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AbstractTheenvelope,chorion,ofunfertilized
eggsofmedaka(01γZiaslatipes)consistsmainly
ofglycoproteincomponents,ZL1,2(74-76-kD)

andZI-3(49-kD).Duringthechorionhardening
aftereggactivation,allthecomponentsare
polymerizedbytheactionoftransglutaminase
responsiblefory-glutamy1-8-1yslneCrOSSlink
formation･Priortothepolymerization,ZI-1,2are
cleavedbyanenzyme(S)releasedfrom eggto
changeinto58-62-kDcomponents.Wediscuss
thepossibilitythatthelimiteddegradationofZL
1,2promotesthepolymerizationofchorion
components･Thusthechorionhardeningreaction
iscatalyzedbyamultipleenzymesystem.

Introduction

Theunfertilizedeggofvariousanimalsisenve-
lopedbyacertainnumberoflayersofprotein-
aceousextracellularmatrix.Theinnemostlayer,
thevitellinemembraneofseaurchinoramphibian
egg,andthezonapellucidaofma… alianeggare
foundtopartlCIPateinaspecies-specificsperm -egg
interactionatfertilization,andtochangeintoa
fertilizationmembranetopreventpolyspermy
(Schmelletal.,1983).Theconversionof

unfertilizedeggenvelopetofertilizedeggenvelope
hasbeenstudiedinseaurchin(Foerderand

Shapiro,1977;Hall,1978;KayandShapiro,1987;
BattagliaandShapiro,1988),inXenopuslaevis

(Greyetal.,1974;Wolfetal.,1976;Gertonand
Hedrick,1986;LindsayandHedrick,1989;
Lindsayetal.,1992;LindsayandHedrick,1995),
andinmouse(GulyasandSchmell,1980;Schmell
andGulyas,1980;WassamanandMortillo,1991).

Theunfertilizedfisheggenvelope,thechorion,
doesnotseemtopartlCIPateinthespecificbinding
tospermforinitiationofeggactivation,butitdoes
playasamechanicalba汀iertoblockpolyspemy
(Sakai,1961;Hart,1990).Afterfertilizationor

activationoftheegg,theenvelopechangesintoa
tough,hardstructureresistanttoenvironmentally-

causedmechanical,chemical,orenzymaticdismp-
tion.Recently,theformationanddegradationof

thechoriOninmedaka,017ZlaSlatipes,havebeen
extensivelystudied(SeethereviewofYamagami
etal.,1992).Themedakaeggchorionconsistsof
twolayers:athinouterlayerandathickinner
layer.Theouterlayer,aminorpartofthechorion,
Seemsinertduringtheembryonicdevelopment,
whiletheinnerlayeroccupylngthemaJOrltyOf
chorionisarelativelysimpleandorderedmultiL
amellarstructure,whichservesmainlyasa
protectorforthedeveloplngembryo.Mo叩hologl-
cally,theinnerlayerchangesintoacompact
structureaftereggactivation(Nakano,1956;
Masudaetal.,1992).Inaddition,theinnerlayerof
unfertilizedmedakaeggchoriOnissolubleinsome
denaturantssuchassodiumdodecylsulfate(SDS),
guanidium hydrochloride(GuHCl),andurea.
Therefore,itisasuitablematerialforanalystsOfits
molecularstmctureandthemolecularmechanism

ofchorionhardening.Chorionhardeninginfish
eggsisessentiallyhomologoustoformationofthe
fertilizationmembraneineggsofotheranimals.

Chor]LOnhardeningaftereggactivation
Tounderstandthemechanism ofchorion

hardening,post-activationchangesofeggtough-
nesswereexamined.Thesechangeshavebeen
estimatedbytwomethods:measurementofthe
forcerequiredtocompressaneggatadefinite
distance(Suga,1963)andmeasurementofthe
weightrequiredtoruptureanegg(Iwamatsu,
1969).Recently,Urabe(1993)developedanew
apparatusfortheestimationoftoughness.This
methodwasbasedonmeasurementofresonance

waveofaneggtoextraneously-addedmechanical
vibration.ElastlCltyOftheeggwascalculated
from theincreaseoffrequencyoftheresonance
wave･AsshowninFig･1,61astlCltyOfthemedaka
eggIncreasedexponentiallyafterfertilizationand
reachedamaximum levelatabout6hrafter

fertilizationatroomtemperature(blastulastage).
Thepost-activationchangesofelasticltyOfthe

medakaeggwereessentiallysimilartothose
estimatedbySuga(1963)･
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Fig.1.Post-fertilizationchangesinelasticltyOfthemedaka

egg.Theelasticity(N/m)isshownasafunctionofhoursafter
insemination.FromUrabe,1993.

Zotin(1958)reportedawaytoestimatedirectly

thehardnessofchorionisolatedfromeggsofthe
salmonidfishes.Thismethodinvolvedmeasure一

mentofweightrequiredtobreakdownachorion
sheet.Theincreaseofchorionhardnessthus

measuredparalleledthepost-activationincreaseof
eggtoughness･Althoughthismethoddoesnot
show usawell-definedphysicalcharacteristic
suchaselastlClty,theresultisevidencethat
increasedeggtoughnessafteractivationis
essentiallydependentonincreasedchorionhard-
ness.Thereisyetnodirectmeasurementofthe
physicalcharacterofmedakaeggchorionitself.

Recently,Chorionrigidityorhardnessin
medakaeggwasdeducedfromanotherviewpolnt.
Masudaetal.(1991)examinedchangesofsolubill
ltyOfchorioninlNNaOH.Itisconceivablethat
changesinchorionsolubilitylnSOmedenaturants
dependuponchangesofphysico-chemicalstruc-
tureofthechorionsuchasformationofcertain

covalentcrosslinksinit,modificationofnon-cova-

1entinteractionbetweenitsconstituentproteins,
andtheresultantcompactionofthechorion･As
showninFig.2,solubilitywasdecreasedwith

chorionhardeningaftereggactivationby

ionophoreA23187･SDS(ト6%)orurea(8M)
Couldalsodissolvethesoftchorionofanunfer-

tilizedeggbutnothardenedchorion.Therefore,
deceasedchorionsolubilityinNaOH,SDSorurea

isregardedasanindexofpost-activationincrease
ofchorionhardness.
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Fig･2･Changesinsolubilityofchorionaftereggactivation.

Unfertilizedmedakaeggswereincubatedat300C in

Yamamoto'sphysiologlCalsalinecontainlnglOnOphoreA23187

(20〃M).Chorionsisolatedafteractivationweredissolvedby

incubationinlNNaOHat30oCfor30min.Theopencircle

showsthesolubleproteininchorionsofblastulae.From
Masudaetal.,1991.

ChangesofproteincomponentsofChorion
aftereggactivation

Theinnerlayerofthemedakaoocytechorion
consistsmainlyofproteincomponents,ZI-1,2(see
footnote)andZI-3(Hamazakietal.,1985).The
orlglnandsomebiochemicalcharacteristicsof

theseconstituentshavebeenstudiedextensively
(Hamazakietal.,1987a,b,1989;Murataetal.,

1991,1993,1994).Recently,Murataetal.(1995)
clonedCDNAfortheprecursorproteinofZI-3and
deduceditsaminoacidsequence.ZI-3ishomolO-
goustoazonapellucidaprotein,ZP3,ofmam一
malianeggs.

Weexaminedchangesofchorionprotein

componentsaftereggactivationbySDS-poly-
acrylamidegelelectrophoresis(SDS-PAGE)(Fig.
3)･Unfertilizedeggchorionsconsistedmainlyof
Z1-1,2(74-86-kD)andZI-3(49-kD),essentially
similartothoseofoocyte･Aftereggactivation,
ZI-1,2andZI-3decreasedinamount,58162-kD

and 110-130-kD componentsappeared,and
finally,noproteinbandsbecamedetectableon
SDS-PAGE.Thus,Oneofthecharacteristicevents

occumngaftereggactivationwastheappearance

ofseveralhigh一molecular-weightcomponentsin
thechorion.

Thehigh-molecular-weightcomponentsofoocytechorionwerefirstidentifiedastwodistinctproteins,ZI-1andZI-2(Hamazakiet

al.,1984).Furtherstudiessuggestedthattheseproteinswerenearlyidenticalinmolecularweight(Hamazakietal.,1984),amino

acidcomposition(Murataelal.,1993;Sugiyamaetal.,unpublished),andthebehaviorintheirlimiteddegradationa洗eregg
activation(Masudaetal.,1991).Therefore,ZI-IandZI-2Wereconsideredtoformagroupofproteins,andrenamedZI-I,2asa
whole.
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Fig.3.ChangesinSDS-PAGEpattemsofchorionproteinsafter
eggactivation(8% gel).Unfertilizedmedakaeggswere
incubatedat250CinYamamoto'sphysiologlCalsalinecontain-
ingionophoreA23187(40〃M).Lanes1to7represent0,15,
30,45,60,75,and90minaftereggactivation,respectively.

Eggenvelopetransglutaminase

Previousstudiesconcernlngthemechanism of

chorionhardeninginfishegghavesuggested

participationofvariousreactionsorfactorssuch

asenvironmentalCa2+(Kusa,1949a,b;Ohtsuka,

1957;Yamamoto,1957),pH (Iwamatsu,1969),

oxygen(Zotin,1958),corticalalveolarmaterials

andmucopolysaccharides(Nakano,1956),and

oxidation ofthesulfhydrylgroup in chorion

protein (Ohtsuka,1957,1960).In chorion

hardeningofsalmonidfishegg,Zotin(1958)has

suggestedoccu汀enCeOfthehardeningenzyme

releasedfromunfertilizedeggsbycorticalreaction
afteractivation.

Westudiedthemechanism ofappearanceof

high-molecular-Weightproteincomponentsinthe

chorionduringhardening.Whenchorionsisolated

from unfertilizedeggswereincubatedwithCa2',
solubilityofthechorionsinlN NaOH orSDS

(1-6%)wasdecreased(Masudaetal.,1991),

Showlngthatfactorsrequired forthechorion

hardeningreactionarepresentinthechorionitself.

Thisphenomenonwastentativelynamed"invitro
Ca2'hardeningHtodistinguishitfromthechorion

hardeningoccurrlnglnanactivatedegg,"insitu
hardening"･DuringtheinvitroCa2'hardening,
theamountsofZI-1,2andZI-3decreased,compo-

nentshavingthemolecularweighthigherthan

148K appeared,and finally,allcomponents
becameundetectableonSDS-PAGE,asshownin

Fig･4(Masudaetal.,1992).The148-kDcompo-

nentwasfoundtobeformedbycovalentbinding
ofZ1-1,2andZI-3becauseitwasstainablewith

bothanti-Z1-1,2antibodyandanti-ZI-3antibody.

Therefore,theinvitroCa2'hardeninglSagood

modelforstudying theformation ofhigh-

moleculaトWeightcomponentsduringchorion

hardening･invitroCa2'hardeningwasheat-1abile,

optlmalatpH 5-6,andinhibitedbyiodoaceta-

maide(IAA;10mM),ethylenediaminetetraacetic

acid(EDTA;5mM),andmonodansylcadaverine

hydrochloride(2mM),acompetitiveinhibitorof

transglutaminaseresponsibleforr-glutamy1-gl

lysine(辛Glu-8-Lys)crosslinkformationbetween

polypeptides･M r ear EDIA
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Fig.4.ChangesinSDS-PAGEpattemsofchorionproteins
duringinvitroCa2'hardening(8% gel).Homogenatesof
choriOnsisolatedfromunfertilizedmedakaeggswereincubated
withisotonicsalinecontaining5mMCaC12(Ca)at30oCfわr0,
1or3hrs.Asacontrol,thechorionhomogenatewasincubated
for3hrsintheisotonicsalinecontaining5mMEDTA.*indi-
catesa148-kDproteinandproteinshavingamolecularweight
higherthan148K.Mshowsapattemofmarkerproteins.From
Masudaetal.,1992.

Tounderstand covalentcrosslinksformed

betweenchorionconstituentsduringhardening,we

madeapreliminaryestimateofthecontentofチ
Glu-8-Lysisopeptideinthemedakachorion:itwas

32.8nmoles/mgofdrychorioninunfertilizedeggs,
whileitwas63.6nmoles/mgofdrychorionin

blastulae(unpublisheddata)･Weightofthechorion

wasnotslgnificantlychangedafterhardening.The

rGlu-e-Lyscontentintheunfertilizedeggchorion

isprobablyoverestimatedbecauseitispossible

thatinvitroCa2'hardeninghadbeenpartially

inducedduringthepreparationofthesample.On

theotherhand,therGlu-8-Lyscontentinblastula

chorion is probably underestimated:our

preliminarystudydidnotverifycompletedigestibn

ofthehardenedchorionbytheusedproteases,i.e.,
pronaseE,1eucineaminopeptidase,carboxy-

peptidaseY andprolidase.Althoughthepresent

methodofestimationislimitedandmoreprecise
valuesshouldbedeteminedinthefuture,itis

evidentthatthereisapost-activationfbmationof

rGlu-8-Lyscrosslinksbetweenchorionconstituent

proteinsinmedakaaswellasinrainbowtroutegg

chorion(Hagenmaieretal.,1976;Iuchietal.,
1994).
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OccurrenceofcrosslinksotherthanrGlu-8-

Lysisopeptidewaswellknowninsomefibrous,
elasticorhardproteins.Tyrosine-tyrosine(Tyr-

Tyr)bridgeshavebeenfoundinthechorionor

vitellinemembraneinthelaideggsofDrosophila
melanogaster(Petrietal.,1976)andinthefertil-

izationmembraneofseaurchinembryos(Foerder

andShapiro,1977;Nomuraetal.,1990).Insea

urchineggs,peroxidase(ovoperoxidase),an

enzymeresponsibleforTyr-Tyrbridgeformation,
wasidentifiedincorticalgranulesandwasfound
tobereleased血･om them onactivation.Histo-

ChemicalandbiochemicalstudiesuslngSynthetic

substrateorinhibitorsfわrovoperoxidasesuggested

thepresenceofthisenzymeinmouseeggcortical

granulesanditsparticlpationinzonahardening

(GulyasandSchmell,1980;SchmellandGulyas,
1980),Inunfertilizedeggchorionsofmedaka,

di-ortri-tyrosinecrosslinkswerenegligiblein

amountandnoslgnificantincreasewasfわundin

thechorionsafterfertilization(Nomura,personal

communication).Ⅰnaddition,ahighconcentration

(100mM)ofaminotriazole,anovoperoxidase
inhibitor,didnotinhibiteithertheinsituorin

vitroCa2'hardeningofmedakaeggchorion
(Masudaetal.,1991,1992).

AssuggestedbyOhtsuka(1960),disulfide

bridgefomationbetweenchorioncomponents

seemstoplayanimportantroleinchorionharden-

1ng.Cysteineand/orcystinecontentinunhardened
orhardenedchorionsshouldbeexaminedinthe

future.Inaddition,wehavenotyetanyinforma-

tiononoccu汀enCeOfothercovalentbridgessuch

asdesmosineinelastinmoleculeorlyslnOnOト

leusineincollagenmolecule.･

Recently,thestructureofhardenedchorionin

blastulawasexamineduslnghatchingenzyme,
chorion-digestingprotease(Leeetal.,1994).The
hatchingenzymeofmedakaembryoconsistsof

twoenzymes:highchoriolyticenzyme(HCE)and

low choriolyticenzyme(LCE).HCEswellsthe

innerlayerofintacthardenedchorionbyitspartial

proteolyticaction,andwhileLCEcannotdigest

theintactchorion,itcancompletelydigestthe
swollenchorion(Yasumasuetal.,1989a,b,C).We

characterizedseveralpeptidesreleasedfrom the

hardenedchorionbythepartialproteolyticaction

ofHCE.Amongthem therewerethepeptides

containingSignificantamountsofy-Glu-cILysand

prolineinthefbm ofpeptidesconsistlngOfPro-x-

yrepeats(Leeetal.,1994).FailureofLCEto

digesttheintacthardenedchorionisprobably

ascribabletooccurrenceofsuchaunlquerGlu-cI

Lys-rich,proline-richstructureinthechorion.In

fact,LCE caneasilydigestintactunhardened

chorionofunfertilizedegg.Theresultsshowthata

unlque,LCE-resistantstructureisformedinthe

hardeningchorions.

Becausetransglutaminase(TGase)responsible

forrGlu-8-Lyscrosslinkfomationisconsidered

toparticipateinchorionhardeninginfisheggs

(Hagenmaieretal･,1976;Oppen-Bemtsenetal.,
1990;Masudaetal･,1991),WeassayedTGase

activltyinunfertilizedeggaccordingtothe
methodofLorandandGotoh(1970).TGase,a

Ca2tdependとntSH-enzyme,wasdetectablein

unfertilizedmedakaegg,andlocalizedexclusively

inchorionfraction(Fig.5).Thisisthefirst

demonstrationofchorionTGaseinmedakaegg

(Haetall,1995).Thustheunfertilizedeggchorion

isaunlqueStructure:anenZyme,TGase,andits
substrate,chorion,coexist.

0 1 2
time(hr)

Fig.5.TimecourseofTGaseactivltyOfunfertilizedmedaka
eggs.A氏erunfertilizedeggsinisotonicsalinewerecutwith
smallscissors,chorionswereseparatedfromtheremnants(egg
fraction).Homogenateofthechorionsinisotonicsaline(H )

ortheeggfraction(+I--+)wasusedasenzymesample.The
reactionmixtureconsistedof0.5mMmonodansylcadaverine
(MDC),0･2%N,N-dimethylcasein,5mM CaC12,5mM2-
InerCaptOethanol,50mM Tris-HCl(pH7.2)andenzyme
sampleequivalentto0.45eggs.TGaseactivltyWasassayedat
300CandexpressedbynmolesofMDCincorporatedinto
casein.ThechorionTGasewasinhibitedbyEDTA(10mM;
△),IAA(10mM:口),orabsenceofCa2+(○).
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Chorionhardeningreactionasareaction

catalyzedbyamuJtipleenzymesystem

HereweagalnObseⅣedpreciselythechanges

ofconstituentproteinsofchorionduringtheinsitu

hardening,andnoticedtheappearanceof58-62-

kDcomponents.AsshowninFig.3,theappear-
anceofthe58-62-kDcomponentsintheharden-
1ngChorionseemedtobeaccompaniednotbya
decreaseofZI-3butbyadecreaseofZIll,2.This

suggestedthatalimiteddegradationofZⅠ-1,2
(74-76lkD)into58-62-kD componentsoccurs

duringchorionhardening(Masudaetal.,1991)･
Whenunfertilizedeggwasactivatedbyionophore

A23187inthepresenceOHAA(10mM)toinhibit
thechorionTGase,thechorionhardeningwas

seriouslyinhibited.SDS-PAGEanalysisfailedto

detecthigh-molecular-weightcomponentssuchas
110-130Kor148K,andinaddition,theamountof

ZI-3wasnotslgnificantlychangedduringthe
incubation.However,ZL1,2decreasedinamount

and58-62-kD componentsappeared.Therefわre,
thesefindingssuggestthatalimiteddegradation
ofZI-1,2into58-62-kD componentsoccurs

duringthechorionhardeningandisnotinhibited
byIAA.BecauseZ1-1,2areglycoproteins
(Hamazakiぅ1987),thelimitedhydrolysismaybe
perfomedeitherbyproteaseorbyglycosidase･

Wehavesomeinformationonthelimiteddegra-

dationofchorioncomponents.Whenanunfertil-
izedeggofrainbowtrout(Oncorhynchusmykiss)
wasactivatedbyimmersioninwater,toughnessof
theeggandhardnessofthechorionwereincreased
asinthemedakaegg(insituhardening).Afterthe

chorionbeginstoharden,49-kD,56-kD,and65-
kD constituentproteinsoftheunfertilizedegg
choriondecreasとdinamount,1131kD,160-170-

kD,andhigherthan250-kDproteinsappeared,and

finally,anyproteinbandsbecameundetectableon
SDS-PAGE.Formationofhigh-molecular-weight

componentsisresponsibleforthechorion
hardeningasinthemedakaegg.Whenincubated
withCa2+,thechoriOnisolatedfrom unfertilized

egghardenedbytheformationofhigh-molecular-
weightcomponentsasaresultoftheactionof
TGaselocalizedexclusivelyinthechorion(invitro

Ca2'hardening).However,invitroCa2'hardening
wasmuchslowerthanthatoftheinsituhardening.
Therefore,wesearchedforaninvitroCa2+

hardening-promotlngaCtivltyintheegg･
Wedissectedunfertilizedeggsinisotonicsaline

withsmallscissorsandsuspendedthembygentle

plpettlng･Afterthechorionswereremoved,the
suspensionwascentrifugedat850xgfor15min･
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TheprecIPltateProbablycontainedeggcomp0-
mentssuchascorticalalveoli.Whenthehom0-

genateofthepreclpltateWasaddedtothereaction
mixtureoftheinvitroCa2'hardeningsystem,the

hardeningreactionmeasuredbysolubilityof

chorionin8M ureawaspromoted.Theinvitro
Ca2+hardening-promotingactivity(HPA)didnot

exhibitTGaseactivlty,anditcouldnotsignifi-
cantlyactivateTGaseactivltylnthechorion･In
addition,wefoundevidencethatHPAcontainsa

factor(S)responsibleforthelimiteddegradationof

a49-kDcomponentofchorionto441kDcompo-

nent.Therefわre,itispossiblethatHPApromotes
chorionhardeningnotbyactivatlngTGaseinthe
chorion,butbyhydrolyzlngthe49-kDcomponent
ofthechoriontothe44-kDcomponent.Theaction
ofHPA onthechorionhardeningcouldnotbe
inhibitedbyarelativelyhighconcentration(200
FLg/ml)ofvariousproteaseinhibitorssuchas
leupeptln,elastinal,chymostatin,antlpaln,

phosphorhamidon,orE64,Whileitwasinhibited
byEDTA(20mM).Inaddition,EDTAinhibited
theHPA-dependentlimiteddegradationofthe49-
kDcomponenttothe44-kDcomponent.HPAis
heat-1abile,anditisconsideredtobeanEDTA-

sensitiveenzyme(S).Asinthecaseofrainbow
troutegg,WehaveevidencethatHPA activlty
existsinthecorticalalveolarfractionofthe

unfertilizedmedakaeggs.
Althoughmanyproblemsremaintobesolved

andmanyprecisestudiesshouldbemadeinthe
future,Wetentativelyproposeaworkinghypothe-
sisforstudiesonchorionhardeninginfishegg:

whenanunfertilizedeggisactivated,anenzyme(S)
isreleasedfromtheeggtocauselimiteddegrada-

tionofachorioncomponent(S),andthen,TGase
localizedinthechorionactsonthemodified

choriontofom efficientlyrGlu-8-Lyscrosslinks

betweenchorioncomponents,resultinglnChorion

hardening.
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