61
1PPE* 2PTN 1PPE Trypsin/CMT1 223 29
1STF* 1PPN 1STF  Papain/StefirB 212 98
1TAB* 2PTN 1TAB  Trypsin/BBI 223 36
1TGS 2PTN 1HPT TrypsinogePancreatic secretory trypsin in- 223 56
hibitor

1UDI* 1UDH 1UDI  VirusUracil-DNA glycosylase/inhibitor 228 83
1UGH 1AKZ 1UGI HumanUracil-DNA glycosylase/intbitor 223 83
2KAI 2PKA  6PTI Kallikrein A/Trypsininhibitor 231 56
2PTC 2PTN 6PTI  B-trypsin/Pancreatidrypsininhibitor 223 56
2SIC  1SUP 3SSI  SubtilisinBPN/Subtilsin inhibitor 275 108
2SNI 1SUP 2CI2  SubtilisinNovo/Chymotrypsininhibitor 2 275 65
2TEC* 1THM 2TEC Thermitase/EglirC 279 63
AHTC* 2HNT 4HTC a-Thrombin/Hirudin 259 61
1AHW 1FGN 1BOY Antibody Fab5G9/Tissuefactor 221 211
1BQL* 1BQL 1DKJ Hyhel- 5 Fab/Llysozyme 217 129
1BVK 1BVL 3LZT AntibodyHulys11Fv/Lysozyme 224 129
1DQJ 1DQQ 3LZT Hyhel- 63Fab/Lysozyme 215 129
1EO8* 1EO08 2VIR Bhl51Fab/Hemagglutinin 219 267
1FBI* 1FBI 1HHL IgG1Fabfragment/lysozyme 226 129
1JHL* 1JHL 1GHL IgG1FvFragment/lsozyne 224 129
1IMEL* 1MEL 1LZA Vh Single-DomaimAntibody/Lysozyme 132 127
IMLC 1MLB 1LZA |gG1D44.1Fabfragment/lysozyme 220 129
INCA* 1INCA 7NN9 FabNC41/Neuraminidse 221 388
INMB* 1INMB 7NN9 FabNC10/Neuraminidse 229 388
1IWEJ 1QBL 1HRC IgG1E8Fabfragment/CytoctomeC 220 104
2JEL* 2JEL 1POH Jeld2FabFragment/AO@Phosphtransferase 228 85

Table 1. Thedatasebf Enzyme/InhibitomndAntibody/AntigentestcasesWe list thePDB codes
of thecomplex andtheunbourd structuresproteinnamesandthenumter of aminoacidsin every
protein.Theunbownd-bourd casesaremarkedwith *.
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Boundcases Penetrationsn un- Unboundcases
bourd
PDBcodgRMSD(A) |Best |penetration |# of RMSD(@) |[Best |CPU
(patchrank} |rank  |distancé  |residue$ |(patchrank)|{rank |(min)®

1ACB 1.05(23 1 2.43 2,0 1.12(34) 10 59:48
1AVW 0.82(1) 1 2.79 7,3 1.92(223 330 55:11
1BRC 1.07(96 1 4.76 7,0 4.76(169 179 15:10
1BRS 0.66(1) 1 2.79 3,1 3.19(85) 143 24:09
1CGI 1.21(2) 1 3.30 4,4 1.74(338 135 21:06
1CHO 1.77(18) 2 3.28 7,0 1.25(4) 5 14:25
1CSE 1.43(1) 1 2.99 3,0 1.76(478 603 28:34
1DFJ 1.84(19 15 4.81 16,9 7.04(10) - 35:16
1FSS 2.35(15) 4 3.14 5,7 1.64(360 142 32:38
1IMAH 0.71(2) 1 3.25 6,2 2.47(24) 736 21:07
1PPE* 0.98(1) 1 2.18 0,0 0.96(1) 1 07:31
1STF* 0.56(1) 1 1.94 0,0 1.32(1) 1 30:39
1TAB* 1.63(2) 1 2.62 1,0 1.72(35) 81 07:01
1TGS 0.71(2) 1 4.30 8,5 2.82(445 573 17:17
1UDI* 1.35(2) 1 3.02 2,4 1.83(6) 73 20:33
1UGH 0.84(1) 1 3.31 6,8 2.48(15) 44 17:06
2KAl 0.89(2) 1 4.67 14,10 3.21(235 224 20:59
2PTC 0.74(3) 1 4.07 9,2 1.86(223 10 13:45
2SIC 1.49(3) 3 291 7,6 1.30(6) 122 29:59
2SNI 2.22(1) 1 5.64 12,5 6.95(393 - 14:09
2TEC* 0.93(2% 1 2.61 1,0 0.77(29) 241 31:29
4HTC* 1.76(3) 1 2.72 2,2 1.54(1) 1 09:04
1AHW 0.83(2) 1 3.02 4,3 1.73(98) 8 52:06
1BQL* 0.96(3) 1 2.30 0,0 0.66(1) 1 22:51
1BVK 1.32(19 1 2.01 0,0 2.91(185 577 08:37
1DQJ 1.32(1) 1 4.08 12,13 5.24(249 - 20:56
1EO8* 1.19(1) 1 2.75 3,4 2.27(16§ 1071 33:22
1FBI* 1.46(2) 1 4.01 7,1 1.05(228 282 20:41
1JHL* 1.30(1&) 3 1.94 0,0 2.91(139 274 27:01
1IMEL* 1.45(2) 1 2.39 1,0 1.20(3) 2 07:30
1MLC 1.17(1R») 3 4.23 7,9 3.10(397% 689 15:55
INCA* 1.69(2) 1 1.74 0,0 1.92(16) 43 20:30
INMB* 2.79(1% 17 1.40 0,0 2.07(44) 218 15:09
1WEJ 1.47(1) 11 2.16 0,0 2.09(260 417 16:06
2JEL* 3.67(4) 4 2.38 3,0 3.37(45) 112 08:39

Table 2. Resultsobtainedfor the testset. We list the PDB code of eachcomple, resultsfor
boundcases|evel of penetratiorin the unbound complexessuperimpsedon boundandresults
for theunbaundcases? BestRMSD(A) result.In thebracletsis its rankin thelist of theresults
for the patchit wasfoundin. ® Bestranking of the resultwith RMSD under5A amongall the
results® Maximal penetratiorbetweerthesurfacesn A. ¢ Numberof residueghatpenetratehe
surfacewith distancegreaterthanZ.Z& for receptorandligandrespectiely. © Therunningtime

of matchingandscoringstepfor theunbouwnd cases.
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Appendix

DistanceTransform Grid

Distancetransformgrid is a datastructurefor efficient queriesof type distance from surface. The
moleculeis representety a3D grid, whereeachvoxel (4, j, k) holdsavaluecorrespodingto the
distancetransformDT (i, j, k). Therearethreetypesof voxels: surface(MS surfacepoint maps
to thevoxel), interior (insidethe molecule)andexterior (outsidethemolecule). Thedistancesre
zeroat the surfacevoxels and chang asthe distancefrom the surfaceincreases/decreaséhe
distancetransformis negative for insidemoleculevoxelsandpositive for outsidevoxels.

Supported Queries.

— distance from surface: Givena pointp, we accesghe grid with its coordnatesandreturna
valueof thevoxel corresponihg to the point. Clearlythis queryconsume$)(1) time.
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— shape function and volume Normal: A sphereof radiusR is placedat a given point p. We
count the ratio of negative grid voxels inside the sphereand the total numberof sphere
voxels. Thevolumenormalis compuedin the samemannerWe compue thegravity center
of the positive grid voxelsinsidethe sphereThis setsthe directionof the normal.

Multi-Resolution Surface

In orderto suppat fastgeonetric scoringandfiltering of thetransformationsye construcmuilti-
resolutiondatastructurefor the ligand’s surfacedots.We build a surfacetree,whereeachlayer
representshe ligand surfaceat a differentresolution.This datastructureallows usto work with
very high MS surfacedensityandto reducegreatlythe numberof queriesin thereceptoristance
transformgrid. The mainideais thatif the point falls outsidethe interface,thereis no needto
checkwherethe adjacenipointsfall.

Supported Queries.

isPenetrating: Given a transformationand a penetration threshold we checkwhetherthe
surfacepointsof the ligand penetratehe surfaceof the receptorwith morethenthe given
threshold.

— maxPenetration: Givenatransformatiorfind the maximumsurfacepenetration.

score: Givenatransformatiorandallist of rangesthe goalis to countthe numberof lowest
level surfacepointsin eachrange.

interface: Selectsthe interfacesurfacepointsfor a given transformationThe outputis all

thenodeswith the distanceransformvaluelesstheninterface threshold.

All thequeriesemploy the DFSsearchwith iterativeimplementatiorusinga stack.Thecomplex-
ity of the queriesis proportionalto high level size+ interfacesize.



