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博士論文要旨

カドミウム、水銀などの重金属は動柄物に深刻な悪影響をノブ・える。近代甚業はこ

れらを多用し、多くの被書を引き起こした。汚染修復には膨人なコストと帖冊がかか

る。有機水銀で汚染された熊本県・水俣湾では、150トンもの水銀ヘドロの処坤のた

め13年の歳月と485倍llほ費やした。一方で、大地に根ざす柄物には様々なノ亡素を

吸収する能力がある。効率的、緯済的な環境浄化方法の開発が期待される中、これを

利用して有害物質を除くアイデアが牛まれた。Phytoremediationと呼ばれ、経済的か

つ吸収させた元素の再資源化も叶能として米国では既に事業化も試みられ、数年後に市場

規模は400億円に達するとの試算もある。現実にはまだ効率などに難点があるため、分

了▲育種よって重金属吸収能を高めた実月川勺な浄化植物の創出が期待されている。だが、

重金属に関する植物の分子レベルでの知見は少ない。

本研究では、実用的な環境浄化植物の創拍を最終II標に、柄物にり▲える重金城ノ已

素の影響を分子レベルで明らかにすることをテーマとした。実験材料にはシロイヌナ

ズナ（アブラナ科）とカドミウムを選んだ。シロイヌナズナは仝ゲノム配列が【リJらか

になるなどモデル植物として分f一／上物学的知見が豊富である。また、アブラナ朴帥物

には重金属耐性や蓄積に関する能力が高い椎が多い。カドミウムは毒性が高いうえ、

生体に対して全く不安な元素とされ、近年、環境汚染の広がりと人体への影響が懸念

される汚染物質のひとつである。

本論文では、まず、シロイヌナズナに0－50叫Mのカドミウム処群を行い、カドミ

ウムによるシロイヌナズナの生理、形態的影響の観察を行った（第1串）。次にこの

結果に基づき、蛍光ディファレンシャルディスプレー（FDD）法による遺伝子mRNA

のスクリーニング、カドミウムストレスに応答する遺伝子の大規模準離、逓伝√・レベ

ルでカドミウムが引き起すストレスの同定を行った（第2章）。さらに、この小から

重金属代謝に関わると予想される遺伝子・蛋白質の機能解析（第3章）へと研究を進

めた。

植物は酸化的ストレスを受けると、対処するためにアスコルビン恨ペルオキシタ

ーゼ（APX）やスーパーオキシドジスムターゼ（SOD）などの様々な抗酸化酵素を働

かす。カドミウム処理をした柄物では未処理試料に比較してAPX、SODとむ前件が

明朝に50％程度にまで低卜、また培地ヰ1H202濃度も4倍程度にまで卜井した。

方で、抗酸化能を持つ還ノ已糖「マンニトール」をカドミウムに加えて添加すると、拾

地中H202濃度の＿＿1二昇は2倍程度にまで抑制され、カドミウムにより柄物体内で恨化

的ストレスが生じていることが示唆された。

このストレスに対処するために、植物は遺伝子レベルで様々な対応をしているこ

とが予想された。FDDによるスクリーニングの結果、カドミウムストレスに応答す

る31の遺伝子を単離でき、うち1／4は機能未知の遺伝子であったが、残りはリン酸

化酵素などのシグナル伝達因子、分了・シャペロン、硫黄代謝系遺伝－一千などであった。

これらの遺伝子の12時間の発現パターンは、早期一一一過的に発現するものや長時間
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発現が継続するものなどバラエティに富んでいた。また、蛋白質リン酸化のl；l捏洒J処

理により…u一部のmRNA蓄積量は有意に減少。リン酸化の関Fj▲するシグナル伝達経路

がカドミウムストレスで音別隼イヒされることも明らかとなった。これらのうち15はHヱ02

や細胞内で酸化的ストレスを生じさせる銅イオン処理に、また、12は熱や変性姐′l

質を生じさせる代謝阻害剤の処理に応答し、酸化的ストレスと蛋「1変性ストレスがカ

ドミウムの与える主要な影響である可能惟がホ唆された。

FDDで単離された遺伝子は、生体内でのカドミウムストレスの軽減に機能するこ

とが期待された。よって、単離した遺伝子の幾つかを酵母内で過剰発現させ、カドミ

ウムに対する耐性を調べた結果、低温や乾燥ストレスに応答するATMEKKl道伝了▲

と、機能未知の遺伝子CdI19の形質転換体2種が、野生型より2－5倍高いCd耐什を

示した。CdI19にはモチーフ検索の結果、分子内に金属結合に機能するドメインと蛋

白質を膜局在させるアミノ酸配列が見つかった。植物は通常、重金属イオンをキレー

ト化などにより隔離して、悠影響を抑える機能が提唱されている。CdI19はシロイヌ

ナズナでこのような機能を担う因子である叶敵性が考えられた。

そこで、CdI19の機能についてさらに研究を進めた。蛋仁†質は全域イオンとの結介

で多くはその構造を変化させる。このため蛋白質の人まかな構造観測ができるlリ偏光

∴色性（CD）分光法により、人腸菌で発現させたCdI19蛋白のスペクトルを測定し

た。その結果、蛋白質の∴次構造を反映する200－240nmの領域で、CDスペクトル

はカドミウム、銅、水銀の涼加により大く変化する一方、コバルト、マンガン、カル

シウムの添加ではほとんど変わらなかった。CdI19がカドミウムなどと結介し、構造

を変化させたためと考えられる。またCdI19をタバコBY2細胞中で紬色蛍光讃汗1

（GFP）との融合蛋白質として発現させると、細胞膜周辺にGFPに山来すると思わ

れる強い蛍光が観測され、CdI19が細胞膜上に存在する可能性がホ唆された。

GUS遺伝fAをレポ一夕ーとしてCdI19遺伝子の5末端上流部1Kbのプロモーター

配列を組み込んだシロイヌナズナの形質転換体は、根の先端付近や中心柱の導管糊辺、

胚軸、葉柄、花芽の付け根付近でGUS遺伝子の強い発現を示した。ノーザン解析か

ら、CdI19は処理後4時間でカドミウムのほか、水銀、鉄、銅、マンガンイオンにも

応答し、mRNA蓄積量を増加させることが分かった。CdI19はこれらの組織で上述の

イオンに応答して発現、機能し、地L部、さらに菓や花などの重安組織に不安な重金

属イオンが侵人するのを防いでいる可能性が考えられる。

本研究は、カドミウムが植物体内で酸化的、蛋白変性ストレスを小心として様々の

生理的変化を生じさせることを明らかにした。これに対応するため多数のシグナル伝

達経路が活性化され、多くの遺伝子、蛋白質が発現、機能していることも示した。ま

た、新たに得られた遺伝子の中で、CdI19は重金属イオンと直接、相互作川し、植物

体内における重金属イオンの隔離や恒常性維持に関与する因子であることが考えられ

た。これまで報告例の少ない植物と重金属との分子レベルでの関係について多くの新

しい知見を得ることができ、今後、これらの結果の応用とさらなる研究により実用的

な環境浄化植物の創出が実現できるものと期待している。
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Introduction

HeavymetalsaredennedasmetalgrouppossesslngWeighthigherthan5g／cmj．There

areabout40elementsthatfallintothiscategory・Theseelementsarelocalizedmainlyln

dispersedfbrminrockfbrmations・Asaconsequenceoftheindustrialrevolution，therehas

beenanenormousandincreaslngdemandfbrheavymetals，reSultedinhighemissionof

heavymetalsintothebiosphere・TheseelementshavebeenlargelylnCreaSedintheaquatic

andsoilphases，andtheirtoxicltylSOneOfthemqorenvironmentalhealthproblemsin

modernsocietywithpotentiallydangerousbioaccumulationthroughthefoodchain（Fig．1）．

Severalapproachesarecurrentlyusedtoremovethesepollutants丘omourenvironment

butconventionalenglneerlngteChniquesoftenaccompanyhighcost・Forexample，tOremOVe

SOilcontamination，1andⅢ1ingaf［erexcavation，tranSPOrtanddepositionofcontaminatedsoil

inapermittedhazardouswastelandnllarenecessary・Withahectareofsoil（toameterdepth）

Weighingapproximately12000tons（Cunninghamand Ow，1996），thistranslates toa

minimumcostofaboutamilliondollarsperhectarebylandⅢ1ing・Thecosトeffbctive

technologyhasbeendemanded．

OnerelativelylneXPenSiveandecologlCallyresponsiblealternativeisphytoremediation．

Thisnewapproachistouseplantstodegradepollutantsinsitu・ManypJantspossessan

abilitytoabsorbheavymetalsfromsoilandwater（Fig・2）・Inmanyways，1ivingplantscanbe

COmParedtosolardrivenpumpsthatcanextractandconcentratecertainelement（Tablel）．

Thepossibilitytoremovetoxicheavymetalsbyphytoremediationtechnologyhasdrawn

muchattentionbecauseoflowcost，lowimpact，Visuallybenlgnandenvironmentallysounds

（Table2）・Manyinvestigatorsbegantostudythepossibilitytouseplantsfbrthispurpose．

HowevernaturallyoccurrlngPlantspeciesarecommerciallynotenoughutilizableto

detoxifyheavymetalsduetolowheavymetaltolerance，Smallbiomassandinsumcient

－4－
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absorptlOnefficiency．Thisleadtothemolecularbreeding，uSlngmOderngenetictechnologleS

toimprove plant traits by modifying the biochemicalprocessesinvoIvedin heavy metal

uptake，tranSPOrt aCCumulation，and resistance．However physiologlCaland molecular

mechanismsofplantcounteractionoradaptationtoheavymetalshavenotbeenwellknown．

Inthisstudy，Iselectedtheheavymetalelement，Cadmiumandinvestlgateditseffbcton

Arabid叫フSisthaliana，SinceCdinsoilandwatercausesseriousproblemsfbrorganism（Table

3，Fig．4）andwidespreadinourenvironmentastheresultofcontaminationbypowerstations，

metalworkingindustries，andwasteincineration．Inplants，itreducesabsorptlOnOfnitrateand

its transportfrom root to shoots byinhibiting nitrate reductase activity（diToppiand

Gabbrielli，1999）・CdalsogivesdamagetophotosystemsIandII（SiedJeckaandBaszynsky，

1993），andmaydisplacewithCa2＋，Zn2＋andFe2＋inproteins（Stohsetal．，2000）．Thisresults

ininactivationofproteinsandreleaseoffreeions，generatlngreaCtiveoxygenspecies．These

toxiceffbctseventuallyinducegrowthinhibitionanddeathoftheorganism（Zenk，1996）．

Theresponseofplantgenesto Cd andmolecularmechanismofCd toxiclty are nOt

Clearyet・Inthisthesis，IfirstevaluatedphysiologlCalchangesandoccurrenceofoxidative

stressbyCd（ChapterI）．Second，Iscreened露rmRNApopulationsthatchangetheirlevels

uponCd－treatmentandclassifiedthemintofunctionalgroups（ChapterII）．Third，Ianalyzed

functions ofthese genes（ChapterIII）．Overall，this workrevealedvarious new aspects of

Plantinteractionwithheavymetals．Theseknowledgeareofgreathelptocreateplantswith

efficient clean－uP ability，andIbelieve phytoremediationis a new frontierofremediation

approachandwillbecomeawidelyacceptedtechnologyinfuture．

－5一
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Plants ecies Metal Concentrationsinlant

Cd，Zn

Cu

Co

Pb

Mn

Ni

1800（Cd），51600（Zn）mg／kg

12300mg／kg

lO200mg／kg

8200mg／kg

51800mg几g
47500m／k
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TabIe2・ComparisonofthecostoftechnologleStO
remediatethecontaminatedsoils（Morikawaet
al．，1999）．

Technology cost／ton

Phytoremediation

Soilwashing

Soilflushing

Acidleaching／extraction

Solidification／Stabilization

Vitrification

Thermaldesorpt10n

Thermaltreatment

Electrokinetics

LandⅢ1ing

＄25－100

＄50－150

＄75－210

＄150－400

＄111－205

＄300－500

＄150－500

＄200－450

＄50－300

＄100－500

TabIe3・E恥ctsofcadmiumtolivlngOrganism

Human Renaltubulardysfunction，

ResorptlVeinhibitionofproteln，glucose，and
aminoacid

Rat

Fish

Long－termeXPerimentalinhalationofcadmiumdust

raisestheincidencerateofprlmarylungcancer．

Long－termintraperitonealiJtleCtion，renaltubular
dysfunctionandosteomalaciaoccur．

hypocalcemla，malfbrmationofsplne，etC．

Salmoniseasilyefftcted．
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ChapterI

EffbctofcadmiumonrootelongationofA

ABSTRACT

Cdisaserioustoxicelementandpotentiallycaninduceoxidativestresstoorganism，butdoes

notproducedirectlyreactiveoxygenspecies suchas Cudoes・Inthischapter，Iexamined

PhysiologlCaleffbct of Cd，including H202PrOduction，aCtivlty Changesin antioxidants

（ascorbateperoxidase［APX］andsuperoxidedismutase［SOD］），anddevelopmentalchanges

uslng2－Week－01d Af71bidq，SIS thaliana seedlings．Upon　500pM Cd treatment，Hっ0，

accumulationandthereductionofAPXandSODenzymeactivitiesweretransientlyinduced，

butreturnedtothebasallevelwithin48h・Cdalsoinhibitedrootgrowthandinducedcell

deathofrootelongationzonewithin24h・Solublechemicalcompounds，POSSiblyphenolic

Substances，WereaCCumulatedinthereglOnS・Supplementofanantioxidantagent，mannitol

reducedH202aCCumulationderivedbyCd，butdidnotrestorerootelongation・Whenroots

Weretreatedwith500い′MCdinthepresenceof30mMCa，H，0っaccumulationincreased，but

inhibition of root growth and Cdinnux were reduced・These results suggest that Cd

temporaryinducedHっ0っaccumulationduetoanimbalanceofredoxsystems，andthatsome

metabolismchangesarealsoinduced，reSultingindecreaseofrootelongation・

－11一



CdishighlytoxicbutmolecularmechanismofCdtoxicltylSnOtunClearyet・PhysiologlCally，

ithasIongbeenknownthatCdinhibitsplantgrowth（Arduinietal・，1996；Arisietal．，2000）．

Rootelongationisstronglysuppressed，Whichisthemostsensitiveresponsetocdexposure

amOngmanyotherphysiologicalresponses（Schutzendubeletal・，2001）・Atthecellularlevel，

Cddamagestophotosystemsandseverelyinhibitsmitochondrialoxidativephosphorylation．

Cdwasproposedtogeneratereactiveoxygenspecies（ROS）（StohsandBagchi，1995）andto

increaselipidperoxidation・＝owever，itisunlikelythatCddirectlyproduceROS，SinceCd

doesnotbelongtoagroupoftransitionmetalssuchasCuthatobeyfbntonreactions．

AnimbalanceingenerationandremovalofROSalsoresultsinoxidativestress（Finkel

andHolbrook，2000）・Plants，likeallaerobicorganisms，POSSeSSanarrayofhydrophilicand

lipophilicantioxidants，glutathione，aSCOrbicacid（vitaminC），α－tOCOPherol（vitaminE），

Phenolicisoflavanoidcompounds，andcarotenoids（Fryer，1993；Creissenetal・，1999）．

Reducedfbrmofthesecompounds，COOrdinatelyscavengesROSandotherproductsof

OXidativcreactionswithantioxidantenzymes，SOD，APX，Catalase（CAT）andglutathione

PerOXidase（GPX）・ItissupposedthatCda鮎ctsglutathionemetabolism（Rauser，1995；Zenk，

1996；XiangandOlivcr，1998；Arisietal・，2000）andactiviticsofantioxidativecnzymcs，but

COntrOVerSialresultshavebeenreported・Forexample，WhenplantsareexposedtoCd，APX

activltylnCreaSedinPhaseolusaureusandPhaseolusvulgaris，anddecreasedinHelianthus

annuus（diToppiandGabbrielli，1999）．

Cdcoulddirectlystimulateproductionoftoxicfreeradicals，reSultinglninduceof

defbnseresponseinasimi1arwaystoinduceotherbioticorabioticenvironmentalstress

reSPOnSe・IthasspeculatedthatCduptakeandtoxicltylnanimalsiscausedbyitsinteraction

With Ca，Which acts as a signaling molecule（Hinkle et al．，1987）．Intracellular Ca

COnCentrationiscriticaltocopewithoxidativestresses（Priceetal．，1994）．Cainfluxis

－12－
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requiredfortheactivationofROSgeneration（SchwackeandHager，1992；Bakeretal．，1993；

Hardingetal・，1997）andalsoinvoIvedinmetaboliccontrolandsignaltransductioninplant

Cell（Rivettaetal・，1997）・H202isthemoststableROSandfunctionsasasignalingmolecule．

Generation of H202is one of the earliest cellular responses to pathogens and elicitor

molecules（LambandDixon，1997）．H202inducesexpressionofmanygenes（Desikanetal．，

2001）andmediatesoxidativecross－1inkingofcellwallunderprocessthatdoesnotrequire

transcriptionofgenes．（Bradleyetal．，1992）．

Althoughinduction of oxidative stress and alteration of related metabolism are

COnSideredtobethem叫OrtOXicltyOfCdinArabidopsIS，fewsubstantialobservationhasbeen

reportedtoconfirmthis．ThusIexaminedactivitiesofantioxidantenzymes，SODandAPX，

H202PrOductionanddevelopmentalchangesuslng2－Week－01dArabidopsIS・Hydroponically

grownseedlings，WhichwereexposedtoO－500い′MCd，ShowedtemporalreductionSODand

APXactivitiesandincreaseinH202aCCumulation．Solublefluorescentchemicalsaccumulated

inroottissues，indicatlngChangeofsecondarymetabolism・

－13－
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MATERIALSANDMETHODS

JJ／‘′′〃〃～‘′′（ノ′イ（J／川JJ（／（1／／／1′（仙J川J．＼・

SeedsofAltlbid叩Sisthaliana（varColumbia）weresurfacesterilizedbyalO－minincubaLion

in70％ethanolandbya20－minincubationin5％（w／v）sodiumhypochlorite（activechlorine

8・5－13・5％，NacalaiTesque，Kyoto，Japan）containingO・05％（V／v）Tween20．Anerthree

WaSheswithdistilledwater，Seeds（10－15perbottle）werecultivatedinhalfstrengthlOml

Murashige－Skoog（MS）mediumsupplementedwithl％sucroseinagreenhouseat23。C

underacontinuouslight・

川舟叩申／／－〃、りご“′′‘／／：恒′′…．、叩

Fortheseassays，alJoperationswereperfbrmedat40Cbykeeplngthesamplesonanicebath

untilassayswerecompleted・2－Week－01dplantsfloatedonMSmediumweresuqectedto

StreSStreatmentbyadditionofMSmediumcontainingreagent（0・1MCdC12；1MCaC12；1M

Chlorophyllwasextractedinlm180％acetone（Wako，Osaka，Japan）・0・2mgof

Plantswerehomogenizedandvortexedwell・Thensampleswereincubatedfbr15minand

SPunat15，000gfbrlOmin・ThesupernatantfractionwasusedR）raSSay・Thealiquotswere

takentomeasuretheAbb3inaspectrophotometer（DU640，Beckman，CA，USA）．Relative

Chlorophyllcontentwascalculatedaccordingtotheabsorbance．

TheamountofH202inmediumwasdeterminedbyamodinedChemiJuminscence（CL）

PrOCedure（Sasabeetal・，2000）・25plofhalfstrengthMSmediumcultivatedplantwere

mixed with15　plluminole（3－aminophthaloylhydrazine，Wako）solution and

Chemiluminescecewasimmediatelymeasuredfbr30secondswithluminometer（LumatLB

9507，BenholdJapan，Tokyo，Japan）・Luminolesolutionwascontaining2mMluminole，1M

Tris／HCl（pH8・0）and2mMCuC12．

－14－
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ExtractsfordeterminationofSOD，APXactivitieswerepreparedfromO・5goftotal

Plantshomogenizedundericecoldconditionsinlmlofextractionbufftr・Bradford，sreagent

（BioRad）wasusedtodeterminetheconcentrationofsolubilizedproteinwithbovineserum

albuminasastandard・SODwereextractedwithK－PO．bu晩r（50mM，PH8．0）containing

Na－EDTA（1mM）andPVP（1％）・Tissueextractwasspunat15，000gbrlOminandthe

SuPernatantfraction was used forassay・Forthe measurement ofSOD activities，10pl

extractedsolutioncontainlnglOい′gtOtalproteinwasmixedinamicroplatewith180い1

reactionbufftrcontaining34mMK－PO4（PH7・8），28pMriboflavin（NacalaiTesque），28mM

N，N，N9，N9－tetramethyJethylenediamine（Wako）and2mMnitrobluetetrazolium（Wako）

Withoutlight・ThemicroplatewasilluminatedwithshakingforlOminandthechangesinA595

WeremeaSuredwithamicroplatereader（mode13550，BioRad）．TherelativeactivitiesofSOD

WereCalculatedbyabsorbanceinA595・

APXactivltyWaSdeterminedtomeasurethedecreaseofascorbatebecausetheenzymes

CanuSeaSCOrbateasanelectrondonortoscavengeH202・APXwasextractedwithlOOmMK－

PO4bufftr（PH7・8）containing2mMNa－EDTA，8％glycerol，2％PVPand5mMascorbate．

Sampleswerecentrifugedat15，000gforlOminandlOいノ1aliquotsofsupernatantWereuSed

fbrassay・ExtractedsolutionwasmeasuredatthechangesinA29Oat250Cinreactionmedium

COntainlng50mMK－PO4，5mMNa－EDTA，0・5mMascorbateandlmMH，0っinafinal

VOlumeoflOOい′1．Allassayswererunsixtimes．

仙…′什＝＝川／′イて1／＝〃抽〃JJ／，．l、‘JJ川扇（・‘J／）Ⅵ〃7，Jん川

2－Week－01dArabidopsISCultivatedin10mlhalfstrengthMSmediumsupplementedwithl％

SuCrOSetreatedfbr24hwith500匹MCdC120r500匹MCdC12Plus30mMCaC12・Thesample

ー15－



WaSWaShedtwotimeswithdistilledwaterandhomogenizedwithseasandC（NakaJai

Tesque）and3timesofitsweightofbuffbr（50mMTris－＝Cl，P＝7．2）．Thecrudeextractwas

Centrifugedat12500gfor15minandthesupernatantwasdilutedwith19volumeof

eXtraCtionbufftr・TheconcentrationofCdofthedilutedsupernatantwasmeasuredwithan

atOmicabsorption／nlmemissionspectrophotometer（AA－6500S，Shimadzu，Kyoto，Japan）．

（1／／…叫、、－〃刷′′／′証′′扉（1′（酔（・′‘′叫l、

トweek－01dArabidopsIShydroponicallycultivatedinlOmlhalfstrengthMSmedium

SuPPlementedwithl％sucroseinagreenhouseat230Cunderacontinuouslight・To

determinethee鮎ctofCdtoxiclty，Plantsweretransftrredtol％agaroseplatecontainlng

ha］fstrengthMSmediumandl％sucrosewithO－500pMCdClっ・MamitolandCae恥ctwas

alsotestedbythesamecondition・PlantswerecultivatedonsolidhalfstrengthMSmedium

COntainingreagents（mamitoleffbctassaylmMmannitol，150pMCdC12；Caentctassay，

30mMCaC12，200pMCdC12）・Afterlor2weeks，rOOtgrOWthwasobserved．

ナノ由り（イ椚〃／（・‘山′血両町付凧

1－Week－01dArabidopsISrOOtWaSuSed・PlantwascultivatedsameconditionsofCdtoxiclty

andCaefftctassay・RootsattachedtotheplantswerestainedfbrlOmininhalfstrengthMS

mediumsupplementedwithO・05％（w／v）evansblue（Wako）orfluoreceindiacetate（Wako）．

Roottissuefbranalysisofanatomicalchangeswasnxedin5％glutaraldehyde（Wako）and

O・16MK－PO4buffbr（p＝6・8）fbr2h・Thentherootwasseparatedandwashed2timeswith

O・16MK－PO4bufftrand3timeswithdistilledwater・Thesamplewasplacedinthesolution

Of25％ethanol／75％H202andreplaced4timesevery5mininnewsolutions．The

PerCentageofethanolraiseswithsteps50，70，90andlOO％・After5minincubationoflOO％

－16一
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ethanol，thesolutionwaschangedliquidresin（Technovit7100，HeraeusKulzer，Wehrheim，

Germany）・Thetissuewasinfiltratedwithresin over12hinroomtemperature and then

POlymerized and sectioned atl．2pm thickness．These sections were stained with O．2％

Safranin R）r5min and O・5％fast green for25min・Al1samples were observed by a

microscope（PROVISAX70，01ympus，Tokyo，Japan）equippedwithafluorescencemodule．

Fluorescentimageswerecaptured separatelyusingaCCDcamera（monochromeimages，

Coo］SNAP－HQ，Photometrics；COIorimages，DP12，Olympus）．
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RESULTS

／漱（・／＝イて1／川川刷一灯りIl、J／J

Plantshydroponical1yculturedn）raWeekweretransfbrredtosolidmediumcontainlng

VariousCd2＋concentrations・Rootgrowthwasstronglysuppressedwith150－200pMCdand

SamPlesdiedupontreatmentwith500pMfbraweek（Fig・1）・Whensampleswereexposedto

200pM，rOOtelongationwasalmostretarded，Whiletheshootwasstillaliveandgrewslowly・

（フ川川′／ん椚イJ／・、り・‘川ん（両′．、・‘ノ叫ヾ‥函′血雨‘′州′川ご叩（・．＼‥l〃．＼・（J…／．…／J

CrudeextractofCd－treatedplantswasusedねrassay・InitialactivitiesofAPXandSODwere

decreasedto25％and50％ofuntreatedcontrol，reSPeCtively・＝oweverthiswasonly

transient，beginningtoincreasethereafterreachingtoandbasalleve148hlater（Fig．2A）．ln

COntraSt，H202COnCentrationinculturemediareachedamaximumlevel，being4foldhigher

thanthebasal1evelafter8handthengraduallydecreasedtothebasallevel．Whenan

antioxidant，mannitol，WaSadministeredtogetherwithCd，themaximumlevelwas2fbldof

COntrOlandpartialpreventionofincreaseinH202aCCumulationwasobserved（Fig・2B）．

J′′／砧Jんり′′イ右ノ′ノJ．叩WJ力汀川／（仲（・Jり／て1′

GrowthofroottipsisinhibitedseriouslyinthepresenceofCd（200pM）andoneofthe

reasonsisthoughttobeoxidativestress・Sincemamitolisknowntodecreasethegeneration

OfH202，1－Week－01dseedlingsweretransfbrredtosolidmediumcontainlngbothmannitoland

Cd，andobservedfbr2weeks・Resultsshowedadditionofmannitoltobeine鮎ctiveto

improverootelongation（Fig・3）・Otherantioxidantreagents，DTT（dithiothreitol），GSH

（glutathione）andascorbate，Werealsochallenged，butnoe恥ctswereobserved（dataisnot

Shown）・Ontheotherhand，treatmentWith30mMCatogetherwith200巨MCdrecovered

－18－
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rootgrowthcompletely（Fig．4）・Underthiscondition，Plantswerealiveontheplatecontained

overhigherCdof500pM（dataisnotshown）・HoweverAPXandSODactivitiesdecreased

tohalflevel（Fig．5A）andH，0，COnCentrationincreased12foldthatofcontroIwithin24h

（Fig．5B）．Chlorophyllabundancegradua11ydecreasedbutsignificantdifferenceswerenot

ObservedwithorwithoutCa（Fig・5C）・

／淋′（・J′イて’‘JJり（’‘／巾／J什l－

Toknow reasonwhy CaintheincubationmediumreducedtheCd－inducedinhibitionof

plants，amOuntSOfendogenousCdwereestimatedbyatomicabsorptlOnSPeCtrOPhotometer・

Duringthefirst24hincubation，thecontentofCdpergramfreshweightwasreducedn・Om

46．7ugintheabsenceofCato17・4いノginthepresenceofCa（Fig・6）・＾tthesametime，the

contentofZnwasmeasuredbutsignificantdiffbrencewasnotobserved（datawasnotshown）・

J漱…√イで‘／川川刷J／川′ハ“′∫‘／川（′J“／，′′／h〃∫

Since Hっ0っ　accumulation and effects of redox system were transient，lexamined

microscopICallyroottissuestoidentifyotherphysiologlCalchangescausedbyCd・Celldeath

wasmonitoredbystainlngthemwithdyes，Evansblueorfluoreceindiacetate・Whenplants

wereexposedtoCd，theroottlpCOlorchangedbrownandrootadjacenttobrownareawas

stainedwithEvansblue（Fig．7A，B，andC）．AdditionofCainhibitedappearanceofbrown

colorandrestoredthefluorescenceoffluoreceindiacetate（Fig．7D，E）・Whenplantswere

incubated for2weeks with sublethallevelof Cd（200pM），aCCumulation of chemical

compoundwhichhaveyelloworbluefluorescenceintheendodermis，PerlCyCle，OrCambium

cellswasobserved（Fig．9）．Thefluorescencewasdetectedweaklyinthesampletreatedfor

48h（Fig．8G）．Thefluorescence of controIsamples was undetectable・Cells，Which

－19一
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aCCumulatedthesechemicals，Werestainedredwithsafraninandfastgreen，indicatlngthe

existenceofphenoliccompounds（Fig・10）．
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DISCUSSION

Jl桝′（・JJイて1／川川．高／（JJ汗（ノ．＼什（′．、．、

ThemechanismofCdsuppressionofplantgrowthisnotclearyet（Arduinietal・，1996；Arisi

etal．，2000）．RecentstudieshaveshownthatmetalssuchasFe，Cu，V，Cr，Pb，Hg，NiandCd

are able to produce reactive oxygen species（ROS），reSultinginlipid peroxidation，DNA

damage，depletion ofsulfhydryls and altered calcium homeostasisin the cell（Stohs and

Bagchi，1995；Rivetta et al．，1997）．However，Since Cd，does not belong to the group of

traditionmetalslikeCu，Whichinducesoxidativestressviafentonreactions，thisideaawaits

further confirmation．The alteration possibilityis thatitinfluences oxidation－reduction

SyStemSinthecell．

Inordertoaddressthisquestion，therelationshipbetweenenzymeactivltyOfSODand

APXandtheabundanceofH202Wereinvestlgated・Resultsclearlyshowedthattemporarily

SuPPreSSedtheiractivitieswithconcomitantincreaseofH202ingrowthmedia・Itisknown

that SODis the first enzymeinvoIvedin detoxifying process of ROS by convertlng

SuPerOXideradicalstoH202（Asada，1992）．SinceAPXcatalyzesthebreakdownofH，0，，a

quickrecoveryofSODactivltyandlowactivltyOfAPXmayleadtoatransientaccumulation

OfH202．Someotherantioxidantenzymes suchasCAT，Can alsoscavenge H202，anditis

likely that Cdinactivate mostofthem（Creissen and Mullineaux，1995）・Simultaneouslyit

maysuppressthesystemforH202remOValbyaffectlngenZymeSandsubstrates，GSH，GR

andCAT（Schutzendubeletal．，2001）．

ItwasproposedthatgenerationofROSisoneofthemainCdtoxicity（Stohsetal・，

2000）anditisknownthatCdespecial1yinhibitsrootelongation，buttherelationshipwitt

ROSisnotclear．Inthisstudy，Ifoundthatanantioxidantreagent，mannitol，inducedreduced

accumulation of H202，When administered together with Cd，howeverit did not restore

inhibition of root elongation，these observationsindicate that atleast root elongation

－21－
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SuPPreSSlOnlSnOtduetoROS・Incontrast，Caadministrationinducesrecoveryofrootgrowth，

althoughSODandAPXactivitiesandhighaccumulationofHっ0っwasthesameascontrol

duringtheexperimentalperiod・ThepossiblereasonisthatbothCaand＝？0っareslgnaling

moleculesthatmediatecross－tOlerancetoavarietyofstresses（BowlerandFluhr，2000）．For

example，itwasshownthatCainfluxinthecellisrequiredforactivationofROS（Schwacke

andHager，1992；Bakeretal・，1993；＝ardingetal・，1997）andthatthepresenceofCamay

leadtoalterationofredoxsystem・

ThisisconsistentwiththepresentdatashowlngthereductionofCd－inducedinhibition

byCawasaccompaniedbyareductionofCduptakeand，SuggeStlngthattherecoveryofroot

growthisduetoreductionofCduptake，insteadofdecreaseof＝っ0っ・ItwasproposedthatCd

istransportedintoplantcellsthroughCachannelslocatedonplasmamembrane（Thuleauet

al・，1994；Malhoetal・，1995），andourresultssupportthisshowingexcesscamightinterfbre

unfavorableCduptake・

（‾H／‘／nJJ／川JJ‘／川（凧／，り／／（・‘J／J（′川J／〃〃

Underourexperimentalcondition，Cdconcentrationbetween150and200pMwascriticalfor

inhibitionofrootclongation・Itisknownthataluminum（Al）alsoinducesinhibitionofroot

growthduetoAlinteractionswithintherootapex（Buchananetal・，2000）．Wealsoobserved

thatcelldeathappearednrstinrootmeristemoraqjacenttomeristem，fbrmlngPrObablyroot

elongationzone，Whereprotoxylemexistsandcellsareactively・Celldeathwasnotobserved

WhenseedlingswereculturedinthepresenceofCa，SuggeStlngagalnthatinfluxofCdcritical

SublethalconcentrationofCdseriouslyinhibitedrootelongationwithoutinduclngCell

death・Theaffbctedtissuescontainenlargedandunusualfbrmedcells，insteadofnormal

Observed small，densely cytoplasmic cells that are dividing and expandingin size
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（Meyerowitz and Somerville，1994）．The mechanism by which morphologicalchange

OCCurredisnotclear，itispossiblethatCdaltered some metabolic pathways．Forexample

GSHdeficiencywasshowntoleadtocelldivisionblockinplantroots（Vernouxetal・，2000），

andCdwasshowntoafftctGSHmetabolism（XiangandOliver，1998）．

ItisnotablethatsolublechemicalcompoundswereaccumulatedinroottissuesafterCd

treatment．Yelloworbluefluorescencederivedh－OmthesecompoundswasdetectedinCd－

damagedreglOnS，andinparticular，areaS Withbrightyellowfluorescence werestainedred

Withsafranin，indicatlngPhenolics．ScotsplneWaSrePOrtedtoaccumulatesolublephenolics

underCd stress（Schutzendubelet al．，2001）．Phenolics are thought to contributein H202

destruCtionin the phenoトcoupled APX reaction together with ascorbate，reSultingin

PrOteCtionoftissuesfromoxidativestress（Schutzendubeletal．，2001）．Inculturedtobacco

Cells，Phenolicswerefoundtoprotectcellsfromaluminumtoxicity（Yamamotoetal・，1998）・

Despltetheseobservations，adirectprotectivefunctionofphenolicsagalnStCdisnotclearyet．

The present results support theidea that Cdinduces oxidative stress and abnormal

metabolic andmorphologlCalchanges．However，Wefbundthattheformeris notcausative

factorIbr thelatter atleastis root elongation．Conceivably，tWO Phenomena may

Simultaneouslyoccurandaffbctindependentlyplantgrowthanddifftrentiation・
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ValueswerecalculatedfromlOsamples．

ー24－



（A）

h
ごゴ
ヨ

：占
くJ

d

■〉
ト
肇
d

tp

仁‘

2

1

○

1

（B）

B

○ Z0　　　　40

Time（h）

．、4

嘗卓
芸名2
朗ヽ

＿■′

○

鎧、
●・ 呈∴一室

020　　　　40

Time（b）

Figure2・Activityofantioxidativeenzymesandaccumulationofhydrogen
peroxide・ThevaluewasexpressedrelativetothevalueincontroIsamPle（＝1）・

（A）TotalplantWaStreatedwith500pMCd・ActivitychangeSOfSOD（○）and

APX（●）w？remeaSuredatvarious・dmepoints（0・3，6・24，48h）・伸）Total
plantswerelnCubatedinthepresenceofCd（500匹M，○）orCdplusmannitol

（1mM，●）・ContenfSOfhydrogenperoxideintheculturemediumweremeasured
atvarioustimepolntS（0，3，8，24，36h）・

－25一



⊆準
ヽ＋

脳lロ田口享

…（

1

l

鱒妻

▲・

‡∴十

J甲）－－
≡；■と
】

it二．1ノ、、も

≠－′垂以蔓登

琴

理由臼己き
←十＋†十

軒竃蔽
好も・＝∴ヾ

史‘ノ．、一

十ヰ∵

†、＼七
∵十

、∵J

．モー・『

無　熟

＋＋戦

目

◆

ロノ

監
■

＋十＋

田　口

轟
■
■．

■l．‾・

十十

匝
ト

．」

準

苛・貰

■

≠・
■a瞥

露

■
■／

l、■
目口＿野等

Figure3．E鮎cts ofmitolon Cd toxicityinArabidqpsis．（A）Plants

grownOn mediunwith150pM Cd．四）Plants grown on150pM Cd

mediumSuPplementedwith1mMmitol・（C）PlantSgrOwnOn150pMCd
mediumSuPPliedwith10mMmitol．P）Plantsgrownonmediumwith
10mMmitol．After2weeksofculture，rOOtgrOWthwasobserved．

ー26－



キ十子÷十

宅 配
＋∵十十

1＋′守＋

車ヰーーー⊥
＝＝＋＝＝

電（ヰヤ‡

‡＋＋‡＋∴十

浮
十

十＋

十†十

－－　－一　　口■■

拓

l

6遠
田l
∴＋＋

／十＋◆
十十÷＋

ふ

∴㌔＋÷＋‡∴3

十十十†十十＋十

十＋∴＋＋　十

l・・・一円
≡≡＿＿＿＿＿＿＿＿＿二

ノ十十J＋

■l

十＋＋＋十等十

＼†＋　ナ

■

、∵†

†＋＋

ヰ＋
÷十斗十
本十

■田

十十＋｛　十

ィ★＋十ナ十十

＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿＿二二＝

、押二＝－・ご

「

l

l

F

Figure4・EffectsofCaonCdtoxicity・1－Week－OldplantsweretranSferredto

solidmedium．Pla叫SWeregrOWnOnl′2MSmedium（A，COntrOl）andl／2MS

mediumcontaining200pMCd（B），30mMCa（C）andboth200pMCdand30

pMCa（D）・Afterlweek，rOOtgrOWthofsampleswasobserved・

－27－



（A）

（B）

（C）

1「

h
；ゴ
＞・

て占
O
d

（ひ

甚　0．5
d

lひ

竺

○

15

qJ
ト

：ロ
d

■〉
トl

妄
岩
■〉

義
J
U

10

5

0

1．5

倉

吉磨
り　已
り　コ

毒焉o
d

q〉

虔

、＼’
＼

柑
1

、う

0

○

Time（b）　　25

Time（h）　　5（l

1†丁千丁

5

へ　　買

主

⊥

0

0　　　　Time（h）　50

Figure5・EffectsofCaonenzymeactivities，hydrogen

PerOXide，and totalchlorophyllabundanCe．The value

WaS eXpreSSed relative tothe valuein controIplantS

（＝1）・（A）Thea？tivitiesofSOD（○）andAPX（●）at
VarioustimepolntS（0，3，6，24h）．岬）Thecontentof
hydrogen peroxidein　the culture medium．（C）
ChlorophyllabundanCeinplanttreatedwithCd（○）or

CdplusCa（●）．Samplesweretreatedwith30mMCa

（AandB）：OrWith500pMCdorboth，30mMCaand
500叶MCd（C）．
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ChapterII

ScreenlngOfcadmium－reSPOnSivegenesinAnlbid4psisthaliana

ABSTRACT

Inthepreviouschapter，IdescribedthephysiologlCalinnuenceofplantonCd・Cdinduced

H202PrOductionandseriouslyinhibitedrootelongation，SuggeStlngthatmanygeneswould

respond to Cd stress・To revealthe genes to play criticalrolesin detoxification ofCd，

SeedlingsofArabidopsISWeretreatedwithCd，andtranscrlPtPOPulationsthatchangedtheir

levels were screened by afluorescent difftrentialdisplay method・Among170cDNAs

initiallyidentined，31were further characterized fortheiridentlty，eXPreSSionprofile and

response to other stresses・Sequenclng reVealedlO，12and15to be related to slgnal

transduction，PrOteindenaturlngStreSS，andresponsestoactiveoxygenspecies，reSPeCtively・

ManyofthesegenesrespondednotonlytoCd，butalsotooxidativestress，Cuionsanda

PrOteindenaturationagent・Theseresultssuggestthatoxidativestressandproteindenaturation

areimportantcomponentsofCdtoxiclty，andthat，tOCOPeWithsuchstresses，Plantsactivatea

Set OfgenesinvoIvedin metaldetoxification，PrOtein refblding and wound healing・The

l・eSultsalsosuggestedtemporarilyandspatiallywellregulatedproteinphosphorylationand

activationoftranscrlPtlOnfactors，aCCOmPaniedbytheirtranscrlPt10n・

－35－



CdtoxicltytOlivlngCellsiscausedatverylowconcentrations，anditisasuspected

CarCinogeninhumans（ClemenseLal・，1999）・InplanLs，CddamagesLhelighlhal・vesting

COmPlexII（KruPa，1998）・Totalchlorophyllcontentisdecreasedandnon－Photochemical

quenchingisincreasedinBrassicanapus（Larssonetal・，1998）・ProbablyCdalsointerftres

withmovementofK＋，Ca2＋andabscisicacidinguardcells，Whileinhibitingstomatalopenlng

（BarceloandPoschenrieder，1990）・CdaltersthesynthesisofRNA，inhibitsribonuclease

activity（ShahandDubey，1995）・Itmaydisplacesomemetalionsinproteins（Stohsetal．，

2000）・ConsequentlyitishighlyprobablethatCdinterftreswithtranscriptionorsignal

Despltethisknowledgeregardingtoxiclty，infbrmationabouttheoverallCdentctson

Plantcellsandtheirdefbnseresponseongenelevelislimited・Inthisstudy，WethereLbre

SCreenedfbrmRNApopulationsthatchangetheirlevelsuponcd－treatment，andclassined

themintofunctionalgroups・Forthispurpose，Weadoptedfluorescentdintrentialdisplay

（FDD），PrOVentObeapowerfulmethodtoinvestigatechangesingeneexpression（Itoetal．，

1994，Haraetal・，2000）・AlthoughtherearedrawbacksoflowreproducibilityofnngeJPrints

andhighfrequencyoffalsepositiveclones，itissimpleandhighlysensitive．Themost

advantageousfbatureofFDDisthatitprovidessimultaneouscomparisonofmultipleRNA

SamPleswhicharebothup－regulatedanddown－regulated．

Usingthistechnique，Weisolated31geneswhosetranscrlPtSWereinduceduponCd

treatmentofArabidopsIS・ElucidationoftheiridentitiessuggestedthatCdstresscauses

aCtivationofgenesinvoIvedinslgnaltransductionpathways，OXidativeandproteindenaturlng

StreSSreSPOnSeSandsulfurmetabolism・Manygeneswithunknownfunctionwerealsofbund

tOberegulatedbyCd・Theresultssuggestthatplantsrapidlyandsimultaneouslychange

expressionofasetofgenestocopewithheavymetalstresses．
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MERIALSANDMETHODS

PJα〃＝刀αJer′〟J∫α〃d∫什ピ∫∫けどα加e〝J∫

SeedsofAfttbidq，Sisthaliana（varColumbia）weresurfacesterilizedbyalOminincubation

in70％ethanolandbya20minincubationin5％（W／v）sodiumhypochlorite（activechlorine

8・5－13・5％，NacalaiTesque，Kyoto，Japan）containingO．05％（v／v）Tween20．Afterthree

WaSheswithdistilledwater，Seeds（10－15perbottle）werecultivatedinhalfstrengthlOml

Murashige－Skoog（MS）mediumsupplementedwithl％sucroseinagreenhouseat230C

undera14／10hlight／dark photocycle．Two－Week－01d plantsfloated on MS medium were

Su叫ected to stress treatments by addition oflO－50匹1MS medium containlng Chemical

COmPOundsinH200rinDMSO（Sigma）．Cdtreatmentwasperfbrmedbyadditionofafinal

COnCentrationof500pMCdC12andotherheavymetaltreatmentswereperfbrmedbyaddition

OfafinalconcentrationoflOOuMCuSO．orZnCl，・Heat shockstress wasperfbrmedby

incubationat370C・Sampleswereharvestedatanapproprlatetimepolnt，immediatelyh・OZen

inliquidnitrogenandstoredat－800Cuntiluse．

尺〃Aeズ什〟CJわ〃

TotalRNAwasisolatedbytheacidguanidinium－Phenoトchlorofbrmmethod（AGTC）．After

StreSStreatmentS，frozentissues（0．5－1．Og）weregroundinliquidnitrogentoafinepowder

andimmediatelytransfbrredintolOmlofextractionbuffer（4Mguanidiniumisothiocyanate，

25mMsodiumcitrate，0．5％sodiumN－1auroylsarcosine，0．1M2－merCaPtOethanol）．Afterthe

SOlutionwasmixedwell，1mlof2Msodiumacetate（pH4．0），10mlofacidphenoIsaturated

Withdistilledwater，and2miofchlorofbrm／isoamylalcohol（49：l）wereadded，followedby

incubationfbr15minonice．Thesolutionwassu叫ectedtocentrifugationatlO，300gfor15

minat40C，andtotalRNAwasprecIPltatedfromtheaqueousphasebytheadditionoflOml

一37－
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Ofisopropylalcohol・Anerincubationatroomtemperature仙0minandcentrihgationat

lO，300gbr15minat4。C，PelletsweredissoIvedin600plofDEPC－treatedwaterand

eXtractedwithanequalvolumeofphenol／chloro触・m／isoamylalcohol（25：24‥1）．RNAwas

lefttoprecipitatewithadditionof8MLiCl（halconcentrationof2M）hr4hat4。C，

Pel］etedbycentrifugationatlO，300gbr20min（4。C），andresuspendedin200plofDEPC－

treatedwater．

Thedifhrentialdisplay（DD）wasperわrmedasdescribedearlier（＝araetal・，2000）．Total

RNAwastreatedwithDNaseI，andcDNAwassynthesizedusingSuperscriptII（Gibco－

BRL），aCCOrdingtothemanuhctul・er，smanual・Uponcompletion，a20plreactionmixture

COntainlng2・5pgoftotaJRNAand2・5pMoligo－dT．5aStheprimerwasdiJutedto200pl

withH？0・PCRwasperbrmedinalOplreactjonmixturecontainlnglpldilutedcDNA，

rhodamine－labeled3qanchoredprimers（Takara）and12－merarbitraryprimers・Thereaction

WaSCarriedoutwith25cyc－esof94。Cわr30sec，400Cbrlmln，720Cjbrlmln，and

720Cわr5minわ1・ahalextension・AnerPCRamplincation，Samplesweredenaturedat

850Cわ1・3min，and6佃quotswereloadedona5％denaturlngpolyacrylamidegel．

Electrophoresispatternswereanalyzedwithanimageanalyzer（FM－BIO，Takara）．cDNAs

抽rentiallyamplinedwereelutedbyboilingthegelpleCeSinTEbuffh・fbr30mi11at95。C

andprecIPltationwithethanol・ThefragmentswerereamplinedbyPCRwiththesamepalrOf

Prlmersasusedわrthenrstamplincationandextractedwithphenol／chloroわrm，and

COnCentratedbyethanoIprecIPltation・TheresultingproductwassubclonedintothepT7blue

VeCtOr（Novagene）．
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〝凡l／巾′イ‘／／こ（JJん〃＝JJ叫l・．＼心

TotalRNA（20pg）wassize－fractionatedbyelectrophoresisonal・2％agarosegelcontaining

2・2Mfbrmaldehyde andlx MOPS（3－［N－mOrPholino］propanesulR）nic acid）bunbr，and

transfbrredtonylonmembranes（Hybond－N，Amersham）in20xSSCbythecapillaryblotting

method・AftercrosslinkingbyirradiationwithUV，hybridizationwascarriedoutat42。Cfor

16hwithgentleshakinglnaSOlutioncontainlnglmMEDTA，0．5％SDS，50mMTris－HCl

（PH7・5），1xDenhardt’ssolutjon，3xSSC，50％R）rmamide，10％dextransulfate．ThecDNA

PrObeswereprepared丘ompT7bluevectorscontainlngFDDfragmentsbyPCRamplification

WiththepalrOfM13prlmerS・Afterphenol／chlorofbrmextractionandethanoIprecIPltation，

theywerelabeledwith［α一32P］dCTPwitharandomlabelingkit（BcaBESTLabelingKit，

Takara）・MembraneswerewashedwithasolutioncontainingO・1xSSCandO．1％SDSat

620C，andsuqectedfirsttoabioimageanalyzer（BAS－2500，Fuji，Tokyo）andthent。

autoradiographywithx－rayfilm・

尺rPC尺αJlαけ∫～∫

CDNAsweresynthesizedbythesameprotocolasforFDD，andRT－PCRwithgenespecinc

PrlmerSWaSPerfbrmedby24－26cyclesof960Clbr20sec，600Cfor30secand720Cfbrl

min・Sampleswereloadedonl％agarosegels，SeParatedbyelectrophoresisanddetectedby

ethidiumbromidestainlng・ThePCRproductswereconfirmedbydirectsequenclng・Actin

WaSuSedastheinternalstandard・Thereactionwasconfirmedtobelinearbycomparisonwith

Preliminarycalibrationcurves．

・ゝ（ノ‘／′′川（・両‘…‘小高

Nucleotide sequences were determined by the dideoxy chain－termination method（ABI

PRISMBigDyeTerminator）withasequencer（mode1310，ABI），analyzedusingGeneWorks
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SOnWare（IntelliGenetics）andcomparedwiththedatabasesusedtheBLASTalgorithm

（Altschuletal．，1990）．
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RESULTS

／‘／川J匪（JJん椚（イ、（1／ィ（・．V，州．＼／l、（′（ノ川（′．＼・

InordertoidentifymRNApopulationswithalteredlevelsinresponsetoCd，FDDRT－PCR

WaSPerfbrmed・EqualamountsofcDNAweresynthesizedfromtotalmRNAsextractedfrom

2－Week－01dseedlings thathadbeen treated with500いノM Cd2＋forO－2hours・Using3

independentsamples，and4kindsoffluorescencelabeledanchorprlmerSincombinationwith

20arbitraryprimers，80independentPCRswereper丘）rmed（Tablel）．

Atotalof170cDNAh．agmentswerefoundtoexhibitdifftrentialexpression（Fig．1）．

Most were up－regulated by Cd treatment，but12were down－regulated（datanot shown）．

Fragmentswereelutedfromgel，re－amPlifiedbyPCRandsubcloned・Approximately600

Plasmidswereconstructed，and200wereselectedfbrfurtheranalysis・Final1y，55cloneswere

Shownby northernanalysistobeup－Ordown－regulateduponCd－StreSS（datanotshown）．

Single－SequenCe runS aSSlgned the55cDNAs to24contlgS，SeVeralcDNAs thus being

multiplyprlmed・Full－1engthcDNAinformationwasobtainedby5，－raCeamPlificationanda

BLASTdatasearch・AsummaryofinformationfortheseclonesisprovidedinTable2・

・†（′‘／′′川（・（′（川‘J／い／．、

Thedatabasesearchasslgnedputativefunctionsto22genes・Theclonesofunknownfunction

WeredesignatedasCdI（CdInduced）withappropriatenumbers．Assignedgeneswerereftrred

toby name（Table3）・The firstgroupcontainslO genes probablyinvoIvedin signaling

Pathways，threeencodingproteinkinases・ATMEKKlisreportedtorespondtotouch，COld，

andsalinitystress（Mizoguchietal・，1996）．CdI12andCdI17areputativeserinethreonine

PrOteinkinases・FourwerefoundtobegenesfbrtranscrlPtlOnfactors・AW2belongstothe

NACfamilyoftranscriptionfactorsfunctioningduringplantdevelopment（Kikuchietal．，

2000）・DREB2Adrivestherd29Agene，Whichrespondstocoldanddraughtstress（Liuetal．，

－41－
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1998）・BothCdI2andCd＝1arealsoputativetranscriptionhctors・CdI2hasabZIPmotifand

CdIllhasawRKYdomain・Onegene（Cd＝）showshighhomologyto＝sl－PrOgenethathas

aleucinerichrepeatdomaln，andispossiblylnVOIvedinslgnaltransductionpalhway血

defhseagainstpathogeninhctions（Caietal・，1997）・Twoareわrcalmodulin－related

PrOteins；CdI6beingsimi1artocalmodulinwith4EFhandmotihandCdI7beingpredictedto

bindcalmodulin・TheymayparticIPateinslgnaltransductionpathwaysthatinvoIveCaコ・as

Thesecondgroupcontains3genes，WhichencodeproteinsparticipatlnglnPrOtein

仙g・HSC－G8and＝SP8ト3aremolecularchaperonsandCd＝6resemblescis－tranS

isomerasethathelpsprotein仙ng・Thethirdgroupcontains3genes，COntainlngbluecopper

bjndjngprotein（BCB），CdI9andCd＝9・CdI9witha12transmembranedomainshows

Simi1arltytomultidrugemuxproteinsinbacteria，withastructuregeneral1yhundin

tranSPOrters・Itmaydirectlyfunctioninmetalionbinding・Cd＝9hasasimilarreglOnatthe

N－teminuswithanyeastATXIproteln，WhichcontainsametalbindingmotifofCXXCand

isproposedtodelivercopperions（LinandCulotta，1995）・ATXIshowsasimi1aritytoan

ArabidopsISATFP3，WhichcontainsametalbindingmotifattheN－teminusanda

ねrneSylatedmotifattheC－terminus（Dykemaetal・，1999）・Cd＝9hastwoputativemetal

bindingdomainssimi1artothoseofATXlandATFP3attheN－teminus，andaねmesylated

mOtifsimilwtothatofATFP3attheC－terminus・AlthoughthephysiologJCalhnctionof

ATFP3isnotdetermined，thesimi1a血samongthesethreeproteinssuggestthatCd‖9isa

APSreductaseandasulfurtransporterconstitutethefbunhgroup・Bothofthemare

invoIvedinsulfurmetabolism，andAPSreductasehasalreadybeenreponedtobeinducedby

CdstressinBmssicaJuncea（LeeandLeustek，1999）・Othergenes，CytOChromep450

（CYP83Al），GST6，andCdI30fgroupnveareprobablyabioticstressresponsivegenes．cAO

－42－

▲＿」



isrecognitionparticleproteinfbrchlorophyll（Klimyuketal．，1999）．CTF2bmaycontribute

toABAsynthesis（Bilodeau et al．，1999）．Theremaining8genesencode putativeproteins

WhichshownoslgnificantsimilarltytOanyPrOteinswithknownfunctions．

／J′・√イ〃＝中川J＝でJ小J（〃r〃′〃〃／‘JJんりJ

TranscrlPtaCCumulationofeachclonewasestimatedduringthefirst12htreatmentwithCd

（Fig．2）．Thehybridizationsignalsweredensitometricallyevaluatedandnormalizedbasedon

therRNAsignalastheinternalcontrol．Thehighestexpressionpolntforeachsample was

glVenan arbitrary valueofl，tOWhichthecomparativevalueswereplotted．Theinduction

pronlewasgroupedinto4phases；immediateearly（1－3h），early（2－4h），1ate（4－12h）and

COnStitutive（1h－）．TranscriptsoflOgeneswereimmediatelyinducedintheearlyphaseafter

Cdtreatment．TranscrlPtSOfthisgroup，1nCluding3proteinkinases，WereraPidlylnCreaSed，

beingdetectedwithinlh and reachingmaximallevels at－3h（Fig．2A）．Transcripts of9

geneswereinducedinthemiddlephase，increaslng3haftertreatmentanddeclinlngby6h

later（Fig．2B）．Thisgroupcontainedgenesencodingheatshockproteinsandmetalbinding

PrOteins．Transcriptsof2genesencodingtranscriptionfactors（CdI2，CdI11）wereinducedin

thelatephase（Fig．2C）．Transcriptsof8genesshowedprolongedaccumulation，beginningto

increaseafterlhandmaintaininghighlevelsforupto8－12h（Fig．2D）．Thetranscriptsof2

genes（CAO andCYP83Al）were decreasedduringCd treatment，Showing slow and rapid

down－regulation，reSPeCtively（Fig．2E）．

左〝と′（・＝（イて1／り〃〃川…・／小Jん川ノiJ（・J甘．－

Among31genesidentified，therewereseveraltranscriptionfactors．DREB2A（DREbinding

PrOtein）isproposedtobeatransfactorofrd29A（Liuetal・，1998），andOBPlandOBF5are

PrOPOSedtobeputativetranscriptionfactorsofGST6（Chenetal．，1996；Zangetal・，1993）・
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Consequently，WeeXaminedbyRT－PCRtheresponsepronleoftheirrelatedgenesuponCd

treatment・TheresultshowedDREB2A，rd29AandOBF5，butnotDREBIAandOBPl，tObe

inducedbyCd（Fig・3）・rd29Awasshowntobeinducedbycold，Saltanddehydrationstresses，

andDREB2AwasreportedtospecincallylnteraCtWiththeDREsequenceinthepromoter

reglOnOftherd29Agene・OBPlandOBF5arealsoDNAbindingproteinsandcanrecognlZe

theupstreamreglOnOfGST6whichisknowntobeinducedbyauxin，SalicylicacidandHっ0？

（Chenetal．，1996）．

聯cJ∫げ〃202，C〟，勿，ゐピ〟J∫ゐ〃Cたd〃dcカピ椚′cαムー

CdisproposedtodisplaceCa2＋，Zn2＋andFe2＋inproteins，reSultinglngenerationofactive

hydroxylradicals（Stohsetal・，2000）・SinceBCBandGST6，identifiedinthisstudy，Were

reportedtorespondtoozone（Richardsetal・，1998）and＝202（Chenetal・，1996），reSPeCtively，

WeeXaminedwhetherCd－reSPOnSivegenesareactivatedbyH202StreSS．Theresultsshowed

transcrlPtlevelsof3genes，Sultr4，AW2andCdI13，tObechangedbylmMH202treatment

（Fig・4）・Sultr4andAW2transcriptsbegantoaccumulateafter2handremainedhighfbrup

to8h・CdI13transcriptsweredetectableasearlyaslhaftertreatment（Fig・4A）．The

accumulationpronlewassimi1artothatwithCdtreatment．

Atleast3newgenesidentifiedareactivatedbyCdand＝っ0っ，Consequently，We

examinedthereversecase，thatis，Whetherornotgenesknowntobeactivatedbyoxidative

StreSSarealsoactivatedbyCd・Asamodelcase，Cu′ZnSODwasselectedsinceitrespondsto

OXidative，OZOneandH202StreSSeS（SharmaandDavis，1994）・AcDNAencodingacytosolic

Cu／Zn SOD（proteinIDCAA43270）was preparedby RT－PCR，and used fbrnorthern

analysis・TheresultsclearlyshowedSODtranscrlPtStObeinducedbyCdtreatment，although

declinetothebasallevelwasevident6hafterCdtreatment（Fig・4B）．Thefactthatfreeor

excessCuionscatalyzetheformationofreactiveoxygenspeciesthroughftntonreactions
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（Stohs andBagchi，1995）1edustoexamineefftcts ofCuions on the transcriptlevelof

isolatedgenes・Two－Week－01dseedlingsweretreatedfor2heitherwithlOO匹MCuSO40r

WithlOO巨MZnC12aSCOntrOl・TranscrlPtSOf12geneslistedinTable2increasedinresponse

toCu（Fig・5），andonlyone（CdI12）respondedtobothCuandZn（Fig．5）．Theremaining19

genesrespondedtoneitherCunorZn（datanotshown）．

Sinceageneencodingaheatshockproteinwasidentified，WeeXaminedeffectsofheat

Shockandazetidine－2－Carboxylate（Az），Whichincreasesunfoldedproteins，Onthetranscript

levelsofothergenes（Koizumietal・，1999）・Thoseof2geneswereincreasedbyheatshock，

Of4geneswereincreasedbyAz，andof6genesbybothheatshockandAz（Fig．6）．

Identincation ofseveralprotein kinases suggested that slgnalingln reSPOnSe tO Cd

StreSSis mediated through a protein phosphorylation cascade・To confirm this，inhibition

experimentswereperbrmed・Seedlingswerepretreatedwithstaurosporine（STU）priortoCd

treatment，and assayed for transcrlPt PrOnles ofisolated genes by northernhybridization．

TranscrlPtSOflOgenesdeclinedstrongly，and3declinedweaklylnCOmParisonwiththose

fromcontroIsamples（Fig・7A，B）．Amongtheaffectedgenes，3encodetranscriptionfactors

（CdI2，DREB2A，ATAF2）and2aproteinkinase（CdI17，ATMEKKl）．Thisevidencesthat

Slgnalingpathwaysofthesegenesaremediatedbyphosphorylation・
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Thischapterdescribesidentincationandprope血esofanumberofgenes，PrOductsofwhich

arePOSSiblylnVOIvedinresistanceLoCdtoxiclty・WescreenedapproximaLely8，000cDNA

bandsbyFDDusingfourdi触entanchoredoligo（dT）primers，eaChincombinationwith20

arbitrary12－merPrlmerS・Weinitial1yidentined170transcrlPtSthatwereup－Ordown－

regulatedbyCd，amOngwhich31wereconfirmedtobeCd－reSPOnSive，andfurther

Characterized・AssumlngthattotalpopulationoftranscrlPtSinaglVentissuetobe15，000，it

WaSPredictedthat450combinationofprlmerSbrFDDistheoretical1ynecessalγmOrderto

SCreenalltheavailabletranscriptswith95％probability（ItoandSakaki，1996；＝araetal．，

2000）・Sinceweobtained31individualtranscriptsby80combinationofprimers，andtaking

aCCOuntoftranscrlPtredundancy，WeCalculatedthatapproximately80－100genesarecd－

responsiveunderourexperimentalcondition．

Sequencjnganalysesrevealedonethirdofidentinedgenes（10）toencodesignal

tranSductionfbctorsincluding3proteinkinases，4transcrlPtlOnfactors，and2calmodulin－

relatedproteins・ThissuggeststhatplantsrespondrapidlytoCdbyactivatlngSlgnal

transductionpathways，WhichmaylnCludeaproteinphosphorylationcascade・Indeed，this

aSSumPtlOnispartlyrationalizedbythenndingthataproteinkinaseinhibitor，StaurOSPOrine，

blockedorattenuatedtranscrlPtlOnalinductionof13genesbyCdtreatment．

ActivationofgenesfbrtranscrlPtlOnfactorsappearstobecriticalfbrtheCdresponse．

DREBIAandDREB2Aareproposedtoregulatetherd29Agene，althoughDREBIAdifftrs

fromDREB2Ainthesignaltransductionpathway（Liuetal・，1998）・Thisisconsistentwith

Ourresultsshowlngrd29AandDREB2A，butnotDREBIA，tOberesponsivetocdand

indicatesthatsignalingtoactivaterd29AispreftremiallymediatedthroughDREB2A．Since

rd29Aisthoughttoplayanimpo托antroleundercold，high－Saltanddehydration（Liuetal．，

1998），Cdmaycausedamagetoplantsincommonwiththosestresses・OBF5isabZIP－tyPe
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DNAbindingproteinwhichbindstothepromoterregionofGST6（Zhangetal．，1993），the

latterbeinginducedby auxin，Salicylic acidand Hっ0っandrespondingtooxidative stress

（Chen etal・，1996）・GSTs are primari1yinvoIvedin detoxificationofcytosolic products

PrOducedduringxenobioticmetabolismandinprotectionoftissuesagalnStOXidativedamage・

SinceourresultsshowedtranscrlPtinductionofGST6andOBF5，itishighlyprobablethat

CddisturbsplantmetabolismbyproduclngVariousxenobiotics・AnothertranscrlPtlOnfactor

OfinterestistheWRKY－type，Whichisgenerallyinduceduponpathogenattack（Eulgemetal．，

2000），SuggeStingacommonftaturebetweenCdanddiseaseresponses．Overall，themqjority

OftranscrlPt10nfactorsidentifiedareinvoIvedinstressresponses，indicatlngthat，tOCOPewith

multiple environmentalstressesincluding heavy metals，Plants organize a fine network

lbaturlngCrOSS－talkofapparentlyindependentslgnalingpathways・

The other one third ofgenes thatrespond to Cd appear to encode proteins which

functionin actualprotection agalnSt Cd stress・Thoseinclude chaperones，metalbinding

PrOteins and abiotic stress response proteins・Heat shockproteins（HSP）are typical．For

example，uPOneXPOSuretOCd，aSlgnificant amountofHSP70wasfoundtobeboundto

Plasmalemmaincellcultures ofLycqpe77iconperuvianum（Neumann et al．，1994）．Since

HSP70isachaperonthathelpsmisfoldedproteinstoreattainthecorrectconformation，Cd

mayinduce denaturation ofproteins・To test this assumptlOn，efftcts ofheat shock and

azetidine－2－Carboxylate，Whichcausesunfbldingproteinsinplants，WereeXamined・Results

Showed clearly that both treatments commonlyinduced transcrlPtS Of up to12genes，

includingHSP81－3，HSC－G8，DREB2A，AW2，CdI6andCdI17．Itcanthusbeconcluded

thatproteindenaturationisoneofthem叫OrefftctsofCd－tOXiclty．InordertodetoxifyCd，

Plantsproducephytochelatins，Whicharesynthesizedfromglutathione，aSulfur－COntainlng

COmPOund（Cobbett，2000）・TheinductionbyCdoftranscriptsfbrAPSreductaseandSultr4，

Which arekey proteinsinthe sulfurreductionpathway，indicates an urgentnecessltyof
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Sulfurs，andsupportstheideathatplantsareequlPPedwithamechanismtoactivelyremove

Cd（Haradaetal．，2001）．

Theothergroupconsistedof12genesencodingCu－reSPOnSiveproLeins・AlthoughCuis

aCOmmOnCO－fhctorformanyenzymesincludingoxidases，freeorexcesscuionactsasa

Catalystintheformationofreactiveoxygenspeciesandcatalyzesperoxidationofmembrane

】ipids（StohsandBagchi，1995）・ActivationofgenesencodingCu－reSPOnSiveproteinsmay

SuggestthatCdalsoinducesactiveoxygenspecies・ThisisconsistentwithinductionofCdI19，

Whichshows40％similaritytothemetalbindingregion（spanningapproximately80amino

acids）ofCCH，afunctionalhomologofyeastATXIwhichcanrescueATXl－dencientyeast

mutants（Himelblauetal・，1998）・SinceyeastproteinATXlisproposedtodelivercopperions

andtodefbndagainstoxidativestressproducedbySODdenciency（LinandCulotta，1995），

CdI19alsofunctionstometaliondeliver．

Insummary，thepresentdatasuggestthatthetoxicltyCauSedbyCdispartlydueto

PrOteindenaturation，PrObablythroughgenerationofactiveoxygenspecies・Tocopewith

SuChstress，Plantsactivateasetofdeftnsegenesencodingmetalbindingproteins，Chaperons

andotherstress－inducibleproteins・InordertoinitiatetheirtranscrlPtlOn，StreSSSlgnalsappear

tobetransducedthroughaproteinphosphorylationcascade，andtranscrlPtlOnfactorsare

induced（Fig・8）・Althoughthetargetgenesofthesetranscriptionfactorsarecurrentlynot

known，itisclearthatoveralltranscrlPtlOnOfCd－reSPOnSivegenesistemporallyandspatially

Wellconcerted・Furtherfunctionalanalysesofidentinedgeneswillrevealthemolecular

mechanismsofheavymetalresponsesofhigherplants．
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Tab】el．PCRpIlmerSuSCdlnthlSSludy（ArbltlaIy51prlmCrS（1－20）．and3’polyrTprlIllCIS（A，C，G、T），VISamlXtureOIA，CandG

5’p11mer

l）5’LATGGCGAGGAAG－3’

7）51－AGGTACGACGCC－3’

13）5一－GCCTCCTTGAGC－31

17）5一－ACCCAAAGGCAC－3T

3－prlnler

A）51－GT．。VA－3一

2）5’－GACGGCCAGATC－3T

9）5．－CCTTGCTGGGTC－3T

14）5’，AAGGGACGCATC，3’

18）5一一AAAGGCACCGTC－3’

C）5T－GT．＜VC－3I

5）5T－AAGGAGCCGATG－3’　　6）5－LTGCTGCAGACCA－3’

10）5一－AGTCAGGAGCCG－3T ll）5’－GATCCGTGAGGC－3’

15）5一－GCCACGGAGTTC，3’　16）51－AGCCATCGTGGT，3T

19）5’－GAACTCCGTGGC－3－　　　20）5一－TGCCTTGCTGTG－3’

G）5I－GTLくVG－3－　　　　　　　　T）5’－GT．。VT－3’
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Figurel・ImageoftypICalFDDflngerPrlntlngS・CDNAwerereversetranscrlPted什ommRNAs

isolated什om seedlings of Arabidopsis．（S），Stress treatment（500pM Cd）；（C），COntrOl・

Numbers（0・5，1・0，2・0）lndlCatetheper10dofstresstreatment・4klndsof3’polyTprlmPrS（A，T，

G，C）andwereusedlnCOmbinationwlth20kindsofarbitaryprlmerS．ThlSflngerprlntinggel

WaSObtaindbypolyTprimersand5’arbltaryprimerNo・5（A）andNo・6（B）・
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Table2・Propelljesorc】onedcDNAsidentiJ－edbyFDD・C］oncswilhpu－ativcrunclio一一Saredes．gnal血Cdlwilh

Sequen（ia）numbers・GcncswilhknownrunctionarerefbrJ・edt（一bylheirnamcs・Pr（）leinIDwasasslgnedJbrthc

highcsla）ignmentscoreinBLASTsearch・As－eriskindicalescDNAsampJesthalwel・eassignedlomullip］egenes（＞

SCOre80）・Statusortranscrjplaccumu．ationinrespoりSetOdenaturalion（l），＝2020rCutrcatment（2），and

Phosphory）atjoninhibition（3）wasexamined・Induc110nandnoenbcLsareindicatcdbylhepJus（＋）andmiJluSト）

Symho）s，reSPeCliveJyincoJumns］and2・Inhjbitionbys－aurosporineisindicaledbylhedown－Wardarrow（J）jn

COJumn3・BCBisBluecopperbindingprotcin．

CDNAclone InsertSize ORF
BestHomology

HsIpro－1

bZIP

gJucosy＝ransLtrase

unknownprolein

unknownprotein

Ca］moduJjn

ProteinID

AAI∋95285．I

AAG260用．1

AAG50970．1

AAD23890．】

CAIi61953．1

BABOO596．】

1 2　　　　　3

CdII

CdI2

CdIう

Cd14

CdI5

CdI6

CdI7＊

CdI8

CdI9さlく

CdIlO＊

CdIl】

CdI12＊

CdIl二‡

Cd‖4

Cdl】5

CdI】6

CdI17＊

CdI】8

Cd‖9

APSreducLase

DREB2A

HSC－G8

CAO

Su加4

GST6

400

35（）

250

250

320

350

600

480

700

600

350

700

310

300

500

900

430

420

370

500

700

500

740

320

750

1，304

888

1，344

66（i

303

486

l，944

276

1，5（）6

792

971

1，482

1，839

918

573

Ca－Mbindingprotein BABO8793．1

unknownprotcin

transporter

ul－kl－OWnpl－Otein

PutativeWRKY

PrOteinkinase

unknownprotein

unknownprotein

unknownprotein

1，533　cis－tranSisomerase

】，270　APKIA

762　　unknownprotein

l，179　ATFP3

Ⅰ，377

004

962

1，131

2，058

792

BCB＊　　　　　川0∩　　　519

ATAF2　　　　500　　　838

CYP83A］（P450）250　　l，509

HSP8ト3＊　　　300　　　2，100

CTF2b＊　　500　　壬2吉子

ATMEKK1　350　　1，827

AAD11996．1

AAC28507．1

AAD21443．1

CAB7987二；．】

AAC18814．1

AAF79287．】

AAD32777．1

AAC73017．】

CAB80023．1

AAF23252．】

AAF82229．1

CAB83295．1

AAC49562．1

BAA33794．I

CAA70】05．1

AADO1509．1

BAA23424．】

AAC63629．】

CABR9345．1

CAA52777，1

CAB78419．I

BABO9285．1

AAC35227．）or

AADO9952．1

BAAO9057．）or

CAB77975．Ⅰ
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Table3．FunctionalclassificationofCd－reSPOnSivegeneproducts

Function　　　　　ヨ霊erofIdentincationofclones
Proteinkinase

Transcnpt10nfactor

Calciumbinding

Proteinfolding

Sulfurmetabolicpathway

Metalbinding

Abioticstressresponding
Misce11aneous

Unidentified

3

4

2

3

2

3

4

2

8

CdI12，Cdl17，ATMEKKI

CdI2，CdIll，DREB2A，ATAF2

CdI6，CdI7

CdI16，HSC－G8，HSP81－3
APSreductase，Sultr4

CdI9，CdI19，BCB

CdI3，GST6，CYP83Al，CTF2b

CdIl，CAO
CdI4，CdI5，CdI8，CdIlO，CdI13，CdI14，CdI15，CdI18
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Figure2．Timecourseof

transcrlPtaCCumulation．

Hyponicallyculturcd

ArabidopsISSeedlingswere

treatedwith500pMCdClっ

fbr12h．TotalRNAwas

extracted，fractionatedby

agarosegelelectrophoresis，

transftrredontonylon

membraneandsu句ectedto

northernhybridizationassay

uslngPrObescontainlng

SequenCeSlistedinTable2．

Eightidenticalsheetswere

PrePared，eaChofwhich

WereSuCCeSSivelysu叫ected

tohybridizationwithatleast

4diffbrentprobes．After

eachhybridization，Previous

PrObeswereconfirmedto

COmPletelystrlPPedoffwith

abioimageanalyzerBAS－

2500．rDNAwasusedasthe

internalstandardfbrRNA

loading・ThetranscrlPtS

WereClassinedbasedonthe

accumulationpatterninto

immediateearly（A），early

（B），1ate（C），COnStitutive

（D）anddown－regulated（E）

groups．Therelative

transcrlPtabundancewas

densitometricallyevaluated，

normalizedtorRNAlevels

andanaveragepatternof

thegroupwasestimated，

WhichisdepICtedasthe

representativeaccumulation

Patternundereachpanel・
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Figure3・Ef托ctsofCdonaccumulationoftranscrlPtSfortranscrlPtlOn

factors．Seedlingsweretreatedwith500pMCdCl，andlevelsof

transcrlPtSfortheindicatedgeneswereexaminedbyRT－PCRat

approprlatetimepolntS・TheprlmerSuSedfbrRT－PCRwere：DREBIA；
5，TGGCCGATCAGCCTGTCTC－3’5’－

CGTCGTCATCATCGCCGTC’－3’，DREB2A；5’－

GGAGATGGCAGTTTATGATC－3’5’－

TTGTTrIAGTTCTCCAGATCC－3’，rd29A；5’－

ATGGATCAAACAGAGGAACCAC－3’5’－

ACAACTCCTGATTCACCTGG－3’，OBF5；5’－

ATGGGAGATACTAGTCCAAG－3’5’TCACTCTCTTGGTCTGGC－

3’，OBPl；5’－GTGTTCCGTTACAAACGACGC－3’5’－

GATGGAAAGATCCGGCCAC－3’．PCRcycleswere24forDREBIA

andrd29Aand26fbrDREB2A，OBF5andOBP，With960Cfor20

sec，600Cfbr30sec，and720Cfbrlmin．Sampleswerefractionated

byl％agarosegelelectrophoresisandvisualizedwithethidium

bromidestainlng・Experimentswererepeatedatleast3times

independentlyandsimilarresultswereobtained・Theslgnalswerenot

duetogenomicDNAcontaminationasnoslgnalwasdetectedupon

PCRusingRNAsamplespriortocDNAsynthesis（dataisnotshown）・
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Figure4・E鮎ctsofCdandH202StreSSeS・Seedlingsweretreated

WithlmMH202（A）or500pMCdC12（B）andlevelsoftranscripts

fortheindicatedgeneswereexaminedbynorthernhybridizationat

theindicatedtimepolntS・ControIwas sampledjuston stl・ess

treatmentand8haftertreatmentwithwater（A）・Aliquotsof20pg

OftotalRNAperlane were suqected to electrophoresis and
hybridizationwasperfbrmedat420Cfbr16h．
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Su句ected to northern　hybridization with the

indicated probes．ControIsamples were untreated

Seedlings．
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Figure6・E鮎ctsofheatshock

andazetidine－2－Carboxylate．After
Seedlingsweretreatedwith5mM

azetidine－2－Carboxylate（Az）or
keptat370Cfbr2hfbrheat

Shocktreatment，tOtalRNAwas

extractedandsu叫ectedto

northernhybridizationwiththe

indicatedprobes・ControIsamples

Werekeptat230Cわr2h．Based

Ontheresponsepattern，geneS

WereClassifiedinto3groups；（A）

thoserespondingtoheatshock；

（B）thoserespondingtoAzstress．

（C）thoserespondingtobothHS
andAZ．
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Figure7．Effectsofmetabolic

inhibitors・Seedlingsweretreated

Withl．5いノMstaurosporine（STU）

for2h，andthentreatedwith500

PMCdfor2h・Thelevelof

transcrlPtSforindicatedgenewas

examinedbynorthern

hybridization・Basedonthe

responsepattern，geneSWere

Classifiedinto2groups；（A）those

inhibitedbySTU；（B）those

attenuatedbySTU．
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ChapterIII

Functionalanalysisofaheavymetalbindingprotein，CdI19，from

A血摘匝壷

ABSTRACT

Some metals such as Cd are nonessentialand potentially highly toxic to organisms．Plant

POSSeSSeS homeostatic mechanism tominimize the damagefrom exposure to nonessential

metalionsindifferentcellularcompartments．Ourpreviousstudyrevealedthatexpressionof

anumberofgeneswasinducedbyCdstressinArabidopsIS，andthatoneofthem，CdI19，

encoding a putative metalbinding protein with the core motif of M／LXCXXC・Upon

introductionintoyeastcells，itendowedmarkedtolerationofCdtoxiclty・InthischapterI

describe that CdI19directlyinteracts to Cdin vitro，and thatitlocalized on plasma

membranesasrevealedbyheterologousexpressionoffusionproteinwithgreenfluorescent

PrOtein．NorthernblotanalysesandhistochemicalassayuslngCdl19promoter：：GUSfusion

indicatedthattheCdI19transcrlPtSWerealsoinducedby Hg2＋，Fe2＋，Cu2＋andMn2＋and

accumulatedin the petiole，hypocotyl，Peduncles and vascular bundlesin root tissue・

HomologysearchforArabidopsISgenOmereVealedmorethan20similarproteinswithCdI19

toexist，POSSiblyfunctionlnginheavy metaldetoxification．Thesefindingsarediscussedin

relationtotheinvoIvementofthisgeneproductinheavymetalhomeostasisorindetoxifyon

Plasmamembrane．
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INTRODUCTION

Manytransitionmetalsareessentialnutritionfbrplants，butregulationoftheseionsisalso

Cl・iticalbecauseoftheirloxicltyforplantcells・PlantshaveevoIvedhomeo血ticmechanisms

tomaintainapproprlateCOnCentrationsofessentialmetalionsandtoremovenonessential

OneS・Forthis，Plantspossessvariousmechanismstocontrolaccumulation，distributionand

SequeStrationofthemetals（Clemens，2001；diToppiandGabbrielli，1999；Zenk，1996）．

Toavoidfreemetalsionstoexistintissues，Chelators，SuChassmallpeptide，Organic

acidsandaminoacidsplayacrucialrole・TheycontributetometaldetoxiHcationbybuffering

CytOSOlic metalconcentrations（Clemens，2001）・The principalclasses ofknown metal

Chelatorsarephytochelatins（PC）andmetallothioneins（MT）・PCisacysteine－richpeptide

andenzymatica11ysynthesized丘omglutathionetoinactivatemetaIionsinresponsetotoxic

levelsofheavymetals・Cd，Cu，ZnandAgionswerechelatedontheincludedthioJmoieties

andexperimentally97％ofCdwasboundtoPCincell－freeextracts（Zenk，1996）．MTsare

lowmolecularweight，CySteinerichproteinsandmainlybindtoCu・AlthoughCuisan

importantplantmicronutrient，itleadstothegenerationofharmfu1reactiveoxygenspeciesas

Well・CytosolicconcentrationoffreeCuwouldbetypICallymaintainedatexqulSitelylow

levels（10－18M）bymetalscavengingsystemsincludingMT（Raeet軋1999；0，Halloranand

Culotta，2000）．

Intheintracellulartraffickingofmetalions，SOlublemetalreceptorproteinsareknown

as“metallochaperones＝・ATXIwasorlglnallylSOlatedasanantioxidantproteininyeast

Saccharomycescerevisiae（LinandCulotta，1995）andreportedtodeliverCuionstoacopper

transporterinthemembraneofapost－Golgivesicleinthecytoplasm（Pufahietal．1997）．

ATXlbindsasingleCuionbytwocysteinesinMXCXXCsequence（Mismethionine，Xis

anyaminoacid，andCiscysteine）・Thismetalbindingmotifwasfbundinmanymetal

bindingproteins，includingCCC2，aP－tyPeCOPPertranSPOrter（Yuanetal．，1995），MerP，a

－60－
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bacterialcarrier formercuryions（Powlowskiand Sahlman，1999），and CCS，the copper

Chaperone for SODl（Culotta elal，1997）・However their action mechanismislargely

unknown．

Inordertodeterminetheregulatorymechanismofmetaltrafficking，SequeStrationand

detoxification，Iexamined properties of a putative metalbinding protein，CdI19from

Arabidppsisthaliana・Inthepreviouschapter，IreportedCdI19asoneofgenesinducedbyCd

StreSS・CdI19proteincontainsametalbindingmotif，CXXC，andaconsensusisoprenylation

Site CaaX（Cis cysteine，ais aliphatic amino acid，Xis the carboxy－terminalresidue）・

Isoprenylationis post－tranSlationalattachment ofhydrophobicisoprenoid to proteins，and

essentialprocessineukaryotestoconfbrproteinsbiochemicalfunctionssuchasmembrane

attachmentandprotein－PrOteininteraction（Clarke，1992；Higgins andCasey，1994；Zhang

andCasey，1996）．Ifoundthatthe structureofCdI19proteinchangedbyCdif7Vitroand

fluorescenceofGFP－CdI19fusionproteinwasobservedonplasmamembraneinBY2cell・

These results confirmed CdI19being a metalbinding protein andlocalizlng On Plasma

membrane．
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MATERIALSANDMETHODS

rソ州両′イ油ノ（川／相川（，“…′・仇／〃ぐ〃（イ岬州（′坤＼・

A370－bpcDNAhgmenLofCdI19wasnr”isolatedbyRT－PCRFDD・Themisslng5・ends

and3’ofcDNAsequencewasobtaineduslng5，and3，RACEsystem，reSPeCtivelyaccording

tothemanufacture－sinstructions（MarathoncDNAAmplincationKit；Clontech，CA，USA）．

Anersynthesisofdouble－StrandedcDNAligatedadapter，PCRwasperfbrmedwithgene

SPeCinc prlmerS aS fbllows‥　5，－　CGCCGCCAACAGCAACTTC　－3，and　5，－

GAAGTTGCTGTTGGCGGC－3，・TheRACEproductwassubclonedintothepT7blue

Cloningvector（Novagene，WT，USA）・Nucleotidesequencesweredeterminedbythedideoxy

Chain－terminationmethod（BigDyeTeminatorKit；ABJ，CA，USA）withasequencer（mode1

377，ABI）・NucleotideandpredictaminoacidsequenceswereanalyzedandalignedGene

Workssoftware（IntelliGenetics，CA・USA）andcomparedwiththedatabasesusedthe

BLASTalgorithm（Altschuletal・，1990）．

11…＝′／仙t（∴′′川小川‘′′ん〃川′′‘′．岬－1血‘…叩．

GeneswereamplinedfromacDNAlibraryofA・thalianabyPCR・Approprlatefbrward－and

reVerSePrlmerSLbramplificationweredesignedhavlngXbaIorSacIsitesattheir5，ends．

ResultingfragmentsweresubclonedintothepT7bluevector，andthendirectionallylnSened

intoXbalandSacIsitesoftheyeastexpressionvectorpESC－URA（Stratagene，CA，USA）．

TransLbrmationwasperfbrmedwithyeastcellsofstrainKMYlOO5（whichlacks偵Ttx／eu2＿

3・112u7d－52his3－A200t7Pl－A901b）S2－801）（Morietal．，1996）．

PlasmidcarrylngCdIgeneswastransformedbythemodinedlithiumacetateyeast

transformationmethod（Elble，1992）・YeastcellsweregrowninaO・67％yeastnitrogenbase

witha2％glucosesupplementandapproprlateaminoacids・Growthassayswereperfbrmed

OnPlatesinthepresenceofCdC12fbr60horinliquidSGmediumwithorwithoutCdClっfbr

－62－
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30hat300C．Growthratewasmeasures at600nminalcm－glasstube（Spectronic20E

TaitecTokyo，Japan）・

．柚（′－（／／J・（ノ（・丁目／仙仙甘／J（′．山（イで（／J川

Site－directedmutagenesisofCdI19genewasperfbrmedwithstandardprotocolofTakaraLA

PCRTMinvitroMutagenesisKit（Takara，Kyoto，Japan）・Themutationswereperk）rmedin

pT7blueclonlngVeCtOr・Thedesiredfragmentscontainlngthemutationwereidentifiedby

DNAsequenclngOnminlPrePS，digestedbyapproprlateenZymeSandligatedintothepBI121

（Clontech，CA，USA）orpGEX－4T－1（Amersham，NJ，USA）plasmid・

▲晶／，（・（イ／〃／‘′′・／川・‘′／／ニ‘′′ん川（叩＝・油川′川イ情け‘′…．甘′∫J（・〃1コ（・（イ／

PGFP－CdI19WandpGFP－CdI19MvectorwasconstruCtedwithXbaIandSacIdigestionofa

binaryvectorpBI121・Theapproprlateforward－andreverseprlmerSWeredesignedforPCR

havingXbaIorXhoIsitesattheir5’endsandsGFP（S65T）fragmentwasobtainedbyPCR

from CaMV35S－SGFP（S65T）－NOS3’（Chiu et．al．1996）．CdI19cDNA fragment also

amplifiedbytheapproprlateprlmerShavlngXhoIorSacIsitesattheir5’ends・Theresulting

fragmentsweresubclonedintothepT7bluevector・Thentheyweredigestedrespectivelyby

therestrictionenzymesiteoftheprlmer－sandreleasedfragmentsweredirectional1ylnSerted

into XbaIand SacIsites of pBI12lvector・GFP fusion vectors were transformedinto

Agrobacteriumtum娩ciens．Encodingfusionproteinswereexpressedconstitutivelyunderthe

controloftheCaMV35SpromoterinBY2cell・5mlofBY2cellsuspensionwasusedfor

transformation・Atfirst2mloffu11growthBY2cellsuspensiontransftrredin95mloffresh

LS medium and after4days，5mlof suspension was placedin a plate and O・1ml

Agrobacteriumculture（OD600，1．0）wasadded・Mixedcultureincubatedfor2daysandthen

BY2cellwas washed3times and suspended agaln bylmloffreshLS medium・The

－63－
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SuSPenSlOnWaSSPreadonasolidLSmediumplatecontainlnglOOmg／1Kanamyclnand

250mg／1Carbenicilinandthenincubatedfbr3weeks・GrowlngCal）iofBY2cellwasusedfbr

experimenLAllincubaLionswereat27。Cunderdarkcondition．ThelocalizaLionofGFP

fusionproteinwasobserveddirectlywithaconfbcallaser－SCanningmicroscope（LSM510，

CarlZeiss，Tokyo，Japan）・SampleswerescannedandimagesoflOpmdepthwereproduced．

TheimageswerecollectedwithZeissPlan－NEOFLUARlenslOX／0・3，20X／0．3，40X／0．3．

／J′一り′＝川／川′√イて品′‘′′／血′′（′．Y－n川∫．中仙イ什、イ川げ′川（イ…

Theexpressionplasmid丘）rthisstudywasconstructedwithpGEX－4T－1plasmids・A675－bp

（1to675）h・agmentoftheCdI19cDNAwerepreparedbyPCR・PrimershavingEcoRTor

XhoIsites at their　5，ends were used and sequences were　5，

GGAATTCATGGGTGAGAAAAAGGAAGAAAC　　　　3，　and　　5，

CTCGAGGTCATCCTTTTTGGCCGGAA－3，，reSPeCtively・Amplinedfragmentwascloned

intotheEcoRI－XhoIsitesofthepGEX－4T－1andtheplasmidsweretransformedtoE．co［i

DH5α・After4hinductionwithlmMIPTG，theproteillWaSisolatedbybatchpurincationof

glutathionesepharose4Baccordingtothemanufacture・sinstruCtions（Amel・sham）．GST

fusionproteinboundtoglutathionesepharosewascleavedbylnCubationwiththrombin

PrOteaSefor24hat220C・Approximatelyl－2mgofpureCd＝9proteinwasobtainedper

literofbacterialculture・ProteinconcentrationwasdeterminedbytheBradfbrdmethod（Bio－

Rad，CA，USA）withbovineserumalbuminasastandard．

r／′・川／（J／・（／んノげ（直川（（‾’／）J川（′‘川什（仙川／

Theapo－PrOteinwaspreparedbydialysIS・3miofsaturatedureasolutioncontainlnglOmM

OfEDmwasaddedto3miofrecombinantproteinsolution・Samplesweredialyzedbythree

StePSfbr2hin50mMTris－HCl（pH7・0）bufftrcontaininglmMDTTandlmMEDTAwith
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200miof4M，2Mandnourea・Finallyproteinsolutionwaschangedagalnanddialyzed

overa12hwith500mlof50mMTris－HCl（PH7．0）buffbrcontaininglmM DTT・All

dialysISWaSPerfbrmedat40Cunderstirrlng・CDmeasurementswereperfbrmedwiththis

proteinsolutionandusedlmmquartzcellonJascospectropolarimeter（J－720W）at250C・

ノl．＼叫l、√イー（汀ハ／川・‘J／Jこ（JJん〃＝′…川／伸一（イJ川∫ん・‘′／・、血晶岬

By uslng the prlmerS5，－GCATGCAACTGAGGAGATCTTAGCGG－3’and5’－

TCTAGACGTAGTAGTAGTAGTAGAGAGAATC　－　3’，alkb fragmentimmediately

upstreamoftheCdI19codingreglOnWaSamPlifiedfromgenomicDNAofArabidopsIS・The

fragmentwasclonedintoaXbaIsiteattheATGinitiationcodonandaHindIIIsiteatthe5’

endcorrespondingsitesofpBI121・TheplasmidverifiedbyDNAsequenclngWaStranSftrred

to Agrobacterium tumdhcielu（C58）・Transfbrmant of Arabidopsis was produced by

infiltration（CloughandBent，1998）in200mlofA・tum所ICienssuspensionandselectedona

solidl／2MSmediumplatecontainlng50mg／1Kanamyclnand250mg／1Carbenicilin・

TranstbrmantswereassayedforGUSactivltyuSlnglmM5－bromo－4－Chloro－3－indolyl－

－glucuronicacid（X－Gluc）assubstrate・Plantsweretreatedfor4hby500pMCdC12andthen

incubatcdinO．5mMK，Fc（CN）6，0．5mMK．Fe（CN）。，0・3％（W／v）TritonX－100andl・9

mMX－Glucfor12hat370C・Thereactionwasstoppedby70％ethanolandchlorophyllwas

removedbylnCubationinlOO％ethanol・3transgenicstrainswereindependentlyusedfor

assayandsimilarresultswereobtained・

〟凡l－／）／川／J．1イ，Jイ（／／こ〃Jん椚

Surface steri1ized seeds ofA．thaliana were cultivatedin halfstrengthlO mlMurashige－

Skoogmediumsupplementedwithl％sucrosefor2weeksinagreenhouseat230Cundera

continuouslight（10－15seedsperbottle）．Two－Week－01dplantsfloatedon10mlMSmedium
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Were S叫ectedto metalions treatmentsby additionof50r50plofO．1M soluti。n

COrreSPOndingion（FeC12，CuC12，HgC12，CoClコ，MnC12，CaClヱ）・After4hsampleswere

harvestedandtotalRNAwasisolatedbytheacidguanidinium－Phenol－Chloroformmethod

（AGTC）describedinchapterII．

TotalRNA（20ug）wassize－n・aCtionatedbyelectrophoresisonal・2％agal・osegel

COntaining2・2MhrmaldehydeandlxMOPS（3－［N－mOrPholino］propanesulfonicacid）

bufftr，andtransfbrredtonylonmembranes（Hybond－N，Amersham）in20xSSCbythe

CaPillaryblottlngmethod・Aftercrosslinkingbylrradiationwith UV，hybridization was

Carriedoutat420Cfbr16hwithgentleshakinglnaSOlutioncontainlnglmMEDTA，0．5％

SDS，50mMTris－HCl（PH7・5），1xDenhardt・ssolution，3xSSC，50％fbrmamide，10％

dextran sulfate・The cDNA probe was used full－1ength fragment prepared by PCR

amplification hlOm the pT7blue－CdI19vector with the palr Of M13prlmerS・After

Phenol／chlorofbrmextractionandethanoIprecipitation，itwaslabeledwith［α－32P］dCTP

witharandomlabelingkit（BcaBESTLabelingKit，Takara）．Membraneswerewashedwitha

SOlutioncontainlngO・1xSSCandO・1％SDSat62。C，ands叫ectedfirsttoabioimage

analyzer（BAS－2500，Fqji，Tokyo，Japan）andthentoautoradiographywithx－rayfilm．
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RESULTS

l’（…川・（川．中川MJJ州（′′叫、、血

AmonggenesthatweredescribedinchapterII，CDNAclonedforHSC－G8，BCB，CYP83Al，

CTF2b，ATMEKKlandCdI19wereobtainedfromdatabase，tranSformedintoS・Cerel）isiae

inordertoexaminetheireffbctsonyeastgrowth・CdtoleranceoftheS・CereVisiaestrain

carryingthesegeneswastestedinSGmediumcontaining50けMCdC12・TheeffbctofCdwas

monitoredintermsofgrowthratebyTTleaSunngabsorbanceat600nnl・WhileCds†rongly

suppressedthegrowthofS・CereVisiaeasshownbycontroIcellstransformedwiththeempty

vector，thestrainscarrylngATMEKKlandCdI19demonstratedresistanceasevidencedby

theirfastgrowthrates（Fig・1A，C）・Theexperimentswererepeated5timesindependentlyand

similarresultswereobtained．Itshouldbenotedthatthegrowthrateoftransformantsinthe

absenceorlowerconcentrationofCdwasslowerthantheothers（Fig．1B），SuggeStingthat

constitutiveexpressionofthesegenesmayexertsometoxicltyregardingyeastgrowth・

．恒世肛再〃り恒〆い小／∫（リ）′川（イ′∫Jご′∫…／（′‘川．、、（1／J／り

Since CdI19showedthe highesttolerancetoCd，itsfu11－1ength cDNAwasisolatedand

characterized・1・7kb scquence containlng CdI190RF was obtaincd from the results

combiningthesequenceof5，and3，RACEPCRontotalcDNA（Fig・2A）・Thenucleotide

sequenceoftheCdI19cDNAcontainedORFwiththepotentialtoencodeapolypeptideof

392aminoacidresidueswithapredictedmolecularmassof42・2kDandanisoelectricpolnt

of9．16（Fig．2A）．TheproteinwasidenticalwithaputativeproteinthatissimilartoATFP3

farneSylatedprotein（proteinID＝CAB83295・1）onchromosome5・

Thededucedaminoacidsequenceoftheproteinshowedseveralinterestlngfeatures

whichwaspredictedtohavefarneSylated（isoprenylated）motifatC－terminal（Dykema，etal・

1999）and2heavymetalbindingregions（HMR）（Pufhhletal・1997）（Fig・2B）・Theproteinis

－67－
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highlyhydrophilicandhasanexiblereglOnenrichedwithGlybetween＝MRandfbrneSyl

motif・TwoHMRswereshowntohaveβα帥βsecondarystructurebypredictionofprotein

SeCOndarystruCtureusingSSThread（Itoetal．1997）．

Farnesylationisthepost－tranSlationalattachmentofahydrophobicisoprenoid・Themoiety

COnftrsanessentja7bjochenlicaIfunctiontoprofeins・Todeterminethece‖uJarIoca†ionof

Cd‖9，GFP－Cdl19fusionvector（pGFP－CdI19W）drivenbyCaMV35Spromoterwas

COnStruCtedandtransfbrmedintoBY2cells・Ascontrol，tranSgenicBY2strainsexpresslng

OnlyGFPwasused・ForfunctionalanalysisGFP－CdI19wasconstruCtedinwhichCys－389

residuewasreplacedwithGlyinfamesylatedmotif（Fig・3）・GFP伽orescencewasobserved

bylaserscannlngmicroscopy・IncellsexpresslngGFPalone，theentirecytoplasmexcept

VaCuOleisdiffuselylabeledandthenucleusappearsbrightgreen，indicatlngthatGFPenters

thenucleusreadily（Fig・4A）・GFPfluorescenceofGFP－CdI19Wwasvisibleonlyatthe

Plasmamcmbranc・Consistcntwithanassociationofthcisoprcnylatcdfusionprotcin，thc

CellsexpressedGFP－CdI19Mshoweddiffbrentfluorescenceimagenottolocalizeatplasma

mCmbranc（Fig・4B，C）・RcsultssuggcststronglyCdI19tolocalizcatplasmamcmbrancbyits

farneSylatedmotif．

（－1川／JJ（／／岬

Recombinantproteinscontainingmetalbindingregionsofwildtype（ACdI19W）andmutated

CdI19（ACdI19M）wereexpressedinE－COliandpurined（Fig・5）・UV－CDspectrawere

meaSuredat250C・ByadditionofCd，thespectraof△CdI19changedstrongly，indicatlnga

COmPlexformationbetweenproteinandCd・SuchaspectrumChangewasgreatlyreduced
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with△CdI19M（Fig．6）．SimilarspectrapatternwasobservedwithCuandHgions（Fig・6）・

Mn，CoandCagavethelessspectrachangethanCd，CuandHg（Fig・6，7）・Theseresults

indicateCdI19indeedbindstometalsbyitsCXXCmotif・

▲1…JJ〃〃／（JJんりJ′イー（’（／J／り川〟凡1

CdisproposedtodisplaceCa2＋，Cu2＋andFe2’inproteins（Stohsetal・，2000）・Someproteins

havingCXXCmotifwerereportedtobjndCul＋，Hg2＋，OrCo2＋（HuffmanandO，Ha］1oran，

2001；Portnoyetal．，1999；Dykemaetal・，1999）・Inordertoexaminewhethel－OrnOtthese

metalsalsoinduceCdT19，nOrthernhybridizationassaywasperfbrmedtotheseedlingstreated

withthem・ResultsshowedtranscrlPtSWereincreasedbytreatmentswiththemexceptCo2＋

（Fig・8）・Interestingly，CdI19treatmentswereinducedby50甚MMn2＋buthadnoeffectson

CdI19proteinstructure（Fig7）．OthermetalsFe2＋，Cu2＋andHg2’alsoinducedtranscript

accumulationbuttheeffectwasobservedonlyat500い・M・

打川〟′．、ソ，作中（・（′．1丁りY∫・、イり〃

To know tissues－SPeCinc expression of CdI19，CdI19promoter：‥GUS fusion transgenic

ArabidopsISPlantswereconstructed・GUSactivltyWaSanalyzedinl－Weekandl－mOnthold

transformants that were treated with500uM Cd for4h prlOrtO aSSay・Results showed

petioles，hypocotyls，Peduncles，VaSCularbundlesandrootmeristemstobestainedintensely

（Fig．9）．Hypocotylsofl－WeekoldseedlingespeciallyshowedastrongGUSstaining（Fig・

9H）．IntheabsenceofCd，Onlyhypocotylshowedweakinductionbutothertissues，Petioles，

peduncles，VaSCularbundlesandrootmeristemsshowedlittleGUSactivlty・
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Inthischapter，Idescribedprope血esofametalbindingfarneSylatedprotein，CdI19．It

POSSeSSedtwoputativemeLalbindingdomains，eaChconsistlngO［M几XCXXC．Proleins

COntainlngthismotifarefbundingroupspanicIPatlnglnmetalionmetabolism・Examplesare

MerP，ATXl，CCC2，CCSandWilson，sandMenkesdiseasecoppertranspol・terATPase．

BacterialMerPtransports＝gacrosstheplasmamembrane・ATXl，CCC2andCCSbindto

Cuanddeliverittoothermetalloproteins・WhenATXlbindsmetalionsbytwocysteine

Sulfursinthemetalbindingregion，itsconfbrmationchanges（＝uffmanandO，Ha1loran，

2001）・InteractionsbetweenrecombinantCdI19proteinandmetalionswereanalyzedbyUV－

CDspectroscopy，WhichgivesinfbrmationofproteinsecondarystructurebychanglngUV－

・CDspectrum・SpectraofrecombinantCdI19proteins（△Cd＝9W）changedbyaddingCd，Cu

andHglOnS，butdidnotbyMn，CoandCa・Thisindicatestheproteintoselectivelybind

Cer血metalions・WhenCysresidesinmetalbindingreglOnWaSrePlacedwithGly，SPeCtrum

Changewasgreatlyreduced，indicatlngthatCdI19proteinalsobindsmetalionsonitsthiol

moietiesofCXXCmotif．

NorthernblotanalysISShowedthat，inadditiontoCd，CdI19transcrlPtSWereinduced

byHg2＋，Fe2＋，Cu2＋andMn2・treatments・ThissupportsthatCdI19functionsinbindingthese

metalsinvivo・However，SinceCDspectradidnotindicateCdI19tobindMn，itpossibly

respondstolimitedspeciesofmetalionstoregulatethemetalhomeostasis．

Harmfulorexcessivemetalionsarelikelytoentercellsthroughcationtransportersof

rOOttissueswithbroadsubstratespecincity（Thomineetal・，2000；Grotzetal・，1998）．

Absorbedions，bothessentialandnon－eSSential，arereleasedintoxylemsapasmineral

nutrientsandtransfbrredtoupper－grOundparts・AsIdescribedinchapterI，rOOtmeristemsare

One Of the most sensitive tissues to heavy metals，and to cope with damages，

metallochaperonsareproposedtocooperativelyfunctiontomaintainconcentrationofmetal

－70－
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ionsbybindingandreleaslngtheminthecell・Thisideaisconsistentwithourresultsof

CdI19promoter：：GUStransgenicsinArabidopsISShowlngthat，uPOneXPOSlngtOCdfor4h，

GUS activlty WaS Observed petioles，hypocotyls，Peduncles，VaSCular bundles and root

meristems・ItislikelythatCdI19inthesetissuesfunctionstotrapmetalionsandprotectcells

fromtheirtoxiclty・

Anothernotable featureofCdI19proteinis farnesylation・Farnylationisoneofthe

post－tranSlationalattachmentsofhydrophobicisoprenoidtoproteins，andessentialprocessin

eukaryotestoconferproteinbiochemicalfunctionssuchasmembraneattachmentandprotein－

proteininteraction・Fluorescence of GFP－CdI19fusion proteinin tobacco BY2cell

demonstrated thelocalization ofthis proteinon plasmamembrane・Sincefluorescence of

mutatedproteinGFP－CdI19Mthatlackthefarnesylationsitewasnotobservedonplasma

membrane，itwasconcludedthatCdI19proteinis anchoredatplasmamembranethrough

farnesylatedreglOn・AunlqueCharacteristicCdI19iscombinationoftransitionmetalbinding

andfarneSylatedmotif・ThisindicatesthatCdI19functionsasametalchaperon・Since，On

introductionintoyeastcells，OVereXPreSSionofCdI19rescuedyeastcellsagalnStCdstress，it

ishighlyprobablethatCdI19indeedparticIPateSindetoxificationofCdinplantce11s・

Morethan20genesencodingproteinssimilartoCdI19wereidentifiedinAl・abidopsIS

genome，andsomewerefoundtoencodeproteinsfoundinsoybean，riceandmaize・Among

theseproteins，AW3fromArabidopsISWaStheonlyreportedonetobefarnesylatedandto

bindmetals（Dykemaetal．，1999）．Sincetheyarenotfoundinyeastgenome，andsinceATXl

andothermetallochaperonsfromyeastlacktheconservedisoprenylationsite（Himelblauet

al．，1998），metalbinding and farnesylated proteins may present onlyin plant kingdom，

formlnganeWPrOteinfamilyengaglnginheavymetalhomeostasisanddetoxification・

Finally，1tisworthytomentionthattransgenicplantsexpresslngCdI19canbeusedfor

phytoremediation ofpolluted environment with heavy metals・Apreliminary trialwith
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ArabidopsISisnowunderprocesstoseewhetherornotthegenetransfbrconfbrsCd

accumulationinplantbody・

－72－
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Figurel・Growth ofwild－tyPe yeaSt Cells expresslng CdIs・Transfbrmed

cellsweregrowninliquidSDmediumfor16h，andabsorbancyat600nmof

culturewasaqjustedtoO．8followedbydilutiontol／50andl／2500・AlOul

aliquotofeachculturewasspottedontoasolidplatecontainlng50pMCd，

andincubatedat300Cfor3daysbeforephotography（A）・A50plaliquotof

theseculturesaqustedtothefixedabsorbancyat600nmwasaddedto3ml

liquidSGmediumwithout（B）orwith50い′MCdCl，（C），andincubatedat

300Cfor24h（B）or30h（C）．
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（A）

mでÅmG仙ÅC凰ロげCÅmC丸CÅ仙A叩丸m mCででmC礼姐CC　－101

AGAMmm mC諷GÅGC制mm mMÅ丸礼諷Å℡刊舶℃℡GÅ珊℃乎亡TÅCTÅCで入門mACG　　－1

Å瑚時制Å員CmCぐGAm℃丸CCACC甘ⅧA邪肌AmTÅ℡¢CÅでT lOO
出　G E R R　正　巳　で　Å　　讐　X p　¢　G　五　択　K P　で　か　¢　¢　Ⅰ　で　で　V V M　Ⅸ　L D M H　⊂

官職属ÅでCAÅ九肌GでG醐U姫狼WÅでA刷汀九九CÅAAm00GmTロGG　　200
E G C G K K I X R　工　F X H F K G V E D V R　王　D Y X S　紺　Ⅹ　L　で　Ⅴ　I G

乱闘CCA昭弘MGC亡電AG購入G隈闘汀伽描CGC皿ACCで　　300
N V D P V E V R D K V A D K I　7（　R p V E L V S　で　V　　Å　P P X X t：　T P

Ce門℃A竹抑u広軌ÅG亡mÅ皿C MC辟罰IG丸G丸亀ÅÅÅÅG AOO
P S S G G A E K K P S P A A E E K P A E K K P A　＾　　V E K P G E K K E

入仙人GAAAG如MÅG入GAMm（：TCCÅCCACCA CCT九九M入mmÅGÅC亡ÅAmÅCÅW　　う00
E R X X　苫　監　¢　監　　Ⅹ　K　Å　5　p　管　p p P R　苫　S　℡　Ⅴ　Ⅴ　も　K　　で　K L H C E G　ぐ

阻止AW九聞℃乱闘且Å醐mW唱C胴乱叩脚脚Å丸頬mC　　棉O
E H X I K R l V M R　エ　R G V N S V　　員　I D S A X D　も　　Ⅴ　Ⅰ　Ⅴ　獣　G　‡　三　日

皿Ⅹ汀でm脚臥郡代払C甜Å亡C鋸汀肌G　？00
V X Q L　で　P Y　も　国　　正　R L E R　で　V E V V P　Å　Ⅹ　X D D O A P V　丸　亀　A　九　九

Ⅷ払Å（論A　抑止A G誠刷込応ÅÅ描℃GÅ
Å　P A G　8　E K X D X V　Å　G　玉　Ⅹ　R E I R D V G E X X V D G G　（ヨ　E K X

郎沌

G九九丸G九九m専制丈姐応G偶GÅG劫珊尊：官職軌隅〟棚m東和でÅで　　900
X E V A V G G G G G G O G G G G D G G A H D V K K S E Y N G Y G Y

me執柑r入W賦（コ将闘押ÅでÅC抑止CÅÅm駅託m mmmmC九九GAÅCm lOOO
P P q　戸　村　Y Y Y f〉　　E G Q V Y G　¢　¢　　托　Y　¶　h Q G Q　忘　　S Q　£　Y V Q E p Y

〟門℃G刷払Å刊：8℡Å℡ÅM C乱闘℡Å脱法£C旧Ⅶ∬A¶過A皿　1100
S N　¢　G Y V Q　宅　5　Y　封　N q　¢　T G　¢　Q Y G Q E　Å　p p P P Y　粥　川　O　¢　G

γW皿乱℡G軸闘執甘抑止A亡丸AA髄論ふÅ　1200
Y A D p Y　（；　H M　　洗　礼　F E　も　F S D　音　　別　p N　¢　亡　S V　漸

ÅmWAG特α醐膿AÅ憫汀瞞息CγⅨ闇漬汀CO潔罰鵜Å僧九九Å亡00G　1300

U踊で

（B）

脚珊門門℃つ門℃で丸で皿Å亡でAでÅÅⅧ汀刷珊　1400

でXXCパ㍊C／
［二］巨頭或□巨重訂

faaX／
Farne＄ytatedmotif

39

Figure　2．Sequence of the CdI19　cDNA（A）and schematic

illustrating of CdI19protein（B）．CdI19protein has two metal

bindingreglOnSandfarneSylmotif．TheunderlinesaremAbox，
COreSequenCeOfmetalbindingregions（CiscysteineandXisany

aminoacid）andfarnesylatedmotif（aisaliphaticaminoacidandX

isthecarboxy－terminalresidue）．
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園臨画日田顔蘭由□臼函

Figtlre3・SchematicdiagramSOfGFP－C劇19fusionproteins（A）andpG汗－
CdI19vectorP）．MutantPrOteinwasdisplacedCys－389withGly・GFP－

CdI19fusionwasdrivenbyCaMV35Spromoter・
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Figure4．CellularlocalizationofGFP－Cd119．BY2cellsexpressGFPalone（A），
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Figure5・nlustrationofreconibinantCdI19proteinscontainlng

metalbindingregionsofwildtype（A，ACdI19W）andmutant（B，

ACdI19M）．ACdI19MwasdisplacedCyswithGlyinmetalbinding

reglOnS・Pk）teinswereexpressedinE・COli・

－77－

1



Cd

△Cdl19W

△CdI19M

ヱ

D

2

・ヱ

・4

■

・き

・lll

∵‖ト

ユ

0トーー

・ユ

・4

、トト
・町＝m

・t●

・一三

ぴ

Figure．6Circulardichroism

WithCd，CuandHg．Each

Cu

ヱ

0

2

・ユ

・●

・6

－8

・10

－ほ

三

0

2

－ユ

・4

■

一》

・lll

－1ヱ

ヱ之5

1

2ま5　　　　　　　　　　　三

l

Hg
三

○

ヱ

・2

－4

■

－♯

・10

－1Z

ユ

0

．Z

」

・6

－8

・lO

SpeCtraOfrecombinantprotein，

225

ウ

ACdI19W and ACdI19M

metalions was added to30　pM protein solution．Final

COnCentrationofmetalionswasO（blue），300（red）and500（green）LLM．X，Yaxisis
WaVelenght（nm）andO（mdeg），reSpeCtively．

ー78－



Co

2

○

ヱ

・ヱ

・4

・ト

・■

・l叫

△Cdl19W

ACdI19M

∽　　　　　　　　　　　三

ユ

0

2

・：

・4

・●

・8

・10

・l三

Mn

Z

O

ユ

・ユ

ー4

◆

・8

・10

・t2

Ca

ユ

ひ

2ユ5　　　　　　　　　　　　2　　　　　ヱ

・2

・J

一心

－8

・10

－Ⅰ三

三

¢

ユ

・ユ

J

一応

－8

・lll

・12

Z：L5　　　　　　　　　　　王

■　2

け

2

－2

」

㌘

・＊

、I小

Figure7．Circulardichroismspectraofrecombinantprotein， ACdI19W and ACdI19M

withCo，Mnand Ca．Eachmetalions was addedto30　pMprotein solution・Final
concentrationofmetalionswasO（blue），300（red）and500（green）pM．X，Yaxisis
WaVelenght（nm）andO（mdeg），reSpeCtlVely・

－79－



Hg Fe
「＝　1　　　　「＝二ふ1

COnt5050050500

CdI19
轡

ノ、′批　。ノ′′　、′＃、、皿′宍拙、、○′　くノ、′慕、望′

rRNA　択H、′′′冥、野澤閻軍≡珊

Figure8・AccumulationofCdI19transcrlPtSuPOntreatmentswithheavymetals．
2－Week－01d plants were s叫ected toindicated concentration。f metali。n

treatments for4h・TotalRNA（20ug）was extracted，Size－fractionated by

electrophoresisandsuqectedtonorthernhybridizationanalysIS．5SrRNAwas
usedfbrstandardofRNAloading・

t80－
L

l

【

【

【

i



（A）

、
■

、Jヽ

・、：ト、

、＼

tBしノ

（C）
‾■　ヽち

ヂ′l巨肇
＼＼1－→＼

＼

（H）　　　’伊）

ふ 覇（J’

ヽ

■■

l

禦毒死

′一－▲●■

曇㌫
一一　　▲

l
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ConcludingRemarks

Thelong－rangeaimofmystudylStOCreatePlantsthatcanremediateheavymetal

POllutedsoilandwater・Tothisend，IconductedmodelexperimentsuslngArabidopsISand

Cd，andfoundvariousnew aspectsofplantinteractionwithheavy metals・Practically，I

Perfbrmed following experiments・（1）E鮎ct of Cd on antioxidant enzymes and

morphologicalchanges；（2）IdentincationofCd－reSPOnSivegenesand（3）Functionalanalysis

Ofaheavymetalbindingprotein・IthasgenerallyconsideredthatCdpotentiallyinduces

OXidativestressinplants・Iconfirmedthisexperimentally，ShowlngthatCdinduced＝っ01

accumulationduetoanimbalanceofredoxsystems，aPartOfwhicharemaintainedbyAPX

andSODenzymaticactivities・FurtheranalysISreVealedthatsupplementofanantioxidant

agent reduced H202aCCumulation derived by Cd，and that soluble phenolic substances，

POSSiblyantioxidant，WereaCCumulatedinrootelongationzone（Fig．1）．Tomyknowledge，

this findinglS the first clear case ofCd toxiclty On the tissuelevel．In order to seeits

molecularbasis，IscreenedasmanygenesaspossiblethatrespondtoCd，andconfirmedthat

31genesshowedchangesintheirtranscrlPtPOPulationunderCdstress，andthat15responded

notonlytoCdbutalsotooxidativestress・ThesefindingssupportstronglytheideathatCd

toxjcityisprimarilycausedbyoxidativestress（Fig．1）．

However，1foundCdstresstobemuchmorecomplicated・Althoughoxidativestressis

OneOftheseriouscomponentsofCdstress，manyOtherssuchasproteindenaturationshould

beconsidered・Forexample，decreaseofenzymeactivltybydisplaclngCa2＋，Zn2＋andFe2＋

WithCdinproteinslookstobeserious・Indeed，inhibitionofrootelongationwasnotrestored

byreductionofoxidativestress，butbyexcessCaions・Theseresultssuggestthat，inorderto

PrOteCtmOlecularmachineryandtoglVehighCdtolerancetoplants，itisimportanttoreduce

dissoIvedandfreeCd2＋ionsthatareincorporatedintoplantsratherthantodirectlydepress
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thetoxicltyderivedfromCd．

In this context，thefunction ofCdI19protein was ofinterest・The CdI19protein

PrObablylocalizesonplasmamembraneandbindsspecincallysomeheavymetals・Desplte

beingessentialformanyphysiologlCalprocesses，Particularheavymetalsarealsotoxicat

elevatedlevels．Other nonessentialmetals are potentially highly toxic・Livingsincluding

Plants have acquired homeostasis mechanismtominimize heavy metals damages fromin

PrOCeSS Of evolution・This study stronglyindicated that CdI19in one of such proteins

invoIvedinthisprocess・Itisknownthatsimilarproteinsfunctiontodeliverandtoremove

heavymetalsincells・InadditiontoCd，CdI19readilybindsCuandHg，andaccumulatesin

Petioles，hypocotyls，Peduncles，VaSCularbundlesandrootmeristems・SinceCdI19localizes

at plasma membrane，Which essentialbiochemicalreactions are undertaken，and where

harmfu1metalionsinitiallytrapped．ItwasconcludedthatCdI19playsacriticalroleinmetal

iontransportandsequestrationwithincell（Fig・1）・

Study on molecularresponse ofplants to heavy metalionsisimportant，becauseit

PrOVides not only understanding oftheinorganic nutrition metabolisminplants，but also

POSSibletechnologytocreatetransgenicplantsR）rPhytoremediation・YetthesysteminvoIved

inmetaltransport，SequeStrationandtoleranceinplantandotherorganismsisbeglnnlngtObe

understood・Itismyhopethatpresentworkwillbeofhelptoadvancetheknowledgeinthis

field．
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FigtIrel・ModelillustrationofCdeffectsinplants．Cdistranspor（edintoplantcellsthrotlghCa
Channelslocatedonplasmamembrane．ExcessCamayinterfereunfavorableCduptake．Incells，

Cdinducesoxidativestressduetoanimbalanceofredoxsystems，prOteindenaturationand

accumulationofsolublephenolic substances，POSSibly antioxidant・Protein denaturationis

presumablyduetodisplacingCa2十，Zn2＋andFe2＋withCdinproteins，Whichcanalsogenerate

OXidativestress・TocopeWithsuchstresses，Plantsactivateasetofgenes・CdI19isoneofsuch
genes．Itreadilybindsheavymetalions，localizesatplasmamembraneandplaysacriticalrole

inmetaliontransportandsequestrationwithincell．
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