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C-terminal domain of integrase binds between

the two active sites

Victoria A. Roberts*
San Diego Supercomputer Center, University of California, San Diego, La Jolla, California

E-mail: vickie@sdsc.edu

Abstract

HIV integrase(HIV-IN), oneof threeHIV enzymesis atagetfor thetreatmenof AIDS,
but thefull biologicalassembljhasbeendifficult to characterizehamperingnhibitor design.
Therecentcrystallographicstructuresof integrasefrom prototypefoamyvirus (PF\AIN) with
boundDNA werea breakthroughrevealinghow viral DNA organizestwo integrasedimers
into a tetramerthat hasthe two active sitesappropriatelyspacedfor insertion of the viral
DNA into hostDNA. The organizationof domainswithin eachPF\AIN proteinchain, how-
ever, variessignificantlyfrom thatfoundin HIV-IN structures.With the goal of identifying
sharedstructuralcharacteristicsye investigatednteractionsamongcomponent®f the PFV-
IN andHIV-IN assembliesvith the macromoleculadocking programDQOT. DOT performs
an exhaustve, rigid-body searchbetweentwo macromolecules. Computationadocking re-
producedthe crystallographicnteractionsof the PF\AIN catalytic and N-terminal domains

with viral DNA andfoundsimilar viral DNA interactiondor HIV-IN. Computationatiocking
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did not reproducehe crystallographidnteractionsof the PF\:IN C-terminaldomain(CTD).
Instead,we found two symmetry-relateghositionsfor the PF\-IN CTD thatindicateforma-
tion of a CTD dimer betweenthe two actwve sites. Our predictedCTD dimer is consistent
with crosslinkingstudiesshaving interactionsof the CTD with viral DNA thatappearo be
blockedin the PF\AIN structuresThe CTD dimercaninserttwo arginine-richloopsbetween
thetwo boundvDNA moleculesandthehostDNA, aregionthatis unoccupiedn the PF\AIN
crystallographicstructures. The positive potentialfrom thesetwo loopswould alleviate the
large negative potentialcreatedby the close proximity of two viral vDNA ends,helpingto
bring togetherthe two active sitesandassistinghostDNA binding. This studydemonstrates
theability of computationatlockingto evaluatecomplex crystallographi@ssembliesdentify

interactionghatareinfluencedby thecrystalenvironment,andprovide plausiblealternatves.

| ntroduction

Determiningthe biological assemblyof theretroviral enzymeintegrase(IN) from the humanim-
munodeficieng virus (HIV-IN) is of greatinterestoecauséilV-IN, oneof justthreeHIV enzymes,
is akey tamgetfor the developmenbf drugsto treatAIDS. ¥ IN insertsa DNA copy of theretrovi-
ral RNA into hostDNA by performingtwo reactions:3'-processingf theviral DNA (vVDNA) and
strandtransfer® In the 3'-processingeaction,the two terminal nucleotidesare cleaved from the
two 3'-endsof the vDNA. TheresultingIN/VDNA comple is transportednto the nucleuswhere
theexposed3'-hydroxylsarejoinedto opposingstrandsn thehostDNA, producingtheintegration
intermediate.Dependingon the retroviral genusthe two VDNA insertionpointsare spacedour
to six basepairsapartin thehostDNA. Hostenzymeghenremove theunpairednucleotidesatthe
5'-endsof the vDNA andrepairthe single-strandedegion of the DNA to completeincorporation

of thevDNA into the hostgenome.



Thebiologically active stateof HIV-IN invivo is complex andnotfully understoodIN consists
of 3domains:theN-terminaldomain(NTD), thecorecatalyticdomain(CCD), andthe C-terminal
domain(CTD), with connectindinkersL1 andL2. Binding of vDNA is requiredfor the organi-
zationof the catalytically active enzyme which is believed to be a tetramer®’ Crystallographic
structuresof the HIV CCD®* andof two-domainHIV-IN construct{NTD-CCD**1¢ and CCD-
CTD?Y) all shov the sameCCD dimer,® but thereare no structuresof full-length HIV-IN or of
ary portionof HIV-IN with boundDNA. Therelatedavian sarcomavirus IN (ASV-IN)181° (37%
sequencaimilarity to HIV-IN) hasbeencrystallizedwith DNA, but only the two-domainCCD-
CTD region wasseen.Modelsof the CCD andCTD with boundvDNA were proposedasedon
computationatlocking2%??theHIV-IN CCD-CTDstructure!’ andcross-linkingdata?® but these
did not addressa key question:whatinteractionsdeterminethe spacingbetweenthe two vVDNA
insertionpoints? The two VDNA insertionpoints are much closertogetherthan the two actve
sitesof a single CCD dimer, sothe biologicalassemblymustrequireat leasttwo dimers. Models
consistingof two or more HIV-IN dimerswere proposed2° but varied greatlyin the relative
geometryof thetwo dimersandthe positionsof theNTD andCTD.

Therecentcrystallographicstructuresof full-length IN from prototypefoamy virus (PF\£IN)
with bound19-bpvDNA fragments® and host DNA 3! were a major breakthroughyevealinga
tetramerof two dimersthat eachcontribute one active site. The active sitesof the two inner
vDNA-binding sukunits (Figure 1A) arecorrectlyspacedo insertthetwo vDNA endsfour base
pairsapartin thehostDNA. This spacingappearso bedeterminedy the CTD andthelL1 andL2
linker regions. Both the 3'-processingand strand-transfereactionsoccurwithin the crystal,and
the structuref groundstateshave beentrappedalongthereactionpathway. ?

The PF\AIN crystallographicstructureshowever, may not fully representhe biologically ac-

tive assemblyn solution. About onequarterof thetotal proteinis missingin the crystal;only the



Figurel: Variationsin integrasestructures.(A) The two inner sulunits of the PF\AIN assembly
(PDB ID 30Y9),% looking down on the vDNA-binding face. Host DNA bindson the opposite
face.Thetwo proteinchains(upperwith thin tubeslower with thickertubesandpalercolors)are
coloredblue - NTD, light blue - L1, gray- CCD, orange- L2, andred- CTD. ThelLl1 andL2
linker regionsextendover the region betweerthe two active sitesandcontactthe vDNA (yellow
ribbons). The actve-siteMn ions (black spheresandNTD Zn ion (light blue spheresprealso
shavn. (B) The L1 linkersin HIV-IN and PF\AIN have very different positions. In the HIV
NTD-CCD structure3F9K,'% L1 (pink) lies in a groove on the surfaceof the CCD (dark gray)
andconnectdo theadjacenNTD (purple),creatinga compactstructure.In PF\AIN (thin tubes),
the CCD (gray) andits contactingNTD (lavender)are attachedo different protein chainsand
L1 (light blue) extendsthroughsolvent(asshavn in (A)) sothatthe NTD andCCD in the same
proteinchain do not contacteachother A secondHIV NTD-CCD structuré® (PDB ID 1K6Y,
not shaovn) hasno densityfor L1 andthe NTD wasassignedo a very differentpositionthanin
3F9K. Subsequenanalysi$ revealedthat the crystal lattice includesan NTD that matchesthe
NTD positionin 3F9K. (C) Differencedn the CTD positionamongintegrases.Superpositiorof
the CCDs (gray, shovn for PF\AIN only) shows the dramaticvariationin L2 conformationand
CTD positionamongPF\£IN (orangeandred),HIV-IN (light greenandgreen,PDB codelEX4),
7 and ASV-IN (pink andmagentaPDB code1COM).*® Furthervariationis foundin the second
sulunit of theHIV-IN andASV-IN CCD-CTDstructuresandin SIV-IN, 33 which hasa helical L2
of thesamdengthasHIV-IN.



CCD is obsenedfor the two outersulunits of the PF\AIN tetramer The long linker regions of
PF\AIN couldbeinfluencedby crystalpacking,alteringthe arrangementf the domains.Crystal
packingmayalsoinfluencetheanglebetweerthetwo vDNA moleculesThisangleis about9(® in
thecrystal,but is largerin solutionaccordingto smallangleX-ray scatteringSAXS).3 An angle
greatethan9( is alsosupportedy atomicforce microscopy onthe HIV-IN/VDNA complex.®®

It is not clearhow far the PF\AIN structurescan be extendedto HIV-IN and ASV-IN. PF\
IN is about100residuedongerandhaslow sequencéomologywith the NTD, CTD, andlinker
regions of HIV-IN and ASV-IN. The crystallographicpositionsof the PFV L1 andL2 linkers
lie betweenthe CTD andthe boundvDNA, blocking CTD/VDNA interactionsfound by cross-
linking studieson HIV-IN andASV-IN. 3¢ The PF\AIN 2 andHIV-IN >158structureshaw similar
contactsetweerthe CCD andthe NTD, but thesetwo domainsareconnectedy the L1 linkerin
very differentways(Figure 1B). The positionof the CTD relative to the CCD>*° (Figure1C) and
the contactsof the CTD"1830vary greatlyamongthe crystallographistructuresf PF\, HIV, and
ASV INs. FurtherthelL 2 linker, whichconnectshe CCD andCTD, variesgreatlyin conformation
andin length: 50 residuesn PFV IN, 21residuesn HIV IN, andjust 8 residuesn ASV IN. The
L2 spansabout48 A in the PF\AIN structures® It hasbeenproposedhatthe L2 of HIV-IN can
spanthis distanceby adoptinga fully extendedconformation3” but L2 hasa helical conformation
in the structuresof the HIV CCD-CTD!’ andthe closelyrelatedsimianimmunodeficieng virus
(SIV) CCD-CTD 22 No conformationof the short8-residueASV-IN L2 canspanthis distance.
19 Therefore|f all threeretroviral integrasessharea similar role andpositionfor the CTD in the
vDNA-boundassemblyit cannotbethatobsenedin the PF\AIN structures.

To attemptto resole theapparentontradictiondetweerthe PF\AIN structuresandstructural
and experimentaldataon HIV-IN, we applied computationaldockingto PF\AIN and HIV-IN.

Our goal wasto identify interactionsthat are sharedoy PF\AIN and HIV-IN. We expectedthat



dockingwould reproducehe interactionsamongthe component®f the PF\AIN assemblysince
eachcomponenhasundegonetheinducedshapdit neededor formationof thecomplex. Instead,
we founda new positionfor the PFV CTD in the presencef boundvDNA thatis consistentvith

the lengthand conformationof the HIV-IN L2 linker region. We proposethatthe CTD formsa
dimer betweenthe two vDNA-bound active sitesthat is the main determinanwf their spacing.
EachCTD insertsan amginine-richloop into the spacebetweenhe two active sites,a region that
is unoccupiedn the PF\AIN structuresTheseloopsalleviatethe large negative chage createcby

thetwo VDNA endsandfacilitatethebinding of hostDNA neededor strandtransfer

Results

We investigatednteractionswithin the PF\AIN andHIV-IN assembliesisingthe macromolecular
docking programDOT.*8-4! DOT performsa global, systematicsearchbetweentwo molecules
by translatingandrotatingonecomponen{the moving molecule)arounda secondcomponenbr
comple (the stationarymolecule) resultingin 200-900billion configurationsEachconfiguration
is ranked by the sumof intermoleculaelectrostati@ndvander Waalsenegies. A key advantage
of DOT for studyingprotein-DNA complexesis the calculationof the electrostatigotentialof the
stationarymoleculeby Poisson-Boltzmanmethodswhich take into accountdielectric,solvation,
andionic strengtheffects. The resultingDOT electrostatiderm providesa good estimateof the
electrostatienegy of the highly polarprotein-DNA interaction®®

Two inner sulunit protein chainsof PF\AIN, which provide all of the obserned vDNA and
hostDNA contacts,and the two boundvDNA moleculeswere generatedrom PDB ID 30Y9.
30 The individual PFVAIN domainswere extractedfrom thesecoordinates.Linker regionswere
notincludedbecausef their high variability in bothlengthandsequencemongintegrasesrom

differentretroviruses. Although eachdomainhasundegonethe inducedfit neededor comple
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formation, a single domainmay not have a sufficiently completeinteractionsurfaceto give a
correctlydocked complex.#* As morecomponentsreaddedo completethe bindingsurfacesthe
fit of the docked complex to the crystallographicstructureshouldimprove. We first searchedor
distinct DNA-binding siteson the individual PF\MAIN domains,andthenbuilt larger assemblies
basedon the mostwell-definedinteractions.

Calculationswere then extendedHIV-IN, focusingon the interactionof the HIV NTD and
CCD (takenfrom PDB ID 3F9K)with vDNA. We first remodeledheactive-siteregion of theHIV
CCD basedon the PFV CCD to accountfor structuralchangesnducedby vDNA binding. After
examiningtheinteractionof the HIV NTD andCCD with vDNA, we thenevaluatedthe L1 linker
in 3F9K, whichis theonly HIV-IN structurethatshowvs densityfor L1.

In all dockings,we retainedthe 2,000top-ranled placementof the moving molecule. The
30 top-ranked placementsvereanalyzedn detail for clusteringand contactswith the stationary
molecule. Distinctive clustersamongthe top 30 complexeswerealsoobsenedin thetop 2,000,
with 150 or more placementswithin eachcluster For DNA dockings,we also examinedthe
distribution of the molecularcentersof thetop 2,000placementsywhich we have foundtypically

tracesout the axis of the boundDNA. 42

Docking DNA to theindividual PFV-IN domains

WeinvestigatedNA bindingto thethreeindividual PF\AIN domains.Selectiorof thecoordinates
for theNTD, CCD, andCTD werebasedon previous sequencandstructurealignment3 except
that 8 residuesof linker L2 wereaddedto the C-terminusof the CCD and 11 residuesof linker
L2 wereaddedto the N-terminusof the CTD (seeMethods). For the vDNA dockings,we used
the active-sitefragment(vDNA-9) consistingof 7 nucleotidesat the 3'-endof the cleaved strand

and9 nucleotidesf theunclearedstrand.This vDNA fragmentincludesall of the CCD andCTD



contactsandmostof the NTD contactdoundin thecrystalstructure.SinceDOT searchesverall

spacepoththe vDNA andhostDNA binding sitescould potentiallybe identifiedamongthe top-
rankeddockings.The shapeof the boundvDNA mightfavor thevDNA-binding site. To eliminate
bias,we alsodocked a B-form DNA fragment(B-DNA) thathadthe vDNA sequenceincluding
the 2 cleavred nucleotides.

Computationatlockingidentifiedthe obsened vDNA-binding site on theisolatedCCD asthe
mostfavorableDNA-binding surface. In the dockingof vDNA-9 to the CCD, the 30 top-ranled
VDNA-9 placementalignedwith the crystallographiocvDNA. Twenty-eightcorrectly positioned
the DNA minor groove over CCD helix a4 (residues217 to 235) andtwo put the DNA major
groove over helix a4. The 22 vDNA-9 placementsvith RMSDsof 5.0 A or less(Tablel, run1l)
andtwo more(RMSDsof 5.1and6.0 A) positionedthe 3’ hydroxyl within 4 A of the active-site
Mg ion. Thetop 2,000vDNA-9 placementpredominantlyclusteredver the vDNA-binding site,
but someoverlappedhe adjacenthost-DNA-binding site. Theseweregenerallyalignedwith the
boundvDNA, ratherthantheboundhostDNA.

Thedistribution of thetop B-DNA placementdollowedthatof vDNA-9, with the majority of
thetop 2,000andall of thetop 30 over the vDNA-binding site. Twenty-eightof the 30 top-ranled
B-DNA placementshovedgoodalignmentwith thecrystallographicvDNA, but all positionedhe
major groove, ratherthanthe minor groove, over CCD helix a4. The othertwo favorableplace-
mentshadthe minor groove over helix a4, but wererotatedabout30° from the crystallographic
VDNA. Theseresultsareconsistentvith our previousstudiesshowving thatrigid-bodydockingwith
B-DNA canidentify DNA-binding siteson proteinsandthe orientationof DNA at thesesites,but
is lesssuccessfult identifying the DNA contactsinvolvedin the interaction. Several of the top
30 B-DNA placementpartially overlapthe host-DNA bindingsite nearthe active site, but thetop
2,000did not shaw alignmentwith the boundhostDNA.



Stationarymolecule

Moving

Hits® in top 30

Hits® in top 2000

Bestranked

Run or comple molecule Number RMSD (A) Number RMSD (A) hit (RMSD)
Comparisonwith the crystallographigosition
1 CCD vDNA-9 22 1.0t05.0 248 0.9t05.0 1(3.8)
2 NTD vDNA-9 0 - 0 Best23.6 -
3 CTD vDNA-9 0 - 0 Best13.0 -
4 CCD+vDNA NTD 24 0.9t03.8 155 0.9t05.0 1(1.3)
5 NTD+CCD vDNA-9 25 0.7t04.0 218 0.7t05.0 1(0.9)
6 CCD+VDNA CTD 0 - 0 Best17.1 -
7 NTD + CCD+VvDNA CTD 0 - 0 Best16.9 -
8 (CCD+VvDNA), CTD 0 - 0 Best12.5 -
9 (NTD + CCD+VDNA), CTD 0 - 6 0.9t01.7 399(0.9)
10 (CCD+VDNA), NTD 27 1.1t03.3 150 0.9t05.0 1(2.2)
11 (CCD+CTD+VDNA), NTD 30 1.1t03.9 243 1.0t0 5.0 1(2.1)
12 (CCD+ CTDdock+vDNA), NTD 30 1.0t03.6 365 0.9t05.0 1(2.2)
Comparisorwith thedocked CTD positior?
6D¢ CCD+vDNA CTD 0 - 0 Best6.8 -
7D¢ NTD + CCD+ VvDNA CTD 0 - 0 Best15.8 -
8D¢ (CCD+VDNA), CTD 29 0.0t0 4.3 464 0.0t0 5.0 1(1.4)
9D¢ (NTD + CCD+ VvDNA), CTD 28 0.0t04.3 532 0.0t0 5.0 1(1.4)

@ Placementsvith anRMSD < 5 A betweerthe moving moleculeandthetamet position.

b Symmetry-relate€ TD docked positions(ranks2 and12) from dockingrun 8, (CCD + vVDNA), with CTD.

¢ Samenumberrun asabore, but comparedvith the docked CTD position.

Tablel: Analysisof docked component$rom the PF\AIN structure30OY9



In the PFMAIN structurethe double-strandedegion of thevDNA lies over, andapproximately
parallelto, NTD helicesa2 anda3.3° Docking VDNA-9 or B-DNA to theisolatedNTD did not
distinguishthis vDNA-binding mode (Table 1, run 2). Although the 30 top-ranled placements
generallydockedoverthe vDNA-binding surface they wererotatedsothatNTD helicesa2 or a3
wereinsertednto the DNA majorgroove.

In the PFMIN structure the CTD hastwo contactswith vDNA, onewith the double-stranded
region of onevDNA moleculeand one with the 2-nucleotideoverhangof the uncleaed strand
of the secondvDNA molecule®° In addition, CTD residuesArg 329 and Arg 362 contacthost
DNA. 3! Computationablocking of vYDNA-9 andB-DNA did not find a distinct DNA orientation
nor distinguishary of thesecontactgTable 1, run 3). Insteadthe CTD showved a diffuse DNA-
binding surfacecreatedby its N- and C-terminalendsandthe loop betweens1 and 52 (residues
326to 337). This surfacecontainsall of the residueshat contactthe double-strandedegion of
thevDNA (residuesSer311andArg 313in L2, Arg 326and336in theloop, andArg 374 atthe
C-terminus)yandone(Arg 329)thatcontactdhehostDNA. Thus,computationatlockingidentified
DNA-contactingsurfacesof theNTD andCTD domainsobsenedin thecrystallographistructures

of thefull, tetrameridPF\AIN assemblybut not the orientationof the DNA overthesesurfaces.

Multi-component PFV-IN dockings

The combinationof a CCD from one inner sulunit, the contactingNTD from the otherinner
sulunit, and a boundvDNA moleculecreatesa compactstructure. To probethis 3-component
interaction,we startedwith the complex of the CCD with vDNA, theinteractionthatwasreliably
reproducedby computationatiocking. TheCCDwascombinedwith full-lengthvDNA (17-bpplus
the 2-nucleotideoverhangof the uncleaed strand)to make the CCD+vDNA comple. Docking

the NTD to this complex identifiedthe NTD crystallographigosition,with 24 hits amongthe 30
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top-rankedconfigurationgTablel, run4). In theother6 favorableconfigurationsNTD helicesa2
or a3 wereinsertednto the DNA majorgroove,asfoundin thedockingof vDNA-9 to theisolated
NTD. Docking vDNA-9 to the combinationof the NTD with the CCD (NTD+CCD) improved
the clusteringamongthe top 30 vDNA-9 placementgTable 1, run 5) comparedwith the CCD
alone. In all 30, the vDNA-9 wasalignedwith the crystallographidDNA axis, with the correct
orientationoverthe NTD surfaceandthe DNA minor groove over CCD helix a4. In 28 vDNA-9

placementsthe cleared 3 endwascloseto the active-sitewith 25 within the 5 A RMSD cutof.

Thus,in comple with the CCD, thecrystallographiczDNA-binding modeof theNTD wasclearly
identified.

In contrastto the resultsfor the NTD, dockingthe CTD to CCD+vDNA (Table1, run 6) pro-
ducedno matchwith the crystallographidnteraction.Insteadthe CTD variedwidely in position
and orientationrelative to the CCD. The 30 top-ranked placementsadlittle or no contactwith
the CCD, but contactedhe vDNA with the samesurface(loop 326-337andtheN- andC-terminal
regions)foundin the CTD/vDNA-9 dockings.Addingthe contacting\NTD to make thethreecom-
ponentcomplex NTD+CCD+vDNA did not improve CTD docking (Table 1, run 7). Thus,the
CCD+vDNA constructwvassufficientto identify anddistinguishthe bindingmodeof theNTD, but
notof the CTD.

Dockingsinvolving the PFV-IN catalytic core

In the PFMAIN structure,eachCTD moleculecontactswo CCDs,two vDNA moleculesandone
NTD (FigurelA), suggestinghata larger assemblywould be neededo definethe CTD-binding
site. We startedwith thedimericcatalyticcore,(CCD+vDNA),, whichcontainghe CCDsfrom the
two inner sulunitsandtheir two bound,full-length vDNA molecules.Thetwo CCD+vDNA sub-

unitsdo not contacteachother;we usedtherelative positionsfoundin the crystallographicstruc-
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ture. Dockingthe CTD to (CCD+vDNA), foundno CTD placementsiearthetwo crystallographic
positions(Tablel, run 8 andFigure2). Instead the 30 top-ranledsolutionslay in theregion over
the two active sites(Figure2B, C), with 29 in two symmetry-relateghositions. Comparisorwith
ranks2 and12, representatie of thesetwo positions,revealeda large clusterfor eachsymmetry-
relatedplacement(Table 1, run 8D). Eachdocked CTD contactedooth vDNA moleculesusing
primarily the samevDNA-binding surfacefoundin the otherCTD dockings.Thetwo symmetry-
relatedCTDs are adjacentto eachother suggestingormationof a CTD/CTD dimer. Although
CTD loop residues326-335overlap,this large flexible loop could adopta differentconformation

thatwould eliminatestericconflicts.

Figure2: The PFV CTD docksbetweerthetwo active sites.(A) EachcrystallographicCTD (red
tubes)contactsboth vDNA moleculeg(yellow tubes),but the active-siteregion betweenthe two
3'-endsof the cleaved VDNA strandsis unoccupied.The CCDs(gray with spheregepresenting
the Mn ions) andthe CTDs have attached.2 residueqorange)thatwereincludedin the docking
calculationsN- andC-terminiareshovn asblueandredspheres(B) Two symmetry-relategairs
of docked CTD placementgranks2 and12, greenandranks4 and15, purple)representhe two
clustersmakingup 29/300f thetop-rankedpositions.Thedocked CTDsoccupy thecentralactive-
siteregion betweerthetwo vDNA moleculesreducingthe distancebetweerthe CCD C-terminus
andthe CTD N-terminusby 12 A. (C) The 100top-ranked docked CTD positions representetly
theirgeometriccenterggreenspheres)areconcentratedh theregion overthetwo active sites.Of
these;78 hadanRMSD within 5 A of the symmetry-relateghair (purple).
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We analyzedthe previous dockingsof the CTD to CCD+vDNA and NTD+CCD+vDNA for
matcheso the symmetry-relatealocked positions,but found none(Table 1, runs6D and 7D).
Thus,bothvDNA moleculesarerequiredto createthe CTD-bindingsite.

In the PF\AIN crystallographicstructure,eachCTD hasa small contactwith the NTD of
the sameprotein chain To test the importanceof this interaction,the CTD was docked to
(NTD+CCD+VvDNA),, in which the two NTDs were addedto the catalyticcore. More thanone
quarterof the 2,000top-ranked CTD placementsnatchedthe symmetry-relatedlocked position
(Table 1, run 9D). Only a few poorly ranked placementsnatchedthe crystallographicCTD (Ta-
ble1,run9).

In contrasto the CTD, dockingthe NTD to thedimeric catalyticcoreidentifiedthe two crys-
tallographicpositionswith 27 hitsin thetop 30 (Tablel, run 10). Theother3 placementay near
the catalyticsites,overlappingthe region in which the CTD haddocked. Whenthe two crystal-
lographicCTDswereaddedto the catalyticcore,all top 30 NTD placementsnatchedhe crystal
(Tablel, run11). TheCTDsmightimprove dockingby increasinghe NTD-bindingsurfaceor by
partially blockingthe active-siteregion. To distinguishthesetwo possibilities the two symmetry-
related,docked positionsof the CTD (ranks2 and 12) were addedto the catalyticcoreto make
(CCD+CTDdock+vDM),. Neither CTD contactsthe crystallographidNTD position. Docking
the NTD to this constructprovided the bestresults;all 30 top-ranked NTD placement@andover
18%of thetop 2,000matchedhecrystal(Tablel, run12). Thus,the CTD improvesNTD docking

by blockingthe active-siteregion ratherthanby providing additionalNTD contacts.

Rebuilding CTD loop 325-340

We exploredalternateconformationgor loopresidues826-337 whichoverlapin thetwo symmetry-

relateddockedCTDs(Figure2B, C). WhentheHIV CTD (from PDBID 1EX4)andtheASV CTD
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(from PDB ID 1COM) weresuperposeantothe docked PFV CTDs, the correspondingoops of
theHIV andASV CTDsextendedbetweerthetwo active sites.We retuilt the PFVloopsto follow
the conformationof the HIV loops(seeMethods).EachPFV loop containsfour arginine residues
(326,329,334,and336),resultingin theinsertionof eightpositively chagedsidechainsbetween
thetwo active sites(Figure3). Arg 329lies atthemostextendedpartof theloop andcouldcontact
the hostDNA. Otherpositively chaged CTD residueqArg 350and362,Lys 339 and 345) may
alsocontactthe vDNA. The correspondinddlV CTD loop insertsresidued.ys 236 andArg 228
and231betweerthetwo active sites(Figure3), with Arg 231 capableof contactinghehostDNA.
HIV CTD Arg 263andLys 258and264 may provide additionalvDNA contacts.

HIV-IN docking

Our predictedoositionfor the CTD clasheswith L1 andL2 linkersin the PF\AIN crystallographic
structures.The docked CTD positionmovesthe L2 away from the active site, eliminating steric
conflicts. It is unclearif the L1 linkers, especiallythe shorteronesof HIV-IN and ASV-IN, are
sufficiently long to passaroundthe docked CTD. Instead the connectvity betweerthe NTD and
CCD maybedifferentthanobsenedin the PF\£IN structures.

An alternateconformationandconnecuwity is obsenedfor L1 in thestructureof the HIV-2 IN
NTD-CCD boundto LEDGF (PDB ID 3F9K).1® In 3F9K,the NTD is connectedo its contacting
CCD, with L1 lying on the CCD surface(Figure 1B). We examinedthe compatibility of this L1
positionwith vDNA binding.

We first mademodelsof the HIV CCD andvDNA basedon 3F9K thatincludedaspectsof
the PFMIN structureinducedby complex formation. The vDNA modeltook its structurefrom
the PF\AIN comple, but with the nucleotidesequencedjustedto bind HIV-IN.*® To make the

HIV CCD model, the PFV CCD active-siteloop (residues209-219)was graftedinto the HIV

14



Figure3: CTD loop 326-337fills the region betweenthe two PF\AIN actie sites. The view is
looking down on the host-DNA-binding faceof the IN assembly The loops of the two docked
CTDs(red,lower left andlight red,upperright) puteight Arg residuegdarkblue sidechainsand
labels)betweerthetwo 3'-nucleotideggreenwith redoxygenatoms)of thevDNA (yellow) bound
attheactive sites(indicatedby Mn ions,blackspheres)Thecorrespondindgpopsof theHIV CTD
(purple) positionfour Arg andtwo Lys residueglight blue side chainsandlabels)in the same

area.PFV CTD Arg 362,which corresponds$o HIV CTD Lys 258, may alsocontrituteto vVDNA
bindingneartheactiesite.
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CCD,replacingHIV-IN residuesl40-150,andthesecondMn ion wasaddedo theactive site (see
Methods).

To testthe quality of thesemodels,the vDNA-9 modelwasdockedto the HIV CCD model.
The referencevDNA positionwas determinedby superpositiorof the HIV CCD onto the PFV
CCD (seeMethods). In 26 of the top 30 vDNA-9 placementsthe vDNA minor groove lay over
helix a4, asfoundin the PF\AIN structure. The nine hits (Table 2, run 1) put the 3'-hydroxyl
oxygen3.1to 6.0A from theMn ion. The otherplacementsvithin this groupwereeithershifted
oneto two bp alongthe DNA axisor rotated18(, puttingthe 3'-endof the uncleaed strandnear
theactive site.

Adding the HIV NTD (NTD+CCD) tightenedthe clustering,giving 27 vDNA-9 placements
with the 3-hydroxyl within 6.0 A of the Mn ion. Only 16 of thesewerewithin the RMSD cutoff
(Table2, run 2) becausef variationin the positionof the 2-nucleotideoverhangof the uncleaed
strand(Figure 4A). Thesetwo nucleotidescontactthe active-siteloop in the PF\AIN structure,
but the HIV active-siteloop may have fewer hydrogenbondswith the vDNA. The side chain of
PF\AIN Thr 210formsa hydrogenbondwith the secondpohosphatgroupof theuncleaedstrand,
30 put correspondingval 141 of HIV-2 (or lle 141 of HIV-1) cannotform this hydrogenbond.
PF\VAIN His 213 forms a hydrogenbondwith the third phosphateyroup of the uncleaed strand,
30 put correspondingHlV Asn 144 is too shortto form the samehydrogenbondin the modeled
loop. Evenwith thereducedcontactof the 2-nucleotideoverhangthe dockedvDNA shovedgood
agreementvith the active-sitecontactdoundin the PF\AIN structure.

AddingL1 to makethefull HIV NTD-CCD construcdramaticallychangedheresultyTable2,
run 3). All 30 top-ranked vDNA placementgositionedthe DNA major groove over helix o4,
moving the 3'-hydroxyl far from the active site. Only threepoorly ranked hits appearecamong

the 2000top-ranked vDNA-9 placementgTable 2). Thesehits fit well at the active site, but the
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oppositeendof the vDNA-9 movedaway from the CCD surface,reducingcontactswith boththe

CCDandtheNTD.
Stationarymolecule Moving Hits in top 30 Hits in top 2000 Bestranked
Run or comple molecule Number RMSD (A) Number RMSD (A) hit (RMSD)
1 CCD vDNA-9 9 2.0t06.0 169 0.8t06.0 1(3.9)
2 NTD + CCD vDNA-9 16 2.0t06.0 250 0.8t06.0 1(3.9)
3 NTD-CCD VDNA-9 0 - 3 2.7t04.0 230(4.0)
4  CCD+VDNA NTD 5 2.2t04.9 221  0.9t06.0 8(3.9)

Table2: Analysisof dockedcomponentérom the HIV-IN NTD-CCD structure3F9K

Superpositiorof the PFV andHIV IN structuresevealedthe sourceof the poor vDNA fit to
NTD-CCD (Figure4B). The HIV L1 in 3F9K lies adjacento helix a4, filling the CCD surface
groove that bindsthe phosphatédackboneof the uncleaed vDNA strandin the PFV structures.
HIV L1 residuesi8to 50 overlapthe boundphosphatdackbonewith the Glu 48 sidechainin a
phosphatdinding pocket. Thus,the L1 positionin 3F9K, the only HIV-IN structurethat showns

densityfor theL1, appeardo beincompatiblewith vDNA binding.

Discussion

Computationatlockingwith DOT hasproved particularlyeffective for definingthe DNA-binding
surface of a proteinin the absenceof a crystallographicstructureof the complex.4?> DOT has
beenappliedto protein-DNA interactionsof DNA-repairenzymes’*—’transcriptiorfactors?® the
nucleosomé? andthe CCD of HIV-IN.?! Large,favorablyranked clustersfrom the dockingssuc-
cessfullyidentify active sites?*’ map out large DNA-binding regions;*>#’ and reveal multiple
pointsof DNA contactwith a protein*® Key for predictingprotein-DMA interactionsis the DOT
electrostatie@negy term,which givesa goodrepresentatiof? of thedistinctive electrostatiqprop-

ertiesthat DNA-binding proteinsneedto pull the highly chaged DNA substrateout of solution.
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Figure4: TheL1 of HIV-IN NTD-CCD structureclashesvith boundvDNA. (A) DockingvDNA
to the HIV NTD+CCD. In the absenceof the L1 linker, the vDNA fits well at the CCD active
site (gray tubeswith two active-siteMn ionsasblack spheres)but shavs a wide rangefor the 2-
nucleotideoverhang(upperleft). DockedvDNA arerank 14 (red, RMSD = 2 A), rank1 (orange,
RMSD = 3.94) rank2 (yellow, RMSD = 6.0 A) rank13 (light blue, RMSD = 8.6 A) andrank 14
(purple,RMSD = 11.7,5\). (B) TheHIV L1 (light blue)blocksthevDNA-binding siteon CCD. L1
residuesGlu 48, Ala 49, andlle 50 occuypy the groove that bindsthe phosphatédackboneof the

uncleaedvDNA strand(yellow). The Glu 48 sidechainlies in a pocket occupiedby a phosphate
group(greenP atom).
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49-51ith this electrostatiderm, the majority of the 2,000bestranked DNA placementsurround
theboundDNA position,clearlydistinguishingghe DNA-binding surfaceon the protein.

Here,we appliedDOT to anovel use:dissectiorof thecrystallographistructureof the PF\AIN
assemblya multi-chain,multi-domain,DNA-boundcomple<. We reproducedhe crystallographic
interactionsamongthe NTD, CCD, andvDNA, but the crystallographicCTD positionwasnever
identifiedasa favorableenepy cluster Instead,we found two dominantsymmetry-relateghosi-
tions for the CTD over the two VDNA-occupiedactive sites,a region partially occupiedby the
linkerregionsin the PFV crystallographicstructures.

TheCCD by itself shovedawell-definedvDNA-bindingsite. DockingvDNA to the PFV CCD
identifiedthe key features:insertionof CCD helix a4 into the DNA minor groove andplacement
of the 3'-hydroxyl of the cleaved DNA strandnearthe active-sitemetalion. We found the same
vDNA-bindingsitefor theHIV CCD, usingamodelbasedntheunboundHIV-IN CCD structure
andthe active-sitegeometryof the DNA-boundPFV CCD. Previous DNA dockingstudieshave
also identified this region as the dominantDNA-binding site on the CCD.?%2! Thus, the CCD
alonehasthe elementgo definethe vDNA-binding surfaceandthe orientationof the DNA over
thatsurface.In contrastdocked DNA fragmentsonly partially overlappedhe host-DNA binding
siteandshonvednodistinctorientationoverthis site. SinceeachCCD hasonly a partialbindingsite
for thehostDNA, aneffective host-DNA-binding site may requireformationof the full assembly
organizedby the boundvDNA.

Theconsistenteproductiorof theinteractionsamongthe CCD, its contactingNTD, andbound
VDNA in bothPF\AIN andHIV-IN suggesthatthis three-componeninit maybethebasicbuild-
ing block of the assemblybut the two three-componentomplexesin the PF\AIN tetramerhave
no contactwith eachother Instead the spacingbetweerthem,andhencebetweerthetwo active

sites,mustbe determinedy othercomponentsn theassemblyln the PF\AIN structuresthefour
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linker regionsandtwo CTDs of the inner sulunits appearto determinethe spacing.We propose
thattheCTD is themaindeterminanof theactive-sitespacingwith aCTD dimerbindingbetween
thetwo active sites,replacingL1 andL2 in the PF\AIN structuresThedocked PFV CTD clusters
representinghis dimer arecomparablen sizeto thosefrom dockingsthat reproducedrystallo-
graphicinteractiongTablel), eventhoughthe CTD hasnot undegoneaninducedfit for this site.

ThedockedCTD hasextensie contactavith bothvDNA moleculesconsistentvith thesignificant
positive chage (+6 for residues315-375)createdby nine Arg andLys residuedistributed over

the CTD surface(Figure5). The PFV CTD loop betweens-strandsl and2, reluilt basedon the

conformatiorof thecorrespondindpopin theHIV CTD, liesbetweerthetwo active sites,aregion

thatis unoccupiedn the PF\AIN crystallographicstructures.This loop hasa clusterof positively

chagedsidechains,sothe CTD dimerinsertseight Arg sidechainsbetweerthe two actie sites,
neutralizingthe substantiahegative chage createdoy thetwo vDNA moleculesandtheincoming
hostDNA.

The predictedCTD positionis more consistentwith the length and conformationof the L2
linkersof HIV-IN andASV-IN thanthe CTD positionin the PF\AIN structure.The docked CTD
decreasethe distancespannedy L2 from 48 A to 36 A, closeto the length of the helical L2
in the HIV CCD-CTD structuré’ (Table3). Like the PFV CTD, the HIV CTD hasa clusterof
positively chaged side chainson the loop betweeng-strandsl and 2 (Figure 5), suggestinga
similar orientationat the CTD-bindingsite. The ASV CTD, with its very differentchage distri-
bution (Figureb), is likely to bind in a differentorientationat the CTD-bindingsite, which could
significantly shortenthe distancebetweenthe ASV CTD N-terminusandthe CCD. The closest
PFV CTD backboneatomis just 22 A from the C-terminusof the PFV CCD, a distanceeasily
spannedy the 8-residueASV-IN L2 (Table 3). With a uniqueorientationfor the ASV CTD,

vDNA-contactingresiduesvould not correspondo the samestructuralpositionson the HIV and

20



PFV INs. Therefore gxperimentadataimplicatingaspecificASV CTD residuen vDNA binding

3¢ maynotbedirectly transferabldgo the HIV andPFV CTDs.

Figure5: Distribution of the chagedsidechainsin the CTDsfrom PFV, HIV, andASV INs. All
of the Arg andLys residueqblue) and Asp and Glu residueqred) areshown. In the PFV CTD
(left), thelargestclusterof Arg andLysresiduess onandaroundtheloop betweerstrands31 and
B2. This loop (greenbackbone)s shown in the conformationbuilt to follow the corresponding
loop of HIV-IN. The HIV CTD (center)alsohasa clusterof Arg andLys residueson the loop
betweens1 and 52, but hasanotherclusteron 55 andthe precedingoop. In contrastthe ASV
CTD (right) hasa clusterof Asp andGlu residuegred)on theloop between31 and 32, with Arg
andLys residuesclusteredmainly on 55 andthe helicalloop precedings5. All CTDsareshown
in the sameorientationwith theconsered Trp (magentaptthestartof 52 (residue337in PF\£IN,
235in HIV-IN). Thesecond3 sheetf the CTD is in back,is relatively hydrophobicandconsists
of 43, 4, andthe seconchalf of 52

Ourpredictedpositionfor the CTD movesL 2 away from theactive site,butthe CTD would still
conflictwith theL1 conformationfoundin the PF\AIN structure.Our structuralanalysisrevealed
thatthe only otherobsened L1 conformationthatfrom HIV-IN structure3F9K,' interfereswith
vDNA binding. In addition, this configurationwould createa vVDNA-binding site with the NTD

and CCD from the sameinner sulunit, contradictingthe finding thatthe HIV NTD functionsin
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trans with the CCD.5%53 We proposeathird possibility: L1 connectghe CCD of aninner sutunit
to the NTD of the outersulunit belongingto the sameCCD dimer. The L1 would spana shorter
distancehanin the PF\AIN structure(Table3) andno longerclashwith thedocked CTD.

We show the proposedCTD andL1 andL2 linker positionsin a model of the vDNA-bound
HIV-IN dimer (Figure6). TheHIV CCD andCTD weresuperposedntothe PFV CCD andthe
dockedCTD. TheHIV L2 helix wasinsertedsothatthethreelL2 lysine sidechainsextendtoward
thevDNA, assuggestedy Stroudetal.'’ In themodelshowvn in Figure6, the CCD, L2, andCTD
of oneinner sukunit wrap aroundthe vDNA. The L2 andCTD could alsobe contributed by the
outersuhunit of the dimer, becausehe C-terminalresiduef the CCDsmakingup thedimerare
just 5.5A apart(arrov in Figure6B). This is consistenwith studieson combinationsof HIV-IN
mutantsshawing thatthe CTD canfunctionbothin trans andin ciswith the CCD .52 ThevDNA-
binding surfaceis completedoy the NTD from the outersulunit of the CCD dimer (Figure 6B),
consistentwith the NTD functioningin trans to the CCD.>%°3 The threepositively chaged side
chainsonthe CTD loop between31 and52 (Lys 228,Arg 231,andLys 236) andadjacentesidue
Lys 258 lie betweenthe two boundvDNA ends(Figure3). CTD residueArg 231is onthe most
extendedpartof theloop andis therefordik ely to contacthostDNA. Consistentvith arolein host-
DNA binding, mutationof Arg 231 decreasedtrand-transfeactiity, but retained3’-processing
activity.> CTD residuelLys 258 (equivalentto PF\VAIN Arg 362) is more deeplyburied between
thetwo active sites,andthereforemaybe key for orientingthe CTD. Mutationof HIV Lys 258to
Glu or Serresultsin lossof bothactiities.>* CTD sidechainsSer230,Glu 246,Lys 264,andLys
266arenearthe boundvDNA (Figure6A), consistentvith crosslinkingstudies®”:23:55.56

Why doesnt the predictedCTD dimer occurin the crystalif it is the biological interaction?
In the PF\AIN crystal,the CTD doesnot contactothertetramersso it is not directly influenced

by crystalpacking. However, the CTD position may be indirectly affectedby the vDNA, which
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Figure6: Model of theHIV-IN dimer. (A) TheCCD (gray),L2 (orange)andCTD (red)from one
innersukunitwraparoundthevDNA (yellow with purpleindicatingDNA sitesthatcross-linkwith

the CTD). (B) The NTD functionsin trans andthe CTD canfunctionin bothcis andtrans. The
chainof oneinnersuhunit (thick tubes)andthe NTD-CCD region of the outersulunit (thin tubes)
thatform the dimer areshovn. The NTD (blue, lower right) that contactsthe CCD (dark gray)
of theinnersulunit to completethevDNA (yellow) binding surfacecomesfrom the outersulunit
(light blue L1 linker, lower left andlight gray CCD, left). Similarly, the NTD (blue,upperleft) of

theinner sulunit contactshe CCD of the outersuhunit. Dueto the proximity of the C-terminiof
thetwo CCDs(indicatedby theyellow arrov andanorangesphere)thevDNA-contactingL.2 and
CTD couldalsobe suppliedby the outersulunit.
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System Region spanned Distance(A)
L2: from thelastCa in the CCD to thefirst Ca in the CTD

PF\AIN (30Y9) A270Ca to A321 Ca 48.4
PFVAIN, dockedCTD  A270Ca to A321 Car 36.4
HIV-IN (1EX4) 201Ca to 223Caq, chainsA andB  33.8,34.4
ASV-IN (1COM) 213Ca t0 222Caq, chainsA andB  19.2,24.2

L1: fromthelastCa in the NTD to thefirst Ca of the CCD

PEVAIN (30Y9) A102Ca to A123Ca 42.6
HIV-IN (3F9K) A46 Ca to A59 Ca 30.1
HIV-IN (3F9K) A46 Ca to B59 Car 32.5

Table3: Distancespannedy thelL1 andL2 linkers

contritutesto formationof the crystallattice 3* The PF\AIN structureshav anangleof about9(
betweernthetwo boundvDNA ends but SAXS studiesonthe PF\AIN/VDNA comple in solution
find a larger angle* The smalleranglein the crystaldecreasethe areabetweerthe two bound
VDNA endswhich could preventformationof the CTD dimer.
Modelsconstructedeforethe first vDNA-boundPF\AIN structurein 2010°° reflectedthein-

complete andsometimesontradictory structuraland biochemicaldata. Although it wasknown
thattwo dimerswereneededo provide the two actie sites,the only constraintfor orientingthe
two CCDdimerswasthedistancebetweerthetwo vVDNA insertionpoints. TheHIV-IN CCD-CTD
structurelEX4’ shavedtwo positionsfor the CTD, neitherof which matchedany CTD position
in ASV-IN (Figure1C)or SIV-IN.® TheHIV-IN NTD-CCD structurg(PDB 1K6Y) in 2001*° gave
an NTD position distantfrom that later reportedin 2009'¢ (PDB 3F9K), which is closeto the
PF\VAIN NTD (Figure 1B). Thevariedpositionsof the NTD andthe CTD, attachedy long, flex-
ible linker regions, resultedin sucha large variationamongthe HIV-IN modelsthat no role for
eitherthe NTD or CTD could be clearly identified. Modelsthat combinedthe NTD-CCD from
1K6Y with the CCD-CTDfrom 1EX4 proposedavarietyof NTD andCTD contactshut provided
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no specificstructuralmechanisnfor the spacingof the two active sites?326-22Othermodelg>2°
proposedcontactdetweerthetwo CCD dimers,resultingin morecompactroteintetramers.
The2010DNA-boundPF\IN structure€’3'revealavery differentassemblyandsuggesspe-
cific functionsfor theobsenedNTD andCTD. Thetwo CCD dimersextendaway from eachother
with no directcontactforming anapproximatelyplanarproteinstructurein which thetwo vDNA
fragmentsextendaway from eachotheron oneface(Figure 1A) andhostDNA bindson the op-
positeface.The NTD, alongwith its contactingCCD, formsa continuousyDNA-binding surface.
The CTD, throughits contactsbothvDNA ends,is the only domaindirectly involvedin spacing
the two active sites. Two HIV-IN modelsbasedon the PF\AIN structuresmaintainthe positions
of the folded domains,but differ in the L2 conformation. In one?’ the L2 wasfully extended
to spanthe long distancebetweerthe CCD andCTD. In the other®’ the helical conformationof
HIV-IN L2 foundin 1EX4 wasretainedput this requiredunfoldingCTD residue23-237 adding
themto L2 asanextendedregion, thenincorporatinghe 18 C-terminalresiduesnto the CTD. Our
modelis basedon the PF\AIN structuresput we first exploredthe assemblyof PF\VAIN domains
by computationablocking. Our discovery of a new, favoredCTD positionpreseresthe HIV-IN
L2 helicalconformationandthe HIV-IN CTD fold obsenedby bothcrystallography’ andNMR.
58,59 Further our proposednodelidentifiestherole of the CTD dimerto bethecentraldeterminant

of thegeometryof thetwo active sites.

Conclusions

Giventhe diversesequenceandstructuresamongretroviral integrasesit is unclearif properties
foundfor otherintegrasesapplyto HIV-IN, the key clinical target. Herewe investigatedvhether
the assemblyfound in the PF\AIN crystallographicstructureswhich arethe only IN structures

thatcontainboundvDNA, appliesto the biologicalassemblyof HIV-IN. Computationatlocking
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reproducedhe interactionsof the PF\MAIN NTD and CCD with vDNA andfound corresponding
interactiondor HIV-IN, supportinga similar groupingfor thesethreecomponentsn bothassem-
blies. Computationadockingdid not reproducethe CTD positionin the PF\AIN structuresput
identifieda new positionfor the CTD that betteraccommodatethe large variationin the L2 se-
guencelength,andconformationamongASV, HIV, andPFV INs. Thereforewe proposehatthe
sameCTD-bindingsiteis sharecamongthethreelNs, but it is notthe siteobseredin the PF\AIN
crystallographistructuresThetwo symmetry-relatedockedclusterssuggesthata CTD dimeris
formed,with eachCTD contactingoothvDNA moleculego alignthe active sites. Two positively
chagedloops,onefrom eachCTD, extendbetweenthe two active sites,a region thatis unoccu-
piedin the PF\AIN structures.The loops help to neutralizethe large negative potentialcreated
by the proximity of thetwo vDNA ends,andassistthe binding of the hostDNA. The differences
in size, sequenceand chage distribution amongthe retroviral CTDs suggesthat eachforms a
uniqueCTD dimer, which would explainwhy eachretroviral IN hasa uniquespacingoetweerthe
two VDNA insertionpointsin the hostDNA.

This studydemonstratethat rigid-body, systematicsearchmacromoleculadockingis an ef-
fective tool for evaluatingcrystallographicstructuresof complex assembliesFor integrase com-
putationaldockingcombinedwith structuralanalysishave provideda modelthatresolesapparent
contradictionsbetweenbiochemicaland structuraldata. Our approachmay be especiallyuseful
for systemscontainingprotein-DNA interactionsor multi-domainchainswith long, flexible link-

ersthatcanbeinfluencedby crystalpacking.
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M ethods

Prepar ation of coordinatesfor the docking calculations

The PFV IN coordinatesvere taken from the crystallographicstructureof PFV IN with bound
viral DNA (PDB code30Y9),% which containsthe NTD, L1, CCD, L2, andCTD of aninner
sulunit (chain A), the CCD of the contactingouter sutunit (chain B) that forms a CCD-CCD
dimer with chain A, andthe boundvDNA fragment. We generatedhe biological tetramerby
symmetryoperationsand extractedthe two inner sutunits (chain A and symmetry-relateathain
A") andthe two boundvDNA molecules.

ThePFVNTD, CCD,andCTD (Table4) weredefinedbasedon previous sequencandstruc-
ture alignment3° with the following exceptions. Residues271-278of L2 were addedto the C-
terminusof the CCD. Theseresiduescontactthe NTD and have B-factorssimilar to the CCD
domain.Keepingthesel 2 residuesaspartof the CCD significantlyimproved dockingsin which
theNTD wasthemoving molecule.Theseresiduesrepartof loop 271-286 which packsbetween
the NTD and CCD before extendingtowardsthe CTD; thereis no equivalentloop in the HIV
andASYV structures.The N-terminusof the CTD wasextendedto include L2 residues310-320.
Residues315to 320 have no equialentin HIV-IN andASV-IN, but arepartof the globular PFV
CTD, shieldingthehydrophobicsidechainsof lle 366andVal 343,346,and352from solvent. The
Trp 315sidechainfaceshe PFV CTD interior, contributingto its hydrophobiacore.Residue810
to 314 from L2 include vDNA-contactingside chainsSer311andArg 3132 andthereforemay
contribute to vDNA binding. Retaininga few residuesprecedingthe CTD canimprove docking
resultsby eliminatingplacementshatwould clashwith the L2.

Thefull-length vDNA in the PFV structureshasan uncleaed strandof 19 nucleotidegchain
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Component Coordinatesisedin dockings FromHareetal.*®
PF\AIN, PDB code3(Y9

NTD ChainA: 8-102,Zn 1-102
CCD ChainA: 123-278,2 Mn 123-270
CTD ChainA: 310-375 321-374
vDNA ChainC: 1-19,ChainD: 1-17

vDNA-9 ChainC: 1-9, ChainD: 11-17

HIV-IN, PDB code3F9K

NTD ChainA: 4-46,Zn 1-46
CCD ChainA: 59-207,2 Mn 59-201
NTD-CCD ChainA: 4-207,Zn,2 Mn

Table4: Selecteccoordinate®f IN domainsusedin dockings

C) with a 2-nucleotideoverhang(residuesl and?2) at the 5'-end,anda cleaved strandof 17 nu-
cleotides(chain D) that endswith the active-site 3'-hydroxyl (residuel?7). When DNA is the
moving moleculein computationaldocking, it is bestmodeledby fragments8-12 bp in length.
Longerfragmentggive enegetically similar placementshiftedalongthe DNA axis,obscuringhe
correctlydockedposition. Therefore whenvDNA wasthe moving molecule we usedatruncated
active-sitevDNA fragment,vDNA-9, which containedthe first 9 nucleotidesof the uncleaed
strandandthelast7 nucleotidesof the cleaved strand(Table4). This fragmentincludesall of the
contactswith the CCD andthe CTD. A linear 10-bpB-DNA fragmentwith the vDNA sequence,
includingthetwo cleaved nucleotideswashbuilt with the Nucleic Acid Builder (NAB) progrant®
anddoclkedto theindividual PF\AIN domains.We alsodocked a secondB-form DNA fragment
with a completelydifferentsequencégresultsnot reported) which gave the samedistribution of
the top 30 andtop 2,000placementsshowving thatthe B-DNA dockingswere not dependenbn
the DNA sequence.

Multiple componentonstructsverecreatedy combiningindividualcomponentsThesdarge

assembliesvere assignedas the stationarymoleculefor computationalefficiengy in the dock-
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ing calculation* Full-lengthvDNA, which extendsabout2-bp beyond protein contactsin the
crystal, was usedin theseconstructsto ensurea good electrostaticmodel nearthe blunt end.
4041 CCD+VvDNA containedthe CCD (chain A) andits contactingvDNA (chainsC andD). In
NTD+CCD, the NTD from chain A’ wasaddedto CCD (chainA) to give a continuousvDNA-
contactingsurface.(CCD+vDNA), containedbothvDNA moleculesandthe CCDsfrom chainsA
andA' to createthe catalyticcoreof the IN tetramer In (NTD+CCD+vDNA),, bothNTDs were
addedo thecatalyticcore.In (CCD+CTD+VvDMNA),, bothCTDswereaddedo the catalyticcore.
In (CCD+CTDdock+vDM\),, a symmetry-relateghair of CTDs found by computationdocking
wereaddedo thecatalyticcore.

HIV-IN coordinatesveretakenfrom the crystallographistructureof the NTD-CCD construct
boundto lensepithelium-denedgrowth factor(PDB code3F9K).5! We selectecchainA, which
includescoordinatesor linkerL1. Coordinate®ftheNTD, L1, andCCD of HIV-IN wereselected
basedbn Hareetal.,*° exceptL2 residue202-207wereincludedwith the CCD (Table4).

We retuilt the HIV-IN to reflectthe inducedfit uponvDNA binding. In 3F9K, the active-site
loop (residuesl40-150)is very differentfrom thatin the vDNA-bound PF\AIN structure30Y9.
3F9K hasonly onemetalion boundin theactive site,whereaghe PF\£IN structureshow two. We
usedthe moleculargraphicsprograminsight (Accelrys,Inc.) to superpos¢he Ca: atomsof PFV
residuesaroundthe Mn-binding ligandsandthe loop ends(residuesl27-129,184-186,207-209,
220-222)onto corresponding@F9K atoms(residues63-65,115-117,138-140,151-153). PF\*
IN active-siteloop residue209-219andthe secondmetalion from 30Y9 weretransplantednto
3F9K. Four of the 11 sidechainswerereplacedo provide the HIV-IN sequenceTo completethe
active site,the 3F9K Glu 152 side-chainconformatiorwasadjustedo matchthe conformationof
the correspondingvin-bindingligandin 30Y9, resultingin a oxygen-Mnbondlengthof 2.2A.

To build the model of the vDNA for the HIV-IN dockings,the nucleotidesequencef the
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PF\:IN vDNA-9 coordinatesvaschangedo matchthe sequenceisedin HIV-IN strand-transfer
assays? To obtainthe referencepositionfor the vDNA, the PFV CCD with boundvDNA was
superposeontothe modelof the HIV-IN CCD by the structuralelementghat contactthe vDNA
andformtheactivesite: HIV CCDresidue$1-66(51), 73-78(52), 83-86(33), 140-150(modeled
active-siteloop),and151-157(«4). Thephosphatdackboneof thevDNA modelfor HIV-IN was
thensuperposedntothe PF\AIN VDNA.

The DOT calculation

Dockingcalculationsvereperformedwith the programDOT, 383%41part of the DOT2 Suite*! dis-
tributedby the ComputationaCenterfor MacromoleculaiStructureat the SanDiego Supercom-
puter Center(URL: http://www.sdsc.edu/CCMS)n DOT, onemolecule(the moving molecule),
representedy its atomicpositionswith partialatomicchages,is systematicallynovedwithin the
shapeandelectrostatigotentialsof a secondnoleculeor complex (the stationarymolecule) pro-
viding anexhaustve translationabndrotationalsearchInteractionenegiesfor all configurations
of the two moleculesare evaluatedas correlationfunctions,which are efficiently computedwith
FastFourier Transforms Molecularpropertiedor the integraseproteinandDNA moleculesvere
calculatedusingutilities in the DOT2 Suite,including the programREDUCE®? to addhydrogen
atoms,determineHis sidechainprotonationstatesandcorrectthe geometryof Asn, Gin, andHis
side chains;the programMSMS®? to calculatemolecularsurfacesthat encompasshe volumes
definingthe shapepotentialof the stationarymolecule;the AMBER library of heary atomswith
addedpolar hydrogen$* to assignpartial atomic chages; andthe programAPBS?>¢ to calcu-
late the electrostatigpotentialof the stationarymoleculeby finite differencemethodgo solve the

linearizedPoisson-Boltzmanequation.
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Docking calculationsuseda cubicgrid with 1 A grid spacingrangingfrom 128to 256A ona
side. The dimensionof the grid weredeterminedy the sizesof the moleculeso ensurethatthe
moving moleculefit within the grid whenit wascloseto the stationarymolecule?* The moving
moleculewascenteredat eachgrid pointin 54,000orientationga 6.0° rotationalspacing).A grid
sizeof 128 A3 gave about108 billion placementof the moving moleculeaboutthe stationary
molecule.

The 2000placementsvith the mostfavorableinteractionenegieswerekeptfor eachdocking.
The interactionenepy is the sum of the electrostaticand van der Waalsintermolecularenegy
terms. The van der Waalsterm is a countof the numberof atomsof the moving moleculethat
overlapa 3 A thick favorablelayeraroundthe excludedvolumeof the of the stationarymolecule,
with eachatom contrikuting -0.1 kcal/mol to the van der Waalsenegy.*! If a moving molecule
atomoverlappedheexcludedvolumeof thestationarymolecule the configurationvaseliminated.
The electrostatieenenpy is calculatedasthe setof atomicpoint chagesof the moving molecule
placedin the electrostatigpotentialof the stationarymolecule3® The electrostatigotentialwas
calculatedwith the programAPBS ¢ usinga dielectricof 3 for the protein,a dielectricof 80 for
the surroundingervironment,anion exclusionradiusof 1.4 A, andanionic strengthof 150 mM.
Theresultingelectrostatigpotentialwasclampedo make the electrostatienegy termcompatible

with the soft vanderWaalsenegy termby modulatingthe potentialnearthe proteinsurface

Analysis of Docking Results

The 2,000top-ranked placementavere analyzedby calculatingthe root-mean-squardeviation
(RMSD) betweerthe docked andcrystallographigositionsof the moving molecule,holdingthe

stationarymoleculefixed. For the PF\AIN dockings,whereall componentgomefrom the DNA-
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boundassemblyanRMSD of 5 A or lesswasconsidered hit (Tablel), typically reproducinghe
residue-residueontactsseenin the crystal. RMSD calculationsagainsthe docked CTD position
alsouseda 5 A cutoff. In the HIV-IN dockings,a morelenientRMSD cutoff of 6 A wasused
becauséboth the HIV CCD andthe vDNA were modelsratherthan coordinatesrom a bound
comple. RMSD calculationsveredonefor all Ca: atomsin proteindomainevaluations andfor
all C3 atomsin DNA evaluations. The 30 top-ranled placement®f the moving moleculewere
analyzedn detailwith computergraphicsandthe 2000top-ranled placementsverevisualizedby

examiningthedistribution of their geometriccentersover the stationarymolecule.

Rebuilding CTD loop 324 to 339

PFV CTD loop residues324to 339werereluilt to follow the conformationof the corresponding
HIV CTD loop (residues226-237). The Ca atomsof HIV CTD residues225-227and 236-238
weresuperposedntothe Ca atomsof PFV CTD residues323-325and 338-3400f a symmetry-
relatedpair of docked CTDs (ranks4 and 15 from run 8, Table1). HIV CTD residues226-237
werethentransplantedhto thePFV CTDs. Theresultingloopis four residueshorterthanthe PFV
CTD loop. Visualinspectionindicatedthatan insertionbetweernresidues327 and 334 (sequence
VARPASLR) wasmostlik ely to give a loop fitting betweerthe active sites.In our graftedmodel,
the distancebetweenthe Ca atomsof residues327 and 334 was 5.7 A. We searchedhe BriX
databas® for 8-residudoopswith adistanceof 5.6t0 5.8A betweertheinitial andfinal Ca atoms
andwith proline in the 4th position. PDB 2GHS residuesA128-A135 (sequencd&RMHPSGAL)
weretransplantedy superpositiorof the main-chainatomsof A128 and A135 onto PFV CTD
atoms327 and334. Theresiduesequenceavascorrectedandthe sidechainsof residuesirg 326,

329,334and336,Lys 339,andLeu 333wereadjustedo relieve stericclashesvith the vDNA.
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Modeling HIV-IN

To build the modelof the HIV-IN dimerwith boundvDNA, we startedwith the HIV CCD model
thathadbeenfit to the PFV CCD. HIV CTD residue224-226(81), 235-239(32), 248-252(33),
and257-262(54) from chainA of PDB structurelEX4 werethensuperposedntothe Ca atoms
of the correspondingesiduesof the docked PFV CTD (rank 4 from Table 1, run 8). The L2
(residuedA202to A222) from 1EX4 wasinsertedbetweernCCD residue201andCTD residue223
andside-chairgeometriesvereadjustedo avoid clashesL1 (residuest7to 58) washuilt asa Ca
tracebetweerthelastresidueof theNTD from theinnersulunit (residueA46) andthefirst residue
of the CCD from the outersulunit (residueB59). A copy of the NTD-CCD with thereluilt L1

wassuperposedntothe CCD of theinnersukunit to completethe dimershovn in Figure6B.
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