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5VM打ARY

The sma11GTPase Rhoisirnplicatedin physi0loglCal

functions associated with actin－myOSin filaments such as

cytokinesis，Cellmotility，Celladhesion and sm00th znuscle

conヒracヒion．Three of proteins，Serine－threonine kinase′

protein kinase N（PKtJ），the mYO＄in binding subunit（MBS）of

myosin phosphatase′　and newIYidentified serine－threonine

kinase，Rho－aSSOCiated pro亡ein kinase（Rho－kinase），Were

identified as釘10targetS．The GTP－bound form of RhoA

directly bound to and activated both PKN and Rho－kinase・

Activated RhoA also formed a complex with the MBS・　Zn

vitro，Rho－kinase′　Which was activated bY Rh0．

phosphorylated myosinlighヒChain（mC）lthereby activating

myosin ATPase・Rho－kinase also phosphorylated rnYOSin

phosphatase，leading to theinactivation of rnyosin

phosphatase．Microinjection of constitutivelY aCtive Rho－

kinasein fibroblastslea to the fomtion of stress fibers

and focaladhesions．Microin］eCtion of dominant negative

forms of Rho－kinaseinhibited thelYSOphosphatidic acid

（LPA）－induced stress fiber and focaladhesion formation・

Thus，Rho－kinase appear＄tO mediate slg・nals from Rho and to

induce the formation of stress fibers and focaladhesions′

probably via specific substratesincluding MBS and Hl・C・
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＝Ⅳ℡ROptJC℡工0Ⅳ

The Rho faLmilY Of proteins′1ike other GTPases，eXhibit

both GDP／GTP－binding and GTPase activities（1）．They have・

the GDP－boundinactive and GTPTbound active forms which are

interconvertible by GDP／GTP exchange and GTPase reactions

（1）．　The GDP／GTP exchang■e reaCtionis regulated bY

S亡1mlaヒ0工・y prO亡e土ns such as Smg GDS（2′3）′　Dbl（4）′　Osヒ

（5）′　and Tiam－1（6）and bYinhibitory proteins such as Rho

GD＝（7）．　The GTPase reactionis regulated by Rho GTPase－

a⊂亡土va亡1nすprO亡e土ns．（GAP）such as Ras GAP－aSSOCまa亡ed p190

（8），Rho GAP（9），and Rho GAP p122（10）．　He如bers of the Rho

family of proteins，including封10A，B，C，Racl．2　and Cdc42

share more than　50％　seq・uenCeidentity with each other（1）．

Rhoisinv0lvedin appropriate responses of cYtO＄keletal

neヒWOrk　亡O eXtraCellular　∈止gnals such aslysophospha亡id土c

acid（もPA）and cerヒaln growtb　ねc亡OrS　亡O form．s亡ress flbers

and focaladhesions（11，12）．　Rhois alsoinv01vedin other

phYSi010glCalfunction＄aSSOCiated with cytoskeletal

rearrangements such as cellmorph01ogY（13）′　Cell

aggregation（14）′　Cellmotility（15），and cytokinesis

（16，17）．　Recent studiesindicate that Rhois alsoinv0lved

in regulation of sm0Oth muscle contraction（18）．

Phosphatidylinosit013－kinase（P＝3－kinase）（19，20）．

phosphatidylino＄ito14－phosphate　5－kinase（P＝4′5－kinase）

（21），and c－fos expre＄Sion（22）．　Rac has been shown to be

inv01vedin the formation of membrane ruffling and
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1amellipodialn fibroblasts（23′24ト　Cdc42was orig土nally

identifiedin the yeast Saccharonvces cerevisiae，Whereit

regulates polarized cellgrowth（25）．Cdc42regulates the・

formation of actin－COntaining microspike，Called filopodia′－

1n flbroblas亡S（26′27）．

Upon stlmlatlon wl亡h cer亡a土n ex亡racellular slgnals′

the GDP－bound form of the Rho familY Of proteins may be

converヒed to the GTP－bound form，and then theY bind to

specific targets and exert their bi0logicalfunCtions（26）・

Cdc42appears to be downstream from bradYkinin′　Rac appears

to be downstream from PDGF andinsulin，and■Rho appears to

be downstream from LPA（26，27）．　Recenヒ　Studies demonstrate

thatin swiss　3T3　cells，a Ca＄Cade of Cdc42　contr011ing Rac

conヒr011ing姐o c0Ordinates the actin cytoskeleton during

ce11movement（26，27）．For example，bradykinin appears to

stimulate the cascade via Cdc42，PrOducing the effects of

Cdc42　activation（filopodia）followed by Rac activation

（lame11ipodia），ana Subsequent Rho activation（StreSS fibers

and focaladbesion5）（26．27）．

The target m0lecules for Raclhave beenidentified to

be serine－threonine kinase PAK（28，29），WASP（30，31），ZQGAP

（32－35），and PORl（36）．Among these targets′　PORlhas been

shown to specificallyinteract with Racl，but not with

Cdc42．　The other targets for RacIcaninteract with Cdc42・

p85sublユnit of P＝3－kinaseis also directly associated with
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activated Rac and Cdc42（37）．However，the specific target

for Rho have not yet beenidentified・

＝n the present study，Iidenヒified putative targets for

RhoA；PrOtein kinase N（PKN）（38）lnOVelserine－threonine

kinase Rho－kinase（39）．and the zTTyOSin binding subunit（MBS）

of myosin phosphatase（40）・＝demonstrated that Rho－kinase

phosphorylated虻BS and consequentlYinactivated myosin

phosphatasein vitro（40）・Rho－kinase also phosphorylated

myosinligrht chain（MLC）and therebY aCtivatedrnyosin ATPase

（41）．Constitutively active Rho－kinase couldinduce the

formation of＄treSS fibers and focaladhesions wheninjected

int01ntact cells（42）．
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EXpERエMEN℡A工．　pROCEDVRヱさ

打ato工1alさ　8nd　く血Omle81さ Glutathione Srtransfera三；e

（GSで卜RhoA．GSで一弘oAAヨ7．qsT一弘oA工41・GST－Racl・GSで－H－Ras′

GS℡－RB′GSで－CO工L′GST－PH′GST－＝LC′GST一肌CA18A19′GST－C3

亡ransferase（C3），maltose binding protein（MBP）－PKⅣ－N，MBP－

MBS－N，and MBP－MBS－C were produced′　and purified from E・

c（⊃li．　GST－CAT and GST－CAT－KD were producedin gpodQPtera

frugiperda ce11s（Sf9cells）with a baculovirus sYStem and

purified on a glutathione－Sepharose coluznn・pGEX－C3was

kindlyprovided by Dr・■Hall，（UniversityCo11ege of London）・

Formicroinjection，GST－C3and GST－RhoA＝41were cleavedwith

throzrd3in，purified to remove the GST・and concentrated

（43，23）．弧．C，MYOSin and MLC kinase from the frozen chicken

gizzard were kindlY prOVided by Dr・＝to（Mie University

Sch001of Medicine）．F－aCtin was purified from the rabbit

skeletalmuscle（44）．LPA，anti－Vinculin antibody，and

tetramethylrhodamineisothiocyanate（TR工TC）－1abeled

pha110idin were purchased from Sigma ChemicalCo・（St・

ムouis，班○′　USA）．Calyculln A wa5purChased from Wako Pure

chemical＝ndustries（Osaka，Japan）・【†－32p］ATP was

purchased from Amersham Corp・Allmaterials usedin the

nucleic acid study were purchased from Takara Shu2：O Co・

（Kyot0．Japan）．Other mate吏ials and chemicals were obtained

from comerc土al sources．

p188nld eon層truet層 The cDNA fraすmenヒOf RhoA工41and

MLCA18A19were generated by the site－directed mutagenesis
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and subclonedinto pGEX－2T・PEF－BOS－ZiA－RhoAV14was

constructed as described（45）．　pEF－BOS－myC－CAT（amino acids

6　t0553），pEF－BOS－ZTtyC－CAT－KD（mutated at ATP－binding site；・

Lys121to Gly）．pEF－BOS－myC－CO＝IJ（amino acids421t0701），

pEF－BOS－myC－RB（amino acids　941t01075）′　and pEF－BOS－mYC－P

（amino acidsl125　t01388）were constructed．

AffizlitY C01uzzLn ChronatographY　＋The crude membrane

fraction was prepared from bovine brain graY matter（200g）

（46）．The proteins of the membrane fraction were extracted

bY the addition of an equalvolume of Homogenizing buffer

【25mH Tris－HCl（pH7．5）．5I一朗EGでA．1I一朗dl－亡hloヒhrelt01

（m）．10I一朗M冒C12′10宅sucrose】con亡alnlnす4M Na⊂1（100

ml）′　and t血e ex亡rac亡WaS dialyzed against BufferÅ【20　m比

℡rls－HCl（p壬Ⅰ7．5）．1IT朗EDでA，1mH DでT．5InH HgC12】・Solld

arrmonium sulfate was added to a finalconcentration of　40％

Saturation．　The precIPitate was diss0lvedin16mlof

Buffer A and aialy2：ed against Buffer A and then passed over

al－mlglutathione－Sepharose c01um．　One eighth of　ヒhe

pass－through fraction（2　ml）wasIoaded onヒO a O．25－ml

glutathione－Sepharose c0lumn containing6nm010f respective

smallGTPases preloaded with guanine nucleotide＄　aS

indica亡ed．　The colums were wasbed wl亡h　2．5　工nl of Buffer．A′

and bound proteins were eluted with respective smallGTPases

by the addition of O．825mlof Buffer A containinglO

gluta亡hlone．
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Clonl叩　Of tho eD恥　Of　姐○－kina朗（p164）

obtain cDNA clones encoding Rho－kinase（p164）la bovine

brain cDNAlibrary（1．2xlO6independent plaquesinヒOtal）

was screened with degenerate oligonucleotide probes

according to the partialamino acid sequences determined

frompurifiea Rbo－kinase（indicatedbY double underlinesin

Fig．2）．Hybridization for screening of thelibrary was

done as described（47）．The cDNAinsertedinto Lgヒ10phage

DNA was cloneainto pBluescript＝＝SK（－）（48）for nucleoヒide

sequencing andinto pEF－BOS－myC for expressingin mamlian

Cell白．

エntoractまon of RboA wltb roく；Omblnant PⅣ．Rbo－

klユーさ●′　8nd　別3層1n　■　e011－fr00　きy8七色m　＋1）虹BP－p氾ト

N（amino acid＄7to155）（0．2nmol）was mixed with

gluta止まone－Sepharose beads（30担）conヒよ土nl叩0・75nm0lof

either GST，GDP・GST－RhoA，guanOSine　5．－（3－0一

亡hlo）亡rlphospha亡e（Gで叩）・GSで－RhoA′Gで叩トGSで－払oAA37′

Gこ〉p・GSで一Racl．GTPYS・GST－Racl′　G工）P・GST－H－Ras．．0r GT叩・GST‾H‾

Ra＄in O．8mlof Buffer A．比BP－PKN－N was eluted by the

addition of O．1mlof Buffer A containing O．2M NaClthree

time＄and then by the addition of O・1mlQf Buffer A

containinglO T劇gluヒathione three times・Portion＄（30pl

each）of the first fraction of the gluヒa亡hione－eluate were

subjected to SDS－PAGE followed bY Silver staining・

2）To obtain thein vi亡ro－tranSlatea rat MBS（amino acidsl

to976），pCR＝＝－MBS was constructed・The MBS was translated
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in vitro using the TNT T7coupled reticulocYtelYSaヒe sYStem

（Promega）underヒhe conditions describedin theinstrucヒion

manual．GST－SmallGTPase＄loaded with guanine nucleotides・

（0．75nm0leach）wereimobilized onto31plof glutathione－

sepharose beads and washedwith310pl（10volumeS）of

Buffer A．Theimmobili2：ed beads were added t030plofin

vitro－tranSlated mixture and gen亡Iy mixed forlh at　40cin

the presence o草1mg／mlbovine serunalbumin（BSA）・The

beads were washed six times withlO2pl（3・3v0lumes）of

Buffer A，and the bound proteins were eluted with GST－Sma11

G proteins by the addition oflO2LLl（3・3v0lumes）of Buffer

A containinglO znM glutathione three times・The first

eluates were subjected to SDS－PAGE and vacuum－dried f01lowed

by autoradiography・

OverlaY　＆さ8＆Y＋The methodis a modified form of the

one described previousIY（49）．Briefly．the sample was

applied t06％SI）S－PAGE and blotted to a nitroce11ulose

meI血rane．The mernbrane wasincubated at4．C for5min with

Buffer B（25rnM Hepes／NaOH at p＝7・0′　0・5mM MgC12′　0・05％

Triton X－100）containing6M gruaniaium hydrochloride

f0110Wed byまncuba亡ion for3mln w土亡b Buffer B・This was

repeated four times and then an equalvolume of Buffer B

containing6M guanidiumhydrochloride was added・The

meI血rane was agitated forlO min and an equalvolume of

Buffer B was added fiveヒimes sequentially forlO min each・

The membrane was soakedin Buffer B，tranSferredinto
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phosphate buffer saline（PBS）containingl％BSA，0・1％Triton

xTlOO，0・5mMMgC12，and5mMDTT・ヒhenizTmerSed forlOmin

with O．5mlof GAP buffer（25rrM Hepes／NaOH at pH7・0・2・5

血M DTT．5mM MgC12．0・05宅でri亡On X－100′100一肌G叩）

con亡aining【35s】GT叩・GST一弘oAor【35s】Gワ叩トGST一姐oAA37

The membrane was washed three times with PBS containing25

znM‥Hepes／NaOH at pH7・0・5mMMgC12，and O・05％TritonX－100′

dried and exposed to an X－ray film・

℡rot01n klユーさ0　88ささy　∴The klnase reaction for pKN

and Rho－kinase was carried outin50plof kinase buffer［50

mM‾Trls用Cla亡pH7・5′1r劇EDでA′1汀朗＝＝げっ・5Ⅰ劇MgC12′　0－

0．15％3－【（3－CholamidopropYl）dimethYlarrmonio】

propanesulfonicacld（CHAPS）】contalnl叩2－250岬【γ32pユ㍍p

（10－800GBq／m01）and purlfled PKⅣ′　Rho－kinase or GSで－CAで・

The kinase reaction for MLC kinase was carried outin50pI

of the reaction mixture（50rnM Tris／HClat pH7・5・1rru

晦C12′85Ⅰ劇KCl′250岬tγ－32p】AでP［0・5－5GBq／m01】・

purifiedenzyme andindicatedamountS OfMI・C ormYOSin）with

or without O．1rrD（CaC12andlO囲／mlcalmodulin・After an

inc豆bation forlO min at30．C，the reaction mixtures＿Were

boiledin SDS－Sa∬ple buffer ana res0lved by SDS－PAGE・The

radiolabeled bands were visualizea by autoradiography or by

Fujiimage analyzer BAS－2000・To exaJnine the

phosphorylation of S6pepヒide，αPKC peptide・andmyelin

basic protein，the reactionmixtures were spotted onto
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whatmanp81paper．Theincorporation of32pinヒO the

substrates was assessed bY SCinヒillation counting．

℡bloph08pboryl■tまon of myoさin pho8p血色亡aさO and　凹乙C

phoBphataさe a“aY∴Thiophosphorylaヒion of mYOSin

Phosphatase（1pg of protein）was carried outin50plof

kinase bufferin the presence oflO岬【35s］adenosine5r・一（3－

0－thio）－triphosphate（ATPYS）（8－10GBq／mmol）instead of［γ－

32p］ATP．After anincubation for6min a亡30．C．40plof

the reaction mixtures were subjected to SDS－PAGE andlO L11

Of the reaction mixtures were used for the肌C phosphatase

assaY・The Ml・C phosphatase activity was assaYed for6min

at300cin50plof reaction mixture（3－0IttM Tris／HClat p王王

7．5．30Ⅰ劇RCl．3r劇晦C12．5細江EDTA．1Ⅰ劇mT′　5岬32ト

虻LC and s叩1es）（50）．

Dotoetまon of pb08pborylatlon of　班B5in　Ⅳ＝Ⅱ　3℡3　c011

11ム○さ＋Ⅳ工H3T3cells were stably亡ransfecヒed wlヒh

p3・SS andpOPRSV＝－HA一弘oA or pOPRSVエーHA一見hoAV14亡O eS亡ablisb

N＝H3T3celllines overexpressing RhoA or RhoAV14under the

COntrOlofisopropyl－β－D－thiog・alactopyranoside（＝PTG）

according亡O the manufacturalins亡ruction（Stratagene）．

Confluent N＝H3T3　celllines（the parent cells，N＝H3T3－

RboA－5．Ⅳ工H3℡3－RboA－24．N工H3T3－RboAV14－7．and NエH3T3－

Rhoが14－24）（35mm dlsb）were trea亡ed wi亡h5r肌工PTG for24

h．　Durlng■ヒhelast12h，the cells were serun－StarVed．and

thenlabeledwith9．25班Bq of［32p卜Orthophosphaヒe for2h・

The32p－iabeled cells were thenlysed′　and王瓜S was
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imnopreclpitated．The washedirnmunopreclpitates were

subjected to SDSTPAGE for auヒOradiographY・Stimulation f01d

of MBS phosphorylation was calculaヒed byimage analyzer・

Dotoctlom of pIlO8pbory18．tlon of　皿乙C ln N工ヱ　3℡3　∈011

1izleZl＋＝PTG－treated and serum－StarVed N＝H　3T3　celllines

（100　mm．disb）were added wi亡hlO宅　亡richloroace亡1c acld

（TCA）．　To determine the extent of MLC phosphorylation，the

TCA preclpitable materials were subjected to glycer0l－urea

gelelectrophoresis followed by quantitation of the relative

amounts of non－phosphorylated and phosphorylated forms of

HLC withimmunoblot technique（51）．　To examine the effect

of calyculin－A，N＝H3T3　ce11s were treated with O・1岬

Calyculin－A forlO min．

坤yoさizIA℡Paβe a8Bay　＋MYOSin ATPase assaY WaS Carried

out as described（52）with minor modifications．　Briefly′

0．1mg／mlmyosln was phospboryla亡ed by GST－CA℡（450ng of

pr・Otein）in O．45mlof the reaction mixture（50r劇Tri＄／HCl

at pH7．5′1IT朗mT．5rr朗HすC12．1r【劇【EGTA．85mM RCland

500岬A℡p【80－200H3q／m01】）for20m土n at300c・Myosln

WaS PhosphorYlated by MIC kinase（450ng■Of protein）under

the similar condition＄　eXCePtin the presence of O．1∬朗

⊂aC12　and■10pgr／mlcalmodulin．The myosin ATPase reaction

WaS Carried outin O．1mlof ATPase buffer（0．05　mg／ml

phosphorylaヒed myo∈；1n′　50I一朗Trls／HClaヒpH7・5′　0・5r【側Dワで．

10InM HgC12′　0．5　mM EGTA′　85I一朗KCl，andlmM Aでp【80－200

虹Bq／rnrnol］）at theindicated concentrations of F－aCtin for　30

12
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min at　300c．An aliq・uOヒ（80pl）of the r甲Ction mixture was

addedinto the stop soluヒion（1・3％　charcoal．0・12M：NaH2P04

and O．33M perchloric acid）and filtrated・Znorganic

phosphate that wasliberatedL from［Y－32p］ATPwas assessed bY

a scin亡illaヒion coun亡er．

凹1eroinjoetまon a丘dinmunofluorogcon80　analy8ま8－Sw土ss

3T3　ce11s were culヒuredin Dulbecco－s modified Eagle’s

medium（DMEM）supplemented wiヒh fetalbovine serun（10％）・

ce11＄Were＄eeded at a densiヒY Of8－10xlO3cells ont012

rEtm glass coverslips・After4dayslthe ce11s were deprived

of serum for24　hin DME打．　Recozr血inant proteins were

microinjec亡ed along with a marker protein（rabbit＝gG，1

mg／ml）into the cytoplasm of cells．After microinjection，

the cells wereinclユbated at　370c for　30min．　Actin and

vinculin were visualized by TR＝TC－1abeled phalloidin and an

antibody to vinculin′　reSPeCtivelY，aS described（11，12）・

Nucleiwere visualized bY bis－benzimide．

Other Proceduroさ　＋SDS－PAGE was performed as described′

prev土ou眉1y（53）．A phosphopep亡ide mapp土ng analysIs of瓜C

wa＄　Carried out as described（54）．　A phosphoamino acid

analysis of氾一C wa＄Carried out as described（55）■・The

irrmunoblot analysis was carried out as described（56）・
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from the above RhoA－interacting proteinsIWere eluted from

the GTPYS・GST－Raclaffinity columnbut not from the GDP・GST－

Raclaffinity c01umn（Fig・1）・＝confirhed that the140kpa

and182　kDa Racl－interacting protein were distinguishable

fromp138and p180by electrophoresis′　reSpeCtively・

Neither p128，P1381P164′　nOr P180was eluted from the

GTPYS・GST－H－Ras affinity coluznn・＝conclude that the four

proteins p128／p138，p164′andp180interact specifica11Y

wltb ac亡iva亡ed RhoA．

Among・the RhoA－interacting proteinsidentified・＝

enriched p128by specific elution from the GTPYS・e■sT－RboA

affinitY COl一ユItlnin the presence of O・2MNaCl（daヒa・nOt

shown）．The p128proteinwas further purified to near

homogeneity（greater than95％）by DEAE Sepharose column

chroznatographY・Purifiedp128was subjected to amino acia

sequencing・Five peptide sequences derived from p128were

determined．These were QLA＝ELK，mRLL，LGIJLREALERRL・

spLTIJEDF，and VLLSEFRP・They were found within the sequence

of the human＄erine－threonine kinase PKN／PRRl（57，58）lWhich

has an apparent molecular size of120kDa on SDS－PAGE・Close

to that of p128・＝mnoblot analysis demonstrated that p128

was recognized by antibody to PKN（data not shown）・＝

therefore conclude that p128is the bovine PKN・

Nine peptide sequences derivea from p138were

detem土ned：RW＝GSE．SL工一QH．GYTEVl′　ETL工エEPEX′　DESPA′

AmPTV．SLQG工．邦拒肛椚皿揖．and DENG姐工RV工S・でbey were
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almostidenticalヒO those of raヒ110－kDa regulatorY Subuniヒ

of sm00th rnuscle protein phosphataselM（50）JWhichis a rat

hbm0logue of the myosinTbinding subunit（MBS）of myosin

phosphatase form chicken（59）・1further confirmed that

p138is the MBS byirEmnOblot analYSis・The p138protein

was recognized by antibody to MBS・and anizTtrmlnOreaCtive

band was specifically detectedin the eluate from the

GTPYS・GST－RhoA affinity c01uTnn（data not shown）・Therefore，

＝　concluded that p138is a bovine counterpart of HBS・Z

bereaf亡er refer to土t as班BS．Myosln phospba亡aseis

composed ofヒhe虹BS，a37－kDa tYPelphosphatase catalytic

subunit，and a20－kDa regulatorY Subunit（50，59）・＝

examined whether the other subunits were retained on the

GTPYS・GST－RhoA affinitY甲IuzTn・Animnoreactive bana

corresponding to catalYtic subunit was specifica11Y detected

ln亡be elua亡e fromヒhe GでP準■GST－RhoA affinl亡y c011ユm（da亡a

not shown）．Animnoreactive band corresponding to the20－

kDa regulatory＄ubunit was detectedinヒhe meI血rane extract，

but not detectedin anY Of the eluates，SuggeSting that

interaction of RhoA with rnyosin phosphatase may cause

di＄SOCiation of the20－kDa regulatory subunit from the

h01oen2＝yme，Alternatively，RhoA mayinteract specifica11y

with myosin phosphatase corEIPOSed of MBS and the catalYtic

subunit．肛一C phosphatase activi亡y was SpeCifically detected

in the eluate from the GTPYS・GST－RhoA affinity c0lumn（data

no亡　Sbown）．
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＝next enrichedp164through specific elution from

ヒhe GTPYS・GST－RhoAaffiniヒyc0lumin thepresence ofl％

cHAPS（data not shown）・To furヒher purifyp164・the

partially purifiedp164was subjected to Mono Q colum

chromatography・P164appearedas a single peakin the

colurnn chromatographyandwas purified to near homogeneity

（greater than95％）（datanot shown）′andpurifiedprotein

was subjected to amino acid sequencing・Thirty seven

peptide sequences derived fromp164were deteminedland

revealed thatit was novelprotein・

＝さ01atlon of tbo p164　eDm

To clarify a molecularidentity of p164・tWO SequenCeS

of the peptides were used to design the degenerate

oligonucleotideprobes for the cDNAcloning・Byuse of

degenerate01igonucleotideprobes・the cDNAencoding the

complete sequence ofp164wasis01ated fromabovine cDNA

library・Thepredictedprotein contains1388amino acid

residues with a calculatedm0lecular mass of160，739Da′

whichis close toits apparenヒMr′164kDa′　eStimated by

sDS－PAGE（Fig．1）．The deduced amino acid sequenceis shown

in Fig．2・A11thirty sevenpepヒide sequences obtainedwere

found within the deduced amino acid sequence・The

neighboring sequence around theinitiation codon was

consistent with the translationinitiation start site

proposedbYKozak（60）and＝found ain－frame termination

codonin the preceding reglOn・The predicted pro亡ein
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product has the putative kinase domainin the N－terminal

portion andit shares72％sequence hom0logy with myotonic

dystrophy kinase within the kinase domain（Fig・3）（61－63）・・

p164his a putative coiled－COilstructure which shows a

slg・nificant similarity with rnYOSin rodin the middle

port．ion′　and a pleckstrin－hom0logY（PH）domainin the C－

terminalportion・On the basis of these results・＝

hereafter designa亡ed p164as Rho－aSSOCiaヒed kinase（Rho－

kinase）．

寧po¢1fle lntoraction of pRⅣ′　拭B8′　and Rbo－klnaさO

Wltb．：RboA

To address whether PmJ．MBS，and Rho－kinase are the

target proteins of Rho′　SpeCificinteraction between

干eCOmbinantproteinsof themandGTPYS・RhoAwas

inves亡1すa亡ed．

Because PKⅣis composed of an NH2－terminalregulaヒOry

domain and a COOH－terminalcatalYtic dqmain（57，58）′　＝

tested whether RhoA directlY binds the NH2－terminaldomain

of pKN・The Nl｛2－terminaldomain of PKN（amino acids7t0

155）was expressed as a HBP fusion protein and mixed with

beads coated with GST－RhoA．The MBP－PKN－N fusion protein

was retainea on the GTPYS・GST－RhoA beads and coula be eluted

by O．2】妊NaCland eluted with GTPYS・GST－RhoA by the addition

of glutathione（Fig．4）．The fusion protein was not

retained on beads coated with GST，GDP・GST－RhoA，GTPYS・GST－

RhoAA37′　Gで叩・GST－Racl′　Or GTP肇・GST－H－Ras・ScaヒChard
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analYSisindica亡ed that MBP－PRN－N formed al：1complex with

GTP鰐・GST－RhoA．でbe appa工■enヒ∬dvalue for MBp－pXN－N was

estimated to be about O．4岬・

To examineヒhe direct binding of GTPγS・qST－RhoA亡O Rho－

kinase，the overlay assaywith［35s］GTPYS・GST－RhoAwas

carried out．【3ちs】GTPYS・GST－RhoA bound to Rho－kinasein the

membrane extract and purified preparation，Whereas

【35s】GT円S・GST一敗0少37d土dno亡blndヒ01ヒ（Flg・5）・

indicating that activated RhoA directly binds to native Rho一

窄inase via the effectordomain．【35s］GTPYS・GST－Raclaidnot

bind to Rho－kinase（data not shown）．To determine the Rho－

binding・domain of Rho－kinase，＝divided Rho－k・inaseinto

severalfragTnentS and expressed as GST－fusion proteinsin E・

COli．・Among these fragmen亡S Of Rho－kinase，the COOH－

ヒerninalof coiled coildomain（amino acids　941ヒ01075）

specificallYboundGTPYS・RhoA，but not GTPYS・RhoAA37in the

overlay assay（data not shown）．＝concluded that activated

RhoA directlyinteracts with this reg・10n Of Rho－kinase・and

refereed to the region as Rho－binding（RB）domain・

Thein vitro－tranSlated HBS was also mixed with　ヒhe

affinity beads coated with GST－RhoA，and MBS was retained on

the affinity beads coated with GTP†S・GST－RhoA and eluted

with GTPYS・GST－RhoA by the addition of glutathione（data not

shown）．　＝confirmed that the COOH－．teminaldomainpof MBS

（amino acids699t0976）in亡eracヒed with dominant activated

RboA（RhoAV14）but no亡Wl亡b RboAln a yeas亡亡WO－bybrld
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sYStem（data not shown）・RhoAV14is s亡ructurallY

equivalent to H－RasV12（1，64）・BecauseRhoAV14has

decreased GTPase activitY andisinsensitive to Rho GAP′it・

exists mainlyin a GTP－bound formininヒact cells（11－13）・

The NH2－teminaldomain of MBS（amino acidslt0707）

interactedweaklYWithRhoAV14but not with RhoA・The C00H－

teminaldomain of MBS contains a p01ybasic reglOn followed

bY aleucine2：ipper－1ike motif（50）．Because Pm also has

similar polybasic reglOn f01lowed by aleucine zlpper－1ike

motifin the reglOn WhereitinteracヒS With Rho′　this may

represent consensus moヒif forinteraction with Rho・On the

other hand，＝do not find any sequence similaritY beヒWeen

the NH2－teminaldomain of MBS andヒhe Rho－interacting sites

of pXⅣ　and Rho－klnase．

Ro卯18tion of tbo kiユa80　－¢tivまty of　℡RⅣ　and Rbo－

klnaさO by RboÅ

＝　further tested whether GTP・RhoA could act as a

modulator of PKⅣand Rho－kinase kinase activity．

Purified pXN phosphoryla亡es exog■enOuS Subs亡ra亡e∈；SuCb

as myelin basic protein and serine－COntaining・Synthetic

peptides based on the pseudosubstrate site of protein kinase

⊂（PXC）（Wbich correspond＄tO誠Iino acids19t0350f bovine

PXCα．eXCep亡亡ba亡Serls subs亡1亡u亡ed for Ala∫

RFARRGS工JRQ抑ⅣHEVX）．G℡円S・GST－RboA stlmlaヒed王〉KN klnase

activitYin a dose－dependent manner，Whereas GDP・GST－RhoA
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wasineffective（Fig．6）．GTPYS・GST－RacIshowed only a

sma11effect and GTPYS・GST－H－Ras had no effect（Fig・6）・

＝　then examined the kinase acヒivity of Rho－kinase

toward exogenous substrates such as S6peptide・Rho－kinase

phosphorylated S6peptide and GTPYS・GST－RhoA stimulated this

reaction，Wbereas GDP・GST－RhoA had a much weaker effect・＝

also examined phosphorylation ofαPKC peptide and myelin

basic protein，and found that GTPYS・GST－RhoAwas able to

stiInulate the kinase activity toward PKCαPePtide and myelin

basic protein・Among these substrates・S6peptide was the

most preferable sub＄trate for Rho－kinase（data noヒShown）・

＝　next examined the effect of various smallGTP－binding

proteins on the kinase activity of Rho－kinase and found that

GTPYS・GST－RhoAA37andGTPYS・GST－RacIshowed only a residual

effect and GTPYS・GST－H－Ras had no effect（data not shown）・

Since RhoisiITplicatedin cytoskeletalrearrangements，＝

＄earChed for slibstrates for Rho－kinase anong cytoskeletal

regula亡Ory prOteinsincluding vinculinJtalin・metaVinculin・

caldesmon′　filamin′　Vimentin，α－aCtinin（65），Z4ALP－4（66），

and MBS of叩yO白土n pbospba亡ase（59′50）．Amongヒbem，MBSIs

the mos亡preferable substrate for Rho－kinase・GTPYS・GST－

RboA．st土mula亡ed亡he k土nase ac亡1vlヒy toward HBS abou亡15　f01d

（F土9．7）．

Re卯1atlon of　亡bo myoBin pIl08pbata80　8・Ctivity by

Rbo－klnaさ○
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＝　examined whether GTP†S・GST－RhoA modulates the

ac亡ivity of mYOSin phosphaヒase，and found that GTPYS・GST－

RhoA did not modulate the activiヒy of MIJC phosphatase（data

not shown）．＝t has been shown that thiophosphorylation of

MBSis associated withinhibition of the myosin phosphatase

activitYin pemeabilized smooth muscles（67）・These

observations proI叩ted us to examine whether Pm and Rho－

kinase phosphorYlate虻BS・Rho－kinase phosphorylated the

C00H－terminaldomain of MBS（amino acids　753　t01004）（MBS－

C）（Fig．7）but did not phosphorylate the NH2－terminal

domain of MBS（amino aciaslto　721）（MBS－N），Whereas PKN

hardlY phosphorYlated ei亡her fragTnent（data not shown）・

GTPYS・GST－RhoA stimulated the kinase activitY Of Rho－kinase

toward虻BS－C′but GDP・GS℡－RhoA（Flg．7）．GT叩・GST－RboAA37

0r GTPYS・GST－Racl（data not shown）did not・To examine

whether Rho－kinase regulates the MLC phosphatase activity

through the pho＄phorylation of HBS，＝tested whether Rho－

kinase thiophosphorylates the native h01oenzymein the

presence of ATPYS．The h01oenzyme ha＄phosphatase activitY

towarditself，SO Z measured thiophosphorylation，Whichis

resistant tO phosphatase activity（67）．The MBS of the

h010enZyme WaS Slightly tI止ophosphorYlaヒedin the absence of

Rho－kinase，preSumably because ofits contamination・With an

unidentified kinase．Rho－kinase thiophosphorylated MBSin a

dose－dependent manner（Fig．8）．Thiophosphorylation of MBS

was a＄SOCiated with a decreasein the MLC phosphatase
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activitY（Fig．8）．The decrease ofヒhe MLC phosphatase

activitY depended on the simultaneous presence of ATPYS and

Rho－kinase・GTPYS・GST－RhoA enhanced bothヒhe

thiophosphorylation and theinhibition of the phosphatase

activity bY Rbo－kinase・

To test whether activated RhoA canLStimulate the

phosphorYlation of MBSinintact cellsl＝established N＝H

3T3　celllines that expressed RhoA（RhoA－5，Rht）A－24）or

RhoAV14（RhoAV14－7，RhoAV14－25）under the contr0lof an

inducible promoter・Treatment Of the ce111ines with an

inducer，＝PTG stimulated RhoA or RhoAV14expression2to5・4

f01d depending on the cel11ines，thoughヒheY Showed basal

eコ申re＄Sion of RhoA or RhoAV14・＝n these cel11ines，large

amounts of stress fibers and focaladbesion＄Were Observed

in the presence or absence of＝PTG（data not shown）・The

amounts of phosphorYlation of MBSin the RboA－51RhoA二24・

RhoAV14＿7and RhoAV14－25celllines was slgnificantly

greater than thatin the parenヒN＝＝3T3cells when the ce11s

were grownin the presence of＝PTG，Whereas phosphoryla亡ion

of other major proteins（data not shoⅥ1）and amountS Of HBS

（Fig．9）were similar anong these celllines・Treatment of

the RhoAV14－7　cellline with＝PTG stimulated expression of

RhoAV14　5．4±0．5　f01d andincreasea MBS phosphorylation2・0

±　0．3　f01d（data not shown）．＝PTG did not affec亡MBS

phosphorylationin the parent N＝H3T3cells and caused only

slightincrements of MBS phosphorylationin the RhoA－5′
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RhoA－24and RhoAV14－25celllines，though＝PTG didincrease

RhoA or RhoAV14expresslon abouヒ2亡02・5foldln the RboA－

5，RhoA－24and RhoAV14－25ce111ines・Bu亡the basal

expressionof RhoAorRhoAV14in亡hese ce111ines maybe

sufficient toinduce MBS phosphorylation・Thus・itis

likelY that Rbo－kinasephosphorylates MBSinN＝H3T3cells

in aRho－dependent fashion′　though＝cannot eXClude the

possibili亡y that other kinases are responsible for MBS

pho草pboryla亡10n．

Treatment of the parent＝Ⅳ＝H3T3cells with calyculin－A

（a phosphataseinhibitor）increasedphosphorylation of HLC

（Fig．10・）．The extenヒOf phosphorylation of旺・Cin the

RhoA＿24and封10AV14－7cel11inesin the presence of＝PTG was

greater than thatin theparentalN＝H3T3cells（Fig・10）・

Essentially・identicalresults were obtainedwhen the RhoA－5

and RboAV14－25celllines were used（data not shown）・

pboさpborylatlon of　肌C by Rbo－klna80

＝　further examined whether姐0－kinase phosphorylates

M工∫C direc亡1Yin a ce11－free system′・and foundヒhat Rho－

kinase phosphorylatedHLC（Fig・11）・GTPYS・GST－RhoA

enhanced．the phosphorylation of凪C bY Rho－kinaseJb

GDp・GSワーRboAor Gで叩・GST一助○餌37dldno亡（Fig・11）・

GTPYS・GST－Raclhadno effect・Under the similar conditions，

z4LC kinasephosphorylated犯Cin aCa2＋－Calmodulin－dependent

manner（Fig．11）・＝also found that Rho－kinase
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phosphorYlated the HLC ofinヒact znyOSinin a GTPYS・GST－RhoA－

dependen亡manner（Fig・11）・

Aboutlmolof phosphate could be maxima11y

incorporatedint01m0lofisolatedMLC or MLC ofintact

myosin by Rho－kinasein the presence of GTPYS・GST－RhoA（data

not shown）．＝tis noted that alimited number of kinases

such as・MIC kinase and PKC are knownヒO phosphorylateintacヒ

mYOSin stoichiometrica11Y（68）・

The apparent affinity ofisolated氾・C for Rho－kinase

ぬS eStinatedbYmeaSuring the phosphorYlation of various

concentrations of班LC（Fig．12）．The apparent鞄lValues for

M工■Cin the presence andabsence of GTPYS・GST－RhoAwere2・6i＝

0．4and12．6±1．6岬′　and the m0lecular activities were

15．8±2．O and9．0土1．2molmin－1mol－11reSPeCtively・

Thus，itislikely that GTPYS・GST－RhoAincreases the

affinitY Of Rho－kinase for氾・C and produces the maximum

velocity of the phosphorylation reaction・The apparent伽

value and molecular activity of M工・C kinase for朗エ′C were52・1

±7・1岬and120±21・3m01min－1m01－1′reSpeCtivelylunder

the condi亡ions（data not shown）．The Rh value of Rho－kinase

for M工．C waslower than that of Ml．C kinase，indicating tha亭

Rho－kinase phosphorylates‥打yOSin atlower copcentrations・

but the molecular activity of Rho－kinase wasIower than that

of MLC kinase．

M工一Cis phosphorylated primarily at Ser－19and

secondarily at Thr－18bY Mエ・C kinase（69）′　and the
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phosphorylation of Ser－19i＄eSSentialto facilitate actin－

activation of mYOSin ATPase（70，71）・MIJCis phosphorylated

at ser－1，Ser－2and Thr－9by PKCland this phosphorylation

by PKCinhibitsヒhe actin－aCtivation of myosin ATPase（72－

74）．To determine the primarY PhosphorYlation site of MLC

bY Rho－kinase，＝performed peptide mapplng Of the

phosphorylated MLC bY either Rho－kinase・MLC kinase or PKC

in vitro．The phosphoryla亡ed z4LC was digested with trypsin

and the resulting pepヒides were separated by electrophoresis

and chromatographY・The pattern of two－dimensionalpeptide

mapplng Of MLC phosphorylated by Rho－kinase wasidenticalto

that produced by肌C kinase，and different from that

produced by PRC（Flg・13ト　Aphosphoamino acld analysis

revealed that phosphorYlation occurredmainlY On the serine

residue and partia11Y On the threonine residue of the MLC

that was phosphorYlated by Rho－kinase・and that the

phosphorYlation occurred only on the serine residue of the

MLC that was phosphorylated by the MLC kinase（data not

shown）．＝t may be noted that the MLC kinase preferentia11y

phosphorylate＄ML⊂at Ser－19in these conditions・＝fused

GST proteins wi亡b w土1d亡ype MLC and witb肌C con亡a土nl喝a

substitution for the alanine residues for Thr－18and Ser－19・

Then′　＝examinedif Rho－kinase and MLC kinase could

phosphorylate these recombinant proteins・Both Rho－kinase

and MLC kinase phosphorYlated GST－MLC but did not

phosphorylate GST or GST－MLCA18A19・PKC phosphoryla亡edboth
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GST－MLC and GST－MLCA18A19（daヒa not Shown）・These re＄ults

indicate that Rho－kinase phosphorylates MLC mainly at Ser－

19，Whichis the same site phosphorylated by MLC kinase・

To examine whether Rho－kinase functions equlValently to

MLC kinasein a cell－free sys亡emI工perforTned the actin－

activated MgATPase aSSaY・Purifiedintact mYOSin was

phosphorYlated tolmol／m01byGST－CAT（constitutively

active from of Rho－kinase；aiscussea below）′　then the actin－

activated HgATPase activity was measured・The MgATPase

activity of the phosphorylatedmyosinincreasedin a F－

actin－dependent manner to the extent similar to that

increased byMLC kinase（Fig・14）・The apparent Ka values

for actin and the molecular activitY Of the phosphorylated

町OSinwere O．56±0・05岬　弧dO・18±0・02sec－1・

respectively・The＄eValues were roughly the same as those

forヒhe myosin phosphorylatedby虹LC kinase・＝used GST－

Rho－kinaseinstead of native Rho－kinasein this experiment

because high concentrations of znyosin were nece＄SarY tO

detect the myosin ATPase activitY and the stoichiometrical

phosphorylation of myosinby native Rho－kinase was aifficult

under the conditions．

Expr08810n Of Rho－kln8きO aユd i七さ　mtantさ

To elucidate the functions of Rho－kinase among these

targeヒS Of Rhol＝produced dominant active and negative

form＄Of Rho－kinase．Serine－threonine kinases such as PKC

and Raf are usua11y composed of the regulatory and caヒalytic
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domains（75－77）．Deletion of the regulatory domains make

pKC and Raf consヒitutively active，and the regulatory

fragments serve as dominant negative forms of the kinases・

（78，79）．Rho－kinaseis composed of catalytic，COiled coil′

Rho－binding，andpleckstrin－homology domains・＝produced

four fragnents containing respective domains as GST－fusion

proteins・GTPYS・GST－RhoAbound to Rho－binding domain（GST－

RB，amino acids941tolO75），butGTPYS・GST一弘oAA37bound to

it very weakly（da亡a nOt Shown）・Rho－kinase had kinase

activitY On MLC that was activated毎GTPYS・GST－RboA′

whereas the catalytic domain（GST－CAT，amino acids6t0553）

showed fullkinase activitY Without addition of GTPYS・GST－

RhoA（Fig．15）・Themolecular activities of Rho－kinasein

ヒhe presence of GTPYS・GST－RhoAand GST－CATin the absence of

Gで円S・GST一弘oAwereO・32土0・02s－1andO・71土0・02s－1′

respectively，indicating that GST－CATis constitutively

active．qST－CAT rnutated aヒthe ATP－binding si亡e（GST－CAT－

KD）did not have kinase activitY・GST－RBirihibited

GTPYS・GST－RhoA－SヒimulatedRho－kinase activityin a dose－

dependent marner，Whereasit didnot affect kinase activiヒy

of GST－CAT（Fig．16）．　Neither GST－CAT－KDlthe coiled－COil

domain．（GST－CO＝L，amino acids421t0701），nOr the

pleckstrin－hom0logy domain（GST－PH，amino acidsl125t0

1388）affected kinase activi亡y of Rho－kinase・Neither GST－

CAT－KD，GST－CO＝L，GST－RB，nOr GST－PHinhibited kinase

activity of PRN andMLC kinase（data not shown）・Rho－
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induced formation of stress fibersisinhibited by protein

klnaselnhまb土ヒOrS SuCh as sヒaurosporlne（26．80）・

staurosporineinhibited kinase activity of both Rho－kinase・

and GSで－CAワ（F土g．16ト

confluent，Serun－StarVed Swiss3T3cells had very few

stress fibers′Which were visualized by phalloidin（Fig・17）

as described（11，12）．When the cells were stimulated with

LPA，neW StreSS fibers appeared andincreasedin number and

dia皿eter（Fig．17）（11，12）．Microinjection of GST－CAT also

induced stre＄S fiber formtion（Fig．17），Whereas GST－CAT－KD

wasinactivein this capacity（data not shown）・＝njected

GS℡－CAT of亡en cauSed亡he form亡ion of alarすe aggrega亡e of

actin filaments connected with stress fibers at the central

area．when the ce11s were microinjectedwith C3′　Which ADP－

ribo＄ylates andinhibits Rho（81・82）・the cells roundedup

within30min（13）．＝njected C3ab01ished the LPA－induced

stress fiber fqrmation（Fig・17），Whereasit did notinhibit

GST＿CAT－induced stress fiber formation．Coinjection of GST－

cAT with C3prevented the cells from rounding up・Cells

stirnulated by LPAin the presence of staurosporine showed

randomly arranged actln filamen亡S（Fig・17）（26′80）・buヒ

cell＄injectedwith GST－CATin the presence of staurosporine

did not form s亡re∈；S f土bers．

verY few focaladhe＄ions′Visualizedby an antibodY tO

vinculin′Were Observedin confluent・Serum－StarVed Swiss

3T3cells（Fig．18）（11，12）・When the cells were stimulated
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wiヒhI．PA，neW focaladhesions appeared andincreasedin

number（11，12）．Microinjection of GST－CATinduced focal

adhesion formation．Longitudinalstress fibers newly

Synthesi2：ed afterinコeCtion of GST－CAT werelinked to

elongated，arrOWhead shape of focaladhesions as revealed by

dualirrmnofluorescence analysis（Fig．18）．Thusit seems

clear that GST－CAT－induced focaladhesions exhibit the

SPeCific fea亡ures of adhesions elicited by Rho（26′80）．

MicroinコeCtion of C3abolished the LPA－induced formation of

focaladhesions，Whereasit did not thatinduced by GST－CAT．

Staurosporineinl1ibited both the LPA－　and GST－CAT－induced

formation of focaladhesions．　＝njection of constitutively

active PKⅣ　or　班BS did notinduce formation of stress fibers

and．focaladhesions，Or affect thatinduced by GST⊥CAT（dat

noヒ　∈血own）．

＝njection of GST－RB or GST－PHinhibited thelJPA－induced

fomaヒ土on o亡　s亡ress fibers and focaladbeslons（F土g．19）．

About　30宅　of the cellsin〕eC亡ed wi．亡h GSで一CAT－ⅩD did no亡　form

StreSS fibers or focaladhesionsin the presence of LPA．

GST－CO＝I，had no effects（Fig．19）．　＝njection of neither

GST－CAT－KD′　GST－CO＝I，，GST－R】∋′　nOr GST－PHinhibited the GSTr

CAT－induced fomtion of stress fibers and focaladhesions，

indicating that GST－CATTKD，GST－RB，and GST－PHinhibited the

functions of endog■enOuS Rho－kinase but did not those of the

exogenously overexpressed GST－CAT（data not shown）．
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Because Swiss3T3　cells are noヒSuitable for nuclear

injection of plasmids，＝examined the morph0loglCaleffecヒS

of Rho－kinasein Madin－Darby canine kidney（MDCKIcells

microinコeCted with the cDNAs encoding various domains of

Rho－kinase．MicroinコeCtionof the cDNAencodingRhoAV14

inヒO MDCK ce11s resultedinincreased fomation of stress

fibers and focala助esions（data no仁Shown）．Stress fibers

and focaladhesions fomedin cellsin］eCted with the cDNA

encoding・CAT（data not shown）・The cDNAs encoding CAT－KD・

the constitu亡ively active form of Pm，Or：MBS had no effect・

Coinjection of the cDNÅs encoding■either CAT－KD′　RB，Or PH

inhibited RboAV14－induced stress fiber fomtion（data not

shown）and foca土adbes土on formt土on．CAで一灯WaSless

effective亡ban RB or PH．CO工L wasinacヒ1vein亡his

CapaCity．
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℡ar℡Ot prOt01n of Rbo

Here，＝identified atleast three RhoA－interacting

m01ecules；PKⅣ．MBS，and Rho－kinase・1also demonstrated

that activated RhoA binds them directly and modulates their

enzymatic activitY directlY Orindirectlylindicating these

m01ecules are putative targeヒPrOteins of Rho・

PKⅣis composed of an NH2－terminalreg111atory domain

and a COOH一亡erminalcatalYtic domain（57，58）・Although the

caヒalYtic domain of PⅣis high1Y related to that of PKC・

the NH2－terminaldomainis dis亡inct from those of o亡her

protein kinases・The phYSioloす1Calfunctions of PKⅣare noヒ

known and further studies are necessary for better

understanding the funCtions of the RboTPXN pa血waY・

MBSis the myosinbinding subunit of myosin

phospha亡ase，Whichis composed of the MBS・Caヒalytic

subunlt′　and20－kDa reすulatory subunl亡（59．50）・Al亡bougb

亡he definitive funCtion of MBS has not Yet been clarified．

it appears亡O enhance the phosphatase activity of the

catalytic stibunit towardmyosin by direc亡1ybinding亡O

phosphorylatedzTTYOSin（83／84）・As shown above，the dimeric

myosln phospbatase composed of王偲S and caね1y亡1c subunl亡

interacts with activated RhoA，but the trimeric myosin

phosphatase composed of MZ｝S′　Catalytic subunit・and20－kDa

regulatory subuni亡does not・Although the r01e of20－kDa
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subunitisunClear，the dimeric myosin phosphatase shows the

phospba亡ase activlヒy tOWardsⅡLCln vi亡ro・

The third m0leculeinteracting with Rhois novel

serine－threonine kinase，named Rho－kinase・The NH2－terminal

catalytic domain of肋0－kinaseis highlyhomologous to that

of mYOtOnic dystrophy kinase，血ichis theproduct of the

gene that causes mYOtOnic dYStrOPhY（61－63）・Myotonic

dYStrOPhyis an autosomaldominant multisyst由ndisease thaヒ

is characterizedbYZrnlSCle weakness・atrOphy anamyotonia

（・85）．Although the catalytic properties of myotonic

dystrophy kinase have not been comparedwith Rho－kinaseI

theyznaY Share similar catalytic properties・Furthermore・

rryotonic dystrophYkinasehas amolecular design similar to

Rho－kinase，eXCept for the transmernbrane domain（Fig・3）・

The C00H－ヒerminalreglOn Of Rho－kina＄e has the sequence

conserved with PH domain，Whichis supposea tolocalize

m01ecules at the specified reglOnS・

Another groups ofinvestigators alsoidentified PKN

（86）．蝕○－klnase／ROX（87）′弧dp160ROCX（88）′血1cbls an

isoform of Rho－kinase，aS Rho－interacting molecules・

Recently．adaitionaltarget proteins of RhoJincluding

rhophilin，rhotekin，and：mDiahas been reported（86189′90）・

Taken togetherJupOn Stimulation，aCtivated Rho seems亡O

int：eraCt With the unlq．1e Subsets of proteins and modulate

their functions．This may account for distinct mechanisms
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by which diversityis generatedin downstream pathways for

Rho－induced multiple ce11ular responses・

工ntorねeo botw朗n a（コtivat8d RboA and lt8　targOt8

＝haveidentified the Rho－binding reglOn Of each

m01ecule．RhoAinteracts with the NH2－teminalportion of

pKN and w土亡b COOH一亡emlnalhalf of MBS．boヒh of wh土ch

contain a p01ybasic reglOn f01lowedbYaleucine zlpPer－1ike

motif．Theinterface of亡he RhoAinteraction has been

locali2：ed to the C00H－teminalpotion of coiled coildomain

of Rho－kinase．Thereis n00bvious sequence hom010gY

between the良ho－binding domain of Rho－kinase and that of PⅨN

or MBS，SuggeSting that activated RhoA can recognize a

least two different types of targetinterfaces・

加alro卯1atlon of tb010▼810f　肌C pb08pbory18tまon

The funCtions of kinases are defined by their

physi0loglCilsubstrates・Rho－kinase phosphorYlates：MBS and

consequentlyinactivates：叩yOSin phosphatase・Rho－kinase

phosphorYlates MLC ofintact mYOSin and thereby activa亡es

znyosin ATPase∴　MLC phosphozYlationis essentialfor亡he

actin－ZnyOSininteraction and thus actin－aCtiva亡edmYOSin

ATPase（68，91－93）．Rho－kinase maY tightly regulate the

levelof myosin phosphorylation by dualpathways・and be

inv0lvedin the acto－myOSin reorgani2：ation downstream of Rho

（Flg．20）．

when sm00thmuscles are stimulatedbyan agonist・Ca2＋

is mobilizedinto the cytoplasm，Which activates the
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calmodulin－dependent MLC kinase・Because smooヒh muscles

COntainlarge amounts of myosin（aboutlO％　of the total

protein，about50岬）and肌C kinase（about O・1％of仁Otal

PrOtein）（94），MLC kinaseis believed to phosphorylate z4LC

in sm0Oth rEmSCles．　However，nOn－muSCle tissue contains muc

Sma11er amounts of myosin and MLC kinase．Rho－kinaseis

ubiquitolユSIY eXpreSSedin various tissues（data not shown）．

＝　have speculated that Rho－kinase phosphorYlates the MLC of

intact rnyosin and activatesits ATPasein a manner dependent

On Rbo ac亡iva亡10nin non－mSCle cells．

℡bo m010eⅥ1ar no¢banlさm Of　さ血00亡b mさel01コOn亡raetlon

indueod by Rbo

Ca2＋mobili2：ationinto the cYtOplasmincreases MLC

Phosphorylation by the activation of MIJC kinase，andinduces

the sm00th mlSCle contraction．　However，Since the cytosolic

Ca2＋levelis not always parallelwith亡helevels of the虻LC

phosphorylation and conヒraction′　an additionalmechanism t

regulate the Ca2＋sensitivity oflevels of the MLC

phosphorylation and contraction has been proposed（95）．

Agonists cause the皿C phosphorylation and contraction of

permeabilized smooth muscles at fixed submaximal

concentrations of Ca2＋in a GTP－dependent manner（96），and

Rhoisirnplicatedin this GTP－enhanced Ca2＋sensitiviヒy of

the sm00th zmlSCle contraction（18，97）．GTP†Sincreases the

MLC phosphorylation at submaximalCa2＋concentrationsin

permeabili2：ed smooth muscle ce11s pre∈；umablY bYinhibiting
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mYOSinphosphaヒase throughRho（98）・TheGTP－enhancedCa2＋

sensitivityis thought to account for the vasospasm and／or

certain type of hypertension・but the－m01ecular mechanism・

has not been clarified．The modelshown above（Fig・20）

wellexplains this phenomenon a亡亡he molecularlevel・

Recently．the constitutivelY aCヒive Rho－kinase has been

shown亡O prOVOke a contraction and proportionalincreasein

thelevelof正LC phosphorylationin permeabilized sm00th

mu5Cle（99）．Both pa亡hways，1nac亡iva亡土on ofIWOSln

phosphatase andphosphorylation of mC bY Rho－kinase・are

necessary for anincrea＄ein the班LC phosphorylationin

permeabilizedvascular smoothmuscle（99）・More recentlY・

it has been reported that treatment of hypertensive rat by a

specificinhibitor of Rbo－kinase resultsin a reduction of

bloodpressure，SuggeSting that Rho－Rho－kinase pathwayis

involvedin a certain type of hypertension■　（100）

Cyt08k010七色l r00r甘ani三色tionl）y Rbo－kinaさO doⅦnさtrOa皿

Of Rbo

To examine wbether Rho－kinase regulates the actin

cytoskeletonsinintact cells，COnStitutively active Rho－

kinase（CAT）wasinjectedinto Swiss3T3ce11s・CATinduces

the fomation of both stress fibers and focaladbesionsin

serum＿StarVed cells．The actin stress fibersinduced by CAT

haveunuSualagrgregation of actin filaments・Putative

dominant negative forms of Rbo－kinase′including cAT－KD，RB′

and pH，inhibit the LPA－induced stress fiber and focal
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adhesion formaヒion．These results suggest that Rho－kinase

induces stress fiber and focaladhesion formaヒion downstream

of Rho．　＝tis mostlikely thaヒactivated Rho－kinase

elevates thelevelof myosin phosphorylation and thereby

enhances acto－myOSininteraction，reSultedin the formation

of stress fibers．Although the reason why hub－1ike actin

filaments are presenヒin the cellsinコeCted by GST－CATis

not clear，this may have been due to high contractility of

StreSS fibersinduced bYinjected GST－CAT，Or tOloss of

properlocaliza，亡lon for CATin tbe cell．

BecauseinコeCtion of CAT slightlYincreasedintensitY

Of phalloidin－Btaining，Rho－kinase appears toinduce actin・

P01ymerization to a smallextent．The ce11s stimulated by

LPAin the pre＄enCe Of staurosporine showed randomlY

arrangea actin filaments′　but the cellsinjected with CATin

the presence of stauro早pOrine did not form stress fibers，

indicating that there are addiヒionalpathways slユCh as P＝4′5－

kinase，Whichinduce actin p01ymerization downstream of Rh0．

The mechanisn of focaladhesion formation bY Rbo－kinase

are not known．and there maY be the other sub＄trateS for

R九o－kinase concerningit．　Rho－kinase maY mediate plural

pat：hways from Rho and functionin c00Peration with other

Rho－targetS．Theidentification of phYSiologlCalsubstrates

for Rho－kinaseis necessary to understand the molecular

mechanism underlying the phenomenainduced by Rho－kinase．

Here，the MBS of myosin phosphatase and MLC areidentified

37



as phYSi0loglCalsubstrates for Rho－kinase・Recen亡1y・it

has been reported that Rho－kinase phosphorylates several

pro亡ein＄SuCh as glialfibrillarY aCidic proヒein（GFAP）

stoichiometrically（101）・＝nヒhe case of GFAP′　the

phosphorYlation of the headdomain by Rho－kinaseinduces the

disassernbly of GFAP（101）・Further studies are necessary to

identifY anOther subsヒrates for Rbo－kinase andヒO unCOVer

the mechanism bywhich Rho－kinase function＄・
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Abbro▼1atまon8

The Abbreviations used are：GAP，GTPase－aCtivaヒing

protein＄；LPA′1ysophosphatidic acid；P＝3－kinase，

Phospha亡idylinosit013－kinase；P＝4′5－kinase，

Phosphatidylino＄it014－phosphate5－kinise；PKN，prOtein

kinase N；MBS′　rnyOSin－binding subunit；MI・C，myOSinlight

Chain；GST，glutathione s－tranSferase；C3，C3　transferase；

MBP，maltose binding protein；Sf9，SPodcptera frugiperda；

DTT，dithiothreitol；GTPYS，guanOSine　5’－（3－0－

thio）triphosphate；BSA，bovine serum albunin；PBS，Phosphaヒ

buffered saline；CHAPS，3－【（3－Cholamidopropyl）

dimethylamonio］propanesulfonic acid；＝PTG．isopropyl－β－D一

亡hlogalac亡OpyranOSide；℡CA．亡richloroacetic aclむ　D皿′

Dulbeccors modified Eaglels medium；TR＝TC，tetramethyl

rhodamine】Bisothiocyanate；PH，pleckstrin－hom010gy；PKC，

pro亡eln klnase C．
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F＝QVRヱ　LEGEⅣD8

Fi℡．1．　Purまfieation of RhoA－1ntoractlnす　prOt01nさ　by

G8℡－RboA　■fflnity（コ01u皿n Chromato甘rapby・　The crude

merEtbrane extract wasloaded on a glutathione－Sepharose

C01ⅦrlrlCOntaining either GST，GDP・GST－RhoA，GTPYS・GST－RhoA，

GTPYS・GST－RhoAA37，GDP・GST－Racl，Or GTPYS・GST－Racl・Bound

PrOteins were eluted with the respective GST－fusion proteins

by the addition of glutaヒhione．portions（45pleach）from

the glutathion寧－eluted fractions were subjected to SDS－PAGE

followed by silver staining．GST（1anel），GDP・GST－RhoA

（1ane2），GTPYS・GST－RhoA（1ane3）・GTPYS・GST－RhoAA37（1ane

4）．GDP・GS℡－Racl（1ane5）′　GT印S・GS℡－Racl（1ane6）・

F19．2．　Dodueod　“■1no　■eld　さOqⅦ8nく：0　0f p164（Rbo－

kizuJ？e）．Amino acid se印1enCeS determined from native p164

（Rbo－kinase）areindicated by single underline＄．Amino acid

sequences used for oligonucleotide probes areindicated by

double　underlines．　The GenBank accession nlユmberis tJ36909．

Fi甘．3．　出血o皿■tic roproさOntation of Rbo－kエna粥　and

皿yOtOnic dyさtrOpby klユ180．　でhe nu工nbersind土caヒe　亡be

amino acid sequence homolo冒yin the kinase domain・

Fiす．4．　Conplox fomation botw00n’roconbinan亡　P甜

and　即Pγき・¢8℡－RboAln　8　¢011－fr的　さy8tOn・　HBP－PKⅣ－N

was mixed with glutathione－Sepharose beads coated with

e土亡her GSで，GDP・GSで一姐oA′Gで円S・GST一触oA′GTP咋・GST一敗oAA37′

GDP・GST－Racl′　GTP†S・GST－Racl′　GDP・GSで－H－Ras′　Or GT町S・GSで－H－

Ras，and MBP－PKⅣ－N wa＄eluted by the addi亡ion of
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glutathione．　GST（1anel），GDP・GST－RhoA（lane　2）′

GTPYS・GST－RhoA（lane3）lGTP†S・GST－RhoAA37（lane4）・GDP・GST－

Racl（1ane5），GTPyS・GST－Racl（1ane　6），GDP・GST－H－Ras（lane

7）．GでP†S・GSで－H－Ras（1ane　8）・

Fl冒．5．　Dlroく：t blndlnす　Of activa七Od Rも○且　亡O Rbo－

kimJ5e．　Nitrocellulose filters containing the membrane

extract（1anesland3）and purified Rho－kinase（1anes　2　and

4）separatedby SDS－PAGEwereprobedwith［35＄1GTPYS・GST－

RboA（1anesland2）or【35s】Gで門S・GSで一助○ÅA37（1anes3and

4）．　The arrow denotes the position of Rho－kinase．　The

results shown．are representative of threeindependent

experlmenヒS．

Fまg．6．　Effoetさ　Of v且rlou8　さmall G℡pa808　0n tbo

kizl＆さe aCtivity of Z，EⅣ．　The kinase reaction was done

With PKCαpeptide（40岬）in the presence of various small

GTPases（50pmoleach）asindicated．The values shown are

means±S．E．of triplicates．　Since purified PKNislabile，

＝　usedit for the kinase assaYin a daY after purification．

Fl甘．7．　Pbo事pboryl■tlon of　比Bき　by Rbo－klna80．　Tbe

kinase reaction was carried ou亡　With C－terminus of rat MBS－C

（699－976　訂止no acid5）as a fuslon pro亡e土n wi亡h M丑P（50　nH）

in　亡he presence of either GST（lanel），GDP・GST－RhoA（1ane

2）．0r GTP†S・GS℡－RboA（1ane3）（1岬eacb）・でbe arrow

denote＄　the position of MBS．　The results shown are

representative of threeindependent experiments，
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Fl甘′　8●　　pboさpbory18tion oだ　址B5　andi血ibition of

tbo　別ェ・C pbo叩b■t880　a¢tlvlty by Rho－kina80・　HBS of

native myosin phosphatase wasヒhiophosphorylatedin the

presence of theindicated amountS Of Rho－kinase with or

without GTPYS・GST－RhoA・Under the similar conditions，the

mc phosphatase activity was measured after MBS was

thiophosphorYlated．Ten甚10f the saznple was subjectedヒO

the M工．C phosphatase a＄Say．（○）．（●）′　ヒhiophosphorylation of

Z4BS；（ロ），（■）′　肛．C phosphatase activityin the presence of

阜TPYS；（◇）．氾一C phosphatase activitYin the absence of ATPYS・

（●）．（■）′　Wi亡b GでP咋・GS℡－RhoA；（○）．（ロ）．wl地ouヒGでP咋・GST－

RboA．　The values shown are means±S．E．of triplicates．

℡i甘．9．　pbo亭pboryl■tlon of　班Bg　土n　Ⅳ＝E　3℡3　く！011

1iz1．B・Upper panel；Phosphorylation of班BSin N＝H3T3　cell

and tbe cells expressedRboA（RhoA－5．姐oA－24）or姐oAV14

（RhoAV14－7，RboAV14－25）was measured．The valuesin

parentheses show stimulation f01d ofI伍S phosphorylation・

The results are shown from an autoradiograph．　Lower panel；

王コくpreSSionlevelof HBSin N＝H3T3　ce11and the cells

expressed RhoA（姐oA－5．蝕oA－24）or肋oAV14（蝕oAV14－7′

RhoAV14－25）wasindicated．The results are representa亡ive

Of threeindependent e）甲eriments．

Fi甘．10．　pbo単pbory18tlon of　比工・C　エユ　Ⅳ＝E　3℡3　く≡011

1ineB．　Extent of MLC phosphorylationin N＝H3T3　cells and

the cells overe軍preSSing RhoA or RhoAV14was determined．

CLA，CalYCulin－A；氾一CP and M工・CP2，mOnOPhosphorylated and
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diphosphorylatedMIJC・The values show the percentage of

MLCP and MLCP2in toヒalMLC・The values shown are means±

S・E・Of triplicates・The values for totalMLC

phosphorylationwere co叩aredbyDunnettls t test・（★p＜0・01・

…タ＜0．001）

Fi℡．11．　pboさpborylation of　肌C by Rho－klna80・

工S01aヒed氾．C（0．5胆Of pro亡e土n）was pbosphoryla亡ed by Rho－

kinasein the presence of either GST（lanel）・GDP・GST－RhoA

（1ane2），GTPYS・GST－RhoA（1ane3），GTPYS・GST一敗oAA37（lane

4）．GDP・GST－Racl（lane5）or GTPYS・GST－Racl（1ane6），GST－

CAT（1ane7），Or bY MLC kinasein the absence（1ane8）or

presence（1ane9）of Ca2＋and calmodulin・＝ntact myosin（5

Pg Of protein）was phosphorylated by R九0－kinasein the

absence（1anelO）or presenCe（1anell）of GTPYS・GST－RhoA・

The phosphorYlated氾一C was res0lved bY a SDS－PAG王：and

visualized bY animage analyzer・The results are

repre＄en亡ative of threeindependent experiments・

F19●12●　　pb08pboryl＆tまon of　肌亡　by Rbo－klnaさ○・

Variou＄doses of MLC were phosphorylated by Rho－kinase（25

ng of protein）in the absence（○）or pre＄enCe（●）of

GTPYS・GST－RhoA，bYGST－CAT（7・5ng of protein）（▲）or bY

mc kinase（7．5ng of protein）in the absence（□）or

presence（J）of Ca2＋andcalmodulin・The values shown are

means±S．E．0f triplicates．

Fl℡●13●　A pb08pbopep亡ido map analy‘止さ　Of　肌C・　HLC

（0・5lLg Of protein）・WaS phosph0．rylatedby Rho－kinaselMLC
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kinase or pKC．PhosphorYlated MIJC was digested with trypsin

and each sarnple wasloaded onto a silica gelplaヒe・

Pho＄phopeptides were　＄eparated by electrophoresis

（hori2：Ontaldimension）and chromatography（Vertical

dimension）．and then were visualized bY animage analYZer．

Asterisks denote orlglnS．

Flす．14■．　Effoct of pbo卑pbory18tlon of my08in by Rho－

kinささ0　0n tbo　正すA℡pa80　8．etivi亡y tbat wa8　aetlvatod

bY　＆Ctizl．　MYOSin wasincubated with GST－CAT（r）or with

MLC kinase（◆）一　Or Without kinase（●）．Afterincubation，

the AでPaさe aC亡1vl亡y was measured a亡　亡he variou層

COnCen亡ratまonさ　Of F－aC亡in．　The values sbown are means　±

S・E．of　亡riplica亡es．

℡1甘．15．　Domln■nt　■etlvo fom of Rho－klnaさ0．　MLC

WaS Phosphorylated bY RllO－kinase or GST－CATin the presence

Or absence of GTPYS・GST－RhoA（1・5　岬）・Data are means±SEM

Of　亡rlplエca亡e determlna亡土ons．

Fl℡．1古．　Effoetさ　Of do皿1nant nogatlvo fom of Rbo－

klnaさ0　0r　8t■ⅥrOさpOrln0　0n　肋0－kinaさ0．　HLC was

phosphorylated by Rho－kina＄ein the presence of GTPYS・GST－

RhoA or by GSワーCAでWi亡b GS℡一見B or s亡aurosporlne．　Data are

mean＄土　SE朗　Of triplicate determinations．

Flす．17．　Aetln r00rすan12：a亡10n　¢さじさOd by Rbo一九inaさ0．

Actin filamentsin confluent，Serum－S亡arved Swiss　3T3　cells

Stimul’ated with vehicle（a）′　With LPA（2OO ng／ml）for15　min

Withoutinjection（b），microinjectea with C3（80pg／ml）and
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stimula亡ed bYI．PA（C），S亡imulated by LPA15min after

ヒreaヒment withlOO nM staurosPOrine（d）．microinjected with

GST－CAT（0．5mg／ml）alone（e），microinjecヒed with GST－CAT・

and C3（f），and microinjected with GST－CAT15min after

treaヒment with sヒaurOSpOrine（g）．

Flす．18．　℡oealldllOさ10n form8tion l血ducod by Rbo－

klna80・．Ⅴ土ncul土nlocaliza亡ionls shown・SyI血01s are亡he

＄ame aS thosein Fig．17　except that actin filaments and

vinculinlocalization are shownin Swiss　3T3　ce11s

mlcroinj．ected wi亡h GST－CA℡（h）．　The arrow heads showヒhe

injected ce11s．　Bar repre＄entS　20　pm．

Fl甘．1タ．　Eff●et Of　サーrlou8　formさ　Of Rbo－kln880　0鳳

Lp息－1且dⅦe●d aetln fll■皿Ont r00rganまヱ8亡ion and fo一＝al

■dheさion fozmtiozL．　Confluent，Serlユm－S亡arved Swiss　3T3

Cell＄Were microinjected with GST－CAT－KD（2　mg／ml）（A′E）．

w土亡h GST－COエL（5mg／ml）（B，F）．wi亡h GSで－RB（5mg／ml）（C．G）

Or W土tb GST－PH（5mg／ml）（D．H）．and亡hen sヒimla亡ed wl亡b LPA

（200ng／ml）．Actin filaments and vinculinlocalization are

＄hown．　The arrow heads show theinコeCted cells．　Bar

repre＄enヒS　20　一皿．

Fig・．20．　Modelfor the regulation of MLC phosphorylation

bY Rho，Rho－kinase and myosin phosphatase．Cat，Ca亡alYtic

Subun土ヒ　Of myosin phospha亡ase．
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Fig．7
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Fig．8
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Fig．10
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