
UC Office of the President
Recent Work

Title
C-Terminal Domain of Integrase Binds between the Two Active Sites

Permalink
https://escholarship.org/uc/item/8nx9j50z

Journal
Journal of Chemical Theory and Computation, 11(9)

Author
Roberts, Victoria A.

Publication Date
2015-07-22
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8nx9j50z
https://escholarship.org
http://www.cdlib.org/


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 enzymes,is a target for thetreatmentof AIDS,

but thefull biologicalassemblyhasbeendifficult to characterize,hamperinginhibitor design.

Therecentcrystallographicstructuresof integrasefrom prototypefoamyvirus (PFV-IN) with

boundDNA werea breakthrough,revealinghow viral DNA organizestwo integrasedimers

into a tetramerthat hasthe two active sitesappropriatelyspacedfor insertionof the viral

DNA into hostDNA. The organizationof domainswithin eachPFV-IN proteinchain,how-

ever, variessignificantlyfrom that found in HIV-IN structures.With the goal of identifying

sharedstructuralcharacteristics,we investigatedinteractionsamongcomponentsof thePFV-

IN andHIV-IN assemblieswith the macromoleculardockingprogramDOT. DOT performs

an exhaustive, rigid-body searchbetweentwo macromolecules.Computationaldocking re-

producedthe crystallographicinteractionsof the PFV-IN catalytic and N-terminal domains

with viral DNA andfoundsimilar viral DNA interactionsfor HIV-IN. Computationaldocking
�
To whomcorrespondenceshouldbeaddressed
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did not reproducethecrystallographicinteractionsof thePFV-IN C-terminaldomain(CTD).

Instead,we found two symmetry-relatedpositionsfor the PFV-IN CTD that indicateforma-

tion of a CTD dimer betweenthe two active sites. Our predictedCTD dimer is consistent

with crosslinkingstudiesshowing interactionsof theCTD with viral DNA thatappearto be

blocked in thePFV-IN structures.TheCTD dimercaninserttwo arginine-richloopsbetween

thetwo boundvDNA moleculesandthehostDNA, a region thatis unoccupiedin thePFV-IN

crystallographicstructures.The positive potentialfrom thesetwo loopswould alleviate the

large negative potentialcreatedby the closeproximity of two viral vDNA ends,helping to

bring togetherthe two active sitesandassistinghostDNA binding. This studydemonstrates

theability of computationaldockingto evaluatecomplex crystallographicassemblies,identify

interactionsthatareinfluencedby thecrystalenvironment,andprovide plausiblealternatives.

Introduction

Determiningthebiologicalassemblyof theretroviral enzymeintegrase(IN) from thehumanim-

munodeficiency virus(HIV-IN) is of greatinterestbecauseHIV-IN, oneof justthreeHIV enzymes,

is akey targetfor thedevelopmentof drugsto treatAIDS.1–4 IN insertsaDNA copy of theretrovi-

ral RNA into hostDNA by performingtwo reactions:3
�
-processingof theviral DNA (vDNA) and

strandtransfer.5 In the 3
�
-processingreaction,the two terminalnucleotidesarecleaved from the

two 3
�
-endsof thevDNA. TheresultingIN/vDNA complex is transportedinto thenucleuswhere

theexposed3
�
-hydroxylsarejoinedto opposingstrandsin thehostDNA, producingtheintegration

intermediate.Dependingon the retroviral genus,the two vDNA insertionpointsarespacedfour

to six basepairsapartin thehostDNA. Hostenzymesthenremovetheunpairednucleotidesat the

5
�
-endsof thevDNA andrepairthesingle-strandedregion of theDNA to completeincorporation

of thevDNA into thehostgenome.
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Thebiologicallyactivestateof HIV-IN in vivo is complex andnotfully understood.IN consists

of 3 domains:theN-terminaldomain(NTD), thecorecatalyticdomain(CCD),andtheC-terminal

domain(CTD), with connectinglinkersL1 andL2. Binding of vDNA is requiredfor theorgani-

zationof the catalyticallyactive enzyme,which is believed to be a tetramer.6,7 Crystallographic

structuresof theHIV CCD8–14 andof two-domainHIV-IN constructs(NTD-CCD15,16 andCCD-

CTD17) all show the sameCCD dimer,5 but thereareno structuresof full-length HIV-IN or of

any portionof HIV-IN with boundDNA. Therelatedavian sarcomavirus IN (ASV-IN) 18,19 (37%

sequencesimilarity to HIV-IN) hasbeencrystallizedwith DNA, but only the two-domainCCD-

CTD region wasseen.Modelsof theCCD andCTD with boundvDNA wereproposedbasedon

computationaldocking,20–22 theHIV-IN CCD-CTDstructure,17 andcross-linkingdata,23 but these

did not addressa key question:what interactionsdeterminethe spacingbetweenthe two vDNA

insertionpoints? The two vDNA insertionpointsaremuchclosertogetherthan the two active

sitesof a singleCCD dimer, sothebiologicalassemblymustrequireat leasttwo dimers.Models

consistingof two or moreHIV-IN dimerswereproposed,23–29 but variedgreatly in the relative

geometryof thetwo dimersandthepositionsof theNTD andCTD.

Therecentcrystallographicstructuresof full-length IN from prototypefoamyvirus (PFV-IN)

with bound19-bpvDNA fragments30 andhostDNA 31 werea major breakthrough,revealinga

tetramerof two dimersthat eachcontribute one active site. The active sitesof the two inner

vDNA-binding subunits (Figure1A) arecorrectlyspacedto insertthe two vDNA endsfour base

pairsapartin thehostDNA. Thisspacingappearsto bedeterminedby theCTD andtheL1 andL2

linker regions. Both the3
�
-processingandstrand-transferreactionsoccurwithin thecrystal,and

thestructuresof groundstateshavebeentrappedalongthereactionpathway.32

ThePFV-IN crystallographicstructures,however, maynot fully representthebiologically ac-

tiveassemblyin solution.About onequarterof thetotal proteinis missingin thecrystal;only the
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A B C

Figure1: Variationsin integrasestructures.(A) The two innersubunitsof thePFV-IN assembly
(PDB ID 3OY9),30 looking down on the vDNA-binding face. Host DNA bindson the opposite
face.Thetwo proteinchains(upperwith thin tubes,lowerwith thicker tubesandpalercolors)are
coloredblue - NTD, light blue - L1, gray - CCD, orange- L2, andred - CTD. The L1 andL2
linker regionsextendover theregion betweenthe two active sitesandcontactthevDNA (yellow
ribbons). The active-siteMn ions (black spheres)andNTD Zn ion (light blue spheres)arealso
shown. (B) The L1 linkers in HIV-IN and PFV-IN have very different positions. In the HIV
NTD-CCD structure3F9K,16 L1 (pink) lies in a groove on the surfaceof the CCD (dark gray)
andconnectsto theadjacentNTD (purple),creatinga compactstructure.In PFV-IN (thin tubes),
the CCD (gray) and its contactingNTD (lavender)are attachedto differentprotein chainsand
L1 (light blue)extendsthroughsolvent (asshown in (A)) so that theNTD andCCD in thesame
proteinchaindo not contacteachother. A secondHIV NTD-CCD structure15 (PDB ID 1K6Y,
not shown) hasno densityfor L1 andthe NTD wasassignedto a very differentpositionthanin
3F9K. Subsequentanalysis5 revealedthat the crystal lattice includesan NTD that matchesthe
NTD positionin 3F9K. (C) Dif ferencesin theCTD positionamongintegrases.Superpositionof
the CCDs(gray, shown for PFV-IN only) shows the dramaticvariationin L2 conformationand
CTD positionamongPFV-IN (orangeandred),HIV-IN (light greenandgreen,PDB code1EX4),
17 andASV-IN (pink andmagenta,PDB code1C0M).18 Furthervariationis found in thesecond
subunit of theHIV-IN andASV-IN CCD-CTDstructures,andin SIV-IN,33 whichhasahelicalL2
of thesamelengthasHIV-IN.
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CCD is observed for the two outersubunits of the PFV-IN tetramer. The long linker regionsof

PFV-IN couldbeinfluencedby crystalpacking,alteringthearrangementof thedomains.Crystal

packingmayalsoinfluencetheanglebetweenthetwo vDNA molecules.Thisangleis about90
�

in

thecrystal,but is largerin solutionaccordingto smallangleX-ray scattering(SAXS).34 An angle

greaterthan90
�

is alsosupportedby atomicforcemicroscopy on theHIV-IN/vDNA complex.35

It is not clearhow far the PFV-IN structurescanbe extendedto HIV-IN andASV-IN. PFV-

IN is about100residueslongerandhaslow sequencehomologywith theNTD, CTD, andlinker

regions of HIV-IN and ASV-IN. The crystallographicpositionsof the PFV L1 and L2 linkers

lie betweenthe CTD and the boundvDNA, blocking CTD/vDNA interactionsfound by cross-

linking studiesonHIV-IN andASV-IN.36 ThePFV-IN 30 andHIV-IN 5,15,16structuresshow similar

contactsbetweentheCCD andtheNTD, but thesetwo domainsareconnectedby theL1 linker in

very differentways(Figure1B). Thepositionof theCTD relative to theCCD5,19 (Figure1C) and

thecontactsof theCTD17,18,30varygreatlyamongthecrystallographicstructuresof PFV, HIV, and

ASV INs. Further, theL2 linker, whichconnectstheCCDandCTD,variesgreatlyin conformation

andin length:50 residuesin PFV IN, 21 residuesin HIV IN, andjust 8 residuesin ASV IN. The

L2 spansabout48 Å in thePFV-IN structures.30 It hasbeenproposedthat theL2 of HIV-IN can

spanthis distanceby adoptinga fully extendedconformation,37 but L2 hasahelicalconformation

in thestructuresof theHIV CCD-CTD17 andthecloselyrelatedsimianimmunodeficiency virus

(SIV) CCD-CTD.33 No conformationof the short8-residueASV-IN L2 canspanthis distance.

19 Therefore,if all threeretroviral integrasessharea similar role andpositionfor theCTD in the

vDNA-boundassembly, it cannotbethatobservedin thePFV-IN structures.

To attemptto resolve theapparentcontradictionsbetweenthePFV-IN structuresandstructural

and experimentaldataon HIV-IN, we appliedcomputationaldocking to PFV-IN and HIV-IN.

Our goal wasto identify interactionsthat aresharedby PFV-IN andHIV-IN. We expectedthat
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dockingwould reproducethe interactionsamongthecomponentsof thePFV-IN assembly, since

eachcomponenthasundergonetheinducedshapefit neededfor formationof thecomplex. Instead,

we founda new positionfor thePFV CTD in thepresenceof boundvDNA that is consistentwith

the lengthandconformationof the HIV-IN L2 linker region. We proposethat the CTD forms a

dimer betweenthe two vDNA-boundactive sitesthat is the main determinantof their spacing.

EachCTD insertsanarginine-richloop into thespacebetweenthe two active sites,a region that

is unoccupiedin thePFV-IN structures.Theseloopsalleviatethelargenegativechargecreatedby

thetwo vDNA endsandfacilitatethebindingof hostDNA neededfor strandtransfer.

Results

Weinvestigatedinteractionswithin thePFV-IN andHIV-IN assembliesusingthemacromolecular

docking programDOT.38–41 DOT performsa global, systematicsearchbetweentwo molecules

by translatingandrotatingonecomponent(themoving molecule)arounda secondcomponentor

complex (thestationarymolecule),resultingin 100-900billion configurations.Eachconfiguration

is rankedby thesumof intermolecularelectrostaticandvanderWaalsenergies.A key advantage

of DOT for studyingprotein-DNA complexesis thecalculationof theelectrostaticpotentialof the

stationarymoleculeby Poisson-Boltzmannmethods,which take into accountdielectric,solvation,

andionic strengtheffects. The resultingDOT electrostaticterm providesa goodestimateof the

electrostaticenergy of thehighly polarprotein-DNA interaction.40

Two inner subunit protein chainsof PFV-IN, which provide all of the observed vDNA and

hostDNA contacts,and the two boundvDNA moleculeswere generatedfrom PDB ID 3OY9.

30 The individual PFV-IN domainswereextractedfrom thesecoordinates.Linker regionswere

not includedbecauseof their high variability in both lengthandsequenceamongintegrasesfrom

differentretroviruses.Although eachdomainhasundergonethe inducedfit neededfor complex
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formation, a single domainmay not have a sufficiently completeinteractionsurfaceto give a

correctlydockedcomplex.41 As morecomponentsareaddedto completethebindingsurfaces,the

fit of thedockedcomplex to thecrystallographicstructureshouldimprove. We first searchedfor

distinct DNA-binding siteson the individual PFV-IN domains,and thenbuilt larger assemblies

basedon themostwell-definedinteractions.

Calculationswere then extendedHIV-IN, focusingon the interactionof the HIV NTD and

CCD(takenfrom PDBID 3F9K)with vDNA. Wefirst remodeledtheactive-siteregionof theHIV

CCD basedon thePFV CCD to accountfor structuralchangesinducedby vDNA binding. After

examiningtheinteractionof theHIV NTD andCCD with vDNA, we thenevaluatedtheL1 linker

in 3F9K,which is theonly HIV-IN structurethatshowsdensityfor L1.

In all dockings,we retainedthe 2,000top-ranked placementsof the moving molecule. The

30 top-rankedplacementswereanalyzedin detail for clusteringandcontactswith the stationary

molecule.Distinctive clustersamongthe top 30 complexeswerealsoobserved in the top 2,000,

with 150 or more placementswithin eachcluster. For DNA dockings,we also examinedthe

distribution of themolecularcentersof thetop 2,000placements,which we have foundtypically

tracesout theaxisof theboundDNA.42

Docking DNA to the individual PFV-IN domains

WeinvestigatedDNA bindingto thethreeindividualPFV-IN domains.Selectionof thecoordinates

for theNTD, CCD,andCTD werebasedon previoussequenceandstructurealignment,30 except

that 8 residuesof linker L2 wereaddedto the C-terminusof the CCD and11 residuesof linker

L2 wereaddedto the N-terminusof the CTD (seeMethods). For the vDNA dockings,we used

theactive-sitefragment(vDNA-9) consistingof 7 nucleotidesat the3
�
-endof thecleavedstrand

and9 nucleotidesof theuncleavedstrand.ThisvDNA fragmentincludesall of theCCD andCTD
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contactsandmostof theNTD contactsfoundin thecrystalstructure.SinceDOT searchesoverall

space,boththevDNA andhostDNA bindingsitescouldpotentiallybe identifiedamongthetop-

rankeddockings.Theshapeof theboundvDNA might favor thevDNA-bindingsite.To eliminate

bias,we alsodockeda B-form DNA fragment(B-DNA) thathadthevDNA sequence,including

the2 cleavednucleotides.

ComputationaldockingidentifiedtheobservedvDNA-bindingsiteon theisolatedCCD asthe

mostfavorableDNA-binding surface. In thedockingof vDNA-9 to theCCD, the30 top-ranked

vDNA-9 placementsalignedwith the crystallographicvDNA. Twenty-eightcorrectlypositioned

the DNA minor groove over CCD helix � 4 (residues217 to 235) and two put the DNA major

groove over helix � 4. The22 vDNA-9 placementswith RMSDsof 5.0 Å or less(Table1, run 1)

andtwo more(RMSDsof 5.1 and6.0 Å) positionedthe3
�
hydroxyl within 4 Å of theactive-site

Mg ion. Thetop 2,000vDNA-9 placementspredominantlyclusteredover thevDNA-bindingsite,

but someoverlappedtheadjacenthost-DNA-binding site. Theseweregenerallyalignedwith the

boundvDNA, ratherthantheboundhostDNA.

Thedistribution of thetop B-DNA placementsfollowedthatof vDNA-9, with themajority of

thetop2,000andall of thetop30over thevDNA-bindingsite.Twenty-eightof the30 top-ranked

B-DNA placementsshowedgoodalignmentwith thecrystallographicvDNA, but all positionedthe

majorgroove, ratherthantheminor groove, over CCD helix � 4. Theothertwo favorableplace-

mentshadtheminor groove over helix � 4, but wererotatedabout30
�

from thecrystallographic

vDNA. Theseresultsareconsistentwith ourpreviousstudiesshowing thatrigid-bodydockingwith

B-DNA canidentify DNA-binding siteson proteinsandtheorientationof DNA at thesesites,but

is lesssuccessfulat identifying theDNA contactsinvolved in the interaction.Several of the top

30B-DNA placementspartiallyoverlapthehost-DNA bindingsiteneartheactivesite,but thetop

2,000did not show alignmentwith theboundhostDNA.
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Stationarymolecule Moving Hits
�

in top30 Hits
�

in top2000 Bestranked
Run or complex molecule Number RMSD(Å) Number RMSD (Å) hit (RMSD)
Comparisonwith thecrystallographicposition

1 CCD vDNA-9 22 1.0to 5.0 248 0.9to 5.0 1 (3.8)
2 NTD vDNA-9 0 – 0 Best23.6 –
3 CTD vDNA-9 0 – 0 Best13.0 –
4 CCD + vDNA NTD 24 0.9to 3.8 155 0.9to 5.0 1 (1.3)
5 NTD + CCD vDNA-9 25 0.7to 4.0 218 0.7to 5.0 1 (0.9)
6 CCD + vDNA CTD 0 – 0 Best17.1 –
7 NTD + CCD+ vDNA CTD 0 – 0 Best16.9 –
8 (CCD + vDNA) � CTD 0 – 0 Best12.5 –
9 (NTD + CCD+ vDNA) � CTD 0 – 6 0.9to 1.7 399(0.9)
10 (CCD + vDNA) � NTD 27 1.1to 3.3 150 0.9to 5.0 1 (2.1)
11 (CCD + CTD + vDNA) � NTD 30 1.1to 3.9 243 1.0to 5.0 1 (2.1)
12 (CCD + CTDdock+ vDNA) � NTD 30 1.0to 3.6 365 0.9to 5.0 1 (2.1)

Comparisonwith thedockedCTD position
�

6D
�

CCD + vDNA CTD 0 – 0 Best6.8 –
7D

�
NTD + CCD+ vDNA CTD 0 – 0 Best15.8 –

8D
�

(CCD + vDNA) � CTD 29 0.0to 4.3 464 0.0to 5.0 1 (1.4)
9D

�
(NTD + CCD+ vDNA) � CTD 28 0.0to 4.3 532 0.0to 5.0 1 (1.4)�

Placementswith anRMSD 	 5 Å betweenthemoving moleculeandthetargetposition.�
Symmetry-relatedCTD dockedpositions(ranks2 and12) from dockingrun8, (CCD + vDNA) � with CTD.�
Samenumberrunasabove,but comparedwith thedockedCTD position.

Table1: Analysisof dockedcomponentsfrom thePFV-IN structure3OY9
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In thePFV-IN structure,thedouble-strandedregionof thevDNA lies over, andapproximately

parallelto, NTD helices� 2 and � 3.30 Docking vDNA-9 or B-DNA to the isolatedNTD did not

distinguishthis vDNA-binding mode(Table1, run 2). Although the 30 top-ranked placements

generallydockedover thevDNA-bindingsurface,they wererotatedsothatNTD helices� 2 or � 3

wereinsertedinto theDNA majorgroove.

In thePFV-IN structure,theCTD hastwo contactswith vDNA, onewith thedouble-stranded

region of onevDNA moleculeandonewith the 2-nucleotideoverhangof the uncleaved strand

of the secondvDNA molecule.30 In addition,CTD residuesArg 329 andArg 362 contacthost

DNA.31 Computationaldockingof vDNA-9 andB-DNA did not find a distinct DNA orientation

nor distinguishany of thesecontacts(Table1, run 3). Instead,theCTD showeda diffuseDNA-

bindingsurfacecreatedby its N- andC-terminalendsandthe loop between
 1 and 
 2 (residues

326 to 337). This surfacecontainsall of the residuesthat contactthe double-strandedregion of

thevDNA (residuesSer311andArg 313in L2, Arg 326and336in theloop, andArg 374at the

C-terminus)andone(Arg 329)thatcontactsthehostDNA. Thus,computationaldockingidentified

DNA-contactingsurfacesof theNTD andCTD domainsobservedin thecrystallographicstructures

of thefull, tetramericPFV-IN assembly, but not theorientationof theDNA over thesesurfaces.

Multi-component PFV-IN dockings

The combinationof a CCD from one inner subunit, the contactingNTD from the other inner

subunit, anda boundvDNA moleculecreatesa compactstructure. To probethis 3-component

interaction,we startedwith thecomplex of theCCD with vDNA, theinteractionthatwasreliably

reproducedbycomputationaldocking.TheCCDwascombinedwith full-lengthvDNA (17-bpplus

the2-nucleotideoverhangof theuncleavedstrand)to make theCCD+vDNA complex. Docking

theNTD to this complex identifiedtheNTD crystallographicposition,with 24 hits amongthe30
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top-rankedconfigurations(Table1, run4). In theother6 favorableconfigurations,NTD helices� 2

or � 3 wereinsertedinto theDNA 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 placements(Table1, run 5) comparedwith the CCD

alone. In all 30, the vDNA-9 wasalignedwith the crystallographicDNA axis, with the correct

orientationover theNTD surfaceandtheDNA minor groove over CCD helix � 4. In 28 vDNA-9

placements,thecleaved3
�
endwascloseto theactive-sitewith 25 within the5 Å RMSD cutoff.

Thus,in complex with theCCD,thecrystallographicvDNA-bindingmodeof theNTD wasclearly

identified.

In contrastto theresultsfor theNTD, dockingtheCTD to CCD+vDNA (Table1, run 6) pro-

ducedno matchwith thecrystallographicinteraction.Instead,theCTD variedwidely in position

andorientationrelative to the CCD. The 30 top-ranked placementshadlittle or no contactwith

theCCD,but contactedthevDNA with thesamesurface(loop326-337andtheN- andC-terminal

regions)foundin theCTD/vDNA-9 dockings.AddingthecontactingNTD to makethethreecom-

ponentcomplex NTD+CCD+vDNA did not improve CTD docking (Table1, run 7). Thus, the

CCD+vDNA constructwassufficient to identify anddistinguishthebindingmodeof theNTD, but

notof theCTD.

Dockings involving the PFV-IN catalytic core

In thePFV-IN structure,eachCTD moleculecontactstwo CCDs,two vDNA molecules,andone

NTD (Figure1A), suggestingthata largerassemblywould beneededto definetheCTD-binding

site.Westartedwith thedimericcatalyticcore,(CCD+vDNA) � , whichcontainstheCCDsfrom the

two innersubunitsandtheir two bound,full-length vDNA molecules.Thetwo CCD+vDNA sub-

unitsdo not contacteachother;we usedtherelativepositionsfoundin thecrystallographicstruc-
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ture.DockingtheCTD to (CCD+vDNA) � foundnoCTD placementsnearthetwo crystallographic

positions(Table1, run 8 andFigure2). Instead,the30 top-rankedsolutionslay in theregion over

thetwo active sites(Figure2B, C), with 29 in two symmetry-relatedpositions.Comparisonwith

ranks2 and12, representative of thesetwo positions,revealeda largeclusterfor eachsymmetry-

relatedplacement(Table1, run 8D). Eachdocked CTD contactedboth vDNA moleculesusing

primarily thesamevDNA-binding surfacefoundin theotherCTD dockings.Thetwo symmetry-

relatedCTDs areadjacentto eachother, suggestingformationof a CTD/CTD dimer. Although

CTD loop residues326-335overlap,this largeflexible loop couldadopta differentconformation

thatwouldeliminatestericconflicts.

A B C

Figure2: ThePFV CTD docksbetweenthetwo active sites.(A) EachcrystallographicCTD (red
tubes)contactsboth vDNA molecules(yellow tubes),but the active-siteregion betweenthe two
3

�
-endsof the cleaved vDNA strandsis unoccupied.The CCDs(gray with spheresrepresenting

theMn ions)andtheCTDshave attachedL2 residues(orange)thatwereincludedin thedocking
calculations.N- andC-terminiareshown asblueandredspheres.(B) Two symmetry-relatedpairs
of dockedCTD placements(ranks2 and12, greenandranks4 and15, purple)representthe two
clustersmakingup29/30of thetop-rankedpositions.ThedockedCTDsoccupy thecentralactive-
siteregionbetweenthetwo vDNA molecules,reducingthedistancebetweentheCCDC-terminus
andtheCTD N-terminusby 12 Å. (C) The100top-rankeddockedCTD positions,representedby
theirgeometriccenters(greenspheres),areconcentratedin theregionoverthetwo activesites.Of
these,78hadanRMSDwithin 5 Å of thesymmetry-relatedpair (purple).
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We analyzedthe previous dockingsof the CTD to CCD+vDNA andNTD+CCD+vDNA for

matchesto the symmetry-relateddocked positions,but found none(Table1, runs6D and7D).

Thus,bothvDNA moleculesarerequiredto createtheCTD-bindingsite.

In the PFV-IN crystallographicstructure,eachCTD hasa small contactwith the NTD of

the sameprotein chain.30 To test the importanceof this interaction, the CTD was docked to

(NTD+CCD+vDNA) � , in which the two NTDs wereaddedto thecatalyticcore. More thanone

quarterof the 2,000top-ranked CTD placementsmatchedthesymmetry-relateddocked position

(Table1, run 9D). Only a few poorly ranked placementsmatchedthecrystallographicCTD (Ta-

ble 1, run 9).

In contrastto theCTD, dockingtheNTD to thedimericcatalyticcoreidentifiedthetwo crys-

tallographicpositions,with 27hits in thetop30(Table1, run10). Theother3 placementslay near

the catalyticsites,overlappingthe region in which the CTD haddocked. Whenthe two crystal-

lographicCTDswereaddedto thecatalyticcore,all top 30 NTD placementsmatchedthecrystal

(Table1, run11). TheCTDsmight improvedockingby increasingtheNTD-bindingsurfaceor by

partially blockingtheactive-siteregion. To distinguishthesetwo possibilities,thetwo symmetry-

related,docked positionsof the CTD (ranks2 and12) wereaddedto the catalyticcoreto make

(CCD+CTDdock+vDNA) � . NeitherCTD contactsthe crystallographicNTD position. Docking

theNTD to this constructprovided thebestresults;all 30 top-rankedNTD placementsandover

18%of thetop2,000matchedthecrystal(Table1, run12). Thus,theCTD improvesNTD docking

by blockingtheactive-siteregion ratherthanby providing additionalNTD contacts.

Rebuilding CTD loop 325-340

Weexploredalternateconformationsfor loopresidues326-337,whichoverlapin thetwosymmetry-

relateddockedCTDs(Figure2B,C).WhentheHIV CTD (from PDBID 1EX4)andtheASV CTD
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(from PDB ID 1C0M) weresuperposedonto thedockedPFV CTDs, thecorrespondingloopsof

theHIV andASV CTDsextendedbetweenthetwo activesites.Werebuilt thePFVloopsto follow

theconformationof theHIV loops(seeMethods).EachPFV loop containsfour arginineresidues

(326,329,334,and336),resultingin theinsertionof eightpositively chargedsidechainsbetween

thetwo activesites(Figure3). Arg 329liesat themostextendedpartof theloopandcouldcontact

thehostDNA. Otherpositively chargedCTD residues(Arg 350and362,Lys 339and345)may

alsocontactthevDNA. ThecorrespondingHIV CTD loop insertsresiduesLys 236andArg 228

and231betweenthetwo activesites(Figure3), with Arg 231capableof contactingthehostDNA.

HIV CTD Arg 263andLys258and264mayprovideadditionalvDNA contacts.

HIV-IN docking

Ourpredictedpositionfor theCTD clasheswith L1 andL2 linkersin thePFV-IN crystallographic

structures.Thedocked CTD positionmovestheL2 away from theactive site,eliminatingsteric

conflicts. It is unclearif the L1 linkers,especiallythe shorteronesof HIV-IN andASV-IN, are

sufficiently long to passaroundthedockedCTD. Instead,theconnectivity betweentheNTD and

CCD maybedifferentthanobservedin thePFV-IN structures.

An alternateconformationandconnectivity is observedfor L1 in thestructureof theHIV-2 IN

NTD-CCD boundto LEDGF (PDB ID 3F9K).16 In 3F9K, theNTD is connectedto its contacting

CCD, with L1 lying on the CCD surface(Figure1B). We examinedthecompatibility of this L1

positionwith vDNA binding.

We first mademodelsof the HIV CCD andvDNA basedon 3F9K that includedaspectsof

the PFV-IN structureinducedby complex formation. The vDNA model took its structurefrom

the PFV-IN complex, but with the nucleotidesequenceadjustedto bind HIV-IN.43 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 PFV-IN active sites. The view is
looking down on the host-DNA-binding faceof the IN assembly. The loopsof the two docked
CTDs(red,lower left andlight red,upperright) put eightArg residues(darkbluesidechainsand
labels)betweenthetwo 3

�
-nucleotides(greenwith redoxygenatoms)of thevDNA (yellow) bound

at theactivesites(indicatedby Mn ions,blackspheres).Thecorrespondingloopsof theHIV CTD
(purple)position four Arg and two Lys residues(light blue sidechainsand labels)in the same
area.PFV CTD Arg 362,which correspondsto HIV CTD Lys 258,mayalsocontributeto vDNA
bindingneartheactivesite.
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CCD,replacingHIV-IN residues140-150,andthesecondMn ion wasaddedto theactivesite(see

Methods).

To testthe quality of thesemodels,the vDNA-9 modelwasdocked to the HIV CCD model.

The referencevDNA positionwasdeterminedby superpositionof the HIV CCD onto the PFV

CCD (seeMethods). In 26 of the top 30 vDNA-9 placements,thevDNA minor groove lay over

helix � 4, as found in the PFV-IN structure. The nine hits (Table2, run 1) put the 3
�
-hydroxyl

oxygen3.1 to 6.0 Å from theMn ion. Theotherplacementswithin this groupwereeithershifted

oneto two bp alongtheDNA axisor rotated180
�
, puttingthe3

�
-endof theuncleavedstrandnear

theactivesite.

Adding the HIV NTD (NTD+CCD) tightenedthe clustering,giving 27 vDNA-9 placements

with the3
�
-hydroxyl within 6.0 Å of theMn ion. Only 16 of thesewerewithin theRMSD cutoff

(Table2, run 2) becauseof variationin thepositionof the2-nucleotideoverhangof theuncleaved

strand(Figure 4A). Thesetwo nucleotidescontactthe active-siteloop in the PFV-IN structure,

but theHIV active-siteloop mayhave fewer hydrogenbondswith the vDNA. The sidechainof

PFV-IN Thr 210formsahydrogenbondwith thesecondphosphategroupof theuncleavedstrand,

30 but correspondingVal 141 of HIV-2 (or Ile 141 of HIV-1) cannotform this hydrogenbond.

PFV-IN His 213 forms a hydrogenbondwith the third phosphategroupof theuncleavedstrand,

30 but correspondingHIV Asn 144 is too short to form the samehydrogenbondin the modeled

loop. Evenwith thereducedcontactof the2-nucleotideoverhang,thedockedvDNA showedgood

agreementwith theactive-sitecontactsfoundin thePFV-IN structure.

AddingL1 to makethefull HIV NTD-CCDconstructdramaticallychangedtheresults(Table2,

run 3). All 30 top-ranked vDNA placementspositionedthe DNA major groove over helix � 4,

moving the 3
�
-hydroxyl far from the active site. Only threepoorly ranked hits appearedamong

the 2000top-rankedvDNA-9 placements(Table2). Thesehits fit well at the active site,but the
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oppositeendof thevDNA-9 movedaway from theCCD surface,reducingcontactswith boththe

CCD andtheNTD.

Stationarymolecule Moving Hits in top30 Hits in top 2000 Bestranked
Run or complex molecule Number RMSD(Å) Number RMSD(Å) hit (RMSD)
1 CCD vDNA-9 9 2.0 to 6.0 169 0.8 to 6.0 1 (3.9)
2 NTD + CCD vDNA-9 16 2.0 to 6.0 250 0.8 to 6.0 1 (3.9)
3 NTD–CCD vDNA-9 0 – 3 2.7 to 4.0 230(4.0)
4 CCD+ vDNA NTD 5 2.2to 4.9 221 0.9 to 6.0 8 (3.9)

Table2: Analysisof dockedcomponentsfrom theHIV-IN NTD-CCDstructure3F9K

Superpositionof thePFV andHIV IN structuresrevealedthesourceof thepoorvDNA fit to

NTD-CCD (Figure4B). The HIV L1 in 3F9K lies adjacentto helix � 4, filling the CCD surface

groove that bindsthe phosphatebackboneof the uncleaved vDNA strandin the PFV structures.

HIV L1 residues48 to 50 overlaptheboundphosphatebackbone,with theGlu 48 sidechainin a

phosphatebindingpocket. Thus,theL1 positionin 3F9K, the only HIV-IN structurethat shows

densityfor theL1, appearsto beincompatiblewith vDNA binding.

Discussion

Computationaldockingwith DOT hasprovedparticularlyeffective for definingtheDNA-binding

surfaceof a protein in the absenceof a crystallographicstructureof the complex.42 DOT has

beenappliedto protein-DNA interactionsof DNA-repairenzymes,44–47 transcriptionfactors,40 the

nucleosome,48 andtheCCDof HIV-IN.21 Large,favorablyrankedclustersfrom thedockingssuc-

cessfullyidentify active sites,21,47 mapout large DNA-binding regions,40,47 and reveal multiple

pointsof DNA contactwith a protein.48 Key for predictingprotein-DNA interactionsis theDOT

electrostaticenergy term,whichgivesagoodrepresentation40 of thedistinctiveelectrostaticprop-

ertiesthatDNA-binding proteinsneedto pull the highly chargedDNA substrateout of solution.
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Figure4: TheL1 of HIV-IN NTD-CCD structureclasheswith boundvDNA. (A) DockingvDNA
to the HIV NTD+CCD. In the absenceof the L1 linker, the vDNA fits well at the CCD active
site(graytubeswith two active-siteMn ionsasblackspheres),but shows a wide rangefor the2-
nucleotideoverhang(upperleft). DockedvDNA arerank14 (red,RMSD = 2 Å), rank1 (orange,
RMSD = 3.9Å) rank2 (yellow, RMSD = 6.0Å) rank13 (light blue,RMSD = 8.6Å) andrank14
(purple,RMSD= 11.7Å). (B) TheHIV L1 (light blue)blocksthevDNA-bindingsiteonCCD.L1
residuesGlu 48, Ala 49, andIle 50 occupy the groove thatbindsthe phosphatebackboneof the
uncleavedvDNA strand(yellow). TheGlu 48 sidechainlies in a pocket occupiedby a phosphate
group(greenPatom).
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49–51With this electrostaticterm,themajority of the2,000bestrankedDNA placementssurround

theboundDNA position,clearlydistinguishingtheDNA-bindingsurfaceon theprotein.

Here,weappliedDOT to anoveluse:dissectionof thecrystallographicstructureof thePFV-IN

assembly, amulti-chain,multi-domain,DNA-boundcomplex. Wereproducedthecrystallographic

interactionsamongtheNTD, CCD, andvDNA, but thecrystallographicCTD positionwasnever

identifiedasa favorableenergy cluster. Instead,we found two dominantsymmetry-relatedposi-

tions for the CTD over the two vDNA-occupiedactive sites,a region partially occupiedby the

linker regionsin thePFV crystallographicstructures.

TheCCDby itself showedawell-definedvDNA-bindingsite.DockingvDNA to thePFVCCD

identifiedthekey features:insertionof CCD helix � 4 into theDNA minor groove andplacement

of the3
�
-hydroxyl of thecleavedDNA strandnearthe active-sitemetalion. We found thesame

vDNA-bindingsitefor theHIV CCD,usingamodelbasedontheunboundHIV-IN CCDstructure

andtheactive-sitegeometryof the DNA-boundPFV CCD. Previous DNA dockingstudieshave

also identified this region as the dominantDNA-binding site on the CCD.20,21 Thus, the CCD

alonehastheelementsto definethevDNA-binding surfaceandtheorientationof theDNA over

thatsurface.In contrast,dockedDNA fragmentsonly partially overlappedthehost-DNA binding

siteandshowednodistinctorientationoverthissite.SinceeachCCDhasonly apartialbindingsite

for thehostDNA, aneffective host-DNA-binding sitemayrequireformationof thefull assembly

organizedby theboundvDNA.

Theconsistentreproductionof theinteractionsamongtheCCD,its contactingNTD, andbound

vDNA in bothPFV-IN andHIV-IN suggestthatthis three-componentunit maybethebasicbuild-

ing block of the assembly, but the two three-componentcomplexesin the PFV-IN tetramerhave

no contactwith eachother. Instead,thespacingbetweenthem,andhencebetweenthetwo active

sites,mustbedeterminedby othercomponentsin theassembly. In thePFV-IN structures,thefour
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linker regionsandtwo CTDsof the innersubunitsappearto determinethespacing.We propose

thattheCTD is themaindeterminantof theactive-sitespacing,with aCTD dimerbindingbetween

thetwo activesites,replacingL1 andL2 in thePFV-IN structures.ThedockedPFVCTD clusters

representingthis dimer arecomparablein sizeto thosefrom dockingsthat reproducedcrystallo-

graphicinteractions(Table1), eventhoughtheCTD hasnotundergoneaninducedfit for this site.

ThedockedCTD hasextensivecontactswith bothvDNA molecules,consistentwith thesignificant

positive charge (+6 for residues315-375)createdby nine Arg andLys residuesdistributedover

theCTD surface(Figure5). ThePFV CTD loop between
 -strands1 and2, rebuilt basedon the

conformationof thecorrespondingloopin theHIV CTD, liesbetweenthetwo activesites,aregion

that is unoccupiedin thePFV-IN crystallographicstructures.This loop hasa clusterof positively

chargedsidechains,sotheCTD dimer insertseightArg sidechainsbetweenthetwo active sites,

neutralizingthesubstantialnegativechargecreatedby thetwo vDNA moleculesandtheincoming

hostDNA.

The predictedCTD position is moreconsistentwith the lengthandconformationof the L2

linkersof HIV-IN andASV-IN thantheCTD positionin thePFV-IN structure.ThedockedCTD

decreasesthe distancespannedby L2 from 48 Å to 36 Å, closeto the lengthof the helical L2

in the HIV CCD-CTD structure17 (Table3). Like the PFV CTD, the HIV CTD hasa clusterof

positively charged side chainson the loop between
 -strands1 and 2 (Figure 5), suggestinga

similar orientationat theCTD-bindingsite. TheASV CTD, with its very differentchargedistri-

bution (Figure5), is likely to bind in a differentorientationat theCTD-bindingsite,which could

significantlyshortenthe distancebetweenthe ASV CTD N-terminusandthe CCD. The closest

PFV CTD backboneatomis just 22 Å from the C-terminusof the PFV CCD, a distanceeasily

spannedby the 8-residueASV-IN L218 (Table3). With a uniqueorientationfor the ASV CTD,

vDNA-contactingresidueswould not correspondto thesamestructuralpositionson theHIV and
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PFVINs. Therefore,experimentaldataimplicatingaspecificASV CTD residuein vDNA binding

36 maynotbedirectly transferableto theHIV andPFV CTDs.

Figure5: Distribution of thechargedsidechainsin theCTDsfrom PFV, HIV, andASV INs. All
of the Arg andLys residues(blue) andAsp andGlu residues(red) areshown. In the PFV CTD
(left), thelargestclusterof Arg andLysresiduesis onandaroundtheloopbetweenstrands
 1 and


 2. This loop (greenbackbone)is shown in the conformationbuilt to follow the corresponding
loop of HIV-IN. The HIV CTD (center)alsohasa clusterof Arg andLys residueson the loop
between
 1 and 
 2, but hasanotherclusteron 
 5 andthe precedingloop. In contrast,the ASV
CTD (right) hasa clusterof Asp andGlu residues(red)on theloop between
 1 and 
 2, with Arg
andLys residuesclusteredmainly on 
 5 andthehelical loop preceding
 5. All CTDsareshown
in thesameorientationwith theconservedTrp (magenta)at thestartof 
 2 (residue337in PFV-IN,
235in HIV-IN). Thesecond
 sheetof theCTD is in back,is relatively hydrophobic,andconsists
of 
 3, 
 4, andthesecondhalf of 
 2

Ourpredictedpositionfor theCTD movesL2 awayfromtheactivesite,but theCTD wouldstill

conflict with theL1 conformationfoundin thePFV-IN structure.Our structuralanalysisrevealed

thattheonly otherobservedL1 conformation,thatfrom HIV-IN structure3F9K,16 interfereswith

vDNA binding. In addition,this configurationwould createa vDNA-binding site with the NTD

andCCD from the sameinner subunit, contradictingthe finding that the HIV NTD functionsin
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trans with theCCD.52,53 We proposea third possibility: L1 connectstheCCD of aninnersubunit

to theNTD of theoutersubunit belongingto thesameCCD dimer. TheL1 would spana shorter

distancethanin thePFV-IN structure(Table3) andno longerclashwith thedockedCTD.

We show the proposedCTD andL1 andL2 linker positionsin a modelof the vDNA-bound

HIV-IN dimer (Figure6). TheHIV CCD andCTD weresuperposedonto thePFV CCD andthe

dockedCTD. TheHIV L2 helix wasinsertedsothatthethreeL2 lysinesidechainsextendtoward

thevDNA, assuggestedby Stroudetal.17 In themodelshown in Figure6, theCCD,L2, andCTD

of oneinner subunit wrap aroundthe vDNA. The L2 andCTD couldalsobe contributedby the

outersubunit of thedimer, becausetheC-terminalresiduesof theCCDsmakingup thedimerare

just 5.5 Å apart(arrow in Figure6B). This is consistentwith studieson combinationsof HIV-IN

mutantsshowing thattheCTD canfunctionbothin trans andin cis with theCCD.52,53 ThevDNA-

bindingsurfaceis completedby theNTD from theoutersubunit of theCCD dimer (Figure6B),

consistentwith the NTD functioningin trans to the CCD.52,53 The threepositively chargedside

chainson theCTD loopbetween
 1 and 
 2 (Lys228,Arg 231,andLys236)andadjacentresidue

Lys 258 lie betweenthe two boundvDNA ends(Figure3). CTD residueArg 231 is on themost

extendedpartof theloopandis thereforelikely to contacthostDNA. Consistentwith arolein host-

DNA binding, mutationof Arg 231 decreasedstrand-transferactivity, but retained3
�
-processing

activity.54 CTD residueLys 258 (equivalentto PFV-IN Arg 362) is moredeeplyburied between

thetwo activesites,andthereforemaybekey for orientingtheCTD. Mutationof HIV Lys 258to

Glu or Serresultsin lossof bothactivities.54 CTD sidechainsSer230,Glu 246,Lys264,andLys

266areneartheboundvDNA (Figure6A), consistentwith crosslinkingstudies.5,7,23,55,56

Why doesn’t the predictedCTD dimer occur in the crystal if it is the biological interaction?

In the PFV-IN crystal, the CTD doesnot contactothertetramers,so it is not directly influenced

by crystalpacking. However, the CTD positionmaybe indirectly affectedby thevDNA, which
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Figure6: Modelof theHIV-IN dimer. (A) TheCCD(gray),L2 (orange),andCTD (red)from one
innersubunit wraparoundthevDNA (yellow with purpleindicatingDNA sitesthatcross-linkwith
theCTD). (B) TheNTD functionsin trans andtheCTD canfunction in bothcis andtrans. The
chainof oneinnersubunit (thick tubes)andtheNTD-CCD regionof theoutersubunit (thin tubes)
that form the dimer areshown. The NTD (blue, lower right) that contactsthe CCD (dark gray)
of theinnersubunit to completethevDNA (yellow) bindingsurfacecomesfrom theoutersubunit
(light blueL1 linker, lower left andlight grayCCD, left). Similarly, theNTD (blue,upperleft) of
theinnersubunit contactstheCCD of theoutersubunit. Dueto theproximity of theC-terminiof
thetwo CCDs(indicatedby theyellow arrow andanorangesphere),thevDNA-contactingL2 and
CTD couldalsobesuppliedby theoutersubunit.
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System Regionspanned Distance(Å)
L2: from thelastC� in theCCD to thefirst C� in theCTD

PFV-IN (3OY9) A270 C� to A321 C� 48.4
PFV-IN, dockedCTD A270 C� to A321 C� 36.4
HIV-IN (1EX4) 201C� to 223C� , chainsA andB 33.8,34.4
ASV-IN (1C0M) 213C� to 222C� , chainsA andB 19.2,24.2

L1: from thelastC� in theNTD to thefirst C� of theCCD

PFV-IN (3OY9) A102 C� to A123 C� 42.6
HIV-IN (3F9K) A46 C� to A59 C� 30.1
HIV-IN (3F9K) A46 C� to B59C� 32.5

Table3: Distancesspannedby theL1 andL2 linkers

contributesto formationof thecrystallattice.34 ThePFV-IN structuresshow anangleof about90
�

betweenthetwo boundvDNA ends,but SAXS studieson thePFV-IN/vDNA complex in solution

find a larger angle.34 The smalleranglein the crystaldecreasesthe areabetweenthe two bound

vDNA ends,which couldpreventformationof theCTD dimer.

Modelsconstructedbeforethefirst vDNA-boundPFV-IN structurein 201030 reflectedthein-

complete,andsometimescontradictory, structuralandbiochemicaldata.Although it wasknown

that two dimerswereneededto provide the two active sites,theonly constraintfor orientingthe

two CCDdimerswasthedistancebetweenthetwo vDNA insertionpoints.TheHIV-IN CCD-CTD

structure1EX417 showedtwo positionsfor theCTD, neitherof which matchedany CTD position

in ASV-IN (Figure1C)or SIV-IN.5 TheHIV-IN NTD-CCDstructure(PDB1K6Y) in 200115 gave

an NTD position distantfrom that later reportedin 200916 (PDB 3F9K), which is closeto the

PFV-IN NTD (Figure 1B). Thevariedpositionsof theNTD andtheCTD, attachedby 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 theCCD-CTDfrom 1EX4proposedavarietyof NTD andCTD contacts,but provided
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no specificstructuralmechanismfor thespacingof the two active sites.23,26–28Othermodels25,29

proposedcontactsbetweenthetwo CCD dimers,resultingin morecompactproteintetramers.

The2010DNA-boundPFV-IN structures30,31revealaverydifferentassemblyandsuggestspe-

cific functionsfor theobservedNTD andCTD. Thetwo CCDdimersextendawayfrom eachother

with no directcontact,forming anapproximatelyplanarproteinstructurein which thetwo vDNA

fragmentsextendaway from eachotheron oneface(Figure 1A) andhostDNA bindson theop-

positeface.TheNTD, alongwith its contactingCCD, formsacontinuousvDNA-bindingsurface.

TheCTD, throughits contactsbothvDNA ends,is theonly domaindirectly involved in spacing

the two active sites. Two HIV-IN modelsbasedon the PFV-IN structuresmaintainthepositions

of the folded domains,but differ in the L2 conformation. In one,37 the L2 was fully extended

to spanthe long distancebetweentheCCD andCTD. In theother,57 thehelicalconformationof

HIV-IN L2 foundin 1EX4wasretained,but thisrequiredunfoldingCTD residues223-237,adding

themto L2 asanextendedregion,thenincorporatingthe18C-terminalresiduesinto theCTD.Our

modelis basedon thePFV-IN structures,but we first exploredtheassemblyof PFV-IN domains

by computationaldocking. Our discovery of a new, favoredCTD positionpreservesthe HIV-IN

L2 helicalconformationandtheHIV-IN CTD fold observedby bothcrystallography17 andNMR.

58,59Further, ourproposedmodelidentifiestheroleof theCTD dimerto bethecentraldeterminant

of thegeometryof thetwo activesites.

Conclusions

Giventhediversesequencesandstructuresamongretroviral integrases,it is unclearif properties

foundfor otherintegrasesapply to HIV-IN, thekey clinical target. Herewe investigatedwhether

the assemblyfound in the PFV-IN crystallographicstructures,which are the only IN structures

thatcontainboundvDNA, appliesto thebiologicalassemblyof HIV-IN. Computationaldocking
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reproducedthe interactionsof the PFV-IN NTD andCCD with vDNA andfound corresponding

interactionsfor HIV-IN, supportinga similar groupingfor thesethreecomponentsin bothassem-

blies. Computationaldockingdid not reproducethe CTD positionin the PFV-IN structures,but

identifieda new positionfor the CTD thatbetteraccommodatesthe large variationin theL2 se-

quence,length,andconformationamongASV, HIV, andPFV INs. Thereforewe proposethatthe

sameCTD-bindingsiteis sharedamongthethreeINs, but it is not thesiteobservedin thePFV-IN

crystallographicstructures.Thetwo symmetry-relateddockedclusterssuggestthataCTD dimeris

formed,with eachCTD contactingbothvDNA moleculesto align theactivesites.Two positively

chargedloops,onefrom eachCTD, extendbetweenthe two active sites,a region that is unoccu-

pied in the PFV-IN structures.The loopshelp to neutralizethe large negative potentialcreated

by theproximity of thetwo vDNA ends,andassistthebindingof thehostDNA. Thedifferences

in size,sequence,andcharge distribution amongthe retroviral CTDs suggestthat eachforms a

uniqueCTD dimer, whichwouldexplainwhy eachretroviral IN hasauniquespacingbetweenthe

two vDNA insertionpointsin thehostDNA.

This studydemonstratesthat rigid-body, systematicsearchmacromoleculardockingis anef-

fective tool for evaluatingcrystallographicstructuresof complex assemblies.For integrase,com-

putationaldockingcombinedwith structuralanalysishaveprovidedamodelthatresolvesapparent

contradictionsbetweenbiochemicalandstructuraldata. Our approachmay be especiallyuseful

for systemscontainingprotein-DNA interactionsor multi-domainchainswith long, flexible link-

ersthatcanbeinfluencedby crystalpacking.
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Methods

Preparation of coordinates for the docking calculations

The PFV IN coordinateswere taken from the crystallographicstructureof PFV IN with bound

viral DNA (PDB code3OY9),30 which containsthe NTD, L1, CCD, L2, andCTD of an inner

subunit (chain A), the CCD of the contactingouter subunit (chain B) that forms a CCD-CCD

dimer with chain A, and the boundvDNA fragment. We generatedthe biological tetramerby

symmetryoperationsandextractedthe two inner subunits (chainA andsymmetry-relatedchain

A
�
) andthetwo boundvDNA molecules.

ThePFV NTD, CCD,andCTD (Table4) weredefinedbasedon previoussequenceandstruc-

ture alignment,30 with the following exceptions. Residues271-278of L2 wereaddedto the C-

terminusof the CCD. Theseresiduescontactthe NTD and have B-factorssimilar to the CCD

domain.KeepingtheseL2 residuesaspartof theCCD significantlyimproveddockingsin which

theNTD wasthemoving molecule.Theseresiduesarepartof loop271-286,whichpacksbetween

the NTD and CCD beforeextendingtowardsthe CTD; thereis no equivalent loop in the HIV

andASV structures.The N-terminusof the CTD wasextendedto includeL2 residues310-320.

Residues315to 320have no equivalentin HIV-IN andASV-IN, but arepartof theglobular PFV

CTD,shieldingthehydrophobicsidechainsof Ile 366andVal 343,346,and352from solvent.The

Trp 315sidechainfacesthePFVCTD interior, contributingto its hydrophobiccore.Residues310

to 314 from L2 includevDNA-contactingsidechainsSer311andArg 313,30 andthereforemay

contribute to vDNA binding. Retaininga few residuesprecedingthe CTD canimprove docking

resultsby eliminatingplacementsthatwouldclashwith theL2.

Thefull-length vDNA in thePFV structureshasanuncleavedstrandof 19 nucleotides(chain
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Component Coordinatesusedin dockings FromHareet al.30

PFV-IN, PDBcode3OY9
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: Selectedcoordinatesof IN domainsusedin dockings

C) with a 2-nucleotideoverhang(residues1 and2) at the 5
�
-end,anda cleaved strandof 17 nu-

cleotides(chain D) that endswith the active-site3
�
-hydroxyl (residue17). When DNA is the

moving moleculein computationaldocking, it is bestmodeledby fragments8-12 bp in length.

LongerfragmentsgiveenergeticallysimilarplacementsshiftedalongtheDNA axis,obscuringthe

correctlydockedposition.Therefore,whenvDNA wasthemoving molecule,weuseda truncated

active-sitevDNA fragment,vDNA-9, which containedthe first 9 nucleotidesof the uncleaved

strandandthelast7 nucleotidesof thecleavedstrand(Table4). This fragmentincludesall of the

contactswith theCCD andtheCTD. A linear10-bpB-DNA fragmentwith thevDNA sequence,

includingthetwo cleavednucleotides,wasbuilt with theNucleicAcid Builder (NAB) program60

anddockedto the individual PFV-IN domains.We alsodockeda secondB-form DNA fragment

with a completelydifferentsequence(resultsnot reported),which gave the samedistribution of

the top 30 andtop 2,000placements,showing that the B-DNA dockingswerenot dependenton

theDNA sequence.

Multiple componentconstructswerecreatedby combiningindividualcomponents.Theselarge

assemblieswere assignedas the stationarymoleculefor computationalefficiency in the dock-
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ing calculation.41 Full-length vDNA, which extendsabout2-bp beyond protein contactsin the

crystal, was usedin theseconstructsto ensurea good electrostaticmodel near the blunt end.

40,41 CCD+vDNA containedthe CCD (chainA) and its contactingvDNA (chainsC andD). In

NTD+CCD, the NTD from chainA
�
wasaddedto CCD (chainA) to give a continuousvDNA-

contactingsurface.(CCD+vDNA) � containedbothvDNA moleculesandtheCCDsfrom chainsA

andA
�
to createthecatalyticcoreof theIN tetramer. In (NTD+CCD+vDNA) � , bothNTDs were

addedto thecatalyticcore.In (CCD+CTD+vDNA) � , bothCTDswereaddedto thecatalyticcore.

In (CCD+CTDdock+vDNA) � , a symmetry-relatedpair of CTDs found by computationdocking

wereaddedto thecatalyticcore.

HIV-IN coordinatesweretakenfrom thecrystallographicstructureof theNTD-CCDconstruct

boundto lensepithelium-derivedgrowth factor(PDB code3F9K).61 We selectedchainA, which

includescoordinatesfor linkerL1. Coordinatesof theNTD, L1, andCCDof HIV-IN wereselected

basedonHareet al.,30 exceptL2 residues202-207wereincludedwith theCCD(Table4).

We rebuilt theHIV-IN to reflectthe inducedfit uponvDNA binding. In 3F9K, theactive-site

loop (residues140-150)is very differentfrom that in the vDNA-boundPFV-IN structure3OY9.

3F9Khasonly onemetalion boundin theactivesite,whereasthePFV-IN structuresshow two. We

usedthemoleculargraphicsprogramInsight (Accelrys,Inc.) to superposetheC� atomsof PFV

residuesaroundtheMn-binding ligandsandthe loop ends(residues127-129,184-186,207-209,

220-222)onto corresponding3F9K atoms(residues63-65,115-117,138-140,151-153). PFV-

IN active-siteloop residues209-219andthesecondmetalion from 3OY9 weretransplantedinto

3F9K.Four of the11 sidechainswerereplacedto provide theHIV-IN sequence.To completethe

activesite,the3F9K Glu 152side-chainconformationwasadjustedto matchtheconformationof

thecorrespondingMn-bindingligandin 3OY9, resultingin aoxygen-Mnbondlengthof 2.2Å.

To build the model of the vDNA for the HIV-IN dockings,the nucleotidesequenceof the
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PFV-IN vDNA-9 coordinateswaschangedto matchthesequenceusedin HIV-IN strand-transfer

assays.43 To obtainthe referencepositionfor the vDNA, the PFV CCD with boundvDNA was

superposedontothemodelof theHIV-IN CCD by thestructuralelementsthatcontactthevDNA

andform theactivesite:HIV CCDresidues61-66( 
 1),73-78( 
 2),83-86( 
 3),140-150(modeled

active-siteloop),and151-157( � 4). Thephosphatebackboneof thevDNA modelfor HIV-IN was

thensuperposedontothePFV-IN vDNA.

The DOT calculation

Dockingcalculationswereperformedwith theprogramDOT,38,39,41partof theDOT2 Suite41 dis-

tributedby theComputationalCenterfor MacromolecularStructureat theSanDiego Supercom-

puterCenter(URL: http://www.sdsc.edu/CCMS).In DOT, onemolecule(themoving molecule),

representedby its atomicpositionswith partialatomiccharges,is systematicallymovedwithin the

shapeandelectrostaticpotentialsof a secondmoleculeor complex (thestationarymolecule),pro-

viding anexhaustive translationalandrotationalsearch.Interactionenergiesfor all configurations

of the two moleculesareevaluatedascorrelationfunctions,which areefficiently computedwith

FastFourierTransforms.Molecularpropertiesfor theintegraseproteinandDNA moleculeswere

calculatedusingutilities in theDOT2 Suite,including theprogramREDUCE62 to addhydrogen

atoms,determineHis sidechainprotonationstates,andcorrectthegeometryof Asn,Gln, andHis

sidechains;the programMSMS63 to calculatemolecularsurfacesthat encompassthe volumes

definingtheshapepotentialof thestationarymolecule;theAMBER library of heavy atomswith

addedpolar hydrogens64 to assignpartial atomiccharges;andthe programAPBS65,66 to calcu-

late theelectrostaticpotentialof thestationarymoleculeby finite differencemethodsto solve the

linearizedPoisson-Boltzmannequation.
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Dockingcalculationsuseda cubicgrid with 1 Å grid spacingrangingfrom 128to 256Å on a

side.Thedimensionsof thegrid weredeterminedby thesizesof themoleculesto ensurethatthe

moving moleculefit within the grid whenit wascloseto the stationarymolecule.41 The moving

moleculewascenteredat eachgrid point in 54,000orientations(a6.0
�

rotationalspacing).A grid

sizeof 128 Å � gave about108 billion placementsof the moving moleculeaboutthe stationary

molecule.

The2000placementswith themostfavorableinteractionenergieswerekeptfor eachdocking.

The interactionenergy is the sumof the electrostaticandvan der Waalsintermolecularenergy

terms. The van der Waalsterm is a countof the numberof atomsof the moving moleculethat

overlapa 3 Å thick favorablelayeraroundtheexcludedvolumeof theof thestationarymolecule,

with eachatomcontributing -0.1 kcal/mol to the van der Waalsenergy.41 If a moving molecule

atomoverlappedtheexcludedvolumeof thestationarymolecule,theconfigurationwaseliminated.

The electrostaticenergy is calculatedasthe setof atomicpoint chargesof the moving molecule

placedin the electrostaticpotentialof the stationarymolecule.38 The electrostaticpotentialwas

calculatedwith theprogramAPBS,66 usinga dielectricof 3 for theprotein,a dielectricof 80 for

thesurroundingenvironment,an ion exclusionradiusof 1.4 Å, andanionic strengthof 150mM.

Theresultingelectrostaticpotentialwasclampedto maketheelectrostaticenergy termcompatible

with thesoft vanderWaalsenergy termby modulatingthepotentialneartheproteinsurface.41

Analysis of Docking Results

The 2,000top-ranked placementswere analyzedby calculatingthe root-mean-squaredeviation

(RMSD) betweenthedockedandcrystallographicpositionsof themoving molecule,holding the

stationarymoleculefixed. For thePFV-IN dockings,whereall componentscomefrom theDNA-
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boundassembly, anRMSDof 5 Å or lesswasconsideredahit (Table1), typically reproducingthe

residue-residuecontactsseenin thecrystal.RMSD calculationsagainstthedockedCTD position

alsouseda 5 Å cutoff. In the HIV-IN dockings,a more lenientRMSD cutoff of 6 Å wasused

becauseboth the HIV CCD and the vDNA were modelsratherthan coordinatesfrom a bound

complex. RMSD calculationsweredonefor all C� atomsin proteindomainevaluations,andfor

all C3
�
atomsin DNA evaluations.The 30 top-ranked placementsof the moving moleculewere

analyzedin detailwith computergraphicsandthe2000top-rankedplacementswerevisualizedby

examiningthedistributionof theirgeometriccentersover thestationarymolecule.

Rebuilding CTD loop 324 to 339

PFV CTD loop residues324to 339wererebuilt to follow theconformationof thecorresponding

HIV CTD loop (residues226-237). The C� atomsof HIV CTD residues225-227and236-238

weresuperposedonto theC� atomsof PFV CTD residues323-325and338-340of a symmetry-

relatedpair of docked CTDs (ranks4 and15 from run 8, Table1). HIV CTD residues226-237

werethentransplantedinto thePFVCTDs.Theresultingloopis four residuesshorterthanthePFV

CTD loop. Visual inspectionindicatedthatan insertionbetweenresidues327and334(sequence

VARPASLR) wasmostlikely to givea loop fitting betweentheactivesites.In our graftedmodel,

the distancebetweenthe C� atomsof residues327 and334 was5.7 Å. We searchedthe BriX

database67 for 8-residueloopswith adistanceof 5.6to 5.8Å betweentheinitial andfinal C� atoms

andwith proline in the 4th position. PDB 2GHSresiduesA128-A135(sequenceRMHPSGAL)

weretransplantedby superpositionof the main-chainatomsof A128 andA135 onto PFV CTD

atoms327and334. Theresiduesequencewascorrectedandthesidechainsof residuesArg 326,

329,334and336,Lys339,andLeu333wereadjustedto relievestericclasheswith thevDNA.
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Modeling HIV-IN

To build themodelof theHIV-IN dimerwith boundvDNA, we startedwith theHIV CCD model

thathadbeenfit to thePFV CCD.HIV CTD residues224-226( 
 1), 235-239( 
 2), 248-252( 
 3),

and257-262( 
 4) from chainA of PDB structure1EX4 werethensuperposedontotheC� atoms

of the correspondingresiduesof the docked PFV CTD (rank 4 from Table 1, run 8). The L2

(residuesA202to A222) from 1EX4wasinsertedbetweenCCDresidue201andCTD residue223

andside-chaingeometrieswereadjustedto avoid clashes.L1 (residues47to 58)wasbuilt asaC�

tracebetweenthelastresidueof theNTD from theinnersubunit (residueA46) andthefirst residue

of the CCD from the outersubunit (residueB59). A copy of the NTD-CCD with the rebuilt L1

wassuperposedontotheCCDof theinnersubunit to completethedimershown in Figure6B.
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