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Abstract  

Mygalomorphspider■shemocyaninsex弧1inedcontainmonomersubunitswhicharethe   

componentpartsofhemocyaninhexamersanddimersubunitswhichbondtwohexamers   

together・Toinvestigatetheevolutionofthemygalomorphspidersbasedonaminoacid   

SequenCeSOfhemocyaninsubunits，theorthologoussubunitsderived舟omacommon   

ancestralmoleculemustbeidenti丘edandusedforphylogeneticstudy．BasedontheN－   

teminalsequencecomparisonofthemonomersubunitsandtheconstituentmonomersof   

thehemocyanindimers，theeightgroups（groupsんH），eaChgroupofwhichconsistedof   

theorthologoussubunits，Werefoundinthemygalomorphspiders・Fromthelimited   

distributionpatternsofthemonomersubunits（groupsA－F），itisevidentthatduplications   

andlossesofthemonomersubunitsoccurred丘equentlyinthemygalomorphspiders・On   

theotherhand，theconstituentmonomersofthehemocyanindimersweredistributed   

WidelyinthemygalomoTPhspiders，SOthatthesesubunitsofgroupsGandHareavauable   

forphylogeneticanalysisofthemygalomorphspidersasawhole．Thephylogenetic   

analysISuSlngaminoacidsequencesofthegroupGsubunitssupportedthehigher   

ClassincationofthemygalomorphspidersproposedbyGoloboff（1993）butdidnotthe   

ClassificationbyRaven（1985）．Althoughtheduplicationanddeletionofthehemocyanin   

SubunitsglVeSOmeCOnfusioninevolutionarystudiesofhemocyaninmolecules，the   

resultingdistributionpatternsofthehemocyaninmonomers（groupA－H）alsosupported   

theGoloboff，sclassification・Thegenetreesofthehemocyanipsubunitsshowedthe   

monophylyofthesubunitsofgroupsGandHandalsoshowedthemonophylyof   

CheliceratehemocyaninsubunitsincludingsubunitsofgroupsGandH－ Thusitisinfbrred  
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thatbothoftheconstituentmonomers（groupsGandH）ofthehemocyanindimerswere   

descended舟omacommOnanCeStralgeneandthatthehemocyanindimerswereacquired   

independentlyinthetwolineagesofChdicerataandCruStaCea・Therefore，the   

COnStituentmonomerofthehemocyanindimersmustbeconservedinChelicerataunder   

functionalrestrictionasalinkermoleculebetweentwohexamerSOfhemocyanins．  
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GeneralIntroductiom  

HemocyaninsaretheblueresplratOryPlgmentSfoundinthehemolymphofmany   

arthropodsandareOrganizedashexamerSOfmonomersubunitchainsorasmultiplesof   

thesehexamerS．Themonomersubunitsassociatenoncovalentlyinmostcases，althougha   

fewhemocyaninscontainoneormoredisulade－1inkeddimers．Theheterogeneityofthe   

monomersubunitsofarthropodhemocyaninswasdemonstratedbymeansof   

POlyacrylamidegdelectrophoresis，buteachofthesesubunitshasamassofabout75kDa   

andcarriesoneoxygen－bindingslte，SuggeStingthata11areclearlyderived舟omacommon   

ancestralprotein（ⅤanHoldeandMiller，1995）．Inarthropods，itbecameclearthattheir   

hemocyaninscontainoneormorenoncovalentlylinkedordisulBde－1inkeddimersandthe   

dimerhasuniquefunctionsasa‖1inker－fmolecule，WhichbondshexamerStOgether（Markl，   

1980；VanBruggenetal．，1980；Markletal．，1981）．  

Thecompleteaminoacidsequencesofhemocyaninmonomersweredeterminedin   

Chelicerates（Schartauetal．，1983；Sclmeideretal．，1983；Linzeneial．，1985；Nakashimaet   

al・，1986；VoitandFeldmaier－Fuchs，1990；Buzyetal．，1995）andcruStaCeanS（Bakand   

Beintema，1987；Jekeletal．，1988；Neuteboometal．，1992；Sellosetal．，1997）．The   

SequenCeSOfthesehemocyaninmonomersshowslgni丘cantSimilaritytothoseof   

phenoloxidase（AspaneiaZ．，1995；叫imotoetal．，1995；Ha11etal．，1995；Kawabataeial．，   

1995），insecthexamerin（SakuraieiaL，1988；Fl車eial．，1989；Willottetai．，1989；Joneset   

al・，1990；NaumannandScheller，1991；Jonesetal・，1993；deKortandKoopmanschap，   

1994；Koopmanschapetal．，1995；Jamrozetal．，1996），dipteranarylphorinreceptor   

（Maschatetal．，1990；Chungetal．，1995；BurmesterandSche11er，1996），CryPtOCyanin  
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（TeⅣilligereial，，1999）andpseudo－hemocyanin（Burmester，1999）・Phylogenetic   

analysISindicatedthatthehemocyaninsubunitshaveevolutionarylinkwiththeseproteins   

鱒eintemaetal．，1994；BurmeSterandSche11er，1996；Jarr汀OZeta［・，1996；Burmester，1999；   

Hughes，1999；Terwilligeretal．，1999）・Thebranchingpatternsshowedtherelation   

betweenhemocyaninsandtheotherproteinsbutdidnothaveanyinfbrmationonthe   

evolutionofarthropodspecieshavingthehemocyaninsubunits・  

Ontheotherhand，Sugita（1986，1988）reportedthateachhemocyaninofthreeAsian   

horseshoecrabsiscomposedofsixirrmunological1ydi飴rentsubunits｝eaChsubunitof   

whichisimmunologlCallyidenticalwiththecomparablesubunitsoftwootherspecies・   

Furthermore，theaminoacidsequenceanalysISShowedthatimmunologicallyidentical   

Subunitsareorthologoussubunitswhichweredescended打omacorrmonancestral   

sequence占（Su由taandShishikura，1995；SugitaandMurayama，1998）・Therefbre，We   

rnustchooseorthologoushemocyaninsubunits如mrnanyhomologoussubunitsinorderto   

analyzethedivergencepatternofanimalshavingthesesubunits，andthenwecan   

understandthemolecularevolutionofthehemocyaninsubunitsindetai1bycompamgall   

thesubunits，thatis，Orthologousandparalogoussequencesofthehernocyaninsubunits・  

Inthisstudy，Ireporttheaminoacidsequencesofhemocyaninsubunits丘omthe   

mygalomorphspidersanddiscussthehigherclassi鮎ationofthemygalomorphspidersand   

theevolutionofthehemocyaninsubunits．  
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Partl・OrthologoushemocyaminsubunitsinMygatomorphae  

1．l．Introduction  

Amygalomorphspider，AphoncpebTlaCa碑mic2Lmisoneoftheanimalswhose   

hemocyaninshavebeenresearChedindetai1．Itwasclearlydemonstratedthatits   

hemocyaniniscomposedofseventypesofmonomersubunits（a－g）andtheheterodimerbc，   

Whichfunctionsasa‖linker●一molecule（VanBruggenelal．，1980；Markletal．，1981）and   

Showsphenoloxidaseactivity（DeckerandRimke，1998）．ThecompIeteaminoacid   

SequenCeSOfthemonomersubunitsa（VoitandFeldrnaier－Fuchs，1990），d（Schartauelal．，   

1983）ande（Schneideretal．，1983）and93％ofthesequenceofmonomersubunitb   

（Sonneretal．，1990），Whichmadeuptheheterodimerwiththemonomersubunitc，Were   

analyzed・Usingthecompletearninoacidsequencedata，phylogenyin臨renceprograms   

PrOducedbranchingpatternsfbrthehemocyaninsubunits倉omA．caゆmicumand   

horseshoecrabs，LimlLllJSPObphemtLSandIbc）tlPkLLS（ridb7ttatLLS（Beintemaeta［．．199ヰこ   

BurmesterandScheller，1996；Jamrozetal．，1996）．However，thepatternscouldnoモ   

Showanyevolutionaryrelationbetweenanimalshavingthesesubunits，Whiletheyshowed   

evolutionarytreesofhemocyaninmonomersubunits．  

Ontheotherhand，丘omcomparisonofN－terminalaminoacidsequencesofthe   

hemocyaninsubunits，theorthoIogoussubunitswhichareavailablefbrm混ngevolu如nary   

treeofanimalswerefbundinhorseshoecrabs（Su由taandMurayama，199軋SCOrpions   

（Su如aetal・，1999）andaraneomorphspiders（TakasuandS頑ta，1997），reSPeCtively．   

FurtherTnOre，theycoulddiscussohginsandduplicationsofthehemocyaninsubunits  
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duringtheevolutionofanimalshavingthesesubunits・TheN－terminalsequenceanalysis   

isane飴ctivemethodtoinitiateresearChontheevolutionofhemocyaninsubunits・   

Inthepresentstudy，aStheかststeptostudytheevolutionofhemocyaninsubunitsin   

themygalomorphspiders，IanalyzedtheN－terminalaminoacidsequencesoftwent㌢tWO   

monomersubunitsandtenconstituentmonomersofthedimersubunits倉omseven   

mygalomorphspidersandclassi鮎dthemintoeightgroups．Furlhermore，basedonthe   

distributionpatternsofthesesubunitsintheMygalomorphae，Idiscusstheevolutionof   

hemocyaninmonomeranddimersubunits．  
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l．2．MaterialsandMethods  

l．ユ．1．Material5  

Theantrodiaetids，AntrodiaetusroreiziO．．Koch，1878）andAT7かOdiae血SyeSOenSis   

（Uyemura，1942）wereco11ectedatMtlTsukuba，IbarakiPrefectureandinSapporoCity，   

HokkaidoPrefbcture，reSPeCtively．Theatypid，A舶用SkwschiD6nitz，1887was   

COllectedinTsukubaCity，IbarakiPrefbcture．Thectenizids，Latouchia妙ica（Kishida，   

1913）andthnmidiaP聯ria（D伽itz，1887）werecollectedinZushiCity，Kanagawa   

PrefectureandatMt．Tsukuba，rbarakiPre良cture，reSPeCtively．Thehexathelids，   

肋uothek癖Shimq）ana＆Haupt，1998and故uo血kJ暗mJmaiShimqlana＆Haupt，   

1998werecollectedinIshigakijimaIsland，OkinawaPreftctureandIriomotejimaIsland，   

OkinawaPre免cture，reSPeCtively．  

1．ユ．ユ．MetIlOd＄   

l・2・2・l・PreparationofhemocyaninsampIes  

Thelegsofaspiderwerecutbyarazorandthehemolymphbled録omsectionsofthe   

legswassuckedintoamicrosymnge．Todissociatenativehemocyaninmoleculesintothe   

COmpOnentmOnOmerSubunits，thehemolymphwasmixedwithatripleTris－EDTAbu蝕r   

COntaining67mMTris，13mMEDTA（pH8．9）andstoodovemightat40C．Å鮎r   

removmgsedimentsbycentri鮎gationat13，000rpmfbr5min，thesupernataJltWaSkept   

Withanequalvolumeofglycerinaト200Casahemocyaninsample・  
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1．2．2．2．Identificationorhemocyaninsubunits  

PolyacrylamidediscandslabgelsatpH8・9werepreparedaccordingtothemethodof   

Davis（1964）．ElectrophoresisofhemocyaninsampleswascarriedoutusingDavis’stank   

bu飴rwithoutdilution．A鮎relectrophoresis，gelswerestained払rdetectlngPrOtein   

WithO．6％Coomassiebrilliantblue（CBB）in45．5％ethanoland9．2％aceticacid，andfbr   

detectlngCOPPerWithO．08％mbeanicacidin41．7％methanoland16・7％aceticacid ●  

accordingtothemethodofHornandKerr（1969）．Inordertodistinguishthehemocyanin   

dimersubunits打omthemonomersubumits，aCrylamideconcentrationwasvaried丘om5．25   

to9．75％bychangingthevolumeratioofacrylamide＄Olutiontowater（Sugitaand   

Sekiguchi，1975）．  

l・2・2・3・N－terminaIaminoacidsequences  

Thehemocyaninsubunitsinadiscgelwerere－electrophoresedintoaslabgelto   

SeParatehemocyaninsubunitscompletely（TakasuandSugita，1997）andthesubunitsin   

theslabgelweretransfbrredtoapolyvinylidened摘uoride（PVDF）membrane．   

■  Whenasu餓cientamountofsubunitproteinfbrsequenceanalysISCOuldnotbe   

PrePared，thesubunitproteinwaselectrophoreticallyconcentratedasstatedbelow．The   

Subunitproteinspotinseveralslal）gelsstainedbyCBBwascutoutandthegdpieces   

WerehomogenizedtogetherinasmallamOuntOfSDS－SamPlebu飴rcontaining25mMTris，   

0・1％SDSandO．1％2－merCaPtOethanol（pH6．8）．A氏erbeingdialyzedovemightat40C   

agalnSttheSDS－SamPlebu蝕一，thehomogenizedgdwaskeptaト200CasaSDSsample・   

TheSDSslabgdwaspreparedaccordingtothemethodofLaemmii（1970）andthe  
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proteinsintheSDSsampleswereconcentratedbybeingre－electrophoresedintotheSDS   

Shbgel．TheconcentratedproteinsintheSDSslabgelweretransferredtoaPVDF   

membrane．  

Tocollecttheconstituentmonomersofthehemocyanindimers，thedimerbandinthe   

gelwascutout，homogenizedanddialyzedagalnSttheSDS－SamPlebu飽r．TheSDS   

SamPleswerere－electrophoresedintotheSDSslabgeltoseparatetheconstituentmonomer   

PePtidesofthedimers．ThepeptideselectrophoresedintotheSDSslabgelwere   

transfbrredtoaPVDFme血brane．  

ThePVDFmembranewasactivatedforlmininlOO％methanolandsoakedinthe   

transfbrbu飴ー．ThetranSferbu飴rcontained25mMTris，192mMglycine，4％   

methanol，andO．02％SDS（pH83）．Electrophoretictransferwascaniedoutfor7hat   

l．OmjUcm2inablottingapparatus（Towbinetal．，1979）．  

TheportionofPVDFmembranecontalnlngthehemocyaninsubunitwascutoutand   

mountedinthereactionchamberofaproteinsequencer．TheN－teminalsequences   

analysiswasperformedwithAppliedBiosystemsmode1447AorProcise492gasphase   

SequenCer・  
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1．3．Results   

l．3．1．Identificationofhemocyaminsubunits  

Inordertodistinguishthehemocyaninsubunits倉omotherproteins，themygalomorph   

hemocyaninsampleswereelectrophoresedintoacrylamidegelsandthegelswerestainedto   

detecttheproteinandthecopper．FigurelshowsthenativePAGEbandingpatterns   

StainedbyCBBofhemocyaninsamples倉omsevenmygalomorphspiders．Proteinbands   

Witharrowheadscontainedhemocyaninmolecules，becausetheseproteinbandswerealso   

Stainedbyrubeanicacid（resultsnotshown）．  

l．3・1．1．ⅡemocyaninsubunitsinAntrodiaetusT・Ordzi  

Figure2showsthenativePAGEbandingpatternsofA．roretzihemocyanininvarious   

acrylamideconcentrationsranglng丘om5．25to9．75％，andtherelationbetweentherelative   

mobilityoftheproteinbandsandacrylamideconcentrationisshowninFigure3．If   

moleculeshavedi飽rentnetchargeSbutasimilarmolecularsize，SuChplotsasthoseshown   

inFigure3yieldparallellines（SugitaandSekiguchi，1975）．Fromtheresultsseenin   

Figures2and3，itisapparentthathemocyaninsubunitsARトAR4haveamolecularSize   

Similartothatofbovineserumalbumin（67kDa）andthatARdlandARd2havea   

molecularsizede負nitelydi飽rent倉omsubunitsARl－AR4andnearlyequaltothedimer   

Sizeofbovineserumalbumin・Therefore，A・rOreLEihemocyaninconsistsoffour   

monomers（ARl－4）andtwodimers（ARdlandARd2）．Theproteinsinthebandwithan   

asterisk（Fig・2）havemuchlargermolecularsizethanthehemocyanindimerandcontain   

COPPer，SuggeStlngthattheyarehemocyaninoligomers．ThenativePAGEbanding  
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patternsofthehemocyaninsubunitsofA・rOretZididnotshowanypolymorphism・  

l．3．1．2．Hemocyanimsubumitsin  

ThenativePAGEbandingpatternsofA．yesoensis，andtherelationbetweenthe   

relativemobilitiesoftheproteinbandsandacrylamideconcentrationareShowninFigures4   

and5，reSPeCtively．Fromtheseresults，ltisevidentthatthehemocyaninofA．yesoensis   

hasfourmonomersubunits（AYl－AY4）andtwodimersubunits（AYdlandAYd2）．   

Becausetheproteinsinthebandwithanasterisk（Fig．4）havemuchlargermolecularsize   

thanthehemocyanindimer，theproteinsinthebandarehemocyaninoligomers．The   

nativePAGEbandingpatternsofthehemocyaninsubunitsofA．yesoensisdidnotshow   

anypolymorphism．  

1・3・1・3・ⅡemocyaninsubunitsinAりPuSkarTChi  

ThenativePAGEbandingpatternsofA．karschi，andtherelationbetweentherelative   

mobilitiesoftheproteinbandsandacrylamideconcentrationareShowninFigures6and7，   

respectively・Fromtheseresults，ltisevidentthatthehemocyaninofA・kwschihasBve   

monomersubunits（AKトAK5）andonedimersubunlt（AKdl）．Theproteinsintheband   

Withanasterisk（Fig．6）havemuchlargermolecularsizethanthehemocyanindimer，   

ShowlngprOteinsinthebandarehemocyaninoligomers・ThenativePAGEbanding   

PatternSOfthehemocyaninmonomersubunitsofA・karschishowedthepolymorphism   

Whichwascausedbyal1elicproducts・ThebandingpatternOfthehemocyaninshownin   

Figure6wasthemostusualinA・kwschi・Furthermore，theproteinbandsshownin  
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Figure6werefbundinallindividualsincludingthepolymorphicindividuals（resultsnot   

Shown）．  

1．3．l．4．HemocyaninsubunitsinLLZtOtLC鳥ia帥ica  

ThenativePAGEbandingpatternsofL．妙ica，andtherelationbetweentherelative   

mobilitiesoftheproteinbandsandacrylamideconcentrationareShowninFigures8and9，   

respectively．Fromtheseresults，itisevidentthatthehemocyaninofL・妙icahasfbur   

monomersubunits（LTl－LT4）andonedimersubunit（LTdl）．Theproteinsintheband   

Withanasterisk（Fig．8）arehemocyaninohgomers．ThenativePAGEbandingpatternsof   

thehemocyaninsubunitsofL．妙imdidnotshowanypolymorphism．  

1．3．1．5．Ⅱemocyanin＄ubunitsint7hmidia触Wia  

ThenativePAGEbandingpatternSOfU．j？qgwia，andtherelationbetweentherelative   

mobilitiesoftheproteinbandsandacrylamideconcentrationareShowninFigureslOand   

ll，reSPeCtively．Fromtheseresults，itisevidentthatthehemocyaninofU．卸iahas   

OnemOnOmerSubunit（Wl）andonedimersubunit（Wdl）．Thehemocyaninohgomer   

bandisshownwithanasterisk（Fig．10）．ThenativePAGEbandingpatternsofthe   

hemocyaninsubunitsofU．Pagariadidnotshowanypolymorphism．  

l・3・l・6・Hemocyaninsubunitsin肋cl・OtheleglgaS  

ThenativePAGEbandingpatternsofMgiias，andtherelationbetweentherelative   

mobilitiesoftheproteinbandsandacrylamideconcentrationareshowninFigures12and  
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13，reSPeCtively．Fromtheseresults，ltlSevidentthatthehemocyaninofMgigashas   

fourmonomersubunits（MGl－MG4）andtwodimersubunits（MGdlandMGd2）．The   

PrOteinbandwithanasterisk（Fig．12）ishemocyaninoligomerband．ThenativePAGE   

bandingpatternsofthehemocyaninmonomersubunitsofMgigayshowedthe   

POlymorphism．ThebandingpatternofthehemocyaninshowninFigure12wasthemost   

usualinMgigasandthehemocyaninbandsinFigure12werefoundinallindividuals   

includingthepolymorphicindividuals（resultsnotshown）．  

1．3．1．7．Ⅱemocyaminsubun摘im肋仇，班gねγ岬〟〟椚αf ●  

ThenativePAGEbandingpatternsofMyQmJmai，andtherelationbetweenthe   

relativemobilitiesoftheproteinbandsandacrylamideconcentrationareshowninFigures   

14and15，reSpeCtively．Fromtheseresults，itisevidentthatthehemocyaninofM   

廊mLmaihassevenmonomersubunits（MYl－MY7）andtwodimersubunits（MYdland   

MYd2）・Theproteinsinthebandwithanasterisk（Fig．14）arehemocyaninohgomers．   

AlthoughthepolymorphismofthehemocyaninmonomersubunitsofMyLqmumaiwas   

found，thebandingpatternofthehemocyaninshowninFigure14wasthemostusualinM   

yEdmEmai・Furthermore，theproteinbandsshowninFigure14werefoundinall   

individualsincludingthepolymorphicindividuals（resultsnotshown）．  

1・3・2・Analysisofhemocyanindimers  

Inthepresentstudy，thehemocyanindimersofA・rOretZi，A・kwschi，L・   

gigaswereanalyzedasrepresentativesofeachfamilyfbrfurtherstudy．Thehemocyanin  
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dimersexceptARdlandARd2showedtwobandsinSDSPAGE，SuggeStlngthatthey   

Wereheterodimers．DirectproteinsequencmgofARdlandARd2gaveasequenceandno   

SlgnalforanOthersequence，SuggeStlngARdlandARd2werehomodimers．TheSDS   

PAGEbandingpatternsoftheconstituentmonomersofthedimersareshowninFigure16   

andtheirconstituentmonomersoflowermolecularweightaredenotedas‖a．fandthoseof   

highermolecularweightaredenotedas”b”．  

l．3．3．N－terminalaminoacidsequencesofhemocyaninmonomersubunitsand   

COnStituentmonomersofhemocyanindimers  

Inthepresentstudy，Icoulddetectatotaloftwenty－ninehemocyaninmonomer   

SubunitsandtenQOnStituentmonomersofhemocyanindimersandanalyzedtheN－   

teminalsoftheseproteins．TheN－teminalaminoacidsequencesoftwenty－tWO   

monomersubunitsweredetemined，becausethesubunitsARl－AR30fA．roreizi，AYト   

AY30fA．yesoensisandAKlofA．kwschicouldnotbesequencedfbrtheN－terminals，   

SuggeStlngblockedaminoterminals，Whichwerereportedinhemocyaninsubunitsofa   

SCOrPion（AlietaI．，1995）andaraneomorphspiders（TakasuandSugita，1997）．Direct   

PrOteinsequencmgofthehemocyaninmonomerspresentedthesequencesfortheRrst13－   

43aminoacidresidues．Thesequencesofthehemocyaninmonomers舟omthe   

mygalomorphspiderswerealignedinFigure17．TheN－terminalsoftenconstituent   

monomersofhemocyanindimerswereanalyzedanddeterminedforthe丘rst15－32amino   

acidresidues（Fig．18）．  

Likemostcheliceratehemocyaninsubunits，mOStOfthemygalomorphspider  
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hemocyaninsubunitspossessedlyslne，glutamineandphenylalanineresiduesinpositions5，   

6and13，reSPeCtively・LTdlbcontainedanarglnlnereSidueinposition5andaproline   

residueinposition13・Inposition60fAK4containedaleucine・Aminoacidinposition   

60fMG2wasambiguous．OntheN－terminals，SubunitsAR4andAY4weresixresidues   

longer，AK2－AK4werefiveresidueslonger，ARdlandARd2werethreeresidueslonger，   

AKdlb，LTdlb，MGdlbandMGd2bweretworesidueslonger，LT2，tml，MGl，MYl－   

MY3，AKdla，LTdla，MGdlaandMGd2awerearesiduelonger，andMG4wasaresidue   

ShorterthanthetypICalsubunitsofcheliceratehemocyanins．  
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1．4∴Discussion   

l．4．l．Idemtificationoforthologoushemocyaninsubunits  

ThemygalomorphhemocyaninsubunitsareClassinedintoeightgroups，aSShownin   

Tablel，basedonsequencesimi1aritiesandcharacteristicaminoacidsthatarePreSentinthe   

respectivepositionsofallsubunitsineachgroupandabsentinthecorrespondingpositions   

Oftheothersubunits（TheiL3enetal．，1996）．  

ThesubunitsofgroupAhaveanextensionofsixresiduesontheN－terminalsastheir   

Characteristicaminoacidsandshowthesequencesimilarityof87％．Thesubunitsof   

groupBhaveaneXtenSionof負veresiduesandshow77－94％similarities．These   

extensionspriortoTVHEKQLasaconsensussequencebetweensubunitsofgroupsAand   

Binpositionsト7musthavebeenproducedbytheterminaladdition．  

ThesubunitsofgroupChaveathreonineinposition－1andshowsequencesimi1arities   

Of64－83％whenMY2isusedfbrsequencecomparisonasarepresentativeofM   

ytqinumai・Theextensionofathreonineresidueischaracteristicfbrthesubunitsofgroup   

Candthereisaconsiderablepossibilitythataninsertionofisoleucineorleucineinposition   

lor2gaverisetotheextension・Furthermore，thesesubunitspossessonernore   

Characteristicresidueoflyslneinpositionll・TheN－teminalextensionofaresidueis   

alsofbundinÅKdla，MGdla，MGd2a，LTdlaandACb．However，theaminoacidin   

theseextensionsisaserineandaproline，SuggeStlngthattheextensionsweredueto   

independenteventsdi蝕rent缶・OmtheinsertioningroupC・  

ThesubunitsofgroupDshowsequencesimi1aritiesof78－87％andcharacteristically   

COntainglutamine，isoleucineandmethionineresiduesinposition4，10and16，reSPeCtively・  
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ThesubunitsofgroupEhavenocharaCteristicaminoacid．However，becauseoftheir   

OVerallsequencesimi1aritiesof7ト96％，theyare免11intoasamegroup．Thesubunitsof   

groupFpossessaglyclnereSidueinpositionlandanisoleucineresidueinposition2and   

theyareabsentinthecorrespondingpositionsoftheothersubunits．  

ThegroupsGandHareCOmPOSedoftheconstituentmonomersofthedimersubunits   

exceptAX5．ThesubunitsofgroupGpossesscharacteristicresiduesofalanine，   

Phenylalanineandleucineinpositions3，12and18，reSPeCtively・Themembersofgroup   

Garethesubunitsinheterodimers（Fig．16）exceptAX5．AhemocyaninsubunitACbof   

thetarantulaspiderA．ca塀）micmisalsoknownaSOneCOmPOnentOfaheterodimer   

（Sormeretal・，1990）andisincludedinthegroupG．AlthoughthesubunitsofgroupH   

POSSeSSnOCharaCteristicaminoacidresidue，theyarefa11intoasamegroupbecauseoftheir   

OVeranSequenCetraitsdistinctive舟omtheothersubunits・ThegroupHiscomposedof   

theconstituentmonomersofheterodimers（AKdl，LTdl，MGdlandMGd2）and   

homodimers（ARdlandd2）．  

ThecharacteristicaminoacidsaregOOdcandidatesforsynapomorphiesinthe   

respectivegroups，becausetheevolutionaryeventscausedsuchcharacteristicchangeSaS   

addition，insertionandsubstitutionhappenedindependentlyinanancestralsubunitofeach   

groupofhemocyaninsubunlts．Inotherwords，thecharaCteristicaminoacidsofasubunit   

groupwerederived庁omacommonancestralsubunit．Therefore，itisconsideredthat   

SimilarsubunitswithcommoncharacteristicaminoacidsamOngSPeCiesareorthologous   

Subunitswhichweredescended丘omasubunitinacommonancestralspeciestoextant   

SPeCiesduringtheevolutionofmygalomorphspiders・IthinkthateachofgroupsA－His  
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COmPOSedoftheorthologoushemocyaninsubunitsavai1ablefbrmakingphylogenetictrees   

Ofmygalomorphspidershavingthesesubunits，thoughthesubunitsofgroupsEandH   

havenocharaCteristicaminoacid．  

1．4．2．Distributionoforthologoushemocyaninsubunits  

Figure19showsthedistributionofsubunitsofeverygroupinthemygalomorph   

Spiders．ThesubunitsofgroupAaredistributedonlyinthegerrusAntrodiaet2LSOfthe   

familyAntrodiaetidae，andthesubunitsofgroupBexistinAopuskarschiofthefami1y   

Atypidae（Fig．19A）．Introducingagapinposition－loト20fthehemocyaninsubunits   

OfgroupB，theN－termina11yadditionalsequenceofthesubunitsofgroupBcorrespond   

WellwiththatofthesubunitsofgroupA．Furthermore，thesequencesfo11owlngtheN－ ●  

teminalextensionsofgroupsAandBarereSembleeachother，SuggeStlngaCOnSenSuS   

SequenCeOfTVHEKQL，andthesequencesimilaritybetweenthetwogroupsismorethan   

64％・Fromtheseresults，itisinfbrredthatthereisthecloserelationshipbetweengroups   

AandB，thatis，thesubunitsofgroupsAandBhavebeenonglnated舟omonesubunit   

WithanN－teminalextensionwhichalreadyexistedinacorrmonanCeStOrOfthespidersin   

thetwo払milies・Afterdivergenceofthelineagesofthesefamilies，anaminoacidinsertion   

Ordeletionoccurredinposition－loト20fanancestralhemocyaninsubunitinthe   

A血rodiaetidaeorAtypidaelineage・Furthermore，itisthought丘・OmN－terminalsequence   

COmParisonwithinspeciesthathemocyaningenesofgroupBweremultipliedby   

duplicationinthelineageofA．kwschi，becauseA．karschihasthethreesimi1arsubunits   

AK2－AK40fgroupB．  
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ThesubunitsofgroupsCandDarefbundwidelyinthefamiliesCtenizidae，   

HexathelidaeandTheraphosidae，reSPeCtively（Fig．19B），SuggeStingthatthesubunitsof   

groupsCandDonglnatedrespectively丘omoneofthesubunitsofacoInmOnanCeStOrOf   

thesethreefamilies．FurthermOre，itisin免rredthatthesubunitsofgroupCwere   

duplicatedinthelineqgeofMyqgimLmaiandthatthesubunitsofgroupDwerelostinthe   

lineagesofU卸riaandMglkas，reSPeCtively．ThesubunitsofgroupEare   

distributedinL．妙icaoftheCtenizidaeand故crolheねoftheHexathelidae，andthe   

SubunitsofgroupFexistonlyinthetwospeciesofthegenusA血αOihek（Fig．19B）．   

TherewasthelossofthesubunitofgroupEinthe肋eageofU．bqgwia（Fig．19B）．In   

thepresentstudy，itisnotclearWhetherthesubunitsofgroupEinL．妙ica，My卸mImai   

andMgikasweremultipliedbytheduplicationineachlineage，becausewecannotdeny   

POSSibilityoftheexistenceofauelicproducts．However，thereisahighpossibilitythat   

theduplicationofgroupEsubunitsoccurredinthethreelineages，becausethehemocyanin   

OfL・妙icadidnotshowanypolymorphisminacrylamidegelelectrophoresisandIused   

thehemocyaninsamplesofMy呼7mmaiandMgigaswhichshowedtheleastsubunit   

bandsinacrylamidegelelectrophoresis．  

ThesubunitsofgroupGarefbundinAtypidae，Cteniヱidae，Hexathelidaeand   

Theraphosidae，andthesubunitsofgroupHarefbundinAntrodiaetidae，Atypidae，   

CtenizidaeandHexathelidae（Fig．19C）・AlthoughthesubunitsofgroupsÅandBare   

restrictedtoAntrodiaetidaeandAtypidaeandthoseofgroupsC－Farerestdctedtothree   

Otherfami1ies，thesubunitsofgroupsGandHarewidelydistributedinthe   

Mygalomorphae．Furthermore，itisprobablethattheconstituentmonomersofthe  
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hemocyanindimerswereduplicatedinA・rOreiziandMgigaslineage，reSPeCtively・   

However，althoughtherewasnopolymorphisminthedimersubunits，IcannOtdeny   

POSSibilityofexistenceofallelicproducts・AndthesubunitofgroupGwasnotfoundin   

A．roreizi，SuggeStlngthatthesubunitofgroupGwaslostintheA．T・Oreizilineage．  

Fromthepresentstateofthedistributionofthemygalomorphhemocyaninsubunits，1t   

isthoughtthattheduplicationandthelos＄Ofthehemocyaninsubunitso氏enoccurredin   

theevolutionaryhistoryofthemygalomorphspiders（坑g．19）．Theseevolutionary   

eventsglVeSOmeCOnfusionfbrmakingevoIutionarytreesbasedonsequencedataof   

hemocyaninsubunits．Furthermore，thesubunitsofgroupsA－F，eaChgroupofwhich   

COnSistsoforthologoussubunits，WereunaVaihblefbrphylogeneticanalysisofthe   

mygalomorphspidersasawbolebecauseoftheirrestricteddistributions・However，the   

SubunitsofgroupsAandBandgroupsCandDareaVai1ableforphylogeneticanalysis  

betweenfami1iesAntrodiaetidaeandAtypidaeandamongfamiliesCtenizidae，Hexathelidae   

andTheraphosidae，reSPeCtively．  

Ontheotherhand，theconstituentmonomersofthehemocyanindimers，thatis   

SubunitsofgroupsGandH，WereWidelydistributedinthemygalomorphspiders，SOthat   

theaminoacidsequencecomparisonamongofthesubunitsincludedingroupsGand／orH   

areuSefu1formakingphylogenetictreeofthemygalomorphspidersasawhole・  
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Part2・ⅡigherclassificationofMygalomorphaeandtheevolutionofconstituent   

monomersofhemocyanindimers  

2．l．Introduction  

Themygalomorphspidershadbeentraditionallydividedintoatypoidsincludingthree   

fami1iesAtypidae，AntrodiaetidaeandMecicobotheriidaeandnon－atyPOidsincludingthe   

restofthemygalomorphspiders．ThehigherclassiBcationofthespiderin舟aorder   

MygalomorphaewascladisticallyanalyzedbyRaven（1985），Whichwasthe鮎stto   

attemptanunderstandingoftherelationshipswithintheMygalomorphaeasawhole・   

Raven（1985）dividedthemygalomorphspidersintotwogroups，Fomicephalaeand   

TuberculotaeO；ig．20A）．Goloboff（1993）reanalyzedtherelationshipsofmygalomorph   

SPiderfamiliesbasedoncladisticanalysisbyusmgcomputerprograms・Hesuggestedthat   

neitherFomicephalaenorTuberculotaeweremonophyleticgroups，andresurrectedthe   

groupAtypoidea，WhichwasrestrictedtoAntrodiaetidaeandAtypidae，andthegroup   

Avicularioideaincludingtheremainingfami1iesoftheMygalomorphae（Fig．20B）．Their   

analysesbasedonmorphologicalcharaCterSreVealedthreemonophyleticgroups，   

Raste1loidinaincludingCtenizidae，TheraphosoidinaincludingTheraphosidaeandonemore   

groupnamedAtypoidinaOiaven，1985）orAtypoidea（Golobo筏1993）includingonlytwo   

fami1iesAtypidaeandAntrodiaetidae・However，theseanalysesdidnotreachthe   

COnSenSuSOfinterpretlngtherelationshipswithinthemygalomorphsasawhole．  

TheevolutionaryrelationshipsamOngarthropodhemocyaninsandotherhomologous   

PrOteinssuchashexamerins，Phenoloxidase，andetc．wereinvestigated（Beintemaetal．，  
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1994；BurmesterandScheller，1996；Jamrozeial．，1996；Burmester，1999；Hughes，1999；   

Terwi11igeretal．，1999），andthesestudyindicatedthatcheliceratehemocyaninmonomer   

Subunitsconstituteamonophyleticgroup．However，thedivergencepatternsofthe   

animalshaviqgthehemocyaninmonomersubunitsshowedstrangefigures，Whichwerenot   

COnSistentwiththeevolutionofanimalspecies．Ontheotherhand，thehemocyanin   

dimersareknownas”linker”molecules，Whichbondhexamerstogether（Markl，1980；Van   

Bruggenetal．，1980；Markletal．，1981）．InA．ca砂micumhemocyanin，theheterodimer   

bcshowedphenoloxidaseactivitya氏erlimitedproteolysiswithtrypslnandchymotrypsln，   

butothermonomersubunitsdidnotshowtheactivity（DeckerandRimke，1998）．   

Therefore，1tlSeXPeCtedthattheconstituentmonomersofthehemocyanindimers   

underwentdistinctselectionpressure丘・OmOtherhemocyaninmonomersubunlts・Infact，   

Igaveevidencesinthepartoneofthisthesisthattheconstituentmonomersofthe   

hemocyanindimersaredividedintotwogroupsGandHwhichshowwiderdistributionin   

theMygalomorphaethantheothergroupsA－F，eaChgroupofwhichconsistedofthe   

monomersubunits・Furthermore，IshowedthateachofgroupsGandHconsistsof   

Orthologousconstituentmonomersofthedimers・However，theevolutionary   

relationshipsbetweenthetwoconstituentmonomersofheterodimerswerenotdiscussed．  

Inthepresentstudy，lnOrdertoinvestigatetheevolutionaryhistoryofthe   

mygalomorphspiders7thepartialaminoacidsequencesofthreesubunitsincludedingroup   

GweredeterminedandthephylogenetictreeswereproduceduslngCOmPuterPrOgramSOf   

ParSimonyanddistanCemethods・FurthermOre，Ideterminedthepartialaminoacid   

SequenCeOfonesubunltincludedingroupHwhichcomposedaheterodimerwithasubunit  
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OfgroupGanddiscusstheonglnOftheconstituentmonomersofthehemocyanindimers．  
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2．2．MaterialsandMethods  

之．2．1．Materia15  

Thesubumits，AKdla，LTdla，MGdlaandMGdlbwereusedforaminoacidsequence   

analyses，aSrePreSentativesoftheconstituentmonomersofdimers．Preparationof   

hemocyaninsampleswasdescribedin“MaterialsandMethods”ofpartoneinthisthesis．  

ヱ．2．ユ．Metl10ds   

2．2．2．l．Purificationofconstituentmonomersofhemocyanindimers  

Thehemocyaninsamplesweredialyzedagainst50mMTris，10mMEDTA（pH9．6）   

todissociatehemocyaninsubunitsfor12hat40CandBlteredthroughporesofO．45巨min   

diameter．Thenthe創teredsampleswerepassedthroughacolumnofH乱oad16／6O   

Superdex200prepgrade（PharmaciaBiotech）toseparatehemocyanindimers舟om   

hemocyaninmonomersandoligomers．Elutionwith50mMTris，10mMEDTA（pH   

9・6）wascaniedoutata瓜owrateofO．5miperminuteatroomtemperature．  

Thehemocyanindimersineluted丘actionswereelectrophoretical1ycollected．The   

dimerbandinthegelwascutout，homogenizedanddialyzedagainsttheSDS－SamPlebufftr   

COntaining25mMTris，0．1％SDSandO．1％2－merCaPtOethanol（pH6．8），andthenwere   

re－electrophoresedintotheSDSshbgeltoseparatetheconstituentmonomers舟omthe   

dimers・TheconstituentmonomerbandsintheSDSslabgdwerecutout，andsoakedin   

thebu飴rcontainlng20mMTrisandl％SDS（pH8．0）fbr2daysatroomtemperature．   

A氏ertheextractcontainingconstituentmonomerswere創teredtopurge舟agmentsofgel，   

theconstituentmonomerswereprecipitatedbytrichloroaceticacidprecipitation（Stoneet  
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αJ．，1989）．  

2．2．2．2．Chemicalandenzymaticcleavage   

Theconstituentmonomersdissolvedin7Mguanidinehydrochloride，0．5MTris，10mM   

EDTA（pH8・5）weredenaturedandcompletelyreducedwithdithiothreitol（DTT，   

DDT：prOtein＝1：1（w／w））undermitrogengasat370cfor2h．Af［ercoolingtoroom   

temperature，iodoacetamide（2moles／moleofDTT）wasaddedinthesolutionofreduced   

COnStituentmonomers．Thereactionwasallowedtocontinuefor30mininthedark．   

Themixturewasdesaltedbygel別trationusingFastDesaltingPC3．2／10（Pharmacia   

Biotech）inSMARTsystem（pharmaciaBiotech），and倉eeze－dried．Freeze－dried   

COnStituentmonomerpeptidesweredissolvedtoaconcentrationofl％（wル）in70％   

fomicacid．Cyanogenbromide（CNBr）dissoIvedin70％fbmicacidwasaddedtothis   

SOlution（CNBr：PrOtein＝50：1（bymass））andthereactionproceededat40Cfor24hin   

thedark（YokotaandRiggs，1984）．ThereactionwasterminatedbyadditionoflOvolumes   

Ofwater・Ontheotherhand，digestionofthereducedproteinswithlysylendopeptidase   

（pS＝1：100（moUmol））wasperformedinO．1MNH4HCO3，COntaining2Mureaat370c   

for12h（Stoneetal．，1989）．  

LargeCNBr倉agmentswered短estedwithV8protease庁omShphylbcoccusaureusin4   

MUrea，50mMNH4HCO3，PH7．8atasubstrate／enzymeratioof50／1（mol／mol）fbr18h   

at370C．Digestionoflargelysylendopeptidase－digested丘agmentswithtrypslnWaS   

Performedin2MUrea，50mMTris－HCl，PH8．Oatasubstrate／enzymeratiooflOO／1   

（moumol）for12hat370c（StoneetaZ．，1989）．  
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2．2．2．3．Peptideseparation  

TheCNBr＆agmentsdissoIvedin70％fomicacidandtheresultingpeptidesby   

enzymaticdigestionwereseparatedbyreverse－phasechromatographyuslngSephasilC18   

SC2・1／10（PharmaciaBiotech）orpRPCC2／C18SC2．1／10（PharmaciaBiotech）in   

SMARTsystem．ThecolurrmwasequilibratedwithwatercontalnlngO．065％   

trinuoroaceticacidandthechromatographywithalineargradient丘omO％to60％of   

acetonitrilecontainingO・055％trifluoroaceticwasperformedatflowrateof50pl／min．   

Theefnuentwasmonitoredat2100r214nm．  

2・2・2・4・Aminoacidsequencedetermination  

Apiece（5×5mm）ofPVDFmembranewasactivatedfbrlmin．inlOO％methanoland   

transfbrredtowater．Inordertobindpeptides，thepleCeWaSSOakedina丘action   

COntalrungPePtidesat40Cfbr24hontheshaker・ThepleCebindingthepePtideswas   

mountedinthereactionchamberofaproteinsequencer．Sequencesdeterminationwas   

PerformedwithProcise492gasphasesequencer・  

2・2・2・5・ComputeranalysisofaIignedsequences  

SequencesalignedbyhandwereanalyzedusmgthePHnⅡ〉3・5cso氏warepackage   

げelsenstein，1996），withgaps（deletion）consideredas“missingdata”．Themaximum   

parsimony（hm）analysis（Fitch，1971）wasdonewithPROTPERSofPmIPpackage．   

TheneighborjoiningPJ）analysis（SaitouandNei，1987）wasdonewithNEIGHBORof   

thepackageafterpalrWisesequencedistancesamOngallsequenceswerecalculatedwith  
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PROTDISTusngtheDayhoffPAMmatrix・Thereliabilityofthetreeswastestedby   

lOOObootstrapreplicateswiththeprogramSEQBOOT（Felsenstein，1985）・  
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ヱ．3．Results   

2．3．1．AminoacidsequenceofAKdlafromA如，uSkaTTChi  

The丘agmentsobtainedbyCNBrcleavage（CNBr＆agments）ofAKdlaandthe   

倉agmentsobtainedbydigestionwithlysylendopeptidase（1ysylendopeptidase－digested   

丘agments）ofAKdlawereseparatedbyreverse－Phasechromatography，reSPeCtively・   

ThechromatogramsoftheCNBr＆agmentsandlysylendopeptidase－digested＆agmentsare   

ShowninFigure21AandB，reSPeCtively．OnelargeCNBr＆agment，CB6，WaS   

SubdigestedwithV8protease．Theresultingpeptideswereseparatedbyreverse－Phase   

Chromatographyandanalyzedtheiraminoacidsequences．However，SequenCmgOfthose   

PePtidespresentednouseRlldata・InthepTeSentStudy，SequenClngOfpeptidesinthe ●  

倉actionsnumberedinFigure21AandBpresentedthesequencesforthe鮎st5－54amino   

acidresidues．  

ThesequencesfbrindividualpeptideswerealignedwiththesequenceofA・   

坤micumhemocyaninsubunitACb（Sonneretal．，1990）whichisorthologouswith   

AKdla（Fig．22）．SequencingofsubunitAKdlaresultedinthedeterminationof424   

aminoacidresidues．  

2．3．2．AminoacidsequenceorLTdlan・OmLatoLLChiaopica  

Elutionpro創esofCNBr鮎gmentsandlysylendopeptidase－digested鮎gmentsof   

LTdlabyreverse－PhasechromatographyareshowninFigure23AandB7reSPeCtively・   

Sequencmgofpeptidesinthe鮎ctionsnumberedinFigure23AandBpresentedthe   

SequenCeSfbrthefirst3－32aminoacidresiduesl  
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ThesesequencesfbrindividualpeptideswerealignedwiththesequenceofA・   

ca解）micumsubunitACb（SonnereiaI．，1990）whichisorthologouswithLTdlaげig・24）・   

SequenclngOfsubunitLTdlaresultedinthedeteminationof274aminoacidresidues・  

＝つ ヱ．3．3．AmimoacidsequenceorMGdla什om肋αβ班gね騨g那  

ElutionproRlesofCNBr＆agmentsandlysylendopeptidase－digested＆agmentsof   

MGdlabyreverse－PhasechromatographyareshowninFigure25AandB，reSPeCtively・   

Sequencmgofpeptidesinthe舟actionsnumberedinFigure25AandBpresentedthe   

SequenCeSforthenrst7－41aminoacidresidues．  

TwolargeCNBr＆agments，CBllandCB12weresubdigestedwithV8protease．The   

resultingpeptideswereseparatedbyreverse－PhasechromatographyuslngSephasilC18SC   

2．1／10（pharmaciaBiotech）（resultsnotshown）．Theaminoacidsequenceofonepeptide   

CBlトVlobtainedbyV8protease－Subdigestionofa＆agmentCBllwasdeterminedfbr   

the7aminoacidresidues．However，SequenCeSOfpeptidesobtainedbyV8protease－   

Subdigestionofa鮎gmentCB12wereambiguous．  

ThesesequencesfbrindividualpeptidesincludingN－teminalaminoacidsequencewere   

alignedwiththesequenceofA．mqfbmiczLmSubunitACb（Sonneretal．，1990）whichis   

OrthologouswithMGdla（Fig．26）．SequencingofsubunitMGdlaresultedinthe   

determinationof357aminoacidresidues．  

2・3・4・AminoacidsequenceofMGdlb什om肋cl・01helegzgas ●  

ThechromatogramsofCNBr＆agmentsandlysylendopeptidase－digested舟aBmentSOf  
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MGdlbareshowninFigure27AandB，reSPeCtively・SequenclngOfpeptidesinthe   

丘actionsnumberedinFigure27AandBpresentedthesequencesfbrthenrst6－46amino   

acidresidues．  

TwolargeCNBr＆agments，CB8andCB9weresubdigestedwithV8protease，andthe   

resultingpeptideswereseparatedbyreverse－PhasechromatographyuslngSephasilC18SC   

2．1／10（PharmaciaBiotech）（resultsnotshown）．Theaminoacidsequencesoftwo   

peptidesobtainedbysubdigestionofCB8（CB8－VlandV2）wereanalyzed．Sequencing   

OfoneresultingpeptideofCB9presentednousefulsequencedata，becausetheaminoacid   

SequenCeWaSCOmPletelyoverlappedwiththatofCB9（resultsnotshown）・Twolysyl   

endopeptidase－digested＆agments（K4andK9）weresubdigestedwithtrypsin．The   

resultingpeptidesoftryptlCSubdigestionof録agmentsK4andK9wereseparatedby   

reverse－PhasechromatographyusingSephasilC18SC2，l／10（PhamaciaBiotech）．   

However，SequenCeSOftheanalyzedtryptlCPePtidesofK4andK9werecompletely   

OVerlappedwithknownsequencesofK4andK9，reSPeCtively（resultsnotshown）．  

ThesesequencesfbrindividualpeptideswerealignedwiththesequenceofA．   

CaJ紳micumsubunitACb（Sonneretal．，1990）伊ig．28）．SequencingofsubunitMGdlb   

resultedinthedeterminationof331aminoacidresidues．  
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ヱ．4．DiscⅦS5ion   

2．4．1．PhylogeIleticanalysisofmygalomorphspiders  

Forphylogeneticstudyofanimals，itisnecessarytoanalyzetheorthologousmolecules   

OrgeneS．Theeightgroupsoforth0logoussubunitsareclass漬ed抒omtheN－terminal   

SequenCeCOmParison（Tablel），andthesubunitsincludedingroupsGandHareavailable   

fbrmakingevolutionarytreeofthemygalomorphspidersbecauseoftheirwidedistribution   

intheMygalomorphae（Fig．19C）．  

TheheterodimersofA．karschi，L．脾icaandMgik耶aremadeupbythe   

COnStituentmonomersofgroupsGandH，andtheconstituentmonomerACbof   

heterodimerbcinA．血帥micum（MarkletaZ．，1979b）isamemberofgroupG．   

Therefbre，itisthoughtthatanotherconstituentmonomerACcisamemberofgroupH．   

Infhct，thepartialaminoacidsequenceofACc（Schartaueial．，1986）showedsome   

Simi1aritiestothesequenceofMGdlb，butisuninfbrmativefbrphylogeneticanalysis．   

ThernonophylyofA血rodiaetidaeplusAtypidaewerestronglysupportedbyRaven   

（19i5）andGoloboff（1993）げig．20）．Thus，inthepresentstudy，althoughthesubunits   

OfgroupGwerenotfbundinAntrodiaetidae，thephylogeneticrelationshipsofthe   

mygalomorphspiderswasinvestigatedbasedontheaminoacidsequencesofthesubunits   

includedingroupsG．   

●  Figure29showstheMPtreeandNJtreeproducedbycomputerprogramsusmgamino   

acidsequencesofthesubunitsincludedingroupG（AXdla，LTdla，MGdlaandACb）and   

knownsequencesofsixchelicerateandonecrustaceanhernocyaninsubunits．For   

● PhylogeneticanalysIS，aminoacidresiduesin17lsitesalignedbyhandwereav扇Iable．  
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TheMPprogramproducedtwomostparsimonioustreesandthestrictconsensustreeof   

themisshowninFigure29A．  

AlthoughtheMPtreedoesnotcoincidewiththeNJtree（Fig．29B），bothtreessupport   

themonophylyofthesubunitsofgroupGandthemonophylyofcheliceratehemocyanin   

Subunitswithhighbootstrapvalues．Furthermore，thesetreesshowthemonophylyof   

SubunitsLTdla，MGdlaandACb，Whichwerefoundintheavicularioidspiders（Golobo托   

1993）．BecausethesubunitsofgroupGareOrthologoussubunitsdescended録oma   

SubunitinacommOnanCeStralspecies，therelationshipsamOngSubunitsofgroupGreflect   

theevolutionaryrelationshipsamOngthesefourmygalomorphspecies，thatis，A．karschi，   

L．如フica，MgigasandA．ca妙micum．Itissuggested丘omthetwotreesthatL．妙icaof   

Ctenlzidae，MgiiasofHexathelidaeandA．caゆmiumofTheraphosidaeareclosertoeach   

OtherthantoA．kwschiofAtypidae．  

InthehigherclassiBcationsofthemygalomorphspiders，Goloboff（1993）didnotagree   

WithRaven（1985）aboutthepositionofthegroupRastelloidinaincludingfamily   

Ctenlzidae（Fig．20）．Thephylogeneticanalysisbasedonaminoacidsequencesof   

hemocyaninsubunitsupportsthemonophylyofL．りPimofCtenizidae，M卸Of   

HexathelidaeandA．caゆmicumofTheraphosidae，thoughinthetwotrees（Fig．29）the   

relationshipamOngthesespidersisdi飴rent．ThisiscongruentWiththeclassiacation   

PrOPOSedbyGoloboff（1993）inwhichCtenlzidae，HexathehdaeandTheraphosidaewere   

includedinonegroupANicularioidea．  

Inthisworkbasedonmolecularsequencedata，thephylogeneticrelationshipofthe   

mygalomorphspiderswasinvestlgatedforthefirsttime．The茄rstresultsofmolecular  
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PhylogenyofthemygalomorphspiderssupporttheGoloboぼ一sclassi鮎ationofthe   

mygalomorphspiders．Hisclassi丘cationisalsosupported録omthedistributionpatterns   

Ofthehemocyaninsubumits，thatis，therestricteddistributionofthemonomersubunitsto   

Onefamily（subunitsofgroupsAorB）andtoonegroupofAtypoidea（subunitsofgroup   

A＋B）orAvicularioidea（subunitsofgroupsC－F）げig．19）．  

2・4・2・TheorlglnOfconstituentmonomersofhemocyanindimers ●●  

InordertoanalysIStheevolutionaryrelationshipsamongtheconstituentmonomers   

Ofthemygalomorphhemocyanindimers，thephylogenetictreeswereproducedusing   

aminoacidresiduesinavai1al）le233sitesofMGdla，MGdlb，ACbandknownsix   

Chelicerateandonecrustaceansubunits．Thetrees丘omMP（Fig．30A）andNJ（6g，．30B）   

analysessupportedthemonophylyofthesubunitsofgroupsG（MGdlaandACb）andH   

（MGdlb），thoughthedi蝕rencebetweenthemarose．Themonophylyofchelicerate   

hemocyaninsubunitswasalsosupported．Themonophylyoftheconstituentmonomers   

OfgroupsGandHsuggeststhattheseconstituentmonomersofheterodimersinthe   

mygalomorphhemocyaninswereonglnated倉omacorrmonancestralsubunit．  

TheN－terminalsequencesoftheconstituentmonomersofascorpion（Sugitaetal．，   

1999）andawhipscorpion（Kuwadaetal．，2001）hemocyanindimersshowedthe   

OrthologousrelationshipwithsubunitsofgroupGinthemygalomorphhemocyanindimers   

（Kuwadaetal．，2001）．Therefore，itisthoughtthattheseconstituentmonomersof   

arachnidhemocyanindimersareonglnated丘omacommonanCeStralsubunitandconserved   

intheseanimals．  
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ThephylogenetictreesinFigures29and30supportthemonophylyofchelicerate   

hemocyaninsubunitsincludingtheconstituentmonomersofhemocyanindimers，andthe   

monophylyofcheliceratehemocyaninsubunitshasbeenshowninsomestudies但eintema   

etal．，1994；BurmesterandSche追er，1996；JaⅡ汀OZetal．，1996；Burmester，1999；Hughes，   

1999；Terwi11igereial．，1999）．Thusitisclearthatthegeneduplicationwhichbrought   

SubunitsofgroupsGandHhappenedinachelicerate血eagea氏erthedivergenceoftwo   

lineagesofcheliceratesandcrustaceans．Thehemocyanindimerswerealsofbundin   

CruStaCeanS（MurrayandJe飴ey，1974；Markl，etal．，1979c），andMarkletal．（1981）   

COnCludedthatthehemocyanindimersofacray鮎h，Astacus桓todc7CO｝hJS，functionasa   

bridgebetweenhexamersaswellasthoseofchelicerates．EveniftheonglnOfthe   

COnStituentmonomersofcrustaceanhemocyanindimerscannotberevealed，itisconcluded   

thatthefunctionofthehemocyanindimerasa‖linker”moleculewereacquired   

independentlyinthetwolineagesofcheliceratesandcrustaceans．  
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GemeralDiscuざざion  

Whenacladogram（divergencepattern）isproducedusingmolecularsequences，a   

SPeCiestreehavetobedistinguished舟omagenetree・Therelationbetweenspeciesand   

genetreesisdiagrammedinFigure31．Ⅰちthroughillluck，geneSXAandxCwereisolated   

respectively舟omspeciesAandCandgeneyB舟omspeciesB，thein氏rredtree（Fig．31B）   

WOuldnotbecongruentWiththespeciestree（Fig．31A）．IfasetoforthologousgenesxA，   

XBandxC（oryA，yBandyC）isused，aSPeCiestreecanbeproduced（Fig・31C）・   

Therefore，tOinvestlgatetheevolutionaryhistoryofanimalsbasedonmolecularsequence   

data，theorthologousmoleculesonglnated丘omacorr皿OnanCeStralgenehavetobe   

PreParedfbrsequenceanalysis．ItwasshownthattheN－teminalaminoacidsequenceis   

usefultoidentifytheorthologoushemocyaninsubunitsbetweenspecieshavingmany   

homologoussubunits（TakasuandSu由ta，1997；SugitaandMurayama，1998；Sugitaetal．，   

1999）．Inthisstudy，Ireported，fbrthe針sttime，Phylogeneticrelationofanimals，the   

mygalomorphspiders，basedonsequencedataoforthologoushemocyaninsubunits   

identi鮎d倉omtheN－teminalaminoacidsequencecomparison．Andphylogenetictrees   

Ofthemygalomorphspidersproducedbycomputerprogramssupportedthehigher   

ClassincationproposedbyGoloboff（1993）．  

Thedistributionpatternsofthehemocyaninmonomers（Fig．19）alsosupportedthe   

higherclassincationproposedbyGoloboff（1993），Althoughtheduplicationanddeletion   

OfhemocyaninsubunitsgⅣeSOmeCOnfusioninevolutionarystudiesofhemocyanin   

molecules，thedistributionpatternsofthehemocyaninsubunitsareCOnSideredasa   

phylogeneticmatker．Infact，althoughnocorrmonorthologoussubunitisfbundbetween  
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AraneidaeandPisauddaespidersofAraneomorphae，Orth0logoushemocyaninsubunitsare   

Sharedinaraneidspidersbutnotinapisauridspider（TakasuandSugita1997）・・   

Furthermore，itwasinfbrred倉omN－teminalsequencecomparisonthatafterthedivergence   

OftwolineagesofAmericanandAsianhorseshoecrabs，duplicationsofhemocyanin   

SubunitshappenedintheAmericanhorseshoecrabline喝e（SugitaandSuzuki1998）．   

Thesereportssupportthattherestricteddistributionofhemocyaninsubunitstoparticular   

taxaisresults録omduplicationanddeletionhappenedindependentlyineachofanimal   

lineages・Therefbre，COmParisonofthedistributionpatternsoforthologoushemocyanin   

Subunitsisagoodmethodfortaxonomicstudyontheanimalshavinghemocyaninsubunits・  

Themygalomorphspidershave24－mer（4×hexamer）hemocyaninandtheadvanced  

Spiders，araneOmOrPhs，have12－mer（2×hexamer）hemocyanin（Markleialり1979a；  

Ellertoneial．，1983）．Fromtheevidencethatsevendi蝕rentsubunitscompose24－merin   

themygalomorphspiderA．mノ拘micumhemocyaninandtwodi飴rentsubunitscompose   

12－merinthearaneomorphspiderCipienniussakihemocyanin，MarkletaL（1986）   

indicatedthatthe24－merhemocyanincomposedofsevensubunitschangedto12－mer   

hemocyanincomposedoftwosubunitsduringtheevolutionofspiders・Furthermore，   

倉omtheevidencethatthearaneomorphspidershavetracheaewhichsupplytheinner   

tissuesdirectlywithoxygen，Hausdorf（1999）suggestedthatthechangesinhemocyanin   

COmpOSitionswereduetoadecreaseoftheselectivepressurebytheevolutionoftracheae   

inthearaneomorphspiders．However，ltisclearthattheduplicationandthelossofthe   

hemocyaninsubunits，Whichbroughtthevarietiesofsubunitrrumbers，0氏enoccurred   

duripgtheevolutionofthemygalomorphspiderswhichhave24－merhemocyaninandnot  
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tracheae・Therefbre，itisthoughtthattheincreaseordecreaseofthenurnberofthe   

hemocyaninmonomersubunitarerelatedwithneitherthechangeOfhemocyanin   

COmPOSitionnortheevolutionoftracheae．ReeseandMangum（1994）revealedthatthere   

● WaSnOrelationshipbetweenintrinsicresplratOryPrOPertiesandsubunitcompositionof   

hemocyanin，andLamyetal．（1983）showedthatahemocyaninhexamercouldbemade   

丘omhomogeneousmonomersubunits．Becausesomemonomersubunitscanselト   

aggregateintohexamerS，theduplicationandthelossofparticularmonomersubunitsmay   

donoslgniBcantdamagetosurvivalofanimalshavinghemocyanins，Therefbre，the   

ChangeSOfhemocyaninmighthavebeenallowedwithinthelimitofsurvivalofthese   

animals，andtheresultingdistributionpatternsofthesubunitsallowedmetoclassifythe   

mygalomorphspiders．  

Ontheotherhand，theconstituentmonomersofthehemocyanindimers，thatisthe   

SubunitsofgroupsGandH，WereCOnSerVedinthemygalomorphspidersexceptA・rOreLd   

OfwhichhemocyanindimersarehomodimersofgroupHsubunits・Andthehemocyanin   

dimersinascorplOnandawhipscorplOnWereCOmPOSedoftheorthologoussubunitsof   

groupG（Ⅹuwadaetal・，2001），SuggeStingthatthehemocyanindimershavebeenconserved   

duringtheevolutionofarachnids・However，theduplicationofthedimersubunitswas   

alsoallowedinthelineageofMgjgasbecauseofnoharmtOthespiders．Butthelossof   

dimersubunitswasnotallowedunderfunctionalrestraintasalinkeroftwohexamerSand   

thedimersubunitswereconservedwidelyintheevolutionaryhistoryoftheseanimals，   

a1loⅥnngmetOmakespeciestreeofthemygalomorphspiders・  
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Figurel．   

NativePAGEbandingpatternsofhemocyaninsubunitsofsevenmygalomorphspiders，A・   

和rgたブ印．rう，d．γe∫Og乃廠ざ材．γ．），d．加c加担．り，ム妙加¢．り，軋両脚ぬ（ひ′），〟   

gigas財g．）andMJqginumai（凡才y．）．The7．5％acrylamidegelswerepreparedfor   

electrophoresisofhemocyaninsofthespidersexceptMJ頑mLmai．The8．25％   

acrylamidegdwerepreparedforMJ喝7numaihemocyamin，becauseamonomersubunit   

（MY7）overlappedwithadimersubunit（MYdl）inthe7．5％acrylamidegel（seealsoFig．   

14）・ARerelectrophoresis，thegelswerestainedbyCBBandthebandswitharrowhead   

Werealsostainedbyrubeanicacid．  
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Figure2．   

NativePAGEbandingpatternsofA．roreizihemocyaninsubunitsinvariousacrylamidegel   

COnCentrations．Thehemocyaninmonomerbands（ARl－AR4）werenumbered倉omthe   

bottomtothetopofthegels，andthehemocyanindimerbandswerenamedARdland   

ARd2．Theproteinbandwithanasteriskisahemocyaninoligomerband．  
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Fi即re3．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheA・rOreizihemocyanin・HemocyaninmonomerAR2wasseparated   

betweenARlandAR3anditsslopewasalmostequaltothoseofARlandAR3．●，   

hemocyaninmonomer；○，hemocyanindimer；△，bovineserumalbuminmonomer；□，   

bovineserumalbumindimer；＊，hemocyaninoligomer．  
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Fi糾re4．   

NativePAGEbandingpatternsofA・yeSOenSishemocyaninsubunitsinvariousacrylamide   

gelconcentrations．Thehemocyaninmonomerbands（AYl－AY4）werenumbered倉om   

thebottomtothetopofthegels，andthehemocyanindimerbandswerenamedAYdland   

AYd2．Theproteinbandwithanasteriskisahemocyaninoligomerband．  
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GELCONCENTRATION（％）  
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封糾re5．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheA．yesoensishemocyanin．HemocyaninmonomerAY2wasseparated   

betweenAYlandAY3anditsslopewasalmostequaltothoseofAYlandAY3．Other   

explanationsasinFig．3．  
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Figure6．   

NativePAGEbandingpatternSOfA．kwschihemocyaninsubunitsinvariousacrylamide   

gdconcentrations．Thehemocyaninmonomerbands（AKl－AK5）weremmbered舟om   

thebottomtothetopofthegels，andthehemocyanindimerbandwasnamedAKdl・The   

PrOteinbandwithanasteriskisahemocyaninoligomerband・  
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Figure7．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheA・kwschihemocyanin・ThesubunitsofAK3andAK4wereseparated   

betweenAK2andAX5，reSpeCtively，andtheirslopeswerealmostequaltothoseofAK2   

andAK5．OtherexplanationsasinFig．3．  
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Figure8．   

NativePAGEbandingpatternsofL．妙imhemocyaninsubunitsinvariousacrylamidegd   

COnCentrations．Thehemocyaninmonomerbands（LTl－LT4）werenumbered倉omthe   

bottomtothetopofthegels，andthehemocyanindimerbandwasnamedLTdl．The   

PrOteinbandwithanasteriskisahemocyaninoligomerband．  
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Figure9．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheL．押icahemocyanin．OtherexplanationsasinFig・3・  
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Fi糾relO・   

NativePAGEbandingpatternsofU．jiqgwiahemocyaninsubunitsinvariousacrylamide   

gelconcentrations．ThehemocyaninmonomerbandandthedimerbandwerenamedUFl   

andUFdl，reSPeCtively・Theproteinbandwithanasteriskisahemocyaninoligomer   

band．  
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fi伊代11．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsinthetL卸riahemocyanin．OtherexplanationsasinFig．3．  
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Fi糾re12．   

NativePAGEbandingpatternsofMgigashemocyaninsubunitsinvariousacrylamidegel   

COnCentrations．Thehemocyaninmonomerbands（MGl－MG4）werenumbered舟omthe   

bottomtothetopofthegels，andthehemocyanindimerbandswerenamedMGdland   

MGd2．Theproteinbandwithanasteriskisahemocyaninoligomerband．  
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Fi糾re13．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheMg7gaghemocyanin・OtherexplanationsasinFig・3・  
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Figure14．   

NativePAGEbandingpatternsofMyqgimLmaihemocyaninsubunitsinvarious   

acrylamidegelconcentrations．Thehemocyaninmonomerbands（MYl－MY7）were   

numbered舟omthebottomtothetopofthegels，andthehemocyanindimerbandswere   

namedMYdlandMYd2．Amonomerband（MY7）overlappedwithadimerband   

（MYdl）isdenotedas7＆dlonthele允sideofacolumnofthe7．5％acrylamidegel．The   

PrOteinbandwithanasteriskisahemocyaninoligomerband・  
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Figure15．   

Thee飴ctofvariousgdconcentrationsonthemobilityofhemocyaninmonomeranddimer   

SubunitsintheMyqgimLmaihemocyanin．ThesubunitsofMY2andMY3were   

SeParatedbetweenMYlandMY4，reSPeCtively，andMY6wasseparatedbetweenMY5   

andMY7．TheirslopeSWerealmostequaltothoseofbovineserumalbuminmonomer，   

OtherexplanationsasinFig．3．  
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Figure16．   

SDSPAGEbandingpatternsofconstituentmonomersofhemocyanindimersubunitsina   

Slabgel，BSAisbovineserumalbuminmonomer（84kDa）inBio－RadfsSDS－PAGE   

Standards．ARdlandd2，AKdl，LTdlandMGdlandd2arehemocyanindimersubunits，   

WhichweretreatedwiththeSDS－SamPlebu蝕r，舟omA．roreizi，A．karschi，L．妙iaand   

M癖，reSPeCtively．Theconstituentmonomersoflowermolecularweightaredenoted   

as”a’一andthoseofhighermolecularweightaredenotedas”b1．．  
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Figure17．   

N－terminalaminoacidsequencesofhemocyaninmonomersubunits丘omA．roretTi（AR4），   

A．yesoensis（AY4），A．kwschi（AKユー5），L．妙icaP・Tト4），U．卸ia（U下1），Mgikas   

（MGト4）andMJqginumai（MYト7）．Thealignmentwasmadebyhand．Aminoacid   

residuesindicatedbyXareambiguous．Dashesrepresentgapsintroducedunderthe   

necessltyOfcomparmgal1N－teminalsequences．Theconservativeaminoacidresiduesin   

POSitions5，6and13areboxed．  
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Figure18．   

N－teminalaminoacidsequencesofconstituentmonomersofhemocyanindimersubunits   

打omA．roretzi（ARdlandd2），A．kwschi（AKdlaanddlb），L．妙imO．Tdlaanddlb），   

andMgigas（MGdla，dlb，d2aandd2b）．Thealignmentwasmadebyhand．Am玩o   

acidresiduesindicatedbyXareambiguous．Theconservativeaminoacidresiduesin   

POSitions5，6and13areboxed．  
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Fi訃Ire19．   

Thedistributionofthehemocyaninsubunitsinmygalomorphspiders．Themonomer   

SubunitsofgroupsAandB，themonomersubunitsofgroupsC，D，EandFandthe   

COnStituentmonomersubunitsofgroupsGandHareShownseparatelyinABandC・A・   

r．，A．y．，A．k．，L．t．，U．f，Mg．，My．andA．c．denoteA．roretzi，A．yesoensis，A．kwschi，L．   

りP血，U・bagwia，M卸，MyeQ77umaiandA．ca砂micum，reSPeCtively．The   

duplicationsandlossesofthesubunitswereinferred舟omcomparisonofthesubunit   

distributionpatternS．？meanSunkn0wnSequenCeS．  
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Figure20．   

TwocladogramsofmygalomorphspiderfamiliesproposedbyRaven（A）andGoloboff匝）・   

Thefamilygroups＆amedbyasolidlineweremonophyleticinbothstudies．The   

Mygalomorphaewasdividedintotwomonophyleticgroups倉amedbyabrokenline   

respectivelybyRaven（A）andGoloboffP）．ConcemingthepositionofRastelloidina，   

theirclassificationsystemsofthemaredi飴rent．  
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Figure21．   

SeparationofCNBr倉agments（A）andlysylendpeptidase－digested打agmentsP）derived   

紆omtheconstituentmonomerAKdlaofA．kwschihemocyanindimer（AKdl）byreverse－   

PhasechromatographyusingpRpCC2／C18SC2．1／10（pharmaciaBiotech）inSMART   

SyStem・ThecolurrmwasequilibratedwithwatercontamngO．065％trifluoroaceticacid ■●  

andthechromatographywithalineargradient倉omO％to60％ofacetonitri1econtalnmg   

O・055％trifluoroaceticwasperformedatflowrateof50pumin．SequenclngOfpeptides   

innumbered駐actions（CBl－7andKl－14）wasperformed．Thepeptidesin＆actions   

asteriskedwereanalyzed，buttheirsequenceswereambiguousorsamewiththoseof   

a嘩oining＆actions・Otherfiactionswerenotanalyzedbecauseitisinferredthatthey   

COntainnosufRcientamountofpeptidesforsequenceanalysisorpeptides倉omenzyme   

Selildigestion．  
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Figure22．   

Comparisonofalignedsequenceofpeptides倉omtheconstituentmonomerAKdlaofA・   

kwschihemocyanindimer（AKdl）withtheaminoacidsequenceofA．caゆmicum   

hemocyaninsubunitACb（倉omSonnereial．，1990）．Thealignmentwasmadebyhand．   

C8，CNBr＆agments；考Iysylendpeptidase－digested倉agments．Putativemethionlneand   

lysylresidueswereunderlined．AminoacidresiduesindicatedbyXareambiguous．A   

dashrepresentsagaplntrOducedunderthenecessityofcomparmgSequenCeS・  
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＞  一郎  
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Figure23．   

SeparationofCNBr舟agments（A）andlysylendpeptidase－digested舟agments（B）derived   

倉omtheconstituentmonomerLTdlaofL．押imhemocyanindimerO・Tdl）byreverse－   

phasechromatographyusingpRPCC2／C18SC2．1／10（PharmaCiaBiotech））inSMART   

SyStem．Sequencingofpeptidesinnu血bered＆actions（CBl－8andKl－12）wasperformed．   

ForexplanationsseeFig．21．  
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Fi糾r¢24．   

Comparisonofalignedsequenceofpeptides丘omtheconstituentmonomerLTdlaofL・   

bpicahemocyanindimer（LTdl）withtheaminoacidsequenceofA．ca妙mic7JmSubunit   

ACb（＆omSomeretal．，1990）．ForexplanationsseeFig．22．  
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rigure25．   

SeparationofCNBr＆agments（A）andlysylendpeptidase－digested＆agments（B）derived   

倉omtheconstituentmonomerMGdlaofM卸hemocyanindimer（MGdl）byreverse－   

PhasechromatographyusingSephasilC18SC2．1／10（pharmaciaBiotech）inSMART   

SyStem・Sequencingofpeptidesinnumbered倉actions（CBl－12andKl－14）wasperfbrmed．   

ForexplanationsseeFig．21．  
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Figure26．   

ComparisonofalignedsequenceofpePtides倉omtheconstituentmonomerMGdlaofM   

gigaThemocyanindimer（MGdl）withtheaminoacidsequenceofA．caゆmicumsubunit   

ACb（舟omSormeretal．，1990）．CBll－VIwasa舟agmentderived丘omaCNBr倉agment   

（CBll）digestedwithV8protease．Putativeglutamicacidresidueswereunderlined．For   

explanationsseef隠22．  
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Fi紗Ire27．   

SeparationofCNBr倉agments（A）andlysylendpeptidase－digested＆agments（B）derived   

丘omtheconstituentmonomerMGdlbofMgigashemocyanindimer（MGdl）byreverse－   

PhasechromatographyusingSephasilC18SC2．1／10（pharmaCiaBiotech）inSMART   

SyStem・Sequemingofpeptidesinnumbered舟actions（CBl－11andXl－10）wasperfbrmed．   

ForexplanationsseeFig．21．  

105   



（
－
）
（
求
）
避
占
モ
0
忘
じ
く
 
 

60  80  

Retention time（min）  

∈
u
O
L
N
｝
和
む
U
u
符
q
L
O
S
q
く
 
 

（
－
）
（
諜
）
避
L
｝
モ
0
1
む
じ
く
 
 
 

90  

Retention time（min）  

106  



fi紗Ire28．   

Comparisonofalignedsequenceofpeptides倉omtheconstituentmonomerMGdlaofM   

gjiashemocyanindimer（MGdl）withtheaminoacidsequenceofA．ca砂micumsubunit   

ACb（倉omSormeretal．，1990）．CB8－VlandV2arethepeptidesderived倉omaCNBr   

倉agment（CB8）digestedwithV8protease．Putativeghltamicacidresidueswere   

underlined．ForexplanationsseeFig．22．  
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Fi糾re29．   

Theevolutionarytreeofhemocyaninsubunitsincludingtheconstituentmonomersof   

groupG．（A）Stdctconsensustreeoftwomostparsimonious（MP）trees．Treelength   

is623steps．＠）Neighborjoiming（NJ）tree．ScalebarrePreSentSDayhoffPAMmatrix   

distanCe．Aminoacidsin17lsitesofthealignedsequencesofhemocyaninsubunitswere   

usedforphylogeneticanalyses．Thebootstrapvaluesgreaterthan80％areShownabove   

branChes．AKdla，SubunitofA．karschi；LTdla，SubunitofL．妙im；MGdla，Subunitof   

Mgtgas；ACb，SubunitofA．m塀）micum（Sormer，etal．1990）；ACa（VoitandFeldmaier－   

Fuchs，1990），d（Sdartauetal．，1983）ande（Sclmeidereial．，1983），A．m砂micum   

hemocyaninmonomers；HT6，hemocyaninmonomerofJapanesehorseshoecrab，T   

iridkntaiusO・inzenetaL1985）；LpII，hemocyaninmonomerofAmericanhorseshoecrab，   

L．pobphemus（Nakashimaetal．，1986）；Aa6，hemocyaninmonomerofascorpion，   

Am＊ocionusauskTaHs（Buzyetal．，1995）；Pia，hemocyaninmonomerofthespinylobster，   

PanuZirusintemptus鱒akandBeintema，1987）．  
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Figure30．   

TheevolutionarytreeOfhemocyaninsubunitsincludingtheconstituentmonomersof   

groupG（MGdlaandACb）andH（MGdlb）．（A）Themostparsimonious（MP）tree・   

Treelengthis893steps．P）Neighborjoining（NJ）tree．ScalebarrePreSentSDayhoff   

PAMmatriⅩdistance．Aminoacidsin233sitesofthealignedsequencesofhemocyanin   

Subunitswereusedforphylogeneticanalyses．ForexplanationsseeFig．29．  
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Fi糾re31．   

Thespeciestreeandthegenetree・ThegeneduplicationoccurredinacommonanCeStral   

line喝eOfthreespeciesA，BandCandyieldedaparalogouspairofgenes（Ⅹandy），andthe   

twogenesareSharedwithdescendentspeciesthroughspeciation（A）・Iftheparalogous   

palrS，SuChasyAandxB，andyAandxC，areuSedforphylogeneticstudy，thetreeisnot   

COngruentWiththeevolutionaryhistoryofanimalspecies（B）．Ontheotherhand，three   

genesxA，畑andxC，OrgeneSyA，yBandyCareOrthologous，becausetheyarederived   

駐omacorrmonancestralgenexory，reSPeCtively．Thedivergencepatternofthree   

OrthologousgenesiscongruentWithdivergencepatternofthreespecies（C）．  

113   



（A）  

species A species B species C 

函  Ⅹβ  

讃し。，th。J。g。。SPai，  
logous 

Ⅹβ  

態「    Pa 

J  

O托ho1090uS Pa∃   汀  

かPara10gOuS Pa］r  

114  


	0001.tif
	0002.tif
	0004.tif
	0005.tif
	0006.tif
	0007.tif
	0008.tif
	0009.tif
	0010.tif
	0011.tif
	0012.tif
	0013.tif
	0014.tif
	0015.tif
	0016.tif
	0017.tif
	0018.tif
	0019.tif
	0020.tif
	0021.tif
	0022.tif
	0023.tif
	0024.tif
	0025.tif
	0026.tif
	0027.tif
	0028.tif
	0029.tif
	0030.tif
	0031.tif
	0032.tif
	0033.tif
	0034.tif
	0035.tif
	0036.tif
	0037.tif
	0038.tif
	0039.tif
	0040.tif
	0041.tif
	0042.tif
	0043.tif
	0044.tif
	0045.tif
	0046.tif
	0047.tif
	0048.tif
	0049.tif
	0050.tif
	0051.tif
	0053.tif
	0054.tif
	0055.tif
	0056.tif
	0057.tif
	0058.tif
	0059.tif
	0060.tif
	0061.tif
	0062.tif
	0063.tif
	0064.tif
	0065.tif
	0066.tif
	0067.tif
	0068.tif
	0069.tif
	0070.tif
	0071.tif
	0072.tif
	0073.tif
	0074.tif
	0075.tif
	0076.tif
	0077.tif
	0078.tif
	0079.tif
	0080.tif
	0081.tif
	0082.tif
	0083.tif
	0084.tif
	0085.tif
	0086.tif
	0087.tif
	0088.tif
	0089.tif
	0090.tif
	0091.tif
	0092.tif
	0093.tif
	0094.tif
	0095.tif
	0096.tif
	0097.tif
	0098.tif
	0099.tif
	0100.tif
	0101.tif
	0102.tif
	0103.tif
	0104.tif
	0105.tif
	0106.tif
	0107.tif
	0108.tif
	0109.tif
	0110.tif
	0111.tif
	0112.tif
	0113.tif
	0114.tif
	0115.tif
	0116.tif
	0117.tif
	a.pdf
	0003.tif

	b.pdf
	0052.tif




