


Author summary

Bothherpessimplexvirus(HSV)andpseudorabiesvirus(PRV)recognizenectin-1asthe
cellularreceptor.Theyutilize theenvelopeglycoproteinD (gD) on thevirion surfaceto
interactwith nectin-1,initiating thevirusinfection.Althoughthemolecularbasisof nec-
tin-1 binding byHSVgD hasbeensuccessfullyelucidatedwith high resolutionstructures,
theatomicfeaturesof PRVgD interactingwith thesamereceptorremainsuncharacter-
ized.Here,weshowthatPRVgD exhibitsnano-molaraffinitiesfor bothhumanand
swinenectin-1,anddeletionof themembrane-proximalloop in thegD ectodomaindra-
maticallyincreasesits receptor-bindingavidity.Wefurther solvedthefreeandthenectin-
1-boundPRVgD structures.ThefreegD structurerevealsacanonicalfold of anIgV-like
corewrappedby theN- andC-terminalextensionsasobservedin theHSVhomologs.
TheN-terminusof PRVgD,however,isshorterthanthatof HSVgDs.Thesolvedcom-
plexstructuredemonstratesthatPRVgD exhibitsahomologousreceptor-bindingmode
to theHSVcounterpart.Nevertheless,severaluniquefeaturesat thePRVgD binding
interfacesufficetheviral ligandto engagenectin-1with aseriesof residuesdiffering from
theHSVaminoacids.Theseobservationsnot only delineatedthemolecularbasisof PRV
engagingnectin-1but alsoenrichedour knowledgeon thereceptor-bindingmechanism
of theAlphaherpesvirinae subfamily.

Introduction

Therearethreemajorsubfamilies,Alpha-, Beta- and Gamma-herpesvirinae, in theHerpesviri-
dae family [1]. Thethreesubfamiliesdiffer in their hostrangecapacities.In contrastto beta
andgammaherpesviruseswhichexhibit restrictedor limited cell-typetropism,thealphaher-
pesviruseshaveamuchbroaderhostrangeandareableto infectawidevarietyof celltypes[2,
3]. Forexample,therepresentativealphaherpesvirus,herpessimplexvirus(HSV),showslow
speciesspecificityandisableto infecthumanandnon-humancellsalike[4]. Thecapabilityof
HSVto infectmosthumancelltypesis recognizedasanimportant contributing factorto its
highprevalencein theworld populations[5]. Pseudorabiesvirus(PRV),anothermemberof
theAlphaherpesvirinae subfamily,is reportedto infectboth farming(e.g.pigs,sheep,etc)and
pet(e.g.cats)animals[6]. HerpesBvirus,analphaherpesvirusthatcausesmild or asymptom-
atic infectionsin macaques,cancrossthespeciesbarriersandleadto fataldiseasesin humans
[7].

Alphaherpesvirusescontainmultiple surfaceglycoproteins(e.g.morethan11in HSV) in
thevirion envelope[8]. An earlystepin theinfectionof thealphaherpesvirusis theengage-
mentof hostreceptorsby thevirusglycoproteinD (gD) [5]. Thebroadtropismof alphaher-
pesvirusis,therefore,at leastpartiallytheresultof its capacityto recognizeandbind multiple
cellsurfacemoleculesviagD [8]. Thusfar,sixgD receptorshavebeenidentified.Theseinclude
3-O-sulfonated-heparansulfate(3-O-S-HS)[9]; theherpesvirusentrymediatorA (HveA,also
knownasHVEM), aTNF receptor-relatedprotein [10]; andthreeimmunoglobulinsuperfam-
ily members:HveB(PRR2,nectin-2)[11], HveC(PRR1,nectin-1)andHveD(PRV,CD155)
[12]. Of theserenownedhostmolecules,nectin-1servesasabroadlyusedreceptormediating
theentryof all of thecommonlytestedviruses,includingHSVtype1 (HSV-1)andtype2
(HSV-2),PRV,andbovineherpesvirustype1 (BHV-1) [12±14].In addition,nectin-1wasalso
identifiedastheprimary receptorfor theHSV-1infectionof rat andmousesensoryneurons
[15].
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Nectin-1isanimmunoglobulin(Ig)-like celladhesionmolecule[16]. It playsimportant roles
in organizingtheintercellularjunctionsbyselfhomodimerizationand/orbyheterodimerization
with othernectinandnectin-likemolecules(e.g.nectin-3,nectin-4,nectin-like1,etc.)[17].
Nectin-1ishighlyconservedin mammaliananimals.Theswineandhumannectin-1share96%
aminoacididentity,andbothhomologsareableto mediatetheentryof HSV-1,HSV-2,PRV
andBHV-1 [13,18].It isdemonstratedthat thegD proteinsof thesealphaherpesvirusesbind to
nectin-1with nanomolaraffinities[13,19].Thedetailedbinding modebetweenHSVgD and
humannectin-1hasbeensuccessfullyillustratedin severalpreviousstudies[20±22].ThegD
moleculeiscomposedof aV-setIg-like (or IgV-like) coreandlongN- andC-terminalexten-
sions,It utilizesboth terminal-extensionelementsto interactwith nectin-1.Thereceptor,with
threeIg-like domainsarrangedinto arod-shapedstructure,projectsits membrane-distalIgV
domainfor gD engagement[21±23].It isnotablethat thewholegD footprint in nectin-1over-
lapsextensivelywith thenectin-1dimerizationinterface,whichexplainsanovelmechanismof
exploitingthehostcell-adhesionfunctionsbyHSVfor virusspreadandinfection[21,22].

In addition to tetheringvirusparticlesonto cellsurfaceandfacilitatingtheviral spread,gD
isalsobelievedto playakeyrole in triggeringthemembranefusioncascade,therebyleading
to theentryof alphaherpesviruses[24±26].SeveralpreviousstudiesdemonstratedthatgD
binding to its receptorscoulddisplacetheC-terminalpro-fusiondomain(PFD)to activatethe
fusionexecutorcomposedof glycoproteinsB,H andL (or gB,gH andgL) [24,25].Interest-
ingly, thestructuresof HSVgD in thereceptorboundforms(with nectin-1andHVEM,
respectively)andadimeric freegD structureindeedrevealthat receptorengagementwould
displacethegD C-terminalloop[20±22,25,27].Thesestructuralinvestigationspavetheway
for understandingthebasisof gD recognitionof multiple cellularreceptorsandtherebyof the
broadcelltropismof alphaherpesviruses.Nevertheless,thepreviousstudiesarealmostexclu-
sivelybasedon HSVgDs.Thestructuralandfunctionalfeaturesof otheralphaherpesviralgDs
remainpoorlycharacterized.Theseareinterestingscientificissuesawaitinganswersin theher-
pesvirusfield,becausegD homologsof theprevalentalphaherpesviruses(e.g.HSV,PRV,
BHV-1,etc.)only shareverylow (22±33%)aminoacidsequenceidentities[19].

To further delineatethereceptorrecognitionbasisof alphaherpesviruses,wesetout to
investigatethedetailedinteractionsbetweenPRVgD andnectin-1.Despitethesignificant
homologybetweenPRVandHSV,thetwo virusesbelongto differentgenera(PRVin theVari-
cellovirus genusandHSVin theSimplexvirus genus,respectively[1]). In thecurrentstudy,we
showthatPRVinfectshostcellsviabothhumanandswinenectin-1,but not with human
HVEM. PRVgD engagesthehumanandswinereceptorswith similaraffinities.Wefurther
demonstratethatagD variantlackingtheC-terminalmembrane-proximalresiduesexhibited
muchhigheraffinity for nectin-1,whichwebelieverepresentsaninspiring evidencethat the
PRVgD C-terminalloop likely alsoplaysarole in triggeringthevirus/cellmembranefusionas
observedfor HSVPFD.Thestructuresof PRVgD in theunboundandthenectin-1-bound
formswerethensolvedathigh resolutions.ThePRVproteinexhibitsoverallsimilar3D fold
andnectin-1binding modeto its HSVcounterpartbut utilizesdifferentgD residues(from
thoseof HSV) for nectin-1engagement.Finally,wealsoconductedamutagenesisstudyusing
theinterface-residuemutantsof nectin-1,whichin combinationwith thestructuralobserva-
tions,providethebasisof receptorrecognitionbyPRVgD.

Results

PRV utilizes both human and swine nectin-1, but not HVEM, for cell entry

Of thethus-faridentifiedgD receptors,nectin-1hasbeenshownto mediatethecellentryof
multiple alphaherpesviruses[5, 8,12].Severalpreviousstudiesdemonstratedthatbothhuman
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(HU-nectin-1)andswinenectin-1(SW-nectin-1)serveasacellularreceptorfor PRV[13,28].
Asasteptowardsunderstandingthebasisof receptorrecognitionby thevirus,wefirst recon-
firmed thenectin-1mediatedviral entryusingthePRVvaccinestrainBarthK61(28)in
CHO-K1cells.CHO-K1celllacksanyof theknownalphaherpesvirusreceptorsandis
thereforeresistantto PRVinfection[29]. Transientexpressionof HU- andSW-nectin-1in
CHO-K1,however,sufficesthecellsfor PRVentry.In thepresenceof eitherthehumanor the
swinereceptors,PRVinfectionwith significantcytopathiceffectswasobserved;whereas
HU-HVEM failedto promotetheentryof thevirus(Fig1A).This isconsistentwith previous
reportsshowingthatnectin-1,but not HVEM or 3-O-S-HS,couldmediatethePRVinfection
[8].

To quantitativelycomparethecellentrymediatedbyHU- andSW-nectin-1,wefurther set
up acellbasedfusionassayaspreviouslyappliedin theHSVstudies[22]. With CHO-K1cells,
remarkablecellfusioncouldbeobservedwhenthenectin-1-expressingcellsaremixedwith
cellsexpressingHSVgD alongwith theviral fusionexecutorof gB,gH andgL.Byreplacing
theHSVglycoproteinswith thePRVhomologs,significantincreasein theluciferaseactivity
wasrecorded,whichishighly indicativeof fusionof thecells.On thewhole,thecellfusion
mediatedbyHU- andSW-nectin-1isquantitativelyequivalent(Fig1B),indicatingsimilar
capacitiesof gD engagementby thetwo receptors.

PRV gD engages human and swine nectin-1 with a similar binding

affinity

To gainfurther insightinto thePRV-gD/nectin-1interaction,wesetout to characterizetheir
binding featuresusingthereal-timesurfaceplasmonresonance(SRP)assays.Previousstudies
haveshownthat,by truncationof theC-terminaltrans-membraneandcytoplasmicdomains,
theentireectodomainof PRVgD couldbeyieldedasarecombinantprotein in thesoluble
form [13]. Followingthesamestrategy,wesuccessfullyexpressedandpurified atruncated
PRVgD proteinspanningresidues1±337(hereafterreferredto asgD337)usingabaculovirus
expressionsystem(Fig2A and2B).Notedthat theresiduenumberingsfor HSVgD in previous
structuralstudiesarebasedon thematureprotein [21,22],thenumberingsfor PRVgD amino

Fig 1. PRV recognizes both human (HU-nectin-1) and swine (SW-nectin-1) nectin-1 for cell entry. (A)

PRV infects cells expressing HU- and SW-nectin-1, but not cells expressing human HVEM (HU-HVEM).

CHO-K1 cells were transfected for transient expression of HU-, SW-nectin-1 and HU-HVEM, and

subsequently infected with a PRV vaccine strain. Clear cytopathic changes were observed with HU- and SW-

nectin-1, which are marked with arrows. (B) HU- and SW-nectin-1 mediate the gD-dependent cell fusion. A

cell-based fusion assay was set up with CHO-K1 cells as previously applied in the HSV studies[21, 22].

CHO-K1 cells expressing PRV gD/gB/gH/gL and T7 luciferase were mixed and incubated with those

expressing T7 polymerase in combination with HU-/SW-nectin-1 or HU-HVEM. The resultant luciferase

activity was calculated and quantitatively compared with that observed for SW-nectin-1 (determined as 100%

cell fusion). The results of three independent experiments were histogrammed as the means �“ standard

deviations (SD).

https://doi.org/10.1371/journal.ppat.1006314.g001
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acidsin thecurrentstudyarethereforealsobasedon thematureprotein (unlessotherwise
specified)to facilitatesequencecomparison(Fig2A).Theecto-domainproteinsof bothHU-
andSW-nectin-1preparedfrom E. coli wereindividually immobilizedon thechipandtested
for theinteractionwith gD337.Asexpected,thegD proteinpotentlyinteractswith both recep-
tors,exhibitingtypicalslow-on/slow-offbinding kinetics(Fig2C).Theequilibrium dissocia-
tion constants(Kd) weredeterminedto be191nM with HU-nectin-1(Kon, 1.41× 105 M-1s-1;
Koff, 2.7× 10−2 s-1) and301nM with SW-nectin-1(Kon, 1.46× 105 M-1s-1; Koff, 4.4× 10−2 s-1),
respectively.Therefore,PRVgD recognizesthehumanandswinereceptorswith essentially
thesamebinding affinity. Thisresultisconsistentwith our observationin thecellfusionassay
whichshowsthatnectin-1of thetwo speciesmediatesgD-dependentCHO-K1 fusionwith
similarefficienciesshownin theprevioussection.Furthermore,thedeterminedKd valuesare
alsoin goodaccordancewith apreviousstudyreportinganaffinity of approximate130nM for
thePRV-gD/HU-nectin-1interactions[13].

Removal of the PRV gD membrane-proximal residues increases its

affinity for nectin-1

Inspiredby thestudieson HSVgDwhichrevealedanapproximate2-digit fold affinity differ-
encein receptorbinding betweenalongandashort(lackingabout20residuesat themem-
brane-proximalregion)gD form [20,25],wefurther constructedashorterPRVgD variant
without themembrane-proximalloop.ThisnewconstructspansthegDaminoacids1±284
(hereafterreferredto asgD284)(Fig2A).Theresultantproteinwassimilarlypreparedviathe
baculovirusexpressionsystemandpurified to homogeneity(Fig2B).WhentestedusingSPR,
thisshortform of PRVgD exhibitedsignificantlyincreasedbinding avidity to nectin-1.Thecal-
culatedKdsof gD284to thehumanandswinereceptorswere16.1nM (Kon, 7.25× 105 M-1s-1;

Fig 2. An intimate binding between PRV gD and HU-/SW-nectin-1. (A) A schematic picture of PRV gD. The boundaries of the domain

elements, including the signal peptide (SP), the ectodomain, the transmembrane domain (TM), and the cytoplasmic domain (CP), were

determined by bioinformatic predictions using the SignalP4.1 and TMHMM web-server. For recombinant expression of PRV gD in insect

cells, the protein was truncated (aa 1–337 for gD337 and aa 1–284 for gD284), engineered with a GP67 signal peptide for secretion, and

added with a C-terminal 6His tag for purification. (B) Representative size-exclusion chromatographs of gD337 and gD284. The

recombinant PRV gD proteins were purified from the supernatants of the baculovirus-infected insect cells, analyzed on a Hiload 16/60

Superdex 200 column (GE), and then examined by electrophoresis by SDS-PAGE. The resultant separation profiles are shown. (C) An

SPR assay characterizing the PRV-gD/nectin-1 binding kinetics. Gradient concentrations of gD337 or gD284 were flow through SW- and

HU-nectin-1 immobilized on the chip surface. The real-time binding profiles are recorded and shown.

https://doi.org/10.1371/journal.ppat.1006314.g002
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Koff, 1.17× 10−2 s-1) and18.4nM (Kon, 1.15× 106 M-1s-1; Koff, 2.11× 10−2 s-1), respectively(Fig
2C).Thesevaluesrepresentanapproximate12±16fold enhancementin affinity in comparison
to gD337.It isnotablethatgD284,with theenhancedreceptorbinding capacity,exhibitsasimi-
lar affinity for nectin-1to HSV-1gD285Ðarepresentativeshortform of HSVgD [21,22].

Accordingto thepreviousstudies,theobservedaffinity-differencebetweenthelongand
shortformsof HSVgD stemmainly from thechangesin their kineticassociationrates(up to
40-foldin Kon) [25]. Theenhancedaffinity for nectin-1byPRVgD284(relativeto gD337),
however,arisesfrom both theincreaseof theassociationrate(byapproximate5±8fold in Kon)
andthedecreaseof its dissociationrate(byapproximate2-fold in Koff).

The structure of free PRV gD

To probeinto thestructuralfeaturesof PRVgD,bothgD337andgD284weresubjectedto
intensifiedcrystallizationscreenings.Wefinally managedto collecta1.5-Åresolutiondataset
from thegD337crystals.Thesolvedstructurewasrefinedto Rwork = 0.169andRfree= 0.192
(Table1),andcontains244aminoacidsspanningfrom P7to P250.Theterminalresidues
(A1 to V6 in theN-terminusandR251to S337in theC-terminus),however,wereuntraceable.
Webelievethesetwo parts,especiallythelargeC-terminalregion,areflexibleandmostlikely
disorderedloops,whichmight haveundergoneunexpectedproteolyticdigestionsduring
crystallization.

Table 1. Data collection and refinement statistics.

gD337 gD284/SW-nectin-1

Data collection

Space group C2 P212121

Cell dimensions

a, b, c (�c) 79.40, 60.98, 60.68 79.95, 98.11, 128.40

�.,��,�� (˚) 90.00, 111.22, 90.00 90.00, 90.00, 90.00

Resolution (�c) 50–1.50 (1.55–1.50) 50–2.70 (2.80–2.70)

Rsym or Rmerge 0.062 (0.299) 0.228 (1.187)

I / �1I 25.5 (7.3) 9.6 (1.8)

Completeness (%) 97.6 (97.0) 99.9 (100.0)

Redundancy 6.1 (6.3) 8.6 (8.7)

Refinement

Resolution (�c) 23.53–1.50 38.17–2.70

No. reflections 42206 28251

Rwork / Rfree 0.1691/0.1923 0.2379/0.2664

No. atoms

Protein 1933 5457

Ligand/ion 0 0

Water 334 85

B-factors

Protein 23.0 46.9

Ligand/ion

Water 36.5 40.1

R.m.s. deviations

Bond lengths (�c) 0.006 0.015

Bond angles (˚) 1.090 1.512

Values in parentheses are for highest-resolution shell.

https://doi.org/10.1371/journal.ppat.1006314.t001
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TheoverallPRVgD structureisexpectedlycomposedof anIgV-like coreandthelongN-
andC-terminalextensions(Fig3A),asobservedin its HSVhomologs[20±22].Thecore-
domain,whichspansfrom D38to V164,containsanine-stranded(A', B,C,C', C'', D, E,F,
andG) β-barrelin thecenter.Theseninestrandsaretopologicallyarrangedin atypicalIgV
manner.In contrastto thecanonicalIgV fold, however,thebarrelC'' strandiskinkedin the
middle,leadingto two strandhalvesconnectedwith adistortedloop.SimilarkinkedC'' strand
hasalsobeenobservedin bothHSV-1andHSV-2gD structures,whichlikely representsa
uniquefeatureof thealphaherpesviralgDs.In addition to thecompactcentralbarrel,thecore-
domainalsocontainstwoα-helices(α1 andα1'), locatingin betweentheBCandtheC''D
strands,respectively(Fig3A).

TheIgV-like coreof PRVgD is further wrappedby theN- andC-terminalextensions.The
former,extendingfrom P7to A37,is largelyaloopstructure.It alsoencompassesasmallβ-
strand(str2)which isalignedin parallelwith thefirst halfof strandC''. Thelatterextension,
with residuesA165-P250,ismuchmoreextended.It structurallyfoldsinto four α-helices(α2',
α2,α3' andα3) andonesmallβ-strand(str3),coveringabouthalfof thecentral-coreoutersur-
face(Fig3A). In total,threedisulfidebondswereformedin thePRVgD structure.One(C100
with C109)isobservedin theIgV-like core,connectingtheC' andC'' strands;while theother
two (C49with C172andC88with C188,respectively)arelocatedbetweenthecentralcoreand

Fig 3. Structure of the unbound PRV gD. (A) Cartoon representation of the overall structure. The PRV gD structure is composed of

an IgV-like core and the surface-exposed N- and C-terminal extensions, which are colored green, orange, and magenta, respectively.

The secondary elements referred to in the text are labeled. The three disulfide bonds and the N- and C-termini are marked. (B)

Superimposition of the PRV (green), HSV-1 (orange), and HSV-2 (magenta) gD structures. The shaded circles and the arrows mark

the variant secondary structure elements and the significant conformational differences between PRV gD and its HSV homologs. The

right panel is rotated along a vertical axis for about 135 degrees to highlight the large orientation variance observed for the terminal

loops. (C) A structure-based sequence alignment for PRV gD and its HSV homologs. The spiral lines and the horizontal arrows

indicate �.-helices and ��-strands, respectively. The conserved cysteine residues that form disulphide bonds in both the PRV and the

HSV gD structures are highlighted and marked numerically. For clarity, sequences of the signal peptide sequence, the C-terminal

membrane-proximal loop, and the transmembrane and cytoplasmic domains were not included for the comparison. The residue

numberings are based on the gD sequences of the mature proteins.

https://doi.org/10.1371/journal.ppat.1006314.g003
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theC-terminalextension,tying theextensionloopsto thecorecomponents.Thesedisulfide
bridgesarealsoconservedin HSVgDs(Fig3C).

Asexpected,thestructureof PRVgD isquitesimilar to thoseof its HSVhomologs.Super-
impositionof our structurewith previouslyreportedHSVgD structuresrevealedwell-aligned
coredomainandterminalextensions(Fig3B).Despiteof thelow sequenceidentity,amajority
of thesecondarystructureelements,including thecore-strandsandmostof theextensionheli-
ces,wereparallel-formedin PRVandHSVgDs.ThePRVstructure,however,containsan
extraα2' helix in theC-terminalextension.In addition,whilebothPRVandHSVgDsencom-
passacoreα1' helix,their stericpositionsarequitedifferentin thestructures.In PRVgD,
helixα1' is locatedbetweenstrandsC'' andD; whereastheHSV-gDα1' helix linesbefore
strandC,directlyfollowingtheα1helix(Fig3Band3C).Furtherstructuralvariationsbetween
PRVandHSVgDswereobservedfor theequivalentα3helicesandtheir terminal loops.The
formershowedasmallvariancein theconformation,while thelatterexhibitedlargeorienta-
tion differences(Fig3B).Facilitatedby thestructure-basedsequencealignment,it isnotable
thatHSVgD encompassesamuchlongerN-terminal loop(or N-loop) thanPRVgD (Fig3C).
NotedthatHSVgD reconstitutesits N-loop into ahairpin structurefor HVEM binding [27],
thelackof anN-loop of sufficientsizein PRVgD thereforecoincideswellwith its incompe-
tenceof utilizing HVEM.

The structure of PRV gD bound with swine nectin-1

Inspiredby thehighaffinity betweengD284andnectin-1,wepreparedthecomplexof this
shortform of PRVgD boundwith theIgV-domainproteinof theSW-nectin-1,andobtained
acomplexcrystalthatdiffractsto 2.7Å resolution.Thecomplexstructure,with anRwork of
0.238andanRfreeof 0.266(Table1),containsgD residuesP9-D241andthenectin-1amino
acidsD37-M143.AlthoughashortenedgD form wasusedfor thecomplexcrystallization,a
largefractionof theC-terminalresidueswerestill untraceablein thestructure.It isnotable
thatsimilarproportion of thegD residuesweresuccessfullytracedin both thefreegD and
thegD/nectin-1complexstructures,despitethat two differentgD forms(gD337andgD284,
respectively)wereindividually usedin thecrystallizationexperiments.

Asexpected,thegD moleculein thereceptor-boundstatesimilarly foldsasanIgV-like core
wrappedby theextensiveterminalextensions.It recognizesSW-nectin-1mainly throughthe
extensionelements(including str2andits flankingloopsin theN-terminal extension,andthe
α2',α3',α3 helices,andtheα3'/α3 interveningloop in theC-terminalextension)andthe
exposedα1' helixof thecoredomain(Fig4A and4B).ThesegD componentswereexquisitely
positionedoverthebinding interface,engagingexclusivelytheV-domainCC'C''FGsheetof
thereceptor(Fig4A and4B).In comparisonto thefreePRVgD structure,its N-loop was
clearlyreorienteduponreceptorbinding,extendingto thevicinity of helixα3 in thecomplex
structure(Fig4B).Apart from thisN-loop re-orientation,engagementof SW-nectin-1does
not induceothersignificantconformationalchangesin theviral ligand.

Overall,thenectin-1binding modeof PRVgD resemblesits HSVcounterparts.All the
threeviral ligandsutilize theterminalextensionsto contacttheCC'C''FGsheetof thereceptor
IgV domain.A detailedsuperimpositionbetweenthecurrentstructureandthepreviously
reportedHSV-gD/nectin-1complexstructures,however,revealedanobviousdifferencein
their stericposition(relativeto thereceptor)for theboundgD proteins.With well-aligned
nectin-1molecules,ashift-distanceof about3.5Å wasobservedbetweenthePRVandHSV
gDs(Fig4C).Furthermore,thereceptorCC' loopalsoshowedquitedifferentconformations
whenboundto theviral ligandsof PRVandHSV(Fig4C).NotedthatPRVgD containsan
extraα2' helixwhich isprojectedoutwardsfor engagementof thereceptor,theSW-nectin-1

Structures of PRV-gD in the free and nectin-1 bound forms
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CC' loop thereforeadoptedanalternativeconformationto accommodatethebulgedhelix.
Apart from theaforementioneddifferences,thePRVandHSVgDsexhibitedquitesimilar
overall-receptor-bindingmodefor engagementof nectin-1(Fig4C).

Structural basis of the nectin-1 recognition by PRV gD

On thewhole,extendedsurfaceareasof about1118.1Å2 in PRVgD and1170.9Å2 in SW-nec-
tin-1 wereburieduponcomplexformation.Wethereforescrutinizedthisbinding interfaceto
delineatetheaminoacidinteractiondetailsbetweenthetwo binding entities.Along thenec-
tin-1 CC'C''FGsheet,themajor receptor-engagementcomponentsof gD includeits N-loop,
theα1' helix in theIgV-core,andhelicesα2',α3',α3 andtheα3'/α3 loop in its C-terminal
extension(Fig5A). In theN-loop, two aromaticresiduesF11andW22wereprojectedout-
wardsfor receptorbinding.Theywerefound to bepackedagainstnectin-1aminoacidsK61,
Q64,I80,N82,M85-S88,andF129,therebyproviding important hydrophobicinteractions
(Fig5B).It shouldbenotedthatF11of gD is locatedin theN-loop regionthatwasshownto
undergolargeconformationalchangesafterreceptorbinding (Fig4B).Webelievethesubse-
quentinteractionsof F11with nectin-1K61andF129arethemajor forcesstabilizingthe
observedN-loop orientationin thecomplexstructure.Asfor theα1' andα2' helices,each
componentpresentsoneaminoacid(T119in α1' andY183in α2') towardsthereceptor,con-
tactingmainly thenectin-1residuesG73-K75,I123,E125,N133,andE135viamultiple Van
derWaals(vdw) interactions.In addition,theα1'-residueT119alsoformsaweakH-bond
with nectin-1E125(Fig5C).FurtherPRV-gD/SW-nectin-1interactionswerecontributedby
theα3',α3helicesandtheir interveningloop,whichpositionmultiple residues,including
M201-R202,P206-Y208,V216,andY219,to interactwith nectin-1aminoacidsT63-Q64,
Q76-N77,I80,S88,L90-A91,A127-P130andN133(Fig5D). In addition to providing

Fig 4. Structure of the PRV-gD/SW-nectin-1 complex. (A, B) Cartoon representation of the overall structure. The gD

molecule is colored as in Fig 3A, and the membrane-distal IgV domain of SW-nectin-1 is shown in cyan. Those elements

referred to in the text, including the secondary structure elements of SW-nectin-1 IgV and the interface elements in PRV gD, are

labeled. The free PRV gD structure (in gray) was also aligned to the complex structure in (B) to highlight the reorientation of the

gD N-terminal loop upon receptor binding. (A) The complex structure of PRV gD bound to SW-nectin-1. (B) The same complex

structure that is shown after horizontal rotation of about 180 degrees. (C) Comparison of the PRV-gD/SW-nectin-1 (PRV gD in

green and SW-nectin-1 is cyan) complex structure with previously reported HSV-1-gD/HU-nectin-1 (HSV-1 gD in yellow and

HU-nectin-1 in orange) and HSV-2-gD/HU-nectin-1 (HSV-2 gD in magenta and HU-nectin-1 in gray) complex structures. The

CC’ loop of variant conformations in nectin-1, the 3.5 �c shift between the bound PRV and HSV gDs, and the unique �.2’ helix in

PRV gD bulged towards the CC’ loop of nectin-1 are highlighted and labeled. For clarity, the view of the structure in panel (C) is

clockwise rotated along the vertical axis for about 90 degrees relative to that in panel (B).

https://doi.org/10.1371/journal.ppat.1006314.g004
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extensivevdwcontacts,theseaminoacidsfurther sticktheviral ligandto thereceptorbycreat-
ing aninter-moleculeH-bond network.In total,fivestrongandtwo weakH-bondswere
observedto form, arisingfrom PRVgD M201andR202interactingwith SW-nectin-1Q76,
N77andA91,gD P206with nectin-1Q64,andgD Y208with nectin-1T63andA127,respec-
tively(Fig5D). It isnotablethat theidentifiedinterfaceresiduesin thereceptorareabsolutely
conservedbetweenHU- andSW-nectin-1(Fig5E),explainingthesimilaraffinitiesof thetwo
receptorsfor PRVgD binding.

Owingto thelow sequenceidentity,PRVandHSVgDsutilizedifferentaminoacidsfor
nectin-1engagement.Comparisonof their footprints in nectin-1,however,revealsessentially
thesamesurfacepatchin thereceptor.ForbothPRVandHSVgDs,thenectin-1residues
locatingwithin adistanceof 4.5Å from theboundligandwereselectedandcomparedin
detail.Thesubsequentinterface-residuelist revealed31aminoacidsinteractingwith PRVgD,
22with HSV-1gD and26with HSV-2gD,respectively.Of theseresidues,20wereutilizedfor
contactingall thethreeviral ligands,contributingmorethan90%of thetotal inter-molecule
contactswith eitherligand(Table2).Thoughthevdwcontactsconferredbyeachof these
aminoacidsweredifferentbetweenHSVandPRVgDs(Table2), theseshared20nectin-1res-
iduesdominatethebinding to gDsof bothviruses.

Fig 5. The atomic interaction details at the PRV-gD/SW-nectin-1 interface. (A) An overview of the binding

interface. The nectin-1 receptor is shown in surface and the gD ligand is presented as ribbons. The interface

components in PRV gD, including the N-loop, the �.1’ helix in the IgV-like core, and the �.2’, �.3’, �.3 helices and

the �.3’/�.3 intervening loop in the C-terminal extension, are highlighted and marked with patch numbers 1–3. The

amino acid interaction details for each of the three patches were delineated in panels (B), (C), and (D),

respectively. (B) The interaction of the gD N-loop with nectin-1. (C) The interaction of the gD �.1’ and �.2’ helices

with nectin-1. (D) The interaction of the gD �.3’, �.3 helices and their intervening loop with nectin-1. The residues

referred to in the text are shown and labeled. Dark dashed lines indicate strong H-bonds (��3.0 �c),while orange

ones represent weak H-bonds (3.0–3.5 �c). (E) Amino acid sequence alignment between HU- and SW-nectin-1

highlighting their IgV domains that are recognized by PRV gD. The residues interfacing with gD are marked with

black stars. For clarity, only those that contribute �!2 inter-molecule Van der Waals contacts were selected. A full

list of the interface residues were summarized in Table 2.

https://doi.org/10.1371/journal.ppat.1006314.g005
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Mutagenesis study of the key interface residues in nectin-1

To further confirm thebinding featuresobservedin our complexstructure,thekeyinterface
residuesin nectin-1,includingN77,M85andF129(whichcontributemorethan20hydropho-
bic vdwcontactseach(Table2) and/or theside-chainH-bonds(Fig5D),wereindividually
mutatedandtestedfor their interactionswith PRVgD337.In thecontextthatHU- andSW-

Table 2. Comparison of the nectin-1 residues contacting PRV gD with those interfacing with HSV-1

and -2 gDsa.

Nectin-1 in the PRV-gD/SW-

nectin-1 complex

Nectin-1 in the HSV1-gD/HU-

nectin-1 complex

Nectin-1 in the HSV2-gD/HU-

nectin-1 complex

—— S59 (1 contact) S59 (2 contacts)

K61 (8 contacts) K61 (10 contacts) K61 (8 contacts)

T63 (10 contacts) T63 (15 contacts) T63 (5 contacts)

Q64 (20 contacts) Q64 (19 contacts) Q64 (13 contacts)

T66 (1 contact) T66 (1 contact) T66 (3 contacts)

Q68 (1 contact) Q68 (6 contacts) Q68 (12 contacts)

A70 (1 contact) —— ——

G73 (5 contacts) —— G73 (4 contacts)

S74 (11 contacts) —— S74 (3 contacts)

K75 (24 contacts) K75 (7 contacts) K75 (13 contacts)

Q76 (15 contacts) Q76 (10 contacts) Q76 (14 contacts)

N77 (29 contacts) N77 (35 contacts) N77 (42 contacts)

I80 (11 contacts) I80 (8 contacts) I80 (11 contacts)

Y81 (1 contacts) Y81 (1 contact) Y81 (3 contacts)

N82 (5 contacts) N82 (6 contacts) N82 (4 contacts)

M85 (20 contacts) M85 (32 contacts) M85 (33 contacts)

G86 (4 contacts) G86 (2 contacts) G86 (5 contacts)

V87 (4 contacts) —— V87 (3 contacts)

S88 (8 contacts) S88 (10 contacts) S88 (15 contacts)

L90 (10 contacts) L90 (19 contacts) L90 (13 contacts)

A91 (9 contacts) —— ——

P92 (2 contacts) —— ——

I123 (4 contacts) —— ——

E125 (10 contacts) E125 (5 contacts) E125 (6 contacts)

A127 (8 contacts) A127 (4 contact) A127 (1 contact)

T128 (8 contacts) —— T128 (2 contacts)

F129 (45 contacts) F129 (21 contacts) F129 (32 contacts)

P130 (22 contacts) P130 (42 contacts) P130 (18 contacts)

—— T131 (9 contacts) T131 (2 contacts)

G132 (2 contacts) —— ——

N133 (15 contacts) N133 (8 contacts) N133 (5 contacts)

E135 (8 contacts) —— ——

Q137 (1 contact) —— ——

a The nectin-1 amino acids locating within a distance of 4.5 �c from the bound ligand (PRV gD based on the

complex structure reported in the current study, HSV-1 and -2 gDs according to previously reported complex

structures of PDB code 3U82 and 4MYW, respectively) were selected, and then listed in a pairwise manner.

The number of Van der Waals contacts that each interface residues contribute is summarized in

parenthesis. Those amino acids utilized to contact all the three viral ligands were highlighted in boldface.

https://doi.org/10.1371/journal.ppat.1006314.t002
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nectin-1areequallycompetentin binding with PRVgD (Fig2B)andtheir interfaceresidues
contactinggD areabsolutelyconserved(Fig5E),wethereforeutilizedthehumanhomolog
for thetestin our mutagenesisstudy.In consistentwith thestructuralobservationthatF129
providesthemaximumamountof intermoleculecontacts(45contacts,Table2), theF129A
mutationalmostcompletelyabrogatedthegD/nectin-1binding (Kd> 40μM) (Fig6A) and
thereforethegD/nectin-1dependentcellfusion(Fig6B).Thefunctionalindispensabilityof
nectin-1F129in PRV-gDengagementwasalsodemonstratedin apreviousstudy[30].

In contrastto F129with 45vdwcontactsfor PRV-gD,theintermoleculebinding contrib-
utedbynectin-1N77(29contacts)andM85(20contacts)wereonly abouthalfof that for
F129(Table2).Accordingly,substitutionof thetwo residueswith alaninedecreased,but not
abolished,thegD/nectin-1interaction.Theaffinitiesof thenectin-1N77AandM85A for
gD337weredeterminedto be3.4μM and2.8μM, respectively(Fig6A),andthetwo mutants
remaincompetentin thegD-mediatedcellfusion,thoughwith decreasedefficiencies(Fig6B).
It isnotablethatnectin-1N77andM85 interactmoreextensivelywith HSV-gD(e.g.42and
33contacts,respectivelywith HSV-2gD) thanwith PRV-gD(29and20contacts,respectively)
(Table2),echoingapreviousstudyreportingtheir important rolesin binding theHSVligand
but muchcompromisedcontributionsto theengagementof thePRVprotein [31]. These
mutagenesisdatacoincidewellwith our structuralobservation,whichconverselyverifiedthe
PRV-gD/nectin-1binding modeobservedin thecomplexstructure.It isalsonoteworthythat
nectin-1N77AandM85A engagePRV-gDwith afast-on/fast-offmode(Fig6A), forming con-
trastto thewild typeproteinwhichshowsbothslowassociationanddissociationrates.Similar
phenomenaof alteredKon/Koff rateshavealsobeenobservedin othervirus-ligand/receptor
binding pairswhentheir interfaceresiduesaremutated[22].

Discussion

Of thethus-faridentifiedalphaherpesviralgD receptors,nectin-1is likely themosteffectivein
termsof its wideusagebydifferentviruses.HSV-1,HSV-2,PRVandBHV-1 areall reported
to utilizenectin-1for cellentry [8, 12,13,30,31].Themolecularbasisof nectin-1recognition
by theenvelopegD proteinsof theseviruses,therefore,isaninterestingbut yetanunresolved
issue.Previousstudiesfocusedon HSV,amemberof theSimplexvirus genusin theAlphaher-
pesvirinae subfamily.Thestructuresof both thefreeHSVgD andits complexwith nectin-1
arereportedathigh resolutions[6, 21,22,25].Nevertheless,thestructuralandfunctionalfea-
turesof otheralphaherpesviralgDsremainspoorlyunderstood.In thisstudy,wehavereported

Fig 6. Mutation of the key interface residues in nectin-1 undermines the interaction with PRV gD. (A) SPR tests of the binding between

nectin-1 mutants and PRV gD337. The kinetic profiles are recorded and shown. (B) Decreased cell fusion with the mutated nectin-1 receptors.

CHO-K1 cells expressing PRV gD/gB/gH/gL and T7 luciferase were mixed and incubated with those expressing T7 polymerase in combination with

wild type or mutant HU-nectin-1. The histogram shows the efficiencies of cell fusion with the indicated nectin-1 mutants in comparison to that with the

wild type receptor. The results are expressed as means �“ SD from three independent experiments.

https://doi.org/10.1371/journal.ppat.1006314.g006
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thefirst structureof gD derivedfrom aVaricellovirus memberof thealphaherpesviruses,the
PRV.Despiteof its low sequenceidentity to theHSVhomologs(~ 22%),PRVgD reservesthe
canonicalgD features,includinganIgV-like corewith akinkedCº strandandthesurface-
exposedN- andC-terminalextensions.Wefurther solvedthecomplexstructureof PRVgD
boundwith SW-nectin-1,whichrevealedasimilarnectin-1binding modeasobservedfor
HSVgD.Nevertheless,severaluniquefeaturesat thePRV-gD/nectin-1binding interface(e.g.
abulgedα2' helixof PRVgD interactswith anadjustedCC' loop in nectin-1,anabout3.5-Å
shift for PRVgD (relativeto HSVgD) whenboundto thereceptor)sufficethePRVligandto
recognizenectin-1usingquitedifferentgD residuesfrom thoseof theHSVhomologs.These
structuralobservationsthereforeprovideasystematicviewon thereceptorbinding mecha-
nismof asecondalphaherpesvirusandyetthefirst in theVaricellovirus genus.

It is interestingthatboth in thefreePRVgD structureandin thePRV-gD/nectin-1com-
plexstructure,alargeC-terminalregionof thegD moleculeareuntraceable.Wenotedthat it
hasbeenalongtime (overfour months)beforetheproteins(gD337for thefreestructureand
gD284for thecomplexstructure)weresuccessfullycrystallized.Takinginto accountthat large
disorderedpartsof aproteinarelikely perturbingcrystalformation,it mayindicateapossible
proteolysisof both thegD337andthegD284C-terminalregionsduring crystallization,leading
to similarproportion of thegD residues(P7-P250in thefreegD structureandP9-D241in the
complexstructure)beingsuccessfullytracedin thefreegD andthenectin-1boundstructures.
Wethereforebelievethat there-orientationof thegD N-loop beforeandafternectin-1binding
ismorelikely theresultof receptorengagementthanarisingfrom thedifferencesin thegD
formsusedfor crystallization.A flexibleN-loop whichexperiencesrearrangementor isstruc-
turally stabilizeduponreceptorbinding hasalsobeenobservedfor HSVgDs[22,26].

With anoverallsimilarstructure,PRVandHSVgDsall engagethenectin-1CC'C''FG
sheetfor receptorrecognition.Along thesheet,atotalof 20residues(out of 31for PRVgD,22
for HSV-1gD and26for HSV-2gD) wererecognizedbyall thethreeviral ligands(summa-
rizedin Table2). It isnotablethat theseaminoacidscontributethemajority of theinter-mole-
culeinteractionsandthereforeconstituteaconservedcentralcontactinterfacedominating
gD-binding,whereastheremainingnectin-1residuesprovidedadditionalandsupplementary
contactsfor engagementof gD.It is interestingthat thePRVandHSVgDs,with only 22%
sequenceidentity,selectessentiallythesamecontactinterfacein nectin-1for recognitionand
engagement.Webelievethis interfacepatchlikely hasevolvedasamajor ligand-binding
entity,dominatingthenectin-1interactionnot only with PRVandHSV,but alsowith other
alphaherpesviruses(e.g.BHV-1). It isalsonoteworthythat it isnot rarephenomenathatdif-
ferentvirusescouldrecognizethesamehostsurfacemoleculeasthecellularreceptor.It would
thereforebeinterestingto investigateif othervirusessimilarly recognizeextensivelyover-
lappedsurfacepatchesduring receptorengagement,asobservedfor thePRV/HSVpair.To
our knowledge,theMiddle Eastrespiratorysyndromecoronavirusandtherelatedbat-derived
HKU4 coronavirusrepresentanotherexampleof suchcase.Bothvirusesrecognizehuman
CD26viatheviral spikeprotein,andtheywereshownto bind to thesamepropellerelements
of thereceptor[32,33].

ThePRVgD footprint in nectin-1alsocoincideswith thereceptordimerizationinterface.
Accordingto thepreviousstudies,formationof thehomo-and/orhetero-dimersis thebasis
for nectin-1to exertits celladhesionfunctions[34]. PRVshouldthereforecompeteagainstthe
receptordimerizationbygD engagement,viawhich jeopardizingthehostjunction architec-
ture.It shouldbenotedthat theaffinity of PRVgD for HU-nectin-1 isdeterminedto be191
nM, whichisabout100fold higherthanthatcalculatedfor nectin-1self-interactions[23]. This
shouldconferthebinding with PRVgD anastonishingpriority during theviral infectionover
nectin-1dimerization,thereforeexploitingits celladhesionfunctions.
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In HSV,themembrane-proximalloopof thegD ectodomainisproposedasthePFDwhich
would interactwith gB/gH/gLto triggermembranefusion[19]. Accordingto apreviously
reporteddimericstructureof HSVgD,theviral ligandprelocatesits PFDin apositionthat
will precludethebinding of gD with its receptors[25]. ThegD/receptorengagementtherefore
wouldonly occurwhenthisprelocatedloop isdisplaced,exposingtheotherwiselockedrecep-
tor binding site.Consistentwith thisstructuralobservation,ashortHSVgD protein lacking
PFDisabout100-foldmorecompetentthanthelonggD form in termsof receptorbinding
[20,25].In thecurrentstudy,wedemonstratedthat theaffinity of PRVgD284(ashortgD var-
iant without themembrane-proximalloop) for nectin-1isalsodramatically(~12±16folds)
higherthanthatof gD337(alonggD form containingthewholeectodomain).Webelievethis
phenomenonechoeswhathasbeenobservedwith HSV-gDPFD,indicatingaroleof thePRV-
gD membrane-proximalloop in membranefusion.It isalsonoteworthythat theenhanced
receptorbinding affinity for theshortvariantof HSVgD stemsmainly from asignificantly
increasedbinding on-rate(~ 40fold in Kon), falling in agoodaccordancewith theprelocation
of PFDin gD [25]. In contrast,thechangesin Kon betweenPRVgD284andgD337isonly
about5±8folds.Thisarguesagainstaprelocationof themembrane-proximalloop in PRVgD
andmayindicateanovelmechanismof theloop interferingwith nectin-1binding.Theseare
interestingissuesthatareworth of studyingin thefuture.

In contrastto HSV,bothpreviousstudiesandthefunctionaldatain this reportdemon-
stratedthatPRVcannot useHVEM asacellularreceptor[12,35].It isnotablethat theHVEM
binding sitein HSVgD isallocatedto anN-terminalhairpin whichwasre-constitutedby the
longproteinN-loop uponHVEM engagement.An N-loop of sufficientsizeis thereforeapre-
requisitefor thegD ligandto interactwith HVEM [27]. Facilitatedby thestructure-based
sequencealignmentbetweenPRVandHSVgDs,it is clearthat theN-loop of thePRVprotein
isonly abouthalfsizeof that in HSVgD.WebelievethisdramaticallyshortenedN-loop in the
PRVligandcannot supportHVEM-binding, representingthestructuralbasisof its inertness
in HVEM recognition.

ThePRVinfectioncancausepseudorabies(alsoknownasAujeszky'sdisease)in pigsand
otheranimals[6]. Althoughthediseasecanbeprophylacticallycontrolledwith theliveattenu-
atedvirusvaccine,it remainsaseriousproblemandpotentialthreatto theswineindustryof
manycountries,leadingto heavyeconomiclosseseachyear.With anindispensablerole in the
viral infection,PRVgD representsagoodvaccinecandidate[36±38].Thestrategyreportedin
thecurrentstudyof preparingrecombinantPRV-gDproteins(gD337andgD284)with both
structuralintegrity (correctlyfoldedasdemonstratedwith thefreeandthenectin-1-bound
structures)andfunctionalcompetency(ableto engagethereceptorasshownwith the in vitro
SPRdata)might facilitatethedevelopmentof agD-basedsubunitvaccinein thefuture.

Materials and methods

PRV infection experiment

CHO-K1cells(aChinesehamsterovarycellline which isanalready-existingcollectionin
thelaboratory)weremaintainedin Dulbecco'sminimal essentialmedium(DMEM) supple-
mentedwith 10%fatalbovineserum(FBS),100U/ml penicillin,and100mg/ml streptomycin.
For thePRVinfectionexperiment,cellswereseededin the6wellplatewith 70%confluence.
After 24h,cellsweretransfectedwith pcDNA4.0-HU-nectin-1,pcDNA4.0-HU-HVEMor
pcDNA4.0-SW-nectin-1expressionplasmids,separately.After 24h, cellswereincubatedwith
PRVBartha-K61solution(100TCID50/ml PRVin DMEM) at37ÊCfor 3h, afterwhich2%
FBSwasaddedto themedium.Cellswerethenphotographedundermicroscope72h post
infection.
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Construction of the expression plasmids and preparation of the proteins

DNAs encodingtheectodomainsof thehumanandswinenectin-1(aminoacids30±335)were
obtainedbyPCRusingtheprimer pairsof human-Nectin1-F(5'- CGCGGATCCGTCCCAGG
TGGTCCAGGTGAAC-3') / human-Nectin1-R(5'-AAGGAAAAAAGCGGCCGCTTCTGT
GATATTGACCTC-3')andporcine-Nectin1-F(5'-CGCGGATCCGACCCAGGTGGTCCA
GGTGAACG-3')/ porcine-Nectin1-R(5'-AAGGAAAAAAGCGGCCGCCTCTGTGATATT
GACCTCCACC-3'),respectively.Theamplifiedfragmentswerethenindividually clonedinto
theprokaryoticexpressionvectorpET21b(Invitrogen)with theBamHIandNotI sites.The
proteinswerethenpreparedfollowing thereportedmethods[21]. In brief, theproteinswere
expressedasinclusionbodiesin E. coli BL21(DE3)andtheinclusionbodieswerepreparedin
abuffercomposedof 100mM Tris-HCl, pH 9.0,400mM L-Arginine,2 mM EDTA,5 mM
reducedglutathioneand1 mM oxidizedglutathione.Then,therefoldedproteinsweresub-
jectedto gel-filtrationon aHiload 16/60Superdex200column(GEHealthcare).Byestimation
of their MWs, themonomerpeakscouldbeobtained.Theresultantmonomericproteinswere
carefullycollected,concentrated,andthenappliedfor kineticstudiesusingsurfaceplasmon
resonance.

TheDNAs codingfor PRV(Beckerstrain)gD ectodomainof residues1±284(gD284)
and1±337(gD337)wereamplifiedby PCRwith thesameforwardprimer of PRV-gD-F
(5'-CCGGAATTCAGGACGTGGACGCCGTGCC-3')pairingwith differentreverseprim-
ersof PRV-gD284-R(5'-CCGCTCGAGTTAGTGGTGATGGTGGTGGTGCCGCGTCGC
CGGCTCGGGCAG-3')andPRV-gD337-R(5'-CCGCTCGAGTTAGTGGTGATGGTG
GTGGTGGCGGTGGCGCGAGACGCC-3'),respectively.Thecodingsequenceof the
swinenectin-1IgV domain(aminoacids37±143)wasamplifiedusingprimerspNectin-
1-IgV-F(5'-CCGGAATTCAGGACTCCATGTATGGTTTCATCGGC-3')andpNectin-
1-IgV-R(5'-CCGCTCGAGTTAGTGGTGATGGTGGTGGTGCATCACAGTGAGGTT
GAGCT-3').TheresultantDNA fragmentsthatcontainaC-terminal6×hiscodingsequence
werethenindividually cloned,viaEcoRIandXhoI sites,into apreviouslymodifiedpFast-
Bac1vector,whichhasbeenengineeredto incorporateabaculovirusgp67signalsequence
at theN-terminus[39±41].ThepFastBac1constructfor HSV-1(KOSstrain)gD (residues
1±285,gD285),which is analready-existingcollectionin thelab,hasbeendescribedprevi-
ously(21).All theproteinswereexpressedwith theBac-to-Bacbaculovirusexpressionsys-
tem(Invitrogen).Therecombinantbaculoviruswasusedto infectHi5 cells(aTrichoplusia
ni insectcell line which is analready-existingcollectionin thelaboratory)for theproduc-
tion of thesolubleproteins.Theproteinswerepurified from theHi5 cellsupernatantsfirst
by nickelaffinity chromatography(GEHealthcare)andthenby gel-filtrationchromatogra-
phyusingaSuperdex200column(GEHealthcare).

Surface plasmon resonance (SPR) measurements

Themutantproteinsof humannectin-1ectodomainwerepreparedaspreviouslydescribed
[21]. Thebinding kineticsbetweenthesolublegD andnectin-1wasanalysedat25ÊCon aBIA-
core3000machinewith CM5 chips(GEHealthcare).HBS-EPbuffer(10mM HEPES,pH7.4,
150mM NaCl,3mM EDTA,0.005%Tween20)wasusedfor all measurements.ForSPR
measurements,bothgD andnectin-1proteinswerepurified bygelfiltration usingSuperdex
200column(GEHealthcare).Weusedtheblankchannelasnegativecontrol.About 1,200
responseunitsof nectin-1wereimmobilizedon thechip.Whenthedatacollectionwasfin-
ishedin eachcycle,thesensorsurfacewasregeneratedwith 10mM NaOH.A serialof concen-
trationsup to 2,500nM weredesignedfor theexperiment.
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Kinetic study

ThekineticanalysiswasperformedbySPRusingtheBIAcore3000system.Gradientconcen-
trationsof PRVgD284andPRVgD337wereflowedat30μL/min overnectin-1(WT or
mutant) immobilizedatabout1,200responseunits,andtestedfor binding at25ÊC.Therun-
ning buffer is composedof 10mM HEPES,pH7.4,150mM NaCl,3 mM EDTA,0.005%
Tween20.

Crystallization

All thecrystalswereobtained,with thehang-dropvapor-diffusionmethod,by initial screen-
ing with thecommercialHamptonResearchkits andthenbycondition optimizations.Free
PRVgD crystalwasfinally obtainedby mixing 1μl of theconcentratedgD337proteinat10
mg/ml with 1μL reservoirsolutionconsistingof 0.1M ammoniumacetate,0.1M bis-trispH
5.5,17%w/v polyethyleneglycol10,000.To obtainthecrystalof thePRVgD/SW-nectin-1
IgV complex,two proteins(gD284andSW-nectin-1IgV) wereseparatelypurified by gel-fil-
tration chromatography,mixedat1:1molar ratio,andincubatedon icefor 2 h. Themixture
wasfurther purified bygel-filtrationchromatographyusingaSuperdex200column(GE
Healthcare)andthecomplexpeakwascarefullycollectedandthenthePRVgD/SW-nectin-1
IgV complexwasconcentratedto 5 mg/mL.Diffractablecrystalswerefinally obtainedby
mixing 1μL of theproteincomplexwith 1μL reservoirsolutionconsistingof 0.2M sodium
chloride,0.1M sodiumacetatepH 5.5,20%w/v PEG10,000,followedby incubationat4ÊC
for about4 months.

Data collection and structure determination

Thediffraction datasetswerecollectedatbeamlineBL19U1of theShanghaiSynchrotronRadi-
ationFacility(SSRF)usingthesynchrotronradiationat100K.Thecryoprotectantsolutionis
composedof 15%V/V glyceroland85%V/V reservoirsolution.Datawerethenprocessed
with HKL2000[42] for indexing,integrationandscaling.Via molecularreplacementusingthe
PHASER[43] programin theCCP4suite[44], thefreePRVgD337andthePRVgD284/SW-
nectin-1IgV complexstructureweresolvedwith HSV2gD (PDBcode4MYV) andHSV-1
gD285/humannectin-1complexstructure(PDBcode3U82)asthesearchmodels.Thecoordi-
natesandtherelatedstructuralfactorshavebeendepositedinto theProteinDataBankwith
thePDBcodesof 5X5Vfor thefreePRVgD structureand5X5Wfor thePRV-gD/nectin-1
complexstructure.

Cell fusion assay

ThefusionmediatedbyHSVgB/gD/gH/gLandthereceptorshasbeenvalidatedin various
celltypes[24,29].In thisstudy,wesetup acell-basedfusionsystemusingCHO-K1 cellsas
previouslyreported[29]. In brief, thegenesof PRVgB,gD,gH,andgLandnectin-1were
clonedinto thepcDNA4.0-myc-hisvectorto yieldtherespectiveplasmidsfor proteinexpres-
sionin mammaliancells.TheT7 polymeraseandT7 luciferaseexpressionplasmidswerecon-
structedpreviouslyin our lab.Theexpressingplasmidsfor PRVgB,gD,gH,gLandtheT7
luciferaseor theplasmidsfor nectin-1andtheT7 polymerasewereseparatelyco-transfected
into CHO-K1cellsusingLipo2000(Invitrogen)accordingto themanufacturer'sinstructions.
After 24h of transfection,thecellsexpressinggB/gD/gH/gLandnectin-1weremixedand
incubatedfor cellfusion.Theluciferaseactivitywastestedusingaluciferaseassaysystemkit
(Promega).
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