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SUMMARY

CHAPTERI

PermeabilizedcellmodelsofthelargeheliozoonEchinosphaeriumakamaewere

preparedbytreatmentwith100mMEGTAor1%TritonX-100･Wh en>1016MCa2+was

addedtotheEGTA-permeabilizedcells,axopodialcytoplasmbecamecontractedand

severalswellingswerefomedalongtheaxopodiallength.Axonemalmicrotubulesre-

mainedintact,whilehigherconcentrationofCa2'(>10-4M)inducedmicrotubuledisas-

semblyandcompletebreakdown oftheaxopodia.InTriton-permeabilizedcells,cyto-

plasmiccontractionandrelaxationofthecellbodywereinducedrepeatedlybysuccessive

additionandremovalofCa2'･ThecontractiondidnotrequireATP,andwasnotinhibited

bycytochalasinB.Electronmicroscopyshowed,inEGTA-permeabilizedaxopodia,con-

tractiletubulesbecamegranulatedbytheadditionofCa2'･Fromtheseobservations,itis

stronglysuggestedthatCa2'-dependentgranulationofthecontractiletubulesisresponsible

fortheaxopodialcontraction.(PublishedinCellMotiliOJandtheCytoskeleton･2002･53:

267-272.)

CIIAPTERII

A"contractiletubulesstructure(CTS)"hasbeendescribedintheradiatingaxopodia

andcytoplasmoftheheliozoonActinophTySSol.Permeabilizedcellmodelswithfully-

extendedaxopodiawerepreparedwith100mM EGTA･WhenCa2+wasaddedto血e

permeabilizedcells,cytoplasmicswellingsfomedalongthelengthofaxopodiainacon-

centration-dependentmanner.TritonX-100wasalsousedtopreparecellmodelsof

heliozoa.IntheTriton-extractedcellmodel,axopodiaweredetached,butthecellbody

remainedasamassorcytoplasmwhichshowedrepetitivecontractionandrelaxationina

ca2+-dependentmannerwith1O･8Masitsthresholdlevel･AcellhomogenateofAISOLwas

foundtoyieldaprecipitatefollowingtheadditionofCa2+･Formationoftheprecipitate

occurredwithinafbwminutesaftertheadditionofCa2+,andwasdependentonthecon-

centrationofCa2'･ElectronmicroscopyshowedthattheCTS-likefilamentousstructures

werepresentinthecellhomogenate,andthattheprecipitateobtained&omthecellhO-

mogenatebyaddingCa2'wascomposedofgranularaggregatesmorphologicallyslmilarto

thetransformedCTSobservedafteraxopodialcontraction.(PublishedinEuropean
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JournalofProtistology･2002.38:365-372･)

CHAPTERIII

Contractionofaxopodiainactinophridheliozoons(protozoa)isinducedbyaunique

contractilestructure,calledHcontractiletubulesstructure(CTS)".Ihavepreviouslyshown

thatthecellhomogenateoftheheliozoonActinophryssolyieldsaprecipitatebytheaddi-

tionofCa2',whichwasmainlycomposedoffilam entousstructuresmorphologlCally

identicaltotheCTS.TofurthercharacterizethenatureoftheCTSinvitro,biochemical

andphysiologicalpropertiesoftheprecipitatewereexamined･SDS-PAGEshowedthat

theCa2'-inducedprecipitatewascomposedofmanyproteins,andthatnoproteinsshowed

anydetectablechangesinelectrophoreticmobilitybytheadditionofCa2'･Additionof

exogenousproteinssuchasbovineserumalbuminto也ecellhomogenateresultedinco-

sedimentationoftheproteinswiththeprecipitate,suggestingthattheCTShasahigh af-

finitytootherproteins.Dis-andre-appearanceoftheprecipitatewererepeatedlyinduced

bythealtemateadditionofEGTAandCa2',anditsproteincompositionkeptunchanged

evenafterrepeatedcyclesofprecipitateformation･TheprecipitateshowedaCa2+-

dependentcontractilitywith10I100nM asitsthresholdlevel,andthecontractilitywas

notinhibitedbycolchicineorcytochalasinB.Theprecipitatewasrepeatedlycontracted

andrelaxedbysuccessiveadditionandremovalofCa2',indicatlngthatthecontractionof

theprecipitatewasControlledbyonlyCa2+withoutanyotherenergysupply･Frommy

rlndingsbythecharacterizationoftheprecipitate,IconcludedthattheCa2'-dependent

formationandcontractionoftheprecipitatearecloselyrelatedtotheunlqueCOntraCtile

organelle"contractiletubulesstructure".(Inpreparation)

CHAPTERIV

IobservedisolatedanddemembranatedmacronucleiofEuplotesaediculatuswitha

field-emissionscanningelectronmicroscope(JEOLJSM16401F)toexaminethree-

dimensionalsurfacestructuresofchromatinbodiesandthereplicationband.Freezlngand

thawingin0.25Msucrosefollowedbytreatmentwithl%aceticaciddemembranatedthe

isolatedmacronuclei.Eachmacronucleuswascomposedoralargenumberorgranular

chromatinbodiesofvarioussizes(0.2-1.0pmindiam eter).Despitetheirsizevariation,

eachchromatinbodywascomposedofsmallgranuleswithuniform diam eterofca.50nm,

withfrequentfilam entousbridgeconnectionstoneighboringchromatinbodies.Onthe

5



replicationband,thechromatinbodiesweredisintegratedintotheircomponent50nm

granules.Insomeareas,thesurfacewasobservedtobecomposedofsmallerparticlesof

ca.10nmindiameter.(PublishedinEuropeanJournalofProtistology.2000.36:40-45.)

CHAPTERV

Thehypotrichous ciliatedprotozoan Euplotesaediculatuspossessesacharacteristic

C-shapedsomaticnucleus(macronucleus)withinthecytoplasm,whichshowsdynam ic

shapechangeduringthecellcycle･ItisshownthatisolatedmacronucleipossessCa2'-

dependentcontractility.Macronucleiwereisolated,stuckfastontheglasssurface,and

subjectedtodifferentconcentrationsofCa2'inaca2'-EGTAbuffer.Thenucleibecame

expandedatlCa2']<10-7M,andtheycontractedonsubsequentadditionofhighercon-

centrationsofCa2'･cyclesofexpansionandcontractionofthenucleuscouldberepeated

manytimesbyaltemateadditionofEGTAandCa2',indicatingthatthesizeofisolated

nucleican beregulatedbylCa21alone.Thenuclearcontractionwasobservedinall

phasesofthecellCycle,butcontractilitywaslessevidentaroundreplicationbandsintheS

phase･InadditiontothehypotrichousciliateEuplotes,similarCa2'-dependentnuclear

contractilitywasfoundtoexistinothercelltypes,includingprotozoansofdifferenttaxa(a

heliozoonActinophwssolandapeniculineciliateParameciumbursaria),andalsomam -

malian culturecells(HeLacells).MyfindingssuggestapossibilitythatCa2'･dependent

nuclearcontractilitymaybesharedamongdiverseeukaryoticorganisms.(InpressinCell

Calcium.2003.33.)

CHAPTERVI

ca2'-dependentcontractilitywasfoundtoexistinthenucleusoftheheliozoonActi-

nophryssol.UponadditionofCa2'(lca2']触 -2.0×10-3M),diametersofisolatednuclei

becamereducedfiom16.5土1.7pmto11.0土1.3pm.ThethresholdleveloflCa2十】f,eefor

thenuclearcontractionwas2･9xlO17M･Thenuclearcontractionwasnotinducedby

Mg2',andwasnotinhibitedbycolchicineorcytochalasinB･Contractednucleibecamere-

expandedwhenCa2'wasremovedbyEGTA;thuscyclesofcontractionandexpansion

couldberepeatedmanytimesbyaltemateadditionofCa2'andEGTA･TheCa2' ･

dependentnuclearcontractilityremainedevenaftertreatmentwith2MNaClfor30min,

suggestingapossibleinvolvementofthenucleoskeletalcomponentsinthenuclearcon-

traction.Intheexpandedstate,filamentousstructureswereobservedtobespreadinthe
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nucleustoform anetwork･AfteradditionofCa2+,theybecameaggregatedandcon-

structedamassofthickerfilaments,fTollowedbyre-distributionofthefilamentsspread

aroundinsideofthenucleuswhenCa2'wasremoved･Theseresultssuggestthatthenu-

clearcontractionisinducedbyCa2+-dependenttransformationofthefilamentousstruc-

turesinthenucleus.(Inpreparation)
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INTRODUCTORYREⅥEW

Tbemainobjectiveofmyresearchistoelu-

cidatethemechanismofaxopodialcontractionof

theactinophryidheliozoa,whichiscommonlyob-

servedwhenheliozoonscapturepreyorganisms.lm

1973,OcklefordandTuckerdiscoveredthephe-

nomenonofaxopodialcontractioninActinophTyS

sol,mddescribed thatitwasaccompaniedby

breakdown of the axonemal microtubules

(OcklefordandTucker,1973).Degradationand

reformationofmicrotubule-contaimi g axopodia

arealsoinvolvedinmanyotherimportantcell

hIICtionssuchaslocomotion(Watters,1968;Su-

zakietal,1980a),division(Suzakieta1.,1978),and

fusion between adjacentcells(Shigenakaand

Kaneda,1979).Duringtheseprocesses,axopodia

changesinlength in accordanccwith thebreak-

down andreformationofthemicrotubulesasacy-

toskeletalelementinaxopodia,anditsveloeityis

around2.0pm/see(SuzakiandShigenaka,1982;

Suzakietal.,1992).Inthecaseofaxopodialcon-

tractionduringfood-uptake,itsvelocityisupto2x

103pm/see(suzakietal.,1980a;An doandShi･

genaka,1989;Suzakieta1.,1992;1994)anddirect

measurementoftheforceofrapidaxopodialcon-

tractioninheliozoashowedthatthemotiveforce

foraxopodialcontractioncamotbeexplainedasan

axopodialtensiongeneratedasaresultofdisas-

scmblyofthemicrotubules(Suzakietal.,1992).

Quantitativelightmicroscopyshowedthatdisas-

semblyoftheaxonemalmicrotubulesdoesnotae-

companytheaxopodialcontractionbutthemicro-

tubulesareonlyseveredintosmallerfragments

whencontractionoccurs(Suzakietal.,1994).

Tilneyandco-workershavereportedtheex-

istenceofanon_miCrotubularstructureinsidethe

cellbody,andtermeditas"excretionbody"(Tilney

andPorter,1965;Tilneyetal.,1966).Manyin-

vestigatorshaveobservedavarietyoffilamentous

structures,anddescribedit asmacrotubules,fila-

ments,C-shapedtubules,wavytubules,paracrys-

tallinearrays,multivesicularbodies,andmorulate

bodies.Am ongthesestructures,macrotubules,C-

shapedtubules,wavytubulesandparacrystalline

arrayshavebeenidentifiedasstructuresderived

&ommicrotubules.Basedontheirmorphological

similarities,multivesicularbodiesandmorulate

bodieshavebeensuggestedasartifactsderived

丘omaxonemdmicrotubules(PattersonandHaus一

mann,1982).However,carefu1investigationson

theultrastructureofthesestructu托SreVealedthat

theyarenotrelatedtomicrotubulesbutarenow

identifiedascontractedstatesoftheCTSinpoorly一

見xedspecimens(Kinoshitaetal.,2001).Shigenaka

andKaneda(1979)havefirstnotedthatthenon-

microtubularstructuresnamedX-bodiesmightbe

involvedinthecontrolofcytoplasmiccontractility.

Bydetailedelectronmicroscopicobservations,a

bundle ofconspicuous filamentous structtues

named"contractiletubulesstructure(CTS)''was

foundtobelocatedalongthewholelengthofthe

axonemalmicrotubules,andtheCTStransforms

80m tubulartogranularformswhenaxopodial

contractionoccurs(Suzakietal,,1980a;Shigenaka

eta1.,1982;An doandShigenaka,1989).TheCTS

hasbeendistinguished舟omtheaxonemalmicro-

tubulesbyexpenmentalevidencesthattheCTSis

clearlystainedunliketheaxonemalmicrotubules

byuranylmagnesium acetate(Shigenakaetal,,

1982),andthattransformationoftheCTSwasnot

inducedbycolchicinetreatment(Kinoshitaeta1.,

2001).Basedonitsuniqueappearance,theCTS

haslongbeenspeculatedtoberesponsiblefor
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Fig.IiLightmicrogr8Phsofaliying血hL'nosphaen'ymakamae(I)

andActl'〝OPhつぼSOlcells(b)takenwithNomarskjdifrerentiaJ

interfcrenccoptics,showingmanynccdlellikcaxopodiaradiating

bmthesphericalcellbody.A,axopdium.Bars-100Ilm.

axopodialcontraction,though noevidencehasbeen

presentedtosupportthishypothesis(Matusokaet

al.,1985;An doandShigenakも1989;Suzakietal.,

1994;Kinoshitaetal.,2001).IstheCTSreallya

contractileorganeue? Toreplytothisquestion,

attemptswerecarriedoutinthisstudytoprovethat

theCTSobservedillaCtinophridheliozoaisamo-

tilestructurein axopodiathatisresponsiblefor

rapidaxopodialcontraction.First,invitroreacti-

vationofthecytoplasmiccontractioninEchi-

nosphaeriumakamaeOTig.la)andAch'nophryssol

OTig.1b)wascarriedoutbyusingmembrane-

permeabilizedcellmodels,andevidencewaspre-

sentedthattheCTScontractsinaCa2'-dependent

9

manner(ChaptersIandII)ANext,cellhomogenate

ofA.solwaspreparedthatyieldscontractilepre-

cipitatebyadditionofCa2+･ Theprecipitatewas

composedofCTS-likefilam ents,andthemoti1e

responseoftheprecipitatetoCa2'wassimilarto

thatofthepermeabilizedcellmodels･Basedon

theseobservadons,apossiblemechanism offor-

mationandcontractionoftheprecipitatewasdis-

cussedinChapterllI.

Ⅰt was incidentally found in Echi-

nosphaert'umthatnucleiintheisolatedcytoplasm

contractedsimultaneouslywiththecytoplasm.As

wellascytoplasmiccontraction,contractionofthe

isolatednucleioccurredinaCa2'Jependentman-

ner,andwashhibitedbyneithercolchicinenor

cytochalasinB.Theseresultsindicatethatacertain

contractilesystemexistsinsideanucleus,andits

mechanismdiffers丘omthoseoftheact0-myosin

andthemicrotubularmotilities. lm an isolated

macronucleusofTetrafwme17a(Ciliatedprotozoa),

WunderlichandHerlanhavereportedthatthenu-

clearmatrix,oranucleoskeletalframeworkstruc-

ture,showedreversiblecontractionwhichwasin-

ducedbycontractionofaperipherallaycrofthe

nucleus(WunderlichandHerlan,1977;Wunderlich

etal.,1978).Although alargenumberofinvesti一

gationshavebeenfocusedonfundam entalstruc-

turesand血nctionsofthenuclearmatrixinvarious

kindsofcells,nucleardynamicsincontractilityand

itsvolum echangehaveattractedlessattendon.h

thisstudy,nuclearcontracdlity wasobservedin

varioustypesofceLIsincludingotherspeciesof

protozoans(EupZotesaediculalusandParamecium

bursarL'a)andevenin Culturedmam alian cells

(HeLacells).ToeuJmi atethepossibilityofin-

volvementofthenuclearmembraneinnuclear

contraction,Iattemptedtodevelopaprocedureof

isolationanddemembranationofthemacronucleus

inE.aediculatus. Byuslngtheprocedure,in



ChapterIV,three-dimensionalSurfacestructuresof

thenakednuclear chromatinwasobservedby

scannlngelectronmicroscopy.Theisolatedand

demembranatedmacronucleusofE.aediculatus

wasfotmdtoshowCa2'-dependentcontractility

(ChapterV).Furthermore,heliozoonActinophrys

solalso showed similarnuclearcontraction

(ChapterVI).Morphologicalandphysiological

characterizationofthenucleaqcontractilitywas

camiedout,andpossiblemechanism ofCa2+-

dependentdynamicsofthenuclearmatrixisdis-

cussed.
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CHAPTERI

ReactivationofCa2'-dependentCytoplasmicContractioninPerme-

abilizedCellModelsoftheHeliozoonEchinosphaeriumakamae

INTROI)UCTION

Rapidaxopodialcontractionofactinophrid

heliozoaisaprotozoan motilesystemthatisnot

explainedbyei血eractomyosinortubulin-based

machineries(Suzakieta1.,1980a).Theheliozoon

cellshavealargenumberorneedle-likeaxopodia

thatradiatefromtheirspheriCalcellbodies.Wh ena

preyprotozoanbecomesattachedtoanaxopodium ,

thepreyistrappedatthesurfaceoftheaxopodium,

andisconveyedtowardthecellbodybyrapid

shortening ofthe axopodium (Ockleford and

Tucker,1973;Suzakietal.,1980a;Sakaguchietal.,

1998).Manyinvestigationshavebeencarriedout

atlightandelectronmicroscopiclevels,butdie

mechanismofaxopodialcontractionisstillpoorly

tmderstood.

Ithasbeenshown thatslowaxopodialre-

tractionisinducedbyCa2'inthepresenceofca1-

citm ionophoreA23187(Schliwa,1976;Matsuoka

andShigenaka,1984).Calcium pyroantimonate

cytochemistryandX･raymicroanalysishasshown

thattheaxopodialcontractionisrelatedtointracel-

lularcalciumreleasefromeitherthecellcortexor

vesiclessurroundingtheaxonemal microtubules

(MatsuokaandShigenaka,1984,1985).Suzakiand

Co-workersmeasured也efわrceofaxopodialcon-

tractionandestimatedittobcintheorderof10-9N.

Theforceoftheaxopodialretractioninducedby

treatmentwithcolchicinewasalsoestimatedtobe

intheorderof10-11N･Theyaccordinglyconcluded

thatthemotiveforceforaxopodialcontraction

camotbeexplainedbyanaxopodialtensiongen-

eratedasaresultofdisassemblyofthemiCrotubules

(Suzakieta1.,1992).Theaxopodiumcontainsa

bundleofmicrotubulesasacytoskeletalelement

(TilneyandPorter,1965;Tilneyeta1.,1966;Ock-

1eford,1974).Contractiletubules(fomerlycalled

X-bodies)arealsolocatedinsidetheaxopoditm

andrunparalleltothemicrotubulesthroughoutthe

axopodial length (ShigenakaandKaneda,1979;

Suzakieta1.,1980a;Shigenakaeta1.,1982).Elec-

tronmicroscopyhasshown thatthecontractiletu-

bulesbecomegranulatedincontraetedaxopodia

(Suzakieta1.,1980a;An doandShigenaka,1989;

Suzakieta1.,1994).Fromtheseobservations,ithas

beenpostulatedthattherapidaxopodialcontraction

maybeaconsequenceoftheconformational

cha喝eOfthecontractiletubulesinducedbyCa2+･

However,thereisnodirectevidencetosupportthis

hypothesis.

Inthepresentstudy,Iattemptedtoprepare

cellmodelsoftheactinophridheliozoonEchi-

nosphaeriumakamae,andobservedresponsesof

themodelstoCa2'atthelightmicroscopiclevel.

Furthermore,electronmicroscopywascarriedout

toexaminetherelationshipbetweencytoplasmic

contractionandthemorphologicalchangeofthe

contractiletubules.Fromtheseobservations,the

possiblemechanismofcytoplasmiccontractionin

也eheliozoanaxopodiaisdiscussed.

MATERIALSANDMETIIOI)S

OrganismandCulttlre

Living samplesoftheheliozoon Echi-

ll



nosphaeriumakamae(Shigenakaetal.,1980)㈹re

collectedB･omapondinthecampusofKobeUni-

versityinKobeCity,HyogoPrefecture,Jap肘1,and

maintainedin0.01%Knopsolution(0.24mM Ca

(NO3)2,0.14mMKNO3,0.06mMMgSO4,and0.1

mM KH2PO4) at20土 loCwith Chlorogonium

elongatumaddedasafoodsource. C.elongatum

wasculturedinamedium (0.1% sodiumacetate,

0.1%polypepton,0.2%tryptone,0.2% yeastex-

tract,and0.01mg/mi CaCl2)underconstantlight

conditions.Subculturingwascarriedoutatinter･

valsofabout2Ⅵ℃eks.

PreparationoEPem eabili2ledModelofAxo･

poditlm

TwolinesofVaselineledgeswereplacedon

aglassslideparalleltothelongeredgeoftheslide,

andasmalldropoffreshculturemedium was

placedbetweentheVaselineledgeswith several

丘bersofabsorbentcottonasspacers(Ⅰshidaetal.,

1996).Afterbeingwashedwithculturemedium ,

cellswereplacedinthedrop,coveredwithacov-

erslip,andle氏foraboutlOminatroomtempera-

twesothattheaxopodiacouldrecoverfromdam-

agescausedbypipetting.Forpermeabilizingthe

cellmembrane,thecellsweretreatedwithethylene

glycol bis(β-aminoethylether)-N ,N ,N',N'-

tetraaceticacid(EGTA)forlminatroomtem-

peratureinasolutionconsistingof100mMEGTA,

5mM MgSO4,and20mM N-(2-Hydroxyethyl)

Piperazine-N'-2<thanesulfonicacid(HEPES,pH

7.0).Testsolutionswereintroducedintothenar-

rowgapbetweentheslideandthecoverslip&om

onesideuslngaPasteurpipette.Forreplacementof

thesolution,thepreparationwasdrained&omthe

othersideusmgapieceOffilterpaper.Thecells

werethenwashedwithEGTAinasolutioncon-

sistingof5mMEGTA,5mMMgSO4,and200mM

HEPES(pH7.0).Toexaminecytoplasmiccon-

tractionofaxopodia,asolutionconsistingof5mM

EGTA,5mMMgSO4,4mMCaC12,md200mM

HEPES(pH7.0)wasadded.Thefreeconcentration

ofCa2'inthissolutionwascalculatedtobe1.7x

lOJMbyan iterativeprocedtqeaccordingtoSu-

zakiandWilliamson(1986).

PreprationonPertneAbilizedModelofCeu

Body

lnordertoexaminethecontractilityofthe

cellbody,an altemativeprocedurewasdeveloped

tomai地inamassOfcellbodycytoplasm.Cells

werewashedwitha&eshculturemedium,placed

onahollowslidewithalittleamountoftheculture

medium,andquicklystirredupwi也apasteurp1-

petteinamediumconsistingof100mM ethyl-

enediamine-N,N,N',N'-tetraaceticacid(EDTA)at

roomtemperature.A洗erlmin,thecellswereput

onaglassslidepreparedasmentionedabove,cov-

eredwithacoverslip,andpressedwithaglassnee-

dle.Bythisprocedwe,mostoftheaxopodiabc･

Camedetached,andcellbodiesadheredtotheglass

surface.ThecytoplasmwasthentreatedwithTri-

tonX-100inasolutionconsistingofl%TritonX-

100,1mMEGTA,and5mMHEPES(pH7.0)for1

mintopermeabilizethecellmembrane.Then,the

isolatedcytoplasmwaswashedinasolutioncon-

sistingo∫lmMEGTAand5mMHEPES(pH7.0).

Toinducecontraction,thecytoplasmⅧ treated

wi血asolutionconsistingoflmMEGTA,5mM

HEPES(pH 7.0),andvariousconcentrationsof

CaC12.

AmlysisofLightMicroscopicIm&geS

Lightmicroscopicobservationsoftheper-

meabilizedmodelswerecarriedoutatroomtem-

peraturetmderanOlym pusDH-2microscope

equippedwith Nomarskidifferentialinterference

optics.Microscopicimagesweretakenwith a

12



videocamera(Victor,KY-F30),recordedbyeither

avideocassetterecorder(Victor,BRIS822)ora

digital recorder(Konica,MR-1500). Recorded

imageswereprocessedbyapersonal computer

(NEC,PC-9801DA)formeasuringareasofiso-

latedcytoplasmusingtheimageanalyzingso食ware

NIHImage1.61.

MeaStLrCnetltOftheAreaofIsolatedCytophsn

Afractionalarea(A*)oftheisolatedcyto-

plasmwasexpressedasavaluecalculatedas:A*-

(A-Am.n)/(A.mrAmln),WhereA,n.Iistheinitial

areaofacytoplasmicmass,Am,nistheareaofthe

cytoplasmatthecompletelycontractedstage,andA

istheareaataglVCntime.

TransmissionElectronMicroscopy

Sampleswereprefixedwithafixativecon-

sistingof3%glutaraldehyde,0.OlmM MgSO4,1

mM sucrose,and50mM sodiumcacodylate(pH

7.0)for3minatroomtemperature.Theywerethen

postfixedwith bufferedl% OsO4for30minat

roomtemperature･Afterbeingrinsedin50mM

cacodylatebuffer(pH7.0),the丘xedsampleswere

dehydratedinagradedethanolseries,followedby

embeddinginSpurr'sresin(Spurr,1969).UltraLthin

sectionswerestainedwith3%aqueous tmnylace-

tatefor15minandReynolds'leadcitratestain

(Reynolds,1963)for5minatroomtemperature.

Observationsweremadewithatransmissionelec-

tronmicroscope(JEOLJEM-1010).

RESULTS

EffectofCa2+onthepermeabilizedaxopodia

wasexaminedandresultsareshowninFig.Ⅰ.1.

Thepermeabilizedaxopodiawerewellpreservedin

thestateoffullextensionevenaRertreatmentwith

loomMEGTA(Fig.I.1a).WhenCa2'wasadded

atfreelCa2']>1×10JM,severalbeadingsap-

pearedalongthelength ofeachaxopodium asa

resultofcontractionoftheaxopodialcytoplasm

(arrowheadsinFig.I.1b).As aresultofcytoplas-

micaccum ulations,diameterofaxopodiabetween

cytoplasmicbeadsbecamemarkedlyreduced.The

contractionwasnotinhibitedbycytochalasinB.

Thecontractedcytoplasmrecoveredtoitsinitial

statewhenCa2'wasremovedbytheadditionof

EGTA(datanotshown).Wh ensurplusamountof

ca2'wassuccessivelyaddedatacelCa21 > 1x

104M,theaxopodiabecamecollapsedandshort-

enedtowardthecellbodyastheresultofdisas-

semblyofcytoskeletalmicrotubules(Fig.I.1c)･

Ultrastructuralobservationswerecarriedout

bytransmissionelectronmiCroscopytoinvestigate

whethermorphologicalchangesofcontractiletu-

bulesoraxonemal血crotubulesaccompanyCa2十一

inducedcontractionofthepermeabilizedaxopodia.

As aresult,contractiletubules(arrowheads)were

foundtotransformfromtubulartogranularforms

andaccum ulatedintheaxopodialbeading(Fig.

I.2b)bytheadditionof1.7×10'6M Ca2',while

axonemalmiCrotubules(asterisksinFig.I.2)re-

mainedunchanged.

Inthepermeabilizedcellbody,cytoplasmic

contractionwasalsoinducedbytheadditionof

ca2'(Fig.I.3).Althoughmostofthemembranous

structureshaddisappearedintheisolatedcytoplasm

aRerthetreatmentwith TritonX-100,nuclei

(marked'N"inFig.I.3a)remainedinthecytoplas-

micmass.Wh enca2'wasaddedat1.9×10･5M,

bothisolatedcytoplasmandnucleicontracted(Fig.

I.3b).UponsubsequentadditionofEGTA,the

contractedcytoplasm andnucleiexpanded(Fig.

I3C).Contractionofthecellbodywasnotinhibited

bycytochalasina.

Contractionandrelaxationoftheisolated

cytoplasm wereobservedrepeatedlybyalternate

additionofCa2'andEGTAITheapproximatearea
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Fig･l･1･LightmicrographsoftheEGTAm∝leLsofaxopodiaof

丘hfnosphaerLILLmakamae.a:EGTA-permeabilizedaxopodia

afterwashingwith5mM EGTA.Theaxopodiaremainedina

stateoffullextension.b:WhenCa2十(斤cclCa21-1.7×10~6M)

wasadded,Severalswellings(arrowheads)appearedalongthe

lengthofeachaxop∝liumasaresultofcytoplasmiccontraction.

C:Additionof1mMCa2+causedcompletecollapseandshort-

emngOftheaxop∝liaasaresultofdisassemblyoftheaxonemal

microtubules.Bar-loopm.

Fig･LZ･EIectTOnmicrographsofcrosssectionsthroughthe

permeabilized axopodiaofEcJlinosphaerl'umakamaebefore(A)

14

andaflcr(b)additionorCa2+.TheadditionofCaZ.(I.9×10-6

M)inducedamorphologicalchangeorthecontractiletLJbules

(aTTOWheads)斤omttJbulartograLlularforms,withoutdisassem-

bJyofthemicrotubules(asterisks).Bar=200nm.

Fig,I3.LightmicrographsoftheTritonmodelofthecellbody

ofEthL'nosphaert'zJmakamae･A:Amassofcytop)asmandnuclei

(N)a命ertr飽tmentWithTritonX-100･b:ARerwashingwith

EGTA,contractionofcytop)asmandTMC]eioccurredwhenCa2'

(freelca21-I.9xlOJ5M)wasadded.C:Relaxationofcylo-

plasmandnucleiwasinducedbytheadditionofEGTA.Bar-

tOllm.



Fig.I.4.Successivecontraction
andrelaxationofamassofiso･

latedcytoplasm.Fractionala陀a
(A+)oftheisolatedcytoplasm
wasexpressedasavaluebetween
0and1usingtheequation:A'-

(A･Amュn)/(A-爪.ドAm.n),where
A.A.istheinitialareaofacyto･
plasmicmass,AmLnistheareaof
thecomplctclycontractedcyto-
plasmicmass,andAistheareaof
thecytoplasmatagiventime_
ClosedaJldopenarrowheads
indicatethemomentswhenCa2'

(1mM)andEGTA(ImM)were
added,respectively.
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Fig.I.5.Relationshipbctweenthe触tionalareaofamassof
isolatedcytoplasmandkcecalciumconcentrationinthemedium.
The触tionalareawasdeterminedasdescribedinthelegendfor
Fig.I.4.ThethresholdIevelofthe舟eecalciumconccntmtionfor
cytoplasmiccontractionwasintheorderoflOL7M,andthcmaxi-
malcontractionwasobtainedat0.1mM.Closedcircles,process
ofprogressivecontraction;Opencircles,processofprogressive
relaxation.

or血eisolatedcytoplasmwasCOntinuouslymeas-

uredasshown inFig.I.4. Thecontraction-

relaxationcyclecouldberepeatedmanytimes(as

manyas38timesinthisstudy)bymanipulating

触 eCa2'concentrationinthemedium ･刀ledegree

ofcontractionoftheisolatedcytoplasmwasde-

pendentonthefreecalcium concentration(Fig.I.5).

whenthefreeCa2'concentrationwasraisedstep-

wise舟om 10-gto10-3M,theisolatedcytoplasm

contractedinaslgmOidalmannerasshown inFig.

I.5(closedcircles).Thethresholdleveloffree

15

10 15 20 25 30

Timo(m舌n)

Calcium concentrationforthecontractionofthe

cytoplasm wasintheorderof10-7M,andthe

maximalcontractionⅥ徽Sachievedat0.1mM.The

kmvalueestimatedkomthedatapresentedinFig･

I･5was5･8×10-7M･ARercompletecontraction,

Beeca2+concentrationwasgraduallylowered舟om

lOl3tolO~8M.Thekmvalueobtained丘omthe

curvefortherelaxationprocess(opencircles)was

2.Ix10~7M.

DISCUSSION

Inthisstudy,permeabilizedcellmodelsofE.

a血maewerepreparedtoinvestigatethecontractil-

ityofthecytoplasmandtheaxopodium.Axopodia

areknown tobesensitivetodetergent;theybecome

retractedimmediatelyalterlivingcellsaretreated

with TritonX-100(Suzakieta1.,1980b).Itis,

therefore,ditrlCulttopreparecellmodelsbyTriton

X-100withtheiraxopodiainthestateoffullex-

tension.Alternatively,byusingEGTA athigh

concentrations,permeabilizedcellmodelswere

successfullypreparedwithoutartificialshortenlng

ofaxopodia(Fig.I.la).Highconcentrationof

EGTAwasfoundtobeeffectiveforpreservationof

theaxonemalmicrotubules(Suzakietal.,1980b).

ElectronmiCroscopyshowedthatalthough the

original arraysofaxonemalmicrotubuleswere

slightlydisordered,eachmicrotubuleintheperme-



abilizedaxopodiawaswellpreservedbothbefore

anda鮎rCa2'addition(Fig.I.2).

At丘eeCa2'concentrationsbetween1xlO･6

and1xlOJM,cytoplasmiccontractionofaxopo-

diawasobservedwithoutdisassemblyofthe

axonemalmicrotubules.AfteradditionofCa2'to

thepermeabilizedmodels,several swellingsof

axopodialcytoplasmwereformedalongthelength

ofaxopodiaasaresultofcontractionoftheaxopo-

dialcytoplasm.Thisphenomenonissimilartothat

usuallyobservedinheliozoonsduringpreycapture

(Suzakietal.,1980a).Inlivingcells,elecbonmi-

croscopicobservationsshowedthatcontractiletu-

bulesweretransformedintogranularformsinside

thecytoplasmiCswellings(Suzakietal.,1980a;

AndoandShigenaka,1989).Contractiletubules

havetubulaqorlamellarprofilesincrosssection

andawavyappearanceinlongitudinalsection.

Wh en cytoplasmic contraction occurred,they

changetheirappearancetosmallgranulesor

spherules,sometimessurroundedbymembrane-

1ikestructures(Kinoshitaeta1.,2001).Similarly,in

thepermeabilizedaxopodia,contractiletubules

werealsofoundtochangetheirappearance&om

tubulartogranularformswhenCa2'-dependent

cytoplasmiccontractionoccurred.Furthermore,as

shown inFig.I.2b,microtubulesinthepermeabi-

1izedaxopodiaremainedintactafteradditionof

ca2'atI.9x10-6M.Fromtheseobservations,itis

stronglysuggestedthattransformationofthecon-

tractiletubulesandconcomit弧tCytOplasmiccon-

tractionarecatLSedbyCa2十,notastheresultofdis-

assemblyofthcmicrotubules.

Inthisstudy,contractionandrelaxationof

permeabilizcdcellbodieswereinducedrepeatedly

bysuccessiveadditionsofCa2+andEGTA(Fig.

I.4),whichdemonstratethatthecytoplasmiccon-

tractionoccursinaCa2+-dependentmanner･Simi-

lartothecytoplasmiccontractioninaxopodia,nei-

thercontractionnorrelaxationofthecellbodyre-

quiredATP.Thecytoplasmiccontractionofthe

cellbodywasnotinhibitedbycytochalasinB.

TheseresultsindicatethatacertainCa2+-dependent

contractilesystemexistsinthecytoplasmofthe

heliozoa.Contractionofthecellbodyisprobably

basedonthesamemoleculal･mechanismasthatfor

theaxopodialcontraction,becausebothcontractile

phenomenasharecommoncharacteristicsfortheir

reactivationinpe rmeabilizedcellmodels.The

contractiletubulesarenotonlylocalizedinsidethe

axopodiabutalsointhecellbody,especiallynear

theperiPheryofdienucleuswhereaxonemal

microtubulesaretemi nated(Suzakietal.,1980a).

Itis,therefore,probablethatthecellbodycontrac-

tionisalsomediatedbytheCa2'-dependenttrans-

formationofthecontractiletubules,

Alargenum berofinvestigationshavebeen

madeontheCa2'-dependentcontractionofthe

glycerinatedstalkofvorticellidciliates(Asaietal.,

1978;Ochiaieta1.,1979;YokoyamaandAsai,

1987)andTriton<xtractedmodelsofheterotrich-

Ousciliates(IshidaandShigenaka,1988;Ishidaet

a1.,1996).Theyshowedthatsuchcontractions

occurinan al1･or-nonefashion(KatohandKiku-

yama,1997;Moriyamaetal.,1998).Thethreshold

leveloffreecalcium concentrationforthecontrac-

tionisestimatedtobeintheorderoflO･7M,and

degreeofcontractionand鉦eecalciumconcentra-

tionshowasigmoidalrelationship(KatohandNai-

toh,1994;Ishidaetal.,1996).Inthisstudy,thecell

modelsshowedcontractility simi1artothoseof

spasmonemesandmyonemes.Theycontractedin

an ATP-independentandCa2'-dependentmanner,

andwerenotinl1ibitedbycytochalasinB.Inthe

heliozoa,however,thecontractileorganelleis

morphologiCallydifferentinappearance. The

spasmonemeandthemyonemearecomposedof2-

3nm and3.5-10nm maments,respectively
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(HuangandPitelka,1973;Yogosawa-Oharaand

Shigenaka,1985).However,contractiletubules

haveadiameterofabout22nm,andacharacteristic

transformationoccurswhentheybecomecon-

tracted(Matsuokaeta1.,1985).Thesedifferences

suggestthatthemolecularmechanismofcytoplas-

miccontractionofheliozoamaybedifferent舟om

thoseforthespasmonemeofvorticellidciliatesand

themyonemeofheterotrichousciliates.
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CHAPTERII

ca2'-dependentCytoplasmicContractilityoftheHeliozoon

ActinophTySSOL

INTRODUCTION

Anum berofprotozoan cellsareknownto

showcharacteristiccellmovementswhicharecon-

trolledbyintracellularcalciumions.Theyinclude

coilingofthestalkinvorticellidciliates(Am os,

1978;Asaietal.,1978;Ochiaieta1.,1979;Yoko-

yamaandAs ai,1987;KatohandKikuyama,1997;

Moriyamaeta1.,1998),twistingcontractionofthe

cellbodyin heterotrichous ciliates(Huangand

Pitelka,1973;Yogosawa-OharaandShigenaka,

1985;Yogosawa-Oharaetal.,1985;Ishidaand

Shigenaka,1988;Ishidaetal.,1996)andcontrac-

tionofthenagellarrootfiberinalgalcells

(salisburyetal.,1984;Salisbury,1998),Ca2'-

dependentrapidaxopodialcontractioninheliozoa

alsobelongstothistype ofmotility(Kinoshitaet

a1.,2001). Theheliozooncellsextendalarge

numberofaxopodiaradiatingfromtheirspherical

cellbodies,andtheyus uallycapturepreyorgan･

ismsbyrapidaxopodialcontraction(Ocklefordand

Tucker,1973;Suzakietal.,1980a,Kinoshitaeta1.,

2001).Ultrastructuralstudiesshowedapresum ed

contractileelement(Calledthecontractiletubules

structure:CTS)insidetheaxopodiaⅥ血ichtran S-

fomuintoamassofsmallgranulesduringaxopo-

dialcontraction(Suzakietal.,1980a;Andoand

Shigenaka,1989;Suzakietal.,1994).Although

granulationoftheCTShasbeenconsideredtobe

responsibleforaxopodialcontraction,itsmolecular

mechanismhasnotbeenexplained.

MATERIALSANDMETHODS

OrgaTIismandCtllttlre

TheheliozoonActinophryssolwascultured

monoxenicallyaccordingtoSakaguchiandSuzaki

(I999).Cellswerecollectedbycentrifugationand

washedwithartiBcialbrackishwater(47mMNaCl,

1.1mM KCl,1.1mM CaC12,2.5mM MgC12,2.5

mMMgSO4,and1mMTriS-HClatpH7.8)before

血eywereusedfわrexperiments.

Prepr&tion of Permeabilized Model of

Aェopoditlm

A.Solcellswerewashedandle氏forabout1

hourina1.5mi testtubeatroomtemperatureumil

theysettledtothebottomofthetubeandformed

cellcoloniesasaresultofnaturally10ccumng

membramefusion.Forperfusionexperiments,cell

colonieswereplacedbetweentwolinesofVaseline

ledgesplacedparalleltothelongeredgeofaglass

slide.A洗erbeingcoveredwithaglasscoverslip,

cellsweregentlycompressedwithaglassneedle

&omthetopofthecoverslipuntilcellcolonieswere

丘rmlysandwichedbetweentheglasssurfaces.

Individualcellswere瓜ushedawaybyastream of

artificialbrackishwaterintroducedfromonesideof

thepreparation,whileexcesssolutionwasabsorbed

fromtheothersidebytouchingatipofafilterpaper

cutinatriaI唱ularshape.Incontrasttoindividual

cells,clusteredcellsinacolonyremainedinthe

sameplacebecausetheywerelargeenough tobe

heldbetweentheglassslideandthecoverslip.

Settledsampleswerepermeabilizedbytreatment

wi也100mMEGTA,andwashedwithasolution

consistingof5mM EGTAand100mMHEPES,

Q)H7.0).Then,asolutionconsistingof5mM
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EGTA,2.9mMCaC12,and100mMHEPESatpH

7.0wasaddedtoinduceacytoplasmiccontraction

inresponsetoCa2+･TheconcentrationofBeecal-

ciumin也issolutionwascalculatedas5.0×10~7M

byaniterativeprocedureaccordingtoSuzakiand

William son(1986).

PreparationofPermeabilizedModelofCell

Body

Inordertoexaminecontractilityofthecell

bodycytoplasm,washedcellswereplacedona

hollow slidewithasmallam Ountofartificial

brackishwater,andasolutionconsistingof0.1%

TritonX-loo,3mMEGTA,1mMMgSO4,5mM

cacl2,and5mM HEPESatpH8.0(acelCa2']-

2.0xlO13M)wasaddedtopermeabilizethecell

membrane.Themixturewasquicklystirredup

withaglassneedle,andcellswerepipettedoutand

placedonaglassslidewithVaselineledges,which

hadbeencoatedwith0.1%poly-L-1ysine.Bythis

procedure,axopodiawereallbrokendown into

smallpieces,butcytoplasm ofthecellbodyre-

mi nedasaglobularmassofthesam esize.A洗er

beingcoveredwithaglasscoverslip,theprepara-

tionwasle氏foraboutlOminatroomtemperature

untilthepermeabilizedcellbodyadheredtothe

surfaceoftheglassslide.EGTAsolution(3mM

EGTA,1mMMgSO4,and5mMHEPESatpH8.0)

orca2+sol山ion(3mM EGTA,1mM MgSO4,5

mMCaCl2,and5mMHEPESatpH8.0)wasadded

toobserverelaxationorcontractionoftheperme-

abilizedcellbody,respectively.ToquantifyCa2'-

dependentcontractility ofthecytoplasm,washed

cellsinCa2'-depletedartifieialbrackishwaterwere

mixedwiththesam eamountofatestsolutioncon-

sistlngOfO･02% TritonX-100,6mM EGTA,10

mMHEPES(pH7.0)andvariousconcentrationsof

CaC12.A洗ervortexingfor5seconds,themiⅩtu柁

wasplacedonaglassslideandcoveredwithaglass

coverslip. Microscopicimageswererecorded

withinafewminutesa洗eradditionofthetestsolu-

tion,andareasofthepermeabilizedcellbodies

weremeasuredfromtheirimages.

PrepratiotLOfPrecipitate

Washedcellswerecollectedbycentrifuga-

tionatroomtemperature,andweresuspendedina

solutionconsistingof3mM EGTA and5mM

HEPES(pH7.0),followedbyhomogenizationus-

1ngaPotterhomogenizerequippedwithaTeflon

pestle.ALtercentrifugationat7,700×gfor5min,

thesupematantwascollectedandasmallamountof

5mM CaCl2Wasaddedtomaketheflnalkeecal-

ciumconcentrationat2･Ox10-3M･Aprecipitate

appearedwithin5min,andwascollectedasapellet

bycentrifugationat200xgfor5min.Thepre-

cipitatewasplacedonaslideglasswithVaseline

ledges,andobservedafterbeingcoveredwith a

glasscoverslip.

Microscopy

Lightandelectronmieroscopyofreactiva-

tionofthepermeabilizedmodelsortheprecipitate

obtainedfromcellhomogenatewascarriedoutas

describedinChapterI.Negativestaimingforelec-

tronmicroscopywasalsocarriedoutbyaconven-

tionalme也od.SampleswereputonaFomv∬-

coatedgridmesh,drained,andtreatedwith 1%

uranylacetate,drainedagainbyattachingapleCeOf

filterpaper,andobservedwithatransmissionelec-

tronmicroscope (HitachiH-7100).

Spectroscopy

Thesupematantofthecellhomogenatewas

putintoan acrylicmicrocuvette,andtWbidity at

500nm wasmonitoredwithaspectrophotometer

(Shlmadzu,UV-1200)toexaminetheeffectof

variousconcentrationsofCa2+onthesupematant･
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Sodium DodecylStll伽 e(SDS)-PolyacTylamide

GelEIectrophoresis

SDS-PAGEwascarriedoutaccordingtothe

methodofLaemmli(1970)inslabgelscontaining

12% polyacrylamideatroom temperature.After

pre-flXationwith20% methanoland7.5% acetic

acidfわr20min,gelswerestainedby0.15%

Coomassiebrilliantbluein50%methanolandI0%

aceticacidfor20min,andthendestainedin25% ヽ

methanoland7.5%aceticacid,

REStJLTS

lnthisstudy,permeabilizedcellmodelsof

ActinophTySSolwerepreparedtoinvestlgatethe

cytoplasmiccontractilityoftheaxopodium andthe 血

cellbody.WhenA.sol(Fig.II.la)wascollectedby

centrifugationandle氏inatesttubeforaboutone

hour,cellcolonieswerefbmedasshowninFig.

II.lb,Axopodiaofsuchfusedcellsappearednor-

mal,andtheyremainedinthestateoffullextension

evenafterpermeabilizationwith100mM EGTA

(Fig.ⅠⅠ.lc).BytheadditionofCa2'at5.0×10-7M,

severalbeadsorcytoplasm appearedalongthe

lengthofeachaxopodium asaresultofpartial

contractionoftheaxopodialcytoplasm(Fig.ⅠⅠ.Id,

a汀OWheads)withoutapparentbreakdownofthe

cytoskeletalmicrotubules. Thecontractedcyto-

plasmrecoveredtoitsonglnalstatewhenCa2+was

removedbythesubsequentadditionorEGTA(data

notshown).

Cytoplasmiccontractilityor仇ecellbody

was also investigated in the detergent-

pemeabilizedcellmodeLWhenTritonX-100was

addedtothecell,theaxopodiacollapsedandwere

Rushedawaybythestreamofsolution,whilecyto-

plasm ofthecellbodyremainedattachedtothe

glassslidecoatedwi仙poly-L-1yslne.AsshoWlin

Fig.ⅠⅠ.2,relaxationandsubsequentcontractionof

thepemeabilizedcellbodycytoplasm wereob-

･･;
I.
;
.}

Fig.ll.1･LightmicrographsofAcLL.nOPhryssol.a:Livingcells
undercultureconditions,showingthatmostoftheceHsaresolitary.
b:Acellcolonyformedbycentrifugation.C:Amagnifkdmicro･
graphofapartofanEGTA-treatedcellcolorly.Axopodiaretained
their凡lJlyextendedstateevenafterEGTA-pem eabiliZation.d:
TheEGTA-treatedcellcolony(samespecimenasc)a命eraddition
ofCa2+atkeelCa21-5.0×10JM.Severalswellingsappeared
(arrowheads)alongthelengthofeveryaxopodiumasaresultof

cytop]asmiccontraction.Bar-200llm(JIandb)and20pm(d).

servedunderthelightmicroscope.Thecellmodel

wasfirstpreparedinitscontractedstatewithCa2+at

iteelCa2+1-2.0×10-3M (Fig.II.2a).Itexpanded

bytheadditionofEGTA(Fig.II.2b),followedby

re-contractionuponsubsequentadditionofCa2'

(Fig.II.2C).Cytoplasmiccontractionofpermeabi-

1izedaxopodiaandceHbodieswasnotinducedby
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Fig.IL2･LightmicrographsoftheTri-
ton･extractedmodelofthecellbody.a:

ThemassofcytoplasmoftheeeHbody
retaineditssphericalshapea鮎rextrac-

tionwithTritonX-100atfreelCa21=

2･0×10-〕M.b:Expansionorthecyto-

plasnlOccurredwhenEGTAwasadded.
C:subsequentadditionofCa2十(鮎e

lca21-2.0×JO13 M)induced re-

contractionorthecytoplasm.Bar-20
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Fig.H.3.Re一ationshipbetweentheprojectedareaoftheperme-
abiliZedcellbodyandfreecalciumconcentration.Anopencircle

showstheapproximateprojectedareaOfthecellbodyof.Livlng
cells.AtkeeCa2+concentrationsof1018Morbelow,ceHmodels

wereexpandedascomparedwiththelivingceHs.Onthecon-

trary,atconcentrationsof10-7Morabove,ce)Imodelswerein
thestateofcontraction.Fromthedata,theKmvaluewasesti-

matedtobe2･4×10･8M･Barsrepresentstandarderrors･

Mg2+evenatconcentrationshigherthan thatre-

quiredforCa2+,andwasnotinhibitedbycyto-

chalasina.Thedegreeofcontractionortheper一

meabilizedceHbodywasdependentonfreeCa2'

concentration(Fig.ⅠⅠ･3).Theapproximateareasof

thecellmodelsweremeasuredasafunctionoffree

ca2'concentration&om0tolO･5M.AtfreeCa2'

concentrationslowerthan10-8M,cellmodelswere

intheexpandedstate.Atconcentrationshigher

than10-7M,cellmodelswereinthestateofcon-

traction.Arelationshipbetweentheareaor血ecell

modelandtheBeeCa2'concenlrationsfitsfairly

closelytoaslgmOidalcuⅣe,withtheKm value

21

estimatedas2･4x10-8M･An opencircleinFig.

II.3Showsthattheapproximateareaorthecell

bodyofthelivingcellwasabout1,900-2,000pm2･

IobtainedaprecIPltatebyadditionofCa2'to

thesupematantOrthecellhomogenate･Toexam-

inetheeffectofvariousconcentrationsofCa2',the

ttJrbidity ofthe supernatantwas continuously

measuredat500rLmWithaspectrophotometer.As

shown inFig.II.4,asignificantincreaseofturbidity

wasinducedbyadditionofCa2'atconcentrations

higherthan10-5M,whilenoturbiditychangewas

observedinCa2'_concentrationslowerthan1Ol7M.

TheprecipitatedisappearedwhenCa2+ wasre-

movedbyaddingEGTA totheprecIPltate,and

reappearedwhenCa2+concentrationwasincreased

>10-5M･Suchacyclicfbmationor仇epreclpltate

waspossibleatleast3timesbyrepetitiveaddition

andremovalofCa2+･Therelationshipbetweenfree

ca2+ concentrationandturbidityorthecellh0-

mogenateat500nm,shownattenmhutesinFig.

II.4,indicatesthattheformationoftheprecIPltate

dependsonf一eeCa2'concentration. Lightand

electronmicroscopyofthepreclpltateWereCa汀ied

outasshowninFig.ll.5.Wh enobservedbyalight

microscope,theprecIPttateWasObservedaspacked

particles or am orphous materials (fig.II･5a),

However,electronmiCroscopyshowedthatalarge

numberofgranularaggregateswerecontainedin

theprecipitate(Fig.ⅠⅠ･5b)･Whentheprecipitate

wascomparedwiththecontractiletubulesinintact

cells,itwasmorphologlCallysimilarto仙atinthe
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Fig.IL4.Turbidity(absorbance)changesofthecellhomoge-
natemeasuredat500nm.Measurementswerecarriedoutfor
10minaReradditionofvariousconcentrationsofCa2十tothe

supematantoftheceHhomogenates･WhenCa2twasaddedat
concentrations一owerthanlO~7M,theturbiditybecameslightly
decreasedduetotheeffectofdilution.AdditionofCa2'at

concentrationsof10~6Moraboveinducedsignificantincrease
inttlrbiditywithinafewminutes.Differentsymbols(●,口,O,
･,▲,■,and｡)indicatedifrerentfreeCa2+concentrations(10~
3,loヰ,10-5,104,10-7,10-8,and10-9M,respectively)I

granulatedstateofthecontractiletubules(Fig.

ⅠⅠ.5C).

AsshowninFig.II.6,negatively-stainedcell

homogenateofA.solwasfoundtobecomposedof

fllam entous structureswithtubularandwavyap-

pearance(Figs.II.6aandb).Diameterofthese

filamentousstructureswasabout20nm.Wh en

ca2+(2mM)wasaddedtothecellhomogenate,the

filamentousstructureschangedtheirappearance

Bomtubulartogranularforms(Fig.II.6C).

SDS-PAGEanalysisorahomogenateorthe

cytoplasm wascamiedoutbeforeanda洗ersome

&actionationandprecIPltationwithcalcium .As

showninFig.II.7,Coomassiebrilliant-blue-stained

gelelectrophoresisshowedthataprecipitateob-

tainedbyadditionofCa2+loacellhomogenate

containedalargenumberofproteins,especiallyin

low-molecularweightregions(Lane3inFig.ⅠⅠ.7).

Theoverallgelprofllesoftheprecipitateremained

unchangedevena洗er3cyclesofformationand

Fi宮･H.51Microscop)cobseryationsoftheprec)pitateandthe
contracti一etubules.a:Lightmicrographoftheprecipitate,which
appearedwhenCa2'wasaddedtothecelthomogenate･Thepre-
clpitatcwascomposedofpackedsma一lgranules. bandc:Elec-
tronmicrographsofthepreclpltateandthecontractiletubuJes.
ThepreclpltateWasCOmpOSedofaggregatedgranulesorvesicles
(b)whicharemorphologicallysimilartothegranulatedfomlOf
thecontractiletubulesinanintactcell(C).Bar-20llm(a)and
100nm(bandc).

dissociationoftheprecipitates(datanotshown).

DISCUSSION

Inthelargeheliozoon Echinosphaerium

akamae,cellmotilitiessuchasaxopodialcontrac-

tionandcytoplasmicstream inginaxopodiacanbe

easily obseⅣed under a light microscope

(Shigenakaeta1.,1974;Edds,1975;Suzakiand

Shigenaka,1982).Duringfooduptake,attached

preycellsarecarriedtowardthecellbodysurface

byarapidaxopodialcontraction(SuZakieta1.,

1980a;Shigenakaetal.,1982).Thedrivingforce

fortheaxopodialcontractionisconsideredtobe

generatedbytransfbmationorCTS(Suzakieta1.,

1994). Recently,Ihaveshown thataCa2'-

dependentcontractilityexistsinacytoplasmora

large heliozoan Echinosphaerium akamae

(ArikawaandSuzaki,2002).Wh enCa2+wasadded

topermeabilizedcellmodelsofaxopodia,amassof

granulatedCTSwasobservedinacontractedcyto-
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a

Fig.JI.6.Negatively-stainedelectronmicrographsofCTS-likefilamentousstTtJCtureSinthecellhomogenate･a:FilamentousstruC･
luresinthecellhomogenatethatwerepreparedbeforeadditionofCa2̀･Theyaredispersedinthesuspension,andhavemany
branches･Bar-ILIm.b:AnenlargedmicrographofthefHamentousstructures,showlngthattheyhaveatubularandwavyappear-
ance.Bar-100nm.C:CTS-likestructureatleradditionofCa2十.ThefHamentousstructurestransformedintoamassofaggregated
granules.Bar=Ipm.
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Fig.n.7.SDSIPAGEanalysisofthecytoplasmbeforeanda鮎r
precipltatjonwithcalcium.RawceHhomogenate(Larle1).
Thiswascentrifugedat7,700xgfor5minandthege一oflhe
supernatantisshowninLane2･A鮎radditionofCa2+at210×

10-3日thiswasseparatedbycentrifugationat200×gfor5min
intotheprecipitate(Lane3)andsupernatant(Lane4)･Notethat
alargenumberofproteinsaresl川presentintheCa2十一induced
preclPltate･Thege)wasstainedwithCoomassiebrillianlblue,
andmolecularweightstandards(M)areshownaltheleftofthe
gel,calculatedinkD.
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plasm,indicatlngthataCa2+dependenttransfor-

mationoftheCTSresultsinacytoplasmiccon-

traction.E.akamaeandA,solaretaxonomically

classifiedintothesameorder,bothhavingmor-

phologlCallysimilarstmcturesinaxopodia･Al-

though therearesomedifferencessuchasnumber

ofnucleiandlivingconditionsbetweenE.akamae

aLndA.sol,bothareabletocapturefoodorganisms

byrapidaxopodialcontractionwhichaccompanies

transfわrmationorthecontractiletubulesinthe

axopodia.Therefore,ltisnaturaltoconsiderthat

山etwospeciesmayshareacommonmechanism

forthecytoplasmiccontraction(Kinoshitaeta1,,

2001).

lnthisstudy,Ca2+-dependentreactivationof

thecytoplasmiccontractionofaxopodiaandthe

ceubodywasdemonstratedin'model'cells.The

additionofCa2'tothepermeabilizedcellsinduced

localizedcytoplasmiccontraction,resultinginthe

formationofseveralswellingsorbeadsalongthe

lengthoraxopodia(Fig.ⅠⅠ.ld).Thisphenomenon

issimilartothatusuallyobservedduringpreycap-



ttue,whichusuallyocctm whenafoodorganismis

trappedatthemiddleorproximalregionsOfthe

axopodia(Suzakietal.,1980a).Electronmicro-

scopicobservationsshowedthatCTSwastrans-

formedintoagranularforminsidesuchcytoplas-

micswellingsboth inlivingcells(Suzakieta1.,

1980a;Shigenakaetal.,1982;An doandShi-

genaka,1989)andalsointhepermeabilizedcell

model(Arikawa and Suzaki,2002)ofEchi-

nosphaerium.Inadditiontothescmorphological

observations,reactivationofcytoplasmiccontrac-

tioninpermeabilizedaxopodiaservesasdirect

evidenceforthepresenceofaCa2+dependentcon-

tractilesystem intheheliozoonaxopodia.Con-

tractionandrelaxationofpermeabilizedcellbodies

werealsoinducedbyadditionsofCa2'andEGTA

(Fig.II.2),indicatingthatthecontractilesystem

existsnotonlyinsidetheaxopodiabutalsointhe

cellbody.Thecontractionofthecellbodycyto-

plasmmayalsobeattributedtothecontractiletu-

bules,becausetheyamalsopresentinthecellbody,

runnmgparalleltotheaxonemal microtubules

whichtemi natedeeptowardsthecenterofthecell

body(Suzakieta1.,1980a;Kinoshitaetal.,2001).

A Ca2'-inducedprecipitatewasobtained

from thecellhomogenateofA.sol(Fig.II.4).

Continuousspectrophotometricmeasurementof

turbidityofthecellhomogenateat500nmshowed

thaLttheprecipitateappearswithinafewminutes

a飴radditionofCa2'atconcentrationshigherthan

10JM･Itisevident丘omFig･4thattheformation

oftheprecipitatedependsonCa2+concentration･

SDS-PAGEanalysisshowedthatalargenumberof

proteinsarecontainedintheprecipitate;manyof

thosearealsopresentinthesupematant(Fig.II.7,

Lanes3and4).Wh enasmallamountofbovine

senm albumin(BSA)wasaddedtothecellh0-

mogenate,itwasalsorecoveredintheCa2+-induced

precipitate(datanotshow叫･Theseresultssuggests

thattheca2+-inducedprecipitatemaybccomposed

ofnotonlyCa2'-sensitiveproteinsbutalsoother

associatedproteinswhicharenotinvolvedinthe

mechanism oftheprecipitateformation.h this

study,formationanddisappearanceoftheprecIPI-

tatecouldberepeatedmanytimesbyalternatead-

ditionofCa2'andEGTA,indicatingthatthisphe-

nomenonisregulatedbyonlyCa2+withoutany

otherenergysupply･Itiswellknown thatsome

peritriChciliates(Am os,1975)andsomenagellates

(Salisburyetal.,1984)possessCa2'-dependent

contractileorganelles,aspasmonemeandaflagel-

larroot,withintheircytoplasm.Contractionof

theseorganellesismediatedbyCa2'-bindingpro-

teins(spasminandcentrin,respectively),whose

molecularweightsareabout20kDa.As shown in

Fig.ⅠⅠ.7,SDS-PAGEpattemshowsaproteinband

ofabout20kDaintheCa2'-inducedprecipitate.

Thisresultsuggeststhataspasmin-orcentrin-like

ca2+-bindingproteinmaybepresentinA･sol,

whichistobeexaminedinthefuture.TheprecIPl-

tatewasfoundtobccomposedofsmallgranules

morphologiCallysimilartoCTS(Fig.II.5b).h

intactcells,CTSchangesitsappearanccfromwavy

tubulestogranulesorspheruleswhenaxopodial

contractionoccum(Kinoshitaetal.,2001).Judging

fromitschamcteristicultrastructure,theaggregated

granulesintheCa2'-inducedprecipitatearemost

likelythegranulatedformsofCTS. Elongated

CTS-1ikefi1am entswerefoundtobcpresentinthe

cellhomogenate.As shown inFig.ⅠⅠ.6,these瓜Ia一

ments have a wavy tubular appearance

(叩prOXimately20nm indiameter),whichwas

morphologiCallysimilartoCTSinitselongated

state(Kinoshitaeta1.,2001).Theyaremorph0-

10giCallydistinct舟ommicrotubules,astheyhave

branches,smallerindiam eter,andwavylnappear-

ance. Moreover,immunOelectron microscopy

demonstratedthattheywerenotlabeledbyatubu-
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liれantibody(datanotshown).Theseresultsindi-

catethattherllamentousstructuresshowninFig.

ⅠⅠ･6areCTS,nottheaxonemalorcytoplasmic

microtubules.Furthermore,thefilamentousstruc-

tureschangedtheirform toaggregatedgranules

alteraddingofCa2',indicatesthatisolatedCTS

possessesan abilityoftransformationinvitroina

ca2+-dependentmanner･Ca2+dependentcontrac-

tilityofCTSisfunctionallysimilar tothoseof

spasmonemesandmyonemes(HuangandPitelka,

1973;Ochiaieta1.,1979;IshidaandShigenaka,

1988)･However,CTSinheliozoaisdistinguished

丘omthecontractilefllamentsoftheseciliates,Since

itisthickerindiameteranditshowsacharacteristic

transformation舟omtubestogranules(Kinoshitaet

al.,2001;ArikawaandSuzaki,2002).

Comparedwith Otherprotozoan species,it

hasnotbeenpossibletocultureheliozoonsinax-

enicconditionssofar.Duetothisdifnculty,bio-

chemicalapproachestounderstandingthemecha-

nismofcytoplasmiccontractionhavebeenlimited.

Recently,however,amethodofbacteria-&eemon-

oxeniccultureofA.solwasestablished(Sakaguchi

andSuzaki,1999),whichyieldedacelldensityup

to4,000cells/mi thatis>100timesmoreefGcient

thanconventionalculture.Thus,A.solcannowbe

usedforbiochemicalresearch,in whichalarge

quantityofmaterialsisusuallyrequired.Inthis

study,Isucceededinpartialisolationofcytoplas-

micstructures,whichshowauniqueresponsetO

ca2+informingprecipitatesandhavingan appear-

ancesimilartothecontractiletubules.Thisindi-

catesthatthecontractiletubulesmayhavebeen

isolatedinvitro,butfurtherpurificationandbio-

chemicalcharacterizationareneededtoidentify

proteinswhicharerequiredforthecytoplasmic

contractioninheliozoa.
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CHAPTERIII

ca2'-dependentInVitroContractilityoftheContractileTubulesinthe

HeliozoonActinophryssol

INTRODUCTION

Heliozoonscapturepreyorganismsbyusing

alargenum berofcytoplasmictentaclescalled

axopodiathatareradiatingfromthesphericalcell

body.AAerapreyistrappedonthesurfaceofan

axopodium,rapidcontractionoftheaxopodialcy-

toplasmoccurstoconveythepreytowardsthecell

bodysurfacewhereformationofafoodvacuole

takesplace(OcklefordandTucker,1973;Suzakiet

al,1980a;Shigenakaetal.,1982).Theaxopodial

contractioninvolvesrapidbreakdownofthecy-

toskeletalmicrotubules(Suzakieta1.,1994)and

contractionoftheucontractiletubulesstructure

(CTS)"thatismi nginparalleltothemicro-

tubules(Suzakieta1.,1980a;Kinoshitaetal.,

2001).InChaptersIandII,Ihaveshown witha

detergent-extractedcellmodelthatcontractionof

thedemembranatedaxopodiathatcontaintheCTS

isacalcium-dependentphenomenonwithoutre-

quirementforotherenergysupply(Arikawaand

Suzaki,2002;Arikawaetal.,2002b).Thesechaq-

acteristicsresemblecalcium-dependentcontractile

systemsinotherunicellularorganismssuchasvor-

ticellidciliaLte(Asaieta1.,1978;Ochiaietal.,1979;

YokoyamaandAs ai,1987;KatohandNaitoh,

1994;KatohandKikuyama,1997;Moriyamaetal.,

I998),heterotrichousciliate(IshidaandShigenaka,

1988;Ishidaetal.,1996)andgreenalgae(Salisbury

andFloyd,1978;Salisburyetal.,1984;Colingand

Salisbury,1992;Salisbuy,1998),inwhichcon-

formationalchangesofthecalcium-bindingcon･

tractileproteinssuchasspasminandcentrinexerta

motiveforceforcontraction.Inheliozoons,how-

ever,themechanismofaxopodialcontractionis

poorlyunderstood,andthetubularappearanceof

theCTSischaracteristictothisgroupofprotozoa

(Suzakieta1.,1980a;Matsuokaeta1.,1985).The

CTStransformskomabundleofelongatedtubules

toamassofsmallgranuleswhenaxopodialcon-

tractionoccurs(Suzakietal.,1980a;Andoand

Shigenaka,1989;Suzakieta1.,1994;Kinoshitaet

al.,2001;AJikawaandSuzaki,2002),anditissur-

miscdthatsuchamorphologlCalchangeoftheCTS

mayberesponsibleforthecontractilemechanism

(Matsuokaetal.,1985).

Inthepreviousstudy,Ihaveobtainedapre-

cipitate丘omacellhomogenateoftheactinophrid

heliozoonA･sol,whichappearedinaCa2㌧

dependentmanner(Adkawaetal.,2002b).Inthe

cellhomogenate,CTS-likestructureswereob-

servedthatchangedtheirappearances丘omtubular

filamentstosmallgranulesbytheadditionofCa2'･

Judging&om morphologicalandphysiological

similarities,IhaveconcludedthattheCTSwas

crudelyisolatedasamaincomponentoftheCa2'-

inducedprecipitate(Arikawaeta1.,2002b).Here,I

succeededinreactivatinglnVitrocontractionofthe

precipitatein aCa2'･dependentmanner･ Bio-

chemicalcharacterizationoftheprecipitatewas

carriedouttounderstandpropertiesandmechanism

ofcontractionoftheisolatedCTS.

MATERlALSANDMETIIODS

OrganismsandCtIIture

ActinophTySSolwasmonoxenicallyCultured

asdescribedinChapterII.CellswerehaⅣested
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whenthecelldensityreached2,000-4,000cells/ml

intheculturemedium.Priortoeachexperiment,

cellswerecollectedbycentrifugationandwere

washedwithfresh10%artiflCialseawater.

PreparationofPrecipitate

ca2'-inducedprecipitatewasobtainedfrom

cellhomogenateasdescribedinChapterII･Wh en

theprecipitatewaspressedstronglyfromthetopof

thecoverslip,itadheredtotheglasssurfacelikea

viscouspaste.ContractionoftheadheredprecIPl-

tatewasinducedbyintroducingasolutionconsist-

ingof3mM EGTA,5mM HEPES(pH7･0),and

various concentrationsofCaC12丘omasideofthe

preparation･

Proteinassay

Forthedeterminationofproteinconcentra-

tions,abicinchoninicacid(BCA)assayprocedure

wasused(Smi血eta1.,19$5).For仙eBCAassay,

reagentswereaddedtoasample,andthemixture

wasincubatedafewhoursatroomtemperature.

Altertheincubation,absorbanceat562nm was

recordedwithaspectrophotometer(Shimadzu,UV-

1200).Bovinesemmalbumin(BSA)wasusedasa

standard.

FractionationofCellHomogenate

Cellhomogenatewas fractionatedbysu-

crosedensity gradientultracentrifugation. Two

millilitersofasolutionconsistingof2.0Msucrose,

10pM leupeptin,0.2mM phenylmethylsulfonyl

fluoride(PMSF),3mMEGTA,and5mMHEPES

(pH7.0)wereplacedonthebottomofacentrifuge

tube,andwasgentlyoverlaidwith1.5,I.0,and0.5

M sucrosein5mM HEPESbuffer(2.0mi each).

Cellhomogenatewascentrifugedat10,000×gfor

10min,andtheresultingsupernatant(I.5ml)was

placedontopofthelayeredsucrosesolutions,aJld

subjectedtoultracentrifugation(100,000×g)for20

hoursat4oC(Hitachi,CP70MX).ARerultracen-

trifugation,1.0mi &actionswerecollectedfromthe

topofthetubedownwardandwerestoredonice

beforeuslng.These丘actionsweresampledfor

SDS-PAGEaftertrichloroaceticacid(TCA)pre-

cipitation,orforinducingprecipitatesbytheaddi-

tionorCa2+.

Microscopy

Reactivationoftheadheredprecipitatewas

observedasdescribedinChaptersIandII.

Electrophoresisandlmnunoblotting

Sodium dodecylsulfatepolyacrylamidegel

electrophoresis(SDS-PAGE)wasperformedac-

cordingtoLaemmli(1970)asdescribedinChapter

II･Forimm unoblottinganalysis,proteinsofCa 2+-

inducedprecipitatewereseparatedbySDS-PAGE,

andtransferredtoaPVDF-membrane(ATTO,

Clearblotmembrane-p)inatransferbuffer(192

mMglycineand27mMTriS).Themembranewas

incubatedmorethan 30minatroomtemperaturein

awashingbuffer(0.05%Tween20,154mMNaCl,

and10mM TrisatpH7.4)containingl% dehy-

dratedskimmilk(DIFCO).Afterwashedinthe

washingbuffer,membraneswerecutandincubated

for1hatroomtemperaturewith200-folddilution

ofanti-αtubulinoranti-tubulinantibodies.The

membraneswerewashedagalnwith thewashing

bufferandthenincubatedfor1hatroomtempera-

turewith 500-foldhorseradishperoxidase(HRP)-

Conjugatedsecondaryantibodies.Themembranes

weregentlywashedagaininthewashingbuffer

beforedetectionofHRPactivitywithKonleaim-

mumostainingkitHRP-1000.

REStJLTS

Previously,Ihavereportedthataclearsu-
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pematantofthecellhomogenateofActinophTySSOL

yieldedaprecIPltatebyadditionofCa2'.Inthis

study,theCa2'-inducedprecIPltateWaSfurther

characterizedtounderstandtherelationshipbe-

tweenprecipitateformationandCa2+-dependent

cytoplasmiccontractilityoftheheliozoon. By

addingCa210asupematantofthecellhomogenate

preparedwi血1%TritonX-100,aprecipitatewitha

granularappearancewasobtained(Fig･ⅠⅠⅠ･】)･In

additiontoTritonX-100,0血erkindsofdetergents

werealsofoundtobeeffectiveforpreparlngCell

extractthatformedaCa2+-dependentprecipitate･

AsshowninFig.ⅠⅠⅠ.2a,nonionicdetergents(Triton

X-100,TritonX-I14,Nonidetp-40,Tween20,and

Tween80)andanionicdetergents(deoxycholic

acidsodiumsalt(DASS)andsodiumdodecylsul-

fate(SDS))Weretested,andobtainedprecipitates

wereanalyzedbySDS-PAGE.Incaseofanionic

detergents,thesupematantofthecellhomogenate

becameturbidbyadditionorCa2+,butonlyatrace

amountofprecipitatewasobtainedaftercentrifuー

gation.Ontheotherhand,allthenonionicdeter一

gentswerefoundtoyieldcellhomogenatesthat

resultedinprecipitatefbmationbyadditionor

ca21 SDS-PAGEshowed也attheirbandpatterns

aresimilartoeachotherwithalotofproteincom-

ponentsintheprecIPltateS.Azwitterionicdeter-

gentCHAPSwasalsoeffectiveinformationofa

ca2'-inducedprecipitate,andtheresultingSDS-

PAGEpattem wasalsosimilartothoseobtained

with thenonionicdetergents(datanotshown).

Immunoblotanalysiswascarriedouttoidentify

componentsoftheCa2'-inducedprecipitate,and

showedthatbothα-andp-tubulinwereinvolvedin

theprecipitateasoneof仇ecomponents(Fig.

Ill.2b). As an approachtodetectCa2'-binding

proteins,samplesweremixedwithsamplebuffers

withorwithoutCa2',andsubjectedtoSDS-PAGE.

Thesupematantofthecellhomogenatewasfound

Fig･III･1･LightmicrographofaCa2'-inducedprecipitateof
Aclinophり岱SO/.ThepreclpltateWasObtainedasapelletbycen-
trifugationafteradditionofCa2十tothesupernatantofacellh0-
mogenate.TheprecIPltateWasCOmPOSedofsmallgranule sIBar
=20pm.

tocontainaprotein也atchaI唱editsmobilityona

gelbyadditionofCa2十(Fig.ⅠⅠⅠ.3).Thisproteinhas

anapparentmolecularweightorabout17kDain

theabsenceofCa2',whichshiftedto15kDawhen

ca2+wasaddedtothesam plebuffer･Theprotein

wasnotdetectedintheCa2+-inducedpreclpltatebut

remainedinthesupematantcollectedafterthepre-

cipitatewasfわrmedbyCa2+,indicatingthatthe

proteinisnotacomponentortheprecipitate.As

schematicallyshowninFig･批 4,aCa2十一induced

precIPltateCOuldeasilybedissolvedbyadditionof

EGTA,andwasreappearedbysubsequentaddition

ofCa2'･Furthermore,suchcyclesofdis-andre-

appearanceoftheprecipitatecouldberepeated

severaltimesbyaltemateadditionofEGTAand

ca2十･ByaspectrometricmethodusingBCAre-

agents,proteinconcentrationwasdetemineddur-

ingSuccessivecyclesofprecIPltateformation･

About46%oftheproteinsinthesupematantofthe

cellhomogenatewererecovered intheCa2+-

inducedprecipitate.Ineachsuccessivecycleof

precipitateformation,certainlossofproteinsoc-

curred.In2nd,3rd,and4thcycles,theprecIPltateS

werefoundtocontain78%,81%,and83%ofthe
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Fig･lll･2･a:SDS-PAGEofCa2+･inducedprecipitatesobtained

fromacellhomogenateofAcIL'nophりISSolwhichwereextracted

withdifferentkindsofdetergents･PrecipitatesformedwhenCa2'

wasaddedtocel‖10mOgenateSWhichwereextractedwithnon-

ionicdetergents(TritonX-100,TritonX-114,Nonidetp-40,

Tween20,andTween80),whileonlysmallamountsofprecipi-

tateswereobtainedwithanionicdetergents(DASSandSDS).

Molecularweightsofthemarkerproteins(M)areshownatthe

leftsideofthegel.b:lmmunoblottinganalysisforthepresence

ofoL-andP･tubulinintheCa2+-inductedprecipitate.Positive

reactionsagainstα-tubulin(α)andtubulin(α+β)antibodieswere

observed,indicatingthatthetwodominantproteinbandscontain

a-andβ-tubuljns.Blackandwhitearrowheadspointpositionsof

tl-andβ-tubulin,respectively.

M

200 '-一･･･一

116 -.-

66 一一一｢=_

42 -←-

｣｣

｢
7
.｡
I

T
.
...

L･%?...T.I.
.
.｣
.I-
-
･･

1～

-
一
∫

一

17- 塾 fI

二三 ｣ .i):~- ･

Fig･lH･3.SDS-PAGEanalysISShowingtheexistenceofa

ca2+-Sensitiveproteininthecellhomogenate･Byadditionof

ca2+,a17kDaproteinchangeditselectrophoreticmobility&om

I7(fMedarrows)to15kDa(openarrows)inapparentmolecu-

larweight.Notethattheproteinwasdetectedinthesupematant

a鮎rprecipitateformationwithCa2'(sup),butnotinthepre-

cipitate(ppt),Molecularweightsofthemarkerproteins(M)are

indicatedattheleftofthefigure.Apartofthegelimage(sup+

and-)wasartificiallycontrast-enhancedfordemonstratingthe

existenceof17kDaproteininthis舟action.
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Actjnophryssol

1%TritonX1100
3mMEGTA

5mMHEPES(pH7.0)

10,000×9.10min

precipitation

Fig･IIL4･SchematicdrawlngOftheprocedureforpreparlng

ca2'-inducedprecIPltate･Cellswerehomogenizedinadeter-

gent-containlngSOlutionandaclearsupernatantwasobtained

bycentri免lgation･AfteradditionofCa2+tothesupematant,a

whiteprecipitateformedandwasobtainedasapelletbylow-

speedcentrifugation.Theprecipitatebecamedissolvedby

additionofEGTA,andreappearedbysubsequentadditionof
ca2+.

proteinswhichhadbeenpresentinthesupematant

beforeadditionofCa2',respectively･Thepellets

whichappeareda洗ersuccessivecyclesofprecIP1-

tateformationweresubjectedtoSDS-PAGEand

showninFig.ⅠⅠⅠ.5.TheCoomassiebrilliantblue-

Stained protein profilesremained constant,and

therewasnoproteinbandwith anincreaslngten-

dencya洗ercyclesofdis-andre-appearanceofthe

precipitate･Itwasincidentallyfoundthatexoge-

nousproteinsaddedto仙esupematantorthecell

homogenateareincorporatedtotheCa2+-induced

precipitate.Forexample,whenBSAwasaddedto

thesupematant,aprecipitateappearedasusual,but

itcontainedBSA asoneorthecomponentsorthe

precipitate(a汀OWheadinFig.ⅠⅠⅠ.6).BSA wasin-

corporatedinto仏eCa2+-inducedpreclpltateina

concentration-dependentmanner,andSDS-PAGE

pattem oftheintrinsicproteinswasnotaffectedby



theintroductionofexogenousBSAprotein.Many

kindsorproteinsseemtobeincorporatedtothe

precipitate,asall也emarkerproteinsfわrSDS-

PAGEwerealsoinco叩Orated(datanotshown).

ThisresultsuggeststhattheprecipitatemayInclude

manyproteinsthatarenotessentialf♭ritsCa2+-

sensitivitiesbutarejustassociatedtotheprecIPト

tate.Thesupernatantofthecellhomogenatewas

舟actionatedbysucrosedensitygradientultracen-

trifugationtoidentifyessentialcomponentsforthe

precipitateformation. Obtained丘actionswere

subjectedtoSDS･PAGEandshowninFig.m.7.

ca2'-inducedprecipitatesappearedonlyin&ac-

tions2to5,inwhicha50kDaproteinwasparticu-

larlyemiched.Thisfactraisesapossibilitythatthe

50kDaproteinisoneofthenecessarycomponents

fortheformationoftheprecIPltate.

when a Ca2十一induced precipitate was

slightlypressedwithaglassneedlekomthetopof

W 1st 2nd 3rd

一卜I----.i. ー _ I ,.-i

Fig.1日.5.SDS-PAGEanalysisofthepreclpltatea鮎rcy-
clesofdi告-andre･appearance.SamplesrepresentedasW,

lst,2ndand3rdshowproteinsinthewhole･cellsamp一e(W)
andpreclpltateSObtainedaftercyclesofpreclpltationfor
one(lst),two(2nd)andthree(3rd)times,respectively.A
largenumberofprotcinswerepresentinthepreclpitate
eyenafterthreecyclesofprecipitateformation,andnopro-
teinhasbeenenriched.
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Fig･TIl･6lSDS-PAGEanalystsOftheCa2+-indtJCedpreclpltate
withbovineserumalbumin(BSA).WhenBSAwasaddedtothe
supernatantofthecellhomogenate,itwasrecoveredintheCa2十I
inducedpreclpltateinaconcentration･dependentmanner.BSA
appearedasapredominantbandwhenitwasaddedat0.)mg/m]
tothesupernatantthatcontains1-2mg/mloftotalintrinsic
proteins.

acoverslip,theprecipitateadheredtothesurfaceof

eithertheglassslideor血ecoverslip,1mWhichthe

precipitatebecameclottedbyadhesionorsmall

granulesclosetogether.Wh enEGTAsolutionwas

introducedkomasideofthespecimen,freegran-

uleswereflashedaway,andtheclotoftheprecIPl-

tatebecameloosenedandswollentoformaless

re舟activelayerattheedgeoftheclottedprecIPltate

(Fig.III.8a).BytheadditionofCa2',contractionof

仇eswollenlayeroccurredandtheedgesbecame

tightenedup(Fig.Ill.8b).Whentheprecipitatewas

pressedhardly,itadheredtotheglasssurfacelikea

viscouspaste(Fig.Ill.9a).Theadheredprecipitate

becamecontractedbytheadditionofCa2'(Fig.

ⅠⅠⅠ.9b),andwasrelaxedbythefわllowingaddition

orEGTA(Fig.ⅠⅠⅠ.9C).Bothcontractionandre-

laxationoftheadheredprecIPltateWerenotinhib-
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Fig.日].7.SDS-PAGEanalys)sof斤actionatedproteinsofthe
supcmatantofthecellhomogenatebysucrosedensltygradient
ultracentrifugation.Ca2'wasaddedtoaHthefractionsaRer
centrifugation,andprecipitatesappqredonlylnthefractions
no.2to5(numberOfplusmarksshowsdegreeofprecipitate
formation,andminusmarksrepresentnoprecipitateformation).
lnthefractionsno.3aTLd4,mostpredominantproteinsappearto
haveapproximatemo一ecularweightsofabout50kDa.

｢.- ■■~■~■■~■
Fig.1日･8･Sequentiallight
micrographsofanadhered
precLPItate,Showingitsre-

ISPOnSetOCa2+･wtlenaPre-
clpltateWasSLightlycom-
pressed,itadheredtothe
surfaceofaglassslide.a:
Freegranulesweremashed
awayfromitsedgesbya
stream ofEGTA solution

(arrows),andtheprecipitate
remainedontheglasssurface
withatransparentperipheral
regIOn.b:Theperipheral
reglOnOftheadheredprecIPL-

talesuddenlytightenedupbysubsequentadditionofCa2+
(lca21 斤∝ -2mM).Brokenlineshowstheperipheryofthe
precipi(ateinEGTAso一ution(a).Solutionswereappliedfrom
thetopofthefigures.Bar-20pm.

itedbytreatmentwithcolchicine(10mM)orcylo-

chalasinB(1mM).Asshown inFig.III.10,con-

tractionandrelaxationoftheadheredpreclpltate

couldbeinducedmanytlmeSbyaltemateaddition

ofCa2'(filledarrows)andEGTA(openarrows).

DegreeorcontractionofthepreclpltateWasde-

pendentonBeecalciumconcentration.As Shown

inFig.Ill.ll,theprocessofcontractionandre-

laxationoftheadheredpreclpltateWasdependent
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Fig.lIL9.SequentiallightmicrogTaPhsofaprecipitate
stronglycompressedonaglasssurface,showiJlgCycliccon･
tractionandrelaxatjonbysuccessiveadditionofCa2'and
EGTA.TheprecIPltatethatwasattachedtoaglasssurfacehad
apaste-likeappearance(a).Contraction(b)andrelaxation(C)
oftheprecIPltateWereinducedrepeatedlybysuccessiveaddi-
tionsorCa2'(lca21恥e=2mM)andEGTA(3mM).Bar-20
Pm･

0nextemalfreeCa2'concentration,andwaschar-

acterizedbyhysteresis･WhenBeeCa2+concentra-

tionwasincreasedstepwisekom0tol015M,the

adheredprecipitatebecam econtracted(nlledcir-

cles)withitsapparentKmvalue(or丘eeCa2+con-

centrationrequiredforthehalf-maximumresponse)

ofl･3×10-7M･Thefわllowingdecreasein丘･eeCa2+

concentrationinducedgradualrelaxationorthe

contractedprecipitate(opencircles)withitsappar-

entKmvalueofl.3×10-gM.

DISCIJSSION

h thepresentstudy,Ca2+-dependentcon-

tractilityofthecytoplasmoftheheliozoonActino-

PhfySSolwasexaminedinvitro･ACa2+-induced

precIPLtateWasObtainedfromthecellhomogenate,

whichretaineditsCa2+dependentcontractility.

Theclottedprecipitateshowed Ca2+-dependent

contractionthatseemstoshareco… oncontractile

propertleSwiththemembrane-permeabilizedcell

modelsofA.sol(Arikawaetal"2002b).Inthe

actinophridheliozoonsA.solandEchinosphaerium

akamae,cytoplasmiccontractionofpemleabilized

cellmodelsrepeatedlyoccu汀edbyaltemateaddi-

tionofCa2'andEGTA,anditdidnotrequireATP

(ArikawaandSuzaki,2002;Arikawaeta1.,2002b).

Similarcontractilitywasfoundtoexistinsideiso-

latednucleiinA.solandE.akamae(Arikawaand

Suzaki,2002;Arikawaeta1.,2002a).However,
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Fig.IILIO.Continuousmeasurementoftheprojectedareaofthe
adheredprecipitatem組Suredonthevideoimage.Cyclesofcon･
tractionaJldrehx8tionoftheadheredprecipitateWererCPCatedly
inducedfor6timeswithin40minutes.Closeandop孤aJTOWS
indicatethemomentsofadditionsofCa2'(【ca21触.=2mM)and
EGTA(3mM),rcSpcctively.
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Fig.Ill.ll.Relationshipbctwecnprojectedarcsoftheadhered
prccipitatcand舟eccalciumconcentrationinthesurrounding
medium,showingahystcresis.Opencirclesrepresentprocesses

ofrel細 ionoftheprecipitatebyapplyingdccrcaslngCOnCentra-
tionsofCa2'(Km-1.3×10JM),andGlledcirclesshowapro-
gressivechangeoftheprojectedareaoftheprccipitaltcinducedby
stepwiscincreiLSeinCa2'concentmlion(Km -I.3×10~7M).

TheexperimentstartedfromlCa21k.-10'5M,andthcprecipi-
tatewassubjectedtoagradeddecreasingseriesofCa2+(these-
quenceofexpcdmentisindicatedbyabrokenm w),andfinally
treatedwithEGTA.ThesBuneprecipitatewasthensllbjectedto
theincreaslngCOnCentrationsofCa2'inasequenceshownbya
solidarrow.
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neitherformationnorcontractility oftheCa2+-

inducedprecipitatehaveanyrelationshiptothe

nuclearcontraction,becausenucleiwerecentri-

fugallyremovedinadvancefromthecellhomoge-

nate.ThethresholdleveloffreeCa2'concentration

forinducingcytoplasmiccontractioninmodelcells

was2.4 ×10J8MinA.sol(Arikawaetal.,2002b).

Similarly,contractionoftheclottedprecipitatewas

alsoca 2+-dependentwithoutanyrequlrementOf

otherenergysupply,anditsthresholdlevelofBee

ca2'concentrationwasintherangeof10-7-10-8M･

Thesesimilaritiesstronglysuggestthatinvitro

contractionoftheclottedprecipitatemayreflect

cytoplasmiccontractionoftheaxopodiaofA.sol,

血血herstrengtheningthecasefortheinvolvement

ofCa2'-inducedcontractionoftheCTSinthe

axopodialcontraction.TheCTShasbeensurmised

toberesponsiblefortheaxopodialcontraction

(Suzakieta1.,1980a;AndoandShigenaka,1989;

Suzakietai･,1994).TheCTSismorphologiCally

distinctkomothercontractileorganellesinother

organisms,andshowsacharacteristictransforma-

tionwhencontractionoccurs(Matsuokaetal"

1985;Kinoshitaetal.,2001).SDS-PAGEanalysis

showedthatacertainCa2'-sensitiveproteinexists

inthecellhomogenate(Fig.III.3).Thsproteinhas

anapparentmolecularweigh of17kDawithfaster

electrophoreticmobilityin血epresenceofCa2+･

MolecularweightandtheCa2'-dependentmobility

shiRsuggestthattheproteinmayberelatedtoCa2'-

binding contractile proteins such as cent血

(Caltractin)andspasmin(YamadaandAsai,1982;

Salisburyeta1.,1984;ColingandSalisbury,1992)

whichareincludedinthecalmodulinsuperfamily.

However,aRerprecipitateformationwithCa2',the

17kDaproteinwasnotdetectedintheprecipitate

butinthesupematant,indicatingthattheproteinis

notinvolvedintheCa2'-inducedprecipitate･

Ithasbeen found thatacontraction･
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Fig.JJl.12.Aschematicdraw)ngmustratlngPOSSibleinvolvementoftheconfomalionalchaJlgeOfCTSaLldotherproteinsinthe
pr∝essofcontractiletubulesaggregation･a:lnthesupernatantoftheceHhomogenate,individua一CTSsaresuspendedintheme-
diumwilれcytoplasmicproteins(coloredobjects).t':WhenCa2'isaddedlothecellhomogerLatC,COntraCtionoftheCTSoccurs,

Duringthispr∝ess,many,butnotalLcytoplasmicproteinsareincorporatedinthecontraCtedCTS,resultingInco-Sedimentationof
theproteinswithCTSintheCa2'-inducedprecJPltate,

extensioncycleorthespasmoneme,acontractile

organelleofthevorticelIidciliate,representeda

kindofhysteresis(Ochiaieta1.,1979).h 血is

study,asshownillFig･IIL11,Ca 2+dependentre-

activationortheadheredpreclpltatealsoshoweda

hysteresisloop･SpasminisaCa2+-bindingprotein

withamolecularweightorabout17kDa,andisa

maincomponentofthespasmoneme.Similarly,a

17kDaproteinwasalsodetectedinthecellhO-

mogenateofA.sol.,whichshowedamobilityshift

onSDS-PADEgelinaCa2+-dependentmanner･

However,theproteinremainedinthesupernatant

alterprecipitateformation,andnoproteinsinthe

precIPltateWereaffectedbyCa2+onSDS-PAGE

mobility(Fig.III.3).Theseresultssuggestthatthe

molecularmechanismorcontractionandrelaxation

oftheadheredprecIPltatemaybedifferentkom

thatofspasmonemecontraction.

AnSDS-PAGEgelinFig.lIl.5Showedthat

alargenumberofproteinswerepresentintheCa2+-

inducedprecIPltate.Theproteinproflleremained

unchangedevenaRerrepeatedcyclesofpreclpltate

fomation,indicatingthattheclottedprecIPltateis

composedofmanyproteins.Moreover,whenBSA

wasaddedto山esupematantor仇ecellhomoge-

nate,itwasrecoveredin血eCa2十一inducedpreclp卜

tate･From theseresults,itseemsplausiblethat

manyor仙ecomponentproteinsortheCaZ+-

inducedprecIPltatemaybeessentialforneither

formation norcontractility ofthe precipitate.

TransformationoftheCTSfromtubulartogranular

formsoccurswhenaxopodialcontractiontakes

place(Suzakieta1.,1980a;Matsuokaeta1.,1985;

An doandShigenaka,1989;Suzakietal.,1994;

Kinoshitaeta1.,2001).Furthermore,similarmor-

phologlCalchangeof也eCTShasbeenobservedin

acellhomogenateofActinophTySaReradditionof

ca2+(Arikawaeta1.,2002b).Apossiblemecha-

nismf♭rtheprecipitatefbmationisschematically

showninFig･III112･lntheCa2+-Beecellhomoge-

nate,theCTSispresentintheelongatedstatewith

manykindsofcytoplasmicproteins(Fig.Ill.12a).

BytheadditionorCa2+,theCTStransfbmsintoa

compactconglomerate orgranularCTS (Fig.

111.12b)asIhavepreviouslyshownbynegative-

stainingprocedure(ArikawaetaI.,2002b).These
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reactionsmayInvolvesomeadditionalproteins,

includingevenexogenousonessuchasBSA,as

wellasformationoflinkagesbetweenadjacent

CTSs,andtheprecipitateformationmaybebased

onresultingpackingoftheCTSandassociated

proteinmolecules.As anattempttosearchfores-

sentialproteinsforCa2'･sensitivity,further&ac-

tionationwascarriedoutbysucrosedensitygradi-

entultracentrifugation(Fig.Ill.7).Although ob-

tained丘actions(numbers.2-5inFig.III.7)still

containedmanyproteins,acoupleofproteins

around50kDainmolecularweightwereparticu-

larlyemichedinthese舟actions.Immunoblotting

analysisshowedthattheseproteinswere(I-eLndβ-

tubulins,althoughthereisnoevidencethattubulins

areessentiallyinvolvedineitherformationorcon-

tractionoftheprecipitate.Fuderpurificationand

characterizationoftheproteinsintheprecipitateare

now in progresstounderstandthemolecular

mechanismofthisum queCa 2+Jepcndentmotility･
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CHAIITERIV

High-ResolutionScanningElectronMicroscopyofChromatinBodies

andReplicationBandsofIsolatedMaeronucleiintheHypotrichous

CiliateEuplotesaediculatus

INTRODUCTION

Ciliatedprotozoanspossesstwodifferent

typesofnuclei,miCronucleusandmacronucleus,

wi thinthecytoplasm(Raikov,1996).Althoughthe

structureandthemannerofnuclearreplicationare

differentfiomspeciestospecies,hypotrichouscili-

atessuchasSo,lonychia,OvfrichaandEuplotes

possessthemostcomplexmacronuclearstructures

amongtheciliates.DuringS･phaseofthecellcy-

cle,aspecializedandlightmicroscopically-visible

structure,Cal1edthereplicadonband(RB),appears

inthemacronucleus;theRBmigratesthrough the

macronucleuswhilereplicating DNA (Raikov,

1969;OlinsandOlins,1981).

Usingtransmissionelectronmicroscopy,a

largenumberofultrastructuralstudiesonchromatin

andtheRBhavebeencarriedout(Faw6-Fremietet

a1.,1957;Kluss,1962;Phegan andMoses,1967;

Ringertzetal.,1967;EvensonandPrescott,1970).

Thesestudieshaveshown thatchromatinbodiesare

composedofdenselypackedchromatinfibrils

(Kluss,1962;Ringertzetal.,1967;Olinsetal.,

1988),andthatthechromatinbodiesbecomedisin･

tegratedintotheircomponent丘bri1sintheRBfor

DNA replication.ARerDNA replication,these

flbrilsreassembleandorganizethemselvesinto

newchromatinbodies(Kluss,1962;Evensonand

Prescott,1970;Olinseta1.,1988).Incontrasttothe

abundantknowledgeobtainedbythetransmission

electronmicroscopy,very littleinformation is

availableonthethree-dimensionalconstructionof

themacronucleus andtheRB.Thismightstem

mainly丘omteclmicaldifficultiesindemembranat-

1ngthemacronucleus.hthisstudy,Iemployedan

improvedtechniqueofisolationanddemembrana-

tionofthemacronucleusoftheciliateEuplotes

aediculatus,andobservedfortheflrSttimethesur-

facestructuresofthechromatinbodiesinthemac-

ronucleusbyscanningelectronmicroscopy.Com-

biningbothscannlngandtransmissionelectron

microscopy,thethree-dimensionalconstructionof

themacronucleusandtheRBofEuplotesisdis-

cussed.

MATERIALSANDMETHODS

CellCulttlre

Euplotesaediculatuswerecollectedfrom

local drainsin FukuokaPrefecture,Japan,and

maintainedinaculturemedium(44LIM KCl,ll

pMCaC12,29llMK2HPO4andI1llMMgSO4,PH

7.0)at20oC.Thecellswerefed3timesaweek

with Chilomonasparamecium orChlorogonium

elongatum.ForemiChmentoftheproportionof

cellswithRBinthemacronucleus,cellswere丘rst

starvedfor3-4days,fedwithabundantprey,and

丘nallyharvestedat24ha洗erfeeding(01inseta1.,

1988).

IsolationoEMacronuclei

Ciliateswerewashedwith fi.eshcultureme-
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dium beforetheywereusedforexperiments.They

were血enplacedonamicroscopeslidewithalittle

culturemedium,andgentlymixedwiththesaLme

amountofO.25Msucrosesolution(0.25Msucrose

aJld2mg/mlmethylgreen)byaglassneedle.

Methylgreendyewasaddedto也母sucrosesolution

forvisualizingthemacronuclei,withoutmethyl

greenthenucleibecam etmnsparentandundetect-

ableafterisolation.Thecellswereplacedona

coverslipwithasmallamountofthesucrosesolu-

tionandfrozenat-200Cinaconventional&eezer.

A鮎rthawingatroomtemperatt∬e,cellsweregen-

tlydisruptedbypipettingwithaPasteurpipette,

whosetiphadbeenpulledandcutintoadiameteror

approximatelycellsize(about150トIm).Isolated

macronucleiwerewashedwith smallairbubbles

thatwerepuffedoutfiomthetipofaPasteurpIPette

withasmallertip(diameterofaboutlOトIm).This

processwasnecessaryforremovingremnantsOf

thenuclearmembranefromtheisolatedmacronu-

cleus.Theisolatednucleiwerefurthercleanedwith

anexcessamountofthesucrosesolution,and

出ainedonacoverslipti11仇enucleibecamestuck

totheglasssurface.Thecoverslipwasthenim-

mersedinl%aceticacidsolutionfor5minatroom

temperatureforcompletelyremovlngthenuclear

membrane.

ScanningEIectroJIMicroscopy

lsolatedmacronucleionthecoverslipwere

washedwith10mMphosphatebuffer(pH6.5)and

fixedwithamodifiedShampy'sfixative(2.7%

OsO4,1% K2Cr207,and1% CrO3)for10minat

roomtemperature.Thefixedsamplesweredehy-

dratedwithagradedethanolseries,andinfiltrated

inamixtureofethanolandbenzene(1:1),100%

benzene,and a mixture ofbenzene and p-

dichlorobenzene(1:1)atroomtemperature(10min

foreachstep).Thenthespecimenswereimmersed

in1OO%p-dichlorobenzeneat60oCfor30min,and

gentlyplacedonthesurfaceofaSEM specimen

stub血atwaspre-W edat60oC.Dryingwas

ca汀iedoutovemightatroomtemperaturebysim-

plyleavlngthespecimenstubinaPetridishwi仏its

lidslightlyopenforventilation(ArakiandTakal1a-

shi,1978). Thedriedspecimensweresputter

coatedw仙 platinum/palladium (ca.10mm in

thickness),andobservedwithafieldemission

scanningelectronmicroscope(JEOLJSM-6401F).

TransmissionElectronMicroscopy

Livingcellswereprefixedwith 2.5% glu-

taraldehydein25mM cacodylatebuffer(pH710)

for3minatroomtemperature,rinsedwiththesame

buffer,aJldpostfixedwithbuffered1%OsO4for30

minatroom temperature.Isolatedmacronuclei

werepreparedasdescribedabove,washedin10

mMphosphatebuffer(pH6.5),andfixedwiththe

modi丘edShampy'sfixativef♭r10minatroom

temperature.Followingpreparations(rinse,dehy-

dration,embedding,Sectionlng,Stalnlng,andob-

savation)werecarriedoutasdescribedinChapterI.

RESULTS

Inthisstudy,Iobservedtheinteriorsurface

structuresofisolatedanddemembranatedmacro-

nucleiofEuplotesaediculatusathighresolution.

Fig･TV･l･Differentialinterferencemicrographofaniso)ated
macronucleus.ChromatinbodiesandasetofrepHcationbands
(arrows)werewe日maintainedevenafterisolation.Bar-10

Pm･

36



Fig･TV･2･ScannlngeleetTOnmicrographofthereplicationbandofanisolatedanddemembranatedrnacronucleus･Alargenumberof
granularchromatinbodies(C)arepackedinthemacronucleus.Thereplicationband(r)doesnotpossesschromatinbodies,while
consistedof50nmgraJlules.1nthismicrograph,thereplicationbarldismigrating斤omlefttoright.Bar=1pm.
Fig.】V.3.Enlargedscanningelectronmicrographofachromatinbody.Chromatinbodiesvariedindiameter,whiLetheirsurfacesare
consistentlycoveredwith50nmgranules･Ttlinandsmoothcross･bridgestructures(about40nmindiameter)arepresentbetween
chromatinbodies(an･ows).Bar≡200nm.

Fig.lV.4.EnlargedscannLngelectronmjcrographshowinganothertypeofconnect)ngbridgesobservedbetweenchromatinbodies,
Thistypeofintra-Chromatinbridgeiscoveredbyaseriesof50nmgranu暮es･Bar-200nm.

AtthelightmicroscoplClevel,theisolatedmacro-

nucleiretainedtheiror唱1nalshape･Asshovmin

Fig.lV.I,thecharacteristicC-shape,asetofRBs

(a汀OWS),andgranularappearanceorthechfOmatin

bodiesappearedunchanged.Thenuclearmatrix

andnucleolidisappearedduringtheprocessofiso-

lationanddemembranation,butIcouldobseⅣethe

surfaceofthechromatinbodyandtheRBwithhigh
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resolution(Figs.IV.2I4).Apartofamacronu-

cleuswithan RBisshoⅥminFig･IV･2,inwhichthe

RBisundermlgrationfrom]eRtoright.Thechr0-

matinbodieslocatedonthele氏oftheRB(i.e.aRer

DNAreplication)wereintherangeofO.3-1.0トlm

indiameter,whereaS也oseon山erightortheRB(i.

C.beforereplication)weresmaller(0.2-0.4LImin

diameter).Thesurfaceofthechromatinbodywas



Figs.
JV
.
5-7･
Transmissionelectronmicrographsofchromalinbodies･
Fig･
JV
･
5isahighmagnirlCationorchromatinbodiesfixed

withoutmacronuclcarisolation.
Thechromatlnbodiesshowroughcontoursandappearhighlycondensed.
FHamentousbridgesbe-

tweenchromatingranulesarenotclearlyseeninthispreparation,ast
hebridgesmightbeembeddedinthenuclearmatrix･
Bar-500nm･
Fig.
lV
.
6and7.
Chromalinbodiesinanisolatedmacronucleus.
Bars--200nm.
lnFig.
tV
.
6
,atangent
ialsectionofonechromatinbody

showssurfaceknobsofabout50nminsize(aTTOWheads).
Asindicatedbyarrows,
furthermore,C
hromatinbodiesareconnectedwith

thin(Fig.
JV
.
6)andthick(Fig.
IV
.
7)bridges.
Fig.
]V
.
8
,
Scannlngelectronmicrographofthesurfaceofarep一icationband.
ThesurfaceisnlOStlycoveredwith50nmgranules,
in

whichpatchesofsmoothareas(S)pavedwithIOnmparticlesarepresent.
Bar-200nm.
Fig.
IV
.
9
.
Highmagnificationtl･anSmissionelectronmicrographshowingtheperipheryofareplicationband.
Anetworkof40-50

nmflbrilsiscontinuouslyconnectedtothechromatinbodies(C).
Uponc一oser一ook,t
he40-50nmfibTjlsseemtobecornposedof

finepartic)esofca.
IOnminsize.
Bar二200nm.

foundtobecomposedofsmallgranulesof47士12reglOnWascompletelybareofchromatinbodies
,
nm(mean土S
.
D
.,
n-135).
Thesurfacestructureofwhileitwasevenlycomposedofgranules.
The

theRB(theregionmarked"r"inFig.
IV
.
2)wasdiameterofthesegranuleswas48･
1士11
･
5nm(n-
differentfiomotherpartsofthemacronucleus;the66),w
hichwasnotsignificantlydifferent(p<0
.
01)

38



舟omthediam eterofthegranuleslocatedonthe

chromatinbodies.Chromatinbodieswerecon-

nectedwitheachotherbycross-bridgesoftwo

types.Athickeroneaboutloonmindiam eterwas

composedofaseriesof50nmgranules(Fig.IV.4).

Athinnerone(about30-40nmindiameter)hada

smoothsurface(arrowsinFig.rv.3).

Atransmissionelectronmicrographofan

intactmacronucleus(Fig.IV.5)showsthatchr0-

matinbodieshaverough contours,andappeartobe

extremelycondensed.Thenuclearmatrixis別led

withsmallparticlesofvarioussizes.Incontrast,

isolatedchromatin bodiesshowedlesserelectron

density,andthenuclearmatrixwascompletely

removedBomthemaeronucleus(Fig.IV･6and7).

Thegranularappearanceofthesurfaceofthechr0-

matinbodywasapparentin atangential grazlng

sectionofanisolatedchromatinbody(arrowheads

inFig.IV.6).Thetwodifferenttypesofcross-

bridgestructureswerealsoobservedinthinsec-

tions(thesestructuresareshown byarrowsinFig.

IV.6and7).Thus,thecharacteristicsurfaceap-

pearancesofthechromatinbodiesobservedby

high -resolutionSEM correspondwellwith those

obtainedbyTEMobservations,indicatingthatthey

arenotartefactsproducedduringtheprocessof

nuclearisolationandprepamtionforscanningelec一

仕onmicroscopy.

High-maglificationSEM observations(Fig.

8)showedthatthesurfaceoftheRBpossesses

patchesofsmooth reg10nSinwhichthe50nm

granulesappeartobedisintegratedintotheircom･

Ponentsub-structuresof丘negranules(about10rLm

indiameter).A correspondingTEM pictureis

showninFig.9,wherecbromatinbodiesarecon-

tinuouslyconnectedtothe50nmgranulesatthe

edgeoftheRB.The50nmgranulesareembedded

in氏negranulesofabout10nmindiameter,which

correspondwelltotheflnegranulesobservedby

SEM.

DISCUSSION

In the hypotrichous ciliates,including

Euplotes,叫 trichaandSo,lonychia,DNArepli-

cationin血emacronucleusiscarriedoutintheRB

(Raikov,1996;OlinsandOlins,1981).InEuplotes,

asetofRBsappearatboth endsofaC-shaped

macronucleus,both moveinward through the

wholemacronucleus,andfinallydisappear aRer

theyarefused(PrescottandKimbal1,1961;Kluss,

1962;Ringertzetal.,1967;Raikov,1969).TheRB

isknowntobecomposedoftwomolphologically

distinctforwardandrearzones(PrescottandKim-

bal1,1961;Stevens,1963;Ringertzeta1.,1967).In

theforwardzone,chromatinbodiesbecomedisin-

tegratedinto40I50nmfibrilsandacomplicated

meshworkstructureisformed(01insandOlins,

1981;01insetal.,1988).Intherearzone,thefibrils

arefurtherdissociatedandthinnerfilamentsof2I

10nmindiam eterappear(01inseta1.,1988).DNA

replicationisknown totakeplaceexclusivelyinthe

rearzone(Gall,1959;PrescottandKimbal1,1961).

AfterDNAreplication,thefilamentsarereorgan･

izedintochromatinbodieswhichareusuallybigger

th弧 thoselocatedatthepre-replicationsideofthe

RB(Ringertzetal･,1967).Chromatinbodiesinthe

macronucleusareextremelycondensed,without

anyindicationofobvioussubstructuresinsidethem

(01insetal.,1988,andFig.IV.9inthisstudy).

However,thechromatinbodyisconsideredtobe

composedofflneDNA-containingfibri1S,since

chromatinbodiesarestructurallycontinuoustothe

networkof丘ne丘brilsintheRB(Kluss,1962;

Ringertzeta1.,1967;01inseta1.,1988).

Inthisstudy,Iobserved31dimensionalsur-

facestructuresoftheRBinEuplotes.Intheclose

proximityoftheRB,thechromatinbodieswere

foundtobedisintegratedintosmallgranulesof
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about50nmindiameter,IntheSEMobservations,

Icouldnotdistinguishtheforwardandrearzonesof

theRB.Smallgranulesofca.50nmindiam eter

wereobservedtobespreadevenlyalloverthesuト

faceoftheRB,inwhichpatchesofsmoothareasof

10nmgranuleswerefound.Transmissionelectron

microscopyalsofailedtodistinguishthetwozones

oftheRB,butanetworkof40nmBlam entswas

observedinsidetheRB.Judgingfromtheirsizes,

the50nmsurfacegranulesontheRBmightrepre-

sentfoldedendsofthefilam entswhichemergedon

thesurfaceoftheRB.Itisreportedthattherear

zoneoftheRBisaLnunStablestructure,whicheasily

disappearsbyvariouskindsoftreatment(Evenson

andPrescott,1970;01insetal"1988;Allenetal.,

1985)ATherearzonewasnotclearlyobservedin

thepresentstudy,probablybecauseofthetime-

consumlngisolationprocedureappliedtothemac-

ronucleusbeforeitwaschemiCallyfixed. The

smooth areasobservedonthesurfaceoftheRB

mightbetracesoftherearzonewhichhadbeen

distortedandreconstructedduringtheprocessof

nuclearisolation.

Basedon也epresentSEMandTEM obseト
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G

FIB.IV.10.Schematicreprescntdionofthe

surface structure in the macronucleus of

EzptoLesaediculaLus.CB,chromatinbody;S,

smoothsurhccarea;G,50nmgranules.

vations,themorphologiCalaiteratiOnofthechr0-

matinstructureduringmacronuclearreplicationis

consideredasfollows(shown inFig.IV.10):1)

mechromatinbodyiscomposedofaligned40-50

nmgranules,whichareconstructedwith finerfi-

brilsorlinearly-corLneCtedsmallparticlesofabout

10nmindiameter.2)Thechromatinbodiesbe-

comeloosenedpriortothcDNAreplication,and

theybecomedisintegratedintotheircomponent

40-50nmgranulesjormlngameShworkstructure

intheRB.3)The40-50nm granulesbecome

furtherdisintegratedinto10nm丘neparticlesfor

DNAreplication.4)ARertheRBpassesby,40-50

nmfibrilsareassembledagain,fromwhichbigger

chromatingranulesbecomereconstructed.

Theunitgenomeofthehypotrichousciliates

(()砂tricha,So,lonychiaandEuploteslisknown to

bedividedinto10,000-40,000mini-chromosomes

in themacronucleus(KlobutcherandPrescott,

1986)･As theunitgenomeitselfisalsomultiplied

manytimes,thetotalnum berofmini-chromosomes

withinasinglemacronucleusisestimatedatb e -

tweenlO7and109(Raikov,1996).Thevolumeofa

singlemacronucleusofEuplotesisestimatedtobe



about400pm3komthelightmicrographshown in

Fig.IV.1.Assumingthatabouthalfofthemacro-

nuclearm鮎Sisoccupiedbythechromatinbodiesas

judgedaomthetransmissionelectronmicrograph

inFig.IV.5,Onecanestimatethattotalvohmeof

thechromatinbodiesinamacronucleusisabout

200pm3lIfwe如血erassumethatthechromatin

bodiesaretightlypackedwith10nmparticleswith

amaximum volumedensity of0.75forsolid

spheres,aslngle10nmparticleiscalculatedtobe

composed or0.025 -2.5 mini-chromosomes.

Likewise,3.16-316mini-chromosomescorre-

spondtoasingle50nmgranule.
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CHAPTERV

ca2'-dependentContraetilityofIsolatedandDemembranated

MacronucleiintheHypotrichousCiliateEuplotesaediculatus

INTRODtJCTION

BerezneyandCoffeyreportedin1974thata

stablestructtml丘am eworkinthenucleus,named

"nuclearmatrix",wasdetectedinan isolatedrat

livernucleusa鮎rchemiCalextractions Perezney

andCoirey,1974).Manyinvestigatorsexplicitly

speculatedthatthenuclearmatrixmaybeacritical

andfacilitatingelementinnuclear血nctions.Al-

though controversiesstillremain,num erousstudies

haveledtotheconclusionthatthenuclearmatrixis

involvedingeneexpression,replicationandtran-

scriptionofDNA,andalsoprocesslngandtrans-

portationofRNA(Pederson,1998).Electronmi-

CroscopICresearcheshaverevealedthattheinterior

aqchitectureofthenucleusisconstructed by

branched10-mm 点laments(Nickerson,2001).Ⅰn

spiteoftheprogressincharacterizationofnuclear

proteinsandultrastructuralpropertiesofthenuclear

maLtrix,dynamicsandmotilityofthenucleushave

receivedlessattention.

Anuclearproteinmatrixwasdetectedalsoin

the macronucleusofthe ciliate Tetra勿′mena

(Herlan andWunderlich,1976).Thenucleus of

Tetrahymenahasbeenextensivelyexaminedasa

modelsystem forstudyingbasicstructtweand

functionoftheeukaryoticnucleus (Gorovsky,

1973).In1977,areversiblycontractilenuclear

matrixwasisolatedfrom Tetrahymenamacronu･

clei,anditsmechanismofcontractionwasreported

tobedifferent&omthatoftheactin-myosininter-

action(WunderlichandHerlan,1977).Although

ultrastructure andessentialcomponentsofthenu-

cleoskeletonhavebeenwellcharacterized,thebio-

logicalsignificanceofnuclearcontractility re-

mainedunclcar.Manyprotozoanspossessnuclei

unlqueinsizeandshape,whichsometimesundergo

vigorousshapechanges(Rhikov,1996). The

vcgetativecellsofhypotrichous ciliatessuchas

SoJlonychia,叫 tricha,andEuploteshavetwo

typesofnuclei,themicro-andthemacronucleus,

withinthecytoplasm.Incontrasttothemicronu-

cleus,themacronucleuschangesbothinshape and

sizeduringthecellcycle(Raikov,1996).Inspiteof

thelargenum berofultrastructuralstudiessofar

carriedout(Faur6-Fremieteta1.,1957;Kluss,1962;

PheganmdMoses,1967;Ringertzeta1.,1967;

EvensonandPrescott,1970;01insctal.,1988;

Adkawaeta1.,2000),thereisnocertainevidence

thatacontractilesystemexistsinthemacronucleus.

Inthisstudy,Ipreparedan isolatedanddemem-

branatedmacronucleusofahypotrichousciliate

Euplotesaediculatus,andfoundthatitshowsvlg-

orous contraction and relaxation in a Ca2'_

dependentmamer.

MATERIALSAND METHODS

Euplotesaediculatuscellswerepurchased

from Carolina Biological Supply Company

(Burlington,USA),andculturedinVolviCmineral

waterat23土 loC.Chlorogoniumelongafumwas

addedtwiceaweekasafoodsource.Subculturing

wascarriedoutatintervalsofabout2weeks.

Isolationofmacronucleiwascarriedout

accordingtoAdkawaetal.(2000)with slight
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Fig･V･1.SequentiaHightmicrographsstlOWlngrepealedexpansionandcontractionoranisolatedmacronuc]eusofEup/otesaedicu-
laLus.a:AmacronucleusJusta允erisolation,showingthecharacteristicslenderC-shape･h:Themacronucleusexpandedremarkably
bytheadditionof3mMEGTA.C:ARersubsequentadditionofCa2'al【Ca21-2×10~3M,thereJaxedmacronuc]eusbecamecon-
tracted･d:ARersubsequentremovalofCa2'byEGTA,thecontractedmacronucleusagalneXpanded･Bar=I00pm.

modifications.Washedceuswereputonahollow

slidewithasmallamountorculturemedium,and

gentlymixedwith250mMsucrose.Alittleamount

ormethylgreendyewasaddedto血esucrosesolu-

tionforvisualizationofisolatedmacronuclei.A洗er

freezingat-20oCandthawingatroomtemperature,

macronucleiwereisolatedfromthe舟agilecellsby

plpettlngwithaPasteurpipette.Bythisprocedure,

remnantsofthenuclearmembranebecamecom-

pletelyremoved&omthenuclearsurface(Arikawa

eta1.,2000).ARerwashingwith丘･eshsucrosesol

lution,isolatedmacronucleiwereputonaglass

slidecoatedwithpoly-し1yslne.Tosticktheiso-

latedmacronucleionthesurfaceofaglassslide,

excesssucrosesolutionwasremovedbya仙in-

tippedPasteurpipette.Lightmicroscopicobserva-

tionwascu汀iedoutasdescribedinChaptersI,Il,

andIII.

RESULTSANDDISCUSSION

Ihaverecentlyestablishedaprocedurefor

isolatingEuplotesmacronucleiandexaminedthe

three-dimensionalsurfacestructureofchromaLtin

bodiesandreplicationbands.Byhigh-resolution

scarLmngandtransmissionelectronmicroscopy,I

showedthattheisolationprocedurehadnode-

structiveeffectontheultrastructureofmacronuclei

(Arikawaeta1.,2000).As shown inFig.V.1a,the

characteristicC-shapedappearanceoramacronu-

cleusinGIphaseremainedunchangedaRerisola-

tionanddemembranation.Wh en"EGTAsolution"

consistingof3mM EGTAand5mM HEPES(pH

7.0)wasadded,themacronucleusbecameswollen

(Fig.V.lb).Then,"Ca2十solulion''consistingof3

mM EGTA,5mM CaC12and5mM HEPES(pH

7.0)wasadded,andtheexpandedmacronucleus

rapidlycontractedandretumedtoitsonglnalshape

(Fig.V.lc).Themacronucleusexpandedagainon

subsequentadditionofEGTAsolution(Fig.V.Id).

Neithercontractionnorrelaxationorisolatedmac-

ronucleirequiredATP,andnuclearcontractionwas

notinducedbyadditionofMg2+orothercations

evenatconcentrationshigherthan山atrequiredfわr

ca2+(datanotshown).Theapproximateareaofan

isolatedmacronucleuswascontinuouslymeasured

andisshowlinFig.V,2.Cyclesofcontractionand

relaxationofthenucleuscouldberepeatedseveral

timesbyaltemateadditionofCa2'andEGTA(Fig.

V.2a).Oneofthecyclesisshown indetailinFig.

V.2b,whichindicatesthatbothcontractionand

relaxationresponsestookplacewithinafewsec-

onds.Althoughevidencefわrthepresenceortubu-

1in,actinandmyosininthenucleusofvariouskinds

ofcellshasbeenshown (Douvaseta1.,1975;Ber-

riosandFisher,1986;Be汀ioseta1.,1991;Nowaket

a1.,1997),thereisnodirectevidencetosupport

possibleinvolvementofthesemoleculesinnuclear

contractility.Inthisstudy,contractionandexpan-

43



a

8
6

4

2

0

1
1

1

1

1

へN∈
rtCO
L

x
)
eeLV

b

16

14

2

(
N∈
ユ

e
o
L

x
)
eaJV

1 2 3 4

TIme(man)

0 20 40 60

Time(see)

Fi菩.V.2.Tr批COftheapproximateProjected areaofanisolated
macronucleus.Openandfilledarrowheadsindic如ethemo-

mentswhenCa2+(lca21-2mM)andEGTA(3mM)were
added,respectively.A:Cyclesofcontractionandexpansion
wereobseryedseveraltimesbyaltemateadditionofCa2十and
EGTA.b:EnlargementofoneofthccyclesshowninpanelA
(maTkedwithanasterisk).Bothexpansionandcontractionoc-
currcdwithinafewsecondsafterremovaliLndadditionofCa2',
respectively.

sionoftheisolatedmacronucleuswereinhibitedby

neithercolchicine(10mM)norcytochalasinB(1

mM),whichsuggeststhatthenuclearcontractility

inEuplotesisnotmediatedbytubulin-oractin-

basedmachineries.Thesizeofanisolatedmacro-

nucleusatvariousconcentrationsofCa2十 was

measuredandshown inFig.V.3.Therehtionship

betweenprojectedareaofanisolatedmacronucleus

andfreeCa2'concentrationshowedaslgmOidal

dose-responsewithathresholdlCa21levelof1.1x

lO~7M.
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Fig.V.3.RelationshipbetweenappfOXimatcprojected areaof
anisolatedmacronucleusand舟eeCa2'concentr8tion.The
thresholdlevelofLh:eCa2'concentrationfornuclearCOntraCtion
wasestimatedasl･1×10-7M,byfittingaslgmOidalcurvetothe
data.

Considerableevidenceshowsthatcellnuclei

ingeneralvarylnSiZ:eandshape duringthecell

Cycleandcelldifferentiation.hparticular,nuclear

enlargementprecedestheonsetofDNAsynthesis

(Am oldetal.,1972),whilenuclearcontraction

appearstoaccompanycessationofDNAsynthesis

(GuttesaJldGuttes,1969).Themaeronucleusof

Euplotesalsochangesinsizeandshape inthecell

cycle.Toinvestigatewhethercontractilityofthe

macronucleuspersiststhroughoutthecellcycle,I

appliedthesameprocedureatvariousphasesinthe

cellcycle.MacronucleiinSphaseandG20rM

phasewereisolatedandshowninFigs.V.4and

V.5,respectively･Thepresenceofasetofreplica-

tionbands(arrowheadsinFig.V.4)isacharacter-

isticfeatureofthenucleusinSphase,whereDNA

replicationistakingplace(Gall,1959;Prescottand

Kimball,1961;Raikov,1969;OlinSandOlins,

1981;OlinsandOlinS,1987).Wh enEGTAsolu-

tionwasaddedtoamacronucleusinSphase,the

nucleusbecameexpandedwithinafewseconds

咋ig.V.4bandc).Thenuclearexpansionwasless

evidentaroundthereplicationbandsascompared

withotherreglOnSinthenucleus.Withthesubse-



Fig.V.4.SequentiallightmicrographsofanisolatedmacronucleusinSphasethatpossessedapairofreplicationbands(arrowheads).
Themacronucleusadheredonaglasssurface(a)becameswollenonadditionofEGTA(bandc).MicrogTaPhsinpanelsI)andcwere
takenat5and20saftertheadditionofEGTA,respective)y.Thedegreeofnuc)earexpansionwasrestrictedaroundthereplication
bands.TheexpandedmacronucleuscontTaCtedaftertheadditionofCa2+(d).Bar-loopm.

Fig･V.5.LightmiCrographsoranisolatedmacronucleusinG20rMphase.Presenceofashorterandthickernacronucleusischar-
acteristicofthisphaseofthecellcycle･Theisolatedmacronuc)eus(J))becamegraduallyexpandedwhenEGTAsolutionwasadded(b
andc),followedbycontractionuponsubsequentadditionofCa2十solulion(d).Micrographsinpanelsbandcweretakenat5and15s
aRertheadditionofEGTA,respectively.Bar-100llm.

quentadditionorCa2+solution,theswollennucleus

contractedtoalmostitsoriginalsize(Fig.V.4d).

ca2+-dependentcontractionofthemacronucleus

wasalsoobservedinG2orMphase(Fig.V.5)in

whichthemacronucleusisshorterandthicker

comparedwith也oseinSorGlphases.Anisolated

macronucleusinG2orMphase(Fig.V.5a)became

expandedwiththeadditionofEGTAsolution(Fig.

V.5bandc),thencontractedonsubsequentaddition

ofCa2'so)ution(Fig.V.5d).Theseresultsindicate

thataca2+-dependentcontractilityofthemacronu-

cleusexiststhroughoutthecellcycle,exceptforthe

reg10nOfthereplicationbandsinSphasewhere

contractionalsotookplacebuttoalesserdegree.

ElectronmicroscoplCStudieson仙ereplication

bandswhichhavebeencaniedoutbybothtrans一

mission(Fauri-Fremieteta1.,1957;Kluss,1962;

PhegarlandMoses,1967,Ringertzeta1.,1967;

01insandOlins,1981;Allenetal,1985;01insand

Olins,1987;Olinsetal.,1988)andscanning

(Arikawaeta1.,2000)electronmicroscopy,have

shovm thatchromatinbodiesarecomposedof

densely-packedchromatinfibrilswhichbecome

disintegratedintothinfibrilsin山ereplicationband.

SuchamorphologlCalfeatureofthereplication

bandmayberelatedtoitsapparentlylowerCa2+

contracti1ity.

InordertoexamineifCa2'-dependentnu-

clearcontractilityasobservedinEuplotesisshared

wi仇o仙ercelltypes,otherprotozoanspeciesanda

mammalianculturecdIwereexaminedbyem-

ployingthesameprocedure.As shown inFig.V.6,

contractionofisolatednucleiwasobservedinpro-

tozoansofdifferenttaxa(aheliozoonA.sol(Fig.

V.6aandb)andapeniculineciliateP.bursaria

(Fig.V.6Candd)),andeveninHeLacells(Fig.

V.6eandq.Theseresultssuggestthepossibility

thatalleukaryoticcellspossessaCa2+-dependent

contractilemachineryinsidetheirnuclei.

IsolatedmacronucleiofTetT･ahymenapyrT'-

formL'SwerereportedtoshowcontractionbyCa2+in

allATp-independentmanner,with contractionof

thenuclearmembranepostulatedasitsmechanism

(WunderlichandHerlan,1977;Wunderlichetal.,
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Fig.V.6.Lightmicrographsofisohtednuc一eiofvariouscell
types･NuclearcontractionwasinducedbyadditionofCa2'
(tca21-2mM)intheheliozoonAclt'nophJp SOL(aandb),the
ciliateParamecL'umbursarF'a(Candd),andinHeLacells(eand
f).NucleiinexpandedandcontTaCtedstatesareshowninletl
(a,C,ande)aJldright(b,d,aLldt)panels,respectively.Bars-

50llm(b)or10llm(dand∫).

1978). Atomicfわrcemicroscopicstudieshave

shown血attheconfbmationalchangeornuclear

porecomplexcomponentsmayberesponsiblef♭r

thecontractionorthenucleus(Rakowskaeta1.,

1998;Oberleithner,1999).However,inthepresent

study,nuclearmembraneswerecompletelyelimi-

natedduringpreparation(Arikawaetal.,2000),

whichindicatesthatneitherthenuclearmembrane

nornuclearporecomplexesareinvolvedinthe

process of nuclear contraction in Euplotes.

BerezneyandCoffeyhaveisolatedanucleoskeletal

舟am eworkfiomratlivernucleiwhichconsistsofa

nuclearproteinmatrix(BerezneyandCoffey,1974;

1977).Thenuclearmatriceshavealsobeenidenti-

fiedinChinesehamstercellnuclei(Hildebrandet

a1.,1975)andinnuclearghostspreparedfiomHeLa

cells(Rileyeta1.,1975),suggestingthatthese

stmcturesprobablycontaincommoncomponents.

However,lessattentionhasbeenpaidto也eirmo-

tileproperties.Inthisstudy,thepossibility was

raisedforthefirsttimethatacontractilesystemis

presentinmanyeukaryoticcellnuclei,althoughits

biologicalsignificanceispresentlyunclear.The

factthatvariouskindsofcellsincludingprotozoans

andculturedmammaliancellsexhibitedsimilar

contractionsuggeststhatthisumlquePropertyOfthe

nucleushasbeenconservedduringtheprocessof

eukaryoticevolution.



CHAPTERVI

ca2+-dependentNuclearContractionintheHeliozoonActinophTySSol

INTRODtJCTION

Alargenum berofinvestigationshavebeen

madeoncharacteristiccontractilesystemsinmi -

cellularorganisms.Thespasmonemeofvorticellid

ciliates(Asaietal.,1978;Ochiaieta1.,1979;Yo-

koyamaandAsai,1987;KatohandNaitoh,1994;

KatohandKikuyama,1997;Moriyamaeta1.,

1998),themyonemeofaheterotrichousciliate

(IshidaandShigenaka,1988;Ishidaetal.,1996),

andthenagellarrootofgreenalgae(Salisburyand

Floyd,1978;Salisburyetal.,1984;Colingand

Salisbury,1992;Salisbury,1998)arewell-knoⅦ1

0rganelleswhichshowCa2+･dependentcontractil-

1ty.Contractionoftheseorganellesisconsideredto

begeneratedbyproteinssuchascentrin(Caltractin)

andspasmin(DavidandVigues,1994;Macie-

jewskietal.,1999),whichbelongtothecalmodulin

superfamily.Although muchprogresshasbeen

madeoncharacterizationofsuchCa2'-binding

proteinsandcytoplasmiccontractioninamolecular

level,lessattentionhasbeenpaidtothedynamics

orthenucleus.

In1974,astable丘ameworkstructuretermed

"nuclearmatrix"hasbeenfoundinan isolatedrat

livernucleus bysequentialchemicalextractions

(BereZneyandCoffey,1974;BereZneyandCoffey,

1977).Sincethen,manyinvestigationshavebeen

madetoelucidateultrastructureandpossiblefunc-

tionsofthenuclearmatrix,anditisnowclearthat

thenuclearmatrixisinvolvedintheprocessesof

geneexpression,replicationandtranscriptionof

DNA,andalsoprocesslngandtransportationof

RNA(Pederson,1998).Ultrastructureofthenu-

clearmatrixhasalsobeenwellstudied,and

branchedthinfilamentswithdiametersofabout10

nmhavebeenidentifiedthatconstructtheinterior

architectureofthenucleus(Nickerson,2001).De-

spiteconsiderableadvancesinphysiologicaland

morphologiCalresearches,evidencefortheexis-

tenceofcontractilityofthenuclearmatrixhasnever

beenreportedsofar.

Recently,IhavereportedthatCa2'-dependent

contractilityexistsinan isolatedanddemembran-

atedmacronucleusofthehypotrichousciliate

Euplotesaediculatus(Arikawaetal.,2002a).Fur-

thermore,similarnuclearcontractionhasbeenob-

seⅣedinseveralspeciesorprotozoancellsand

eveninculturedmammalian cells(HeLacells).

Fromtheseresults,Ihaveproposedthehypothesis

forthe丘rsttimethatalleukaryoticcellspossessa

ca2+-dependentnuclearcontractilitywhichhas

beenwellpreservedduringtheprocessofeu-

karyoticevolution.As oneoftheexamples,iso-

1atedanddetergentCxtractednucleiofthehelio-

zoonActinophTySSolhavebeendemonstratedto

expressca2'-dependentcontractility.Inthepresent

study,physiologicalcharacterizationofthecon-

tractilityandultrastructuralobservationoftheiso-

latednucleus werecarriedout,andapossible

mechanismoftheCa2'Jependentnuclearcontrac-

tionlSPreSented･

MATERIALSANDMETHODS

OrganismsandCulttlre

Actinophryid heliozoon Actinophn,s sol

brotozoa)wasaxenicallyculturedinaco-culturing

conditionwith ChlorogoniumelongatuminlO%

artificialseawaterasdescribedinChaptersIIand
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ⅠⅠⅠ.Subculturingwascurriedoutatintervalsof

about2weeks.Centrifugallycollectedcellswere

gentlywashedwithfresh10%artificialseawaterat

roomtemperaturebeforeusingforexperiments.

NtICleArIsolationProcedllreS

NucleiofA.solwereisolatedbyuslngaSu-

crose-Percollseparationtechnique.At丘rst,aso-

lution(solutionA)consistingof2.0M sucrose,

10%Percoll,3mMEGTAand5mMHEPES(pH

7.0)wasoverlaidinatesttubewithanOthersolution

(solutionB)consistingof2.0M sucrose,3mM

EGTAand5mMHEPES(pH7.0).Washedcells

werecentrifugallycollectedandsuspendedinsolu-

tionCconsistingof1.0M sucrose,3mM EGTA

and5mMHEPES(pH.7.0),homogenizedwitha

Tenonhomogenizer,andplacedontopofthelay-

eredsolutioninthetesttube.A洗ereentrifugationat

750gforlOmin,isolatednuclei㈹∫ecollected

斤om theboundarybetweensolutionsAandB.

NucleiwereagalnSuspendedinsolutionC,and

wereccntrifugedat750gfor5min.ARerremoval

ofthesupernatant,crudepreparationofthenuclei

wascollectedfromthebottomofthetesttube,and

subjectedtodifferentconcentrationsofdivalent

cationsora丘xativeforelectronmicroscopy.

Microscopy

Lightandelectronmicroscopywascarried

outaccordingtotheproceduresappliedtothe

heliozoonsandtheciliateasdescribedinchaptersI,

ⅠIandV.

RESULTS

ReductioninDiameterofbohtedNuclei

AcfinophTySSOLpossessesasinglenucleus

withinacytoplasm.Asshown inFig.VI.1a,dif-

ferential interferencemicroscopyshowedthata

nucleus(marked"N'')waslocatedatthecenterof

thecellbody,andcorticalnucleolarmaterialsare

presentattheperipheryofthenucleus.Inthis

study'Ca2+dependentcontractilitywasfoundto

existinisolatedanddetergent-extractednuclei.

Although nucleolarmaterialscouldnolongerbe

observeda洗erisolation,sphericalshapeofthenu-

cleuswaswellpreserved(Fig.VI.lb).Wh ennu-

clearisolationwasperformedinthepresenceof

calciumions(2×10~3MfreeCa2十),diameterofthe

nucleusdecreased.TheContourofthenucleusbe-

cameprominent,andthenucleusshowedarigid

appearance(Fig.VI.1C).

Diameterofisolatednucleiwasmeasul･ed

undervariousconditions,eLndcomparedwiththatof

thelivingcells(inFig.VI.2).Nucleardiameterof

thelivingcellswasintherangeof10.9-19.9pm,

with theaveragevalueof15.1土1.7llm (Fig.

vl.2a).IntheabsenceofCa2',averagediameters

ofthenucleusisolatedwithout(Fig.VI.2b)and

withdetergenttreatment(Fig.VI.2d)wereslightly

larger(15.9j=1.5llmand16.5j=1.7pm,respec-

tively)thBLnthatofthelivingcells(Fig.VI.2a).On

thecontrary,averagediametersofnucleiwhich

wereisolatedwithout(Fig.VI.2C)andwithdeter･

gent(Fig.VI.2e)inaCa2'-containingsolution(2x

10-3MfreeCa2')weresignificantlysmaller(12.4土

日 llmandll.0土1.3トIm,respectively).Com-

paqedwiththenuclciinlivingcells,asshown in

Fig.VI.2f,nodiameterreductionwasobserved

whennucleiwereisolatedinasolutioncontaining2

mMfreeMg2'(14.8士1.4pmonaverage).These

resultsshowthaLtthediametersofisolatednuclei

weredecreasedinaCa2'-dependentmamer･The

diameterreductionoftheisolatednucleuswasob-

servedeveninthepresenceofcolchicine(10mM)

andcytochalasin B(1mM),suggestingthatthe

mechmismofthenuclearcontractionisdifferent

斤omactin-myosinandtubulin-dyneininteractions.

Diametersofisolatednucleus(n-140)were
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measuredbeforeandaftercontraction(Fig.VI_3a),

Bynuclearcontraction,diam eterofrelaxednuclei

thatrangedfrom13.Ito23.7pm(17.8土2.6トLmOn

average)decreasedto12,7j=1.9トIm with the

rangedfrom8.9to17.3llm.Thecorrelationcoef-

ficientbetweendiam etersofrelaxedandcontracted

nucleuswascalculatedtobe0.74,whichindicates

thatthedegreeofcontractionisnotsignificantly

co汀elatedwiththenuclearsize.Degreeofnuclear

contractioncalculatedfromtheaveragediameters

measuredbeforeandaftercontractionwas63.7%.

As shown inFig.VI.3b,degreeofcontractionwas

estimatedandplottedagainstthevolumeofrelaxed

nucleus.Morethan80% ofthenucleishowed

contractiontothedegreeof50-80%,although a

fewsmallnuclei(<4,000pm3involume)showed

lesscontractility(20-30%degree).

ca2+-dependencyoftheNuclearContraction

lsolatednucleiwereattachedtoaglasssur-

faceandcontinuouslyobservedunderalightmi-

croscope.Contractionandrelaxationcycleofan

isolatedandadherednucleuscouldberepeated

manytlmeSbyaltemateadditionofCa2+andEGTA

(Fig.VI.4),whichindicates血atsuchcycleswere

mediatedbyonlyCa2'withoutanyotherenergy

supply.ThenucleiisolatedinEGTAsolutionwere

inthestateofexpansion.Theywerecontractedby

additionofCa2+(2×10~3M Ca2',whitearrow-

heads),followedbyre-expansionuponsubsequent

additionofEGTA(blackarrowheads).Bothcon-

tractionandexpansionoccurredwithinafewsec-

ondsafteradditionofCa2'andEGTA,respectively･

Judging舟omtherapidresponsesofthenucleus,it

maybedifficulttoexplainthemechanism ofthe

nuclearcontractionandexpansionbyassemblyand

disassemblyofcertainfilam entousstructuresexist-

1nginside也enucleus.Thecontraction-expansion

cycleoftheisolatednucleuswasobserveda氏er

treatmentwith2M NaClfor30min(datanot

shown),whichsuggestsapossibleinvolvementof

the nucleoskeletal components in the Ca2+-

dependentnuclearcontraction.

Anisolatednucleuswasattachedtoaglass

surfaceandwastreatedwithvariousconcentrations

orca2十･Fractionalvolumeofarespondednucleus

wasmeasuredduringbo血contractionandexpan-

sionprocessesandshown inFig.Vl.5.1nthecon-

tractionprocess(opencircles),thenucleusisolated

inanEGTA solutionbecameslightlycontracted

when1x10-7M Ca2'wasadded,anditcontracted

completelywhenCa2+concentrationwasincreased

(>10-6M).Degreeofcontractionorthecontracted

nucleusreachedaround60%.Duringtheexpansion

Fig.VI.1.LightmicrographsofActinoph′y sol.a:A)iviJlgCellshowingasphericalnucleus(N)atthecenterofthecellbody.b:
IsolatednucleiinaCa2十一freesolution･Thesphericalshapeofthenucleuswaswellpreserveda鮎risolationarlddetergent-extraction
withl%TritonX-I00,C:WhennucleiwereisolatedinaCa2十ICOntainingsolution(2mMfreeCa2+),diametersofthenucleibecame
reducedandtheperipheryofthenucleishowedsharpprofiles.Bars-20llm.
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detcrgcnttreatment(e),diameterreductionwassignificadltly
observed.Mg2'(2mM)Couldnotinducenuclearreductionin
diameter(f).
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process(丘11edcircles),thecontractednucleusre-

coveredalmosttoitsinitialshape 血 enCa2'con-

centrationbecamelowered(<10-7M).AAerfull

expansion,although thereasonremainsunknown,

volum eofthenucleustendedtobecomelargerthan

thatofthenucleusbeforecontraction.Ca2'thresh_

olds,orhalf-maximumconcentrationsofCa2',for

contractionandexpansionofthenucleuswereesti-

matedbyBttingthedatawithsigmoidalCurvesto

be2･9xlO17MandIlox1 0-7M,respectively･

ChngeoftheImageProrlleatNuclearCotL･

tr&ctioJI

Toobtainhigh-contrastedimages,Iuseda

lightmicroscope (Olym pusBX-50)equippcdwith

Nomarskidifferentiai interferencecontrast(DIC)

optics and a high resolution digitalcam era

(Olympus DPll).As shown inan insertedlight

micrographinFig.VI.6a,Surfaceofan isolated

nucleus appearedtobesmooth,andnostructural

componentswereobservedinsidethenucleus.By

theeffectofDICoptics,le氏-sideofthenuclear

edgeappeaqedasabrightcrescent,whiletheoppo-

sitesideappearedasadarkcrescent.TheDICef･

feetonthenucleuswasalsorepresentedasimage

intensity profllesshown inFig.VI.6aandb,in

whichimageintensitiesin rectangleswereana-

1yzed.hanexpandednucleus inEGTAsolution,a

peakofbrightness(丘lledarrow)ispresentthat

representsthelocationofthele氏-sideedgeofthe

nucleus.Thebrightnessprofilehasadepressionat

therightedgeofthenucleusasshownbyaBlled

arrow. Theintensity profileinsidethenucleus

showsasmoothcurve.1mesecharacteristicsindi･

catethattheopticaldensityinthenucleusisdiffer-

ent丘omthesurroundingmedium,andthatthenu-

cleus iscomposedofan opticallyuniform material.

Wh entheisolatednucleusbecam econtractedby

theadditionofCa2',appearanceofthenucleus and
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Fig.VI.3.JI:Relationshipbetweendiametersofisolatednuclei
(n-140)measuredbeforeanda洗ercontraction.Diametersof
rdaxednucleiranged舟om13.Ito23.7Ilm,Whichdecreasedto
therangebetweeni.9and17.3pm.ThecorrelationcoefrlCient
betweendiametersofrelaxedandcontractednucleuswascalcu-
latedtobe0.74.b:Relationshipbetweenthedegreeofnucl飽r

contractionaJldthevolumeofrelaxednuclei.Thedegreeof
contraction(D)wascalculatedas:DI100-100×(Vco/Vre),
whereVrcandVcoarethevolumeofrelaxedandcontracted

nucleus,respectively.Morethan80%ofnucleishowedcon-
tractionofwhichdegreewasintherange舟om50to80%.

itsbrightnessprofilechangedasshown in Fig.

VI.6b.Nucleardiam eterreduced舟om20to13トIm.

Brightnessincreasedatthele氏edgeofthenuclear

edge(whitearrow),whileitdecreasedattheright

edge(blackarrow).ThechBLngeWasaccompanied

bydecreaseandincreaseofthebrightnessatred

gionsjustbeneaththeleRandrightedgesasshown
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byblackandwhite打rOWheads,respectively.Fur-

thermore,brightnessinsidethenucleusbecam e

roughandi汀egular.Suchchangesinbrightness

pattem suggestthatopticaldensityinsidethenu-

cleusincreased,especiallyintheperipheryof血e

nucleus,whencontractionoccurred.

tJltmstrtLCtura1Observations

Inthisstudy,electronmicroscopywascarried

outtoexamineultrastructuralchangesinsideanu-

cleusthathavehappenedduringnuclearcontraction

inresponsestoadditionofCa2十･AsshowninFig･

VI.7a,inalivingcellnucleus,alargenum berof

electrondensenucleolarmaterialswerelocatedjust

beneaththeirnersurfaceofthenuclearenvelope,

andthinfilamentswerescatteredtoformamesh-

workinsidethenucleus.Although thenucleolar

materialsdisappearedduringnuclearisolation,the

spreadmeshworkofthinfilam entswaswellpre-

served(Fig.VI.7b).Wh enCa2'(2mM)wasadded

totheisolatedandextractednucleus,thethinBla-

mentsbecameaggregatedandchangedtheirap-

pearancestoamassofthicker点lam ents(Fig.

vI.7C).A鮎rtheCa2+-inducedaggregationofthe

thin Blamentsoccurred,thenucleolplasm other

than thefilam entsappearedsparse,whiletheinner

layerofthenuclearmembranebecamedensein

appearance.BysubsequentadditionofEGTAto

thenucleus,thethickerfilamentsbecam edisinte-

gratedandloose,resultinglnre-distributionofthe

thin fi1am entspreadaroundinsideofthenucleus

(Fig.ⅤⅠ.7d).

DISCtJSSION

Inthisstudy,IinvestigatedCa2+-dependent

contractilityofan isolatedanddetergent-extracted

nucleusoftheheliozoonActinophryssol.lmacti-

nophryidheliozoons suchasActinophTySandEchi-

nosphaerium,cytoplasmiccontractioniscommonly



llme(min)

ng.Vl.4.Sequentialm飽SurementOfthenuclearvolumeduring
cycliccontractionandrelaxation.Anisolatednucleuswascon-
traCtedbyadditionof2mMCa2十(Open arrowh飽ds),followedby
relaxationuponsubsequentadditionofEGTA(filled aTrO W ･

heads).Suchcyclescouldberepeatedmanytimesbyaltemate
additionofCa2'adldEGTA.

observed duringthepruessoffood uptake.

Heliozooncellspossessalargenumberofneedle-

1ikeaxopodiathatradiate丘omtheirspheriCalcell

bodies.Wh enasmallorganismbecomesaclose

contactwiththesurfaceofan axopodium,rapid

shorteningoftheaxopodium occurs,andan at-

tachedpreyorganismisconveyedtowardthecell

body(OcklefordandTucker,1973;Suzakietal.,

1980a;Sakaguchieta1.,1998). Insidethe

axopodium ,abundleofmicrotubuleswaslocated

throughoutthelength ofanaxopodium ascy-

toskcletalelements(TilneyandPorter,1965;Ti1-

neyeta1.,1966;Ockleford,1974,Shigenakaand

Kaneda,1979).Abundleofcontractile81aI一姫ntOuS

structurestermed純contractiletubulesstructure

(CTS)"alsorunsparallelwith the axopodial

miCrotubules(Suzakietal.,1980a;Shigenakaetal.,

1982).Electronmicroscopyhasshown thatthe

CTSchangesitsappearancefromtubulartogranu-

larformsinsideacontractedcytoplasmwhenthe

axopodialcontractionoccurs(Matsuokaeta1.,

1985;AndoandShigenaka,1989;Sugiyamaetal.,

1992;Suzakieta1.,1994;Kinoshitaetal.,2001).

ByuslngPermeabilizedcellmodels,ithaLSbeen
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Fig･Ⅵ.5･Ca2十･dependentcontractionandexpansionofisolated
nuclei.WhenCa2十concentrationwasraisedstepwisc,isolded
nucleuscontractedwiththethresholdCa2'levelof2.9×10-7M,

andreacheduptoaround60%degreeofcontr班tion.Thecon-
tractcdnucleusexpandedgraduallywhenCa2+concentration
becamelowered,andthethresholdlevelofCa2'forthenuclear
expansionwas1.0×10~7M･Openandfilledcirclesreprescntthe
pmCeSSeSOfcontmctionandexpaJISion,respectively.

foundthatthedrivingforcefortheaxopodialcon-

tractiOnisnotgeneratedbydisassemblyofthe

aDiOnemalmicrotubulesbutCa2'-dependenttrans-

formationoftheCTSisresponsibletothemotile

forit(Suzakieta1.1992;ArikawaandSuzaki,

2002;Arikawaeta1.,2002b),hthisstudy,aniso-

1atedanddetergent-extractednucleusshowedCa2'-

dependentcontractilitywhichissimilartothatof

thecytoplasmofpermeabilizedcellmodels.When

cytoplasmiccontractionofthepermeabilizedcell

modelwasinducedbyanadditionofCa2',simul-

taneouscontractionofthenucleiwasalsoobserved

(ArikawaandSuzaki,2002).DetailedultrastruC-

turalobservationsofthenucleus throughoutthe

stagesofthevegetativelifecycleA･solhaveshown

thatCTSisnotpresentinthenucleus(Mignot,

1980;Mignot,1984).Therefore,itmaynotbe

possibletoexplainthemechanismofthenuclear

contractionbythetransformationoftheCTS.Al-

thoughtheCTSispresentneartheperipheryofthe

nucleusWhereaxonemalmicrotubulesaretemi-
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Fig.VI.6.ChaJlgeSinbrightnessprofilesofanisolatednucleus
duringcontraction.Verticalandlateralaxesofthegraphsrepre-
sentaveragedbrightnessindelimitedarea(rectangleswithbroken
lines)ShowninarbitraryunitanddistaLnCefromthecenterofall
isolatednucleus,respectively.Comparedwitharelaxednucleus
(a),brightnessatbothsidesofthecontractednucleus(b)show
sharperpromes(whiteandblackarrows).Furthermore,darkand

brightareasappearedjustinsidebothedges(blackandwhite
arrowheads),andbrightnessinsidethenucleusshowedaroughand
disorderedprofi)e.Bar-10pm.

mated(Suzakieta1.,1980a),itseemsunlikelyto

speculatethatCTSisalsoassociatedwiththeouter

surfaceofthenucleusandregulatesnuclearcon-

traction.

IsolatedTetrahymenamacronucleihavebeen

reportedin1977toshowCa2'-dependentreversible
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contractionofwhichmechanismmaybedifferent

&om the actin-myosin contraction system

(WunderlichandHerlan,1977).Bycountingthe

frequencyofnuclearporecomplexesperunitarea

inbothcontractedandexpandedmacronuclei,the

macronuclearcontractionhasbeenattributedto

contractionofthenuclearmembrane(Wunderlich

eta1.,1978).Moreover,atomicfわrcemicroscopy

hasrevealedthatthenuclearcontractioncanbe

explainedbyacalcium -Sensitiveshapechangeof

individualnuclearporecomplexes(Rakowskaet

a1.,1998;Oberleithnereta1.,1999;Dankerand

Oberleitlm er,2000)_However,inthisstudy,iso-

latednucleiofA.soldidnotpreservetheirnuclear

membranesandnuclearporecomplexesanylonger.

IntheisolatedmacronucleusofEuplotes,Ca2'-

dependentcontractionwasalsoobservedevenafter

thenucleushadbeencompletelydemembranated

(Arikawaeta1.,2000;Arikawaeta1.,2002a).

Thesefactsindicatethatneithernuclearmembranes

nornuclearporecomplexesmaybeinvolvedinthe

nuclearcontraction.

AsshowninFig.VT.4,contractionandex-

pansionofanadherednucleuswerecompleted

withinafewseconds.Thus,itmaybedifficultto

explainthedynamicsofisolatednucleusbythe

mechanismofde-andre-polymerizationofcertain

filam entousstructuressuchasF-actinandmicro-

tubules. Although actin,myosin,and tubulin

moleculeshavebeendetectedinvariouskindsof

cellnuclei(Douvaseta1.,1975;BerriosandFisher,

1986;Be汀ioseta1.,1991;Nowaketa1.,1997),no

directevidencehasbeenreportedsofarthatthese

moleculesareinvolvedinnuclearcontraction.In

thisstudy,contractionandexpansionortheadhered

nucleiwereobservedeveninthepresenceofcol-

chicine(10mM)andcytochalasinB(1mM),indi-

catlngthatthemechanismof血enuclearcontrac-

tioninA.solmaybedifferentfrommicrotubules-



Fi苦lVI.7･Electronmicrographsshowingultrastructuralchangesofisolatednucleiduringcontractionandrelaxation.a:Electrondense
nucleolarmaterialswerelocatedjustbeneaththenuclearmembrane.Ameshworkofthinfilamentswasevenlydistributedinsidethe
nucleusofalivlngCell.b:IsolatedanddetergerLt-extractednucleus.Thenucleo)armaterialsdisappearedduringIso一ationprocedures,
butthemeshworkstructurewaswel]preservedevena鮎risolation.C:ByadditionofCa2+(2mMfreeCa2'),thinfikmentsbecame
aggregatedtoformthickerfilaments.d:ThethickerfilamentsweredisintegratedandbecameloosebysubsequentadditionofEGTA(3

mM).Bars-2llm.

oractomyosin-basedmachineries.

Thenuclearmatrixisdefinedasaresidual

nuclear&ameworkaftersequentialextractionpro-

cedures,andconsistsoftwocomponents:thenu-

clearlamina and an intemalnuclearnetwork

(Nickerson,2001;Martellieta1.,2002).Theinner

nucleararchitectureiscormectedtothenuclear

laminaandbuiltonanunderlyingnetworkof

branched10nmfilaments(Heeta1.,1990;Nicker-

soneta1.,1997).Itiswidelyunderstoodthatthe

nuclearlaminsaremajorcomponentsofthenuclear

laminawhichconstructamesh-likenetworkor

intermediatefilamentsunderlyingtheinnerperiph-

eryofthenuclearmembrane(Aebieta1.,1986;

Nigg,1992;MoirandGoldman,1993),Recent

studieshaverevealedthatlaminsarepresentnot

onlyattheperipheryorthenucleusbutalsowithin

thenucleoplasm,andformanintemalnucleoskele-

tonaswellasaperipherallamina(Belmonteta1.,

1993;Bridgereta1.,1993;Moiretal.,1994;Hozak

eta1.,1995;Nerieta1.,1999).Itmaybenaturalto

considerthatthenetworkstmctureinsidethenu･

cleusinA.solmayalsobeconstructedby10nm

intermediatefilamentsorlamina.Furthermore,itis

widelyregardedthatthenuclearmatrixisaubiqui-

tousnuclearstructureinalleukaryoticcells.Al-

though,unfortunately,Icouldnotdetectnuclear

laminproteinsbyuslngaCOmmerCially-available

anti-lam inantibody. However,thefactthatthe

nuclearmatrixhasbeendetectedinnucleiofvarト

ousunicellularorganismssuchasTetrahymena

(HerlanandWunderlich,1976;Wunderlichand

Herlan,I977),AmphidL'nL'um(Minguezeta1.,1994)

andEuglena(Wen,2000)Stronglysuggeststhatthe

meshworkstructureobservedinsidetheisolated

anddetergent-extractednucleusofA.solisanu-

clearmatrixthatisconstmctedby血enuclearlam-

ina･Thus,myobservationsalsosupportanidea

thatthenuclearmatrixstructurehasbeenhighly

conservedduringtheeukaryoticevolution.How-

ever,therearenomolecularcluestoexplainthe

ca2十一dependentcontractilityorthenuclearmatrix

atall.Myfindingsinthisstudyonlysuggesta

possibilityfortheflrSttimethatthenucleuspos-

sessescontractilitywhichisregulatedbyCa2+-

dependentdis-andre-aggregationofthenuclear

laminafilaments.

An altemativepossibilityforthenuclearcon-

tractionarisesthatthenuclearcontractionisdi-

rectlyorindirectlymediatedbyacertainCa2十一

bindingprotein.Alargenumberofstudieshave

revealedthatCa2+-bindingproteinsexistwithin
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variouskindsofnucleus,andplayImportantroles

inmanynuclearevents(GilchristandPierce,1993;

Gilchristeta1.,1994;Czubrytetal.,1996;Bad-

mintonetal.,1998;Gilchristetal.,2002).How-

ever,ca2+-dependentfunctionsoftheseproteins

havenotentirelybeenmadeclear.Inspiteofan

attempttodetectCa2'-bindingproteinsinthisstudy

byusing"Stains-all"and"ruthenium red"staiming

methodoraCa2'-dependentmobilityshi允assayon

separatednuclearproteinsbySDS-PAGE,Icould

notobtainanypositiveresults.Furtherstudiesare

requiredtoelucidatethemolecularmechanismof

theca2'-dependentnuclearcontraction･
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GENERALDISCUSSION

A王OpOdialContraction

lnthisstudy,Iattemptedtoelucidatethe

mechanismofaxopodialContractionofthehelio-

zoonsEchinosphaerL'umakamaeandActinophlyS

solbyuslngpermeabilizedcellmodels,andshowed

adirectevidencethattheCTSisacontractile

structurevAich respondsto Ca2'･ A Ca2+-

dependenttransformationoftheCTSfromtubular

togranularformswasobservedtooccurinthe

批OPOdialcytoplasmwithoutaccompanyingdisas-

semblyofthemiCrotubules.Thisresultindicates

thattheCTSisresponsibleforcontractionofthe

aD'OpOdialcytoplasminaCa2+-dependentmanner,

resultinglnrapidshorteningoftheaxopodium

(ChaptersrandII).Tofurtheridentifythemo-

lecularbasisforCTScontractility,Possiblein-

volvementofaCa2'-sensitiveproteinwasexam-

ined.As describedinChaptersIIandIll,aCa2'-

inducedprecipitatewasobtained&omthecellhO-

mogenateofActinophTySSOl･AlthoughnoCa2+-

Sensitiveproteinwasdetectedintheprecipitate,a

precipitateadheredtotheglasssurfaceshowed

ca2'-dependentcontractilitywhichwassimilarto

thatofthecellmodels.Theseresultsindicatethat

theCTSmusthavebeensuccessfullyisolated,in

which Ca2'-dependentcontractility wasmain-

tained.Thecrucialproblemtobesolvedinthe

futureishowtheCTScontracts.Byelectronmi-

croscopy,theCTShasbeenobservedtohavean

appearanceofasmalltubule,butitsometimesshow

lamellar orgranularappearances,and&equently

surroundedbymembranellikestructures.Judging

fromtheseultrastructuralobservations,theprocess

oftransformationoftheCTShasbeenspeculatedto

involvenotonlygranulationbutalsotwistingandノ

orcoilingofthetubules(Shigenakaetal.,1982;

Matsuokaetal.,1985;Kinoshitaeta1.,2001).h

thisstudy,theisolatedCTSinvitrowasobservedto

changeitsappearancefromtubulestogranulesby

additionofCa2'(Fig.6inChapterII).Iftheproc-

essofCa2'_inducedtransformationoftheCTS

couldbeexam inedindetailsbymodulatingCa2'

concentrationataroundthethresholdlevel,one

mightbeabletoflndoutbyelectronmiCroscopy

intermediatestructuresoftheCTSbetweentubular

andgranularstages,血ichmayallowustounder-

standtheprecisemechanismoftransformationof

也eCTS.

Inthisstudy,whenCa2'wasaddedatmicro-

molarleveltothemembrane-permeabilizedcell

modelsofE.akamaeandA.sol,granulationofthe

CTSwasinducedwithouta飽ctingto血eaxonemal

microtubules,resultedinformationofmanycyo-

plasmicswellingsalongthelengthofanaxopodium

(Fig.1inChapterIandFig.1inChapterII).This

phenomenonissimilartothe"beadingphenome-

non"thatisfrequentlyobservedinlivingcells

(Suzakieta1.,1980a).Theseresultssuggestthatthe

thresholdlevelofCa2'forcontractionoftheCTSis

lowerthan thatfordisassemblyofmicrotubules,

andthatthecontractionoftheCTSdoesnotalways

accompanybreakdownoftheaxonemalmicro-

tubules.ToinduceaxopodialShortening,contrac-

tionoftheCTSanddisassemblyoftheaxonemal

microtubulesmustoccursimultaneously.Although

theCTSislocatedinthevicinityofthemicro-

tubules throughout the length of axopodia

(ShigenakaandKaneda,1979,Suzakietal.,1980a;

Shigenakaeta1.,1982),nostructuralconnection

betweentheCTSandtheaxonemalmicrotubules
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hasbeenobservedsofar.IftheCTSisclosely

associatedwith theaxonemalmicrotubulesand

contractionoftheCTSgeneratesmechanicalforce

whichissufrlCienttodisintegratemicrotubules,itis

difrlCulttoexplainthephenomenonofcytoplasmic

beading,becauseitisformedbycontractionofthe

CTSinsidetheaxopodialcytoplasmwithoutdisas-

semblyofthemiCrotubules.Consequently,inthe

caseofaxopodialcontraction,concentrationof

cytoplasmieCa2'issupposedtobehigh enough to

inducenotonlygranulationoftheCTSbutalso

disassemblyoraxonemalmicrotubdes.Inco山rast,

whencytoplasmicbeadingsappear,cytoplasmic

ca2'concentrationmaynotbesufficientforinduc-

ingmicrotubuledisassembly.Furthercytochemical

investigationsarerequiredtoelucidatedifferencein

ca2+-sensitibitybetween血eCTSand也eaxonemal

microtubules.Moreover,forcompletecontraction

ofanaxopodium,thedistalendofabundleofCTS

mustbecornectedtotheirmersurfaceofthe

axopodialmembrane,andtheproximalendmustbe

anchoreddeepinsidethecellbody.Sofan,no

structuralrelationshipbetweentheCTSandthe

plasmamembranehasbeendescribed.Further-

more,evenlengthofaunitstructureoftheCTS

remainstobeexamined.Furtherelectronmicro-

scopicobservationisrequiredtodeterminetheul-

trastructureoftheintactCTSintheaxopodium.

Asdescribed in INTRODUCTORY RE-

vIEW,Ca2+hasbeenregardedtoplayanimportant

roleintheaxopodialcontraction.Fromtheresults

obtainedinthisstudy,inconJunctionwithformer

experimentalconclusions,apossibleprocessof

axopodialcontractionmaybestm arizedasfol-

lows.Although themechanismofsignaltransduc-

tionontheaxopodialsurfaceisunclear,attachment

ofapreytothesuぬceofanaxopodium isper-

ceivedbytheaxopodialmembraneasaslgnalfor

triggennginfluxofextracellularCa2'intothe

aD(OPOdialcytoplasm and/orreleaseofCa2'丘om

ca2'-sequestering vesicleslocated beneath the

axopodialmembrane･TheincreaseofCa2'con-

centrationinsidetheaxopoditm mayinducetrans-

formationoftheCTSanddegradationofthe

axonemalmicrotubules,resultinglncontractionof

theaxopodium ･A洗ercontraction,Ca2'concentra-

tionrecoverstoitsrestinglevel,probablybyuslng

ca2' pum psin theplasmamembrane･ Re-

elongationofthecontractedCTSandpolym eri2か

tionofmicrotubulesthenoccur,and丘nallyafully

extendedaxopodium isreconstructed.Themecha-

nismofCa2'_inducedtransformationoftheCTSis

stillunknown .PuriflCationoftheCTSandidenti-

ficationofCa2'-sensitiveproteinsaretobecarried

outto血r血erunderstandingthemechamismofmo-

lecularinteractionbetweentheCTSandCa2'.

ru血e-ore,existenceofCa2+ pump on也e

axopodialmembraneorsu汀0undingvesiclesisstill

uncertain. Cytochemicallocalizationandbio-

chemiCalcharacterizationofCa2'_ATPasearere_

quiredtoinvestigatethepossibleinvolvementof

ca2+ionsinaxopodialcontraction･

NuclearContraction

ln1974,BerezneyandCoffeyhaveintro-

ducedtheterm''nuclearmatrix"forthefirsttimeto

indicatethenuclear 丘amework which resists

againstremovalhom thenucleusbyaseriesof

chemicalextractions(BerezneyandCoffey,1974).

Although somecontroversyremains,nuclearma-

trixiscurrentlyregardedasanucleoskeletalstruC -

turefacilitatingvariousnuclearactivities(Martelli

etal.,1996;Pederson,1998;Hancock,2000;Pe-

derson,2000;Martellietal.,2002).Howevercon-

tractilepropertiesofthenuclearmatrixhavenever

beenreportedsofar.Evidencesobtainedinthis

studysuggestfortheflrSttimethatthenuclearma-

trixpossessesaca2'-dependentcontractilitywhich
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mighthavebeenretainedbyalltheeukaryoticor-

ganismsasacommonproperty,andisconservedin

spiteofalonghistoryofeukaryoticevolution.

However,thebiologiCalsigmiBcanceofthenuclear

contractionremainedumclear.Judgingfrom the

evidencethatCa2'concentrationinanucleusmay

beregulatedindependentlyfrom cytosolicCa2'

(Badmintonctal.,1998),thenuclearcontraction

maybecloselyrelatedtosomeoriginalRmctionsof

thenucleus.Forexample,particularlyinciliates,

transformationofthenucleus issometimesob-

serveddmingtheprocessofnucleardivisionin

mitosis,andcharacteristicelongationandcontrac-

tionofthemicronucleusarefrequentlyobservedin

meiosis･ItisworthwhilemonitoringCa2+Concen-

trationinsideanucleusduringsuchnuclearevents.
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