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Apurinic/bupyHimminic(AP)endonucBeasepIaysapivOtalmIei、Ⅱ℃pairpmces甑ngofabasicsiOesindamagedDIM

viatInebase函cisionmpairpathway､QuantitativeassayOfAPemdonucleaseincrudeceu函mctpmvidesan
importantaspecMbrevahMionoftheDIblAmepairpotentiaOoftheceOl・Ｉｎｔｈｅｐｐ℃sentsmdy，weegtabl歯heda

nonisotop舵assuyfDrmeasuringincisiOnacdｉｖｍｙｏｆＡＰｅｎｄＯｎｕｃ胸seusingnuoⅡ℃gceinisoOhi①WanaOe-BabeIed

oEgonucleotidesubstmOeandanuo正scmt伽ageanalyzeⅨUsingth造pmcedu凪theincismnactMtyofendogenouns
APendonucleaseonasUmheticAPsite(MmhydMmmnyImoieOy)ｏｆａｎｏ地omucleotidecanbemeasuMincmde

extmctMmmEscⅢmChdUE“〃andModzosuuccIbduyU"Oyces〃"０６ecemsmheactiviIyofexogenousIy函p庇ssedhuman
en可ｍｅ(hAPE1)inAPendonucl噸se-deficientbameⅡialandyeastceUscanalsobede蹴れ｡．

1.1,tmoduction

CellstoleratecontinuousDNAbasedamagethat

dismptstheirviabilityandgenomicstability［1,2l

DNAbaseexCisionlcpair(BER)isakeypathwayfOr

restoringthechemicalintegrityofDNAandrequi配s

theactionofatleastfOurenzymes:adalnage-specific

glycosylase，ＤＮＡｆＯｌｌｏｗｅdbythe

apurinic/apyrimidinic（ＡＰ）endonuclease，DNA

poIymeraseandDNAIigase[3-5]・Detectionofbase

lesionbytheDNAglycosyIaseinitiatesBERand

clcaｔｅｓａｂａｓｉｃｓｉｔｅｓｉｎＤＮＡ・ＭｏｒｅｔｈａｎｌＯ,OOOAP

sitesperdayaregeneratedineachhumancell，both

sponlaneouslyandbyDNAgIycosylases［2,6]・ＡＰ

ｓｉｔｅｓａ1℃unstable，spomaneouslydegradinginto

abnonnalDNAstrandbreaksandthisdisrupts

cellularprocesses､APsitesMardDNApoIymerase，

causebasemisincorporationandarehighly

mutagenicatthetranscriptionlevｅｌ［1,4,611n

humans,themajorAPendonuclease(APE1)cleaves

thephosphodietherbond5，ｏｆｔｈｅＡＰｓｉｔｅｓ,priming

lcpalrsynthesisbyDNApolymelase[3-5]・Thus,AP

endonucleaseplaysapivotalroleinrepairprocessing

ofdeleteriousAPsitesintheBERpathway、

ＱｕantitativemeasurementofAPendonuclease

activityincelIextractsisimportantfOrevaluationof

theDNArepairpotentialofthecell，Incisionofthe

abasicsitebyAPendonucleasehasbeenanaIyzed

usingAP-sitecontainingoIigonucleotidesubstrates

andpolyacrylamidegelelectlDphoresisunder

denamringconditions、Intheseexperiments，the

oligonucleotidesalcgenerallylabeledwith

mdioactive32Pattheir５，－ｏｒ３，－ends,anddetectedby
autoradiographyorladioisotopicimagingwitha

Phosphorlmager・However，deveIopmentofa



ShogoIKEDA,ＥｍｉｌＧＡｗＡ,YukiHAYAsHI,AyakoYAMADAandHarunaTANIHIGAsHＩ5２

､/b-J::Acz〃［7］wereusedfOrpreparationofcelI

extractsandexpressionofhAPE1・Thewild-typeS、

pom6eusedinthisstudywasEDO665（ＡＴＣＣｎｏ、

96993；ん，ade6M210，伽1-32，四ｍ4,18)．An

cUp"2-nullstrain（叩"2Ａ）wasgeneratedasfOllows・

ThegenecassettefOrdisruptionofthe〃"２genewas

producedbycloningthe〃、ｨ十ｆｍｇｍｅｎｔｉｎｔｏａ

ｐＧＥＭ－Ｔｐｌａｓｍｉｄｗｉｔｈｔｈｅ叩"２genomicsequence、

Briefly,ｔｈｅｐＵＲ１８ｐｌａｓｍｉｄｗａｓｄｉｇｅｓＯｅｄｗｉｔｈCkuI

andbluntPendedwithKODpolymerase（TOYOBO，

Osaka，Japan)．AL7-kbfTagmentcontainingthe

〃'zuｲ＋ｇｅｎｅｗａｓｅｘｃｉｓｅｄｂｙＨｉＤ８ｄｌｌｌｄｉｇｅstionand

subclonedintopGEM-apｎ２ｄｉｇｅｓｔｅｄｗｉｔｈＢｓａＢＩａｎｄ

ＨｍｄｌｌＬＴｈｅ〃"2::皿、イDNAfmgmentwasexciscd

fmmtheplasｍｉｄｂｙＸ)"〃IandSZJcIdigestion，

separatedfmmthevectorbyelectrophoresis，and

usedmtmnsfOrmhaploidstrainEDO665、Finally，

zdm＋cloneswereselecにdbyPCRandSouthem

analysis．

nonisotopictechniquewillavoidthecumbersome

proceduresandshorthalflivesassociatedwith

radioactivemaにrials，Recentfluorescentimage

analyzermodelscanprovidethesensitivedetection

offluorCsceinisothiocyanaOe(HTC)-labeledDNAin

polyacryIamidegelatlevelsof0.1femtomole(fmol）

perDNAband・Inthepresentstudy,weestablisheda

non-radioactiveassayfOrmeasunngAP

endonucleaseactivityusmg HTC-labeled

oligonucleotideandafluo1℃scentimagemUsingthis

procedure，endogenousAPendonucleaseactivities

canbemeasuredincrudecellextractsofEscheriChm

co〃ａ､。比hiZosacclla7D"､ycespo"ObecelIs・

ExogenouslyexpressedhAPE1inbacOerialandyeast

ceUscanalsobedetected．

2.MaOeIialsamdMethods

2.1.Materials

OligonucleotidecontainingtetrahydrofUlanyI

(THF）lCsionandFITCmoleculeatthe5Len｡,and

complementarystrandwerecustomsynthesizcdby

HokkaidoSystemScienceCo.,Ltd.(Sapporo,Japan）

andpurifiedbyHPLC(Fig.１).THPphospholamidiに

(dSpacer）waspurchasedfromGLENRESEARCH

(Sterling，ＶＡ)．Theoligonucleotidestlandwas

annealedtothecomplementarystrandi、ｌＯｍＭ

Ｔｒｉｓ－ＨＣＬ１ｍＭＥＤＴＡａｎｄ３３ｍＭＮａＣｌ(ｐＨ8.0)ｂｙ

ｈｅａｔｉｎｇａｔ９０ｏＣｆＯｒ２ｍｉｎｆＯｒdenaturationand

coolingtoroomtempelam1℃overnight．Ｅ，ＣＯ〃

endonucleaselV（EndoⅣ）waspulchasedfrom

lＲ＆ＤSystems,Inc.（Minneapolis,ＭＮ).Oneunitis

defincdastheamountofenzymerequiredtocleave

anAPsiにoligonucleoUdewithinanoligonucIeotide

duplexatarateoflpmol/ｈａｔ３７°Ｃ．

2.3.ConstrucUonofhAPE1expressionplasmid

pUC19wasusedfOrexprcssioｎｏｆｈＡＰＥ１ｉｎＥ

A）

Ｈ回四

ＯＨ

内由
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Ｅ・ＣＤﾉiAB1157(j力促Ｉａｍ－Ｊイ伽Ｂ６(Ａｍ)lacYﾉＤ

(〃印、Ａ２)α伽-33s〃E“(Ａｍ)ｇａＪＫ２”c肱Gイ

(Oc)肋DJmgJ-3I伽LMtdg灯、yﾉｰＪ１Ｍ－Ｉα増田

(Oc）〃Ｗ）anditsderivativeRPC501△(xZM-〃cA）

Fig.１．SubstmtefOrAPendonucleaseassay．（Ａ）
ChemicalstmcturcofthenatumalAPsite（left）and

SyntheticTHFAPsite(right).(B)Nucleotidesequence

oftheoIigonucleotideduplex・Xintheupperstrandis
theTHFresidue．
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ＣＯ〃cells，ＴｈｅｃＤＮＡｆｒａｇｍｅｎｔｏｆｈＡＰＥ１ｗａｓ

ａｍｐlifiedbyPCRfTomapUAEH1plasmid[8]using

agenespecificprimer（5ＬｃｃｃａａｇｃｔｔＣＣＧＡＡＧ

ＣＧＴＧＧＧＡＡＡＡＡＧ-3,）andtheuniversalprimer

M4fOrpUCplasmid・ThePCRproductwasdigested

withHi"ｄｌＩＩａｎｄＳｔｚノＩａｎｄｗａｓｉｎｓｅｒＯｃｄｉｍｏａ

ｐＵＣ１９ｐｌａｓｍｉdpreviouslydigestedwiththesame

enzymes・Theresultantrecombinantplasmidwas

thenintmducedintoE・ｃｏＪｉＲＰＣ５０１、ｐＡＵＲ２２４

(ｎｈkaraBioInc.,Otsu,Shiga,Japan)ｉｓａｎＳ・pombe

expressionvectorthatincludeMhecytomegalovims

promoterandtheaureobasidinA-resistantgene

(αＭ'）asaseIectionmarker・ｈＡＰｍｃＤＮＡｗａｓ

ａｍｐｌｉｆｉｅｄｂｙＰＣＲｆｉｏｍａpUAEH1plasmidusinga

genespecificprimerpair(5,-ｇａｃｔｃｇａｇａｔｇＣＣＧＡ

ＡＧＣＧＴＧＧＧＡＡＡＡＡＧ‐３，ａｎｄ５，－ｔａｇｇａｔｃｃＣ

ＡＧＴＧＣＴＡＧＧＴＡｒＡＧＧＧ－３，).ThePCRproduct

wasdigestedwithXholandBczmIHandwasinserted

intoａｐＡＵＩＵＺ４ｐｌａｓｍｉｄｐｌ巳viouslydigestedwiththe

sameenzymes，TheresultantlCcombinantplasmid

wasthenintroducedimoS・ＰＣ耐ｂｅ叩"2Acells．

phenylmethylsulfOnylfluoride)，andwerethen

disruptedusingaFrcnchpress（15000ｐ・sj.).After

thesonicatewascentrifUged(３０minatlOO,000×ｇ)，

thesupernalantwasusedfOrAPendonucIeaseassay・

PMeinswelcquantitatedbydye-bindingmethod

(Bio-Rad,Hercules,ＣＡ)usingbovincserumalbumin
asastand2Ed

2.5.APendonucleaseassay

PurifiedenzymeorcellextractwasincubaOed

A）

OIigonucleotide(fmoI）

・・ＳＬＤ

･←ｕ’二＄三島＝

○
○
○
Ｎ

←

●

●

B）

150002.4.PreparationofwholeceUextract

E、ｃｏＪｉｓｔｒａｉｎｓｗｅｒｅｃｕＩｔｕｌｃｄｉｎＬＢｍedium

containingappropriateantibioticsat20oCovernight・

AfterbacteriawereharvestedbycentrifUgation,they

welCresuspendedinlOvolumesofbufferA(５０ｍＭ

Ｔｒｉｓ－ＨＣｌ，ｐＨ８．０，３００ｍＭＮａＣｌ，ＺｍＭＥＤＷｈ，１

mMdithiothreiOolanｄ0.02％TritonX-1m)，and

sonicated（６×３０ｓ）oniceatfilllpowerusingan

ultrasonicdisruptor（UD-201；ＴＯＭＹＳＥＩＫＯＣｏ.，

Ltd，Tbkyo，Japan)．Afterthesonicatewas

centrifUged(３０ｍｉｎａｔｌＯＯ,000×ｇ),thesupernatant

wasusedfbrAPendonucleaseassay．Ｓ・pom6e

strainswereculturedinYEmedium（0.5％yeast

extractand3兜glucose）containingO31Lg/ml

aureobasidinA(nlkaraBio)at28．CovernightAfter

yeastcellswereharvestedbycentrifUgation，they

welcresuspendedin5volumesofbufferB(Z0mM

nis-HCl,pH7.5,1mMEDIA0.5ＭNaCl,5%

gIycerol,3mMdithiothreitoLandlmM

０
０

０
肋

Ⅱ
５

１

（の一の×一・）窮追のこの一巨一豆』⑩ロ

０

０１１１０１００１０００

O1Igonucleotide(fmol）

Ｆｉｇ．２．DetcctionofITrC-labeledoligonucleotideby
lTV田1０（A）Variousamountsofoligonucleotide
duplexdilutedwithTE（l0mMTris-HCl,ｐＨ７．５，１
ｍＭＥＤｍｏＬ）containinglOOILg/mlofsonicatedcalf
thymusDNAwercelectmpho”sedindenatured
polyaqylamidegelasdescHibedinsection2.5.Gelwas

scannedbyFMBIOtovisualizetheFTTC-labeIed

oligonucleotidebands.(B)Intensityofeachbandwas
plottedaｇａｉｎｓｔｔｈｅｌｏｇ,。oftheamountof
oligonucleotide．



ShogoIKEDA,ＥｍｉｌＧＡｗＡ,YukiHAYAsHI,AyakoYAMADAandHarunaTANIHIGAsHＩ5４

3.ResmltsandDiscussnon
●

ｗｉｔｈ５０ｎＭ（S0finol/いＩ）FITC-oligonuclcotide

substraにｉｎｂｕｆｆｅｒ（１０UDcontaininglOmM

Tris-HCl,pH8.0,5mMEDTA50mMNaCIandl

mMdithiothreitoIat37oCfOrthetimesindicatedin

theFigures・Afterstoppingthereactionbyadditｉｏｎｏｆ

６１ＵｏｆｆＯｒｍａｍｉｄｅ，ｔｈｅoligonucleotideduplexwas

denatu1℃dat95oCfbr5minandwasthenloadedona

2096denamringpolyacrylａｍｉｄｅｇｅＩｉｎ７Ｍｕｒｅａａｎｄ

ｌ×TBEbuffer(８９ｍＭＴｒｉｓ,８９mMboricacid,ａｎｄ２

１ｎＭＥＤＴＡ).Thegel(Ｗ×Ｈ×Ｄ＝１８０ｍｍ×２Mｍｍ

×０．５ｍｍ)wascastusingelectmphorcsisapparatus

(AB6141;ＡｔｔｏＣｏ.,Tbkyo,Japan).EIectrophoresis

wasperfbnnedusi､90.5×TBEcIectrodebufTerata

constaｎｔ２０ｍＡｕｎｔｉｌｔｈｅｘｙｌｅｎｅｃｙａｎｏｌｄｙｅｍarker

migIatedtoaboutl20ｍｍ、FrTC-labeled

oligonucleotidesweredeOecにｄｕｓｉｎｇｔｈｅＦＭＢＩＯＩＩ

ＦｌｕｏｌｃｓｃｅｎｔｌｍageAnalyzer（HitachiSoftwaIc

EngineeringCo.,Ltd.,Yokohama,Japan).TheHrC

fIuorophoreisexcitedbyasolid-statelaserat495nm

andemitsafluorescentlightsignalat521nmwhich

isthenisolatedusinga505-nmfilter（channeI2)．

RepeatingtimefOrthefluorescentreadingwassetat

８Ⅱtimes・Aftercapturing,theintensityofeachband

wasdetenninedusingNIHimage(v､1.62)．

3.1．NonisotopicsubstratefOrAPendonuclease

lTTClabeledoligonulceotidewasemployedasa

substratcfOrnonisotopicassayofAPendonuclease

activity(Fig.１).Oligonucleotidescontainingnatural

APsitesaregeneralIypreparedbytleatinga

uracil-containingoligonucIeotidewithuracilDNA

glycosyIase・However,theresultantAPsiteislabile

andthcoligonucleotideisautomaticaUycleavedat

thesitebya6-eliminationreaction・Thistypeof

substratemusttherefOrebepreparedjustpriortouse、

Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，oligonucleotidescontaining

syntheticAPsites(THFmoieties)arestableandgood

substmtesfOrAPendonuclease,whichcanhydrolyze

5，oftheAPsite[g1Areagentabletoautomatically

insertTHFmoietiesduringDNAsynthesisis

commeMallyavailable・Inthisstudy，

THF-oligonucleotideswereIabeleｄｗｉｔｈＨＴＣａｔｔｈｅ

50-end，whichisreadilyandsensitivelydetectedby

theFMBIOIIHuorescentlmageAnalyzer・Various

amountsofoligonucIeotidedupIexwere

electrophoresedunderdenamredconditions，ａｎｄｔｈｅ

ｇｅｌｗａｓｓｃａｎｎｅｄｕｓｉｎｇｔｈｅＦＭＢIOanalyzerto

visualizetheoligonucleotidCbands（Fig.２)．Ｔｈｅ

B）
A）Reactiontime(､in）

０５１０１５２０２５

５
０
５
０
５

２
２
１
１

〈
一
○
Ｅ
←
）
の
ち
ゴ
ロ
。
』
ロ
ロ
①
の
一
○
巨

ぐ26ｍｅ「

く15ｍｅ「

０５１０１５２０２５

ＥＣＯ/iEndolV Reactiontime(ｍin）

Fig.３.APendonucleaseassayofEco〃ＥｎｄｏＩＶ.（A）ＥＣＤﾉiEndoⅣ（２×１０４units）wasallowedtoにactwith
THFcontainingoligonucleotideat37･CfOrthetimesindicatcd.（B）AftcrqUantificationoftheproducts，incision
activitywasexpresscdglaphically．
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smaIlestamountofFTrC-labeledoligonucIeotide(0.1

finol＝１０-'6mol)wasdetectedasasingleband・The

intensityofeachbandinclCasedlinearIyagainstthe

Iog1ooftheoligonucleotideIevel．

農“‘鰯l蝿Xt総叡

Ｘ澱１Ｍｼj鰯ｂ

ＷＷｄｔｙ鰯ｘ（#Ｗ"雌●1Ｗ麓勵

－■■■－■■■－－コ

3.2．APendonucleaseassayofEco〃ＥｎｄｏⅣ

PurifiedE、coJiEndoIVwasemployedfOr

establishingtheAPendonucIeaseassayusing

lTrC-Iabeledoligonucleotides(Fig.３).Thesubstrate

concentrationinthereactionlnixturewasfixedtobe

50nMbasedontheknownHD?zvalue（１６，Ｍ）of

hAPE1fOrTHF-containingsubstrate［9]・Afterthe

reaction,al5-meroligonucleotidewasreleasedfrom

the26-meroligonucleotidesubstmte、Thisindicates

thattheEndoⅣhydrolyzed5，ofTHFmoietyinthe

oligonucleotidesubstrate，Theincisedproducts

increasedlinearIywithreactio、time・ThisindjcaOes

thatthenonisotopicassayallowsquantitative

measurementofAPendonucIeaseactivity．

＜26ｍｅｌｒ

＜１５蹴鐵

Fig.４.APendonucIeaseassayusingwholeceUextract

ofEco"・WholeccllextIactswereplcparcdfiom

AB1157cells（wildtype),RPC501ceUs⑨1ｶＭ!/Ｍ）
cellsandRPC501explCssinghAPE1（】ＢＩＭﾉﾘq/Ｍ＋

hAPE1）asdescribedinsectionZ4TheincICasing
amountsofwholecellｅｘｔｍｃｔｗｅｒｅａＵｏｗｅｄｔｏにact

withTHFoligonucleotideat37ｏＣｆＯｒｌＯｍｉｎ、Ｔｈｅ

ａｍｏｕｎｔｓｏｆｐＭｅｉｎｕｓｃｄｆＯｒａｓｓａｙｗeu℃ａｓｆＯＵｏｗｓ：

Ｗｉｌｄtype，０，０．００５１４９，０.Ｏ１ＩＬｇａｎｄＯ・O2ILg；
助ＭｖＭ,0,0.05149,0.11LgandO・Zug;andxZlbMvM
＋ｈＡＰＥ1,0,0.05149,0.1ＩＡｇａｎｄＯ・ZIL9.Notethatthe
amountsofextractfmmwildtypecellsalc10-fOldIess

thanthosefiDm鮒Ｍ１/ＭｃｅＵｓａｎｄＪＭＩｌＭｖＭ＋
hAPE1cells．

3.3.APendonucleaseassayusingwholecellextracts

fmmbacterialandyeastceIIs

Eco〃hastwogenesencodingAPendonuclease，

JWhandlq/b,andthegeneproductsareexonucleaseIII

(Exom)andEndolV,ICspectively[7]､Wholecell

extractsfromthewiId-typestrain(AB1157)andan

APendonucIease-deficientstrain（RPC501,

肋ＭｖＭ）wereprepaled，andAPendonuclease

acUvitiesintheextractsweremeasuledusingthe

nonisotopicassaysystem（Fig.４)．Theincised

productsincreasedwiththealnountofextractfiom

wild-typecells、Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，noAP

endonucleaseactivitywasobservedintheextract

fiom肋MvMcells，ｅｖｅｎｗｈｅｎｔｈｅａｍｏｕｎｔｓｏｆ

肋MyMextlactinthereactionwerelO‐fOldhigher

thanthoscofthewild-typeextractThisindicatesthat

theincisedproductsareresponsibleｆＯｒＥｘｏＩＩＩａｎｄ

ＥｎｄｏＩＶａｃｔＭｔｙａｎｄｔｈａtthercactionsystemallows

measu1℃mentofendogenousAPendonucIease

activityinE,ＣＯ",eveninwholecellextmctHuman

APE1cDNAwasexogenouslyexpressedin

助MVMcellsandincisionofAPsitesbyhAPE1

wasmeasuredThel5-merincisedproducts

responsiblefOrhAPE1weredetectedwithincreasing
amountsofextracL

Apn2pisthemajorAPendonucleaseactivity

fromS・ＰＣ"ｚ６ｅａｎｄｉｓｉｎｖｏｌｖｅｄｉｎｔｈｅＢＥＲｐａｔｈｗａy

l10-12］TheCZp"2-nullmutantwasgcneratedbygene

disruption，andtheAPendonucleaseactivityofthe

muIantwascomparedwithwild-typecells(Fig.５)．

Thel5-merproductsgeneratedbyincisionoftheAP

sitewerCobservedinwithwild-typeextracLIn

additiontothenormalproduct，al4merbandwas

alsoobserved，probabIyduetochewingby

exonuclease(s）incrudeyeastextract・ＮｏＡＰ
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endonucleaseactivitiesinextractsofcultured

TheymammaliancelIs．used

hexachlorofluorescein-labeledoligonucleotideswith

vanouslesions，includingO6-methylguanine，

ethenoadenine,８－oxoguanineandTHF
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Fig.５.APcndonucUeaseassayusingwholecellextract

fromS・pom6e・WholecelIextractswereprcparedfiom

EDO665cells(wildtype),叩"2-nuUcells(〃"2A)cells

and叩"2-nullcellsexpmcssinghAPE1（叩"2Ａ＋

hAPE1）asdescribedinsection2､4.Thewholecell

extract(sILgprotcm)fromcachstmainwasallowedto

ICactwithTHFoligonucleotideat37oCfOrO，１０１，in，
Ｚ０ｍｉｎａｎｄ３０ｍｉｎ．

endonucleaseactivitywasobselvedintheextIact

fromcUp"2△cells､Thisresultcoincideswithprevious

obscrvationsbyRibarelaJ．［11]・ExonucIease

actMtyincrudeyeastextractislikeIyhigherthanin

bactｅｒｉａｌｅｘｔｒａｃＬＨｕｍａｎＡＰＥ１ｃＤＮＡｗａｓｅｘpressed

incUp''2△celIsandtheAPendonucleaseactivitywas

lneasured、Thel5-merincisedproductsresponsible

fOrtheexogenouslyexpressedhAPE1weredetected

withincreasingamountsofextmct・

Ournon-radioactiveprocedureallowsdetection

ofendogenousAPendonucleaseactivityinthecrude

extractsofbacterialandyeastcells，aswellas

exogenouslyexpressedhumanenzyme，The

non-radioactiveassayprovidesanalternativetothe

32PLbasedsystemfOrsimpledetectionofDNArepalr

activityincludingDNAglycosylasesandAP

endonucleaseincrudecellextracts・Kreklaue2aJ．

[13］describedasimilarnon-radioactiveassayto

measurevanousDNAgIycosylasesandAP
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