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Abstract

Senescenceisahighlyorganizedprocessundergeneticcontrolthatisnotonlyage－

dependent，butisalsoinducedbyenvironmentalconditionssuchasshading，lowtemperature，

dehydration and pathogeninfection・During senescence，Chloroplasts and othercellular

Organelles aredismantled，andmacromolecules suchaschlorophyll，1ipids，PrOteinsand

nucleicacidsaredegraded・Manysenescence－aSSOCiatedgenes（SAGs），Whicharedefinedas

up－regulatedonesduringsenescence，havebeenisolatedandcharacterized・However，many

SAGshavefunctionsthatremainunknown．

Inthisstudy，IdescribeanalysISOfexpressionandphysiologlCalrolesofSAGsfrom

tobacco plants・This thesis consists of4chapters；ChapterIdescribesisolation and

CharacterizationofNtdinencodingaproteininvoIvedinmolybdenummetabolism；ChapterII

describesisolation and characterization of tbzF and tbz17，geneS enCOding bZIP

transcrlPtlOnalactivators；ChapterIIIdescribes promoter analysIS OftbzF；ChapterIV

describesisolationofTBZFinteractionfactorsbyyeasttwo－hybridsystem・

InChapterI，IcharacterizedNtdin，OfwhichtranscrlPtSareinducedbydarknessand

duringsenescence・NtdinisrelatedtoRadishdinlandArabidopsISSenl．Itsproduct，Ntdin，

COnSistsof185aminoacids，andshows56．8％and54．2％similaritiestoAtsenlandRsdinl，

respectively・ItalsoshowssomesimilaritywiththeC－terminalregionofNplumbagin陶Iia

Cnx5，Whichhasafunctioninmolybdenumcofactor（Moco）biosynthesis．Ntdin－GFPfusion

proteinwasfbundtolocalizedinchloroplasts．TranscrlPtSOfNtdinareinducedbysulfateand

nitratebutnotbyphosphate・TobaccoplantsexpresslnganantisenseNtdin geneshowed

decreased molybdoenzyme activlty due to a deficiency ofMoco，SuggeStlng thatNtdin

functionsinMocobiosynthesis．

InChapterII，IcharacterizedtwobZIPs，TBZFandTBZ17，belonglngtOtheLIP19

Subfami1y・TranscrlPtSOftbzFweredetectedathighlevelinsenesclngleavesandflowers．In

COntraSt，tbz17transcrlPtSaCCumulatedinaglngleavesbutnotinflowers．Insituhybridization
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analysISreVealedtranscrlPtSOftbzFandtbz17tobepredominantlylocatedinguardcellsand

VaSCulartissuesofsenesclngleaves．TBZFandTBZ17show73％identltyeaChotherandare

locatedinthenucleus・BacteriallyexpressedproteinspreftrentiallyboundtoDNAfragments

SpannlngA－box／G－boxandC－box／G－boxhybridmotifs，andshowedtransactivationactivlty

in co－tranSformed tobacco BY2cells，COnfirmlng that they function as transcrlPtlOnal

activators・Theseresults suggestthatTBZFandTBZ17arebothinvoIvedin controlling

transcrlPtlOn Of genes functionlngln guard cells of senescingleaves and that TBZF

bifunctionallyactsinfloraldevelopment．

InChapterIII，IexaminedwhetherornotexpressionoftbzFisdifftrentiallyregulated

inresponsetodifferentphysiologlCalconditions・Iisolateda1740bppromoterreg10n，and

fusedit to theβ－glucuronidase（GUS）reportergene，Whichwasintroducedintotobacco

Plants・Resulting transgenic plants exhibited GUS activltylnthe stomatalguardcells of

SeneSClngleavesandinflowerbuds，andalsoinABA－andethylene－treatedyoungleaves．To

identify cis－reSPOnSivereglOnS，fburdeletionconstruCtS Weremade andtransformedinto

tobaccoplants・GUS assaysrevealedthatthe cis－elementforsenescenceislocated on a

difftrentreglOnfromthatfbrflowerdevelopment．

InChapterIV，Idescribeidentificationofgenesencodingproteinsthatinteractwith

TBZFbyyeasttwo－hybridscreenlng．Amongseveralclones，Oneparticularclonewasfound

to encode a protein that predominantlylnteraCtS With TBZF，and designated NtTIPl

（封fabacum王BZFinteractingprotein）・Nt77Plencodesa12・5－kDbasicprotein，Whichis

localizedin the nucleus，andis expressed upon water deficit and duringfruit rlPenlng．

ExpressionofNtTmlhomologouswasalsoseenindifferenttissuesandinresponsetocold，

ABAandvariousotherstresstreatments．

Based on these observations，Iconcluded that Ntdin functionsin providing

molybdenumionstosenescence－aSSOCiatedproteinssuchasNR，andthat，TBZF，TBZ17and

NtTIPlarekeyregulatorsofmultiplegenes，Ofwhichactivationisimportantforsenescence

prOCeSSeS・
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a．a．

ABA
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ATP
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bp
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aminoacids
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Generalintroduction

Whatissenescence？

SenescenceinplantsisthesequenceofbiochemicalandphysiologlCaleventscomprlSlng

theterminalphaseofbiologlCaldevelopment，fromthemature，fullyexpandedstateuntil

deathofsinglecells，OrganSOreVenWholeplantsduringtheirlifecycle（Smart，1994）．It

PreSageSdeathandoccursatvariouslevelsofbiologlCalorganizationincludingthewhole

Plant，aSinmonocarplCSeneSCenCe，OrganSaSinfoliar，floralandfruitsenescence，tissuesas

in the differentiation oftracheary elements during genesis ofthe vascular system，and

individualcells．Infact，Cellularsenescenceisverycommonintheplantkingdomandappears

tobeanintegralftatureofplantgrowthanddevelopment．Theabscissionofflowers，1eaves

andfruits，forexample，isattributabletosenescenceofaspecializedlayerofce11sinthe

abscissionzone（Nood6n，1988；GanandAmasino，1997；NohandAmasino，1999）．

Genera11y，aPOptOSisreftrstoprogrammeddeathofsma11numbersofanimalcell，andit

Shows some specialfeatures at the celllevel．Some senesclng Plant ce11s show some＿

SymPtOmStyPicalofapoptosis，Whileothersdonot（Noodinetal・，1997）・Therearethree

distinctfbrmsofcelldeath－apOptOSis，atrOPhyanddifferentiation（Bowen，1993）・Plant

SeneSCenCeappearStOreSemblemostcloselydifftrentiationtodeathinanimals・

SenescencecanbeparticularlydramaticinmonocarpICPlants，thosethatreproduceonce

andthendieattheendoftheirreproductivephase（Nood6nandLeopold，1978）・Usually，

monocarpICplants stopreplaclngtheiroldvegetativeorgans，forexample，leaves，during

reproductivedevelopment，andtheremainingorgansaresignalledtodie（Nood6n，1980）・In

monocarplCplants，thereproductivestruCtureSOftengovernSeneSCenCeOfthewholeplant

Withespeciallystrikingeffectsontheleaves．

Senescencemaybethoughtofasthe▼1astwillandtestament’ofaleaf，inwhichbequests’

Ofnutrients are madeto therestoftheplant．As aleafpassesthe peakofassimilatory

CaPaCity，meSOPhylltissuebeginstolossitsgreennessandturnye1loworred（Smart，1994）・

Infbrestsofdeciduoustrees，theautumncolorsthatdevelopduringleafsenescenceareof
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great aesthetic value・The colourchangeis due both to preferentialdegradation of

Chlorophyllscomparedwithcarotenoid，andthesynthesisofnewcompounds suchas

anthocyaninsandphenolics（Matile，1992）・Furthermore，thisprocessisalsoofgreatpractical

Valuebecauseduringleafsenescence，nutrientsarerecycledtootherpartsoftheplant・For

example，nitrogenfromleavesofdeciduoustreesisusedfbrthesynthesisofstorageproteins

instemsthatwillsupportgrowthduringthefbllowingspring（ClausenandApel，1991；Gan

andAmasino，1997）・However，inanagriculturalsetting，1eafsenescencemaylimityieldin

Certaincrops・Senescencealsocontributestothepostharvestlossofvegetablecrops・

Therefbre，Studyingleafsenescencewillnotonlycontributestoourknowledgeaboutthis

fundamentaldevelopmentalprocess，butmayalsoleadtowaysofmanlPulatingsenescence

fbragnculturalapplications・

Regulationofsenescence

LeafcellsundergothesequentialdisorganizationofcellularOrganellesanddramatic

Changesincellularmetabolismduringleafsenescence（Nood6n，1988；Smart，1994；Feller

andFisher，1994；Matileetal・，1996）・Metabolicchangesincludelossofphotosynthetic

activitiesandhydrolysisofmacromoleculesthataccumulateduringthegrowthphase（Fig．1）．

Degenerative activities are often concomitant with the massive remobilization of the

hydrolyzedcompoundstothegrowlngpartSOfplantssuchasyoungleavesanddeveloplng

Seeds・Thus，1eafsenescence，althoughdeteriorativeinnature，isacriticalprocessforthe

fitnessofplantsandisregardedasanevolutionarilyacquiredgeneticprocess（Gayand

Thomas，1995；Nam，1997）．

Leafsenescenceisthesequenceofdegradativeprocessesleadingtotheremobilizationof

nutrientsandeventua11eafdeath・Thesenescenceprocessishighlyregulated，invoIving

photosyntheticdecline，prOteindegradation，lipidperoxidation，andchlorophylldegradation

（Smart，1994）・TotalRNAlevelsdeclineduringsenescenceasRNaseactivityincreases

（BlankandMcKeon，1991）・ChloroplastsareOneOftheearliestsitesofcatabolism，While

mitochondriaremainintactuntillateinthesenescenceprocessinorderforresplrationto

2
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COntinue（Smart，1994）．PlanthormonesareinvoIvedinregulatingthesenescenceprocess，

WithcytokininsdelaylngSeneSCenCe，ethylenemodulatlngthetimlngOfsenescence，andthe

Otherhormones playingless prominent roles（Smart，1994）．Leafsenescence，1ikeother

developmentalprocesses，isactivelyregulatedbydifferentialgeneexpression．Transcrlpt

levelsfbrphotosyntheticgenessuchasrbcS（Sma11subunitofRubisco）andcab（Chlorophy11

a／b－binding protein）decline（Bate et al．，1991），While other genes become activated

（Buchanan－Wollaston，1997；Weaveretal．，1997）．

Althoughsenescenceoccursinanage－dependentmannerinmanyspecies，theinitiation

andprogressionofsenescencecanbemodulatedbyavarietyofenvironmental（external）and

autonomous（internal）factors（Nood6n，1988）．Theexternalfactorsincludetemperature，

nutrientdeficiency，Shading，droughtconditions，OZOne，WOunding，andpathogeninftction．

Theinternalfactorsinclude age，plant growth regulators，reprOduction，and cellular

difftrentiation（ThomasandStoddart，1980；Henseletal．，1993）．

Amongtheexternalfactors，1imitedwaterandnutrientavailabilityarem叫Orfactorsthat

adverselyaffectplantlifeinmanyecosystems．PlantshaveevoIvedmechanismsbywhich

leafsenescencecanbeinducedbythesestressestoreallocatenutrientstoreproductiveorgans

andtoeliminatewaterconsumpt10nbyolder，1essproductiveleaves．Thisregulationofleaf

SeneSCenCehasanobviousadaptlVeValue，allowlngtheplanttocompleteitslifecycleeven

understressfu1conditions（GanandAmasino，1997）．

Amongtheseinternalfactors，planthormoneshavebeencharacterizedmostthoroughlyat

themolecularandphysiologicallevels．Forexample，abscisicacid（ABA）regulatesmany

aspects ofplant growth and development，including tolerance to adverse environmental

COnditionsaswellasseedmaturationanddormancy（Leungetal．，1997）．ABAalsoinduces

leafabscission，flower senescence，andleafsenescence（Zeevaart and Creelman，1988）．

Ethylenehasbeenknownasanendogenousmodulatorofsenescence，includingfmitrlPenlng

andflowerandleafsenescence（Abelesetal．，1988）．Indeed，SeVeralethylene－insensitive

mutantsofArabidqpsIS，etrl，ein2，andein3，WereShowntohavedelayedleafsenescence

SymPtOmS（ZacariasandReid，1990；GrbiandBleecker，1995；Chaoetal．，1997；Ohetal・，

1997）．Jasmonatesinduceplantdefenseresponsesandmechanicalwounding（Belletal・，

3
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1995；ReymondandFarmer，1998）．Inaddition，jasmonatesareimportantce11ularregulators

Ofdiversedevelopmentalprocesses，SuChasflowerandfruitdevelopment，1eafabscission，

and senescence（Creelman et al．，1992）．Other previous analyses also showed the

effectivenessofABA，ethylene，andmethyljasmonate（MeJA）inpromotingleafsenescence

inAnlbidqpsis（Ohetal．，1996，1997；Weaveretal．，1998）．

Centralpathwayofsenescence

Senescenceis ahighly regulated process，during which new metabolic pathway are

activatedandothersareturnedoff．Aschemeoutlinlngthelikelystepsinthepathwayleading

toleafsenescenceisshowninFigure2．Senescencecanbeinitiatedbyawidevarietyof

factors（Nood6n，1988；GanandAmasino，1997），andthesemayfeedintothesamepathway・

Inthisscheme，SlgnaltransductioncascadeslinkedtovarioustrlggerSSuChashormonal

andenvironmantalstimulileadtoaninitiationofmanygenes，followedbythetransitiontoa

Phaseofcontro11edredifftrntiationofcellstruCtureSandremobilizingofmaterials・Fina11y，a

terminationphaseensues，inwhichmanyoftheftaturesofgeneralizedplantcelldeath（PCD）

CanberecognlZed・Theintegrlty Ofsubcellularmembranes andthecompartmentationof

biochemicalpathway arepreserveduntillateintheterminalphase（Nood6netal・，1997；

Buchanan－WollastonandAinsworth，1997）．

Manyoftheenzymesthatincreaseduringsenescenceareclearlysecondaryorperipheral

tosenescence・Theseincludetheenzymesrequiredtometabolizetheaminoacidsandlipids

released and to convert them to transfortable forms．In addition，SOme prOteins such as

meta1lothioneinandperoxidasemaybeneededtoprotectthenormalcellfunctionsagalnStthe

metalionsandperoxidesreleased（Buchananetal・，1997，Nam，1997）・Inaddition，OneCan

askifthereisonesenescenceprocessorseveraldifferentprocessesoccurrlngindifferent

tissues or circumstances，e．g．，’normal’vs stress－induced senescence（Nood6n，1988）・

Although breakdown ofthe chloroplast（CP）is animportant aspect ofthe senescence

Syndrome，thelossoftheCPsthemselvesmaynotki11theleafcells（Noodin，1988）・

4
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Geneexpressioninsenescence

Leafsenescenceisaccompanied，andperhapsdriven，bychangesingeneexpression；the

maJOrlty Of genes that are activein non－SeneSClngleaves such as thoseinvoIvedin

Photosynthesis are down－regulated while a subset of genes are up－regulated during

SeneSCenCe．StudiesinvoIvinginhibitorsofRNAandproteinbiosynthesishaveshownthat

activationofnewgenesisrequiredforleafcellstoundergosenescence（Nood6n，1988；Gan

andAmasino，1997）・Therefbre，effbrtshavebeenmadetoisolategeneswhosetranscript

abundanceincreasesduringleafsenescence，butonlyalimitednumberofSAGs（＄eneSCenCe一

旦SSOCiatedgenes；definedasgeneswithexpressionup－regulatedduringleafsenescence）have

beenidentifiedfromanumberofplantspecies，SuChasArabidopsisthaliana（Henseletal．，

1993；Tayloretal．，1993；Lohmanetal．，1994；Ohetal．，1996；Parketal．，1998），Brassica

nqpus（Buchanan－Wollaston andAinsworth，1997），aSParaguS（King et al．，1995），barley

（Kleber－Janke and Krupinska，1997），maize（Smart et al．，1995），radish（Azumiand

Watanabe，1991），andtomato（Drakeetal．，1996；Johnetal．，1997）．

TheencodedgeneproductsareprlnCIPa11ylnVOIvedindegradationorremobilizationof

biomolecules，but are alsoinvoIvedin protectlng Ce11viability for completion of the

SeneSCenCeprOCeSS．ManySAGshavefunctionsthatremainunknown．Somearepossibly

invoIvedintnggenngsenescenceorcontrollingtheprogressionrateofsenescence．Analyslng

thevariousmodesofSAGsregulationshouldprovideinsightsintothemolecularmechanisms

Oftheleafsenescenceprogramme．

About50cDNAhavebeenasslgnedpossiblefunctionsinsenescenceonthebasisof

SequenCehomology，eVenthoughinonlyafewcaseshavethesefunctionsbeenconfirmed

biochemica11yorphysiologlCally・Someofthegenethatareup－regulatedduringsenescence

arelistedinTablel・Amongtheidentifiedsenescence－inducedgenesaregenesencoding

PrOteaSeS，RNases，Gln synthetase，metallothioneins，PrOteaSe regulators，ACC oxidase，

1ipases，glyoxylatecycleenzymes，Catalase，endoxyloglucantransftrase，pathogenesis－related

proteins，ATPsulfurylase，glutathioneS－tranSferase，CytP450，andpolyubiquitin（Buchanan

andWollaston，1997；Weaveretal．，1997；Bleecker，1998）．
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SAGsmaybedennedasgeneswhoseexpressionincreasesduringnaturalleafsenescence

（i．e．developmentalage－dependentsenescence）relativetootherdevelopmentalstagesofthe

leaf（Fig・l）・Leafsenescencecanbeinitiatedormodulatedbyseveralinternalandexternal

factorsaswellasinanage－dependentmanner．Incontrast，manyPlantgenesthatrespondto

environmentalfactorsmaynotbeassociatedwithleafsenescenceandareregardedasgenes

SpeCifictotheenvironmentalfactors（Nam，1997）．

Genes encoding proteolytlC enZymeS，SuCh as cysteine protease．1ike genes，is being

expandedcontinuously（Smart，1995；Drakeetal．，1996；Tournaireetal．，1996）．Theroleof

proteolyticdegradationinleafsenescenceisillustratedbythebiochemicalidentificationofa

CySteineproteaseandaserineproteasethatcatalyzethedegradationofRubisco（ribulose－1，5－

biphosphatecarboxylase／oxygenase），amqjorleafproteinundergoingdegradationduringleaf

SeneSCenCe（YoshidaandMinamikawa，1996），andbytheimmunOlogicalidentificationof

alkalineendopeptidasesthatincreaseduringleafsenescence（Morrisetal・，1996）．Thegenes

intheubiquitinpathwaysuchasthoseencodingpolyubiquitininpotato（Garbarinoetal・，

1995）andArabidqpsis（Parketal．，1998），arealsoinducedduringleafsenescence・

OtherSAGsinvoIvedinhydrolytlCaCtivitiesincludethosethatencodeRNasessuchas

thebeanribonuclease－1ikepathogenesis－related（PR）proteingene，物rlO（Crowelletal・，

1992；Walter et al．，1996）．RNases have been suggested to functionin phosphate

remobilization during senescence．A pumpkin gene for a key glyoxysomalprotein，3－

ketoacyl－CoAthiolase，WhichmaybeinvoIvedintheremobilizationoffattyacids，isinduced

duringleafsenescencelikeotherglyoxysomalproteingenes（Grahametal・，1992）・Agene

fbrcytosolicglutaminesynthetaseinducedduringsenescencemayfunctiontoremobilizethe

nitrogencompoundsreleasedduringsenescence（Watanabeetal・，1994；Sakuraietal・，1996）・

OtherSAGsincludeaβ－glucosidasegene（Callardetal・，1996）andageneencodingapeptide

relatedtoanendoxyloglucantransftrasethatmayfunctionincellwallmetabolism（Nam，

1997；Parketal．，1998）．

Many stress－related genes are alsoinduced during senescence・Theseinclude

metallothionein－1ikegenes（BuchananandWollaston，1997；Hsiehetal・，1995；Thomasetal・，

1997），that may beinvoIvedin the chelation of metalions released during cellular

6



degradation・ThegenesinvoIvedintheoxidativestressresponsearealsoinduced，including

thegenesfbrFe2’－aSCOrbateoxidase（Callardetal．，1996），anionicperoxidase（Tournaireet

al・，1996），glutathioneS－tranSferase（Jepsonetal．，1994；Smartetal．，1995）andablue

COpPer－bindingprotein（Van－Gyseletal・，1993）・Severalpathogenesis－relatedproteingenes

areinducedinsenescingleaves（Walteretal．，1996；Hanfreyetal．，1996；Johnetal．，1997）．

Theradishdinlgene（AzumiandWatanabe，1991）anditsArabidqpsiscounterpart，Senl（Oh

etal・，1996），areinducedbydarktreatment・Thesestress－relatedgenesmayparticipatein

PrOteCtlngthece11ularintegrltyrequiredforprogressionandcompletionofsenescence・

Thus，theSAGsidentifiedsofarincludegenesexecutlngthesenescenceprogramsuchas

genesinvoIvedindisintegrationorremobilizationofmacromolecules，geneSinvoIvedin

PrOteCtingce11viabilityforcompletionofthesenescenceprocess；however，itisexpectedthat

SAGsmayalsoincludegenesinvoIvedintheinitiationortrlggenngOfleafsenescence，and

genes controlling the progression rate ofsenescence（some ofthe genesinvoIvedin

disintegrationorremobilizationofmacromolecules，includingRNase，PrOteaSeOrubiqultln

Pathwaygenes，mayalsofunctioninthislattercategory）．

Studyinggenesdownregulatedduringleafsenescencemayalsoprovidesomeinfbrmation

Onthemolecularmechanismofleafsenescence（Fig．1）．SenescencemayinvoIvethe

downregulationofnotonlymanymetabolicenzymesbutalsocriticalcomponentsthatrepress

thesenescenceprogram・ThedownregulatedgenesidentifiedrecentlylnCludethegenesfbr

ATPsulfurylase（Smartetal・，1995），aphotosystemIIlOkDapolypeptide（Johnetal．，1997），

andaftwstromalenzymes（Crafts－Brandneretal．，1996）．

Molecularmechamismsofsenescence

StudyingtheregulationofSAGexpression shouldhelp to decipherthemolecular

mechanismsofinitiationandprogressionofleafsenescence・Currentinvestlgationsofthe

kinetics of SAG expression patterns under naturaland artificialsenescenceinduction

COnditionssuggestthattheregulationofSAGexpressionisacomplexprocessthatmaybe

COntrOlledbyanarrayofinternalandenvironmentalfactors（Nood6n，1988；Smart，1994；Dai
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etal・，1999）througharegulatorynetwork（GanandAmasino，1997）．Tofu11yunderstandthe

molecularbasisofleafsenescence，itis necessarytoidentifygeneswhoseproductsare

COmpOnentSOfthebiochemicalandregulatorypathwaysofleafsenescence・

ManySAGsareinducedbyadverseinternalandexternalenvironmentalfactors，including

thepresenceofheavymetals，Salicylicacids，dark，SeneSCenCe－affectinghormones（ethylene，

abscisicacidandmethyljasmonate），WOunding，heatshockandnutrientstarvation（Hsiehet

al・，1995；Ohetal．，1996；Chungetal．，1997；GanandAmasino，1997；Parketal．，1998；

Weaveretal・，1997，1998）・Thus，manySAGsalsofunctionintheplant’sresponsetothese

environmentalfactors・Indirectly，thismaymeanthatthesenesclngCe11sarehighlystressed

and requlre the expression ofthese stress－reSpOnSive genes to cope with the stressfu1

COnditions・Itislikelythatmanyotherstress－relatedgenesarealsoinducedduringleaf

Purposeandcompositionofthisthesis

Asdescribedabove，1eafsenescenceisnotconductedby aunlqueSetOfsenescence－

SpeCificgenesbutprlmarilyutilizesgenesthatarealsoinvoIvedinothercellularprocesses・

Plantcells may have recmited these genes during the evolution oftheleafsenescence

PrOgramandmayhavemodulatedtheirexpressiontobesenescence－aSSOCiatedintheleaf；

however，itiscertainlyconceivablethatleafcellsutilizegenesspecifictoleafsenescence・It

Wi11beimportanttoidentifysuchgenestorevealthemechanismofleafsenescence．Such

genesmaylnCludethosethatcontrolthebasicsenescenceprogram，thatis，theage－dependent

developmentalprogram・

Inthisstudy，IdescribeanalysISOfexpressionandphysiologlCalrolesofSAGsfrom

tobacco plants・This thesis consists of4chapters；ChapterIdescribesisolation and

CharacterizationofNtdinencodingaproteininvoIvedinmolybdenummetabolism；ChapterII

describesisolation and characterization of tbzF and tbz17，geneS enCOding bZIP

transcrlPtlOnalactivators；ChapterIIIdescribes promoter analysIS OftbzF；ChapterIV

describesisolationofTBZFinteractionfactorsbyyeasttwo－hybridsystem．
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Fig・1Asimplemodelforleafgrowthandsenescence．Theregulationofsenescenceisviewedasamatter

Ofbalancebetweentwoantagonisticself－maintenanceandsenescencegeneactivities，Theself－maintena一一Ce

geneactivltymCreaSeSdmingleafgrowthanddeclinesatthesenescencestage．ThisactivltylnCludesgenes

invoIvedin many anabolic activities such as photosymthesis．Otherbasic cellularmaintenance activities

includegenesassociatedwithRNAandproteinsynthesisandrepairactivities．Geneactivityassociatedwith
SeneSCenCemayStarttOaCCumulateatearlierstagesbuttheresultingsymptomsarenotapparentuntilthe

lossofself－maintenanCegeneaCtivltyatalaterstage．Intheintermediatestage，bothactivitiescoexistand

theplantmayretainself－maintenanceorproceedtowardssenescence，dependingontheconditions・Because

Ofthis，theinitiation polnt for senescence cannot be clearly de重ned．The processis developmental1y

PrOgrammedbutonceacertainthresholdlevelofsenescencegeneactivityhasbeenreached，theleafcell

proceedstowardsdeath．DevelopmentalageTdependentandenvironmentalfactorsinfluencethetimlngand
progressionrateofsenescence．
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TablelClonedgenesthatshowincreasedtranscnptlOnduringsenescence・

Gene name PossibIe function Plant Otherinformation

5AC2

∫（，ど／

⊥∫C7

∫ビg2

且4GJ2

⊥∫C790

⊥∫C760

UβCイ

UβJ7

尺〃∫2

〟∫

JC⊥

PβPC〟一別

g〟β〃

⊥∫CノOJ

⊥∫C540

∫どどj

⊥∫C2C2ノブ

P〃Pノノ

P⊥β

Arg∫r2

⊥∫C460

J，〃P／2

エ∫C54

ノgrノ2－JJたど

⊥∫C2C2JO

rg〟r

上∫CjO

エ∫C6βO

C∫m－27

⊥∫C650

⊥∫C550

⊥∫C2C260

⊥∫C2C226

⊥∫Cタイ

⊥∫C2ら22

⊥∫C2C2ノ2

7「0〟Jj

rO〟75

⊥∫Cβ

Cysteineprotease

Cysteineprotease

Cysteineprotease

Cysteineprotease

Cysteineprotease

Cysteineprotease

Asparticprotease

UbiqultlnCarrierprotein

Polyubiqultln

Ribonuclease

Malatesynthase

Isocitratelyase

Phosphoenlpyruvate

Carboxykinase

NAD＋－malate

dehydrogenase

FruCtOSe－1，6－bisphosphate
aldolase

Glyceraldehyde－3－phosphate

dehydrogenase

PyruVate，Orthophospate
dikinase

PyruVate，Orthophospate

dikinase

β－Galactosidase

PhospholipaseD

Glutaminesynthetase

Glutaminesynthetase

Glutaminesynthetase

Glutaminesynthetase

AsparaglneSynthetase

MetallothioneinI

Metallothionein

MetallothioneinII

MetallothioneinII

Femitin

ATPsulfurylase

GlutathioneS－tranSferase

Catalase

CytochromeP450

CytochromeP450

CytochromeP450

PRla

Chitinase

Antifungalprotein

ACCoxidase

MIPmembranechannel

NADH：ubiqulnOneOXidoreductase

Arabidqpsts OryzainT－1ike

Maize OryzainT－1ike

BrassicanaI”S OryzainT－1ike

Maize Vacuolarprocesslng

A′Ⅵ占∫d叩∫J∫

β．〃叩〟∫

β．〃叩〟∫

ⅣJco血乃α∫γルビ∫什J∫

Potato

ArabidqpsLS Senesclngpetals

Cucumber

Cucumber

Cucumber Cotyledons

Cucumber

β．乃叩〟∫

β．〃叩〟∫

Maize

β．〃叩〟∫

Asparagus Postharvest

Castorbean Detachedleaf

AJⅥあJd叩∫J∫

Radish

Rice

β．〝叩〟∫

Asparagus Postharvest

β．′M／Ⅲ∫

Sambucus Leafabscission

β．／M／川∫

Rice Stress－induced

且〃叩〟∫

β．〃叩〟∫

Maize

β．〃呼〟∫

β．〃叩エJ∫

凡〃叩〟∫

β．′I（JJ川∫

β．叩P〟∫

β．乃呼〟∫

β．乃甲〟∫

Tomato Fruitnpenlng

Tomato Fruitnpenlng，WaterStreSS

β．乃叩〟∫

llndicatestypeOfenzymeOranyOthersituationswhereinducedexpressionofthegenehasbeendetected・

PR，Pathogensis；ACC，トaminocyclopropaneTl－Carboxylicacid；MIP，m叫Orintrinsicprotein・
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CHAPTERI

Thedarkness－inducedandsenescence・aSSOCiatedgene，Nidin，

encodesaproteinfunctionlnglnmOlybdenumcofactor

biosynthesisintobaccoplants

Introduction

As describedin generalintroduction，SeneSCenCeis a highly contro11ed process

（Nood6netal．，1997；Smart，1994）andmanygenesthatareup－regulatedduringnaturalleaf

SeneSCenCe have beenisolated and characterized（Buchanan－Wollaston，1997；Gan and

Amasino，1997；Nam，1997）．Radish（RaphanussativusL．）dinl（referredtoRsdinlinthis

thesis）isanexample，althoughinitiallyitwasreportedasadarkness－induciblegene（Azumi

andWatanabe，1991）．Itstranscriptsaccumulateundersenescence－inducingconditionssuch

as ethylene treatment and arerepressed by senescence－retarding phytohormones such as

CytOkinins（AzumiandWatanabe，1991）．Arabidqpsisthalianasenl（reftrredtoAtsenlinthis

thesis），aCOunterpartOfRsdinl，hasalsobeenshowntobedarkness－inducibleandassociated

Withnaturallyandartinciallyinducedsenescence（Ohetal・，1996）・TheproductofRsdinlcan

beimportedintoisolatedchloroplastsafterbeingprocessedtoasma11matureform，Which

Shows sequence similarlty tO the sulfide dehydrogenase from Wolinella succinogenes

（Shimada etal．，1998）．ItwasproposedthatRsdinlisinvoIvedin sulfurmetabolismof

Chloroplasts，althoughtheexactfunctionsofRsdinlandAtsenlremainunknown・

Most molybdenum－COntainlng enZymeS COntain a common cofactor，Moco．This

COfactorisessentialfbrtheactivltyOfseveralkeyenzymeslikeNR，XDH，Sulfiteoxidase，

and aldehyde oxidase，Which catalyze basic reactionsin nitrogen，Sulfur and carbon

metabolism（Kiskeretal．，1997；ZimmerandMendel，1999）．Themostofourknowledgeon

MocobiosynthesishasbeenobtainedfromanalysesofmutantsofEscherichiacoli，inwhich

5Moco－SPeCificoperonshavebeenidentifiedanddesignatedmoa，mOb，mOd，mOe，andmog，

12
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WithinvoIvement of more than15genes（R可agopalan，1996；Mendel，1997）．The

biosynthesisofMocorequlreSmultistepsynthesisofMPTmoietiesfbllowedbytransferof

molybdenum（Rqjagopalan，1996；Schwarzetal．，2000）．Inplants，Moco－deficientmutants

havebeenclassifiedintosixcnx（cofactorfbrnitratereductaseandxanthinedehydrogenase）

COmplementationgroups，indicatlngthatatleast6genesparticlpateinMocobiosynthesis

（Mendel，1997；ZimmerandMendel，1999）．

In this Chapter，Idescribeisolation oftobacco din（Ntdin），Whose expressionis

induced during senescence and also by sulfate and nitrate but not by phosphate．Using

tobaccoplants expresslngNtdin genein antisense，Iprovide direct evidence that Ntdin

functionsinMocobiosynthesis．

MaterialsandMethods

ア血〃J〝∽Jg血Jα〃dγαわ〃〟∫〟℃αJ∽e〃ね

Tobaccoseeds（N tabacumcv．Xanthinc）weresurfacesterilizedtbr10mininal％NaC10

SOlutioncontainlngO．1％Tween－20，WaShedseveraltimesinsteri1ewaterandplacedonO．5％

agarcontainingl／2strengthMurashigeandSkoog（MS）mediuminplasticcontainers・The

plantsweregrowntotheir8thleafstageincontinuouswhitelight（90い′E）at250Cunless

Statedotherwise．Fortreatmentsdirectedtoroots，theagarwascarefu11yremovedandthe

Plantsweretransferredtoliquidl／2strengthMSmediumandmaintainedforanother2days

underthesameconditionsbeforestartlngthefollowlngtreatmentS．Plantsweretransferred

froml／2strengthMSmediumtol／2strengthMSmediumlackingeitherNO，J，SO．2－orPO．3－．

Infurtherexperimentstobaccoplantsweretransferredtowater，nitrate－（19．4mMKNO，），

Sulfate－（150LIMMgSO．）andphosphate－（125LIMK，HPOJKH，PO．）containingsolutions，

respectively．TheconcentrationswereequlValenttothoseinl／2strengthMSmedium．Incase

Ofhormonetreatments，abscisicacid（ABA，20い′M），6－benzylaminopurine（BA，20トLM），（－）

jasmonic acid（JA，20トLM）orindole－3－aCetic acid（IAA，20トLM）were addedto thel／2

StrengthMSmedium．Forethylenetreatment，PlantswereexposedtolOplnethylenegasin

13
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SPeCialglasscontainers・Aeachtimepolnt，2ndand3rdleavesfromthetopsoftwoplants

Wereharvested，frozeninliquidnitrogenandstoredat－800Cuntiluse・Leavesofolderage

WereharveStedfromplantsgrowninsoilundercontinuouswhitelight（90pE）at250C．

Cβ〃Aね〃ねJわ〝，m比－PC尺α〃dβM∫叩〟g〝CJ〝g

Poly（A’）RNAwasisolatedusingQuickPrepmRNAPurificationkit（Pharmacia）fromtotal

RNApreparedbyAGPCmethodandconvertedintoa入Uni－ZAP（Stratagene）phagecDNA

library・Thislibrary was screened with32plabelled－Rsdinlprobe・A TAIL－PCR was

Perわrmedbyanoriginalprotocol（Liuetal・，1993）usingthefo1lowingthreeNtdin－SpeCinc

primers，din－R2（5’－CATATCCTCCAGCAATGTCAGTCACCCC－3’，COmPlementary to

nucleotides596to569），din－R3（5’－CACTCGTAGCCATAAATGATCTCTTCCCC－3’，

COmplementarytonucleotides545to517），din－R4（5’－GGAATGTTTATGGCCCCAGGAGC

ATGCCC－3’，COmplementarytonucleotides411to383inFig．3A）andanarbitraryprimer

［5’－NGTCGA（G／C）（jVT）GANA（A汀）GAA－3’］ontobaccogenomicDNA．Double－Stranded

PlasmidsweresequencedwithABIPRISM310sequenceruslngaBigDyeTeminatorCycle

SequencingFSReadyReactionkit（Perkin－Elmer，Norwalk，CT，U．S．A．）orwithHitachiSQ－

5500sequencerusing aThermoSequenasepre－mixedcycle sequencing kit（Amersham）

（Sangeretal・，1977）・SequencedatawereassembledandanalyzedwiththeSDC－GENETYX

geneticinfbrmationprocessingprogram（LipmanandPearson1985；SoftwareDevelopment

Co・，Tokyo）andcomparedwithsequencesinnon－redundantdatabasesbyBLASTprogram

OnnetWOrkserverS（Altschuletal．，1990）．

伽mgrg∫fe那わ〝α朋ウ∫f∫

The Texas Red－1abelled primer（5’－TGTCACTGATGATACATTCCCATACGTC－3’）

（PrOVidedbyNipponFlourMillsCo．Ltd．，Atsugi，Japan），COmPlementarytonucleotides169

to1420fFig．3A，WaShybridizedat600CforlhwithlOい・gOfheat－denaturedtotalRNA

isolatedbyAGPCmethodfromsenesclngtObaccoleaves．TheannealedprlmerWaSeXtended

Withareversetranscriptase（SuperscriptII，GIBCO－BRL）in30plofareactionmixture（50

mMTris－HCl，pH8．3，75mMKCl，3mMMgC12，1mMeachdNTPs，andlOmMDTT）at
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420cfbrlh．TheextendedproductwasresoIvedbyelectrophoresisonagelconsistedof6％

LongRanger（Pharmacia）／6．1Mureainpara11elwiththesequencingladdersoftheNtdin

fragmentobtainedbyaTAIL－PCRstartlngWiththesameTexasRed－labe11edprlmer・

Gg〝0椚fcβ〃A如血助川血厄血肋Ⅶ卸帥枕頭血

Tobacco genome DNA wasisolated by the cetyltrimethylammonium bromide（CTAB）

method（MurrayandThompson，1980）．Restrictiondigestsof4い′gOfDNAwereseparatedby

electrophoresisonO．7％agarosegel．Thegelwassuccessivelysubjectedtodenaturationin

O．5MNaOHcontainingl．5MNaClandthenwasneutralizationwithlMTris（pH7・5）

COntainingl．5MNaCl．Afterblottingontoanylonmembrane（HybondN，Amersham）by

Capillaryactionin20xSSC．TheDNAwascrosslinkedontothemembraneuslngaUVcross

linker．Themembranewasthensu句ectedtohybridizationinbuffercontainlngO．5MChurch

Phosphatebuffer，0．5MEDTA（pH8．0），and7％SDSat650cfbr16h（ChurchandGilbert，

1984）．Afterwashingthreetimesin40mMChurchphosphatebufferandl％SDSat650cfbr

30min，themembranewasautoradiographedwithX－raynlm．

RⅣA如血伽肌肌雨脚助∽日直血批戚血

TotalRNAwasisolatedaccordingtotheATAmethod（Nagyetal．，1988），Orbytheacid

guanidinium thiocyanate－phenol－Chloroform（AGPC）method（Chomczynskiand Sacchi，

1987）．TotalRNA（20トIgeaCh）was separatedby electrophoresisinformaldehyde－1・2％

agarosegelandblottedontoaHybondNmembrane（Amersham）in20xSSCbycapillary

blottlng・AftercrosslinkingtheRNAbyUVirradiation，hybridizationwascarriedoutat420c

fbr16hwithgentleshakinginhybridizationbufftrcontainlng32p－labe11edcDNAprobe，50％

（v／v）fbrmamide，10％dextransulfate，1xDenhardt．ssolution（0．02％（w／v）Ficol1400，0．02％

polyvinylpyrrolidone，0・02％（W／v）BSA），0・5％（W／v）SDS，3xSSC，and50mMTris－HCl

（pH7．5）．Themembranewaswashedthreetimeswithgentleshakinginasolutioncontaining

lxSSCandO．1％SDSat650cfor30min，andthenautoradiographedwithX－raynlm．

肋α∫〟rg椚e〃Jq′cゐわr叩毎〃c〃〝′β〝J
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Usingaplastichomogenizercooledinliquidnitrogen，frozenplanttissue（fromthesame

SamPlesusedforRNAextraction）wascruShedtoafinepowderinl．5－mLmicrofugetubes

followedbytheadditionofl・2－mLaliquotsof80％（v／v）acetone．Sampleswerevortexedfbr

15secandincubatedinthedarkatroomtemperaturefbr30minwithinversioneverylOmin・

Bleachedplantmaterialwasremovedbycentrifugation（5min；10，000g）andl－mLaliquots

Ofsupernatantstransferredtonewtubes・Chlorophy11a＋bcontentofextractswasdetermined

SpeCtrOPhotometrica11y（Lichtenthaler，1987）．Chlorophyllcontentispresentedrelativetothe

COntrOloftheyoungestleafinaglVeneXperiment・

C川∫J川CJわ〝げGダタカ∫わ〝クね∫∽〟α〃dβ〟Ore∫Cg〃Cg∽わJ叩C叫げ

The肋dincDNAwasamplinedusingtheprimerA（5’－TCACAA担王△〔込ATTGCAATCAG－

3’，COrreSpOndingtonucleotides56to79inFig．3Aexceptthelowercaseletters）andthe

PrimerB（5’－TCTAAATAACGg星型∈∈AGCTTGG－3’，COmplementarytonucleotides354to

331inFig・3Aexceptthelowercaseletters），andpNtdinRTasatemplate．Inthoseprimers

XbaIandBamHIsites（underlined）wereintroducedfbrcloningpurpose，reSpeCtively．The

amplifiedfragmentwasclonedintopGEM－TEasy vector（Promega）andtheinsertwas

COnnrmedbyDNAsequenclng・TheplasmidwasdigestedwithXbaIandBamHIandthe390

bpfragment，WhichcoversthecorrespondingreglOnOfaapositionsl－930fNtdinprotein，

WaSinsertedintoXbaI－BamHIcleavedpGFP2’vector［AuniqueKbnIsiteoftheoriginal

Plasmid（pGFP2，PrOVidedbyDrs・N・－H．ChuaandSpielhofer）waschangedintoaBamHI

Site，reSultinginpGFP2’tocreatepNtdin（1－93）：：GFP．Thisplasmidencodesafusionprotein

WithatruncatedNtdinattheN－terminalportion andGFPattheC－terminalportion・A・

thalianacaulineleaveswerebiolisticallybombarded，aSdescribed（Sheenetal．，1995），With

goldparticle（Bio－Rad）coatedwiththecontrolplasmidpGFP20rPNtdin（1－93）：：GFP．After6

hincubationatroomtemperatureincompletedarkness，thecaulineleaveswerevieweduslng

amicroscope（OLYMPUSPROVISAX70）equippedwithafluorescencemodule．

Pr甲α和才わ〝q′ク和才ef〃g∫什αC′∫α〃dwg∫JgrJ川〝αか∫f∫

ToextractnativeproteinsallofthefollowlngprOCedureswerecarriedoutseveraltreatments．
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Thefrozenplantmaterialwasgroundwithamortarandapestleunderliquidnitrogen．After

transftrtoal．5－mLmicrofugetubethepowderwashomogenizedbyvortexlnglneXtraCtion

buffer［50mMHEPES－KOHpH7．5，10mMMgC12，5mMEGTA，2mMdithiothreitol，l

mMphenylmethylsulfonylfluoride，5pg／mlantlPaln，5トLg／mlaprotin，5pg／mlleupeptlnand

lO％（V／v）glycerol］・Thehomogenateswerecentrifugedat14，000xgandaliquotsofthe

SuPernatantSWerefrozeninliquidnitrogenandstoredaト80Oc．Theproteinconcentrations

Weredeteminedusingaproteinassaykit（Bio－Rad）basedonthemethodofBradford（1976），

Withbovineserumalbuminasthestandard．WesternanalysISWaSPerformedasdescribed

（Berberichetal．，1999）．ThemostC－terminalregionofNtdin，NH，－（C）AAWTENGLPTDS－

COOH，WaSSynthesized・Thispeptidewascoupledtokeyholelimpethemocyaninandthe

COnJugate WaSlnJeCtedinto rabbits to raise anti－Ntdin antibodies，Which were affinity－

purified．EqualamountsofproteinwerefractionatedonSDS－pOlyacrylamidegelsandthen

transferredtoanitrocellulosemembrane（Kyhse－Andersen，1984）．Non－SPeCincbindingsites

Wereblockedbyincubating the membranein PBS contalng5％non－fat－dry milk．Ntdin

PrOteinwasidentifiedintheblotsbyachemi1uminescencemethod（Amersham）accordingto

themanufacturer’sinstruCtions，uSlngal：1000dilutionoftheaffinity－purifiedanti－Ntdin

antibodyasthelstantibody．

7bbaccotn7ndbrmatl（SeXPreSSiltgNtdinilZatl（ise11Se

The NtdincDNA fragment sandwiched withSacIandXbaIsites was subclonedinto the

respectivesitesofpBI121（Clontech）tocreatepBI－antiNtdin・Asacontrol，pBI121wasused

fbrAgrobacterium－mediatedtransformation．Tobacco（N．tabacumcv．Xanthi）1eaveswere

CO－CulturedwiththeresultingtransformantsandtransgenicplantswereselectedonMSagar

COntaining50い′g／ml－1KanamyCin．Thepresenceofatransgeneintheplantswasconfirmedby

genomicPCRwithappropnateprlmerS．

Cぁわ川上g∫g〃∫fかゅJg∫f

TransgenictobaccoplantswerecutatthebottomoftheirstemsandaseptlCallytransfbrredto

l／2strengthMS mediumcontainlng3mMor5mMpotassiumchlorate．After4weeksof
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Culture，Phenotypeandrootgrowthwereassayed．

伽Jer〝血αfわ〝q′〃肋ⅥJgrg血cね∫eαCか卸

NR（NADH：nitrateoxidoreductase，ECl．6．6．1）activitywasmeasuredincrudeextractsas

describedbyScheibeletal．（1997）．Theplantmeterialstoredinliquidnitrogenwasgroundto

afinepowerinamortarthathadbeenprecooledwithliquidnitrogen．Thepoweredmaterial

WaSthoroughtlymixedandextractedwithfourleavesnolumes（v／w）ofice－COldbufftr【100

mMHEPES－KOH（PH7．5），5mMMg（OAc）2，lmMEDTA，10％（V／v）glycerol，5mMDTT，

1％（w／v）BSA，0．1％TritonX－100，0．5mMphenylmetylsulphonylfluoride（PMSF），20pM

FAD，25い一Mleupeptin，5匹MNa2MoO．，1％polyvinylpyrolidone（PVPP）］・NRactivitywas

measuredimmediatelybymixlngOneVOlumeofextractwithfivevolumesofprewarmed

（250c）assaybuffer［100mMHEPES－KOH（pH7．5），5mMKNO，，5mMEDTA（PH7・5），

0．25mMNADH］．Aftervarioustimesat250c，300匹1aliquotswererevedfromtheassay

mixtureandthereactionwasstoppedbyadding25トL10．6Mzincacetateand75pl150いノM

phenazine methosulphate，mixed and held for15min before adding300リノ11％（w／v）

Sulphanilamidein3NHCl＋300い′10．02％（W／v）N－（1－naphtyl）－ethylenediamineinbidestilled

Water．Tubeswereallowedtostandfbr20minatroomtemperature，Centrifugedat14，000xg

andtheabsorbanceoftheproducedazo－dyeintheclearsupernatantWaSmeaSuredat540nm・

伽Jβr椚加αJわ〃q′∫α〝鋸〃gdg毎加gg〃α∫gαCかわ，

NativegelelectrophoresisanddetectionofXDHactivltyWaSaSdescribedbyMendeland

Miiller（1976）．TheplantswerewateredwithalOmMKNO，SOlution12hbeforeharveSting

theleaves．Crudeextractswerepreparedbygrindingthetissueinachilledmortarwithacid－

WaSedquartzsandandtwotimesitsweight（W／v）ofcoldO・lMpotassiumphosphatebuffer，

pH7．5，COntainlnglmMEDTA，10mM2－merCaPtOethanolandl％tritonX－100・Theslurry

WaSCentrifugedat40cfor30minatabout20，000xgandthesupernatantwastakenfbr

enzymeelectrophoresis・Electrophoresisundernon－denaturlngCOditionswascarriedoutin

7％polyacrylamide gel（ratioofN，N’methylene－bis－aCrylamidetoacrylamideO・026）・A

2．25％spacer gel（ratio of N，N．methylene－bis－aCrylamide to acrylamide O・25）was
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POlymerizedontopoftheseparatlnggel．ThebufferinthereservOirswasO．05MTBEbufftr，

PH8・3・Afteraddingbromophenolblueastrackingdyeandsucrose，electrophoresiswas

Carriedoutat5mApergel（anodeonthebottom），untilthetrackingdyereachedthebottom

Ofthegelcolumn・AfterelectrophoreticseparationthegelswereequilibratedinO．1Msodium

PyrOPhosphate buffer，pH8・0，and transferred to the followlng Stainlng mixture‥0・1M

SOdiumpyrophosphatebuffer，PH8・0，COntainlng2mMhypoxanthine，lmMnitrotetrazolium

blue，0・1mMphenazinemethosulphateat300cinthedarkfbr30to60min．

伽fgr〝血αJわ〝q′肋coco〃Jg〝J

The assay forMoco was based on the determination ofthe activlty OfNADPH－nitrate

reductase（ECl・6・6・3）assembledwithNRapoproteinoftheMoco－deficientnit－1mutantof

Neuro5POraCraSSaandaMocofractionoftobaccoleavesaccordingtoMendeletal．（Mendel

etal．，198l，Mendelet al．，1985）．L929andNR6Pcells obtainedfrom a6－Cm dish were

homogenizedbysonicationin200トL150mMpotassiumphosphate，5mMEDTA，and5mM

reducedglutathione（pH7・2）・Afterclarification，200い′lofproteinextractwereimmediately

transftrredto50匹lofnit－1extractsupplementedwith20mMNADPHandcomplemented

anaerobicallyovernightat40c・ReconstitutedNADPH－nitratereductaseactivltyWaSaSSayed

asdescribed（Stallmeyeretal．，1999）．

Results

IsoLhtionNtdincDNAandNtdin5，岬StT・eammLL－PCRjねgment

UsingtheRadishdinlasaprobe（PrOVidedbyProf．A．Watanabe，Univ．ofTokyo），

twopositivecloneswereobtainedfromthe入Uni－ZAPphagecDNAlibrary（2xlO4pfu）

derivedfromsenesclngtObaccoleaves・Boththecloneswereorlglnatedfromageneandthe

longercDNAinsertwasca．0．7kb．Itseemsnottobeafu11－1engthcDNAwithnucleotide

SequenCeCOmParisonoftheRsdinlandAtsenlcDNAs（AzumiandWatanabe，199l，Ohet

al・，1996，Shimadaetal・，1998）・Toobtainasequenceinformationonthefu111engthcDNA
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andthefurther5’upstreamregion，theTAIL－PCRwiththreegene’s specificprimers（1st

CyCle，dinR2andthearbitraryprlmerdescribed；2ndcycle，dinR3andthearbitraryprlmer

then3rdcycle，dinR4andthearbitraryprimer）ontobaccogenomicDNAasatemplatewere

Performed・Theamplified845bpsequencewasseemedtocontaintwointrons，89bp（lst）

andlO5bp（2nd）・InFig・3A，theseintronsequenceswereomittedandtheirpositionswere

indicated by verticalarrowheads．Based on the sequence，the two primers，（5’－

CAAAGAGCTGATCATCTTTTCAAAATCTCACTC－3’，COrreSpOndingtonucleotides6to

38）and（5’－CATCAGAATGAGGAGAACATTTACACATATGG－3’，COmplementary to

nucleotides868to837），WeredesignedandaRT－PCRontotalRNApreparedfromsenescing

tobaccoleaveswasperformed．DuetodirectsequenclngOfthe863bp－amplifiedfragment，

theDNAsequenceofthecDNA，termedNtdin（Standingfor些．fabacumdi！31homologue），

WaS COnfirmed．Thisfragment was also clonedinto pGEM－T Easy vector（Promega），

resultinglntheplasmidpNtdinRT．NtdincDNAshows56．2％and55．5％identltytOAtsenl

CDNAandRsdinlcDNA，reSpeCtively．NtdincDNAcontainsanORFof558bpencodinga

185aminoacid－PrOtein（namedNtdin）witharelativemolecularmassof20，095daltons．Its

inferred amino acid sequence has56．8％and54．2％identlty tO theArabidopsISPrOtein

（Atsenl）andtheradishone（Rsdinl），reSpeCtively（Fig．3B）．TheirN－terminalregions（1to

71aminoacidpositionsincaseofNtdin）arefairlydiverseandtheresidualC－terminalhalves

（amino acidpositions72to185）shows68．1％and69・0％identitytothecorresponding

reg10nSOfAtsenlandRsdinl，reSpeCtively・Thisobservationsuggeststhatthesediversed

reglOnSareSlgnalpeptidesandtheprocessedC－terminalreglOnSmaybetargetedtoorganella・

AprlmereXtenSion analysIS reVealed thatthe transcrlptlOnalstart siteofNtdin was the

nucleotideTlocated76bpupstreamofthenrstnucleotideoftranslationalstartcodon（Fig・

4）．AputativeTATAbox，TAAATAT，WaSlocatedin－40to－34（Fig・3A）・TwoMyc

recognitionsites（CANNTG，Murreetal．，1989）（－207to－202and－91to－86）andasingle

Mybrecognitionsite（C／TAACNA／G，Bfedenkappetal・，1988；Nakagoshietal・，1990）（－192

to－187）wereobservedinthisregion．Asequence，5’－GCTGACGTG－3’，Whichwassimilar

toABA－reSPOnSiveelement（Marcotteetal・，1989）andtotallyconservedinbothRsdinland

Atsenlpromotersequenceandlocatedca．40bpupstreamoftheirTATAboxes［（Ohetal・，

20

」ト

r

】

ト

l



1996，Rsdinlgenomesequence（Accession＃D38252）］，WaSalsoobservedinNtdinpromoter

region，5’（－125）－CTTTACGTG－3’（一I17）（boldlettersrepresentconservednucleotidesinthe

tobaccosequence），althoughitssignincancewasunclearatthismoment．

Gg榊∽わ∫〃〟Jゐe川α〝αか∫ね

Two or three hybridization slgnals perlane were detectedin genomic Southern

hybridizationusingNtdinORFfragmentasaprobe（Fig．5）．ItindicatesthatN．tabacum

genomeDNAcontainsatleasttwocopleSOfNtdingenes．

7了ssLLe叩eCぴicaccumtLkz（io，1qfNtdinwIRNAi11ma（ure（（Jbacc〃Pk711t

TheeffectsofleafsenescenceonNtdinexpressionwereinvestlgatedbynorthern

hybridization・ThemRNAlevelofrbcSwaswe11correlatedwiththetotalchlorophy11content

（Fig．6A）．The steady－Statelevels ofNtdin mRNAhadreversecorrelationwiththem．In

youngflowerbudandrootNtdinmRNAwasdetectedatverylowlevelandatscarcelevel，

respectively（Fig．6B）．

Eipressio11qfNtdin（，〃JhemRNAlel・e［itlreVlOnSe（（＝・arious（reatm

Withtheuseofnorthernhybridization，OVerallchangesinthemRNAlevelofNtdin

aftervarioustreatments oftobaccoplants wereinvestigated（Fig．7）．TheNtdin mRNA

accumulatedcontinuouslyduringdarktreatmentintheleaftissuewithin24h（Fig．7A）．A

prolongedexposuretodark（2dand4d）causedaslightdropofthemRNAleveltothesame

levelasafter12hinthedarkindicatlngamaXimumafter24h・Becausesenescencechanged

nitrogen，Sulfur and phosphoruSlevels，the effects ofdeprlVation and addition ofthese

elementsonNtdinexpressionwereaddressed・Withdrawalofnitrate，Phosphateorsulfate

froml／2strengthMSmediumoveraperiodof30r6daysdidnotcauseanychange（Fig．

7B）・Applicationofphosphatefbrthesameperiodsalsodidnotcauseanychange．Incontrast，

nitrateandsulfateelevatedthelevelsofNtdinmRNA（Fig．7B）．Additionofglutamine，

CySteineandthiosulfatealsoresultedinNtdinmRNAaccumulation（datanotshown）．Since

leaf senescenceis affected by phytohormones，their effects on Ntdin expression were
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analyzed．Afterethylene（ldand2d）treatmenttheNtdintranscriptlevelsincreasedinleaves

toapproximatelythesameextentasafter6hdarkness・ABAandIAAhadaprofoundeffect

OnNtdinexpression（Fig．7C），WhereasBAandJAhadnoinfluence（Fig・7C）・Theresults

SuggeStthatNtdinisinvoIvedinbothnitrogenandsulfurmetabolismandthatit’sexpression

isregulatedbyphytohormones・

Cゐα〝ggf〝J加わγgJq′湖山p和才g血〟〃derγαrわ〟∫grけWJんcβ〃dfJわ〝∫

Withanti－Ntdinantibody，threeproteinsweredetectedinleavesupondarknessin

WeSternanalysIS．The16．4kDaproteinwasfoundnon－SpeCifica11ylnyOungSeedlings・Two

Otherproteinsof15．8kDa（PrOteina）and14kDa（PrOteinb）accumulatedupondarkness

（Fig．8A），theiramountsbeingincreasedat24hbyABA－andIAA－butnotBA－andJA－

treatments（Fig．8A）．TheamountsofNtdinwasconsistentwithchangesinlevelofNtdin

transcrlPtS・Uponethylene－treatment，however，prOteinsaandbwerepredominantwhereas

NtdintranscrlptSWeredetectedatonlylowlevel・Inmaturetobaccoplants，prOteinsaandb

WereCOnSistentlydetectedregardlessofaging，aSjudgedfromchlorophy11contents（Fig・8B）・

5f∽肋わ秒q′〃〟加w助Cイer〝血αJrggわ〃q／CJ‡∫5

A homology search revealed that Ntdin shows considerable similarlty tO the C－

terminalregionsofseveralMoeB（MPTsynthasesulfurylase）andCnx5（MoeBhomologin

Plant）proteins（Fig．9Aand9B）・Forthispaper，theN－terminal（about240aminoacids）and

theC－distal（about90aminoacids）regionsofCnx5inN・Plumbagin節）liaweretentatively

termeddomainsAandB，reSpeCtively・Ntdinscores25％identltytOthedomainB ofN・

plumbagin陶IiaCnx5（Fig．9B）．EvenintheprokaryoteMycobacteriumtuberculosisMoeB

retainsthedomainB，butnotinE．coliandBacillussubtilis．

Cg〃〟ねr山cαJたαJわ〃q′Jゐe相加Pr（血f〝

Amino acid alignment ofNtdin，Atsenland Rsdinlsuggested that the reglOn

constitutedbyaminoacidpositionslto7lofNtdinfunctionsasaslgnalpeptideandthatthe

processedC－terminalconservedreglOnSmaybetargetedtoorgane11es・Toidentifyacellular
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localization ofNtdin protein，We COnStruCted a cauliflower mosaic virus（CaMV）35S

promoter：：Ntdin－GFP genefusionthatcouldbeusedintransient assays・Afterbiolistic

bombardmentintoA．thaliana caulineleaves，the GFP signalfrom the controIplasmid

（PGFP2）wasobservedinthecytoplasmandnucleus（Fig・10A）・Incontrast，theNtdin（l－

93）：：GFPfusionproteinisexclusivelyinthechloroplasts，indicatingthatNtdinlocalizesto

thechloroplasts（Fig．10B）・

ChloTdesensitivi＆inNtdin－rqPreSSedtobaccophmts

SinceNtdinmRNAaccumulatedonapplicationofnitrateorsulfatebutnotphosphate，

acommOnrOleinnitrogenandsulfurmetabolismwassuggested・ThesimilarltyOfNtdinwith

thedomainBofCnx5proteinsfurtherindicatedaninvoIvementinmolybdeniummetabolism・

MocoisessentialfbrNR，Whichisthekeyenzymeofnitrogenmetabolism，andforsulfite

oxidase，Whichmaybethekeyenzymeofsulfurdetoxication・Toexaminethispossibility，

transgenictobaccoplantsweregenerated，inwhichexpressionofendogenousNtdingene（S）

wassuppressedbytheantisensemethod・Sincechlorateisatoxicnitrateanalogthathasbeen

usedtoscreenfbrmutantsdeftctiveinMocobiosynthesis，tranSgenicplantswereassayedfor

KClO3－SenSitivlty・Thirty－fourto38independenttransgenicplants，inwhichthepresenceof

thetransgenewasconfirmedbygenomicDNA－PCR，Wererandomlyselected，CutOffatthe

bottomofstems，tranSferredinto30r5mMKClO3－COntainlngmediumandfurtherincubated

at250C・After4weeks，rOOtgrOWthwascomparedwiththatofcontroIs・OftheNtdin－

antisensetransgenics74％and32％generatedrootsin3mM－and5mM－KClO3media，

respectively，incontrastto44％and6％ofcontroltransgenics（Table2）・AntiNtdintransgenic

plantsalsogrewfarbetterthancontroIsinchlorate－COntainingmedia（Fig・11）・

〃城叩mJg加Jeγgち〃尺α〝dズかガαCか血∫α〝d肋coc州ね〝ね加地那gg椚叩血〝ね

Fourlinesofchlorate－reSistantantiNtdintransgenicplantswerefurtheranalyzedand

showntocontainascarcelyanyamountsofNtdinproteinsthanwildtypetobaccoplants（Fig・

12A）．Theyshowedapproximately7－8％NRactivityofthatofwildtypeplant（Fig・12B）and

exhibitedfairylowerXDHactivities（Fig・12C）comparedtothecontroIplants・Measurement
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uslngN・CraSSa nit－1cellextracts revealed that they containedless than5％ofMoco

COmParedwiththecontroIs（Fig．12D）．

Discussion

ThischapterdocumentsevidencethatNtdinfunctionsinMocobiosynthesis，Which

mayberequiredduringleafsenescence・TransgenictobaccoplantswithreducedNtdin

activltyShowedscarceNRactivitiesandlowerXDHactivitiesandchloratetolerance，Similar

to the phenotype of Moco－deficient plant mutants（Stallmeyer et al．，1999）．Direct

measurementofMococontentsrevealedthatitwasthecaseintheNtdinantisenseplants・

Aldehydeoxidase，anOthermolybdoenzyme，hasrecentlybeenshowntocatalyzethelaststep

inthebiosynthesisofthephytohormonesIAA（Koshibaetal．，1996）andABA（Walker－

Simmons etal・，1989；Xiongetal・，2001）．Ntdintranscriptsherespecificallyaccumulated

Withexogenousapplicationofthesetwohormones，implyingthatendproductscatalyzedby

aldehydeoxidasemodulatetheexpressionofNtdin・

ThelevelofNtdinproteincorrelateswiththelevelofNtdintranscrlPtS，althoughthere

WereSOmeeXCeptlOnSWithcasesofethylenetreatmentandsenesclngleaves・Theresultsthus

SuggeStthattheabundanceofNtdinismainlycontrolledatthetranscrlptlOnallevel，andtoa

lesserextent，atthepost－tranSCrlptlOnallevel・Detectionoftwoproteinsofdifftrentsizesby

anti－Ntdinantibodycanpossiblybeexplainedasfollows‥First，OneOftheproteinsisthe

productofasecondcopyNtdingene・GenomicSouthernhybridizationuslngtheNtdinORF

fragmentasaprobeshowedtwoorthreehybridizationslgnalsperlane，SupPOrtlngthe

presenceofatleasttwocopiesoftheNtdingeneperhaploidgenomeofNtabacum（Fig．5）．

Second，theproductsfromthetwoNtdingenesarethesameinsizebutprocesseddifftrently・

IsolationofthesecondNtdingeneisnecessarytodeteminethemechanism．

Ntdinseemstobeamonofunctionalprotein，WhereasN．plumbagin陶IiaCnx5isa

two－domainprotein，COmprlSlngE・COliMoeBandadomainB・SomeofMocobiosynthetic

PrOteinsineukaryotesareknowntobemultifunctionalproteins・Forexample，ArabidqpsIS
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Cnxl（Sta11meyeretal．，1995）andmammalianGephyrin（Stallmeyeretal・，1999）consistof

E・COliMogAandMoeA・ThefunctionalrelationshipbetweenthedomainBofCnx5and

Ntdinremainstobeclarified．Toidentifyaninteractingprotein（S）withNtdinmayhelpto

understanditsauthenticfunction．

Ntdinwasherefoundtobelocalizedinchloroplasts，SuggeStlngthatcertainstepsof

Mocobiosynthesisinplantsoccurintheseorganelles・InacurrentmodelfortheMoco

biosynthesispathwayinplants（ZimmerandMendel，1999），thefirststepistheconversionof

aguanosinederivativeintoaprecursorZ，Catalyzedbythecnx2andcnx3geneproducts

whicharehomologoustoMoaAandMoaCofE・COli・A・thalianaCnx2andCnx3proteins

havesomeofthecharacteristicsoftransitpeptidesforthechloroplastsandmitochondria

（Hoffetal．，1995）．Guanosineismadeinplastids（SenekoffandMeagher，1993）・Thesedata

supporttheideathatatleastsomestepsinMocobiosynthesisareplastidlocalized・

WhichstepofMocobiosynthesisiscatalyzedbyNtdinisanunansweredquestion・

NtdinalsohasasimilarltytOanA・thalianasenescense－aSSOCiatedrhodanese－1ikeprotein

（AADO3573）andtomammalianrhodaneses（Pallinietal・，1991；Dooleye〔al・，1995）（Fig・

13）．Rhodanese（EC2．8．l．1；thiosulfate sulfurtransferase），bothin prokaryotes and

eukaryotes，enZymaticallyinactivates cyanide（CN－）by convertingitintoless toxic

thiocyanate・ThisreactioninvoIvesthetransferofasulfuratomfromadonorcofactortothe

substrate・Thecatalyticintermediateoftheenzymetakesaformcontainingthetransferred

sulfuratom．ThesulfurhasbeensuggestedtoexistinapersulfidelinkageinvoIvingtheactive

sitesulfhydrylgroup，Cys－247，Ofrhodanese（LuoandHorowitz，1994）・ThisCysresiduein

rhodaneseisconservedinthecorrespondingpositionsofNtdin，AtsenlandRsdinl（Fig・1A）・

TheArgresidue（Arg－187）ofrhodanaseresponsibleforsubstratebindingisalsoconservedin

NtdinandAtsenl，andreplacedwithasimilarpositivelychargedLysresidueinRsdinl・Itis

likelythattobaccoNtdinhassulfurtransferaseactivltyPerSeOrinassociationwithother

subunitsinchloroplasts，aCtingonunidentifiedMocobiosyntheticintermediate（S）・Thiswill

betesteduslngE・COli－PrOducedNtdinproteininthefuture・Furthermore，determinationofthe

struCtureOfMPTanditsderivativesinwildtypeandantiNtdin－tranSgenictobaccoplants

shouldhelpdennethefunctionofNtdininMocobiosynthesis・
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A

B

－236　GA℡℡AG℡CGAG℡GAGAAGAAGGG℡AAGGCC且っTmGGAAC℡℡ATC⊆塾基⊆⊆皇CAGG℡℡A℡CC　－177

－176　AAA℡℡CCAAG℡CACTG℡C℡AA℡ÅA℡℡CCCAA℡CCAG℡CCA℡GCTA℡A℡℡TCC℡℡でACG℡G　－117

－116　　TC℡A℡C℡A℡℡CAÅAGÅC℡TAACACCCA℡G℡GGCCA℡GC℡GC℡℡ACAC℡AG℡C℡AC℡CCAT　　－57

「‾」ト

ー56　CCC叩G∝mCmCC中姐A℡Åて咋CC℡CTCCAm℡CAAmCmACCAm姐CACAA叩CA　　4
ACÅAAGAGC℡GA℡CA℡C℡℡T℡CAAAA℡C℡CAC℡CAで℡C℡ATTGAATT℡CAA℡CACAAA℡℡　　　64

AGAÅ℡℡GCAA℡CA℡GAGAA℡℡C℡℡℡CCCT℡CCC℡CCACC℡℡A℡TTTCAC℡℡GT℡GACTGC　124

H R　　工　　L S L P S　　℡　　L F S L V D C

CAAG℡℡CCCAAGAATで℡GACG℡Å℡GGGAA℡G℡AウTCA℡CAG℡GACA℡℡GA℡でCCAAでGGCG　184

Q V P R　Ⅳ　L　℡　Y G　Ⅳ　V S S V　℡　L　工　p H A

AGG℡C℡CAA℡℡℡CÅGCC℡CAAAAGAGACG℡AAC℡℡℡GGCAC℡AGCAÅ℡ACAÅC℡CCGGGC　　244

R S Q F Q P Q R R R　Ⅳ　F G　℡　S N T T P G

mAG℡℡GGA℡GGCAACAG℡GGGAGAGA九九G℡GCAGG℡C℡CÅACCG℡℡CC℡ACT℡CAGで℡　　304

F S W H　Å　℡　V G E R V Q V S　℡　V p　℡　S V

CCAG℡℡CG℡G℡GGCAC℡℡GAA℡℡AC℡CCAÅGC℡GG℡CA℡CG℡℡A℡で℡ÅGÅ℡G℡CAGAAC℡　　364

P V R V A I－　E I－　L Q A G H R Y I－　D V R　℡

GC℡GAAGAA℡℡℡AG℡GA℡GGGCÅ℡GC℡CC℡GGGGCCA℡AAACAで℡CCG℡ÅCÅ℡G℡℡℡AGA　　424

A E E F S D G H A p G A　　工　　Ⅳ　　ェ　　p Y M F R

A℡℡GGC℡CÅGGTA℡GACAAAGAÅCCCCAACで℡C℡でGGAAGAAG℡G℡℡AGAACG℡℡TCGGG　　484

工　　G S G M　℡　　R　Ⅳ　　P　　Ⅳ　F L E E V L E R F G

AAGGA℡GÅ℡GAAÅ℡℡A℡AG℡TGGG℡GCCAG℡TGGGGAAGAGATCÅ℡℡℡A℡GGC℡ACGAG℡　　544

R D D E　＝　工　V G C Q L G R R S F　凹　A　℡　S

GA℡C℡℡C℡℡GC℡GC℡GGGTT℡AC℡GGGG℡GAC℡GACA℡℡GC℡GGAGGÅ℡Å℡GC℡GC℡℡GG　　604

D　工I L A A G F T G V　℡　　D　　エ　　A G G Y A　Å　W

ACAGAGAA℡GG℡C℡℡CC℡AC℡GAC℡C℡℡GA℡G℡ACAACA℡℡AATAAGCACAA℡AACACCA　　664

℡　　E　　Ⅳ　G L P　　℡　　D S　　★

℡C℡℡AA℡℡AC℡A℡GAACAG℡AGTCAAAACGAAGTCAA℡℡CCCで℡AAGCACA℡CAAAATGC

GGACAAG℡G℡GG℡GGAAG℡℡Å℡AAAGÅAGCÅAC℡℡GAAAA℡AC℡℡G℡ACAG℡AAmmA

GGCGA℡A℡CC℡A℡A℡A℡GTGG℡GAA℡C℡GA℡AAGA℡℡AC℡GAAで℡℡℡AmACCA℡A℡G℡

GウTAAÅ℡G℡℡C℡CC℡CA℡℡C℡GA℡GÅAA℡ÅAA℡Aで℡A℡℡GCC℡GAAAAAAAAAAAAÅ．AAAA
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Fig・3（A）NucleotidesequenceandthededucedaminoacidsequenceoftheNtabacumNtdingene．（B）Amino

acidsequencealignmentofNtdin，Arabid叩∫isAtsenlandRadishRsdinlproteins・（A）Numeralsrestarted
fromatranscriptionstartsite（indicatedbyaright－angledarrOW，SeeFig・4）・AputativeTATAboxISSquared・

Mycr？Ognitionsites（CANNTG）andMybrecognitionsite（CrrAACNA／G）areover－dottedandunderlined，
respectlVely・ABRE（A／GT／CACGTGGT／CA／G）isdouble－underlined・Anasteriskindicatesastopcodon・Two
lntrOnPOSitionsareindicatedbyverticalarrowheads．（B）Blackboxesrepresentsequenceidentity，andlightgrey

boxesrepresentsequencesimilantylnthealignment．Dasheswereintroducedtomaximizethealignment．
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Fig・4ApnmerextensionanalysIStOdetermineatranscnptlOnalstartsiteofNtdingene・ATexas－Red

labelledprimer（seeMaterialsandMethods）washybhdizedwithlOpgoftotalRNAfromsenescing

leavesandextendedby reversetranscnptase・SequenclngreaCtionfortheTAIL－PCRfragmentwas

Camiedoutwiththesamelabelledprimer・Theextendedproduct（markedwithA）waselectrophoresedin

Para11elwiththesequencingproducts（markedwithB）on6％LongRanger／6・1Mureagel．Themqior

extendedproductwasindicatedbyarrow・
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VarioustissuesincludingsevendifferentposltlOnSOfleaves，andyoungflowerbudsandroot，Ofatobaccoplant

WereharveStedatdaytimeofasunnydayandstoredinliquidnitrogenuntiluse．（A）Chlorophyllsweremeasured
as describedin Materials and Methods．（B）TotalRNAs were also extracted from the same tissues and the

transcriptlevels of Ntdin and rbcS（PrOVided by Dr・K・Tomizawa，RITE）were estimated by northern

hybridization・ToensuretheequallloadingoftheRNAsamples，theblotwasalsohybridizedwithribosomal18S

DNA（rrn18，GanalandHemleben，1986）．
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Fig．7ChangesinthelevelofNldintranscriptsinleavesoftobaccoseedlingsaftervarioustreatments・（A・

C）PlantsweregrownandtreatedasdescribedandtotalRNAswereextractedfornorthernblotting・（A）

Plantsweretransferredfromcontinuouslighttothedarkforthetimesindicated・叩）Plantsweretreatedby
withdrawalofnitrogen（－N），PhosphoruS（－P）orsulfur（－S），reSpeCtively，fromtheMSmedium（COmpl）・
Plantsweresuppliedbyadditionofnitrogen（＋N），PhosphoruS（＋P）orsulfur（＋S）・（C）Plantsweretreated

Withphytohormonesfortheindicatedperiods・
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Fig．8ChangeinNtdinlevelsintobaccoplantstreatedwithphytohormonesandexposedtodarkness（A），andin

leaveswithdifferentchlorophyllcontents（B）．Plantsweregrownandtreatedasdescribedandequalamountsof

extractedproteins（30巨geaCh）wereseparatedforwesternblotting・Thedurationofthetreatmentsisindicated・

Relativemolecularmasses（inkDa）oftheproteinswerecalculatedusingtheSigmaGelprogram・
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Fig．9（A）SchematicillustrationofthesimilarityofNtdintotheC－terminalregionsofseveralCnx5（MoeB）

proteins and a Synochosystis protein．（B）Amino acid alignment ofNtdin，a Synochosystis protein and

tentativeBdomainsofseveralCnx5（MoeB）proteins．Numeralsalongthesequencesorintherightshoulders

ofthebarsindicatetheaminoacidpositions．（B）Blackboxesindicatesequenceidentity，andlightgreyboxes

sequence similantyln the alignment・Dashes wereintroducedto maximizethe alignment・The residues

discussedinthetext aremarked with asterisks．（A）DomainsA and B areindicatedby cross－StripeS and

dense－dots，reSPeCtively．Similarity（inpercent）toNpCnx5AandBdomainsisgivenontoeachdomain－bar・

（B）Synprotein（D90917），NpCnx5（N plumbaginifblia，AF124161），AtCnx5（A・thaliana，AF124159），

SynMoeB（SynechococcusPCC7942，Y16560），MtMoeB（Mtuberculosis，Z95150），EcoliMoeB（E・COli，

D90720）andBsubMoeB（B．subtilis，AFO12285）．
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A

B

Fig・10ChloroplastlocalizadonoftheNtdin：＝GFPfusionproteininA・thalianacaulineleaves・A・

1eaveswerebombardedwithgoldparticlescoatedwith（A）pGFP2and（B）pNtdinこ：GFPplasmid・Theproteins

weretransientlyexpressedandindividualcellsareshownunderepinuorescence・Scalebarsarefor200pm・
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Table2Chlorate sensitivityofthetransgenictobaccoplantstransformedbycontroIvector（pBI121）and

pBI－antiNtdinconstruCt．

KClO3COnC・　　Transgenics Rooting

（mM）　　　　　transformed by　　　　　　　　　　　　　　　　　　＋

3

5

pBI121

pBI－antiNtdin

pBI121

pBI－antiNtdin

20／3‘（5‘）　16／36（44）

10／38（2‘）　　28／38（74）

32／34（，4）　　　2／34（6）

24／35（‘＄）　11／35（32）

＊Digitsinparenthesesindicatepercentintotalplantstested．
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PB：1121　　　　　　pBトantiNtdin

Fig・11ChloratesensitivltyOfpBI121－tranSgenicandpBI－antiNtdin－tranSgenicplants・Representative

PhenotypesofpBI121－（1eft）andpBI－antiNtdin－tranSgenic（right）plantsin3mMKClO3－COntainingmedia
arei11ustrated．
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Fig・12LevelsofNtdinprotein（s），XDHandNRenzymeactivitiesandMococontentsinwildtypeandpBI－
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CHAPTERII

SpecincassociationoftranscriptsoftbzFandtbz17，tObacco

genesencodingbZIP・typetranSCriptionalactivators，with

guardcellsofsenesclngleavesand／orflowers

Introduction

InChapterI，Idescribedsenescence－aSSOCiatedgene（Ntdin）fromtobaccoplantstobe

invoIvedinmolybdenummetabolism．Inordertounderstandhowthesesenescence－aSSOCiated

gene are switchedon，Iexaminedin this chapter，geneS enCOding bZIP transcrlptlOnal

activators．

The controlof transcrlptlOnis mediated through recognltlOn Ofcis－elements by

transcriptionfactors（MeshiandIwabuchi，1995；Yanagisawa，1998），Classifiedintoseveral

groupsonthebasisofstructuralmotifs・Oneofthem叫OrfamiliesoftranscrlptlOnfactorsis

COnStitutedbythebasic－regionleucine－Zipper（bZIP）proteins（Landschulzetal．，1988；Hurst，

1994）・GenomeanalysisofArabidopsisresultedinanestimatethatthisorganismcontains

almost100bZIP－enCOdinggenes（RiechmannandRatclifft，2000）．

WithinthebZIP－genefamilyinplants，thel＊，19subfamilyconsistsofricel¢19（Aguan

etal・，1993），maizemlip15（Kusanoetal．，1995）andOBFl（Singhetal．，1990），radishrl¢

（Itoetal．，1999），910and911fromAntirrhinummqius（Martfnez－Garcfaetal．，1998），and

tobacco（Nicotianatabacum）tbz17（Kusanoetal．，1998）．Theseareallcharacterizedby

upregulationoftranscrlPtlevelsuponexposuretolowtemperature．TheA．mq）uSgeneS，910

and911，areeXpreSSedinflowers，PredominantlylnVaSCulartissues，Carpelsandanthers

（Martfnez－Garcfaetal・，1998）・OBFlofmaizewas nrstidentifiedas agene encoding a

bindingfactortotheocs－elementfbundinthepromoterreglOnOftheoctoplneSynthasegene

OftheAgrobacteriumtumゆciensT－DNA（Singhetal．，1990）anddemonstratesagradientin

transcrlptlevelsindeveloplngleaves．Inthebasalportions，Whichcontain dividingand
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differentiatlngCells，theOBFltranscrlPtlevelis40－50foldhigherthaninapICalportions，

Wherethece11sarefu11ydifferentiated．Thisindicatesdevelopmentalcontrol．Wehavefbund

thatlevelofmlip15transcriptsinmaizeincreasewithleafaging（Berberichetal・，1999），

indicatlngregulationnotonlybyenvironmentalfactorsbutalsobydevelopmentalcues・In

Ordertoexaminewhetherornotthisfeatureisgeneralizedinotherplantspecies，Particularly

indicots，Weanalyzedtwotobaccogenes，tbz17，aCOunterPartOflip19，andtbzF，aSeCOnd

tobaccomemberofthelip19subfamily．

MaterialsandMethods

Pね〝J〝〟‡Jg血ねα〝dγαわ〃〟∫かeα血g〝ね

Tobaccoseeds（N tabacumL．cv．Xanthi）weresurfacesterilizedfbrlOmininal％NaClO

SOlutioncontainlngO・1％ofTween－20，WaShedseveraltimesinsterilewaterandplacedonto

O．5％agarcontaininghalfstrengthMurashigeandSkoog（MS）mediuminplasticcontainers

（Sigma）．PlantsweregrowntotheirlOthleafstageincontinuouswhitelight（90匹E）at250c

unlessdescribedotherwise．Plantswerethentransferredintoacompoundsoilmixtureof

metromix／vemiculite／perlite（2：1：1）inagrowthchamber（TOMY，Japan）witha16hlight／8h

darkcycleandatemperatureof250c．stress andhormoneapplication waswithtobacco

Seedlings・Fortreatmentsdirectedtoroots，theagarwascarefu11yremovedandtheplants

WeretranSferredtoliquidl／2strengthMSmediumandmaintainedforanother2daysunder

thesameconditionsbefbrethestartofanytreatment．Inthecaseofhomonetreatments，

abscisicacid（ABA，20LIM），6－benzylaminopurine（BA，20トLM），（－）jasmonicacid（JA，20

匹M）orindole－3－aCeticacid（IAA，20pM）wereaddedtothel／2strengthMSmedium・For

Salttreatment，NaCIwasaddedfromastocksolutiontothemediumtoglVeaO・2Mfinal

COnCentration．Forethylenetreatment，plantswereexposedto10トLlnethylenegasinspeCial

glasscontainers・Ateachtimepolnt，2ndand3rdleavesfromthetopsoftwoplantswere

harvested，frozeninliquidnitrogenandstoredat－800cuntiluse・
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克〃血〟〃〃α〝dcゐα和CJgdzα′わ〃q′αtbzFcβMcわ〝g

AtobaccocDNAlibraryfromyoungflowerbudswasscreenedwiththeentirecodingreglOn

Oftbz17cDNAasaprobeunderastandardhybridizationconditionsasdescribedearlier

（Sambrook et al．，1989）．Nucleotide sequences were determined by the dideoxy chain

termination method（Sanger et al．，1977）and assembled and analyzed with the SDC－

GENETYXgeneticinformationprocessingprogram（LipmanandPearson，1985；Software

DevelopmentCo．，Tokyo）．Comparison with sequencesin non－redundant databases was

achievedwiththeBLASTprogramonnetworkservers（Altschuletal・，1990）・

Cβ〝∫什〟CJわ〃げGダアニル∫わ〝p血∫∽f血α〝dβ〟〃re∫Cg〝Cβ∽fcm∫C堺

EntirecodingreglOnfragmentsfortbzFandtbz17，SandwichedwithXbaIandKbnIsites，

Were Subclonedinto pGFP2（provided by Drs．Chua and Spielhofer），reSultingin

pTBZF：：GFPandpTBZ17‥‥GFP，reSpeCtively・Theseplasmidsencodefusionproteinswith

trunCatedTBZFandTBZ17attheN－terminalportionandGFPattheC－terminalportion・

Onionbulbscutinto9cm2werebiolisticallybombarded，aSdescribedpreviously（Haraetal・，

2000），With goldparticles（Bio－Rad）coated with the plasmids pGFP2，pTBZF：：GFP or

PTBZ17：：GFP・After6hincubationatroomtemperatureincompletedarkness，theepidermal

Celllayerswereviewedusingamicroscope（OLYMPUSPROVISAX70）equippedwitha

nuorescencemodule．

A∫∫町ノ♭r〟Ⅵ那αCかαJわ〝αC〟γ如才〃甲山αCゐJgαγg∫

GAL4－dependenttransactivationassaysinplantswereperfbrmedaccordingtotheprecedure

describedby Yamamoto andDeng（1998）・The effectorconstructs encodingTBZFand

TBZ17derivativesfusedtoaGAL4DNAbindingdomainweregeneratedasfollows；the

COrreSPOndingreglOnSOftbzFandtbz17cDNAswereamplifiedbyPCRuslngapprOPrlate

prlmerS，digestedwithBglIIandXbaI，andtheresultingfragmentsweresubclonedintoBglII

andXbaIdigestedyy64plasmids．AllconstruCtSWereCOnfirmedbydirectsequenclng・The

referenceplasmidpRTL2－GUS（Restrepoetal・，1990），WhichcontainsaGUSgeneundera

controlof CaMV35S dualpromoter，WaS uSed to normalize for the efficiency of
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bombardment．Spinachleaveswerebombardedwithgoldparticles（Bio－Rad）coatedwith

reporter，referenceand／oreffectorplasmidsandincubatedat250cfbr12hundercontinuous

light．Protein concentrations were measured using a Protein Assay kit（Bio－Rad）and

luciftraseactivitywithaPicaGenekit（ToyoInkCo・Ltd）・TheGUSassaywascarriedout

usinganAURORAGUSassaykit（ICNPharmaCeuticals）andchemicalluminescencewas

measuredwithaluminometer（LumatLB9507；Berthold，BadWildbad，Germany）・

勘〝助g∫ねq′rβZダα〃drβZJ7わ卜占．“祓

To prepare GST－TBZF and GST－TBZ17fusion constructs，entire coding reglOnS Were

amplifiedbyPCRusing堺polymerase（Stratagene）・AfterBglII／SaLIdigestionsfbllowedby

gelpurification，thefragments were clonedinto the BamHI－SalIsites ofpGEX－4X－1

（AmershamPharmaciaBiotech）．ThecodingregionswereamplifiedbyPCR・Intactnessof

thejunctionsequenceswasconfirmedbyDNAsequenclng・RecombinantTBZFandTBZ17

WerePreparedemploylngaGSTpurificationmodulefromAmershamPharmaciaBiotech

accordingtothesupplierlsinstruCtion・E・COliJMlO9ce11sweretransformedwiththeGST－

TBZconstruCtS・Topreparebacterialextract，aSlnglecolonyoftransformedbacteriawas

inoculatedin2YT／Ampmediumandgrownovemight・Theculturewasdiluted（1：100）into

250mloffreshmedia・Isopropyl－1－thio－D－galactopyranosidewasaddedtotheculturetoa

nnalconcentrationofO．1mMwhenA600reachedO．7．Cellswereharvestedbycentrifugation

afterfurthergrowth（1．5h）・Thebacterialpelletwasresuspendedin12・5mlofphosphate－

bufferedsaline（0．14MNaCl，2．7mMKCl，10．1mMNa，HPO．，l．8mMKH，PO．，pH7・3）

andsonicatedonaAstrasonUltrasonicprocessor（4x40－Sburstatsetting5at80％duty

cycle）．Thelysatewasclearedofcelldebrisbycentrifugation，andthesupernatantwasloaded

OntOaCOlumnpackedwithO．125ml（bedvolume）ofglutathione－SepharOSe4Bresin・Wash

and elution was performed as suggested by the supplier・Protein concentration was

detemineduslngtheBio－Radproteinassaykit・ProductionofGST－TBZfusionproteinwas

COnnrmedbyWesternblottlnguSlngGSTantibody・

gわcか岬JわⅣfわ∽0鋸J卸gゐ折α∫∫町

41

J



Thefbllowingoligonucleotides，A／G－hybrid（60mer，5’－GGCTTACGTGGGGCA－3’x4），

C／G－hybrid（60mer，5’－TGGGGACGTGGCAGA－3’x4），mutatedA／G－hybrid（60mer，5’－

GGCTTTCGAGGGGCA－3’x4）andmutatedC／G－hybrid（60mer，5’一TGGGGTCGAGGCA

GA－3’x4），andtheircomplementaryoligonucleotidesweresynthesized，Phosphorylatedwith

［Y－32p］ATPandT4polynucleotidekinase，annealedandusedasprobesinelectrophoretic

mobilityshiftassay（EMSA）．EMSAwasperformedasdescribed（Kusanoetal・，1995）・All

DNA－bindingreactionswereperformedat300cinfinalvolumeof15pIcontainlng4mM

Tris，PH7・9，10％glycerol，60mMKCl，lmMEDTA，1mMdithiothreitol，12mMHEPES－

NaOH（pH7．9）．Typically，BSA（0．3mg／ml）andpoly（dI）－（dC）（200ngtoIpg／reaction）

wereaddedtothebindingreactions・Theindicatedproteinsorextractswereincubatedwith

O．5－2ngofprobe（approximately10，000－15，000cpm）for30minat300c・Reactionswere

loadedontoa4％polyacrylamidegels，Whichhadbeenpre－runatCOnStantVOltage（100V）fbr

morethan90min，andelectrophoresedat30mAconstantcurrentundercirculatingbufftr・

GelsweredriedandexposedtoX－rayfilmfbrautoradiography・

助〝（わ椚み血d加g∫如∫βわcJわ〝

TheDNAsequencespecificityofglutathioneS－tranSferase（GST）血sedTBZFandTBZ17

proteinsproducedinE・COliJMlO9wasdeterminedbyarandombindingselectionassay，aS

describedby Kosugiand Ohashi（2000）with aslightmodification・A poolof73－base

oligonucleotides，BSS73，GTCTGTCTGAGGTGAGGGATCCTA（N）25ACAAGCTTG－

TCTTCCGACATCGCG，WhereNisanynucleotide，WaSmadedoublestrandedbyannealing

withtheprimer24－2（5’－CGCGATGTCGGAAGACAAGCTTGT－3’），followedbyextension

uslngtheKlenowfragmentofDNApolymeraseI・Forthefirstroundselection，150fmolof

thedoublestrandedBSS73（ROprobe）wasmixedwithlpgofrecombinantTBZproteinsin

15匹lofbindingbuffer（12mMHEPES－NaOH，PH7・9，4mMTris，pH7・9，60mMKCl，l

mMEDTA，1mMdithiothreitol，10％glyceroIcontainingBSA（0・3mg／ml）and2pgof

poly（dI）－（dC），andincubatedfbr30minat30Oc・Theprotein－DNAcomplexwasseparatedby

polyacrylamidegelelectrophoresisandtheDNAwaselutedfromthegelanddissoIvedin20

plofTE・AmplincationoftheselectedDNAwasperfbrmedbyPCRuslng150fmoleachof
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24－1（5’－GTCTGTCTGAGGTGAGGGATCCTA－3’）and24－2primersinabuffer（10mM

Tris，PH9．0，50mMKCl，0．1％TritonX－100，2．5mMMgC12）containing150uMofeach

dNTP・Thereactionwascarriedoutfbr25cycles・AmplifiedDNAwasseparatedby8％

polyacrylamidegelelectrophoresisandthe73bp－fragmentswereexcised，elutedandusedas

probeDNAfbrthenextroundofselection．Theselectioncyclewasrepeatedfburmoretimes

Withanincrementofpoly（dI）－（dC）；SeCOnd3トLg，thirdandfourth4い′gandfifth5トtg．The

DNAfromthefifthroundofselectionwasamplifiedbyPCRandclonedintopGEM－TEasy

VeCtOr（Promega）わrsequencing．

A∫∫り，ノ♭rp血〝J〟Ⅵ〝∫αC〟γαJわ〝αCかfα

PlasmidN46Luc＋，inwhichCaMV35S－16minimalpromoterwasplacedupstreamofthe

lucreportergene，WaSCOnStruCtedasfb1lows：tWOprimers（5’－GGGAAGCTTAAGCTCGAG

ATCTCGCAAGACCCTTCCTCTATATAAGGAAGTTCAT－3’）and（5’－CGTACCATGGT

CTAGACAGCGTGTCCTCTCCAAATGGAAATGAACTTCCTTATATAG－3’）were

annealedandfilled－inwithdNTPs andKlenowfragment，thendigestedwithHindIIIand

NcoI．TheresultingHindIII－NcoIfragmentwassubclonedintotherespectivesitesof22l－

Luc＋（Matsuoetal．，2001）tocreateN46Luc＋．Fourreporterplasmids，A／G－Wx4Luc＋and

C／G－W x4Luc＋and theirmutated derivatives，mA／G－M x4Luc＋andmC／G－M x4Luc＋，

WereCOnStruCtedasfollows：TheprlmerpalrSOf60bpdescribedabovewerephosphorylated，

annealedandclonedintoHincIIsiteofpBlueScriptIISK－，andtherespectiverecombinant

plasmidsweredigestedwithHindIIIandXhoI．TheresultingHindIII－XhoIfragmentswere

SubclonedintotheN46－Luc＋VeCtOr．GUS（β－glucuronidase）geneofthepBI221（Clontech）

WaS replaced with the XbaI－SacIDNAfragments coverlng TBZF－and TBZ17－COding

reglOnS，reSultinglnpBI22l－TBZFandpBI221－TBZ17・IncaseofpBI221－DELGUS，the

XbaI－SacIfragment derived from the multiclonlng Sites ofthe pBlueScriptIISK－WaS

insertedinsteadofGUSgeneofthepBI221．ThereftrenceplasmidpRTL2－GUS（Restrepoet

al．，1990），WhichcontainsaGUSgeneunderacontrolofCaMV35Sdualpromoter，WaSuSed

tonormalizefortheefnciencyofbombardment．

TobaccoBY－2cells（N．tabacumL．cv．BrightYe1low2）weremaintainedasdescribed
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（Nagataetal．，1981）．Five－day－OldBY2cells（2mi）aftersubculturewerespreadon3％agar

Platesandbrieflyallowedtodrytoremoveexcessliquid・Afterbombardment，Cellswere

harvestedwith2mlofliquidmedium，tranSftrredtoaflask，andthenincubatedat260cwith

gentleagitation．ProteinconcentrationsweremeasuredusingaProteinAssaykit（Bio－Rad）

andluciferaseactivitywithaPicaGenekit（ToyoInkCo・Ltd）・TheGUSassaywascarried

OutuSinganAURORAGUSassaykit（ICNPharmaCeuticals）andchemicalluminescence

WaSmeaSuredwithaluminometer（LumatLB9507；Berthold，BadWildbad，Germany）．

Cぁわr叩毎JJα∫∫り7∫

ChlorophyllcontentsweremeasuredasdescribedinChapterI．

RMgg川わJα〝αか∫ね

ExtractionoftotalRNAandRNAblotanalysISWereCarriedoutasdescribedinChapterI・

血拍山肌祈卸仇敵劇加

Insitu hybridization was performed uslng digoxlgenin－1abe11ed sense or antisense RNA

producedfrom3’－untranSlatedreglOnSOftbzF－andtbz17－CDNAs・Thisplasmid，PTBZFand

pTBZ17，WereuSedasatemplateforsynthesizlngSlngle－StrandRNA・Togeneratesenseand

antisense－RNAprobe，pTBZFandpTBZ17werelinearizedwithSalIandanapproximately

330－bpslngle－StrandedRNAwassynthesizedbyT70rSP6RNApolymeraseuslngaDIG－

RNAlabelingkit（BoehringerMannheim）．Flowerbuds，yOunglevesandsenecingleveswere

fixedandparaffinembeddedaccordingtothemethodofDixonetai・（1995）・Thesamples

Were SeCtioned10トLmthick、dewaxed，andrehydrated．Thesectionswereincubatedwith

proteinaseKsolution（100mMTris－HCl，pH7・5，50mMEDTA，and20い′gmLlproteinase

K）at370c for30min and then acetylated with O．25％acetic anhydrideinlOO mM

triethanolamine，PH8・0，for5minatroomtemperature・Thesectionswerewashedwith2

SSC and dehydrated through an ethanoIseries．The sections were pre－hybridizedin a

hybridizationsolution（50％deionizedformamide，10％dextransulfate，300mMNaCl，20

mMTris－HCl，PH8・0，10mMNaPO4，pH8・0，10mMDTT，5mMEDTA，lxDenhardt－s
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SOlution，500匹gmL－1tRNA，100pgmL－1salmon－SpermDNA，and40unitsmLrlRNase

inhibitor）at480cfor2h，andhybridizedwithlpgmL．1RNAprobeat480cfor16h・The

SeCtionswerewashedwith3xSSCfbr5minatroomtemperatureandincubatedwithNTE

bufftr（500mMNaCl，10mMTris－HCl，andlmMEDTA，PH7．5）containing50匹gmL‾1

RNase A at370c for30min．After RNase A treatment，SeCtions were washed with NTE

bufftrthreetimesfor5minatroomtemperatureandfbllowedbywashingwithO・2xSSCat

600Cforlh．

For detection of hybridization slgnals，the sections wereincubatedin a color

developmentsolution（10％ofpolyvinylalcohol［Mr70，000－100，000］，100mMTris－HCl，pH

9．0，100mMNaCl，5mMMgCl，，0．2mM5－bromo－4－Chloro－3－indolylphosphate，andO・2

mMnitrobluetetrazolium）at300cfbr8to12h．ColordevelopmentwasstoppedwithTric－

HCl（pH8．0）andlmMEDTA（PH8．0）．Theslideswereextensivelywashedwithdistilled

Water and dehydrated and mounted with nonaqueous mountlng mediumuslng Standard

PrOtOCOIs．Slideswerephotographedonamicroscope（Nikon）usingbright－neldoptics・

Results

血血血研げtbzF

During the course ofinvestlgation of transcrlPt aCCumulation of tbz17with

developmentalgrowth，SlightlylargertranscrlptSWeredetectedonnorthernhybridization

uslngthetbz17cDNAasaprobe・TheselargertranscrlPtSWereObservedinafractionof

flowers（Fig．14），SuggeSting the presence ofanother tbz17homologin tobacco・For

identification，atObaccocDNAlibraryderivedfromflowerswasscreenedwiththetbz17

probe・Allpositiveclonesobtainedorlglnatedfromagenedistinctfromtbz17，anddesignated

astbzFせObacco転ipproteinin釘ower）．Thenearlyfu1l－lengthtbzFcDNAwasl，099bpand

containedan ORFof435bpencodinga144－aminoacidprotein（termedTBZF）witha

relativemolecularmassof16．6kDa（Fig．15）．PairwiseidentitiesbetweenTBZFandother

lip19subfamilymemberswerefbundtobe73％（TBZ17），72％（rdLIP），60％（Am910），57％

45

L

【

l

ぎ

を

賢

』



（Am911），52％（LIP19）and46％（mLIP15）（Fig．16A）．Constructionofaphylogenictree

indicatedTBZFbelongstothelわ19subfamily（Fig．16B），Characterizedbysma11size，OBFl

beingthelargestat15l－aminoacids，With8－9heptadleucine－repeatS（Fig・16A）・

Ⅳ〟CJgαrわcαJねα〟0〃

Toexaminethece11ularlocalizationofTBZFandTBZ17proteins，Cauliflowermosaic

ViruS（CaMV）35SpromotertbzF：：GFPandCaMV35Spromotertbz17：：GFPgeneswere

COnStruCtedandbiolisticallybombardedintoonionepidermalce11s・Thefluorescentslgnals

derivedfromtheseconstruCtSWereObservedexclusivelyinnuclei（Fig・17）・

7ね那Crわfわ〝αJαCかαfわ〝

WhetherornotTBZFandTBZ17havetransactivationactivltyWaSteStedemploylnga

GAL4－dependenttransactivation assay system（Fig・18A）（Yamamoto andDeng，1998）・

Expressionofthereporter（luc）genewasenhancedabout8－andlO－fold，reSpeCtively（Fig・

18Band18C）．ThreeversionsofTBZFtrunCateS，eVenWithdeletionoflOaminoacidsinthe

C－terminus，demonstrated diminished transactivation activity（Fig．18B）．In the case of

TBZ17，Withdeletionoftheamino－terminalhalf（TBZ17－△78），aCtivationactivityofabout

90％was stillretained．Further trunCation to A990r alO amino acid－trunCation at the C－

terminusreducedtheactivitytoabout50％ofthecontrol（Fig・18C）・Almostidenticalresults

wereobtainedwithayeastsystem（datanotshown）・TheresultsindicatethatTBZFand

TBZ17proteinsaretranscnpt10nalactivatorsandtheirmostcarboxy－distallOaminoacidsare

essential，butthemselvesnotsufficient，fortransactivationactivlty．

rβZダα〃drβZJ7鋸〃dわJ九gG一み〃∫∫叩〟g〝Cg∫

TBZFandTBZ17wereclearlyrelatedtotheG－boxelement，agrOupthathasbeen

studiedextensivelylntermSOfDNAbindingproperties・IinvestlgatedwhetherTBZFand

TBZ17doessobyelectrophoreticmobilityshiftassays（EMSAs）usinganE・COlicrude

extractcontainlngTBZFandTBZ17fusedtoGST・TheEMSAuslngtheG－boxelementfrom

themqfprobe（Fig．19A）．Theretardbandswereproductedwhenmqf．probewasincubated
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WithproteinextractsdrivedfromE．colicellsexpresslngtheTBZFandTBZ17recombinat

proteins（Fig．19B）．Bindingspecincitywasdemonstratedbycompetitiontitrationsupto40－

fbldconcentrationwiththesameunlabelledoligonucleotidesusedbrbinding（Fig．19B）．

βM鋸〝d血g甲eC折c卸α〝d〟Ⅵ那CゆJわ〝αJαC〟γαJわ〝

TodeterminethetargetDNAsequencesofTBZFandTBZ17homodimersinvitro，

randombindingsiteselectionassaywasperfbrmed（KosugiandOhashi，2000）・Withrepeated

Selection assay，the target sequences wereenriched（Figs20A and20B）．Therespective

enriched fragments after selection ofthe fifth round were subclonedinto pGEM－TEasy

VeCtOranddeterminedbyDNAsequenclng．PreferredDNAsequencesofTBZFandTBZ17

WereClassinedinto3typeseach（Figs20Cand20D）・

BothpreferredsequencescontaininganA／Ghybridbox（5’一軍ACGTG－3’）andaG／C

hybridbox（5’－GACGTG－3’）．UsingoneofeachoftheenrichedA／G－andC／G－hybridbox

SequenCeS，electrophoreticmobilityshiftassayswereperformed．TBZFandTBZ17boundto

theAJG－andC／G－hybridboxsequences，butnottotheirmutatedsequences（Fig．21）．

WhentheseA／G－andC／G－hybridboxsequenceswerefusedtotheCaMV－46minimal

PrOmOter driving theluc（luciferase）reportergene，andco－bombarded with TBZF－and

TBZ17－prOduclngeffectorplasmidsintotobaccoBY2ce11s，eXpreSSionofthereportergenes

WaSenhancedabout14－tO16－fbld（Fig．22）．TheseresultsindicatethatTBZFandTBZ17

proteinsefficientlybindtoDNAfragmentsspannlngA－box／G－boxandC－box／G－boxhybrid

motifs．

5かど∫∫α〃dゐ0珊〃〝αJre岬0〝∫eぶ

Riceltp19was firstidentified as alow－temperature－reSpOnSive gene（Aguan et al．，

1993）．Toaddresstheresponsesoftbzgenestoabioticstress，nOrthernhybridizationanalysis

WaSperformed（Fig．23）．ThetbzFtranscriptswereprofbundlyupregulatedby40Cexposure

fbr6hbutheatshockhadnoeffect．DryingforlhupregulatedtbzFexpressionbuthighsalt

didnotinducetranscrlPtS．Incontrast，tbz17wasmildlyupregulatedbylowtemperature，

Whereasothertreatmentswerewithoutobviousinfluence（Fig．23A）．Investigationofefftcts
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OfphytohormonesdemonstratedtbzFandtbz17transcrlptStObeupregulatedbyethylene，

IAAandJA，butnotbyBA（Fig．23B）・

乃Ⅵ那CrわfαCC〟椚〟ねfわ〃加∫g〝g∫C加gJgαγβ∫α〝dβ州gm

Developmentalchangein tbzFandtbz17transcrlptlevelswasanalyzedinmatured

tobaccoplantsbearingflowerbuds．Inflowers，thetbzFmRNAexpressionwashigh，Whereas

thatoftbz17waslow．Inroots，tbzFtranscrlptSWeredetectedatlowlevels，Whereastbz17

transcriptswereabsent（Fig．24）．Inleaves，thelevelsoftbzFandtbz17transcripts were

inverselyproportionaltothechlorophyllcontent（Fig・24）・TheresultsindicatebothJbzFand

tbz17tobenovelsenescence－aSSOCiatedgenes．

Acc〟∽〟ねJわ〝q′めヱF〟Ⅵ那Crわねf〝仲川Jo曙α那

MonitoringoftbzFtranscriptsduringflowerdevelopmentbynorthernanalysisrevealed

aconstantpresenceuntilthestage60ffu11expansionofpetals，butJuStafterpetalshrinkage

（Stage7）1evelsrapidlydecreased（Fig．25A）．TranscriptsoftbzFwereubiquitouslydetected

inallflowerorgansexceptpistils（Fig．25B）．InsituRNAhybridizationclearlyshowedthat

thetemporaland spatialaccumulation oftbzFtranscrlPtSWeremainlylnSepals，petals，

StamenS，OVaries andpistils（Fig．25C）．Somesignals were alsodetectedin the vascular

tissuesofthesepalsandthestemsoftheyounginflorescence・

メナe（わ∽血α〝Cgq′血那Cr桓ね加g〟α〟cg肋

To test spatialexpression oftbzFandtbz17in senescingleaves，in situ RNA

hybridizationwasperformed・Withantisenseprobes，VerylntenSeSlgnalswereobservedfor

bothtbzFandtbz17inguardcellsofsenesclngleaves，Whereasonlybackgroundlevelsof

Slgnalsweredetectedinmesophy11ce11s・TheirtranscrlptSWeredetectedinbothabaxialand

adaxialstomatalguardcells（Fig．26，C－dandi」），andalsowithintheepidermalce11layerof

matureleaves，althoughsignalsweremuchweaker・ConsistentwiththenorthernreSults（Fig・

24），Verylow signalsweredetectedin youngleaves（Fig・26，a－b andg－h）・Wefurther

COnfirmedtheguardcell－SpeCificexpressionoftbzFandtbz17uslnghorizontalcross－SeCtions
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Ofmatureleaves（Fig．26，e－fandk－1）．

Discussion

Mostmembersoftheltp19subfamilyarecharacterizedbylow－temPeratureinduction

andtranscrlPtSOftbzFandtbz17alsoaccumulateatlowtemperature・Inadditiontothis

StreSS－reSPOnSe，eXPreSSionwasfoundtobepositivelycontrolledwithleafdevelopment，

abundanceinversely correlating with the totalchlorophyllcontentinleaves（Fig・24）・It

ShouldbeemphasizedthatthesebZIP－geneSareSeneSCenCe－aSSOCiated（Smart，1994）andmy

StudyrevealedtranscrlptSOftbzFandtbz17tobepredominantlyexpressedinguardcellsof

SeneSClngleaves・Toourknowledgethisisthenrstreportofsuchpreftrentialexpressionof

bZIP－typetranSCnptlOnfactor－enCOdinggenes・ArabidopsisTm6，enCOdingabZIPproteinof

theTGAfamily，1SeXpreSSedinaglngCOtyledons，VaSCulartissueandtrichomesofsenesclng

rosetteleaves，inlateralrootsandmaturepollengrainsbutnotinguardcells（Xiangetal・，

1997）．InthecaseoftbzF，Predominantexpressioninvasculartissuesandtrichomesinpetals

andsepalsofflowerswasalsoobserved．

Martfnez－Garcfa et al（1998）pointed out thatlip19subfamily members have a

COnSerVedupstreamopenreadingframe（uORF）intheir5’leadersequences，andsuggesteda

COmmOnmOdeofpost－tranSCrlpt10nalcontrol・ThisftaturewasalsoobservedinbothtbzF

andtbz17cDNAs；tbzFandtbz17containuORFsof25－and28－aminoacids，reSpeCtively，

andtheuORFsshowhighidentltytOthoseofotherlip19subfamiiymembers・

InthisChapter，IsuggestedthatTBZF，theproductofanovelbZIP－genefromtobacco，

bindstohybridsequencesofA－box／G－boxandC－box／G－boxmotifsandcanfunctionasa

transcnptlOnalactivator・TBZ17，theproductofthepreviouslyisolated－tObaccomemberof

thelわ19subfami1y，Shows73％identltytOTBZFandhasasimi1arDNAbindingspecificity

andpotentialfortransactivation・A・mq）uSbZIPproteins，910and911，preftrDNAsequences

COntainingahybridC－box／G－boxmotif（Martfnez－Garcfaetal・，1998）andtheproductsofthe

l¢19subfamilymaybindpnmarilytohybridsequencesofC－box／G－boxand／orA－box／G－box
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motifswhentheytakeahomodimerform・Asaworldwide－effort，DNAsequencesofthe

ArabidopsISgenOmehavebeencompletelydetermined・AsearchforTBZF－andTBZ17－

recognlZing sequences on ArabidopsIS ChromosomesIIandIV reveals that there are

approximately700sitesoneach，undertheconditionofmonitorlngreg10nSWithinlkb5’

upstreamofeachgene・Itis，therefore，difficulttopredicttargetgenesfbrTBZproteinsonly

throughgenomicsequenceinformation・However，anOthercuecouldbeobtainedfromtheir

SpeCincexpressioninguardcells・

Stomatalguardcellsarehighlyspecializedanddifferentiatedplantcellsthatplaya

criticalrolein metabolismby modulatlng gaS eXChangein photosynthetic tissues・They

respond to various endogenous and exogenous slgnals such aslight，humidity，CO2

concentrationandhormones（Assmann，1993）andasophisticatedgenenetworkislikelytobe

essentialtocontrolthemetabolismofthestomatalcomplex，althoughmyknowledgeisasyet

quitelimited（Muller－R6beretal．，1998）．Withtheaimofobtaininginsightsintothissystem，

constructionofaguardcell－SPeCificcDNAlibraryandmassiveDNAsequenclngOfthe

expressedcloneshavebeenstarted（Kopkaetal・，1997；Kwaketal・，1997）・Genesexpressed

inguardcellscanbeclassifiedintoatleast4groups；thefirstencodesslgnaltransduction

COmPOnentS，SuChasAAPK（ABA－aCtivatedserine－threonineproteinkinase，Lietal・，2000）

andRHAl（Ypt侃abtype－SmallGprotein，Terrynetal・，1993）・Thesecondencodeschannel

COmpOnentSlikeKATlandKSTl（inward－reCtifyingK＋Channel，Mii11er－R6beretal・，1995），

PMA4（H＋－ATPase，Moriauetal．，1993）andHAAP（aquaporin，Sardaetal・，1997）・Thethird

groupcomprisesstruCturalprotein－geneSlikeStGCPRP（proline－richprotein，Menkeetal・，

2000）andGRPl（glycineィichprotein，Smartetal・，2000），Whilethelastincludesdefense－

relatedgenessuchaskinlandcor6・6（KurkelaandFrank，1990；Gilmouretal・，1992），the

ABA－reSpOnSiveCdeTb－19（Tayloretal・，1995），anaCidicchitinase－gene（SamacandShah，

1991），alipidtransferprotein－gene（Smartetal・，2000）andakindofdehydrin－gene，taS14

（Parra et al．，1996）．Among the four，thelast group seems to provide the mostlikely

candidatesastargetsofTBZForTBZ17sincekinlandcor6・6arealsoresponsivetolow－

temperature（Kurkelaetal。1990；Gilmouretal・，1992）・Furthermore，tranSgenicplantswith

kinlandcor6・6promoter－GUSconstruCtSdemonstratestrongGUSactivltylnguardcells，
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pollenandtrichomeswhichincreasedwithleafage（WangandCutler，1995）・TheexpresslOn

patternOftbzFandtbz17describedhereisstrikinglysimilartothoseofA・thalianakinland

COr6・6genes・Whileinductionofthelattergenesbycoldanddroughthasbeenexplainedby

aninteractionbetweenaDRE／C－repeatelementandDREBP／CBFIprotein（Stockingeretal・，

1997；Liuetal．，1998），COOPerationbetweentheseregulatoryfactorsandTBZproteinsin

regulationofkinlandcor6．6geneexpressionispossible・

WhatcouldbethefunctionoftbzFnbz17inguardcellsofsenesclngleaves？Oneofthe

distinctfeaturesofguardce11sisthattheyaretheonlycelltypeintheleafepidermalcell

layerwhichcontainschloroplasts andarethereforephotosynthetically active・Itcouldbe

possiblethattbzFnbz17expressionisassociatedwiththelossofphotosyntheticactivltyln

thesespecializedcellsduringleafsenescence・Ontheotherhandstomataofsenesclngleaves

remainoperablewellafterthemesophyllcellsoftheleafhaveturnedyellow（Willmerand

Fricker，1996）．ItisalsoprobablethatTBZFrrBZ17mayplayaroleinsenescenceretardation

in guardcells enabling thesecells torespondtoenvironmentalandendogenous stimuli

althoughtherestoftheleaftissueisre－prOgrammedfordegradation・TheproductsoftbzF

and tbz17may activate unidentified genes whichfunction to retain ce11ular activltyln

SeneSClng－and cold－StreSSed－guard cells and／orvasculartissues offlowers，althoughit

remainstobeclarinedwhethertheirexpressionisupregulatedinguardcellsuponexposureto

lowtemperature．
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Fig・14ExpressionpatternOftbz17indifftrentleaves，reVealedbyRNAgelblottlng・Vegitativetobaccoleaves

were havested and numbered sequentially fo1lowlng thier progressive emergence・TotalRNAs were also

extractedfromthesametissuesandtheabundanceoftbz17transcnptwasestimatedbynorthernhybridization

uslngtherespectiveORFreg10nS・ThesamenlterwassubsequentlyhybridizedwiththetobaccoactincDNA

（actin，Thangaveluetal．，1993）toensureequalsampleloading・
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A 1　GGAmTCTmTACTTYrGGATTCTTCATTAACCCATIGZmTTTCACAA　60
61　ATAGmTATGTTAGCTTCCAATTCTTCATGACCCTCATGCGTCGAATTCGTATTATGC　120

M T L M R R I R I M H

121　ATTCTTTCTCCGTAGTCTTCCTGTACTGGででCTACGTGmTGAACでAGCCCCCCでC　180

S F S V V F L Y W F Y V F S　★

181　ACACCmTTTTCCTGTCCAGTIVIGTVrZmGAAAでTCCATACTTAWCCTAACTCG

241　CAAAACCTAGCAAGAGCAmTGCCCTCCCCCmTTTYiAATITCAATAGでTGTCTGAT

301　TAGCCTCでGACTGGAACGATACACAAGACAmCmCCGGCTAGTT⊂AG

240

300

360

M A L T Q Q P A S S G

361　GでTCTGATGGCCAACGTTATGCCACAAAuGATAGAAAACGAAAGAGAATGGAGTCCA　420

S D G Q R Y A T N D D　星川
421　ACCGTGAATCTGCAAGGCGGTCACGGATGAGAAAGCAGCAGCATTTY3GAmTTrGATGA　480珊K Q Q H L E E I－　M S
481　GCCAAATmCAGCTACAGAATCAGAACGでTCTGTGGCGCGAGAAGATTGATGCTGTGG　540

Q M T Q L Q N Q N V L W R E K　＝　D A V G

541　GAAGAAACTACCTCACCCTCGATGCGG皿TGTCTTGAGGGCTCAAATGGCAGAAC　600
R N Y L T L D A E N N V L R A Q M A E L

601　TGACTGAACGCTVIGGAmTCTCAATTCGCTCACTCGTTVTCTY3mTAATG＆C　660

T E R L D S L N S L T R F W A D A N G L

661　TmTmTCCCTGAAAmCTGACACTTrGCTVrGAGCCCTGGCAGCTTCCTTGCC　720
A V D　＝　P E　＝　P D T L IJ E P W Q IJ P C P

721　CAATTCAACCCAでCACTGCTTCTGCTGATATGTTTCAGmGCTGCTGCTCTGCAGT　780

＝　Q P　＝　T A S A D M F Q F　★

781　TCTGAACTACTCでGCでCTIAGCTTGAAmmTITAATCAGGTGmTrTrrGCTCでTGG

841　AmGTATGCGATCCTrAGでGGAAGでGGACCmTCAGGGGTTGCmCATTATCCCT

901　TYrTmGTCでGTCACTGTmTTTATTGTCAATGTGGGTCAGTAGTVIVICTGTrIGT

961　ATIIAGCTYrGGTGmGTTTCGGTGrrTGmTACTCCAATGTrIIAGCTCTGGTGGGTTAG
lO21　CAGTYrTTTAGCGCCGTGTCAATGATCTTTGCCTCCAGTTでTATAAATAAATCATTTATGT

lO81　CAAAAAAAAAAA仙　1099

B

℡BZF

℡BZ17

℡BZF

℡BZ17

℡BZF

℡BZ17

蘭割現寒害審
basic domain
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Fig・15SequenceanalysisoftbzF・（A）DNAsequenceanddeducedaヮinoacidsequenceoftbzF・Numbers
Ontherightcorrespondtothenucleotidepositions・ThepredictedamlnOaCidsequencesofthemainbZIP

ORFsandtheORFsoftheleadersequencesareShown・Thebasicdomainisunderlinedandthehaptad

repeats ofhydrophobic residuesin theputativeleucine zipperStruCturearebold・（A）Alignmentofthe

aminoacidsequencesforTBZFandTBZ17proteins・Thebasicdomainisboldandthehaptadrepeatsof

hydrophobicresiduesintheputativeleucinezIPPerStruCtureareunderlined・
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Fig．16（A）AminoacidsequencealignmentofTBZFandLIP19subfamilyproteins・Identicalresiduesarehighlightedin

blackandsimi1arresidueingrey・Dasheswereintroducedtomaximizethealignment・AbasicreglOnandtheposltlOnSOf

heptadleucineresiduesareindicatedbyhookedlineandasterisks，reSPeCtively・TBZF，rdLIP（ABOO5187，Itoetal・，1999）、

TBZ17（D63951，Kusanoetal．，1998），Am910（T17108）andAm911（T17110）（Martfnez－Garcfaetal・，1998），LIP19

（X57325，Aguanetal．，1993），mLIP15（D26563，Kusanoetal・，1995）andOBFl（X62745，Singhetal・，1990）・（B）A

phylogenictreeofplantbZIPproteins．TreeswerebuiltusingClustalXprogram（Thompsonetal・，1997）andvisualizedby

aTreeViewprogram（Page，1996）．Accessionnumbersare‥AtGBFト3（X63894－X63896），CPRFl－3（X58575－X58577）、
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（L28003），TAFl（X60363），TGAla（SO5452），TGAlb（SO5453）andVSFl（X73635）．LIP19subfamilywassquaredand

TBZFwashighlightedbybold－1etter・ThebarcorrespondstoO・1Jukes－Cantorsubstitutionspernucleotide・
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Figr17NuclearlocalizahonOfTBZFandTBZ17inonionepidermalcellsLOnionbulbswerebombardedwith
goldpartlClescoatedwith（A，B）pGFP2・（C，D）pTBZF‥：GFP，and（E，F）pTBZ17：：GFPplasmids・The

proteinsweretraruiendyexpressedandindividualcellsareobservedbyepifluorescence（ち，I），F）and

co汀eSpOndingdifferentialinterferencecontrastimaglng（A，C，E）・
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（yy96）　　　　　GAL4－bs
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（pRTL2－GUS）
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Fig．18TBZFandTBZ17actastranscriptionalactivatorsinspinachleaves．（A）Schematicillustrationofareporterplasmid

yy96（Yamamoto and Deng，1998），in which theluciferasegene（LUC）is placeddownstreamofthe GAL4－binding site

（GAL4－bs）andthereferenceplasmidpRTL2－GUS（Restrepoetal，，1990）whichhasadua135SpromoteトGUSstruCture．（B）

TransactivationactivityofTBZFanditsderivatives．（C）TransactivationactivityofTBZ17anditsderivatives．（B）and（C）

Effector，rePOrter and reference plasmids were cotransわrmedinto splnaChleaves by particle bombardment．After24h

incubation at250C，LUC and GUS activities were determined．The LUC／GUS ratio obtained with pGAL4－BD（binding

domain）was set asl．O to allow relative values to be obtained．nle PreSented data are averages of threeindependent

measurementsinduplicatewithSDerrorbars．
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A

B

maf probe sequence

5l～TGCTGACGTCAGCA－31

3．－ACGACTGCAGTCGT－5■

PrOtein
TBZ17　　　　　TBZ F

voLume　　　　1　2　　3　　4　5　　6

competitor　（－）（－）（x40）（－）（－）（x40）

free probe

一■■

Fig．19Electrophoreticmobilitiyshiftassays withsyntheticoligonucleotides・（A）NucleotidesequencesofDNA

probewithG－box．TheACGTmotifisunderlined．（B）2ulofTBZFandTBZ17（1anesl，4），and8plofTBZFand

TBZ17（1anes2，3，5，6）．ShiftedcomplexofTBZFandTBZ17proteinsisindicatedbyarrows・（－），Omissionfrom

thecompetitor；（x40），additiontothe40xconcentrationofcompetitor・
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A

TBZF

RI R2　R3　R4　R5

・．、．∴

・　　　　′▼　　●
＝＝＝＝二十

C
TBZF

Typel

TACGTG

GGATCCTACGTGGAACTTTC

GGATCCTACGTGGTATGTTC

GGATCCTAGGTGGGAGTGTG

GGATCCTACGTGGTGTGTTT

GGATCCTACGTGGCGTGATT

GGATCCTACGTGTACTGTGT

GGATCCTACGTGGCGGTGTT

GGATCCTACGTGGTGTTACG

GGATCCTACATCTGTCTTAT

AAGTGGTACGTGCAGGCATA

GAGGAATACGTCTGTAGTCT

CAAGCGTACGTGCCTCCATT

ATGTCGTACGTGTCATGCCA

TCACAATACGTGCACACTCC

GGATCCTACGTGGATACTTA

GGATCCTACGTGCAACGCCA

GGATCCTACGTGGGAGGAAG

Type2

SACGTG

GGATCCACGTGGTGGTGGG

GGATCCA－GでGAGCAACTC

GGTTGGACGTGGAAGCTT

AATGGCACGTGCGGGATTA

GGTTGGACGTGACAAGCTT

TGACGGACGTGGACAAGCT

CGATGGACGTGCAGACAAG

CTTGTGACGTGGGTCGATG

GGATCCACGTGGTCGTTCT

ATTCTGACGTGGATCC

（F3）

（F4）

（F5）

（F6）

（Fll）

（F14）

（F17）

（F23）

（F24）

（F31）

（F39）

（F43）

（F45）

（F46）

（F47）

（F48）

（F53）

（F13）

（F30）

（F34）

（F42）

（F44）

（F49）

（F56）

（F60）

（F62）

（F64）

Type3

でACGて竺

GATCGGATGTTAATTATGT　　　　（Fl）

CTACGCA－GTTAANTGCAC　　　　（F2）

GATCCTA－GTCGTGGAGGC　　　（F58）

GGGTGTACGTTAAGACAAG　　　（F15）

ATAGCTACGTTGGATCGCA　　　（F25）

ACAAGTAAGTTTACAAACA　　　（F40）

ATCCATACGTTCTGTCTTT　　　（F61）

B
RI R2　R3　R4　R5

TBZ17　　　「　　　‥i＿■劇
t　　　書

ふ〃■■

D
TBZ17

Typel

TACGTG

AGCTCTTACCTGAGTTACAAGCTT（17．2a）

GGATCCTACGTGTGCGGTTGTGTT　（17．3）

GTGGCTTACGTGGGGCACAAGCTT　（17．4）

GGATCCTATGTGGTCACTTGGCCC　（17．2）

GGATCCTACGTGTAGAGTTGTCGC　（17．9）

GGATCCTATGTCAGTCGCTTCTGA

GGATCCTATGTGGAAGGGGATCGT

GGATCCTACGTGCAAACGGCTGGG

CACCGCTACGTCCGCGCAGCACAC

GGATCCTACGTGCCGGTGGTTGCT

AGCTTGTACGTCTGAGAACAAGCC

TGTCTCTACGTCATGCCATGTTGC

（17．6）

（17．10）

（17．11）

（17．23）

（17．27）

（17．37）

（17．38）

TACGTCACGTGCAAGCTGTTTTGA（17．44）

TGTATGTACGTGTGCTGATGTGGC（17．45）

GGATCCTAC－TGGTATGCTCTCGT　（17．4）

GGATCCTA－GTGTACTAGCAAGCA（17．40）

Type2

GACGTG

TGTGGGGACATGGACAAGCTT

TTTGGGGACGTGGCTGCATGG

GTGTGGGACGTGGTGGGGACA

AGCAATGACGTGGCAGGCTAG

GTTGGTGACGTGGGAGCGTGT

TCCTAGGACGTGGTCGGATTC

TCCGATGACGTGAGACAAGCT

GTTGGTGACGTGGGAGCGTGT

TAGGTAGAC－TGTGGCGTGTT

ACACACGAC－TGCCACCATAG

TTGTTACACGTGACACACGAC

Type3

NACGTT

CTAGCGGAGJTでGTCAGAATCG

CTCGCTGACGTTATTTTGGCTG

TGTGGCCACGTTCACTCGTTCC

TCAGTGCACGTTGATGCGGATT

AAGGGCGACGTTGTCTATGCAG

AACCGCTA－Gで竺GCAGCCTAG

CTTCTCTACGTTACGGGCACAA

（17．5）

（17．8）

（17．12）

（17．15）

（17．26）

（17．32）

（17．34）

（17．36）

（17．5）

（17．25）

（17．35）

（17．1a）

（17．1）

（17．9a）

（17．28）

（17．46）

（17．41）

Fig・20EnrichmentoftargetsequencesofTBZFandTBZ17byrandombindingsiteselectionassays・GST－fused

TBZFandTBZ17producedinE・COliandpurinedbyglutathione－Sepharose4Bwereusedfortheassays・Enriched

fragments（100fmoleseach）witheveryround（Rl－R5）wereusedasprobesforgelmobilityshiftassaysandtheparts

OfthegelscontainingthebindingcomplexesofTBZF（A）andTBZ17（B）areshown・EnrichedsequenceswithTBZF

（C）andTBZ17（D）wereclassifiedintothreetypes，reSPeCtively・
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A

B Protein

Probe

tree

PrObe

TBZ F

A／G

mA／G

C／G

mC／G

GGC－rTACGTGGGGCA

GGCTTtCG皇GGGGCA
TGGGGACGTGGCAGA

TGGGGTCGAGGCAGA

TBZ17

AIG m〟G C／G mC／G　〟G mA／G C／G mC／G

日田田口・■u■

．・■　きニ

表＋∴鴬十

つ右十単

一l

Fig．21TBZFandTBZ17preftrentiallybindtoDNAsequencescontainingA／G－andC／G－hybridmotif盲・（A）AJG－

and C／G－hybrid motifs and their mutated motif sequences（mA／G and mC／G）used for EMSA・The mutated

nucleotides were underlined．The sequences used were60bp，tandemly repeatedfourtimes・（B）EMSAofthe

recombinantTBZFandTBZ17proteins・TheposltlOnSOftheDNA－prOteincomplexeswereindicatedbyarrowhead・
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Reporter plasmids

N46Luc＋

N46A／G－Wx4Luc＋

N46A／G－Mx4Luc＋

N46C／G－Wx4Luc＋

N46C／G－Mx4Luc＋

Errecter Plasmids

pBI221－DelGUS

pBI221－TBZF

pBI22トTBZ17

－4‘
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【lllll【】
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CaMV35S
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dgJg〟∫　　　　　　　Nos・T

CaMV35S Jあzダ　　　　　　　　　Nos・T

CaMV35S

Effecter Reporter

pBI221－DelGUS

pBI221－TBZF

pBI22l－TBZ17

N46A／G－Wx4Luc＋

N46A／G－M x4Luc＋

N46C／G－Wx4Luc＋

N46C／G－Mx4Luc＋

N46A／G－Wx4Luc＋

N46A／G－Mx4Luc＋

N46C／G－Wx4Luc＋

N46C／G－Mx4Luc＋
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Fig．22TBZFandTBZ17actastranscriptionalactivatorsintobaccoBY2cells・（A）Schematicdrawofabasalreporter

plasmidN46Luc＋anditsfourdifferentderivativeswithA／G－hybridandC／G－hybridcis motifsandtheirrespective

mutatedmotifsshowninFig．3．InN46Luc＋，theluciferasegene（luc）isplaceddownstreamoftheCaMV－16minimal

promoter（－46），（B）TransactivationactivityassaysofTBZFandTBZ17・Effector，repOrterandrefbrenceplasmidswere

co－bombardedintoBY2cellsbyparticledeliverysystem（PDS－100OHe，Bio－rad）・After18hincubationat260C，LUC

andGUSactivitiesweredetermined．LUC／GUSratioobtainedbyacombinationofpBI221－DelGUSandN46A／G－Wx4
Luc＋WaSSetaSl．OandtherelativeLUC／GUSvaluesobtainedfromthreeindependentexperimentsinduplicateassays

werecalculatedwithstandarderrors．
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Fig．23ResponseoftbzFandtbz17geneslntObaccoplantssuqectedtoseveralablOtlCStreSSeS－andhormonal

treatments．TobaccoseedlingsweresuqectedtoablOtlCStreSSeSandhormonetreatmentasdescnbedlnMaterials

andMethods（A）control（Cont），40C，abscisICaCld（ABA），0．2MNaCl－treated（NaCl），alr－drled（Dro）andheat

shocked（420C）．（B）ethylene－treated（Ethyl），benzyladenlne（BA），indoleacetlCaCld（IAA）andjasmonlCaCld（JA）・
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Fig．24TissuespeC清cexpressionoftbzFandtbz17inamaturetobaccoplant・Tobaccoplantwasgrownin agreenhouse・
Varioustissuesincluding sevendifferentposltlOnSOfleaves，yOungflowerbudsandrootsofatobaccoplantwereharvested

aroundnoonofsunnydayandkeptat－800Cuntiluse．（A）Chlorophylla（nlledbar）andb（0penbar）contentsofvarioustissues

were measured as describedin Materials and Methods．（B）TotalRNAs were also extractedfrom the same tissues and the

abundanceoftbzFandJbz17transcriptswereestimatedbynorthernhybridizationusingtherespeCtive3’－UTRregions・Thesame

filterwassubsequentlyhybridizedwiththetobaccoac［incDNA（actin，Thangaveluetal・，1993）toensureequalsampleloading・

62

J



A

B

C

l

さ

●■

チ

1　2．∴3∴∴．4

1　　2　　3

fbzF議嫡∫線‾・蟻・確犠－‾㌫

Ov Se Pi St Pel Pe2

rrJl†β

lbzF

Fig．25AbundanceofEbzF－tranSCriptsalongwithnowerdevelopment（A），infloralpartsCB）andtbzF
expressioninflowerdeterminedbyinsituhybddizat10n（C）・叩）0vu1e（0），SePal（Se），Pistil（Pi），Pink
partofpetal0）el）andlowerwhitepartofpetalげe2）・（AandB）Thesamefiltersweresubsequently

hybridizedwiththetobacc？rm18cDNA（ml18，GanalandHemleben，1986）toensureequalsample
loading．（C）hori2mtalTSeCtlOnSOfflowerbudat3rdstagewerehybridizedwithtbzFsense－（a）and

antlSenSe－PrObes仲），AbarinCis20pm・
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Fig・26tbzFandtbz］7expressioninleavesdeteminedbyinsituhybridizatlOn・VertlCalsecdonsofyoungleaves

（a，b，gandh）andsenescingleaves（C，d，iandj），andhorizontalsectionsofsepescingleaves（e，f，kandl）of
tobaccoplantswerehybridizdwithgene－SpeCificsense－（a，C，e，g，iandk）andantlSenSe－PrObes（b，d，f，h・jandl）・

oftbzF（AandIl）andtbz］7（CandD）genes・AbarcorrespondstolOum（AandC）and50匹m（BandD），

respectlVely・
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CHAPTERIII

PromoteranalysisoftbzF†ageneenCOdingabZIP・type

transcriptionfactor）reVealsdistinctvariationincis－reglOnS

responsiblefbrtranscriptionalactivationbetweensenesclng

leavesandflowerbudsintobaccoplants

Introduction

AsdescribedinChapterII，IcharacterizedtwotobaccogenesforbZIPs，tbzFandtbz17・

Thebasicdomain－leucinezipperproteins（bZIPs）containabasicregionandaleucineheptad

repeatresponsiblefbrDNAbindinganddimerization（Pyshetal・，1993；Hurst，1994）・They

areconsideredtofbrmhomo－OrheterodimersandtobindspecificDNAsequences，thus

functioning as transcription factors（Landschultz et al・，1988；Vinson et al・，1993；

Yanagisawa，1998）．MostplantbZIPsbindtotheACGTcoresequence，andhavetherefore

beenco11ectivelyreferredtoasACGTelements（Weisshaaretal・，1991；Armstrongetal・，

1992）．However，bZIPsalsorequireadditionalnucleotidesequencesintheflankingregions

fbrprecisebinding（Tabataetal・，1991；Schindleretal・，1992）・Inplants，mOrethan200genes

forbZIPshavesofarbeenidentifiedandthenumbermayfurtherincreaseinthefuturesince，

eveninasinglespecies，thegenesconstituteasuperfamily・Forexample，ArabidopsIS

genomeanalysisrevealedthatthisorganismcontainsalmostlOOforms（Riechmannand

Ratcliffe，2000）．

AmongplantgenesforbZIPs，thelip19subfamilyconsistsofatleast7members，

characterizedbytheirspecificresponsetocoldstress（Aguanetal・，1993；Kusanoetal・，1995；

Itoetal．，1999；Yangetal．，2001）．However，SOmemembersarealsoexpressedinacell－type－

specincand／oradevelopmenta11yregulatedfashion・Forexample，A・mq）uS910and911

genesareexpressedinflowers，predominantlylnVaSCulartissues，CarPelsandanthers

（Martfnez－Garcfaetal．，1998）．MaizeOBFl，Whichwasfirstidentifiedasabindingfactorto
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theocs－elementinthepromoterreg10nOftheoctoplneSynthasegeneoftheAgrobacterium

tumqfbciensT－DNA（Singhetal．，1990），Showsagradientintranscriptlevelsindeveloping

leaves（Zhangetal．，1993）．Inthebasalportionscontainingdividinganddifferentiatingcells，

theOBFltranscrlptlevelis40－50fbldhigherthaninaplCalportions，Wherethece11sarefu11y

difftrentiated（Zhangetal．，1995）．Inthecaseofmaizemlip15，tranSCriptsaccumulatewith

leafaging（Berberichetal．，1999）・Theseobservationssupporttheideathatthelip19

membersareregulatednotonlybyenvironmentalfactorsbutalsobydevelopmentalcues・

Inthischapter，IexaminedwhetherornottbzFisdifferentia11yregulatedrespondingto

physiologlCalconditions・To this purpose，Ianalyzed promoter activities oftbzFby

monitoringβ－glucuronidase（GUS）activity・Iaddition，tOidentifypromotionresponsive

reglOnS，ItransfbrmedfourdeletionconstruCtSintotobaccoplants，andtousedthatthecis－

element for senescence responseislocated on adifferentreglOn fromthatforflower

development・

Materialsandmethods

ア血〝JgrけW才力α〝d加αわ乃g〝ね

TobaccoplantsweregrownasdescribedinChapterII・Coldtreatmentswereperformedby

transftmngplantstoagrowthchambersetto40Cfbrdifftrentperiodsoftimeunderthelight

andphotoperiodicconditionsdescribedabove・Abscisicacid（ABA）wasaddedtothel／2

strengthMSmediumtoafinalconcentrationof20匹M・Ethephonwasappliedtosamplesat

theconcentrationoflmMfbrethylenetreatment・Leaveswereco11ectedatthe2ndand3rd

positionsfromthetopsoftwoplants，frozeninliquidnitrogenandstoredat－800Cuntiluse・

血血血ⅥげtbzFgg〝〃∽fccわ〃gg

AnNtabacumgenomiclibrarywasconstruCtedandscreenedwithtbzFcDNA（Yangetal・，

2001）astheprobe（Sambrooketal．，1989）・Thegenomicsequencewasdeteminedbydirect

sequenclngOfacloneobtainedbysubclonlngOfa9kbBamHIfragment・Sincethisfragment

66

l



1ackedthe5’up－StreamregionoftbzF，TAIL－PCRwasperformed（Liuetal・，1993）usingthe

fbllowingtwotbzF－SPeCificprimers，tbzF－Sql（5’－GAGGAAATGAAAACACAAGC－3’）and

tbzF－Sq2（5’－AGCGGGTTTATATAGGTGAG－3’）．Theproductsweresubclonedintothe

pGEM－Teasyvector（Promega），reSultinginpGEM－tbzF・Double－Strandedplasmidswere

SequenCedwithaABIPRISM310sequenceruslngaBigDyeTerminatorCycleSequenclng

FSReadyReactionkit（Perkin－Elmer，Norwalk，CT，U・S・A・）orwithaHitachiSQ－5500

SequenCeruSingaThermoSequenasepre－mixedcyclesequencingkit（Amersham）（Sangeret

al．，1977）．SequencedatawereassembledandanalyzedwiththeSDC－GENETYXgenetic

informationprocessingprogram（LipmanandPearson，1985；SoftwareDevelopmentCo・，

Tokyo）andcomparedwithsequencesinnon－redundantdatabasesbytheBLASTprogram

（Altschuletal．，1990）onnetworkserverS．

蝕血酢蛸加血肌肌叫融

The Texas Red－labe11ed primer（5’－ACGTAGAACCAGTACAGGAAGACTACGG－3’）

（providedbyNipponFlourMi11sCo．Ltd・，Atsugi，Japan），COmplementarytonucleotides171

to1440fFig・27，WaShybridizedat600CforlhwithlOpgofheaトdenaturedtotalRNA

isolatedbytheAGPCmethodfromsenesclngtObaccoleaves・TheannealedprlmerWaS

extendedwithreversetranscriptase（SuperscriptII，GIBCO－BRL）ina30plreactionmixture

（50mMTris－HCl，PH8．3，75mMKCl，3mMMgC12，1mMofeachofthedNTPs，andlO

mM DTT）at420C forlh．The extendedproductwas resoIved by electrophoresis on a

polyacrylamidegelcontaining6％LongRanger（Pharmacia）／6・lMureainparallelwiththe

SequenClngladderofthetbzFfragmentobtainedbyTAIL－PCRstartlngWiththesameTexas

Red－labe11edpnmer．

乃Ⅵ那ge〝JCpね〝ね

FourtbzF－PrOmOterGUSchimericgenesweremadebyligatlng5’tbzFsequencesintothe

promoter－lessGUS expressionvectorpBIlOl・l（Clontech，PaloAlto，CA）・A－1740to

＋344bpfragmentofthetbzFgenewasenglneeredtohaveHindIIIandBamHIsites，and

ligatedintoHindIIIandBamHIsitesofthepBI101・1・ForthethreedeletionconstruCtS，the
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ー1220to＋344，－720to＋344and－220to＋344fragmentsofthetbzFgenewereclonedinto

HindIIIandBamHIsitesofthepBIlOl．1asdescribedabove・Transfbrmationoftobacco（N・

tabacum L．cv．Xanthi）was performed as detailed earlier（Nakano et al．，2000）・The

AgrobacteriumtumdbciensLBA4404staincontainingthefburconstruCtSWereinoculatedto

tobacco（Ntabacumcv．Xanthi）1eafdisks．Oncerootedonaselectivemedium（50い．g／mi‾l

Kanamycin），Shootsthatwere5－10cminheightweretransferredtopeatcompostandgrown

inagreenhouse．Tlprogenyweresownonl／2MSagarcontainlng50pg／ml‾1Kanamycln・

ThepresenceofatransgeneintheplantswasconfirmedbygenomicPCRwithapproprlate

prlmerS・

RM由0ねJわ〝α〝d〝〃〟ゐg川砂あr〟ねα′わ〝

ExtractionoftotalRNAandRNAblotanalysISWereCarriedoutasdescribedinChapterI・

Cゐわrqp毎JJα∫∫qy∫

Chlorophy11contentsweremeasuredasdescribedinChapterI・

A∫∫町∫q／G〃ぶαC加わ，α〝dゐねわC九g∽fcαJ∫ね加ゎg

GUSactivityinwholeextractswasdeterminedessentiallyasdescribed（Jefferson，1987）・

HistochemicallocalizationofGUSactivltyWaSperformedbyincubatingvarioustissuesof

transgenicplantsin5－bromo－4－Chloro－3－indolyl－glucuronicacidsolutionat370Cfor3hto

OVernightuntilthebluestainlnghadreachedsufficientintenslty・Sampleswerefixedwith

formaldehyde：aCeticacid：40％（v／v）ethanol（5：5‥90），andthenchlorophyllwasremovedby

passagethrougha50％tolOO％ethanoIseries・Toallowbetterpenetrationofthesubstrate，a

VaCuumWaS apPlied for30s・Stainlng，tissue embedding，and hand－Cut SeCtionlng Were

perfbrmedasdescribedpreviously（Mandeletal・，1995）・

Results
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血血血m巾伽tbz一夕mmOfer

ByacombinationofgenomiclibraryscreenlngandTAIL－PCR，a1740bpDNAfragment

wasfinallyisolated（Fig．27）．Theinitiationsiteoftranscriptionwasdeterminedbyprimer

extensionanalysis，anddesignated＋l（Fig・28）・Theinitiationcodonfortranslationislocated

at＋344nucleotidesdownstreamfromtheinitiationsiteoftranscrlptlOn・AtyplCalTATA－box

islocatedatposition－52（TAATATTT）・Theisolatedfragmentwasanalyzedfbrputativecis－

actingelementsbythePLACEProgram（Higoetal・，1999）・Themostprominentmatches

identinedincludethosetotheconsensusbindingsitesforbZIP（ACGT），forTAAAGmotifs

（TAAAG）（Pleschetal．，2001），andforpollen－SPeCificregulatoryelements（AAATGA）

（Weteringsetal．，1995）（Fig．27）．Inaddition，G－boxmotifs（CACGTG）werefoundsimilar

totheG－box－1ikesequence（TACGTG）（Schindleretal・，1992；ShinozakiandYamaguchi－

Shinozaki，1997）．

且甲rg∫∫わ〝q′助gGUSr甲0〟ergg〝e

The promoterreglOn With1740bp wasligated to the GUS reporter genein a

translationallyfusedmanner，andintroducedintotobaccoplants・Among30regenerated

transgenicplants，10healthyspecimenswereselectedandassayedforpromoteractivltyuSlng

materialsincludingflowers，1eavesatdifferentpositionsandroots・Toevaluatethedegreeof

aglng，Chlorophy11contentineachsamplewasestimated，thisshowingaproportional

decreasewithincreaseintheage（Fig．29A）．WhenGUSactivitywasmeasuredinthese

samplesintheabsenceofexternalstress，aClearpositiverelationshipwasobserved，i・e・，the

olderweretheleaves，thehighertheGUSactivity（Fig・29B）・Inaddition，StrOngaCtivitywas

observedinflowerbuds，equivalenttothatinthe oldestleaves（Fig・29B）・Thiswas

confirmedbyRNAgelblotanalysIS，ShowlngGUStranscrlPtStOprOpOrtiona11ylnCreaSein

linewithenzymaticactivity（Fig・29C）・AsendogenoustbzFtranscriptsshowedexactlythe

sameaccumulationprofileasGUStranscripts（Fig・29C），itwasconcludedthatthereporter

systememployedfaithfu11yreflectsthebehavioroftbzFgeneinplanta，andthattheisolated

1740bpreglOnCOVerSalltheelementsnecessaryfbrpromoteractivlty・
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mM叩両断吋妨伽tbzFク州別0ねr

TransgenictobaccoplantscarrylngthereporterGUSgenefusedtothe1740bppromoter

weregrowninplantboxes，andhistochemicalassayedbyGUSstainlng・First，tissue－SpeCific

activitywasmonitored（Fig・30A）・Inyoungleaves，eXpreSSionwasessentiallynotdetectable

（Fig・30A，a－C）・Incontrast，SeneSCingleaveswerestaineddeeplyinguardcells，VaSCular

tissuesandtrichomes（Fig・30A，d－f）・Thiswasparticularlyclearinpeeledepidemis（Fig・

30A，bande）．

In8－WeekoldtransgelnCtObaccoplants，eXPreSSionofGUSwasobservedintheflowers

（Fig・30B）・StrongGUSactivitywasobservedinanthers，filaments，OVariesandsepals，but

notinstigmasorstyles（Fig・30B，g」）・Again，guardcellsofthepetals・trichomesandveins

werethemainsourceofexpression（Fig・30B，kandl）・

聯CねげCo弼AβAα〝dE叫yわ〝g

sincesenescenceiscloselyassociatedwiththephytohormonescold，ABAandethylene，

thetransgenicplantsweretreatedwiththesecompoundsandthereporteractivityassayed（Oh

etal．，1996）．First，RNAgelblotanalysiswasperformedwithtbzFandGUSprobes（Fig・

31A）．TheprobespecifictotbzFwasaDNAfragmentcorrespondingtothe3’untranslated

reglOnOfthetbzFcDNA・TranscrlptSOftbzFwereinducedwithin24haftertreatmentwith

cold，ABAandethephon，andwerefurtherdetectablefbrupto2days（Fig・31A）・TranSCripts

ofGUSwerealsoinduced，ShowingthesameprofileasforendogenoustbzF（Fig・31A）・

Then，enZymaticactivltyOfGUSwasexaminedwiththesamesamplesusedforRNAblot

analyses・Treatmentwithcold，ABAandethephoninduced5－foldand3－foldhigherGUS

activity，reSpeCtively，incomparisonwithuntreatedsamples（Fig・31B）・Then，efftctsofcold，

ABAandethylenewereexamineduslngyOungSeedlings・WhileuntreatedcontroIsamples

showednostaining（Fig・32，a－C），COld－，ABA－andethylene－treatedseedlingsdemonstrated

highGUSactivityindetachedleaves，StemSandroots（Fig・32，d－1）・GUSactivitywasmainly

observedinguardce11sindetachedleaves，（Fig・32，d，gandj），andinvasculartissuesofthe

transitionzoneofstems（Fig・32，e，handk）・Elongationandtransitionzonesofrootswere

alsoactivelystained（Fig・32，f，iandl）・Theseexperimentsconfirmedthattheisolated
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promoterreglOnCOntainscis－aCtlngelementsthatarenecessaryforthecold，ABAand

ethyleneresponse・

伽加わ〃α〃αか∫f∫

Inordertoidentifytheresponsiblereg10nSforpromoteractivlty，deletionconstructsof

1740bpfragmentwasmadeandfusedtotheGUSreporter・Oneormoreapproximately500

bpsequencesweredeletedfromtheorlglnal，yieldingpromoterfragmentsof1220，720and

220bp（Fig．33）．TheywerefusedtoGUSreportergene，andsubsequentlyintroducedinto

tobaccoplants・GeneralsurveyofGUSactivltyindifferentorgansofR（）tranSgenictobacco

plant・ResultsofageneralcomparisonareshowninFig・34・Tenstabletransformantswere

selectedforeachdeletionconstruCt，andassayedforenzymaticactivltylnSeneSClngleaves

andflowerbuds・Insenesclngleaves，tranSformantscarrylng－1740and－1220promoters

showedmorethan3－foldthebasalactivityinyoungleaves（Fig・35A）・However，Clear

declinetoonethirdwasevidentintransformantscarrying－720and－220promoters（Fig・

35A）．Inflowerbuds，the－1740and－1220transformantscausedsimilarlevelsofactivityas

theorlglnal，OVer3－foldthatofyoungleaves・Inaddition，thesameactivltyWaSaPparentWith

the－720construCt，insharpcontrasttothecasewithsenescenceandphytohormonetreatment

（Fig・35A）・TotalRNAwasextractedfromthe4constructs，andRNAblotanalyseswerethen

performed・TranscrlptSOfthereporterGUSaccumulatedabundantlylnSeneSClngleavesof

transformantswith－1740and－1220promoters，butatmuchlowerlevelswiththe－720and－

220promoters（Fig・35B）・Inflowerbuds，however，tranSCriptaccumulationwasequallyhigh

intransformantSCarrylng－1740，－1220and－720promotersanddecreasewasonlyobserved

withthe－220construCt（Fig．35B）・

Ten stable transformants were selected foreach deletion construCt，and assayed for

enzymaticactivltyundervariousconditions・Theobservationthatexposuretocoldinduceda

gradientdecreaseinexpressionofGUSactivityasthedeletionincreased（Fig・36A）・When

youngleavesoftransfbrmantswith－1740and－1220promotersweretreatedwithABAand

ethephon，GUSactivltylnCreaSedtoover3－foldthatofuntreatedcontroIsamples・Thislevel

wasdecreasedtolessthanhalfin－720and－220transfbrmants，ShowlngthesamepatternaSin
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senescingleaves（Fig・36Band36C）・

TheseresultswerethusconsistentwiththeGUS activltyaSSay，agalnindicatlngthe

presence ofdifferentcis－element（S）responsivewithregardtosenescenceandflower

development・AtleastthreedistinctreglOnSarePreSent‥theproxima1220bpservlngaSthe

basicreglOnWhichrenderslowbutconsistentactivlty；themiddle500bpreglOnfbrflower－

specificexpression；andthefar－500bpreglOnforsenescence－aSOCiatedexpression・Each

containsparticulardomains，includingpo11en－SpeCificandQ－elements，andG－boxand

TAAAGmotifs，intheflower－andsenescence－SPeCificregions，reSPeCtively（Fig・37）・

Discussion

AsdescribedinchapterII，IdescribedtbzFtranscrlptStOaCCumulatenotonlyuponcold，

ABAandethylenetreatments，butalsoduringleafsenescenceandflowerdevelopmentin

wild－typetObaccoplants・Furthermore，insituhybridizationshowedtbzFtranscrlptStObe

predominantlyexpressedinguardcellsofsenesclngleaves，VaSCulartissues，trichomes，and

inpetalsandsepalsofflowers・FurtheranalysISinthepresentstudyconnrmedthesefindings

forexpressionoftbzFgeneusing apromoter－GUSreporter system，andin addition

demonstrated the existence ofdistinct cis－elements for promoter response regarding

senescenceandflowerdevelopment・

Onlyfewpromotershavesofarbeenstudiedfbrspecificgeneexpressioninguardcells

（Mdller－R6beretal・，1994；Nakamuraetal・，1995）・Oneexampleisthepromoteroftheguard

cell－SpeCincKSTlgenefrompotato（Mdller－R6beretal・，1995），inwhichacis－aCting

element（TAAAG）wasidentified（Pleschetal・，2000），ftaturingthecorebindingsequenceof

Dofproteins（YanagisawaandSchmidt，1999）・IntheABREsofseveralABA－reSpOnSive

genes，includingthemaizerab28andwheatEmlagenes（Plaetal・，1993；Marcotteetal・，

1989），aSO－CalledG－box－relatedsequence（TACGTG）hasbeendescribed・G－boxelements

comprlSeafamilyofcis－aCtlngSequenCeSaCtiveinexpressionofgenesthatrespondtocold，

ABAanddrought（Schindleretal・，1992；Nordinetal・，1993）・Thepresentsearchofthe
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promoterreglOnbetween－720and－1740，Where senescence and／orguardce11specific

elementsmayreside，demonstratedfourDofproteinbindingsitesandoneG－boxelement

（Fig．37）．Sincesuchelementsarelackinginthe＋l～－720promoterregion，andsince

deletionconstruCtS（－720and－220）lostresponsestosenescence，ABAandethylene，itwas

conceivablethattheyindeedserveascis－elementsfortbzFexpressionduringsenescence・

However，amOngfourTAAAGelementsinthe－1740construCt，thefirsttwointhenear

proximaltothecodingreglOnapPeartObesufficient，COnferrlngfullexpressionofthe

repOrtergene・

Todate，flowerspecificpromoteranalysishasidentinedatleasttwodistinctelements：the

pollen－box（Twe11etal．，1990，1991；Eyaletal・，1995；BateandRwell，1998）andtheQ－

element（Hami1tonetal．，1998）．Thepo11enboxisAAATGA，Whichisfrequentlyobservedin

theregulatoryregionsoflatepollen－SpeCificgenes（Mitsudaetal・，2001）・Itiscapableof

drivingpollen－SPeCincgeneexpression，independentoftheorientation（Weteringsetal・，

1995）．TheQ－element（AGTCA）was firstidentified as a’quantitative element’in the

regulatoryregionofthepollen－SPeCincmaize2M13gene（Hamiltonetal・，1998）・InthetbzF

promoter，flower－SpeCinccis－elementsappeartobepresentinthereglOnreglOnbetween－220

and－720・Within this500bp sequence，Weidentified four pollen－SPeCific elements

（TCATTT），andoneQ－element（AGTCA）（Fig．37），theirtotalnumbersinthe1740bp

promoterreg10nbeingfiveandfour，reSpeCtively・TheresultssuggestthattbzFpossessesat

leasttwodistinctpromoterreglOnS‥Oneforsenescence－reSpOnSeatthedistalhalf，andthe

otherforflowerdevelopmentintheproximalhalf（Fig・37）・Inaddition，themostproximal

～220bpregionappearstoserveasacommonbasicpromoterfbrtbzFtranscription（Fig・37）・

Takentogether，OurfindingspolnttO plants utilizlng agene formultiple purposesby

converglngdifftrentslgnalsupondistinctreglOnSOfitspromotersequence・

Finally，itshouldbementionedthatexposuretocoldinducedagradientdecreasein

expressionofGUSactivitywithincreaseinthemagnitudeofthedeletion（Fig・36A）・This

wasinclearcontrasttothecasewithsenescenceandflowerdevelopment，andsuggeststhe

presenceofothercis－elementsnecessaryforacold－reSpOnSe・Infact，Ihavealreadyrevealed

theexistenceofmanycold－relatedcis－elementssuchasaLTREのRE／C－repeatCOreSequenCe

7二；



（CCTAC），aMYC－1ikesequence（CATATG）andaMYB－1ikesequence（ACCTACC）inthe

1740bppromoterregion（Fig・27）・A1lofthesearereportedto beessentialforlow－

temperatureanddrought（Yamaguchi－ShinozakiandShinozaki，1994；Bakeretal・，1994；

Medinaetal．，2001），dehydrationandABAresponses（Williamsetal・，1992；Abeetal・，1997；

BuskandPages，1998）．Currently，however，mydataaretoopreliminarytoallowadefinitive

conclusiontobedrawn，andfurtheranalysIS，utilizingmorefinelydeletedconstruCtSaSWe11

aspolnトmutatedsequences，isawaited・
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ー1744　　G℡G℡AG℡ÅGCAGAGA℡GAAGAGG℡AÅAACÅ℡C℡A℡AGG℡℡GG℡CA℡CG℡AGC℡CCAACTC

－1684　℡℡AG℡AC℡CCC℡℡MGGGGGGG℡GGGÅ℡A℡GGAG℡GA℡G℡GGAA℡℡AAG℡CÅGAAC℡Å

－1624　A丸℡GG℡℡C℡AG℡AmATAGAA℡G砂GMGCGA℡AG叩ÅGG℡A℡
－1564　GÅGAで℡GCAC℡℡ÅmCAAÅGCC℡A℡AGA℡A℡AC℡ACGA℡℡CCAGAACAC℡A℡GCÅAACAC

＿1504　GACG℡C姐GGAÅAGGAÅG℡AAGGA℡℡Cで℡GCCCAGGA℡Gで℡AmGÅ℡個GCCA

－1444　G℡GCGAGÅGG℡AAG℡℡AAGACÅAAAG九九Å℡九九CCCAAG九九℡GA℡℡ACGCAGAA℡AC℡℡GA

－1384　℡A℡GAGAA℡GGGCCAACGAG℡AG℡m℡AA℡℡GAC℡CAGGAAGAGmÅG℡℡Å℡GGC℡AG

－132▲　ACAÅGAGGA℡ACAAACAAA℡CAA℡AGA℡CG℡GAÅAGA℡AAACA℡AG℡GAÅCCCCAACA℡G

＿1264　ÅGGÅAmGCCCCACÅG℡℡瓜m℡でGウTAA℡AC℡℡GAGAAA℡A℡℡CÅGA℡AGGAG℡℡A

－1204　GGG℡AGで匡垂司G℡ACCA℡A℡GAG℡Gウ丁℡ACG九九GA℡九九AAGAGAG℡GGCAC℡GAGÅAGGC

－1144　AA℡CAA九九℡A℡CAGCmGAÅGCÅACC℡ACAAGつTACAAGGCATGGAGG℡AAG℡AAC℡A℡G

－1084　GÅ℡AmA℡ÅGGCGÅGG姐GGACÅ℡C九九AAÅ℡℡CCG℡CGAÅ℡A℡ACGA℡且っTAA℡AAG℡℡C

－1024　ACAACmACAAGAG℡CAGÅGGG℡CC℡℡AAG℡AC℡ACAÅ℡GAAÅGAC℡AG℡CA℡A℡AAGG

＿964　姐G姐m晶仏G℡弘C虚盃盃諷GG丸姐℡購℡CG℡晶mG℡C℡
－904　CACÅA℡mA℡A℡GCAC℡CCA℡℡AGÅAGG℡GACACC℡A℡CG℡GÅCTAA℡GAACÅGGA

－844　ACA℡℡ACG℡GmGC℡AGA℡G℡A℡A且A℡AAGCCAAMATmA℡MCCACCC℡G℡AA

－784　ACG℡ÅCCCA姐℡ACmC℡AÅGmGÅAAA姐CAC℡AG℡Å℡AAÅAG℡AGCで℡℡CACGAAC

－724　姐℡℡AAAAAmCÅG九九mAACA姐九九G℡CAC℡AGÅAAG℡℡mmC℡℡A℡℡AC

－664　ÅAAA℡A℡A℡mCAC℡mCGG九九AACA℡CGCCCACAGG九九GGG九九G且つ丁℡CCAGCG℡C

－60▲　mACGGA℡A℡ACCÅÅ℡AÅ℡AC℡mC℡℡mGÅ℡℡AGC℡G℡CA℡CAC℡AC℡mCAA

－544　mÅCACGCCAACCAC℡ACG℡AA℡AAÅA℡mA℡AmACCÅÅAA九九CC℡ÅCC℡CC℡C℡

－484　CACC℡A℡A℡AAACCCGC℡C℡CCACAG℡CmGACC℡℡CmCGCCウコACmCGGmC

－424　ACACC℡mGG℡A℡G℡C℡CAmA℡mC℡mC℡CCmAでCCmCA℡mAmG℡℡

－364　℡mG℡mC℡C℡G℡mCC℡mm℡G℡mCÅmCCウTC℡G℡m

－304　mmG℡A℡Å℡G九九mCA℡mGC℡GC℡GmC℡C℡℡mG℡℡mCC℡A℡℡

－244　℡GCCGCA℡A℡G℡GmC℡℡AÅAÅ℡でÅTAmGG℡GGC℡℡C九九℡A℡mG℡℡G℡AGA

－18▲　A℡mGCC℡mGA℡℡A℡G℡GG℡GAA℡℡CmAGACCCGA丸℡AGÅ℡CGAGAAGGÅ℡A

－124　℡℡GGGA℡CGGG叩GA℡℡AmA姐℡A℡℡Å℡mmmG℡℡A姐mG℡C℡A℡m

－64　℡GGCGA℡mGC℡MA℡mGC℡GC℡C℡G℡mGGC℡℡GCAGA℡でGAmGCGmAA

℡A℡A box

I　　旨

●4　℡℡GC℡GCAGA℡AC℡G℡mmGGA℡C℡ACACA℡ACmGGAで℡C℡℡m℡℡AACCCA℡　56

℡GM℡AGGGmCACA姐℡AGmA℡A℡G℡℡AGmCCAmC℡℡CATGÅCCC℡CÅ℡GC l16

G℡CG九九mCG℡mA℡GCAで℡C℡℡℡C℡CCG℡ÅG℡Cで℡CC℡G℡AC℡GG℡℡C℡ACG℡G℡m　176

CA℡GAÅC℡AGCCCCCCmCACC℡℡G℡mCC℡G℡CCÅGmG℡℡A℡ÅGAAA℡℡CCA℡AC　236

℡℡AGA姐ACCC℡AACTCGCAÅ九九CC℡AGCÅAGAGCAÅ℡AG℡GCCC℡CCCCC℡℡CmGAA　296

℡℡CCAA℡AG℡℡GTC℡GÅ℡℡AGCC℡CTGAC℡GGAACGA℡ACACAAGAC且っTGGCmGÅCAC　356

M A　工一　℡　Q

AGCAACCGGC℡AG℡TCAGGmC℡GA℡GGCCAACGでTA℡GCCACAA且っコGACGA℡AGAÅÅÅC　416

Q p A S S G S D G Q R Y A　℡　N D D R R R

Fig・27NucleotidesequenceofthetbzFpromoterreglOn・Thetranscriptioninitiationsiteisdesignatedas＋1

andindicatedwithanarrow．TheinitiationATGcodonandputativeTATA－boxaredoubleunderlinedandthe

G－box－relatedsequence（TACGTG）isshowninboldunderlined・TheDofproteinbindingsite（TAAAG）is

indicatedbyanopenboxandthepollen－SPeCificregulatoryelements（AAATGAandTCATTr）areunderlined・

TheQ－element（AGTCA）isalsodoubleunderlined・
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Fig・28ApnmerextensionanalysIStOdetermineatranscnptlOnalstartsiteoftbzFgene・ATexas－Red

labelledprimer（SeeMaterialsandMethods）washybridizedwith10pgoftotalRNAfromsenescing

leavesandextendedbyreversetranscnptase・SequenclngreaCtionfortheTAIL－PCRfragmentwas

carriedoutwiththesamelabelledprimer．Theextendedproduct（markedwithA）waselectrophoresedin

parallelwiththesequencingproducts（markedwithB）on6％LongRanger／6・lMureagel・Themqior
extendedproductwasindicatedbyarrow・
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Fig・290rgan－SpeCificexpressionofthetbzF－1740promoter－GUSchimericgene・（A）Chlorophyllcontent・Chlorophylls

a（filledbar）andb（0penbar）weremeasuredasdescribedintheMaterialsandmethods・（B）GUSactivityindifferent

tissues．Thevaluesareaveragesofdataobtainedfromtenindependenttransformantlines・Barsindicatestandarddeviation

（SE）．（C）RNAblothybridizationanalysis・Aliquotsof20ugtotalRNAperlanewerefractionatedbyelectrophoresis，

transftrredtoamembraneandsubjectedtohybhdizationwithprobesforthetbzForGUSgenes・Thesamefilterwas

subsequentlyhybridizedwiththetobaccoactincDNAasasampleloadingcontrol・
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Fig・30IdentificationofGUSactivitybyhlStOChemicalstainingintobaccoplantsexpressingthetbzF－1740

promoter－CtLSchimeric芦ene・（A）Senescence－SPeCificexpression・GUSisexpressednotinyoungleaves（a
throughc），butinsenesclngleaves（dthroughf）・Sampksamfromleaf（a・d），peeledepidermalstripO），e）
andstem（C，f）．Notethehighexpressioninstomatalguardcells（e；indicatedbyarrOWS）andintrichomesof

aTePidermalpeel（f）・叩）Flower－SPeCincexpressionincross－SeCdonsofanowerbud（g）・POHengrainsand
stlgmaSOfaflower（h），Sihqueinthepetals（i），alongltudinalsectionofanovuleO），alongitudinalsection
oftheguardcellsofpetals（k）andacross－SeCtionofapetalO）TArTOWSindicateguardcells・
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Fig・31ExpressionofthetbzF－1740promoter－GUSchimericgeneinresponsetoABAandethylenetreatments・

（A）RNAblothybridizationanalysis・TotalRNAswereextractedfromtransgenictobaccoleavesuntreated

（Control），eXPOSedto40Cfor24h（Cold），treatedwith20pMABA（ABA）orlmMethephon（Ethephon），and

20LLgaliquotsweresuqectedtoRNAblothybridizationanalysisasdescribedinthelegendforFig・29・（B）

GUSactivityassay・Ten－day－01dseedlingsuntreated（Control），eXPOSedto40Cfor24h（Cold），treatedfor24h

with20uMABA（ABA）orlmMethephon（Ethephon），WereSampledandassayedbrGUSactivity・Mean

values（P＜0．05）areeXPreSSedinnmoIMUpermgproteinperminutewithdatafromlOindependentlines・
Barsindicatestandarddeviation（SE）．
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Fig・32IdentificationofGUSactivitybyhistochemicalstainingintobaccoplantsexpressingthetbzF－1740

PrOmOter－GUSchimericgene．Effectsofcold，ABAandethylene．GUSislackinginuntreatedsamples（a

throughc），butisexpressedincoldT（dthroughf），ABA－（gthroughi）andethephon－treatedsamplesat24h
Othroughl）．Samplesarefromleaf（a，d，g andj），Stem（b，e，handk）androot（C，いar）d））・Amows
indicatestomatalguardcellswithstrongGUSexpression（d，gandj）・
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Fig・33RegionsoftbzFincludedtbzF－guSfusions・ThetbzFsequencesthatwerefusedtogusareindicated・the
numbersrefertothenucleotidesequencepregentedinFig・27・FourtbzF－PrOmOterGUSchimericgeneswere

madebyligating5，tbzFsequencesintothepromoter－1essGUSexpressionvectorpBIlOl・1・Oneormore
approximately500bpsequencesweredeletedfromtheonglnal，yieldingpromoterfragmentsof1220，720and
220bp・ThelocationsoftherepeatedmotifsmarkedwithA，B，CandDrepresentsitessimi1artotheputative
TAAAGelements（TAAAG），POllen－SPeCinc（AAAATGAorTCATm），Q－element（AGTCA）andG－box－1ike
sequence（TACGTG），reSpeCtively・PutativeTATA－box（TATA），tranSCription site（arrow）andtranslation
initiationsite（ATG）areShown．

81

E



F10Wer l　　　ヱ　　　3　　　4　　　5　　　ti

Upper
Lear

Lower

7　　　Root

Flower　1　　　2　　　二！　　4　　　5　　　‘　　　7　　Rool

∃　upper　　山一　　Lo椚r F

51I

∈

竃4け
O

L

a■

∈止

∈

5　二川

≡

○

∈

ち　20
〉く

ゎ

；■

モ10
d

こ乃

⊃

U

0

50

1＝

∈
、、

臣　引㍑
く⊃
L
a

bb

∈

5　二川

∑

○

∈

ち　20
＞く

ゎ

モ10
⊂l

∽
＝）

U

り

50

⊂

巨

竜　40
⊂〉

L■

11●

叫

∈

∋　30

∑

○

∈
a．

箋　ヱ0
＞く

ゎ

；ト

モ10
句

【／つ

っ
じ

0

Flower　1　　　ユ　　　ニI　　4　　　5　　　ふ　　　7　　Rool

Upper
Lear

LoⅥ・er

Flower　1　　　2　　　ユ　　　4　　　5　　（I　　7　　Root

Upper
Lear

Lower

51I

【＝

∈

言　40
0
L
〔ゝ

b♪

∈

≡　30

≡

○

∈

で1．コ畑
▼lll■

；■

h

■＝

モ　川
市

（／）

：⊃

U

0

A

C

B

D

Fig・34DeletionanalysisoftheGUSactivityindifftrentorgansofRotransgenictobaccoplants・Thevalues

areaveragesofdataobtainedfromtenindependenttransformantlines・Barsindicatestandarddeviation（SE）・

ExtractswaspreparedfromvarioussourcesofindividualtransgenicplantsandusedforGUSandprotein

assays・DatafromonerepresentativeplantofeachconstruCtWerePlotted‥（A）tbzF－1740，（B）tbzF－1220・（C）

tbzF－720and（D）tbzF－220．
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Fig・35Tissue－SpeCificexpressionofthetbzF－GUSchimericgene．intobaccoplants・（A）Quantitative
analysISOfGUSactivitiesdrivenbydeletedpromoters・GUSactivltyWaSmeaSuredinlOindependent

transgenicplantsforeachconstruct・TheratiooftheGUSactivltylnSeneSClngleaves／youngleaves，
andinflower′youngleaveswassetasl・Otocalculaterelativevaluesforsenescenclngleavesand

flowerbuds，reSpeCtively．（B）RNA－blotanalysis・RNAsampleswereextractedfromsenescencing

leavesandflowersoffburindependenttransgenicplantsoftheindicateddeletionlines・Hybridization

wasconductedasdescribedinthelegendforFig・29・
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Fig．36QuantitativeanalysisofthetbzF－GUSchimericgeneincontrolandvarioustreatedtobaccoplants・

QuantitativeanalysisofGUSactivitiesdrivenbydeletedpromoters・GUSactivitywasmeasuredinlO

independenttransgenicplantsforeachconstruCt・Two－Week－01dseedlingsgrownat250C，eXpOSedto40C

for24h，treatedwith20匹MABA，OrWithlmMethephon・TheratiooftheGUSactivltylntreated

leaves／untreatedleaveswassetasl・Otocalculaterelativevaluesforcold，ABAandethephon，reSPeCtively

（A，BandC）．
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Fig・37TentativereglOnSreSPOnSibleforsenescence－andnower－SPeCificexpressionoftbzF・Three

reglOnSareShownbybracketswithboldnumbersindicatlngnuCleotidepositionsfromthetranslation

initiationsite（＋1）．Numbersinitalicindicatethenucleotidelengthofeachregion・Putativecis－aCting

elementsaredof（openbox），aG－box－1ikesequence（Closedbox），aQ－element（OpenCircle），pO11en－

specific（Closedcircle）andaTATA－box（verticalbar）・

85

」



CHAPTERIV

IsolationofTBZFinteractingfactorsbyyeasttwo・hybrid

SyStem

Introduction

ThebZIPtranscrlptlOnfactorsfbrmalargediversefamilylnplants・Morethan200genes

fbrbZIPshavesofarbeenidentinedandthenumbermayfurtherincreaseinfuture・Evenina

slnglespecies，thegenesconstituteasuperfami1y・Forexample，ArabidopsISgenOmeanalysIS

revealedthatthisorganismcontainsalmostlOOfbrms（RiechmannandRatcliffe，2000）・The

bZIPsarecaracterisedbybasicreglOneStablishingsequence－SpeCificDNAbindingandan

adjacenthaptadleucinerepeatSformtwoparallelahelicesarrangedasacoiled－COiland

enablingdimerizationoftwoproteinwhichdeterminetheorientationofthebasicdomains

withinthemqjorgrooveoftheDNA（Landschultzetal・，1988；Vinsonetal・，1993）・

ThefunctionalroleofbZIPtranscrlPt10nfactorshasbeenlinkedtoalargediversltyOf

biologicalaspects，forexampleresponsetolight（Oyamaetal・，1997；Schulze－Lefertetal・，

1989），hormones（Fukazawaetal．，2000），biotic（Zhouetal・，2000）andabiotic stresses

（Aguanetal．，1993；Itoetal．，1999），aSWellasce11proliftration（Mikamietal・，1995）and

developmentalprocesses（Chuangetal・，1999；Yangetal・，2001）・However，mOlecular

mechanism，inwhichbZIPsfunctiontoregulategeneexpressionislargelynotclearhTwo

featuresmustbeclarified；identificationofproteincomplexinwhichbZIPisinvoIvedand

particlpateSin－on－OfFofgeneexpression，andidentificationoftargetgenes・

Inthischapter，Idescribeidentificationofgenesencodingproteinsthatinteractwith

TBZFbyyeasttwo－hybridscreenlng・Amongseveralclones，Oneparticularclonewasfbund

to encode a protein that predominantlylnteraCtS With TBZF，and designatedNt77Pl

（封fabacum王BZF室nteractingproteinl）．NtI7Plencodesa12・5－kDabasicprotein，Whichis
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localizedinthenucleus，andisexpressedduringsenesscenceandfruitrlPenlngandupon

waterdeficit．

Materialsandmethods

Pね〝J〝∽ね血ねα乃dcゐg∽fcαJかβαわ〝e〝J∫

TobaccoplantsweregrownasdescribedinChapterII・Seedlings，grOWnOnOrganplantswere

carefu11yremoved，tranSferredtoliquidl′2strengthMSmediumandmaintainedforanother

2daysbeforethestartofanytreatment・Inthecaseofhormonetreatments，abscisicacid

（ABA，20pM），6－benzylaminopurine（BA，20匹M），（－）jasmonicacid（JA，20pM）orindole－

3－aCeticacid（IAA，20uM）wereaddedtothel／2strengthMSmedium・Forsalttreatment，

NaCIwasaddedfromastocksolutiontothemediumtoglVeafinalconcentrationofO・2M・

Forethylenetreatment，PlantswereexposedtolOplnethylenegasinspecialglasscontainers・

Ateachtimepolnt，2ndand3rdleavesfromthetopofplantSWereharveSted，frozeninliquid

nitrogenandstoredat－800Cuntiluse・

C川∫J川CJわ〝げクね∫∽通♪rル〃一毎あr〟∫Crgg〝加g

TheexpressioncDNAlibrarieswereconstruCtedfrommRNAisolatedfromtobaccoleaves

usingUni－ZAPXRandHybriZAPvectors（Stratagene；Moonetal・，1999）・Extractionoftotal

RNAfromtobaccoseedlingswasperformedasdescribedabove・Poly（A）＋mRNAwas

isolatedaccordingtotheprotocolofThePolyATractmRNAisolationsystems（Promega）・

ThecDNAwassynthesizedusingaZAP－CDNASynthesisKit（Stratagene）andfusedto

GAL4transactivation domain（AD）in pAD－GAL4－2・1phagemid vector・Thelibrary

containedapproximately2×107independentclones・ThegenerationoftheGAL4activiation

domain（AD）cDNAlibraryinpAD－GAL4（Stratagene）wasdoneusingtheHybriZAP

vectorscloningSystem（Stratagene）・TheclonedvectorwasdigestedwithEcoRIandPstI，

thenligatedinpBD－Ga14CamVeCtOrtOfusetoGAL4DNAbindingdomain（BD）・Theentire

codingreglOnOf7BZFwasdigestedwithEcoRIandnlledinKlenowfragmenttomakeblunt
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end・Afterbluntlng，theDNAfragmentwasligatedtopGBT9vectoratSmaIsite・ThecDNA

cloneswererescuedbyinvivoexcisionusingahelperphage（ExAssist，Stratagene），andthe

COnStruCtWaSCOnfirmedbyDNAsequenclng・

拘鮎川Ⅶ叫伽Ⅶ血加川制圧仰・卸摘加服耶

YeaststrainY190wastranSfbrmedwithpBD－TBZFandlibraryplasmidsbythepolyethylene

glycol／lithiumacetatemethod（Elble，1992）・Transformants（1×106）harboringthebaitand

prayplasmidswerescreenedonplatescontaining20mM3－aminotriazole（3－AT）insynthetic

dextrose（SD）mediumwithoutTrp，LeuandHis．Interactionassayswereperfbrmedonplates

containlngO，25，500r75mM3－ATinSDmediumwithoutTrp，LeuandHis・Emptyvector

pAD－GAL4－2．1was used as the prey forcontrolinteraction with TBZF・Liquidβ－

galactosidaseactivityassaywasaccordingtothemanufacturer’sinstruCtions（Promega）・For

β－galactosidaseactivityassay，Y190wasusedandtransfbrmantsweregrownovemightinSD

selectionmedium，dilutedlto5inYPDAmediumandgrownfbranadditiona13to5hat

300C．IndependentthreecolonieswereassayedfbreachconstruCtS・β－galactosidaseactivity

was assessedin a5－bromo－4－Chloro－3－indolylβ－D－galactoside filter－1ifting assay・For

quantitativeassays，0－nitrophenylβ－D－galactopyranosidewasusedasasubstrateandβ－

galactosidaseactivity（U）wascalculatedasU＝1000x（OD42（｝）／［Time（min）xVol（ml）x

（OD醐，）】．

RⅣA如血伽別納山肌助∽拍画血払戚血

ExtractionoftotalRNAandRNAblotanalysiswerecarriedoutasdescribedinChapterI・

α那か〟Cfわ〝げGダP㌦J∫わ〃ク血∫椚血おα〝dβ〟〃柁∫Cg〝Cg∽fc川∫C咋ツ

GFP－fusionplasmidsandfluorescencemicroscopywerecarriedoutasdescribedinChapter

Ⅲ．

Results
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InordertoidentifyproteinswhichinteractwithTBZF，aCDNAlibrarycontainlnglXlO7

independentcloneswasconstructedfrommRNAsisolatedfromtobaccoseedlings，and

screeneduslngyeaSttWO－hybrid system・Priorto screenlng，Iconfirmedthatthebait

construCt，COntainlngpBD－TBZFfusionprotein，doesnotactivatetranscrlPtlOnOfreporter

genesbyitself（datanotshown）・Thisplasmid，pBD－TBZF，WaSintroducedintotheyeast

strainY190，andthetransfbrmantsweretestedforactivationoftheHIS3selectablemarker・A

cDNAexpressionlibraryconstructedfromthemRNAoftobaccoseedlingswasintroduced

intotheY190yeaststraincontainlngPBD－TBZF・Atotalofl・8Ⅹ106transformantswas

screenedfbrtheirabilitytogrowonamediumwithoutHis・Thisinitialscreenlngidentified

135colonies，WhichweresubsequentlytestedforactivationoftheLLZCZgene・63colonies

werepositiveinactivationofbothHIS3andLncZ・PlasmidDNAswerepreparedfromthese

coloniesandretransftrredintotheY190straintoconfirmwhethertheactivationisindeeddue

tothepresenceofthefusionprotein・Iobservedthat16plasmidswereabletoactivatethe

LacZgeneonlyinthepresenceofpBD－TBZF（Table3）・TheyweredesignatedNtTIP

世．！abacum王BZFinteractingprotein）withappropriateserialnumbered・

加ゎ用CJわ〝q／rβZダα〃dcα〃d〟〟叩川′g血∫

NtTIPswerefusedtotheactivationdomainofGAL4uslngtheGAL4－PADvector，and

introducedintotheyeaststrainY190containlngthebindingdomainplasmidpBD－TBZF・The

coloniesthatgrewonamediumlackingLeuandTrpwereexaminedforβ－galactosidase

activlty・TheresultsshowedthatpAD－NtTIPl，pAD－NtTIP2，pAD－NtTIP8，andpAD－

NtTIP15wereabletoactivatetheLacZgene（Fig．38A）・OtherpAD－NtTIPswereunableto

activatethereportergene・Yeastcellsco－tranSfbrmedwithpBD－TBZFandpAD－NtTIPl

grewonaselectionmediumcontainlng75mM3－AT，aninhibitorofHIS3product，While

otherdecreaslngNtTIPsdidnotallowyeasttogrowunderthisconcentrationof3－AT・The

interactionsofpBD－TBZFandpAD－NtTIPIwerealsodetectedbythefilterassayofP－

galactosidase（Fig．38B）．Theβ－galactosidaseactivityassayofeachcombinationshoweda
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StrOnginteractionbetweenpBD－TBZFandpAD－NtTIPl（Fig・38C）・

克〃ね〟〃〝q／〃J〃アJcβ〃A

SincetheNtTmlcloneselectedbythetwo－hybridscreenlngWaSPartial，the5’reglOn

WaSfurtherisolatedbyPCRuslngaVeCtOrPnmerandcDNAspecincprlmer・AcDNAclone

Of776bp，COntainlngtheentireORF，WaSgeneratedbyconnectlngthe5’reglOntOthecDNA

Clone obtained fromthetwo－hybrid screening．This was designatedNtTIPl（封！abacum

竺BZF主nteractingproteinl）．TheNtTWlencodesaputativeproteinof12・5kDa（Fig・39A）・

ThecDNAsequence（NtTIPl）washighlyhomologoustoatranscriptoftomatoinducedby

Waterdeficitandduringripening（Iusemetal・，1993），tOageneenCOdingawater－StreSS－

inducedproteinfromSolanumchacoense（Silhavyetal．，1995）andtoatranscriptofsolanum

tuberosuminducedbycold，ABAandvariousotherstresstreatments（Scheideretal・，1997）・

Figure39B showsthephylogenictreededucedfouraminoacidsequencesofthisfami1y

（ASR／CI21fami1y）．

Ⅳ〟CJβαrわcαJねα〟〃〝

TodeteminethecellularlocalizationofNtTIPIprotein，theNt77PIcDNAwasfusedto

GFP gene underthe controlby cauliflower mosaic viruS（CaMV）35S promoter・The

COnStruCtWaStranSientlytranSfbrmedintoonionepidermalcells・Thefluorescentslgnalswere

Observedexclusivelyinnuclei（Fig・40）・

物rg∫∫わ〝クα舶用q／NtTIPI

ExpressionpatternOfNtTTPlandTBZFhTeredeterminedbynorthernhybridizationin

leaf，rOOtandflowertissues・DevelopmentalchangeinTBZFandNtTWltranSCnptSWaSalso

analyzedinflowerdevelopment・AccumulationpatternSOfwasessential1ythesanebetween

the two，being highinflowerand senescingleaves（Fig・41A）・Monitoring ofNt77Pl

transcrlptSduringflowerdevelopmentandflowerorgansbynorthernanalysisrevealedthe

SamereSultsinboth7BZFandNt7TPl（Fig．41BandC）・

TheresponseofNtTmlgenetoabioticstresseswasexaminedbynorthernhybridization
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analysis．TheTBZFtranscriptswereupregulatedbycoldandABAtreatmentfor6h（Fig・

42A）．DryingfbrlhinducedTBZFexpressionbuthighsaltandheatshockhadnoeffect・

NtTIPltranscrlPtS Were StrOnglyinduced by cold，ABA and drought，Whereas other

treatments were without obviousinfluence（Fig．42A）．Investigation of effects of

phytohormonesdemonstratedTBZFandNt77PltranscrlPtStObeinducedbyethylene，IAA

andJA，butnotbyBA（Fig．42B）．ItwasconcludedthattranscriptsfbrTBZFandNtTIPI

WereSynChronouslyaccumulatedbioticandabioticstresses・

Discussion

Inthischapter，IdescribedthatageneencodingaheterodimerisationpartnerforTBZF

wasisolatedbyscreenlngatObaccolibraryuslngTBZFasaprobe・Onthebasisofdeduced

aminoacidsequences，theNtTIPlgenewasfbundtobeamemberofintotheCI21subfamily

（VanBerkeletal．，1994）．TheybelongtotheASR／CI21family，Ofwhichtranscriptsare

inducedbyexternalstimuliandduring丘uitripening（Schneideretal・，1997）（Fig・39）・For

example，Ci21Aandci21Bofpotatowereshowntobeinduceduponcold－，ABA－and

osmotic－StreSS（VanBerkeletal．，1994；Schneideretal．，1997）・TomatoASRltranscriptswere

inducedbywaterdeficitandduringripening（Iusemetal・，1993；RossiandIusem，1994）・

ExpressionofAS凡で〟1genefami1ywasalsoreportedtoberegulatedduringdevelopmental

process（Gillapsyetal．，1993；Meekswager，1993；Thomas，1993；Iusemetal・，1993）・

However，theirphysiologlCalfunctionhassofarbeennotclearata11・

AstobZIP，thereisonlyonereportdescribinglSOlationofbZIPinteractlngprOteins，BZI－

1（aTBZ－typetranSCriptionfactors）（Strathmannetal・，2001）・AllofthemwerebZIP－type

proteinandshowntofbrmheterodimers（Landschultzetal・，1988；Vinsonetal・，1993）・

NorthernanalysisrevealedthatBZI－2，BZI－3rrBZFandBZIAwerepredominantlyexpressed

inflowersand，tOalesserextent，inthevegetativepartsoftheplant（Strathmannetal・，2001）・

However，nOthingis known how bZIP formtranscrlpt10n COmplexes toinitiate gene

expression・
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In thepresent study，Ifound aclearinteractionbetween NtTIPlandTBZF・Both

localizedinnucleus，andbothtranscrlptSWereSynChronouslyinducedduringsenescenceand

flowerdevelopment・Theseobservationsstronglysuggestthattheyfbrmacomplexinvivo，

possibly functionlnglnregulationofrelevantgenesto senescence・Althoughtheexact

interactlngmOdebetweenthetwoisnotclearyet，itisconceivablethatthistranscrlptlOn

complexplaysacentralroleinswitch－OnOfmanygenessimultaneously・Tomyknowledge，

thisisthefirstreportthatbZIPinteractswithanon－bZIPprotein，andwillcontributeto

advanceourunderstandingsnotonlyinprotein－prOteininteraction，butalsointhemodeof

globalregulationofgenesby，forexample，regulatorsystem・
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Table3Clonesisolatedbyyeasttwo－hybridsystem・

Species鹿出 Organ Acces・No・CloneNo．　Candidateinteractingproteins

I ci21A（COldregulatedgeneci21A）

2　　　　　　　SKPl－1ikeproteinmRNA

3，4　　　　　Metallothionein－1ikeproteinType2

5，14　　　　　NelF－5A2forinitationfactor5A2

6　　　　　Calcium－dependentproteinOsCDPK7

7　　　　PhotosystemII10kdpolypePtide（PII10）

8　　　　　Peptidyl－prOlylcis－tranSisomeras

9，10　　　　　PhotosystemIpsaHprecursor

S．tuber．　　　nuclear tuber，1eaf U76610

N．clevelandii

N．glutinosa

N．plumb・

0．sativa

N．tabacum chloroplast

AFO70967

q40396

1eaf，Stem，flower X63542

BAB16888

Q40519

A．thaliana cytoplast nower，YL，rOOt AAD20122

N・Sylvesths T16958

11，12　　Glyceraldehyde－3－phosphatedehydrogenase N・tabacum cytoplasm root，ePl，Xylem CAB39974

13　　　　　　ThioredoxinH－type1（TRX－Hl）

14　　　　　　NelF－5A2forinitationfactor5A2

15　　　　　　Chlorophyllan－bindingprotein

16　　　　　　　　TubulinbetaT2rbeta－3chain

N．tabacum

N．plumb．

N・Sylvestris chloroplast

A．thaliana

P29449

leaf，Stem，flower X63542

BAA25392

root，Stem，flower P29512
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Fig・38InteractionbetweenTBZFandcadidateproteinsidentinedbytheyeasttwo－hybridsystem・（A）Yeasttwo－

hybridassay・pBD－TBZFandpAD－CadidateplasmidswereintroducedintoY190yeastcellsandtheirgrowthonthe

SDmedium（－Leu／rrp／His）containing3－AT（0，25，500r75mM）wasmonitored・TheemptyvectorpAD－GAL4－2・1

wasusedaspreyforthecontrolinteractionwithTBZF・NumberscorrespondtocloneslistedinTablel・（B）β－

galactosidase assays・Colonies grownon SD medium（－LTH，OmM3－AT）were usedfbrfilter－1iftassay・（C）

Measurementofβ一galactosidaseactivities・Threeindividualtransfbrmantswereusedtomeasuretheβ－galactosidase

activltyaSdescribedin‖MaterialsandMethods”・Verticalbarsrepresentstandarddeviations・
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Fig．39（A）AminoacidsequencealignmentofNtTIPlandotherCI21／ASRfamilys・（B）Aphylogenictree
amongcI21／ASRfamilyproteins・ComparisonamongtheaminoacidsequencespredictedfromtheCI21cDNA

（CI21A），the coding sequence ofgene ci2］B（CI21B），theripening－related and wateトdeficiency－induced

transcriptASRlfromtomato（RossiandIusem，1994），thecodingsequenceoftomatogeneasr2（ASR2，Rossi

andIusem，1994），andthesenescence－relatedandstress－inducedtranscriptTIPlfromtobacco（inthisthesis）・
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Fig．40NuclearlocalizadonofNtTIPlinonionepidermalce11s．伽ionbulbswerebombardedwithgoldparticlescoated
withpGFP2（A，B）andpNtTIPl：：GFPplasmids（C，D）・PTOteinsweretransieTltlyexpressedandindividualcellswere

observedbyepinuorescence（AandC）andcorresponding・differentialinte鱒rencecontrastimaging（BandD）・
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Fig．41Tissue－SpeCificexpressionofNtTTPland7ⅥZFgenes・（A）TotalRNAswerealsoextractedfromthesame
tissuesandtheal”ndanCeOfNtTⅣ1andIBZFtranSCnptSWereeStimatedbynorthernhybridizationuslngthe

respeCtiveORFor3，－UTRreglOnS・Thesamefilterwassubsequentlyhybridizedwiththetobaccoactin－Orrm18－

cDNA（actin，ThangaVeluetal．，1993；rm18，GanalandHemleben，1986）toensureequalsampleloading・nOral

parts（F），rOOt（R），1eavesarenumberedfromthebasetothetip・叩）AbundanceofNtTIPlandtbzF－tranSCriptsat
flowerdevelopmentalstages．Numbersisflowerwithcompletely openedpetals（Stagel）・（C）Floralparts
expressedinNtTWland7BZFgenes・OVule（0），SePal（Se），Pistil（Pi），pinkpartofpetal（Pel）andlowerwhite
PartOfpetal（Pe2）・
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Fig．42ResponseofNt77Pland7BZFgenesintobaccoplantssubjectedtoseveralabioticstressesand

hormonaltreatments．Tobacco seedlings were suqected to abiotic stresses and hormOne treatment fbr
indicatedtimeintervalsasdescribedinMaterialsandMethods．（A）control（Cont），40C，abscisicacid（ABA），

0．2M NaCl－treated（NaCl），air－dried（Dro）and heat shocked（420C）・（B）ethylene－treated（Ethyl），

benzyladenine（BA），indoleaceticacid（IAA）aJldjasmonicacid（JA）
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Concludingremarks

DuringsenescencenutrientsaremobilizedfromsenesclngleavestodeveloplngpartS

oftheplant，SuChasgrowlngleaves，developlngflowers，Seedsorstorageorgansafter

breakdownofcellularstructures（NohandAmasino，1999）．AsanSAG，Ntdintranscripts

werenotonlyaccumulatedduringsenescence，butalsobysulfateandnitratetreatment・

FurtheranalysIS Showedthat，insenescingleaves，NtdininducedtheMoco activltytO

molybdoenzymeswhichareinvoIvedinrecyclingsystemofnutrients・Indeed，tranSgenic

plantsexpresslngantisenseNtdinshowedloweractivltyOfmolybdoenzymessuchasNR，

XDHandAO，incomparisonwiththoseofwild－type・TheseresultssuggestedthatNtdin

functionsinsulfateandnitraterecyclingsystem，Whichisactivitedduringproceedingof

senescence．TBZFandTBZ17arepossiblyinvoIvedincontro11ingtranscrlPtlOnOfSAGs

functionlnglnguardcellsofsenesclngleaves・Recently，TBZFwasshowntofbrma

heterodimerwithBZI－l，anOtherbZIPproteinintobaccoplants・However，thereisnoreport

onTBZFinteractlngnOn－bZIPprotein・Inthisstudy，IfbundaTBZFinteractlngprOtein

NtTIPl，WhichisamemberoftheCI21subfami1y・AlthoughCI21swereshowntorespondto

environmentalstimuli，SuChasdroughtandcold，theirphysiologlCalfunctionhassofarbeen

not clear at all．TBZF and NtTIPlarelocalizedin nucleus，and both transcrlptS Were

synchronouslyinducedduringsenescence・Theseobservationsstronglysuggestthattheyfbrm

acomplexinvivo，pOSSiblyfunctionlnglnregulationofrelevantgenesduringsenescence・At

leastfburCI21relatedgeneshavebeenreported，andcurrentfindingpolntStheirfunctionto

partlCIPateintranscrlptlOnalactivationofSAGsthroughinteractlngWithbZIPs・

Takentogether，Iproposethefbllowingworkingmodel（Fig・43）・Ntdinmaycontrol

theactivltyOfnitratereductionenzymethroughformationofMocoofsulfurylatedfbrm・

Since，Ntdin transcrlPtS areinduced by darkness，Sulfate，nitrate and during natural

senescence，NtdinispossiblylnVOIvedinintracellularrecyclingofsulfateandnitrate

translocation，throughthepromotionofspecincenzymaticactivltySuChasNR・Inadditions

tometabolicenzymesthatrequlretheMoco，SeVeralenzymesinthebiosyntheticpathwayof

ABAandauxin，thatareinvoIvedinsenescenceprocesses，alsorequirethiscofactor（Fig・
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43A）．SenescencesignaldirectlyactivatestbzFandNtTTPl，andresultingproteinsforma

COmplex，Which activates senescence－aSSOCiated genes（Fig・43B）・This complex may

recognizetheG－boxelement（ACGTG），WhicharefoundinmanySAGsincludingNldin

（Fig．43C）．

Overall，thepresentstudysuggests（1）thepresenceofacoordinatedsystem，inwhich

activation／inactivationofSAGsisregulatedbybZIPcomplex，and（2）oneofsuchSAGsto

beinvoIvedinrecyclingsystemofaccumulatedmaterials・
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