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Mechani畠血SunderlyingtheRhofamilYGTPase

†mediated－neurOnalrie亡workformation．

低分子量G蛋白質加地Iy・による神経回路網形成機構）

meRhdfa血晦鮎11′∵せ醜s占岳・ar占亡hou如tbre如a亡e

CYtO5keleltalorgahfi，a・亡i元dfせafioustypesofcells．

WepreviousIYidihtifiedRhb（一言畠sociatedproteinkinase

（Rho－kinase）asaspecifictargetofRho′andfoundthat

Rho－kinaseelevatesthephosphoryla亡ionlevelofmYOSin

lightchain（弧C）ofmYOSin＝＝，therebyregulatingthe

formationofstressfibersandfocaladhesions・Here，

＝examined血etherRho－kinaseregulatesgrowthcone

mOrphoIogyandaxonguidanceviatheregulationof

CYtOSkeletalrearrangementsinneuronalcells．＝showed

thattheexpressionofconstitutivelyactiveformsof

Rho－kinaseinducedneuriteretractionofNIE－115cells，

Whereastheexpressionofdominantnegativefomsof

Rho－kinaseinhibitedヒhelysophosphatidicacid（LPAト

inducedneuriteretractionofNIE－115cells．The

e軍pression ofmutantMLCT18D・S19D（substitutionofThr

andsertoAsp）・血ichisknowntoleadヒOtheactivation

OfnTYOSin＝＝whenreconstitutedwithmyosinheavy⊂hain

invitro・al5OPrOmOtedneuriteretraction・Theseresult

indicatedtha亡Rho－kinaseisinvolvedintheLPA－induced

neuri亡eretractiondownsヒreamofRho andRho－kinase．

To furtherunderstandthe functions of弛0－kinase
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1n the nervous sYStem′＝searched for the substrates

Of．Rho－kin甲声frombo叫ebrain・＝identifiedcollapsin

reSPOnSemeQiatorprotein－2（C紺P－2）血ichis thought to

beessentialforc011apsin－inducedgrowthconecollapse

aS a nOVelRho－kinase substrate・Rht）－kina畠e

PhosphorylatedCRMP－2atThr－555invitro・Zproduced

here anantibqdyth阜trecognizes∴CRMPT2phosphorylated

at Thr－555・Byuse of this antibody，＝found that

CRMP－2wasphosphorylatedbyRho－kinasedownstreamofRho

invivo・Theseresul亡Sraisedthepossibilitythat

帥○－kinase regulates themorphologyof growthcone and

aXOnguidancebyphosphorYlatingcRZ4P－2inadditiontoMLC．
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TheRhofamilysmallGTPasesarethoughttoregulat・e

Cytoskeletalorganizationofvarious types of cells．we

previouslyidentifiedRho－aSSOCiatedkinase（Rho－kinase）as

aSPeCifictargetofRho・andfoundthatRho－kinaseelevates

thephosphorYlationlevelofmyosinlightchain（MLC）of

mYOSin＝＝・therebYregulatingthefomationofstressfibers

andfocaladhesions・Here・＝examinedwhetherRho－kinase

regulatesgrowthconemorphologyandaxonguidanceviathe

regulationofcYtOSkeletalrearrangementsinneuronalcells．

＝showedthattheexpressionofconstitutivelyactiveforms

OfRho－kinaseinducedneuriteretractionofNIE－115cells，

Whereas the expressionof dominantnegative forms ofRho－

kinase・inhibited thelYSOPhosphatidic acid（LPAトinduced

neuriヒe retraction of NIE－115cells・The expression of

mutantMLCT18D，S19D（substitutionofThrandSertoAsp），

Whichisknowntoleadtotheactivationofmyosin＝＝血en

reCOnStituted wi亡h myosin heavY Chainin vitro，also

prOmOtedneuriteretraction・Theseresultsindi⊂atedthat

Rho－kinaseis．involvedintheLPA－inducedneuriteretraction

downstreamofRho，andthatmYOSin＝＝activationpromotes

neurite re亡raction downstreamof Rho andRho－kinase．To

unders亡and亡he functions of Rho－kinasein the nervous

SYStem，＝searched for the substrates of Rho－kinase from

bovine brain・＝identified collapsin response mediator

PrO亡ein－2（CRMP－2）which－is thought to be essentialfor

C01lapsin－inducedgrowthconecollapseasanovelRho－kinase

Substrate・Rho－kinasephosphorylatescRMP－2atThr－555in
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Vitro・＝producedhereanantibodythatrecognizedcRMP－2

PhosphorYlatedatThr－555・ByuseofthisantibodY，＝found

thatcRMP－2wasphosphoryla亡edbyRho－kinasedownstreamof

Rhoinvivo・TheseresultsraisedthepossibilitythatRho－

kinase regulates the morph0logy of growth cone and axon

guidancebYphosphorylatingcRMP－2inadditiontoMLC．
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＝n the developlng brain，neurOnalaxons are guided

tOWardtheappropriatetargeヒSbYaVarietyofextracellular

guidancecues（1，2｝・Theaxonalguidancecuesregulatethe

mOrphologyandgrowingdirections of thegrowthcone，the

eXPandedtipofgrowingaxons（1・2）・Suchregulationsare

COnSidered to be achieved byヒhe reorganization of the

Cytoskeletoninヒhegrowthconesuchasactinfilamentsand

microtubles（3）・Althoughrecent studieshaveidentified

SeVeralguidance cue molecules and their receptors，the

meChanisms of theirintracellular slgnaling are poorlY

The Rho family smallGTPasesincluding Rh0．Rac and

Cdc42areintracellularslgnalinすm①leculesthatarethought

tO regulate cYtOSkeletalorganizations（4′　5）・They

funcヒionasrn01昌cularswitchesthatcYClebetweenGDP－bound

inactive and GTP－bound active formsin response to

eXtracellularstimuli（6，7）・＝nSwiss3T3fibroblast，Rho

is required for the formaヒion of stress fiber and focal

adhesionindudedbYlysophosphatidi占acid（LPA）（8）．onthe

Otherhand′Cdc42isrequlredforbythebradYkinin－induced

filopodiaformation（9），血ileRaclisrequiredformernbrane

rufflinginduced bY Plateleトderived growth factor or

insulin（10）・TheRhofamilYGTPasesarealsoreportedto

regulaヒe the neurite outgrowth and cellmorphology of

neurOnalce111ines（11，12）・＝n NIE－115cells，Rhois

required forLPA－andthrombin－inducedneuritere亡raction

and growth cone c01lapse（11，12）・Cdc42and Raclare
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1nVOlvedinacetylch01ine－inducedneuriteoutgrowthofNIE－

115cells（12，13）andplaY Criticalrolesin neurite

formation andaxonalguidancein the developingnervous

SyStems of Drosophila and mouse（14′15）・Raclalso

rePOrted to beinv01vedin collapsin－inducedgrowth cone

COll卑pSeinchickdorsalrooヒganglion（DRG）neuron（16）．

Recently・a nOVelserine／threonine kinase′　Rho－

aSSOCiatedkinase（Rho－kinase）wasidentifiedasatarget

m0leculeofRho（17）・ROCK＝／RO印isanisoformofRho＿

kinase（18・19）・Rho－kinaseis activatedby GTP－bound

aCtiveformofRho（17・20）・AlotofputativeRhotargets

havebeenidentified；PrOteinkinaseN（21′22），themyosin－

bindingsubunit（MBS）ofmyosinphosphatase（23），P140mDia

（24）・Citron（25）lCitron－kinase（26），rhophilin′rhotekin

（25）′Kvl・2（27）landphosph01ipaseD（28）・Rho－kinaseis

iznplicatedinmanyprocessesdownstreamofRho；S亡ressfiber

and focaladhesion formation（29－31），Sm00th muscle

COntraction（32），intermediate filament disassemblY（33j

34）Jmicrovilliformation（35）lCytOkinesis（36）andcell

migration（37）・Rho－kinaseregulatesthephosphorYlationof

mYOSinlightthain（MLC）bY亡hedirectphosphorylationof

MLCandby・theinactivationofmyosinphosphatasethrough

thephosphorylationof氾S（20′23）・＝nadditionto弧Cand

MBS・Rho－kinasephosphorylatestheERMfamilyproteinsand

adducininvitro（38，39）・ButthefunctionsofRho－kinase

inneuronalcellshavenotYetbeendetemined．

＝nordertodeterminepossibleroles ofRho－kinasein

the regulation of neuronalcellmorph0logy and axop

guidance・＝hereexaminedwhetherRho－kinaseregulatesthe
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mOrPhology of growth cones and axon guidance via the

reOrganization of the cytoskeletoninneuronaicells．＝

foundthatRho－kinaseisinvolvedintheLPA－inducedneurite

retraCtion of NIE－115　cells downstream of Rho′　and

identifiedMLCofmyosin＝＝asamaコOreffectormoleculeof

Rho－kinase－mediated neurite retractionin these cells．

Furthermore，＝alsoidentifiedcRMP－2・血chwaspreviously

identified as a protein required for co11apsinqinduced

grOWthconec01lapseasanovelsubstrateofRho－kinase．

′
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紺色teria18　and Motbod占

MaterialB and chemicalB叫Glu亡athiones－ヒransferase

（GST）－CATwasproducedandpurifiedasdescribed（20，40）．

Mous？mOnOClonalantibodY against cRMP－2（486－528amino

aCids）waskindlyprovidedfromDr・Y・＝hara（UniversitYOf

Tokyo′Tokyo，Japan）・Rabbitpolyclonalantibodyagainst

CRMP－2phosphorylatedatThr555（anti－PT555）wasgenerated

With chemicallysynthesizedphosphopeptidecys－＝le550－Pro－

Arg－Arg－Thr－PhosphoThr－Gln－Arg－＝le－Val－Ala560・－Fluorescein

isothiocyanate（F＝TC卜conjugatedanti－rabbit＝gG，Texasred＿

COnjugatedanヒi－mOuSeantibodYand【γ－32p］ATPwerepurchased

fromAmersham（ArlingtonHeights・＝L）・LPAwas purchased

fromsigmachemicalco・（St・Louis，MO′USA）・打umanfetal

brain cDNAlibrary was kindly provided bY Dr・H・Saya

（KumamoヒOUniversitY・Ⅹumamoto・Japan）・NIE－115cellswere

kindlyprovidedbyDr・T・Kato（Nagoya cityuniversity，

Aichi，Japan）・Othermaヒerialsandchemicalswereobtained

from corrmercialsources．

Pla蝕id conさ‘tmctB叫ThecDNAfragTnents of RhoAV14

RhoAN19，RaclV12′Cdc42Vユ2，Rho－kinaselCAT・CO＝L，RB／PH，

ARB／PHandRBweresubclonedintopEF－BOS－myCVeCtOr（21，

30，41）・ThecDNAfragnenヒSOfRB′PH（TT）andRB（TT）in

Which Asn－1036and LYS－1037were changed to Thr were

generated by p01ymerase chain reaction（PCR）primer

mutagenesis of Asn－1036andLys－1037to Thr and subcloned

into pEF－BOS－myC VeCtOr・The cDNA of human cRHP－2was

amplifiedbypcRfromhumanfetalbraincDNAlibrarYWith
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prlmerS　5l－AGATCTATGTCTTATCAGGGGAAGAAAAA－3，and　5，－

AGATCTCTAGCCCAGGCTGGTGATGT－3，・then subclonedinto

PBluescriptsKト）・・ThemutantcRMP－2T555Ain血ichThr555

WaSalteredtoAlawasgeneratedbypcRprimermutagenesis

Qf Thr－555toAla－555・The cDNA fragments of CRMP－2and

CRMP－2T555AweresubclonedintopEF－BOS一弘vector．

℡ranさfoetエon of pl摘mi由into軋E－115　c0118

－NIE－115　cells maintainedin Dulbecc07s Modified

Eagle．sMedium（DMEM）・COntaininglO％fetalcalfserum（FCS）

Were seeded at a densitY Of2Ⅹ104ce11s on13－mm－rOund

glass coverslips coated with poly－D－1ysine（Sigma）．

TransfectionofplasmidsintoNIE－115wascarriedoutusing

aLipofectamine－mediatedDNÅtransfecヒionprocedure（G＝BCO－

BRL′Gaithersburg，MD）・Toidentifythetransfectedcells，

NIE－115ce11swerecotransfectedwithcDNAsandpME18S－lacz

（42）mixedin2－4：ratios and stained forβ－galactosidase

acヒ土Ⅴ土亡y．

一拍r1日eation of a Rbo－kina開きub如ato p70

－Bovine’brain cYtOSOlfraction（20mg of protein）

PreParedasdescribed（4i，44）wasloadedontoMonoQHR5／5

COlumn（Pharmacia Biotech　＝nc・′　Grand　＝sland，NY）

PreequilibratedwithlOmlofbufferA（20znMTris－HClatpH

7・5，1mMEDTA・1mMdithiothreit01（DTT），5m＝gC12）．

After washingwithbufferA，PrOteins were elutedwith a

linear gradient of NaCl（0－0・5M）at a flowrate of O．5

ml／min・Fractions（1mleach）were c01lected．and the

aliquot of each fraction（20pl｝was analyzed by the

8



phosphorylation assay as described below・The peak

fractionscontainingthemaコOrPhosphorylatedproteinwere

dilutedwithtwovolumeofbufferA′弧dfurtherloadedonto

MonoS・HR5／5colum（Phamacia）usingthesameflowrateand

gradient ofNaCl・Each fraction（20担）was used for the

Phosphorylation assay．

PhoBphorYlation aさBay叫ThephosphorylationassaYOf

thesampleswas carriedoutasdescribed（20）・＝nbrief，

thekinasereactionforRh由一kinasewascarried・outin50pl

Of the reactionmixture（50rnMTris／HClat pH7．5′2rnM

EDTA・1mMDTT，7’zTMMgC12，10岬【γ－32p］ATP［1－20GBq／mm01］

andpurifiedGST－CAT［1陣Ofprotein］）forlO t060minat

300c・ThenthereactionmixtureswereboiledinsDS－SarnPle

buffer and subjected to sD貞一P01YaCrylamide gel

electrophoresis（PAGE）and the radi0labeled bands were

Visualizedbyanimage analyzer（Fuji・Tokyo′Japan）．To

COnfirm thephosphorYlation site of CRMP－2byRho－kinase′

HA－CRMP－2andHA－CR肝－2T555Awereusedas subs亡rates．HA－

CRMP－2　0r HA－CRMP－2　T555A were prepared by

immunoprecIPitationfromcos7cells transien亡Iytransfected

Witheachexpressionve⊂tOras described（44）．

Peptide　占equencing　　、　　Peptide sequencing of p70was

Carriedoutasdescribed（45）・＝nbrief／Partia11ypurified

P70　was subjecヒed to sDS－PAGE and blotted onto a

POlyvlnY11idenedifluoridemembrane，andstainedwith O．1％

Ponceausinl％aceticacid・Thebandcorresponding仁OP70

WaS Cut Out，digested withlysylendopeptidase，
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Achromobacter protease＝・The obtained peptides were

fractionatedbYC18c0lumnchromat・Ographyandsubjectedto

amino acid sequencing foridentification．

エd蝕tifieation of cR肝－2　pb咽血orylation　出toさ　by

Rho－kinaBe～Thephosphorylationsites ofcRMP－2by

Rho－kinase wereidentified as according to the method

described（46）・＝n brief・CRMP－2（77楯Of protein）was

PhosphorylatedbyGST－CAT（70pgofprotein），anddigested

Withendopeptidase，Asp－N，then the obtainedpeptideswere

fractionatedbyc18c01umnChromatographyandsubjectedto

amino acid sequencing・The fractions obtained from each

Edomandegradation cYClewere countedfor32pinaliquid

SCinti11ation counter．

℡ranさねet土on of pla8mま由into co即　edlg～COS7

Cells were culturedin DMEM containinglO％　FCS．

Transfection of plasmidsinto cos7cells was carried out

using a Lipofectamine－mediatedDNA transfectionprocedure

（G＝BCO－BRL）・CellswereseededonlOOzTmCulturedishata

densiヒyofl・’8Ⅹ106cells・24hafter the transfection，

theculturemediumWaSrePlacedbyDHEMwithoutFCSandthe

Cells were cultured for ano亡her24h・Forimmunoblot

Studies，the cells were treated withlO％（w／v）

trichloroacetic acid′and the resultingpreclpitates were

analYZed as describedpreviously（42）．

＝znnunofluoreBCene azlalYSiさ‰COS7cells seeded on

13－mm－rOund glass coverslips were fixed with　3．7％
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formaldehyde’inphosphatebuffersaline（PBS）forlOminat

r00mterrperatureandwashedwithpBS，andpemeabilizedwith

ice－COldmethanolforlOminat4。c・Thefixedcellswere

incubatedwithlO％normalgoatseruminpBSforlhatr00m

temperature・The fixed cells wereincubated with rabbit

anti－PT555（1：1）andanti－HAantibody（12CA5；1：100）inpBS

for6hat4。clandwashedthreetimes forlOminwithpBS．

After the firs亡Iabelinglthe cells・Wereincubated with

F＝TC－labeledandTexasRed－labeled・secondaryantibodies for

lh at room temperature・Cells were vievqed bY uSing

COnfocallaser scaming microscope（Carlzeiss，＝nc．′

Thornw00d′　ⅣY）．
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Pro血統ion of dom土nant aetivo and n呵ativo mutantき

Of Rbo－kina80．

Rho－kinaseis composed of catalytic（CAT），COiled coil

（CO＝L）IRho－binding（RB）・and pleckstrin－homologY（PH）

domains（17）・We previously constructed CAT（6－553amino

acids）・CO＝L（421－701amino acids）and RB（941－1075amino

acids）（30）・CAT served as a domihant active form，and RB

SerVed as a dominant negative form of・Rho－kinas．e，

reSpeCtivelY（20130）・For furtherinvestigation of Rho－

kinase functions，here＝produced cDNAs encodingRhoqkinase

mutantsin addition to the above constructs（Fig．1）．

ARB／PH（6－980amino acids）・血ichlacks the cooH－terminal

regulatoryregionincludingRB and軸domains，is thought to

be a constitutivelyactive form（29）・RB／PH（941－1388amino

acids），Whichis composedof RB and pHdomains，is thought

to be a dominant negative form・Since RB／PH or RB was

thought to titrate out GTP・Rhoin cells，＝also produced

RB／PH（TT）and RB（TT）in which Asn－1036and Lys－1037were

replacedbY Thrin the RB domain of Rho－kinase．Rho－kinase

hasbeenshowntoab01ishitsbindingactivitytoGTP・Rhoby

these substitutions（29）・＝also confimed that RB（TT）did

not bind to GTPYS・Rhoin vitrounder the conditionsin血ich

RB bound to GTPγS・Rho（data not shown）．　These cDNA

fra卯entS Of Rho－kinasewere clonedintopEF－BOS－mYC VeCtOr

亡O eXPreSS themin marrmaliap cells．

Rbo－kina80　rO卯1atoさ　tbo　¢011morpb01叩y and nourito

rotraetまon of　Ⅳ1玉－115　nouroblaさtOma
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Next・＝utilized these dominant active and negative

mutants of Rho－kinase for determining the roles of Rho－

kinasein the regulation of neurites of a neuronalce11

1ine，NIE－115cells・NIE－115cells showed a flattened

mOrphologyandextendedneurites whenculヒuredin serun－free

medium（Fig・2Aa）′and the addition of LPAinduced rapid

neurite retraction and cellrounding within a fewminuets

（Fig・2Ab）asdescribedpreviousIY（11）・RhoV14′RacV12are

StruCtura11y‘equivalent toH－RasV12（substitutionofGlyto

Val－）andthoughヒtobe theconstitutivelyactive forms（6，

47，48）・NIE－115　cells were transfected with the cDNA

ehcodingeitherHA－RhoV14，HA了RacV12・myC－Rho－kinase／mYC－

ARB／PH′OrmyC－CAT・The cDNAencodingβ－galactosidase was

COtransfectedwith these cDms for theidentification of the

transfected cells・24h after theltransfection，the cells

Were serum－StarVed for another120r24h and then fixed for

mOrph010glCalexamination・The cells expressing HA－RhoV14

became rounded and failed to extend neurites（Fig．2Ac），

Whereas the cells expressing HA－RacV12spread out andlost

both neurites and filopodia（Fig・2Ad）as described

PreViously（13）・Thecells expressingmYC－ARB／PHorrnYC－CAT

Showedamorphologysimilarto that of thecells expressing

fiA－RhoV14（Fig・2Ae，f）・indicating that activeRho－kinase

ledtoneurite re亡ractionandcellrounding・町C－Rho－kinase

Showed the weak activityin this capacity（Fig．2B）．The

effects of each molecule became stronger as time passed

after the transfection（Fig・2B）・＝tis possible that Rho－

kinase prevents neurite extension rather thaninduces

neurite retraction・However・this possibilityisless

13



likely′because themicroinコeCtionofRhoV140rGST－CATinto

Serum－StarVed NIE－115cellsinduced a rapid withdrawalof

neurites（data not shown）．

RhoN19is structura11y equivalent to H－RasN17

（substitution of Thr to’Asn）and亡hought to be a dominant

negative form of Rho（6・10，49）・The e軍preSSion of RhoN19

RB，Or RB／PH′　Which are thought tointerfere with Rho

functions，inhibited the LPA－induced neurite retraction

（Fig・3A・B）・RB／PH（TT）andRB（T勤enabledus to evaluate

the effects of Rho－kinase without titrating out GTP・Rho．

RB／PH（TT）showed aninhibitorY effect on the LPA－induced

neurite retraction and cell－rOunding to an extent similar to

that of RB／PHIWhile RB（TT）had a smalleffect（Fig．3A′

B）・RB／PH（TT）maYinhibit the endogenous Rho－kinase more

effectivelY than does RB（TT）・CO＝L（421－701amino acids）

hadno effect・The coexpressionofnTyC－RB ormyc－RB／PH（TT）

inhibited the HA－RhoV14－inducedmorph0loglCalchanges，but

not the myc－CAT－induced morph0logi・calchanges（data not

Shown），SuggeSting that RB and RB／PH（TT）inhibited the

endogenous Rho－kinase activity but not completely blocked

the highlevelof the exogenously added CAT．

鱒y朋in　エ＝　aetivatまon　土ndueod by tbo　肌C．mutant

pro皿OtOさ　nOurito rotraction　土n　Ⅳ1E＿115

Since Rho－kinaseis known to regulate thelevelof MLC

PhosphorYlation（20，23）／＝expected MLC to be one of the

maコOr effectors of Rho－kinasein neurite retraction of NIE－

115ce11s・The phosphorylation of MLC of myosin＝＝at Ser－

19is essentialfor the actin－aCtivatedATPase ofmyosin＝＝
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1n Sm00th muscle contraction　（50－53），　and the

PhosphorYlation of MLC at Thr－18　enhances the ATPase

activity（51・54）・Protein kinases，SuCh as MLC kinase and

Rho－kinase，Phosphorylate MLC at these sites（20，51）．

Recently／＝demonstrated that RhoV14and CAT elevated the

levelof MLC phosphorylation by the use of a specific

antibody against MLC phosphorYlated at ser－19in cos7cells

（42）・　Kureishiet al・（32）also demonstrated that cAT

PrOVOked a contraction and proportionalincreasein the

levelof MLC phosphorylationin permeabilized smoothmuscle．

To examine whether the activation of myosin　＝＝is

Sufficient for neurite retraction′　＝examined the effect of

MLC mutantsin NIE－115ce11s・The replacement of MLC by

recombinant肌CT18D，S19D（MLC－DD；Substitution of Thr－18and

Ser－19to Asp）in myosin＝＝partially activates the ATPase

activity and forms myosin filaments when reconstituted with

myosinheavychainin vitro（55）・＝producedcDNAs encoding

MLC，MLC－DI）andMLCT18A，S19A（MLC－AA；Substitution of Thr－18

and Ser－19to Ala，unPhosphorylatable form）and cloned them

into pEF－BOS－mYC VeCtOr（Fig．4A）．

＝transfected the MLC mutant cDNAsinto NIE－115cells．

The cells expressing myc－nC or myc－MLC－AA extended neurites

When deprived of serun，Whereas the cells expressing myc－

MLC－DD failed to extend neurites（Fig・4B′　C）．　The

expression of myc－MIJC or rnYC－MLC－AA had n00r minimaleffect

On the LPA－inducedneurite retractioninNIE－115cells（Fig．

4B）・To confirm that the morph0loglCalchangesinduced bY

MLC－DDisindependent of Rho and Rho－kinase，＝examined the

effects of RB andRB／PH（TT）・The coexpression of myc－RB or
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myC－RB／PH（TT）with myc－MLC－DD showed a minimaleffect on

the MLC－DD－inducedmorph010gicalchanges（data not shown）．

Thus－1itislikelythat themorph010gicalchangesinducedby

MLC－DD areindependent of Rho and Rho－kinase．These results

indicate that Rho－kinase phosphorylates and sequentially

acヒivates myosin＝＝，and themyosin＝＝activationpromotes

neurite retraction downstream of Rho andRho－kinasein NIE－

115cells・However，the morphologicalchangesinduced by

MLC－DDweremildin comparisonwith thoseinducedby active

forms of Rho－kinise・The cells expゼeSSingrnyc一虹C－DDbecame

either flattened cells or modestly rounded cells withou亡

neurites／Wbile most cells were rounded when treated with

active forms of Rho－kinase・This may be because MLC－DD

CannOt eXert the fu11activity ofmYOSin＝＝・Alternatively，

Other substrates of Rho－kinase may be necessary for the

COmplete alteration of morphology bY Rho－kinase．

如rifまeation of a nov01Rbo－kina8e　8ub8tratO p70　from

bovino brain　¢ytOさ01．

To examine thelatter possibility′　＝searched for Rho－

kinase substrates other than MLCin bovine brain．proteins

in bovine brain cYtOS01fraction were separated by Mono Q

C01um and subjected to phosphorylation assayusingGST－CAT．

Among the severalproteins phosphorYlatedin this assay，a

PrOtein with mass of about70kDa（P70）was phosphorylated

StrOnglyin a GST－CAT－dependent manner（Fig・5）．p70was

elutedin peaks between200　and300mM NaCl・P70was

further purified byMono S colum（Fig．6）．

工dentifieation of p70　aき　CRHp＿2．

To clarify them0lecularidentity of p70，Purifiedp70
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WaS Subjected to amino acid sequencing as describedin

、、Materials andMethods〝・Sixpeptide sequences derived from

P70were determined・The obtained peptide sequences from

P70were KQ＝GENL＝VPIKSSAEV＝AQARK・KMDENQFVAV，KVFNLYPR′

K＝VLED andXA＝EALAE＝RXVP・血ere xindicates an unidentified

residue・These peptide sequences were almostidenticalto

that ofbovine collapsinresponsemediatorprotein－2（CRMP－

2・Fig・7A）・Furthermore，the antibodyraisedagainsヒCRMP－

2（1－572　amino acids）cross－reaCted with p70（data not

Shown）・Recently，CRMP－2homologues have beenidentified

from various species（Fig・7B）・Chick CRMP－62，a Chick

homologue，is requlred for the growth cone collapse of DRG

neuronsinducedbyc01lapsin（56）（98％identity）・Unc－33，a

C・eleganshomologue・isidenヒifiedbYamutationresulting

in severely uncoordinated movement；abnomalitiesin axon

guidance・and superabundance of microtublesin neuron（57）

（30％hom0logy）・＝also found that cRMP－2has a structure

hom0logous wiヒh Bacillus stearothemcphylus D－hydantoinase

enzyme（36％hom0logy）．

エdontまfication of　地o cR比P－2　pb08pborylation　8ito by

Rbo－kまnaさ○　王瓜　再亡r0．

Next・＝determined the phosphorylation site of bovine

CRMP－2　by GST－CAT・　CRMP－2　was phosphorylatedin the

presence of［γ－32p］ATPin vitro，and digested with

endopep亡idase，Asp－N・The digestedpeptides were separated

bY C18column chromatography・One radioactive peak was

Obtained（Fig・8A）・・　The peak was fractionated．and

Subjected to amino acid sequencing・The・sequence obtained

fromthis fractionwas DN＝QPRRTTQR＝ⅧPPGGR，COrreSPOnding to
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548－565amino acids of CRMP－2・The fractions obtained from

each Edoman degradation cycle were counted for　32pin a

liquid scintillation counter・As a result，Thr－555was

turned out to bephosphorylatedbYGST－CAT（Fig．8B）．But＝

COuld not rule out the possibility that GST－CAT

PhosphorYlates not only Thr－555，but also Thr－554．　To

COnfirnthe phosphorylation site of CR肝－2byRho－kinase，＝

produced a cRMP－2mutant（HA－CRMP－2T555A）in which Thr－555

WaS replaced by Ala・　HA－CRMP－2・or HA－CRMP－2　T555A was

expressedin cos7cells andimunopreclpitated・with anti－HA

antibody from thelysate of the cells expressing the

proteins・The resultingirrmunoprecipitates was subjected to

the phosphorylation assaY（Fig・9）．　HA－CRMP－2　was

phosphorylated by GST－CAT，Whereas HA－CRMP－2T555A was not

Phosphorylated・These results confirm that Thr－555is the

maコOr Phosphorylation site of CRMP－2by Rho－kinasein vitro．

Rbo－kina拍pboさpborylate8　CR即－2　at　地r－555　加．再叩・

To examinein vivo cRHP－2　phosphorylation bY Rho－

kinase・＝produced an antibody that specificallY reCOgnized

CRMP－2phosphorylated at Thr－555（anti－PT555antibody）．＝

used a phosphopeptide corresponding to550－560amino acids

Of CRMP－2in whichThr－555is phosphorylated as an antigen．

The specificity of the antibody was examined byimmunoblot

analysis・2pmolof CRMP－2containingincreasing amount of

the phosphorylated CRMP－2wereloaded on the gel・Fig．10

Shows the specificity of anti－PT555antibody・The antibody

bound to the phosphorylated cRMP－2in a dose－dependent

manner but did not react with the unphosphorylated form．

Thus・antirpT555　antibody specifica11y recognizes the
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Phosphorylation of CRMP－2at Thr－555by Rho－kinase．This

antibodywasusedfordetectionofCRMP－2phosphorYlationby

Rho－kinasein cos7cells・Because endogenous cRMP－2was not

detecヒedin cos7cells byirnmunoblot analysis using anti－

CRMP－2，HA－CRMP－2　was expressed exogenously with myc－

RaclV12，myC－Cdc42V12JmyC－RhoAV14，myC－RhoAN19ImyC－Rho－

kinase・myC－RhoAV14andmyc－Rho－kinase，Or myC－CATin cos7

Cells・The HA－CRMP－2phosphorYlation was not detectablein

Serum一StarVed COS7ce11s expressizlg HA－CRMP－2　alone（Fig．

11）・On the other hand・the coexpression of叫yc－RhoAV14・a

dominant active fom of RhoAincreased thelevelof the HA－

CRMP－2　phosphorYlation′　Whereas myc－RhoAN19，a dominant

negative form of RhoA did notincrease（Fig．11）．　The

COeXPreSSion of myc－Rho－kinase・mYC－RhoAV14　and myc－Rho－

kinase・Or mYC－CAT alsoincreased thblevelof the HA－CRMP－2

Phosphorylation・However，mYC－CAT did notinduce the HA－

CRMP－2　T555A phosphorylation・　＝n agreement with these

immunoblot data・　＝　also detected the HA－CRMP－2

phosphorylation by coexpression with myc－RhoAV140r mYC－CAT

by　＝mmunofluorescene analYSis　（Fig．12）．　　Bot

phosphorylated and unphosphorYlated forms of CRMP－2　were

loca亡edin the plasma membrane and cytoplasm．but absent

from the nuclei・＝nterestingly・COeXPreSSion of myc－RaclV12

0rmYC－Cdc42V12　also resultedin a smallincreasein the

levelof HA－CRMP－2phosphorylation′raising the possibility

that cRHP－2maybe also phosphorylated downstream of Rac and

Cdc42（Fig・11）・Taken together，these resultsindicate

that Rho－kinase elevates the level of HA－CRMP－2

phosphorylation at Thr－555downstream of Rhoin cos7cells．
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Diさ¢Ⅵ88まon

工nv01vo鵬nt of Rbo－kinaさO in RllO－inducod noⅦ出to

ro亡raetion．

The Rho family smallGTPases areinv01vedin the

regulation of cellmorphology and the organization of

CytOSkeleton such as actin filaments and microtublesin a

Various type of cells（58）・We previouslyidentified Rho－

kinase as a targetmolecule of Rho：Rho－kinaseis composed

Of catalytic－・COiled coil－，RB－′　and pH domains（17）．We

PreViouslyproduced CAT as the dominant active fom of Rho－

kinase・and RB as the dominant negative form（20，30）．we

COnfirmed that CAT shows the constitutivelY aCtive kinase

activitY・and that RB binds to GTPYS・Rho andinhibits the

GTPγS・Rho－dependent Rho－kinase activity（30）．　＝n NIE－115

Ce11s，Serun・LPA or the active fom of Rho（RhoAV14）induce

neurite retrac亡ion（11，12）・To examine whether Rho－kinase

regulates neurite retraction downstream of Rhoin NIE－115

Cells，＝here produced various Rho－kinase mutants besides

the above consヒructs・工n these mutants，ARB／PH．whichlacks

the COOH－terminalregulatory reglOnincluding RB and PH

domainsinduced the formation of stress fibers and focal

a血esionin fibroblasts（datanot shown）・Thus，ARB／PHmay

SerVeS aS the constitutively active form．　＝　showed here

that ARB／PHinduced neurite retractionin NIE－115ce11s as

Well as cAT．

On the‘oヒher・hand′一七he expre岳Sion・of domihant negative

form of Rho（RhoN19）or the treatment of ce11s wit

Botulinum toxin c3transferase，Which ADP－ribosYlates Rho

20



andinactivatesit（59，60）Ihas been shown toinduce

neurite extensionin NIE－115　ce11s when the cells are

Culturedin the presence of serum（11112）・They also

inhibit the LPA－inducedneuriヒe retractioninNIE－115cells

（11・12）・＝also found that RB／PH（TT）．which does not bind

to active form of Rho′inhibited the LPA－induced neurite

retractionin NIE－115ce11s，SuggeSting thatit serves as

thepowerfuldominantnegative fomof Rho－kinase・Although

RBis also dominant negative fom，・＝consider thatitis a

less specificinhibitor for endogenous＝Rho－kindse than RB／PH

（TT）lbecause RB titrates out GTP・Rho toinhibit other Rho－

targets・　Thus，RB／PH（TT）is the most usefuldominant

negative form so far obtained・However，further studies are

neCeSSary tO understand the molecular mechanism by which

RB／PH（TT）inhibits the activitY Of盲ndogenous Rho－kinasein

intact cells・Taken together，these dataindicate that Rho－

kinaseisinvolvedin neurite retraction downstream of Rh0

1n　Ⅳ1E－115　cells．

エnv01vo血Ont Of my朋in pb08pborylation by Rbo－kinaさO

in Rbo－indueod noⅥrito rotraetまon．

We previously reported that Rho－kinase elevates the

Phosphorylationlevelof HLCleading to myosin＝＝activation

（20・23，42）・　＝　here found that the NIE－115　cells

e軍preSSing the dominant active form of MLC′MLC－DD failed to

extend neurites when‾deprived of serum．　These results

SuggeSt that MLCisinvolvedin neuri亡e retraction of NIE－

115　cells・　MLC－AAis thought to serve as the dominant

negative form ofMI・Cin vivoIbecause the replacement of mc
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With MLC－AAprevents actin－aCtivated myosin ATPasein vitro

（55）・However・＝here found that the expression of MLC－AA

didnot affect the LPA－inducedmorphologlCalchangesinNIE一

115　ce11s・＝consider that MIJC－AA may beinefficiently

incorporatedinto actomyosin filamentsin transfected cells

Or may not serve as the dominant negative forminintact

Ce11s・These dataindicate that the phosphorylation of MLC

by Rho－kinaseisinvolvedin neurite retraction via the Rho

Slgnaling patbway．

＝tisinteresting that th占　morph0loglCalchanges

induced bY MLC－DD were milder than thoseinduced by LPA，

RhoV14・ARB′PH・OrCAT・TheNIE－115cells expressingMLC－DD

became either flattened or modestlY rOunded without

neurites，While most ce11s were rounded when treated with

LPAorwben expressing姐oAV14・ARB／bH10r CAT・This maybe

because MLC－DD cannot exert the fu11activity of myosin＝＝

Or Other substrates of Rho－kinase areinvolvedin the Rho－

kinaseinduced morph0loglCalchange．

Rbo－kinaさO pboさpborylat08　CR即－2　jn　γ王亡ro and j力

Thelatter possibility prompted me toinvestigate Rho－

kinase substrates other than MLC・＝ere＝identified CRMP－2

as a novelsubstrate of Rho－kinasein the bovine brain．

CRHP－2constituted about O・1％of totalproteinin the brain

（data not shown）・RecentlY／CRMP－2　homologues have been

identifiedin‾various species・CRM芳」62，a Chick homologue

Of CRMP－2　was orlginallyisolated as anintracellular

mediator of c01lapsin血ichis thought to act as a repulsive
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growth cone guidante cue（56）・CRHP－2is also homologous to

Unc－33　protein of C・elegans・＝n unc－33　mutants，SeVeral

Classes of neurons showed neurite outgrowth defects．some

axons f01lowed abnormalpathways or terminated prematurely

（57）・These molecular similarities between cRMP－2　andits

hom0logues have been suggesting that CRMP－2isinvolvedin

the regulation of neurite outgrowth and axon guidance・MY

SCreening showed that CRMP－2　was the most prominent Rho－

kinase phosphorylated proteinin the brain．Thus，CRMP－2is

One Of the maコOr Substrates of Rh0．－kinasein the brain．

CRMP－2is specifically expressedin the brain and thelevel

Of expressionis elevated during the period of neuronal

network fomation（56，61，62）・The Rho family GTPases are

also highly expressedin developing nervous sYStem（63，64）．

＝n addition，Rho－kinaseis highlyJeXPreSSedin brain（17，

18，29）and chick E7DRG（data not shown）・Taken together，

these observations support theidea that cRMP－2isinv0lved

in the regulation of growth cone morphology by the Rho－Rho－

kinase slgnaling．

＝n PC12　cells，NGF regulates the phosphorYlatiop

levelof CRMP二2（61，65）・The amino acid sequence of CRMP－2

revealconsensus phosphorylation sites for severalprotein

kinases・Here・＝found that Rho－kinase phosphorylates Thr－

5550f CRMP－2in vitro・Thelevelof CRMP－2phosphorylation

WaS nOt detectablein serum－StarVed COS7cells expressing

CRMP－2alone・On the other hand．the coexpression of CRMP－2

With a dominant active form of Rho（RhoAV14）or Rh。－kinase

remarkablyincreased thelevelof CRMP－2phosphorylation．

These resultsindicate that Rho－kinase phosphorylates Thr－
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5550f CRMP－2downstream of Rhoin vivo・＝nterestingly′

CRMP－2　was also phosphorylated to some extent by the

COeXPreSSion of a dominant active form of Raclor Cdc42．

Recently′　myOtOnic dystrophY kinase－related Cdc42－binding

kinase（MRCK）isidentified as a target m0lecule of Cdc42

and Racl・虻RCK has a kinase domain similar to that of Rho－

kinase（66）・　The constitutively active form of MRCK

phosphorylated Thr－5550f CRMP－2in vitro（data not shown）．

The expression of constitutively acヒive fom of HRCKin cos7

Cells alsoled to phosphorylation of CRMP－・2at Thr－555（data

not shown）・These results raise the possibility that MRCK

phosphorylates Thr－555　0f CRMP－2　downstream of Cdc42　0r

Racl・　＝tis reported that cdc42　and Raclactivate Rhoin

fibroblasts（4）・Thus，thereis another possibility that

Cdc42　and Racl activate Rho f and then Rho－kinase

Phosphorylates Thr－555　0f CRMP－2．　Further studies are

necessary to understand the precise mechanisms that account

for the mode of phosphorylaヒion of CRMP－2　downstream of

Cdc42　0r Racl・Taken together・these results suggest that

Rho－kinase regulates the morphology of growth cone and axon

guidan⊂e by phosphorylating cRMP－2　downstream of Rhoin

add土ヒ土on　亡O MLC．

Po…まblo r01朋　Of CR拭P－2　pbo叩borylatod by Rho－

kina80．

CRMP－2　is located in the plasma membrane and

CytOPlasm・but absent from the nucleiin DRG neuron（62）．＝

also found that cRMP－2is presentin membrane fraction as

Wellas cytosolfractionin the bovine brain（data not
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Shown）・CRMP－2islocatedin the filopodia andlame11ipodia

Of growth conesin primary cultured neuron（62）．Here，＝

PrOduced an antibody that recognizes cRMP－2phosphorylation

at Thr－555・＝tisinteresting to determine which of growth

COne guidance molecules activates Rho and Rho－kinase

Slgnaling pathway thatleads亡O CRMP－2phosphorylation by

the use of this antibody．

The regulations of morph0logy and growing directions of

growth cones are considered to be achieved by　ヒhe

reorganization of the cytoskeleton such as actin filaments

and microtubles（3，67）．　Acヒin filaments extend as a

meshwork throughoutlamellipodia and are bundledin the

filopodia of growth cone（3，67）．Microtubles are bundled

in axons and the tip of microtubles often reach theleading

edges oflamellipodia and occasionally enter the filopodia

Of growth cones（3，67）・　CRMP－2is als0locatedin the

lamellipodia and the filopodia of growth conein DRG neuron

（62）・　＝tisimportant toidentify the proteins that

associate with CRMP－2　and to examine whether the

phosphorylated CRMP－2isinvolvedin the regulation of

morph0logY Of growth cone and axon guidance．The mutants

CRMP－2substituted of Thr■－555to Asp or Ala maY be usefulin

SuChinvestigations．

ConelⅥさまon．

＝n conclusion，＝　found that the activation of Rho－

kinaseis necessary for neurite retractioninduced by LPA

and Rhoin NIE－115cells・＝n this neuronalresponse′MLC of

mYOSin　＝＝　was a maコOr effector molecule，Whichis
●
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Phosphorylated by Rho－kinase downsヒream of Rh0．　＝　also

found that Rho－kinase phosphorylates cRMP－2bothin vitro

andin vivo・＝ヒis thought that CRMP－2andUnc－33，Whichis

C・elegans hom010gue Of CRMP－21areinvolvedin axon

guidance and the regulation of neuronalcellmorph0logy．

Taken together・these results raise the possibilitY that

Rho－kinase regulates axon guidance and neuronalcell

morph0logY bYPhosphorylation of MLC andCRMP－2（Fig．13）．
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FiすⅦr0　10すOndさ

Fig・1・Diagrams of a series of Rho－kinase mutants．

Numbersindicate the amino acid residues．Functionaland

StruCturaldomains of Rho－kinase are schematica11y shown．

DA；dominant active forms of Rho－kinase（induced neurite

retrac亡ion），DN；dominant negative forms of Rho－kinase

（inhibited the LPA－induced neurite retraction）．

Fig・2・Effects of dominant active forms of Rho．

Rac′　and Rho－kinase on neurite retraction of NIE－115cells．

（A）NIE－115cells were transiently transfected with either

pEF－BOS－mYC VeCtOr（a and b），pEF－BOS－HA－RhoV14（c），PEF－

′BOS－HA－RacV12（d），PEF－BOS－myC－ARB／PH（e），Or PEF－BOS－myC－

CAT（f）・PME18S－lacZ was cotransfected with these plasmids

toidentify the transfecヒed cells．　24　h after the

transfection・the ce11s were culturedin serum－free medium

for another12hland subsequently fixed and stained forβ－

galactosidase activity（a，C－f）・The cells transfected with

PEF－BOS－mYC Were treated with O．1岬　LPA forlO min to

induce neurite reヒraction（b）・Bar represents20pm・（B）

12h（OPen COlumn）or　24　h（ha亡Ched column）after the

transfection of plasmids encodingindicated cDNÅs，the cells

Were Culturedin serum－free mediumfor12h・The percenヒage

Oflacz－POSitive cells bearing neurites above30　pn was

SCOred・　Data are means　±　sEM of atleast triplicate

determinations．

Fig・3・　Effects of dominant negative forms of Rho

and Rho－kinase on neurite retraction of NIE－115cells．（A）

NIE－115cells were transiently transfectedwith either pEF－

BOS－myC－RB（a），PEFJBOS－myC－RB／P＝（TT）（b）′　PEF－BOS－HA－
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RhoN19（c）・PEF－BOS－myC－VeCtOr（d）10rPEF－BOS－myC－RB（TT）

（e）・48h after the transfection′　the cells were cultured

in serum－free medium for24h・The transfected cells were

treated with O・1pM LPA forlO min・and subsequently fixed

and stained forβ一galactosidase activity．Bar represents20

Pm・（B）48h afterヒheヒransfection of plasmids encoding

indicated cDNAs，the cells were culturedin serum－free

mediumfor24h・The cells were treatedwithvehicle（qpen

COユu刀1刀）or O・1岬LPA（加亡Cムed cbユu皿刀）ねrlO min．　The

percentage oflacz－pOSitiJe cells bearing nedriteslonger

than　30　pm was scored・Daヒa are means士SEM of atleast

triplicate determinations．

Fig・4・　Effects of MLC and MLC mutants on neurite

retractionin NIE－115cells・（A）Functionaland substituted

residues of MLC usedin this assay are schema亡ica11y shown．

（B）NIE－115　ce11s were transientlY tranSfected with either

pEF－BOS－mYC VeCtOr（a），pEF－BOS－myC－MLC（b）′　PEF－BOS－mYC－

MLC－AA（C），Or PEF－BOS－myC－MI・C－DD（d）．　pME18S－1acz was

COtranSfected with these plasmids to identifY the

transfected cells・48h after the transfection，the ce11s

Were Culturedin serum－free medium for24h，Subsequently

fixed and stained for　β－galactosidase activitY．　Bar

represents　20　pm・（C）48　h after the transfection of＿

Plasmids encodingindica亡ed cDNAs，the cells were cultured

in serum－free mediunfor24h・The cells were treated with

Vehicle（qpen column）or O・1LLM LPA（hatched column）forlO

min・The percentage oflacz－POSitive cells bearing neurites

above30匹m WaS SCOred・Data are means±sEM of atleas

triplicate determinations．
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Fig・5・Screening of a Rho－kinase substrate．Bovine

brain cytosolfraction（20mg of protein）wasloaded onto

Mono Q column・Proteins were fractionated by elution with

theindicatedlinear gradient of NaCl・The protein content

Of eluted fractions was monitored by uv absorbance a亡280

rm・The each fractionwas subjected to thephosphorYlation

aSSay・　The reaction mixture was subjected to sDS＿PAGE

and the radioactive proteins were detected by

autoradiographY・The fractionNo・10andNo．11contained a

Rbo－kinase substrate′　p70．

Fig●・6・　Purification of p70　bY Mono S c01umn

Chromatography・The fraction No・10and No．1lobtained

from the first Mono Q・C0lum chromatographywereloaded onto

Mono S column・The NaClgradient and flow rate were the

Same as the first Mono Q column chiomatography・20plof

each fraction eluted from Mono S c0lumn were subjected to

the phosphoryla亡ion assay・　The reaction mixture was

Subjected to sDS－PAGE and silver stained．The radioactive

proヒeins were detected bY autOradiographY．

Fig・7・Deduced amino acid sequence of p70．（A）The

amino acid sequence of bovine cRMP－2　and the peptides

Ob亡ained from p70（boxed sequence）were shown．Amino acid

SequenCe Of p70　corresponding with bovine cRMP－2　were

indicated by underlines・（B）Alignment of amino acid

SequenCeS Of CRMP－2andUnc－33were shown・Thepercentages

refer toidentities within each reglOn Or at right within

their wholelength．

Fig・e・＝dentificaヒion of the cRMP－2phosphorylation

SitebYRho－kinase・（A）CRMP－2phosphorylatedbyRho－kinase
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WaS digested by Asp－N・and resulting peptides wereloaded

OntO C18　column′　and phosphoamino acid sequence of

radioactive fraction was carried out．（B）The fractions

Obtained from each Edoman degradation cycle were counted for

32pin aliquid scintillation counter．

Fig・9・加Vitro phosphorylation of HA－CRMP－2and HA－

CRMP－2　T555A bY Rho－kinase・HA－CRMP－2and HA－CRMP－2T555A

eXpreSSedin cos7cells wereirnmunopreclpitated by anti－HA

antibody・　TheimmunOpreCipitates were subjected to

Phosphorylationassay′Separatedby gDS－PAGE ariddetectedbY

autoradiographY（1eft panel）・Each arnount of proteins was

normalized byirnmunoblot analysis with anti－HA antibodY

（ri如亡paエコeユ）．

Fig・10・Specificity of anti－pT555antibody．cRMP－2

（2　pmol）containing the indicated amounts of CRMP－2

PhosphorYlated by CAT was subjected to sDS－PAGE．＝rrmun。bl。t

analYSis with anti－PT555（岬per Panel）or anti－CRMP－2　was

Carr土ed ou亡（ri痴亡pa乃eユ）．

Fig・11・　Detection of phosphorylated CRMP－2in cos7

Cells e不preSSingRho familyGTPases or姐0－kinase・PEF－BOS－

HA－CRMP－2　was transfected together with the plasmids

encodingindicated cDNAsin cos7　cells・As a negative

COntr01，pEF－BOS－HA－CRMP－2T555A was also transfected with

PEF－BOS－myC－CATin cos7ce11s・24h after transfection，the

Cells were culturedin serum－free medium for　24　h．　The

Cells were then treated withlO％trichloroacetic acid．The

resulting precIPitates were subjected to sDS－PAGE，and

irnmunoblot analysis with anti－pT555antibody（哩perPanel）

Or anti－CRMP－2antibody（lowerpanel）was carried out．
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Fig・12・＝rnmunofluorescenelabeling of phosphorylated

CRMP－2in cos7　cells・COS7　cells were transiently

transfected with pEF－BOS－HA－CRMP－2and either pEF－BOS－myC

（a・b and c）・PEF－BOS－＝A－RhoV14（d′　e and f），Or PEF－BOS－

myc－CAT（g，h andi）・　24　h after the transfection．the

Cells were culturedin serum－free medium for　24　h．　The

Cells were then fixed′　Permeabili2＝ed and and stained with

anti－pT555antibody（a・d and g）and with anti－＝A antibodY

（b・e and h）・Merge：Phosphorylated HA－CRMP－2in green and

HA－CRMP－2　土n red．

Fig・13・Modelfor the regulation of axon guidance

and neuronalcellmorphologY by Rho－kinase．
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且bbrov土ation8

The Abbreviations used are：Rho－kinase，Rho－aSSOCiated

kinase；MLC・myOSinlight chain；LPAllysophosphatidic acid；

CRM曹」2′　COllapsin response mediator protein－2；DRG，dorsal

r00t ganglion；HBS，myOSin－binding subunit；GST，glutathione

S－tranSferase；F＝TC，fluoresceinisothiocyanate；PCR，

P01ymerase chain reaction；DMEM・Dulbecco′s modified Eagle・s

medium；FCSlfetalcalf serum；DTT，dithiothreitol；PAGE′

P01yacrYlamide’gelelectrophoresis；＝A，hemagglutiniri；PBS，

phosphate buffer saline；PH／Pleckstrin－hom0logy；MRCK，

myotonic dystrophy kinase－related Cdc42－binding kinase．
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Fig．2A
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Fig．2B
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Fig．3A
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Fig．3B
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Fig．4B
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Fig．5
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Fig．10
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Fig．12
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Fig．13
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