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論 文 内 容 要 旨

1.INTRODUCTION

Assemblyoflargemacromolecularcomplexessuchasmembranechannelsand

cytoskeletalelementsisessentialforcellfunction.Acrucialproblemofproteincomplex

assemblyistounderstandmechanismofassemblyprocessesbyelucidatinginformation

onthebeginning,intermediate,andfinalstagesinvolved(Albertsetal.,2002).

Heterogeneouspopulationsofintermediatestates,however,arenotreadilyanalyzed

usingensemble-averageddata.Bycontrast,single-moleculeimagingmethodsprovide

directinformationaboutindividualintermediatestates.Athighconcentrationsofproteins,

oligomerscouldbedistinguishedfromcrowdedmonomersusingfluorescenceresonance

energytransferbetweensinglepairsofacceptorand-donorfluorophores(single-FRED

becausetheacceptoronlyemitsfluorescenceiflocatedwithinseveralnanometersofthe

donor.

P◎re北mingtoxinsofbade肖aare6xcellentmodelsforstudyingthenatureof

assemblyforoligomericmoleculesonmembranesbecauseofthehighstabilityof

recombinantmonome面csubunitsinsoluti◎n.S伯 ρ勿40000σ σεa〃1eμ εLeukoddinfast

fradion(LukF)andY-hemolysinsec◎ndcomponent(HS)arewate卜solubleproteinsthat

aSsemOlei耐ohetero-oligome而cporesofγ 一hemolyslnonmembranesofhumanredblood

cells.Theporehaswring-shapedstructurewithinnerandouterdiametersofabout2.and8

nm,respectively.

Usingthepowertulsingle-FRETmethod,wefirstdirectlyobservedthesequential

assemblystagesofsingleLukFandHSmonomersintooligomersonerythrocyte

membranesunderthetotalinternalreflectionfluorescentTIRF-microscope.AsLukFand

HSlackcysteineresidues,wecreatedsingle-cysteineLukFandHSmutantswhichare

specificallylabeledwithdonorandacceptordyes,respectively.Wedevelopedamethod

tocalculatethenumberofsubunitsinindividualoligomersbasedontheintensityofFRET

anddirectacceptorsignals.Wedistinguishedmultiplespeciesofintermediateoligomers,

andmeasuredequilibriumassociationconstantsofsequentialintermediatestages.

Thefinalstage,formationoffun(苅onaloligomericporesisalsogreatofhterest.

Thishasbeenextensivelystudiedpreviouslyfortherelateda-hemolysin,basedon

variousbiochemicaldetectionmethods,butnotbydirectobservation.Bycontrastwith

a-hemolysin,intermediatepre-poreshaveneverbeenobtainedsofarforthe

staphylococcalbi-componenttoxins.TheLukFmonomersharesasimilarbasicstructure

withtheα 一hemolysinpro塾omer(Fig.7B),asubunitof.thestaphylococcalα 一hemolysin

heptamericpore.TheLukFmonomerconsistsofthreedomains,andthreefunctionshave

beenascribedtothesedomains:量herimdomainisformembranebinding,theβ 一sandwich

(cap)domainisforoligomerizationwithHlg2andthepre-stemdomainisformembrane

insertiontolysethecell,ThemajordifferencesbetweenLukFanda-hemolysinprotomers
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arethestructuresofpre-stemdomain.TheLukFpre-stemdomainfoldsbackagainstthe

capdomain,whileina-hemolysin,itmakesalongexcursionintothelipidbilayers.To

elucidatethemechanismofpore-formationfory-hemolysinandtheroleofLukFpre-stem

domain,wedetectedthestructuralchangesoftheLukFstemdomainandobservedin

real-timeCa2+effluxthroughtheopeningporesbyasensitivefluorescentdye(Rhod2).We

designedtwodouble-cysteinemutantsofLukFwherebythepre-stemdomainistrappedby

aninternalcovalentdisulfidebondformation,sothatseveralintermediateswouldbe

arrestedandthenreleasedtoproceedtoporeformationonexposuretoareducing

reagent.Thesetwomutantsinradpa前allyassembleintodif「erenttypesofpre-poresthat

thentransitintofullyfunctionalporesontheadditionofareductant.

2,3.RESULTSandDISCUSSION

2.Single-moleculeimagingofcooperativeassemblyofLukFandHSintooligomers

2.1.Results

2.1.1.CooperativebindingofHSinthepresenceofLukF

Single-cysteinemutantsofLukF(S45C)andHS(K222C)havesinglecysteines

locatingonthetopoftherespectivecapdomains(Fig.1A).Hemolyticactivityofthe

labeledmutantswasthesameasthatofwild-typeproteins.

Weverifiedbindingconstants(KF,KH)andthenumberofbindingsitesperｵm20f

erythrocytemembranes(RF,RH)forindividualcomponents.KF,RF,KHandRHwere

calculatedfromthefittedcurvesshowninFig.2A.LukFboundstronglytomembraneswith

aKFof2.1x104ｵmzandalargenumberofbindingsites(IZF)of2.Ox10ｰｵm2.By

contrast,alowerbindingconstant(KH,1.2x10"5ｵm2)combinedwithasimilarnumberof

bindingsites(RH,1.8x10ｰｵm2)indicateda15-folddecreaseintheextentofbindingofHS

comparedwiththatofLukF.Atagiven[F,],[Fb]slightlyincreasedeveninthepresenceof

HSat5-foldhigherconcentrationsthanLukF(Fig.2B1).MeanwhilethebindingofHSwas

obviouslyenhancedbyLukF:[Hb]atagiven[Ho]wasincreasedwith[Fo].Withthesame

[F。】and【H。1,HSbound～4timesmolethanitdidwithou量LukF(Fig。2B2).We

demonstratethatbothLukFandHScanspontaneouslybindtoHRBCmembranes,but

withdifferentbindingconstants,andthatLukFobviouslyenhancesthemembranebinding

ofHS.

2.7.2.'ηd7γ1d己Ja'moηome角gaηd所me偲oη が7e〃7emb傅 ηes

WevisualizedassemblyofLukF-TRMandHS-IC50nthemembranes,at

equilibrium,underaTIRF-microscope.Atverylowconcentrationsofthetwoproteins,only

afewpunctateFRET-IC5spots,rangingfromOto10,wereobservedoneachcell.To

calculatethenumbersofLukF-TMR(m)andHS-IC5(n)inindividualFRET-IC501igomers

(Fm・Hr),theoccurrenceofsteρwisedecaysinthe伽orescenceintensitywasmeasured・

(Fig,3B4).Thoseslngle-FRETspotsaredimerscontainingoneLukFandoheHS(F・H).
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TheFRET-IC5intensity(倫 訂4c5)werewell轍edinaGaussiandis重ributi◎nwlthmeanof

O.87ｱ0.25relativetoIC5intensitiesexcitedbytheredlaser..AndFRETefficiencywas

87+10%relativetotheTMRintensityindimers,indicatingadistancebetweenLukF-TMR

andHS-IC5inadimerof卍4.5nm.Theequi楠b山massociationc◎nstantsfordime肖zation

KF.H(詔[F・HIx【Flr1x【H{r1)werealsoestimated,basedontheconcentrationsof

mon◎mers(【Fd=3,8and【H¶ 】=6.9μm冒2)anddimers(【F・H1=0.026μmセ)onthecel置

membranes(numberofcells=37),tobeO.0010+0.0003ｵm2(Table1).

2.7.3、7bf7ヨme」 畷zaオ'oη ごが7ed『mer脂d7:mer'ぬfeハ2cf'oπ

InassemblyofLukFandHSintodimersandothersmalloligomers,mostofthe

individualFRETintensitieswereequaltoortwicethevalueofthesingle-FRETintensities

meヨsuredinFig.3B.mandninFm・Hnwerededucedfromthenumberofstepsobserved

duringphotobleachingofFRETIC5andIC5signals(Fig.3C4andC5),

Atet「ame「c。 ゆefomedby細 。pa量hways① 潔ρt「ame市ati。n◎ 伽 。dime「s[F●H+

F・H・ 今(F・H)21◎r(1り"step-by噌step"oligome而zationofmonomers[F・H+F今F2・H1+H今

(F・H)2◎rF・H+H→F1・H2+F→(F・H)21.Totestwhichisth号mainpathway,wemeasured

theassociationconstantsforeachstagefromtheconcentrationsofoligomeric

intemediates(KF2.H,耳 剛andK(F.⑳2inTable1;appendi図2).Associationconstantsfor

"dimer」dimeド'tetrame爵zation
,K(F.臼 》2=3.8μm2,were>30timesthoseforthestep-by-step

processes,KF2.H=0.081μm2andKF.肌=0.12Fm2.T揃sresultcouldbelnterpretedastわe

step-by-steppathwaybeingoffarlesssignificancethanthedimer-dimerpathway.

2.7。4.Aε8α77め 〃F」か泌085加9侮 ρoハ9'aooqρ α 笥ガγe5幽eρ ・

Variousintermediatesfromdimerstolargero(igomerseou(dbeobtainedat

intemedlateconcentra"ons(Fig.4).lndividualFRETintensitieswere～1,～2and～3times

thesingle-FRETintensi妙ofF・H(Fig.4A2and・4B).Themulti-FRETe伍denciesof

represen重ativespotswasalso～90%(Fig.4C),indicatinga.cbsedistancebetweenLukF

andHScomponentsinlargerofigomers.

ThehistogramofFRETintensitieswasfittedasthesumofthreeGaussiandistribution

curves(Fig.4B).Thesp◎tsatiRtensity～3weremoreabundanUhan量hatat～2,and～4。

AssumingtheareaundereachGaussiancurveisproportionaltothenumberofoiigomers,

F・H,(F・H)2,andF3・H3-4,wees量imatedsequentialassociationconstantsK(F.H)2,andKF3.H3.

4tobe.3.1and37μm2,respectively(Table1),AssingleY-hemolysinporeshavebe帥

repgrtedashexamersandlorheptamers,KF3.細3-4wasassignedastheassociation

constantforshgieap◎re,Kp.Obviously,Kpwas>10timesK(F.H》2,suggestingthatLukF

prefersassemblingwithHSintohexame貞candlorheptamehcporesF3・H3,4ratherthaninto

'tetramerS(F・ ω
2.

2。7.5.メ 駄5εem例 ソ'ηfodαsfersofρOfeε

Qthigherproteinconcentrations(15-100%hemolysis),thenumberofpores

incorporatedintoeachFRETspotwasdeducedfromtheFRETintensityofthespotdivided
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by3timesthesingle-FRETintensity.Theoccurrence◎fsingleporesandclustersonthe

membraneswasplottedasahistograminFig,5B.Associatiohcons量antsofsingIepores

intotwo(K2p),three(K3p)』andfourpores(K4p)were1.1,2.7,and3.4μm2,respediveIy,as

showninTable1.Thoseincreasingvaluesindicatethatsinglep◎restendtoassembleinto

3・poreor4-poreclustersratherthaninto2-poreclusters.

WhenLukF・ ・TMRandHS・IC5wereincreasedoverthec◎ncentrati◎nsthatsta貞

causinglOO%hemolysis(Fig.5C),thepowerofthegreenexcitationwasreducedto2.5%. ロゆ
Veryhighlyintense.domainsofmulti-molecularFRET-IC5,probablyclusterso『pores,

couldbeobserved.WepI◎ttedadist曲utionofcIusters繍hva而ousnumbersofpores◎n

themembranesinFig。6A,bluecircles.

2乳6.Cal㎏U4自 〃η9肋eρoρ 捌腰ガoηof'漁m7eoげafes1陶fes

Takingthe
.bindingandassociationc◎nstantsσ'able1),weestimatedthe

theoreticaldist伽tionofintemediatesandthetotalnumberofporesatgiven

c◎ncentrationsofproteins.AssumingthatKnp(n>2)valuesaresimilartoK3pandK4p(3

μm2),atcertainIFolandIH。 】,forexample25and1000μ,m●2,量hedls輌butionofmonomers

andoligomerscouldbecalculated(Fig.6A).Populationsofclusters◎fp◎res(Fig.6A,blue

circIes)usedinFig.5C価tswellwiththethe◎reticalredline.

ToexplaintheenhancementinmembranebindingofHSinducedbyLukF,thetotal

concentrationsofHS◎nthemembranes(【Hb】)forapplied【H。 】inFig.2B2 、we「eca量culated

fromtheassociationc◎nstantsin'Table1.Thecalculatedvalues(lines)gaveagoodfitto

theexpe而mentalresults(drcles)forHSbindinghthepresenceofLukF(Fig.2B2).

2.2.Conclusion

-Va面ousintemlediateoligomers◎fY-hemolysinwas屑rsttimelmagedatsingle-

moleculelevel.

一11bindingandassociationconstantswereestimated .

一Thethreecooperativestages(dirner-dimerinteraction
,singleporeassembly,and

aggregationofpores)substantiallyenhancetheefficiencyofassemblyofoligomericpores.

一WeproposethemodeIofassemblyforY-hemolysinlnFig .6B.

Ingeneral,single-moleculeobservationsandstatisticalanalysisofpopulationsof

intermediateswillbeusefulinunderstandinghowsinglemoleculesarebroughttogether

intomacromolecularcomplexesincells.

3.StudyingstructuralchangesofLukFstem-domainduringconversionfrom

pre-poretoporeandImagingpore-formationevent

3.1.Results

3.1.11nactivationofcelllysispropertiesofdouble-cysteinemutants.

ThreeaminoacidresiduesofLukFwereselectedforcysteinesubstitution,
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includingV12,whichliesonthetumoftheamino-terminallatch,andT117andT136,

locatedatthetums◎fthepre-stemdoma.in,basedontheCβ 一Cβdistancesbetweenpairs

ofaminoacids(TheCβ ・CβofV12-T136～0.9nm,ofT117-T136～0.5nm,Fig.7Aand

7B).V12C-T136C,whichhadasingledisulfidebondbetweenthetopofthecapandthe

pre-stemdomain,wasnamedCap-Stem.Thesecondmutant(T117C-T136C),Stem-Stem,

hadadisu摘debondbetweentwoβ 一strandsofthepre-stemdomain.Bothmutants

migratedfasterthanthewildtype,becausetheinternaldisulfidebondsshortenedthe

effectivelengthoftheSDS-denaturedmutantproteins.Thedouble-cysteinemutantsare

monomershavingsingle-disulfidebonds

AsshowninFig.8,bothCap-StemandStem-StemincombinationwithHlg2

exhibitednohemolysis.Incontrast,onceexposedto20mMMME,hemolyticactivitiesof

bothmutantswererestoredtowild-typelevels.Theengineereddisulfidebondstrappedthe

LukFpre-stemdomainandpreventedporeassembly,causingthelossofhemolysis.

3.7.2.〃em加a〃e加d轟 πgaわ 塑yo'db乙 め 侮 ¢y訂e伽m幽 伽

AsshowninFigs.3Aand3B,bothdouble-cysteinemutantsboundtoHRBC

membranesataboutthesamelevelasthewildtypedidwhetherornottheirdisulfide

bondswerereducedbyMME.Thisresultdemonstratesthattrappingofthepre-stem

domainbydisulfidebondformationdoesnotaffectmembranebindingofLukF,

3・7.3.'肋'bκ'oηof伽 血aηs'60η 、肋mμe・ ραesfoρo淵es々yd酌 〃1胴eめoηd

formation

WedetectedtheSDS-stabilityoftheoligomericpre-poreformedbybothdouble-

cysteinemutantsbasedontheintensities◎fthe～200kDaHMWbands(Fig.9C).Similar

pattemsofHMWbandswereobtainedwithLukF,Cap-Stem1(+)βME,Stem-Stemand

Stem-Stem1(+)βMEinlanes4,8,10and12,respectively.TheintensityoftheHMWband

fromlane10◎fStem-Stemwasab◎ut67%comparedtothatfr◎mlane120fStem-Stemin

thepresenceofMME.ThetwoHMWbandsinlanes10and12representedthepre-pore

andpore,respectively,ofStem-StemwithHlg2.Bycontrast,Cap-Stemfailedtoforman

SDS-stableoligomericcomplexwithHlg2.Nevertheless,exposureofbothmutantstoMME

inducedporeformationandcelllysisasindicatedaboveandbyHMWbandswith

intensitiessimilartothatofwild-typeLukF.

Wethenobservedthestructureofthepre-poreofStem-Stemundera

transmissionelectronmicroscope.ThetwoimagesinFig.10BindicatethattheSDS-stable

pre-poresofStem-Stemhadring-shapedstructuressimilartothoseofwild-type

LukF.3,1.4.CompleteinhibitionofoligomerizationbylowTemperature

ItwassurprisingtonotethatthehemolysisefficiencyobservedinFig.11Awith

poreformationoccurringat2ｰCwasalmostequaltothatatanincubationtemperatureof

37ｰC.Theconcentrationfor50%hemolysiswasabout8nMinbothcases.Thisresult

clearlyprovesthatporeformationdoesnotrequirehightemperature,andindicatesthat

一176一



onlythepre-poreoligomerizationisatemperatufe-dependentstage.Therefore
,wecould

ef「ectivelylnhibitthepre-poreo髄gome市ationbylowtemperature(2。C),

3・7・5・S'掴 「配'η わ'bκ め"ofo〃 匙70me蹴zaガo"句 ノd侮"〃 徊eめoηdずbm7a60η'ηCaρ ・Sねm

Wetheninvestigatedhowformationofthedisulfidebondlockingthepre-stemback

tothecapdomain(Cap-Stem)affectedtheoligomerizationofCap-Stem .Infact,the

hemolysisdidoccuraftertreatmentofCap-StemasdescribedabovewithMMEat2ｰC(Fig.

11B).Thedif「erence.inhemolysise而ciency.ofCap・Stemusingthese禰conditionsis

indicativeofthee侮ctofdisul藪debondfomationonoligome市ationthroughlockingofthe

pre-stemdomaintothecapdomain.Althoughthehemolyticcurveofporeformation

pe市medat20Cwasshi員edtoaslightlyhigherconcentrationthanthatat37。C,Caゆ 一Stem

wascIe訓ystiIIabIe量oollgomerizewithHIg2intopre-pores,whichwerethencapableof

transitiontofunctionalporesoncethedisulfidebondwasreduced.Theseresultsshowthat

disulfidebondformationinCap-Steminhibitsporeformation,butonlyslightlyinhibitspre-

poreoligome市ation.

3・7・6・ReaA伽eoめsen　 管瀞oηof酌e幻 笥πε'"oπofSfem置Sfem1伽oπ7ρ 陀 脚ρo陀6foρ α ◎s

oηaψo訂co乱.町 、コ
腫isnecessarytotestforporef◎mationusinganionsizeindicatortoasce虞ain

thatnokindofporeisfomeduniessthedisu断debondisreduced .Foradirectview,we

imagedinreal-timethetransitionfrompre-pores量opores,asindicatedbyCa+2ef醐ux

thr◎ughthepores.Forvisualizingtheopeningofpores,wedeteqedCa2+releasethrough

poresf◎mledonaCa2+loadedghostcell,usingaCa2+sensitive伺uorescentdye(Rhod2

t巾otasslumsaltcemmpemeant)outsidethecell.BeforeinlectionofβME(Fig.12),image

Os),thebackgroundwasclosetozero,indicatingthatnoCa2+wasreleased.Indeed,the

pre-poreshadnotbeenconver藍edtoporesyet.Atab◎ut60saf【erinjectingβMEint◎the

chamber,manyb両ght飼u◎rescencespotsprogressivelyappearedwithva丙ousintensities,

asshowninsequentialimagegofFig.6Bfr◎m60sto226s.Wedesignatedthosesp◎tsof

Rhod2signalsasCa2+刑ames.Obviously,aCa2+flameappearanceisass◎ciatedv瞬thth6

transitionfr◎mpre-porestopores.AndaCa2+碗amere刊ectsaclustprofpores.By206s,

almostallthep◎resbfthecellhad、opened,sinceafterthatnewCa2+碗amesnoIonger

apPeared.Theaboveevidencedemonstratesthecompletecontr◎lofporeformationby

disul罰debondfomationinStem-Stem..'

3.2.Conclusion ら
Throughthecontrolofy-hemolysinporeassemblyusingI◎wtemperature(20C)

anddisul偏defoma量ion(S-S)inLukFmutants(Cap-StemandStem-Stem),wewereablet◎

一Identifyintermediatepre-poresandfundbnalpores .

Proposethemodelofpore-fo㎜ationforY-hem◎lysinporeassembly,asfollows:
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4 KF2.岡23.1三:1.1

Kp37土14

IFoH1昌0.065土0.0092【 『=・"】=0.065土0.0092

IF・HI=α065土0.00921F2●H2】 富0,013土0.004{

【F2●Hオ=O。013土0.0041

lF3.H31呂O.032土0.0063

5AandBK2p

K3P

晦

1.1+0.22

2.T+0.68

3.4や1.1

IF3●H31富0.24土0.019

IF3●H31濯0.24土0.019

F3●H31=0.24土0.019

IF3●H31雷0.24土0.019

1F6・H51=0.066土0.010

【Fg.Hg】 留0.043土0,0080

【F6■H6】「30.066土0.010

【Fg。Hg】=0.043土0,0080

【F噂2.H121胃o.035土o,oo75

6A ㌦ 3.0

Table1.Bindingandassociationconsta耐sofintemediate
.s捻gesintheporeassembly

pathway.Bindingandassoda価onconstantsareinunitsofμm2;numbersofbindingsites(RF,R㊨

arein醐2・Valuesaregivenasmea吐err・r,whrreemr .・meanxn蔽5・andnisthenumber・f

measuredspots.ThevalueswerecalculatedfromtheequationsdescribedintheAppendix.
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A.S45(blue)ofLukFandK222(yellow)ofHS(correspondingtoK2380fLukF)weremutatedtoCys,

shownusingtheLukFstructure(A雪),themodelledg-hemolysincomplexinhexamersorheptamers(A2),

andtheamho'acidsequencealignmentbetweenLukF,HS,anda-hemolysin(A3).B.SDS-PAGEgelsof

10ｵgoffluorescently-labelledproteins,unstained(B1)andstained(62)withCoomassiebrilliantblue.

SamμesincludedLukFtreatedwithTMR-maleimide(lane1),LukF-S45C(lane2),LukF-TMR(lane3,

arrowhead),HStreatedwithIC5-maleimide(lane4),HS-K222C(lane5),andHS-IC5(lane6,arrowhead).
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Fig.2.Membranebindingof

LukFandHS

A.BindingofLukF-TMR(A1)orHS-

IC5(A2}.[Fb]or[Hb]wereplotted

against[Folor .[Holat6xlolo(●)

andat6x108(▲).HRBC/1.Thered

linesrepresentthefittingofdata

(Appendix1).B.Bindingofboth

LukF一 丁MRandHS-IC5to6x1010

HRBC/1.Atfourvaluesof[F,J(B1)

and[H,](62),therelative[Fb]and

[Hb]weremeasuredinthepresence

oftheotheratdifferent

concentrations.Thelinesrepresent

theoreticalvaluesofFb(Hb),

calculatedbasedonthebindingand

associationconstants.
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Fig.3.VisualizationofsmalloligomersofLukFandHS

A.ArrangementoftheTIRF-microscopeforobservationofoligomerizationonthemembranes(A1).

Fluorescencesignalsnearthebasalmembraneappearedonthedouble-viewmonitor:theleftisforthe

donor,therightisforFRETandtheacceptor(A2).BandC.ImagesofdimersformedbyLukF-TMRand

HS-IC50nHRBCmembranesatlowconcentrationsofproteins(75 ..pMand750pM,respectively)(B1-B3),

andathighercdncentrationsofLukF-TMR(300pM)andlowerHS-iC5(200pM)(C1-C3).TMR,FRET,and

IC5signalsareshownafterexcitationbythegreenlaser(61and62;CIandC2;timeO),andbythered

laser(63andC3;timeO),respectively.64showstimetracesofTMR(green),FRET(orange)andIC5(red)

emlssloncorrespondingtodimers(F・H=LukF-TMR・HS-IC5) .Theleft(8frame-averaged)indicatesthatIC5

photobleachesfirst,andtheright(30ms-interval)indicatesthatTMRphotobleachesfirst.Fiveimagesof

dualsignalsofTMRandFRETacquiredfromthesamespots(BS) .Thirtyms-intervaltimetracesof

accePto「emissiononanticorrelatedexcitationbythegreenandredlasersforshor匙(～3s)orlongtirnes(>

10s)showhgt貞mers(F2・H1 ,C4)andtetramers((F・H}2,C5).
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andsinglepores

LukF-TMRandHS-IC5were

incubatedwithHRBCat

intermediateconcentrations

of400pMand4nM,

respectively.Whitenumbers

onA2indicateminFm・Hn,B.

Populationhistogramof

intermediateoligomers:the

dottedandsolidlines

indicateGaussiandistribution

peaksforF●H,IF・H}2,F3・H3.4,

andforthetotalpopulation,

respectively.C.Three

imagesofdua!signalsof

TMRandFRET-ICS,
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LukF-TMRandHS-IC5were

incubatedwithHRBCat1.5

nMand15nM(A},orof15nM

and150nM(C),respectively.

WhitenumbersonA2indicate

minFm・Hn.Bluenumberson

C2indicatethenumberof

poresineachlargespot.B.

Histogramofpopulationsof

Fm・Hncorrespondingtosingle

poresandgroupsofporesat

15%hemolysis.Thedotted

andsolidlinesindicate

Gaussiandistributionpeaksat

single,two,threeandfour

pores,andthetotalpopulation,

respectively.
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K3PorK4p).Thebluecirclesweremeasuredfrom237spotsofdatalikeFig.5C,andwerefittedbythe

theoreticalredline.Thedo廿edandsolidlinesrepresenttheoreticaidistributionsat【Fo】and[Ho】of25and1000

mm-2,respectively.Theredlinesrepresentafullycooperativeprocess,similartonaturalconditions.Theblack
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B.CartoonmodelforporeassemblyofLukFandHS.Water-solubleLukF(green)andHS(red)monomersbind
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absenceofMMEwereseparatedbySDS-PAGE,followedbystainingwithCoomassiebrilliantblue.(D)SDS-
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nMinthepresenceandabsenceofbME.Then,themembrane-boundmonomerbandsofLukFandCap-

Stem(A)andStem-Stem(B)fromsolubilizedmembraneswereseparatedbySDS-PAGE,visualizedby

WesternbloせingandimmunostainingusingantiserumagainstLukF.(C)AssembIyintohigh-molecuIar

weightcomplex:Proteinswereappliedinto1%HRBCat30nM,andthemembranesweretreatedbyl
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Fractions4-70fLukF(A)andofStem-Stem(B)containingthehigh-molecular-weightcomplexesfrom

thesucrosewereselectedbasedonWesternblottingandimmunostainingusingantiseraagainstLukF

andHlg2.Thecombinedfractionswerenegativelystainedwith1%phosphotungstatesodiumpH7.2

andobservedbytransmissionelectronmicroscopy.(C)IsolatedporesofLukFandHlg2.(D)Isolated

pre-poreofthedisulfidebond-containingStem-StemandHlg2.
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with20mMMME;Stem-Stemat37ｰCfor10min,then2ｰCfor30minwith20mMMME.(B)Cap-Stemat2ｰC

with20mMMMEand37ｰCwith20mMMME;Cap-Stemat37ｰCfor10min,then2ｰCfor30minwith20mM

βME.Errorbars∫epresentthestandarddeviationsoft巾licatemeasurements.
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Fig.12.ObservationoftheopeningofporesformedbyMME-treatedStem-Stem

(A)Ghostcellscontainingpre-poresofStem-Stem(blue)wereloadedwith10mMCa2+(yellow)inside,
adheredontotheslideglassandputinabathbuffercontaining10nMRhod2(gray),aCa2+sensitive

fluorescenceindicator.Theporeopeningwastriggeredbyinjectionof20mMMME.UsingTIRF-microscopy,

signalsofRhod2weremonitored.ThebrightnessofRhod2indicatestheopeningofoneorclustersofpores.

(B)29sintervalsequentialimagesshowingconsecutivepore-openingssuperimposedonacellafter60sof

MMEinjection.(C)DistributionofRhod2signalsonacellinthe206simageshowingthedensityofCa2+

efflux.GradientofcolorfromredtogreenrepresentsgradientincreaseinintensityoftheRhod2signal.
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論 文 審 査 結 果 要 旨

近年,黄 色ブ ド・ウ球菌が人間を含む動物 に重篤な疾患を引き起こすことが報告され,社 会的に大き

な問題 となっている。その原因は,MRSAな どの多剤耐性菌の出現,並 びに細胞崩壊…毒素による宿主

細胞の崩壊にある。黄色ブ ドウ球菌は,感 染 に重要な白血球崩壊蛋白毒素 ロイ コシジン並びに赤血球

崩壊蛋白毒素 一ヘモ リジンを大量に分泌す る。主査の所属する研究室において,ロ イコシジン及び γ

一ヘモリジンの迅速高回収率単離精製法が確立 されると共に両蛋 白毒素遺伝子のクローン化に成功 し

て,(1)両 毒素がLukFを 共通成分 とする2成 分性膜孔形成毒素であること,(2)ロ イコシジン遺伝

子は新規溶原ファージφPVLお よび φS】ー ゲノム上に存在すること,(3)γ 一ヘモ リジンはLukFお

よびHlg2が な3も しくは3:4比 で交互に配置 したヘテロ7量 体の膜孔 として作動す ること,4)ロ

イコシジン活性には,LukF及 びLukSか ら成 る膜孔形成に加えてLukSの リン酸化が必須であること

など膜孔形成毒素研究に新展開がもたらされた。さらに,LukFの 標的細胞吸着,LukS及 びHlg2活 性

の標的細胞崩壊特異性に関わるアミノ酸残基膜膜孔形成過程の全容を解明した。本研究者の研究成果

を要約すると,

(1)標 的細胞膜上における水可溶 γヘモ リジンステム領域の水不溶ステムへの劇的な構造変化を伴

うステムの標的細胞膜貫通機構,『 プレスム保有ヘテロ7量 中間体』の発見,な らびにプレステムか

らステムへの移行タイ ミングの決定を行い,本 成果をMolecularMicrobiologyに 発表 した。

(2)膜 孔葉合体で構成され るγ一ヘモ リジンの 「超チャネル」形成機構を 「1分子技法」を駆使 し

て,以 下に示す 「超チャネル」形成までの全行程の リアルタイムでの句視化に成功した。そ して膜上

における 『超チャネル』の形成機構は,①LukFの 初発の膜への結合→②Hlg2のLukFへ の結合⇒③

[LukF-Hlg2]複 合体形成⇒④[LukF-Hlg2]複 合体3分 子集合 ・6量体形成→⑤LukFも しくはHlg2

の6量 体への組込み ・7量体プレステム中間体形成⇒⑥ステムの伸長 ・膜孔形成⇒⑦膜孔集合 ・超チャ

ネル形成,で あることを証明した。

以上,本 研究は広 く生物由来の膜孔毒素の分子構築に新概念を植え付けたばか りでな く,細 胞膜上

における水可溶性蛋白質分子のダイナミックな構造変化を伴 う不溶性膜孔 『超チャネル』形成機構の

理解に大きな示唆を与えた極めて国際的に評価の高い独創的な研究であると共に,毒 素感染抑止剤の

開発等,応 用面においてもさらに進展する夢のある研究である。本成果は伽EMBOJo㎜ 出 ご発表さ

れた。

以上のことから審査員一同は,本 研究者に博士(農 学)の 学位を授与するのに値するものと認定 し

た。

一187一


