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βu∬皿ary

Adducinis a membrane skeleヒalprotein that binds　ヒO

actin filaments（F－aCtin）and thereby promoヒes　ヒhe

associaヒion of spectrin wiヒh F－aCtin to form a spectrin－

actin meshwork beneath plasma mernbranes such as ruffling

membranes．　Rho－aSSOCiaヒed kinase（Rho－kinase）′　Whichis

activated by the smallguanosine　ヒriphosphatase Rho′

Phosphorylates　α－adducin and thereby enhances the F－aCtin－

binding activity of　α－adducinin vi亡ro．　Here　＝identified

the siヒes of phosphorylation ofα一adducin by Rho－kinase as

Thr445　and Thr480・＝prepared antibodyヒha亡　SPeCifically

recognizedα一adducin phosphorylated at Thr445′　and found by

use of　ヒhis anヒibody thaヒ　Rho－kinase phosphorYla亡edα－

adducin at Thr445in cos7　cellsin a Rho－dependen亡marmer．

Phosphoryla亡edα－adducin accurnulaヒedin the membrane

ruffling area of Madin－Darby canine kidney（MDCK）epithelial

Cells and theleading edge of scattering ce11s during　ヒhe

action of te亡radecanoylphorb01－13－aCeヒate（TPA）or

hepatocyte growth facヒOr（HGF）．The microinコeCtion of

botulimlm C3　ADP－ribosylヒransferase′　dominant negative Rho－

kinase orα－adducinT445A′　T480A（Subs亡itution of Thr445and

Thr480by Ala）inhibited the TPA－induced membrane ruffling

in MDCK cells and wound－induced mlgraヒionin NRX49F cells．

α－AdducinT445D′　T480D（Substituヒion of Thr445and Thr480by

Asp），but notα－adducinT445AIT480A′　COunteraCted the

inhibi亡Ory effec亡　Of　ヒhe dominan亡negaヒive Rho－kinase on the

TPA－induced membrane rufflingin MDCK cells．　Taken

ヒOgether，ヒhese resulヒSindicaヒe that Rho－kinase
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Phosphorylates　α－adducin downsヒream of Rhoin vivo′　and　ヒhaヒ

亡he phosphorylation of adducin by Rho－kinase plays a crucial

r0lein the regulation of membrane ruffling and cell

mo亡土1土亡y．
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エ刀亡roduc亡ヱ0刀

Membrane ruffling′　a dynamically fluctuating movemenヒ

Of protrusion consis亡ing of filopodia andlamellipodia′is

rapidlyinducedin response to cerヒain extracellular slgnals

and alsoinducedin theleading edges of motile ce11s

（SヒOSSel，1993；Lauffenburger and HorwiヒZ′1996；MiヒChison

and Cramer11996；Welch et al・／1997）・Membrane rufflingis

ヒhoughヒto beimportan亡for cellmotility（Mitchison and

Cramer11996）・The smallGTPase Rho regulatesヒhe formaヒion

Of ac亡in sヒress fibers and focaladhesions（Ridley and Hall，

1992，1994∫Hall，1998）′　membrane ruffling（Nishiyama eヒ

al・，1994′Takaishie亡al・′1995）and ce11moヒiliヒy

（Takaishieヒal・′199311994）in certain亡ypes of cells′

Cellmorph0logy（Paヒerson et al・，1990）′　Cellaggregation

（Tominaga et al・′1993）′　Sm00th muscle conヒraction（Gong eヒ

al・′1996；Hirata eヒal・，1992），neuriヒe reヒractionin

neuronalcells（Nishikieヒal・′1990；Jalink e亡al．，1994）′

亡he foma亡ion of microvilli（Shaw et al．′1998）and

CytOkinesis（Kishiet al・′1993；Mabuchiet al．′1993）．Rho

exerヒSits bi0loglCalfuncヒions　ヒhroughinヒeracヒion wiヒhits

SPeCificヒarge亡S（Van Aels亡and D・Souza－Schorey′1997）．A

number of targets of Rho have beenidentified′including

PrOtein kinase N（PXN）（Waヒanabe et al・，1996；Amano eヒal．′

1996b），Rho－kinase／ROK／ROCK（Leung eヒal．′1995；Matsuie亡

al・11996；＝shizakieヒal・′1996），the myosin－binding

Subunit（MBS）of myosin phosphaヒase（Kimura et al．′1996）′

P140mDia（Waヒanabe et al・J1997），Citron（Madaule et al．′

1995）′　Ciヒron－kinase（Madaule eヒal・′1998），rhophilin′

rhotekin（Reid et al・11996）land kvl・2（Cachero et al．，
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1998）・Rho－kinase′　Whichis acヒivated by Rho′　regulatesヒhe

Phosphorylaヒion of myosinlight chain（MLC）by亡he direct

Phosphorylation of狐」C（Amano et al・′1996a）and byヒhe

inactivaヒion of myosin phospha亡ase亡hrough the

Phosphorylation of MBS（Kimura eヒal．，1996）．Rho－kinase

regulaヒes the formation of stress fibers and focaladhesions

（Leung e亡al・′1996；Amano et al・，1997；＝shizakiet al．，

1997）′　Sm00ヒh muscle conヒraction（Kureishie亡al．′1997）′

and neuriヒe retraction（Katoh e亡al・′1998；Amano et al．，

1998′　Hirose et al・J1998）through the phosphorylation of

MIC・Rho－kinase also phosphorylates the ERM

（ezrin／radixin／moesin）family proteins（Ma亡Suieヒal．′1998）

andヒhen regulates　ヒhe formation of microvilli（Oshiro eヒ

al・，1998）．However′iヒremains to be clarified how Rho

regulaヒes membrane ruffling and cellmoヒility．

We recentlyidentified adducin as an MBS－binding

PrO亡ein and a subsヒrate of Rho－kinasein vitro（Kimura et

al・11998）・Adducinis a membrane skeletalproヒeinヒha亡

bindsヒ○ヒhe fast growing ends（Kuhlman et al．′1996；Liet

al・′1998）and the sides（Mische et al．′1987）of actin

filamenヒS（F－aCtin）′　and thereby promotes　ヒhe association of

SPeCtrin wiヒh Fqactin亡O form a spec亡rin－aCtin meshwork

beneaヒh plasma membranes（Gardner and Bennett′1987；Benneヒヒ

et al・11988）・Adducinis composed of eitherαandβ′　Or C（

andγSubuniヒS Which are closely relatedin amino acid

Sequence and domain organizaヒion（Gardner and Bennetヒ′1986；

Benneヒt e亡　al．，1988JDong e亡　al．′1995）．　Each adducin

Subunit has three distinct domains：an amino－ヒeminalhead

domain′　a neCk domain′　and a carboxy－terminalヒaildomain
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（Joshiand Bennett′1990；Joshieヒal・，1991；Dong et al．′

1995）．　The taildomain has a domain called　ヒhe

myristoylated alanine－rich C kinase－Substraヒe（MARCKS）－

relaヒed domain，Which conヒains a highlY basic s亡retch and

binds to calmodulin（Joshi′1991；Dong et al．′1995；

MaヒSuOka eヒ　al．，1996）．　Adducinis also a substrate for

PrOヒein kinase c（PKC）and protein kinase A（PKA）（Palfrey

and Waseem，1985；Kaiser et al・，1989；Dong et al．′1995）．

The phosphorylation of adducin by pKA reduces the ac亡ivity

Of adducinヒO aSSOCiate with Fqactin and spectrin－F－aCtin

COmPlexes and to recruit spectrin to Fqactin（Matsuoka et

al・／1996）・The phosphorylation of adducin by PKC also

inhibits acヒiviヒy of adducinin bindingヒO F－aCtin and

recruiヒing specヒrin to F－aCヒin（Matsuoka eヒal．′1998）．On

the oヒher hand′　the phosphorylaヒion of adducin by Rho－kinase

resulヒSin theinヒeraction of adducin wiヒh F－aCtinin vitro

（Kimura eヒ　al．，1998）．

＝n the presenヒ　Study′　＝idenヒified　亡he si亡es of

Phosphorylaヒion of　α－adducin by Rho－kinase as Thr445　and

Thr480′　and prepared an亡ibody that specifically recognized

α－adducin phosphorylaヒed at Thr445　to elucidate　ヒhe

functions ofα－adducin phosphoryla亡ed by Rho－kinase．＝

found tha亡α－adducin was phosphorylated at Thr445via the

Rho／Rho－kinase paヒhwayinintacヒCells，and thaヒ　the

Phosphorylation ofα－adducin by Rho－kinase plays a crucial

r0lein membrane ruffling and ce11motiliヒY．

■■L
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肋亡eヱ・jaユg aェId　ガe亡ムod5

〃丘亡eヱ・jaユ5　a刀d cムe皿ヱcaユβ

MDCK cells was kindly provided by Dr■　S・Tsukita（Kyoto

University，Kyoto′Japan）・NRK49F cells was purchased from

AJnerican T沌e Culヒure C01lection（Rockville，MD）・PEF－BOS－

HA－RhoAV141RhoAN191RacIV121Cdc42V12，PEF－BOS－myC－Rho－kinase

（full－length，6－1388aa）′　RB（941－1075aa）′　RB／PH（TT）（941－

1388aa）／and CAT［ヒhe caヒalytic domain of Rho－kinase（6－553

aa）］were consヒructed as described（Matsuiet al．′1996；

Amano et al・′1997／1998；Kur。da e亡al・／1996）・PCDSRα－PKCβ

lacking cldomain at posi亡ions6－159aa was construcヒed as

described（Kaibuchiet al・／1989）・PQE－ratγ－adducin

fragTnen亡（319－671aa；35H fragTnenト4D）was kindly provided

by Dr・S・Jaken（Universiヒy of Vermonヒ′　VT），and6ⅩHis－

taggedγ－adducin fragmenヒWaS PrOduced and purified as

described（Dong eヒal・，1995）・The expression plasmid of C3

亡ransferase（PGEX－C3）was kindly provided by Dr．A．Hall

（Universiヒy C01lege London′　UK）′　and C3was produced and

Purified as described（Fukaヒa et al・，1998）．Glutaヒhione－S－

transferase（GST）－RB was produced and purified from

Escherichia（E）colias described（Amano et al．′1997）．

GST－CAT was produced and purified from sf9　cells as

described（Matsuura et al・′1987；Amano et al．′1996a）．

RacIN17was produced and purified from E．colias described

（Kuroda e亡al・11996）・Anヒi－HA（hemagglutinin）monoclonal

antibody（Ab）（12CA5）was purchased from Boehringer

Mannheim・［γ－32p］ATPwas purchased fromAmershamcorp．

（Buckinghamshire′　UK）・Allmaterials usedinヒhe nucleic

acid study were purchased from Takara shuzo Corp・（Kyoto′

■■－L　　　　＿
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Japan）・○ヒher maヒerials and chemicals were obtained fr。m

COmmerCial sources．

アユaβ瓜id C（）刀β亡ruc亡5

The cDNÅencoding humanα－adducin（1－737aa）（Joshiet al．，

1991）wasinserヒedintoヒhe j窃n＝siヒe of pEF－BOS－HA，in亡O

the顆n＝　siヒe of pAcYMl－HA t00btain recombinanヒα－adducin

by the use of a baculovirus system，Orin亡O the BamHr site

Of pGEX－2T・The cDNA encoding humanβ－adducin（1－726aa）

（Joshiet al・′1991）was alsoinser亡edintoヒheIQ）n＝si亡e of

PAcYMl－HA・The cDNAs ofα－adducinT445A′　T480A（AA）andα－

adducinT445D′　T480D（DD），Whichwere substiヒuted for Thr aヒ

both445and480amino acid residues by Ala or Asp，Were

generaヒed with亡he use of a site－directed mutagenesis kit

（Stratagene，LaJ01la′　CA）′　and subclonedinヒO PEF－BOS－HA，

PAcYMl－HA′　and pGEX－2T・The cDNAs ofα－adducinT445A andα一

adducinT480Awere also generated as above and subclonedinヒO

pGEX－2T．

タro亡eエコ　purjfヱca亡joェI

RB／PH（TT）（Amano eヒal．′1998）was expressed as a maltose＿

binding proヒein（MBP）fusion proヒeinin E．coliand

Purified・GST－α－adducinlGST－α－adducin－AA，GST－α－

adducinT445A and GST－α一adducinT480Awere produced and

Purified from E・COli・HA－α－aqducin，HA－β－adducin′　HA－α－

adducin－AA and HA－C（－adducin－DD were producedin sf9　cells．

The cells expressing HA－α一adducin were suspendedin

homogenizing buffer（20mM Tris／HClat pH8．0′1mM EDTA′1

rnM DTT′101ユM：A－PMSF，10lユg／mlleupeptin）．The suspension

WaS SOnicaヒed and cenヒrifuged atlOO′000Ⅹg forlh a亡4。c．

The supernatan亡WaS aPPlied onto a Mono Q c0lum（Pharmacia

7
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LKB Bioヒechn0logy，Uppsala，Sweden）which had been

equilibrated wiヒh Buffer A（20mM Tris／HClaヒPH7．5′1rnM

EDTA′1mM DTT）．The c0lurnn was　ヒhen washed′　and亡he

PrO亡eins were eluヒed with alinear concentraヒion gradient of

NaCl（0－600mM）in Buffer A．HA－α－adducin was eluted wiヒh

abouヒ200ITtM NaCland purified t。near h。m。geneity．HA一β－

adducinlHA－α－adducin－AA′　and HA－α－adducin－DD were prepared

as HA－α－adducin．

かe亡eヱⅦ上皿a亡ヱ0刀　Of pム0寧pムローyユa亡ヱ0刀　5i亡e5　0f　α－adducヱ乃

ムy　点上0一女上皿aβe

HA－α－adducin（70Llg of proヒein）was phosphorylated with GST－

CAT（120ng of protein）in2mlof kinase buffer（50mM

Tris／HClat pH7・5′　5mMMgC12，1mM EDTA′1mM EGTA，1mM

DTT）containinglOO岬［γ－32p］ATP forlh aヒ30。c，and the

reacヒion product was digested with Achromobac亡erprotease－1

（AP－1）at37’c for20h・The obtained peptides were applied

OntO a C18　reverse phase c0lum（4．6Ⅹ250rrm，Shiseido

Japan）and eluted with alinear gradient of Oq48％

acetonitrile forlOO min aヒa flow rate ofl・O ml／min by

HPLC（System G01d′　Beckman）・The radioacヒive peaks were

SeParated and phosphoamino acid sequencing was carried out

With a pepヒide sequencer（PPSQ－101Shimadzu，Japan）as

described（Bodwelleヒ　al．′1991）．The fractions obヒained

from each Edoman degradation cycle were measured for32pin

a Beckmanliquid scinヒillaヒion coun亡er．

タro血c亡joェ10f　きj亡e－　a刀d pム0卑pム0ヱγユa亡ヱ0エ　β亡a亡e一

卑peCヱfjc a刀亡ヱ上0句′　for　α－adduc上月

The phosphopepヒide cys－Gln440－Gln－Arg－Glu－Lys－PhosphoThr－

Arg－Trp－Leu－Asn－Ser450was chemically synthesized as an

8
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antigenby peptide＝nstitute＝nc・（Osaka′Japan）．Rabbit

P01yclonalanヒibody（anヒi－PT445）was raised agains亡the

Phosphopeptide and affiniヒypurifiedas described（＝nagaki

eヒal・11997）・To exzmineヒhe specificity of anヒi－PT445′

equalaInOunヒS Of HA－α－adducin（40fm01）wiヒh various raヒios

be亡WeenPhosphorylated andnon－Phosphorylatedproヒeins were

Subjected to sDS－PAGE・fiA－α－adducin－AA（40fm01）was

incuba亡edin kinasebuffer conヒainingGST－CAT andATP′and

Subjec亡edヒO SDS－PAGE・The amount of phosphates

incorporatedinto HA－α－adducinwas simulヒaneously determined

by［Yq32P］ATP・＝rrmunoblo亡analysiswas thenperfomedwith

anti－PT445′　anti－PT445which was preincuba亡edwith alOO－

f01d amoun亡Of antigen－Phosphopeptide′and anti－fiA Ab．For

SOme experimen亡S／HA－α－adducin′HA一β－adducin，Or6ⅩHis－γ－

adducin fragmenヒWaS SeParaヒelyphosphorylatedwi亡hGST－CAT′

and40fm01（as32p－incorporated amounヒ）ofヒhe

Phosphorylaヒed pro亡eins were subjectedヒ○＝rrmun。bl。t

analysis wi亡h an亡i－PT445．

Ceユユ　Cuユ亡ure

MDCK cells and N＝H3T3　cells were maintainedin DMEM

COntaininglO％calf serum′　S亡reptomycin and penici11in．

COS7cells were maintainedin DMEM containinglO％FBS，

Streptomycin and penicillin－　ⅣRX49F cells were maintained

in DMEM containing5％calf serumandl％non－eSSentialamino

acids・T00b亡ainMDCK cells sヒablY eXpre岳Sing fiA－α－adducin，

MDCK cells wereヒransfecヒedwiヒhpEF－BOS－HA－α一adducin along

Withpsv＝＝SRαVeCtOr COntaining the neomycinresistance gene

using Lipofec亡aInine（G＝BCO BRLJRockville，MD）as described

9
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（Kuroda e亡al・′1998），and neomycin－reSisヒant clones were

Selected．

刀e亡ec亡ヱ0月　Of　℡ムr445－pム0早p力oryユa亡ed　α一之朗uc上皿　上皿

ま乃亡丘C亡　Ceユユ5

The transfection of plasmidsinヒO COS7cells was carried ouヒ

byヒhe sヒandard DEAE－dex亡ran me亡hod．cos7cells were

COtranSfec亡ed with pEF－BOS－HA－α一adducin and pEF－BOS－VeCtt）r′

PEF－BOS encoding－HA－RacIV12，HA－Cdc42V12，fiA－RhoAV14′HA－

RhoAN19′myC－Rho－kinase（full－lengヒh），弘一RhoAV14andmyc－

Rho－kinase（fu11－length）IHA－RhoAV14andrnyc－RB，HA－RhoAV14

andmyc－RB／PH（TT）lmyC－CAT′。r PCDSRα－PKCβ．separaヒelY′

COS7　cells were cotransfected wiヒh pEF－BOS－HA－α一adducin－AA

and myc→CAT・After a24h－incubation′　ヒhe transfected cells

Wereincuba亡edin serum－free mediumfor24h．The cells

Were　亡reated withlO％（w／v）ヒrichloroaceヒic acid．The

resulヒing precIPltateS Were Subjecヒed亡Oimmunobloヒanalysis

using anヒi－HA Ab and anヒi－PT445・MDCK cells sヒably

expressing HA－α一adducin wereincubatedin the absence orヒhe

PreSenCe Of亡etradecanoylphorb0l－13－aCeヒaヒe（TPA）for15min

f01lowedbyヒheincubationin the presence of O・1LLM

CalYCulin A forlO min・The cells were then treated as cos7

Cells and subjected toirnmunoblot analysis．

エmu刀Ofユuoヱ・e5Ce刀Ce a刀aユγβヱ寧

MDCK cells were deprived of serumfor24h andincubaヒedin

DMEM con亡aining200　nM TPA or50pM recombinant human

hepa亡OCyヒe growth factor（HGF）（Calbiochem′IJaJ01la′　CA）

for15min a亡370C・For cellscattering′　ヒhe cells were no亡

deprived of serum andincubatedin DMEM containing5％calf

Serum and200　nM TPA for2　h．The cells were fixed with

10
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3・0％fomaldehydein pBS forlO min andヒrea亡ed wi亡h pBS

COnヒaining O・2％TriヒOn X－100forlO min・Phosphorylated

adducin and F－aCtinwere doubly stainedwith an亡i－PT445and

TR＝TC－Phalloidin・For an亡i－PT445′　the cells were亡hen

labeled wi亡h F＝TC－COn］uga亡ed an亡i－rabbiヒ＝g Ab．For a

doubleirrmunofluorescence studylthe clone stably expressing

HA－α－adducin was stimulated as described above．

Phosphoryla亡ed adducin andHA－α－adducinwere doubly stained

With an亡i－PT445and anヒi－HAAb・The cells wereヒhenlabeled

Wiヒh F＝TC－COnコugated anヒi－rabbiヒ＝g Ab and Texas red－

COnコugated anti－mOuSe＝gAb・The cells were examined using

a Zeiss axiophoto microscope，Or a COnfocalmicroscope（Carl

ZeisslOberkochen，Germany）．

〝ヱcroヱエフeC亡ヱ0エl

MDCK cells were seeded at a density of2・5Ⅹ103cells per

13rrm cover g・lassin60rrm亡issue cul亡ure dishes and

incuba亡ed for8h・Then′　ヒhe cells were deprived of serum

for24h・For microinコeC亡ionJPrO亡eins were concentrated

and during the concentraヒionヒhe buffer was replacedby

microinjectionbuffer（20mMTris／HClat pH7・4′20rnMNaCl′

1mM MgC12／0・1mM EDTA15rnM2－merCaPtOethan01）．The

indicated proteins were microin］eCヒed along wi亡h a marker

PrOヒein（rabbit or mouse＝gG at O．5mg／ml）into the

Cytoplasm of cells・Using micro capillaries（tip diameter

is o・5LLm），about3Ⅹ10－141iter of eachpro亡einwas

microin］eCted by onein］eCtion・When C3was microinコeCted

at O・lmg／ml′　theinjected amount per cellwas abouヒ3Ⅹ

10－15g（ヒheintracellular concenヒrationwas esヒimatedヒO be

about o．15岬）・When HA－α－adducin mutants were

11
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mlCr01nコeCted at5・O mg／ml′　ヒheinjec亡ed amounヒper cellwas

about150Ⅹ10－15g（ヒheinヒracellular concenヒraヒion was

estimated to be abou亡2・0岬′　andiヒSeemedヒO be much

higher亡hanヒhelevelof endogenousα－adducin）・Thirtymin

after亡he microinコeCtion′　the cells wereincubatedin DMEM

COnヒaining200nM TPA for15min at370c．The cells were

then fixed and stainedwi亡h anヒi－PT4450r TR＝TC－Phall占idin

as described above．

Ⅳbu皿d　ムe丘ユ三月g aβgay

Cellmlgration assay using a wound healing modelwas

Performed as described previously（Santos et al．′1997）．

The confluent mon0layer ofヒhe cells was scraped with a

Whiヒe chip・S00n afヒer wounding′　the medi皿WaS Changed and

indicaヒed recombinant proヒeins・Were microinコeCted alongwith

amarker pro亡ein（rabbit＝gG′1・O mg／ml）intoヒhe cytoplasm

Of only the cells along亡he wound edge as described above．

The orlglnalwound edge was deヒerminedby亡aking pho亡OgraPhs

S00n after the cells were wounded and microinコeCted．After

6hoursヒhe cells wereヒhen sヒainedwith TR＝TC－Phalloidin，

and the cells亡haヒmoved（＞20いm）from亡he originalwound

edge were counヒed by taking photographs of the same fields

as the orlglnalpho亡OgraPh．

0亡ムeヱ・　タrocedure5

SDS－PAGE was performed as described（Laerrmli′1970）．

Protein concenヒrations were determined with BSA as the

reference protein as described（Bradford，1976）．
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属e5uユ亡β

かe亡eヱⅦ克a出0刀　Of　亡ムe　古土亡eβ　Of如0ざ如叫yユa亡ヱ0エ10f　α一

之dducin　ムγ　只ム0一女ヱ刀aβe

The siヒes ofphosphorylaヒion of humanα－adducinbyRho－

kinasewere firsヒexaminedas follows・HA－ヒaggedα－adducin，

Whichwas phosphorylaヒedbyRho－kinaseinヒhepresence of

［γ－32p］ATP′WaS digestedwithAP－＝andsubjettedヒOreVerSe－

PhaseHPLC as described（Shiraヒakiet al・I1993）・TwornaコOr

radioacヒive peaks（namedpeakland2′reSPeCtively）were

Obヒained（Fig・1A）and亡heir amino acid sequences were

deヒermined・The sequence obtained from peaklwas

TRWLNSGRGDEASEEGQNGSSPK′　COrreSPOnding to residues445－467

0f humanα－adducin／and Thr445turned ou亡亡O be the

Phosphorylation site for Rho－kinase（Fig．1B－a）．The

Sequence obヒained frompeak2was EDGHRTSTSAVPNLFVPLNTNPK，

COrreSPOndingヒO reSidues475－4970f humanα－adducin′　and

Thr480turned outヒO be the phosphorylation site for Rho－

kinase（Fig・1B－b）・Bo亡h phosphorylation sites werein the

neck domain ofα一adducinlandwere different frompreviously

identified siヒes・Of phosphorylation byprotein kinase A

（PKA）（Ser408′　Ser4361Ser481and Ser726）and byproヒein

kinase c（PKC）（Ser726）（Ma亡SuOka eヒal・′1996）（Fig．2）．

他en GST－α－adducinT445A or GST－α－adducinT480A（substiヒuヒion

Of Thr4450r Thr480byAla）was phosphorylaヒed by Rho－

kinaselGST－α－adducinT480Awas more efficienヒIy

Phosphorylated by Rho－kinase亡han was GST－α－adducinT445A

（Fig・3）・This resul亡is apparenヒIyinconsis亡ent wiヒh the

Observa亡ion亡ha亡the radioactivity of peaklcontaining Thr

445islower亡hanヒhat of peak2containing Thr480in the

13
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HPLC analysis（Fig・1A）・This may be due亡○ヒhe differen亡

reCOVery of each pep亡ide during separa亡ion by HPLC．Taken

亡Ogeヒher，亡hese results suggestヒhat Thr445is a

Preferenヒialsi亡e of phosphoryla亡ion by Rho－kinasein vitro．

タro血c亡io刀　a刀d c五arac亡eヱ・上之a亡ヱ0乃　Of　地e　βヱ亡e－　a刀d

pムog如oryユa亡ioヱ】5亡a亡e一点peCific a刀亡三上ody for　α一

之dducヱ皿

An an亡ibody亡hat recognizesヒhe phosphorylated sヒa亡e of

a substrate at a specific siヒeis a usefult00lwiヒh which

to evaluate site－SPeCific phosphorylaヒionin vivo and to

Visualizeヒhe cellular disヒribu亡ion of the proヒein

Phosphorylated at a specific si亡e（＝nagakieヒal．，1997）．＝

PrePared and affiniヒy purifiedヒhe p01yclonalantibody that

recognized the Thr445－Phosphorylatedα－adducin（anヒi－PT445），

againsヒthe synthe亡ic phosphopeptide；Cys－Gln－Gln－Arg－Glu－

LYS－PhosphoThr445－Arg－Trp－Leu－Asn－Ser．AnirnmunOblo亡

analysis revealedヒhat anti－PT445specifically bound to HA－

α－adducin phosphorylated by Rho－kinasein a dose－dependent

manner／bu亡noヒto non－Phosphorylated HA－α－adducin or HA－α－

adducinT445A′T480A（substiヒuヒionof Thr445andThr480by

Ala；HA－α－adducin－AA）incubated with Rho－kinase and ATP

（Fig・4A）・HA－α－adducin，Whichwas phosphorylated by pKC or

PKN aヒIevels similar toヒha亡by Rho－kinase′　WaS nOヒ

recognized by anti－PT445（daヒa not shown）・The binding of

anヒi－PT445　ヒ○α－adducin phosphorylaヒed by Rho－kinase was

neutralized by preincubaヒion ofヒhe anヒibody with the

antigenphosphopepヒide・Rh。－kinaseph。SPh。rylaヒedβandγ－

adducinin vitro as well（Fig・4B）・Neitherβnorγ－adducin

14
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PhosphorylaヒedbyRho－kinase was recognizedby anti－PT445

（Fig・4B）・These resultsindicaヒeヒhat anヒi－PT445

SPeCifica11y recognizes onlyα－adducin phosphorylaヒed aヒ

Thr445．

月ム0／長鳥0－よ血朋e d卑pe乃de乃亡　如0卑pム0ヱγユa亡jo乃　Of　α一

adducヱ刀　ヱ刀　COg7　ceユユ5

＝exaInined whetherα－adducin was phosphorylaヒed via

the Rho／Rho－kinase pathwayinintacヒCells byirrmunoblot

analysis wiヒh anti－PT445・CDNA of HA－α－adducin was

COtranSfectedinヒO COS7cells alongwith plasmids carrylng

ヒhe cDNA of dominanヒactive Rho family members，Or dominant

active or negaヒive Rho－kinase（Fig・5）．HA－α－adducin was

almost equally expressedin allthe HA－α一adducin－ヒransfected

Cells・α一Adducin phosphorylaヒed aヒThr445was undetecヒable

in serum－Sヒarved COS7cells expressing fiA－α－adducin alone．

The expression of dominanヒacヒive RhoA（RhoAV14），a RhoA

mutanヒthatis defectivein GTPase acヒivity and thoughtヒO

be constitutivelyヒhe GTP－bound formin the cells′induced a

Smallincrement of theα一adducinphosphorylaヒion at Thr445，

Whereas亡he expression of dominant negative RhoA（RhoAN19）′

a RhoA mu亡an亡tha亡Preferenヒially binds GDP rather亡han GTP

andis thought to be constitutively the GDP－bound formin

ヒhe cells′　had minimaleffects・Although the exact reason

for the minimalincreasein phosphoryla亡edα－adducinin cos7

Cells expressing RhoAN19is unknown′i亡islikely thaヒthe

OVerexpression of GDP－bound RhoAN19induced the

PhosphorYlaヒion ofα－adducin to a minimalextent because

GDP・Rho also ac亡ivates Rho－kinasein vitro to a smallextent

15
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as described（MaヒSuiet al・11996）・Dominant active Racl

（RacIV12）or dominant active cdc42（Cdc42V12）hadno

effecヒS・Under the conditions，RhoAV14′　RhoAN19，RacIV12

andCdc42V12werealmos亡equallyexpressed（da亡anotshown）．

The expression of Rho－kinaseinducedヒheα一adducin

Phosphorylaヒion亡O SOme eXtent・Byヒhe coexpression of

RhoAV14andRho－kinasel亡heα－adducinphosphorylationwas

further enhanced・Rho－kinaseis composed of caヒalytic

（CAT）′　COiled－COil（CO＝L）JRho－binding（RB），andpleckstrin－

hom0logy（PH）domains（MaヒSuieヒal・，1996）．RB（941－1075

aa）binds to Rho andinhibiヒSヒhe Rbo－dependenヒRho－kinase

acヒivi亡yin vitro andin vivo（Amano et al．，1997）．RB／PH

（TT）（941－1388aa）′　Whichis the C－teminalportion of Rho－

kinase and encompasses亡he RB and pH domains′has point

muヒationsin亡he RB domain and does not bind to Rho（Leung

et al・′1996；Fujisawa et al・，1996；Amano et al．′1998）．

RB／PH（TT）inhibits thelYSOPhosphaヒidic acid（LPAトinduced

S亡ress fiber formaヒionin fibroblasts and neurite retraction

in neuroblas亡Oma Cells（Amano eヒal・I1998）′　SuggeStingヒhaヒ

RB／PH（TT）serves as the dominant negative form of Rh。＿

kinase・Recen亡Iy′　We foundヒhat RB／PH（TT）inヒeracヒed with

the caヒalYtic domain of Rho－kinase andヒherebyinhibitedヒhe

Rho－kinase ac亡ivityin vitro wiヒhout titra亡ing ou亡Rho

（Amano et al・J1999）・We further found that RB／PH（TT）had

no effect on catalytic acヒiviヒy of PKN or mYOtOnic dys亡rophy

kinase－related Cdc42－binding kinase（MRCK）′　Whichis

identified as aヒargeヒOf Cdc42andis hom0logous to Rho－

kinase withinヒhe kinase domain（Leung et al．′1998），in

Vitro（Amano e亡al・′1999）・RB／PH（TT）inhibited the Rho－

16
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kinase－induced stress fiber′buヒnoヒニMRCK－induced sヒress

fiber（Leung eヒal・，1998）in fibroblas亡S（加ano et al．′

Submitヒed for publicaヒion）・These observaヒionsindicate

亡ha亡RB／PH（TT）more specificallyinhibits亡he Rho－kinase

acヒivitYinin亡act cells・α－Adducinphosphorylation at

Thr445in the presence of RhoAV14was suppressed byRB and

RB／PH（TT）（Fig・5）・Constiヒutively acヒive Rho－kinase

（Catalytic domain；CAT）greatlyinduced theα－adducin

Phosphorylation（Fig・5）′Whereas consヒiヒuヒively acヒive MRCK

did noヒ（daヒa not shown）・When the dominant acヒive form of

PKC′　Which activates the TPA－reSPOnSive elemenヒIinked to

亡he chloraqphenic0lacetyltransferase reporter geneinヒhe

absence of phorb0lester（Kaibuchiet al．′1989）′　WaS

eXPreSSedI亡he phosphorylation ofα－adducin was no亡detected

by an亡i－PT445（Fig・5）・HA－α－adducin－AA coexpressed with

CAT was noヒrecognized by anti－PT445（Fig．5）．These

resultsindicaヒe tha亡α－adducin was specificallY

Phosphorylaヒed a亡Thr445via亡he Rho／Rho－kinase paヒhwayin

intac亡　Cells．

如ecヱfヱc pム0寧pムローyユa亡io刀　Of　α－ad血ci刀　a亡　℡ムr445　三月

地e　℡タA－上皿血ced　皿e皿ムra刀e ruffユ上皿g areaβ

Bo亡h Rho and Rac are thoughヒto be necessary forヒhe

HGF－and TPA－induced membrane ruffling and HGF－induced cell

moヒiliヒyin MDCK epithelialcells，al亡hough nei亡her RhoAV14

nor RacIV12byitselfinduces membrane ruffling or cell

motility（Nishiyama eヒal・11994；Takaishieヒal．，1993′

1994，1995；Ridley et al．，1995）．＝examined the

dis亡ribu亡ion of Thr445－Phosphorylatedα－adducinin the TPA－

17
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Or HGF－Sヒimulaヒed MDCK cells・＝have found by

irrmunoblotヒing withisoform－SPeCific anヒibodies that120kDa

α－adducin and90kDaγadducin（alterna亡ivelY SPliced form

Of80kDaγ－adducin）were expressed almost equallyin MDCK

Cells・＝have als。f。undヒhaヒ110kDaβ－adducin was

eXpreSSed亡O alesser exヒentin MDCK cells・＝ヒislikely

that anti－PT445recognizes only phospho－Thr445inα－adducin

in MI）CK cells・The addiヒion of TPAinduced membrane

ruffling aヒヒhe outer edge of cellc0lonies（Fig．6）as

described（Nishiyalna et al・′1994JTakaishieヒal．，1995）．

TheirrmunOreaC亡ivity of anヒi－PT445accumulatedin亡he

membrane ruffling areas′Where F－aCtin（Fig・6）and spectrin

（daヒa noヒShown）also accumulated・Phosphoryla亡edα－adducin

WaS also deヒecヒedinヒhe perinuclear reglOn．Similar

resulヒS Were Obヒained when亡he cells were stimulated wiヒh

HGFinstead of TPA（Fig・6）・Theirnmunoreacヒivity with

anti－PT445was ab01ished bypreincubation of亡he antibody

Wi亡h the anヒigen phosphopepヒide（data not shown）．＝nヒhe

non－S亡imulated MDCK ce11sIPhosphorylaヒedα－adducin was

diffuselY PreSenヒin the cytoplasm，but no亡inヒhe free－ends

Of the plasma membrane・Between2　and16h afヒerヒhe

addiヒion of TPA′　the cells dissociated from each other and

SCaヒtered，Wiヒh p0larized morph0logy and membrane ruffling

inヒheleading edge as described（Takaishiet al．′1994；

Ridley eヒal．′1995）．Phosphorylatedα－adducin als。

accumulatedinヒheleading edge of TPA－induced scattering

Cells（Fig．6）．　To cornpare　ヒhelocalizaヒion of

Phosphorylaヒedα－adducin and totalα－adducin，a double－label

irrmunofluorescence studywas performedinMDCK cells sヒably

18
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exPreSSing fiA－α－adducin・＝munoreactivi亡Y Showing the

disヒribuヒion of‥HA－α－adducin（red）was detecteds亡ronglyin

ヒhe cell－Ce11con亡act siヒes（Fig7／aSヒerisk）′Weaklyinヒhe

membrane ruffling・areaS（Fig7／arrOW）′and diffuselyin亡he

CytOPlasm′aS described（Kaiser et al・11989；Marrs eヒal．′

1993）・Phosphorylatedα－adducin（green）was enrichedinヒhe

membrane ruffling areasin the TPA－Sヒimulated M＝）CK cells

（Fig・7′　arrOW）・The mergedimage of red and green

immunofluorescence revealedヒhe enrichmenヒOf phosphoryla亡ed

α－adducinin亡he membrane ruffling areas and a small

increment of phosphorylaヒedα－adducinin亡he cytoplasmin

ヒhe TPA－Sヒimulated cells（Fig・7－f′greenishimage）．

Phosphorylaヒedα－adducin did noヒaccunulate aヒthe cell－Cell

COntaCt Si亡es（Fig・7－C and f′reddishimagesindicaヒedby

亡he asヒerisks）・Similar resul亡S Were Obtained when the

Cells were sヒimula亡ed wi亡h＝GF・To confirm thatα－adducin

is specifica11yphosphorylated at Thr445duringヒhe acヒion

Of TPAlirrmunoblo亡analysis with anti－PT445was performed．

The addition of TPA toヒheMDCK cells stably expressing弘一

α－adducinincreased the phosphorylaヒionlevelof HA一α－

adducin at Thr445（Fig．8）．

地e　ま成上ム加ゎ刀　Of　地e　ⅣA一元血ced鳳∋皿おa乃e　ヱ・uffユ克g

わy　亡ムe d∞ヱ皿a刀亡　刀eg丘亡ヱγe　助0－よ克之βe　丘力d　α－ad血cj刀

＝next examinedwhether the Rho／Rho－kinase pathway was

requlred for亡he TPA－induced membrane ruffling．The

microinコeCtion of C3′　Whichis thought toin亡erfere wiヒh

endogenous Rho funcヒions／RB or RB／PH（TT）inhibiヒed the
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TPA－induced membrane ruffling and亡he accumulaヒion of

Phosphorylated adducininヒhe free－end of the plasma

membrane（Fig・9A and B）；membrane rufflingwasinducedin

64％of TPA－Stimulaヒed cellsinヒhe outer edges of ce11

C0lonieslbuヒin only14％of cellsinコeCtedwi亡hC3′15％of

CellsinコeCtedwi亡hRB，and22％of cellsinコeCtedwith RB／P

（TT）・Dominant negative Rac（RacIN17）alsoinhibited the

TPA－inducedmembraneruffling toa similar exヒent（Ridleyet

al・′1995）・These resulヒSindicate thaヒヒhe Rho－kinase

func亡ionis requlred for theTPA－inducedmembrane ruffling

土n M⊃CK cells．

To determinewhetherヒhephosphoryla亡ion of adducinby

Rho－kinaseis necessary or sufficient for the membrane

ruffling′　＝produced and uヒilized cDNAs encodingα－adducin

mutan亡S；fiA－α－adducinT445A′T480A（fiA－α－adducin－AA′

Substiヒution of Thr residues by Ala），Which was noヒ

Phosphorylaヒed by Rho－kinase and was expected to serve as

the dominan亡negative form′　and HA－α－adducinT445D′　T480D

（HA－α－adducin－DD／Substitution of Thr residues byAsp），

Whichwas expected to mimic phosphorylatedα－adducin andヒO

SerVe aS the consヒituヒively ac亡ive form（Sweeney et al．′

1994）・The microinコeCヒion of HA－α－adducin，HA－α－adducin－AA

Or HA－α－adducin－DD byitself did noヒinduce the membrane

rufflingin MDCK cells（daヒa not shown）・This observaヒion

is consisten亡Wiヒh亡he noヒionヒhaヒRhoAV14alone does noヒ

induce the membrane ruffling／and thaヒalot of processes

are requlred for theinduction of membrane ruffling．fiA－α－

adducin or HA－α一adducin－DD wasヒranslocaヒed to the membrane

ruffling area（data noヒShown）and did no亡inhibi亡the TPA－

20
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inducedmembrane ruffling，Whereas fiA－α－adducin－AAinhibiヒed

亡he ruffling；membrane rufflingwasinducedin abou亡60％of

TPA－Stimulated cellsin］eCヒedwith HA－α－adducin or HA－α－

adducin－DD′buヒin only24％of cellsin］eCtedwiヒh HA－α－

adducin－AA（Fig・9AandB）・Alヒhough亡heinhibiヒOry

mechanism of fiA－α－adducin－AAis no亡known，fiA－α－adducin－AA

may substitute for endogenousα－adducinヒ001igomerize with

endogenousβ。rγ－adducin′　and thereby sヒay as aninactive

COrPPlex toinhibiヒfuncヒions of endogenous adducins．

Essenヒially similarresults as tQ the effecヒS Of RB／PH（TT）

Or HA－adducin－AA on membrane ruffling were obtained when

肥CK cells were sヒimulaヒedwith HGFinstead of TPA（daヒa not

Shown）・To confirm thatHA－α－adducin－AA specifica11y

inhibiヒs the function of endogenousα－adducin bu亡noヒthose

Of other substrates of Rho－kinase such as MLC or the ERM

f弧ilyproteins′＝exeminedwhetherヒheinhibiヒOry effec亡Of

HA－α－adducin－AA on the membrane rufflingin MDCK cells was

reVerSed by coin］eC亡ion of HA－α－adducin or HA－α－adducin－DD．

As shownin Fig・10′fiA－α－adducin reversedヒheinhibitory

effect of HA－α－adducin－AAin a dose dependent manner．HA－CX－

adducin－DD more efficientlyreversed亡heinhibiヒOry effect．

These resulヒSindicateヒhat fiA－α－adducin－AA specifically

inhibits the func亡ion of endogenousα－adducin but not those

Of other subs亡rates・WhenHA－α－adducin－AAwas microinコeCted

into N＝H3T3cells′　HA－α－adducin－AA did noヒaffect亡he LPA－

induced foma亡ion of stress fibersJWhichis mediatedby the

犯C phosphorylationヒhroughヒhe Rho′Rho－kinase pathway

（Chihara et al・11997；加ano et al・′1998），Whereas RB／PH

（TT）inhibited亡he LPA－induced formation of stress fibers as
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described（加ano et al・′1998）（Fig・11）・弘－α－adducin－AA

didnoヒaffect the LPA－inducedformaヒionofmicrovilli，

WhichismediaヒedbytheERMphosphoryla亡ionヒhroughヒhe

Rho／Rho－kinasepathway′under the condiヒionsinwhichRB／P

（TT）inhibited the LPA－induced formation of microvilli

（Oshiro et al・11998）（datanot shown）・TakenヒOgether′

亡hese resulヒS SuggeSt thaヒfiA－α－adducin－AAspecifically

inヒerferes wiヒh thepathwaYmedia亡ed through亡heα－adducin

Phosphorylated by Rho－kinaseinintact cells．

When HA－α－adducin－DDJbut npヒHA－α－adducin－AA′WaS

COmicroinjectedwithRB orRB／PH（TT）／theinhibitoryeffect

Of RB orRB／PH（TT）onヒheTPA－inducedmembranerufflingwas

COunヒeracted（Fig・12A and B）・Under these condiヒions，HA－

α－adducin also counteracted theinhibitory effect of RB／PH

（TT）／but noヒthat of RB（Fig・12B）・This differenceis

likely due toヒhe dis亡inctmode of action between RB and

RB／PH（TT）・RB／PH（TT）interacts with the catalytic domain

Of Rho－kinase andinhibits亡he activiヒy of Rho－kinasein a

manner compe亡itive with pep亡ide subs亡rates of Rhoqkinase

SuCh as RRRLSSLRAwithoutヒiヒrating ouヒRho（加ano et al．′

1999）・The excess of HA－α－adducin over RB／PH（TT）in the

Cells may neuヒralize a competitiveinhibition of Rho－kinase

byRB／PH（TT），and thenHA－α－adducin canbephosphorylaヒed

by the activatedRho－kinase・Consistently′WhenRB／PH（TT）

WaS microinコeC亡ed a亡higher concentrations，HA－α－adducin

COuld not counteraCt theinhibitory effect of RB／PH（TT）′

Whereas HA－α一adducin－DDwas stillcapable of counteracting

（daヒa no亡Shown）・＝n contrasヒto RB／PH（TT），RB binds to

ヒhe effecヒOr domain of Rh01andis expected toinhibi亡the
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interacヒionofRho－kinasewithRhoandヒherebythe

activa亡ionofRho－kinasebyRho（Amanoetal・′1997）・Thus′

fiA－α－adducinmaynotovercomeヒheinhibiヒOryeffectofRBin

皿CKcells・Ontheoヒherhand′becauseHA－α－adducin－DDcan

mimicα－adducinphosphorylaヒedatThr445andThr480invivo′

fiA－α－adducin－DDmaybypass Rho－kinase亡Oinducemerrbrane

rufflingduringヒheac亡ionofTPAirrespecヒiveoftheRho－

kinaseactivity・HA－α－adducin－DDcounteractedneither亡he

inhibitoryeffecヒofC3norヒhatofRacIN17（Fig．12Aand

B）・GTPγS－boundRhoA＝411WhichisinsensitiveヒOC3，COuld

COmPletelyovercometheinhibi亡OryeffectofC3asdescribed

（Nishiyamaeヒal・／1994′da亡anotshown）・TakenヒOge亡her，

ヒheseresultsindicate thaヒHA－α－adducin－DDserves asヒhe

COnStitu亡ivelyac亡ive form′andtha亡α－adducinis acrucial

Subs亡rate ofRho－kinase downstreamofRho formembrane

ruffl土n9．

A朗uc血　如0印加Ⅳユa亡エロ刀　γia　亡加　地0／劫0一足刀a朗

pa亡加aγ　a刀d ceユユ　動つ亡ヱユヱ亡γ

Membrane rufflingis though亡to be an essentialevent

ince11motiliヒY（MiヒChisonandCramer，1996）．＝then

inves亡iga亡edwheヒhertheα－adducinphosphorylaヒionbyRho－

kinaseisinv0lvedincellmotility・C3hasbeenshownto

inhibi亡亡hewound－inducedmigraヒionof＝EC－6cells（Santos

et al・′1997）・＝performedawoundhealingassaybytheuse

OfmK49F ce11s toinvestigater0les ofRho－kinaseand

adducinincellmoヒility′Sinceiヒwasdifficult to esヒimate

ヒheprecise distancemovedinMDCKcells andto evaluate

Cellmo亡iliヒyinducedbyTPAorHGF′andNRK49Fcellswere
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mOre Suiヒable for a woundhealing assay thanwere MDCK

Cells・Linearwoundsweremadeinaconfluen亡mon01ayerof

NRX49F cells andabout200cells alongヒhewoundedgewere

microinjectedwiヒhC3′RB／PH（TT）′Or theα－adducinmuヒanヒS．

Sixhours afterwoundinglヒhecellsヒha亡moved（＞20岬）

from the orlglnalwound edge were counヒed．＝also

evalua亡ed thewound－inducedmlgrationbya亡imelapse

recording・Whenmaltose－bindingproヒein（MBP）wasinjected

aS a COnヒr01protein′　63％of the totalinコeCted cells showed

WOund－Oriented mlgration′　and abou亡60％ofヒhe亡Otal

injected ce11s hadmembrane rufflings（Fig・14AandB）．

About90％of the mlgratinginコeCted cells hadmembrane

rufflingsin亡heirleading－edges（Fig・14A）．＝found that

α－adducin phosphorylated aヒThr445accumulated at the

membrane ruffling areasin亡heleading edge and the

Perinuclear regioninmigraヒingmK49F cells（Fig．13）′aS

Shownin MDCK cells・C3and RB／PH（TT）inhibited亡he

mlgration to the wound；Only24％of cellsinコeCtedwith C3

and17％of cellsinjec亡edwiヒh RB／PH（TT）migraヒed toヒhe

WOund（Fig・14A and B）・The microinコeCtion of HA－α－adducin－

AAalsoinhibited themlgra亡ion∫Only21％of cellsinコeCted

WiヒhHA－α－adducin－AAmigrated toヒhewound（Fig・14AandB）．

When c3，RB／PH（TT）orα－adducin－AAwasinjec亡ed′　the

PerCenヒages of the ce11s with membrane rufflinginヒhe total

injec亡ed cells（～20％）were roughlY the same as those of亡he

migrating cellsin亡he toヒalinjected cells（17－24％），and

the stationaryin］eCted cells had fewmembrane rufflings

（Fig・14A）・Whateverproteinswerein］eCted，themaコOrity

（about90％）of migratinginjected cells had membrane
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rufflingin theleading edge・These resulヒS SuggeSヒthat

亡heinhibiヒion of cellmlgraヒionbyHA－α－adducinqAA，C30r

RB／PH（TT）correlates with theinhibition of membrane

ruffling・＝n the HA－α－adducin－injecヒed cells，亡he wound－

Orientedmlgraヒion andmembrane rufflingwerenoヒinhibiヒed

（Fig・14A and B）・HA－α－adducin－DD alsoinhibited the

mlgraヒion；32％of cellsinコeCヒed wiヒh HA－α－adducin－DD

migrated to the w？und（Fig・14AandB）・However′the

PerCentage ofヒhe cells wiヒh membrane rufflingin亡he total

injecヒed cells（about60％）was much bigger than thaヒOf the

migrating cellsin the toヒalinjectedcells（32％）．The

ma］Ority of mlgrating cellsinコeCtedwiヒhα－adducin－DD had

membrane rufflingsin亡heleading edge′　and abouヒOne half

Of the staヒionary cellsinコeCted wiヒhα－adducinqDD had

membrane rufflings（Fig・14A－k）・These resultsindicate

thaヒα－adducin－DDdidnotinhibit themembrane rufflingbut

didinhibiヒCellmlgrationlSuggeSting tha亡CyClingbetween

the phosphorylaヒed and dephosphorylaヒed states ofα一adducin

aPPearS tO be necessary for ce11mlgraヒion′　but noヒfor

membrane ruffling・Consisヒently′　RhoAV140r CAT as wellas

RacIN17inhibiヒedヒhewound－inducedmigra亡ion（daヒanot

Shown）．
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裏亡e－　a刀d如0卑p加ヱγユa亡ヱ0か如a亡e gpecヱfic a加地0句′

＝nヒhe present study′　＝identifiedヒhe siヒes of

Phosphorylaヒion ofα－adducinbyRho－kinase as Thr445andThr

480inヒhe neckdomain・α－Adducinisphosphorylatedat

Ser408′Ser436and Ser481in theneckdomainbypKA，andat

Ser726in亡heMARCKS－relaヒeddomainbypKC and pKA（MaヒSuOka

et al・，1996）・Among thein vitrophosphoryla亡ion siヒes of

α－adducin′　Thr445and Thr480areun1que for Rho－kinase．

加亡i－PT445′a Si亡e－andphosphorylation－Staヒe specific

anヒibody forα－adducinlreCOgnlZed HA－α－adducin

PhosphorylatedbyRho－kinaseIbut not by pKC or PKN．餌ti－

PT445recognizedneiヒher non－PhosphorylatedfLA－α－adducin nor

fiA－α－adducinT445A′T480AincubatedwithRho－kinase andATP

（Fig・4A）・These resultsindica亡e亡hat anti－PT445is a

usefulヒ00lwith which to detect the specific

Phosphorylation ofα－adducinbyRho－kinase boヒhin vitro and

in vivo′disヒinguishing fromヒhephosphorylation ofα－

adducinby pKC・AlthoughRho－kinasephosphorylatedβ－and

†－adducinin vitro（Fig・4B）′　the phosphorylation sites have

nOヒbeen detemined・Sinceヒhe surrounding amino acid

Sequences of Thr437in ratγ－adducin（QQREKIRWLNS）are

COmPletelyidenticaltoヒhose of Thr445inα－adducin

（selected as anヒigenphosphopeptide for anti－PT445），the

result thaヒan亡i－PT445didnot cross－reaC亡Wiヒhratγ－

adducinphosphorylaヒedby Rho－kinase（Fig・4B）revealed thaヒ

Rho－kinase does noヒprimarilyphosphorylaヒeγ－adducin a亡Thr

437・The surroundingaminoacidsequences ofThr431inβ－

26



adducin（QQKEK三RWLNT）are aliヒtle bit differen亡from those

Of Thr445inαqadducin・At this sヒage′　＝do noヒknow

Whether Rho－kinase phosphorylatesβ－adducin aヒThr431．

Adducinis亡h。ughヒt。be c。mPrised ofα－andβ－′Orα－and

†一adducinin vivo（Benneヒt et al・，1988；Dong e亡al．′

1995）・＝foundヒhaヒin MDCK and NRK49F cells a heヒerodimer

Of adducin which consists ofα－andγ－adducinwas mainly

expressed（da亡a not shom）・Therefore′iヒislikely亡hat

anヒi－PT445recognizes only phospho－Thr445inα－adducin but

noヒinβ－andγ－adducinin both cells（See below）．Further

analysisis necessarY tO undersヒand how・the phosphorylaヒion

。fβ－。rγ－adducinis regulated through Rho－kinasein vitr。

and　上月　Ⅴ土Ⅴ0．

工乃　γヱvo p五0寧pムoryユa亡joェ10f　α一之d血ci刀　γヱa　亡ムe

属ム0／属ム0一よ上皿age pa亡鳥Ⅳaγ

＝here found using anti－PT445　ヒhaヒThr445－

Phosphoryla亡ion ofα－adducin occurredin a Rho／Rho－kinase

dependent mannerin cos7cells（Fig．5）．＝　further f。und

thaヒα－adducin was phosphorylated at Thr445in the TPA－

Sヒimulated MDCK cells（Fig．8）．TPA also drives the

ac亡ivaヒion of PKC・＝ndeed′　TPAinduces the phosphorylaヒion

Ofα－adducin aヒSer726in renalproximaltubule epithelial

Cells and MDCK cells（Fowler et al・l1998；MaヒSuOka et al．′

1998）・However′i亡is unlikelYヒhaヒPKC direc亡Iy

Phosphorylaヒesα－adducin aヒThr445in亡he TPA－Sヒimulated

Cells′　because anti－PT445did noヒrecognizeα一adducin which

Was phosphorylated by pKCin vitro and was coexpressed with

the dominan亡aCtive pKCin cos7　cells．Rac and Cdc42　are
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als01nV0lvedin TPA－induced phenomena such as membrane

ruffling（Ridley et al・′1995）・＝ヒis possible thaヒthe

PrOtein kinases acヒivaヒed by Rac or Cdc42phosphorylateα－

adducin・However′　＝　foundヒha亡neither RacIV12nor cdc42V12

induced the Thr445－Phosphorylation ofα－adducinin cos7

Cells′　and thaヒ　亡he dominant active MRCK′　Whichis

identified as the亡arge亡Of Cdc42（Leung et al．，1998）and

Racl（Nakamura et al・，manuSCriptin preparation）′induced

the phosphorylation of：MエJC but no亡　Ofα－adducin at Thr445．

Taken　亡Ogether′　these resul亡Sindicate　亡hatinintact cells

α－adducin was specifically phosphorylated a亡Thr445via the

Rho／Rho－kinase pathway during the action of TPA・Although

in vitro experiment using GST－α－adducinT445A and T480A（Fig．

3）suggests　ヒhat Thr445is a preferenヒialsi亡e of

Phosphoryla亡ion by Rho－kinasein vitro′　at this stageitis

unknown which of Thr445　0r Thr480is a preferentialsitein

intact cells．

エ乃γ0ユγe乃eエl亡　Of　亡ムe pム0βpムoryユa亡ヱ0刀　Of　α－addロCヱ刀　γヱa

亡ムe　点ム0／月ム0一女ヱ瓜a5■e pa亡ムvayi刀　瓜e皿ムra乃e　ヱ・uffユi力g a刀d

Ceユユ　瓜0と王ユヱ亡γ

Membrane ruffling′　Whichisinduced by severalgrowth

factors andis observedinヒheleading edges of moヒile

Cells，is thought to play an essentialr0lein cell

moヒility・The regulatory mechanism of the membrane ruffling

isless wellcharac亡erized・Not only Rac bu亡also Rho are

ヒhought to regulate　ヒhe mernbrane ruffling downs亡ream of

extracellular slgnalsin certainヒypes of cells，because c3

inhibits the TPA or HGF－induced membrane rufflingin
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epiヒhelialcells such as MDCK and KB cells（Nishiyama eヒ

al・／1994∫　Takaishiet al・′1995）．Here，＝foundヒhat

Thr445－Phosphorylaヒed c（－adducin accumulated at亡he TPA－

inducedmembrane ruffling areas andヒheleading edges of

migrating cells（Fig・6and13）・＝furヒhemore foundヒhaヒ

RB and RB／PH（TT）as wellas C3inhibi亡ed the TPA－induced

membrane ruffling′　thatα－adducin－AA alsoinhibiヒed亡he

membrane ruffling as the dominant negativeα－adducin（Fig．

9A and B）land thatαqadducin－DD specifica11y counteracted

theinhibitory effect of RB and RB／PH（TT）on the membrane

ruffling（Fig・12）・These resultsindicateヒhatα－adducin

is a crucialsubs亡raヒe of Rho－kinase downsヒream of Rho for

membrane ruffling・The fact thaヒα－adducin－DD counteracted

theinhibitory effect of RB but notヒhaヒOf C3（Fig．12B）is

PrObably due toヒhe difference beヒWeenヒheinhibitory

mechanisms bY RB and C3・RBis the fragTnen亡Of Rho－kinase

Which consists of the Rho－binding domain of Rbo－kinase．RB

binds to the effector domain of Rho′　and theninhibi亡S the

in亡eracヒion of Rho with Rho－kinase（Amano et al．，1997）．

Recenヒ　Sヒudies revealed thaヒ　ヒhe various effector muヒanヒS Of

RhoAV141in whichinterac亡ion wiヒh some effectorsis

maintained but with othersislosヒImakeiヒPOSSible to

dissect the diverged pathways downsヒream of Rh0．For

examplelRhoAY42C ab01ishesin亡eraction wiヒh pKNbuヒ

mainヒainsin亡eraction with ROCK－＝（anisofom of Rho－kinase）

and RhoAF39IJIC20R maintainsinヒeraction with PKN but

ab01ishesin亡eraCtion with ROCK－＝（Sahai，Albert，and

Treisman／1998）・RhoAY42Cinduces stress fiber formation，

whereas RhoAF39L，C20R does notinduce stress fiber
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formationlSuggeSting tha亡ROCK－＝buヒnot PKNis required

for stress fiber formaヒion・These observaヒionsindicaヒe

ヒhat there are distinctinterfacesin the effecヒOr domain of

Rho for the different classes of effector proヒeins．

Alヒhough at this time＝cannot completelY rule ouヒヒhe

POSSibility亡ha亡RBinhibitsinteracヒion of Rho with the

Oヒher Rho－targetS SuCh as pKN and p140mDia′　RB mayinhibit

Preferen亡ially theinteraction of Rho wiヒh Rho－kinase rather

than with other Rho－ヒarge亡S・On the other hand′　C3

interferes with the wh0le func亡ions of Rh0．＝n fact，C3

inhibits the activitY Of PKN as wellas Rho－kinasein

Swiss3T3cells（Amano et al・′1996）′　and the Rho－dependent

recruiヒment of p140mDia to the dynamic membrane structures

in swiss3T3cells（Watanabe′　et al・11997）・C3mayinhibit

ヒhe membrane ruffling byirppairing the wh0le functions。f

Rho′　Whereas RB mayinhibit the membrane ruffling bymainly

（Or SPeCifically）irnpairing　亡he function of Rho－kinase．

＝　also found that noヒ　Only C3　and RB／PH（TT）but also

α－adducin－AAinhibi亡ed cellmotili亡y as wellas mernbrane

rufflinginⅣRX fibroblas亡S（Fig・14）・This suggests that

α－adducinis one of　ヒhe substrates for Rho－kinaseinv0lved

in ce11mo亡ility／PrObably regulaヒing亡he membrane ruffling

inヒheleading edges of moヒile cells．As to the substrates

Of Rho－kinaselMICis another maコOr Subsヒrate whichis

thought to play animpor亡anヒr0lein cellmotility・＝ndeed，

in］eCtion of anti－MLC kinase antibody diminishes　ヒhe cell

motili亡y of macrophages（Wilson et al・′1991）．Moreover，

Phosphoryla亡ed MLCis enrichedin both theleading edges and

rear ends of mo亡ile fibroblas亡S and epithelialcells
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（MaヒSumura eヒal・／1998）′　SuggeSヒingヒhaヒa force derived

frommyosin－aCtin filament driven by亡he皿C phosphoryla亡ion

COn亡ribu亡es亡O Cellmotility・ThusIRh01aCting through

Rho－kinase′　aPPearS tO regulaヒe cellmotilityヒhroughヒhe

SPatialandヒemporalregula亡ion of phosphorylation of

Certain substratesincluding adducin and MLC．

＝ヒ　Should be noted thaヒin swiss3T3　0r N＝H3T3

fibroblasts′in which the dominan亡active Rac byitselfis

Sufficienヒtoinduce亡he membrane ruffling（Hall，1998）′　α－

adducin phosphorylated at Thr445was not observedin亡he

dominant acヒive Rac－induced ruffling areas′　and neither c3　′

RB／PH（TT）nor HA－α－adducin－AAinhibited the dominant acヒive

Rac－induced ruffling（data noヒShown）・On the o亡her hand′　＝

found thaヒin KB epithelialcells as we11as MDCK epiヒhelial

Cells′　α－adducin phosphorylated aヒThr445accumla亡edinヒhe

TPA－induced membrane ruffling areas，andヒhat C3and RB／P

（TT）inhibited the TPA－induced membrane ruffling（data noヒ

Shown）・When RB／PH（TT）。rα－adducin－AA wasinjectedヒO

MDCK cellslthe HGF－induced membrane ruffling was also

inhibiヒed as the TPA－induced membrane ruffling（data noヒ

Shown）・The regulatory system ofヒhe membrane ruffling may

Vary among celltypes・＝tis conceivable thatヒhe membrane

rufflingin a certain type of cellsuch as MDCK epithelial

Cells may requlre nOt Only the Rac－mediaヒed paヒhway buヒalso

the phosphorylaヒion of adducin by the Rho／Rho－kinase

Paヒhway′　Whereas thaヒin otherヒypes of cells such as

Swiss3T3　fibroblasts may requlre Only the Rac－mediated

Paヒhway・Further studies are necessary to detemine whaヒ

Causes the differences beヒWeen the two types of celllines．
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The present resultsindicateヒhatヒhe phosphorylation of

α一adducin byヒhe Rho／Rho－kinase pathwayplays a crucialr0le

in the regulation of membrane ruffling and cellmo亡ility．

Whatis the funCtion of亡heα－adducin phosphoryla亡ionin

membrane ruffling and cellmotili亡y？Membrane ruffles

COntain complicated cytoskeletalsヒruc亡ures composed of F－

ac亡in and other F－aCヒin associated proteins（MiヒChison and

Cramer，1996）・Specヒrin，Which binds to F－aCヒin beneaヒh

Plasma membrane and foms a membrane corticalmeshwork′　also

accumulates aヒtheleading edges of moヒile cells（Burridge

e亡al・′1982；Somunen and Lehヒ○′1995）．Thislattice－1ike

meshworkis dynamically reconsヒructed and requlred for the

formation of meI血rane ruffling（Lauffenburger and Horwitz′

1996）・Sinceヒhe phosphorylation ofα－adducin by Rho－kinase

is known to promoヒe亡he binding ofα－adducinヒO F－aCヒin

（Kimura eヒ　al・′1998）andヒhisinヒurninduces　亡he

recruitmen亡Of spectrin to F－aC亡in（Gardner and Bennett′

1987；Bennett et al・11988）′itis possible that the

formaヒion of a spectrin－F－aCヒin meshworkis dynamically

regula亡edin the active membrane ruffling by the Rho／Rho－

kinase pa亡hway（Fig■15）・＝ヒis also possible that Rho－

kinase modulates亡he F－aC亡in－CaPPing acヒivity（Lieヒal．，

1998）or cross－1inking ac亡ivity（Mische et al．′1987）of

adducin and亡hen regulaヒes ac亡in dynamicsin亡he membrane

ruffling areas・Adducinis also a subsヒrate of PKC，Which

is activaヒedin responseヒO TPA or HGF′　and the

Phosphorylation ofα－adducin by PKCinhibits the acヒiviヒy of
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adducinin promotingヒhe forma亡ion of a specヒrin－aCtin

COrnPlexin vitro（Matsuoka eヒal・，1998）．TPAinducesヒhe

Phosphorylaヒion ofα－adducin at ser726and the

redistribuヒion ofα－adducin phosphorylated at ser726from

ヒhe cellmembraneヒO CytOPlasm accompanied by that of

SPeCtrinin renalproximaltubule epithelialand M＝）CK cells

（Fowler e亡al・′1998；Matsuoka et al．′1998）．

＝nヒerestingly，α－adducin phosphorylated aヒSer726was als0

0bservedinヒhe membrane ruffling areas（MaヒSuOka et al．，

manuscriptin preparaヒion）－　＝tis conceivableヒhatα－

adducin phosphorylated by pKC dissociates from a spectrin－F－

actin meshwork during membrane ruffling．Thus′iヒis

ヒempting亡O SPeCulate thaヒ亡he adducin funcヒionmaybe

CyClica11Y regula亡ed throughヒhe phosphoryla亡ion byRho－

kinase and PKC during亡he action of TPA or HGF′　and the

alternative phosphorylaヒion conヒributes to the turnover of a

SPeCtrin－F－aCヒin meshwork for membrane ruffling．＝nヒhis

regard′itisinヒerestingヒhaヒα一adducin．DDinhibits the

WOund－induced mlgration of NRK49F cells but no亡　their

membrane ruffling・This suggests that the　‖on”and・・off”

States ofα－adducin are necessary for ce11migration（Fig．

15）．
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ア00亡刀0亡eき

Abbreviations usedin亡his paper：PKN′　PrOtein kinase

N；MBS，myOSin－binding subunit；氾」C′　myOSinlight chain；

ERM／eZrin／radixin／moesin；PKC，PrO亡ein kinase c；PKA′

PrO亡ein kinase A；RB，Rho－binding domain；PH，Plecks亡rin

hom0logY domain′　CAT／Caヒalytic domain；GST，gluta亡hione－S－

ヒransferase；HA′　hemaggluヒinin；Ab′　antibody；α－adducin－AA，

α－adducin wiヒh subsヒiヒution of Thr445and Thr480by Ala；α－

adducin－DD′　α－adducin with substitution of Thr445　and Thr480

bY Asp；MBP′　mal亡OSe－binding protein；TPA′

teヒradecanoylphorb0l－13－aCetate；HGF′　hepaヒOCy亡e growth

factor；LPA′lysophosphatidic acid．

36



属efeヱ・e乃Ceβ

Amano′　M・／K・Chihara，K・KimuralY・Fukata′　N・Nakamura′　Y．

Maヒsuura，and K・Kaibucni．1997．Fomation of acヒin

Sヒress fibers and focaladhesions enhanced bY Rho－

kinase．science275：1308－1311．

Amano′　M・′　K・ChiharalN・Nakamura′　Y・Fukaヒa′　T．Yano′　M．

Shibata′　M・＝kebe′　and K・Kaibuchi・1998・Myosin＝＝

activaヒion promoヒes neurite tetraction during the

action of Rho and Rho－kinase．Genes Cells3：177－188．

Amano′　M・，M・＝亡○′　K・Kimura′　Y・Fuka亡a，K．Chihara，T．

Nakano′　Y．MaヒSuura，and K．Kaibuchi．1996a．

Phosphorylation and activation of myosin by Rho－

associated kinase（Rho－kinase）．J．Biol．Chem．

271：20246－20249．

Amano′　M・lH・Mukai，Y・Ono′　K・Chihara′　T．Matsui，Y．

Hamaコ1ma′　K・Okawa′　A．＝wamatsu，and K．Kaibuchi．

1996b・＝dentificaヒion of a putativeヒarget for Rho as a

Serine－threonine kinase′　PKN．Science271：648－650．

Amano′　M・′　Chihara′　K・lNakamuralN・，Kaneko′　T・′　MaヒSuura，

Y・and K・Kaibuchi．1999　The C00H terminus of rho－

kinase negaヒively regula亡es rho－kinase activi亡y．JBiol

⊂わem　274：32418－32424．

Bennett，V．，K・Gardner，andJ．P．Steiner．1988．Brain

adducin‥　a PrOヒein kinase c substraヒe that may mediaヒe

Si亡e－direc亡ed assemblY at the specヒrin－aCtinコunCtion．

J．月上○ユ．⊂勃em．263：5860－5869．

Bodwell′J・E・′　E・Orti′J・M・Coull′　D・J・Pappln′　L．＝．Smiヒh，

and F・Swift・1991・＝dentification of phosphorylaヒed

37



Siヒesinヒhe mouse glucocorヒicoid recepヒOr．J．Biol．

C力e刀1．66：7549－7555．

Bradford，M．1976．A rapid and sensiヒive method for the

quanヒitaヒion of microgram quanti亡ies of proヒein

utilizingヒhe principle of protein－dye binding．Anal．

月ヱocムe刀】．72：248－254．

Burridge′　K・／T・Kelly，and P・Mangeat・1982・Nonerythrocyte

SPeCヒrins：aCtin－membrane attachment proteins occurring

in many celltypes．J．CellBiol．95：478－486．

Cachero′　T．G．，A．D．Morielli，and E．G．Peralヒa．1998．The

Sma11GTP－binding protein RhoA regulates a delayed

rectifier potassium channel．Cel193：1077－1085．

Chihara′　K・′　M・Amano′　N・Nakamura′　T．Yano′　M．Shibata，T．

Tokui，H．＝chikawa，R．＝kebe，M．＝kebe′　and K．

Kaibuchi・1997・Cytoskeletalrearrangements and

transcrip亡ionalactivaヒion of c－fos seru刀IreSPOnSe

element by Rho－kinase．J．Biol．⊂hem．272：25121－25127．

Dong′　L・′　C・Chapline′　B・Mousseau′　L・Fowler′　K・Ramsay，

J・L・Sヒevens′　and S・Jaken・1995・35H′　a SequenCe

is0laヒed as a protein kinase c binding pro亡ein，is a

novelmember of the adducin family・J．Biol．Chem．

270：25534－25540．

Fowler，L・／L・Dong′　R・C・3rd・・Bowes，B・Van de Water′J．L．

Stevens′　and S．Jaken．1998．Transformation－SenSitive

Changesin expression，localization，and

Phosphorylaヒion of adducinsin renalproximaltubule

epiヒhelialcells・CellGrowth Differ．9：177－184．

Fujisawa，K．′　A・Fujiヒa，T．＝shizaki′　Y．Saito′　and S．

Narum1ya・1996・＝dentification of the Rho－binding

38



domain of p160ROCK′　a Rho－aSSOCiaヒed coiled－COil

COnヒaining pro亡ein kinase・J．Biol．Chem．271：23022－

23028．

FukaヒalY・／K・KimuraIN・Oshiro′　H・Saya′Y・Matsuura′　and

K・Kaibuchi・1998・Association ofヒhe myosin－binding

Subuni亡　of myosin phosphaヒase and moesin：Dual

regulation of moesin phosphorylation by Rho－aSSOCiated

Kinase and myosin phosphatase．J．CellBiol．141：409－

418．

GardnerlK・′　and V・Bennett・1986・A new erythrocyte

membrane－aSSOCiated proヒein wi亡h calmodulin binding

ac亡ivity・＝denヒification and purifica亡ion．J．Biol．

⊂鵠em．261：1339－1348．

Gardner，K・，and V・Benneヒt・1987・Modulation of spectrin－

acヒin assembly by eryヒhrocyte adducin．Na亡ure328：359－

362．

GongJM・C・′　K・＝izuka／G・Nixon′J・P・Browne′　A．Hall′J．F．

Eccleston′　M・SugaiJS・Kobayashi′　A・V・Somlyo′　and

A・P・Somlyo・1996・R0le of guanine nucleotide－binding

PrOヒeins－－raS－family orヒrimeric proteins or both－－in

Ca2＋　SenSi亡ization of sm00亡h muscle．Proc．N畠亡l．Acad．

gcj．打．g．A．93：1340－1345．

Ha11，A・1998・Rho GTPases and the actin cytoskeleton．

gcje乃Ce　279：509－514．

HiratalK・′　A・Kikuchi，T・SasakilS・Kuroda，K・Kaibuchi′

Y．Matsuura，H・Seki′　K．Saida′　and Y．Takai．1992．

＝nv01vement of rho p21in　ヒhe GTP－enhanced calciumion

SenSitivity of sm00th muscle con亡raction．J．Biol．

⊂皇em．267：8719－8722．

39



Hirose′　M・′　T・＝shizaki′　N・Watanabe，M．Uehata′　0．

KranenburglW・H・M00lenaar′　F・Matsumura′　M・Maekawa，

H・Bito′　and S・Narum1ya・1998・M01ecular dissection of

the Rho－aSSOCiated protein kinase（p160ROCK）－regulated

neuri亡e remodelingin neuroblastoma NIE－115cells．J．

Ceユユ　召上0ユ．141：1625－1636．

＝nagaki′　M・′　N・＝nagaki′　T・Takahashi′　and Y．Takai．1997．

Phosphorylation－dependen亡COntr0lof struc亡ures of

inヒermediate filamenヒS：a nOVelapproach using si亡e－

and phosphorylation sヒate－SPeCific antibodies．J．

月iocムem．121：407－414．

＝shizaki，T■，M・Maekawa，K．Fujisawa′　K．0kawa′　A．

＝waLnatSu，A・Fujiヒa，N．Watanabe，Y．Sai亡○′　A．

Kakizuka′　N・Morll′　and S・Narum1ya．1996．The small

GTP－binding protein Rho binds　亡O and activaヒes a160

kDa Ser／Thr protein kinase hom0logous　ヒO myOtOnic

dystrophy kinase．且犯BOJ．15：1885－1893．

＝shizaki′　T・，M・Naiヒ○′　K．Fujisawa，M．Maekawa′　N．

Waヒanabe′　Y・Saiヒ01and S・Narumlya・1997．p160ROCK，a

Rho－aSSOCia亡ed coiled－COilfoming protein kinase′

WOrks downstream of Rho andinduces focaladhesions．

ア五男g　エe亡亡．404：118－124．

JalinklK・′　E・J・Van Corven′　T・Hengeveld′　N．Morll，S．

Narum1ya，and W．H．M00lenaar．1994．＝nhibi亡ion of

lysophosphatidaヒe－　andヒhrornbin－induced neurite

reヒraction and neuronalcellrounding by ADP

ribosylaヒion of the smallGTP－binding protein Rh0．J．

Ceユユ　召上0ユ．126：801－810．

40



JoshilR・，andV・Benneヒt・1990・Mapplngヒhe domain

Structure of human erythrocyte adducin．J．Biol．chem．

265：13130－13136．

Joshi′R・′D・M・Gilligan／E・Otto′T・McLaughlin，andv．

Bennett・1991・Primary sヒructure and domain

Organization of huInan alpha and beヒa adducin．J．Cell

βヱ○ユ．115：665－675．

Kaibuchi′K・′Y・Fukumot01N・OkuJY・Takai′K．Arai′andM．

Muramatsu・1989・Molecular geneヒic analysis of the

regulatory and catalytic domains of protein kinase c．

J・召上oユ．Cわem．264：13489－13496．

Kaiser′　H・W・lE・OrKeefe′　andv・Benne亡t．1989．Adducin：

Ca＋＋－dependenヒassociation with sites of celトce11

COn亡ac亡・J・Ceユユ　月joユ．109：557－569．

Katoh′H・，J・Aoki′A・＝chikawa，andM・Negishi・1998．p160

RhoA－binding kinase ROKalphainduces neuriヒe

retraction・J・Biol・Chem．273：2489－2492．

KimuralK・′Y・FukatalY・MaヒSuOka′V・Benne亡ヒ′Y・MaヒSuura，

K・OkawalA・＝wamatsu′　and K．Kaibuchi．1998．

Regulaヒion ofヒhe association of adducin wiヒh actin

filamen亡S by rho－aSSOCiated kinase（Rho－kinase）and

myosin phosphaヒase・J・Biol・Chem．273：5542－5548．

Kimura′　K・′M・＝toJM・Amano′K・Chihara′　Y・Fukaヒa，M．

Nakafuku，B・YamaInOrilJ・Feng′　T・Nakano，K・Okawa，A．

＝wamatsuland K・Kaibuchi・1996・Regulation of myosin

Phosphatase by Rho and Rho－aSSOCia亡ed kinase（Rho－

kinase）．Science273：245q248．

Kishi′　K・′　T・SasakilS・Kuroda，T・＝toh，and Y．Takai．

1993・Regulation of cytoplasmic division of xenopus

41



embryo by rho p21anditsinhibi亡Ory GDP／GTP exchange

PrOヒein（rho GD＝）．J．Ce11Biol．120：1187－1195．

Kuhlman′　P・A・′　C・A・Hughes′　V・Bennett′　and V．M．Fowler．

1996・A new function for adducin．calcium／calmodulin＿

regulated capplng Of the barbed ends of actin

filamenヒs．J．Biol．Chem．271：7986－7991．

Kureishi′　Y・′　S・Kobayashi′M・Amano′　K・Kimura，H．Kanaide，

T・Nakano′　K．Kaibuchi′　and M．＝ヒ0．1997．Rho－

associated kinase directlyinduces sm00th muscle

COnヒracヒionヒhrough myosinlighヒChain phosphorylation．

J．月ioユ．⊂ねem．272：12257－12260．

Kuroda／S・′　M・FukataIK・KobayashilM・Nakafuku，N．Nomura′

A・＝wamatsu′　and K．Kaibuchi．1996．＝denヒification of

＝QGAP as a putative　亡argeヒ　for the smallGTPases′　Cdc42

and Racl．J．月joユ．⊂烏em．271：23363－23367．

Kuroda，S・，M・Fukata′　M・Nakagawa，K．Fujii，T．Nakamura　′

T・Okub01＝・＝zawa′　T・Nagase，N・Nomura′　H．Tanl′　＝．

Shoji，Y．Matsuura′　and K．Kaibuchi．1998．R0le of

＝QGAPl，a target Of the smallGTPases Cdc42　and Racl，

in regulaヒion of E－Cadherin－mediaヒed cellqcell

adhesion．Science　281：832－835．

Laemmli′　U・K・1970・Cleavage of structuralproteins during

the assembly of the head of bacヒeriophage T4．Nature

227：680－685．

Lauffenburger′　D・A・land A・F・HorwiヒZ・1996・Cellmlgration：

a physicallyintegrated m0lecular process．cel184：359－

369．

Leung′　T・′　Ⅹ・Q・Chen′　E・Manser，and L・Lim・1996・The p160

RhoA－binding kinase ROKαis a member of a kinase family

42



andisinv0lvedin亡he reorganiza亡ion of the

CytOSkeleton．Mol．Ce11．Biol．16：5313－5327．

Leung，T・′　Ⅹ．Q．Chen′　＝．Tan，E．Manser′　and L．Lim．1998．

Myotonic dystrophy kinase－related Cdc42－binding kinase

acts as a Cdc42　effecヒOrin promoting cytoskeletal

reorganization．Mt）l．Cell．Biol．18：130－140．

Leung′　T．′　E．Manser′　L．Tan′　and L．Lim．1995．A novel

Serine／threonine kinase binding亡he Ras－relaヒed RhoA

GTPase which translocates the kinase to peripheral

mernbranes．J．Biol．Cわem．270：29051－29054．

Li，Ⅹ．′　Y．Matsuoka，and V．Benneヒt．1998．Adducin

Preferenヒia11y recruits spectrin to the fasヒgrowing

ends of actin filamentsin a complex requlringヒhe

MARCKS－relaヒed domain and a newly defined

01igomerization domain．J．Biol．Chem．273：19329－19338．

Mabuchi，＝．，Y．Harnaguchi，H．Fujimoto，N．Morii，M．

Mishima′　and S・Narumlya・1993・A rho－1ike proteinis

inv01vedin the organization of the conヒractile ringin

dividing sand d01lar eggs．zygo亡el：325－331．

Madaule′　P・，M・Eda′　N・Watanabe，K．Fujisawa，T．MaヒSuOka′

H・Bit01T・＝shizakiland S・Narun1ya．1998．R0le of

Citron kinase as a　ヒarget of the sma11GTPase Rhoin

CytOkinesis．Nature394：491－494．

Madaule′　P．′　T・Furuyashiki，T．Reid′　T．＝shizaki，G．

Watanabe′　N・Morii′　and S．Narum1ya．1995．A novel

Partner for the GTP－bound forms of rho and rac．」FEβ

エe亡亡．377：243－248．

Marrs′J・A・′　E・W・Nap01itano′　C・Murphy－ErdoshlR・W・Mays，

L・F・Reichardt′　and w・J・Nelson・1993・Distinguishing

43



r0les ofヒhe membrane－CytOSkeleton and cadherin

mediated cell－Celladhesionin generating differenヒ

Na（＋）′K（＋）－ATPase distributionsin p0larized epithelia．

J．Ceユユ　月上○ユ．123：149－164．

Ma亡SullT・lM・Aman01T・Yamamoto′　K・Chihara，M．Nakafuku′

M・＝亡○′　T・Nakano′　K・Okawa，A・＝wamaヒSu，and K．

Kaibuchi・1996・Rho－aSSOCiated kinase，a nOVel

Serine／亡hreonine kinase′　aS a Puヒative target for small

GTP binding pro亡ein Rh0．EMBOJ．15‥2208－22016．

MaヒSullT・′　M・Maeda′　Y・Doi′　S・Yonemura′　M．Amano′　K．

Kaibuchi′　S・Tsukita，and S．Tsukiヒa．1998．Rho－kinase

Phosphorylaヒes C00H－ヒerminalthreonines of

ezrin／radixin／moesin（ERM）proteins and regulaヒes their

head→tO一亡ailassociation．J．CellBiol．140：647－657．

Matsunura′　F・／S・Ono′　Y・Yamakiヒa′　G．Totsukawa，and S．

Yamashir0．1998．Specificlocaliza亡ion of serine19

Phosphorylated myosin＝＝　during celllocomo亡ion and

mitosis of cultured cells．J．CellBiol．140：119－129．

MaヒSuOka，Y・′　C・A．Hughes，and V．Bennett．1996．Adducin

regula亡ion・Definition of the calmodulin－binding domain

and sites of phosphorylaヒion by proヒein kinases A and

C．J．月ioユ．⊂わem．271：25157－25166．

Matsuoka′　Y・，Ⅹ・Li，and V・Benne亡t．1998．Adducinis anin

Vivo substrate for proヒein kinase c：Phosphorylationin

the MARCKS－relaヒed domaininhibiヒS aCヒivityin

PrOmOヒing specヒrin－aCヒin cornplexes and occursin many

Cells／including dendriヒic splneS Of neurons．J．Cel1

月ヱ○ユ．142：485－497．

44



MaヒSuura′Y・，R・D・Possee′H・A・○verton／and D・H・Bishop．

1987・Baculovirus expression vectors：the requlremen亡S

for highlevelexpression of proヒeins′including

glycoproteins．J．En．Virol．68：1233－1250．

Mische′　S・M・lM・S・M00Seker′　andJ．S．Morrow．1987．

Erythrocyte adducin：a Calmodulin－regula亡ed actin－

bundling pro亡einヒhaヒStimulaヒes spectrin－aCtin

binding．J．CellBiol．105：2837－2845．

Mitchison′　TJ・′　and L・P・Cramer．1996．Acヒin－based cell

moヒility and celllocomoヒion．cel184：371－379．

NishikilT・lS・Narum1ya′　N・Morll′　M．Yamarnoヒ○′　M．

Fujiwara，Y・Kamata′　G．Sakaguchi′　and S．Kozaki．1990．

ADP－ribosylation ofヒhe rho／rac proteinsinduces growth

inhibition′　neuri亡e ouヒgrowヒh and acetylch01ine

esヒerasein cultured PC－12cells・Biochem・Bicphys．

月es．Co刀mu刀．167：265－272．

NishiYama／T・′　T・Sasaki′　K・Takaishi′　M・Kaヒ○′　H．Yaku，K．

Araki′　Y・Matsuuraland Y・Takai・1994・raC P21is

inv01vedininsulinqinduced membrane ruffling and rho

P21isinv0lvedin hepaヒOCyte grOWth factor－　and12－○－

ヒeヒradecanoylphorb0l－13－aCetate（TPAトinduced membrane

rufflingin KB cells・Mt）l．Cell．Biol．14：2447－2456．

0shiro，N．，Y・Fukata′　and K．Kaibuchi，1998．

Phosphorylaヒion of moesin by Rho－aSSOCiaヒed kinase

（Rho－kinase）plays a crucialr0lein the formation。f

microvilli－1ike structures・J．Biol．Chem．273：34663－

34666．

Palfrey，H．C・′　and A・Waseem．1985．Proヒein kinase cin　亡he

human erythrocyte・Translocation to the plasma membrane

45



and phosphorylation of bands4．1and4．9and o亡her

membrane proteins・J・Biol・Chem．260：16021－16029．

Paterson′　H・F・′　A・J・Self，M・D・Garrett′　＝．Just′　K．

AkヒOries′　and A・Hall・1990・MicroinコeCヒion of

recombinanヒP21rhoinduces rapid changesin cell

morph0logy．J．CellBiol．111：1001－1007．

ReidlT・′　T・FuruyashikilT・＝shizaki′G．Watanabe′N．

Watanabe′　K・Fujisawa′　N．Morll，P．Madaule′　and S．

Narumlya・1996・RhoヒekinIa neW Putative targeヒfor Rho

bearing hom0logy to a serine／threonine kinase′　PKN′　and

rhophilininヒhe rho－binding domain．J．Biol．Chem．

271：13556－13560．

RidleylA・J・，P・M・Comoglio′andA・Hall・1995・Regulation

Of scatヒer fac亡Or／hepaヒOCyte growth factor responses by

Ras，Rac′　and Rhoin工4DCK cells．Mol．cell．Biol．

RidleY′A・J・′　and A・Hall・1992・The smallGTP－binding

PrOtein rho regulates　ヒhe assembly of focaladhesions

and acヒin stress fibersin response to growth factors．

Ceユユ　70：389－399．

Ridley′　A・J・／and A・Hall・1994・Signaltransduction

Paヒhways regulating Rho－mediaヒed stress fibre

formation：requlrernent for a tyrosine kinase．且旺BOJ．

13：2600－2610．

Sahai／E・lA・S・AlberヒS，and R．Treisman．1998．RhoA

effector muヒants revealdistincヒeffecヒOr Patbways for

CytOSkeleヒalreorganization，SRF activation and

transformation．且把BOJ．17：1350－1361．

46



San亡OSIM・F・JS・A・McCormack′　Z・Guo′J・Ok01icany′Y．

Zheng，L・R・Johnson′and G・Tigyl・1997・Rho proteins

Playa criticalr0lein cellmlgra亡ionduring the early

Phase of mucosalrestitution・J・Clin．znvest．100：216－

ShawIR・J・lM・Henry，F・S0lomon′　and T．Jacks．1998．RhoA－

dependent phosphorylaヒion and relocalization of ERM

PrOteinsinto apicalmembrane／actin proヒrusionsin

fibroblasts・Mt）l・Biol．Cel19：403－419．

Shira亡aki′　H・′　K・Kaibuchi／T・Sakoda′　S．Kishida，T．

Yamaguchi′　K・WadalM・Miyazaki，and Y．Takai．1993．

Rabphilin－3A，a Puヒa亡ive target protein for smg

P25A／rab3A p25smallGTP－binding protein relaヒed to

SynaPヒ○亡agnln・Mt）l．Cell．Biol．13：2061－2068．

Sormunen′R・′andV・P・Lehto・1995・Spectrinin theleading

lamella of cultured chicken fibroblasts．Eur．J．Cell

β上○ユ．68：387－397．

Stossel′　T・P・1993・On the crawling of animalcells．Science

260：1086－1094．

Sweeney′　H・L・，Z・Yang′　G・Zhi，J・T・Stull′　and K．M．

Trybus・1994・Charge replacement near　亡he

Phosphorylaヒable serine of the myosin regulatorylighヒ

Chain mimics aspects of phosphorylation．proc．Na亡l．

Acad．gc土．打．g．A．91：1490－1494．

Takaishi′　K・′A・Kikuchi′　S・Kuroda，K・Kotani′　T・Sasaki′

and Y・Takai・1993・＝nv0lvement of rho p21andits

inhibi亡Ory GDP／GTP exchange protein（rho GD＝）in cell

moヒ土1土亡y・朗bユ．ceユユ．月ioユ．13：72－79．

47



Takaishi，K・′T・Sasaki′T・KameyaInalS・Tsukiヒa′S．

Tsuki亡a′　and Y・Takai・1995・Translocation of activated

Rho from the cytoplasm tomembrane ruffling area，Cell－

Celladhesion sites and cleavage furrows・Oncogene

Takaishi′K・′T・Sasaki′M・Kat01W・Yamochi，S・Kuroda′T．

NakaInuralM・Takeichi，and Y・Takai・1994．＝nv01vement

Of Rho p21smallGTP－bindingproヒein andits regulaヒOr

in亡he HGF－induced cellmotiliヒy・Oncogene9：273－279．

TominagaJT・′K・Sugle′M・Hiraヒa′N・Morll，J．Fukaヒa′A．

Uchida′　H・＝mura，and S・Narurnlya・1993．＝nhibiヒion of

P弘一induced′LFA－1－dependentlymphocyte aggregaヒionby

ADP ribosylation of the smallm0lecular weighヒGTP

binding proteinlrho・J・CellBiol．120：1529－1537．

Van Aelsヒ′　L・and C・D・Souza－Schorey・1997・Rho GTPases and

Slgnaling neヒWOrks・Genes Dev．11：2295－2322．

Waヒanabe，G・′　Y・Sai亡○′　P・Madaule′　T・＝shizaki′　K．

Fujisawa，N・Morii′H・Mukai／Y・Ono，A．Kakizuka′　and

S・Narumiya・1996・Protein kinase N（Pm）and PKN－

related protein rhophilin as亡argeヒS Of smallGTPase

Rb0．ぶCヱe∫ユCe　271：645－648．

Watanabe′N・′　P・Madaule′T・Reid′T・＝shizakilG・Watanabe′

A・Kakizuka′　Y・Sait01K・Nakao′　B・M・Jockusch′　and S．

Narum1ya・1997・P140mDiala mamalian hom0log of

Drosophila diaphanous′is a target protein for Rho

Sma11GTPase andis aligand for profilin．丘把BOJ．

16：3044－3056．

48



Welch′　M・D・lA・Mallavarapu，J・Rosenblaヒt，and T．J．

MiヒChison・1997・Actin dynamicsin vivo・Curr・Qpin．

Ceユユ　月ioユ．9：54－61．

WilsonlA・K・lG・Gorgas，W・D・Clayp00l，and p．de Laner01le．

1991・Anincrease or a decreasein myosin＝＝

PhosphorylationinhibiヒS maCrOPhage moヒili亡y．J．Cel1

月joユ．114：277－283

49



Fig．1

A

10

（
の
⊂）
▼■→

〉く

∈
⊂L

O
ゝ＝■

＞l

：亡
＞
：j＝
0
1万

．望
てI
q

【こ

Bノー■㍉

∈
【1

：已
＞ヽ

よご
＞
芯
U
（ロ

．望
て；
【ロ

【こ

8

6

4

2

Peakl

口

0ヒ＝士≦＝＝＝＝＝＝＝±

Peak2

8

0　5　　　　20　　　　　40　　　　　60　　　　　80

Time（min）

5000

4000

3000

2000

1000

0

1200

■ざ■■≒■
∈1000
‘1
てJ
、一800
＞ヽ

主600

苫400

石

屋200

0

a

「「■．▼1■　▼＝「＝T‾‾‾‾‾二三‾二二‾‾－‾＝＝‾二i‾‾こ「＝

TRWLNSGRGDEASEEGQNGSSRK

EDGHRTSTSAVPNLFVPLNTNPK

50

40

■≠‘‾ヽ

30邑
Z

20ぎ
0

10

＝コ0

100



Fig．2

head neck taiI

Rho－kinase
l i

の　　⊂〉
寸　　く○

三　富
．1＝　J⊂

ト・　ト

NH2 □cooH

l
く凸
N
トー
L
q）

PKA／PKC

等萱　萱
む　む　　　　qJ

く乃　∽　　　∽

PKA



Fig．3

50

′■■ヽ

N
⊂）
▼■■

〉く

∈
‘ユ．
U
）

！＝

．⊇

罵
1＿

○

き
O
U
⊂
－T
L
N
m

40

30

20

10

WT

T480A

T445A

AA
⊂】［コ

■▲

0岩』邑邑10 20　　　30　　　40　　　50　　　60

Time（min）



Fig．4

A

anti・PT445

ab＄Orbed

anti－PT445

anti・HA

B

HA・α－adducin

（fmoIpho＄PhoryIated）

0　510　20　40

圃ミ脾」■■聯

▼′■－　■■■
●■　■－　■■■

（kDa）
αβY（ユβY

116」●

80」■

I

！こLJ－■ヰ
葦．‾■i

J‾二㌔紺ノ
田口’と

「・・ご・j

O”照「

antト　　32p

PT445

AA



Fig．5

日A－α－

adducin出

anti・PT445

anti－HA

WT

＋RhoAV14

AA
■　　　‾　　　　　　　　　　　　　‾

≡≡　喜　喜

室賀　巨彗　萱

｛｛篭篭≒宅芸呈出島屋宣長
一宇■宇　＝苧八草

⊥⊥∝　0　正　∝　∝　∝　正　江　正　巳　∝

●■■ t一
触．】琵琶

■
■

一■

●■■－■■■■■■●－●－1■■♭一■

尋ど＝王；遭■●■‡壬■】■一声＝華‖■



Fig．6

nOne

令

Pha＄e

－－－－一

寸てヰ＋

anti・PT445 PhaL10idin

≦

■

∃

∃

1

1

i

弓

TPA

15min

HGF

15min

TPA

2h

e㌧

■

湊



Fig．7

nOne

TPA

回

anti－PT445
anti－HA merged

■　　　　　　　　■



■；1■

■

（kDa）

200

116

80

45

■二完㌻【

TPA

Fig．8



Fig．9
A

COntrOt

E■

／

ヰ㌫禁．、
田

ヾ車
．′

′
lコ

ヽ

／

C3

RtyPH（TT）

WT AA

C⊥／節す・ロ

＼

′甲■■a■■

去〆叫＋

RacIN17

DD



Fig．9

B

亘
ロ）
⊂
■＋．

宏
コ
L

q）

⊂

（ロ
1＿

．8

∈
q）

∈

て；
q）
U
コ

て；
⊂
■＋

70

60

50

40

30

2

1

0

0

土工：
【＝

ト・

き
く
＜

【⊃

凸

HA－α・adducin



Fig．10

亘
ロ）
⊂
■＋
＋
■－
－一

っ
L

q）
⊂
再
L

ヱI

∈
む

∈

てI
q）
0
コ

て‡
⊂
■■

70

60

50

40

30

20

10

0

詣室；曾
‾　　　音

8邑
析
●≒■■≠■

亨

；曾
⊂）
▼■■

ヽ■－′

吉　富

喜曾舘
Ln　　　⊂）
ヽ－■′　　　▼－

HA－α一adducin－AA

（5mg／ml）



Fig．11

COntrOl

十＼
日田Eヨ、－’i！－　6↑ト　　ー

十十

日目

円

仁＝＝

／

匿ヨ・日嗣□■・野口ロ
■

艶謬戦

RB仲H（T¶

・－／＋十．‥ナ

岩■i切目顔”口琴。

■十字．1、◆

＋′

■「‾‾‾

／　＼

四
・＼

ヽ十十㍉

堕華萱重奏≡≡萱・咽・・・・・・
／＋’

b

＼

選

。■．．コ

＝‾‾＝－　1

日ロ

ーー＝・・・■

E■

C

∴　十十
Ⅶ■

十

ヽ

■

騙胃□呂口四駆チ‾′遥責

∴十干＋／／十≠＋－へ＋琴、◆ノニ

を



Fig．12

A

RB

＋DD

RB／PH（‘nl

＋DD

RacIN17

＋DD



Fig．12

B

亘
ロ）
】＝
■＋

t■－
■－

コ
L

む
⊂
d
L

丘

∈
q〉

∈

て；
¢
U

コ
てコ
】＝
■＋

70

60

50

40

30

20

10

0
目目
；箋喜

目
血
色

目目目

≧室；箋喜室；箋喜
C3 RB

血
色 ；箋喜

RB／PH（TT）RacIN17



Fig．13

PhaL10idin anti－PT445



ト・

き

メサ＋
ロヒ・■■■

6翫

ヽ　◆

監ヨ。間口田口田

宇二日．、□。ヨ鮎
四．．■■弓L－－－－

⊆－＿三岳　＿1■巳ヨ

岳ii

功＋＋－為
去十幣∵

ロ　日日一口

寸　　　　回
▼■

d
正　く

√ナ◆ 十葡

日邑配
㌧

□

ち
L
l●■■

1＝
0

苧．十去
†

日

嗣し十
口

ノ

十＋　十十二十ミ

く
く

国．

・ロEヨ

や漕
∵十プて十二

d■

∵音＋★

イ丁　イ
ーーー　」■

十

四日

iiLコ【d血

∴嫁，
竺≒≡＝＿＿＿＿＿＿＿＿＿二：竺

さ・J■
＋　＋ゥ

遜‾［
■臼

〆十
／

日嗣l

塵■

譲（り
くJ

調
匿i

圏

＝＝＝

√

十★
ユーt

★く十

四

l

‘⊃

凸

－　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－

⊆　　一　　一

［：：：コ

十、1∴　＋＋　　÷＼
匡∃

□

⊂：コ

■

押ヨ■ト㌻－－一

嗣嗣岳。。団
円

口

此
セ　ナ

巴田口四

＋十ヤ
ニ＿

日田

回

十し　★′夢二

十　⊥工1十‘

＝

蓋巨



Fig．14

B

′、70

芭
⊂　60
0
芯

空　50
ロ〉

‘巨40
て）

望

忘　30
■＝

苫20」

∃10
き

享宣≡妄
lコ
l＝

⊆：壬　喜

HA－α－adducin



Fig．15

Plasma membrane

トactin′至…：

ExtraceIluJarstimuIi

′等差′√Addu－
／1ノ、　′㌧

Cin

簑
丁445／480

Recruiting

Ofspectrin

GTP
Rho

＋
Rho－kjnase

PKC

Spectrin

Addu－

Cin

s726袈

Disassembly

′√ィ

誇∴．∋

萱ま

Of

SPeCtrin－F－aCtin
meshwork

．ン．∈

㌔書誉

ト．■・7－
ノン

第

三・【∴



アユgure　エege刀dg

Fig・1・Determinaヒion ofヒhe siヒes of phosphorylation ofα－

adducin by Rho－kinase．（A）Reverse phase HPLC for AP－1

fragments ofα一adducin phosphorylated by Rho－kinase was

Carried ouヒunder the conditions describedin”Materials and

Me亡hods’一・でWO major radioactive peaks（named peakland

Peak2）were obtained・CH3CN′　aCeヒOniヒrile．（B）Amino acid

SequenCeS Of phosphopeptides derived fromα－adducin

PhosphorYla亡ed by Rho－kinase・The radioactive peakl（a）

and2（b）were separaヒed・Phosphoarnino acid sequencing of

each peak was carried out wiヒh a peptide sequencer，andヒhe

fracヒions obヒained from each Edoman degradation cycle were

measured for32pin aliquid scintillation counヒer．

Fig・2・Strucヒure and phosphorylation sites ofα一adducin．

A modelforα－adducin based upon Ref．（MaヒSuOka eヒal．，

1996）is presented・The phosphorylation siヒes ofα－adducin

for pKAIPKC and Rho－kinase are presented．

Fig・3・Preferentialphosphoryla亡ion ofα－adducin at Thr445

by Rho－kinasein vitro．GST－α－adducin（WT）（●），GST－α－

adducin－AA（Ⅹ），GST－α－adducinT445A（▲）′　and GST－α－

adducinT480A（T）were phosphorylated byGST－CAT for various

Periods・Daヒa are means　±　SEM of triplicate determinaヒions．

Fig・4・Specificiヒy of anti－PT445・（A）HA－α一adducin（40

fm01）conヒaining theindicated amoun亡S Of HA－α－adducin

Phosphorylated by Rho－kinase，and＝A－α－adducin－AA（40fm01）

Phosphorylaヒed by Rho－kinase were subjecヒed toirnmunobloヒ
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analysis wiヒh an亡i－PT445，anヒi－PT445preincubaヒed wiヒh a

lOO－f01d amoun亡Of anヒigen－Phosphopepヒide′　and anti－HA

anヒibody・The amounヒOf phosphatesincorporatedinヒO HAqα－

adducin was simulヒaneously determined by［γ32P］ATP．（B）

Anヒi－PT445reacted with onlyα－adducin phosphorylated by

Rho－kinase・HA－α－adducin′　HA－β－adducin′　Or6ⅩHis一γ－adducin

fragTnent（319－671aa）was separaヒelY Phosphorylaヒed with

GST－CAT′　reS0lved by SDS－PAGE／and visualized by animage

analyzer（right panel）・For亡y fm01（as32p－incorporaヒed

amounヒ）of phosphoryla亡ed proteins were subjecヒed to

irrmnoblo亡analYSis with an亡iqpT445（left panel）．Arrows

fromヒhe tqpindica亡e the positions of theintact HA－α－

adducin′HA－β－adducin，。r6ⅩHis－γ一adducin′　reSPeCヒively．

Anti－PT445also bound to亡he degradaヒion producヒS Of HA－α－

adducin・The results are represenヒaヒive of three

independenヒ　experiments．

Fig・5・The phosphorYlation ofα－adducin via the Rho／Rho－

kinase paヒhwaYin vivo・PEF－BOS－HA－α－adducin（WT）（3四）

WaS COtranSfectedinヒO COS7　cells wiヒh pEF－BOS vector（6

四）′　PEF－BOS encoding HA－RacIV12（3pg）lHA－Cdc42V12（3囲）′

HA－RhoAV14（3LLg）′HA－RhoAN19（3四）′　myC－Rho－kinase（fulト

Iengヒh）（3pg）′　HA－RhoAV14（3ト喝）and myc－Rho－kinase（fu11－

length）（3胆）′　HA－RhoAV14（3Llg）and myc－RB（6囲），HA－

RhoAy14（3pg）andmyc－RB／PH（TT）（6Llg）′myC－CAT（3四）or

PCDSRα－PKC（6pg）・PEF－BOS－HA－α－adducin－AA（3Llg）was also

COヒransfected wiヒh myc－CAT（3　四）．As a negative contr0l，

PEF－BOS vector（12　LLg）alone was　ヒransfected．After a24　h－

incubaヒion′　ヒhe transfected cells wereincubatedin serum－
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free medium　for　24h．　Thelysaヒes of　ヒhe cells were

Subjecヒed toirrmunoblot analysis withindicaヒed anヒibodies．

The amounヒS Of　ヒhe sampleinlanes of HA－α一adducin or HA－α－

adducin－AA coヒransfected wiヒh CAT of the upper panelwere

30％of the others・Arrowheadsindicaヒe亡he posiヒions of the

intact band of HA－α－adducin・The anヒi－PT445－irnmunoreactive

bandsコuSt below theintact HA－α－adducin correspond to

endogenousα－adducin・The addiヒionalbands which anヒi－PT445

recognized were the degradation produc亡S，because these

PrO亡eins were also detecヒed by an亡i－HA anヒi・body．The raヒios

Of phosphorylation at Thr445　to expressed HA－α－adducin were

quan亡iヒated′　and　ヒhe proportions relative to the rati0　0f

CAT－induced phosphorylaヒion of HA－α－adducin wereindicated

in brackets as f01lows：HA一α一adducin alone，Or Wiヒh RacIV12，

Or Cdc42V12（0％）；With RhoAV14（4％）；With RhoAN19（0．3％）；With

Rho－kinase（20％）；Wiヒh RhoAV14and Rho－kinase（32％）；With

RhoAV14and RB（0・1％）；Wiヒh RhoAV14and RB／PH（TT）（0％）；Wiヒh

CAT（100％）；Wiヒh PKC（0％）；HA－α－adducin－AA with CAT（0％）．

The resulヒS are rePreSenヒative of　ヒhreeindependent

experiments．

Fig・6・Thelocalization of Thr445－Phosphorylatedα－adducin

in the TPA－Or HGF－induced membrane ruffling．The serum－

deprived MDCK cells were stimula亡ed with200rM TPA（d－f）or

50pM HGF（g－i）for15min or wiヒh200riM TPA for2h（j－1）．

Non－Sヒimula亡ed（a－C）and stimulaヒed cells were doubly

labeled with anti－PT445（b，e　′　h and k）and TR＝TC－

Phalloidin（C′　f，iandl）・Phase contrastimages are shown
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（a，d′　g and j）．Arrowheadsindica亡e　ヒheinduced－membrane

ruffling areas orヒheleading edges・Bar，25ドm．

Fig・7・The enrichmenヒOf phosphorylaヒedαqadducininヒhe

membrane ruffling areas・MDCK cells stablY eXpreSSing HA－α－

adducin were established・Non－Stimulated（a，b，and c）or

TPA－S亡imulated（d′　e′　and f）MDCK cells stably expressing

HA－α－adducin were doubly stained with anヒi－PT445（green；a

and d）and an亡i－HA（red；b and e）・（C and f）showmerged

images of（a and b），and（d and e），reSPeCtively．Arrows

indicaヒe theinduced－membrane ruffling areas．As亡erisks

indicate the cell－CellcontacヒSiヒes・Bar，25pm．

Fig・8・The TPA－induced Thr445－Phosphorylaヒioninα－

adducin・MDCK cells stably expressing HA－α－adducin were

Stimulated by vehicle（indicaヒed by－）or TPA（indicated by

＋）for15min f01lowed by theincubaヒionin the presence of

Calyculin A，and thenlysed and subjectedヒOimunoblo亡

analysis wiヒh anti－PT445．An arrowindica亡es the

Phosphorylated HA一α－adducin．　These resulヒS are

represenヒative of threeindependent experiments．

Fig・9・Theinhibition of the TPA－induced membrane ruffling

byヒhe mu亡ants of Rho－kinase andα－adducin．（A）The serum－

deprived MDCK cells were microinjecヒed with MBP（2

mg／ml）（a）′　C3（0・1mg／ml）（b）′－　GST－RB（2mg／ml）（C），MBP－

RB／PH（TT）（2mg／ml）（d and e）′　Or RacIN17（0．2mg／ml）（f），

HA－α－adducin（WT）（5mg／ml）（g）′　HA－α－adducin－AA（5

mg／ml）（h）′　Or HA－α－adducin－DD（5mg／rnl）（i）along wiヒh a
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marker protein（rabbit or mouse　＝gG′　0．5　mg／ml）．After a30

min－incubation′　the cells were stimulaヒed with　200　nM TPA

for15min・F－aCtin（a－d and f－i）and Thr445－Phosphorylated

α－adducin（e）were visualized．　Arrowheadsindica亡e　ヒhe

microinコeCted cells．Bar，25　一皿．（B）The raヒios of the

membrane ruffling－induced cells to the cellsinコeCted with

PrOteins describedin（A）areindicated．　Data are means　±

SEM of　ヒriplicaヒe de亡erminaヒions．

Fig．10．Specificity of the effecヒ　Of HA－α－adducin－AA on

ヒhe TPA－induced membrane ruffling．　HA－α一adducin－AA（5

mg／ml）was microinjected along withindicated proteins．The

raヒios of　亡he membrane ruffling－induced cells　ヒO the

inコeCted cells areindicated．　Daヒa are means　±　SEM of

triplicaヒe de亡erminaヒions．

Fig．11．HA－α－adducin－AA had no effect on sヒress fiber

formation．　The serun－deprived N＝H3T3　cells were

microinjecヒed with：MBP（2mg／ml）（a），MBP－RB／PH（TT）（2

mg／ml）（b），Or HA－α－adducin－AA（5　mg／ml）（c）．After a　30　min

incubaヒion／亡he cells were stimulaヒed wiヒh50ng／mlIJPA for

20　min．　F－aCヒin was visualized．　Arrowheadsindicate　ヒhe

microin］eC亡ed cells．　Bar′10　pm．　These results are

representative of threeindependent experiments．

Fig．12．Effec亡S Of　α－adducin muヒants on the membrane

rufflingin the cellsinヒroduced withヒhe dominanヒnegaヒive

Rho－kinase．　MBP，HA－α－adducin（WT），HA－α－adducin－AA′　Or HA－

Ctqadducin－DD（10　mg／ml）was comicroinjected wiヒh C3（0．1
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mg／ml），GST－RB（2　mg／ml），MBP－RB／PH（TT）（2　mg／ml）JOr

RacIN17（0．2mg／ml）along wiヒh a marker proヒein（rabbit　＝gG，

0．5　mg／ml）into the seru皿－deprived旺DCK cells．After a　30

min－incubation，the cells were sヒimulaヒed with　200　nM TPA

for15　min．（A）The cellsinヒO Which HA－α－adducin－DD was

COmicroinjected with GST－RB（a and b），MBP－RB／PH（TT）（C and

d）′　and RacIN17（e and f）are shown．The cells were doubly

labeled with TR＝TC－Phalloidin（a′　C and e）arld F＝TC－anti－

rabbiヒ　＝g Ab（b′　d and f）．　Arrowheadsindicate　ヒhe

microinコeCted cells．　Bar′　251＿皿．　These resulヒS are

representative of　ヒhreeindependenヒ　experimenヒS．

（B）The ratios of　ヒhe membrane ruffling－induced cells to

in］eCted cells areindica亡ed．　Daヒa are means　±　SEM of

ヒriplicate determinations．

Fig．13．Thelocalizaヒion of Thr445－Phosphorylated　α－

adducinin the mlgraヒing NRK49F cell．　NRK49F cells which

mlgraヒedin response　ヒ○　ヒhe wounding were stained with

TR＝TC－Phalloidin（a）and anti－PT445（b）．Arrowsindicaヒe

the direction of mlgration．　Arrowheadsindicate　ヒhe

membrane rufflingin　ヒheleading edge．　Bar，20　pm．

Fig．14．EffecヒS Of the mutanヒS Of Rho－kinase andα－adducin

On Cellmlgraヒionin a wound healing assay．（A）A confluenヒ

mon0layer of NRK49F cells waslinearly wounded wiヒh a white

Chip．　s00n after wounding，MBP（5mg／ml）（a and b）′　C3（0．1

mg／ml）（C and d）′　MBP－RB／PH（TT）（5　mg／ml）（e and f），HA一α－

adducin（WT）（5　mg／ml）（g and h），HA－α一adducin－AA（5　mg／ml）（i

and j）′　Or HA－α－adducin－DD（5　mg／ml）（k andl）was
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mlCrOinjecヒed along wiヒh a marker protein（rabbiヒ＝gG′1．O

mg／ml）into the cytoplasm of only亡he cells along the wound

edge・The orlglnalwound edge was deヒermined by taking

Photographs s00n af亡er　亡he cells were wounded and

microinjected′　and then the cells thaヒmoved（＞20岬）from

ヒhe orlglnalwound edge were coun亡ed byヒaking phoヒOgraPhs

Ofヒhe saIne fields after6hours・The cells were doubly

labeled by staining wi亡h TR＝TC－Phalloidin（a′　C′　e′　g，i′

and k）and F＝TC－anti－rabbit＝g Ab（b，d′　f′h，j，andl）．

Arrowsindicate the posiヒions of the mlgrating wound edge

Cells・Arrowheadsindicaヒe theinコeCヒed cells．

Morph0logleS Ofヒhein］eC亡ed cellsヒhat showed亡he亡yplCal

Phenotypes were shownininsets・Bar′　20pIn．These resulヒs

are representative of threeindependent experimenヒS．

（B）The ra亡ios of migrating cells toヒhe to亡alinjected

Cells areindicated・Daヒa are mearlS±SEM of triplicaヒe

determinaヒions．

Fig・15・Modelfor the r0le of adducin phosphorylaヒed by

the Rho／Rho－kinase pathwayin cellmoヒility・A spectrin－F－

actin meshworkislinked toヒhe plasma membrane by

association with membrane accessory proteins such as band

4・1・Upon亡he acヒivaヒion of Rho－kinase by Rho during the

action of extracellular stimuli，α－adduicnis phosphorylaヒed

at Thr445　and Thr480．　Phosphoryla亡ed（ユーadduicn binds　ヒO F－

actinland亡hen faciliヒa亡esヒhe recruitment of specヒrinヒO

F－aCヒin・This may promoヒeヒhe forma亡ion of a specヒrin－F－

actin meshwork beneath plasma membrane for mernbrane

ruffling・On the other handlPKC phosphorYlatesα－adduicn
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a亡　Ser726′　and theninhibiヒS the acヒivity of adducinin

recrui亡ing spectrin　ヒO F－aCtin．　This mayinヒurninduce　亡he

disassembly of a specヒrin－F－aCヒin meshwork．Transition

beヒWeen　ヒhe phosphorylation sヒaヒes of　α－adduicn by Rho－

kinase and PKC may regulaヒe　ヒhe remodeling of membrane

ruffling′　Whichisimportan亡　for cellmlgration．
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