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要旨

低分子量0黄白質は分子量2万から3万のm結合蚤自質の総称であり，アミノ酸′
配列の類似性からRas，Rhoなどの数種類のファミリーに分類される。いずれも
Mg2＋の存在下でGTPとGDPに強く結合し，GTP結合塑とGDP結合型の間の大きな
コンフォメーション変化を利用して異なった標的蛋白質を認識する。Rboは主に
細胞骨格や細胞接着に関わる。我々はRhoファミリーの構造的特徴を明らかに
し，標的特異性の決定機構を解明するために恥OAとmアナログである叩と

の複合体の結晶構造解析を行った。初期位相の決定は路Ras－GP脚を用いた分子
置換法によって行い，構造の精密化により最終的に分解能2．4Å，R＝19．5乳
R鮎。＝加．8％の構造を得た。Rhoファミリーの賓自質はRasファミリーと比較して13

アミノ酸残基の挿入があるが，この部位が1つのαヘリックスを形成することが明

らかとなった云H－Ras－GTPの構造との比較により，SwitchIとSwitchⅡ，及びそ？
中間の逆平行βシートの3箇所に大きな構造の遠いが見られ，これらの領域が肋
ファミリーとRasケァミリーの標的特異性を決定することが示された。また，

RhoA－GDPとの構造比較によって，RhoAのSwitchIはAsp28からAla44，SwitchⅡは
Gly62からL引鷹ゅであることが判明し，スイッチ領域以外にはほとんと構造の変化
が見られなかった。RhoAとRaclはそれぞれRboサアファミリーとR拡サブファミ
リーに属し，アミノ酸の同一性が56％である。R拡1－GP押貯との構造の比較の結
果，Swi比血Ⅰ付近Ⅳd33一皿由6）と13アミノ酸残基の挿入領域付近（血n123－Gh13’6）に
比較的大きな主鎖の動きが集中していた。これらの領域はR拡1の標的賓自質であ

るp67phoxの認識領域とも－敦することから，標的特異性への関与が考えられるo
mの認識はH－Rasと類似していたが，糖と塩基め2つの水分子を介した認識に違
いが認められた。このような認識様式はRaclにおいても観測されており，Rhoフ
ァミリーに一般的な特徴であると考えられる。RboAはボツリヌス菌のC3毒素に
よってAsn41がADPリボシル化されるが，Asn41がAsn39として保存されるRaclで

は行われない。Asn41の周辺を見ると，RhoA－GTP†SのPhe39は溶媒領域に突き出

していたのに対し，Racl－GPPNPの相応する馳e37は分子の内側に埋もれていると
いう大きな違いが見られた。今回の構造解析により，GDP型，そしてGAPとの複
合体である遷移状態型と合わせ，全てのヌクレオチド結合型の構造解析が行われ
たことになる。また，RhoAはRasファミリー以外で唯一スイッチ領域が決定され
た低分子量G蛋白質でもあり，今後のスイッチングに関する研究の指標になるも
のと思われる。
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Imtroduetion

Basedonsequenceandapparentfunctionalhomology，thesupe血milyofRas－related

SmallguanOSinetriphosphatase（GTPase）proteinscanbesubdividedintotheRas，馳0，Ran，

Rab，A氏SarandRadfamilies，Withmore払miliesstilltobedefined（WittinghoferandNassar，

1996）・RhoisasmallGTPasethatwas血stpurinedfrommammaliantissuemembrane

（YamamOtOetaL，1988）andcytosol（MoriietaL，1988）fractionsandwasidentinedasthe

geneproductoftheTuShomologuegene，Tho（MadauleetaL，1985）．Rhohasthreemammalian

isoformS，馳oA，馳oB，andRhoC，thatexhibithighsequencehomologywith83％identities

（Symons，1996）・RJlOCyClesbetweenGTP－boundandGDP－boundformsinasimi1armanner

asRasandothersmal1GTPases・TheleveloftheactiveGTP－boundformisregulatedbyits

OWnguaninenucleo也dedissociationinhibitor（GDI），guaninenucleotideexchangefhctor

（GEF），andGTPaseactivatingprotein（GAP）．TheinterconversionbetweentheGTP＿b。und

andGDPJboundfomuallowsRbotoactasamolecularSWitchthatregulatesintercellular

Signalingpathway（Rg・1）・馳oisimplicatedinthecytoskeletalresponsestoextrace11ular

Signalsincludinglyspphosphatidicacidandcertaingrow血factors，Whichresultinthe

鱒rmationofstress丘bersandfocaladhesion（Maches桓etaL，1996；Narumiyaetal．，1996；

TakaietaL，1995）・RecentisolationandcharaCterizationofputativetargetproteinsforRbo

fromthebovinebrain（KirrmraetaL，1996；Matsuietal・，1996）haveledtoapossible

rMhamismbywhichRboregulatescytokinesis，Cellmotility，OrSmOOthmusclecontraction

（AmoetaL，1996a；Amoetal・，1997；ChiharaetaL，1997）．Theseproteinscontainthe

叩OSin－bindingsubumit（MBS）madeupofmyosinphosphataseandnovelserineNlreOmine

kinase，馳0－kinase，thathasbecnshowntophosphorylateMBStoinactivatemyosin

Phosphataseandalsotophosphorylatemyosinlight－Chain（MLC）．Accumulationof

PhosphorylatedMLCinducesaconformationalchangeinmyosinⅡthatincreasesitsinteraction

Withactinandenablestheformationofmyosin負1amentS（TanetaL，1992）・ThsmyosinⅡ

activadonpromotesneuriteretracdoninNIE－115neuroblastomaceus（AmoetaL，1998）．
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Rho－kinasealsophosphorylatestheC－terminalthreominesofezrinhdixinhnoesin（ERM）

PrOteinsandregulatestheirhead－tO－tai1鱒SOCiation（Matsuietal．，1998）．Rbo－kinaseisidentical

toROKfromtheratbrainO・eungefal・，1996）andp16PROCKfrom匝manⅡ旭gakary∝ytic

leukemiacells（Ishizakietal・，1996；Ishizakietal・，1997），Whichammembersofagrowing

血milyofserinehonineproteinkinase岳thatinclude叩OtOnicdystrophykinase・Recently，

P160ROCKmediatesRhoAactivationpathwayregulatingfocaladhesionandstressfiber

formationviaNa－Hexchanger，NHEl（Tominagaetal・，1998）．OthertargetPrOteinsforRho

COntainproteinkinaseN（PKN）（AmanOetaL，1996b；Watanal）eetal．，1996），Rhqphilin

（Watanabeetal．，1996），Rbotekin（Reidetal．，1996），andCitron（Maduleetal．，1995）．Ithas

becnshownthatCitronlocalizesatthecleav？gefurrowandmidbodyofHeLace11swithRhoA

toregulatescytokinesisduringmitosis（Maduleetal・，1998）・Further・Signalingpathwaysfor

actinpolymerizadonhaveappearedtoinvoIvephosphaddylinositol（Ptdhs）4－Phosphate5－

kinase（Renetal．，1996）andp140mDia（Watanabeetal．，1997），aSdownstreamefftctors．

Rbohastworelatedsmal1GTPases，RacandCdc42，thatarealsoinvoIvedinregulatingthe

Organizationoftheactincytoskeleton，Whereasthecellmorphologicaleffbctsinducedbythese

GTPasesarecleadydi脆rentinappearanCe（抗g．2）．Racregulateslame皿ipodiumfomionand

membranerufning，andCdc42regulates負lopodiumformation．Racisalsoknowntobe

invoIvedintheactivationofNADPHoxidaseinphagocytes（Aboetal．，1991）．Rachastwo

mammalianisoforms，RaclandRac2，thatexhibitahighsequencehomologywith90％

identities．RacandCdc42alsoshareaSignincanthomologywith68％identidesand，aCtuauy，

bindtosoⅡ旭COmmOntargetPrOteinsforac也vation．Rho，however，eXhibitsarelativelylow

Simi1aritytoRacandCdc42．Thesedi鱒托nCeSinsimi1arityarethoughttobeessentialforthe

activationofseveraldownstreamtargetPrOteinsofeachsm仙mase，althoughwedonotyet

understandthemolecularbasisofthespeci丘cities．Recentstudiesshowedthatthesesmal1

GTPasesregulatetranSCriptionalregulationthroughsuchassemmresponseractor（SRF）or

nucleartranSCdptionfactor－kB（NF－1d）（Hi11etal．，1995；Peronaetal．，1997）・Basedonthese

di飴rences，RhoA，RhoB，andRhoCarehemafterreferredtoastheRbosubfami1y，andRacl，
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Rac2，andCdc42astheRacsubfami1y・Th占kh6－bhdihgdomainsofthetargetPrOteinsconsist

Oflessthan100residuesandhavebecnclassifiedintoatleasttwomo日蝕（MatsuietaL，1996；

Fttiisawaetal・，1996；FqjisawaetaL，1997；ⅤanAelstandDISouza－Schorey，1997）．Theclass

lofthe馳0－bindingmotifischaraCteri2dasapolybasicreg10nfo1lowedbyaleucine－ZIPPer－

1ikemotifahdisfoundinPKN，PRK2，Rhophilin，andRbotekin・Rho－kinase瓜OKα，

P160ROC札収OKβ瓜OCK－IIandCitronmakeupanOtherclassofthe馳0－bindingmotif；class

2，thathasaputativecoiled｛OilmotiflocatedattheC－terminusofthesegmentthatissimi1artO

myosinrod・Sorr妃PrOteinssuchasMBSorp140mDiaarenotyetclassined．Itisof

COnSiderableinterestthatthesesequencesoftheRbo－bindingdomainshavenosimi1aritytothe

bindingdomainofanaCtivatedCdc42Hs－aSSOCiatedkinase（ACK）（ManSeretal．，1993），a

P21（Cdc42Racl）－aCtivatedproteinkinase（PAK）（ManSeretaL，1994），OrtheRas－binding

domainofRaf－1（FabianetaL，1994）．

Rhoandtherelatedsmal1GTPasesarethemostcorr伽ntargetSforbacmialtoxinsandare

Ofm年iori叩OrtanCefortheentryofbacteriaintomammalianhostcells．Itiswellknown

VariousbacterialtoxinscanmOdifyRJ10byADP－ribosylation，glucosylation，anddeamidation．

ThesetoxinsaLeClassi負edintothreefami1ies，C3－1ikeexoenzymeSSuChasaosiridim

botulinumC3ADP－ribosyltranSferase・largeClostridialcytotoxinssuchasC70Stridium

toxinsA，andRbo－aCtivahgtoxinssuchasEFCherichidcolicytotoxicnecrotizingfhctors

（CNFs）（Abories，1997）・TheC3－1ikeexoenzymeSaCtOnme血bersoftheRhosubfami1y，but

mostofthelargeclostridialcytotoxinsinactivateal1membersoftheRhofami1y・TheRho－

activahgtoxinsactivatemembersoftheRhosubfamilyandCdc42・NoactivityforRas，Rap，

andRanhasbeen托pOrtedforthebacterialtoxinsofthesethreefami1ies，but

SOnおIliHT・OneOfthelargeclostridialcytotoxin，isknowntoinactivateRasandRap・Tbereis

nointerpretationfortheseemergingdi飴rencesinthespecificityofthesmal1GTPases．Hence，

itbecomesessentialtoexaminethethrec－dimensionalstruCtureSOfR血otounderstandhowtheir

intemctionswiththetargetproteinscontrolthevarioussignalingprocessesandhowthe
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modificadonbybacterialtoxinschangetheacdvitiesoftheirtargetGTPasesforbacterial

invasion．WereportherethecrystalstruCttmOfrecombinanthumanRhoA，Whichis

dominandyac也vatedwithsdbstitutionofGly14byvaline（RboAV14）肝ig．3），COmPlexedwith

GTPanalogue，guanOSine5’－3－0－（thio）－triphosphate（GTPYS），andwecompamitwiththe

StruCtureSOfH－Ras，RhoA－GDPandotherrelatedGTPases．
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SmauGTPasescyclebetwe6nGTP－boundandGDP－boundbrms・Usuauy，thiscycleis
regulatedbyGDIs，GEFs，andGAPs．nLeGTP－boundformcaninteractwiththeirdownstream

血g引md∝ules．

－7－



Focaladhesions瓜ho）　　Lamellipodia（Rae）

Focalcomplexes（Rac，Cdc42）　Filopodia（Cdc42）

St

Fig．2．CellmorphoLogiesinducedbytheRhorhmitysmallGTPases・
neRhofamilysmal1GTPasesareinvoIvedhregulatlngtheorgamizationoftheactin

cytoskeletonandthece11adhesionmolecules・meRhosubfamilyandtheRacsubfamilyshow
differentcellmorphologies‥RhoA，RhoB，andRhoCregulatethe放）rmationoffocaladhesions

andstress鋭bers；Racl，Rae2，andCdc42regulatetheformationoflamellirx）dia，航lopodiaand

focalcomplexes・
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RhoAiscomposedby193residuesandhasa13－reSidムeinserhonregionwhichisuniquetothe

RhofamilyGTPases・Theotherconsensusreg10nSareCOmmOntOal1smal1GTPases・RhoAhasa

prenylationsiteatitsC－terminus・Thisregionwasomitted触mthe鮎gmenthrcrystallization

becatBebfitsfLe裏biuty．ItisknownthatthemutationstoGly14andQln63remarkablyreduse

GTPa服aCtivity・Inthisstudy，Gly14ismutatedtoV山・
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Materials．and me仇ods

Preparation and crystalli2：ation ofRhoAV14

Tbecloning，e叩托SSion，andpmificationofthedomhantlyactiveformOfrecombinant

human馳oAV14complexedwithGTPySandMg2＋werecamiedoutaccordingtothemethods

describedpreviously（K血uraetaL，1996；Matsuietal．，1996；AmoetaL，1997；Amanoet

aL，1996b）・AtrunCated（residuesl－18loutof194）RhoAV14whichexibitsabouttentimes

lowerGTPaseactivitytothewildtypeOneWaSClonedinthevectorprasmidpRSETB

（Phamaci4），eXPreSSedasHis－taggedprotein，andpurifiedbycolurrmchromatographyusing

Ni－NTA－agarOSe（QIAGENhc・）andMonoQ（Phamacia）．Duringthepurincation，1mM

MgC12WaSaddedtothepurincationbu飴rs・ThepurifiedproteinwasamixtureofGDPand

GTPform・ExcessamOuntSOfethylenediamine－N，N，N一，Nl－tetraaCeticacid距DTA）and

GTPYSwereaddedtoasolutionofthepurinedproteinandgel－mtratedtoremoveunbound

GDP，GTP，andGTPyS・The舟actionscontaimingtheproteinw甲COnCentratedbycemicon－

10（A血conInc・）forcrystal1ization・TheresultingsamPle，uSedinthisstudy，isveri鮎dwith

matrix－aSSistedlaserdesorption＾0mizationtime－Of－flightmassspectroscopy（MjuDI－TOFMS）

（MS－ELITE，PerSeptivehc・）andN－teminalanalysis（M492，AppliedBiosystems），Which

ShowedthespontaneOuStrunCationofN－teminalHis－tagduringthep托parationandone

additionalserineresidueattheN－teminus．

Crystalswereobtained・at40cbythehanglng－dropvapwdi触sionmethodfromsolutions

COntaiminglOpghnlhoAV14－GTPYS，50mMTris－HClbu脆r，PH8．5，10％PEG8000，7．5

％1，4－dioxaneequilibratedagainstlOOmMconcentrationofthesamebu脆rcontaining20％

PEG8000and15％l，4－dioxane・Plate－1ikecrystals（FormA）grewwithinafewdaysandwere

foundtodi飴actupto2・4Åresolution・Thecrystalsbelongtospacegroupp21212（a＝62．02

Å，b＝74・78Å，C＝50・52Å），Withonemoleculeintheasymmetricumit（Seebelow）．Another
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hexagonalczystalform肝0rmB）wasalsoobtainedfromsoludonscontaininglO

RhoAV14－GTPYS・50mMsodiumacetatebufhr・PH4・6，10％2－PrOPanOlequilibratedagainst

l00血ofthesamebu脆rcontaiming20％2－PrOPan01・Crystalshadhexagonalortrigmal

1atdceparam触rswitharatherlongcaxis（a＝b＝60・80Å，C＝214・56Å）anddif＆actedat3．0

Å・馳oAV14－GDPcrystalswerealsoobbined加msoludonscontaing3mghnlRhoAV14－GDP，

50mMCiBatebu肋・P＝5・0・0・6MLi2SO4，5％PEG400equihbratedagalnStlOOmM

COnCen旭ionofthesamebu肋contaimingl・2MLi2SO4andlO％PEG400・Thecrystals

Werefoundtodif＆actvto2・2Åresolutionandbelongtospacegroupfq3212（a＝91．40Å，b

＝91・40Å・C＝56・62Å），Withonemoleculeintheasymetricumit．

ThestruCturalanalysiswascamiedoutuslngFormA・htensitydatawereconectedat10。c

uSlnganR－A部bimaglngPlatedetectorwithCuKαX－raySgeneratedbyarotadnganOde

RU－300H（RIGAKU，Jq）an）・Thedi飴actiondatawereprocessedwithPROCESS

（RJGAKU）・Eachintensity，4hkD，Ofdatawasevaluatedfromtheimagingplatesand

tranSformedtotheamplitudeofstruCturefactor，F（hkの・Weobserved6l，579reflect血s

COntaing8；683unlquereflectionswithacompletenessof89・3％andRmqge＝8・75％・The

reliabilityoftheda（a・Rmerge，isd血edby，

尺m叩
∑匪賊ト〈叩蹴）〉I

∑ム（肋）　’

Whereh（hkOisthei－thmeasurernentand叫hkO＞isthempanOfthemeasurementsof

reflectionhkl・ThetypicalvalueofRmezBelSunderlO％．

Anestidionofthenuniberofmoleculesperunitceu・Z，Canbemadebya％v血which

istheradooftheumitcellvolumeandthemolecularweight即atthews，1968）・TbetLvalueis

glVemby，
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Vm＝

Ⅴαll

MwZ，

Where佐e11isthevolumeoftheumitcellandMwisthemolecularWeightoftheprotein．1L

valuesusuallytangebetwecnl．7and3．5Å3／Daforproteincrystals．TheRboAVli－GTPYS

CryStalwasestimatedtocontainonemoleculeintheasyⅡlmetricunit（Z4）withalもValueof

2．77Å3／Da．ThesoIventcontentofthecrystal，V；。1v，iscalculatedfromVhvaluesby，

V5。IY＝1－

1．23

Vm’

andthisschemegaveO．56fortheRhoAV14－GTPYScrystal・AsummaryOfthecrystaldatais

glVeninTablel，andasuⅡ皿aryOfthedataprocesslngStatisticsisglVeninTable2．

Structure determiJlation and refinement

肋Jβ¢〟ねr r甲ね亡β肋β〃f

TheelectrondensityP（研）ofthecrystaliscalculatedwithstruCturefactors，F（hkl），by，

pk搾）＝与∑∑＝F（勒xp卜2花物＋砂・軌

F（脱）＝印旭）exp【血（舷g）】，

and，

〆ヴ必）＝呼必），

wherex，y，andzarerelative’coordinatesintherealspacemitcell，andh，k，andlarethe

recIPrOCal1膿icepohts・TheX－raydi放actionexp血ntsgiveonlytheamplitudesofstruCture

factors，F（hkO．Todbtaintheelectrondehsity，thephaseanglesofstruCturefactors，α（hkl），are

needed．Thereamseveraltechmiquestoobtainproteincrystalphasesuslngheavyatom
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lSOmOrPhousrq）1aceInentm曲od，anOmalousscatteringmethod，OrmOlecularrePlacerrmt

mβ血od・memOlecularrqlacementmethodcanbeapphedifthestruCtureOftheproteinor

homologousproteinshavealreadyestablished・WithoutphaseanglesofstruCturefhctors，the

Pattersonfunction，P（uvw），CanbecalculatedbyFouriersurrmationwithintensitiesas

P（抑）＝妄＝〆（肋糎os【叫ゐ〟・加＋岨

Whereu，V，andwarerelativecoordinatesinthePattersonce11，Whichhasdimensionsidentical

totherealcell・ThePattersonfunctioncanaltemativelybewrittenas，

タ（叫＝∝】lP（Ⅹ）p（Ⅹ＋叫血．

T鮎sequationⅡ旭anSthatthePattersonfunctionwillhavealargevalueonlyifthepositionsx

andx＋ubothrqresentatomicpositions，thatiswhenuisaninteratomicvector．ThePatterson

function・therefore，rePreSentSamaPOftheinteratomicvectorsincludingself・VeCtOrSatthe

Origin・IfarealumitcellcontainsNatoms，thecorrespondingPattersonmapwillshowN（N－1）

peaksarOundtheorigin・AlargenumberofNsuchasproteinsglVetOOmanypeakstointerpret，

SOitisimpossibletodeterminethewholestruCture＆omthePattersonfunction・However，

moleculeshamingasimi1arshapeShowsimi1arPattersonmapsandtheknownproteinmolecular

StruCturefromitscrystallinearrangeⅡ脱tCanbetranSferedtothecrystaloftheproteinfor

WhichthestruCtureisnotyetknownbyBttingthePattersonfunctionstogether．Thisisthe

molecularrq）1acementmethodandinvoIvestwosteps：rOtationandtranslation（RossmaJmand

Blow，1962）・Atfirstrotationmatrix，【C］，isnecdedtodeteminetomaximizeanOV

functionR（C）de丘nedas，

尺（C）＝㌔伽）Pm血l（【C】叫血l．

P（u）isthePattersonfunctionofunkn0wnStruCture，Pm。del（［C］u）isrotatedPattersonfuncti。n

OfthemodelPattersonfunctionPm。del（u）bymatrix［C】，andUisthevolumeinthePatters。n

mapwheretheself－Pattersonpeaksarelocated・CorrectmatriⅩ【C］willgiveamaximumvalue．
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Inthenextstep，tranSlationvector，m，Canbedeterminedto 皿0血訂0Ⅵ汀l甲山n（血on

乃（m），atranSlationfunc也on（CrowtherandBlow，1967；Crow也訂，1972），de血edas，

r2（m）＝y彗叫Pm血l（m，u）血．

Itresultsinpeakscorrespondingtoal1possibleinterm01ecularVeCtOrSintheunkn0wnStuCture．

Themo血1struCtureCOntainsthesamenu＝iberofmol∝ulesastheunkn0wnCryStalstruCttm

hasinitsmitcell・Pmodel（m，u）iscross－Pattersonfunctionbetweentheal1moleculesexisting

inthemitcell・Pmdd（u）iscreatedfromthemodelstruCturebyrotationmatrix【C］，andmis

thepositionvectorofoneofthemoleculesexistinginthemitcell・Thepositionsoftheother

moleculesarecalculatedbycrystallographicsymetryOperationstom

Relial）ilityofthesolutionsarejudgedbycalculatinganR－factor，R，Orthecorrelation

COefncient，C，definedas，

尺＝
∑脾（Obs）トた岬（Cdc）ll

∑世（Obs）Ⅰ
9

た＝
∑lF（Obs）】岬（Cdc）l

∑（IF（dc）1）2’

C＝

and，

∑（lF（Obs）J2－JF（Obs）f2）（）F（Calc）l2－JF（Calc）l2）

［∑（lF（Obs）I2－1耐）2∑岬（d。）ト南扇評）2］l′2●

BothscheⅡ旭SgaVetheagrecmentindexbetweencalculatedstruCturefactors，F（Calc），and

ObservedstruCturefactors，F（Obs）．TheR－fhctorincludesascalefactorkfortheintensities，but

notforthecorrelationcoe丘cientandisscalinginsensitive，SOthecorrelationcoeficienthasan

advantageOVerTheR－fhctor・Inthere血eTe吼TheR－factorhastobeminimizedandthe

correlationcoe負cienthastobem血d．

TheimitialphaseswerecalculatedbymolecularrePlacementwiththeprogramAMoRe
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（Navaza，1994）usingasearchmodelbasedonthestruCtureOfhumanH－RasmoteinData

Bankcode5P21，BrookhavenNationalLaboratory），WithwhichRhoAshamsa27．5％

identity・Atthesame血批，SeVeralsearcheswithapolyalminemodelwereperformedwithX－

PLOR（餌ngeretal・，1990）・Abrcalculationsofpossiblefourspacegroups，P222，n221，

P21212，n1212l，bothmethodsgavethehighestcorrelationcoeBcientandthelowestR－fhctor

WhenthecrystalbelongtoP21212・AsummaryofthesolutionsofrotationandtranSlation

functionbyAMoReisglVeninTable3．

肋ゐJあ〟f肋乃gαルオr所〝g椚g〝J

ThemodelobtainedwasdividedintothesecondarystruCtureeleⅡ蛤ntS，andagam，rigid

bodyrehementswereperformdwithX－PLOR・鮎gidbodyrehementistheprocessof

reAningthepositionsofrigidgroupsofatomsagamsttheobservedaqlitudesandthisisoften

doneasa触ts鱒pinare血ementprocedureabrthemolecularrq）1acementprocedurehas

glVenStartingvaluesforthepositionandorientationofthemodel・Theproteinmodelisdevided

intooneormoregro叩SandeachgroupaLere血edthesixparameterS，threerotadonsandthree

tranSlations，aCCOrdingtotheR－factorsorthecorrel如ioncoefficientsdescribedabove．

FollowedbyrigidbodyrefineⅡ耽tS，SOIventflattemin帥istogrammatChingwith

DM（CowtanandMain，1996）werealsoperformedwiththesoIventcontentof56％．SoIvent

触temingisbasedontheassu叩donthatastruCturefhctorfromcrystalisasummationofthat

丘omproteinandsoIventreglOnS，

Fc坤1＝Fprokin＋F紬IY卿

andonecangetimprovedFcrystdbyrefiningnotonlyFprotdnbutalsoFsoIvent・Inthehighly

refinedproteincrystalstruCttmS，itisknownthattheelectrondensitymapofthesoIventregion

isratherflatco叩aredtoproteinreglOn・Exceptaroundthepmtein，thesoIventhasadynamic

natureanditstirw－aVeragedelectrondensityhasalowconstantValue・Iftheproteinregioncan

beidentined，therestdensityshouldbesettoalowconstantvalue・A肋soIventflatteming，

neWStruCturefhctoramPhtudesandphasesamcalculatedusingFouriertranSformofdensity
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andthenextelectrondensitypapiscalculatedwiththeseimpmvedphaseangles・hthisstudy，

themolecularenvelopearOundtheproteinwasde丘nedbyvisualinspectionfromthe

Prehminaryelectrondensitypapusingthem∝klphascs・fhstogrammatChingisanOth

methodwhichmo血丘estheelectrondensitymap，andbasedontheempiricalfhctthatelectron

densitymapsOfwe11Trefinedproteinshavesimilarhistogramstoeuhotherwhentheyhave’the

SamereSOlutionrangeandsimi1arSOIventconteds・Tomakethehistograrn，atfirstthegrid

POintsoftheelectrondensitymaparegrOupedbytheirdensitysi2X：Sintothesameiderval

rangeSand，neXt，thenuniberinthesamerangeiscounted・Obtainedhistogramis丘ttedontothe

idealhistogramWhichiscalculatedunderthesameresolutionrangeandsoIventcontent・

modinedelectrondensitiesareputbacktothegridpoints，andnewstruCture払ctcws

Calculated・Inthisway，fourreglOnSOfinsertionsanddeletionswereinspectedontheresulting

2Fo－Fcmapthatwasgeneratedwiththeprogram0（JorLeSetal・，1991）・2Fo－Fcmapisthe

Calculatedelectrondensityusing2肝（Obs）l一肝（Calc）lasFomiercoefncients，Writtenas，

p如）＝寺∑【叩仰S）トIF（叫l】exp卜加g（如砂・吻・ぬ（叫】，

wherea（Calc）arethephaseangles血culatedforthembdel・T出smapcanberegardedasthe

sumOftheelectrondensityofthembdelandofadifFbrenceelectrondensityatnormiheight

andprovidesinformationsfortheunkn0wnStruCtureSWhicharenOtincludedorarewrongm

themodel．

ThestruCtureWaSbuiltandre負nedbythemethodofsindatedamealingthroughalternating

cyclesusingtheprogram0andX－PLOR，reSpeCtively・Sim山atedannealingisusingmolecular

dynamicst∝hnique，inwhichthedymamicbehaviorofasystemofparticlesissim山ated・This

simiationyieldsanensed，leofstruCtureSthatisenergeticauyallowedforglVentemParature

andpressure・TbeenergyofthestruCttmSdistributefo1lowedbyBo12mam－slaw，Whichstates

thatthenumberofstruCtureSwithapotentialenergyep。tisproportionaltoexp［－epoJkoT］；kbis

Boltzmann・sconstantandTistheal）SOlutetem匹rature・Thepotentialenergydependsonthe
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reladvepositionsoftheatomandiscalculatedonthebasisofknownPOtentialenergy

functions・AmoleculardynamicscalculadononamoleculestartswithasslgmngtOtheatoms

Velocitiesderived如maMaxwe1loandis扇butionatanaPPrPPriatetem匹rature・Attimu＝0，

theatomsareinastartingcon丘guradonthathasapotentialenergyEb。tfortheentiremolecule．

Oneachatomiatpositionri，andmassmi，tWOforceswhicharecalculatedbasedonthe

derivativeofthepotendalenergyandNewtomianm血micswillbeequal，

一旦，。t／r戸椚f（d2r／が）．

A触rashorttimestepAhuSuanyinthelO－15secrange，theprocessisrepeatedwiththeatoms

inthemewpositions，andthiscycleisrepeateduntilち。treaChestothemimirrmm，uSual1yafter

lO3－104tirws・血tualfuncdontobemimimizedisthetotalenergyofthesystem，Q，Which

includesacrystallographicdiscrqanCytermEkasapsudo孤ergyandapotentialenergyEhot

fortheentiremoleculecalculatedbothasaboveandbelow，

e＝gx＋g，。t，

Wbere，

gx＝Wx∑【岬（Obs）ト可F（C此）l】2，

and，

g。。t＝gb。nd＋ち。nd叫k＋gt。血＋範肋仙＋β，独血W血†ちl血血。．

WxisaweightingfactorwhichcontroIstherelativecontributionofthepotentialenergyandX－

raypsudoenergyanddirectlydeteminedbyoptimizingthe鮎eR－factor（Brhger，1996）・ちot

includesthepotentialenergleSOfbondstretching・Ehond，bondanglebending，Eho血Iangle，

torsionpotentials，Etorsion，VanderWaalsinteractions，札anderWaais，andelectrostatic

poten血1s，ち1。Ctr。S融c．

Theregionswerepoorlyd血edintheresultingmap・The丘rstisattheloopandβ－Strand

residues，Asp28－Gly50・WhichcontaintheswitchIreglOnCOnneCtedtostrandB2，andthe
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secondisattheresiduesoftheswitchⅡreg10n．AllresiduesinthesereglOnSWemrebuilton

theiromitmaps・0mitmapis2Fo一托mapcalculatedwithamddwhich・isexcludeddoubtfu1

reg10nSandintroducedslightrandomshiftstoreducemodelbias・StruCture＄OfthesepartSWeqe

foundtohavelargedisplacementsfromthoseofH－Ras（SeCteXt）・Tbelastisattheinserted

residues，Glu125－Glu137，Whichisspeci丘cforme血bersofdleRho－fami1y・Afterseveral

CyClesofrefinementsincorporatingsoIventwatermoleculeslocatedatreglOnSOtherthanthe

insertedresidues，Wede丘nedtheresiduesformngashort310－helixconnectedtoanα一helix・

TheGTPYSmoleculeandMg2＋ionwereidenti負edunequivocauybytheirappearanCein2Fo－

Fcmaps．TheY－Su蜘ratomofGTPYSwasalsoidentifiedbyitsappearanCeinFo－Fcmapsand

itsstandardsulfur－PhosphoruSbonddistanCe（l．9Å），Whichislongerthanthenohbridging

oxygen－PhosphoruSbond（1．5Å）．Fo－FcmapisthecalculatedelectrondensityusinglF（Obs）［－

1F（Calc）lasFomiercoefBcientslike2Fo－Fcmap．Thismapshow＄theelectrondensityofa

di飴renceelectrondensityathalfheightandprovidesinformadonsfortheunknownstruCtureS

whicharenotincludedorarewronginthemodel・ThreeN－terminalresidueshave

uninterpretabledensitiesimplyingcomplexdisorder・

ThestruCtureCOnSistsofoneRboAV14moleculeof178residues，OneGTPYS，OneMg2＋

ion，and38watermolecules．ThesidechainsofArg5，Glu54，Arg68，andHis126a陀POOrly

de丘nedinthecurrentstruCture．TherearenoresiduesindisallowedreglOnSaSdefinedin

PROCHECKBaskowskietalJ1993）肝ig．4）．Asummaryofthere血ementstatisticsisgiven

inTable4．ThestruCtureWaSinspectedandinustratedusingtheprogramqUAm（Molecular

SimulationsInc），MOLSCRm（Kr皿1is，1991）renderedwithRASTER3D（Memittand

Bacon，1997）andGRASP即ichollsetal・，1991）・

TheatomiccoordinatesandstruCturefactors（COdelA2B）havebeensubmittedtothe

ProteinDataBank，BrookhavenNationalLaboratory，Upton，NY（haqaetal．，1998）・
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Tablel．

Crystaldaho－RhoAV14・GTP咋

Crystalsystem

Spacegroup

Unitceudimensions

UhitcellvolurrM：

Z

㌦

坑。1v

0止ho血ombic

P21212

α＝62．02Å，あ＝74．78Å，C＝50．52Å

α＝β＝γ＝900

2．34xlO5Å3＊

4

2．77Å〃Da

＊MolecularWeightofRhoAV14is20，547Da，563DaforGTPYS・and24DaforMg2＋ion．
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Table　2．

Intensity data processiAg Of RhoAV14・GTPYS crystaIs

Resolution

虎merge＊

Numberofmeasurements

Numberofindependentreflec也0鮎

Completeness

Mean＜〟b（刀＞

2．4Å

8．75％（26．7％）†

61，579

8，683

89．3％（74．8％）†

7．91（2．04）†

＊Rme，ge＝100x叩）－d（h）＞VI（h），Whereqh）＞isthem：anintensityforreflectionh・

†Bracketsa陀quandtiescalculatedinthehighestresolutionbinat2．5－2．4Å．

－20－



Table　3．

Solutions ofrotationfunction and translationfunction＊

乃22　　　α　　β　　γ

タ2221

タ21212

タ212121

126．54

126．54

126．54

107．98

107．98

126．54

107．98

53．66

126．54

126．54

172．44

172．44

172．44

172．44

172．44

172．44

172．44

172．44

172．44

166．92

126．54

53．67

126．54

126．54

126．54

126．54

126．54

126．54

11．72

53．67

126．53

126．53

126．53

126．53

32．14

126．53

107．96

126．53

53．66

53．66

83．97　160．34

83．97　160．34

83．97　160．34

77．61　350．17

77．61　350．17

83．97　160．34

77．61　350．17

90．00　339．64

83．97　160．34

83．97　160．34

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

53．74　254．88

72．47　　84．22

83．97　160．34

90．00　339．64

83．97　160．34

83．97　160．34

83．97　160．34

83．97　160．34

83．97　160．34

83．97　160．34

68．79　139．92

90．00　339．64

83．94　160．35

83．94　160．35

83．94　160．35

83．94　160．35

90．00　　27．21

83．94　160．35

77．46　350．20

83．94　160．35

90．00　339．58

90．00　339．58

g

O．4270

0．9963

0．0591

0．1120

0．1115

0．4204

0．4322

0．4739

0．9994

0．9963

0．1833

0．1839

0．4306

0．4314

0．4316

0．0486

0．4314

0．4673

0．4292

0．4794

0．2291

0．2728

0．0203

0．0247

0．2279

0．4616

0．0211

0．2304

0．1468

0．2699

0．4813

0．4793

0．2690

0．4791

0．0792

0．0153

0．2012

0．2704

0．0212

0．0217

y

O．4686

0．0129

0．4308

0．0188

0．0204

0．4305

0．4897

0．3920

0．4788

0．0529

0．0067

0．3304

0．3659

0．3622

0．3634

0．4250

0．3697

0．3417

0．3198

0．0566

0．3168

0．3164

0．0702

0．0333

0．3183

0．4508

0．0712

0．0678

0．0468

0．0627

0．2995

0．1741

0．1680

0．1837

0．2588

0．2403

0．0586

0．3808

0．1017

0．0707

Z

O．1824

0．0529

0．3744

0．3812

0．1102

0．3854

0．0917

0．4861

0．0621

0．0635

0．0214

0．0209

0．2284

0．2966

0．4424

0．2849

0．0136

0．2254

0．2291

0．1380

0．3688

0．1317

0．3713

0．3637

0．3126

0．0150

0．0105

0．3704

0．4078

0．1422

0．1202

0．1191

0．1182

0．4861

0．3072

0．1820

0．0759

0．1211

0．3831

0．3816

C

32．3

32．3

31．9

31．6

31．4

31．3

31．2

31．1

31．0

31．0

月

52．0

52．1

51．9

51．4

51．5

52．0

51．8

51．6

52．2

51．7

33．3　50．7

33．1　51．0

32．7　51．3

31．9　51．4

31．8　51．7

31．6　52．3

30．8　51．5

30．5　52．3

30．5　52．5

30．0　52．5

35．2　50．1

32．7　51．1

32．1　51．9

31．6　52．1

31．2　51．7

31．2　51．8

30．9　52．1

30．7　51．6

30．7　51．8

30．6　52．0

31．3　51．3

31．2　51．1

31．0　51．4

30．7　51．4

30．5　51．6

30．4　51．8

30．3　51．6

30．3　51．7

30．2　51．9

＊T鮎stal）leincludesthetoptenrankingofthemolecularrePl肛eⅡ皿tSOlutionssortingbythe

COrrelationcoefficientC・andR－fhctor（SeeteXt）fortherespectivespacegroups．（a；A

theEuleriananglesandq，Y；Z）arethefractionsoftheumitce11axes・SpacegroupP21212
gaveboththehighestCandthelowestR．Thesecalculationsusedthereflectionsbetwecn3＿6Å

andtheradiusofintegrationis20Å．
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Table　4．

Re蔦mememt statistics

Rcryst＊

月蝕e†

R．rn．s．bondlengths

R．m．s．bondangles

R．m．s．dihedralangles

R．m．s．Aα川

19．5％

26．8％

0．010Å

1．3140

22．3680

1．0990

■Rc，ySt＝100x呵畑）－Fb（h）l／Fo仰），WhereFb（h）andFM）areObservedandcalculated
renections．

†R鮎eisRcrystwhichwasCalculatedusinglO％ofthedata・Chosenrandomiyandomitted

fromthes豆bsequentmolecularrePlaceⅡ蛤ntandstruCturere丘nement・

電AoisthederivationofthepePtidetorsionangle打om1800・
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Mainchaindihedralangleswereanalyzedw仙programPROmCKO・aSkowskietal・，1993）・

ThehorizontalaxisindicatesQanglearoundN｛。bondandthevenicalaxisindicatespanglearound

c－Cbond．Mostfavoured，additionalauowed，generOuSlyauowed，anddisallowedregions

shadedinred，yeuOW，lightyeuow，andwhite，reSpeCtively・GlycirLereSiduesareshowpastria

andnon－glyceneresiduesareindicatedbysquareS・melabelsAandaindicatethereglOnShr

α－helix，BandbforβTStrand，andLandl良）rαL，helk・Thereare885％ofnon－glycineandn？n

prolineresiduesinmo”favouredreg10nSandnoresiduesindisallowedregLOnS・Asp28inlreg10nk

indicatedinred，
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ResⅦ1ts

Overallstructure

Themqjorfeaturesofthefo1d，COnSistingofasix－StrandedP－Sheetsurrbundedbyhelices

comectedwithloops，arebasical1yconseⅣedasfoundinH－Ras（M肋tmムtaL，1990；Paiet

al．，1990）andrelatedsmal1GTPasessuchasArト1，Ran，RapIA，Racl，Rap2A，andCdc42

（Amretal．，1994；Scheffbketal．，1995；Nassaretal．，1995；H正shbergetal．，1997；Che虎1s

etaL，1997；Felthametal．，1997）肝ig．5）．Theβ－Sheetisfomdbytheami－Paral1el

associationoftwoextendedβ－StrandsP2andB3）andtheparal1elassociadonoffiveextended

β－Strands（B3，Bl，B4－B6）．RboAV14contains丘veα－helices（Al，A3，A3一，A4，andA5）and

three310－helices（Hl－H3）．Therearethreeinsertionandonedeletionsites，Whicharethe

SequenCeandsecondarystruCttlreeleⅡ妃ntalignmentofRhoAandH－Ras肝ig．6）．The13－

residueinsertion（Asp124－Gln136）islocatedattheloopbetwecnstrandB5andhelixA4．

Excludingthedeletionandinsertionresidues，theCα－C加bonatomsofRboAV14andthe

COrreSPOndingdomhantlyactivatedH－RasV12，WhichiscomplexedwithGTP（K陀ngeletaL，

1990），SuperimposewitharootmeanSquare（r．m．s．）deviationofl．68Åfor163coⅡ皿OnCa－

catbonatoms．ThissuperPOSitionyieldsanr．rn．S．deviationofO．87Åfortheatomsofthe

guaJnenuCleotide．SegmentsthatinvoIvemqordi飴托nCeSarelocatedattheswitchIandⅡ

regiomsandpartOftheantiparal1elβ－Sheet，COnSistingoftheC－terminalhalfofstrandB2and

theN－ttnninalhalfofstrandB3，inadditiontotheinsertionanddeletionsitesdescribedabove

（Rg．7）．Re∝ntly，Weietal・havereportedthecrystalstruCtureOfRhoAboundtoGDP押ねiet

al．，1997）．ComparedwiththistoRhoA－GDPstruCture，thesigmificantCOnformationalchangeS

werefoundtobelocalizedintheswitchI（Asp28－Ala44）andII（Gly62－ATg68）regions（Fig．

8），aSdescribedfbrH－Ras（Mi地urnetal・，1990；Tongetal・，1991），While，thelengthsand
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POSitionsofthe＄eregionsared此r如mtheRa＄fami1yGTPases（M肋urnetaL，1990；

Chermsetal・，1997）胆g・9）・Excludingtheseregions，theCα一C血onato加はOfR血oAV14－GTP

YSandRhoA－GDPsupe血叩OSeWithar．m．s．deviationofO．48Å．RhoAandRaclhavea

SequenCehomologywith56％identity・馳oAV14－GTPySandthecorrespondingRacIJ3MP－

PNP仲shbergetaL，1997）superiqosewithanr．m．S．deviationofO．77Åfor173c。Ⅱ皿。n

Cαぺ鵬onatoms・SegmntsthatinvoIvedifR，renαSlargerthan1ÅarelocatedattheswitchI

Ⅳal33－ne46）andthe13－reSidueinsetdon（Am123－Gh136）胆g・10）・Cdc42hasasequence

homology（52％identity）with馳oA，buthasarel如ivelyhighhomology（71％idendty）with

Racl，馳oAV14－GTPYSandthecorrespondingCdc42－GMP－PNP－血oW問ttingeretaL，

1997a）superi叩OSeWithar・m・S・deviationofO・90Åfor165coⅡ皿OnCαqCad）OnatOmS．

MqjordifFbrencesaremainlylocatedattheswitchI（Gln29－Lys51），the13－reSid。einserti。n

（Ala132－Glu142）andtheregionofnslO5－AsnlO9・Theseregionsarewe山cmpondedto

thoseinthesuperPOSitionwithRacl，butthelengthsandpositionsoftheseregionsa陀SO耽

Whatdifftrent肝ig・11）・馳oAV14－GTPYSandthecorrespondingRhoA－GDP－AlF4－－fhoGAP

恥血geretal・・1997b）superiqosewithar・m・S・deviadonofO・52Åfor173commonCα－

C鵬onatomsandshowlargedisplacementsatswitchesI（Asp28－Tyr34）andⅡ（Glu64，

Asp65）但g・12）・TbenonhydrolyzablenucleoddeGTPYSbindstotheproteinbythesimi1ar

WaytOH－Ras－GMP－PNP（PaietaL・1990）師g・13），andaMg2＋ionshowsatypical

OCtahedralcoordinadonsphere（Fig．14）．

Inse鵬ion re騨OnS

TheN－terminalsegment（Ghl．25J4S133）ofthe13－reSidueinsertionformsanα＿helix

designatedasA3，，WhichisfollowedbyaneXtendedloop・Ashort310－heh，designatedasH3

脚g・5），isinducedattheseg胱mtflankingtheN袖口血nusofthisinserdon，Withlarge
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displacementsofArg122andAsn123fromthoseofH－RasV12（3．0Åand6．1Å，re＄PeCtively）．

Comparedwithf払oA－GDP，however，nOSigni負cantCOnfordonalchangeeXistsinthe13－

residueinsertionanditsN－terminalflankingreglOnS・Tusfo1dingseermtobebasical1ysimi1ar

tothatofRacIcomplexedwithGMP－PNP（H止shbergetal．，1997）butshowsmany

diffbrencesindetans．Itisnotablethatthesequencesofthisreg10nOfⅡ肥HibersintheRbo

Subfhmi1yisratheqdiffbrentfromthoseoftheRacsubfhmi1y．Amngthekeyresiduesin

StabilizationofhelicesH3andA3一作ig．15），Arg122andAsp124areconservedintheRho

飴∬山ybutArg128，Glu137，andLys140arevariantintheR誠Sub払m山y．Nowatermoleculeis

foundtobeinvoIvedinthestruCturalstabnizationoftheRhoAinsertionregim，thoughRacl

formsawater－me血ated hydrogenbondbetweenthemainchains．Theconservedre＄idues

Leu131andPro1380fhelixA3’formahydrophobicpatchwithThr127andPro89，Whichare

alsoconservedorconservativelyreplacedinthe馳ofam山y．Racladdsne126（Arg1280f

RhoA）tothehydrophdbicpatch．

TheoutersurfhceofhelixA3’iscoveredwithchargedresidueswhosesidechainsform

hydrogenbondsandk）rionpal柑，Glu125－Arg129andGlu130－Lys133paus・Theseresidues

areconservedorconservadvelysubstitutedinRbosubfamily，butaLerePlacedbyotheramino

acidresiduesintheRacsub払mny．Itisinterestingthat，intheRacsub払m並y，Glu125and

Arg129aresubstitutedbylysineandglutamicacid，reSPeCtively，andGlu130andLys133are

SubstitutedbylysinehrginirM，andglutamicacid，reSPeCtively・Therefore，thesepairsofacidic

andbasicresiduesofRacIcouldformhydrogenbondsorionpaNSaSObservedinthecurrent

StruCture，thoughmostoftheexposedsidechainsoftheresiduesofRacIcorrespondingtothe

residues125－1350fRhoAarehighlymobile．

ComparedwithH－Ras；helixA3hasaone－reSiduein防止ionatthecenterandtwoPro

residues（打096andProlOl），WhichcauseadisruPtionofthenormalhydrogen，bondingpattern

ofanα－helix，WhereasH－RashasnoProresidueDnthishelix．Tbesedi脆rencesinducea

relativelylargediscrepanCy（2・05Åatpro96）ofhelixA3如mthatofH－RasV12肝ig・7）・Both

Pro96andProlOlfacethesoIventreg10nSOaStOinducepronounCedkinksthatserveto
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maximi2X，thecontactswithstrandsBlandB4．

Phosphate・bimdingl00p

TbeG14VmutadonofRhoAandtheG12VrmtationofH－RasexhibitlessthanOne－tenth

theGTPaseactivityofthewild－tyPeGTPases・CrystalstruCtureSOfH－RasV12complexedwith

GDP（M肋urnetaL・1990；TomgetaL・1991）andGTP（K陀ngeletaL，1990）showthatthe

mutdoncausesnosigmificantconfom血皿Changeatthephosphate－bindingreg10n，though

therearelargedifFbrmcesinmdbilityandconfom旭ionpredomhandyl∝alizedintheswitchII

region（SeCbelow）・SimilarreSultswereobtainedin馳oA．Ther．m．s．deviati。n。fthe

12GXG（V）XXGXT侶19mo臆betweenRhoAV14一打PYSandRhoA－GDPissmal1（0．31Å）

andthatbetweenRhoAV14－GTPYSandH－RasV12－GTPisreladvelysmal1（0．84Å）．However，

thebulkysidechainofVal14contactswithGly62andGln63，andthesecontactscausea

displacement（0・71Å）oftheCα－CatbonatomofVal14丘omthecorrespondingatomofthe

Wild－typeRhoA（Fig．16）．

SwitchI

TbeswitchIregionin馳oAV14－GTPySiswelldrderedinthecrystalstructureasw。11as

thatofRhoA－GDP・hcontrast，inRacl－GMP－PMP，reSidues32－360fswitchI（34－38in

馳oA）aredisordered・DramaticchangeSintheconformationsofswitchIanditsC＿temial

flankingregions，おCOmParedwithRhoA－GDP，∝CurSWiththelargestdisplacements（5．4Å

and6・4Å）atPro36andPhe39，reSPeCdvely肝ig・16）・Simi1arCOnformationalchangeSWhether

boundtoGTPorGDPwerereportedforH－Ras（MilburnetaL，1990；SchlichtingetaL，1990），

andtheGαSubunitsofthetrimericGTPasessuchastranSducin－α払ambrightetaL，1994），

therebyplayingakeyroleasamolecularSwitchinsignaltranSduction・Tyr34andPb360f

馳oAV14fliptheirsidechainstowardthenucleoddesoastoshieldthetriphosphategroupfrom
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thesoIventreglOn・TbephenolicringofTyr34stacksonthePro36andalsocontactswithAla15

andVal14toclosetheentranCeOfthephosphate－bindingp∝ket・TbeseconformationalchangeS

areaccompaniedbytheflippingoutofhydrpphobicresidues，Val33，Val35，Val38，andPhe39，

towardthesoIventreglOn．ItshouldbenotedthatVal38andPhe39formahydrophdbicpatch

OnthemolecularSurfacetogetherwithTyr66andLeu690fswitchⅡ．Tbesecontactsplaya

PivotalroletoinducethestableconfohnationofswitchⅡ（Seebelow）．SwitchIofRboAV14

displaysasigmificandydi飴rentcohfofmationfromthatofH－RasV12－m．Large

displaceⅡ蛤ntSOftheresiduesofswitchIbeginfromAsp28andendatPro36withthelargest

displaceⅡ蛤nt（4．1Å）atau32mg．17）．Thesedisplaaments，Which托Sultindiffbrenccsin

recogmitionoftheriboseoftheguaminenucleotide，SeCmtObecausedbyPro31，Whichrestricts

themainchaintorsionangles・SincePro31iswenconservedintheRho－fami1ybutisreplaced

byotherresiduesinRas（Ⅴal），Rab（Ⅴal），andRan（Asp），thedisplacementscouldbea

COrrmOnStruCturalfbatureofmembersoftheRhofamily・Ⅵ鳩山elargedisplacementswere

ObservedinswitchIasdescdbed，nOSigmi負cantdi脆renceinthepositionandorientationof

Thr37，WhichcoordinatestotheMg2＋ion，issecnbetweenRhoAV14andH－RasV12

Strand B2amd B3

TheswitchIloopisconnectedtotheanti－Parallelβ－SheetofstrandsB2andB3，Whichis

fo1lowedbyswitchII・Tustwo－Strandedsheetislocatedattheedgeofthesix－Strandedβ一Sheet

andissi血gonhelice＄AlandA5toformahydrophobiccore・ComparedwithH－RasV12－

GTP，alargedisplacerrmtofthesestrandsexpandsbetwecnastretchfromAla44toVal53，

whichmovestowardhelicesAlandA5，WiththelargeStShiftbeing2．9ÅatAsp45．It

notablethatthesequenceofthisreglOnishighlyconservedintheRhosubfhmi1y．This

displacement去eemstobecausedminlybydifftrencesinhydrophdbicintqactionsbetww

thesestrandsandhelicesAlandA5・StrandsB2andB3arecormectedbyareversetumoftype

Ⅱformedby48VDGK51・H－RasV12andH－RasalsohaveatypeⅡreversetumatthisposition
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Withthecorrespondingsegment，46ⅡX詑49・Sincethethirdresidueofthistypeofreverseturn

ShouldhaveaGlyresiduetoavoidthestericclashwiththeminqchaincarboxylgroupofthe

SeCOndresidue・mutationsofthisresiduetoanyotheqresiduedestroythereverseturn，Which

resultsinlargeconformationalchangeSOfthestrandsordisplace批ntOftheβ－Sheet・Thismay

POSSiblyexplainwhymutadonsofGly48inH－Rasinhibitsefftctorfuncdon（DeretaL，1986）

eventhoughthisresidueisdistal鮎mtheefEbctoトbindingsiteencompasslngSWitchIandthe

N－t血nalhalfofstrandB2，aSObseqvedinthecrystalofRapIA－Raflcomplexes（Nassaret

αエ，1995）．

ThesegmentbetweenstrandsB3andB4containstheswitchⅡreglOnthathasakeyresidue

Glm63（Gln6lofH－Ras）ofGTPaseactivities・MutadonofGln6lofH－RastoalmostanyOther

aminoacidblocksintrinsicandGAトstimulatedmaseactivityMarShall，1993）．hthe

CryStalstruCtureSOfceuularH－RascomplexedwitheitherGDP（MilburnetaL，1990），GMP－

PCP（TongetaL，1991），OrGMP－PNP（PaietaL・1990），thehighlyconserved57DTAGQE62

motifofswitchⅡexhibits瓜exibihtytoadapttoalternatiⅦCOnformadonsalthoughthismotifof

OnCOgemicH－RasV12complexedwithGTPhasonlyonem如conformation（K陀ngeletaL，

1990）・h馳oA－GDP，reSidues63－65amalsodisordered・Theelectrondensityofthisregion

OfRhoAV14iswe11de血edandhasasingleconformationatthepresentresolution．RhoAV14

hastwo310－helices，Hl（64EDY66）andH2（70RPL72），Whichareseparatedbyashortloopof

threcresidues（67DRL69）・Thesequenceofthisregioniswe11conservedintheRhofami1ybut

isdi脆rent血omthoseregionsintheRas払mily肝ig．6）．Asimi1arCOnformationisals。Seenin

thecrystalstruCtureOfRacl－GMP－PNP・Incontrast・H－RasV12hasa310－helixattheposition

COrreSPOndingtotheshortloqpofRboAV14withanα一helixof負veresiduescomspondingto

residues71－750fRhoAV14・ThesedifftrencesinducealargedisplacementofGlu64（3．8Å），

togetherwithreorientationsofthesidechainsofGlm63，Glu64andAsp65fromthe
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COrreSPOndingresiduesofH－RasV12（Fig．7）．Lys98andGlulO2，bothofwhicha陀locatedat

hehxA3，PlaycruCialrolesintheconfo血onofthesegmentbyformingm山tiplehydrogen

bondstoswitchII伊ig・18）・TbesetworesiduesareconservedinmeHibersoftheRhofami1y

butarereplacedinH－Ras・Moreover，thesegⅡ蛤nt如mhelice＄HltoH2makeshydrophobic

COntaCtSStrandsB2andB3．Inthishydrophobiccore，H－RasV12hasanadditionalresidue

Tyf71，Whichisreplacedbyasmal1residue（Ser73）inR血oA．TYdsdifftrencecausesa

movement ofthehelixH2towardstrandB2．ThesedifFbrencesseemtobeoneofthemain

reasonswhytheconformationsofthesegmentaresodi飴rentbetwecnR血oAV14andH－

RasV12

MagmesiⅦmio皿binding

ThestrongGmDP－bindingandtheGTPaseac也vityofsndlGTP鮎eShavebeenshown

tobeabsolutelydependentonthepresenceofdivalentions・TheMg2＋ionofthepresent

StruCtureislocatedatapositionsimi1artothoseinH－RasV12－GTPandinH－Ras－GMP－PNP，aS

WellasthatinRboA－GDP・Thedisplacementoftheionfromthecorrespondingpositioninthe

GDP－boundformisl．04Å．TheMg？ionplaysakeyroleinbridgingtogetherthefunctional

regionsofthephosphate－binding，SWitchIandⅡ，aSObservedinH・Ras．●Actually，the

steriochemistryofMg2・coordinationisidemicaltothatinH－Ras－GMP－PNP．Incontrast，the

StereOChemistryofMg2＋coordinadoninf払oA－GDPisdiffbrent如mthe00rrentformbutalso

isdi晩rentffomthatinH－Ras－GDP．

Guanosine nucIeotide binding

TbeglycosylconfomiationofGTPYSisantiwithC2’－endbsugarpucker．TheguanOSine

baseis叫Pedinahydrophobicpocket，inamannerSimilartOH－RasV12－m，tObe

recognizedbyseveralinter肛tionswiththeconservedresiduesofthel16GmL121and

160SAK162motifk呼ig・17）・Amqjordi飴renceinbaseremgmitionisthewater－me血ated
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hydrogenbondstotheN7andO6atomsoftheguminebase・ThewatermdeculeⅣat－1）is

COmPletelyb血edinsidethehydrophdbicbindingpocketwithahydrogenbondtoGly17・The

SPaCefortheaccommodadonofthiswatermoleculeism血1yproducedbyarearrangemtof

theside－Chainpackingofthepocket，invoIvingLeu21，Asnl17，andCys159（Flg．19）．hH－

Ras，Cys1590fRhoAisreplacedbyaThrresidue・hadditimtothebaserecogmition，the2・－

hydroxylgroupoftheribosealsohasawater－mediatedhydrogenbondtoswitchIⅣat－2），

althoughinH－RasV12－GTPthehydroxylgroupoftheriboseformSdirecthydrogenbondswith

themin－ChainscorrespondingtoPro31andGlu320fRhoA・Asmentionedabove，these

di飴托nCeSintherecogmitionoftheribosearecausedbythelargedisplacenmtsofswitchI．

Si血1arWater－m誠atedhydrogenbondsinbaseandsugarreCOgmitionhavealsobeenfoundin

RhoA－GDPandinRacl－GMP－PNP．

Triphosphate bimding

GTPandGDPbindtosmal1GTPaseswithdissociationconstantSOntheorderof

nanOmOlar・Thisstrongbindingafhtyiswendemtratedinthecurrentstructure．TtLe

triphosphatemoietyofGTPyShas21directand9water－mediatedhydrogenbondstothe

PrOtein，tOgetherwith2m喝neSiumcodrdinations・TheseinvoIvesixresiduesofthephosphate－

bindingloop，fourresiduesofswitchI，threeresiduesofswitchII，andfourresiduesofbase－

recogmitionmotifk・Itisnotablethatmostoftheseresiduesofthephosphab，－bindingloop

interactwiththetriphosphatethroughtheirmin－Chains，eSPeCial1ythe弧inogroups．Thisis

thereasonwhythe弧inoacidsequenceofthe12GXGXXGmS19mo也fcontainsmany

VariantreSidues・Theresidueswhosesidechainsparticipateintheinteracdonswiththe

triphosphateBLreinvariantLys18，Tyr34，andAsp59・Theconfomtionofthe血phosphate

exhibitssimi1aritytothatofGDPboundtoR血oA，Withrelativelysmal1displacementsoftheα－

andβ－Phosphates舟omthoseofGDP，0・75ÅandO・67Å，reSpeCtively．Twooxygenatoms。f

theY・Phosphatemakecontactwiththeproteinbyseveralhydrogenbonds，tOgetherwiththe
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coordinationtotheMg2＋ionburiedinsidethepocketfomdbyswitchesIandⅡandthe

phosphate竜indingloops・TheseheavyinteractionsallowtheY－PhosphatetoorienttheY－Sulfur

atomtowardVal14，Tyr34，andPro36・Simi1arCOn丘gurationsoftheY－thiophosphatewerealso

observedinthecrystalstruCttueSOftranSducin－α脚Oeletal・，1993）andGiα1（ColemanetaL，

1994）complexedwithGTPYS．Inallthesecrystalsco血plexedwithGTPYS，theY－Sulfuratom

istheclosestatomtotheside－ChainamidegroupofGln63（Gln200oftranSducin－αandGln204

OfGiα1）amOngtheY－thiophosphateatoms・

Putative nucleophilic water molecule

Weidentifiedonewatwmolecule（Wat－3）thatiscloseenoughtotheγphosphatetoperform

anin－linenucleophnicattack・Thewatermoleculeisl∝atedatapositionlO00fffrom也isline

atadistanCeOf3．6ÅfromthephosphoruSatOmandformsahydrogenbond（3．3Å）totheγ

sulfuratom，althoughthedistanCetOtheγOXygenatOmSOfthephosphategroupistoolongto

formahydrogenbond（3．6Åforboth）．Simi1arWatermOleculeshavebeenlocatedin

analogouspositionsclosetotheY－PhosphateinthecrystalstruCtureSOftranSducin－αandGiα1

complexedwithGTPYS，aSWellasofH－Ras，Racl，andEF－Tu（BerchtoldetaL，1993）

complexedwithGMP－PNP・althoughnowatermoleculecorrespondingtoWat－3hasbeen

foundinRhoA－GDP．Gln63positionstheside－ChainoxygenatomatadistanCeOf3．8Åfrom

thehydrolyticwaterandtheside－ChainmitrogenatomatadistanCeOf3・8Åfr0ふtheside－Chin

CatboxylgroupofAsp65・
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Fig・6・SequenceatignmentofbumatlRhoAw仙therehtedhumanGTPases・
conmedresiduesarehighlightedinye1lowfortheRhosubfamily（蝕oA，RhoB，andRhoC），in

redfortheRacsubfamilyOiacl，Rac2，andCdc42），inbluefortheRhohmily，inlightgreenforthe
Rasfamily（K－Ras，N－Ras，and＝－Ras）andgrayforallrrmbers・TbesecondarystruCtureelementsof

RhoAy14－GTPYSandH－RasVu｛TPcomplexesareindicatedatthetopandbelowthealigned

sequenccs，reSPeCtively・The針helices（Al－A5）areingreen・theextendedPPl－B6）areingreen，and

the310－heuces田1－113）areinblue・ThrecfunctionalregionsofRhoAarealsoindicatedwithmarks
fortheresiduesthatparticipateinintemctionswithGTPYS（Circles）andtheMg2＋ion（rectangles）・The

dominantlyactiveITlutationofglyclnetOValineisindicatedbyastar・meSequenCeSaretaken如m
swissPr。t．Theacces＄ionnumbersare州6749（餌10A），POl121（RhoB），PO8134（RhoC），P15154

胆acl），P15153（Rac2），P25763（Cdc42），POll16匹－Ras），POllll（NrRas），andPOll12（H－Ras）・
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Fk7．StructuralcoInParisot”fRhoAy14－GTPYSwithH－RasV126TII

A，SuperPOSit血ofCa－C血onatomtracingsoftuojP14boundtoGTPYS（magenta）andH－RasV12bound
toGTP（g弼n）PoteinDataBankcde521P；bengeletal・，1990）・Segmentsdisplayinglarge
dhplacementsarehighhghtedinredforRhojP4andyeuowforH－RasVu・TheseincludeswitchI（residue
27－36forRhoA），theanti－ParallelβづheetfbrmedbystrandsB2andB3（residues43－53），andswitch

匝idu∬59－78）・me13ィ由血ei脱血n（血血鵡122－137），ねn血gh¢放心，，andthes卿旭n也he舷
A3（residues90－106），L7（residueslO7－110），andL9（residues151－154），Whichhaveinsertionordeledon

toproduceLargedisplacements・areinblueforRhoAy14・B，ahistogramshowsdistancesbetweenthe

mrrespondingCa一皿bonatomsbetweenRho〟叫ぷTPYSandH－RasV12ぷTP・withthesecondarystruCttm

elementsofRl10Ay14atthebottom．
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Fig・8・StructuralcomparisonofRhoAy14・GTPYSwithRhoAN25－GDII

A，SuPerPOSitionofCα一CarbonatomtracingsofRhoAy14boundtoGTPYS（magenta）andRhoAN25

boundtoGDP（green）げroteinDataBankcodelFTN；WietaZ・，1997）withsegmentsdisplayinglarge

displacementshredandyeuow＞reSpeetively・TYLeSeincludeswitchIandtheC－terminalflankingreg10n

（residues2＆44）andtheN－teminalregionofswitdlII（residues62－69）・Ⅶ1140fRhoAy14ishighlighted
inblue．InRhoAN25，GDP；reSidues63－65aredisordered・B，ahistogramShowsdistanCeSbetweenthe

correspondingCa－CarbonatomsbetweenRhoAy14－GTPYSandRhoAm5－GDP；withthesecondary
struCtureelementsofRhoAy14atthebottom．
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Fig．9．SwitchregionsofsmallGTPases・

comparisonamongtheknownswitchreglOnS・A，SuperPOSitionofCa－CarbonatomtraclngSOf
RhoAy14－GTPYS（ye1low）andRhoAN2LGDP（white）・B，鮎rH－Ras－GTP（yellow）PoteinDataBank

code5P21；Paietal．，1990）andH－Ras－GDP（White）ProteinDataBankcode4Q21；Milburnela］・，

1990）．C，forRap2A－GTP（yellow）O）roteinDataBankcode2RAP；Cher鋭Isetal・，1997）and

Rap2A－GDP（White）PoteinDataBaIikcodelKAO；Chernlsefal・，1997）・Segmentsdisplayinglarge
displacementsarehighlightedinredforGTPfornlSandcyanforGDPbrmswithnumbersofthesta鵬

andtheendresidues．LargespheresrepresentMg2’ions・
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Fig．10・St叩血alcomparisonorRbo㌦4－GTPYS、抽血Racl－GMp・門n
A，SuperPOSitionofC。－CarbonatomtracingsofRhoAy14boundtoGTPYS（magenta）andRaclboundto

GMP－PNP（green）PoteinDataBankcodelM＝1；H血bergetal・・1997）withsegmentsdisplaying

largedisplacemeTdshredandyellow，reSPeCtively・TheseincludeswitchIせesidues33r46forRhoA）
andthe13－reSidueinsertion（residues123－136），forminghelixA3，・B，ahistogramshowsdistanCeS

betweenthecorrespondingCa－CarbonatomsbetweenRhoAy14－GTPYSandRacl－GMP－PNRwiththe

secondarystructureelementsofRho〟r14atthebottom・
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Fig．11・StructuralcomparisonofRhoAy14－GTPYSwlthCdc42－GMP・PNP－rhoGAR

A，SuperPOSitionofCa－CarbonatomtracingsofRhoAy14boundtoGTPYS（magenta）andCdc42bound
toGMP－PNP（green）complexedwithrhoGAP（ChmiFofProteinDataBankcdelAM4；Rittingerel
al．，1997）withsegmentsdisplayinglargedisplacementsinredandyellow，reSpeCtively・Theseinclude
switchlandtheC－teminalflankingregion（residues29－5川）rRhoA），theC－terminalflankingregionof
the13－reSidueinsertion（residues132－142），andthesegmentL7（residueslO5－109）・InCdc42，reSidues

31－33forRhoAaredisordered・B，ahistogramShowsdistancesbetweenthecorrespondingCα－Carbon

atomsbetweenRhoAy14－GTPYSandCdc42－GMP，PNP；withthesecondarystruCtureelementsof

仙oAV14atth¢bottom・　　　　　　　　　－39－
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恥12．StructuraLconlParisot10fRhoAy14竜TPYSwithRhoA－GDP－AlF；－rhoGAPL
A，SuperPOSitionofC。－C血onatomtracingsofRhoAy14boundtoGTPYS（magenta）andRhoAbound

toGDPandAlF4－（卵en）complexedwithrhc6AP世OtehDataBankcodelTX4；Rittingerelal・，
1997）withsegmentsdhplayinglargedisplacementsinredandyeuow，reSpeCtively・Theseinclude

switchIUesidues28－34）andswitdlII（residues64，65）・InRhoA－GDP－AlF；，re＄idues31－33are

disordered．B，ahistogramShowsdistancesbetweenthecorrespondingCa－C血onatomsbetw
RhoÅ冊－GTPYSand蝕oA－GDP－AlF4－，withthesecondaryStruCtureelementsofRhoAy14atthebouom・
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A，Ca加OnShowsGTPYSbindingtoRhoAy14withMg2・andwatermolecules・Al1dashedlines

correspondtohydrogenbondinginteractions（distanCelessthan3・5Å），andthecorresponding

dist且nCeS（Å）areindicated・Theresidueswhosemainchainsparticipateinthehydrogenbondingare

representedbyrectangles，andtheresidueswhosesidechainsparticIPateinthehydrogenbondingare

representedbyovals・TYleCOOrdinationbondstotheMg2・ionareindicatedbyarrOWS・Thepossible

hydrogenbondbetweenGln63andW加3hasalongerdistanCe（3・8Å）・Thehydrogenbondsobserved
inthecurrentstruCturebutnotinIl－Rasarehighlightedinred・B，forRhoA，GDP（Weietal・，1997）・
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軸15．Tb13－r戚d眠in詑血suMomahofR血0ガ14・
Thecarbon，nitrogen，OXygen，andsulfuratomsareinw仙e，blue，red・andyellow，reSpeCtively・

TheCa一皿bontracingisinbrown・Thehydrogenbondsinvolvingthesidedlainsareindicatedby

仇hwhitelhes．
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Fig．16・Stereoviewofswitchregbnsandphosphate－bhdhgl00pOfRhojPl・
InteractionshswitdhesIandIIandP－loopregionsofRhoガ14（White）boundtoGTPYS（magenta）

TbeC。－Ca加natomtracingsofthecorrespondingregionsofRhoA－GDP（gmn），tOgetherwiththe
sidechainsofswitdlLaresuperimposed・

ー44－



椚鴎17．Recognltionofg咄nOSinemoietyorGTPYSbyRhoガ14・
partOfRhoAy14switchIdisplayslargedisplacements＆omthecorrespondingpartofH－RasV12

卸een）・RhoJV14hastwowatermoleculesmediatedrecogmitionofguanosinemoietyofGTPYS，
whicharenotseeninH－RasV12－GTP．
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椚姐18．St相加mlcompar如no一也eswl仙nぱ馳oAりLGT町S弧dH・R鮎凹んGTR

SuperpositonofCα－∬bonatomtradngsofswitchIIofRhoAy14（white）andIl－RasVu（卯en）・The
sidechainsthatstabiuzetheunlqueCOnformationoftheRhoAy14switchIlareaddedaswe11asthe

functionallyimportantresidues・Foraclarity，thehydrogenbondbetweenthesidechainofArg70and

themainchainofAla61isnot血owninthisfigtuL
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OfawatermoleculeCWatl）ofRhoAy14・ThecorrespondingpartofHrRasV12issuperinTPOSedwith
thecarbonatomsingreen．
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Discussion

Modification sites by bacterialtoxins

・CbotulinumC3ADp†ribo＄yltran寧ぬasetransfersanADP一rib＄erWietyofNÅDtoAsn4l

Of‡払0（Sekineet碗19＄9）呼ig・20）・Theside－ChainofAsn41；whichisloca6edatstrandB2，

formsahydrogenbond（3．1Å）tothemin｛hainca血onylgroupofGlu40・Thshydrogen

bondaliowsAsn41tointeractwiththeindoktihgofTrp580fstrandB3伊ig．21）．ne

distanCeSbetwemthen抑StatOmSOftheindol占ringahdthecむも（mylo町騨氾atOmOftheside

chainpfAsn41Fange申鱒乳3tp3．5Å，Whichindi㌫血s伽existenceofastackinginteraction

betweenthem．BecaAISethei這dde血gisastrongele9trm－donor，thisinteracdbnmayhelpto

enhanCethenucleophilicpropertiesoftheside｛hainmitrogenatomofAsn41・Itshouldbenoted

thatthe」hydrophdbicsidethaihsVd38，Phe39もand．Val43areexposedtothesdv血tregion

ar0undAns41，tOgetherwithTrp58・ThisunusualfeattlreOfthemoleculars血maybe

relatedtoth6interadonwidlC3Jikeexoe叩S．Asn4lorients血合sidechainaway如mthe

switchIloop・T址sisconsistentwiththefhctthattheADp－ribosyl如元ぬOnRboafEbctedn

theGTPYSb皐nding鱒its軸血画G叩aseactivity．Fprtherrwre，th占ADさ－ribosyladonon

馳Odid血沈出払ctits’inter鱒ti6nwithrhoGAP（MoriidaL，1991）．R鵬nt‘dataugingSwiss

3T3cellsindic鱒SthattheADP－ribosylationofRhoenhanCeSitsbindingPtdhs4TPhosphate5－

kinaseandactsasadominantlynegativeinhibitor（Renetal・，1996；Chongetal・，1994）・T鮎s

alsosuggeststhattheADP－ribosylationdoesnotimpairtheintrinsicproperdesoftheswitchI

conformationthoughPtdIns4－Phosphate5－kinasecouldbindtotheGDP－boundform，and

therefore，thebindingmaybedi飴rentfromthoseofotherefftctorsthatdonotbindtothe

GDP－boundform．RacandCdc42arenotsubjectedtoADP－ribosylation（Justetal・，1992）・

Thismayberelatedtothegldbalconformationoftheanti－Paranelβ一Sheetform：dbystrands

B2andB3sinc6thesequenceofthisreglOnOfRhosubfami1yisconservedbutisdi飴rent丘om

thatintheRacsub血mily．OnmolecularSurfacearOundAsn4l，Val43isreplacedbySerWa
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andGlu40isreplacedbyAspinRacandCdc42・Ontheotherhand，SOrrKSiteshavingthesame

residueswithRhoAshowdi脆rentconformations・InRacl－GMP－PNP（HirshbergetaL，

1997），Asn39，WhichcorrespondstoAsn4lofRboA，alsostacksTrp56（Trp580fRboA），

WhilePhe37，WhichcorrespondstoPhe390fRJlOA，burriesinsideandcontactswiththeside－

ChainofLeu69andtheside－ChainoxygenatomofSer71・hCdc42－GMP－PNPcomplexedwith

rhoGAP（Rittingeretal・，1997a），theside－ChaincatbonylgroupofAsn39makesvanderWaals

COntaCtWithphenolringofPhe56．Phe37alsobumiesinsideandcontactswiththeside－Chain

OXygenatOmOfSer71・Tberefore，thepr句ectedPhe390fRhoAisonlyanaPParentlarge

di飴renceamOngthethreecrystalstruCtureS・

RecentbiochemicaldatahaveshownthatThr37isglucosylatedbythem勾OrVirulence

factorsofCdmcile，tOXinAandB（JustetaL，1994）．TbeglucosylatedR血oAinducesthe

disaggregationofactin丘1amentS・ItalsoappearSthatGDP－boundRhoAisasupenOrSubstrate

fortoxinBtoGTP－boundRboA・ThisisconsistentwiththecrystalstruCtureS：inRhoA－GDP，

thesidechainofTb37doesnotparticipateineitherMg2＋ionorphosphatebinding，Whereasit

ParticipatesinbothinthecurrentstruCture・SinceThr370rientsthesidechaininsidetheloop，

itsglucosylationmustaccompanyaStruCturaldeformationoftheloop．TusstruCturalchange

COuldextendtostrandB2・Actuauy，ithasbeenshownthattheglucosylationofThr37inhibits

ADP－ribosylationbyC3－hkeexoenzyme（JustetaL，1995）．

CNFsfromEcolianddermonecrotictoxins（DNTs）打omBonletelhzspeciesinducethe

masgivereorganizationoftheactincytoskeletonandinhibitcendivision，1eadingmultinucleated

Cells・Recently，CNFlhasbeenshowntocausethedeamidationofGh630fRhoA，reSultingln

adominantlyactiveform，RboAE63（SchmidtetaL，1997；FlatauetaL，1997）．CNFlacts

PreferentiallywithRhoAbutalsoinhibitstheGAP－StirrmlatedGTPaseactivityofCdc42andof

Racathighconcentrations・TheseactionsofCNFlmayberelatedwiththeumque

COnformationandk）rCOnformationalpropertiesofswitchII．Thedi飴rencesintheCNFl

activityonR血oA，Rac，andCdc42probablyindicatethatthistoxinm叩interactwiththesesmau

GrPasesthroughsegmentsotherthanSWitchI，thoughitremainsunclear．
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GTP／GDP switching and e蝕ctor binding

ThefundaⅡ蛤ntalm比hamismofthemolecularSWitch，Which址Ⅳ01wsthesigni鮎ant

conformationalchange＄inswitchesIandⅡreglO鮎，insignaltranSductionseems

commoninsmallGTPase畠andGαSdbmitsoftrimericGTPases，aSdescribedforH－Ras

（M肋umetal．，1990），tranSducin－α匹ambrightetal・，1994），andGiα1（M奴onetal・，1995）

andRap2A（Che鵬1setaL，1997）・However，thepresentRhoAV14struCturereVealslarge

conformationaldeviations丘omH－RasV12inthereglOnSCOntaimingswitchesIandII・The

struCtureSOftwoothersmal1GTPases，ADP－ribosylationfactor（Arf）（Amretal・，1994）and

Ran（ScheffbketaL，1995），alsoshowedsignihtconformationalvariationsintheswitch

reglOnS，WhosestruCture＄arealsodi飴rentfbmthoseofthepresentRboAV14：SWitchⅡof

Arfformsalongβ－Strand，andRanhasacompletelydi飴rentorientationofswitchIIthat

containsashortβ－Strand．Alltheseresultsindicatethatsmal1GTPasesfromdifftrentfami1ies

mayhaveasirnilarfo1dbutwithsigniBcantVariationsintheswitchregions・

Therea陀SeVeralbiochemicaldataindicatingthattheswitchIreglOnOfRhoAisinvoIvedin

itse飴ctorbinding・IthasbeensuggestedfromanalysesofthechimericproteinsofRhoand

RasthattheswitchIregion匝Sidue32－42）isessentialfortheinductionofactinstress丘ber

fomion（Selfetal．，1993）．EitherCdc420rRacshowsnosignificantbindingtothetuget

proteinsofRboA，SuChasR血0－kinaseandtheothersdescribedabove・AtswitchIandits

flankingreglOnSOfRhoAV14，reSiduesthatareeXPOSedtothesoIventreg10nareWellconserved

intheRhosubfami1ybutarereplacedintheRacsub伽Ilily・Itisofinterestthatmostoftheside

chainsoftheseresiduesprotrudeontothesamemolecularSurface肝ig・22）・Thedoublemutant

RapIA（Nassaretal・・1996），WhichmimicsRas，bindstotheRas竜indingdomainofc－Rafl

throughseveralresiduesthatarelocatedatthes弧eSideofthecorrespondingmolecularSurface

ofRhoAV14．Amongthem，reSidueswhoseside一血ainsformthespecinchydrogenbondstothe
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Ras－bindingdominarel∝atedattheN－teminalhalfofstrandB2．Itisnotablethatmostof

theseresiduesarerePlacedbynon－COnSerVative，mainlyhydrophobic，reSidues（Val33，Val35，

Phe39－Asn41，andVal43）inRboAV14－GTPYStoformhydrophobicpatchesonthemolecular

Surface，aSdescribed．TbeelectrostaticsurfacepotentialsofRboAV14showseveraldi飴rences

fromthoseofH－RasV12呼ig・23）・SwitchIregionofH－RasV12ishighlynegativelycharged，

butthecorrespondingreglOnOfRhoAV14ismosdyuncharged・Thesedi飽rencessuggestthat

RhoAmaybindsitse脆ctorsproteinsthrmghhydmphobicpatchesonswitchI．

InadditiontoswitchI，theseconde飴ctorsiteissuggestedintheC－terminaltwo－thirdsof

themolecule（SelfetaL，1993）・However，littleiscurrentlyknownaboutthepossiblesecond

efftctorsiteofRhoA・RecentmutagenesisexperlmentShaveindicatedthatthe13－reSidue

insertionreglOnOfRacIparticipatesintheinteractionwithp67phoxbutnotintheinteraction

WithPAK，andacombinationaluseofthemultiplee飴ctor－bindingsiteshasthereforebeen

PrOPOSed肝reemanetal・，1996）・Furtherexperimentshaveshownthepossibilitythat13－

residueinsertionreglOnOfRaclmaybindtotheotherNADPHoxidasecomponentssuchas

CytOChromeb558（Nisimotoetal・，1997）・Cdc42alsousesthisregiontointeractwithdlOGDI

（Wuetal・，1997）・Moreover，thisregionisrequiredfortranSformationofcellsbyRbo－related

PrOteins（Ⅵ厄etal．，1998）．SincethereareseveralstruCturaldi飴rencesinthe13－reSidue

insertionregionsamOngRhoAV14－GTPYS，Racl－GMP－PNP，andCdc42－GMP－PNP－rhoGAP，

itmaybepossiblethatRhoAalsoutilizx，StheinsertionreglOninthespeCi丘cbindingwithits

OWneffbctororregulatoryproteins，butthisremainstobeseeninfutureexpenrmtS・Itshould

benotedthat13－reSidueinserdonreglOnhasnoslgmi丘cantdisplacemmtfromthatin石山oA－

GDPand，therefbre，hasnoswitchingfunctionbetweenGTP－boundandGDP－boundforms．It

iswellknownthattheGαSubmitsoftrimericGTPasescontainfourinsertionreg10nSif

COmPamdwithsmal1GTPases・The13－reSidueinserdonreg10nOfthemeHibersoftheR血o

familycorrespondstothethirdinsertionreglOnthatformSanadditionalhelixattheN－terminal

POrtionofthes6gm！nt卵OeletaL，1993），althoughnohomologyhasbeendetectedbetween
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RhoAandeachofGαSubmitsandnopossiblefunctionhasbecnassignedtothisinsertion

reglOn・

Putativee飴ctorregionsdescribedabovehaverelativelyhighB－factorvalues（抗g・24）・

Suchflexibilitiesarepossiblyrequiredforbindingtothee蝕ctorprotein＄・Inadditiontothe

switchIandthe13－reSidueinsertionreglOn，SWitchⅡandthesegmentL7havehighB－factor

Values・ThesereglOnSmayalsoparticipateinthee飴ctorbinding・

GEF and GDS binding

GEFsforsmal1GTPasesoftheRhofami1yhavebecnidentifiedasDbl－COntainingproteins

thatcontainaregi？nWithasequencehomologytothedbloncogeneproduct（Cerioneetal・，

1996）．WhilemostoftheseDbl－COntaimingproteinscanaCtOnrrmltipleme血bersoftheRho

hmilyinvitTV，SOmehavealimitedspecincityforonetypeoftheGTPasesinvivo・Among

them，u）CShowsselectivityforRho（Zhengetal．，1995）butTiam－1forRac（Habetsetal・，

1994）andCdc24forCdc42（Hartetal・，1991）・AnalysisofRJ10NCdc42Hschimericproteins

hassuggestedthatresiduesofswitchIandswitchIIareinvoIvedinthespeci丘cinteractionwith

Lbc（Lietal．，1997）．Basedonmutationanalyses，Lys27，Tyr34，Thr37，andPhe39inswitchI

andAsp76inswitchIIhavebeenidenti鮎dasLbc－SenSitiveresidues・Theseresiduesa陀

locatedatneadythesamesideofthemolecule，WhichmayformaSurfaceofinteractionfor

uc．Itisofinterestthatthissurfaceisalmostthesameasthatforatentativee飴ctorbinding

（Fig．22）．Thesidechainsofal1theseresiduesarehighlyprqjectedtowardthesoIventregion

butThr37isburiedinsidetheswitchIloop・Thismightbeonereasonwhythemutationof

T37Ahasana疏mityforLbccomparablewiththewild－typeRhoAalthoughmostoftheother

mutantSfai1edtoassociatewithuc．hcontrast，eXtenSivemutationsinswitchⅡhavebeen

reportedtohavenosigmi負cantChangeintheirsensitivitytouc・Mostofthes？reSiduesare

foundontheothersideofthemoleculeorinsidetheprotein．ItisnotablethattheADP－

ribosylatedresiduebyC3－1ikeexoenzyⅡ妃S，Asn41，isalsolocatedatthissu血ceandmay

inhibitthebindingtoLbc・ThereisanOtherproteinhavingguaminenucleotideexchangeaC也vity・
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SmgGDS，thathasnohomologytoCdc250fyeast（EhibuchietaL，1991；YakuetaL，1994）．

SmgGDSshowswiderspecificitythanDblhomologuesandactsonKi－Ras，Rapinadditionto

theRho免皿1ilyme血bers・馳oseemstointeractwithsmgGDSthroughitsmolecularSurface

COntaimingAsn41sinceADP－ribosylationofRhobyC3－1ikeexoenzymeSisreducedthe

interactioninthepresenceofsmgGDS（KikuchietaL，1992）．

GDIbinding

hadditiontoinhibitingnucleotidedissociation，GDIsmediatepardtioningtheircognate

Smal1GTPasesbetwecntherrwmbraneandthecytosol（ArakietaL，1990）．rhoGDIinhibitsthe

guaninenucleotideexchangeOfal1membersoftheRhofami1y・RecentstruCturalstudieshave

SuggeStedthatrhoGDIbindstothecognateGTPasesviaaniⅡ皿unOglobulin－1ikedominthat

hasahydrophobicpocketforbindingtotheC－tem血alisoprenylgroup（GosseretaL，1997；

Keepetal・，1997）・Althoughthisimmunoglobulin－1ikedommihas助1eefftctontherate。f

nucleotidedissociationfromtheGTPases，ithasbeensuggestedthatthisbindingdirectsthe

flexibleN－terminalamof血oGDItoGTPases，reSultingintheinhibitionofnucleotide

exchange・ItisofinteresttoquestionhowtheN－te血nalaminteractswithGTPasesbecause

theC－teminushavingtheisoprenylgroupislocatedonthemolecularSurfaceoftheGTPases

qppositetothenucleotidebindingsu血ce・IthasbeenrqortedthatGDIe脆ctivelyprevents

ADP－ribosylationbyC3－likeex∝nzy刀劃さandthenucleoddeqexchangeaCtivityofsmgGDS

（KikuchietaL，1992）・FbrthermOre・thenucleodde－eXChangeaCtivityofDblalsowas

remarkablyreduced（YakuetaL，1994）・Takentogether，theseresultssuggestthattheN－

terminalamofrhoGDImayinteractwithG叩asesonthemolecularsurface，Whichhas

residuesinteractwithGEFandGDSaswellasC3－1ikeexoenzymes呼ig・19）・Thishypothesis

PrOVidesafrarrwworkforanalyzingtheinteractionsofrhoGDI，GEF，andGDSwithRhoA．

E批ctsoftheγSuIfuratomandtheG14VmutationontheGTPaseactivity
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TheGTPYSmol∝uleexhibitsitsresistancetohydrolysis，WhichisconferredbytheY－

thiophosphorothioate・InthepresentstruCture，theY－thiophosphatetumsthesulfur－PhosphoruS

bondtowardGln63andpositionstheY－Sulfuratomtocomeintocontactwiththeputadve

nucleophilicwatermolecule．Therefore，thebulkysulfuratom，Whichhasavanderwaals

radius（1．8Å）muchlargerthanthatoftheoxygenatom（1．4Å），Sterical1yshieldsthe

PhosphoruSatOmfromthecloseapproachofthenucleophilicwatermoleculeandcouldinterfere

WiththestabilizationofthetranSitionstatebyGln63．TheY－Sulfuratomcouldalsointerfere

WiththestabilizationofthetranSitionstatebyArgresiduefromGAP（Rttingeretal．，1997b）．

Simi1armeChanismsfortheresistanCeOftheGTPYSmoleculetohydrolysis，Whichisconferred

bytheY－thiophosphorothioate，arePOSSiblefortranSducin－αandGiα1．Basedonthecrystal

StruCtureOftranSducin－αCOmPlexedwithGTPYS，ithasalsobeenpointedoutthatArg174，

WhichisakeyresiduestabilizingthetranSitionstate，PreVentSthethiophophatefromreaching

thetranSitionstate，duetoastericclashbetweenthe血mlyanChoredguanidinogroupandthe

Sulfuratom（Noeletal．，1993）．

IthasbeensuggestedthattheroleofthekeyGlnresidue（Gln630fRhoA）istostabilizethe

tranSitionstatebydirecthydrogenbonddoublybondedtotheY・Phosphateandtheputative

nucleophilicwatermolecule・ThetranSitionstateshouldinduceconformadonalchangeSarOund

theactivesiteofthecurrentstruCtureSincethepresentconformationofGln63directstheside－

chaincatbonylgrouptow訂dthenucleolyticwatermolecule（3．8Å）butalsopositionstheside－

Chainamidegroupawayfromthephosphate．TheY－Sulfuratomofthephosphateisclosestto

theside－ChainamidegroupofGln63，aSdescribedabove，butthedistanCebetweenthemis

m。rethan5Å．ThecontactsofthebranChedsidechainofVal14withtheN＿teminusofswitch

IIsecmtopushGln63awayfromtheY－Phosphategroupandreducetheconformational

－54－



flexibilityoftheside－ChainofGln63．Actual1y，theCYCarbonatomsofVal14andGh63havea

COntaCtOf3・6・Å・Anyrotationar0undtheside｛haintorsionsofGh63couldnotbringtheside－

ChainamidegrouptoapositioncloseenoughtointeractwiththeY－Sulfuratombecauseofthe

SterichindranCeOfthebulkysidechainofVal14・Wepostulatethatthes？Steric曲ctsarea

POSSibleInea鮎OfinhibitingGTPhydrolysisbythedominantlyacdvemutationV140fRhoA．

Thus，theⅡ蛤Chamismofdom血tactivationbytheG14VmutationofRhoAs

Simi1artOthatofG12VofH－RaseventhoughtheconformationsofswitchesIaJldIIarequite

di脆rent．
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ringofThd8isindicatedbyabrokenline・Tnetargetresidue，Thr37，わrglucosylationbylarge
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m8mMot…brsw払拭ばRhoガ14・
Residueswh。SemutationsabolishtheinteractionwithGEFareinyellow・Asn41isalsohighlighted

ingreen・SwitdhesIandIIareshowninredandblue，reSPeCtively・Thissurfacealsocontainsmostof
theresiduescorrespondingtothee飴ctor－bindingre＄iduesasseenintheconlPlexbetweenthe

Ras－bindingdomainofRaflandadoublemutantRapIA（E30D瓜31E），WhichmimicsRas・
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Fig・23・TheelectrostatlesurfacepotentialsonRhoAy14－GTPYSandH－RasV12GTPI

CalculatedelectrostaticpotentialsofRhojr14－GTPYS（A）andH－RasV12－GTP（B）aremappedonthe

molecularsurfaces．Positivechargesinblueandnegativechargesinred・CandD，Viewsfromthevery

oppositeside．H－RasV12hashighlynegativelychargedreglOnOnSWitchI，WhilenotinRhoAy14・
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Fig・24・ResidtnlaveragedB－factorsofRhoAy14・GTPYS・

A，reSidualaveragedB－factorsareplotedonCa－CarbonatomtracingsofRhoAy14boundtoGTPYSand

Mg2・ion・ResidueshavinglowB，factorvaluesarepaintedblueandgradual1yshiftedtored

correspondingtoincreaseofBrfactorvalue・nleN－teminus，theC－teminus，theregion＆omswitchesI

toII¢esidues26－7＄），thesegmentL7（residueslO3－112），andthe13－reSidueinsertio叫esidues
123－137）haverelativelyhighB－factorvalues・LargesphereisaMg2・ion・BothGTPYSandMg2＋ion

havealm。StSameB－factorvaluesof油out30Å2．B，ahistogramshowsB－factorvaluesofthe

correspondingresidues，WiththesecondarystruCtureelementsofRhoJP14atthebottom・
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ConclⅦSion

ThecrystalstruCtureOfRboAV14complexedwithaGTPYSandaMg2＋ionwas

determinedat2．4Åresolution，WithanR－factorof19．5％andafh！eR＿fact。r。f26．8％．This

StruCtureha＄aSindarfoldtoRboA－GDP（WeietaL，1997），butshowslargeconformadonal

di飴rerLCeSlocalizedinswitchesI（Asp28－Ala44）andII（Gly62－Arg68）．Nosigmi負Cant

COnformadonalchangeeXistsinthe13－reSidueinsertionreg10n・ThesechangeSPrOduce

hydrophobicpatchesonthemolecularSurfaceofswitchI，Whichhasbeensuggestedtobe

invoIvedinitsefFtctorbinding・ThelengthsandpositionsofswitchesIandⅡofR血oAare

muchdiffbrentfromthoseofRasfami1yproteins，H－RasandRap2A（M五bumetaL，1990；

Chermsetal・，1997）・Co＝VaredwithH－RasboundtoGTPorGTPanalogues，thesigmi負cant

COn丘椚肌如ionaldifFtrehcesamlocatedinregionsinvoIvingswitchesI（丹S27－ho36）andII

（Asp59－Asp78）andpartoftheantiparallelβ－ShectbetweenswitchesIandⅡⅣal43－Val53）．h

additiontothesedifFbrences，RhoAcontainsfourinsertionordeletionsiteswithaneXtrahelical

Subdom由nthatseemtobecharacteristicofmembersoftheRJ10fami1y，includingRacland

Cdc42Hs，butwithseveralvariationsindetail・Thesesitesalsodisplaylargedisplacementfrom

thoseofH－Ras・TbeADP－ribosylationresidue，Asn41，byC3－1ikeexoenzymesstacksonthe

indoleringofTrp58withahydrogenbondtothem扇nchainofGlu40・Thecorresponding

ribosylatedresidueofRacl，Asn39，alsostacksontheindoleringofTrp56，butthisresidueis

kn0wnnOttObesubiectedtotheADP－ribosylation．Alargedi脆rencebetweenactivatedRhoA

andRaclisthereatPhe390fRhoAwhichprotrudesfromthesurface，butPhe370fRacl

bmie＄insidetheprotein・TherecogmitionsofGTPYSandMg2＋ionbyR血oAarealmostsame

asH－Ras－GMP－PNPPaietaL・1990），butintherecogmitionoftheguanOSinemoietyof

GTPyScontainswater－m威肋鹿dhydrogenbonds，WhichseemstobecorrmonintheRbo

fhmilyGTPases・ThesestruCturaldi触nce＄PrOVideaninsightintospecincinteractionsites

WiththeefftctαS，aSWellaswithmodulatorssuchasGEFandGDI．
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