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＝． GeneTal ＝n七TOd＿uC七ion  

To elucida七e 七he rnoleculaT meCh∈ヨ。nism of cellrno七ili七y   

anai七s Tegula七ionis veTyimpoT七an七in TeSPeC七 Of und・eT－  

S七an且土ngInany func七土onsi・nl土Ⅴ土ng orga・nisms 乱n邑 Of・比汀Fer－  

S七anding 七he c00PeTa七ive func七ions of biologlCaユmacTOM   

m01ecules． ＝七 has t）een known七haセ セwo force genera七ing   

SyS七ems，Sueh as ∈】．C七omyos土n sys七em and 七ul⊃ulin一且yne土n   

SyS七em，aTeinv01vedin cellmo七ili七y，an且 七haセ セhes   

SyS七emsinclud．e various sut）COmPOnen七s an邑 regula七OTy   

PTO七eins 七o sus七ain TeSPeC七ive ∈主PeCia．1ized func七ions，   

SuCh as muscle con七rac七ion，amOelつOid movemen七，aXOn  

七TanSPOT七，ChTOmOSOme mOVemen七，and ciliaTy（flpgella．T）   

movemen七．  

CiliaTy OT flagella．r mo七ile sys七em T hELVe S七ud．ieais  

an ut）iqui七ous a，nd conseTVa七ive mo七ile sys七em（hELVing so  

Called・‖9＋2一一 s七ruc七uTe，Fig．1，（1，2））in eukaryo七ic  

kingdom anais 七he mos七 TepreSen七a，七ive sys七em of 七ulコulin－  

d・ynein－media七e且 cellmo七ili七y・This mo七ile sys七em h  

ex七ensive〕－yl⊃een S七udied・（3－5）and七he f0110TJing basic  

mechanism of ciliaTy mOVemen七has been accep七ed．（Fig．2）．  

（i）Each neighbouring pair of ou七eT－doul〕1e七micTO七ubules  

Slid・eSlongi七udinaly by七he foTCe genera七ed．by a．ms（  

d・ynein ATPase）in a．ATP一旦ependen七manner．（ii）The ac七ive  

Slidingis七hen conveT七e8・七o t）enaing mo七ion chaTaC七eris七ic  

七o ciliary t）ea七 by sheaT reSis七a．nce 邑ue 七O Cer七ain E；ul⊃－  
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C土1土∂■ry S七ruc七ures†SuCh as basalbodies†r∂Ja土∂ユ spokes！   

andin七erdouble七1inks v：hich connec七ing ou七er一且ouble七   

micro七ul⊃ules． The same ba．sic mechanism hold．s 七rue foT   

flagellar movemen七。  

On七he o七her hand＿，七he swimming t）ehavioT Of cilia七ed・  

Or flagella七ed cells（in o七heT WOT∂．s，七he paセセern of  

CiliaTy Or flagella－Tl〕e2．七 configuTa七ion）is affec七ed－by  

vaTious s七imuli，SuCh as mechanic（6），elec七ric（7），  

Chemical（8），a，nd．1igh七 s七imuli（9）．For example，七he  
＼  

p∂．rameCium  d土rec七ion oモー cil土日■rylつe己・七 Of些些Or  

is reveTSed．when 七he cell conflic七s 七O an OlコS七acle．This   

responseis ca，11ed．1．cili責・Ty reVerSaユT7 and・七heimpoT七an七  

role of Ca2＋・        1n七he response hasl〕een‡）Oin七ea ou七（6）．  

＝n 七he couTSe Of 七his TeSPOnSe，a meChanicals七imulu．s  

ind・uCeS邑epolaTization of ciliaTymembrane an且Ca2＋－influx  

七hTOugh a Ca2＋－Channelonthe membr弧ein七O Ciliun・This  

ca2＋－influxfollowingmembTane eXCi七a七ionis七he七TiggeTing  

even七 common七○ 七he various responses of ciliaTy a・n且   

flagella．T mOVemen七s 七O S七imuli． However，七he moleculaT  

mechanism bywhich七heinpouTe且Ca2十mod・ula七es七he a，ⅩOnemal  

mo七ile func七ions such a．s sliding of ou七eT－d・Ouble七 micTO－  

七ubules and．／ori七s conversion七o bending wave forma七ion  

Temains unS01ved－．1have 七houghセ セhaセ セhis problemis   

WOT七h s七udying as a usefulmod．elfoT elucida七ing 七he geneTal  

mechanism of Ca2＋Tmedia七edp regulationinva，rious biologlCal  

phenomena．  

＝ have focused my s七udies on biochemicalanalysis of  
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ca2＋－depen邑en七ciliaTy TeVeTSalin旦地・As a  
2＋ clueforthebiochemicalanalysis〉1inves七土ga七e且aCa－  

2＋ bindingpTO七einin七he ciliun？Since七hemos七Ca－  

d・ePend・en七bi010glCalphenomena，SuCh as muscle con七TaC七ion  

（10），neuTOSeCTe七ion（11），Cy七OSkele七on TemOd，eling（12－  

1う），弧a Ca2＋－S七土皿ulp．七e邑ac七土Ⅴ∂．七土on of｝nany en柑meS（16），  

were knovm七o beunexcep七土Onallymedia七ed byCa2＋－bin邑ing  

pro七e土ns● As for七he Ca2十一姐ndingpro七e土n oぎ鷲（ e 七rahym  

Suzukij廷裏ニ．（17）of ouTlabora七oTy SuCCeededinisola七土ng  

aca2＋－binding pTO七ein（1a七eT On，i七vFa′Si邑en七土fied as  

Calmodulin（18））foT七he fiTSセ セime fTOm PTO七ozoa／． The   

WOTk ma邑e a con七Tibu七ion 七0 七he u七）iq．ui七y，S七TuC七uTal   

conseTVa七iveness a皿d＿mul七ifunC七ionali七y of calmodulin・  

℡he姐ssocla出OnCOnS七弧七（馳＝4・6Ⅹ10－6）of旦地  

calmodulinneaTly coinci邑es wi七h七he fTee Ca2＋1evel（  

10－6M）necessary七O elici七a ciliaTy reVeTSalin里旦辿二  

迦望Cells（19）・HoTeOVeT，Su屈uki旦五里主・（20）d－emOn－  

S七ra七e且七ha七旦地C土1土a土nclu且es a pro七e土n血止ch  

TeaC七s specifica．11y七0 已n七i一旦芝立地堅主星Calmodulin seTum・  

FTOm 七hese evid．ences，Calmodulin ha，S t）een COnSi且eTed as  

as七rongcan且ida七e for七he七aTgetm01ecule ofCa2＋in七he  

Ciliary reversal response・  

＝n七his 七hesis，1pTeSenセ セhe pTOOf showing七he occur・タ  

TenCe Of calmod・ulinin呈地史堅CiliⅦn，and demons七Ta七e  

七he subc土1土arylocaliza七土on of calmod，ul土n and 土七日 coun七er－   

Par七m01ecule and＿ S七ruc七uTe． Base且 On七hese resul七s，a  
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possiblemechanismofciliaTyCa2＋－TegulationispTeSen七ed．  

moreoveT？七he occuTrenCe Of anewCa2＋－bindingpTO七ein  

（nF］med・TC］∋P－10）in cilil皿a．nd他e physicochemicalpTOPer－  

七土es of 七his pTO七ein puTifie邑七o homogenei七y are d．escTibed．  
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エⅠ． Sec七lon l  

Occuでrence Of Ca■1nod■ul土nln建染堅C土1土Ⅷ   



工エー1． 工n七roduc七土on  

Changesinloea七 paセセern of cilia ar）d．f12．ge〕＿1a have  

beenknown as one ofCa2＋M邑epen且en七biologicalphenomena；  

（6）andで阜七rahymena  e．g．，C土1土ary  reversal 土n：Pa．ra皿ee土um   

（21），CiliaTy aTTeS七in molluscan gill（22，23），flagellar  

wavefom cha．ngein Ch121二iydolnOnaS（24），TeVeTSalof flagel－  

1ar wave propaga七土on土n旦‡生壁虫裏道（25），∂■Syme七dcal（26）  

an且in七emiセセen七（27，28）flagellarl〕ea七ingin sea uTChin  

sperm．＝n each phenomenon七wo Ca2＋一色epen邑en七s七eps appear  

七o exis七：（i）influx of Ca2＋in七O CiliaoTflagella occurs  

via七he Ca2＋charmels on ciliary oT flagellarmembTane；  

（ii）en七eTed．Ca2＋moaula七es ciliary oTflagellarmo七ile  

ap：PaTa七us． 臼owever，in bo七h s七eps 七he molecular七aTge七s  

of Ca2＋have no七em七0姐e且．  

Calmod．ulin has been conESidered．as a s七rong candida七e   

foT七he七arge七molecule）Since 七he pTO七einis widely disp   

七Tibu七edin eukaryo七es‡こeePingits s七TuC七uTalconseTVa七ive－   

ness an∂isinvolvedin modula．七ing a vaTie七y of cellular  

2＋ enzyTne SyS七em＄an且cellmo七ili七y sys七emsinaCa－  

d・e‡〕end．en七manneT（16，29），and since a dissocia七土On COn－  

s七an七（駅）0ぎCa2十一姐nd．ing七o calmodul土n（16，18）co土ne土des  

wi七h七he free Ca2＋1evelnecessary for eliciting地e  

ch抑gein bea七paセセern of cllla or flagella（21，30－32）・  

ICalmod・ulin fTOm Whole cells  工n a cll土a七e，  ℃e七rah：mena  

has t）eenisola七e邑by fouT differen七me七ho且s（18，33－3う）・  
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The occuTrenCe Of c∈ヨ1moa．ulinin 七he cilia has also t）een   

SuggeS七ed from七he finaing七ha七 ciliainclu邑e a pTO七ein  

Which co－mlgTa七es wi－bh calmod・ulinin an alkaligelelec七ro－  

phoresis（33，36），Shows Ca2＋一色epend・en七mobili七y shif七  

in elec七rophores土s（36），  reac七s wi七h an an七i－Te七Tahymena  

calmod＿ulin an七iseTum（20），and bind．s 七O Pheno七hiazine－  

sepharoseinaCa2＋－depend．en七manneT（33）．＝na flagella七e  

JCalmodulin fTOm Cellbodies has t）een PuTified  Chl  OnaS  

（37，38），and＿七he occurTenCe Of calmod．ulinin flagella ha・S  

also been sugges七ed： SOme f■1agellaT fTaC七ions ca皿aC七iva七e  

brain cyclic nucleo七id．e phosphodies七eTa眉e（PI）苫）an丘七he  

flagellar frac七ionsinclude a pTO七ein which co－mlgTa七es  

wi七b七he cellbody calmo且ulinan且shows aCa2＋M邑ependen七  

mobili七y changein S工）S－POlyacrylamid．e gelelec七TOPhoresis  

（37）・Oecurrence of calmodtllin土n旦主立地C土1ia o工・  

flagella hasl〕een en七eT七ained－，al七hough  in  

七heid．en七ifica七ion of 七he ciliary oT flagellaT PTO七ein   

as a calmodulin was done wi七h a crude pTO七ein frac七ion   

for only 七wo oT 七hTee CTi七eTia．   

However，Van Elaik旦車重主．（38）Te‡〕Orte且七ha七a pTO七ein  

flagella t）y Pheno七hiazine－  土sola七ed fエーOm Chlamvdomon∈I′S  

Se‡）harose affini七y chroma七ogTaPhy，by which calmoduLins  

fTOm Various souTCeS have t）eenisola七ed＿（39，40），did  

no七 ac七iva七e t）Tain‡）DE a七 all，in spi七e of 七he facセ セhaセ   

セhe pro七ein possesed．severalcharac七eTis七ic pTOPer七ies   

PreViously 七houghセ セO be unlque fea七uTeS Of calmodulin；  
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e。g．，七he flagellaT PTO七einin七erac七e且 wi七h73heno七hia■21ine  

ina Ca2＋－depen点en七mEmer〉WaS a Smallacidic pTO七einl  

showed aCa2＋一色eFenden七mobili七y cha・ngeinpolyaJCTyl一  

乱mide gelelec七TOPhoTeSis，and reac七ed wi七h an an七iM  

Calmo邑ulin an七iserum・The物量flagellaT PTO七ein  
isola七edl⊃y Van Eld・ik王立生．（38）appears七O t）e a Calmod・ulin  

－1ike pro七ein bu七 no七 eJCalmod・ulin†Since calmo且ulinis  

七he name pTOPOSe且foT2，bTain 

Al七houghi七is no七 a七 pTeSen七 known whe七her cal血○且ulin oT  

Calmodulin－1ike pro七ein（oT bo七h）isincluded・in軸一  

致望と聖旦flagella，七he woTk of Van Eldik旦宣或．（38）indica七es  

七ha七 for 土色en七1で土ca七ion of a pro七e土n such as calmo且ulln，   

a search for severalcTi七eria should be mad．e diTeC七1y   

Wi七h 七he pro七ein puTified 七o homogenei七y． ＝n such a   

S七Tic七 sense，七heTe hasl〕een nO rePOT七 showing 七ha七 cal－  

modul土n土s cer七a土nly 土ncluded 土n c土1土a or fユagella・  

＝n七his sec七ion，aセセemp七s were 七herefoTe made 七0  

pur土fy aつコe七  C土1土ary pro七e土n prev土01ユSly 七hough七  

七01⊃e a Calmo且ulin and 七o ascer七ain whe七her七he‡〕uTified   

CiliaTy PrO七einisid．en七ifie且 as a calmoaulin． ＝ 且eM   

SCTibe七he evidence七ha七埋撃退Cer七afinlyinclu邑es  

Calmo邑uli－nin 七he cil土a．  
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工エー2． Ma七er土als and▼ 手l・ie七hod．s  

堅生地コ辺迦道，S七で己in W，  Cell Cul七ure  

，S七ra土n B1868，1閥re aXen土cal－  七hemo頭豆1a  

1y cul七土va七ed．a七260cin a medium con七a土ninglチ乙pTO七eose－  

pep七One，0．57Eiyeas七 ex七TaC七 ana O。87ラ右d－eX七TOSe†aS de－  

SCTibed by Wa七anal〕e（42）．1n七he pTeSen七 expeTimen七s，   

eaTly s七a七ionaryMPha・Se Cul七ures weTe uSed．．  

染ヱ邑望£生垣  On Of Cilia ana Decilia七e且 Cell Bodies  

This v7aS PeTfoTmed by t）aSically 七he same me七hod 邑escTibea  

by O七okawa（43）． でe七  ena cells wer・e haTVeS七ed from  

61iセセeTS Of 七he early s七a七ionaTy－Phase cul七ure by cen一   

七rifuga七ion a七1，600 g foTlO min． The cellpelle七w  

quickly washed wi七h dis七illed．一旦eionized wa七er（I）I）W）and．   

gen七1y resuspend，ed，in 4 v01umes of cililユm－de七achmen七  

SOlu七土on（12ナニe七hanol，30mM CaC12，1mm二配川場，2mm甘が0 
4，  

4mM XCl，20汀瓜［sod⊥um ace七a．七e，10mM ワ血s－‡iCl，1汀皿ニ ーJe七a－  

mercap七oe七hanol，0．1mM TLC王（（a po七en七PTO七easeinhibi七Or），  

pf王7．0）which pTeViously coole邑七00Oc，and was kep七  

S七anding forlO min a七 OOc・This suspension was cen－  

七rifuged a七 2，100 g foTlO min七O SePaTa七e cilia．an且   

decilia七ed cellbod．ies． The precIPi七a七e was used．as 七he   

decilia七ed cellbody fra，C七ion． The supeTna七an七 was cen七ri－   

fuged・a七 600 g forlO min七O remOVe COn七amina七e且 cell   

boaies an且 七hen ciliE3．Wer・e C011ec七ea from 七he supeTna七2．n七   

by cen七で土fugど．七ion a七10，000 g for 20m土n．  

－ 8 －   



嬰地と聖二旦旦王道－  Alぬ1土「て1yceroトpolyacry12皿1∂・e  

gelelec七roT〕hoTeSis and SDS－P01yacTylFmiae gelelec七ro－  

phoresis weTe Perfome邑 a・CCOrding七O Perrie and壬〉eTry  

（44）and．工佗emmli（45），reSPeC七ively．  

Calmo8．ul土n from whole  工sola七土on of C∂ユmod．ul土n  

コ麗遥旦望とと星1■7was土sola七e且by七he  cells of一 望e七  

me七hoa of Suzuk土王立旦主．（18）．calmo且ullns from c土1主計  

a．na．cilia－fTee Cellt）Odies of地望迎盟製辿玉垣  

VIereis01a・七ea separa七elylつy 七he method of Suzu立ie七 al・  

（18）excepセセhaセセheI）苫AEMCellulose s七ep was omiセセed・・  

At）Ou七1．1mg of ciliaTy Calmod・ulin was ob七ained・froml・8g  

Of cilia．ry ace七One POVVd．eT，an且 6．Omg of cellt）Od・y Calmo且ulin  

fromlOg of celllつOd・y aCe七One POWdeT・   

An七ibod⊥es ご   A r∂．bb土七 a．n七土serum aga．ins七  ℡e七rahym  

Whole cellcalmo且ulin E】．nd．i七slgG fTa．C七ion purifie且 by   

Calmo丘ulin－affini七y chTOma七Ogra二Phy were 七he same as 七hose  

pr・eparea∂nd．charac七er土zedl〕y Suzuk土j法王法■（20）・  

工mmunod土ffus土on七es七   〕  ワh土s was‡）er・fome且 by 七he  

me七ho且of H土ra．bayasと止∂na pe工、ry（46）．  

Calmodul土n－  辿吐奴   地史 
．  

迎ぇ出 アho那血Odles七er∈；．Se  

d＿e‡）1e七e且3；5二cyclic nucleoi；id．e phosphodies七eTaSe（PI）E）  

was pTePared．fTOm POrCine t）Tain a．f七er Teo and．Wang（47）．  

PI）E El，C七ivi七y was assaye邑 by 七he me七hod・Of Wickson e七 aユ・  

（4・8）．   

Pro七ein De七ermina七ion 畑   PTO七ein concen七r．a七ion was  

且e七emine邑by七he me七hod＿Of Lowry並旦主・（49）using bovine  

Seruユn albumi．n 乱S ∂′ S七an己ar丘．  
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工エー3． Reslユ1七s  

工 pur土f土e邑 a c土1土ary pro七e土nl⊃y applying an土so12■七土on  

me七hod，foT望地望Vt：hole cellcalmod－ulin（18）七0七he  

isola七ed＿Cilia of廻迦竺堅望（see Ma七erials an且Tne七ho邑s）・  

As shownin Fig．3，七he ciliary pTO七ein puTifiea一 七O homoN  

genei七y cleaTly co～mlgra七ed wi七h Te七rah既望望旦Whole cell  

Calmodulinin SI）S－POlyacTylamide gelelec七rol⊃hoTeSis・  

as でe七ra－  HeTeaf七eT，＝ shallTefeT七0 七he cilia・Ty PTO七ein  

hymena ciliaTy Calmod・ulin foT七he sake of my convenience・  

As foT七he abili七y of七his pTO七ein七O aC七iva七el⊃Tain壬〉DEl   

d．a七aⅥr土111⊃e∈；bownla．七er．   

2＋ Bo七hcilia・Tyan邑wh01e cellcalmo且ulins showe丘a・Ca－  

d・ePenden七mot）ili七y shif七in alkali－glycerolgelelec七ro－  

phoresis（Fig．4）．This held．七rue for calmoaulin fTOm  

cellbod．ies（da七a no七 shown）．The pro七ein ban邑wi七h七he  

same mob土1土七y as里蝿Calmoaul土ns（from c土1土a，  

cellbodies an邑．wh01e cells）was 且e七ec七e且in七he 七O七al  

ciliary pTO七eins（Fig．4，1ane b2）．   

Ⅳex七，七he an七igenici七y of cili㌣ry Calmod・ulin was 七es七ed  

Te七rahvmena wh01e－Cell  Ⅵr土七h an a，n七土serum spcc土ぎ土c for  

Calmodulin． An Ouch七eTlonyiTrmmOa．iffusion七es七 TeVealed・   

七ha七a precipi七inline fomea be七ween堅庄地Whole－  
Cellcalmoe．ulin an且 pn七i－Serum WaS COmPle七ely confluen七   

no七 only wi七h七heline fomed v止七h狸堅Ciliary  

Caユmo邑ulin，bu七 also wi七h 七he respec七土velines fomed・  
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Wi七h七he ex七rac七fTOm V］h01e cilia E＝▲nd wi七h芝地  

cellt〕Ody c己．1moaulin（Fig．5），SuggeS七ing七ha．七  ワe七ra－  

拠C土1土∂■ry Caユmo且ul土n2－nd cellbo邑y ca■1mo且ulln hold  

コuSセ セhe same El．n七igenic ae七eTminan七sin common．  

Moreover，Te七Tahymena cili2．ry Calmod．ulin maTked1y  

ac七iva七edbTainPDEac七ivi七yin七he pTeSenCe Of Ca 2＋  

（Fig。6）．The ac七ivation cuTVe Of PI）E by vaTylng amOuntS  

Of 七he ciliaTy Calmod．ulin wasid＿en七icalwi七h七ha七 Of 七he  

Cellbo邑y cELlmod．ulin（also wi七h七ha七 of whole cellcal－  

mo且ul土n，da七a no七 shown）．  

Judging■ from 七hese TeSul七s，i七is concluded七haセ セhe   

C土1iary pエー0七e土n ェ 土s01a七ed．土s v土r七ually a．ca．1mo邑uli．n．  
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エエー4． 0iscuss土on   

1n地e pTeSen七experimen七s，＝succeeded・iniso12■ting  

Calmo邑ulinぎrom璽埋望C土118■・でhls土s，七O my  

knowled・ge，七he fiTS七ins七ance of d－emOnS七Ta七ingin a s七Tic七  

sense 七he exis七ence of calmodulinin cilia ana．flagella，  

since七he flagella，r PrO七einisola七ed・by Van ELdik e七 al・  

（38）was calmodulinplike pro七ein t）u七no七calmod－ulin（se  

工n七rod．uc比on）．   

聖be辿望三望C土1土邑ry Calmodul土n エisola七ed v把S nO七  

d土s七土喝u土shable a七allぎrom姓望迦竺堅退Cellboay calmo且uユin  

and・里些塵Whole cellcalmo已ulinin seveTa・1pTOPeTties，  

such as a moleculaT Weigh七（Fig．3），S七abili七うーeS aga土ns七  

hea七 an且ace七One）且ifferen七ialelec七rophoTe七ic mobili七yin  

ca2十（F土g．4），お肌munO］＿0如Calreac七土ぬ七y a脚立ns七弧セト  

calmo且ulin a．n七土serum（Flg．5），and，ab土1土七y七o ac七土va七e  

brainアDE ac七土vi七y（Flg．6）．  ・、了 now cons土且er 七h．a七 望e・bェl∂一－  

塑逆些型曇C土1土ary calmodul土nisiden七土calw土七h辿望垣堅塁要望  

Cellt）Ody calmoaulin，SO 七haセ セhe fomeT muS七 posse5S   

Various aセセr・ibu七es which hD．Ve SO farinves七i酢7七ed．wi七h  

製法望毎竺堅隻Whole－Cellcalmodulin（17，18，50）．  
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工ェー5． Sumary   

聖堂望恕竺堅望C己ユmodul土ns fセOm C土1土a，eellt〉Oa土es and  

Whole cells weTeis01a七ed・SePa・Ta七ely and compaTe且． These   

Calmod・ulins showed jusセ セhe s乱me pTOpeT七ies；七hey co－   

migr2．七e丘in S工）S～POlyEITCTylamid・e gelelec七rophoTeSis，had．  

aca2＋－d・ePen邑en七elec七rophore七ic mobili七y shif七inalkali－  

gel，held 七he same an七igenic d－e七erminan七sin common，and  

2＋ ac七ivaJte且bTELin cyclic nucleo七id・e Phosphodies七eTaSe Ca一  

色epend・en七1y wi七hid，en七icalac七iva七ion cuTVeS．  
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エ工エ． Sec七ion 2  

エーOCa．1iza七土on oぎ Calmodul土n and Calmod．ulin－t止nd土ng   

Pro七ein in 七he Cilium   



工工エー1。 工n七ro8．ue七土on  

＝ hど二Veinves七iga七edl七hein七TaCiliaTylocどユiza七ion of  

でe七rahymena  Calmo且ulin as one v・ray O王、expla土ning how七b土s  

PTO七einisinvolvedin nodula七ing ciliaTy mOVemen七．1n  

七his sec七ion，：［presenモ モhe eviaence sugges七ing七ha七  

Ci．1土a′ry Ca．1modul土n 土sloeal土zed on 土n七er∂＿Ou七）1e七1土nks   

Whichla七eTally connecセ セhe ou七eT－d．0uble七micTO七ubules．  
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エ工エー2． ma七eご、土als and む二e七hod．s  

瞥rac七土ona七土on of C土1土a  ワhe frac七土ona七⊥on oぎ ci．1i．a  

was peTfomedl〕y七he me七hod．of Gibbons（3）wi七h sliE：h七   

mo邑ifica七ions． Theis01a七ed．cilia weTe TeSuSPendeain   

a亡P出七on solu七土on（1ヲ右でご土七On文一100，30mMワris－HCl，2nlM  

MgSO4．，PH8・3）foT30mina七00c and cen七rifuged a七15，000  

g． The resul七ing supematan七 was dj＿aユysea 2，gains七 a TTis－  

Mg2＋501u七ion（30m…r土s－HCl，2仙川脚4，pH8・3）甑4h・  

This fTa．C七ion was：refeTTeB．七o as 七he memlつTane－ma七Tix  

frac七ion．The pelle七vlaS WaShedwith七he Tris－n蝮2十solu－  

七ion an且used．as axoneme frac七ion． An aliquo七 of 七he   

frac七ion was fur七heT fTaC七iona七edin七0 七wo fTaC・bionE；；  

土七 was d土aユysed・aga土nsセ ワr土s－EDでA s01u七ion（1mm：ワご七月－HCl，  

0・1mM苫○でA，pH8．0）foヱ、4h，Cen七で土fuged a七16，000g，  

ana 七he superna七an七 and pelle七 weTe uSed as cru且e d．ynein   

frac七ion and・Ou七er－dqout）1e七micTO七ul⊃ule fTaC七ionIreSPeC七ively・  

The purifica七ion of 30S d甘nein，14S dynein，6S 七ulコulin  

fTOm Crud・e d・ynein frac七ion was peTfomea by七he me七hod  

Of Gibbons（3）．ATPase ac七ivi七ies were d＿e七emined as  

aescr土もe8．by Hayash土（51）．  

2＋ se耶1esin℡出s瑚－  工mmunoelec七ron micros こ9旦 
旦生玉鑑   

NaCIs01ution（2mM凱蝮C12，145mM NaCl，1mM be七a－merCaP七oM  

e七hanol，30mM TTis－HCl，PH8．3）wereinculっa七ed．wi七h various   

eoneeh七㌘a七土ons Of f土rs七 an七1bo邑y（anセトcalmodulin  

工gG）a七180c f■or2h，2．n且var土ou．s concen七ra．七土ons of  
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ferr且七in－COnjuga七e且secon且an七土body（an七土－ralっt止セエgG）  

weTe added七O eaCh pTepaTa七ion andincu加七ed a七180c   

foT 2 h． These sam7］1es weTe nega七ively s七ained wi七h  

2プ芸uranylace七a七e and 01〕SeTVed・With aJE班－100C elec七ron  

mlcroscope a七 80 kV．Appro即、土a七e d－土1u七土ons f－or七he 王Iirs七  

and second an七iboaies weTe at）Ou七1／80 an且1／1000，reSPeC～  

tively．A feTri七土n－COnjuga七ed．an七i－rabbi七＝gG・（goa七）  

WaS PuTChased．fTOm L・Iiles Yed・a L七d・   

0七her opeTa七土onsITere PeTfoTmed．by七he same me七hod・S   

as 邑escTibe且in七he previous sec七ion・  
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工工エー3． Resul七s  

Ⅴ止七h土n  Coun七erl〕a．で七   ○土s七で土七u七土On Of Calm08．ul土n and．土七日  

Cilium √P  When 七he ex七rac七 of whole cilia ■WaS Sub－  

コeC七e且 七o an alkali－glycerolgelelec七rophoTeSis wi七h  

ca2＋，a fast－migTa七ing calmoaulinbana disappeaTe且（Fig。  

4，b＋），WheTeaS Wi七h EGTA七he t）an且was cleaTly seen（  

Fig．4）． ワhis sugges七s 七ha七 caユmo且ul土n an邑i七s paェ、七neエー  

pTO七ein（s）foTm alaTge Ca2＋－且epen且en七complex（es）・To  

confirm七he complex foma七ion，七WO－dimensionalgelelec七TO－   

Phoresis was carTie邑 ou七： Cilia was firsセーdimensionally  

elec七rophoTeSe且in七he presence orabsence ofCa2＋asln  

Fig．4b，琵nd．each gelwas sut）jec七ed・七0 七he second一己imenM  

sionalelec七rophoTeSisin地e absence ofCa2＋・As shown  

in Fig．7a，a Calmod．ulin was Teleased・from七he七OP Of七he  

gelwhich was fiTS七1y elec七TOPhoresed・in七he pTeSenCe  

of Ca2＋，inaica七土ng七ha七a Ca2＋一色ependen七complexwas  

forned．in七he fiTSセーaimensionalgeland 七hj＿S COmPlex   

COuld no七 en七eT七he firs七 gel． On七he o七heT hand，nO  

2＋ ca－depen且en七complexwas shovm七O eXis七inthe pTeSenCe  

Of苫GでA（甘土g．71〕）．  

These TeSul七s uTge且me 七O PurSue 七helocaliza七ion   

O王、calmo且ul土n and．calmodul土n－COun七erpar七 w土七hin aでe七raT   

hymena cililnn． FoT七his purposeICilia weTe frac七土ona・七ed・   

in七o fouT frac七ions，SuCh as mem七）rane－ma七Tix，a・ⅩOneme，   

cTu且e d－ynein and－ Ou七er－d－Ouble七micTO七ubule frac七ions・  
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Figure 8 shovTS the paセセernOf alkali－glyceTOlgel  

elec七TOl⊃hoTeSis of一 七hese frac七ions． Ca．1mo且ulin was  

folmdin meml〇Tane－ma七Tix（1anel⊃，C），aXOneme（a）and  

ou七eT－且Ouble七micTO七ubule（g）frac七ions，bu七no七in  

cTud＿e dynein fTaC七土on（e）．Thou∈；h membrane－ma七rix fr・aC－  

七ion con七ains a rela七ivelylaTge amOun七 of calmo且ulin，   

七he amotm七 of 七he fasセーmlgTa七ing calmod－ulin t）ands d・O nO七  

Seem七O make any diffeTenCe When七he samf）1es aTe Sul〕jec七ed  

七O elec七rophoTeSisin七he pTeSenCe an且absence of Ca2十（  

七十，セー，C＋，C－）．on七he con七rary，Calmo＆ulin t）an且s o王－  

axoneme（d＋，d－）and outeT－aOuble七micro七ubule（g＋，g＿）  

frac七j．ons showe邑 cleaT 邑iffeTenCeSin 七he apparen七 am01エn七  

when elec七TOPhoTeSe且in the presence and absence ofCa2＋：  

The fasセーmlgTa七ing calmodulinl⊃and．s a］〕PeaTeain七he pre－   

SenCe Of EGTA，WheTeaS 七hey 且isappeaTed comple七elyin  

七he pTeSenCe Of Ca2＋，having sugges七ed地aセセhese fTaCtions  

COn七aine且 a．ceT七ain colm七eTPaT七molecule which formed．  

ca2＋－且e：Penden七complex with calmodulin・1n七his e叩er－  

imen七alconai七ions，CTud＿e d，ynein fTaC七ion con七ained no  

d・e七ec七able cp・1mo邑ulin（e）・Hvenwhen exogenous茎近地  

ca■1modulinwas aa且e且七○七his fmction†aCa2＋－depen且en七  

COm‡〕1ex was no七ae七ec七e．ble（f＋，f岬）．These resul七s held  

七rue foT14S and．30S dynein fTaC七ions sepaTa七ed on sucTOSe  

grad土en七 cen七r土fuga七ion（Fig．9）．  

＝n七he pTeCeding expeTimen七s，Ciliary pTO・bein f■rac七ions   

WeTe S01ul⊃ilizedin8M urea，SO 七ha七micro七ulっules would．  
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be d．epolymeTized．in七0 七ubulin dimeT。 TheTefore，七heTe   

exis七e且a posF；ibili七y 七ha七 a coun七erpElr七 Of calmodulin   

migh七 be 七ul〕ulin dimeT． To varid．a七e 七he possibili七y，   

Iaセセemp七ed＿ CO－Sedimen七a七ion expeTimen七sin a condi七ion   

in which ciliary ou七eT－aOuble七 micTO七ubules TemEl，inin七ac七．  

Ou七er－doul⊃1e七micTO七ubule fraction and製法王道魁望堅迫Whole  

cellcalmodulin wereinculoa七ed a七180c foT 2mininlm工止  

でris－IiClbuffer（pH8．0）con七a土山ng2mM Ca2＋or2mmコ∝把A．  

Af七eT Cen七Tifuga七ion a七15，000 g foT Seaimen七ing micTO－   

七ul⊃ules，七he supema．．七an七 an且 七he pelle七in七he 七wo condip   

七ions were elec七rophoresedin七he pTeSenCe Of 5mM EGTA．   

Calmodulin was shown 七01〕ind．七0 七he ou七erM且Oulっ1e七 micTO一   

七uloules when 七he mix七uTe WaSincuba七edin七he pTeSenCe  

of Ca2＋（Fig．10，bl），Whereas almos七aLIcalmodulinwas  

foun且 七O eXis七in七he superna七an七when七heincuba七ion of  

mix七ure was peTfomedin七he pTeSenCe Of EGTA（Fig．10，  

a2）．No七ubulin dimeT WaS de七ec七ed＿in t）Oth superna七an七s  

（al，a2），bu七Ca2＋－depen且en七calmo且ulin complexwas dem～  

ons七Ta七e且in七he pelle七from七he mix七uTeincludingCa 2＋  

（bl）．Moreover，6S加もul土n dユm紺Orlglna七ed．でrom cen七ral  

pairmicTO七ubules diano七foTmCa2＋－且ependen七complex  

W土七h calmo邑ul土n（Fig．9工））．un．aer七hese con且i七土ons，  

七ubuユin風土mer may no七 もe 乱・Cand⊥且a七e for e乱1modulin－   

COun七eTPar七，bu七 Ta七her micro七ubules oT micro七ubule－   

associa七ed s七TuC七uTeS Or t）○七h of 七hem seem 七o t）e mOTe   

poss土ble can風土且a七es．  
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Ca，1moaulin～binding Si七e on 七he Ou七er－d．ouble七Micro七ubules  

＝ 七hen examined 七he calmodulin岬bin且ing si七e ul七Ta－   

S七TuC七urally． BefoTe elucida七ing七he t）inaing si七e by   

immunoelec七TOn mic二rOSCOPy，七he ou七eTMdoul〕1e七 micro七ut）ule   

fTaC七ion was obseTVed． Ås seen in a 七hin－SeC七ion elec七ron   

micTOgTaPh（Fig．11A），七he f－TaC七ion mainly consis七ed of  

Ou七eT一色ouble七 micTO七ut）ules fTee fTOm d．ynein arTnS bu七 fluffy   

Or PE3．T七icula七e ma七eTials weTe aSSOCia七ed v止七h七hem．1n   

a nega．七ive－E3七aining elec七ron micTOgraPh，PeTioaic s七ruc一   

七uTeS Wi七h TegulaTin七ervals of alつOu七 90 nm were ot）SerVed・  

along七helong axis of dout）1e七micro七ubules（Fig．11B，  

arro－〃5）．  

1perfoTme邑ind▲irec七immunoelec七TOn micTOSCOPy Wi七h  

ferri七in conJuga七es 七O know七he calmoaulin－binding si七e   

in ou七eT～d．oul〕1e七 micTO七ut）ules and．七heiT aSSOCia七ed．s七TuC一   

七uTeS． As ＄hownin Fig．12A，ferTi七in pa．r七icles were   

clus七eTe且on七he s七ruc七uTeSla七eTallylinking七he double七   

micTO七ubules a七 regulaTin七er、Vals of al〕Ou七 90nm when  

an七il⊃Od・y diTeC七ed・七○辿望Calmod・ulin was charge且・  

1n a disconnec七e且 d†Oul⊃1e七 micTO七u七）ule sample，feTrj一七in   

PaT七icles weTe SPaCed．abou七 90nmin七eTV日ユs along七he  

micTO七ubules（Fig．12B）． when a sample was pre－WaShed  

七horoughlywi七hanEGTAbuffeTinplace ofCa2＋buffeT  

orinculつa七e且wi七h nonpimmune rabbi七1gG as a firs七 an七i－   

bo且y，七he period・iclocali2；a七土on of ferTii；in was no七ObseT－  

ve且・Ferri七in par七土cles were scaセセered a七ranaom a・nd・  
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barelylocalized on七helink s七ruc七ures（Fig．12C！，D）．  

From 七heloc∈止土za七土On Oご ざerr土七土n－an七土bo邑土es，土七 ⊥s mos七   

1ikely七haセ セhein七eT邑ouble七1inkis a calmodulin－COun七er－   

PaT七in 七he ciliaTy aXOneme．  
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工工エー4．⊃土sc11SSi．on   

Concerning七he dis七Tibu七ion of calmodulinin Te七Ta－   

hymena ciliu皿，a COnSideTable amoun七 Of c21modulin was ▲ 
＿「ご＿．．＿．．■‾－・－  

Sho用ユセO be pTeSen七in七he meml⊃rane Plus meJ七Tix fTaCtion  

（Fig．8）．calmod，ulin migh七beinvblvedin membTane fTaC一  

七土ons su．ch as exc土七a七土on．（s土gnal七ransduc伍on）w土七h ac－  

companying membrane pTO七ein phosT，hoTyla七ion（52）．suzuki  

堕j珪。（20）observe且七とほ．七40岬七で土fllユOperaZinel〕rOugh七  

ena． ℡he工、efore，i七is  at）Ou七 e土1i．ary reversal土n  でe七rahy王n  

七emp七ing七o specula七e 七ha．七 calmodulin migh七 be a componen七  

2＋ of the Ca－Channelonthe ciliaTymembrane・Hov7eVerI  

non－reVerSalmu・七an七s of裏技望毎竺堅望迦，奴遭  

and鹿£＿』（19），Which possess some d．efec七in mem七）rane  

ca2＋－ChannelIhave been shown七Oincluae nomalcalmod・ulin  

like 七ha七 of wila－七ype cells（36）．＝n七he pTeSen七 exper－   

imen七S，＝ failed 七o de七ec七 any calmodulin－COurl七erpar七in  

七h土sぎrac七土on（F土g。8）．でh土βmayl〕e due七O a Very Small   

amoun七 Of 七he coun七eT‡〕aT七 molecule oT eX七TaOTdinaTly   

COnforma七ionalchange of 七he coun七erpar七 pTO七einind・uCed  

by8M uTea七rea七men七 OftinjuTy Of memlつTane geOme七Ty Wi七h   

TTi七On X－100． Calmodulin－binding pro七einin七his membrane－   

ma七rix fT〔王′C七ion would＿ be veryimpoT七乱n七 foT七he ciliary   

memt）Tane f豆nc七ion，bu七1iセセ1eis known abouセ セhe pro七ein   

a．セ セhe presenセ セime．   

As for dynein frac七ion，Jamiesonqt堕．（33）de七eC七ed  
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C巳．1mod．ulinin 七his fTaC七ion。 Fu：r七heTmOre，Blum e七 al．  

（53）repor七ed  Cご1mo邑ulin maTke且1y s七imu－  七haセ ワe七  

1a七e邑14S dyneinATPasein七he presence of Ca2＋and七ha七  

dyneinATP訊Se COuld・be purifiea by Ca2＋～邑ependen七ca・1～  

modulinNSephaTOSe affini七y chTOma七OgTaPhy． The ac七iva七ion   

Of d・ynein ATPase by calmod＿ulin，aS Wellas 七ha七 Of meml〕rane－  

bo皿a guanyla七e cyclase（50），SeemS七O be no七eⅥ・OT七hy as  

func七ionin si七u of Te七T2・hymen旦Calmoaulin，in con七raE；セ  

セ0 七he 王Iacセ セhaセ セhe func七土onln s土七u o王、calmod．ulins from  

someloweT eukaTyO七es Temains七01〕e eS七ablished（う4－56）．  

Gi七elman an且 Wi七man 七Tied．七O de七ec七 calmodulin fTOm  

12S and．18s ayne土n f■rac七土OnS，buセ セhey fa土1e且  

七0且e七ec七any calmodulinin七hese d．ynein fTaC机ons（37）．  

The resul七s of 七he pTeSen七 expeTimen七 also showed・七ha七   

nei七her calmodulin noT Calmo且ulin－COun七erpaT七 was d・e七ec七ed．  

ciliaTy dynein frac七ion（Fig．6e，f）．TheTe－  in ワe七  

foTe，七he calmodulin一己yneinin七er－aC七ion found by BlⅦn e七  

延・（53）migh七bemuchweaker七hano七heTCa2＋－dependen七  

Calmodulin complexes such as calmod．ulin－七TOPOninIcomplex．  

工n crude 邑yne土n fユ？aC七土on，七ul〕ulj＿n d，土meヱ・from cen七ral   

Pair micro七ulつulesis ceT七ainlyinclu且e且。 Ⅱumagaie七 al．  

七ha七Te七rahvmena calmo且ulin boul且Ca2＋a．e－  （34）repor七e∂．  

Pend．en七1y七O an affini七y column of 七ubulin－Sepharose 4B．   

However，aS S七a七edlっeforle，＝ faile且 七0 且e七ec七 2－ny Ca・1－   

mod．ulin or ca．1mo邑ulinqcoun七erpaT七in七he cTude dynein  

frac七土on（Fi空：・8e，f）an邑6S七ubulin frae比on（F土g∴9D）．  
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They used・POrCine t）Tain叫bulin wj・七h micTO七ulコule－aSSOCia七e邑  

PTO七eins（T兢Fs）七O PTePaTe 七heiT affini七y column，SO七ha七  

i七is no七 known whe七heT Calmodulinin七eTaC七s wi七h 七ut）ulin   

Oエー 躍Aアs．  

Concerning 七he exis七ence of ca・lodulinin ou七eTMd・Ouble七   

micTO七u‾bule fTaC七ion，Gi七elman and Wi七man TePOT七e且 七ha七   

Calmodulin a‡〕PeaTed・七O t）e PreSen七in里庄血flE？・g－  

ellaT aXOneme三ヨis01a七e邑in 七he pTeSenCe Of■ EG・TÅ and・貰D鷲A  

（37）．＝n七he pTePaTa七ion usedin七he pTeSen七 expeTimen七，  

七he ou七er一己out）1e七 mi．cro七uloule frac七ion cor二r、e∈；pOnd．s 七0 七he   

a・ⅩOneme af七eT eX七TaC七ing dynei．n wi七h つコrisNEDTA，a．nd．七he   

f工、aC七10ni．nelude邑 bo七h calmo8．uli．n an且i七s coun七e叩a．で七  

（Fig．8g）．HoweveT，tmlike  axoneme，eaユ．－  OmO‡つ．a∈壬   

mo且ul土n was remove邑from旦望立地Ou七er一色ou七1e七mi→erO一  

七ulつule frac七ion when七he frac七ion was 七hoTOughly wa眉hed  

Wi七h EGTA（see Fig．10）・Blum旦主星主．（53）also d・emOnS七Ta～  

七e且七ha七consid．eTable amoun七s of（35s）calmodulin could  

bin且七0 七wice－eX七TaC七ed axonemes（wi七b．TTis－EDTA）． They  

土nferre且 七ha′七 calmo邑ul土n migh七 土n七rae七 wi七h凪旭アs oユ？re£；i邑ual   

ATPases． ＝n七his regaTa，＝ d．emons七Ta七ed，foT七he fiTSセ   

セ土me 七heloealiza七ion ofIe∂ユmo且ul土n土n七he c土1土p．ry a′Ⅹ0－  

nemes byindirec七immunoelec七TOn micTOSCOPy（Fig．12）．  

FTOm my Observa七ion，Calmo且ulin was foun．且 七O belocalize邑   

along七helongj．七ud．土nalaxis of－ o11七eエーーdoul〕1e七nl土oro七ul〕ules   

a七a TegulaTin七ervalof a，bou七90nm（Fig．12A，B）．The  

土n七ervalcorresponds w土七b七ha・七 0董－bo七h ra姐alspoke5日．nd．  
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in七eTd．0u．ble七1inks． Hol－．TeVeT，i七 has been known 七ha七   

radialspokes aTe eX七r2．C七at）1e from ciliaTy 已ⅩOnemes Wi七h  

Tris～EI）TA，WheTeaSin七eT且out）1e七1ir）．ks aTe nO七（3）．In   

Ou七eT－d，Ouble七 micTO七ul⊃ule：FTaC七ion，nO SPOke heaa was  

Seen（Fig．11），nl七houg；hld．0nO七know vIhe七heT七he Temnan七s  

Of spokes s七illTemain・ ＝n ad・di七ion，immunoferTi七in parti－   

Cles weTe Shown 七O be clus七ere且 On 七he s七TuC七ures la．七eTp   

allylinking a micro七ubule 七0 七he a且jacen七 one（Fig．12）．  

FTOm七hese，i七is mos七1ikely 七ha七 calmod・ulinislocaコi21e且   

On七hein七er且out）1e七1iriks． ＝n o七heT WOTds，七he calmodulin   

COunteTPar七in 七he ciliaTy aXOneme SeemS 七01つe 七hein七er－   

doul〕1e七1土nks．   

ThisinteTaC七ionwould・OCCuTinaCa2＋－dependen七manner  

evenin8M urealike 七he in七eTaC七ion be七ween calmodulin   

ana七ropon土n工（甘土g．7aリ 8g）．ワhe七土010glCaユ slgniでie乱nee  

Of 七he specificlocaliza七ion of calmod．ulin on 七hein七eT   

doul〕1e七1inks can be consid，ered．a∈ifollows． As s七a七e且   

befoTe，i七 has been accep七ea 七haセ セhe t）aSic mechanism of   

Ciliary movemen七is 七he sli且ing of ou七eT一旦oul〕1e七micTO一   

七ubules by d．ynein ams endi七s conveTSion 七0 七）ending by  

Shear resis七aヱ1Ce agains七 sliding（see GeneTalln七TO且uction，  

Fig．2）．＝七has a．1sol〕een SuggeS七ed七haセセhein七eTd＿Ouble七  

1inks aTe 七he very elas七ic ul七TaS七TuC七uTeS Which t）ring   

abouセ セhe shear resis七ence againsセ セhe sliding of ou七eT－  

aoulつ1e七micro七ul〕ules（57）．s七Teng七h of七he shear resis七ance  

beaTS a key T01ein七hel〕ending wave forma七土on of七he cilia，  
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an且mod．ulE7．七ion of 七he TeSis七ance may TeSul七in七he change   

Of ciliaTyloea七 configuTa七ion・Taking accoun七 of一七hese  

ciTCumSta・nCeS，OCCurrenCe Of－七he following seTialmolec－  

ula・T eVen七s d・uringCa2＋Md・ePen且en七Tegula七ion of ciliary  

TeVerSalis conceivable（58）．i）Aninflux of Ca2＋in七O  

Ciliumis t）rOugh七 abou七 by cili2■ry memt）Tane d－eP01aTi－  

Za七ion whichis 七TiggeTed．by various s七imuli，SuCh E：・S   

mecha■nical，ChemicalIelec七rical†andligh七 s七土muli・  

土土）工npoure且Ca2十伍n且s七O Cal汀10dulin乱n且七ums calmodulin  

土n七o ac七土va七e且 fom．iii）Ac七土va七e邑（柑ユmod．ul土n b土nds 七O   

in七eTd．ouble七1inkE；an且 nodifieslink′s elこl．E：七ic na七ure   

（s七reng七h of shear・TeSis七ance）．As a conseq．uence，七he  

modTe Of sliding－bending conversionis al七eTed・an且七he  

changein paセセernOf ciliaryl〕ea七isinduced（Fig．13A）．   

Recen丑y，G土抽On5a，nd▲G土仙OnS（59，60）repor七e邑七ha七  

・bhe Ca2＋－inauce且changeinflagella，rbea．七paセセeTn（sym－  

me七Ticalswimming七O aSy・me七Ticalswiming）of sea uTChin  

spem fl乱gella．土s mim土cl⊂ea by some hydropholoic  

organic solven七sin七he absence of Ca2＋JWhereas ano七heT  

group o王、hydrophob土e organic solven七sis a七）1e七O at）01ぅーSh  

七he Ca2＋一土n邑uce且as脚me七ricalfla卵11a．rbea七（F土g．13B）・  

They a・1so showed地a七Ca2＋pinducea asymme七Ticalswimming  

isirreveTSibly conveT七ed 七O Symme七Ticalswimming when   

七he spem flagellais mjld・1y diges七ed＿ Wi七h七TyPSin・ From   

七hese find．ings，七hey sugges七ed七ⅥTOimpoT七an七infoTma七ions  

concerning七hemoleculaTmeChanismof Ca2＋－Tegura七ionof  
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王－1agellaTmOVeme叫i）ca2＋vIOTks七omoaula・七e fla・gella．r  

movemenセ セhTOugh hydrophot）icirl七eTa－C七ion of molecules。  

ii）The axonemalsi七e direc七1y res・POnSible foT七he moduM   

la七ion of flagellar vIaVe formis sensi七ive 七O mild diges－一   

七ion wi七h七rLyPSin． These deduc七ions seem 七O COnS01iaa七e   

my hypo七hesis on molecular mechanism of ciliEtTy TeVerSal  

men七ione且1つefore，Sincei七iswellMknovm七ha七Ca2＋－aC七iva七ed  

CELlmod．ulinl〕ind．s 七0 VaTious calmod．ulin－binaing pTO七eins  

（foT eXamPle，bTain phosphodies七erase）wi七h hydrophol〕ic  

bon邑s（61，62）a．na七heir］．七eT己oul31e七1inkis七he mosセ  

セTyPSin－SenSi七ive s七ruc七urein a ciliu皿Or fla－gellun（  

63）．＝ fuT七heT eXamine邑七his hypo七hesis by uE；ing cal－・  

mo且ulininhibi七OrS and TTi七On－－eX七TaC七ed．cellmoael（see   

succee且ing sec七ion）．  
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工工エー5． Summary  

D土s七ribu七土on oで calmod皿1土n and＿ CalInOd．uli．n－COun七erpaで七  

inves七土ga七e且 by us土ng alkal土  土n ワe七  rahymena cilium v：ere  

gelelec七TOphoTeSisin地e pTeSenCe Of Ca2＋orEGTA†a・nd  

byimmunOelec七TOn microscopy． Calmod・ulin was 且e七ec七ed・   

in七he meml⊃Ta■ne Plus na七rix fTaC七ion ana ou七er－double七  

micTOtubule fTaC七ion†anai七s Ca2＋－且ependen七coun七er－  

PaT七 exis七e邑 exclusivelyin七helaセセeT fTaC七10n・王・IoweveT，  

nei七heT Calmodulin nori七S COun七eTPaT七 WaS de七ec七edin七he  

cTude d・ynein fTaC七ion・1rnmunoelec七TOn micTOSCOPy reVealed・  

七ha七 calmoa．ulin waslocalized along七helongi七udinalaxis   

of ou七er－double七micTO七ubules a七 TegulaTin七eTVals of   

abou七 90 nm． The calmodulin－bind，ing si七ein七he ciliary   

axoneme was sugges七e邑 七01つein七eT且Ouble七1inks・ FTOm 七hese  

re凱止七s，apO別注ble mechan土日mbywh土chCa2＋regula七es  
CiliaTy mOVemen七is pTeSen七ed．  
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エⅤ． Sec七ion 3  

工β01a七土on an且 Ch∂．r∈…．e七er土za七ion of アaramec土um  

Calmo邑ulin 乱n且 苫ffec七s of Calmo且uli．n 工nhj＿b土七OrS   

On C土1土a・ry乱丁ovemen七   



ⅠⅤ－1． 工n七roduc七土On   

アreviously，Suzl止1e七 al・0王－ourlabora七Ory01⊃SerVe邑  

七ha七日・pO七en七inh土bl七0‡－ ○王－ c2■1mo邑ul土n・func七土on†七rlぎ1uo－  

℡e七rahymena  PeraZine oT ChlorpTOmaZine，CauSedliving   

cells 七O Shif七 fTOm foTて．▼7aTd svJimming七01〕aCkwaTd swimming  

a七a finalconcen七ra七ion of40岬（20）・This uTge且me七O  

inves七iga七e七he effec七 Of七Tifluoper・aZine or・ChloTPrOma笈ine  

onca2＋p邑ependen七ciliaTy TeVeTSalin七he Tri七On－mO且elof  

地建些，Since TeaCtiva七ion of七he TTi七On－mO且elof  

里地is no七as easily achieved・・   
＝n七his sec七ionIld－eSCTibe evid・enCeS七ha七calmodulins  

土s01日亮ea from里地望andParameciu皿aエ、e土n姐s’bingulsh岬                                                                                                          J      ▲：二＿・一「    －  ⊥二▲■  

al01e from each o七herin 七eTmS Of seveTalchaTaC七eTis七ics   

such as七heir an七igenic propeT七ies〉 PO七ency七O aC七iva七e  

brain phospho且ies七eTaSe and辿旦guanyla七e cyclase  

（50）and 土n ad且i七ion conf土me且七haセ セぬflu．operazine ユ5  

able 七O PO七en七1yinhibiセ セhe ac七iva七ion of enzymesl⊃y  

製法望迦翌夏要望Calmod－ulin（64）・工also describe evidence  

七ha七Ca2＋－depen且en七ciliaTy reVeTSalin－bhe TTi七On－mOdel  

a七 alll〕y 七he a且d土七土On O王－  Of Parameciumis no七 affec七ea  

七TifluopeTaZine oT ChloTPTOmaZine（65）．  
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工Ⅴ－2。 猥a七erials ∂．n且∴me七hods  

史廷吏望旦－－－一  挺堅旦旦琶呈望£旦辿，S七ra・1n27AG3  

（ma七ing七ype VI），WaS gTOV7nin2。5ヲ‡fTeShleセセuce juice  

in Dryl，s solu七ioninocula七ed・Wi七h斑1elコSiellalつneumOni乳e                                                                                                  鋤■－一－－一一－－■－－・－－－丁－†  iii－→←－＝ユニーニ【【－一●－●●←－■仰Tu  

（66），Or土n heyinfus土on a七 260c．  

CELlmodul土n  pur土君主ea七土on of paご、創neC土1∬n Calmo且uユin   

1VaSisola七ed from PaTameCium aCe七One POWdeT t）y 七he  

me七hod．as七ha七uぷed for土日01乱七土on o王一望史蓮逆竺璧Calmoduコ・in  

（see sec七土onl）．  

of つコri七On－eX七rac七e且 Ⅲ0且el of一 万ara皿eCium ▲                                                一                             ‾         ∴＿  ▲ ＿ －∴．＿】，▼■丁▲ 「     ．＝  ■ ■■＝■  コ＿On  

This was peTfomed by七he me七hod d・eSCribed by Nai七Oh and  

Kaneko（30）．paTameCiu皿 Cells were washed．七hTee 七imes wi七h  
T  「‾＿⊥ 二⊥了こ▼子ニ‾ J     ‾‾  二  

1mmワr土s－HCl（pH7．0）buでfeココCOn七a土n土nglm‡丑KCl，and．1r購  

CaC12an且七he cellsuspensionwas coo］－e且七00Ocin anice  

ba七h for 30 min． Hereaf七eT，七hel〇uffeTS uSed．weTe PTeVj：   

OuSly coole且 七0 0Qc． The cells weTe WaShed．wi七h －Iex七TaC－  

七土on t）uffeエー－－ wh土ch con七a土ns O．01牢でご土七On文一100（Ⅴ／V），  

20mM XCl，10mMこⅡDワA andlOm熟年ワr土s－m2ユea七e（pH7．0）．甘he  

SuSPenSion was kep七 s七andingin anice ba七h f■or40min．   

Then，七he cells weTe WaShed wi七h 七helつuf、feT COn七aining  

50m凪佳ECl，2血Ⅵ王ⅡけA an且10m丑丑でr土s－malea七e（pH7．0），and   

七hen TeSuSPend．edin 七he 七）uffeT COn七aining 50mM KCland  

lOrriM TTis－malea七e（pH7．0）．one drop of七he suspension  

COn七aining・100－200 cells was 七TanSfeTTed＿ －bolmlof nTe－  

ac七iva・tionbuffeT‖whichis con七aining36mMKCl，4mMMgC］－2，  
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4mm A叩，1α血PL．‡ワで土s－male2】七e（pH7。0）2．n且3mmコ那把A。ワhe  

SWinming behavior of七he mod・elwas obseTVedl⊃y dTaTk－   

field pho七omicroscopy．1n oTder 七Oind・uCel〕aCkwar且  

SWirnming（ciliaTy TeVeTSal），CaC12WaS a邑d・e邑七0七he Te－  

ac七土va七土on me邑ium 七O a ぎ土nal concen七ra七土on of 2。9mM．  

ThisCaC12addi七ionyiel且sfTeeCa2＋concen七ra七土onof  

lO－5損in七he reac比va七土On me且ium．  

TTifluopeTaZine（TFP）was kin且1y gif七e且  Chemicals  

by Yo5比七om主君ham日．Ceu七土calCo．Chlorpromazine（C‡）Z）was  

PuTChase且 fTOm Si誹1a Chemica，1Co・  
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ⅠⅤ－3． Resul七s  

＝sola，七ion a．nd ChaTaC七eTiza七ion of PaTa－meCium Calmod．ulin  

Paざ：am阜C妄鱒 CalアニOdulin wasi。SOla七ed by 七he same  

PrOCeauTe uSea foTisola七土On Of旦旦地Calmodulin・  
This pTOCe且uTeinclud．es hea七 ex七TaC七ion of PaTameCilユm  

‾二†          ：」」」‾T＿「√   

a，Ce七One POWdeT，ammOniu皿 Sulfa七e frac七iona七ion Em且   

PTePaTa七ive polyacTylaこid＿e gelelec七rophoTeSis． By 七his   

PTOCeduTe，530pg of ca・1modulin wasis01a七ed fTOml・24g  

Of芝受望望旦昆虫望aCe七One POWdeT・The purified・PTO七ein showed  

七he saユne elec七TOPhoTe七ic mobili七y a－n且Of Ca2＋一色ependen七  

molつili七y shif七 On alkali－glyceTOIpolyacTylamide gel  

elec七TOPhoTeSis（Fig．14）．The ac七iva七ion pTOfile of   

brain phosphodies七eTaSe by 七he pTO七einisind．is七inguish－  

ableぎrom七ha七by里嘲Calmodul土n（軋g．15）．工七  

WaS also shovm 七ha七 PaTameCiun Calmo且ulin ac七iva七es Te七ra－  

迦望guanyla，te CyClasein aCa2＋－dependen七manneT（  

ca2＋  COnCen七Ta七ion Tequired：FoT half maxiTnalac七iva七ion  

土s3・0Ⅹ10－6射，an且七姐s ac七土va七土onwas comple七ely出血比－  

iセセe邑by50押七TifluopeTa必ine（非1，64）・  

苫ff－ec七 0：F C治ユmodtllin 工nh土b土七OrS On C土1土ar  movemen七 0王－  

アa．で甜1eC土1ユm ワご土七on十mO且eユ  From 七he resul七s ae－  

米1I This work was peTfomed as a コOin七 reseaTCh wi七h   

Ors・S・Ku8・OIY・Ⅲu七OJan邑Y・ⅣozawaJG土fuロn土vers土七y   

School o王’Med土c土ne．  
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SCTibedin七he pTeVious sut）SeC七ion，i七is shown七ha七   

P2．．TameCium TTi七onpmodelis alつ1e 七O t）e uSedin pl∈l．Ce Of  

辿望mO邑el・As a probe七o know七he role of cal～  
mod－ulinin ciliaTy TeVeTSal†1七es七e且七he effec七 Of七ri－  

fluoperazine an邑 chlor芋TOmaZine on七he swim：ning paセセems  

of PaTameCil皿m TTi七On－mO8－el． As sunmarize且in Tat）1el，  

a且a土七土on of each 土nb土bi七Or 七O a COnCen七ra七ion rangi．ng  

fT。mlO押七0100岬did－nO七exer七any significan七effec七  

onca2＋－且ependen七cili己Ty TeVeTSalTeaCtion・MoT・eOVeT†  

also七he pTeincuba七ion of models wi七h40押‡of七hese drugs  

foT30min aia．no七affec七 ciliaTy TeVeTSa．1TeaC七ion（con－  

vers土on from forward那J土m土ng七O backwar且sw土mm土ng）．  

HoweveT，in七hese expeTimen七s，the swimming veloci七y（  

bea七freq．uency）of七he mod．elwas Teduced significan七1y  

when七hese drugs weTe added・七o a concen七ra七ion moTe 七han  

lOO押・でhe aa且i七ion oぎexcess薫GでA七O a reaC伍Ⅴ如ion  

me且ium con七aininglO－5‡たCa2＋in七TOduced・forward日Wimming  

of 七he mod，el● TTifluopeTa笈ine an且 chloTPTOmaZine di且no七  

affec七 On七his conveTSion 払ackwaT且SWimming七O foTWaT且  

sw土m土ng），e土七her．   

ェセwas also shown地a七丑a2＋・                      1n COnCen七ra七ion ran三・；1ng  

from7・5岬七07・知朗cotll且土n∂・uCe backward sw土m土ng of  

Tri七On－mOdel・ TTifluoperazine（57m）did n。七exer七any  

effec七On七he Ba2＋－induced ciliary TeVeTSalof七hemodel・  
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工Ⅴ－4・． p土scusslon  

In七his sec七ion，＝ a・eSCribea 七he proper七ies o：F 王）aTa岬  

Calmo且ulin puTified 七O homogenei七y end 七he ef王、ec七  meClum  

0王、c∂．1mod．ul土n 土nh土b土七OrS On C土1土ary revers訊1reロ．C七ion   

Of Parameciun TTi七OnpmOa．el． 1七 was shown 七ha七 Pp．TameCium  

Calmo且ulin t）Ore neaTly 七he same pTO‡〕eT七ies as 七ha七 of   

芝地c∂■1moaul土nin七ems ofIhea七 resis七1b土1i七y，  

ace七One TeSis七ibili七y，elec七TO‡血oTe七ic mol⊃ili七y on alk2ユi～  

glycer01－POly・acTyl？Jmide gelelec七TOPhoTeSisICa2＋Md・ePenden七  

elec七rophore七土c mo七止1土七y shユゴ七，pO七ency f■or 七h．e ∂．C七iv乱七ion  

Of bra土n phospho8ユes七eヱ、aSe and旦地gu∂皿yl乱七e  

CyClase． These evid．ences，eSPeCiallyi七s po七ency for   

gu・anyla七e cycl∂一Se aC七ivE．七土on，SugだeSセ セhaセ セhe 王）打ra皿ee土um                                                                                                                                                                                                        r‾  
「 － ． ∴⊥ ＿ ＝「‾L■「‾■■▲   ．丁ナ‾‾  

Calmodulinis geneologically close七0辿塞地温聖退C昆1rnodulin，  

Since any o七her calmod＿ulins fTOm VaTious animals aTe nO七  

alつ1e七o activa七e gu2－nyla七e cycla．se（50）． This aユso sug－  

ges七s 七he homologlC21func七ions of 七hese calmod．ulinsin  

Te七Ta．hymena and．PaTameCiumcells．  捏oreover，七he a．b01isb－  

men七 of calmodulin一戸epen且en七 ac七iva七ion of gua・nylal七e  

CyClase t）y 七TifluopeTa．Zine gua，Ta．n七ees 七he use of 七ri－  

fluopeTaZine as a cE，1mo且ulininhil⊃i七orin七hese or即nisms．   

On七he t）aSis of七hese observa：bionsIeffec七s of 七rifluo－  

PerarZine and chloTpTOmaZine c）n CiliaTy r・eVeTSaユ of PaTa～  

mecium TTi七on－mO邑elwas examine且．  Unexpec七ed．1y，七hese  

drugs did no七exeTt己ny SlgnificEm七effec七On地e Ca2＋－  

ー 34 －   



rep：ulation of cili口・ry t）e2一七 d・irec七ion，七hough七heinvolve－  

2＋ 
men七of cr・1modulinin Ce・－TegulF．七ion was consid・erea fTOm  

i七s specificloc2．1iza七ionin七he ciliun（see sec七ion 2）．  

Poss土ble expla．na七土ons f－0＝、七h土s d土scordis 七ha七 土）七r土－   

fluoperaz土ne m土gh七 no七 土nh土b土七 己．11七he d．土verE沌 f11nC七ions  

Of cEjlmo邑ul土n；土i）七r土fluo二Per闇．Zlne－b土n且土ng s土七es of cal－  

modulin migh七 havel⊃een OCCuPied．by 七he EIJSSOCiE3．七ionl〕e七ween   

Calmod・ulin and El・CeT七ain cili己．Ty PrO七ein befoTe 七he F朗i－  

七土on of七ご土fluoperaz土ne；Or土山）∂，Cili乱打C乱2＋－仇nd土ng  

PTO七ein o七heT，ヒhan cEl，1moう．ulin migh七 play a crusialTOle  

in七he Ca2＋－d・ePenden七ciliaTyreVeTSal．  
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ⅠⅤ－5． Suエコm㌻！．ry   

＝ succeed－ea・inis01こ七ing地史堅C持1modulin・1七   

WaS Shown 七ha七 flaT㌘111eCiLm C；止modulin t）OTe near・1y 七he   

Same PrOPeT七ies EIJS七hose of堅塁麺Calmo且ulinin  
七ems of hea七 and ace七one TeSis七ibili七ies，mOlecular  

weiE：h七仁血Ca2＋鵬dependen七mobili七y shif七On al加IliMglyceTOI  

POlyacTylamid＿e gelelec七TOPhoTeSis，PO七ency foT 七he acセー  

iva七ion of bTE2．in phosphod．ies七eT2．Se a．nd  ワe七  gu2．nyl－  

a七e cyclase，an且 sensi七ivi七y 七0 七rifluopeTaZine． Nex七，   

七he effec七 of 七Tifluoperazine Eln且 chloTT）rOmEほirle On  

C土1土ary reversalreac七土on  Of■ parameciu皿  ℡rj．七On－mOビヨ．el  

WeTe 七es七e邑． These 且rugs did no七 exeT七 a．ny slgnificE3．n七  

effec七onCaJ2＋－inauce邑a・naBa2＋－induced ciliaTy TeVeTSal  

TeaC七ions．The ineffec七iveness of■ calmoB．ulin inhibi七or∈主   

土s disclユSSe邑．  

ー 36 －   



Ⅴ． Sec七ion 4  

PuTifica七ion an且 Some‡）TOPeT七ies of a Secon邑  

ca2＋－bin且ingPro七e土n（ワCBp－10）Ⅳewly Found  

in a C土1土Ⅶn andCell王∋0且y oでヨ捜旦ざ垂奴汲望望   



Ⅴ－1． 工n七rod．uc七土on   

In sec七ionl，＝ pTeSen七ed 七he 己iTeC七 evidence foT 七he   

OCCurTenCe Of cp■1moauLinin七he cilia of堅庄亜by  

pur土fy土ng ealmo且ulin from七he 土sola七e且 cilip．（67）。  

Fur七hemoTeI＝ d・emOnS七Ta七ed 七haセ セhel〕ulk of calmodulin   

in 七he cilium was locali2：ed．／On 七he in七eTd．0uble七1inks   

（nexinlinks）（Sec七ion2，67）．since七hein七eT且ouble七  

1inkis ver・y elELS七ic arl己is TeSPOnSible for七he sheaT   

resis七ance agains七 ELC七ive sliding of ou七eT－d。Oulつ1e七 micTO一   

七ubules，七he condi七ions which exeT七 aninfluence on 七he   

elas七ici七y of 七helink may affecセ セhe bend．ing wave form  

of七he cilitm．ACa2＋－depen邑en七mod・ula七orwhich control  

七he elas七ici七y of 七hein七eTdoul〕1e七1inkislikely 七o t）e   

Calmo∂．ul土n．  

HoweveT，a few obseTVa七ionE3 difficulセ セO be explainea   

by 七he simple mechaniE3min which only calmoa．ulin plays  

arolein Ca2＋－d－ePenden七regulation of ciliaTy Orfl乱か  

e11ar movemen七 have＿TeCen七1yl〕een PTeSen七e且1．，For example，  

（i）ca2＋Minduce邑ciliaTy TeVeTSalof Tri七on－eX七rac七ed  

mod．elof Paramecium was no七 affec七ed＿ a七 allby 七he 己．dd鵬   

i七ion of calmodulin・inhibi七OTS，SuCh as 七TifluopeTaZine  

an且chlorpromaぬne（Sec七⊥on3，65）．（土土）ca2＋－SenS＝土Ⅴ土七y  

Of TTi七On－eX七TaC七ed・mOaelof sea uTChin spem flagell己．  

was shovm七o be slgnifican七1y・influencedby七he Ca 2＋  

COnCen七ra七ions in t）0七h of 七he dememl〕Tana七ion me且ium ∈一．n且  
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reac七iva七ion medium． Åccoraing七0 七he aa七a of Gibbons  

（27，28），SPemS demembTanFjJ七ed・Ⅴ］i七h a solu七ionincluding  

EGTA showed Ca2＋－d・ePen且en七changes of fla・gellaTV′aVe fom 

a七amicromoIELrlevelof Ca2＋†Whereas七hose且emembrana七ed  

wi七hCa2＋（知朗）showe且the wave fom ch弧geS a七amilli－  

m01aTlevelof Ca2＋，in spi七e of alikelihoo且七haセセhe  

forner・CaSe m訊ke calmodulin t）Ound，Ⅴ止七hi七s binding pTO七ein   

so七ha七1eakage of calmo且ulin from七he mo且eldoes noセ  

セake place・ThusJi七bec邑me neCeSSary七O COnSideT a mOTe  

complica七edmechanismfoT七he Ca2＋－dependen七ciliaTy Te－  

veTSaloT flagellaT WaVe fom ch乱nge・As a possible clue  

七O SOlve七his pTOblem，1have七Tied・七O aJSCeT七ain whe七her  

a second－Ca2＋－bindingpTO・ヒein aiffeTen七from calmod・ulin  

土s presen七 土n地望望C土11a・   

＝n七his sec七土onl＝ 邑escTibe evid・enCe foT七he occuTM  

rence of a secona Ca2＋－bindingpTO七einin a cjli皿and  

Cellbo且y of一璽史型塑墜些・  ＝also descTibe some proper一七ies  

Of七his pro七ein‡）uTifie邑 七O homogenei七y・  
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Ⅴ－2．Ma七erials and R仁e七ho已s  

HeaセーreS土s七an七 C 王立 …旦地  fro七e土n Fr∂．C七10n  
＿   ．＿，．．∴ ＝：＝1＿．＿ ，＿「  

Ciユ1∈】，  

frac七ion v72，S reSuSPende己 Ⅴ止七h七he Ciliu罰トde七achmen七 s01u－  

七ion（se白 Sec七ionl）E］．nd．homogenir雪ed七）y SOnica七ion v；i七h  

七he Ul七TaSOnicI）isrup七OT錯od．elUR－200（Tomy Seiko C0．，  

ワokyd・a七 an ou七pu七 土n七ens土七y of9 for2m土n．ワhe homo－  

gena七e was hea七ea a，七950c foTlO minin a boiling wa七eT  

and－ COOle丘 quicklyin anice ba七h． The cooled homogena七e   

WaS Cen七Tifuged a七 20，000 g foT 20min，an且 七he heaセー   

TeSis七an七 pTO七eins of七he supeTna七an七 祥eTe TeCOVeTed．by  

a且dinglOOヲ蛋TCA七O a finalconcen七Ta七ion oflOチ乙．The   

PTeCiT）i七a七e which recoveTe邑by cen七rifuga七ion a七 20†000 g  

foT20min was TeSOlved wi七hlM TTis and・aialysea・El．gains七  

Dつ軋 ワh土s frac七土on was used as heaセーreS土s七an七 c土］・1a■ry  

pro七ein frac七土on．  

Ammon土um Sulfa七e 甘rac七10na七土on of C土1iar  Pro七e土ns  

Cilia fTaC七ion was resuspended wi七h七he Buffer A（250mM   

SuCTOSe，0・知劇∴訳把A，1mMbe七a－merCaP七Oe七h乱nOl，10mM TTisp  

HCl，PH7．5）and homogenized a．s descTit）ed al〕0Ve．The  

homogena七e was cen七rifuged a七 20IOOO g foT20min and  

七he supeTnご・七an七was fTaC七iona七ed・by add・ing fine powd・er  

Of■monium sulで∂′七e 七0 七he ap耶－0コpr土a七e concen七ra七ions．   

SE3・1七ed・Ou七 pTO七einsWeTe PreCi了〕i七訂bed．by七he cen七Tifuq   

ga七土on a七 20，000g for 20m土n ana 亡且alysea aga土ns七甘訓軋  

The pro七eins solul〕1ein80舜－Sa七uTa七色d ammonium Sulfa七e  
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were pTeCIPitaJ七ed．by2．用土nぎ10纏TCA七O a finalconcen七ra～  

tion oflOヲ芸．The‡）TeCi7：i七El．七e v／aS dissolved．wi七hlM TTis   

and．且ialysed＿ agains七 8弘互uTea，ana 七hen Emalysed．on alk；・】，1i－   

glyceTOl－POlyacryl打mid－e gel elec七rophoresis．  

fa・出土al批正ぎ土ca七ion of C厄2＋－bin軋ngpro七e土n5－－  

ca2＋－bindingpTO七eins weTe Par七土aユ1y purifiea from de－  

Cilia七ed cell●body fTaC七ion as follows． All opera七ions   

Were PeTfomed．a七 40c．  

Abou七 200g of－ でreshly  S七epl；heaセ セTea七men七  

PTePared 邑ecilia．七e且 cellbodies weTe SuSpend・ed．in 七he   

equalvolume of CiliⅦn－ae七achmen七 solu七ion and hea七ed   

a七 once a七 95Qc foTlO minin a boiling wa七eT ba七h．  

The suspension was homogenized wi七h七he Omni－mixeT（＝van  

SoエーVall工nc．，肌S．A．）forlm土n a七 an 

Of8an且cooled．q．uicklyin anice ba七h． To 七he homoge－   

n2一七e，be七a－meTCaP七Oe七han01was a且d．ed．七O a final concenN  

七ra七ion oflmM and・七he homogena七e wasincul⊃a・七ea a．七 00c  

forlO min・ The hea七pd－ena′七uTed pTO七eins wer・e remOVed・   

bylCen七rifuga七ion a七 22，000 g foT 20 min．  

S七ep 2；∂∬皿On土um 5ulf■a七e fセac七土ona七ion  ワhe  

TeSul七ing supeTna七an七 was sulコjec七e邑 七o ammonilユm Sulfa七e frac一  

七土ona雨on（60－90学芸sa′七ura七土on）．工n七h土s procedure，f土ne  

POWdeT Of ammonium Sulfa七e vlraS a邑ded 七0 七he supeTna七an七   

Ⅵri七h s七irTing and七he s七iTTing was con七inued．for 30 min．   

Sal七ed ou七 pro七eins were precipi七a七ed by cen七Tif－uga七ion   

a七 22，000 g for20min． The‡）elle七 was：reSuSPend＿e己in  
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a smaユ］＿ VOlume of一つ01V2nd．己土alysed a．ga土ns七】〕訓マfor 8 h．  

S七ep 3； PTePaTa七ive polyacr・ylamid・e gelelec七TOPho－  

The s8mPle fTOm S七ep 2 was dialysed＿ for 6 h  reSIS  

agains七an8m uTea SOlu七ion con七aininglmml〕e七a－meTC2．P七○－  

e七han01，1mM EGTA and．0．02チi≒・bromophen011⊃1ue and sul〕jec七e且   

七o alkali－glycer01－P01yacTylaIni且e gelelec七T01コhorleSis。   

The sys七emis 七he same a，S 七ha七 色escribed＿by PerTie a，n邑  

Perry（44）excepセセhaセ セhe size of七he slat）gelwaslx  

12Ⅹ21cm（cross－SeC七ionalareais21cm2）and七he Tun  

WaS PerforTned a七 600V foT 6 h． The‡〕aセセem of 七hel〕ands  

On七he gelwas七raユ1SfeTTed．on七o a fil七eT PaPer（Whi七m訂．n  

Biochemicals，numbeTl）byl〕eing oveTlai且on七he slab gel．  

Af七er bloセセ土ng foTlO minI七he fil七eT PaPer WaS S七a，ined  

Wi七h O．2ヲ右Coomasie】∋Tilli’an七Bluein50再TCA forlO min  

and d・eS七aine且wi七hlOヲ乙ace七ic acid con七aining2畔 e七h乱nOl．  

Af七eT drylng七he fil七eT PaPeTI七he sIEl・b gelwas superナ  

imposed oni七 an且七he each poT七ions of七he gelcorェ、eN  

spon且ing七0七he Ca2＋－bindingpTO七einba，n邑s was cu七ou七．  

Each pro七ein、VaS TeCOVeTe邑 elec七TOPhoTe七ically from七he  

gel‡〕1eCeS．  

An七i－SeTum a．nd エmmunOdiffusion Tes七  A ral〕bi七 an七i－  

Serumagains七旦地．calmodulin used was七he same as  

七ha七pTePaTed・and・ChaTaC七eTized by Suzuki王立旦主．（20）．  

Ouch七erlonyimmunodiffusion七es七was peTfomea by七he  

me七hoa of HhalつaさraShi2．n且perry（46）．  

Cleava  e oぎ pro七e土ns w土七h  Bromi．de  Cleav－   
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age was perfomed un邑eT七he condi七ions similaT七0 七hose  

且escTibed＿by Xoide an．且＝kenaka（68）．A pTO七ein sa皿Ple  

was d．iss01veain70声fomic aci且七O a COnCen七Ta七ion of  

2mg／ml，and cyanogen bTOmid．e was added．七0七he sample a七  

alOO－f01d molaT eコこeeSS． The reac七ion rnix七u∫e WaS incu－～   

ba七e邑a七 250c foT 24h，七hen dilu七ed＿ Wi七h9 volunes of   

Wa七eT andlyophilizea． The aTie且ma七eTialwas d，issolved．  

in8ⅢuTea and．analysedl〕y alkE？．1iMuTea：P01yac二ryl乱mide gel   

elec七ro二Phores土s．  

でC‡∋p－10（al：血rev土a七土on o王－ a  Is01a七土on of■ ワCB壬）－10  

newca2＋…bindingpro七ein，See Resul七s）was puTifie且七O  

homogenei七y using七he‡〕TOCed．uTe descTibed・below． As a  

S七ar七ing ma七eTia1800g of decilia七ea．cellbodies vJeTe   

used．．  

S七epsland2；－  王ieaセーセTea七men七（s七epl）and．  

ammoniⅦn Sulfa七e fTaC七土ona七lon（s七ep 2）weTe PeTfomed．   

by 七he same proced．ure as 七hose used．for paT七ialpurifi～   

Ca七土on 且escr土be且 above．  

S七ep 3；DEA苫MCellulose column chroma七ogTaPhy  

A工）EAE－Cellulose column（2．7 Ⅹ45cm）v［aS eq．uilibTa七e邑  

wi七h BuffeT B（6M uTea，20mRT po七assium phospha七e buffeT，  

be七aMmeTCaP七Oe七han01，P‡三7．0）and七he solution fTOm S七ep  

2was applied・七0 七he c01umn af七eT dialysis agains七 BuffeT   

B． The coluェnn was washed wi七h lliセセeT Of BuffeT 王∋ and   

elu七ed wi七h alinear gre．dien七 of O．02－0．5M po七ass  

phospha七ein］ヨuffeT B（800ml）．The frac七ions weTe ana－  
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1yse邑by訂ユ加ユトglycerol－ 2■nd S工場－p01yacrylam土de gel  

elec七TOphoTeSeS an且七he fTaCtions con七aining TC王∋P－10  

were〕p001ed－and－dialysed－ agaJins七1mH sodium七）icarbona七e・   

S七ep4；Hyd．roxylapa．七主七e column chroma■七Ogr一己phy ニ  

A hyaroxさrl邑pa七i七e colⅦnn（0．9Ⅹ10cm）was eq山1i加a七ed  

ぬ七h‡∋u王■fer C（即丑urea，20Ⅰ瓜，ヱpo加．ss土1皿phos了フha七e七uでfeエー，  

1‡戯丑be七a十meエーCap七Oe廿hanol，pH6．0）and・七he frac七土on from  

S七ep3was applied．七○七he coluJnn af七eT aialysis agains七  

buffeT C． The elu七ion was cond．uc七ed．wi七h alineaT gra－   

dien七 of O．02－0．3M po七assiun phospha七ein］ヨuf：FeT C・ The  

frac七土ons con七a土ning onlyワCコヨP－10were七horoughly dialysed  

agains七0●1M KCland・七hen agains七1mmsodiⅦnloicaTbona七eI  

∂n且 s七ore且 ∂．セ ー200c．  

Alkal土－  es Fヨnd エsoelec七rlc 万10  
二  

鷲1ec七ro  

glycerol一仁一・nd・alkali－uTea－1つ01yacrylamid・e gelelec七TO‡〕hoTeSeS  

weTe Perfomea．a．f七er Perrie an且PerTy（44）an且Head・an且  

PeTry（69），TeSPeCtively． ＝soelec七Tic focusing on an  

agarose gelwas perfomed a・CCOTding七0 七he me七hod・Of  

HiTabayashi（70）．FoT七hese elec七TOPhoTeSeS，S∂皿Ples  

solu七）ilizea wi七h8M uTea．VleTe uSe且． SI）S－POlyacTylamide   

gelelec七TOPhoTeSis was perfome且as d・eSCTilつe且by Laemmli  

（45）．  

A sam〕ple con七ain土ng O．4mg  Am土no Acl且  ＿坐也  
pTO七ein was hydTOlysed・Ⅴ豆七h HCla七110．60c foT20 an邑70  

h．The hyd．TOlysa七e was d＿Tied wi七h an evapora七or a七55Oc，  

an邑 analysed．on a．DurrumMo邑elI）－500 Amino Acj．且 Analyser．  
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脚  ForIne。．SU，rhgCa2＋－b土n姐咽  

S土七e（s）2．n邑d土ssoc土日一七土on cons七色n七 0でa七es七 pro七ein王－or  

ca2＋ICOnVen七ionalequilibTiwldi？・1ysis was peT・fome邑a．七  

Ⅴ∂．r土ous con・Cen七ra七土on oぎCa2＋IuS土ng4うca・Sample▲S01u一  

七土ons（0・5ml）con七a土n土ng61・隼g oぎでCBp－10、Vere plaee丘  

in aialysis七ubes（8／32 cellulose七ubing，Visiこing Compa－  

ny）an且姐alyse且aga土ns七100mユ0ぎsolu七土ons con七ぬn土ng  

O．1勤王ⅩCl，0．05Hワr土s－HCl（pH7。5）and．va．で土ous concen七ra七土ons  

ofCaC12・Defini七eamountof45cawasini七iallyど舶ed七0  

七he ou七side solu七ion． EcNilibrium d．ialysis was peTfomed．   

und．er 七he condi七ions in which ou七si且e s01u七ion was con七inu－   

OuSly s七1rre且a七40C for48h．Quan七i七a比ve s8∬1pling（  

0．2ml女2）frominsiae2．nd ou七sid＿e七he dialysis bag・，W  

made and・Tadioac七土vi七ies of 七he a．1iquo七es weTe 且e七emine邑   

Wi七h a Beckman3155T scin七illa七ion spec七TOme七er．I）a七a   

fTOm七hese de七emina七ions were 七rea七ea by七he me七hoa of  

Sca七chard（71）．甑minim土ze background Ca2十in七h土s  

experimen七alsys七em，We 七00k possible cares as follows．   

AllglassvTareS uSed．Ⅴ．Tere Of Pyrex a．nd 七hoTOughly washed  

Wi七hlN HCland sut）Sequen七1y wi七hI）I）W・Buftfers were passed  

七hTOugh七he Chele文一100ion～Chela七ing TeSin・ As a resul七†  

七he background・Ca2＋concen七Tahon was shown七o beless  

七han O・01ppmusingaJaTTel－Ash机ode1975 pIEl．Smaluminescence   

SPeC七TOPho七ome七er． Di巳1ysis membTaneS Were t）Oiled＿inlmM   

EGロコA solu七土on王－orlO m土n a・n邑七horoughly washe且Ⅴ止七h工）DW．  

七ical Techniques  An．竿ユ  pro七e土n concen七r日，七土ons  
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Were d．e七eTmined．by UV ＝－bsoTP七ion oT by 七he me七hod．0f  

IJOWry Bi壬生．（49）。UV沌SOTP－ヒion sてIeC七Ta WeTe Ol⊃七ained  

using a Beckman 34 spec七ropho七Ome七eT・  

0七her cpeTa七ions weTe perfome邑 by 七he same me七hodts   

a．s descTilつe邑in 七he foTegOing sec七ions．  
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Ⅴ－3． Resul七s  

occu汀enCe Of Ca 2」－  ：Pro七einsI）ifferen七 from  

‡n or邑er  C土1i＿um and．Cell王∋0且y  Calmod．ul土n in 七he  

七O knowwhe七heT a Ca2＋－bin且ing pro七ein（s）0七heT七han  

C土1］＿Ⅶn，工 u眉ed・  でe七rahⅥnena．  C∂ユ！nOd．ul土n was pr■eSen七in  

符・n alkali－glyceTOlqpoly壱CTylamide gelelec七TOPhoTe伍c  

sys七em deviced t）y PerTie an且Perry（44）．1ni；his sys’bem，  

ca2＋－も1n且土喝prO七e土ns，EuCb as七roponゴーn C and calmo且ul土nI  

can ea・Silybe de七ec七e且byi七s Ca2＋－d－ePen且en七mobili七y shift・  

When eunmonium sulfa七e fTaC七ions of ciliaTy PTO七eins（see  

‡払七bTials and．恥‡e七ho且s）vr：ere analysed by七he elec七ro－  

Phoretic sys七em†One PTO七ein ban且†besi且es calmod・ulinI  

showingCa2＋一色epen邑en七r＝Obili七y shif七was d，e七ec七edin  

60－80子吉an且80¢－でCA董－rae七ions（甘ig．16）．℡his pro机止n  

was pTOVe邑七o t）e TeSis七anセセo hea七（950c，10min）and・  

TCA（10ヲ右），Since七he heaセーreSis七an七 ciliaTy PTO七ein  

frac比on（see pITa七eTials and Me七hods）ceT七ainly con七ained  

七his pro七ein（Fig．17）． The mot）ili七y of七he pTO七ein  

is 51ケニ of 七ha七 Of calmoまulin when elec七TOPhoTeSe邑in七he  

2十 absence of Ca● The fin且ings s七r・Ongly sugges七the  
2＋ occurrence of a secon且Ca－binding pro七einIina且di七ion  

七O Calmo邑ul土n，土n些望C土1土a・From七he 8－enS土七0－  

me七Tic anEj．1ysis of 七he elec七rophoTeSed gel，七he con七en七   

Of 七he pro七einin七he ciliumWaS eS七ima，七e且 七o be 口■bou七  

0．5ヲ雲of七he七0七alciliaTy’pTO七eins（d．a七a no七一shown）．  
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Nex七†aセセemp七s were maJd－e 七o know・Whe七her七he second・  

ca2＋－binaing pro七ein2ユso exis七in a cellboa・y・Aheaセー  

TeSis七an七 pTO七ein frac七ion of d，eCilia七ea celll〕Odies wa   

PTe‡〕ared．by七he same pTOCe邑uTe aS 七ha七 use邑 foT CiliaTy   

fTロ．C七ion shownin Fig．17，a－ndi七 was analysed on 七he same   

elec七rophoTe七ic sys七em． As shownin Fig．18B，七hree  

pTO七einbands showing a Ca2＋Ndepen且en七mobili七y shift  

WeTe found besi邑es calmo且ulin t）and．． The molつili七ies of  

七he七hTee PTO七ein加nd．s weTe 51ヲ；，63ヲ右ana7鐸of七ha七of  

Calmod．ulin when 七hese pTO七einslVeTe elec七TOPhoTeSe且in  

七he absence of Ca2＋ISO七ha七＝七en七訂ヒively aeslgna七e且  

七hese pTO七eins as P51，P63 and P76，・reSPeC七ively・ One   

Of七hese pro七eins，P51，Showed exac七1y 七he saJne mObili七y  

an且七he same ex七en七Of Ca2＋－depend－en七mobili七y shift as  

七hose of七he ciliaTyCa2＋－bind・ing‡汀○七einmen七ioned above・  

The resul七 cleaTlyind，ica七es 七ha七 P51isid，en七icalwi七h  

七he ciliaTyCa2・トーbinding pTO七ein．This uTgeame七o puTify  

七henewlyfoundCa2＋－bindingpro七eins from地望  

Cellbo邑ies wi七h 七he aims of knowing七he pTOPeT七ies of   

七hese pTO七eins and com三〕EITeing 七he 了フTO：PeT七ies wi七h 七hose   

Of calmod・ulin，becauselhad consid．eTed．七h昆七 purifica七ion  

of七he second・Ca2＋－binaing pTO七einfTOm Ciliawould be  

Very d．土ff土cuユセ 土n respec七 ofi七s amoun七．  

Paて、七土al‡）ur土ぎ土c章一七10n F．n己 Some‡〕roper七土es of■ Ⅳewly万loun且  

ca2＋－b土n姐ngpro七e土ns  2＋ 蝕ree Ca－   ぎrom Cell苫od土es  
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bindin！誓PTO七eins（P51，P63and P76）were par七ially purifiea  

from旦旦地Cellbodies by using七he r，TePam七ive gel  

elec七roT）hoTe七ic七eclmique（see Ma七eTials2nd・Ⅲe七hod・S）。  

The pa・T七ially purified samples re七ainea七he oTlglnaユ  

elec七TOPhore七ic mobili七ies a・nd・七he oTlglnalex七en七 Of■  

ca2＋一色epen且en七mobili七y shif七s on n・1kali－glycerolelec七TOp  

T）hoTeSis．HoweveT，P63 an邑 P76 pTePara七ionsincluF－ed 

seveTalminoT Ca2十－SenSi七土ve baユ通sⅥ血ich seeme8．七O be  

of七he prod．uc七s degra，d．ea duTing七he puTifica．tion（Fig．  

18c）． ワhe：P76 fr∂．C七土OnlVaS COn七どmi．na．七ed．Ⅴ．7土七h a．七で罰・Ce   

amoun七 Of calmod．ulin．  

SI）S－POlyacTylpmid・e gelelec七TOて）hoTeSis of七hese七hTee  

fTaC七ions reveaユed・七h邑七maコOT COmPOnen七s of七hese fTa・C一  

七ions were 七he‡〕01ypep七ides whose molecula・T Weigh七s were  

8，ppエー○Ⅹ土ma亮elylO，000，al七hough七he王）63 a血色P76 王Irac七ion日   

COn七ainea 七he m訂，コOT POly‡）eP七ides somewha七 smalleT．bhp－n  

七ha七ofコフ51frac七土on（y土g．18］〕）．町heでacセ セhaセーbhe molec－  

ulp・r Weigh七 Of 七hese pTO七eins were much smFユ1er七han七h2′七   

Of caユmodul土n u．rge邑me 七O eXam土ne ∂．pOSSi比1i七y●七haセ セhe   

PrO七eins weTe aegr己・ae且 fr記名men七s of calmo且ulin． This   

POSSibili七y v7aS eXaminea as f01lows． FiTS七，七heimmunolo－   

gユC∂．ユ cross－reaC七1v土七y of 七hese pro七e土ns 七o an an七土一望e七ra ：‾‾‾ 
．：「⊥∴：＝  

迦望Calmo凸ul土n serumlVaS 七es七e且・As sho一皿土n F土g・19，  

PEl．で七iE3，11y purif－ied＿fTaC七ions of P51孔na，P63 weTe nO七 Te－   

El．C七ed a七 allwi七h七he En七i－Calmodulin ser・um，WheTe鋸ヨ P76   

frac七ion gave Tise 七O a VeTy Weak pTeCIPi七inline，  
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pTeSumE3・bly d・ue 七0 七he con七amirla：hion of cElユmo且ulinin七he  

frac七土on（Fig．18cTlane 邑）．secondユy，Cyan叩en t）rOm18e－  

frE？r6仁Ien七s of P51Emd・P631VeTe COmPEl（Te且wi七h七ha七 of cEIJl－  

mod・ulin． By七he 七Tea七men七 Of cyanogenl⊃TOmide，Calmod・ulin   

vJaS Cleaved．in七O mOre 七hen fou．T SmallsulコfTど！．餅1en七s，WheTe－   

as P51and．P63 weTe nO七 cleave且 a七 all，SuEl：P：eS七ing 七h．E3・t  

七hese pro七eins d．i邑no七con七ain me七hionine（Fig．20）・  

Moreover！any f加・gmen七 aeTive8・fTOm Cf3ユmod－ulin did・nO七  

co－migra七e wi七h壬■5lor P63． ThiTd・1y，PTO七e01y比c frag－  

men七s of calmodulin an且 P51were compF？．Ted．．1n oTdeT七O   

TePrOauCe七he pTO七eoly七土c condi七ionsin七he cell，七he  

SuPerna七an七fTaCtion of辿退室豊聖望盈CellhomogenEi七e was  

use且foT七he souTCe Of pTO－beoly七ic enzyme・As shovmin   

Fig・21AJdiges七ed・fTagmen七s of cEIJlmo邑ulin re七ained七he  

na七uTe Of Ca2＋－d・ePen且en七mobili七y shif七bu七vJeTe elec七TOM  

73hoTeSe邑 fa．s七eT 七hanin七ac七 calmod，ulin． On 七he o七her・hand・，   

七wo fTa．gmen七s deTived＿from P51showed 七he same mol〕ili比es  

wl七h七hose of－P63 日n且ア76（F土g．21B）．  

These TeSul七s men七ioned a′boveindica七es 七ha－b 七he pTO七ein，  

P51，is no七 a d．egrad＿e且prodLuC七 of calmod，ulin，Emd七ha七‡）63  

and．P76 are pro七eoly七1c ぎr2．評Tlen七s of p51． ワhus，i七is  

concluded七ha七P51，ino七her sense）aSmallciliaTyCa2十－binding  

pro七ein，is anewCa2＋－bindingpTO七einspecies differen七  

fTOm Calmo且ulin． HeTeaf七er，1willd．eslgnE；．七e 七his pro七ein  

ca2＋－飢n狙ngpro七e土n・Whosemolec－  as ワC苫P－コ＿0（でe七  rahymen2．   

u］＿芦．rW柳七1s a加u七退嬰），al七hough七he exac七Ca2＋－b土n化ng  
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「一bili七y Em且 七he m01eculE：・T Weigh七 of 七his 了⊃rO七ein will   

be descTibe且1a七er．  

工s01∈ヨ．七土On O王1〔PCB‡）－10 vJ2．S  工sola，七土on oぎ ワCBP－10  

Perfomed．tw七he four－S七ep‡）TOCedureincluding heaセー  

セTea七men七（9うOC，10min），E｝mmOnium sulfa・七e fmc七土ona七土on  

（60－9畔Sa七uTa七ion），DEA耳－Cellulose column chroma七OgraPhy，  

an且hy8．roxyl日即一伍七e c01t皿n Chroma七ogr∂．phy（ぎor七he de七a土1s，  

see Ma七eriEl，1s an良平．竺e七ho己s）． Aセ セhel〕eglning，＝ E・．セセemp七ed．   

七he chTOma七帽TaJPhy vli七h TelE！l七ively an七土－CaO七TOPIC bufTeT  

cond．itions（foT eXamPle，10mm po七2．SSiun phospha七el〕uffeT，  

1mM be七a－meTCaP七Oe七hanol，PtI7．5）．Hov7eVer，TC王∋P～10and  

i七s degTaded、PTO七eins（P63 an且P76）weTe elu七edlooE3ely  

by a．，1inear gTa，d．ien七 of po七2，SSil．皿 Phosph乱七e buffeT E7na   

邑id no七 fom己ny PTOminen七 peak． Therefore，DEA‡トcellulose   

and・hydTOXylap訂・七i七e chroma七ogTaPhies WeTe PeTformed・und・er   

七he presence of 6HuTea． Elu七ion‡〕TOfiles ofI澗AH－Cellulose   

C01umn chroma七ography F・n且 hydroxyl∂．，pP．七土七e colu皿n Chrom乱七○－   

graphy were shovmin Figs．22 ana 23，TeSPeC七ively． As   

Shovmin Fig．22，TCBP－10 was elu七ed：FTOm 七he DEAE岬Cellu－   

lose c01umn v／i七h O．14班 工○七ass土1ユm ココhospha七e Fnd 七he f■rac岬   

七ionsindica七ed．wi七h a brake七 vTeTe POOlea． This fra．c七ion   

mainly con七I？ine且 TCBP－10，bu七 s七illcon七ained．i七s degraded．   

でご口即1en七s．  

Chroma七ograニ血y of 七h土s f■rac七土on on七he hydro：Wlロ．pa七土七e   

COlumn TeSul七edin 七he se‡）aTどし七ion of TCコ〕P－10 fTOm COn七emi－  
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n雨土onl・－Jhhou七po加エS土肥†）hospha七e grad土en七（F土g．23），pre－  

Sumrlbly reflec七ing2 d・iffeTenCel⊃e七vIeen TC王∋P－10 El・na－ deg－   

Ta・d・ed fra′gmen七sin Etffini七y七O Calciumimmo七）ilized・in七he   

resln． TCB王し10 fr・aC七ions indicEL七ed．vIi七h a t）Tご一Cke七in 七he   

Fig．23weTe PTOVed．七O be homogeneouslつy SつST ど′nd－ alkE？1i－  

glycerol－7；01yELCTylamid．e gelelec七r・OphoTeSeS（Fig・24），SO  

七ha七 ＝ used．七hem foT fuT七her analysis d．escTibe且1F．七eT．   

FiguTe 24aLso shows七he S‡）S－POlyだ一Cryl甜1id－e gelelec七ro－  

phoresis of pTO七einsin each purlifica七ion s七ep（see：Ma七e∵ 

TiEt．1s and．Ⅲe七ho且s）．By 七his puTifica．tion T〕TOCed・uTe，TCBP－  

10wEIS PuTifie己七o homogenei七y ∈瓜d．3．6mg of TCBP－10 vInS  

recoveTed．fTOm abou七100g of旦互担垂魁竺望望 Celll〕Od甘PTO七eins・  

A TePTeSen七a七ive puTifica七ionis summaTized・in Tal01e 2・  

er七ies o王－ ワC王さアー10  p．‡0］＿eCular  OCll．em土cロユ  Prolフ  

Weigh七 of TCB‡）－10 was d．e七eTmined．by S了〕S－POlyacTylamide   

gelelec七TOPhoTeSis E3，n且 by Sephadex G－50 gelfil七Ta七ion．   

＝n七he SI）S－P01yacTylamia＿e gelelec七TOPhoTeSis，七he molecula  

weigh七Of TCコヨPMlO was es七ima七ed．七01つelO，000（Fig．25A）．  

On七he o七her h2．nd．，in gelfil七ra七ion on Sephadex G～50，七he  

Peak of TCBP－10w釦S Situ2Jted a七a・Kav corresponding七0  

七he moleculaT Weigh七 of 22，000，七he value close 七0 七he   

m01eculE？．T Weigh七 of 20，000 pTedic七ed．if 七he na七ive form  

of TCBP－10wa－S a邑imer of七helO，000－Ⅲr polypep七ide（Fig．  

2うi3）．The pTeSenCe OflmⅢEGTA auring gelfil七Ta七ion   

did no七 exer七 any sLgnifican七influence on七he elu七ion  
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prof、土1e ofでC王さP－10（d2．七乙nO七 shovm）．  

工soe－1ec七r土c p01n七 Of’でCBp－10 v佗S eS七土ma七e且 七O t〕e 4。5  

in七he粥a，TOSe gelisoelec七Tic focusing（Fig．261〕）．The   

pro七e土n was cons土d・er∂七1y ac土d土c，bu七 had・Sl⊥gh七1y t）〔・S土c  

isoelec七ご土c poln七as coにpare且w土七王l旦望立地ea．1mod．ulln  

（p工＝4．2，F土g．26a）．  

From七he a－naユysi＿S O王ゝ 2皿主no acia composi．七lon oで でCモミアー10，   

i七 was accep七able 七haセ セhe pTO七ein con七t7ined a．1aTge amOlエn七   

Of 2．C土風土c 乱m土no 2．C土色1i吏e o七herlフrO七e土ns belong 七O C2ユー  

modqulin family（Table 3）． The pTO七ein wa．slackingin  

me七hioninelike vitamineI）－depen且en七CaJ2＋－bjndingpro七eins  

foun且in mammalian七issues（73，76）．HoⅥTeVer，七heTe had．   

SOme Clear diffeTenCeS be七ween TC］∋P－10 and o七heT PTO七eins   

O壬、calmodul土n fam土1y．  

FiguTe 27 shows 七he U■Ⅴ 料bsoTP七ion s］つeC七r・um Of TCBP－10．   

The spec七rumhad a prominen七 peak a七 282rm and七wo should．eT  

a七 285nm a，nd 273nm． The m01ar ex七ir］．C七ion coefficien七 Of   

TCBP－10t）aSed on七he pTO七ein concen七ra七ion d＿e七eTmined by   

七he me七hod．of Lowry e七 al．was calcula七ed．七o be abou七   

9，000．The value suggesセ セhaセ セhe pTO七ein con七ains a   

Single 七TyP七OPhE皿e TeSia＿ue．  

Finaユ1y，七he affini七y．and binaing capaci七y of TC］〕P－10  

foTCa2＋weTe d・eteminea by equilibTiⅧdialysis・FiguTe  

28is a Sca七chaTd plo七 of七he resul七s．FTOm七he slope  

Fl・nd・七hein七ercep七 of at）SCissa，七he dissocia七ion cons七a31・ヒ  

（Kd）and地e number of Ca2＋－binding si七e weTe Calcula七ed，  
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七o be2．7Ⅹ10－5T正anal・07，TeSPeC七ively・  
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Ⅴ－4． D土scu思Sion   

2＋ 馳ilelwas s七udying2・TOle of calmodulinin Ca－  

d－ependen七 cili＠．ry TeVeTSal，七he occuTTenCe Of ano七heT  

ca2＋－仇nd⊥ngpro七e土n（s）土n∂′C土山Ⅷl陀S SuggeS七ed（65）．  
2＋ 

1n七his sec七ion，＝coula・demonstTa・ヒe七ha七anewCa－  

bind・ing‡）rO七ein，TCBT－10，eXis七ed．in a cilium 描．d・Cell   

bo吋0ぎ旦地・工n a・且d土七土On，SOme デundamen加ユ  

PrOPer七ies of 七he pTO七ein puTified 七o homogenei七y weTe  

pTeSen七ed・ThenewpTO七ein showed a Ca2＋r且el：）end・en七mo－  

bili七y shif七 on alkali－glyceTOl－P01yacrylmid・e g－elelec七ro－  

phoTeSis an8．was hea七（95Oc，30min）and．TCA（1畔）TeSis－  

ta．n七，and was recovered．j＿n60－90チまammoniun Sulfa七e fTaC・叫  

七ion（Fig．16 and＿17）．Al七hough七hese proper七iesIWere  

s土m土1ar七0七bose o王■ calTユOd－ul土n（16－18），七he molecular  

weigh七 Of TCBP－10（MT＝10，000）was much smalleT七｝ほ．n七h訊七  

Of■calmodul土n（Ⅲr＝16，500，F土g．18）．consequen七1y，aS a  

poss土1豆1土七y七ha七 賢CB芳一10 土日 ∂．且egra且e且 fragmen七 of■ cal－   

mod・ulin has been consideTed＿ fomeTly． HoweveT，七he pos～  

Silっili七y was excluded by 七he f0110Wing evidences：（i）  

でCB‡’－10餌且no七 cross－reaC七w土七b・2■n比一望玄空也望望望Cal－  

mod．ulin seTum（Fig．19），（ii）TC〕ヨP－10was no七cleaved by  

CyanOgen bromide a．n且 d．ia no七 co－mlgra．七e wi七h any of cyanogen   

bromide fTagmen七s deTivea＿ from calmod．ulin on alka．1ip urea－  

p01yacTyl乱mi且e gelelec七TOPhoTeSis（Fig．20），（iii）none  

Of pTO七e01y七ic fTagmen七s of calmodulin showed 七he same  
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elec七rolつhore七土cIn01っ土1土セユr a。S七ha七○ぎワCBアー10（F土g．21），  

（iv）mlal）SOコアp出on spec七rum of－℡CBP－10was qu土七e d⊥でfer－  

en七どronl七ha七 of calmod．ulin（F土g．27），（Ⅴ）でCBpJlO was  

lackingin me七hionine（Tal〕1e3），Whereas旦地 cal－  

mod・ulin j＿S known 七O COn七ain eigh七me七hioninesin 七he mo－   

1eculein a fashion七haセ セhe molecul己．T Weigh七 Of maximum   

in七Ta－m01eculaT SequenCe devoid of me七hionineis abou七  

3，900（72）．   

＝nhigher oTganisms，SeVeTalspecies of Ca2＋pbinding  

pro七e土n called calmo且ulin．f－a皿土1y，土ncluding 七roコpOn土n C，  

splOOpTO七ein（PAP：ト丑），Vi七aminI）－dependen七Ca2＋－binding  

PTO七ein，PaTVallつumin and oncomodulin（77），havel〕een二re－  

POT七ed（78）．1believei七is reELSOnal〕1e 七O Classify  

㌘Cコヨp－101n七0 七he calmo8・uli皿ぎamiユy f■rom七he s七and・pO土n七s   

且escTibed below． The m01eculE3，r Weigh七 of TCBP－10 andi七s  

affini・by七o Ca2＋（Fig．28）aTe COmPaTable七O those of  

SOme Ca・1moa・ulin family pTO七eins・MoTeOVeTI七he pTO‡）eT机es  

七ha七TCB王】－10was consideTably acidic（p＝＝4．5）and compose且  

0王、a h土gh con七en七 of■ aspaエーセ土c an且glu七別nic ac土ds 乱re d・土日－  

CTimina七ing charac七eris七ics common七O Calmodulin falnily．  

Two minor forms of TC33P－10（P63 and P76）weTe found   

in 七he prepaTa七ion from celll⊃Odies and weTe PTOVed．七o  

be pTO七eoly七ic fTagmen七s of TCB王）MlO（Fig．21）．FullmeT  

andWaJSSemanrePOr七edthaセセhe七wo of七hree Ca2＋－binding  

pTO七eins，Which‡〕OSSeSe邑 neaTly・七he same molecular weigh七S†  

fTOml〕0Vinein七es七inalmucosa weTe PrO七eoly七ic fTagmen七s  
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of．El－nO七heT One VJhichlrJe．S i且en七ified，1a．teT 七o be a vi七a皿in  

D－depenF・en七Ca2＋pbin己ing pTO七ein，2・n邑七hey also no七e且  

s土丁止1ar s七n七e5 0f E皿Ch手rO七e土ns 王’rom ch土ck a．nd gu土nea   

pig（79－81）． There seems 七O be 七he simila・r PrO七e∂．Se  

2＋ sensi比vi七ybe七weenTCBP－10an邑vi七乱min・刀一己epend・en七Ca－  

binding pro七ein〉 PTeSl・皿記・bly reflec七ing七he 臼imilar pTimeTy  

訂′nd・七eTnaly s七ruc七uTeS Of 七he pTO七eins・Besides七he simi－  

1ar pTO七ease－SenSi七土vi七y，i七is no七ewoT七hy七ha七bo七h  

pro七einslack me七hionine commonly（Tal〕1e3）．  

The m01ecular weigh七 Of■ TCBP－10was es七ima七e且 七o be  

lO，000by七he SI）S－P01yacTylaユnide gelelec七rophoTeSis（Fig・  

25A）an且七he moleculaT・Weigh七 calcula七ed・fTOm a皿ino acid  

composi七ion waslO，838（Table 3）．HoweveT，七he molecular・  

1－、！eigh七 es七ima七ed by七he gelfil七Ta七ionin non一息ena七ur・ing  

condユ比on was 22，000（F土g．25B）．工七 土s mosセコ＿土kely七ha七  

native m01eculeexis七Sin a dimerlfom． These figuTeS Of■   

七he moleculaT Weigh七 ana．七he 七en且ency 七O fom dimer mo－  

1ecules were similaT七0 七hose TePOr七e邑foT S－100 pTO七ein  

（PAP＝－b）bylsobe旦五重主・（74）・They ae七erTnined七he mono－  

meT mOlecula．r weigh七 aslO，う07 by amino acidq sequencing  

Em且aimeT mOleculaT Weigh七 E3－S 20，000 七）y gelfil七Ta七ion   

for pAアユーb pro七ein．   

The nunbeT Of Ca2＋－binaing si七e an且the dissocia七土on  

cons七an七（Kd）of TCBP－10forCa2＋weTe且e七emined by  

eq．uilibTiun dialysis七。belana27四，TeSPeCtively（Fig・  

28）．Al七hough七hese values aTe unlque and somewha七 undeT－  
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es七ima七ed＿aS COmPaTe且wi七h七hose of calmo邑ulin family  

molecules（16，82，83），i七 seems unlikely七haセセhe pTO七ein  

is且amage且七o Ted・uCe七he Ca2＋－affini七y duTing七he puTifi～   

ca七ion pTOCeSSeSIbecause七he puTifiea・PTi七ein sholl√ed七he  

same ex七en七of Ca2＋－d・ePenaen七mobility shift pJS七ha七Ob－   

seTVeain七he s七ar七ing ma七eTialfor puTifica七ion・TheTe－   

foTe，Ibelieve七haセセhe values reflecセセhein七rinsic  

na七ure．  

Af七eT allITCBP－］－O seems七O beaT SOme PTOPer七ies similar七○  

地ose of d土fでeren七Ca2十一仇n餌喝prO七e土ns such as v土七am土n刀一  

色epen且en七Ca2＋L－binding FTO七einan且PAP＝～b T雨heT七h乱n  

七ha七of calmodulin．1ngenealoglCS七u且y of C旭2＋－bind・ing   

pro七eins，土七 土s repor七e且 七ha七 calmo∂・ul土n∂一n且 七ro了pOni皿C   

si七ua七ed・On a，bTanCh of genealoglCal七Tee aifferen七 fTO  

七ha七Ofvi七aminD－d－ePend－en七Ca2＋－binding pro七ein and・  

PAP工qb（78）．TheTefoTe，aS Wellasin higheT anima］・S，  

墜Cellcon七a土nslつ0七h oぎ七WO 且iぎferen七 groups  

ofCa2＋－bindingpTO七einsJ七ha七is calmo且ulinand TCBP－10  

（vi七aminD－dependen七Ca2＋－bin且ingpro七eirr－OTPAPl－b－  

1ike pTO七ein）．consideTing七ha七bo七h vi七amin工卜且epend・en七  

ca2＋一bindingpro七einand PAPトb pTO七einhave喜O faTbeen   

foun且 Onlyin mammalian cells an且 七issues，an analysis of  

amino acid・Seq．uenCe Of TCB：P－10 willl⊃e VeTy muChinforma七ive  

foT七he s七udies on 七he evolu七ion of calmoaulin family   

・mOlecules．  

The func七ion of TCBP－10  in 七he oTganism，eSpeCially  

inCa2＋Ndepend・en七ciliary reveTSal〉has no七ye七been  
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elucida七ed． HoweveT，COnSideTing 七haセ セhe S－100 pro七ein  

islmown七01〕e SPeCific for nervous－sys七em（8Ll）E3，nd．七he  

2＋ vi七amin3j－d・ePend・en七Ca－bindingpTO七einis TeCen七1y  

shown七o exis七in exci七2．七oTy Cellsin t）rain（85），1can   

assume 七haセ セhe 聖Cコヨ芳一10 て〕1∈）．yS a r・01e E止m土1ar 七0 七ha七 0で  

s－1000rVi七amin・○一触草enden七Ca2＋－損nd主唱prO七e土n土n  

Cell，∂．un土celluユar exci・七a七Ory Oエーg∂■n土sm・ 工n  e七rahymena  

PTeliminary expeTimen七s）PE？JT七ially purified TCBP－10 failed   

七o ac七iva七e seveTalenz：rneS，SuCh as ∈沌enylE止e cycla・Se，   

guanyla七e cyclase ana．phospho邑ies七eTaSe Of璽立地  

and．porcine t）ra，in phosphodies七eTaSe（86）．HoweveT，七he  

facセ セha七 a conぬderat）1e amol∬止 ofl〔PCBコア－10 土s presen七 土n   

Cil山∬n S七TOngly sugges七s 七heinvolvemen七 Of 七his pro七ein  
2＋T in Ca－d■ePenden七Phenomena of cili皿†SuCh as membmne  

exc土七a七土on and．c土1土a工Iy reVerSal． 工七 山ヨ Well－known 七ha七  

Ba2＋・    1S able 七oin七TO邑uce 七hein七eTrniセセen七 ciliaTy Te－  

versal，Calle邑Ba2＋－d一弧CeIOnin七ac七  ium or でe七ra－  アaramec  

（87），  hymena cells when a且且ed．in a．n ex七Ta－Cellular med．ium   

and．七Oin七roauce 七he con七inuous ciliaTy reVeTSaユ On Tri七On－   

ex七rac七ed model of 七hese cells when ad＿且ed＿in a reac七iva七ion  

medium（Sec七土on3）．These effec七s of Ba2＋maybein七er－  

pre七edasi七s aセセack onCa2＋－Channels on ciliarymembmne  

and onCa2＋－SenSitiv字aXOnemalmachineTyWhichis con七rol－  

1ing and．mod．ifying a ciliaTy bea七 且irec七ion．My pTeliminary  

resul七s sugges七e且ahigh affini七yof TCBP－10foTBa2＋！1n  

七ha七馳2十a眉Wellas Ca2＋couldlnduce且0加土ou眉mO仇1i七y  
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sh土f七 of－ ワCBP－10 0n ∂ユk∈ユ土－glycerol－pOlyacrylE鼎i8－e gel  

elec七TOl坤OreSis（88）．on七he o七heT hElnd．，a re12一七ively  

sligh七mobili七y shif七Of calmodulinbyBa2十has been  

TePOr七ed by Suzuki旦立旦主・（17）・Thus，七he func七ion of  

TC］∋P－10 0n Ciliary movemen七is now unaeT七he ex七ensive   

土nves七土ga七土on．  

－ う9 －   



Ⅴ－う． Sumar－y  

AnewCa2＋－bindingpTO七einoccurTingin七he cilium  

an且 cellt）0且y of ココ  WaS found ou七． でh土s pr・0七e土n，  

d・eSlgna七e且 as TCBP－10，V？aS Purifiea 七O homogenei七y and．   

i七s t）El．Sic pTO‡）er七ies wereinves七igF：J七ed．． TCBP－10is a   

POlypep七id．e whichloeaTS 七he following charac七eTis七ics：  

1）＝七s moleculaT Weigh七islO，000；2）The pTO七einis  

TeSis七anセセo hea七 and七TichloTOaCe七土c acid；3）The pTO一  

七einis TeCOVeTe且wi七h60－90ワニsa七uTa七ed ammoniumSulfa．七e；  

4）The pro七ein shows Ca2＋－dependen七InObili七y shift on  

alkaliMglycerol－POlyacTylamid＿e gelelec七TOPhoTeSis；5）  

The pTO七ein 七en且s 七o foTm 邑imer m01eculein na七ive con一  

色i七ion；6）工七s土soelec七ric pc止n七土s4．5；7）工七s a土sso－  

cia七土on cons七a・n七∂・n且七he number of b土nding s土七e forCa 2＋  

土s27押an且1，reSpeC比vely；8）工七s如ムo ac土色compos土七土on  

is similaT七0 七ha七 Of calmodulin family pTO七einIeSPeCially  

七0Vi七euninD一息epend・en七Ca2＋MbinaingpTO七ein and S－100  

pro七ein（PA‡）1－b）．since七he consid＿eTable amoun七 Of  

2十 聖CBアー10ex土s七e邑土na⊂止1山肌Ji七sinvolvem肛ヒinCa－  

regula－ヒion of ciliary mbvemen七 besid，eS Cロ．1mod，ulinis   

expec七ed－．  
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VI． General Conclusion  

FoT 七he puT’POSe Of elucida七inだ 七he mechanism七）y Which  

ca2十Tegula七es cellmo七ili七y，＝focuse且my s七ua－y On七he  

Phenomenon of ‖ciliary TeVeTSal‖in塑空転竺望望aS a Te－  

pTeSen七ative Ca2十－depe雨en七phenomenonin七ubulin－ayneinb  

mea・ia七ed・Cellmo七ili七y● The new findings and no七ions   

reveale邑in七he couTSe Of 七his s七u且y aTe enumera’ヒe丘below・  

（1）1n o工、deT七0 0t）七ain a aiTeC七 evidence showing七he  

PTeSenCe Of c2ユmoaulinin聖地Cilia，＝is01a七ed  

calmod，ulin from 七he cilia． Calmodulin from 七he cilia had   

七he same charac七eris七ics as 七ha七 Of’calmod．ulin from 七he  

cellbodiesin七ems ofmolecularweightlCa2＋－dependen七  

mobili七y shif七 On alkali－glyceTOl－POlyE9・Crylamiae gelelec－  

七TOPhoTeSis？∂ln七土genici七y，an且Ca2＋一且ependen七ac七iva七ion  

Of bI、a土n T）hos‡〕ho且1es七er∈†．Se・   

（2）Alk己ユiNglyceTOl－POlya，CTylご皿id．e gelelec七三、OPhoTeSis  

TeVeale邑 七ha七 calrrニ0邑ulin in 七he cilium vv2．S localized．on   

七he memlつTaneMma七rix fTaC七ion and，Ou七eT－d．01ユble七 micTO七ul〕ule   

fTa，C七ion．MoTeOVeT，七he pTeSenCe Of calmod・ulin－binding   

PTO七ein was shownin 七he ou七er－dout）1e七micro七ul〕ule fTa・C七ion・   

（3）Tmmunoelec七ron micTOSCO‡〕1C Ot）SeTVa．七ions using an七iM  

calmodulinan七ibod・yreVealed・tha七Ca2＋一風epenaen七calmo且ulin－  

bir］＿ding sul〕CiliarY S七ruc七uTeis 七hein七eT且out）1e七1inks，   

Which cormec七 each neight）OuTing paiT Of ou七eT一己buble七  

micTO七u七ules・FTOm the evidlenCe，＝pTeSen七ed－a neW POSSible  
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mechanism七ha七Ca2＋MaePenden七ciliary reversaユis bTOugh七  

E・bou七by七he changein elas七ici七y of 七hein七eTdouble七  

1土地s七hroughi七s土n七erac伍onw土七hCa2＋－Calmo6・ulin eom－  

plex．   

（4）1n oTder七O fur七herinves比ga七e 七he T01e of cal－   

moa．ulin wi七h a Tri七On－eX七TaC七e且mod・el，1used・TTj＿七Cn－   

ex七rac七e8＿PaTameCium moa．elwhich wE？．．S E，．ble 七01コe PTePared  

ena mod．el． As a，PTeTeq．uisi七e  mlユCh eas土er 七han ワe七  

foエーuS土ng a．  model，エisol∂．七e邑 c∂ユmodulin 王、rom  アaramec土um  

paramec土um f■or 七he f■1rs七  七土me and conf一土me8，七haセ セhe‡汀○－  

PeT七ies of ca．1mod，ulins fTOm t）○七h cilia七es weTe 七he sa皿e   

W土七heaebo七her．  

（5）ca2十－induced ciliary TeVeTSa．10f TTi七On－eX七TaC七e且  

アaramec土um mo且el  WaS nO七 affec七ed．a七 allby 七he ad．di七ion  

0王、calmo∂ul土ninh土b土七OrS，SuCh as 七r土fluoperaz土ne 訂nd．chlor－  

2＋ promazine・From七he TeSul七JIpTedic七e且tha七a second Ca－  

binding pTO七ein migh七 be exis七in a cilium．   

（6）ÅsIpredic七e且，1could．find ou七such a second  

ca2＋－b土na土ngpro七e土n土n竺e七  C土1土um，uSi．ng alkal土－  

glycerol－POlyacTylamide gelelec七rophoTeSis． The pTO七ein   

Waβ 且eslgna七e邑 a∈；ワC〕∋P－10．   

（7）エsuceee邑e8、土nis01a七土ngでCBP－10．聖CBP－ユ01VaS  

appeTen七1y diffeTen七 fTOm Calmod．ulinin七erms of a．n七i－   

genici七y and・七he paセセeTn Of cyanogen bromid．e fTa．gmen七s．   

＝七s m01eculaT Weigh七 anaisoelec七Tic poin七weTe de七emine且   

七○ 七崎10，000 an且4．5，ご己Spee七土vely．Gelfl土ユ．七で乱七ion an∂ユys土s  
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Su針：eS七ed 七ha七 undeT na七ive conai七ions TCBP－10、VaS PreSen七   

土n a dimeコ？fom．  

（8）聖he d土ssoc土日．．伍on cons七an七 2na 七he num11〕eエーOf b土nd．－  

ingsi七e ofTCBP－10foTCa2＋was d・e七eTmine且七obe27押  

an且1，reS‡）eC七土vely．   

（9）Amino a．cid analysis of TCBPplO TeVea．1ed七haセ セhe  

PrO七ein was richin asp2．T七ic acid an且 glu七amic acidlike   

O七heT PTO七einsofcalmo8．ulin f2mily bu七1日－Ckingin me七hionine   

皿1ike calmo丘uli皿an邑七roココOn土n C．   

（10）TCBP－10resembled 七O mammalian t）rain S－100‡）TO七ein  

（PApコト亮）an邑ぬ血止n⊃一己epen且en七Ca2＋－仇n軋ngpro七e出ほ  

Which have hi七heT七O been found．onlyin avian an丘mamma，1ian  

2十 七土ssuesin七eTmS Of咄e moleculaTWeigh七 Emd Ca－  

b土nd．土ng ca．p8．Cl七y，an且 8皿土no ae土且 compos土七土On．   

（11）＝n七he resee，rCh fiel且of ciliary oT flELgella   

movernen七，＝ showea foT 七he fiTSセ セime 七he facセ セha七 a  

secondCa2＋MbinaingpTO七einlike TCBP－10coexis七swi七h calp  

mo亡1ulinincilium．  

（12）ACa2＋－binding pro七einlike TCBP－10has no七so  

faT been repor七ed．inlovJeT eukaryo七es． Hence，七he de七E7iled   

inform菅七ion on 七he s七ruc七uTe an且 func七ion of TCB‡）－10 will   

PTOVi且e animpoT七an七 clue foT eluci且a七ing 七he evolu七ional   

and func七ionalrela七ions among七he pro七eins of calmod．ulin   

ぎEmily．  

（13）conceTning七hemechanism of Ca2＋－depen且en七ciliaTy  

reveTSal，＝ expecセ セha七，in a－dLdi七ion七0 七he possible effec七  
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Of calmodulin on七he func七ion ofin七er且Oul〕1e七1inks（see  

（3）），TC〕ヨP－10may play animpor七an七 coopera・七ive role wi七h  

Calmo且ulin． ScTu七iny of coopeTa七ive r01e of TCB壬）－10 v］ill  

uncover七he essen七玩1mechanism of Ca2＋－Tegura七ion of ciliary  

movemen七．  
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でable l  

Effects of Calmodulin ＝nhibitors on the  
Direc七ion of CiliarY Movement of Triton  
Model of Paどamecユum  

Swimming  Pre’incub’ati－on  Reactivation   

ca2＋TFP（CPZ）a  Ca2十TFP（CPZ）  

＋  

＋  ＋  

＋  

＋  ＋  

＋  

＋  ＋   

－ ヰ＋   

一 十＋   ＋   

＋ －皐・－   

＋ 一軒ー   ＋  

C
 
C
 
 

B
 
F
 
B
 
F
 
B
 
 

＋  

＋   

＋  ＋   

＋  ＋  

F －す－B   

F －■－B   

B －■－F   

B －■■－F  

a；Trifluoperazipe（chlorpromazine）  
b；F，forward swlrnming；B，Backward swimming  

C：Swimming velocitY VaS markedlY reduced，  
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？able3  

AminoAcidComposition of TCBP－10andOther Ca2＋－binding  
prote土ns  

＊2 Vitamin D＊3s100★4  
endente 

b），arvalbmin 
＊5   

☆1  

でCBp－10  

（residures／m01）  
As｝白  18  

でhi   6  

Ser  7  

Glx  23  
Pro  6  

Gユ．y  6  

Ala  7  

Cys N．D．  

Va1  4  

班e七  0  

工1e  4  

エeu  4  

Tyr  l  

Plne l  

Hユs  l  

工一yS  8  

1 X6 
（）  
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9
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23  

11   

4  

25   
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11  

11   

0   

6   

8   

9  

12  

1   

8   

2   

7   

6   

0  

1
 
 
 

1
」
 
 

☆1：Values for TCBP－10 correspond to a m01ecular weight of10′000  
★2：From Yazawa．M，et al．，（72）  

＊3：From Fullmer，C．S．and Wasserman，R．H．，（73）  

＊4：From ＝sobe，T．，et al．′（74）  

★5‥ From工Jehky′ p・′ 生生・′（75）  

＊6：Value was determined spectrophotometricallY・  
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Ⅹ． FigureIJegend・S  

Fig．1；Anillus七ra七ion of r・ePTeSen七a．七ive ul七ra．s七ruc七ures  

Of cilium．（A）cTOSS－SeC七ionaユview．（fi）Longi七udinal  

V土ew（a par七 con七a．土ns七lVO Ou七er－dot沌1e七m土cro七u七ules ana   

Cen七Ta．1paiT micro七ubules a．Teillus七Ta七ed）．  

Fig・2；Schema七ic 邑isplay of a accep七ea basic mechanism   

O：F c土1iary t）ea七土ng．A sl主姐ng of each neighl⊃Ouring即止r   

Of ou七er－d．ouble七micTO七ut）ulesl〕y d．ynein a．rmsis conver七ed，   

七O bend・inglコy a Shear－TeSis七ance which woTks 七O fix coT－  

TeSPOnaing poin七s on ou七er－aOuble七s（A an∂．B）agains七  

β1iaing． The complica七e邑 unaula七ion of a eiliaTy mOVe－   

men七is achieved．by a d．elica七e c00PeTa七ivi七y of 七hese 七WO  

basic foTCeS・＝七islikely七haセセhe Ca2＋affec七s ei七heT  

OT bo七h of 七hese foTCeS 七O mOd．ify 七he paセセeTn Of ciliary   

bea七． As a ca．nElia＿n七es foT七he ciliaTy ul七TaS七TuC七ure   

TeSPOnSible foT七he sheaT～TeSis七ance，ba，Salboay，SPOke，   

arm，andin七eT且oul〕1e七1ink hza．ve t）een COnSid．eTed．  

Fig．3； Co－mlgra七土on of calmodul土n ま血SOS－p01yacryla皿1邑e  

gelelec七TOPhoTeSis．（a）Te七Tahymen堅CiliaTy Calmodulin，  

（b）a mix七uTe Of calmod．ulins from whole cells and．cilia，  

（c）里地WholeMCellcalmodulin，（d）a mixi；uTe Of  

molecular weigh七maTkers，0Val七〉umin（43，000），Chymo七TyPSi－  

nogen A（25，000）and．Tibonuclease A（13，700）．Elec七ro－  
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phoresis was perfomedin12．5ヲ芸polyacrylEuTli邑e gelinclud：  

inglrnL仁EGTAin running gel，elec七TO且el⊃uffeT 2′nd・SamPle   

bu王了er．  

Fig．4；Ca2＋－depend－en七elec七TOPhoTe七icmobili毎Shif七  

of ca．1rnod．ulininlOチ三・alkali－glyceTOl－POlyacTyl乱mide gel．  

（a）芝地望旦Calmo邑ulin fTOm Whole cells，（b）ex七TaC七  

from whole c土1．ia，（c）里∑廷堪望堅隻堅星Calmo邑ulin from c土1土a・  

Samples were solubilize邑in∈胱uTea．ana．elec七TO‡）horesed．in  

仙e pTeSenCe Of2mM Ca2＋（＋）oT2mM EGTA（－），reSPeC七ively．  

Fig．5； Ouch七eTlonyimmurlOd．iffusion 七es七s wi七h an七i一  

塑圭望毎竺望望Calmo且ulin serum．（a）An七i一里堕型麹型些旦Caト  

mo邑血土n serum，（b）10J鳩Of里豊軸Cell加吋C乱1moa血土n，  

（c）10搾Of Te七Tahymen革CiliaTy Calmo且ulin，（d）1・6mg of  

ciliarylysa七e（whole cilia were sonica七e且inlOmmTriE；－  

HCl（pH7．5），COn七a土n土ng250畑任sucrose，1印加d土七b土othre土七01  

andr O．5rnM耶TA），（e）10Jユg Of堅塁塵Wh01e cellcal－  

mo且ulin． No七e 七ha七 no spuT foma七ion was seen・  

甘土g． 6；Ac七土va七土on o王、porcine brain c劇饗p－phospho誠一  

es七erase t）y Te七Tahymena calmod・ulins・ロ，堅廷些些些堅些Cell  

七0且y  calmoaulin；○，些軸些C土1iary calmodul土n・  

Reac七ionswere peTfome己in七he pTeSenCe OflmHCa2＋（  

f土11ea symt）015）orlI畑∬苫GワA（open symboIs）・苫ach value  

represen七S 七he mean of 七Tiplica七e expeTimen七s・  
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Fig．7； Two－dimensionalgelelec七TOPhoTeSis of ex七TaC七  

of whole cilia． 8M uTea eX七TaC七 of cilia was elec七roニー  

phoTeSe邑in七he presence of2mMCa2＋抑d2mm EGTAJaS且e－  

SCribeain Fig．4t）． The 七wolanes weTeload－ed separa．七ely   

On 七he secon且～dimensionE…，1gelana sulつjec七ed 七o elec七TO－   

PhoTeSisin七he pTeSenCe Of 5mM EGTA。 Two－d－imensional  

gelelec七TOPhoTe仇c paセセeTnS（a，b）TePTeSenセセhose of  

Cilia・eX七TaC七 firs七 elec七TOPhoresedin 七he presence of  

2mm Ca2＋a′n且2mMEGmIreSpeC七土vely・  

Fig．8；Alkali－glycerolgelelec七rophoresis of subciliaTy  

fTaC七ions．（a．）whole cilia frac七ion，（b）meml〕Tane－ma七Tix  

fTaC七ion，（c）mel沌Tane－ma七Tix fr・ac伍on（d．ouble 七he quan七土七y  

Of（b）），（邑）axoneme fra．c七土on，（e）cTu且e dynein fTaC七ioh，  

（f）crud．e d．ynein fTaCtion plus exogenous  ワe  eal－  

mo＆ul土n，（g）ou七er一色ouble七m土ero七ulつule ぎrac七ion．For   

frae七土on∂一七土on of c土1ia．，See Ma七erials 2．・n且こMe七hoas． Volumes  

Of七hese fTaC七ions weTe adjus七ed equaユLly excep七（c）．Each  

fTaC七土on vla．S SOlubilizeain8M urea a．na．elec七TOPhoTeSed  

in七he presence of2mM Ca2＋（1ane十）and2mMEGTA（N）．  

Fig－ 9； Alkali～glycerolgelelec七rophoTeSis of 七he mix七ure   

Of calmo且ulin and purified．d．yneins． Crude dynein fTaC七ion  

WaS Sulつjec七ed＿七0 5－20ヲちcon七inuous sucTOSe densi七y gTad．ien七  

cen七Tifuga七ion（A）．The peaksind．ica七ea a．s（a），（b）and  

（c）vvere use且as purified 6S七ubulin，14S drynein ana  
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30S丘ynein fTaC七ions・（B）and＿（C），Alkali－glyceTOlgel  

elec七TOPhoTeSis of30S軸nein（B）rFnd．14S d，ynein（C）fTaC－  

七土OnS Ⅵ止七h va′r土ous ∈皿Oun七 of e裏噌enOu．E ealmo計ulln． ℡he  

PrO七ein amoun七of d・yneins aTe170ナ1g／1a・ne and the amoun七  

Of c∂■1mo且ul土n土s2隼g（a），10pg（b），5pg（c）釘沌］中g（a）■  

（I））The mix七uTe Of6S七ubulin（100fg／1ane）2Jnd・CPユm。且ulin  

（10ドg／1ane）・  

Fig．10；Ca2＋一旦ependen七binding of calmodrulin七00u七ef｝－  

a＿Oul〕1e七micTO七ubule fTe．C七ion．1．43mg of ou七eT－dout）1e七  

micTO七ubule fTaC七土on an邑2うドg Of exogenou白壁些些  

calmod．ulin were mixe且 endinculっa七ed a七180C foT 2 min  

inlrnm二Ca2＋oT2mm EGTA．The suspensions weTe Cen七rifuged  

a七15，000 g and．七he TeSul七ing pelle七日 were washed 七wice   

Wi七h TeSPeC七iveincul〕a七ion t）uffers． The supeTna七an七s  

and pelle七s were solubilized．in8M uTea乱nd subjected．七O   

alkali－glyceTOlgelelec七TOPhoTeSisin七he presence of   

5mM］那把A．Elec七TOPhoTe七ic paセセeTnS E血Olm a，Te Of super－  

na七an七s（a）乱nd of pelle七s（わ）．（ユ）ana（2）repre5enセ  

・bhe七es七spmplesincuba七edwi七hCa2＋ana苫GTA，TeSPe′C七土vely・  

Fig．11；Thin－SeC七ion（A）a．nd nega伍ve－S転in（B）elec七TOn  

micTOgralフhs of ou七er一旦oulっ1e七micro七ubule fTaC七ion・ATrOWS   

土n且土ca亮e peェーiodユc 5七ruc七uでeS On do頂）1e七micro七u七）ules・   

Bar，0・2押11・  
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Fig．12；IndiTeC七immunoelec七TOn micTOgTarhs． Ou七eT－  

d．oul〕1e七micTO七ubule fr2．C七土on（1．6mg pTO七ein）wasincuba七ed  

Wi七h exogenous哩望Calmoaulin（10Jユg）in a TTis一  
班g－ⅣaCIs01u七土on土nclu∂．ing eitherll膿‡Ca2＋（A）orlr瓜1  

EGTA（C）．Each samplel・；aS WaShed．Ⅴ止七h respec七ive buffe：rS   

andincut）a七e且 wi七h an七i－Calmod．u］＿in an七ibod．y and．feTri七in－   

COnコuga七e且 an七土－ral〕b土七 工gG an七土bod．y a眉 deseri．be且 土n ma七er土als   

and Me七hod．s． ArTOWSinでica七e peTioaic s七TuC七uTeS Which   

aTe COnneC七ing neighl〕OuTing doulつ1e七 micTO七ul〕ules 七O eaCh  

O七heT．＝n（A）feTritin p乱丁七icles were concen七m．．七ed on   

七he s七TuC七uTeS． A similaT 七endency was sh01min 七he sample  

Wi七h no exogenous些些望些Calmodulin（d・a七a no七shown）・  

（B）an邑（D）represen七ano七her series of expeTimen七s．＝n  

（B）七he sample was七Tea七ed．asin（A）bu七a disconnec七e邑  

micro七ul〕ule TeglOnis shown．1n（D）七he sample was七Tea七e且  

asin（A），eXCePセセha七noTmalTa．bbi七＝gG was use且in place  

Of an七土－Calmodul土n an七土body・Bar，0・2J皿・  

Fig．13；（A）schem2ノセ土c d土日pl日．y Of■poss土ble mecha詔⊥日ml〕y  

whichCa2＋inpouTedin七o ciliummodlula七es七he paセセeTn  

of ciliaTyl〕ea七．（B）schema．七土c display of七he effec七s  

2＋ oで七wo groups of or酢・n土c solven七S and七ry由n onCa－  

in且uce且 conveTSion of fl己■gellaT bea七 paセセern． FoT且e七ailed   

explana七ion，See 七ex七．  

F⊥g．14； Alkal土－glycerol－pOly∂．Cエーyla罰1i且e gelelec七ro－  
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Of paramec土um caユmoむユ1土n and  pho〕クeS土s  聖地cal－  
（aタ10ドg）弧且旦地  mo8、ul土n． p∂．raエneC土um calmo且u］＿1n  

C争1modulin（b，2071g卜vere elec七rophoTeSe且in七he presence  

oflmH Ca2＋orlmm那でA．  

甘ig．15；Ac七土va七土on of porcine bra土n c此‡P－phos‡〕hodト  

es七紺aSe t）y聖地ealmo邑ul土n an己  p∂．r孤eC土um calmo且uli．n．  

○，聖地calmo∂・ul土n；□，！   P arこ・JIⅥeCitっ．m calmoduli．n．  

Reac七ions weTe］フeTfome己in七he pTeSenCe Ofl感ⅥC物2＋（  

filled syml〕01s）orl畑TヨGワA（open syml001s）．  

甘ig．16；Alk払1i－glycer01－POlyacTy］＿乱mide gelelec七TO－   

Pho‥reSis of七he nmmonium sulfEl・七e ‥FTaC七ions of ciliaTy   

pro七e土ns・ Stlperna七an七 ぎrac七土on ofIc土1i・a homogen打ヒe was  

frac七iona七ed．by ammoniun sul董’a七e as aescTibedin M廟．teri2ユs  

aJn且：Me七ho且s．（a）0－40ヲニ，（b）4・0－60‡ごこ，（c）60－80チて；2．n且（d）  

80チ5－ワCA frae七土ons．  

甘ig・17；Alkali－glyceT01－POlyacrylami且e gelelec七ro－  

Phoresis of heaセーTeSis七an七 ciliaTy PTO七ejn fTaC七ion・   

HeaセーreSis七an七 ciliary rTO七ein fTaC七ion，WaS Ob七ained fTOm   

Cilia homogenE止e 七）y七he me七ho且 d．escTibed．in：ma七eTials and   

凹e七ho且s．  

Fig・18；苫1ec七TOphoTeSeS Of heaモーTeSis七an七cellt）0且y  

pro七e土ns an且p乱㌣比aユ1y叩r土f土ed・Ca2＋－伍n狙ngpro七eins．  
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（A）an且（B），Allmli－glニ′rCeTOlgelelec七TOPhoresis of hea竃十  

TeSistELn七 cilia，ry PTO七きins（A）and heaセーTeSis七an七 cell  

body pro七e土ns（B）．（C）㌘．nd（つ），Alk乱1トglycerolgel  

elec七rophoresis（C）a・n丘SDS・ぎ弧 elec七TOPhoTeSis（D）of  

ca2十一也n且ing pm七e土ns par七土日ユ1y pur土ぎ土e且by prepnra伍ve  

elec七TO‡）hoTeSis；（a）c誓ユmo且ulin，（b）p51，（c）P63 and  

（d）p76．ATTOWSin且土ca七e 七he main polypep七i∂．e ban∂．s of   

P51，p63 an且p76 frac七ionβ． For七he pre‡〕乱で乱七ion of－ 七hese   

fTaC七ions，SeeⅣ【a七eTials and Me七hod・S．  

甘ig．19；Ouch七eTlonyiTmunOdiffuE；ion七es七 Wi七h an an七i一  

里蜘望望Calmo邑ulln serum・（a）An出一里e七rahymena o乱ト  

mo打ul土n seru叫（b），（且）an且（f）拠Calmodul土n  

（10ドg），（c）才一う1frac七主。n（10pg），（e）アー63frac七土。n（10pg），  

（g）P76でrac七土on（10搾）・  

Fig■ 20； Alkali－uTea－P01yEミCTylamide gelelec七rophoTeSis   

Of cyanogen bromide－fTagmen七s of ca．1modulin，P51and．P63．   

PTO七eins weTe diges七e且 wi七h cyanogenl〕TOmide a．s descTibed  

in Ma七erials and．Ⅲe七hoまs．（a），（b）an且（c）乱re OTiginal  

日放mples o王■ calmoaul土n，アう1f－rao七土on a瓜且p63でrac七土on，  

TeSPeC七ively．（d），（e）ana（f）are cyanog・en bTOmide－  

d－ige5七e且 s乱mples of c〔1mo且ulin，p51f■rac七土On a．n8．p63  

fTaC七ion，TeSPeC七ively・For eachlane，200T鳩Of pTO七eins  

ar－e loa且ed．  
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F土g．21； 刀土：ミ‘▼ニeS七土on oぎ〔誉1ユⅥ0山止in ana‡ノう1wi七h crude  

pro七ease fTaC七ion・2OCfg Of calmoケulin and‡）51weTe Te－  

SuSPended wi七h200J止oflOI亜TTis－HClbuffeT（pH7・0）  

2＋ 
con七乱ininglmmCa，a・正cTu且epro七ep・SefTaCtionof30pl  

an且10pIwere adlaed・七0七he cELlmod・ulin con七aining fmc七ion  

and．P51con七E，rining suspension，reSPeC七ively． ＝ncul〕a七ion  

WaS PeTfomed－a七200c ana七he aliquo七es of60pIweTe V7i七h－  

d－raWn a七 appTOPri諷七e 七ine． The reac七ion was s七OPPed by   

hea七ing七he aliq．uo七es a七 95OC foT 5 min． HeaセーTeSisan七   

PTO七eins of each aliquo七 weTe d．ialysed．agains七 8モ∬ uTea   

and・Sul〕jec七ed 七o alk巳ユi－glycerolgelelec七TOPhoTeSis．   

Elec七TOlフhoTe七ic paセセerns shown aTe 七ime course of calmod．ulin  

（A）and芳一51（朗 色土ges七土on；（a）o min，（b）30m土n，（c）  

120min．（D），heE3七presis七邑n七cellbody pTO七eins．The  

Crude pro七ease frac七土on used was supernE？七an七Of里地  

Celllysa七e which was ob七aine且by七he homogeniza七ion of  

Cells wi七h a eq．ualv011mle OflOmm TTis－f‡Clt）uffeT（pH7．0）．  

Fig・22；D苫A貰－Cellulose chTOma七OgTE］・Phy of 七he E3EunPle  

from貰uTif’ic乱七ion s七ep2・Sample fTOm PuTifica七ions七ep  

2（孤一二n。nium sul錆七eぎrac七土on of旦地heaセーreS土5七m七  

PTO七eins，SeeⅢa七erials and折e七hod．s）was dialyse且 a．gains七  

0・02M po七assiu皿phos‡）h2．七elつuffer（pH7．0）con七ぬn土ng  

6M urea an且1mM beta－meTCaP七Oe七hanol，㌘．nd．10ad．ed．on工）郡描p  

Cellulose c01umn（2．7Ⅹ45cm）pTe－eq．uilibr鼠七ed．wi七h七he  

Sれmelouffer・ The c01umrlWaS elu七ed with alineだ■T gTndien七  
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of O．02－0．E郡〕？0七assiun手hosph〔1七e buffeT（pH7。0）con恒ining  

6M urea andlmMbe七a－meTCa3；1七oe七han01．（a），（b）and（c）   

TePTeSenセ セhe alkali－glyceTOlgelelec七r0l・hoTeSis of 七he   

fTaC七ion95，100 a・n邑131，TeSPeC七ively・ The fTaC七ions   

indica七ed wi七h t）TaCke七 a vvrere poole邑 E3nd．v・JeTe Tendered．   

nex七 puTifica七ion s七e〕ブ・ The fTaC七ionsindic訂ヒed・Wi七h  

bracke七 c YJTeTe P001ed En且 used－ aS PuTe Ca］－mO且ulin fTaC七ion  

（see F土g．24A，1ane7）．  

∬ig．23；Hy且roxylap2．七土七e chroma七ography of七he sample  

fTOm PuTifica七ion s七ep 3・ The snmple fTOm甘uTifica七ion  

s七ep 3（D且AE－Cellulose chroma七Ogr叩hy fTaCtion，See Fig・  

22）wasぬalyse且aga土ns七0．02で丑po雨月S土u皿phospha七e七）uぎぎer  

（pH6．0）corl恒′ining6ⅢuTea口．nd．1mm be七a－meTCaP七Oe七hE肌01，  

an且loa且e丘on hy且roxyl叩a七土－be collmn（0．9 Ⅹ10cm）pre－  

eq．ui］ibTa七ed・1・1｛i七h七he s己me t）uffer・ Two peakes were elu七ed  

fTOm 七he c011mln Wi七hou七incTeaSing七he‡〕0七assium Phospha七e  

concen七Ta七ion．（a）2nd＿（b）TePTeSenセ セhe 乱1kali－glyceTOl  

gelelec七rophoTeSis of 七he frac七ion5 and・10，TeSPeCtively・   

The frac七ionsindica七ea＿ Wi七hlつTEl．Cユこe七 b were pooled and．used   

a5 ワCBP－10 f■r∈∃一C七土on．  

Fig．24； S‡）S－POlyacTyl舘ユi且e gelelec七TOナhoTeSis of 七he  

frac七ions of each puTifica七ion s七eps（Å）an且a・1kali－  

glyceT01・l；：・01yacTylami且e gelelec七ro・PhoTeSis of puTifie且  

pro七e土ns（B）．（A）；（aトand（h），mOlecular v柁⊥gh七marユてerS  
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（chymo七ryps土1つ．0genÅ（25Ⅹ），ご土bonu．elepse A（13。7K）and 

cy七OChrome C（11．3K）），（b）s転㍗七土n∈；mど】′七er土「－JIs（七○七戸．1  

celll〕0軸∵■L・TO七eins），（c）fTa，C七ion fTOm7？uTific仁七ion s七ep  

l（hea七十七reTltmen七），（d．）s七ep 2frp．c七ion（ElmT10niⅦm Sul王十ヒe  

fTa．C七iona七ion），（e）s七e‡〕3fTaC七ion（7］貰A償－Cel］・ulose  

chromE：．．tOgr打hy），（f’）s七ep4fraction（hyd－TOXylEニー・イ1・bi七e  

chroma七叩r叩hy），（g）cal：nOdul土n fr㌫C七ion oぎ工ⅧA苫－Cellulose  

chroma七og抑止y．（B）；（a）pur土f土ed・Calmodulin（地e same  

sample as A（e）），（b）puTified， TCB王）－10（七he same s打二？1e  

as A（g））．  

Fig．25；MoleculaT Wei喜h七 且e七emina七ion of TCBP－10 wi七h  

SI）S－P01yacTylami∂．e gelelec七rophoTeSis（A）and Sephad・eX  

G－50gelf土1七ra七土on（B）．（A）sDS gelelec七rophoコ？e∈止s  

were peTfomed．by七he nle七hoa．ofI，aemmli．（B）Gelfil七Ta七ion  

oれ．a Sep加．d．ex G－50c01umn（2．6Ⅹ95cln）eq．扇＿1ま加a七e且Ⅴ止七b  

50mMsodium bicaTbonaltein・bhe pTeSenCe OT absencelof・  

1rnlG圧HGTA● T、JIolecular weigh七maTkeTS uSe且were chymo七TyPSip  

nogenA（25K）， 

an且里王地Caユmo且uユまn（16・5王〔）・  

F土g．26；工soelec七ご土c 手0土n七 0ぎ℡CBP－10 an且些堅堕  

calmodul土n．聖地Calmo8・ul土n（a，紺rOVりE′n且でCBP－10  

（b，arrOW）Ⅴ，7eTe Su七）jec七ed．七oisoelec七Tic‥Focusingin七he  

‡．TeSenCe Of 7M uTea．As a maTkeTS foT PH，aCe七ylどし七ed  

cy七OChTOme C weTe uSed・FoT七he d・e七a土11See ma七erials   

aユー且 n‡e七ho且s．  
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狙g・27；tJV absor如土on叩eC七陀Of鷲CB才一10（A）〔1nd・里旦旦三塁一  

艇望望Calmod－ulin（B）．The spec七Ta WeTe reCOrd・edin O。  

土m土d∈1ZOle－HClbufでer（耳ヨ7。0）con雨．ininglmエ・lEGワA，tlた；ing  

pro七e土n concen七ra七土ロnS Of O。1mg／Inl．  

軋g・28；Ca2」－一仇n且ing DyでCBp－10・ワhe旭七a shownLa∬e  

でrom e射止1⊥br土um．djalys土s 土n 50mmワris－HCl（p‡Ⅰ7．5）   

COn七aining O．1M KClas 己escTibed・inIlla七eTialEユ and・me七hoas．  
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