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題卜1
Stl－uCtul■albasisortheRhoen七ctol・1・eCOgnltlOn

（低分子量（i蛋白質RllOによる標的蛋卜′慣び〕．認識機構の構造的矧動

要旨

The Rho r”llilyⅢ”JIGrrP－hinし1ing pl・oteinsⅧCh LLS Cし1c42，RLIC，こIl一（1RhoIつこ11・1i叩こItCin

l・egulation oructin cytoゝkeleton and ce11Lldhesion thl・Ough叩eCiric tと11・get Pl・otein、・Rh（十hindil－g

domとIinsol、thesecntctorproteinshとIVebecncILISSiriedintoとItleasttwon101iL、s，CILlゝゝ1ilnd2．Thc

ClasslnlOtirisch乙11¶aCterizcd Ll㍉乙1POlyb乙lゝicl・eg10n foIJowed by L11eucine－／1PPeJ・－1ikc n101il－・Thc

OthernlOtir，CJuゝゝ2，h乙1”PutとIlivecoiled－COilmotif．Toundel¶症IndthelllOleculLlrnleChLlninll＝）rthe

Rho effbctol・reCOgn111On，Idetcl・mined the cry兢11扇ructure of RhoA bound to the N－tel・111inL11

effbctor domain ofhuman protein kinaゝe N（PKN）which has aclassIRho－binding motif．In

addition，tOObtaininsightsintothe cla”20fRho－billding motifs，Ialsodete＝llined thecry批11

StruCtureOftheRho－bindingl・eg10nfl－OmRho－kinase・

Thecrystalstl・uCtureOftheRhoA／PKNcomplexreve乙1JsthalPKNhLISこ1nOVelelltctol・（lomLlinror

Rho，Whichis dislinct f－l・Om the othel・en℃ctor domains sし1Ch LIS the CRIB domとIinゝ1bl・CしIc42Llnd

Rac・ThePKNe舵ctol●dol－1ainbindstoRhoAatswitchI，β－SheetB2／B3，andtheC－tel・nlinalα－helix

A5・Thesebindingreg）OnSarediffbrentfromthoseforCdc42andRac．
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Theintel・actionゝhetween switchIorRhoALlnd the efft：CtOrdomain orPKNゝ110WS how RhoAhin（h

PKNinLIGTPしIcpendentl一一Llnner・Thus，ther）reSentStl・uCtul・eshowsthevL11・io肌WLlySthLlttheRho

r乙11一一ilyl－1enlbel・sintel・とICtWilhtheirentctorproteinゝ・Moreovel・，theplle、Cnt山uclul・CⅧgge、1sthLlt

muItipleerltctol・domとIin＝一ILlylntCl・LICtしIintrentn101eculとIl・Ⅷ1・fLICe＝）ntheGpllOlein・

The山ructul・eortheRhopbindil－gdomilinrl・OmRho－kinLlゝereVCL11spLlrL111elcoileしトcoiln一（一1il、wilh

longcon祀Cし11ivcheliceゝCXtenし1ingloLlhout97A・ThepllesenCeOl、longcoileし1－COil＝（一til’Ⅷgge舶

IhLllRhoTkinとlゝCiゝPl●e、entin乙InOligonlerizLLtionfoll11ins（一1ution．
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Ⅰ．Introduction

Rhoi＝lⅦlLl11GTP－hindingprotein（SI－1L11IGpl・Otein）thLlthLISbeeniし1entifiedLlゝlhegene

PI・OductoftherとIShon一口logouゝgene・TheRhofilnlilyorⅢlと111Gpl・olei帆WhichhLIVe heen

Pし11一汗ie（1fl．Omboth．mln11－1乙11iLll－1iNlememhl・Llne（YLlnlLlnlOtOetLll．，19H8）Lln（lcy10ゝ（一1（M川・ii

etLIL1988）rl．こICtions，hLIVeelllel’gedLIS keyl－egulとItOrSOrSCVel・LlleveI山ineし1kL11・yoticcells

（VilnAcIstLlndD－Sou7Ll－Schol’ey，1997：HLllI，1998：KuihuchietL11．，1999）．ThrecnlClllhel・”）1’

1he＝一こIl－1mi11iLlnRhorこIlllily，Rho，RLICLulし1CしIc42，hとIVeheenwellchこIl・LIClerize（linthe・ごい111ex1

0fcytoskeJeton，CC‖LldhesionLul〔1cytokinesis・Rhoisimr）1iciltedinthecytoskelcILlll・e叩OnゝCS

to extmcellulLlr Stimulisuch LISlywpho叩h乙Itidic acid Llnd honlbeゝil一，Which reⅧ11in the

fol111とItionofstressfibcr＝lndroculadheゝioninribroblとlゝtCells（RidleyundHL11l．，1992）．RLIC

andCdc42allealsoinvoIvedinregulatlngtheol即nizとItionofLICtincytoskeleton，WhereLl㍉1he

CellmorphoIoglCaleffbctsinduced hy these members al・e Cleally di批1・entin叩peLll・imCe・

ActivationofRacbyplatelet－del・ivedgrowthfactor，ePidel・malgrowthfactol・，OrinⅧJinleads

tolamellipodiumfbrmationandmembranerunling（Ridleyetと11．，1992），Cdc42activLltedhy

bl一とIdykinin regulates filopodiumわrmation（Kozma et al．，1995；Nobes and Hall，1995）

（Fig．1）．

Rho hLISthrce mammaliLlnisofol・nlS，RhoA，RhoB and RhoC，thatexhibit highゝCquenCe

homology with83％identities・Rac and Cdc42share a slgnificant homoIogy with～68％

identitiesand，aCtually，bindtosomecommoneffもctorpl・oteinsforactivation．Howevel・Rho

exhibitsrelativelylitt）esimiJaritytobothRacandCdc42（～45％identities）．Thesediffbl・enCeS
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1n Similarlty are thought to be e、Senti乙11rol・the specific activatioI－Or祀Vel・aldown舶eLHll

efftctorpl・OteinsbyeachⅦlallGprotein，althoughwedonolyetunder血1nし1thell101eculLll・

mechanisllldefiningthe叩eCificity．

Like otherⅦlaH G proteins，the Rho ramily membel・s runction Ll、1一一OleculLu・＼Witches、

CyCling between aninaclive GDP－hound rol111andとInこICtive GTP－bound fol・m．AtleLlゝtl（）

Candiduteell七ctol・PrOteinsf’orRhohavehecnidentifie（hol、L11・・TheゝCPl・otein、hind10Rhoin

aGTP－dependentI－1とInner・TheRho－binding（lol－1とIinsoftheefftcIol・Pl・OteinsconsiゝtOrIc

lhL1111（）Oreゝi山1C＝ln（lhLIVebccn cILISSif、icdintoLttleLln tWOnlOtirヽ（Fし1jiゝ乙IWLICIL11．，1リリ6：

Bishopと1ndHall，2（）（）O）・ThcclassIoftheRho－bindingn－OtirischL11・LICtel・ize（1byLllつ01ybLlゝic

l・eglOnrO11owedbyaleucine－ZIPPer－1ikenlOtirandisfbundin PKN，PRK2，Rhophilinilnd

Rhotekin・Rho－kinase／ROKα，P16OROCK／ROKβ／ROCKIIand Citroll－kinとlゝClllake up

anotherclaゝSOftheRho－bindingmotif，Chss2，thathasaputativecoiled－COiJnlOtiflocLlteし1Llt

theC－tel・minusofthesegmentthatissimi1artonlyOSinl・od・SomeproteinssuchasBnilpol・

P140mDiaarenotyetclassified（Fig．2）．Recentlytwoproteinserine／threoninekinとISeS，Rho－

kinase（Matsuietal．，1996），PKN（Amanoetal．，1996a；Watanabeetal．，1996），WhosekinLISe

actlVltleSareaCtlVatedbytheRhobinding，haveattractedalotofattention．

PKN，WhichisidenticaltoPRKland hasanisofol・m PRK2（Palmel・et L11．，1995a），is乙l

醍rine／threoninepl¶OteinkinasewithacLltalyticdomainhighlyhomol・OgOuStOthatofpl・Otein

kinaseC（Nishizuka，1995），anditskinaゝeaCtivityisenhancedbyunsatul，atedfattyacidsⅧCh

asarachidonicacid（MukaiandOno，1994；Kitagawaetal．，1995）．TheN－terminalregionof

PKN contains a repeat ofleucine zIPPer－1ike motifゝ，Which have been suggested to be

5
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invoIvedin protein－PrOteinとISSOCiation（Mukaiet al・，1994；KitagawLlet L11・．1995）（Fig・3）・

Mol・eOVer，ilCJosein叩CCtion ofthe PKN sequenceindicates that thcl－e al・e tWO Lldditionと11

reglOnゝhomoIogou、tOtheefftctol・dol－1aininthefo11owlngtOtheN－tel・minと11erttctol・donlLlin

OfPKN withspacerHlrom15to20reゝidues・This tLlndenlrePeLlti”lnlqueこ11－1Ong←CVel・LIJ

enbcIol・r）1・oteins of s一一lとIllG proteins hし1tiゝ1乙11・gely unchL11・LICteri′ed・PKN pho叩horylLlteS

neul・Ofilamentproteins（Mukuietal・，1996），とIClincl－0心S－1inkingpl●Otein（γLICtinin（MukLlielul・，

1997），intel・mediatel’iklnlent PrOtein、SuCh us gliL11fihl●illL11’yとICid pl、Otein Llnd viIllentin

（MLllul／LIWLlelilL19り7）．In Ll〔1diti（nl，itinterLICtS Wilh LlnCul・；11Lln11gen P（1D17whichi、

1・eCOgnlZedbychこIrLICteristicalltihodie…rPと1tientswilhpと11・とIneOPILlゝticcerehcIJL11・し1egencrLltlOn

（TakanLlgaetLll．，1998）．ThesedalLlゝし1ggeStthLltPKNr）1LlyS乙l叩CCiricroIcinthepとIthologyof

AIzheimer’s diseLISe（KLIWanlata elal．，1998）．Recent hiochenlicL11nudies hLIVe Shown that

PKNis alsoinvoIvedin LIPOPtOSis through proteoJytlC aCtivation orits kinLlゝC LIClivlty by

Ca叩aSe－3orl・elatedpl・OteaSeS（Takaha止ietal・，1998）・Mol●eOVer，DrosophilaPKNhLISbeen

foundtoberequil・edfol・dol・ゝ乙11cloⅧredul－ingembryogenesis（LuandSettleman，1999）・

Rho－kinase，Which has been purined from bovine brain，has LICLltalytlC donlとIin highly

homoIogouゝtOthatofmyotonicdystl・OPhykinase・Rho－kin乙1Seiscon－POSedoftheN－tel111in乙11

CatalytlC domain，a COiled－COildomLlin，the Rho－binding domilin，ilnd thc C－tel・minとIIPH

domain（MatⅧiet LIl．，1996）（Fig4）．The al■1－angel一一ent Or these donlains hα1と11w heen

Observedin myotonic dystl・OPhy protein kinase（DMPK）（Bush et al・，200（）），myOtOnic

dystrophykinase－relatedCdc42－bindingkinase（MRCK）（Tanetal・，2001），Citronkinase，and

citron（1ackofkinasedomain）（Madauleetal．，1998）．Amodelbl・theactinpolymerization

6
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とlIld stl’e“fibel－rormLltionisproposedin which Rho－kinasecontroIsthe pho叩hol●ylLltion ol、

1－1yOSinlightchLlinofmyosinIIbydil●eCtPhosphol－ylLltionLlndhytheil一とICtiviltionorI一一yOゝil一

Pho叩hatとISethroughthepho叩horylとItionofMBS（Kil－1urとIetと11・，1996：AnlLlnOelL11・．1996h）・

Itisorconゝidel．乙Ihleinterest how Rho r）1－Oteinsl－eCOgnlZe thesetypeゝOrenbct（一11dolllLlinゝ

thLlt hLIVe nO ar）PLlrenlholllOIogy each othel’．Theゝe dolllLlin←hとIVe nOゝCqし1enCe、il一一ihl－1ty tO

those or the Cdc42－erf℃ctol■domilin of the activated Cdc42Hs－LIS、OCiLlted kinLlゝC（ACK）

（Mansel－et；11．，1993），lhe Racl／Cdc42－en七ctor domain orthc p21（Cdc42／Rucl）－LICtivLlled

lつrOteinkinこISC（PAK）（MLlnlCrCtLll．，1994）01●theRaゝ－entCtOrdomLLinol’RLlト1（FLlhiLlnelL11・、

1りり4）．

To understalld thclllOIcculLll、mechL111iゝIllS Of the Rho effbctorl●eCOgnltlOn，IhLIVe

し1etell一一inedthecrystal吊ructul．COl、RhoAhoしIndtotheN－tel●nlinaJen七ctordonlLlinorhun－Lln

PKN，WhichhLISaChssIRho－bindingll10tir．Inaddition，tOOhtとIininsightsintotheclこIS、2or

Rho－bindingmotifs，Ihavealsodetell一一inedthecl●y血11ゝtruCtul’eOrtheRho－bindillgl’eglOnOr

Rho－ki11aヽe．
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Filopodia（Cdc42）

声望芦

Nucleu＄

StressFibers（Rho）

i■・　　　一

三華き

Actimcytoskeltom

（Cde42，Rac）

Lame11ipodia（Rac）

Fig．1．Rho払m封ySnは11GProteims

TheRhofamilySmal1GproteinsareinvoIvedinregulatingtheorganizationofactincytoskeletonand

thecelladhesionmolecules．TheRhoaJldtheRacsubfamilymembersinducedifferentce11morphologleS．

RhoA，RhoB，andRhoCregulatetheformationoffocaladhesionsandstressfibers．Racl，Rac2，and

Cdc42regulatetheformationoflamellipodia，filopodiaandfocalcompIcxes．
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l．MaterialsandMethods

ExpressionandPurification

pKNhLIVeunlqueN－tel111inalregulL”oryreglOnSlhこItCOntLlinとIt乙Indel－1l・ePeLltOrthl・ee

leucinezIPpel・－1ikescquenceswith＼25％identitie…ndLlbilゝicl・CglOnLl（恒ICenttOtherirゝ1

1・epeLll（Fig・3）・ThehとISicl・eglOnPlustherirゝtllepeatal・eⅧfricientr（）11hinしIingtoRhoAinLI

GTP－dependentmannel・（ShibatactLll・，1996）・1nfact，reddues7－155，ShowcdLlnLIlmo吊rし111

hil－dingilCtivltylnaGTPdependentl一一Llnnel・（AnlLlnOCtと11・，1996Ll）・Thel・eIl－1・CW‥lゝCし1

PKN（7－155）rol・Ourbiochel一一icalandstructul，al吊udies・

pKN（7－155）was subcIonedinto pGEX－2T（Amel・dam Phal・maCiとIBiotech）・Lln（1thc

glutathione－S－tl・iln鵡l・ase（GST）－ruSedpl・Oteinwascxpl・eSSedinE・川IiDH5αCells・TheGST－

fusedpl・Oteinwaspul・i11edovel・tWOSteP＝）fcolumnchromatography，u…一gglutとIthionc

Sephal・OSe4BandMono－Q（AmershamPha11－1aCiaBiotech）・Thepul・iHedGST－PKN（7－155）

wascleavedbyhumanthrombin（Sigma）with6units／mlfor3houl・sat4℃・Then，5mMp－

amidino－Phenyl－methanesulfonylfluol・idewasaddedtostopthepl・OteOlytlCl・eaCtion・The

l・esultant PKN（7－155）was pul・ified ovel－thl・ee StePS Of column－ChroITにItOgl・aPhy，uSing

glutathioneSephal・OSe4B，＝itrapSP，とIndSephacrylS－100（Amel・血1一一PhL111－1aCi乙IBiotech）・

The pし11・ified samplesしISedin this study were verified with matl・ix－aSSiゝtedlusel・

desorptlOn′ionization time－Oflflight mas”PeCtrOSCOPy，MALDl－TOF MS（JMS－ELITE，

perseptiveInc）andN－terminalanalysis（M492，AppliedBiosystems）・Themolecularweight

ofthepurinedPKN（7－155）observedbyMALDl－TOFMSwas16，510Da，Whichisvil・tually

13



thes乙ImeaSitscalculatedvalue（16，508DLL）．

LikeH－Ra＝ndothe＝1一一allGproteins，theC－terminaltailofRhoAishydl・OPhobicand

contain＝lCysl・eSiduewhichispost－tranSlationallymodifiedbygeranyl－gerilnylillionto

Iocalizeittomembl・ane．Thisl・eglOnisbelievedtohavenoefttctonintl・insicnlOleculLll・

function，Whileitisessentiと11rol・thepL111titionlngbetweenl一一enlbl・aneL11－dcy10、01・ActuL111y川O

chとIngeゝinGTPaseとICtivlty・Cfftctorbinding，Ol・aCtivationoferftct（一1・Pl・OtCil－ShLIVCheen

l・ePOlledfol・sITlallGpl・Oteinnl・unCatedと1ttheC－tell一一inaltails・Mol・COVel・，thecry血1仙ICtし11－e

oftl・unCLlted＝TRaゝPl・Oteinswasc、Sel－tially thesal－1eLl‥hLl10rLlrulllength roll一一IhLlt

（lisplayed the disordcred C－terminL11t乙Iil（Milburl－et al・，1990）・To avoid ul－1、LIVOl・Llhle

intel龍renceoftheun出し1Ctし11・edtailoncrystallization，theC－terminと11tail（1・esidues182－193）

weretl・unCatCdfromRhoA．1choゝeadoIT－initntlyactivatedrol・l一一WithsubstitutionorGly－14

byvaline（RhoAV．1），Whichexhibit…bouttentimeslowel，GTPaseactivilytothewildtypc

one，butdoesnotaffbctthebindingtoPKNandotherefftctol・Pl・Oteins・Sincethisdominantly

activatedforIllOfRhoAsti11ha＝eSidualGTPaseactivlty，Whichmaybeslgnificantrol・the

cl・yStallizationtime－SCale，WeuSedanonhydl・OZylableGTPanalog，guanOSine5’－3－0－（thio）－

triphosphate（GTPYS）・Atruncated（1・e”duesl－181）RhoAVllwassubclonedintopRSETB

（Amer血mPhal・maCiaBiotech），andexpressedinE・CnliDH5αCell…SHis－1aggedpl・Oteil一・

The＝is－taggedpl・Oteinswerepurinedovertwostepsofcolumnchromatogl叩hy，uSlngNi－

NTA－agarOSe（QIAGENInc・）and MonoQ（Amel・sham Pharmacia Biotech）・Duringthe

purincation，1mMMgC12WaSaddedtothepurincationbuffbrs・Thepul・inedproteinwasa

mixtureofGDPandGTPform．Excessamountsofethylenediamine－N，N，N一，N一－tetraaCetic

14



acid（EDTA）andGTPYSwereaddedtoasolutionofthepul・inedpl・Otein乙1ndgel－filtl・乙Itedto

l・enlOVe unboundGDP，GTP，and GTPYS・Thepurified samples uscdin this血dy wel・e

vel・ified with MALDトTOF MS　とInd N－terminalanalysIS・Thesel・eSults showed thc

叩OntaneOu”l・unCationofN－te1111inal＝iゝ－tagdul・ingthepl・ePalrationLlndone乙Idditionalwl・ine

l・eSidueLlttheN－tel・111inus．All・OOnltemPerとItul・e，GTPYSboし＝一dtoRhoAV＝wLIS血hlerol・One

1110nth．

BindingassayandRhoAIPKNComplexPreparation

An；11yse…ftheintel・LICtionshetweenRhoAV＝andPKN（7T155）wel・CPellbrnledhyholh

electrophoreticmobilityshiftassay（EMSA）on6％polyilCrylanlidegelLlndgell、iltl・Lltion

usingaSuperose12equippedFPLCsystem（Amer血mPhal肌ICiLIBiotech）ol・SephilCl・ylS－

100columnsattachedtoaHiLOADsystem（Amel・shamPhal・m乙ICi乙IBiotech）・Fol・EMSA，4ul

of30pM－120uMpuri士1edRhoAV＝andPKN（7－155）wereloadedinastoichiol一一etricl・ange

froml：0．5tol：3．MixturesoftheGTPYS－boundfol・mOfRhoAVIJandPKN（7－155）produced

eachshiftbandfol・thecomplexonEMSAgels，WhereastheGDP－boundformorRhoAVH

mixedwithPKN（7－155）gavenoshiftband（Fig・5），indicatingthebindingofRhoAVIJto

pKN（7－155）isGTP－dependent・Thesel・e”1tsal・eCOnSistentwiththepreviouゝdatausing

othel・methodssucha…ffinitychl・OmatOgmPhy・1wo－hybridassay，andligand－OVerlとIyLl、闇y

（Amanoetal．，1996；Watanabeetal・，1996；Shibataetal・，1996）・Interestingly，thebandfol・

unboundRhoAV14wasobservedwhenal：1mixtureofRhoAV14－GTPYSandPKN（7－155）was

loaded，SuggeStingthatRhoAV14andPKN（7－155）brmacomplexwithl‥2stoichiometryina

15



GTP－dependentmannel・・Fol・gelfiltl・ation，Superose12wasequilibratedwith20mMHEPES

bufftr（PH7．5）containing5mMMgCl。andlOmMβ－merCaPtOethilnOIwith50mM，14（）

mM，Or500mMKCl・Fol・eaChgelfiltrationexpel・iment，200pIofLln－ixtul・eSOlutioI”rthe

pul・ifiedRhoAV＝andPKN（7－155）wel・eloadedwithl‥lorl‥2亜）ichiometry・TheRhoAVH／

pKN（7－155）compIcx wu、elし1ted一、ronlaSuperOSe12gell’iltrLltioncolunlnLllLIPOゝili州

distinctrl・OmlhLltOfRhoAV＝01・PKNLllone・Theelutionprorileofal‥11一一ixtul・egLIVeLIPeLlk

forullboundRhoA…，Whichcontuinedl・OughlyhalroftheloLldedRhoAVH（Fig・6A）・The

clutionpl・Onleと11ゝOCOntuined叩eLlkrol・thecomplexwith55kDLIWhichwLl…hlこIineL＝、ronlこI

calibrationcurve．ThiゝObtainednlOlecularweightwasvil・tuallythesanleilSthecLllculLlted

value（55．3kDa）ofthel‥2complex，Whilethecalculatedvalueorl：lcomplexis38・8kDa・

Thel‥2complexwa…1soindicatedbySDS－PAGErol・therraction…rthecomplexpeとIk・Fol・

cl，y血11izとItion，theRhoAVll／PKN（7－155）complexrormedbyincubとItingPKN（7－155）ilnd

RhoAV＝withl：2stoichiometrywaspurifieduslng Sephacl・ylS－100・Theelution pronle

containedapeakcorl・eWOndingtothel：2complexwithoutanyslgnificantpeakfol・reSidual

PrOteins（Fig・6B）・

Crystallization

Thebestcl・yStalsofthecomplexwereobtainedin5いlofmicrobatchcontainlng21一一g／n11

RhoAV＝／PKN（7－155）complexwith50mMBis－tl・is（PH6・5），15mMCa（CHL3COO）2and15％

polyethyleneglycol（PEG）300andmaintainedforaweekat4℃・Prismaticcrystalswith

maximum size。fO．3×0．2×0．1mm were obtainedin a week（Fig・7A）・Crystals were
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thoroughlywashedanddiゝゝ01vedinbuffbr，andthenthesolutionwa…nalyzedwithMALDl－

TOFMSandSDS－PAGE．TheゝCl・eSultゝindicatedthatcl・y血1ゝCOntainedlwoprOteinswith

obsel・Vedpeak…f16、583Daand22，372Da，Whichcol・1・叩Ondtothecalculate（lvi11uc…1’

16，508DaforPKN（7－155）and22，328DaforRhoA＼′’）1，r叩eCtively・Thisw乙IS乙11ゝ（一VCl・illeしIhy

SDS－PAGE（Fig．7B）・

cl・y”ll”rthetl・しInCLltCdRhoAV＝houl－dtoGTPYSLln（lMg〕＋conlPlexe（lwith11－eN－

tel・nlinaleffbctol・domainorPKN（inthefo11owlngl・eftrredtoLISRhoAV＝／PKNconlPlex）

wel・eObtainedbythemicrobatchmethodandwel・e仙hfl・OZeninliquidl－itl・OgenrOl・dLlla

collection．X－1・とIydiffractiondatawel・CCOllectedとIt2・2Al・eWlution（Fig・8）usingLIRigLlkuR－

AxisIVonurotatinganodegenel・とItOr（Rig乙IkuFR－C）ope1■atingat50kVLlnd601一一AwilhCu－

K（メradiation（入＝1・54178A）atlOOKusingaRigakuCl・yOSyStem・TherocussizeortheX－1■とIy

beamwLIS100um，andthebeamwasrocuseduslngaSupperdouble－1bcし1Slngl一一il・l・Ol・（Chal・les

suppel・，USA）・Thedistancefron”CryStaltoanimagingplatewas150mm・ThedとItaOr3OOO

rotationwerecollectedatal，ateOf20pel・30minfol，eilChimage・Alldatawerepl・OCe←ゝed

u血gtheprogmmsDENZOandSCALEPACK（Otwinowski＆Minol・，1997）（Tahlel）・Each

intendy，］（hk／），WaSeValuatedfl・Omtheimagingplate…ndtl・anSfol・medtotheamplitudeol、

stl・uCtul・efactol・，F（hkI），Whereh，k，and′aretherecipl・OCallatticepoints・Thecl・y血1sbelong

tothetetragonalspacegroupP412I20rP412）2，Withunitcelldimensionsa＝b＝66・90A，L・＝

149．54A．Atotalof696，854independentmeasurementsweremergedtoobtain17，568
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uniquel・eneCtions・TheRn．岬Valuebasedonintensitydata（1・OGCutOff）wとIS9・0％withLI

completenes…f95・7％（inthehighest－reSOlutionshellof2・28－2・20AwithLlnFI＝し－・ごし1（一r

31．2％andLICOmPletenessof85・7％）・TheI／G（l）1・atiois24・Ofor乙111dataとInd2・8inthehighe、1

shell（T乙Ible2）．Thel・e）iabilityofd乙Itil，R…し、l・どし、，isderinedhy，

尺

∑∑lJ′（仙）－〈J（／瑚
／J人／J

∑∑J′（／叫
／J人／／

×10（），

fol・ltindependent rellection＝lndiobsel・vation＝）fLlglVenrellection・＜［（hk／）＞i＝he

LIVel・ugeintenntyoftheiohゝel・VLltions・ThelypICL11vL11ueofR一‖し・tごし）1＝＝一しIcrl（）％・

Thenumbel・OrmOleculc叩el・unitcc11，Z，CLlnbeeゝtiI－1utedhyLIV・＝VL11uewhichi、therLltio

oftheunitcellvolu111eと1nd themoIccし11arweight（Matthews，1968）・The V＝VL11ueciln he

Calculatedby，

V′′＝葦芸，

whereVし、しtl］1SthevolunleOftheunitcell，andMisthenlOleculal・Weightorthepl・OtCin・Vnl

valuesusuallyrangebetweenl・7and3・5ALi／Daforproteincrystals・ThesoIventconlenlor

thecl・yStal，V、（，】、′，iscalculatedfromVnlValuesby，

Ⅴり′ヰ欄×100，

心ⅧⅠ一IPtlOnOfonel‥1complexofRhoAVl＋／PKN（7－155）illthea叩一Imetricunitgivc…Vnl

valueof2．2ATl／Da（asoIventcontentof44％），Whichiswithincommonlyfoundvalueゝ・In

contact，aSSumPtionofonel：2complexofRhoAVll／PKN（7－155）intheasymmetricunitgave

av。、Valueofl・5A－3／DaandasoIventcontentof22％，Whichistoosmallfol・aPl・Oteincrystal・
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Thel：1noichionletryWとISと11soveririedbySDSPAGE（Fig・7B）andMALDILTOFMSoril

solutioninwhichthecry批11swel・edissoIved・

PhasingwithMoleeuIarReplaeementMethod

Theelectl・Ondenntyp（・り二）orthecl・y血1isculculLltedwithstructul・erLICIol・㍉F（hk／），hy・

両、こ）＝請∑∑F（′頼畔…），

F（仙／）＝F（仙／）ビ′刷′），

IF（′呵lヱ＝／（／叫，

whcl・e・r，．V，andニ乙Irel・elativecoordinatesinthcreal準ICeunitcell，an（1h，k，und／Llrethc

l・eCIPl・OCallatticepolntS・TheX－1・aydi批ICtionexperimentsglVeOnlytheintensitieJ（hk／），

yieldingtotheamplitudesofstl・uCtし11・efactors，F（hk／）・ToobtとIintheelectl・Ondensity，the

phaseanglesof山ucturefactol・s，α（hk／），areneeded・Thel・eal・eSeVel・altechniqucstoohlain

protein cl・yStalphasesし1Slng heavy atomisomorphou”ePlacel一一ent nlethod，anOmalous

scatterlngmethod，Orn101eculLlrl・ePlacementmethod・

Themolecularl・ePlacement method（Rossmann and BIow，1962）cとInbeappliedirthe

structureorthepl・Oteinol・hol¶01ogousproteinswasall・e乙Idyestablished・Inoul・血diesthe

initialphaseswel・eCalculatedbythemolecularrepl乙ICementnlethodwiththeprogmmAMoRe

（Navaza，1994）usingasearchmodelbasedonthehumanRhoAVll／GTPYS／Mg2＋由ucture

（Iharaetal．，1998）・Theorientationandpositionofthemoleculeinthetal・getunitcellwere

determinedusingrotationandtrunslationfunctions（CrowtherandBlow，1967；Crowther，
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1972）．

ReliLlbilityoftheゝ01ulionsinthemolecul乙Irl・ePlaccl一一entmethodLlrCJudgedhycL11culLltlng

anR－1ilCtOl・，R，andthecoll・elationcoefficient，C（・．definedLIS，

尺＝∑胚り′）・、ト岬川′（・tl

∑lF′ノ／）．、・l

ん＝旦岬，
∑（lF川／（け

（■、（・＝

an止

∑（tF。／，．、l〕－lF。／フ．、lコ）（岬（・“／（トIF川／（・l］）

［∑‥r。′，．，ドー1前丁）〕∑（tF“′′（ト市布）三］ト1

Both schemes gave the agl・Cementindex helwcen calculとIted山ucture factors，Fし・l‖し1，L111d

observed山uctul・ef乙ICtOl・S，F（血・TheR－1bctorincludesasc乙11efactorkfol・theintensilies・Whilc

thecol・relationcoefricientis scalinglnSenSitive・In the refinement，the R－たICtOrhLIS tOhe

nlinilllizedandthecolllelLltioncoefficienthastobemaximized．

Sevel・alseal・Chesuslngdiffbrentrangesofintensltydataandintegl・alionradiil・eⅧ1tedinとI

unlqueSOlution・Aftercalculと1tionゝOfpossibleeightspacegroups，P422，P42．2，P4］22，P4］2）2，

P4っ22，P4っ2］2，P4122，P412］2，thehighestcol・relationcoeficientandthelowcstR－factorwere

obtained whcn thecl・y血1bclongtoP41212・A summaryofthe s（一1utiomorl・Otation Llnd

tl・anslationfunctionbyAl－1OReisglVenil－Table3，Table4・Rigidbodyl・ennel－1ent＝）rlhe

seal・Ch modelperfbrmed with the program CNS（Brungel・et al・，1998），1・esultedin a

correlationcoefficientofO．669andR－hctorof44．8％inP412］2・Theresultantinitialmap

shows clear electron densitieslbr most of RhoAV14，and residualdensities for the PKN

20
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efftctol・donlain，eXhibitingtypICall℃乙Itul・esfol・helicesinacoiled－COilfornl・

StruetureRefinement

The nlOdels wel・e bし1iltと1ndl・efined through alternat11－g CyCles uゝlng the pl・Ogl・Lll－1ゝ0

（JonesctL11．，1991）alldCNS，rC叩eCliveIy・TworeglOn＝）rthcPKN e批cIol・domLlinwel℃

pool・1ydel、inedintheresullingl一一と1P・Theril■sti…ttheゝixN－tel・minL111・e、iしIueゝ，undlheゝCCOnしI

iゝとItlhe60C－tellllinalresidues thとIt Llre rOllowed by helix3・ArterゝCVel・LllcycIcゝ（一r

J・Cllnelllenl、1coul〔lnot dcfine thesel・CglOnS thLlt hLIVeし1nintellつ11etilhleし1cnsitie＝1－Lltin叩1y

complexdisol・der・Therinalmodel，Whichwasrerinedwithacl・y血11ogl・LIPhicR、；LI”L・Or21・4（芽、

（freeR、rこ1l”。Or26・8％）forallintensitydataat2・2resolution，includes861・esidue＝）rthePKN

el、化ctordonlail一（叩al－ningl¶eSidues13－98），RhoAV＝（1・esiduesl－181），OnCGTPYSmolecule，

onemagnesiumion，andl15watel・mOlecules・Asun－maryOftherefinemenl血tiゝtic、isglVCn

inTable5．ThePKNefftctol・donlainmayhavetworotamel・sOftheHis－88㍉idecl－aininthe

imidazoJel・1ngPlane，Whichcouldnotbedeterl一一inedinthecul・1・ent analy…・Thereisno

residuein disallowed reglOnS Or the Ramachandl・an PIots as derinedin PROCHECK

（Laskowskietal．，1993）（Fig．10）．Thestruclul・eWaSinspectedusingtheprogltamSQUANTA

（Molecuhl・Simulatol・SInc．），GRASP（Nichollsetal・，1991），MOLSCRIPT（Krilulis・1991）

andl・aSter3d（MerrittEAetal．，1994）．

Theatomiccoordinatesandstl・uCturefactors（COdelcxz）wel・esublllitedtotheProteinDat乙l

Bank，ResearchCollaboratoryforStructuralBioinfbrmatlCS・
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Fig．5．RhoAVlヤPKN（7－155）analyzedbyEMSA

TheGTPYS－boundformofRhoAV14（1anesl－3）andtheGDP－bound丘）1・mOfRhoAVH（Jane4－7）were

analyzedbyEMSAwiththePKN（7－155）fl●agment．Theshiftbandsmarkedbyacol－1℃SpOndtothe

COmPlex．Theband＝11arkedbybandcarefbrtheGTP†S－boundわrmsandGDP－boundIbrmsof

RhoAV】4，reSPeCtively．Lanes2and3containRhoAV14andPKN（7－155）withl：1andl：2stoichiometry，

respectively．Lane5，6，and7containRhoAV14andPKN（7－155）withl：1，1：2，andl：3stoichiometry，

respectively．
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Fig．6．RhoAV‖／PKN（7－155）anaIyzedbyGeIFiltration

（A）Thel：1mixtureofRhoAV14－GTPYSandPKN（7－155）yieldedapeakfbl・residuLllRhoAV】4onthe

elutionpl’Ofileofge）filtrationuslngSuperose12．Arl－OWSindicatethepositionsofnlOleculal－Size

mal・kers・Thepeakscorrespondtothecomplex，andRhoAV＝－GTPYSareindicatedwithIabeh・

（B）AneJutionplて）fileofgelfiltrationusingSephacrylS－100．Thel：2mixtureofRhoAV＝－GTPYSand

PKN（7－155）wasincubatedandwasloadedonthecolumn．ThepurifiedcomplexwaゝuSedfbr

CryStallization．TheinsetshowsSDS－PAGEofthecomplex’speak．
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Fig．7．ACrystaIoftbeRhoAV14／PKN（7・155）Co画ⅩaれdSDS・PAGEoftheCrystaI
（A）AcrystaloftheRbAV14mKN（7－155）complex・Thescalebarisl00jLm－long・
岬）ASDS－PAGEofthecomplexcrystal．Theleftsidebandsaremarker，andtherightsidebandsare
R血oAV14andPKN（7－155），叩Ctively．
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Tablel

CrystalDataofRhoAV14／PKNComplex

Crystalsystem

Spacegroup

Unitcelldimensions

Unitcellvolume

ZVm

l′、りl、l・

Tetragonal

P41212†P43212

α＝∂＝66．90，C＝14り．54A

α＝β＝γ＝900

6．69Ⅹ105A3

1

2．2A3／Da

44％

Moleculal・weightofRhoAV14is22，328Da，PKNis16，490Da
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Table2

IntensityDataProcesslng

Resolution

凡l，げ絆‥！く

Numberofmeasurements
ト
ン

ま

巨

巨

Numberofindependentreflections

Completeness

Mean＜ⅣG（Ⅰ）＞

2．2A

り．0％（31．2％）－‡●

696，854

17，5（i8

96％（86％）●‡●

24．0（2．8）b

＊Rmel－ge＝100x∑lI（h）－＜I（h）＞l／∑1（h），Where＜Ⅰ（h）＞isthemeanintenゝitylbrl℃flectionh．

†Bracketsarequantitiescalculatedinthehighestresolutionbinat2．28－2．20A
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Table3

MolecularReplacementStatistics

Resolutionrange

Rotation（α，β，竹＊

Translation（x，y，Z）＊

Correlationcoemcient†

R岬t［

15．OA－3．OA

12．650，42．120，81．490

0．0477，仇358り，仇2987

0．493

51．4％

＊EuleriLlnangle、（α，β，Y）乙Indfl・とICtionalcoordinates（X，y，Z）asdefinedinAMoRe．

十Correlationcoefficientiゝdefinedas∑（lFo（h）l2－＜IFo（h）I2＞）（lFc（h）ト＜lFc（h）I3＞）／

r（∑IFo（h）l2－＜lFo（h）I2＞）2∑（IFc（h）l2－＜lFc（h）l2＞）コ］］／2，WhereFo（h）LlndFc（h）L11、e

Obsel●VedandculculatedstructurerとICtOl．Sと1nd＜＞meanSaVel．aged．

［Rcryst＝100xキIFo（h）－Fc（h）［／キFo（h）．

Z

Z　β

／

／

X

∵＿

、
、

L璧
Fig．9．ThedefinitionoftheEu）erianangIes

AdirectionofamoleculeiゝShownusingthreeangles，theEulerianangles（α，β，and†）．
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Table4

SolutionsofRotationfunctionandTranslationfunction＊

摺122
（で　　ノブ　　γ　　　X y Z

12．65　42．12　8l．49　0．049ウ（）．85二号り　0．5085

12．65　42．12　8l．49　0．（）511（＝拍41（）．172（）
12．65　42．12　8l．4り　0．0470（）．8（）4ニー（）．42ほ

Cc R

38．1　55．8

う7．R　5（1．（）

う7．2　55．7

f叫12】2 12．65　42．12　8l．49　0．0477　0．358り　0．2987

12．65　42．12　8l．49（）．（）471（）．36（）6（）．15（17

12．65　42．12　81．4り　0．（）4810．5581（）．048l

4り．3　51．4

う8．2　55．5

37．6　5（）．0

摺212

f叫22

f叫2212

摺222

β串212

β持22

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

12．65　42．12

81．49　0．7り42（）．4398（）．2594

8l．49（）．n12日（）．472り（）．114二；

81．4り（）．64ニミ5（）．う58り（）．（）21（）

8l．49　0．0321（）．07り2（）．Ol（）5

81．49　0．3130　0．6194（）．0485

8l．4り（）．3054　0．556（）0．47（）1

8l．49　0．（）570　0．873二弓（）．0474

8l．49　0．6452（）．3（）12　0．0186

81．49　0．999（）0．9975　0．0201

81．49　0．0364　0．5678　0．4747

81．49　0．3937　0．4760（）．2289

81．49　0．0006　0．ウ963　0．2695

8l．49　0．0479　0．3644（）．0492

8l．49　0．0435　0．8640　0．048（）

8l．49　0．0444　0．3667　0．2982

8l．49　0．0469　0．3612　0．4229

8l．49　0．0517　0．8786　0．4222

8l．49　0．3090　0．6175　0．4229

う1．4　57．7

2り．ボ　5り．4

2り．4（）（）．う

ぅ0．6　58．3

30．5　5り．5

3（）．う　5り．4

30．り　58．7

3（）．6　5り．4

3（）．6　59．4

29．7　5り．4

2り．6　5り．8

29．5　59．6

36．4　56．3

35．り　56．2

34．5　56．り

37．0　55．5

31．7　58．1

31．7　58．0

＊Thistableincludesthetopthreesolutionsofthemoleculel●rePlacementsortlngbythe

correlationcofficient（Cc），andR－factor（SeeteXt）lbrthel・ePeCtive叩aCegl・oups．（α，β，γ）

al●etheEulerianangleゝand（X，Y，Z）arethefl’aCtionゝOftheunitccIJaxeゝ・Spacegl¶OuP

P4I212gaveboththehighestCcandtheJowestR・ThesecLllculationゝuSedtherenectio

between15－3A．
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Table5

RefinementStatistics

萱
i

［

f

【

ヲ

㌢

更

要

巨

巨

】

Resolutionrange

Rぐ叫

RI・reぐ§

R．m．s．bondlengths

R．m．s．bondangles

R．m．s．dihedralangles

R．m．s．△0［

2．2A

20．8％（31．4％）‾‡一

27．6％（36．0％）－‡一

0．065A

1．2460

22．550

1．17！）○

＊R叩t＝100x∑lFo（h）－Fc（h）l／∑Fo（h）・

§Rr．・Lh，isRcryゝt Whichwascalculatedusing5％ofthedata，Chosenl．andomlyLlndol－1itted

什omthesubsequentstructurerefinement．

十BrとICketsal．equantitiescalculatedinthehighestresolutionbin at2・28T2・20A

［△oisthedeviationofthepeptidetorsionanglefrom1800
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Numkrofpmll眠reS拍u錯

Totalntmbcrofresidtws

218　　9乙陥

1（i　　6ぷ％

1　　0．4‘苑

0　　　　0％

235

121

16

13

F料11．RaⅡ血門扉㌦RbAVlヤmKNCompk嵐
MainchaiTldihedralangleswereanalyzedwiththeprogramPROCはECK（bkowskie（al・，1993）・The

horizontalaxisindicates¢anglearoundN－CαbondandtheverticalaxisindicatesやanglearoundC

bond．Mostfavoured，additionalallowed，generOuSlyallowed，anddisallowedregionsareshadedinred，

yeuow，1ightye1low，andwhite，reSpeCtively・Glycineresiduesareshownastrianglesandnon－glycine
residuesareindicatedbysquares・ThelabelsAandaindicatetheregionsforα一helix，Bandbforβ－

Strand，andLandlfor（lLLhelix・
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2．　Results

OverallStrueture

Thecurrent modelofthePKNerftctordonlこ1inconsist＝一gOr86re、idueゝ（li叩1Lly＝lWelJ－

defined struCtul・C，While the C－terminL11571・esidues and Ll、hol・t N－1ell－1inL11、CgnlCnt L11・e

un舶uctul，Cd・The山ucture or the PKN efftctor donl乙Iin fbこItureS the N－tel・nlimll】（）叩

COntainingLIShol．tαhelix（α1）；lndtwolong（1－helices（α2Llnd（13）rollllingLmunti－r）Lu・L11Iel

COiled－COilrold，hcreLlrtel・relt，1・red toとIS the ACCイingcrし1omLlin・The ACC－ringel、〔lonlLlin

bindstothc Rhospecificity－detel・nliningl・egionscontLliningゝWitchI，β－拙ulds B2LHlしIB3，

and the C－terminとIlα－helix A5，Pl●edominantly by叩eCific hydl・OgCn hondヽ（hel・eLlrtel・this

1ntel’aCtlOnlS reftrred to as Contact－1）（Fig・12）・RhoAin the pl・esent COnlr）1ex hとIS nO

Slgnificantstl・uCtul・alchangeifcomparedtothatoftheunconlPlexedfol・11l，WithLlrOOt－mCとIn－

Squと1re（rms）deviation ofO・45A for176Cα－Carbon atoms and O．21A fol・the GTPYS

moleculeandtheMgヱ＋ion（Fig・13）・Thereareonlytworesidues，Met－134andLys－135L11the

extl・ahe）icalsubdomLlin，ShiftedgreaterthanlA・ThestructureofthePKNentctol・domainis

described，followedbyadescllPtlOnOftheRhoA／PKNinterlもcethatinvoIvessevelal叩eCific

intel・actions・WehavelbundthLltthesymmetry－relatednlOleculeofthePKNerftctol・donlain

COntaCIsRhoAinthecry兢Il．Wethendescribethissecondintertbce（hereanel・1・eftl・1・edtoLIS

Contact－2）．
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StruetureofthePKNEfTbctorDomain

The舶uctul●eofthePKNeffもc10rdomainfeaturesACC－fingel・dom乙Iill（Fig．14）．TwoIong

helicesencompassthebLlゝicreglOnand the fir、tCharactel・isticleし1Cinel・er，eatl・eglOn，Which

Wel・eplleViouslyidentifiedastheRho－hindingdonlain・Asegl一一CntOr2（）1・esidueゝflollowedhy

helixα3contとIinsと1Pl・oline／glyc＝一e－1・ichl・eg101一，ⅧggeStlngthLltlhiゝ1，eg10nishighlyrJexihle・

TheN－tel111inaJl－eglOnOftheACC－Ⅰ、ingerdolllainisfbldedbLICkontothehundleし1helicesα2

andα3，and fol●msと1hydl－OPhobic core that contributes to the stahilizとItion orlhe dolmlin

StruCture・ThetwoIonghcliceゝinlertwinewithと‥lightlert－hLln（ledtwiゝ1・ThenleLlnL”lgleor

thehelicL11axesofheJices2and3is190，andtheavel・agedintel・helicL11di批InCeisl（）・6A・

ThisarchitectureiゝCJasゝifiedas乙IIongα－helicalhairplnfoJdofthetwo－helixhundleinthc

SCOPproteinstructuredatと1base（MurzinetaJ．，1995）．

Accordingtothe山ructuralcomparisonswiththeDALIdと1tabaゝe（HolnlandSilndel・，1り93），

the ACC－finger domain has an overalIstl・ucture similar to many coiled－COilsegments or

functionallyunrelatedproteins，includil－gthecoiJed－COildomainsofGreAtl・anscrlPtCJeavLlgC

factor（Stebbins et al．，1995）and seryl－tRNA synthetase（Cusack et al．，1990；Biou et乙Il．，

1994）・Butitisdistinctfromthoseofthel－eCentlydeterminedCdc42－efftctorCRIBmotif＼of

WASP（Abdul－Manan et al・，1999）and ACK（Mott et al・，1999），Which areinlL11・gely

extended confol●mations．The ACC－ringer structul・eis al甘口diゝtinct fl・om those orthc RLl＼－

effbctordomainsofc－Rafl（Nassaretal・，1995；Emersonetal．，1995）andRalGDS（Huanget

al・，1997；Geyeretal・，1997），theRan－efftctordomainofkaryopherin－b2／importinb（Chook

andBlobel，1999；Vetteretal・，1999），andthecatalyticdomainsofadenylylcyclase，Which
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bind to hetel．Otrimel¶ic G proteins（Teゝ1－1eret al．，1997）（Fig．26）．In contl・LISt，theα－helicL11

StruCtul・eOftheACC－fingel・donlainisl・eminiscentoftheRab－effbctordomLlinofl・と1bphilin－3A

（Ostel－meiel－LIndBl’しIngel一，1999）andRac－effectorpl●OteillAl●hptin（118－341）（T乙11・1・icolleetと11．，

2001）（Fig．25）．

Thel●el”1ObuJge（loutureL10l’とIPPLlrentkinkinthehしHldledheliceゝ．ThenleLlnlllLlinchとIin

dihedl－alangle＝11－e－66・60fol．¢Lnd－38・3〔）fol．V，a、inglobulL11・Pl・oteinl（Blunde11elL11．．

1983），yet the hydrophobicintel．aCtions hetween the two hcliccs al・e sOnleWhLttin・egulと111

（Fig・14）・NotこIhly，thcchとIrLICIcl圭一ic hel弛Id rellCLlt，（とIhcdeJb）n，With hy（11，Olつhohicl・eヽi山Ie＝11

theLlanddpositiol－S，isbl・Okenatthel－1iddleoreachhelices（12Llnd（13・InsteLld，hydl・oPhilic

reゝidues（Glu－45，Glし1－49とIndLys－53ofhelixα2andSer－8（），Sel・81，Arg－83orhelix（13）rol・m

interhelicalhydl－Ogenゝ乙11t hridges／hydl●Ogen bonds on the moJecuJi11・utrf’乙ICe（Fig．14）．

Interestingly，OneOftheapparentleucinerepeatS（atpositions52，59，Llnd66）locとItedonhclix

α2is away fl－Om theinterhelicalintel・hce，While anothel・1eucine repe乙It Or helix（13

Participatesin theillterhelicalintel－aCtions（Fig．14）．The prqjectedleucines tbl111Ll

hydrophobic patch with othel－hydrophobic residues（Ala－62PKN fl・Olllhelixα2and Pl・0－

72PKNandLeu－76PKNfromhelixα3）onthemolecularsurface．Thishydror）hobicpatchis

themainregionforContacト2（Fig．15）．

TheInterfhcebetweenRhoAandthePKNACC－fingerDomain（Contact－1）

AttheinterfbceoftheRhoA／PKNcomplex，theinteractlngPKNresiduesareclusteredinto

tworegions：boxA athelixα2andbox Bathelixα3asshowninFig．16（PKN（ACC－1））．
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Theintel・actlng PKN residuesとIrelocated on the molecuJar surface opposite thLlt rOr the

hydrophobic patch乙IS descl’ibed（Fig．15）．The ACC－finger donlain binds to RhoAとIt rOLH・－

COntaCtSlteS（RhoA／PKNContact－1showninFig．17）．Thel●egionsofRhoAthLltinteJ・とICtmOゝl

CIosely with the ACC－ringer domainincJude the N－terminと111・eglOn Or SwitchI、the

antipと11・alJelβsheelrol111CdhystmndsB2／B3LlndtheNptellllinL11hL11rorhelixA51ocLllcdill

the C－tel・minし1＝）ftheprotein・Theinte止ICebetween RhoA an（lthe ACC－fingel・domLlini、

Pl・e（1onlinantlyhydrophilic，andthecomplexbul・ies2080A）ortheとICCeゝSihlewl・rLICeL11・eaゝil－

1hetwopl．OtCin、（Fig．）2）．

Them叫Orlntel・aCtionhelween RhoAandtheACC－fingerdomainoccursr）11mal・ily Llllhe

SidechainlevelbutL11soincludesthebとICkhonelevel・Anextensivehydl・OgenbondLlnd sL11t

bridgenetwol・kconlains17directhydl・ogenbond＝1nd9water－mediatedhydl・Ogenhonds・At

theinte血ce，17reゝiduesrJ・OmRhoAand15residuesrromtheACC－fingel・donlと1inplayl・Oles

in theilltern101ecularinteractions．AlllOng them，the side chains or91・esidues fl・OnlRhoA

P乙11●ticIPLlteinthedil－ecthydrogenhondinglnteraCtions．Themainchainsoftworesidues（Phe－

25andSeト26）atlheSwitchIN－terminusaredil－eCtlyhydrogenbondedlotheACC－ringel・

domain（Fig・18）・Moreover，COmPlementaryelectrostatic potentialdistribution existsこ1t the

interhce，Wherethepo叫1Velychal、gedACC－fingerdomaincontactsRhoAinthenegatively

Chal－gedreglOn・Attheheartoftheinterfhce，theACC－fingerdomLlinsticksLys－53PKNinto

theshallowgl・OOVeOfRhoAtofbrmhydl・OgenbondswithAsp－28andthemainchainofPhe－

25（Fig・19）・Theseinteractions are surroundedby three hydrophobic side chains（Leu－50，

Leu－77andLeu－84）h．omtheACC－fingerdomain，Whichcoversasmallhydrophobicpatch
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（Val－43，Ile－46，Phe－25andVal－167）ofRhoAlocatedLltthebaseoftheinterfbce．Thel・eとIre

Vandel－Waと11scontactinvoIvlngVaJ－43andIle460fRhoA，thesidechainorPhe－25hLlゝnO

COntaCtWiththeACC－fingerdomainaI－dfacestotheholecovel・edbytheACC－nngel・domLlin・

Incontl・ast，Leu－50ofthe ACC－fingerdonlain prq］eCtSthe hydl・OPhobic sidechこIin towLu・d

RhoAandextensivelycontLIClゝWithIle－46，A叩－45LlndGlu－52ol、RhoA・Ile－46，Ile－H4LHld

His－88ofthePKNACC－fingerdol－1ainalゝOPal・ticIPateincontLICtlngWithRhoA（Fig・1H）・

TheゝCintel●aCtionsare unlikethosc seeninCdc42（Abdul－MとInとInet L11．，1999：Molt etと11．，

1999），WheJ－ethcCRIB motirswl・LIPL11・OundtheG pllOtein，Llndi）lOthel・1’LulliJie＝）rⅦ1LlllG

PrOteinsincludingRLlh（Ostel・meierandBrungcl・，1999）andRan（Vettel・etLLl．，1999）（Vettel・

and Wittinghofbr，2000）・Thereis nointel・aCtion between the ACC－ringerdoIllとIin Llnd the

RhoAextl■a－helicaldomain（Fig・22）which derines the Rho－rLlmily nleIllhel・s．Si‖1iJLu・1y，nO

SuChintel・aCtion has heen obsel・ved between the Cdc42extrとl－helicと11〔lomain and the CRIB

domainsofWASPandACK．

TheDeterminantsofRhofbrtheEffbctorSpecificityonContact－1

The present stl・uCture reVeals how RhoAl・ecognlZeSits effbctor pl・otein・TheinterたICe

COntainssevel・alcontactsinvoIvingRhoAresiduesthathavenohomoIogousreplacel－1entSin

Rac／Cdc42，nOl－othersmと1JIGpl・Oteins（Fig．27）．TheseRho－Chal・aCteristicresidues，Whichal・e

StrOnglyconservedinthethreeRhoisoforms，areLys－27andGln－290fSwitchILlndGlu－47，

Gln－52and Glu－540fthe antiparallelβ－Sheet B2侶3，and Glu－1690fhelix A5（Fig．17）．

Especially，Gln－29，Whichinteracts withthepositivelychargedArg－780ftheACC－finger
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domain，is repJaced with negativelychargedglut乙Imicacidin RhoB hut thiゝChLmgel一一ily

enhancethcbindil－gbylOnicintel・aCtionsl・atherthanimpalrit・Theseresidueゝこ11・ethe rirst

CandidLlteSfol・theRhodetellllinantsortheefftctol・叩eCificity・

In addition，SOme Othel・residし1eS Whose col・l・e叩Ondil－gl・eゝiduesin othcl・G pl・otein、と1re

nearlyhonlOJogouswithRhoA mLly alsocontributetothe叩eCiriclty・1ti、1・el－1こIrkLlhlelhLlt

thesel・esiduesal・ediffbl・entfl・Omthoseor叩eCificltydelel・minantreゝidue＝）i、cdc42（A叩－38，

VLll－42，Gly－47an（1Leu－174），Whosel・esiduesil－RhoAとIreGlし卜40，AILl－44，A叩一49L111dAl・g－

176・Moreover，theIICgLLlively chL11・ged A叩一28orthe Swilchl，WhichinterとICtS Wilh the

POSitivelychargedLys－53oftheACC－fingerdomaininthepl・esentstructure，iゝ1・ePJLICedwith

肌PamglneinRacandCdc42・SuggeStlngdiゝCril－1inationorlheseGpl・OteinゝhylooⅧlgthc

ionicintel●action（Fig．17）．

Inadditiontothesidechains，thebindingaffinitylSPl・eゝumablyconltl・redrronlCOntaCIs

mediatedbythemainchainsofSwitchI（Phe－25andSer－26），theβ－SheetB2／B3（Glu－47and

VaJ－53）and helix A5（Thr－163，Lys－164，and Al・g－168）・Thus，乙11Itheゝe Rho一叩eCificity

determinantl・eglOnS，RhoDRs，including the canonicalSwitch reglOn both enhance the

bindingaffinityandestablishthespecificity・InterestlngJy，thediscl・iminationofCdc42rronl

theothel¶RhoramilymembersbytheCRIBmotiflofWASPandACKwasalsogovel・nCdin

PartbycontactstohelixA5．Moreover，Rab3Asel・vestheC－terminalhalforhelixA5とISOn

Ofthe Rab complementary determinlng reglOnS，Which contacts rabphilin－3A・Thus，the

reglOnSarOundhelixA5areimportantinallowlngaSubsetofsmallGproteinstoestablishthe

SPeCificity（Fig．27）．
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SwitehingMechanismfbrEffbctorReeognitionatContaet－1

AsinH－Ras，Switch－IandSwitch－IIofRhoAarethel・eglOnSinwhichextensivenructurLIJ

ChangesinvoIvingI一一ain－Chain conforl一一ations al・e dil・eCtlyinduced hy GTP／GDP exchLlnge

（Fig・20）・ThenructurallychangesoftheSwitchregionnyhindingorGTPal・eヽerVedfol・thc

bindingtothedownnl・eLlnlentCtOrPrOteinL Accordingtothe吊ructし1rillcompLll・i…1－01、Ihe

GTPγS－boundfol111WilhGDP－boundrol111（IllarとIetaJ．，1998：WeietLLI．，1997），Swilchlor

RhoA consists（一fresidues28－44including the N－tel・minalpal・t orβ一山Llnd B2．While thc

SwitchIll・CglOnis＋ゝ01一一eWhLltlimitedとItl、eゝidues62－69，LlゝCO）llPL11・ed withlhこIt Or H－RLl、

（residues60－72）（Milbul－n et al．，1990）．Theintel－aCtions orthe ACC－fingel・domLlin with

SwitchIarelocLllizedtotheN－andC－ternlillaJl・eglOnS，WherethemainchLlin（li叩ILICCl－1Cnls

induced by GTP／GDP exchange are relatively smu11（less thanl．5A）but signiricilnt．1n

addition，thenucleotideexchangeinducesdl・ilSticreall・angementsoftheside－ChLlinpilCkingat

themolecularsul・faceofSwitchI，WhichstronglyaffbctRhoA－PKNintel－aCtionゝ・InpとIrticuhr，

OneOfsucheffbctisobviousfbrTyl・－42・In theGDP－boundform，thisl・esidueispl・q］eCted

towardthesoIventreglOnandmaystel・icallyinhibitthehydrogenbondbetweenLys－27ofthe

SwitchIandAsp－850ftheACC－fingerdomain．IntheGTP－boundfbl・mOfthecomplex，TyI・－

42isburiedinsidethehydrophobiccoreoftheSwitchIIoopandpushe”utthesidechLlinor

Lys－27fl．OmtheinsideoftheloopleadingtoformatiollOfthehydl●OgenbondwithA叩－85of

theACC－fingerdomain（Fig．20）．Moreover，VaI－43ofthe GDP－boundforminterfbreswith

Glu－540fstrandB3toformahydrogenbondwithHis－880ftheACC－fingerdomain．
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StabilizationoftheSwitchRegions

Itis notable thとIt eXtenSive stabilization ofthe entil・e SwitchIand SwitchIIstructul・e L11・e

revealedhycompal・isonofthetemperaturefactordistributionsinthcpl・esentconlPJexedund

the uncolllPlexed GTP－bound RhoA molecules（Fig．21）．This　兢IbilizLltion dlOuld he

LlttributahletoContact－1intel・LICtion、attheN－tel・minL11LlndtheC－tCl・mil－Llll・eglOn＝）rSwilchI

LlndCont乙ICt－2intel●aCtion＝ltSwitchII．Theseresult”uggeゝtthuttheenthL11r）1CCOntl－ihしIti川1

0rthebindingenergylSSufficientforthedl・asticchLlnge、inconroll－1LltionL11pl・OPel・tic”）flhc

SwitchILlndSwitch‖thLllisdeゝCrivedrollow・SimilL11・1y，”gniricとInl症Ihili／；11ioni、OhゝCl・vC（1

atthcantiparこ111elβ－SheetB2／B3，WhichisalsorlexibleintheunconlPlexedfol・11l．

HydrophobieContactsbetweenRhoAandthePKNACC－fingerl）omain

Inthe present cry兢11，RhoAcontactsthe symmetryrelとIted ACC－fingel－domain（Fig．22）．

Thecontact reglOnS OfRhoAinclude the C－terminalhalfand flankingl●eglOn OrSwitchlI

（reゝidues66－76）anda4iacentpartsfl－OmthestrandB3andswitchI（Hydl・OPhobiccontLICtS

in Fig．17）．This contact2interhceis predominantly hydrophobic and buries accessihle

sul・faceareasof1640Aヱ，Whichisunexpectedlylargeforanonspecificintel・hceproducedhy

CryStalpacking．

At the centel・oftheintel・hce，Leu－69ofSwitchIIiゝ1ocaled．And surrounded that Leu－72

andTyr－66from SwitchIIand Phe－39andTrp－58fl・omtheantiparallelβ－Sheet B2／B3al・e

locatedtoformaclusterofhydrophobic sidechainswhich associatewiththehydrophobic

PatChoftheACC－fingerdomainaroundthetlPOfthefinger．Attheedgeoftheinterthce，Vaト
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38and The－39fl・Om SwitchIassociate with the hydl・OPhobicinterltlCe and two chLlrged

l●esidues，Al’g－68andA叩一76orSwitchIl，formdil－eCtionichydrogenhondswithGlu－49Llnd

Arg－68ofthe ACC－fingermotif，1・e叩eCtively・Them乙1in－ChaincLll・bonyJgl・OuPOfPhe－39is

hydl・Ogenbondedtothcside－ChとIinalllidgl・OuPOfthePKNAsn－58residuewhichalゝnrOll－1Ll

hydrogellbolldtooneofwatel●111OJeculeshydr乙ItedtoGlu－40と1ndAⅦ－4loi、RhoA（Fig．23）．

ThePossibiIityoftheContaet－2Interaction

Fo1lowlnglhree of evi（1ellCeimply thLlt thisintel・こICtionI－1こIy he relevLlnl101he PKN

l－eCOgnltlOnbyRhoA・Fil－st，WelbundthatRhoAbindstothePKNentctol・fl・とIgnlCnttOlbl・nlLI

StablccompJex withl：2stoichiomelry asdetcl■111incdhy gelf’iltrLltionこInしIEMSA（Fig．5）．

Second，thePKNen七ctordomとIinintel－ftreswiththeRhoAGTPLlヽeとICtivLlteし1pl－01cin（GAP）

（Shibataetal・，1996），WhichisoflenrelもrredLISGAP－inhibitingproteinとICtivity（GIPLIClivily）

（Kishidaetal，・1993）・Themoststl、aightlbrwardexplanationoftheobsel・vedGIPactivityor

thePKNeffbctol・domainisthatPKNefftctordomainandRho－GAPcompetelohindlothe

OVerlappedsiteonthemolecularsurfaceofRhoaroundtheSwitchIIrcglOn・ThiゝeXPlanLltion

WOuld beexplainedby supell〕OSition ofthepresentcomplexon thatofRhoA boundtothe

CatalyticdomainoftheRho－SPeCificGTPaseactivationpl・Oteinp120Rho－GAP（Rittingel・et

al・，1997）．Contl一乙Iry，the binding ofthe ACC－fingel－n10tifat the ContLICt－1sitc c肌ISCS nO

StruCturalinterfbrence with the binding ofp120Rho－GAP（Fig．24）．Because oftheゝnlull

StruCturalchanges ofRhoA as described，itis unlikely that theconformationalchanges of

RhoAinducedbythebindingtotheACC－fingerdomainatContact－1site．TheGIPactivities

41

J



Ofefftctorproteinswereと11soreportedfol－C－Raf－1withH－Ras（ZhangetLLl・，1993：WLlrneet

al．，1993），Rabphilin－3A with Rab3A（Kishidと1et al・，1993），Llnd RLllGDS with H－RLlヽ

（Kikuchietal．．1994）andRalGDSwithR乙IPIA（HellllLlnlletL11．，1996）．InilJlthecLlゝCS，their

effbctor　とInd GAP bindingl・eglOnS　と11－e OVel■1apped，thesel－CSults　ⅧPPOl－t the pl’eヽenl

intel・pletとItionoftheGIPLIClivltyOfPKNagalnゝtRhoAhyContLICl－2・Thil・d，PKNL11－dL111ils

honlOIogshavetwoaddilionとIll●Cgion（residuesl15－203LISACC－2undl■esidueゝ22O－2H3こIS

ACC－3inFig．3），thesehonlOIogoustother）rCSenteLl七cIol．doIllとIin（ACC－1inFig・3）Lu．eとIhoし11

25％identit心・RcccntinvitroexperiI－1el山inしIicLlteゝthLltPRKlhi】lしlゝ10RhoAviL11heAC〔1－1

andACC－21・eglOnS，SuggeStlnglndependentcontLIClreglOn＝一nRhoA（Flynnelal・，1998）・

TheContact－2IikeInteractionsinOtherEfltctorProteins

TheContact－2intel・aCtionゝこIrel・enliniscentoftherabphilin3Ael、fもcIorしlol－1Llinintel●ilCtlng

withSwitchIlofRab3A（Ostermeiel・andBrunger．，1999）andAl一たIPtin（118－341）intel’LICting

With SwitchIIof Racl（Tall・icone et al．，2001）（Fig．25）．The StruCtul－es Of Rabphilin－3A

effbctordomainboundtoRab3ALlndArfaptin（118－341）boundtoRacdi叩1ayLllongα－helix

thLltCOntaCtSWith SwitchIIand surroundingsegments mainlyby hydl・OPhobicil－tel・乙1CtlOn、・

Supel・POSition of these complexes uslng RhoA and RLlb3A ol・RhoA and RilC di叩1ays

unexpeCtedoverlapofthe PKN ACC－ringerdomainandrLlbphilin－3Aol・PKN ACC－ringel・

domain and A血ptln・These complexe rorm severalhydrophobic contacts with a sinlilal・

reglOninvoIvingSwitchIl・Moreoverthesehelicesalsohavethesamehelixpolalltyl・elative

totheGprotein・Somehydrophobicresiduesconservedinthe SwitchlIreglOnSOfRhoA，
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Rab3Aand Racpal・ticIPateinthecontacts，Whilethereare nodetectと1bleゝil一一ilLll・1tyOrthe

ilnlinoacidsequencesorthecontactl・CglOn…fPKN，rLlbphilin－3AandA11hp11n・

Notably，theC－tel・minと11helixoftheWASPCRIB nlOtifと11ゝOn－akeゝhydl・OPhohicconlLICt

Wilh SwitchIIof Cdc42，with similarintel・actions havlng LIIso heen oh、Cl・vedin the

ACK／Cdc42compJcx・Thisゝill－ilal・11ymLlyal・guethalContLICt－20rthcpl・eゝCnt射しICtし11・en一こ1y

nothcilreSultofcry症11pLICkinge批ctゝbutmayl・eflecttheintel・actiol－Shetweenlhe ACC－

ringerdomとIinこIndRhoAinゝ01ution．
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ResiduesthatparticlpateinGTP／Mg2＋bindingareindicatedatthetop．Theresiduesthatparticlpatein

interactionswithRhoAattheinterfaceoftheRhoArPKNcomplexshowninFig・9（cantacト1）areboxed

byheavylineswithRhoDRlabels・ThesecondarystruCturalelementsofRhoAareindicatedatthetopof

thealignedsequences；the（1helices（Al－A5）ingreen，eXtendedβstrands（Bl－B6）inred，and310helices

（Hl，H2）inblue．ConservedresiduesarehighlightedinyellowfortheRhoAsllbfamily（RhoA，RhoB，
andRhoC）andinredfortheRac／Cdc42subfami1y（Racl，Rac2，andCdc42）・Theresiduesthat
participateininteractionswithRhoAatthesecondcontactsite（contacト2，Shownin Fig・22）areboxed

bythinlinesandareindicateda（（hebottomofthealignment・0nlysegmen（SarOtmd血econtactreg10nS
areshown．
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orvanderWaals（right）interactionsofRhoA／GTPYS／Mg2＋withthePKNACC－fingerdomainatthe

inteJfaceoftheRhoA／PKNcomplexshownFig・9（eoT）taCt－1）；aCidicresiduesareshowninred，basic

resid11eSinblue，andhydrophobicresidlleSinyellow・
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（A）Thedirecthydrogenbonds（blacksolidlines）betweenthePKNACC－fingerdomainandRhoA

switchIandβsheetB2／B3．ThinlinesindicatethehydrogenbondsinvoIvingmainchainatoms・The

ACC嬬ngerdomainisshowningray（CL2）andlightblue（a3）・andRhoAinbrown，withswitchIinred

andhelixA5inorange・Thesidechainsformlngthehydrogenbondsareshowninbalトand－Stickmodels

withlabelsinblack（PKN）andinpurple（RhoA）・TheboundGTP（Smolecule（black）andthe

magnesiumion（ye1low）arealsoshowninba11－arLd－Stickmodels・ThesidechainsofTyrA2，Ile－23，and

Pro－31，Whichformahydrophobiccoreinsidetheswitchlloop，andthesidechainsofswitchIresidues

（39A2）arealsoshown・　（B）ThedirecthydrogenbondsbetweenthePKNACC－fingerdomainand

RhoAhelixA5（Orange）andβsheetB2／B3・The1800rotationofthecomplexfromthatshownin（A）is

indicated（OClarifytheinteractionsbetweenPKNhelixα2andRhoAhelixA5
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（A）Aribbonrepresentationofthesymmetry－relatedPKNACC一員ngerdomain（gray）atthesecond

contact（contaet2）siteofRhoAwiththePKNACC－hgerdomain（blue）atcontact－lshowninFig・9・
SwitchllandotherreglOnSforcontact－2areirLdarkgreenal）dgreen，reSPeCtively・
（B）ElectrostaticsurfacepotentialofRhoA／GTPYS／Mg2＋viewedfromthesamedirectionasiIl（A）with

twoboundPKNACC－nngerdomains・Negativepotentialisred，unChargedsurfaceiswhiteandpositive

POtentialisblue・Thecon［act－1surfaceoftheRhoAhavemainlynegativelycharge，Ontheotherhand，

contact－2surfaceoftheRhoAiscoveredwiththehydrophobicpatch・Theresiduescoloredinye1lowat

ACC－finger（contact－2）participateinthehydrophobicinteractionswithRhoA・
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3．　Discussion

MultipIeACC－fingerDomainsofthePKNN－terminalRegion

In addition tothe fil・stl・epe乙It Ofleucine zIPPel¶－1ike sequences hll－11ng the pl・eゝCnlPKN

ACC－ringerstructure（Fig・3）、the rollowil－g SeCOnd andlhird rer）eLltSOfIeucine zipper－1ike

SequenCeSI－1ay foll－1SinlilこIrhelix bし1ndle stl・uctul、eS，Whel・C the keyl・esidues foJ・the ACC－

fingel・nl・uCtul・e follllLltionとIre hl・gely consel・Ved・In vitl・o experiments hLIVC down thLlt Ll

仇IgnlenlcontainlngtheACC－2rcglOn WeLlklyhindstoRhoA，Whileこ一rl・昭一一enlcontLlin＝一g

the ACC－3region has no detectとIhle binding activity to RhoA（Flynn et L11．，199R）．ThcゝC

difftrenceゝinRhobindingofthJ・eePKNACC－fingel・donlainsl－1LLybeexplとIincdintel・nl＝）r

thelackofthedeterminantresiduesfol・Rhobinding・TheACC－3reglOnhと1ゝ乙11とIninc，1cucine，

Ol・gJyclne at POSitionscorresponding tothe determinantl・esiducs，Lys－51，Lys－53，Al・g－60，

andAsp－85，OfthepresentACC－finger（ACC－1）domain．Moreover，PKNACC－3haゝChL11・ged

residues at the positions corresponding to ProT72and Leu－76ofthe PKN ACC－1fingel・

domain that fbrm a hydrophobic patch tointeract with the Contact－2reglOn OfRhoA・Tn

COntraSt，the col・responding hydrophobic residues of the PKN ACC－2reglOnとIrelLlrgely

COnSeJ・ved，Whereastwodeterminantreゝidues，Arg－47andAl甘60，L11・erepILICedwithと11ilnine

andisoleucine，reSPeCtively（Fig・16）・These variationaldiffbl・enCeSlllLLyendow ACC－2，but

notACC－3，WiththetendencytobindweaklytoRhoA．

PKN may bind RhoA through both the ACC－land ACC－2motifl・Unfortunately，nO

quantitativedataforthecooperativltyOrinterftrencebetweenthesetwoRho－effbctormotifl
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is avと1ilable at present．Inthe cJ．yStal，the buried n11．face al－eaortheinlel●hce between two

ACC－fingel・mOtifsissn－all140AコbutGln－92ofonenlOleculeform＝lhy（ll・Ogenbondto

Asr）－650fthesymmetryl・elated molecule・ThisAsp－65residueiゝ1・ePILICedbya叩arLlglneln

theACC－2，indicatlngtheobservedhydrogenbondcouldoccし11・hetweenACC－lLln（lACC－2

houndtoContact－lLlndContact－2，1－e叩eCtively．Thehypotheゝislllし1Slhevel●ified hy rurlhel’

expel・imentaltests．As pointed out previously（Flynn et al．，1998），the evolution to Llhigh

affinitycfftctol－domとIinhasbeenpernliltedbyduplicationortheACC－ringel－donlLlin＼・Inthis

CとlヽC，1heinlerとICtionorPKNACC－2hindstohothRhoA／GTPLlndRhoA／GDPweLlkly（Flynn

et al．，1998）could be similar to that of Al－faptln binds to hoth RLIC／GTP Llnd RLIC／GDP

（Fig．25）．

Itis ofintel・est tllat tWO distinct coiJed－COilreglOnS Of kinectin（residues63O－935と111しl

1－esidueslO53－1327）have been reported to bind to RhoAin乙IGTP－dependcntlllとInnel、，LIS

identified by the binding aゝSay uSlng tWO－hybrid and affinity chromLltOgrと1Phic approaches

（HottとIetal．，1996；Albertselal．，1998）．Howevel・inthiscaゝe，tWOdomainsaresepal－とItedfol．

alongerstretchofpeptides（176residues）andthereisnoavailabledataindicatingthatthese

domainsbindtothe same molecule ofRhoA ornot．Recently，multidomaininteractionsin

effbctor recognltlOn has also been suggested for the Raf－1／H－Ras complex，in which two

distinctandnonhomologousdomains，an ubiquitin－folddomain andanadjLICelltZinc ringer－

1ikedomain，OfRaf－1bindtoSwitchlandlIregionsofH－Ras，reSPeCtively（Druganet al・，

1996）．
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PKNAetivationMechanism

The PKN N－terminとIlhalrfl・Llgmentbindstothe C－telll－inalhalffl■agmentcontLlil－11－g the

Catalyticdomail－andinhibitsthepl・Oteinkinaseactivlty，Sugge扇IngLlnlaSkingmechと11－iⅦlhy

乙IPOSSible LlutOinhibitol－y e舵ct of the N－tel．minall‘egion（KitagLIWa et L11．，19り6）．RhoA

bindingtotheACCイil－gel・doI一一Llin＝ltthePKN N－terl一一il－L11reglOnCOuldpl・oducc unl一一乙ISked

and，thel．elt）re，とICtive cLllLllytic domain（Fig・28）・The N－tellllinLIJbLISicl・egiol一叩Llnning

l・Cゝidues39－53，WhichdispILlyHimilarltytOとICOnSenゝしISPho叩hol・ylatiollゝCquel－CerOl・PKN、

hLIShecnl・ePOl・tedaゝとIr）ゝeudoⅧb吊rLltel・eglOnthLltinhibitsthepl・01cinkin乙l、CLIClivlty（一rPKN・

However，thisl’eglOnOVerlapswiththeACC－fingcrdomain（ACC－1）LlndisroJdedintoLlnα－

helix（α2），Whichmayil－hibititsbindingtothecatalyticcenteras乙IPSeudoⅧbnrLlte．Thel・elbl・e，

thebindingmodebetweenthe N－andC－tel・mil－alhalvesorPKN andthe unnlとlゝkingLIWLlit

furtheranalyses．

PKNbindstoitssubstrateproteins，α－aCtil－in（Mukaietal．，1997）andPCD17（Takallaguet

al・，1998），throughtheN－terminall・egion（residues136－189）thatoverlapswithACC－21二inger

domain・The binding site on actinin has been mapped at a叩eCtrin－1ike repealSRIIl・

Tnterenlngly，Cl－ystalstructul－eOfthel■ePetitivesegmentofspectrinhasshownitsthree－helix

bundlestructul●e（Yanetal・，1993），WhichmayinteractwiththePKNACC－2ringermotifhy

fbll一一1ngrurthel・helixbundlestructure・Anothel・interestlnglSSueabouttheseⅧb抽・atebinding

is that this PKN ACC－2fingel－reglOnis multi丘InCtional；ParticIPatlnglllboth binding to

RhoAandtothesesubstrateprotein・SincePKNisalsoactivatedbyunsaturatedfattyacids

（Mukaietal・，1994；Kitagawaetal・，1995）suchasarachidonicacidandphospholipidssuchas
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Phosphatidylinositol（Palmer et al．，1995b）and cal－diolipin（Peng et L11．，1996），thc duLll

bindingoftheACC－2fingel－domainisnotnecessとIrilycontl¶adictory．Altel11LltiveJy，thisduLll

bindingofthe ACC－2fingel・donlain may play al・Oleofthe moleculと11・SWitch rorⅧbnrLlte

Selection，Where rattyLICidsLaCtivated PKNphosphoryJLltetheproteinstI－atCOul（lhindlothe

ACC－2　fingel－1●eglOn but RhoA－aCtivLlted PKN pho叩horylLlteS Olhel●　Ⅷh吊rLlte PrOIcin．

However，thesepossiblenleChanismsゝhouldbevel’ifiedbyexperimentL11te、lゝ・

TheACC・fingerl）omainsin（）therEffbetorProteins

Thepresent山ructul－eOfthePKNACC－fingerdomainpl●OVideゝとICluel’ol’undcr症Indingthe

gcnerL11architectureorlherelatedRhoenbctordomains，AswellLISlhe PKN homologゝ，the

efftctorl●eglOnS Of rhotekinとInd rhophilin pl－eserve both the hydl●Or）hobicl●esidueゝ・Theゝe

residues are essentiaJfor the fbrmation of the coiled－COilstructしIre　とIndlhe detel・nlinとInt

1●esiduesfbrthespecificityindicatlngtheirfbrmationofanACC－fingerstructul－elikethatof

PKNasexpected什omtheirrelativelyhighhon10logy（43％and26％identities，re叩eCtively）

WiththatofthePKN ACC－fingerdomain（Fig．16）．Theyalsopreserveresiduesfol．mingthe

hydrophobic patch thatparticIPateSin Contact－2interactions．This observationil一一Plies that

theseefftctorproteinscould bind to RhoA at Contact－2site，thesepro叩eCtS are COnSiゝtelll

WiththefactthatafmgmentcontainlngtherhotekinefftctordomainexhibitstheGIP乙IClivlly

againstRhoA（Reidetal．，1996）．Itshouldbenotedthatsomeofthedeterminantresiduesare

Variancewithhomologousornon－homologousbutpreservechargedresidues．Especially，Ser－

81andAsp－850fPKNismostlyreplacedbyasparaglneandglutamicacid，reSPeCtively，and
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Al．g－47，Arg－61，Arg－78andHis－88arerと1therval’iance．TheゝeVariationshこIVebeenin叩eCled

OnthepresentstructureLlndshownthatthesevariLlntl・esiduesare乙11sorelevLlntfbl・theRhoA

binding・Inthesecases，Ll叩al，aglneatPKNSer－81mとIyfollllL11ternLltiveintcrLICtionゝWilhSel・－

27and／or Lys－271・athel・than Glu－29，bccause of stel・ic efftcts・The N－tel・nlinLIIl・eglOn

incJしIdingtheJoop，helixα1LlndtheN－tel・nlinalonethil・dorhelix（12ispool・1yc（一1一祀rVe（lin

thel●elLltCdproteins，implylngthLlt thesereglOnSI11ay LLdoptindinbrent conrol●111Lltionヽ作用11

thLlt Oflhe PKN ACC－fingerdomLlin・Thesel・eglOnS L11・el－Ot C”CntiL11ror roll一一Lllion（一rthe

l・eCOgnltiol一Ⅷl・rLICe＝lnしIlhe山uctures，WhileourdLllLILlndotherlゝdこ11Llindicillethe、Cregl川一、

COntl・ihutetothe吊ructul・alstLlbilityofthemotifs・

l）ifftrentiationofEffbctorSeIeetion

Recently，aneWaPPl■oachfol’thefunctionaldissectionofRhofamilyG pl．OteinshLISheen

Carriedoutusingpointmutationsofalimitedregion（residues39－42）ofSwitchI（Jonesonet

al・，1996；Lamal●Cheetal．，1996；Sahaietal．，1998）．Theseresiduesdonotpと11・ticipateinthe

dil・eCtinteractionswiththePKNACC－fingerdomain，butsomeofthesemutatedGpl・Oteins

have been repolled to select the efftctor proteins of specific slgnalJing pathwとIyS．

Intel－estlngly，rePJacement ofTyr－42of RhoA with cysteine abolishes the PKN hinding．

Thiseffbcton PKN bindinglSPrObablyduetochangeゝinthe side－ChLlin packingorRhoA

SwitchIinvoIvingTyl．－42togetherwithLys－27，WhichishydrogenbondedtoA叩－85PKN，LIS

describedabove．Ontheotherhand，thismutationexhibitsnoefftctonthebindingtoROCK一

I，indicatlngthe diffbrent natures oftheirinterねcesin the RhoA／PKN and RhoA／ROCK－l
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COnlPlexes．Some Rho－effもctol、Pl－Oteins such as p140mDiLlhave entctol’domLlins which

exhibit nosequence homologywiththeACC－fingerdoI－1ainゝ・Fol・the、ePl・Oteinゝ’mutiltions

nlLlyPOSSiblyplayugreatroleindifftrentiatlllgtheefl七c101－Selection・
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terminalhalf肋gmentcontaining血ecatalyticdomainandinhibitstheproteinkinaseactivity・

suggestingamaskingmechanismbytheN－terminalregion（粘也gawaetal・，1996）・RbAbindingtothe

ACC－fingerdomainatthePKNN．terminalregioncouldproducetheactivationbyunmasking・
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III．CrystalStructureofRhoBD（69）
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1．　MaterialsandMethods

ExpressionandPurifieation

RhoBD（69），the nlininlumRho－hindingdolll乙Iin（RhoBD：1・Cゝidues97リー1（）47）orhovine

Rho－kinase（Leungcl（J／・，1995；FujisとIWaCl（［／・，1996），W；l＝し1hcIonedintopGEX－2「I＼LHlし1the

GST－fused pl・Oteins wel・e expl・essedin E・（L（）／iDH5（1Ce11ゝ・For the expl・es、ion orSe－Met

Suhstitutedpl・otein，thisconstl・uCtWa”1sotmnsfol・medintothemethionineLluXOtrOPhicl；・（・（）／i

拙Iin B834（DE3）pLysS（NovLlgen）・TheGST－ru、edpl・olein wLl＝）ul・irieしlしlⅧlggJulLlthione

SephaI・OSC4B・RemovaJofGSTfromGST－RhoBDwa”Chievcdwithinlhecolumnu…lghy

humanthrombin（Sigm乙l）with2unitゝ／mlfor24houl・”t4℃．RhoBDwとISelutedwithLlhufftl・

COntainlng20mMHEPESpH7・Oand50nlMKCl・ThiseluatewとISaPPliedtoHiTl・aPSLlnd

HiTrapQ（Amel・sham Phal・maciaBiotech）andtheeluatesfromeachcolunlnWereCOllected

andconcentl－atedto6mg／m）usingCentl・icon－3（Millipore）．Thepurifieds乙ImPIesusedinthis

Studywel・everifiedwithMALDI－TOFMSandN－terminalanalysIS・TheN－tel・nlinaJanalysIS

Ofthe resulting sample showed that the additionalglyclne and serine residues at the N－

terminus ol・1glnated什om the site ofcleavage by thl・Ombin・The moleculal・weight ofthe

PurifiedRhoBD（69）obsel●vedbyMALDI－TOFMSwas7，996Da，WhichiゝVil・tuallytheゝ乙Inle

asitscalculatedvalue（7，997Da）．

0verlayassay

The Rho－binding activlty WaS COnfirmed by an overlay assay uslng・15s－labeled RhoA
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COmPlexed with GTP†S・Purified GST－RhoBD（69）wel・e sePal・ated on an SDS－PAGE，

tl－ansfbl－redtonitroceJlulosemembl・ane，andprobedwith［L35s］GTPγS－GST－RhoA．Thehheled

bandswerevisualizcdbyこ1nimとIgeとInalyzel・（Fuji）（Fig．29）．

DynamieI－」ightSeattering

Dynamiclightscatterll－g血1dieswerecal・riedoutuslngとIDynaPro－801inゝtl・し＝一Iel－1（Pl・olein

Solutions，lnc・）・Itwas乙1ttelllPtedroreachsolutions，RhoBD（69），PKN（7－155），RhoA／GTPγS，

Ⅰ一Iixlしtl■eorRhoBD（69）と11－dRhoA／GTPγS，LlndmixtureorPKN（7－155）とInしIRhoA／GTPγS・All

SOlutionswerefilteredthl－OughO・22－LLmfiltel－s（Millipol・e）toremovepal・ticulLlteS．ScatteJ・ing

Ofthesepl・Oteinsolutionswereanalyzedatconcentl・ationsof2・5～1Omg／ll11init”tOl，age

buffbr（20mMHEPESpH7・5，100mMKCl，5mMMgCllandlOmMβ－111erCLIPtOethL111Ol）．

Thepl・1nCipleofdynamiclightscattellngisbasedontheBrowl－iLlnmOtionol、moleculeゝin

SOlution，Which causes scatteredlightintensity to fluctしIate（SchurrJ．M．，1977）．The、e

fJuctu乙Itionsaremeasul・edbytheDynaProinstl・ument・TheDYNAMICSsoftwal，ewLlゝuSedto

Calculate the hydrodynamic radiiofsolution pal・ticles and to estinlate Particle moleculL11・

Weightandl－egularizescatteringdata（table6）．

Crystallization

Crystalswereobtainedat4℃uslnghanglng－dropvapoul・－diffusionbymixlng2．7nlg／ml

RhoBD（69），55mMHEPESpH7・0，23mMKCl，11％PEGlOOO，14％ethyleneglycoland

22mMl”CtanOylsucrose（HamptonResearch）overa500い．1reservoiroflOOmM HEPES
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PH7・Ocontainlng25％PEGlOOOand30％ethylcneglycol・Clustel・ゝOfcry血1l＝1PPeal・edina

fewday＝1ndwereⅧCCeSSivelymicl・O－Seededandmacro－Seeded，WhichgaveⅢ一glecl・y血Js

Ⅷitable fol・difn・aCtion analy…・TypICally，Cl・ystals grew to dimcnsions or（）・7×（）．2×

O・05mnTミinaweek（Fig・30）・

DataCoIIectionandProeesslng．

Crystalswel・e fl狛h frozeninliqしIidnitrogen for山Itこ1COIJeclion・X－rとIydirn・LICtion dLlta

Wel・CCOllectc（lLlt2・（）Al・esolulionu、1ngaRigLlkし1R－AxisIVonと11・OtL111一一giLnO（1egeI－erLllor

（RigakuFR－C）operating乙It50kVand60mAwithCu－K．1l・adiation（入＝1．54178A）LltlOOK

uslngaRigakuCl・yosystem・ThefocussizeoftheX－raybeamwとIS100いn一，andtheheLlnlWaS

fbcuseduslngaSupperdouble－bcuslngmilTOr・Thedif什actiondiltaWel・er”OCeS、eduslngthe

PrOgramS DENZO and SCALEPACK．Eachintensity，［（h k／），WaS eValuated fl－Om the

imagingpJatesandtransfbrmedtotheampJitudeofstructurefactol・，F（hk／），Whereh，k，とInd／

aretherecIPrOCa11atticepolntS・ThecrystalsbelongtotheMonoclinic叩aCegrOuPC2，With

unitcelJdimensionsa＝148・1Ab＝25・9A，C＝39・4A・Atotalol、64，203independent

measurements were mergedtoobtain9，933unlque reflections・TheRnl叩VaIue basedon

intensitydata（1・OGCutOff）was5・8％withacompletenessof94．7％（inthehighest－re甘01ution

Shellof2・07－2・00Awithacompletenessof81・7％andanR■一l岬Of22・6％）・TheI／G（T）rL11iois

3・5fbralldataand2・2inthehighestshell・

Asattempts to findheavy－atOm derivatives had failedbecause oftheirhigh－Ordernon－

isomorphism，WeuSedselenomethionylRhoBD（69）anditscrystaJs，Whichwereobtainedas
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outlinedabove・Thenumbel・Ofmelhioninespermonomerisone・X－mylnten、1tydatawel・e

collectedwithFUJIlargeX－rとIyimage－PlilteS（40（）×800ml一一1）usingゝyllChl・OtrOnrLldiLltiol一と1t

the heamline Bし18B ofthe Photon FLICtOl－y（PF：TsukuhLl，JLIP乙In）・X－r；ly dirfl’LICtionし1LltLI

wel・eCOllected乙1tl・5Arewlutiol一日Ⅲ一gSynChrotronrLldiとItion・Thche、tCry批11、helonglothe

Monoclinic叩uCegrOuPC2，Withunitcell〔1il一一enゝion”［＝148・OA・／フ＝26・1Al（・＝3り・6A

（Tahle7）．ThedetililsortheintensltydLltLIPl・OCeSⅢlgL11－eindicLltedinTLlhle8・

Seleniし11－1l〕OSitions wereidcntifie（lし…ng the SnB pl■Ogl・anl（WeekゝとIn（1Millel・11り9り），

止owll－gthJ・eePrOl一一incntpeLlkゝ・SinceeLIChchLlillOrRhoBD（69）contとIin川nCMcしIhi”eⅧ11

ゝuggeStSOneMetl・esiduehastwoconformers・Ph乙ISeCalculとItio11andheavyとItOl－11・erinenlent

usingtheprogram SHARP（deLと1Fortelleilnd Bl．icogne，1997）resultedin LlrinL1lovel－i111

rigure ormel・it ofO・35fl・Ol－130tol・8A・SoIvent rlatlenlng uSlng the progl・ilm Solol一一州

（Abl・ahaIllSandLeslie，1996）reⅧ1tcdinanelectl・Ondensitymapofgoodquと11ity，intowhichil

nearlycompletemodelw乙lゝbuilt・ThemodelwasbuiltandrefinedthroughL11ternatll－gCyCIcs

using the program O（Jones et al・，1991）and the progl－am CNS（Bl－ungel’et al・，1998），

1・eSPeCtively・Thecurrentl－1Odel，Whichwasrefinedwithcrystallogl・aPhicR、′’l】LLC21・8％（free

R、′こ1．．．。Of24．5％）わ1・allintensitydataとItl．8Al・esOlutibn，includesl－esidues979－1045and979－

1044fol・eaChchainとInd137watermolecules．Asummal・yOfthel－efinenlent血ItiゝticsisglVen

inTable9．ThereiゝnOl・esidueindisallowedl・eglOn”ftheRamachandl・anr）lot”ゝderinedill

thepl・OgramPROCHECK（Fig・31）・Duetoweakelectrondensity，the211・esiduesaremodeled

as Ala．Identification ofknobs－into－holes packinglS analyzed by the program SOCKET

（WalshawandWoolfson，2001）．Accessiblesurfaceareaswerecalculatedusingtheprogl－am
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NACCESS（Hubbard et L11・，1993）・The figures乙Ire di叩1ayed by the progrLlnlS GRASP，

MoJScl■iptandl－astel・3d．

ThecoordinLlteSand舶ucturefactorswi11bedepositedintheRCSBProteinDLltこIBLlnk．
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InteractionsofRhoBD（69）withRhoArevealedbyanautoradiogram・Forcomparison，GST，GST－

RhoBD（941†1075），andtrunCatedformofRhoBD（964，1（M7）arealsoshown，
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Table6

DynamicLightScatteringResults

Protein hT誓Xr E諾d　認慧】慧r§
RhoBD（69）　　　　　　8・OkDa

5mg／m1　　　　　　　　　　　　　　28，8kDa　　　9・4％　　　2・921

2・5mg／m1　　　　　　　　　　　　　　23・8kDa　　　2（）・7％　　　3・939

PKN（7－155）　　　　　　16・5kDa

5mg／m1　　　　　　　　　　　　　　42・OkDa　　14・3％　　　2・（）15

RhoAVlヤGTP†S　　　　　　22・3kDa

lOmg／m1　　　　　　　　　　　　　　　35．3kDa lO．6％　　　（）．964

5mg／m1　　　　　　　　　　　　　　　32．8kDa　　　　9．8％　　　（）．983

RhoBD（69）

＋RhoAV14／GTPγS

5mg／ml（2：1）‡

5mg／ml（1：川：
38．3kDa

30．3kDa　　　　62．1kDa　　　　　8．5％　　　　　2．024

PKN（7－155）

＋RhoAV14／GTPγS

5mg／ml（2：1）‡

5mg／ml（1：l）‡

55．3kDa　　　　67．3kDa　　　17．6％　　　　　3．025

38．8kDa

＊Polydispel・SltyaSa％oftheとIVerageradius・＜15％；amOnOdispersesolution，＞15％；aPOlydisperse

solution．

§TheSOSparametel・rePreSentStheamountofl・eSidualnoiseol－errOraSゝOCiatedwiththeautocol－1’elation

function・＜5・0；Negligible，5・0－20・0；Significantbackgrounderrors，Whichmaybeduetonoisecaused

bysoIventatlowproteinconcentrations，OraSnlallamountofpolydisperslty・

‡samplewasmixed2：lorl：1stoichiometry・
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Fig．30．A亡叩SねlortheR血oBD（6少）弧dHaekers∝doms

（A）Anativecrys払loftheRho－bindingdomainofbovineRho－kinase・Theapproximatedimensionsof

thiscrystalareO・7×0・2×0・05mm・
（B）Thev＝OHaTkersectionsofthe（a）BりVOet（L2）and（b）dispersive（入l－ち）differencePatterson

functions．TheresolutionrangeislO－2・5Åandthecontourlevelis3－2伽with2ointervals・
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Table7

CrystaldataofRhoBD（69）

Crystalsystem

Spacegroup

Unitcelldimensions

Unitcellvolume

Z㌦，

l′′’、．両

Monoclinic

C2

a＝148．0，b＝2（i．1，C＝3り．6A

α＝γ＝900β＝90．30

1．53Ⅹ105A3

2

2．36A3／Da

48％

ThemolecularweightofRhoBD（69）is7，997Da．
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Table8

Intensitydataprocesslng

Native

（入＝1．000）

edge

（入Ⅰ＝0．9784）

peak highremote

（入1＝0．9778）（九、＝0．96桝I）

1（）W rem（）te

（九ヰ＝l・000）

Resolution

凡－、叩㌔1

1．8 1．り

4．5／8．2　　　　二号．5／10．3

Numberor

Measurements　　　139，215　　　26，293

Numberof

Independent

reflections

12，896　　　10，783

Completeness十　　89．0／68．4　　87．7／86．1

Mosaicity o．301　　　0．273

Mean＜ⅣG（Ⅰ）＞・「　18．2／14．8　15．2／9．8

1．り 1．り 1．り

5．6／12．1　　4．5／12．1　　　2．2／4．2

刃，024　　　　ガ，1（11　　　41，り5り

10，924　　　10，り09　　　11，434

談）．3／88．4　　88．5／8（）．4　（ガ．2／80．2

0．420　　　　　0．284　　　　　0．2り0

15．2／10．9　　1二号．9／8．8　　17．8／14．1

＊R”．。rg。＝100x∑lT（h）－＜Ⅰ（h）＞l／∑l（h），Where＜I（h）＞isthemeanintensityfbl’reflectionh・

†Eachpairofvaluesareforovel－all／outersheJl．Thel・esOlutionrange＝）ftheil・outerdlells乙11・e

l・86－1・80Afbrl－ative，1・97－1・90AR）rSe－Metpl・oteins
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Table9

Refinementstatistics

Resolutionrange

〟‖・いt‥：三

月I・r。。§

R．m．s．bondlengths

R．m．s．bondangles

R．m．s．dihedralangles

Numberofresidues

Atomsincluded

1．8A

21．8％（31．4％）†

24．5％（3（i．0％）†

0．00（iA

0．り340

1．0530

137

11，002n）rPrOtein

（174n）rWatermOlecules）

＊R叫＝100x∑JFo（h）－Fc（h）l／∑Fo（h）・

§R血isRcrysIWhichwascalculatedusing5％ofthedata，Chosenrandomlyandomitted

fromthesubsequentstructurerefinement・

■「Bracketsarequantitiescalculatedinthehighestresolutionbin atl．86－1．80A
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FigJl．Ram鋸血血pl鵬㌦RbもD（伊）・
MainchaindihedralangleswereanalyzedwiththeprogramPROCHECK・Thehorizontalaxisind血tes
¢angleaJT）undN血bondandtheverticalaxisindicates中anglearoundCα｛bond・Mostfavoured・

additionaIallowed，generOuSlyallowed，anddisallowedregionsareshadedinred・yellow，1ightye1low，
andwhite，reSpeCtively．Glycineredduesa托Shownastria・1glesandnon－glyceneresiduesareindicated

bysquares．ThelabelsAandaindicatetheregionsforα－helix，BandbforP－Strand，andLandlfor（lL－

helk．
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2．　Results

IdentifleationofRhoAbindingDomain

TheRho－bindingfl・LlgmenthLISbeenl・ePOl・tedLlゝ1・e、idues97（）－1O59inROKαMlしIre、iLlue＼

934－1015inp16（）Iくり（1K，Whichcoll・esPOndstol・esidueゝり79－1O68L111d964－1O450rRho－kinLIW，

re叩eCtiveIy（Leし”lgCtLII・，1995；FujiゝaWLICtal．，1996）．InthiHludy，Llrl・LlgnlentRhoBD（69）、

Whichcover、1・eゝidues979－10470rRho－kinLISe，Wとl、uSedrol・thestl・ucturL11山1die、・Ovel・JLly

aゝゝとIyCXPel●imentゝCleL11－1yゝhowlhatRhoBD（69）hin山toRhoA．TheLlrrinIly（）rRhoBD（69）iヽ

Weakel、than thLltOfRhoBD（135），Which coversl－esidues941－1（）750rRho－kinとlゝC（Fig．2り）．

Thisdi鮎renceintheaffinltyl－1とIybeduetothelackortheN－tel・minalsegment（934－945in

P160一…し’K，964－975）thとItCOlltributestoRho－binding（Fujisawaetal．，1996）．

OveralIStructure

Thecurl－entmodelofRhoBD（69）soIvedathighresolution（1．8A）displaysawell－defincd

StruCtul－e，WhilethreeC－tel－minalresiduesal’eunStruCtured・RhoBD（69）form＝l～97A－long

Parallelcoiled－COilstructure with twolong consecutive helices（Fig．32A），Whilc the

MULTICOILprogrLlm（Wolf，E・etal・，1997）pl－edictsthelowprobilbilitytofol・nlCOiled－COil

Stl－uCturein the C－terminall－egion（1024－1047）．The totalburiedとICCeSSihle surrとICe al・euis

～2900Aコ，Whichsee汀nenOughtobrn－a血bledimer・Thisparallelcoiled－COilstructureis

SimilartotheparaJlelcoiled－COiJstructureoftropomyosin（Whitby，F．G．etal．，2000）rather

than the antl－Parallelcoiled－COilstructure ofPKN and three－helix coiled－COils stl・uCture Of
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arhptinthatisanefltctorofRacandArf（Tarl・iconeetと11．，2001）（Fig．32）．AJ・oot－mean－

Squul－edeviと1tionfbrthe100Cα－Cal・bonatomsoftheRhoBD（69）andtropomyo、iniヽ2．OA．

On the otherhand，SuPerPOSitionofRhoBD（69）and PKNACCイingerdomain showslhLlt

individualheliceshavesil一一i］arl－1ain－Chainconfbll一一ation㍉althoughtheC－tellllinL11reglOn…re

POOl●1ysuperil一一POSed．

Coiled・COiJFormation

InterこICtion㍉inthccoiled－COilorRhoBD（69）と11the N－1el111inと11（り7リー1（）（）2）lLnしIC－1ellllinL11

（1024－1（）44）regionsal－esimi1artothoseinpl・evio肌Iydetermined山uctし11・cヽ01、1eucine／ipper

anddinlericcoiled－COilpl－OteinsencodedbyとIChal・aCteristicsevel＝eSiduerepeこIt（（I／フ”／c／k）‖

（Fig・33）・Thehelicesgenel－allydisplとIyCanOnicalknobゝ－into－holespLICking，inwhichtheゝi〔1c

Chainsat（／anddpoゝitionsformsuccessivelayersandcontact＝lremadewithfourreゝidues

fl・omtheopposlnghelix・Incontl・ast，thecoiled－COilpackingal・OundthemiddlereglOn（1003－

1023）isloose・Knobs－into－holespackingisnotidentifiedbytheSOCKETprogram（WaJshaw

and Woolfson，2001）in this region excluding two positions（residueslOO3andlO20）．

Moreover，theburiedaccessiblesurfaceareaofthemiddlereg10nistwofoldlowerthanthose

OftheN－andC－terminalreglOn・Generally，hydrophobicresiduestendtobeprcsentat（］and‘／

POSitionswithlowaccessibility（＜30％）．Howevel・，theaccessibilityorthe re、idue＝llthese

POSitionsishigh（＞30－40％）inthemiddleregionbecauseofthelooscpacking．

Theinterhelixdistancebetweentwohelicesshowsthehelicesdivergearoundthemiddle

region・Correspondingly，theaveragedB－factor（40．3A2）inthisregionis～2foldhigherthan

8l
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OVel－allB－factor（22・9Aコ）（Fig・34）・lntereslingly，ゝequenCe乙11ignmentamongRho－kinLISeLuld

itshomoIogsshows乙Ininsel－tion／deletioninthemiddleregion（Fig．33）．

In the typ）CalparLl11elcoiled－COilstl・uCtし11・es，hydrogen bondedion p；111・s occし11・hetween

OPPOSitelychargedl●esidue＝ltgLln（1succeedingepositiollS（Whel・epr‖11edenole＝heothel・

Ch乙Iin）・Only one po”ibJeg－tO－e P；11risとIPPL11・entin thc RhoBD（69）coilc（l－COilゝCgnlenl・

Notably，Glu－1027atthe〔1positionmとIke”allhl・idgewithLys－1031LltLllつ0、ition・Ordel・e〔1

SOIvent nlOlecuJes LLl・e nOt Obsel・ved between heJices，WhereAlill・esidue thL11rとIils10filllhe

叩uCe OCCuPleSthe（／po、ition，WhilcsevcrLIJゝ（）1ventl－1Oleculc、inlhec（）iJe（l－COill・eglOn（一r

APCLlreidentiriedbetweentheheJices（DayLlndAlber．，20OO）．

MapplngOf．MutationAnalysIS

MutationanalysISreVealsthatsevel・alresiduesarecriticalfol・Rhobinding（FしtiiゝaWLletLll．，

1996，Leung et al・，1996）・Lys－964and Leu－971mutations（P160Lくり（1K）werel・eported to

Weaken Rhobindingslgnificantly，buttheseresiduesarenotincludedin the curl・ent nlOdcJ

（Numbel－ing scheme col●responds to Rho－kinase（Fig．35））．GlulO40　mulation

SignificantlyweakensandIle－1041mutationcompletelyabolishesRhobinding（P160［く（’（1K）．

DoubJemutationsofGlu－1027＋Arg－1028，Lys－1031＋Gln－1033，andAsn－1036＋Lys－1O37

（ROKα）showedlosゝOfRhoAbinding・Thesel・esiduesarespl・eadinalinlitedl・egionLlrOund

theC－terminus（Fig．35，36A）．

Electl●ostatic potentials ofRhoBD（69）show thatthe negatively and positively chal・ged

I－egionisseparatedintheN－terminalandC－terminalregion，reSPeCtively（Fig．36B）．Inthe
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PKN／RhoAconlPlex，COmPlemental－yelectl－OStaticpotentialexistsattheintel－hce，Whel－ethe

POSitively charged ACC finger domain contacts RhoAin the negatively chal－gedl●eglOn

（Fig・22B）．Thedistributionofthel・esiduescl・iticalfol・RhobindillgisconsistentwiththLltOf

thepositivelychal．gedreglOn．

01igomerieStateofRhoBD（69）

Todetel－minetheoligomeric批1teOrRhoBD（69），WeCarl■iedoutdynamiclightscLlttering

とIndgel－filtrLltion山udies．TheresultsofthedynamiclightゝCLlttellngCXPel－inlCnt＝lreglVenin

Table6．The estimated molecular weight of RhoBD（69）by the dynamiclightゝCLlttering

measurementswere23．8kDa～28．8kDawithl●elativelysmalldispel－Sltyindicatlngthatthe

Particlesinsolutional●ethesamesize．Thisl●esultiゝCOincidentwiththeractthatRhoBD（69）

iselutedat23kDabyagel－nltration．TheseresultsindicatethatRhoBD（69）existsasadimer

OratetramerStateSinsolution．

Moreover，WeCarriedoutdynamiclight scatterlng meSurementSWith amixtureofRhoA

and RhoBD（69），PKN（7－155）and a mixture of RhoA and PKN（7－155）（Table6）．The

estematedmolecularweightofthel：1stoichiometrymixtureofRhoALlndRhoBD（69）was

62．1kDa，Whichisalmost twice asthecalculatedone．Thesel’eSultHuggeゝt thalRhoAand

RhoBD（69）mayfol●m乙12：2conlPlexinsolution．
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3．　Discussion

CoiJed－eOilStruetureinOtherJj：fTbctorProteins

Cl・ystLllstruCtureOfRhoBD（69）havel・eveと11edtheexistenceof、pL11・Ll11elcoile血oil

motifinRho－bindingdomainofRho－kinLISe，aSispl・edictedfromthepl・＝一一とIry叫uenCe・

ThecoiJed－COilan（＝eucinezIPpe1・mOtifsareincreLISlnglyrecognlZe（lLl＝lninlPOl・tLlnl

elenlentOfnumerousproteinゝ・The、enlOtif’s批IhilizesuhunitLlヽゝOCiこ11ion＝ln（1rLICililこIte

OJigomerizaion・Iti川OteWOrthythatthedefinedRho－bin〔1ingreglOll…n一ⅢgmanyRho

effbctol・PrOtein”uCh as ROCKs，Citron and kinectin are a11tbundin reglOn…r

extended oトheIicalcoiled－COilstl・uCtureS although no slgnificant sequcncel一一（）tih

COmmOntOtheseRhoAeffbctol・shavebeenidentified．

MRCK，Closely related to Rho－kinase，have an exlended coiled－COiJdomとIilland

formsatetramel・Ordimerinsolution・Moreovel・，iti…trOnglysuggestedthatthecoiled－

COildomain of MRCK entwines10　form pal－alleJstl・ucture thaldrive MRCK

Oligomerization（Tanetal・，2001）・Itisshownthatkinectinispl・esentindimerby

hydrodynamic nudies（Kumaret al，1998）．Two Rho molecules could bind to theゝe

COiled－COildomains fl・Om bolh sides since the parallelcoiled－COil山uclure contains

Symmetricsurfaces・Infact，tWOantibodiesl・aisedagalnStkinectinattachedatthes乙Ime

regiononoppositesidesofthekinectinmolecule（Kumaretal，1998）・Thissuggests

thatthecoiled－COilisnotantl－Parallelbutparallel，andthemoleculehavlngaffinityfol・
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thccoiled－COildol一一乙Iincunattachonthebothゝides・Toclal呵thi、，f、ul・therexpel・inlent

Wi11berequired．

RhoAbindingModeofRho－kinaseandPKN

Iti、interestlngWhethel・thebindingmo（1eobseJ・vedinPKNiヽ（liヽtinctfJ・OnlthLltOr

Rho－kinase・aSPrOPOSedhyFしtiisawaetとIJ・（1996，1998）LICCOl・dingtothe祀quenC

hol一一OIogy”ldhindingcxpel，inlent・TheheJic乙IIwheelし1i乙IgrLln10rtheC－ter＝一inこ111・egl川I

RhoBD（69）1・eveaJsthatsomeresidues，WhichwouldbecrilicLllrol・RhoA－binding，

COincide with the PKN ACC－finger residues which particIPalein the ContLICt－1

intemctionswithRhoAintheRhoA／PKNcomplexcl・y批正E叩eCiL11Jy，RhoBD（帥）Lys－

1031，Lys－1037とInd Glu－1040coll・叩Ond to PKN Lyゝ－53，＝is－88L＝ld A叩－85，

1・esPeCtively（Fig・37）・ItⅧggeSt＝1－atifRho－kinaseexistasdimel・，ゝOmeintel・aCtions

SinlilartothosefbundinthePKNContact－1couldbeobservedattheC－tell－1inall・eglOn

OftheRhoBD（69）．

Intel・estingly，RhoBD（69）dose not preserve exposed hydrophobic reゝidues

COl・respondingtothosehll11ng…urfacehydl・OPhobicpatchinthePKNACC－ringer

domain to pal・ticIPatein the Contact－2intel・actions with RhoAin the RhoA／PKN

COmPlex・Thesediffbrences，Whichmustpel・turbtheintel－action…tthePKNContact－2，

is consistent with the reported results that rat ROKαdose notinterlもre the GAP－

actlVatedGTPaseactivityofRhoA（Leungetal．，1995）．
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TheROCK－1／KinectinhomoIogyregion（1・esidues980－1002fol・Rho－kinuse）1一一とIyhe

invoIvedinRhoAhinding（Albertsetal・，1998）（Fig・35）・AmutとItioI一山111L申i”hows

thと1taJ・egion（1・esidues934－945inp16OR（）（1K，1・esidues964－9751bl・Rho－kinilSe）neL11・

ROCK－I／KineclinhomoIogyreglOnnlLlybeil－VOJvedinRhobinding（FしIjisこIWLletL11．、

1996）・Thiゝregl（一nCOrr叩Ond、tOtheN－tCrminaJreglOJ－Of、1hecし11l・enl山uctし11・ewith

negLltiveelectl・O血1icpotentials・Thi”eCOndpos扇hJehindingゝiteLl）rRhoAmLlyhe

relLltedtothenluItjpJepl’OPOゝCしIhindingdelernlillとInt…rRho（Fし1ji、と1WLICIL11．，199H）．

Theseohservalion＝ugge…heRhoAbindingmodeorRho－kinLlゝCl一一Llyhedirltl℃nl

fromthatofPKN，WhilethesetwobindingmodeゝinvoIvlngα－1－elicaldoImlin，Whichis

diゝ1inctrromtheCRTBdomainsforCdc42andRac．
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IV．　Conclusions

TheRhoA／PKNcolllPJexstructurepl・esentedrevcahthLltPKNhLISこInOVeJentc101・domLlin

hl・Rho・WhichisdislinctfronltheCRIBdonlilinゝft）rCdc42LlndRLIC・ThisPKNACC－ringel・

domLlinbindsRhoALlltheRhoDR”OntainingSwitchI，β－血1ndsB2／B3，LlndtheC－tC1111inL11

α－helixA5・The叩eCificitydetel・1－1in乙11－tl・esidue川fRhoLlrelocLltedこItL11）theRhoDR＝lndLll℃

difltl・ent fl・onlthe叩eCificity dete川IinLlnt reSidues ofCdc42und Rac・Thuゝthe pl・e、Cnl

山uctul・Cillu拙l心thevLu・iouゝWayゝthL11theRhorL”lilynlel一一hcr＝）r川”lJGI－1・oIcin、inlel・LICt

Wilh theireffヒctol・Pl・OtCins・Wc hと1Ve also shown that the ACC－ringcl・don一とIinis widcly

COnSerVedinrhotckinとIndrhophilin・Sequence；1nalysiゝbとISedonthestl・uctul・eⅧggeゝtSthLll

PKN hastLlndemly－l・cPeated ACC－fingcl・dol－1ain←at thcN－tel111inaIregulとIIory reglOn・Thc

PreSentnl・uctureprovidcsaclし1etOtheanalyゝ1SOfthenlultipleRhoA－PKNintcrLIClion烏inih

utilization ofmultipJe effbctordomain＝1nd，POSSibly，din七11entbinding su血ces on the G

Pl●Otein．

Themostcommonmechanisn－Ofeffbctol・aCtivationbysl－1allGpl・Oteinsisthoughttobc

the disruptlOn Ofintl，aI－1Olecular autoinhibitorylntel・aCtions，tO eXPOSe functiondldomains

（BishopetaJ・，2000）・PKNとIndRho－kinLISehaveとIlゝ（）beenrepol・tedtocontainautoinhihitol・y

donlainゝ・Al，eglOn Orthe Rho－kinase aし1tOinhibitory donlilinincludeslhe RhoBDこInd PH

domainゝ（Amanoetal・，1999，2000）・InthecaseofPKN，thebindingofRhoappeと11・ゝtOCO－

OPerate Withbinding oflipids such as arachidonic acid and with auto－Phosphorylation to

removeanauto－inhibitorylnteraCtion・TheseinteractionsfullyactivateitsproteinkinaseC－

り3



likekinLISedomain（KitLlgaWaetal．，1996，Yoshinagaetと11．，1999，PL11merclと11．，1995h）・The

PreSent山ructし11．eCOuldr）1’OVideacluetotheaclivationnleCh乙IniⅢ1Of、pKN，Ll＝111111とlゝkingLlnd

乙ICtivatlngCLltalytlCdonlLlill．

Recently，the机ructureofp2トとICtivLltedkinasel（PAKl）thatisl■egulとItedbyCdc42（汀Rac

hLISbeen soIved（Leiet LIJ．，2000）inLln LlutO－inhibited血11e．Its吊l’しICtureⅧgge、IslhLllLILIl（）－

inhibitory批1teiゝaChievedbydinlel’ization．TheⅦlallGTPasehin（lingI－1aytllggCrとl、Cl●ie＝）1’

COnfornlationaJchanges，heglnnlng With di甘uPtlOn Or the PAKldilllel．・11iゝ（）rinlerc＼l

Whethel・cOnforl一一utionこ11chLlngeゝinvoIving（1iI一一Cl・し1i、ゝOCiLltionwouldoccuI・in Rhいトkinとl、C（）l・

not．Ful●thercrystallogl－aPhicinvenlgationofRhoBDcomr）1exedwilhRhowillhercqulJ．eし11o

understanddetailedmolecularrecognltlOnmeChanismorRhohyRh（トkinLISe・
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