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Introduction

Plantshavedevelopedsystemstoquicklyandaccuratelytransmitstimuliftomthe

externalenvironmentandtoa4justtheirmetabolicpathwaysbymodulatingexpression

Ofsetsofgenes・Activationand／orinactivationofapproprlategeneSinresponseto

Particularstimuliaremediatedthroughwe11－tunedsignaltransductionsystems，inwhich

PrOteinphosphorylationcascadesplaycruCialroles（CrewsandErikson，1993；Stone

andWalker，1995）・PhytohormOneSarealsothoughttobeindispensableinsignaling

Pathways，WhichinvoIveperception andtransduction ofexternalsignals（Ⅲee and

Estelle，1991）・Cytokinins have attracted particularinterestbecause oftheirdiverse

Physiologicalfunctionsin response tolight（Miller，1956；Su and Howell，1995），

nutrients（Yuetal・，1998），grOWth（Brzobohatyetal．，1994；Chaudhuryetal．，1993；

D．AgostinoandKieber，1999）andevenwounding（Sanoetal．，1996；Sanoetal．，1994；

SimmOnSetal・，1992）・Recentworkhasrevealedthatcytokininsenhancetranscription

OfseveralgenesthatareinvoIvedinnutrientmetabolism（Dominovetal．，1992；Luet

al■，1990）andself－deftnse（Sanoetal．，1996；Simmonsetal．，1992）．

Duringphotosynthesis，Whencarbohydratesaresynthesized，eXPreSSionofmany

genesis coordinately regulatedby externalfactorsincludinglight，Carbon dioxide，

temperature，andbyinternalfactorsincludingphytohormonessuchascytokinins・Ithas

been suggested that ftedback regulation ofphotosynthesisis due to repression of

Photosyntheticgenetranscriptionbycarbohydrates（Sheen，1990）．Recentworkshave

SuggeStedthathexokinase，Whichwaspostulatedtoplayanimportantroleinsugar

SenSinginyeast（Maetal・，1989；Roseetal・，1991），COuldberesponsiblefbrsensing

SugarStOrePreSSanumberofplantgenes（Grahametal．，1994；JangandSheen，1994）．
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However，therearesomeexamPlesofhexose－independentchangesingeneexpression

（D再kweletal・，1997；Wenzleretal・，1989）andinproton－SuCrOSeSymPOrteraCtivity

（ChiouandBush，1998）・Thus，meChanismsbywhichsugarissensedand・SugarSignals

aretranSducedarenOtCOmPletelyclearyet・

The sugar－Catabolic mechanism has been extensivelyinvestlgatedin yeast

（Saccharomycescerevisiae）（Carlson，1987）．Aproteinkinase，SNFl，functions as a

regulatortoderepressmanyglucose－rePreSSedgenes，SuChasSUC2encodingasecreted

invertasethathydrolyzessucrosetdglucoseand丘uctose・Inhigherorganisms，aSimi1ar

mechanismhasbeenpredictedtofunctioninthesugarassimi1ationprocess，andindeed

genes with a signincant sequence simi1aritywiththe yeast SWlgene have been

identifiedinorganismsrangingfrommammals（Hardieetal．，1998）toplants（Halford

andHardie，1998）・Todate，mOrethan20geneshavebeenidentinedfromhigherplants，

andtermedasSNFl－relatedproteinkinases（SnRKs）．Basedonputativeaminoacid

SequenCeSimi1arities，theyareclassifiedintothreedistinctsubgroups（SnRKlthrough

SnRK3）（HalfordandHardie，1998）■Thosefromrye（RKINl）（Aldersonetal．，1991），

tobacco（NPK5）（Muranaka et al・，1994）and A7ubidqpsis（AKmlO，AKINll）

（Bhaleraoetal・，1999），a1lofwhichbelongtotheSnRKlgroup，havebeenshownto

COmPlement the yeast sTdlmutant cells・Antisense expression of potato SnRKl

homolog，PK即1，reSultedinalossofsugar－inducibleexpressionofsucrosesynthase

geneinleaves andtubers（Purcelletal・，1998）・Inbar1eyaleuronelayers，SnRK2

homolog（PKABA）hasbeenshowntomediateabscisicacid－SuPreSSedgeneexpression

（Gomez－Cadenas et al・，1999）・Arabidopsis homolog ofPKABA，AAAKl（ABA－

activatedserine－threonineproteinkinase），WaSShowntomediateABA－inducedanion

Channelactivationandstomataclosure（Lietal．，2000）．ItwasalsoshownthattheSac3
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geneproductofChlamydomonas，WhichbelongstoSnRK2subfami1y，POSitivelyand

negatively regulatetheresponsesofthecelltosulfurlimitation（Daviesetal．，1999）．

However，functionalanalysISOfSnRK3hasnotbeenperfbrmed・

「Li＼／
NutrientdeprlVation

Cytokinins

J
WPR4geneexpression

J

J
Physilogicalresponse

FigtJrelHypotheticalflowchrtofsigJlaIingpathwaydrWP尉transcriptsaccumulation・Thetranschpt
levelofWPK4isincreasedbyb血1ightandnutridonde画vationthTOughdleaCtionofcytokiniTB．

1γPK4，ageneenCOdingaSNFl－relatedproteinkinase，WaSisolatedfromwheat

（SanoandYousse負an，1994）・ThededucedaminoacidsequenceofWPK4suggestedit

tobelongtheSnRK3subfami1y（HalfbrdandHardie，1998）・Theproteinkinasecatalytic

domainislocatedintheN－teminalhalfandhas40－50％aminoacidsequenceidentlty

WithSnRKIs・However，beyondthekinasedomain，ithaslittlesequencesimilaritywith

Other plant SnRKs・WPK4also contains the proline十rich consensus sequence of

XPYPPXP（XandYreftrtoanyresidueandhydrophobicresidues，reSPeCtively），Which

ispredictedtoberecognizedbytheSH3domainpresentincytoskeletalelementsand

Signaltransducingproteins（Fig・2A）（Musacchioetal・，1994）．Thetranscriptlevelof

WPK4isincreased by bothlight and nutrition deprlVation through the action of

CytOkinins（SanoandYoussenan，1994）・Ahypotheticalflowchartofsignalingpathway

OfWPK4isillustratedinFig．1．
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In order tofurther characterize this pathway，Ifocused my research on

determinationoftheregulatorymechanismbywhichcarbonandnitrogenassimi1ation

is controlled through the action of WPK4・To this end，Iperfbrmed followlng

experiments：（1）Response of WPK4to nutrients and cytokinins；（2）Functional

analyses ofWPK4；（3）Identi丘cationofproteinsinteractingwithWPK4．Basedon

experimentaldata obtained，Ipropose the possible role of WPK4tofunctionin

Phosphorylationofmetabolicenzymesincluding3－hydroxy－3－metylglutaryl－Coenzyme

Areductase（HMGR）andnitratereductase（NR）．Thephosphorylatedsubstratesare

boundby14－3－3proteins，reSultingintheiractivityregulation，Whichiscriticaltocope

Withenvironmentalstresses．
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ChapterI

ExpressionpatternofⅥ珊transcripts

PreviousexperimentssuggestedthatthetranscrlPtlevelofWPR4isincreasedby

bothlightilluminationandnutrientdeprivationthroughtheactionofcytokinins・Further

analysis was carriedouttodeterminetheregulatory mechanismofthelγP朗gene

expression．

A4ATERIALANDMETHOI）S

PlantMaterialsandGrowthConditions

Wheat seeds（T7・iticum aestivum cv・Nanbu）were germinated and grown

hydroponica11yin160miofsolutionwithan叩PrOPnateCOmPOSition，aSindicatedfor

eachexperiment，at23℃fbr6－7daysundercontinuouslightconditions．Forfurther

experiments，Plantsweregrownandmaintainedonsoilinagreenhouse・

RNABlotAnalysis

TotalRNAwas extracted fromvarious tissues bythe aurintricaねoxylic acid

（Am）method（Verwoerdetal・，1989）・Aliquotsof36LLgPerlaneWeredenatured，

fractionatedbyl・0％formaldehyde／agarosegelelectrophoresis，andtransftrredonto

nylonmembranes（Hybond－N，Amersham）・Northemhybridizationswereperformed

accordingtostandardprotocoIs（Sambrooketal・，1989）・AstheTWR4，SPeCificprobe，a
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0・8－kb　fragment was amplified by PCR uslng PrlmerS fbr FWD：5一－

CCmCTAGCCTGATCATGCG－3’andfbrRV：5■TTGTTCCTGTCAGTTGCACC－3．一

AstheCAB（chlorophyllahbindingprotein）probe，aO・4－kbfragmentwasampli丘edby

PCRuslngPrlmerSfbrFWD：5一－GCAATGGTGTGAAGTTCGG－3．andfbrRV：5r－

ACGCGTTGTTGTTGACAGG－3．・As the RBCS（ribulose－1，5－bisphosphate

Carboxylase／oxygenasesmallsubunit）probe，aO・3－kbfragmentwasamplinedbyPCR

uslng PrlmerS fbr FWD：5’－　TGTCmCTTGCCACCCCTC－3’and fbr RV：5一一

AGGGTACTCCTTCTTGACCTCC－3一・Asthe〃尺（nitratereductase）probe，aO．5－kb

fragment was amplined by PCR using prlmerS for FWD：　5l－

AAGCACATCTTCGTTTGCG－3fand fbr RV：5一－CGATCACGTACCACACCTTG＿3一．

Probes were radioactivelylabeled using theBcaBESTlabelingKit（TAKARA）．To

normalizefbrtheamountofRNAloaded，themembranewasstrlPPedofftheformer

PrObebyboilinglnaO・1％SDSsolutionfbrlminbefbrerehybridizationwithawheat

actin probe prepared as described ear1ier・Each mRNAlevelwas estimated by

measurlngSlgnalintensltyWithNIHimagesoftware．Thevaluewasnormalizedwith

ValuesfbractinmRNAtranscrlPtS．

RESULTS

AccumulationofW脇TranscriptsinGreenTissues

Thetissuespeci丘caccumulationofWP糾transcrlPtSWaSeXaminedwithRNA

blot hybridization uslng mature plants・Thel仰K4　transcrlPtS aCCumulated

Predominantlyinleaf sheath andleaf blade and to alesser extentin spike
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（approximatelytwoweeksafterheading）butnotinroots，indicatingalinkbetweenltS

expressionand photosynthesis胆g・3）・Based on this observation・thefollowing

experimentswempe血rmedmosdywithlight甘OWngreenSeedlings・

WPE4

Adh

れ税務

刑騨m3．T如画…Ⅳnu心血（仙dW捌咄・T血1RNAw耶鉄血加m血ind皿tdds餌Of
m血相Wh餌p血鴫弧d5u極小dbmuothyb血軸¶旭hy血1血io爪prOh5W椚aO月kbWJ’嗣
s画叩emα（WP則）mdalヱ抽w血t血のNA（血）溢血h廿nal血止

E伽dhorgankSa貼omW抑Tr舶頗Cripth▼d5

Seven－day－OuWedlingswereexposedtovariousnutrientstressesandtranSCript

accumiationofRBCS，〃RandWP朗wasexaminedbyRNAblothybridization・RBCS

and NR were selected because transcript accumulation ofthe fomeris typically

repressed by sugars，andthat ofthelatteris rapidlyinduced by nitrates・When

hydroponicallygrownscedlingsweretransftrredtoa5－folddilutedMSmediurn，WPK4

叫d血涙血血3b，Whm坤ねr尺βCざ狐d腫弧（：umubbdha

time－dependentmalmer（刑g．4A）．Whenseedlings，Whichwereinitial1ygrownina5－

fblddilutedMSmdium，WeretranSfbrredtoanutrientdeprivedmedium，i・e・，W

WP朗血p臨incr飴弛d b＝柑b（mg．4町h m叫血pb br尺β（3

decreasedby48h，and〃尺transcriptsrapidtydeclinedwithin3h（mg・4B）・
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towater，WP朗transcriptsincreased（Fig・5B）・Whenseedlingswereculturedinitia11y

inwaterandthentransferredtol・0％（w／v）glucose，RBCSandC4Btranscriptswere

declined・In contrast，l坪朗transcripts werenot afftcted（Fig．5C）．When similar

experimentswereperfbrmedfbrgalactose，ithasnoefftctonthelevelsofalltranscrlPtS

（Fig・5D）・Theseresultssuggestedthatbothinorganicsaltsandsucrosearenegative

effbctorsofexpressionofthelγPK4geneandthatthelevelofWPR4transcrlPtSis

reversiblycontro11edbysucrose．

E鮎ctsofCytokinins

CytokininswerepreviouslyshowntoinduceWP朗（SanoandYoussenan，1994），

andthisstudyshowedthedegreeofpositiveregulationbycytokininwasdependent

uponnutritionalconditions（Fig・6）・Sincesucrosewasfbundtobeanegativeregulator

OfⅥ守胴，the relationship between these sucrose and cytokinins was analyzed・

Seedlingswerecultivatedinwater，andthentreatedwithBA（N6－benzylaminopurine），

OrSuCrOSeOrboth・UpontreatmentwithBAalone，WPK4transcrlPtSWereincreasedup

to3－fo1d（Fig・7A）・TreatmentwithO・7％sucrosedown－regulatedⅥやR4transcriptsby

morethan50％（Fig・7B）・WhenseedlingswerecultivatedinthepresenceofbothBA

andsucrose，Ⅵ伊K4transcrlPtSWeretemPOrari1yincreasedfbr12h，butthendecreased

to theinitia11evelby24h（Fig．7C）．These observationsindicate that sucrose

antagOnizes the BAefftct，and therefbre may beinvoIvedin slgnaltransduction

PathwaysofWPK4・

11
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DISCUSSION

TheSNFlproteinkinase，Whichwasoriginal1yidenti鮎dinyeastcells，Plays

aneSSentialroleinghcoseutilization（CdenzaandCadson，1986）・Sinceitsdiscovery，

many geneS enCOding SNFlィelatedproteinkinases havebeen reportedto existin

variousorganismsincludinghigherplantS（StoneandWalker；1995；HalfordandHardie，

1998）．Analyses ofthetissue specinc expression revealedthatthese genes were

classiMintotwogroups；thoseencodingNPK5（tdbacco），ARmlO（arabidqpsis），

BKIN2（b訂Iey）andPXINl（p飽）appearedtobeubiquitouslyexpressedinalltissues・

whereasthoseencodingBKJN12（b血ey）andRKINl（rye）amspeCincal1yexpressedin

14



Cerealseeds（Aldersonetal・，1991）・TranscriptsofWPR4inmaturewheatplantswere

fbundinthisstudytomostlyaccumulateinleafsheathsandleafblades，indicatlngthat

WPK4mainlyfunctionsinphotosynthetictissues・Thesedifftrentexpressionpatterns

SuggeStdifftrentfunctionsamongstruCturallyrelatedproteinkinases，althoughthe

WP朗　C4β　虎βC∫　〃R

n．t．　Sucrose

十 SugaraSSimi1ation
±　　　　　　　　n．t．　Hexoses

十 Carbon頁xation
hcreased Photosyntheticactivity

denovoproteinsyndleSis

Aminoacids

十
＋　＋　＋　horganicsalts（＝nhrate）

Figure9・Summeryofthe広ndingsbrtranscriptaccumuhtion．

Transcriptsinduced（＋）・rePreSSed（－）・nOtaffected（±）andnottested（n・L）areshowninthelefLAmowsindicatethe

prqposedassimi1adonstepsandtheresultingconpoundsareshownin仇erighL

Physiologicalrolesofthemqjorityofthemhaveyettobedetemined．

ThelevelofWR4transcrlPtSWaSPreViouslyshowntoincreaseuponexposureto

aninorganicsaltdenciency（SanoandYoussenan，1994）・Resultsfromthisstudywere

SummarizedinFig・9（1eR）・SincethepresentkineticanalysesshowedTWK4transcripts

tobeincreasedbysucrosedepletionanddecreasedbysucroseapplication，thequestion

arisesastowhetherinorganicsaltsorsucroseareprlmari1yresponsiblefbrregulationof

WP糾expression・Toaddressthisquestion，thetranSCrlPtlevelsof〃尺，RBCSandCA

WereSimultaneouslyexaminedwiththosefbrWP朋uponsaltorsugartreatments．The

transcrlPtlevelofRBCSfluctuatedinversely，butconsistentlywiththatofWP朋，

Whereas〃尺tranSCrlPtSreSPOndeddifftrently・Althoughmoreexperimentalworkis
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necessary to determinethe exact relationship between salts and sucrose，these

ObservationssuggestthatthechangeofWPK4transcrlPtleveluponinorganicsalt

deprlVationpossiblyresultsfromdeclineofendogenoussucrosecausedbydecreasein

Photoassimi1atingactivity・Ithasbeenconsideredthatsucroseandhexoselevelsmight

beliふked，dependingonthesucrose－metabolizingenzymes・Butacertaingeneswere

knowntobespeci丘callyinducedbysucrose・ThisstudyrevealedthattranscrlPtSOf

WPK4werereversiblyregulatedbysucrosebutnotbyglucose（Fig．5）．

Tomyknowledge，WPR4istheonlyproteinkinasegenewhosetranscrlPtlOnisup－

regulatedbycytokininsanddown－regulatedbysucrose・ThefactthatWPR4transcrlPtS

nrstihcreasedandthengraduallydecreasedwhennutrientdeprivedseedlingswere

Simultaneously exposed to both cytokinins and sucroseindicates that cytokinins

Predominateoversucrose・Thus，itisattractivetospeculatethatcytokiminsinitia11y

induce production of WPK4，Which triggers／activates sugar synthesis，and that

accumulatedsugarsblockacertainsteplnSlgnaltransductionpathwaysofWPK4to

Shut－downcytokininslgnals・ThiskindofftedbackcontroIsystemmightbestexplain

OurPreSentdata・Furtherworkisnownecessarytosubstantiatethishypothesis．
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ChapterII

EnzymaticactivityofWPK4

ThemarrmalianhomologofSNFl，AMPKwasshowntoregulateskeyenzymesof

Cholesterolandfattyacidbiosynthesissuchas3－hydroxy－3－metylglutaryl－CoenzymeA

reductase（HMGR）andacety1－CoAcarboxylase（Hardieetal・，1998）・Simi1artoAMPK，

PlantSNFlhomologswereshowntophosphorylatenotonlyHMGRbutalsoplant

SPeCincenzymessuchasnitratereductase（NR）andsucrosephosphatesynthase（SPS）

（Hardieetal・，1998）・ItwasknownthatHMGRistheoveral1rate－limitingstepforthe

WholeisoprenoidbiosyntheticpathwayandthattheactivityofHMGRwasinactivated

by phosphorylation・SAMS peptide，a Synthetic peptide containlng the prlmary

PhosphorylationsitefbrAMPKofratacetyl－CoAcarboxylase（Daviesetal．，1989），WaS

alsoreportedtobephosphorylatedbyplantextracts（Mackintoshetal．，1992）．Whereas

NRcatalyzesthenrststeplntheassimi1ationofnitrogenfromnitrateintonitrogen－

COntainlngCOmPOundssuchasaminoacids，SPScatalyzesakeysteplnSuCrOSe

biosynthesisinsourcetissues・TheseobservationsindicateSnRKlmaybeinvoIvedin

nutrientsignaltransductionpathways・However，functionalanalysisofSnRK3haveso

farbeenftw・SincethededucedaminoacidsequenceofWPK4suggestedittobelong

theSnRK3subgroup，furthercharaCterizationonproteinlevelwascarriedout．

As aninitialstep，kinase activity ofWアK4was analyzed・Next，Substrate

SPeCificitywasexaminedwhetherWPK4phosphorylatesHMGRorNRbecausethe

kinasedomainofWPK4wassimi1artootherSnRKs・Finally，yeaStCOmPlementation

testwascarriedoutwhetherWPK4canbefunctionalhomologofSNFlinyeastcells．
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MATERIALANDMETHODS

ConstructionofPlasmids

TheWPR4cDNAwasdigestedwithEcoRI，andligatedtopGEX－2T（PharmaCia）

attheEcoRIsitetofuseinframethecodingsequencefbrglutathioneS－tranSftrase

（GST）withthatfbrWPK4・TheresultingconstruCtWaSdesignatedpGEX－WPK4．A

WPR4mutant（WPKM4）inwhichtheAAGcodon（nucleotidepositions230－232）fbra

Lys wassubstitutedfbraGATcodon（Asp）wasalsopreparedwiththeaidofthe

POlymerasechainreactiontechnique・

ADNAfragmentencodingpeptidesh・OmO77ZaSativaHMGR（COrreSPOndingto

residues　471to　576），Nicotiana tabacum Nial，enCOding nitrate reductase，

（COrreSPOndingtoresidues469to560）wereamplinedbyPCRandintroducedE。。RI

Site（underline）at the5，－end or XhoIsite at the3，－end（double underline）．

01igonucleotidesusedinPCRreactionswereasfbllows．

OsHMGRF：5■－gAATT∈TCCCAGTGCATCAC＿31

0sHMGR・R：5’1AC叩CATGCCACATGG－3▼

〃rNialF：5一－G射止王∈TGGTTCCGAGTAAAG＿3r

肋Nial・R：5一－GAAA⊆軍C鱒些GCGTCAmG－3，

Th占PCRreactionswereperformedusingthePyroBestDNApolymerase（TAKARA）．

TheamplincationproductswereclonedintopT7BluevectorandconnrmedbyDNA

SequenClng・PlasmidsweredigestedwithEcoRIand別0Iandtheresultingfragments

WerePuriBedbyPrep－A－GeneandclonedintopGEX4JTl（Pharmacia）atEcoRIand
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j彷0Isites，tOCreatePGEX－HMGRorpGEX－Nial．

ExpressionandPurincationofGSTFusionProteins

PlasmidspGEX－WPK4，PGEX－WPKM4wereintroducedintotheEfCherichiacoli

DH5αstrain，andthetransfbrmantsweregrownintwo－1itersof2xYTmediumwith

Vigorousshakingat21℃toanopticaldensityofO・6at600nm・Isopropylthio－β一D－

galactoside（IPTG）wasthenaddedtoannalconcentrationofO．1mM，andthecultures

Werefurtherincubatedat16℃fbr6h・Cellswerepelletedandsuspendedin20mLof

lysis bufftr［20mM Tris－HCl（pH8・0），1mM EDTA（pH8．0），10mM2－

mercaptoethanol，0・1mMphenylmethylsulfbnylfluoride（PMSF），10％sucrose，0．5％

1aurylsarcosinate］and disruPted by sonication・After ultracentrifugation，the

SuPernatantSWereaPPliedtoa3mLglutathione－SepharOSe（PharmaCia）column．The

COlurrmswerewashedwithtwentytimesofbedvolumesofTbu鮎r【20mMTris－HCl

（pH8・0），1mMEDTA（pH8・0），10mM2－merCaPtOethanol】，thenfurtherwashedwith

nvetimesofbedvolumesofTbufftrcontaining3MNaCl・Absofbedproteinswere

elutedwith15mLelutionbufftr［20mMTris－HCl（pH8・0），1mMEDTA（pH8．0），10

mM2－merCaPtOethanol，25mM glutathione（reduced fbrm）］and the fractions

COntainingGSTWPK4，GST－WPKM4wereappliedtoaDEAEToyopearlcolurrm

equilibratedwithTbuffbrtoremovenonspec摘cproteins・Proteinswereelutedwith50

mLTbufftrwithOtoO・25MNaCllineargradient・One－mi11iliterfractionswere

COllected，aSSayedfbrproteinconcentrationandsubjectedtoSDS－POlyacrylamidegel

electrophoresis・ThegelswerestainedwithCoomassiebrilliantblueR250．Fractions

thatcontainedpurinedGSTJWPK4，GSTWPKM4fusionproteinswereconcentrated
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byultra凸ItrationwithCentricon（Amicon）・Purinedfusionproteinswereusedinfurther

experiments．

ForGST－HMGRorGST－Nialproteinspurincation，DH5αcellsharboring

PGEX－HMGRorpGEX－Nialplasmidsweregrowninone－1itersofLBmediumwith

Vigorousshakingat37℃toanopticaldensityofO．7at600nm．IPTGwasthenadded

toafinalconcentrationofO・1mM，andthecultureswerefurtherincubatedat25℃fbr

6h・Cellswerepelletedandsuspendedin20mLoflysisbufftranddisruPtedby

SOnication・Af［erultracentrifugation，PelletswerewashedtwicebylOmLoflysisbufftr

andpelletedby centrifugation・Thepellets were dissoIvedin25mLofTbufftr

COntaining8Murea，incubatedatroomtemperature丘）ranhourthenseparatedby

ultracentrifugation・Afterultracentrifugationfbranhour，SuPematantSWereaPPliedtoa

glutathione－Sepharose（PharmaCia）colurrmandGSTfusionproteinswerepurined

describedabove．

AutophosphoryIationReactionofWPK4

Tomeasureautophosphorylation，aliquotsoflOOngofGST－WPK40rGST－K75D

fusionproteinswereincubatedwithO・1mM［7，－32p］ATP（6000Ci／mmol）inkinase

bufftrcontaining20mMTris－HCl（pH8・0），lmMEDTA（PH8・0），0．1mMPMSF，20

mMMgC120r20mMMnC12inannalvolumeof30LLLatroomtemperaturefor30

min・Thereactionwasteminatedbyaddingl′4volumeof5xLaemii，ssamplebufftr

【200mMTris－HCl（PH6・8），50mMdithiothreitol，5％SDS，50％glycerol，0．1％

bromophenolblue］・Afterheatingat95℃fbr5min，themixturewass呵ectedto

electrophoresisin12・5％SDS－POlyacrylamidegel，StainedwithCoomassiebrilliantblue
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R－250，dried，andautophotographedat－80　℃for16h．

血γ肋pKinaseAssay

TomeasurekinaseactlVlty，aliquotsof20ngofGSTJWPK4fusionproteinwas

incubatedwithO・1mM［γ一32p］ATP（6000Ci／mmol）inkinasebufftr・Akinaseassay

WaSCOnductedbyaddingtothekinasebufftrwithlLLgOfmyelinbasicproteins

（MBP）orofGST－HMGRorGST－Nialassubstrates・Thereactionwastemiinatedby

addingl／4volumeof5xLaemii，ssamplebufftr［200mMTris－HCl（PH6．8），50mM

dithiothreitol，5％SDS，50％glycerol，0・l％bromophenolblue］・Afterheatingat95℃

for5min，themixturewassuqectedtoelectrophoresisin12．5％SDS－POlyacrylamide

gel，StainedwithCoomassiebrilliantblueR－250，dried，andautophotographedat－80℃

わr16h．

YeastComplementationTest

AfragmentcontainingtheADHIpromoterandCYClterminatorwasexcised魚・Om

PD2andinsertedintoYEplac195（2JL，URA3）at5bhIandHindIⅡsitestogenerate

PFO・AnEcoRIfragmentcontainlng肝R4cDNAwasligatedintotheEcoRIsiteofpFO

inbothorientation（pWPK4‥SenSeOriented，PASWPK4：antisenseoriented）．AnEcoⅢ

fragmentcontainingtheentirecodingreglOnOfSUC2waspreparedbyPCRuslngyeaSt

genomicDNAasatemplateandprlmerStaggedwithEcoRIrecognltlOnSites，then

ligatedintopFO（PSUC2）■TheWアRM4construCtWaSPreParedwiththeaidofPCR，

thenligatedintotheEcoRIsiteofpFOtogeneratepwpKM4．TheC－teminaltrunCated

WPK4wasconstruCtedasfo1lows‥AO・9kb5－teminalfragmentofl押K4wasexcised
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frompGEX－2TbydigesdonwithEcoRIandPvuII，theninsertedintopBluescrlPtIIKS

（－）atEcoRIandSmaIsitestogeneratepWBl・A5．teminalfragmentofWPK4was

excisedbyBamHIandHindIⅡdoubledigesdonfrompWBl，thenligatedtothepKF19

Kmvector digestedwithBamHIandHindIIIto generatepWKl・The5・terminal

＆agmentofWPK4，generatedbydigestionofpWKIwithEcoRI，WaSligatedintopFO

（pWPK4C）・Theorientationoftheligatedfragmentwasconnrmedbyappropriate

restrictionendonucleasedigestion・ResultingconstruCtSWeretranSfbrmedintotheyeast

StrainMCY1846（＆s2－801・u7d－52，STdl△10）（PrOVidedbyMarianCarlson）．For

examinationoftheeffbctsofvariouscarbonsourcesongrowthoftransfbrmedcells，

theywereplatedonmediumlackinguracilandsupplementedwith2％sucroseand

Culturedat30℃underanaerObicconditions．

RESULTS

DivalentCationRequlrementandSubstrateSpecificity

InordertocharaCterizethegeneproduct，afusionproteinofWPK4withGSTwas

PrOducedin且一Cherichia・COlice11s，anditsenzymaticactivitywasassayed・Inthe

PreSenCeOfMg2＋，GSTJWPK4fusedproteinexhibitedautophosphorylationactivity・

Thereaction，however，WaSnOtObservedwhenMg2＋wasreplacedwithMn2＋ions．Two

PrOteinfragmentswerevisiblewhentheGSTWPK4proteinswerepuri丘ed，POSSibly

duetoaslightdifftrenceinsizeofexpressedproteins・Bothproteinshaveprotein

kinaseactivity（Fig・10）・WhentheLysattheaminoacidposition750fWPK4，Whichis
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analogoustotheLysthatisessentialforÅTPbindinginmostSer／Thrproteinkinases，

WaSrePlacedbyAsp（WPXM4），autOPhosphorylationactivitywascompletelyabolished

（Rg．10）．

Mg2＋ Mn2＋

♂♂　♂♂

刑印托10・A輌血0ゆ鵬Ⅷ咄dGST・WPⅨ4”畑GST・m血中血S8mpI朗W訂e
antophosp岬inrmimixbreBCO血ingei血汀Mg2＋（1eft）orMn2＋（nght）an・dseparatedbySDSJ＞AGE．The
automdiolramandpmfhsofthege）或ainedw独CcomamibriuiantblueueshownintheuppqaJldlow打panels，

r鮎pedvdy．

WPK4alsophosphorylatedmyelinbasicprotein（MBP）（ng．11A），withthe same

divalent cation requlrement．Since the severalsubstrates ofthe SnRKlhave been

identined，aPePtide肋gmentofriceHMGRortbbaccoNialeithercontainingthe

Putativephosphorylationsitewastestedinplaceofthenon－SPeCi負csubstrate，MBP・

TheresuhsckarlyshowedWPK4tobeabletophosphorylatebothGST－HMGRand

GST－Nialpeptide，butnotGSTinviw（ng．11B）．

CompkmbtiomorY助成印西M山8瓜om

ToexaminewhetherornotWPK4functionsincataboliterepressioninyeastcells，a

yeastcomplerrhmtationtestwascarriedouLcDNAsencodingfu111engthWPK4，
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WPKM4，CteminaltrunCatedWPK40rantisense－0rientedWPK4wereexpressedin

S′卵・mutantCe11sunderthecontrolofanADHpromoter．Mutantcellstransfomedwith

SUC2，Which encodes a secretedinvertasethat hydrolyses sucrose toglucoseand

hlCtOSe，WereuSedasapositivecontrol．Thes′担mutantCells，WhichcarriedtheC－

teminaltrunCated WPK4containingthe kinase domain butlacking the3’－reg10n

beyondthekinaseLdomin，greWOnmediumsupplementedwithsucrose・Thegrowth

ratewaslowincomparisonwithwild－typeCells（Fig．12）．Cellscontainingtheother

COnStruCtSfhiledtogrowonthemedium．TheseresultssuggestedthattheC－terminal

regionfunctionsastheregulatorydomain，preSumd）1ybyinhibitingthekinaseactivlty．
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DISCUSSION

Theresultsthat，unlikeSNFl，WPK4cannotuseMn2＋inplaceofMg2＋suggestthat

WPK4difftrsindivalentcationrequlrementfromSNFlandotherproteinsofthis

fami1シ（Muranakaetal・，1994）・Thisisconsistentwithbiochemicalexperiments

Showlngthat，inthepresenceofMg2＋，NRisinactivatedbyphosphorylationcatalyzed

invitrobycalcium－dependentproteinkinase（CDPK）andbySNFl－relatedprotein

kinases（Douglasetal・，1998；Douglasetal．，1997；Sugdenetal．，1999）．

ExpressionoftheC－teminaltrunCatedfbrmOfWPK4inthesfdlmutantofyeast

COmPlementedthemutantPhenotype，butfu111engthWPK4wasnotefftctive．Thefu11＿

1engthSNFLlftomSo7？humbicoloralsoexhibitednocomplementationofthisyeast

mutant（AnnenandStockhaus，1998）．ItisthereforeconceivablethattheC＿terminal

reglOnOfWアK4actsasanegativeregulatorofthekinaseactivity・Theseobservations

areconsistentwiththenndingthatSnRKIs（includingRKINl，AKINlOandNPK5）are

muchmorecloselyrelatedtoSNFlthanWPK4andSNFLlare・Inyeastcells，SNFI

WaSShowntoactina・＝SNFIcomplexMtogetherwithSNF4，aSWellasSIPl，SIP2，Or

GAL83（Hardieetal・，1998）・Inplants，thepresenceofasimi1arcomplexwasreported．

Byyeasttwo－hybridsystem，AKmlOwasshowntointeractwithPRLIprotein，Which

COntainsrepetitivesequencescharacteristicofafami1yofregulatoryproteinsknownas

WD－40repeatproteins（Bhaleraoetal・，1999；Nemethetal．，1998）．StubSNFln・Om

POtatOinteractedwithyeastGAL83／SIPl／SⅡ〉20rtholog（termedStubGAL83）andwith

SNF4inthesamesystem（Lakatosetal・，1999）・BothPRLlandStubGAL83proteins

bind atC－terminalreglOn OfSnRKIproteins・Althoughthebiochemicalevidence

ShowedthatSnRKIcouldphosphorylateHMGR，NR，andSPSinvit7V（Halfbrdand
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Hardie，1998），theseobservationssuggestedthatSnRKIproteinsareorthologsofSNFl

andbeingrequiredtoactivaterelevantgeneexpression・WhetherornotSnRK2and

SnRK3functionally simi1arto SnRKlhas not been detemined．HereIfbund that

WPK4canindeed share substrates with SnRKlin vitfV．Whether or not WPK4

PhosphorylatesNRorHMGRasthenativesubstrateawaitstobedetemined．
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ChapterIⅡ

IsolationofWPK4－interactingfactorsbyyeasttwo－hybridsystem

午twasshownthat，uSlngyeaSttWO－hybridsystem，AKINα1，amemberofSnRKl，

interactedwithnoncatalyticsubmits，AKmβ1／β2andAKmγ（Boulyetal．，1999）．

AlsoAHNlOandAKINll，bothbelonglngtOSnRKl，WerefoundtofbrmaCOmPlex

With PRLIprotein（Bhalerao et al・，1999），Which contains repetitive sequences

Characteristicofafami1yofregulatoryproteinsknownasWD－40repeatproteins

（Nemeth et　al・，1998）・StubSNFlfrom potatointeracted with the yeast

GAL83／SIPl／SIP20rtholog（StubGAL83）andyeastSNF4inthesamesystem（Lakatos

etal・，1999）・TheseproteinswereR）undtobindatnoncatalyticregionslocatedattheC－

teminalreglOn OfSnRKl・The C－terminalreglOn Of SNFlfami1y proteins was

PrOPOSed to be directlyinvoIvedininteractions with slgnaling partners・These

ObservationssuggestedthattheC－teminalreglOnOfeachproteinplaydistinctroles

amongplantSNFl－relatedproteinkinasesubfami1y・Inordertoidentifyproteinsthat

interactwithWPK4，yeaSttWO－hybridsystemwasemployedandseveralcDNAclones

Wereidenti缶ed．

MATERIALANDMETHOI）S

ConstruCtionofcDNAlibrary

HybriZAP－2・1Two－HybridPredigestedVectorKit（STRjmGENE）wasusedin
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thisstudy・TheentirecodingreglOnOfWPR4wasdigestedwithEcoRIandnlledin

Klenowfragmenttomakebluntend■Afterbluntlng，theDNAfragmentwasligatedin

PGBT9vectoratSmaIsite・TheclonedvectorwasdigestedwithEcoRIandPstI，then

ligatedinpBD－Ga14CamvectortofusetoGAL4DNAbindingdomain（GBD）．The

COnStruCtWaSCOnnrmedbyDNAsequencer・Wheatseedlings，grOWnindistilledwater

for7days，Weretreatedfbr24hourswithlOOFLMBA（N6－benzylaminopurine），and

POly（A）＋mRNAwasisolatedaccordingaprotocolofThePolyATractmRNA

isolationsystems（Promega）・ThecDNAwassynthesizedusingaZAP－CDNASynthesis

Kit（STRAmGENE）andfusedtoGAL4tranSaCtivationdomain（GAD）inpAD－GAL4－

2・1phagemidvector・Thislibrarycontainsapproximately2×107independentclones．

YeastTwo－HybridScreen

YeaststrainYRG－2wastransfbrmedbythepolyethyleneglycol′1ithiumacetate

method（Itoetal・，1983；SchiestlandGietz，1989）・YRG2wasinitia11ytransfbrmedwith

PBDlVPK4，thenwithlibraryplasmids・TransformantS（1×106）harboringbaitand

PrayPlasmidswerescreenedonplatescontaining20mM3－aminotriazole（3－AT）in

Syntheticdextrose（SD）mediumwithoutTrp，LeuandHis．
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RESULTSANI）DISCUSSION

IsolationofWPK4・interactionfhctorsbyyeast・tWOhybridsystem

InordertoidentifyproteinswhichinteractwithWPK4，aCDNAlibrarycontaining

2×1P7independentcloneswasconstruCted＆ommRNAsisolatedffomwheatseedlings

WhichweretreatedwithN6－benzylaminopurine（BA），andscreenedusingyeasttwo－

hybridsystem・Priortoscreenlng，WeCOnnrmedthatthebaitconstruCt，COntaining

GAL4－DBWPK4fusionprotein，doesnotactivatetranscrlPtionofreportergenesby

itself（datanotshown）．AfterscreeninglXlO6colonies，9cloneswhichactivatedtw。

reportergenes，mS3andlacZwereobtained（Tablel）・TheintensityofthelacZactivity

14－3－3protein（WJNlb）

14・3－3protein（WINla）

14・3－3protein（WJNla）

14－3－3protein（WIN2）

14－3－3prDtein（WINla）

Ritx）SOmalProtein（S15）

Bowman－BirktypeProteinasefnhibitors

PhosphoJipidTransferProtein
BetaineAJdeh de［］eh dro□enaSe

●●　●

10J6A

29MIC

lOJ40A

lOJ28A

lOJ22A

29MIA

29M14B

lOJ65A

29M4C

■ll■

＋1

＋1

＋1

＋1

＋1

＋3

＋1

＋2

＋2

し1Ser

l．2

F＝軋

1．0

1．1

1．1

E＝訂

0．7

0．5

1．0

TabIelClonesisolatedbyyeasttwo→hythdsystemasputativeWPK4interactingfactαS・SimHarity，frame，andinsert由ze

areindicated・PutadveproteinexpressedinframewithG山4activationdomainisindicatedas＋1．

Ofthesecloneswasdescribedasfb1lows・10J6A＞＞29MIC＞10J40A＞10J28A＞

10J22A＞29MIA＞29M14B＞10J65A＞29M4C（datanotshown）・Sequenceanalysis

revealedthatlOJ22A，29MIC，andlOJ40Awerefromthesamegenebutdifftredinthe

5’－UTRlength・Predictedcodingsequenceofallcloneswerecorrectlyexpressedin

frameasaGAL4activationdomain（GAD）（Fig・13）■Sequenceanalysisshowedthat

lOJ6Awasalmostidenticalwith29MIC（Fig・14）・Subsequently29MICandlOJ6A

Were designated as7bW（計iticum旦eStivum望PK4－iateracting factor）1a，and

TbT4Wlbrespectively■7bWlaandTbWWlbencodedapolypeptideof266amino
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10J6A

lOJ22A

29MIC
lOJ40A

10J6A
lOJ22A

29MIC

lOJ40A

10J6A

lOJ22A

29MIC
lOJ40A

adaptersequence

卵attCggCaCgagCCgCaCCtCCCCaCaaaCgCgtattaCCtCCtaCgC
gaa亡亡qヨgCa Cga9－一一－－－　＝－－－－－－－－　－－＝－－－－＝　＿＿＿＿＿＿＿＿＿＿

gaaヒヒCggCa⊂ga㌻－－－＝

gaaヒヒ喝gCa＿Cga好一－－－－－

tCCCggatCC gCtgCtCCaC CCaCCaaCtC Cgtヒgccaca cgcccttgca

‾‾‾‾‾‖▲‾‾‾‾‾－‾‾‾‾‾‾　‾‖▲－－－CtC Cgt亡gccaca cgccc亡tgca

‾””L‾－．”－”‾‖‾‾　‾‾‖－－－”－CgttgCCaCa CgCCCtヒgca

50

14

14

14

100

34

37

14

CaagCgagCg agCaaCC打PG TCGCCAGCAG AGCCGA G AG諷CGZum　　150

CaagCgagCg agCaaCCATG TCGCCACXnG AGCCGA G AGACGAGAGC　　　84
CaagCgagCg agCaaCCATG TCGCCAGCAG AGCCGA G AGACGAGA〔に　　　87
‾■－‾‾‾‾■■一　‾‾‾‾‾‾‾‾‾■　‾‾‾‾‾‾‾‾‾‾　一－－－－－　　G AGACGAGA（ヨ＝　　　　27

M S P A E p T R D E S

Fig町e13・Nu血肋s叫1enCe鴫mmemtorWmlc■on隠10∫6A，10J2乙屯肌d29MIC∝皿tamSlO3，側，3叫5・
unlr211Sp且血regionrespectively・10J40Alacks20bpc（通ingreBion・An叩nfeadlngfrarneencdedbydleSeC］0Ⅰ℃SWere

ftBedin－frametotkGAlALrEnSCnPtiondachvationdomamofpADGAulAdap（ersequen（EWaSShaddardidEnLicaL
SeqWnCeSW訂ebox血Pre仙＝tdammo肛idsequen（鷲SW耶Sh‘Ⅳminr血

acid residues witha relative molecular mass of29．4kDa．Since TaWINla and

TaWINlbdifftredinonlythreeaminoacids，WereftrthemasTaWINlhereaf［er．A

SearChofGenBankindicatedthattheencodedpolypeptideshowedsimilantywith14－3－

3proteinandwiththehighestsimilaritytoGF14disolatedfromrice（Fig・15B）

（Schultz etal・，1998）・The predicted coding sequence ofthelOJ28A clone was

expressedinhmeasGADwiththeextra8aminoacidsasatranslatedproductofthe

5’uTR（Fig・16A）・10J28AwascloselyrelatedtotheTbWmlshowing70％simi1arity

anddesignatedasTbWLN2・TbWm2encodedapolypePtideof259aminoacidresidues

witharela（ivemolecularmassof28．6kDa（Fig．16B）．29MIAencodedrib。S。mal

PrOteinwhosepredictedaminoacidissimilartoriceribosomalproteinS15butfailedto

expressinframeasGAD・29M14Bencodedbowman－birktypeproteinaseinhibitorasa

fusionwithGAD・10J65AencodephospholipidtranSftrproteinbutfailedtoexpressin

丘ameasGAD・29M4CencodedbetaineaJdehydedehydrogenasebutfhiledtoexpress

inflameasGAD・Theseclones（29MIA，29M14B・10J65A，and29M4C）werethought
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tobefalsepositiveclonesbecausemostofthemwerenotexpressedasfusionwith

GADandthelowintensityofthelacZactivity（datanotshown）．

By employlng the yeast two－hybrid system，WPK4－interacting factors were

isolatedanddesignatedas7bWand7bTm，reSPeCtively・Bothclonesencoded14－

3－3声oteins．AlthoughthescreenlnglSnOtSaturated，furtheranalysiswascarriedoutto

investlgatethatTdWINsactasatruePartnerOfWPK4・

32



A

gaa亡亡CggCa

E F G　で

q：躍∝払
．・＿　■：＝∴；‾　二■

7畑払
Y E E　壬vi

∝ロ：払∝躍
G E E L

α茹0：瓜藁に

c弼Cgt亡gC
S IJ S

C∝脚
R D　三

脚汀r
V E F

TA脚
S IJ E

G∝丈GJ】℃CIG

cacacgccct

S S P

〔払G（耶妃
S V Y

脚
M E R

O：払（芙Dコ曲C

E R　｝J

亡辞虻弼Cg呼＝卯CaaCC打【tコ丁∝（＝A　60
c　ヮ　s E RÅで14　S p

120

180

240

300

360

420

480

540

600

660

720

780

∝∝払∝∝
A E R

∝αぷ∝∝
・・－．、：：

脚：ÅIC
N V　工

∝；姐α：江口：G

バ・、・∵∴・←・・、・、‥・・・ご・∴‥・・‥√∴・・L・＼‥∵・∵∵∴・、・こ・・・、∴、－、

GNDA HAA T工R SY宇－S K工E AEL

・∴・∴こ・、；・‖・いこ∴・‥・、・、∵∴∵∴∵脚ⅩA
∝御許
A A E S

脚r
E F K S

ぶ：脚
．二．∴　ニ・－‾

α：脚コ払Cr

＄

Y l」Å

0：脚
∴　・■　■

仰’
L iニ　I」

∝；CCIG（：AAC

Å　⊂　で、了

∝脚
E E　：⊃

AIてⅩ凱二抑Ⅹ：
TT T　　′‾一二

でIGOX迫∝A

CぴlロコG（支G
T G G

脚払
Å　Y K

Aロ：甜Ⅹ払
Q K E

A7（ⅩにびAGC
IvIA K L

GIq：に（苫IA（お

■．‾　∴　■＿　∴

CIGCICICIG

L L S V

∝ロ∝紆∝

c讐A冒誓讐誓欝照発A讐禁警
・・・・・・、・－こ‥－∴∴ド∴－、∴－、－、∴∴／∵「∴一二

郎異Ⅸ：0Ⅱ汀A∝醍Ⅰ・Ⅰ・IG∝mACCC瓜プ正q娼
工A L A D L A Pで＝　P工R

ⅣICI耶Ⅰワ脚A灯Ⅸ組汀∝αコG姐コ；
s r・．7F Y Y E　工Lで、了S P⊂巳R

・．‥・1・∴・∴・＼∴∴・、∴・ふ・・、ニい・ごい∴、∴∴・∴∴、∵・＝∴・
L A Klコ　ÅF D EÅ工　S Eもつ　ざ三こL G

T脚∝打田AT脚ICCT脚過⊂ÅAI－Ⅰ－Ⅰ躍ICT

∴∴ご・∴；・、・・エ・、．！・・∴い・∴∴・∴・‥∴＼∴・∵・∴‥・・、－∵∴∴∴∴－－ニー－－、∴
ロ・TN＝E　＝Dロ1・′D E工　KEA PÅPiこE S・†コtct餌卵亡ヒ㌍亡抑耶aa亡画呵　900

gtcttggttctagtgcヒはtaCtgttgtCatCaCtaCCtCtgttt誠ttatgCaCtt＆g

aagtttctgggctatgtttttctggtgctgat説tgCtggCtggattCgtgttttCttt
ttaaatctcgcc㌍aagC飽aagaCCtgCtCtttttCaCCattagWtgtttgCtatatC

taaaaaaaaaaaaaaaaaaaaaaaW

・、・・・ミ‥・∴こE＝ヨ玉コ」⊥ニニ

960

1020

1080

讃ヨ虻ユ・［コユニ⊥

2，MIC IG必SWRI＝SS＝EQmEGRGmAHnTIRS監霊IC甚工皿uS肌
OsGF14d

29HIC

OsGF14d

29HIC

OsGF14d

29MIC

sA鋸ES甜n胱芯D珊Y皿聞S監∃

正正志面再ⅣFY作ⅠⅦSPDR舶邸D払工弧DSLGEES澗SでL工鳴L皿肌で

臼踊．［ニヨに皿さ、

60

60

120

120

180

180

240

240

266

Nu血相eandd如d抑hoaddalig醐tOr洲1C廊・（A－Nucleoti血岬eO†洲ICwassl脚ninacapit掴e一山polyp叫舶岬Sまd
cloneisolaldy鮎IIw油ybd摘醜跡地ive叩祀adhg血腫
鮎aG伽如Wn抽伽nslat摘OnWaSShown細111etter・掴en油化爪仰曲輌0血
岬岱Of2ウMIC血CeGF肌G岬細山Ced－or画川押l油e油Iby帥・1den血脚O
ac血S伽S∬eboxed■血相血positions∬e加抑Onlhe榊

33



A
gaa比CggmC卿ヒ喝誠agC卿A瓜ⅢⅩ拓C姐＝〔染αⅩ払

T R E

脳Ⅰ（∃GIC〔諷
M V E

創Ⅹ賦払A
E R N

qm】℃∈汀

R　工　V

O：∝：00にG

A A R

℡ロC‾K：CGICT

L R L

T（コmA

Y L K

創芸：髄払
R K D

K A A A

O孤（苫虹G
R Y E E

CTC邑〔mI⊂G

L　で　工　E

C（；Im（エ汀

R A S W

（ⅩⅢエG
G H　Å　A

Tqコmコ0：鼠

C A G　工

は：1コ且mT

A K V F

偶0コユエG

S A A E

A F G　で

偶に〔払
Y L A K

A郡1てG
K V V A

GT03：孤Å
V A Y K

悶A〔G
E　〔）K E

OコmコてG

A L V E

R S T

劇3コ℃0＝芙払

L A E

OX描Ⅹ芙G
∴．こ．∴

」毎抑汀
N V　工

剋Ⅹ掌1剋Ⅹ江G

E G R

砿に⊂G毘Ⅹコ

Å　E l。

A　工4　Å

∝ⅢG
Q A E

び虹：○〇IC（認G

T V E

C仰＝汀
G A R

T（鎚コ〕0：G
G　Å　A

CIC弧二だIC
S N　工

c∝mGI（ご∝沼部Om
R L V P A A A A V D

00IC∝コ則m∝執訂IC姐G

D Y H R Y L A E F K

∴・∵∴・‥・・F＿り．・‥・・こ、∴・、・・r■－：・

s T L G A Y〔〉　A A〔）

・∴・∴∴・J、∴、ミこ‥ミ∴　●1イ、i－i－∴－∴－－

H P　工　R L G　工」　A L N

甜£にA駆Ⅹ汀
D　工　A　王・1　K E L

∝抑IC　60
E　ト1　V

（＝Ⅰ¶＝A偶G120
F M E

Cm180
L L S

mcだIC　240

S S　工

0皿　300
G Y R

CCICG郎＝払A　360

L D E

ぴ＼脳A　420
工4　K G

¶皿　480
A A D

O＝CAロコ：払Cr　540

p P T

TICIロ＝GIGT脚諷郡虻　600
F S V F Y Y E　工　L N

¶Ⅹ疋CK染IC研∝GIGCIC∝コロmび畑mAIG瓜CÅr
s p D R A C S L A K Q A F D E A　工

聞Ⅰ－ICCCI⊂G脚mCCI弧追認＝艦劫コエコGATmⅢコ曲CT
D SI．G E D S Y K D S T L　工　H（∋　L

姐ICIC虻rr脱ご－C¶孤Gぴゝ¶遜CGCIG∝脚ÅT
N］L　つご　L；t・7　T S D M Q D　工）A G D E M

Aエ鼠誠m見識IG剋ⅩAGmGヒg和㌍cct勾CtaC亡耶CC亡C比
S K P E D E〔き

ccttcgspgtagttatgatgcttgtacaaggaccattttcgtgtgtcCttt

cttttatctaccctttctttcgttatattgttatacatcgccgtcctcgt

actttacaac ttgaatccaa aaaaaaaaaa aaaaaaaa

B

lOJ28A

AT140mega

29HIC 臥こ瀾：E
Q AERY苫皿ⅣEF

Q AmEmF

∝m8CIG　660
A E L

TCICOごⅨ遜虻　720

L R D

脚Ⅰ－ⅡÅ　780
R D S

亡C亡CtC亡亡aa　840

gt亡gc亡ggすヒ

gcaヒtatt亡亡

目s目蓋三三遥TE

900

960

998

ERNl．LSVÅ

憲買呵a匡露ヨ竃≡冠放言混濁珪鑑愚避
10J28A

AT14⊂江nega

29｝11C 駁三：E
YLIq4KGDYにR YMF

YLK旺KGDYHR Y工」AE s四国目G臆韮冠
訝蓬班10J28A l－GI」ÅL止肝SV下YYE工LNSpDRA LAK

AT140mega LGI」AI一朗FSVF YYE工LNSpDR・A

二＿：ここ・∴∴日昔日：：≡・‥‥丑瑚

SYKDS－m工唯mRDNL
SYKDSm工MOmRDmT

56

53

60

116

113

120

176

173

180

236

233

240

259

259

Fig椚1‘・NⅦC■ed姐e乱nddeducdamin…Cids叩削Cea帥mem川10JZ8Ac10ne・仏）Nucl血血seq脚α
orlOJ6AcloneisolaledyeおttWO・hybdd町S帆m血veopen阻仙咽什狐eWおShownina叫血1d【mdpolypep鵬

exp－e∬edasaGADwおSh叩im－ed・U曲Sl飢如gionwおSho珊insm洲etter・四）Sequence山帥巴ntOrpredicld

p10te川父岬∝SOrlOJ臥A血dop由SOme卵匹14－3－3pⅣ血卸d29MIC・旬SWerein血山∝拍roptml
山帥enla血esl10Wmby血S隠Idenぬ■血no誠id陀Siduesa忙加X由・Amo血車両tions卸e如㈹On血相l

34



Chapterrv

CharacterizationofWPK4－interactingfactorsasa14・3・3protein

ChapterIIIdescribedisolationofWPK4interactingfactorsbyyeast－tWOhybrid

SyStem・SequenceanalysisrevealedthatmostoftheclonesencodedistinctisofbrmSOf

14－3－3proteinswhichareubiqultOuSlyfoundineukaryotece11sandthoughttoplay

importantrolesinslgnaltransductionpathwaysbyregulatingavarietyofintracellular

Signalingmolecules（A此en，1996）・ThecrystalstruCtureanalysisrevealedthat14－3－3

PrOteinconsistsofabundleofnineα－helicesorgamizedinanantiparallelfashion，With

thefburN－teminalhelicesparticipatingindimerformation（Liuetal・，1995；Xiaoetal．，

1995）・Thedimericmoleculehasacup－1ikeshapewithaconservedinnersurfaceanda

Variableoutersurface・14－3－3proteinsbindligandssuchasphosphorylatedconsensus

motitRSXpSXP・foundinRaf（Thorsonetal・，1998；Tzivionetal・，1998），Bad（Zhaet

al・，1996）andCDC25proteins（Pengetal・，1997；Zengetal・，1998）．However，

Phosphoserine recogmitionalone cannot account fbr all14－3－3－1igandinteractions

（Petosaetal・，1998；Zengetal・，1998）・Forexa叩1e，unPhosphorylatedpeptidewas

Showntobindto14－3－3proteinsbyrandompeptidephagedisplaylibrariesaswell．In

thischapter，detailedmodeofbindingofTaWNlandTaWN2toWPK4arepresented．
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L

MATERIALANDMETHODS

Quantitativeβ・galactosidaseactivityassay

Assays ofβ－galactosidase activity were according to the Yeast ProtocoIs

Handbook（Clontech）andperformedintriplicatebyusingONPG（0－nitrophenylβ－D－

galactopyranOSideasthesubstrate・YeaststrainY190wereusedfbrthisassay．Theβ－

galactosidaseactivitywascalculatedfromthefbllowingequation：

Unitsofβ－galactosidaseactivity＝OD．2J（Ⅴ×TXOD6。。）

WhereVisthevolumeoftheculture（mL），Tisthereactiontime（min），andOD600is

theopticaldensityoftheyeastcellsat600nm．

ConstruCtionofPlasmids

ToexpressTaWINlorTaWIN2ashexahistidinefusionproteins，thepAD－WINl

Or PAD－WIN2plasmids were digested with EcoⅢand XhoIto excise7首W〃〃or

7bTmcDNA，reSPeCtively，thenligatedtopET32－aattheEcoRIandSalIsites．The

resulting construCt WaS designated pET－WNlor pET－WIN2，reSPeCtively・

Subsequently，EcoRLWalIfragmentofIbWwasligatedtopGEX－4TlattheEcoRI

andSalIsitetofuseinframethecodingsequencefbrglutathioneS－tranSftrase（GST）

WiththatforWINl・TheresultingconstruCtWaSdesignatedpGEX－W馴lorpGEX－

WIN2，reSPeCtively・

Site－directedMutagenesis

Aseriesofl押R4mutants（T204A，T204E，S388A，S418AandS388A／S418A）
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Were Performed using the Mutan Km expressKit（TAKARA）．pBD－WPK4was

digestedwithEcoRIandPstI，1igatedtopKF18kvectoratthesameendonucleasesites

andusedasaPCRtemplate・ThePCRreactionswereperformeduslngthePyroBest

DNApolymerase（TAKARA）．01igonucleotidesusedinPCRreactionswereasfbllows

（nucleotidescorrespondingtothemutagenisedsequenceswereshowninunderline）．

T204A：5’－TCTCCTCCACGCATTCTGCG－31

T204E：5．－TCTCCTCCAC昆皇（呈TTCTG－3．

S388A：5’－ACGCCCCGCAG∈⊆CTTAATGC－3－

S418A：5’－AGATTCATCGCGGGTGAACC－31

PCRreactionswereperformedaccordingtotheODA（Qligonucleotide－directedBual

Amber）method as a principle・After PCRs，theamPlified DNAfragments were

COnCentratedbyEtOHprecIPltation，thendissoIvedinTEbufftrandtransfbrmedinE．

COlistrainMVl184・FortheS388／418Adoublemutation，mutagemisedS418Aclone

WaSinitiallyconstruCtedthendigestedwithEcofuandPstI・EcoRI／PstIfragmentswere

ClonedintothepKF18kvectoragaln，thenusedasatemplatefbrtheS388Amutation．

TheaimedconstruCtSWereSelectedfromthekanamycinresistantclones．Toverifythe

aminoacidexchangesandtoexcludeadditionalmutations，allconstruCtSWereSuqeCted

to sequence analysis・Forβ－galactosidase activity assay，mutagenisedinserts were

SubclonedintothepBD－Gal4CamvectorattheEcoRIandPstIsites．

AseriesofIbTWmutants（K60D，R67E，L185D，V189E，G221SandL233D）

Were Performed using the sameKit（TAKARA）．01igonucleotides usedin PCR

reactionswereasfbllows（nucleotidescorrespondingtothemutagenisedsequences

WereShowninunderline）．

K60D：51－GGCTTACGA∈AATGTCATCG＿3，
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R67E：5’－GCCCGGG△△GCGTCCTGGAGG－3－

L185D：5’－GGCTTGCAG△£AACTTTTCTG－3’

V189E：5’－ACmTCTG△△TTCTACTATG－3－

G221S：5一－ACAGCTTAAGCGAGGAATCC－3’

L233b：5・－TCATGCAG⊆△工CTGCGTGAC－3・

Thefo1lowlngStePSWereCarriedoutasdescribedabove・

ExpressionandPurificationofRecombinantProteins

PGEX－WINl，PGEX－WIN2，andpGEX4T－1vectorsweretranSfbrmedintoE．

COliDH5αStrain，andusedfbrpurincationofglutathioneS－tranSftrase（GST），GST－

WINland GST－WN2fusion proteins・PET－WINland pET－WIN2contain cDNAs

encodingWINlandWN2clonedintopET32a（Novagen），reSPeCtively．Expression

andpurincationofGST－WPK4andGST－K75D（whichcorrespondtoGST－WPKM4）

havebeendescribedinthechapterII・TheE・COlistrainBL21（DE3）carryingpET－

WINlorpET－Ⅵ汀N2wasgrown（OD6。。＝0・7）inLBmediumcontainingamPicillin（1

1iter）andinducedbyisopropylthio－β－D－galactoside（IPTG）toannalconcentrationof

O・5mMtoexpressHis－taggedWINlorWN2．Thecultureswerefurtherincubatedat

24℃fbr6h・Ce11swerepelletedbycentrifugationandsuspendedin40mLofprotein

lysisbufftr［20mMNa2HPO4（pH8・0），300mMNaCl，10mM2－merCaPtOethan01，

0・1％Tween20，40mMimidazole］anddisruPtedbysonication．Ni－NTAsuperflow

resin（Qiagen）wasaddedtothesupernatantSandincubatedforlhrat4℃．Themixwas

loadedintothecolumnandwashedwithlysisbufftr・Afterwashing，theproteinwas

elutedin elution bu脆r［20mM Na2HPO．（pH8．0），300mM NaCl，10mM2－
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mercaptoethanol，0・1％Tween20，500mMimidazole］．Theelutedproteinsolutionwas

dialyzedagainst40mMTris－HCl（pH7・5），20mM2－merCaPtOethanolat4℃．Afterthe

dialysis，equalvolumeoflOO％glyceroIwasaddedtotheproteinsolutionandstoredat

－30℃　untiluse．

GelFntrationAnalysis

GST－WNlfusionproteinwasexpressedinE・COliDH5αStrainharboringpGEX－

WINlandattachedtoglutathioneSepharose4Bresin，andthenthefusionprotein

bound－beadswereincubatedwithTBufftrcontalnlnglOOunitsofthrombin

（AmershamPharmaciaBiotech）for24hoursat4℃・Af［ercollectingsupernatant，

TaW馴1proteinwasfurtherpurinedonDEAE－Toyopearlcolurrmuslnggradientof

NaCltoremovethrombin・One FLgOfpurinedproteinswasappliedtohighresolution

gelfiltrationchromatographypreviouslyequilibratedwith2×PBS（phosphatebufftred

Sanile）ataflowrateoflmi／min・Forthestandardproteins，albumin，OValbumin，

ChymotrypsinogenAwereused（LMWGelFiltrationCalibrationKit，PharmaCia

Biotech）．

血γ肋℃BindingAssays

His－taggedWINIproteinwasdissolvedinproteinbindingbufftr［20mMTris－

HCl（PH7・5），140mMKCl，10mM2－merCqPtOethanol，0・5mMEDTA（PH8．0），5

mMMgCl20・5％Tween20］tothennalconcentrationofO・05％・20LLlofglutathione－

SepharosebeadswithboundGSTalone，GST－WPK40rGST－K75Dwasaddedto50LLl

OfproteinbindingbufftrcontainingHis－taggedWNIproteinthenincubatedfbrlhat
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4℃・ThebeadswerewashedwithlOtimesofbedvolumesofproteinbindingbufftr

three times・Boundprotein was eluted withlXLaemmli，s samplebuffbr and were

resoIvedby12・5％SDS－PAGE，tranSftrredtoPVDFmembrane．ImmunOblotanalysis

WaS Performed by uslng mOnOClonalantibody raised agalnSt Penta His－tag aS the

Primaryantibody（Novagen）・Thesecondaryantibodyusedwashorseradishperoxidase－

COIリugatedral）bitantiserumtOmOuSeIgG，andimmuneCOmPlexesweredetectedby

usingtheenhanCedchemi1uminescencekit（Amersham）．

RNABlotHybridizationAnalysis

TotalRNAwasextractedbytheaurintricatboxylicacid（ATA）method．Aliquots

Of36FLg PerlaneWere denatured，fractionatedbyformaldehyde／1・0％agarose gel

electrophoresis，and transftrred onto nylon membranes（Hybond－N，Amersham）for

hybridizationwitha32p－hbe11edprobesat420C．The5，region（0．3kb）of7bT4m

CDNAand3’non－COdingregion（0・8kb）ofWPK4－CDNAwereusedasaprobe．Sheets

WereWaShedthreetimesinaO・1xSSCsolutioncontainlngO・1％SDSat650Cfbr15

mineach・TonormalizefortheamountofRNAloaded，themembranewasstrlPPedoff

thefbrmerPrObebyboilinglnaO・1％SDSsolutionねrlminbefbrerehybridization

Withawheatactinprobepreparedasdescribed（SanoandYoussefian，1994）．
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RESULTS

TaWINlandTaWIN2encode14－3・3protein

Sequence comparison showedthatTaWINIshowedthe highest similarity to

GF14disolatedfromrice．BothTaⅥ汀NlandGF14dproteinscontainedextrastretch

betweenhelix2andhelix3（Fig．17A）．7bmN2encodedapolypeptideof259amino

acid residues with a relative molecular mass of28．6kDa．Amino acid・SequenCe

comparisonshowedthatTaW馴2proteinhaslesssimilaritytoanyplant14－3－3proteins

sofarrePOrted，althoughitmaybelongtothe wtyPeOf14－3－3（Fig・17C）・PutativeEF

handmotif，WhichishighlyconservedamOngPlant14－3－3proteins，WaSfbundbetween

helix8andhelix9inbothTaWNlandTaWIN2（Fig．17B）．Aglycineresiduelocated

atthecenterofthemotif，Whichiscriticalfbrcalcium－bindingactivity（Luetal・，1994），

isalsoconservedinTaWINlandTaWIN2respectively（Fig・17B）・

BindingofTaWINlandTaWIN2toWPK4dependsonWPK4kinaseactivity

InordertodeteminewhetherornotphosphorylationofWPK4isnecessaryforthe

TaWINland TaWIN2　to bind to WPK4，SeVeralsite directed mutations were

introducedintoWPK4．Two mutation groups were construCted．Thenrst group has

mutationsinthekinasedomain，bywhichtherequlrementOfphosphorylationcanbe

addressed．The second group has mutationsin the C－teminaldomain，by which

interactlngaminoacidscanbeidentined・

SubstitutionoftheLysattheposition75inthedomainIIintoAsp（K75D）results

inlossofkinaseaCtivity・ThiswasthecasefbrWPK4inChapterII・Asmoreandmore

kinaseshavebeendiscoveredanddeteminedthecrystalstructures，itisrecognizedthat
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controlbyphosphorylationintheactivationsegmentisapropertyofmost，butnotall，

proteinkinases（Johnsonetal・，1996）・Theactivationloopwasdennedastheregion

spanning conserved sequences DFG（Asp－Phe－Gly）and APE（Ala－Pro－Glu）and

includedThr．ForsomeSerrrhrproteinkinasessuchasSNFl，SubstitutionofThrinthe

activatlOnloop，Phosphorylationofwhichiscriticalfbrenzymaticactivation，intoAla

（T204A）resultedinareductionofactivity（EstruChetal・，1992）andreplacementofthis

phosphateacceptorbyanegativelychargedGlu（T204E）circumventstherequirement

fbrphosphorylation（Cowleyetal・，1994；Mansouretal・，1994）・InFig・18A，amino

acidalignmentbetweenconservedDFGandAPEmotifgofWPK4，OsPK4，SNFl，

AMPKandPKAwasshown．Thethreemutationsdescribedabovewereexaminedfor

binding abilityto TaWNlandTaWN2byquantitativeliquid assay・Theβ－gal

activities fbr combinations of K75D and Tが湘TNl（K75D：TaWINl），and K75D：

TaⅥ汀N2were reduced to22％andll％ofthose fbrWPK4：TaWINland WPK4：

TaWIN2，reSPeCtively（Fig・18B）・Simi1arly，theβ－galactivitiesfbrT204A：TaWINl

andT204A：TaWN2werereducedto76％and72％oftherespectivecontroIs（Fig・

18B）．Incontrast，thosefbrT204E：TaWINlandT204E：TaWIN2wereincreasedto

l18％andl15％oftherespectivecontroIs（Fig．18B）・These results suggestedthat

autophosphorylation ofWPK4isindispensablefbrinteractionbetweenWPK4and

TaWland TaWIN2．Results　alsoindicated that one of the target sites fbr

phosphorylationistheThrresidueintheactivationloopofWPK4・Butwhetherornot

suchaphosphorylationoccurredbyownremainedunclear・

DirectinteractionbetweenWPK4andTaWINIwasexaminedbyinvitrobinding

assays・IntactWPK4anditsK75DmutantwereproducedinE・COliasfusionproteins
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with GST（GST－WPK4and GST－K75D），Puri鮎d andimmobilized on glutathione

SepharOSebeads．TaWINIwasproducedasfusionproteinswithhistidineresidues（His－

taggedTaWINl）．PurinedHis－taggedTaWINIproteinswereincubatedwithGST－

WPK40rGST－K75D，aSWellaswithcontroIGST．Afterextensivewashing，thebound

protelnSWerereSOIvedbySDS－PAGE，tranSftrredtonylonmerhbraneanddetectedby

anti－Hisantibodies．ItwasclearlyshownthatTaWINIspeci丘callybindstoGST－WPK4，

butnottoGST－K75Dinvitro（Fig．18C）．Again，itwasshownthatthekinase？Ctivityof

WpK4iscruCialfbrtheassociationofTaⅥ汀NswithW？K4．

BindingofTaWINlandTaWIN2tophosphoserinesintheC・terminalreglOnOf

WPK4

Thesecondgroupofmutationwasexaminedfbridentincationofinteractingamino

acids・Itis generally considered that14－3－3protein recognlZeS and binds to a

phosphorylatedserineresidueintheconsensusmotif，RSXpSXP（Muslinetal・，1996）・

WPK4hasthetwocandidatemotifg，RPASLNandRFISGEP，fbr14－3－3bindinglnthe

C－teminalregion（Fig・19A）・Inordertoexaminethepossibilityofthesemotifgto

interactwithTaWNlandTaWN2，fburmutantswereconstruCtedasshowninFig．

19A．WPK4△CcontainsN－temina1265aminoacidreg10nbutlacksbothtwopotential

motifgintheC－teminalreglOn，andS388AandS418AcontainsubstitutionsofSerto

Alainthepotentialbindingmotifs・S388A／S418AdoublemutantwasalsoconstruCted・

Quantitativeliquid assay showed that theWPK4△C mutation completelylost the

al）ilitytobindtoTaWINlandTaWIN2（Fig・19B）・BindingsofS388AwithTaWNl

andTaWIN2（S388A：TaWINlandS388A：TaWIN2）werereducedto80％and76％of
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the controIs，reSPeCtively（Fig・19B）・Similarly，bindings of S418A：Tが拘TNland

S418A：TaW2werereducedto76％and59％，reSPeCtively（Fig．19B）．Bindingsof

the double mutant（S388jUS418A：TaWINland S388A／S418A：TaWIN2）were

additivelyreducedto30％and24％，reSPeCtively（Fig．19B）．Theseresultsindicated

thatもindingofTaWNlandTaWN2toWPK4ismediatedbyphosphorylatedSer

residuesatthepositions388and418locatedintheC－terminalnonkinasereglOn．Since

thesetwo sites arenecessaryfbrefftctivebinding，the dimeric fbrmOfTaWINlor

TaWIN2ispredictedtobindtoaslngleWPK4polypeptide．

To obtain the directevidence thatthese two Serresidues（S388and S418）are

reallyanautophosphorylationsites，VariousmutantswereconstruCtedasshowninFig．

19Candkinaseassaywascarriedout．Aseriesof△NconstruCtSCOntainC－temina1165

amino acid reglOn butlack kinase catalytic domain．Although the clear difftrence

betweenWT△Nandtwosinglemutants（S388A△NandS418A△N）wasnotobserved，

PhosphorylationofdoublemutantWaSreducedcomparedtotheothermutants（Fig．

19C）．TheresultsalsoshowedthatotherphosphorylationsitesexistsintheC－teminal

reglOn，WhichdoesnotconfbrbindingofTaⅥTNs．

ConservedaminoacidresiduesintheamphipathicgrooveofTaWINlisnecessary

fbrWアK4binding

ThecrystalstruCtureOf14－3－3proteinsinacomplexwithphosphopeptideligands

wasshowntofbrmdimericmoleculelikeacupshapewithconservedinnersurfaceand

variableoutersurface（Liuetal．，1995；Xiaoetal．，1995）．TheinnersurfaceformSan

amPhipathicgroovetoaffbrdaprinciplebindingsitefbr14－3－31igands（Petosaetal．，
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1998）・According to thisinformation，Site－directed mutagenesis was performed by

replacingconservedbasicandhydrophobicaminoacidresidueslocatedintheinner

SurfaceofTaWPlwithotheraminoacids．Basicaminoacids（K60，R67）withinthe
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helix3，andhydrophobicaminoacids（L185，V189，L233）withinthehelices7and9

Were Substituted to acidic amino acids（K60D，R67E，L185D，V189E，L233D），

respectively（Fig・20A）・Thesemutatedproteinswerethenassayedfbrbindingwith

WPK4・Theβ－galactivityfbrcombinations ofWPK4andeachofmutants（K60D，

R67E，L185D，V189E and L233D）was decreased to13－15％　of that fbr

WPK4／TaWINl（Fig．20B），Clearlyindicatingthattheseaminoacidsareessentialfbr

WPK4／TalVINlinteraction．

Arabidopsis14－3－3protein，GF14w，WaSShowntobindcalciumintheputativeEF

handmotif．Forcalciumbinding，CentralGlyintheEFhandwascritical（Luetal．，

1994）・When GlyintheputativeEFhandmotifofTaWINIwas substitutedtoSer

（G221S），Whichnatural1ypresentsinsomeplant14－3－3proteins，theβ－galactivity

WaSincreasedto129％ofthecontrol（Fig・20B）・Thissuggeststhat，atleastinyeast

Cells，thepresenceofcalciumionmay conftrinhibitory effbctson WPK4／TaWINl

lnteraCtion．

Next，the ability ofTaWNlto formdimer was connrmed by gel－nltration

Chromatography，Whichindicated the native molecular masses of TaWINlto be

approximately64kDa（Fig・21Aleft）・ResolutionofthisfractionbySDS－PAGEshowed

asinglefragmentwith32kDa，aneXPeCtedsizefbrmonomericTaⅥ汀Nl（Fig．21A

right）・HeterodimerformationbetweenTaWINlandTaWIN2wasthenexaminedbyin

Vitrobindingassays・RecombinantTaWNIproteinwasproducedinE．coliasfusion

PrOteinswithGST（GST－TaWNl），Purinedandirrmobilizedonglutathione－Sepharose

beads・TaWINlandTaWIN2werealsoproduced asfusionproteinswithhistidine

residues（His－TaWひJlandHis－TaWIN2）・PurinedHis－taggedproteinswereincubated
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withGSTorGST－TaWINl，andafterextensivewashing，boundproteinswereresoIved

bySDS－PAGE，tranSEtrredtonylonmeHibraneanddetectedbyanti－mSantibodies・

TaWひJIwasclearlyshowntOfbrmnotonlyhomodiznersbutalsoheterodimerswith

T鯛W2血v由り（Rg．21B）．
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TranSCriptsofWPK4haveshowntobca”umiatedinresponsetocytokiminsand

nutrientdeprivation．Todeterminetheregulationof7bWatthetranSCriptional1eveL

RNAblotanalysis wascarriedouLIn maturewheatphnts，tranSCripts ofTbWm
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ubiquitously accumulatedinal1tissues tested（Fig・22A）■Neither treatment of

cytokininsnorthetransftrtothenutrientdeprlVatedmediumafftctedthelevels of

7bWm transcripts（Fig・22B andC）・ThesedatasuggestthattheIbWTNlgeneis

COnStitutivelyexpressedanditsexpressiondoesnotrespondtotheaboveconditions・

DISCUSSSION

In asearChfbrthepartner thatinteracts withWPK4by theyeast two－hybrid

SCreenlng，threecloneswereisolatedandtermedasTaWINla，TaWINlbandTaWIN2

respectively・Aminoacidsequencerevealedthata11clonesbelongtothe14－3－3protein

fami1y．TaWINIshowedthehighestsimi1aritytoGF14disolatedfromrice（Schultzet

al．，1998）andTaWIN2belongedtothe（DtypeOf14－3－3．Itshouldbenotedthat，While

manyisoformSOf14－3－3proteinsexistedinplantcells，OnlytwoisofbrmSWereisolated

astheWPK4interactingfactorinthecurrentstudy・ThismaylmPlythedivergentrole

OfeachisofbrmlnPlanta．

ThecrystalstruCtureanalysisrevealedthat14－3－3proteinconsistsofabundleof

nine　α－helices organizedin an antiparallelfashion，With fbur N－teminalhelices

Participatingindimerfbrmation（Fig・24A）（Liuetal・，1995；Xiaoetal・，1995）・The

dimericmoleculehasacup－1ikeshapewithaconservedinnersurface and avariable

outersurface．Theinnersurfaceisamphipathicwithaclusterofbasicandpolarresidues

ononeside（helices3andhelices5）andaclusterofhydrophobicresiduesontheother

（helices7andhelices9）andthisamphipathicgroovewouldfbrmtheprincipalbinding
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Site fbr14－3－31igands（Petosa etal・，1998）・In this study，yeaSt tWO－hybrid assay

Showedthatthebasic（K60andR67athelices3）andhydrophobic（L185andV189at

helices7andL233athelices9）residuesofTaWINIwerenecessaryfbrWPK4binding

（Fig・20）．14－3－3proteinsbindtheligandscontainingphosphorylatedconsensusmotifi

RSXbsxp，fbundinRatBadandCDC25．However，PhosphoserinerecognltlOnCannOt

accountfora1114－3－3－1igandinteractions．Unphosphorylatedpeptidewasshowntobind

to14－3－3proteinsbyrandompeptidephagedisplaylibraries as well（Petosaet al・，

1998；Zengetal．，1998）．ThefactthatthebindingofTaWINlorTaWIN2toWPK4is

dependent on WPK4autophosphorylation suggests that phosphorylation of serine

residues are essential．The C－teminalreglOn Of WPK4was fbund to act as a

PSeudosubstrate region（intemalsequences resembling substrates），and the resulting

autophosphorylationwasnecessaryfbrTaWINsbinding・Furtheranalysisrevealedthat

autophosphorylation of both Ser－388and Ser418to be criticalfbr TaWINland

TaWW2binding（Fig．19B）．This mode ofbinding reminds us that ofRaf／14－3－3

binding・Itwasshownthatthephosphoserine－dependentbinding of14－3－3to Rafis

mediatedbytwoSerresiduesofRafandthatdimeric14－3－3proteinsaretheessential

COfactorfbrRafkinaseactivity（Tzivionetal．，1998）．

It was shown that ArabidopsIS14－3－3protein，GF14α），bound calcium at the

POtentialEFhandmotiflocatedbetweenhelix7andhelix8atlowafnnity（Luetal．，

1994）・The resultingcalciumbindinginduced a confbrmationalchange OfGF14w

PrOtein・The Gly residuelocated between the helixes wasfound to be criticalfbr

Calciumbindingactivity（Luetal・，1994）・Aminoacidsequencesanalysisofplant14－3－

3proteinsrevealedthatabout30％ofthemhaveasubstitutionfbrtheconservedGly
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residue（usual1ySerresidue），WhereasallofothershavetheconservedGly・ThisGly

residuewasconservedinbothTaWINlandTaWIN2aswellasArabidopsisGF14（D，

suggestlngthatTaWINlandTaWIN2maybindcalciumunderphysiologicalcondition・

Potentialrole ofcalcium on TaWINl：WPK4binding wasindirectly analyzed by

substitutingtheGlyresiduetoSerresidue（G221S）・Resultsshowedthatbindingof

G221StoWPK4wasslightlyincreasedincomparisonwiththatofwildtype（Fig・20B）

inyeastcells・ConformationalchangeofTaWNlandthecornpetitionamong14－3－3

proteins against WPK4bindingmight have occured when the cytosolic calcium

concentrationswereincreased．

Cytosolic enzymes andtheplasmamembraneH＋－ATPasewere shown tobe

regulatedby areversiblephosphorylation（AssmannandShimazaki，1999）and，in

somecase，Phosphorylationcreatesaphosphopeptidemotifthatisrecognizedbyand

bound to14－3－3proteins・Binding of14－3－3proteins changeS aCtivlty Of several

enzymes and／orion pumps（MacKintosh，1998）・For example，aCtivity of nitrate

reductase（NR）iscontro11edbyatwo－StePmeChanism（MacKintosh，1998）・TheSer

residueathingeIregionisphosphorylated（Bachmannetal・，1996；Suetal・，1996）・

Thisiscatalyzedinvitrobyacalcium－dependentproteinkinase（CDPK）oraSNFl－

relatedproteinkinase（Douglasetal・，1998；Douglasetal・，1997；HalfordandHardie，

1998）．ThephosphorylationalonehasnodirectefftctonNRactivity，butitcreatesthe

phosphopeptide motifthatisrecognized andboundby severalisofbrms of14－3－3

proteins．ThisinteractionisresponsiblefbrinactivationofNRactivity（MacKintosh，

1998）．Anotherenzyme，SuCrOSePhosphatesynthase（SPS）canbeeitheractivatedor

inactivatedbydistinctphosphorylation・ReversiblephosphorylationofSer－158andSer－
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4240fsplnaChSPSwasthoughttoberesponsiblefbrlight／darkmodulationandosmotic

StreSS aCtivation（McMichaelet al．，1993；Toroser and Huber，1997），reSpeCtively．

Moreover，itwas shownthatSPSis associatedwith14－3－3proteinsin vivo andthat

PhosphorylatedSer－229isnecessaryfbr14－3－3binding（Toroseretal・，1998）．Butthe

e脆ctof14－3－3proteinsonSPS activityremainsunclear（Moorheadetal．，1999；

Toroseretal．，1998）．

It was reportedthatbacterially expressed Arabidopsis CDPKis bound to and

activatedby14－3－3proteins（Camonietal・，1998）・However，neithercauliflowerCDPK

norCDPKthatwaspurinedby14－3－3amnitychromatographyfromanArabidopsIS

extractwereactivatedbyadding14－3－3proteinsinvitro（Moorheadetal．，1999）．This

resemblestoourcasethatTaWsdidnotshowregulatoryefftctsonWPK4kinase

activityinvitro．ItcouldbepossiblethatbindingofTaVnNstoWPK4causeschangeS

intheirsubcellularlocalization，OrthatadditionalWPK4interactlngfactorthatregulates

WPK4kinaseactivitymayexist．

Veryrecently，ArabidopsisSNFLhomolog（CIPKl）thatbelongstoSnRK3was

identified as a calcineurin B－1ike calcium sensor binding protein（Shiet al．，1999）．

MembersoftheArabidopsiscalcineurinB－1ikecalciumbindingprotein（AtCBL）family

Werefbundtobedifftrentiallyregulatedbystressconditions（Kudlaetal．，1999）．One

member oftheAtCβエgene family，AtCBLIWaS highlyinducible by stress slgnals，

includingdrought，COldandwounding・Anothermember，SALTOl堰RLYSE7VSITIVg3

（SOS3），Played a rolein the salt resistance of Arabidopsis（Liuand Zhu，1998）．

InteractionofAtCBLswithCIPKIwasrequiredforcalciumandfbrC－terminalreglOn

ofCIPKl，Whichwassimi1artOthatofWPK4（Kudlaetal．，1999）．Coldstressalso

increased WPがmRNAlevels（datanotshown）．Itispredictedthat，undervarious
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stressconditions，individualWPK4interactingfactors（TaWINs）arealternativelybind

towpK4andpossiblyregulatesWPK4kinaseactivltyOrSubce11ularlocalizationand

therebyseveralenzymeactivitiesarecoordinatelymodulatedtoa句ustenvironmental

Changes．

／
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Concludingremarks

Duringstudyingthecytokininslgnaltransductionnetworkinplantcells，agene

encodingaSNFl－relatedproteinkinasewasisolatedfromwheatanddesignatedas

WP朗．WPR4transcriptswere shownto beregulatedby bothlight and nutrient

deprivationthroughtheactionofcytokinins・

With a hope to detemine the relationship among WPK4，and nutrient and

cytokinins，Iobtainedthefb1lowingexperimentalresults・（1）ResultsfromRNAblot

analysisshowedthatWPR4transcrlPtlevelswereprlmarilycontrolledbysucrosebut

notinorganicsalts．CytokininsafftctedantagOnisticallysucrose－rePreSSingprocess；（2）

SubstratespecincityofWPK4wasdeteminedandfbundthatWPK4phosphorylate

hingeIregionofNRandC－teminalregionofHMGRinvitro；（3）Twotypesof14－3－3

proteinswereobtainedtointeractwithWPK4・TwoSerresidueslocatedintheC－

teminalreglOn OfWPK4to be phosphorylated were needed fbr14－3－3proteins

interaction；（4）Conservedaminoacidresiduesintheamphipathicgrooveof14－3－3

PrOteinisnecessaryfbrWPK4binding・

Based on theseresults，Ipropose fbllowlng hypothesis・Levels ofendogenous

cytokininsareknowntofluctuatedependingonstresses・Whenendogenouscytokinin

levelsareelevated，WPK4isnewlysynthesizedandWPK4phosphorylatesC－teminal

reglOn Of HMGR・This resultsininactivation of HMGR and alters the carbon

metabolismbylimltlng theisoprenoidbiosynthetic pathways・Alternatively，during

nutritional1ystarvation，WhenthesubstratesfbrNRandSPSareexhaustedandtherefbre

therelevantenZymeaCtivities arenolongernecessary，WPK4is activatedbysome

unknownmechamismandphosphorylatestheseenzymes．Then14－3－3proteinsbindto
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them，reSultingintheirenzymaticinactivation（Fig・23）・Thus，IproposethatWPK4

functions asthemetal）Olicmodulatorby directlyphosphorylatingthemetabolickey

enzymesandbycreatlng14－3－31igands・

light

nutrientdeprivation

Cytdkininsinorganicsa祉de画Vationinorgamicsaltapplication CytOkinins

『【■■■【【■【【
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Figtqe23・PrqposedhypothesisoftheregulatorymechanismofWPK4・ChangesofWPK4transcriptslevdupon
inorganicsaltdq）rivationpossiblyresults＆omdeclineofendogenoussucrosecausedbydecreasesinphotoassimilating

activity．Duringnu血ional虞arValion，血enthesubstratesfornitratereductase（NR）andsucrosephosphate町nthase（SPS）

areexhausted，andhereforetherelevantenZymeaCtivitiesarenoIongernecessary・WPK4isactivatedbysomeunknown

mechanismandphosphorylatestheseenzymes・Then14－3－3proteinsbindtothem，reSultingintheirenzymaticinactivation・）

WhentheendogenouscytOkininlevelsareelevated・WPK4mayn飾1ybesynthesizedandphosphorylatesHMGR・This

resultsininacdvationofHMGRandalterscarbonmetabolismbylimiting也eisoprenoidbiosyntheticpathw町・T・F・meanS

trznscriptional魚ctor・

58



ACKNOWLEDGEMENT

Firstofall，IwouldliketoexpressthankstoProf・H・MoriandProf・H・Sano，Nara

InstituteofScienceandTechnology（NAlST），fbrhisscienceinstruCtionthroughthe

work．ThanksarealsoduetoDrsT．KusanOandN．Koizumifortheirkindguidanceand

helpingtomyresearch・

IthankDr．MarianCarlsonfbragenerousgiftofyeaststrainMCY1846・Lastbut

notleast，IamgratefultoftllowmembersinSanOLab・Fortheirencouragementand

help．

59



Re鎚rences

Aitken，A．（1996）．14－3－3andits possible rolein co－Ordinating multiple signauing

Pathways，TrendCellBiol．6，341－347．

Alderson，A．，Sabe11i，P．，Dickinson，J・，Cole，D・，Richardson，M．，beis，M．，Shewry，P．，

and Halfbrd，N．（1991）・Complementation of sTdl，a mutation affbcting global

regulationofcarbonmetabolisminyeast，byaplantproteinkinasecDNA．Proc．Natl．

Acad．Sci．USA88，8602－8605．

Annen，F・，andStockhaus，J・（1998）・CharacterizationofaSorghumbicolorgenefami1y

encoding putative proteinkinases with ahigh simi1arity to the yeast SNFIprotein
kinase．PlantMoIBio136，529－39．

Assmann，S．M．，and Shimazaki，K．（1999）．The multisensory guard cell．Stomatal
responsestobluelightandabscisicacid．PlantPhysioll19，809－16．

Bachmann，M．，Shiraishi，N．，Campbe11，W．，Yoo，B．－C．，HarmOn，A．，and Huber，S．

（1996）．Identi丘cationofSer－543asthem往iorregulatoryphosphorylationsiteinspinach

leafnitratereductase．PlantCel18，505－517．

Bhalerao，R．P．，Salchert，K．，Bako，L．，Okresz，L．，Szabados，L．，Muranaka，T．，Machida，

Y．，Schell，J．，andKoncz，C・（1999）・RegulatoryinteractionofPRLIWDproteinwith

ArabidopsisSNFl－1ikeproteinkinases．ProcNatlAcadSciUSA96，5322－7．

Bouly，J．P．，Gissot，L・，Lessard，P・，Keis，M・，andThomas，M．（1999）．Arabidopsis
thalianaproteinsrelatedtotheyeastSIPandSNF4interactwithAKINalphal，anSNFト

Iikeproteinkinase・PlantJ18，541－550・

Brzobohaty，B・，Moore，Ⅰ・，andPalme，K・（1994）・Cytokininmetabolism：implications

fbrregulationofplantgrOWthanddevelopment・PlantMoIBio126，1483－97．

Camoni，L．，Harper，J・F・，andPalmgren，M・G・（1998）・14－3－3proteinsactivateaplant

Calcium－dependentproteinkinase（CDPK）・FEBSLett430，38l－4・

Carlson，M．（1987）・RegulationofsugarutilizationinSaccharomycescerevisiaespecies．
J．Bacteriol．169，4873－4877．

Celenza，J．L．，andCarlson，M．（1986）．Ayeastgenethatisessentialfbrrelease丘om

glucoserepressionencodesaproteinkinase・Science233，1175－80・

Chaudhury，A・，Leetham，S・，Craig，S・，andDennis，E・（1993）．anq，1－amutantWithhigh

60



cytokininlevelsandalteredembryonicpattern，fastervegetativegrowth，COnStitutive

photomorphogenesisandprecociousflowerlng・PlantJ・4，907－916・

Chiou，T．－J．，andBush，D．（1998）．Sucroseisasignalmoleculeinassimi1atepartitioning・
Proc．Natl．Acad．Sci．USA95，4784－4788．

Cowley，S．，Paterson，H．，Kemp，P・，andMarshall，C・J・（1994）■ActivationofMAP

kinasekinaseisnecessaryandsufncientfbrPC12difftrentiationandfbrtransfbrmation

ofNIH3T3ce11s．Ce1177，841－52．

Crews，C．M．，andErikson，R．L．（1993）．Extracellularsignalsandreversibleprotein

phosphorylation：WhattoMekofital1・Cel174，215－7・

D－Agostino，Ⅰ．B．，andKieber，J・J・（1999）・Molecularmechanismsofcytokininaction・

CurrOpinPlantBio12，359－64・

Davies，J．P．，Yildiz，F．H．，and Grossman，A・R・（1999）・Sac3，an Snfl－1ike

serine／threonine kinase that positively and negatively regulates the responses of

Chlamydomonastosulfurlimitation・PlantCel111，1179－90・

Davies，S．P．，Carling，D．，andHardie，D・G・（1989）・TissuedistributionoftheAMP－

activatedproteinkinase，andlackofactivationbycyclicAMP－dependentproteinkinase，
studieduslngaSPeCi丘candsensitivepeptideassay・EurJBiochem186，123－8・

Dijkwel，P．，Hu勾Ser，C・，Weisbeek，P・，Chua，N・－H・，andSmeekens，S・（1997）・Sucrose

controlofphytochromeAsignalinginArabidopsis・PlantCe119，583－595・

Dominov，J．A．，Stenzler，L・，Lee，S・，Schwarz，J・J・，Leisner，S・，andHowell，S・H・
（1992）．Cytokinins and auxins controlthe expression of a genein Nicotiana

plumbaginifoliacellsbyftedbackregulation・PlantCe114，451－61・

Douglas，P．，Moorhqad，G・，Hong，Y・，Morrice，N・，and MacKintosh，C・（1998）・
Puri蔦cation of a nitrate reductase kinase from Spinacea oleracealeaves，andits

identincationasacalmodulin－domainproteinkinase・Planta206，435－42・

Douglas，P．，Pigaglio，E・，Ferrer，A・，Halford，N・，andMacKintosh，C・（1997）・Three
splnaChleafnitratereductase－3－hydroxy－3－methylglutaryl－CoAreductasekinasesthat

areregulatedbyreversiblephosphorylationand／orCa2＋・10nS．Biochem．J．325，101－

109．

EstruCh，F．，Treitel，M．A．，Yang，X．，andCarlson，M・（1992）・N－teminalmutations
modulateyeastSNFIproteinkinasefunction・Genetics132，639－50・

Gomez－Cadenas，A．，Verhey，S．D．，Holappa，L・D■，Shen，Q・，Ho，T・H・，andWalker－

Simmons，M．K．（1999）．Anabscisicacid－inducedproteinkinase，PKABAl，mediates
abscisicacid－SuPPreSSedgeneexpressioninbarleyaleuronelayers・ProcNatlAcadSci

USA舛，1767－72．

61



Graham，Ⅰ．，Denby，K・，andLeaver，C・（1994）・Catbonca血01iterepressionregulates

glyoxylatecyclegeneexpressionincucumber・PlantCe116・761－772・

Halford，N．G．，andHardie，D・G・（1998）・SNFl－relatedprotein kinases：global

regulatorsofcarbonmetabolisminplantS？PlantMoIBio137，735－48・

Hardie，D．G．，Carling，D・，andCarlson，M・（1998）・TheAMP－aCtivated／SNFIprotein

kinasesubfami1y‥metal）01icsensorsoftheeukaryOticce11？AnnuRevBiochem67，821－

Ito，H．，Fukuda，Y．，Murata，K・，andKimura，A・（1983）・Transfbrmationofintactyeast
ce11streatedwithalkalications．JBacteri01153，163－8・

Jang，J・－C・，andSheen，J・（1994）・SugarSenSinginhigherplants・PlantCe116，1665－

1679．

Johnson，L．N．，Noble，M・E・，andOwen，D・J・（1996）・Activeandinactiveprotein

kinases：StruCturalbasisfbrregulation・Ce1185，149－58・

Ⅲee，H．，andEstelle，M・（1991）－MolecularGeneticApproachesToPlantHormone

Biology・Annu・Rev・PlantPhysiol・PlantMol・Biol・42，529－551・

Kudla，J．，Xu，Q．，Harter，K・，Gruissem，W・，andLuan，S・（1999）・Genesforcalcineurin

B－1ikeproteinsinArabidopsISaredifftrential1yregulatedbystressslgnals・ProcNatl
AcadSciUSA96，4718－23．

Lakatos，L．，Kkin，M．，Hofgen，R．，andBanfalvi，Z・（1999）・PotatoStubSNFlinteracts

with StubGAL83：a Plant PrOtein kinase complex with yeast and marrmalian

counterparts■PlantJ17，569－74・

Li，J．，Wang，X・Q・，Watson，M・B・，andAssmann，S・M・（2000）・Regulationofabscisic
acid－inducedstomatalclosureandanionchannelsbyguardcellAAPKkinase・Science

2β7，300－3．

Liu，D．，Bienkowska，J・，Petosa，C・，Collier，R・J・，Fu，H・，andLiddington，R・（1995）・

CrystalstruCtureOfthezetaisofbrmofthe14－3－3protein・Nature376，191－4・

Liu，J．，andZhu，J・K・（1998）・Acalciumsensorhomologrequiredforplant salt

tolerance．Science280，1943－5．

Lu，G．，Sehnke，P・C・，andFerl，R・J・（1994）・Phosphorylationandcalciumbinding

propertiesofanArabidopsisGF14brainproteinhomolog・PlantCe116，501－10・

Lu，J．L．，Ertl，J・R・，andChen，C・M・（1990）・Cytokininenhancementofthelight
inductionofnitratereductasetranscriptlevelsinetiolatedbar1eyleaves・PlantMoIBioI

J4，585－94．

62



Ma，H．，Bloom，L．M．，Walsh，C．T．，andBotstein，D．（1989）．Theresidualenzymatic

PhosphorylatidnactivltyOfhexokinaseIImutantsiscorrelatedwithglucoserepression

inSaccharomycescerevisiae・MoICe11Bio19，5643－9・

MacKintosh，C．（1998）．Regulation ofcytosolic enzymesin primary metabolismby

reversibleproteinphosphorylation・CurrOpinPlantBioll，224－9・

Mackintosh，R．W．，Davies，S．P．，Clarke，P．R．，Weekes，J．，Gillesple，J．G．，Gibb，B．J．，

andHardie，D．G．（1992）．EvidencefbraproteinkinasecascadeinhigherplantS・3－

Hydroxy－3－methylglutaryl－CoAreductasekinase・EurJBiochem209，923－31・

Mansour，S．J．，Matten，W．T．，Hermann，A．S．，Candia，J．M．，Rong，S．，Fukasawa，K．，
VandeWoude，G．F．，andAhn，N．G．（1994）．Transfbrmationofmammaliancellsby
COnStitutivelyactiveMAPkinasekinase・Science265，966－70・

McMichael，R．W．，Jr．，Klein，R．R．，Salvucci，M．E．，and Huber，S．C．（1993）．
Identincation of the m往IOr regulatory phosphorylation sitein sucrose－Phosphate

Synthase．ArchBiochemBiophys307，248－52・

Miller，C．（1956）．Simi1arityofkinetinandredlightefftcts．PlantPhysiol．31，318－319．

Moorhead，G．，Douglas，P．，Cotelle，V．，Harthill，J．，Morrice，N・，Meek，S．，Deiting，U．，
Stitt，M．，Scarabel，M．，Aitken，A．，and MacKintosh，C．（1999）．Phosphorylation－
dependentinteractionsbetweenenzymesofplantmetabolismand14－3－3proteins．Plant

JJβ，1－12．

Muranaka，T．，Banno，H・，andMachida，Y・（1994）・Characterizationoftobaccoprotein

kinase NPK5，a homolog of Saccharomyces cerevisiae SNFlthat constitutively

activatesexpressionoftheglucose－rePreSSibleSUC2geneforasecretedinvertaseofS．
CereVisiae．MoICellBiol14，2958－65．

Musacchio，A．，Wilmanns，M．，andSaraste，M．（1994）．StruCture andfunction ofthe

SH3domain．ProgBiophysMoIBio161，283－97．

Muslin，A．J．，Tanner，J．W．，Al1en，P．M．，andShaw，A．S．（1996）．Interactionof14－3－3

WithsignalingproteinsismediatedbytherecognltlOnOfphosphoserine．Cel184，889－
97．

Nemeth，K．，Salchert，K．，Putnoky，P．，Bhalerao，R．，Koncz－Kalman，Z．，Stankovic－

Stangeland，B・，Bako，L・，Mathur，J・，Okresz，L・，Stabel，S・，Geigenberger，P・，Stitt，M・，

Redei，G．P．，Schell，J・，and Koncz，C・（1998）．Pleiotropic controlofglucose and

hormOnereSPOnSeSbyPRLl，anuClearWDprotein，inArabidopsIS・GenesDev12，
3059－73．

Peng，C・Y・，Graves，P・R・，Thoma，R・S・，Wu，Z・，Shaw，A・S・，andPiwnicalVormS，H・

（1997）．Mitotic andG2checkpointcontrol‥regulation of14－3－3proteinbindingby

63



PhosphorylationofCdc25Conseriner216・Science277，1501－5・

Petosa，C．，Masters，S．C．，Bankston，L．A．，Pohl，J．，Wang，B．，Fu，H．，andLiddington，
R．C．（1998）．14－3－3zetabindsaphosphorylatedRafpeptideandanunphosphorylated

PePtideviaitsconservedamphipathicgroove・JBioIChem273，16305－10・

Purcell，P．C．，Smith，A．M．，and Halfbrd，N．G．（1998）．Antisense expression ofa
SuCrOSenOn－ftrmentlng－1－relatedproteinkinasesequenceinpotatoresultsindecreased

expression ofsucrose synthasein tubers andloss ofsucrose－inducibility ofsucrose

SynthasetranscrlPtSinleaves・PlantJournal14，195－202・

Rose，M．，Albig，W．，andEntian，K・D・（1991）・GlucoserepressioninSaccharomyces
CereVisiaeisdirectlyassociatedwithhexosephosphorylationbyhexokinasesPIandPII・

EurJBiochem199，511－8．

Sarhbrook，J．，Frisch，E．，andManiatis，T．（1989）．MolecularCloning，aLaboratory

Manual．ColdSpringHatborLaboratoryPress（ColdSpringHarbor，NY）・

Sano，H．，Seo，S．，Koizumi，N．，Niki，T．，Iwamura，H．，and Ohashi，Y．（1996）．

Regulationbycytokininsofendogenouslevelsofjasmomicacidandsalicylicacidsin

mechanicallywoundedtobaccoplants．PlantCe11Physio137，762－769・

Sano，H．，Seo，S．，0rudgev，E．，Youssenan，S．，Ishizuka，K．，andOhashi，Y．（1994）．

Expressionofthegenefbrasma11GTPbindingproteinintranSgenictobaccoelevates

endogenouscytokininlevels，abnormallyinducessalicylicacidinresponsetowounding，

andincreasesresistancetotobaccomosaicviruSinftction．Proc．Natl．Acad．Sci．U SA

タブ，10556－10560．

San0，H・，and Yousse負an，S・（1994）・Lightand nutritionalregulation oftranscripts

encodingawheatproteinkinasehomologlSmediatedbycytokinins．Proc．Natl．Acad．

Sci．USA卯，2582－6．

Schiestl，R．H・，andGietz，R・D・（1989）．Highefnciencytransfbrmationofintactyeast

CellsuslngSlnglestrandednucleicacidsasacarrier．CurrGenet16，339－46．

Schultz，T・F・，Medina，J・，Hill，A・，andQuatrano，R・S・（1998）．14－3－3proteinsarepart

OfanabscisicacidNIVIPAROUSl（VPl）responsecomplexintheEmpromoterand
interactwithVPlandEmBPl．PlantCelllO，837－47．

Sheen，J．（1990）－MetabolicrepressionoftranSCriptioninhigherplantS．PlantCe112，
1027－1038．

Shi，J．，Kim，K・N・，Ritz，0・，Albrecht，V．，Gupta，R．，Harter，K．，Luan，S．，andKudla，J．

（1999）．NovelProteinKinasesAssociatedwithCalcineurinB－1ikeCalciumSensorsin

Aral）idopsis・PlantCeull，2393－2406・

Simmons，C．R・，Litts，J・C・，Huang，N．，andRodriguez，R．L．（1992）．StruCtureOfarice

64



beta－glucanase gene regulated by ethylene，CytOkinin，WOunding，Salicylic acid and

fungalelicitors．PlantMoIBiol18，33－45．

Stone，J．，andWalker，J・（1995）・Plantproteinkinasefami1iesandsignaltransduction．

PlantPhysiol・108，451－457・

Su，W・，and Howe11，S・（1995）・The efftcts of cytokinin andlight on hypocotyl
elongationinArabidopsISSeedlingsareindependentandadditive・PlantPhysiol・108，
1423－1430．

Su，W・，Huber，S・，andCrafbrd，N・（1996）・Identincationinvitroofapost－tranSlational

regulatorysiteinthehingelreglOnOfArabidopsISnitratereductase．PlantCeⅢ8，519－

527．

Sugden，C．，Donaghy，P・G．，Halfbrd，N．G．，and Grahame Hardie，D．（1999）．Two

SNFl－related protein kinases h・Om Spinach Leaf phosphorylate andinactivate3－

Hydroxy－3－methylglutaryl－Coenzyme A reductase，nitrate reductase，and sucrose

Phosphatesynthaseinvitro．PlantPhysiol．120，257－274．

Thorson，J．A．，Yu，L．W．，Hsu，A．L．，Shih，N．Y．，Graves，P．R．，Tanner，J．W．，Allen，P．

M・，Piwnica－WormS，H・，and Shaw，A・S・（1998）・14－3－3proteins are required for
maintenanceofRaト1phosphorylationandkinaseactivity．MoICellBiol18，5229－38．

Toroser，D・，Athwal，G・S・，andHuber，S・C・（1998）・Site－SPeCincregulatoryinteraction

betweensplnaChleafsucrose－Phosphatesynthaseand14－3－3proteins・FEBSLett435，
110－4．

Toroser，D・，and Huber，S・C・（1997）．Protein phosphorylation as amechanism fbr

OSmOtic－StreSSaCtivationofsucrose－PhosphatesynthaseinsplnaChleaves・PlantPhysioI
JJ4，947－55．

Tzivion，G・，Luo，Z・，andAvruCh，J・（1998）・Adimeric14－3－3proteinisanessential

COfactorfbrRafkinaseactivity．Nature394，88－92．

Verwoerd，T・，Dekker，B・，andHoekema，A・（1989）．Asmall－SCaleprocedurefbrthe

rapidisolationofplantRNAs．NucleicAcidsRes17，2362．

Wenzler，H・，Mignery，G・，Fisher，L・，andPark，W・（1989）・Sucrose－regulatedexpression
Ofachimericpotatotubergeneinleavesoftransgenictobaccoplants・PlantMoIBiol13，
347－54．

Xiao，B・，Smerdon，S・，Jones，D・，Dodson，G．，Sonqji，Y．，Aitken，A．，andGamblin，S．

（1995）・StruCture Ofa14－3－3proteinandimplications fbrcoodination ofmultiple

Slgnallingpathways・Nature376，188－191．

Yu，XリSukumaran，S・，andMrton，L・（1998）・Difftrentialexpressionofthe㌫abidopsis

nialand nia2genes・CytOkinin－inducednitratereductase activitylS COrrelatedwith

65



increasednialtranSCrlPtlOnandmrnalevels．PlantPhysioll16，1091－6．

Zeng，Y．，Fotbes，K・C・，Wu，Z■，Moreno，S・，Piwnica－Worms，H・，andEnoch，T・（1998）・

ReplicationcheckpointrequlreSPhosphorylationofthephosphataseCdc25byCdslor

Chkl．Nature395，507－10．

Zha，J．，Harada，H．，Yang，E．，Jockel，J．，and Korsmeyer，S．J．（1996）■　Serine

PhosphorylationofdeathagonistBADinresponsetosurvivalfactorresultsinbinding
to14－3－3notBCL－X（L）．Cel187，619－28．

66



Listofpublications

Ikeda，Y．，Koizumi，N．，Kusano，T．，Sano，H．（1999）Sucroseandcytokininmodulation

OfWPR4，ageneenCOdingaSNFl－relatedproteinkinasefromwheat・PlantPhysiol・

121，813－820

67


