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Abstract

OxidationofC－Hbondsisausefu1reactioninorganicchemistrybecausedesired

OXyfunctionalizedcompoundscanbeobtainedfromcommonhydrocarbons・Mucheffbrt

hasbeendirectedtowardthedevelopmentofefficientstereoselectiveoxidationof

hydrocarbons，butresultedinonlymoderateenantioselectivltyWithmostalkaneS・

Biocatalyticreactionsaregeneral1yhighlyreglO－andstereospeCific・Inthisstudy，

microorganismsffomsoilsampleswerefirstlyscreenedfbrconversionofalkylbenzenesto

Chiralcompounds・SomefunglWerefbundtoconvertofpropylbenzeneto

（R）－l－Phenylpropan01，Whichisusefu1fbrsynthesisofoptical1yactivel－Chloro－

l－Phenylpropaneandliquidcrystals，andisanauXiliaryusedfbrpreparationofterpeneS・

Optimizationofconditionsfbrtheproduction，andelucidationofthereactionmechanism

werethenstudied．

InChapterl，PrOductionofhydroxylatedalkylbenzeneswasdescribed・The

screenlngOfmicroorganismswaspreformedfbrthehydroxylationofalkylbenzenesinthe

sectionl．Yeastsandmoldsthatconvertedethylbenzeneandpropylbenzeneintotheir

correspondingoxygenatedproductsduringlnCubationofcellswereisolated・One

ParticularlypotentstrainwasidentifiedasFusariummonilわTme・Thefungusoxidized

thesidechainsofethylbenzeneandpropylbenzeneselectivelyatthebenzylicposltlOn・

Theproductswereidentinedtobel－phenylethan01andトphenylpropan01，reSpeCtively，

byGC－MSandHPLCwithachiralcolumn，Withl00％enantiomericexcessofthe

（R）－（＋）－fbrm．ToincreasethespeCincactivityofthehydroxylatingenzymeinF・

monil陶nnestrainMS31，thecomponentsofthemediumandthereactionconditions

wereoptlmizedinthesection2・GlucoseandNaNO3WereSelectedascarbonand

nitrogensources，reSPeCtlVely・Thesubstrate，PrOPylbenzene，inhibitedthefungal

growthandtheenzymeactivlty・Acetoinaddedtothemediumincreasedboththe

growthandtheenzymeactlVlty，andhydroxylationofpropylbenzeneincreasedby

l・4－fbld・MaximumbioconversionofpropylbenzenebyrestlngCellsystemwasat

25－30OcandpH7．Owithcellsatconcentrationof40mg（dry）permiofreactionmixture・

Conversionwasacceleratedassoonaspropylbenzenewasadded；Slowlng2hlater・
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Fina11y，F・mOnilifbT7neStrainMS31produced（R）－1－PhenylpropanoIwithan

enantiomericexcessof98％attheconcentrationof16mM（2・2mg・ml－1）．Toelucidate

thescopeOfsubstrateacceptabilitybythefungus，Iusedvariousaromaticcompoundsfbr

thebioconversioninthesection3・Thefungushydroxylatedvariousalkylbenzenesat

thebenzylicpositiontoproduceoptical1yactivealcohoIs・Butylbenzenewasconverted

tononbenzylicalcohoIs・Inallcases，theRabsoluteconngurationofproductswasmore

abundant・Aromaticcompoundswithlinearsidechainsand（2－methylpropyl）benzene

WereCOnVertedtotheircorrespondingalcohoIswithanenantiomericexcessof94％to

lOO％・FurtheroxidationofthealcohoIswasdetected，butitwasweak．

InChapter2，thecharacterizationofthehydroxylatingenzymeofF．monilifbnnestrain

MS31wasdone・Hydroxylationofpropylbenzeneneededmolecularoxygen，andNADPH

asacoenzymegaveahigheryieldthanNADH・ThehydroxylationincreasedwhenFAD

andFMNwereadded，SuggeStlngthattheenzymewasaflavoprotein・Catbonmonoxide

inhibitedthehydroxylation，aSdidothercytochromeP450（P450）inhibitorssuchasS

525Aandmiconazole．ThesecharacteristicsmatchedthoseofamicrosomalP450

monooxygenasesystemthatcontainedNADPH－CytOChromeP450reductase（CPR）．

InChapter3，ItriedtoisolateaCPRgeneandaP450geneinvoIvinglnthe

hydroxylationofpropylbenzene・AcDNAencodingCPRwasisolatedbyRT－PCRinthe

SeCtionl・Thededucedaminoacidsequenceshowedahighsimi1aritytotheCPRsfrom

Othereukaryotesandthefunctionaldomains，NADPH－，FAD－，FMN－，andP450－binding，

Werehighlyconservedinthesetaxonomical1ydiversespecies・Expressionin

SaccharomycescerevisiaeundercontroIGALIpromoterresultedin5－fo1dincreasein

NADPH－CytOChromecreductaseactivltylntheyeastcellextract・ThreecDNAsencoding

P450wereisolatedbyRT－PCRinthesection2．OneofthemwasanovelP450andthe

deducedaminoacidsequencematched498proteinsinBLASTsearchwithknownprotein

databasesequences？allbelonglngtOtheP450family・TheothersweresimilartoP450－1

andP450－2fromGibberella動ikuroi，WhichissexualstateofF．monilわnne，andthe

identitiesinthenucleotidesequencewere96and95％，reSpeCtively・ThecellsofS．

CereVisiaeharboringthecDNAsencodingP450didnotshowthehydroxylationof

PrOPylbenzene．
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GeneralIntroduction

TheapplicationofenzymesascatalystisoneofthefastestgrowlngareaSintheneldof

Organicchemistry・BioconversionisamethodofharneSSlngthepowerofenzymesin

Organicsynthesis・TheabilityofenzymestoperformreactionsinareglO－andstereospeCific

manner，Whilefunctionlngundermi1dconditionsoftemperatureandpH，0fftrsunsurpassed

POtentialfbrtheproductionofchiralmolecules．

Theproductionofoptical1ypurecompoundsisincreaslnglmPOrtanCetOthechemical

andpharmaCeuticalindustries（Stinson1995）・ForexamPle，thepresenceofthe‘wrong’

StereOisomerinapreparationofachiralpharmaCeuticalcompoundcanhavesevereadverse

efftctsonpatientsor，inthecaseofachiralagrochemical，maylnCreaSetheburdenonthe

environment・Mostchiralcompoundscanbeproducedbychemicalsynthesis，by

bioconversion，byacombinationofbothoftheseapproaches，Orbyextractionfbmplant

material・Thebioconversionhasseveraladvantages・Biocatalystsoperateundermi1d

COnditions，andtheyarealsoreaction－，reg10－，andstereospeCific，thusyieldingftwer

by－PrOductsthanchemicalsynthesis・Theusefu1enzymesinproductionofoptical1ypure

COmPOundsarelipases，dehydrogenases，1yases，OXygenaSeS，andsoon・Lipasescatalyses

boththehydrolysISandthesynthesisofesterstoproduceoptical1yactivecompoundsbythe

resolutionofracemates（JeagerandReetz1998）．Dehydrogenasescatalyzethereductionof

C＝Obondstoproduceoptical1yactivealcohoIs，hydroxyacids，andaminoacids（Hummel

1999）・TheasymmetricreductionofC＝Obondscatalyzedbybaker’syeastarewellstudied

（EguchiandMochida1995）・LyasescatalyzetheadditionofgroupstoC＝Cbondsorthe

formationofC－Cbonds，reSultinginthefbrmationofoptical1yactivecompounds（vander

Werfetal・1994）・OxygenasescatalyzetheadditionofoxygentoC＝CbondsandC－H

bondstoproduceopticallyactiveepoxidesandalcohoIs（Holland1992）．

ThisstudyfbcusesonthemicrobialhydroxylationtoproduceoptlCallyactivealcohoIs・

Hydroxylationbelongstothemostversatilereactionsinorganicchemistry，Sincepotentially

usefuloxyfunctionalizedsynthonsmaybeobtainedfromreadilyavai1ablehydrocarbons・
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Metal－CatalyzedasymmetrichydroxylationshavebeenperbrmedbyemploylngChiral

auxiliaries（Jacobsenetal．1988）andopticallyactiveoxidants（Davisetal．1984；FLtiieta）．

1993；Hamadaetal・1998）toaffbrdenantiomericallyenrichedproducts．Despiteallthese

effbrts，Onlyamoderateenantioselectivltyhasbeenachieved・Microorganismshavebeen

SuCCeSSfu11yappliedtotheselectiveoxygenationofunactivatedC－Hbondsinorganic

Substrates・Them叫Oremphasisofsuchworkhasfocusedonthehydroxylationofsteroids，

terpenes，andothernaturalproducts（Holland1999）．Thehydroxylationofxenobioticsis

fewerthannaturalproducts・XenobioticsarenotreadilylntrOducedintocellsfor

metabolism・Manymonooxygenases，Whicharemaincatalystsofmicrobialhydroxylation，

arehighlysubstrate－SpeCific，andtherefbre，theirapplicationsarerestrictedtocloselyrelated

Substrates．Thepurposeofthisstudywastosearchformicroorganismsthatareusefulfor

thereglO－andstereoselectivehydroxylationwithbroadsubstratespecincity．

Inthisreport，thereg10－andstereoselectivehydroxylationofalkylbenzenesbyFusarium

monil折）TmeStrainMS31wasinvestigated．InChapterl，microorganismswerescreenedfor

thehydroxylationofalkylbenzenesandthestrainMS3lwasusedintheinvestlgationofits

Optlmalconditionsforthehydroxylationandofpossiblesubstrates．Forclarifytheenzyme

invoIvedinthehydroxylationofpropylbenzene，enZymaticpropertieswereinvestlgatedin

Chapter2andpossiblegenesencodingthehydroxylationenzymewereclonedinChapter3．

－2－
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Chapterl

Productionofhydroxylatedalkylbenzenes

MicroorganismshydroxylatealkylbenzeneseitheratthearOmaticnngoratthealkylside

Chain・SomeofhydroxylatedproductsareuSefu1fbrsynthesisofdrugS，flavors，1iquid

CryStals，andsoon・ForexamPle，2－Phenylethan01andracemicl－Phenylpropanolare

COmmerCiallyusedasaroseflavorandacholereticdrug，reSPeCtively．（R）－1－Phenylethaolis

usedaschiralreagentfbrthedeteminationofenetiomericpurityandforresolutionsofacids

（Takeuchietal・1987）andasanauXiliaryfbrsynthesisofacholesterol－loweringagent，

（＋）－COmPaCtin（RosenandHeathcock1985）．

Inthischapter，thehydroxylationofalkylbenzenesuslngWholecellswasdescribed・

MicrobialhydroxylationinvoIvesanenZymeOftheoxidoreductasegroup，Whichcontains

OXygenaSeS，OXidases，anddehydrogenases・Theseenzymesaregeneral1yunstableand

expenSivetoprepare；manyneedexpenSivecofactorssuchasNAD（P）H．Theuseofwhole

Cellsratherthanpur摘edenzymeshasthefbllowlngadvantages・Microbialcellsareless

expenSivethanpurinedenzymes，andtheactivityoftheenzymeofinterestmaybemore

StableinthecellthanWhenpurined・Theadditionofpurinedcofactorsisusuallynot

necessarybecausegeneral1ytheyarealreadypresentwithinthecell，OrCanbegeneratedthere・

Theregenerationofcofactorsoutsidethereactionsystemisunnecessarywhenwholecellsare

used．

Thesectionlisconcernedwithscreenlngfbrmicroorganismsthatwereusefu1fbr

COnVerSionofalkylbenzenestochiralcompounds・SomefunglCOnVertedethylbenzeneand

PrOPylbenzeneintothecorrespondingoxygenatedproductsandafungalstrainMS31that

Showedhighestyieldof（R）－l－Phenylpropan01wasidentifiedasFusariummonil陶Tme．In

thesection2，mediafbrcultivationofFusariummonilifbTmeStrainMS3landtheconditions

Ofthecellreactionwereinvestigatedtoincreasetheyieldof（R）－1－Phenylpropanol．Inthe

SeCtion3，thesubstratespeCincitywasinvestigated．

一3－
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Sectionl

ScreenlngOfmicroorganismsforstereoselectiveoxidationof

alkylbenzenes

Oxygenationisimportantinbiodegradationaswellassynthesis・Owingtothe

dimcultyofaddingoxygenatomsreglO－andstereoselectivelyatnonactivatedC－Hbondsby

chemicalsynthesis，biotransformationsystemsareoftenusedinorganicsynthesisatpresent

（Holland1999）．Someoxygenasesparticipateinthedegradationoforganiccompounds・

Monooxygenasesofmethane－Oralkane－utilizingbacteriaoxidizeawiderangeof

hydrocarbons・MethanemonooxygenaseisusedintheproductionofalcohoIs，ePOXides

（Perry1979；Higgins1980），andhydroquinone（Yoshidaetal・1990）・Alkene

monooxygenaseisusedintheproductionofvariousepoxides（deBont1993）・These

oxygenasesareinducedbysubstratesotherthanalkenesandmethane・Themicrobial

pathwaysfbrthediteminaloxidationofalkanehavesecondaryalcohoIsand

methylethylketone（MEK）asintermediates（Markovetz1971），allofwhichinducealkane

monooxygenases（Yoshidaetal・1990；OnoderaandOgasawara1990）・

Inthissection，microorganismsthatwereusedMEKasasolecarbonsourcewere

isolatedfromsoilsamplesandwerescreenedfbrstereoselectivehydroxylationof

alkylbenzenes・MEKisliquidatroomtemperature，miscibleinwater，andtherefbremore

convenienttouseincultivationthanmethaneandothergaseousalkaneSfbrinductionof

OXygenaSeSWithbroadsubstratespeCincity・

MERIALSANDMETHODS

Chemicals A11chemicalswerepurchasedandusedwithoutfurtherpurincation・

Isolationofmicroorganisms Thebasalmedium（BMl）fbrisolationof

assimilatorsofMEKcontained，Perllofdeionizedwater，10gofNaNO3，2gofNH4Cl，2g

ofKH2PO4，3gofK2HPO4，2gofNaCl，0・2gofMgSO4・7H20，0・5gofyeastextract（dried；

ー4－
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typeS；NihonPharmaceuticalCo・，Tokyo），and2miofametalmixture，PH7・0・Themetal

mixtureconsistedof，per100miofdeionizedwater，400mgofMnC12・2H20，350mgof

FeC12・4H20，200mgofZnC12，20mgofCoC12，20mgofCuC12・2H20，10mgof

Na2MoO4・2H20，10mgofNa2B407・10H20，and2mlofconc・HCl・MEK，unSteri1ized，

wasaddedtoBMltoaconcentrationofl％（v／v）．Smal1amountsofsoilwereaddedto4ml

ofthemediumin16．5×165－mmteSttubesandthemixturewascultivatedat300Cona

recIPrOCalshakerat300rpm・Whengrowthwasobserved，aO・4－miportionwastranSftrred

to4mloffreshmediumandcultivationwascontinued．TranSftrswererepeatedfbratotal

offburtimesfbrenrichment．

Cultivation AllstrainsisolatedweremaintainedonBennett’sagar，Whichwas

composedofl％（w／v）glucose，0・5％（W／v）pePtOne（PolypePtOn㊥；NihonPharmaCeutical），

0．2％（W／v）yeastextract，0．2％（w／v）Ehlrich’sbonitoextract（RikenVitaminCo・，Tokyo），

andl．5％（w／v）agarintapwater（PH7．0）．Microorganismswereculturedin200miofBMI

containingl％（V／v）MEKina2－1Erlenmeyerflaskat300Conarotaryshakerat150rpmfbr

3d・Themyceliaorcellswerecollectedbynltrationorcentrifugation，WaShedtwicewith

50mlof25mMpotassiumphosphatebuffbr，PH7・0（KPB），andkeptat－200Cuntiluse・

Cellreaction WetmyceliaorcellsweighingO・lgweresuspendedin2miof25

mMKPBin16．5×165－mmteSttubes，and200pmolofethylbenzene（21pl）or

propylbenzene（24pl）wasadded・ThetesttubesweresealedwithbutyトrubberstopperSand

incubatedat300ConarecIPrOCalshakerat300rpm・After24h，thereactionmixturewas

acidinedbytheadditionofO・2miof6NHClandextractedwith2miofn－hexane・The

extractswereanalyzedasfbllows．

GC GCwasdonewithagaschromatograph（modelGC－14B；ShimadzuCorp・，

Kyoto）equippedwithaflameionizationdetectorandanintegrator（model16A，Shimadzu）・

n－HexaneextractwasinjectedintoaDB－5capillarycolumn（30mxO・32mm（i・d・）；the

coatingwasO．25匹mthick；J＆WScientificInc・，FoIsom，CA）・GCwasruninitial1yat

800Cfbr7minandthenwithatemperaturegradientoflOOC・min－1to1200C，WithHegasata

flowrateof2ml・min－1（splitratio，20：1）・ThetemperatureSOftheiqiectorandthedetector

Were200and2500C，reSpeCtlVely・

一5一
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GC・MS ProductswereanalyzedbyGC－MSwithauthenticsamplesandtheWiley

massspectrumdatabase（McLafftrtyandStau鮎r1989）fbrreftrence・Massspectrawere

Obtainedwithagaschromatograph（HP5890seriesII；Hewlett－PackardCo・，PaloAlto，CA）

COuPledwithamassspectrometer（MS；MStationJMS－700；JEOLLtd・，Tokyo）．GC

COnditionswerethesameasdescribedaboveexceptthatthesplitlessmodewasusedwithHe

（5ml・min－1）asthemobilephase・ThecolumnwasdirectlycoupledtotheMSionization

Chamber，Wherethesourcewassetat2000Candtheionizationenergyandthetrapcurrent

Wereat70Ⅳand300pA，reSPeCtively・Iondetectionandmassspectrawererecordedand

PrOCeSSedbyMS－MP7010software（JEOL）ona715／64computer（Hewlett－Packard）．

HPLC TheHPLCsystemhadL－7000pumpunits，anL－4500photodiodearray

detector，andaD－6500Jsystemmanager（HitachiLtd・，Tokyo）・AChiralcelODcolumn（25

CmX4・6mm（i・d・），5－PmParticlesize；DaicelChemicalIndustries，Ltd・，Osaka）wasusedfbr

SeParationoftheenantiomersofl－Phenylethanolorl－Phenylpropanol・Themobilephase

WaSn－hexane－2－PrOPanOl（90：10，byvolume）andtheflowratewaso．5ml．min－1fbrthe

SeParationoftheenantiomersofl－Phenylethanol・1－PhenylpropanoIwasseparatedwitha

97：3mixtureofn－hexaneand2－PrOpanOlataflowrateoflml・min・A254－nmUVlight

WaSuSedfbrtheexaminationofallsubstratesandproducts・

RESULTS

ScreenlngOfmicroorganismsthatoxidizedthesidechainsofethylbenzeneand

PrOPylbenzene Enrichmentculturewithl％（V／v）MEKyielded355strainsofbacteria，

yeasts，andmolds・GrowthinBMIcontainingl％（v／v）MEKwaspoor，SOStrainswere

growninBMIcontainlng4％MEKinasecondaryscreenlng・Twobacteria，tWOyeaStS，and

17moldsgrew・Inthecellreactionsystem，allyeastsandmoldsoxidizedthesidechainsof

ethylbenzeneandpropylbenzenetol－Phenylethanolandl－Phenylpropanol，reSpeCtively

（Tablel・1・1），butthebacteriadidnotproducedetectableproducts．Productsofthefive

highestproducersamongthemoldswereanalyzedandfbundtobeinthe（R）－（＋）－fbrm．No

－6－



StrainsgrewinBMIcontainingO．1％，0．5％，Orl％（V／v）ethylbenzeneorpropylbenzeneas

thesolecarbonsource・Afungus，StrainMS31，WaSSelectedasbeingthemostpotentand

WaSStudiedfurther．

rIABLEl・1・1・OxidationofethylbenzeneandpropylbenzenebyacellsuspenSionofisolated
microorganisms

Strain Benzylicalcoholfrom：

E仙ylbenzene

匹mOl　　％a

2．4　　　　　1．2

3．4　　　　　1．7

2．4　　　　　1．2

2．4　　　　　1．2

l．6　　　　　0．8

12．4　　　　　6．2

13．4　　　　　7．2

0．8　　　　　0．4

Propylbenzene

％a　　％ee岬）

1．2

0．4

2．3

l．2

1．2

5．7　　　　　　　97

8．1　　　　　　98

1．2

4．2　　　　　　　98

4．6　　　　　　　99

2．7

1．2

3．1

0．8

0．4

2．3

3．1　　　　　　98

2．7

2．8

％既岬）　　　　けmO1

2，4

0．8

4．6

2．4

2．4

95　　　　　　11．4

98　　　　　　16．2

2．4

MH27（mold）

MSO5（yeast）

MS27a（mold）

MS27b（mold）

MS29（mold）

MS30（mold）

MS31（mold）

MS33（mold）

MS37（mold）

MS40a（mold）

MS40b（mold）

MS43（yeast）

MS44（mld）

MS46a（mo）d）

MS46b（mold）

MS47（mold）

MS49（mold）

MS50a（mold）

MS50b（mold）

6．6　　　　　3．3　　　　　　100　　　　　　　8．4

3．4　　　　　1．7　　　　　　100　　　　　　　9．2

4．2　　　　　2．1

2．4　　　　　1．2

2．4　　　　　1．2

1．6　　　　　0．8

0．8　　　　　0．4

5．0　　　　　2．5

9．2　　　　　4．6

4．6　　　　　2．3

5．0　　　　　2．5

5．4

2．4

6．2

1．6

0．8

4．6

98　　　　　　　6．2

5．4

5．6

TYLereaCtionprocedureandidentificationoftheproductswereasdescribedinMaterialsandMethods．

apercentageofpmolesoftheproductt叫mOlesofthestartlngSubstrate・

IdentificationofMS31　　StrainMS31waspalegraywhengrowlngOnPlatesof

Bennett’sagarorCzapek－Doxagar・After5dofculture，theculturemediumturnedpurple．

MicroscopICObservationofthefungusonslidesshowedthatitwasfilamentous，hadsepta，

anditscrescent－ShapedconidiadidnotgrowinchainsbutwereborneOnPhialides．These

－7－
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arecharacteristicsofthegenusFusarium・Thefunguswasinvestlgatedfurtheratthe

CentraalbureauvoorSchimmelcultures（Baarn，theNetherlands）anditwasidentifiedas

Fusariummonilわnnes．s．（＝Fusariumverticillioides（Saccardo）Nirenberg）・

Identificationofreactionproducts Ethylbenzeneandpropylbenzenewere

incubatedwithcellsofF．monilUbnnestrainMS31fbr24h（Fig・1・1・l）・Twopeaks

appearedinbothchromatograms，forethylbenzeneat5・5and5・7min（PrOductsland2），and

fbrpropylbenzeneat8．8and9・2min（PrOducts3and4）・Theratiosoftheareasofmqior

peaks（PrOductslor3）tothoseofminorpeaks（PrOducts20r4）were39and40，reSPeCtively・

A）

B）

n－Hexane

EthyIbenzene 1

⊂

●∈

l∫つ

Lr）

Ln

2

⊂

■∈

m
トー

Propylbenzene
3

⊂

■∈

の
卜ヽ

d

4

⊂

●∈

の
▼‾‾

d

0　　　　　　　2　　　　　　　4　　　　　　　6　　　　　　　8

Retentiontime（min）

10 12

FIG．1．1．1．Gaschromatogramsofproductsfromethylbenzene（A）andpropylbenzene（B）incubatedwith

restingcellsofF．monil陶rmestrainMS31．n－HexaneextractswereinjectedintoaDB－5capillarycolumn

connectedwithaGCequlpPedwithaflameionizationdetector・ConditionswereasdescribedinMaterialsand

Methods・Productpeaksarelabeledwiththeretentiontime・
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TheseproductswerecharacterizedbyelectronionizationGC－MS（Fig．1．1．2）．The

molecularionpeaksofproductsland3wereat〝め122and136（M＋），reSpeCtively．

Fragmentpeaksat別々77，79，andlO7werecharacteristicofbenzylicalcohoIs．Other

fragmentpeaksmatchedthoseobtainedfromthecorrespondingauthenticchemicals．The

SpeCtrumfbrproductlmatchedthatfbrl－phenylethan01intheWileymassspeCtrumdatabase

（McLaffbrtyandStau鮎r1989）・Product3wasidentifiedinasimi1arwayasbeing

l－phenylpropanol・Themolecularionpeaksofproducts2and4wereatmh120and134

（M＋），reSpeCtively・Products2and4wereidentinedasacetophenoneandpropiophenone，

respeCtively，bycomparisonoftheirspeCtraWiththoseofauthenticchemicals．

Stereochemistry Figurel・1・3showsresultsofHPLCofthereactionproductson

ChiralcelODcolumns・1－Phenylethan01andl－PhenylpropanoleachwereresoIvedintotwo

peaks，bothat14and16min・Acomparisonwithenantiomericallypuresamplesofthe

A）

B）

斤　s

△ △

1－PhenyJethanol

Reactionmixture

月

日

S

1－PhenylpropanoJ

Reactionmixture

0 5 10

Retentiontime（min）

15

FIG・1・1・3・HPLCofproducts丘omethylbenzene（A）andpropylbenzene（B）incubatedwithrestingcellsof

F・mOnilqbrmestrainMS31・n－HexaneextractswereinjectedintoaChiralcelOD。。l。mn．HPLCw。Sd。ne

asdescribedinMaterialsandMethods・Opticalresolutionchromatogramsofauthenticl－Phenylethanoland

l－PhenylpropanolareshownoverthechromatogramsoftheapproprlatereaCtionmixture．
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authenticalcohoIsshowedthataboutlOO％enantiomericexcesswasthe（R）－（＋）－isomer．

Wheneitherproductwasmixedwiththe（S）－（－）－isomer，thepeakoftheproductwasseparated

fromthatofthe（S）－（－）－isomer・Additionofthe（R）－（＋）－isomerincreasedtheintensityofthe

PrOductpeak．

DISCUSSION

Methane－Oralkane－utilizingmicroorganismssofarreportedweremostlybacteriaand

yeasts・Mostoftheassimi1atorsofMEKisolatedbyTaguchietal・（1995，1996）asoxidizers

Of2－methylnaphthalenewerebacteria・ThefungusIisolated，F・mOnilわTmeStrainMS3l，

OXidizedethylbenzeneandpropylbenzenetothecorrespondingbenzylicalcohoIswithan

enantiomericexcessof98％inthe（R）－（＋）－fbrm（Fig・1・1・4）・Theseproductswerenot

metabolitesfromthesealkylbenzenesbecausethefungusdidnotgrowonethylbenzeneor

PrOPylbenzene・MostofthemicroorganismsisolatedasMEKassimi1atorsinthisstudywere

filamentousfungl・Enzymesproducedbythesefunglmightbedifftrentfromthe

COrreSPOndingalkanemonooxygenasesfrombacteria・Allthefburhighestproducersexcept

StrainMS31wereidentinedasFusariumsolaniatNCIMBJapanCo．，Ltd．（Shizuoka，data

notshown）・FilamentOuSfungibelongingtothegenusFusariummayconvertalkylbenzenes

tocorrespondingbenzylicalcohoIsfbr（R）－fbrmwithhighenantioselectivity．

◎〈R
R＝CH3　200ドmOI

R＝C2H52（犯いmOl

ぷ
13・4いmO198％ee（尺）
（6．7％）

16・2いmO198％ee（尺）

（8．1％）

．㌦R
O．3いmOl

（0．2％）

0・4いmOl

（0．2％）

FIG・1・1・4・Transformationofethylbenzene（R＝CH3）andpropylbenzene（R＝C2＝5）byFmoniliPrme

StrainMS31・Percentageispmolesoftheproducttopmolesofthestart］ngSubstrate．
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Thedegradationofalkylbenzenesincludingethylbenzeneandpropylbenzenebymany

bacteriahasbeenreported．OneNocardiasp．oxidizesethylbenzeneandpropylbenzeneto

Phenylaceticacidandphenylacrylic（cinnamic）acid，reSpeCtively（DavisandRaymond1961）．

PseudomonasputidametabolizesethylbenzenestartlngbyoxygenationofC－2andC－30fthe

aromaticnucleus（Gibsonetal．1973）．PseudomonasdesmolyticaandPseudomonas

COnVeXagrOWnOnPrOPylbenzeneoxidizepropylbenzeneto3－PhenylproplOnicacidand

benzoicacid，reSPeCtively，throughoxygenationoftheterminalofthen－PrOPylsidechainand

thenthroughβ－OXidation（Jigamietal．1979）．Thesamestrainsoxidizepropylbenzeneto

3－（n－PrOPyl）catecholthroughoxidationofC－2andC－30fthearOmaticnucleus．Analkane

monooxygenasefromPseudomonasoleovoransGPoIconvertsethylbenzeneand

PrOPylbenzeneinto2－Phenylethanoland3－Phenylpropanol，reSPeCtively（vanBeilenetal．

1994）・Thesebacterialmetabolicpathwaysforethylbenzeneandpropylbenzenedonot

invoIvebenzylicalcohoIs．

Therehasbeenonlyonereportoftheoxidationofalkylbenzenesbyfungl．Certain

fungi，MortierellaisabellinaNRRL1757，Helmintho5POriumsp．strainNRRL4671，and

Cunnlnghamellaechinulatavar．elegansATCC2629，metabolizealkylbenzenesincluding

ethylbenzeneandpropylbenzeneviabenzylicalcohoIs（Ho11andetal．1987）．Amongthem，

M・isabellinafbrmsl－Phenylethanolandl－phenylpropanol．However，thestereospeCificity

WaSlow，With33％and25％enantiomericexcessofthe（R）－（＋）－fbrms，reSPeCtively．
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Section2

0ptimizationofproductionof（R）－1－Phenylpropanolby

Fusariummonil陶TmeStrainMS31

ChiralsecondaryalcohoIsareusedaschiralauxiliariesinorganicchemistry．Racemic

トphenylpropanolisusedasacholereticdrugandthe（R）－isomerofthischemicalisusefu1for

Synthesisofopticallyactivel－Chloro－1－Phenylpropane（Stephensonetal・1979）andliquid

CryStals（Gottarellietal．1981），andisanauxiliaryusedfbrpreparatiQnOfterpenes（Zadelet

al．1991）．Catalystsderivedfromchiralligandscatalyzeenantioselectiveethylationof

benzaldehydewithdiethylzinc．Azincchelatederivedfromethyl（S）－N－

（ethoxycarbonyl）pyroglutamateCatalyzesthereactiontofbrm（S）－1－Phenylpropan01witha

94％enantiomericexcess（Coreyetal．1990）．PiperaZinecompoundswith（2S，5S）－diphenyl

groupscatalyzethereactiontofbrmenantiomersofl－Phenylpropanolinlowerselectivity

（F両igJαJ．1993）．

Transbrmationwithenzymesorintactce11sofmicroorganismstakesplaceunder

moderatereactionconditions．ArecombinanteSteraSefromPseudomonasjluorescensgives

ahighyieldandhighenantioselectivltylntheacylationofl－Phenylethan01tol－Phenylethyl

acetatewithvinylacetateintoluene，butl－Phenylpropanolisconvertedatalowyieldwith

lowenantioselectivity（bebsfngeretal．1998）．Withporcinepancreaslipase，reSOlutionof

racemicl－Phenylethanolandl－Phenylpropanoloccursbyenantioselectiveesterification

（Gerlachetal．1989）．EnantioselectiveoxidationofracemicalcohoIsbyyeastsproduces

homochiralalcohoIs．TheyeastsHansenulacqpsulakzIFOO974andPachysolen

tannqphilusIFOlOO70Xidizethe（S）－isomerofracemicl－Phenylethanoltoacetophenone，

1eavingthe（R）－isomerunchanged（Hasegawaetal．1997）・Theseyeastsarenotusedinthe

resolutionofl－Phenylpropanol．ThemicrobialproductionofhomochiralalcohoIsthrough

theasymmetricreductionofprochiralketoneshasbeenwidelyinvestlgated・Acetophenone

hasbeenconvertedtol－Phenylethanolbytheasymmetricreductionbymicroorganismssuch

asSaccharomycescerevisiae（Aragozzinietal．1998），butthereisnosuchreportabout

－13－
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PrOPlOPhenone・AlkylbenzenesmaybeoxidizedtobenzylicalcohoIs．Mortierelkl

isabellinaNRRL1757（Hollandetal・1987）andBacillusmegaterium（Adametal．2000）

COnVertPrOPylbenzeneto（R）－1－PhenylpropanoIwithenantiomericexcessesof25％and74％

andchemicalyieldsof45％and63％，reSPeCtively，1nareStlngCellreaction．Fusarium

monil拘TmeStrainMS31convertspropylbenzeneto（R）－1－phenylpropanoIwithan

enantiomericexcessof98％andchemicalyieldof8・1％・Thisfungusisusefu1inproduction

OfoptlCallypurebenzylicalcohol，butproductivityislow・Inthissection，diffbrent

COnditionsfbrcultivationandrestlngCellreactionwereexaminedsothattheyieldcouldbe

increased．

MATERIALSANDMETHODS

Allexperimentsweredoneasalreadydescribedunlessotherwisenoted．

Media TheDflmediumwascomposedof5％（W／v）solublestarch（WakoPure

ChemicalIndustries，Osaka），1・5％（w／v）soybeanmeal（ShowaSangyoCo・，Tokyo），0．05％

（w／v）KH2PO4andO・05％（w／v）MgSO4・7H20indeionizedwater（PH7．0）．LBwas

COmPOSedofl％（w／v）peptone，0・5％（w／v）yeastextract，andl％（W／v）NaCl．BM2

mediumcontainedl％（w／v）glucose（whichwassteri1izedseparately）inplaceof

methylethylketone（MEK）inBMlmedium．

Cultivation Thestrainwasculturedat30OcintesttubesonarecIPrOCalshakerat

300rpmorinErlenmeyerflasksonarotaryshakerat150rpm・Oneloopfu1fromaglant

COlonyofF・mOnil陶mleStrainMS31wasusedtoinoculate5miofBennett，smediumin

16・5×165－mmteSttubes，andthemixturewascultivated・Aner24h，al・5－miportionof

theseedculturewastransftrredto75mloffreshmediumina500－mlErlenmeyerflask，and

themixturewascultivated・After24hmore，a6－miportionoftheculturewasusedto

inoculate300mlofamediumin2－1Erlenmeyerflasksandthemixtureswereincubated．

Myceliawerecollectedfromaslnglewholeflaskandassayedbrtheiractivltylnthe

COnVerSionofpropylbenzene．

－14－



Measurementofdrycellweight（I）CW）　AportionofwetmyceliaweighingO．1

tolgwasputinaPetridish，andthedishwasheatedatlO50cinanovenuntiltheweight

WaSCOnStant，COOledinadesiccator，andweighedtoglVetheDCW・Typical1y，1gofwet

myceliacorrespondedtoO・24gDCW・

CelIreaction Myceliawerecollectedfromcultureonnlterpaper（90mm¢，No．

1；ToyoRoshiKaisha，Tokyo）withreducedpressure．Cellreactionwasdonewith

PrOPylbenzeneasthesubstratefbr2h・Amountofsubstrateandproductsinann－hexane

extractweremeasuredbyGCwithbutylbenzeneastheinternalstandard．Aunitof

enzymaticactivltyWaSdefinedastheamOuntOfenzymethatproduc9dlpmolof

l－Phenylpropanol・Thereactionswererunintriplicate，andthemeanisreported・Optical

Purityofl－PhenylpropanoIwasdeteminedbyHPLCwithamode1996photodiodearray

detectorandaMillennium2010Jsystemmanager（bothfromNihonWatersK．K．，Tokyo）．

RRSULTS

Efrbctsofculturemediaonhydroxylatingactivity Thedifftrentmediausedare

listedinTablel・2・l・Afterdayl，thecellyieldwashighestwiththeDflmedium，butcells

fromthisculturehadlowhydroxylatingactivlty・CellsculturedwiththeBM2mediumhad

thehighesthydroxylatingactivltyatal1times，andespeCial1yondays4and6・TheBM2

mediumwasusedinthenextsetofexperlmentS・

TABLEl・2・1・Effectsofthebasalmediaongrowthandhydroxylatingactivity

1d　　　　　　　　　　2d　　　　　　　　　　4d　　　　　　　　　　6d

Ce‖yieldapHActivlty Cellyieldap＝Activlty CellyieldapHActivl（y Cellyieldap＝Activlty

（g・′－1）（U・g－1）（g・′－1）（U・g－1）（g・′－1）（咋1）（g・′－1）（U・g－1）

Df1　　　11　　7．0　　6　　　　26　　7．0　20

Bennett’s　12　　6．4　　8　　　12　　6．4　　4

LB　　　　　7．0　7．5　10　　　14　　8．5　32

BM2　　　　6．0　7．0　14　　　11　　7．6　34

38　　　7．4　　16

8．7　　7．8　　10

15　　　8．7　　20

1（i　　8．8　　39

37　　　7．5　　7

5．0　　8．2　　5

8．3　　8．8　　2

15　　　8．9　4l

awetcellweight・
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EfFbctsofcarbonsourcesonhydroxylatingactivity GlucoseintheBM2medium

WaSrePlacedwithothercarbonsourcesandtestedR）rtheirefftctsongrowthand

hydroxylatingactivity（Tablel・2・2）・Thefungusdidnotgrowonl－butanolor

PrOPylbenzene・Glucosegavethehighestcellyield・Solublestarch，Carboxymethyl

Cellulose，dextrin，2－butanol，andacetonedidnotsupportmuchgrowthorglVehighspecinc

activities・MEKdelayedgrowthandthespeCincactivltyOfthecellsfromtheculturewith

MEKwassameasthatofthecells丘omtheculturewithglucose・FruCtOSe，ethanol，and

acetoinresultedinhigherspecincactivltythantheothercarbonsources．Glucosewasused

attheconcentrationofl％（w／v）intheBM2mediuminfurtherexperimentsbecauseitis

inexpenSive．

TABLEl・2・2・EffectsofcarbonsourcesongrowthandhydroxylatlngaCtivlty

Carbonsourcea Timeb p＝　　CellyieldC speCificactivlty Totalactivlty

（1％，W／v）　　　　　　（d）　　　　（g・l－1）　　（U・g－1）　　（U・l－1）

Glucose

FruCtOSe

Sucrose

Solublestarch

4

5

4

6

Carboxymethylcellulose　　　　　　6

Dextrin

Ethano1

1－Propano1

2－Propano1

2－ButanoI

Acetone

MEK

Acetoin

Glycerol

4

4

5

4

6

6

6

4

6

6．1　　　　　19

5．6　　　　　11

5．9　　　　　15

4，5　　　　　　1．0

6．7　　　　　　0．1

4．0　　　　　　4．0

6．0　　　　　17

6．2　　　　　15

6．1　　　　　15

6．O l．7

6．1　　　　　1．7

6．0　　　　　13

6．O　　　　　16

5．9　　　　　　8．3

41

49

40

19

10

15

47

40

20

8

8

39

51

22

780

540

600

19

1．0

60

800

600

300

14

14

510

820

GlucoseintheBM2mediumwasreplacedwithothercarbonsourcesatthefinalconcentrationofl％（W／v）．

Asingleflaskofthe6flasksculturedwastestedeveryday・

bTimeforthehighestspeCificactivlty・

Cwetcellweight・

F・mOnilybrmestrainMS31didnotgrowwithl－butanolorpropylbenzene．

－16－

ぎ

l

巨

i
i

l

l

ト

1

1

l

l

1　」



Efrbctsofnitrogensourcesonhydroxylatingactivity NaNO3andNH4Clinthe

BM2mediumwerereplacedwithvariousnitrogenouscompoundsandtestedfbrtheirefftcts

OngrOWthandhydroxylatingactivity（Tablel・2・3）・Cellyieldsfromorganicnitrogenous

COmPOundsweregenerallyhigherthanthosefrominorganicnitrogenouscompounds・Ce11s

fromtheculturewithNaNO3hadthehighestspecincactivlty・SpeCificactivltyOfthecells

fromtheculturewithureadecreasedafterthefirst2dofcultivation，unliketheothercultures，

WhichkepttheirspeCincactivitylonger（notshown）・Infurtherexperiments，NaNO3WaS

usedasthesolenitrogensourceattheconcentrationofO・5％（w／v），inwhatwascal1edthe

BM3medium．

TABLEl．2．3．EffectsofnitrogensourcesongrowthandhydroxylatlngaCtivlty

Nitmgensource Timeb pH Ce11yieldC speCincactivlty Totalactivlty

（0．5％，W／v）　　（d）　　　　（g・L－1）　　（U・g－1）　　（U・l－1）

Controla

NH4Cl

（M4）2SO4

NH4NO3

NaNO3

L－Asparaglne

Casaminoacids

PolypeptOn

Yeastextract

Meatextract

Soybeanmeal

Urea

4　　　　（i．1　　　　　18

2　　　　　2．3　　　　　　19

2　　　　　2．5　　　　　　20

4　　　　（i．2　　　　　　19

4　　　　　9．0　　　　　　19

3　　　　　8．7　　　　　　30

4　　　　　7．4　　　　　　25

4　　　　　7．2　　　　　　30

3　　　　　7．4　　　　　　27

5　　　　7．3　　　　　18

6　　　　　7．2　　　　　　20

2　　　　　8．7　　　　　　23

48

38

3（i

4（i

61

45

48

48

39

42

36

44

860

720

720

870

1160

1350

1200

1440

1050

760

720

1010

NaNO3andNH4C）intheBM2medium（COntrOl）werereplacedwithvariousnitrogenouscomtx）undsatthe

finalconcentrationofO．5％（W／v）．Asingleflaskofthe6flasksculturedwastestedeveryday・

al％（W／v）NaNO3andO・5％（W′v）N＝4Cl・

bTimeforthehighestspeCificactivity・

Cwetcellweight・

Growthandhydroxylatingactivityinculture Whenthefunguswasgrowninthe

BM3medium，Cellgrowthwasslowafter18hoflogarithmicphase（Fig・1・2・1）・

－17－
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HydroxylatingactivltyWaSnrStdetectedatthemid－logphase，andcontinueduntilabout40h．

ThespeCincactivltydidnotdecreaseinlongercultivation．Theenantiomericexcessofthe

（R）－1－Phenylpropanolfbrmedwasmorethan92％throughoutftrmentation・ThepHofthe

Culturebrothwasincreasedinthelogarithmicphaseofgrowth，after18h．
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FIG・1・2・1・GrowthofF・mOnil的rmestrainMS31andhydroxylatingactivityintheBM3medium．

Samplingwasat6，12，18，24，30，36，48，60，72，84，and99h・SymboIs‥0penSquareS，p＝；filledsquares，

growth；filledcircles，SpeCificactivlty；0penCircles，StereOSelectivltyaSanenatiomericexcessfor
（R）－l－phenylpropanol．

EfFbctofpropylbenzeneincultureonhydroxylatingactivity Propylbenzenewas

addedtoportionsoftheBM3mediumandexaminedfbrtheefftctsonhydroxylatingactivlty・

Growthwasdetectednrstat48halthoughgrowthwasdetectedafter12hinthecontroI

Culture，Withoutpropylbenzene（Fig・l・2・2）・Withpropylbenzenepresentfromthestart，

growthintermsofDCWwasgreatest，at3・9g・［1，Whenmeasuredat72h．Atthattimeand
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thereafter，thespeCincactivltyWaSbetween60％and70％ofthatofthecontroIculture．

Whenthepropylbenzenewasaddedtothecultureat24h，grOWthintermsofDCWdecreased，

asdidthespeCi丘cactivlty・BothgrowthandspeCincactivltybegantoincreaseabout48h

afterstart，buttheyremainedlowerthanintheothercultures・At72handthereafter，grOWth

WaSbetweenabout70％and80％ofthatofthecontroIculture，andspeCincactivitywas

betweenabout20％and40％．
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FIG・1・2・2・GrowthofstrainMS31andhydroxylatingactivityasafftctedbypropylbenzene（afinal

COnCentrationatO・1％（V／v））addedtotheBM3mediumbefbreinoculationorat24hofculture・Samplingwas

at12，24，36，48，72，96，and120h・SymboIsarethesameasinFig・1・2・1・Solidlines，Withpropylbenzene

added；brokenlines，Withoutpropylbenzene・Arrows，additionofpropylbenzeneat24h．

E恥ctsofacetoinincuItureonhydroxylatingactivity Acetoin，Whichwas

usedincultureandwasefftctivefbrcellswithhighenzymeactivlty，WaSaddedtotheBM3

medium・Withal1concentrationsofacetoin，thespeCincactivltylnCreaSeduntilday4and
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remainedhightotheendoftheexperimentonday6．Tablel．2．4showstheefftctsof

glucoseandacetoinatdifftrentconcentrationsasofday4．Thehigherconcentrationof

glucoseincreasedgrowthbutnotthespeci負cactivlty．Additionsofacetoinincreasedboth

growthandthespecincactivity，Withthehighest（1．4－fbld）specincactivityinculturewith

O・5％（W／v）acetoin．Infurtherexperiments，aCetOinwasusedatthisconcentration．

rIABLEl・2・4．EfftctsofacetoinongrowthandhydroxylatlngaCtivlty

Glucose Acetoin p＝　　　Cellyielda SpeCificactivlty Totalactivlty

（％，W′v）（％，W／v）　　　　　（g・［－1）　　（U・g－1）　　（U・［，1）

1　　　　　　　0

1．5　　　　　　　0

1　　　　　　　0．01

1　　　　　　　0．05

1　　　　　　　0．1

1　　　　　　　0．3

1　　　　　　　0．5

1　　　　　　　0．7

8．8　　　　　　　3．6

8．9　　　　　　　5．4

8．8　　　　　　　3．6

8．8　　　　　　　3．8

8．8　　　　　　　4．0

8．7　　　　　　　4．7

8．7　　　　　　　5．1

8．7　　　　　　　5．3

2：‡0

231

237

242

268

306

317

306

830

1250

850

920

1070

Ⅰ440

1（i20

1620

AcetoinwasaddedtotheBM3mediumatfinalconcentrationsofO．Ol％toO．7％（W／v）justbefbre

inoculation．

aDCW．

EfFbctsofsorbitanmonooleate（Span80）incultureonhydroxylatingactivity

Inanearlierstudy，theadditionofseveralnonionicsurfactantstoBMlmediumincreasedthe

SpeCincactivltySlightly，WithSpan80causlngthelargest．Span80wasaddedinthe

mediumtodeterminethesuitableconcentrationfbrhighspeCi丘cactivlty．Forall

COnCentrations，thespeCincactivltyWaSincreaseduntilday5andremainedhightotheendof

theexperimentonday6．Tablel．2．5showstheefftctsofSpan80concentrationonthe

activltyatday5・SpecificactivltylnCreaSedwithincreaslngSpan80concentrationsupto

O．1％（w／v）．Span80isoilandcouldnotbemixedwithwaterbeforecultivation，butnooil

WaSSeenOntheculture．Fromdayl，CellsfromtheculturecontainlngSpan80at≧0．Ol％

（w／v）lookedpowdery．
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Optimumconditionsfbrthecellreaction Cellscausedmaximumbioconversion

Ofpropylbenzenetol－Phenylpropanolatbetween25and300c（Fig．1．2．3）．Above300c，

bioconversiondecreased・BioconversionoccurredatpHsfrom6．Oto12．5（Fig．1．2．4）with

thehighestactivltyWaSShownatpH7・0・IncreaslngCellconcentrationsincreasedtheyield

rrABLEl・2・5・EffectsofSpan800ngrOWthandhydroxylatlngaCtivlty

Concentration p＝　　　　Cellyielda SpeCificactivlty Totalactivlty

（％・W′v）　　　　　　（g・l－1）　　　（U・g－1）　　　（U・L－1）

0．0

0．005

0．01

0．03

0．07

0．1

0．2

8．8

8．8

8．8

8．8

8．8

8．9

8．9

5．0

5．0

5．0

5．2

5．4

5．4

6．6

320

325

334

335

343

360

344

1600

1630

1670

1740

1850

1940

2270

Span80wasaddedtotheBM3mediumtothefinalconcentrationsofO．005％toO．2％（W／v），themediumwas

autoclaved，andacetoinwasaddedtothemediumatthefinalconcentrationofO．5％（W／v）justbeR）rethe

mediumwasinoculated．

aDCW．
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FIG・1・2・3・EffectsoftemperatureOnhydroxylatingactiv）tyWithrestlngCellsofstrainMS31．Wet

myceliaweighingO・2g，Whichwereobtainedfroma5－dcultureintheBM3mediumcontainingO．5％（W／v）

acetoin，WereSuSpendedinl00mMKPB（PH7．0）．Inotherways，thereactionandassayweresameas

describedinMaterialsandMethodsexceptthatthereactiontemperatureWaS10，15，20，25，30，35，40，50，Or

600C・ResultsareexpressedasaperCentageOftheactivitywhenincubationwasat300c．symboIs：fi11ed

Circles，aCtivityrelativetothatat300c；0penCirc）es，OPticalpurityof（R）－1－Phenylpropanol．
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FIG・1・2・4・EffectsofpHonhydroxylatingactivitywithrestingcellsofstrainMS31・Thereactionand

assaywereasthelegendofFig・3exceptforthebuffersandusedpHs・ResultsareexpressedasaperCentageOf

theactivityatpH7・OwithKPB・Acetatebuffer（Circles）wasusedforpHs4．0，4．5，5．0，and6．0；KPB

（triangles）wasusedforpHs5・6，6・0，7・0，and7・8；Tris－HClbuffer（CrOSSeS）wasusedforpHs7．3，8．0，and8．8；

andglycine－NaOHbuffer（SquareS）wasusedforpHs8．1，8．9，9．5，10．3，11．4，and12．4．Solidlines，relative

activity；brokenlines，Opticalpurityof（R）一1－Phenylpropanol．
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FIG・1・2・5・EffectsofcellconcentrationonhydroxylatingactivitywithrestingcellsofstrainMS31．The

reactionandassayweresameasinthelegendofFig・1・2・3exceptforthecellconcentrationinareaction

mixture，Whichwas6・4，12・8，25・6，38・4，51・2，64・0，76・8，Or89・6mgDCW・ml－L・SymboIs：filledsquares，

PrOpylbenzeneremainlng；filledcircles，トphenylpropanol；triangles，PrOPiophenone；0penCircles，OPtlCalpurlty

Of（R）一1－Phenylpropanol．
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FIG・1・2・6・EffbctofsubstrateconcentrationonhydroxylatingactivltyWithreshngcellsofstrainMS31・

nereactionandassaywereasthelegendofFig・1・2・3exceptfbrthestartlngSubstrateconcentration，Whichwas

2，5，7・10，20，50，70，100，200，500，700，Orl00OmM・SymboIsareasinthelegendofFig・1・2・5・

Ofproducts，WhichwereトphenylpropanolandasmallamOuntOfprop10phenone，uPtOabout

40mgDCW・miー1，afterwhichbothproductsdecreasedinamOunt（Fig・1・2．5）．Reaction

mixturescontalnlnghighconcentrationsofcellsweredifficulttomix・Withincreaslng

StartlngCOnCentrationsofthesubstrate，theproductionofl－Phenylpropanolincreasedupto

lOOmM，af［erwhichtheincreaseslowed（Fig・1・2・6）・Theconversionofpropylbenzene

begantoslowafter2h（Fig．1．2．7）．Propylbenzenedecreasedwithoutcellsandmorethan

20％ofthestartingconcentrationofpropylbenzenewaseitherconvertedorlostin4h．（R）－

1－Phenylpropan01increasedandtheyieldat4hwas16匹mOlfrofnlOOpmolofthesubstrate

inlmiwithanenantiomericexcessof98％．

DISCUSSION

F・mOnil拘T7neStrainMS31convertedpropylbenzenetol－PhenylpropanoI

StereOSelectively．Asimi1arreactionwasfbundinMortierelkzisabellinaNRRL1757
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FIG・1・2・7・Changeswithtimeinamountof（R）－1－PhenylpropanoIproducedwithrestingcellsofstrain

MS31・ThereactionandassaywereasthelegendofFig・1・2・3exceptthatthereactiontemperaturewas250c・

SamplingwasatO・25，0・5，0・75，1，l・25，1・5，1t75，2，2・5，3，4，6，and24h・SymboIs：aSinthelegendofFig・

1・2・5，withtheadditionofopensquaresforpropylbenzeneremainlngintheabsenceofcells・

（Hollandetal・1987）andBacillusmegaterium（Adametal．2000）byorganicchemists，but

infbrmationaboutbiologlCalconditionsforthebioconversionwasnotincludedinthereports・

IhereidentinedsuitableconditionsfbrthecultivationofF．monil陶TmeStrainMS3landfbr

thecellreaction・L－AsparaglneisanutrientneededfbrthegrowthofFusariumspecies・

FusariumequlSetiM41growsbetterandhashigheractivltyfbrhydroxylationoflithocholic

acidwhenL－aSParaglneisusedasthenitrogensourceratherthancasaminoacids，PeptOne，

tryptone，yeaSteXtraCt，andmeatextract（Kulprechaetal．1985）．ForF．monil折）nneStrain

MS3l，L－aSParaglneincreasedcellyield，butthespecincactivltyOfthecellswasalmostsame

Withanynitrogensourcesmentionedabove・HydroxylationbyF・equisetiM4loccurred

duringftrmentation，butbioconversionbyF．monilifbTmeStrainMS31usedcellsbecauseof

Substratetoxicltyfbrgrowthandenzymeactivlty・Thedifftrencesinthesereactionsarea

reasonfbrthedifftrentefftctsofL－aSParaglne・

Propylbenzenedidnotincreasethespecincactivltybecauseitwastoxic・Unexpectedly，

MEKcouldnotbeusedasinducer．Acetoin，aMEKderivative，WaSthebestcarbonsource

－24－

」



fbrproductionofhighspeCincactivltyofthedesiredenzyme，butitistooexpenSivetobe

usedasthecarbonsource．AcetoinincreasedgrowthandspeCincactivlty1nCreaSedonly

Slightly・Certaininducibleenzymesincrease5－bldormorebyadditionoftheirsubstratesor

unspeCincinducers（Adametal．2000；Houetal．1994；Tanetal．1998）．Thehydroxylating

enzymefromF・mOnilifbTmeStrainMS31maybeproducedconstitutively．

PropylbenzeneisanorganicsoIventthatisnotsolubleinbufftrs．Sothata

hydrophobicsubstratewillcomeintocontactwithenzymesandcells，SeVeralsurfactantscan

beused・MyceliaffomtheculturecontainlngSpan80athighconcentrationslooked

powdery，mightcontainSpan80，andhaveenoughhydrophobicitytqreactwith

PrOPylbenzene．

Ce11sofF・mOnil折）TmeStrainMS31showedactivityinawidepHrange．Simi1arpH

PrOnleswerefbundfbrtheconversionof（R）－1imonenebyPenicilliumdigitatumNRRL1202

（Tanetal・1998）．CytochromeP450－dependentenzymeshavebeencandidatesfbrsuch

fungalhydroxylationbecauseoftheirversatilitywithrespeCttOSubstratesandtypeOf

OXygenation・Someoftheirenzymesystemshavetwoproteins，CytOChromeb5and

CytOChromeb5reductase，thatworkwithcytochromeP450andNADPH－CytOChromeP450

reductase（Takemorietal．1993）．PerhapseachcomponenthasadifftrentoptimumpHfbr

itsfunction；alternatively，theorganizationoftheproteinsdependsuponpH．

Conversionofpropylbenzeneto（R）－1－PhenylpropanolbyF．monilifbTmeStrainMS31

endedwithin4h，andthemaximumyieldwas16％oftheinitialamOuntOfthesubstrate．

Theconversionby〟．isabellinaNRRL1757（Hollandetal．1987）andB．megaterium（Adam

etal・2000）takesmuchlonger（SOme2d）．Inthiscase，aShortreactiontimeisimportantso

thatthesubstratewillnotbelost（PrOPylbenzeneisvolatile）．FurtherimprovementofF．

monil陶TmeStrainMS31togivehigherspeCincactivitymightleadtomoreeffbctive

utilizationofpropylbenzeneconversionto（R）－l－PhenylpeOpanOlbeforethesubstrate

evaporates・
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Section3

ConversionofvariousaromaticcompoundsbyFusarium

monil折）TmeStrainMS31

OxidationofC－Hbondsisausefu1reactioninorganicchemistrybecausedesired

OXyfunctionalizedcompoundscanbeobtainedfromcommonhydrocarbons．Mucheffbrt

hasbeendirectedtowardthedevelopmentofe爪cientstereoselectiveoxidationof

hydrocarbons，butresultedinonlymoderateenantioselectivitywithmostalkanes（Davisetal．

1984；Fqiietal・1993；Jacobsenetal・1988）・Biocatalyticreactionsaregenerallyhighly

reglO－andstereospeCinc・ActivationofC－Hbondsbybiocatalyticoxidationwasoneofthe

nrstbiotranshrmationstobeexploitedbychemicalindustries・Microbialhydroxylationis

usefu1intheproductionofoptical1yactivecompounds（Holland1998；1999；Sihetal．1988）．

MicrobialhydroxylationinvoIvesanenzymeoftheoxidoreductasegroup，Which

COntainsoxygenases，OXidases，anddehydrogenases・Theseenzymesaregeneral1yunstable

andexpenSivetoprepare；manyneedexpenSivecofactorssuchasNAD（P）H．Theuseof

Wholecellsratherthanpurinedenzymeshasthefbllowlngadvantages・Microbialcellsare

lessexpenSivethanpurinedenzymes，andtheactivityoftheenzymeofinterestmaybemore

StableinthecellthanWhenpurined・Theadditionofpurinedcofactorsisusuallynot

necessarybecausegenerallytheyarealreadypresentwithinthecell，OrCanbegeneratedthere．

Theregenerationofcofactorsoutsidethereactionsystemisunnecessarywhenwholecellsare

used・Adisadvantageofwhole－CellbiocatalysISisthepossiblefbrmationofby－PrOducts

becausewholecellscontainmanyOtherenzymesthatcancatalyzeundesiredreactions．

RestingcellsofFusariummonil拘nnestrainMS31hydroxylateethylbenzeneand

propylbenzenetothecorrespondingalcohoIswithhighreglO－andstereospeCificity・Inthis

SeCtion，thesubstratespecihcityofandby－PrOductfbrmationintherestlngCellreactionwith

thefunguswereinvestlgated・

－26－



MERIALSANDMETHOI）S

Chemicals Chemicalsusedwerecommercialpreparationsandwereusedwithout

furtherpurincationunlessotherwisestated・（S）－（＋）一1－Phenyl－2－butanol，【α】D20＝＋22（cl・5，

diethylether）（Aleuetal・1998），WaSSynthesizedbythereductionofl－Phenyl－2－butanOne

Withbaker’syeastasfbllows・Driedbaker’syeast（NisshinFlourMillingCo．，Tokyo），

Weighing40g，WaSWetWithandsuspendedin400mioflOOmMTris－HCl（PH8．0）ina2－1

Erlenmeyerflask，and6mi（about4rrmol）ofl－Phenyl－2－butanonewasadded．Thetopof

theflaskwascoveredwithaluminumfoilandincubatedat30OconaLrOtaryShakerat150rpm・

After35h，thereactionmixturewasacidifiedbytheadditionof40miof6NHCland

extractedtwice，eaChtimewith400miofdiethylether．Theextractswerecombinedand

COnCentratedunderreducedpressureinarotaryevaporator・Theconcentratewasplpettedin

astraightlineonasilicagelplate（Silicage160F254；20×20cm，2mmthick；MerckKGaA，

DarmStadt，Germany）andchromatographedwithl：ln－hexanelliethyletherasthesoIvent．

BandswereinspeCtedunderUVlightat254nm・Thebandidentinedasbeingthatof

l－phenyト2－butanol（WithRfO・49）wasseparatefromthatofl－Phenyト2－butanOne（WithRf

O・62）；thefbrmerbandwasscrapedoffthethin－1ayerplateandextractedwithdiethylether．

Thepurinedl－Phenyl－2－butanolhad［α】D23＝＋14・7（C2・2，diethylether）・

Cellreaction Wetmyceliawereco11ectedfromacultureinBM3medium

COntainingO．5％（W／v）acetoin，andwereusedinthecellreactionundertheconditions

describedinsection2．

GC GCwasdoneasdescribedinsectionlwithaTC－WaXCaPillaryCOlumn（30m

XO・32mm（i・d・）；COatingO．25い・mthick；J＆WScientificInc．，FoIsom，CA）．GCwasnrstat

lOO。Cfbr3minandthenwithatemperaturegradientincreaslngbylO。C・min－1to1500C・

GC・MS GC－MSwasdoneasdescribedinsectionlundertheconditionsfbrGC．

HPLC TheHPLCsystemhadL－7000pumpunits（HitachiLtd．，Tokyo），a

Photodiodearraydetector（mode1996；NihonWatersK・K・，Tokyo），andasystemmanagerfbr

thephotodiodearraydetector（Millennium2010J；NihonWaters）．ThesameChiralcelOD

COlumnasdescribedinsectionlwasusedfbrseparationoftheenantiomersofthealcohoIs

－27－



thatfbrmed・Themobilephasewasamixtureofn－hexaneand2－PrOPanOlattheproportions

andtheflowrateslisted，tOgetherwithretentiontimes，inTablel．3．1．Themixtureof

enantiomersofl－Phenylbutanol（2eα），1－Phenyl－2－butanol（2eP），and4－Phenyl－2－butanol

（2el）wasnotseparatedinasinglestepofchromatography．Theconcentrationof（R）－2eα

WaSCalculatedasthatofracemic2eα（measuredwiththe97：3soIvent）minusthatof（S）－2eα

（measuredwiththe90：10soIvent）．

TABLEl・3・1・HPLCanalysISOfoptlCallyactivealcohoIsbyChiralcelODcolumn

AIcohol Elutionconditions Retentiontime（min）

SoIvent Flowrate Peakl Peak2

n－Hexane－IPAa　（ml・min－1）

1－Phenylethanol

l－Phenylpropano1

1－Phenylbutanol

1－Phenyl－2－butanol

4－Phenyl－2－butanol

2－Methyl－1－Phenylpropanol

l－Phenyl－1－hydroxy－2－PrOpen

l－Indanol

l－Tetrarol

a2－Propanol

（2c）

（2d）

（2eα）

（2eβ）

（2eヤ）

（勾）

（2m）

（1n）

（lo）

0．5

l．0

0．5

1．0

0．5

1．0

0．5

l．0

0．5

0．5

0．5

0．5

14．5（尺）　1（i．1（∫）

14・3岬）　16．0（∫）

13．8（尺）　14．2（尺）

12．8b

ll．9（∫）　13．8岬）

9・1（∫）　11．9岬）

15．9（尺）　21．5（∫）

16．6（尺）　25．3（卵

12．8（尺）　14．5（∫）

15．5（尺）　17．6（弟

15．2（の　　16．3（尺）

14・2（∫　　14．8（尺）

90：10

97：3

90：10

97：3

90：10

97：3

90：10

97：3

90：10

90：10

90：10

90：10

（R）－and（S）－enantiomerswerenotseparated．

RRSULTS

Conversionofbenzeneandalkylbenzenes ToelucidatethescopeOfsubstrate

acceptabilityinareactionsystemwithcellsofF．monil陶f7neStrainMS31，WeuSedseveral

hydrocarbons（Tablel・3・2）・Thefunguscouldhydroxylatethesidechainofmanyaromatic

COmPOunds，mOStatthebenzylicposition・ManyalcohoIswerefbrmedandtheiroptlCal

PuritywasexaminedbychiralHPLC．Benzene（1a）andtoluene（lb）werenotoxidized．

Substitutedsidechainsatthebenzylicpositionin（l－methylpropyl）benzene（1h），
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（1，1－dimethylethyl）benzene（1i），ethenylbenzene（1k），andl－PrOpenylbenzene（11）didnot

react・1－Phenylethanol（2c）andacetophenone（3c）werefbrmedfromethylbenzene（1c）

Withaconversionratioof7・3％andO・7％，reSpeCtively・1－Phenylpropanol（2d）and

PrOPiophenone（3d）werefbrmedfrompropylbenzene（1d）withaconversionratioof12．1％

andl・l％，reSpeCtively・Theproductyieldwashighestwith2c．From

（1－methylethyl）benzene（1g）and（2－methylpropyl）benzene（1j），bothofwhichhavea

nonlinearsidechain，thehydroxylatedproducts2－Phenyl－2－PrOPanOl（2g）and2－methyl－

Phenylpropanol（ij），reSPeCtively，Werefbrmed・Butylbenzene（1e）gaveallpossible

methylene－hydroxylationproducts，butnoteminaloxidationofthesidechain．The

COnVerSionratiooftheseregioisomers，1－Phenylbutanol（2eα），1－Phenyl－2－butanol（2eP），and

4－Phenyl－2－butanol（2eY），WereO・8％，3・1％，andl・5％，reSPeCtively・Alloftheoptical1y

activealcohoIsfrom2cto勾wereofanenantiomericexcessof94％orhigherfbrthe

（R）－fbrm・Theextractfromthereactionmixturewithpentylbenzene（1f）hadthreepeakson

thegaschromatogram，theareasofwhichweresmallerthantheareaof2eα．Themass

SPeCtraShowedthatthesecompoundseachcontainedanaromaticrlngandthattheallhad〝め

Of164（M＋），butthefragmentpatternsdidnotmatchanyintheWileymassspectrum

database（10）・2－Propenylbenzene（1m）washydroxylatedtothecorrespondingbenzylic

alcohol，1－Phenyl－1－hydroxy－2－PrOPen（2m），Withanenantiomericexcessof63％fbrthe

（R）－fbrmwhenitsdoublebondwaspreserved・Thebicycliccompoundindane（1n）was

OXidizedtol－indanol（2n）andindanone（3n），andtetralin（lo）wasoxidizedtol－tetrarOl（20），

respectively・ThehydroxylationofthesetwocompoundsoccurredinahighlyreglOSelective

Way，butwithlowenantioselection．

ConversionofbenzylicaIcohoIsandtheirregioisomers oxidationof

hydroxylatedaromaticsbythecellreactionwastested（Tablel・3・3）・Nohydroxylationof

thealcohoIstestedwasobserved・NoneofprimaryalcohoIstested（phenylmethanol，

2－Phenylethanol，3－Phenylpropanol，Or4－Phenylbutanol）wereconverted・Somecompounds

Withsecondaryalcoholresidueswereoxidizedtoproducethecorrespondingketones，but

furtherconversionproductswerenotfbund・Productsfromthehydroxylationofthe

alkylbenzenes，1－Phenylethan01（2c），1－Phenylpropanol（2d），l－Phenyl－2－butanol（2eP），
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4－Phenyl－2－butanol（2eY），andl－indanol（2n），WereCOnVertedtoacetophenone（3c），

PrOPiophenone（3d），1－Phenyl－2－butanone（3eβ），4－Phenyl－2－butanone（3eY），andl－indanone

（3n），reSpeCtively・Fungalcellshaddifftrentdegreesofactivityagainstthetwoenantiomers

Of2c・Theconversionratefbrthe（S）－enantiomerwasabout5timesthat。fthe

（R）inantiomer・However，theconversionofbothenantiomersof2dwasatthesamerate．

ConversionofphenyIketones ReductionactivltyOfthefungalcellswastested

Withphenylketones（Tablel・3・4）・Acetophenone（3c），PrOPiophenone（3d），andl－Phenyl－2－

butanone（3eβ）werereducedtoproducethecorrespondingalcohoIs，buttheamounts

PrOducedweretoosmallfortheiroptlCalconfigurationstobeidentined．

DISCUSSION

F・mOnilifbf7neStrainMS31causedselectiveinsertionsofaliphaticCHunitswithout

eitherepoxidationatthearylpositionorhydroxylationatthebenzenerlng・Thealkane

hydroxylasesystemofPseudomonasoleovoltmSGPoIcanhydroxylatearOmaticcompounds

attheterminaloftheirsidechain（VanBeilenetal・1994）・TheenzymeinvoIvedinthe

fungalhydroxylationisdifftrentfromthebacterialalkanehydroxylase・Thefungl

MortierellaisabellinaNRRL1757，肋Iminthov，Oriumsp・NRRL4671，andCunnlnghamella

echinulataATCC26269andthebacteriumBacillusmegateriumalsocanhydroxylatetheside

Chainofaromaticcompounds・Hydroxylationofaromaticcompoundswiththesethreefungl

OCCurSatthebenzylicpositioninthesamewayaswithF．monilわTmeStrainMS31，butthe

OPticalactivityofallofthealcohoIsproducedislow（＝011andetal．1987）．Theabove

bacteriumglVeSahighyieldfromsuchtransfbrmation，andsomeoptical1yactivealcohoIs

PrOducedhaveahighenantiomericexcess丘）rthe（R）－fbrm（Adametal．2000）．

Phenobarbitalandsalicylate，WhichareinducersofcytochromeP450，s（P450），increasethe

hydroxylationinB・megaterium，WhichprocessinvoIvesatleasttwodifftrentP450．The

bacteriumproducestworegioisomersfromthehydroxylationof（2－methylpropyl）benzene

（1j）and（1－methyl）propylbenzene（lh）andburregioisomersfromthehydroxylationof

－32一
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pentylbenzene．Incontrast，F．monilqbTmeStrainMS31hydroxylatedthealkylbenzenes

testedotherthanbutylbenzene（le）onlyattherespeCtivebenzylicpositionwithahigh

enantiomericexcessfbrthe（R）－fbrm．Frombutylbenzene（1e），threeregioisomersof

alcohoIswith（R）－COnfigurationswereproduced．Theseresultssuggestthatthefungus

COntainedoneortwoenzymesthatcanaCtinthehydroxylationofthesecompounds．

Hydroxylationgeneral1yneedscofactorssuchasNAD（P）H，FAD，andFMN．Acell

extractfromF・mOnilifbnnestrainMS3lrequiredcofactorsfbrthehydroxylationof

PrOPylbenzene（datanotshown）．Insuchacase，Wholecellscanbeusedifby－PrOductsare

notfbrmed．ThefungusoxidizedthesecondaryalcohoIsl－Phenylethanol（2c），

l－Phenylpropanol（2d），1－phenyl－2－butanol（2eβ），4－Phenyl－2－butan01（2el），andl－indan01．

（S）－l－PhenylethanoIwasoxidizedtoacetophenonewithahigheryieldthanthe

（R）－enantiomer．Theconversionofethylbenzeneproduced（R）－l－phenylethanol．Therefbre，

hydroxylationproductsfromalkylbenzenesmightaccumulateinthereactionmixturewithout

muchloss・Thereductionofacetophenone（3c），PrOPiophenone（3d），andl－Phenyl－2－

butanone（3eβ）wasdetectedbuttheactivitywasverylow．Onthebasisoftheseresults，We

PrOPOSeaSChemefbrpropylbenzeneoxidationbycellsofF．monilifbr7neStrainMS31（Fig．

1．3．1）．Cellsofthefunguswereusefu1fbrtheproductionofoptical1yactivebenzylic

alcohoIswithoutby－PrOductsandwithsatisfactoryyields．

∈
Propylbenzene

OH

信「′「亡l信

0

（R）－1－PhenylpropanoJ PropIOPhenone

FIG．1．3．1．ProposedconversionofpropylbenzenebyrestingcellsofFlmonil的rmestrainMS31．
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Chapter2

InvoIvementofCytochromeP450inHydroxylationof

PropylbenzenebyFusariummonilifbTmeStrainMS31

EnzymesdependentoncytochromeP450（P450）arepossiblecandidatesfbruseinthe

reactionbecauseoftheirpresenceinallcategoriesoforganismsandtheirversatilitywith

respeCttOSubstratesandkindsofbiooxygenation（Omura1999）．Fusariummonilifbf7ne

StrainMS31hydroxylatesvariousalkylbenzenesatthebenzylicpositionstereoselectively・

InsimilarreactionswithBacillusmegaterium，thereareatleasttwohydroxylatlngenZymeS

forisobutylbenzenethatbringaboutthehydroxylationcausedbytwoinducersofP450，

Salicylateandphenobarbital（Adametal・2000）・Mechanismsofhydroxylationin

MortierellaisabellinaNRRL1757，Helminthov”riumsp・StrainNRRL4671，and

Cunnlnghamellaechinulatavar・elegansATCC2629havebeeninvestlgatedwithsubstrates

labeledwithdeuterium，andwerefbundtoproceedbyaP450－dependentreaction（Hollandet

al・1988）・TheenzymesinvoIvedinthesemicrobialhydroxylationswerenotreported．

StudiesofP450infungihavebeenftwbecauseofproblemsintheisolationofactive

enzymesincludingtheirlowconcentrationinsomespeCies・TheenzymesofF．monilわnne

StrainMS31aresuchenzymes・InvoIvementofP450inthehydroxylationofaryl

hydrocarbonbyCunninghamellabainieri（Ferrisetal・1976），inthehydroxylationofsteroids

byA5Pel？illusochnlCeuS（Madyasthaetal．1983；Samantaetal．1987），OrCurularialunata

（Suzukietal・1988），inthehydroxylationofbenzo（a）pyrenebyPhanerochaetechryso3POrium

（Masaphyetal・1996），andinthetransformationofphenothiazinesbyCunninghamella

elegans（Zhangetal・1996）areverinedusingcrudecellextract．Thischapterdescribesthe

CharacterizationofthehydroxylatingenzymeofF・mOnilわmestrainMS31usingcrude

PreParations．
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MATERIALSANDMETHODS

Chemicals　　Al1chemicalswerepurchasedandusedwithoutfurtherpurincation・

Bufftrusedwas25mMpotassiumphosphate（PH7・0）（KPB）unlessotherwisenoted・

PreparationofcelIextract F．monilifbrmestrainM3lwascultivated，andcells

werecollectedandstoredasdescribedinthesection20fChapterl・Wetmycelia，Weighing

O・2g，fromfrozenstockweresuspendedin2miofKPBandmixedwithlgofglassbeads

（0．5mm¢；BioSpeCProductsInc．，Bartlesville，OK）ina2－miconicaltubewithascrewcap・

ThetubewassetonaMini－Beadsbeater（BioSpec）andwasvibratedLat5，000rpmfbr20s・

Thetubewasputonicefbr40sormoreandthenvibratedeightmoretimesfbr20seach

timetodisruPtthefungalcells・ThehomogenatewascentrifugedatlO，（X旧×gfbrlOminat

40C・ThesupernatantWaSCal1edthecellextractandwasusedinfurtherexpenmentS・The

cellextractwaspreparedonthedayofuse・TheamOuntOfproteinwasmeasuredbythe

methodofBradfbrd（1976）withaproteinassaykit（NipponBio－RadLaboratoriesK・K・，

Tokyo）andbovineserumalbuminasthestandard・

Assayofpropylben2：enehydroxylation Thereactionmixturecontained90plof

thecellextract，10い′lofacoenzymemixture，andlO匹mOl（1・2pl）ofpropylbenzeneina

l・5－miEppendorftube・Coenzymemixturescontained，perlmlofKPB，10pmoleachof

NAD，NADH，NADP，NADPH，ATP，andADPandO．5い′mOleachofFADandFMN，in

somecombination（SeeTable2．1）；thestandardmixturecontainedonlyNADPHandFAD・

Thereactionmixturewasincubatedatroomtemperaturefbr2honavibrationmixer（Twin

3－28；AsahiTechnoGlassCo．，Tokyo）ataspeedofbetweenland20nthedevice・The

reactionwasstoppedbytheadditionoflOplof6NHClandthemixturewasextractedwith

lOOplofn－hexane・ExtractswereanalyzedbyGC・OneunitofenzymaticactivltylS

definedastheamountofenzymethatproducesIpmolofl－phenylpropanolin2h・The

reactionswererunintriplicate・Thecellextractwasdifftrentineachexperlment，SOall

experlmentSWeredoneseparatelyatleastthreetimesandtheresultsareshownastheactivlty

relativetothatofthecontrol．RelativeactivitiesfromdifftrentexpenmentSWerealmostthe

Sameandforthatreasontypicalresultsarereported・
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Gastest TheprocedureisshowninFig．2．1．Al．8－mlportionofthecellextract

andO．2mlofacoenzymemixturewereputintoa16．5×100－mmteSttube．Nitrogengas

wassuppliedtothetesttubefor2minattheflowrateof2l・min－1toremoveoxygenandthe

testtubewassealedwitharubberdoublecap（W－15，OrionInc．，Kyoto）．Theseptum

Closingofftheconnector（No．1020－20104，GLSciencesInc．，Tokyo）fbradisposablesyringe

（50ml）onthetopofapressurizedspraycancontainingastandardgas（02，N2，OrCO）was

Piercedwithaneedle（CaVehole，23Gx4cmlong，GLSciences）throughwhichgaswas

COllectedintothesyrlnge．AgasmixturewaspreparedinasyrlngeandinJeCtedintoatest

tubethroughtherubberdoublecap；atthesametime，airwastakenintoanothersyrlnge．

叫ectionsofgasweredonetwice．Propylbenzene（200pmol；24いノ1）wasiqiectedintothe

testtubewithamicrosyrlnge．Hydroxylationwasassayedasdescribedbefbre．

1） 【∃【司
囚

2）

Rubberdoub］ecap

寵、

N2　乳

【　∴・、’’

菅葡

Connector

SeptuぺSて㌍
3）

叫ecti

Ofgas

鼠屈4）

ー十二

Propylbenzene

臼
Gascylinder ce”extract Pressurizedspraycans（50

（470　　andcoenzymes

FIG・2・1・Gastest・1）N2gaSfromagascylinderwassuppliedtoatesttubefor2min・2）TTleSeptum

Closingofftheconnectorforadisposablesyringe（50ml）onthetopofpressurizedspraycanwaspricedwitha

needle，throughwhichgaswascollectedintothesyringe．3）Thegasorgasmixturecollectedinthesyringe

WaSlnJeCtedintoatesttubethroughtherubberdoublecap；atthesametime，airwastakenintoanemptysynnge．

4）Propylbenzenewasinjectedintothetesttube．

Oxygenconsumption OxygenconsumptlOnduringthereactionwiththecell

extractwasmonitoredwithatwo－layerreactionsystemintheincubationchamberofa

dissoIvedoxygenelectrode（DigitalOxygenSystemmodel10；RankBrothersLtd．，
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Cambridge，UK）．Al－mlportionofthecellextract（1．5U）wasiqjectedintotheincubation

Chamberoftheelectrodeat300Candthen300い′lofpropylbenzenewasaddedtothecell

extract．ThereactionwasstartedbytheadditionoflOOplofthecoenzymemixture

COntainlnglpmolofNADPHand50nmolofFAD．

Inhibitortest AlO－PIportlOnOfthesolutionofaninhibitorindeionizedwater

WaSmixedwith80匹lofthecellextract．Asacontrol，10ト1lofdeionizedwaterwasmixed

Withthecellextract．AninhibitorinsolubleinwaterwasdissoIvedinethan01andl匹lofthe

SOlutionwasmixedwith90い・lofthecellextract；thecontrolhadlplofethanol．The

mixturewasincubatedfbr5minatroomtemperature，andthenassayedfbrhydroxylation

Withthecoenzymemixtureandpropylbenzeneadded．

Inductiontest A6－mlportionofaseedculturewasaddedto300miofBM3

mediumina2－1Erlenmeyerflask．Themixturewascultivatedat30Oconarotaryshakerat

150rpm．Testchemicalswereaddedtol－Or2－dculturesandcultivationwascontinuedfbr

60r24hmore．Myceliawerecollectedandusedinthecellreactionasdescribedinthe

SeCtion20fChapterl．

RESULTS

EfFbctsofcoenzymeSOnhydroxylation Theefftctsofvariouscoenzymesalone

OrinmixturesontheconversionofpropylbenzenewiththecellextractofF．monil折，me

StrainMS31tol－PhenylpropanolareshowninTable2．1．TheactivitywhenonlyNADPH

WaSaddedwashigherthanthatwhenonlyNADHwasadded．TheadditionofFAD，FMN，

OrbothtothereactionmixturecontainingNADPHincreasedtheactivity．Infurther

experlmentS，WeuSedacoenzymemixturethatcontainedNADPHandFAD．

EfFbctsofothercofhctorsonhydroxylation SomecofactorsinvoIvedinthe

reactionsofdehydrogenasesandoxygenasesweretestedfbrtheirefftctsonhydroxylation，aS

WeregaSmixturesofO2andN2（Table2・2）・Allelectronacceptorsfbrdehydrogenases
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TABLE2・1・Effbctsofcoenzymesonhydroxylation

Coenzyme（s）

None

Basiccoenzymemixturea

withNADandNADHomitted

withNADPandNADPHomitted

WithATPandADPomitted

WithFADandFMNomitted

NAD＋NADH

NADP＋NADPH

ATP＋ADP

FAD＋FMN

NADH

NADH＋FAD

NADH＋FMN

NADH＋FAD＋FMN

NADPH

NADPH＋FAD

NADPH＋FMN

NADPH＋FAD＋FMN

Relativeactivity（％）

Notdetected

l00b

80

20

1（X）

78

17

71

Notdetected

Notdetected

12

15

17

17

61

78

65

aAmixtureofNAD，NADH，NADP，NADP＝，ATP，ADP，FAD，andFMNwaspreparedinKPBatthe
COnCentrationsglVeninMaterialsandMethods．

Usedasthecontrol（100％）・Therewas5・2mgofprotein（2・4U）perlmlofthereactionmixture．

（fromK3Fe（CN）6tOCytOChromecinthetable）gavelesshydroxylationactivitythantheir

COntrOl・Heminincreasedthehydroxylationbyabout40％・Threecofactorsforoxygenases，

tetrahydrobiopterin，aSCOrbicacid，andcatalase，didnotincreasehydroxylationactivlty，and

hydrogenperoxidewasnotdetected・Hydroxylationdidnotoccurinthereactionmixture

Withoutoxygen・Hydroxylationoccurredwith5％（v／v）oxygenandwasgreaterwithlarger

COnCentrationsofoxygento50％（v／v）・TheconcentrationofdissoIvedoxygeninthe

reactionmixturewasmonitoredwithanoxygenelectrode・Inthechamber，100pmolof

PrOPylbenzenefbrmedaballandfloated；l－PhenylpropanoIwasnotdetectedlaterina

n－hexaneextractofthereactionmixture・Withatwo－1ayersystem，1－PhenylpropanoIwas

detected，andtheinitialrateofdecreaseindissoIvedoxygeninthereactionmixturewaso．26

PmOl・mrl・min－l・TheoxygenconsumptlOnWaSPrOPOnionaltotheconcentrationofthecell

extract（Fig．2．2）．
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TABLE2・2・Efftctsofcofactorsorgaseousoxygenonhydroxylation

Relativeactivit（％）a

86e

32e

Concentration

lmMd

Com und

K3Fe（CN）6

Methyleneblue

DPIPb

l－Methoxy－PMSb

INTb

MTTb

Nitrobluetetrazolium

Menadione

PyrroloqulnOlinequlnOne

Cytochromec（horseheart）

Hemin

Tetrahydrobiopterin

Ascorbicacid

Catalase（bovineliver）

1

1

1

1

1

1

1

1

mM

mM

mM

mM

mM

d

d

d

d

mMd

mMd

mMd

58

21

e

70e

89e

62e

Oxygen

0．1mMd

l111Md

lmMd

lmMd

5200U・ml－1d

O％

5％

10％

20％

50％

80％

100％

75

11

6

136

58

113

102

0

70

85

9（）

1

1

1

e

e

e

e

e

e

e

f

f

r

11r

13f

09r

aThehydroxylationactivityisexpressedasapercentageoftheactivityofthecontrol（100％）．

bDPIP，2，6－dichlorophenolindophenol；トmethoxy－PMS，1－methoxy－5－methylphenaziniummethylsulfate；

INT，2－（4－iodophenyl）－3－（4－nitrophenyl）－5－Phenyl－2H－tetraZOliumchloride；MTT，3－（4，5－dimethyl－2－

thiazolyl）－2，5－diphenyl－2H－tetraZOliumbromide．

dconcentrationinthereactionmixture．

eThecontroIwasthereactionwithoutcofactors・Therewas5・Omgofprotein（1・5U）perlmlofthe

fThecontroIwasthereactioninanairatmospherewithoutreplacementwithN2・Therewas6・2mgof

PrOtein（1・9U）perlmlofthereactionmixture．

GasmixturescontainedO2attheindicatedconcentrationsinN2（V／v）・
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FIG・2・2・OxygenconsumptlOnduringhydroxylationwithvariousconcentrationsofthecellextract．

Solidline，Cellextractheatedinamicrowaveovenat600Wforlmintoinactivatetheenzyme；brokenlines，a

rawcellextract（1／1；therewas6・4mgofprotein（1・5U）perlml・1／2，1／3，1／4，andl′5；dilutedsolutions）．

Control；PrOPylbenzenewasnotadded，

Efrbctofinhibitorsonhydroxylation SinceenzymesdependentonP450are

POSSiblecandidates，efftctsofP450inhibitorsonhydroxylationwereexamined（Table2．3）．

Catbonmonoxideuptotheconcentrationof20％（v／v）allowedsomehydroxylation，Withno

activityattheconcentrationof50％（V／v）・TheotherP450－SPeCincinhibitorsdecreased

hydroxylation，eXCePtfbrmethoxsalen・WhenCu2＋，Hg2＋，Ag＋，OrZn2＋waspresent，the

residualactivitywasbetweenO％and25％（Table2・4）・TheactivityinthepresenceofBa2＋，

Fe2＋，Mg2＋，OrMoO42－wasthesameaswhentheinorganiccompoundwasabsent．The

effectsofotherpotentialinhibitorsareshowninTable2・5・Whenoneoffburthiolinhibitors，

P－Chloromercuribenzoate，5，5一－dithiobis（2－nitrobenzoate），ルethylmaleimide，Or

N－methylmaleimide，WaSPreSent，theactivltydecreasedto35％orless．Inhibitorsthatbind

Withthehemesiteintheenzyme（KCN，NaN3，OrNa2S）decreasedtheactivitytoabout30％

Orless・Themetal－Chelatingreagents2，2一－dipyridyl，EDTA，0－Phenanthroline，8－qulnOlinol，
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TABLE2・3・EffectsofP450inhibitorsonhydroxylation

Residualactivit（％）a

lO3r

7f

of

43g

49g

98g

44g

20g

29g

42g

48g

Concentration

o％b

20％C

50％d

lmMe

lmMe

lmMe

lmMe

lmMe

lmMe

lmMe

lmMe

Inhibitor

Carbonmonoxide

Metyrapone

SKF525A・HCI

Methoxsalen

Ketoconazole

Miconazole

Clotrimazole

Menadione

PiperOnylbutoxide

aThehydroxylationactivityisexpressedasaperCentageOftheactivityofthecontrol（100％）．

bGasmixturesusedwereO：20：80，C20‥20：60，Ord50：20：30CO－02－N2（byvol・）・

econcentrationinthereactionmixture．

hecontroIwasthereactioninanairatmospherewithoutreplacementwithN2・nereWaS6．2mgof
protein（1．4U）perlmlofthereactionmixture．

gDissoIvedinethanol；thecontroIwasethanolmixedwiththecellextract・Therewas5・4mgofprotein（1．5

U）perlmlofthereactionmixture．

TABLE2・4・Efftctsofinorganiccompoundsonhydroxylation

Compound（atlmMa）　　　　　　　　　　　Residualactivity（％）

None（deionizedwater）

AIC13

BaC12

CaC12

CoC12

CuC12

FeC13

FeSO4

MgSO4

MnC12

HgC12

NiC12

AgNO3

ZnSO4

Na2B407

Na2MoO4

100b

75

97

62

75

19

61

98

101

57

3

74

3

22

畠4

96

CompoundsweredissoIvedindeionizedwater．

aInthereactionmixture．

busedasthecontrol（100％）・TTIereWaS5・2mgofprotein（2・6U）perlmlofthereactionmixture．
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andthioureadidnotafftcttheactivlty・Oftheothercompoundstested，theresidualactivlty

Withphenylhydrazinewaslowest（at4％），andthosewithdiethyldithiocarbamate，

hydroxylamine，andiodoacetatewerebetween50％and70％．

TABLE2・5・Effectsofpossibleinhibitorsofhydroxylation

Compound（atlmMa）　　　　　　　　　　　　　Residualactivity（％）

None（deionizedwater）

None（1％（V／v）aethanol）C

P－Chloromercuribenzoate

5，5’－Dithiobis（2－nitrobenzoate）

N－Ethylmaleimide

N－Methylmaleimide

KCN

NaN3

Na2S

2，2l－DipyridylC

EDm

o－PhenanthrolineC

8－QuinolinoIC

Thiourea

L－Cysteine

Diethyldithiocarbamate

Hydrazine

Hydroxylamine

Iodoacetate

Phenylhydrazine

Semicarbazide

l00b

l00

2

12

35

32

31

24

12

1（X）

105

92

88

101

87

60

90

67

50

4

102

aInthereactionmixture．

busedasthecontrol（100％）・Therewas4・8mgofprotein（3・7U）perlplofthereactionmixture．

C2・2l－Dipyridyl，0－Phenanthroline，Or8－qulnOlinoIwasdissoIvedinethanol・Therewas5・4mgofproteinper

lmlofthereactionmixture・TheresidualactivltyWaSeXPreSSedastheactivltyperPrOteincontentandgiven
asrelativetothatofthecontroIwithethanol．

EfFbctsofP450inducersonhydroxylatingactivity SincemostP450

mOnOOXygenaSeSyStemSareinduciblebytheirsubstratesorbyunspeCincinducers，SOmeOf

P450inducerssofarreportedweretestedwiththisstrain（Table2．6）．Withacetoinor

ー42－



Salicylicacid，thespeCincactivltyWaShigherthanthatofthecontroIcultureatal1cultivation

timestested・ThespeCincactivityperCellweightwashighest（about140％thatofthe

COntrOl）whenacetoinwasaddedtoa2－dcultureandthemixturewasincubatedfbr24h

mOre．

TABLE2．6．EffectsofP450inducersonh droxlatin activit

Inducer Concentrationa RelativespeCificactivity（％）

1－dculture　　　　　　　　　　　　　2－dculture

6－hinduction　24－hinduction　　6－hinduction　24－hinduction

弓

巨

None

Acetoin

Clofibrate

Dexamethasone

n－Hexane

Methylethylketone

β－Naphthoflavon

Phenobarbital

Pyridine

Salicylicacid

vegetableoilf

59b

O．2％（w／v）　　　　　78

0．2％（w／v）　　　　　47

2mM　　　　　　　　　　58

0．2％（V／v）　　　　　67

0．2％（V／v）　　　　　71

97C

lO8

28

5（i

78

85

2mM　　　　　　　　　　55　　　　　　101

10mM　　　　　　　　　73　　　　　　　85

0．2％（V／v）　　　　　68　　　　　　81

10mM　　　　　　　　　73　　　　　　115

0．2％（V／v）　　　　　91　　　　　　84

93d l00e

l13　　　　　　　138

35　　　　　　　13

68　　　　　　　　74

100　　　　　　　　95

93　　　　　　134

68　　　　　　　109

87　　　　　　　　73

85　　　　　　　　90

117　　　　　　120

aconcentrationinthemediumduringpossibleinductionculture・

bTotalculturetimewas30，C48，Ord54h．

eTotalculture（COntrOl）wasfor72h；100％．

tookingoil（rapeSeed，SOybean，andc。rn。ils；Pr。P。，ti。nSinde。reaSing。，de，）．

DISCUSSION

Ingeneral，hydroxylationoforganiccompoundsiscatalyzedbyanenZymebelonglngtO

theoxidoreductasegroupofoxidases，OXygenaSeS，anddehydrogenases・Propylbenzenewas

COnVertedinto（R）－1－PhenylpropanolbythecellextractofF．monilifbrmestrainMS31with

NADPHorNADH・Propylbenzenehydroxylationdidnotrequlreelectronacceptors，anddid

notproducehydrogenperOXide，unlikeanoxidasesystem（Sakaietal．1995）．These

findingsshowedthattheenzymewasnotadehydrogenaseoranOXidase，reSpeCtively・
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Hydroxylationrequiredmolecularoxygenandwasincreasedmostbythecofactorhemin．

Suchcharacteristicssuggestedthattheenzymehydroxylatingpropylbenzenewasan

OXygenaSethatcontainedheme．

HydroxylationbythecellextractrequiredNADPHorNADHandwasincreasedbythe

additionofFADandFMN・FungalP450monooxygenasesystemscontainanNADPH－P450

reductase，WhichhasbindingsitesfbrFAD，FMN，andNADPH（vandenBrinketal．1998）．

ThereductasetransportsanelectronfromNADPHtoFADtoFMNandnnallytoP4500r

Otherelectronacceptors（Vemi11ionetal・1981）・Cytochromec，DPIP，andfbrricyanideare

COmpetltlVeelectronacceptorsofP450，andp－Chloromercuribenzoateinhibitstheelectron

transportchainofthisreductasetoP450（FranklinandEstabrook1971）．Inhibitionbythese

ChemicalssuggeststheinvoIvementofaproteinlikethereductaseinpropylbenzene

hydroxylation．

Inhibitionofhydroxylationbythiolinhibitorsindicatedthepresenceofasulmydryl

grouplnthehydroxylase・InhibitionbyCu2＋，Hg2＋，andAg＋alsoindicatedthattheenzyme

WaSahydroxylasewiththiolatenearthecatalyticsite・P450hasthecharacteristicsofa

heme－thiolateprotein（Kitagawa1993）．

P450inhibitorssuchascarbonmonoxide，miconazole，Clotrimazole，andcyanide

inhibitedthehydroxylation・IconcludedthatthehydroxylationwascatalyzedbyaP450

togetherwithaP450reductase（Fig．2．3）．

ThespeCincactivltyWaSlowerthanexpeCtedifaP450inducerwasaddedtotheculture．

Thehydroxylatingenzymemaybeproducedconstitutively・ConstitutiveP450canbe

detectedbyCOdifftrencespeCtraOfwholecellsofMortierelhlak，inaATCC89790r

CunninghamellablakesleeanaDSM1906，Whichhydroxylatecycloalkylbenzoxazoles

（Aspergeretal．1999），butP450isnotdetectedintheircellextractsormicrosomalfractions

（Aspergeretal・1999）・COdifftrencespeCtraOfthecellextractorthemicrosomalfractions

fromF・mOnil陶nnestrainMS31didnotshowthepresenceofP450（datanotshown）．P450

instrainMS31maybesimi1artosuchfungalP450s・

P450enzymesmetabolizeawiderangeofman－madechemicalsincludingdrugSand

environmentalpollutants・P450substratesalsoincludenaturalproducts‥SterOids，fattyacids，
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flavorcomponents，flowerplgmentS，andsoon・NumerousP450geneshavebeencloned

fromanimals，PlantS，andmicroorganisms（Nelsonetal．1996；Genbank），buttheP450gene

invoIvedinthehydroxylationofpropylbenzeneorsimi1arfunctionshasnotbeenreportedyet・

Hemeinhibitor＄

KCN・NaN3・Na2S

P450inhibitors

CO

CJotrimazoIe

MiconazoIe

Piperonylbutoxide
SKF525A

Thi01inhibitors Electronacceptor＄

Cu2＋，Hg2＋，Ag＋　　　　　　Cytochromec

F＞Ch10rOmerCUribenzoate DPJP

5，5’－Dithobjs（2－nitrobezoate）　　Ferm：yanide

N－EthyJmalejmide

N－Methy咋k，imid。　　　　▲
＼

、　　　l

＼

＼

ROH＋H20

RH＋02

F＞ChJoromercuribenzoate＼

＼

P450

＼㌢ys
口　eme

＼

＼　　　FMN

＼

＼

＼

／
FAD

CPR

NADPH

e‾

Endopla＄mic Reticulum

FIG・2・3・ProposablemechanismofP450andNADPH－CytOChromeP450reductase（CPR）invoIvedin

monooxygenation．TransferofelectronareShownwitharrOW．Brokenlinesareinhibitionsites．RH，

Substrate；ROH，PrOduct
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Chapter3

GeneticcharacterizationofcytochromeP450in

hydroxylationofpropylbenzene

CytochromeP450（P450）enzymesareresponsiblefbraverywiderangeof

transfbrmationincludinghydroxylationanddemethylation・TheprocessinvoIvesthe

additionofoneatomofmolecularoxygentothesubstratemolecule，theotheratombeing

COnVertedtowater・Theelectronsneededfbrtheoxygeninsertioninthesubstratemolecule

aretransftrredfromaseparateelectron－donatlngSyStem・Thesystemiseitheratwo－PrOtein

SyStem，adrenodoxinandadrenodoxinreductase，brmitochondrialandprokaryoticP450sora

Single－PrOteinsystem，NADPH－CytOChromeP450reductase（CPR），fbrP450sthata，el。Cated

inthemembraneoftheendoplasmicreticulum（Takemorietal・1993）・MostfungalP450s

SOidentifiedarelocatedintheendoplasmicreticulum（Yoshida1993）．

Fusariummonil拘nnestrainMS31wasusefu1fbrtheproductionofopticallyactive

PhenylalcohoIsbuttheyieldwasnotenoughfbrindustrialuse・InChapter2，invoIvementof

P450andCPRinthehydroxylationofpropylbenzenewasindicated．Forincreaseofthe

activityofP450enzymes，theinteractionbetweenP450andCPRisimportant（Sakakietal．

1994）andgeneticallyengineeredfusedproteinofthesetwoenzymesisthoughttobemost

usefu1（Yabusaki1995）・Inthischapter，geneSreSPOnSiblefbrhydroxylationof

PrOPylbenzeneweresoughtinF・mOnil陶YmeStrainMS31・Inthesectionl，agene

encodingCPRwasclonedinSaccharomycescerevisiaeanditsfunctionwasdeterminedby

expressionundercontrolofGALIpromoter・Inthesection2，threegenesencodingP450

WereClonedinS．cerevisiae．
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Sectionl

ClonlngOfNADPH－CytOChromeP450ReductaseGenefrom

Fusariummonil陶nneStrainMS31

NADPH－CytOChromeP450reductase（CPR；ECl．6・2・4）isanessentialcomponentof

mosteukaryoticcytochromeP450monooxygenasesystems．CPRisaflavoproteinand

tranSftrselectronfromNADPHtoP450asrequiredtoactivatemolecularOXygenfbrthe

VariousP450－Catalysedoxidationreactions．TheflowofelectronsisfromNADPHtoFAD

toFMNtoP4500rOtherelectronacceptors（Vemi1ionetal・1981）．．Incontrasttothemany

difftrentP450genesthatcanbefbundinaslngleorganism，OnlyoneCPRgeneisfbundin

mostorganisms（VandenBrinketal．1998）．ACPRsupportsmanydifftrentP450enzyme

activities（Porter2002）・ThededucedaminoacidsequenceidentitiesofCPRproteins

betweenvariousfungalandyeastgeneraare35－50％・Thesequencesfbrpossiblefunctional

domainsinvoIvedinbindingcofactorsFMN，FAD，andNADPHarewellconservedin

taxonomical1ydiversespeCies（Miles1992；VandenBrinketal．1995；YadavandLoper

2000）・Inthissection，CloningofaCPRgenefromFusariummonilifbrmestrainMS31

uslngRT－PCRisdescribed．

MATERIALSANDMETHODS

Micr00rganismsandculttlremedia F．monilifbnnestrainMS3lwascultivated

intheBM3mediumasdescribedinthesection20fChapterl．EscherichiacoliJM109，

Whichwasthehostce11sfbrtheconstruCtionofplasmids，WereCulturedinLuria－Bertani（LB）

broth・ThetransformantsweregrownonLBcontainlng50pg・mi－1sodiumamPicillin・

SaccharomycescerevisiaeINVScl（InvitrogenCorp．，Carlsbad，CA）wasthehostcellsfbrthe

expressionofcDNAofFMR（encodingCPRofF．monil拘nnestrainMS31）inavector

pYES2・1（Invitrogen）・TheyeastwasmaintainedonYPGagarCOmPOSedofl％（W／v）yeast

extract，2％（W／v）pePtOne，2％（W／v）glucose，andl．5％（W／v）agar．SCmediumwas
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COmPOSedof2％（W／v）glucose（Whichwassteri1izedseparately），0．67％（W／v）yeastnitrogen

basewithoutaminoacidswithammoniumsulfate（DiftoLaboratories，Detroit，MI），and10％

（v／v）aminoacidssolution，Whichconsistedof，inllofdeionizedwater，1geachofadenine，

L－arglnine，L－CySteine，L－1eucine，L－1yslne，L－threonine，andL－tryPtOPhan，0・5geachof

L－aSParticacid，L－histidine，L－isoleucine，L－methionine，L－Phenylalanine，L－PrOline，L－Serine，

L－tyrOSine，andL－Valine，Withadditionoflgofuracil・TheyeasttranSfbrmantswere

SelectedontheplateofSCmediumwithouturacil（SC－Umedium）．Forinduction，

galactose（Whichwassteri1izedseparately）wasaddedtotheSCorSC－Umediuminplaceof

glucose．

PreparationofgenomicDNA F．monilifbf7neStrainM31wascultivatedfbr4d，

andcellswerecollectedandstoredasdescribedinthesection20fChapterl・Wetcells，

Weighinglg，WerefrozenwithliquidN2inamortarandweregroundtobefinepowder・

Thepowderycellsweretransftrredtoa50－mlconicaltubewithascrewcap・Forextraction

OfDNA，8miofTE（COmPOSedoflOmMTris－HCl（PH8．0）andlmMEDTA）and8mlof

lysisbufftr（COmPOSedof50mMEDTAandO．5％（W／v）sodiumdodecylsulfate）wereadded

andthemixturewasincubatedat370Cfor30min・Themixturewascentrifugedat6，000×g

fbr5minat40C・ThesupernatantWaStreatedwithTEsaturated

Phenol＜hloroR）rm－isoamylalcohol（25：24：1，byvol．）andRNaseA（NipponGeneCo．，Ltd．，

Tokyo）bythestandardprotocolfbrpuri丘cationofgenomicDNA（Sambrook2001）．The

isolatedgenomicDNAwas75pg．

PCRamplificationoftheCPRsequencefromgenomicI）NA Degenerate

PrlmerSWeredesignedbasedonrelativelyconservedsequencesintheFMN－bindingdomain

OfknownCPRgenesfbrfbrwardpnmerandintheNADPH－bindingdomainfbrreverse

Primer（Fig・3・1・1）・ThePCRwasdoneusingExTaq（TakaraShuzoCo．，Kyoto）asDNA

POlymeraseandthereactionmixture（25い・1）contained25ngofgenomicDNAastemplate

and12・5pmoleachofforwardandreverseprlmerS・Amplincationwasprecededby

denaturationat940CforlOmin，PrOCeededwithrepeatlng30cyclesofdenaturationat940C

fbrlmin，annealing（bygradientprogram）atbetween400Cand550Cfbrlmin，and

POlymerizationat720Cfbr2min，andfbllowedbyextensionat720Cfbr7mininathermal
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Forwardprimers

W－ノdo∽αf〃

Consensusaminoacid：　　　Q T G T A／G E

Degeneratepnmer：

W－2（わ椚αJ〃

Consensusaminoacid：

Degeneratepnmer：

W－jdb椚α玩

Consensusaminoacid：

Degeneratepnmer：

5l－　CAR ACN GGN ACN GCN GAR

G E／D P T D N A

5一－　GGN GAN CCN ACN GAY AAY GC

F G L G K

5’－　TTY GGN YTN GGN AAY

ReYerSeprlmerS

〃AβP〃－2do椚αf〃

Consensusaminoacid：　K V Y V Q D／E

Degeneratepnmer：　TTY CAN ATR CAN GTY ST　－51

MβP〃－jdo椚αf〝

Consensusaminoacid：　Y V C G D A

Degeneratepnmer：　ATR CAN TGR CCN CTR CG　－5’

FIG・3・1・1・DegenerateprimersusedforthePCR－amplincationofCPRgenefromF．monildbTmeStrain

M31・PrimersweredesignedbasedontheconservedreglOnSOfCPRgenesfromfungalspeCleSincluding

A甲ergillusniger，S・CereVisiae，S．pombe，Cbndidaroseus（VandenBrinke（aL．1995）．Abbreviationsare：N，A，

C，G，OrT；R，AorG；S，CorG；Y，CorT．

CyClerincubationoven（iCycler；NipponBio－RadLaboratoriesK．K．，Tokyo）．The

annealingtemperaturewassetautomatical1yat40，41，42．9，45．4，49．4，52．1，53．9，and550C．

FordeterminationofwholesequenceoftheCPRgene，geneWalkingwasdoneuslngLAPCR

invitrocloningkit（Takara）．APCRproductwasisolatedfromtheelectrophoresisgels，

Purined，andligatedintoaT－tai1edpCR2．1vector（Fig．3．1．2．A）inTOPOTAcloningkit

（Invitrogen）andtheligationmixturewasusedtotranSfbrmE．coliJM109forDNA

SequenClng・

PreparationofmRNA CellsofthestrainMS31werecollectedfmm2－dculture，

atwhichtimetheyieldoftotalRNAwashighestandtherestlngCellsshowedpropylbenzene

hydroxylation，andstoredat－800Cuntiluse．Wetmyceliafrom触）ZenStOCk，WeighingO．1g，

WereSuSpendedinlmiofanaCidphenol－guanidiniumthi∝yanatereagent（SepaヱOl－RNAI；

NacalaiTesque，Inc・，Kyoto）mixedwithO．5gofglassbeads（0．5mm中；BioSpeCProducts
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Inc・，Bartlesvine，OK）ina2－miconicaltubewithascrewcap・Thetubewassetona

Mini－Beadsbeater（BioSpeC）andwasvibratedat5，000rpmfbr30s・Thetubewasputon

icefbrlminormoreandthenvibratedsixmoretimesfbr30seachtimetodisruPtthefungal

Cells・Purificationwasdoneaccordingtothemanufacture，sinstruCtiontoobtaintotalRNA．

Poly（A）＋RNAwasisolatedusinganoligo（dT）spincolumn（mRNApurincationkit；

AmershamBiosciencesK・K・，Tokyo）accordingtothemanufacture，sinstruCtionbutvolume

Ofthehighsaltbu鮎randthelowsaltbufftrwereincreasedto2mlinthewashingsteps・

ThemRNAwastreatedwithDNaseI（RNase－free；Takara）toremoveDNA．Purined

mRNAwaslOpgfromlgofwetmycelia・

A

享i．さ≡衰ミ
A PCRproduct A　－＞

冨篭重責垂亘

＝1■‖‖J一言i面⊥山山■i

plac　由血　　flo叩∩

PCR2．1
3908bp

Am〆

PUC

Origin

伯〃√

B

盲　　　　A PCRproduct

丁7　　†

A

嗣

⊆
的
屯

遥
ぺ

止1「′」「ノ1

V5C－tm帽VerSe

PnmlngS止e

GaJlforvvardpnrnrngs鹿

flong■n　　□G拙　Tcγ口

PYES2．1
5887bp

2llOngln

PUCoHgln

月m〆

FIG・3・l・2・MapsofpCR2・1vector（A）andbYES2・1vector（B）・Plac，lacZpromoter；Kanr，Kanamycin

resistanceORF；Ad，AmpICi11inresistanceORF；PGALl，GALIpromoter；TcYCl，CYCltranscnptlOn
terminationslgnaJ；URA3，URA3promoterandgene・

CDNAclonlngOftheCPRgene Libraryofsingle－StrandcDNAwasconstruCted

usingtheFirst－StrandcDNAsynthesiskit（Takara）・A25－PIRTreactionmixturecontainedl

PgOfmRNA，0・5pgofoligo（dT）primers，10nmolofdithiothreitol，and25Uofavian

myeloblastosisviruSreVerSetranSCrlPtaSe・Themixturewasincubatedat4lOCfbrlhand
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WaSheatedto950Cfbr5mintoinactivatethetranSCrlptaSe・FollowlngPCRwasdoneuslng

ExTaq（hotstartversion；Takara）andthereactionmixture（25匹1）containedlploftheRT

reactionmixtureand12・5pmoleachofprlmerS・PrimerswereCPR－Start

（5■－GCAATGGCTGAmCGACATCATGA－3一，fbrward）andCPR－end

（5．－CACCTTATCTACCAGATGTCCTCCT－3一，reVerSe）・Amplincationwasprecededby

denaturationat940Cfbr3min，prOCeededwithrepeatlng30cyclesofdenaturationat940C

forlmin，annealing（bygradientprogram）atbetween550Cand650Cfbrlmin，and

POlymerizationat720Cfbr2min，andfbllowedbyextensionat720Cfbr10mininthe

thermalcycler・TheannealingtemperatureWaSSetautOmatical1yatL55，55・8，57，58・7，61．2，

63・1，64・3，and650c・APCRproductwasisolatedfromthegel，Pur摘ed，andligatedintoa

T－tai1edpYES2・1vector（Fig・3・1・2・B）inthePYES2・1TOPOTAclomingkit（Invitrogen）to

COnStruCtPYES－hr・PlasmidswereusetotransformE．coliJM109R）rPur摘cationofthe

PlasmidandDNAsequenclng・PurinedPYES－fhrwasusedtotransfbrmS．cerevisiae

INVSclbylithiumacetatemethod（Itoetal．1983）withAlkali－CationYeastkit（Quantum

Biotechnologies，Inc・，Carlsbad，CA）・ThepresenceofpYES血Irintheyeastwas

deteminedbycolonyPCRwithaprlmerSetOfGal1fbrwardandV5C－termreVerSeinthe

PYES2・1clonlngkit．

DNAsequencing DNAsequenclngOfrecombinantPlasmidwasdonebythe

dideoxychain－teminationmethod（Sangeretal・1977）withanautOmaticsequencer（PRISM

310GeneticAnalyzer；AppliedBiosystemsJapanLtd．，Tokyo）．

ExpressionofCPRgene S．cerevisiaeINVSclanditstranSfbrmantswere

Culturedat300cin500－miErlenmeyerflasksonarotaryshakerat150rpm・Oneloopfu1

fromthecolonywasusedtoinoculatelOOmlofSCorSC－Umedium，andthemixturewas

Cultivated・After24h，Cellswerecollectedbycentrifugationatl，500×gfbr5minat40c

andwashedtwiceby20mlofthefreshSC－Umediumwithoutglucose・Cellswere

transftrredtolOOmioftheinductionmediumtoafinalconcentrationO・40D600andthe

mixturewascultivated・Cellsgrownin44－hinductionwereusedtopreparetotalRNAinthe

SameWayaSabove・TotalRNAwastreatedwithDNaseI（RNase－free；Takara）andthen

usedfbrRT－PCRwithpnmersCPR－StartandCPR－endtoamPlifytheexpressedFMRinS．

－51－
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AssayofCPRactivity Cellswerecollectedbycentrifugationatl，500×gfbr5

minat40C・Cellsweresuspendedin2mloflOOmMpotassiumphosphatebuffer（pH7・0；

KPB）atafinalconcentrationof800D600andmixedwithlgofglassbeads（0・5mm¢；

BioSpeC）ina2－miconicaltubewithascrewcap．ThetubewassetonaMini－Beadsbeater

（BioSpec）andwasvibratedat3，600rpmfor30s．Thetubewasputonicefbr2minor

moreandthenvibratedsixmoretimesfbr30seachtimetodisruptthecells・The

homogenatewascentrifugedatlO，000×gfbr10minat40C・CPRactivltylnthe

SupernatantWaSmeaSuredbymonitonngoptlCallythereductionofcytochromecintheassay

mixtureatroomtemperatureinaspectrophotometerat550nm（e＝29）fbr2min．The

reactionmixturecontained，PerlmlofKPB，0・05pmoIcytochromec，1pmoINADPH，and

O・2」）・5mgofprotein・AunitofenzymaticactivltyWaSdefinedastheamountofthe

enzymesthatreducedlnmolofcytochromecperlmin・Theamountofproteinwas

measuredbythemethodofBradfbrd（1976）withaproteinassaykit（NipponBio－Rad）and

bovineserumalbuminasthestandard．

E恥ctofNADPHanditsgenerationsystemsonthehydroxylationofpropyIbenzene

WetmyceliaofF・mOnilifbnnestrainMS31fromh・OZenStOCkat－80Oc，WeighingO・1g，Were

SuSpendedinlmiofKPB・Thereactionmixturecontained90plofthecellsuspenSion，10

Plofacofactorsolution，10pmol（1・2pl）ofpropylbenzene，andlOmgofglucose（ifadded）

inal・5－miEppendorftube・Thecofactorsolutioncontained，perlmiofKPB，10pmolof

NADPH，60Uofglucosedehydrogenase，andthecellextractfrom44－hinductioncultureof

S・CereVisiaeINVSclandINVScl／PYES－fmr，insomecombination（SeeTable3．1．1）．

ReactionandassayofthehydroxylationofpropylbenzenewereasdescribedinChapter2・

RESULTS

DNAsequenceofCPRgene PCRamPlificationwasdoneongenomicDNAas

templateuslngallsixcombinationsofdegeneratepnmers・AnrstPCRuslngthepnmers
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FMN－1andNADPH－3resultedinthefbrmationofseveralfaintbandsonl％（W／v）agarose

gels（Fig・3・1・3・A）・AsecondPCRusingtheprimersFMN－2andNADPH－2andlplofthe

nrstPCRproducts（annealingat45・40C，l：1000dilution）astemplateresultedinthe

fbrmationofasingleband，thesizeofwhichwasl．5kb（Fig．3．1．3．B）．Thededucedamino

A

B

Size

（kb）

19．3－・・
7．7－
6．2－
4．3－

∋：ラ＝
1．9・－・

1．5－

0．9－

0．4－

M　1　2　3　4　5　6　7　8

Size

12　3　4　5　6　7　8　M（他）

19．3

言：≦
4．3

∋：ラ

1．9
1．5

0．9

0．4

FIG・3・1・3・PCRamplificationsfbrCPRofダ．monil陶rmestrainMS31．A，firstPCRusinggenomicDNA

andtheprimersFMN－1andNADPH－3；B，SeCOndPCRusingthefirstPCRmixture（anneaIingat45．40C，1：l㈱
dilution）andtheprimersFMN－2andNADPH－2．Lanesl－8areannealingtemperatureat55，53．9，52．l，49．4，

45・4，42・9，4l，and40OC，reSpeCtively・M，l一駄dr14Idigest・
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acidsequencewassimi1artothatofCPRindatabasesuponanalysisbyBLASTsearch

PrOgram（GenomeNet2002）・SequencetheDNAcontainingwholeCPRgenewas

deteminedbygenewalking・A4，106－bpsequencewasgeneratedbysequenclnginboth

directions（Fig．3．1．4）．

CloningofcDNA Threededucedaminoacidsequenceswereobtainedfromthe

nucleotidesequenceofthegenomicDNA・FunctionaldomainsandotherconservedreglOnS

WereanalyzedbycomparisonofdeducedaminoacidsequencesfbrotherfungalCPRsanda

fbrwardprimercontainingstartcodonandareverseprimercontainingendcodon（described

inMaterialsandMethods）weredesigned・PCRwithsingle－StrandcDNAlibraryasthe

templateresultedinthebrmationofaslnglebandofthesizeof2．1kb．Thenucleotide

SequenCeanditsdeducedaminoacidsequenceareShowninFig・3・l・4．

Genesequenceanalysis ThetranSlationstartcodonwassurroundedbythefungal

COnSenSuSSequenCeTCA（C／A）（A／C）ATG（Grr）C（BallanCe1986）（Fig・3・1．4）．A

COmParisonofthegenomicDNAandcDNAsequencesofthegeneledtotheidentincationof

twointrons・AbasecompositionofthecodingregionwasA（27・11％），T（24．39％），G

（23・97％），andC（24・53％）・NNPP（2002）analysisfbreukaryoticpromoterprediction

indicatedaputativetranscriptionstartsiteatthe－353nucleotide（nt）positiononthe（＋）

Strandupstreamoftheasslgnedtranslationstartcodon・ACAATboxwasatthe－274nt

POSitionandpossibleTATAboxwasatthe－74ntposition・Thepolyadenylationslgnal

AAmAAwasnotfbund．

Deducedprotein ThededucedaminoacidsequenceofCPRfromF・mOnilわnne

StrainMS31，WhichproteiniscalledFMR，WaSCOmPOSedof706aminoacidresidues（Fig・

3・1・4）anditscalculatedmolecularweightwas78，412・SOSUI（2002）analysisfbr

PredictionoftransmembranesegmentsindicatedthattheFMRwassolubleprotein・BLAST

SearChwithpeptidesequencesofknownproteinsindatabasesindicatedthattheFMRwas

mostrelatedtoCPRofthefungusBeauveriabassiana（identities51％），Whichwasfbllowed

byotherfungisuchasA5PeYgillusniger（50％），Cunninghamellaelegans（43％），andS．

CereVisiae（43％）・AlignmentofthededucedaminoacidsequencesoftheFMRand

representativeCPRsfromtaxonomical1ydiversespeCleSareShowninFig・3・1・5・The
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－810　CTCATTCCACGTTTCCGAAGCAATTGGTTTCCでGTCCTCCAAAGGAATTATCAAACGCTCAGCCAAATCAGAAGAGAAGCTAACATTCCT

－720　CGCAATTCGCTCCTGGGCCGCGTTCACAATGATrGAGATTGGGCGGTTGTCACでGGAGTAGATGAACGCCATGCAGGATAAAGAÅÅAACT

－630　GGCTACAAAGÅCATGGAAGGCAAAGTGGAAAAGCGATATGCTTCAGAArrTGGCCTGGGCTAGTGTTGCTACTCATTGGAGTCTGAGAGA

－540　TGGTTTGATACCCGAGGCでTTTGTTTCGCCGCでGGCGGTGTTTGCGACGTGGAGCTTGGTCAAGGATGCTTGGAAGAAでGCGGCTTGACC

－450　CCCATGAでGCATCATTTGGGTGATGTCGGCCTCTTTTTGAGÅTTTGAAGCCTCTGGCCAAGGGCTTGTATATAでTCGCGCATAAAACCAG

－360　TGCATTATCCAGGTTGCATCAAAATATAAGCATTGCATGACTGCGAGTTACCAAAGGCAGCATCGTGATGTGTATATCCCTAmCCCÅA
一270　TATACCCGAAATCTTGATCTTGCTAAATGCCTTGTTCGACCTGGでCGGAAATATTGCGAAAGTTCCGATGACTrrATGGCGGCTATGATr

－180　GGmATGCATTでTGTGTGGCAACTCGTCAATAGCTCGGTGGTCGGAAAACGATTCCGCTCCGGATGCTCGGGCCATGAGAAACTTCGCG

，90ATGACTTCTCGAATG魯TAGGCTTTCAA脇TATGTGAATAGTTTCAAATCATCATTAACATCAATCCTACTTCG即ATTCGACACA
l▲VGFGCTGATATCGACÅTCATGACCAACGAGCCCATTCTGGACGAAGCTCTTCTCACAACAGAGTCTCCCGTCATTGACTCAACAGACTTA

I M A D　＝　D I M T N E P　工　L D E A L L T T E S P V I D S T D IJ

91ATCGTTCTrCTTTCTCTACTTCTAGGÅGCAATTACATATCTCTCTAATGGCÅAAATAAGGAGCTTCTTCTTCCCTAAACCTACCACAGCA

31　Ⅰ　V L L S IJ L L G A I T Y L S N G K I R S F F F P K P T T A

181ACでGAAGAAACAGCTTCGAAÅGAAGACAGTCTTCGAAGCATCTCTCACATCTGCAACACCACTGGCAAGAACTGCATCÅTCTTCTACGGC

61　T E E T A S K E D S L R S　＝　S H　＝　C N T T G K N C I I F Y G

271TCACAGACTGGCÅCTGCAGAGAACTATGCTCAGAAACTAGCGAGAGAAGCTAGTTCACGCTATGGCCTTGATCCCATGGでCGCでGATCTI．

91　S Q T G T A E N Y A Q K L A R E A S S R Y G L D P M V A D L

361GAGGAGTATGACTACAGCGATCTCTCAGAACTCTCAGAGCAGGTCGTTCTGATGTTTGTACTTGCTACATACGGCGAAGGAGAACCTACA

121　E E Y D Y S D L S E L S E Q V V L M F V L A T Y G E G E P T

451GATAATGCTCAAGACTTTでATÅCCTACATCACTGGTGGTGAAGATGGAGATCAGCCGGAAGTTGATCTCCAGAACGTCAAGTATGTTGCT

151　D N A Q D F Y T Y I T G G E D G D Q P E V D L Q N V K Y V　Å

541TTCGGTCTTGGAAATAGCACCTATGAGCATTACAACGCTATGGTGAGACGTGTTTCGAAAGCGTTGGAでGGCCrrGGTGCGÅAGAATC

181　F G IJ G N S T Y E H Y N A M V R R V S K A L D G L G A K N L

631GCTAGTATTGGGGAGGCTGATGACGCAGCTGGGACGACTGAAGAGGACででTTTGGCATGGÅAGCAAGATATGTGGCCGAAGCTでGTTCAA

211　A S I G E A D D A A G T T E E D F L A W K Q D M W P K IJ V Q

721GAGTTTGGGCTTCAGGAGAGAGATGTTGCTTATGAGTCGACATTTGGTGTTCTGGAAAGAGATGATCTGGATGCGAACTCGCCCGGTGTC

241　E F G L Q E R D V A Y E S T F G V I，　E R D D L D A N S P G V

811TTTCTCGGCGAAGCAAACGCAGATCATmGATACCAGCTCAGCCAÅCCGCCAGTTTAGCAACÅCGAACCCTTACGTCGCTÅGCATCACC
271　F IJ G E A N A D H F D T S S A N R Q F S N T N P Y V A S　工　T

901GAGTCTCGCGAACTATTCACTTCCAAGGATCGGAACTGCATTCACATGGAAATTGATCTCGGCGACTCGGGでCTATCTTATGAGACAGGT

301　E S R E L F T S K D R N C I H M E I D L G D S G L S Y E T G

lO81GATCACGTCGCTATCTGGCCGACCAACTCCGAAGACCAAGTCACGCAACTTCTCAGCATTCTTGGGTTAACAGAGAAGÅAGGATACGGTr

331　D H V A I W P T N S E D Q V T Q IJIJ S　工　L G L T E K K D T V

l171ATTTCTArIIGTTAGTCGGGAAGCAACTGCAAAGCCACCCGTTCCTÅCACCAACGACATATGCTACCACGCTGCGATATTATCTTGAGA

361　I S　工　V S R E A T A K P P V P T P T T Y A T T L R Y Y L E I

1261GCTGGACCTGTGTCTCGAGAGTTCATCAACGTCATTGCTGCTTTI．GCACCTACCGACGCTGCAAAAACAGAÅGCGACGÅAGCTCGGCAGT

391　A G P V S R E F I N V　＝　A A F A P T D A A K T E A T K IJ G S

1351GAAAAGGTGTACTTCAACGZLAmTCAGCCAGAAGTGCCTTTCACTTGCTCAAGTGTTGAGTAAGCTCAGTTGGGGTCAÅCCATGGACT
421　E K V Y F N E K I S Q K C L S I」A Q V L S K IJ S W G Q P W T

1441AAGCTGCCCTTCTCAGCでGTCGTCGAAGGACTTAGCAAACTTCAGCCTCGATACTACTCCATCTCCTCATCATCACTCGTCCÅACCCTCC

451　K L P F S A V V E G L S K L Q P R Y Y S I S S S S L V Q P S

1531ACTGTTTCCATCACTGCCGCCGTTGAATCAGCCGAGTTTCAAGGTCGÅCCTGAでGTCTTCAAGGGCGTAGCTACGAATTACCTTCTCTCA

481　T V S I T A A V E S A E F Q G R P D V F K G V　Å　T N Y L IJ S

1621CTCAAACAGGCTCAGAÅCCAAGAGTCTCAATCACAAGAGTATCAACTAAACGGTCCTCGTGÅGAAGTACGCTGGTTTCÅGÅGCGCCCÅTI．

511IJ K Q A Q N Q E S Q S Q E Y Q L N G P R E K Y A G F R A P　工

1711CATCTTCGCAAGTCÅÅACTTCAAGCTTCCCAAGGATTCATCCCGACCTGTCATCATGATCGGTCCGGGAACTGGTGTTGCTCCATTCAGA

541　H I，　R K S N F K L P K D S S R P V　＝　M　工　G P G T G V A P F R

1801GGCTTCGTÅCAÅGAGCGAGCTGCGTTGAAAAAGCAGGGGAAGAATGTTGGAAAGAACTTGTTGTTCTTTGGATGTCGGCGÅCGGGCTGAA

571　G F V Q E R A A IJ K K Q G K N V G K N L L F F G C R R R A E

1891GATTATCでCTACGAGTCAGÅGTGGCGGGTAAGTCAACGGTCCCrrGATGTCCAGCCAACCTTGCTAACCCATGCCAGGAACACAAGAAGA
．　　．．　　　　．二：‾‾「．‾‾．：＝＝二＿＝＝‾．二二＿■二二＿＝＿＿＿＿＿■＿

601　D Y L Y E S E W R　　　　　　　　　　　　　　　工ntronl E H R K

1981CCCTCAGCGACGGCTTCGATATTCÅCACTGCATTCTCAAGAGAGÅCCAAGCAGAAGGTTTATGTGCAGCACCTCATCAAGTCTCATGCCA

614　T L S D G F D I H T A F S R E T K Q K V Y V Q H L I K S H A

2071ACGAAGTGATGGACATGATTGACAACGGCGCGATTATCTATGTTrGCGGCGATGCGAAACACATGGCAAGGGÅでGTCAATTCTACCCTCA

644　N E V M D M I D N G A I I Y V C G D A K H M A R D V N S T L

2161TCTCAATCTGGGCCGAACAGCGGGATATCTCCATTGAGAGTGCAGCGGAGAAGGでGAAGGGTCTAAGAGACACTGCGCGATATCAGGTAA

674　＝　S I W A E Q R D　＝　S　＝　E S A A E K V K G L R D T A R Y Q

2251GCATTTCATATCCAAGGTTGGCACCGTTACTAACACCTCGAAGGAGGACATCTGGmQATAAGGTGATATÅGCACÅTTCTTAGACATÅAT
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2341GCTAGATTCAAAAGTTCCCAGTTATACTATGCATGCCGAAGCTGCATCTCTGTTGTGAGATTGAACTATTATAACAATCATTTCCATGTC

2431GATCATATGTACCGTATTCCCATTCATCACCTGTGTTAGCAGCCCTÅAAGGTTAACCTTATAGGCGGCAATCATCCCCATAGTCATGTCG

2521ATTATATAATCCTGATCTGCACTTGTACACTGCCTGGCCACGTAAAGTCTTCCAGGTCでGATGCTGGAGCÅTCTTCACGATGAGATTGAA

261l TrGTCTGCGCGTTTCACAACGATAGTGCAGAATCCAACCCGTTGATAGGTGTCGCCGCCAATCTGTTTCAÅGACCÅGACACCÅÅCAGTCCA

2701CATCAGAGGGGCCTTTGATACTAACGAでTGGGGCACÅÅAAGACTTTGTCTCCCAAGTTCAGATCGTCGTCCTTAAGTACGCAATCAGGCÅ

2791CAAACCAACTCAGCCTGAGCGGAGGGTCAAGTTTATGGATATTCCAAAÅGCCTCGATCTCCAGGATCCでGGTACGGGTAGATCTCAGCTG

2881ATGCCAATGACGTCTTCATATCCAGAAATCCACTTCGGACCTCGCCCGTAGGATCAGTCGTTGCAGGCTCACAGCTTACATCGAGGATAA

2971CGGATGCTrGTTTTGGCATCGAATAGGGGAAGGACATATCGAGCATCCGCCAAGAACAGCTGAATAGTTATCGACAGCGGCCCAAGACAT
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FIG・3・1・4・NucleotideanddeducedaminoacidsequencesofFMRgene・Numberingfbrthesequence

beginswiththeputativeinitialATGcodon・nleStartCOdonandthestopcodonareshowninboldfhces・

Intronsareindicatedwithunderlines・ACAATboxandaputativepromoterresultingNNPPanalysISare

underlined．ApossibleTATAsignalisinabox．
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FIG・3・l・5・AlignmentofthededucedaminoacidsequencesofFMRandrepresentativeCPRsfrom
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bindingdomainsfbrFMN，FAD，andNADPHwereal1highlyconserved．Adomainfbr

P450－binding，P450－1，WaSCOnServedinallorganismsexceptaplantAlⅥbidqpsisthaliana．

ExpressionofCPRgeneinS．cerevishze S．cerevisiaeINVScIshowed

NADPH－CytOChromecreductaseactivity（Fig．3．1．6）．TheactivityofINVScl／PYES2．1／lacZ，

WhichwasinpYES2．1TOPOTAclonlngkitasexpressioncontroIplasmid，WaSthesameas

theactivltyOfthestrainINVScl．TheactivltyOfthestrainINVScl／ⅠⅣES－fmrwashigher

thanactivitiesofotherstrainsandthespeCincactlVltyWaSthehighestat44hafterinduction．

RT－PCRwithtotalRNAofthestrainINVScl／ⅠⅣES－fmrproducedabandatthesizeof2・lkb

（Fig．3．1．7）．
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FIG．3．1．6．GrowthandCPRactivityofS．cerevisiaeIWScl（A），IrNScl／qES2・1／kzcZ（B），and

INVScl／ⅠⅣES－fmr（C）intheinductioncultures．Samplingwasat20，32，44，56，and68haftercellsgrownin

SCorSC－Umediumweretransftrredtoinductionmedium．SymboIs：Squ∬eS，grOWth；Circles，SpeCific

activityOfCPR．

EfnectofNADPH・generatingsystemsonpropylben2Cnehydroxylation Since

additionofcoenzymesanditsgeneratlngSySteminthereactionincreasedtheyield，NADPH

anditsgeneratingsystemswereaddedtothereactionmixturewithcellsofFmoniL陶r7ne

StrainMS3l．Hydroxylationsofpropylbenzeneweredecreasedinreactionmixtures

－57－



COntainingglucose（Table3・1・1）・AdditionofNADPHonlyorwithCPRdidnotincrease

thehydroxylation．

Size

（kb）　M12　3　4

FIG・3・1・7・RT－PCRtoamp”fytheexpressedFMRgeneinS・CereVisiaelNVScl．Lanes，M，九－Ecdn4I

digest；1，INVScIwithoutRT；2，INVScIwithRT；3，INVScl／qES－fmrwithoutRT；4，INVScl／fNES－fmr

TABLE3・1・1・EffbcbofNADP＝anditsgeneratlngSyStemSOnhydroxylationofpropylbenzenebycellsofFmoni擁）rmeStrainMS31．
Condition

None

NADPH

Glucose

NADPH＋glucose＋GDHa

NADP＝＋CPRyeastb

NADP＝＋CPRfrruC

Relativeactivity（％）

100d

95

84

7fI

101

aGlucosedehydrogenase．

bThecellextract丘om44－hinductioncultureofS・CereVisiaeINVScl．
thereactionmixture．

CThece1．extractfmm44－hinductioncultureofINVScl／bYES－fm・Therew鮎266UofCPRperlmlof

dusedasthecontrol（100％）・TherewasO・1gofcells（11U）ofFmon”dbmestrainMS31perlmlofthe
react10nmlXture．

－58－
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DISCUSSION

UsingdegenerateprimersongenomicDNAofF・mOnil拘rmestrainMS31，afragment

WaSgeneratedandthepartiallydeducedaminoacidsequencematchedtootherCPRproteins・

Simi1arprimerswereusedinthecloningofCPRgenesfromA5PeTgillusniger（VandenBrink

etal・1995）andPhanerochaetechryso岬Orium（YadavandLoper2㈱）．Inthesereports，

theproducedfragmentswereusedasprobefbrscreenlngthecDNAlibraries・CDNAlibrary

WaSnOtCOnStruCtedinthisstudybutcDNAencodingFMRofF．monilifbnnestrainMS31

WaSisolatedbyRT－PCR・DespitethelowsequenceidentitywithwholeCPRs，the

functionaldomainssuchasFAD－，FMN－，andNADPH－bindingarehighlyconservedinall

SpeCleS・Infungalgenome，intronsareusuallyshorterthanthoseofothereukaryoticspeCleS

andmanyCPRsareregisteredindatabasessuchasGenBank（2002）andSwissProt（2002）．

Thetechniquesusedinthisstudywereusefu1astheshortcutinisolatingfungalCPRgenes・

Several1inesofheterologousexpressionsystemshavebeendevelopedtoproduce

functionalP450enzymesinE・COli，S・CereVisiae，mammalianandinsectculturedcelllines，

andplantcells・ManyhumanP450geneswereclonedinS・CereVisiaeandtherecombinant

P450scatalyzedtheoxidationoftheirsubstratewiththeyeastCPR（Yabusaki1995）．The

P450－bindingdomainofFMRwasidenticalwiththatofS・CereVisiaeandtheidentltyOfFMR

totheyeastCPRwashigherthantheidentltyOfhumanCPRtotheyeastCPR・IfP450

genesofF・mOnilifbTmeStrainMS31isexpressedinyeast，therecombinantSmaybeableto

ShowtheirowncatalyticactivitieswiththeaidofyeastCPR・

Inthecoenzyme－dependentreactions，generationofcoenzymesisusefu1toincreasethe

PrOductyield・Agenerationsystem，WhichiscomposedNADPH，glucosedehydrogenase，

andglucosewasaddedtothereactionmixturewiththerestingcellsofNocardiajuscaandthe

productionof（R）－3－Pentyn－2－01wasincreased（Xieetal．1999）．Inthisbioconversion

PrOCeSS，eVenifadditionofglucoseonlyincreasedtheyieldof（R）－3－pentyn－2－Olbecause

glucoseactsasenergysourcefbrcoenzymesinvivo・Inthehydroxylationofpropylbenzene

byF・mOnil的nnestrainMS31，PreSenCeOfglucosedecreasedtheyieldofトphenylpropanol．

CPRistheelectron－donatingproteinforseveralknownoxygenases（Fig．3．1．8）fbundonthe
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FIG・3・1・8・TheelectrondonatingsystemofCPR（Porter2002）．

endoplasmicreticulumofmosteukaryoticcells・Therate－1imltlngStePOfP450reactionsis

thefirstinelectrontransfbrfromCPRtoP450（Sakakietal．1994）．IntroductionofCPR

genesintoP450－OVerPrOducingS・CereVisiaeresultedinaconsiderableincreaseP450enzyme

activity（Imaishietal・2000；Murakamietal・1990），SuggeStingitsimportancefbrP450

enzymeactivities・ConstruCtionofP450－CPRfusionproteinalsowasprovedtobea

ValuabletoolfbrincreasingP450enzymeactivitiesinS．cerevisiae（Hayashietal．2000；

Murakamietal・1987），A5PeTgillusofyZae（Sakuradanietal．1999），andtransgenictobacco

Plants（Shiotaetal・2000）・Thus，generationofcoenzymemightnotbeefftctiveintheP450

enzymereaction．

S・CereVisiaeINVScl／pYES－fhlrShowedincreaslngNADPH－CytOChromecreductase

activitybuttheactivitywasnotdetectedinthecellextractofF．monil陶rmestrainMS31．

SincecDNAofFMRhasbeencloned，FMRwascertainlyexpressedinthestrainMS31

growninBM3mediumbutitsconcentrationwasverylow・InA・nlger，theCPRgenewas

introducedinmultiplecopleSinitselfandatransfbrmantshoweda14－fo1dincreaseinCPR

activity（VandenBrinketal・1995）・Suchapproach，iftransfbrmationsystemofF．

monilifbTmeisestablished，maybeusefu1fbrimprovementofF．monilifbTmeStrainMS31in

increasingtheyieldof（R）－1－phenylpropan01．

一60－



SectlOn2

ClonlngOfCytochromeP450GenesfromFusarium

monil陶nneStrainMS31

CytochromesP450exhibitaspectrophotometricabsorptlOnpeakatornear450nm

Whencarbonmonoxideisboundtothereducedfbrmoftheenzymemolecules（Omuraand

Sato1964）．TheseproteinsarenOt‘cytochromes’inthetruesenseoftheword・The

NomenclatureCommitteeoftheInternationalUnionofBiochemistryandMolecularBiology

（NC－IUBMB）preftrstheterm‘heme－thiolateprotein’insteadof’cytochrome’fbrP450・

ManyfungaltransfbrmationshavebeenshowntobedependingonP450・Studiesof

thesefungalenzymeshavebeenlimitedduetolowspecinccontentandsensitivltyto

homogenizationandsolubilization・WithmolecularteChniquessuchasthedifftrential

SCreenlngandthegenedisruptlOn，SOmeinducibleP450genesinvoIvinglnmetabolismsof

endogenousandxenobioticcompoundsareisolatedandcharacterized（VandenBrinketal・

1996；Mingotetal．1999）．GenomesequencingprovidesmanydifftrentP450genes（Nelson

etal．1996；Omura1999；CytochromeP450webmatrix2002）・Manyofthemhavebeen

expressedinyeastfbridentincationoftheirfunctions（DelCarratoreetal・2（X氾；

Haudenschildetal．2000；Imaishietal．2000；LeBouqulnetal．1999；Oedaetal．1985；

Urbanetal．1990）．Infungalgenomesequencing，threedifftrentP450geneswerefbundin

Saccharomycescerevisiaecompletegenome．Gibberelhz動ikuTVi，SeXualstateofFusarium

monilifbTme，WaSfbundtohavefburdifftrentP450genesinthegibberellinbiosynthesis

Cluster（TudzynskiandHlter1998；Tudzynskietal・2001）・

Inthissection，IisolatedthreecDNAsthatencodeP450byRT－PCR丘omF．

monilifbrmestrainMS31andthecDNAswereclonedinayeastexpressionsystem・Since

theenzymeinvoIvinglnthehydroxylationofpropylbenzenewasconstitutiveandthestrain

MS31couldnotassimilatepropylbenzene，degenerateprlmerSdesignedfromconsensus

reglOnOfvariousorlglnSWereuSedtoisolateP450genes・
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MATERIALSANDMETHODS

Allexperimentswereasdescribedinthesectionlunlessotherwisenoted．

Degenerateprimers p450F（5・一GSIGGIⅦISAIACIACIGC－3・，fbrward）and

P450R（5’－CCIADRCAIIIIYKIVBICCIMVfYYRAA－3一，reVerSe），Weredesignedbasedonthe

infbrmationinareportofKullmanandMatsumura（1997）．HB－Probe

（5t－GCRWAGAAMCKYCCWGGRCAKGMRT－3・，reVerSe）wasdesignedbasedonthe

heme－bindingregionoffburP450sfromG・j＊ikuroi（accessionnumbers；Y15277，Y15278，

Y15279，andY17243；Fig・3・2・l）・Anotherseriesofdegenerateprimersetwasdesigned

P450－1

P450－2

P450－3

P450－4

domains

ATPDHMGFGYG HACPGRFF EE＝K＝ALSH＝LLKYDFKP

TGSNHMGFGHG HSCPGRFF　　＝KVA⊥CH＝LVXYDWKL

TGPDYLIFNHG CPGRFF　□SE＝KM＝L＝ELLAKYDFRL

TDSSNMAFGYG YACPGRFY NEMKLTLA＝LLLQFEFKL

F G C G m E I．　　L

FIG・3・2・1・Comparisonoftheheme－bindingmotifsofthefourP450sfromG・動ikuroi．Accession

numbersofP450－l，P450－2，P450－3・andP450－4areY15277，Y15278，Y15279，andY17243，reSpeCliveJy・The

motifsconservedinallP450－tyPeenZymeSaredesignatedinboldletters・Adegenerateprlmer，＝B－Probe，WaS

des）gnedfromthehighlyconsensussequence；＝′YA／SCPGRFF／YA，Showninabox．

usingCODEHOPprogramintheWorldWideWeb（Roseetal・1998）・Indesigningthe

Primers，aminoacidsequencesoffourP450sfromG・jidikuroiandaP450fromA5Pe7gi〃us

terreus（accessionnumber；AAD34552）wereusedtodesignthedegenerateprimers．CYPFl

（5’－CAGCGCCCCGAGTACAT＝GARCCNYTA－3一）andCYPF2

（5’－CCTGGGCCAGCACCCNGARYWNAT－3▼）weredesignedasthefbrwardprimer．

CYPRl（5一－GCAGGCGTGCTTGCCRTRNYYRAA－3・），CYPR2

（5’TCATCTCGTTGGTGGCGWARAANCKNCC－3・），andCYPR3

（5’－CGTTGGTGGCGAAGAACCKNCCNGGRCA－3・）weredesignedbasedonheme－binding

domainofP450sasthereverseprlmer・Abbreviationsare：B，C，GorT；D，A，GorT；K，G
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OrT；H，A，CorT；M，AorC；N，A，C，GorT；R，AorG；S，CorG；V，A，CorG；W，AorT；

Y，CorT；I，hypoxanthin．

PCR PCRwasdoneusingExTaq（TakaraShuzoCo．，Kyoto）asDNApolymerase

andthereactionmixture（25pl）contained25ngofgenomicDNAasthetemplateand12．5

pmoleachofbrwardandreverseprlmerS・Amplincationwasproceededbydenaturationat

940CbrlOmin，andproceededbyrepeatlng30cyclesofdenaturationat940Cfbrlmin，

annealingbetween400Cand650Cfbrlmin，andpolymerizationat720Clbr2min，andthen

extensionat720CfbrlOmininathermalcyclerincubationoven（iCycler；NipponBio－Rad

LaboratoriesK・K・，Tokyo）・TheannealingtemperatureWaSingradientmodeandsetat

40－550Cor55－650CformeltingtemperatureOfapalrOfprlmerS・ForcDNA，1い・lof

RT－reaCtionmixturewasusedasthetemplateina25申1PCRreactionmixture，DNA

POlymerasewasExTaq－hotstartversion（Takara），andthenrstdenaturationwasfbr3min．

Trans払rmation PCRproductswereisolatedfromelectrophoresisgels，purined，

andligatedintoaT－tai1edpCR2・1vectorintheTOPOTAcloningkit（InvitrogenCorp．，

Carlsbad，CA）oraT－tailedpYES2・1vectorinthepYES2．1TOPOTAcloningkit

（Invitrogen）・TheligationmixturewasusedtotransformE・COliJMlO9fbrpurincationof

theplasmidandDNAsequenclng・Thewhole－1engthcDNAofP450genesinpYES2・1

VeCtOrWereuSedtotransfbrmS．cerevisiaeINVScl．

ExpressionofP450genes S．cerevisiaeINVSclanditstransfbrmantSWere

Cultivatedasdescribedinthesectionl．Cellswerecollectedandusedinthecellreaction

Withpropylbenzeneassubstrate．

CeIlreaction Wetcells（dryweight，10mg）weresuspendedinO．1mlofl00mM

POtaSSiumphosphatebufftr（pH7・0；KPB）andmixedwithlOい′mOl（l．2pl）ofpropylbenzene

inal■5－miEppendorftube・ThereactionandassayoftheactivltyWereaSdescribedin

Chapter2．
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RESUtTS

CloningofanovelP450gene RT－PCRwasdonewithtotalRNAinthereaction

mixturefbrPCRamplihcationwithapalrOfforwardandreversedegenerateprlmerS・Using

acombinationofP450FandP450R，theproductwasnotdetectedinagarosegels・Another

pair，P450FandHB－Probe，WaSuSedinPCRandtwoproductsweredetectedinagarOSegels

atl・2kbpandO・9kbpandextractedfromthegels・Oneofthethreededucedaminoacid

SequenCeSderivedfromthel・2kbpnucleotidesequencewasfoundtomatchareglOnOfP450

PrOteinsbyBLASTsearch（GenomeNet2002）・TheDNAsequencecontainingwholethe

genewasdeterminedbygenewalkingprocedure・A4，400－bpsequencewasgenerated

throughsequenclngthegenomicDNAinbothdirections・Threededucedaminoacid

sequenceswereobtainedfromthenucleotidesequenceofthegenomicDNA・ByanalysISOf

theconservedheme－bindingreglOnandtheputativepromoterreglOnS，aforwardprlmerWaS

designedtocontaintheputativestartcodonsequence（CYP－Start；

5l－GATATGGCTCGTGGATGGTmGm－3’）andareverseprimerwasdesignedtocontain

theputativeendcodonsequence（CYP－end；5’－

GGTGAGACTTAGrImCAAjmACCCC－3’）．PCRwiththeprimerpairfbrthe

Slngle－StrandcDNAlibraryresultedintheformationofaslnglebandatl・6kbp・This

fragmentwasisolatedfromgels，Purined，andligatedintoaT－tailedpYES2・1vectorto

COnStruCtpYES－fmp5・Thenucleotidesequenceanditsdeducedaminoacidsequenceare

ShowninFig・3・2・2withgenomicsequence・Thetranslation－StartlngCOdonswere

SurrOundedbythefungalconsensussequenceTCAMMATGKC（Ballance1986）・A

COmParisonofthegenomicandcDNAsequenceofthegeneledtotheidentificationoffbur

introns・ACCAATboxbeginnlngatthe－1180nucleotidepositionwasfound・The

POlyadenylationslgnalAAmAAisnotfound・

Deducedprotein ThededucedaminoacidsequencederivedfromFMP5was

generatedFmp5，Whichwascomposedof537aminoacidresidues（Fig・3・2・2）andits

Calculatedmolecularweightwas6l，716・Apossiblemembraneanchordomainwasfound

between40and6laminoacidpositionbySOSUI（2002）analysisfbrpredictionof

－64－

。　］



⊥＿

ー1339　　　　　　　　CGTTAGAACGCGTAATACGACTCACTATAGGGAGATCTAGAACAAGCCACTTGGCTGGTTGTGGCTGGGCTATTGAGTT　－1261

－1261CCAGAACCCATTTGGGCAACCATATCTGACAGTAGTCAGCGCCTATGTAAATAATTCTGCAATAGTGTCATTTCATAAGACCÅATGCGGT　－1171

Ll170　ATTGGAGTTACTTCTGCTTCTGAGCGCTGATCTCAGAGGAATÅAATCAGCCCACACGTGATTCGCCTTGGGACATCAAACCAGTATAAAG　－1081

－1080　TCCTTGCTATCGCCAAATTGAATGGCAÅTTGCATGACCGGCAATGCGTGGTTGGAAATAGCCGGCGACTTGCTCÅATCTTGCGTAACCAT　　－991

－990　CCTTCGCGCATCAATTCCGCCCTCACACCCTCCTTCCAGTGCCGAAATCCGATTATCGACTCGGTACGGCCCGTATTACGGTGCAAAGAC　　－901

－900　CGCTCGTCACTGGGGGAAAAGAAACTGCCGATTGGGGGGGGGGCGATCACCCTTGGTAGGACTAAAACAGTTAGAGCTGCAGTGCTGCGG　　－811

－810　CACAATCACGTTATCCCCGTGATGATCTGACGTCGATAAACTTTCGCGTTATTGAAGTTTATCATACATTTGAGACGGCTCAAAAGTTTG r721

－720　CACTGACGTTGATAAAGTTCGTCTCAAAGCGTAGTTCGATGCTAATGCAGAAATCAGAGACTTGTAGTAAGCTTATCTTCTACTGTAATC　　－631

－630　ATGTCTCACTTCTCAAATCCTCTACCACCATCTTTGGCAGTTGTTCACTCTCCACTGTCCTCCTGTTTCACAACCATTCTCTTCGTCATC　　－541

－540　GCATGACTCGTCTGTGTCTCCTCAATTCATTCCGCTCTCCGTCCGCGGAGTCTCCATGGACTGTCCATGCTTGGCTGCCGTGGCCCGTGA L451

－450　GTAAGTGCATGGCGCAGGGCCATTGATACAAATCCAAACAGGCAATGCTTGGCGA7LAATCTCGGTTATAATCGTATACACCTATTATCCC　　－361

－360　ATTGGCTCACGCACTCCCCTTCGTGCATGACTGTACGAGCCTGGCGTTACATTGAAACGGAGATATTCACCGGGGTAGAGCCGATATGAT　　－271

－270　GTGTTATTTCGTTTATGCATTGTTTTGCAAAGGACTCGGGCTCTCGGGGCCTCAGAAATTTGACAGGCAACAGCTGGGGTGACACAATGA　　－181

…180　CACACACAGAGTGTCAGTCATTAATCCAGGCTACGTGCACCTCTTCTTTTTGACACGCTGGACTGAGGTGCCATTATTCTCGTACTCCCC　　　－91

－90　GTCGGGGCTCGCATCTTAGAGCTCCGCAGAAAでGGAGATTGGGGCCACGTACAGAAGAGGAGCATTCTATGTCGATCCTTCTTTTGATAT　　　－1

1ATMTCGTGGATGGTATAAGTACAGCATCAATGCCGTGGAGGATTCAAATCCATCATCCCACCATCGGCAGTTCTCCAAGATGTCGACA　　　90
1　M A R G W Y K Y S I N A V E D S N P S S H H R Q F S K M S T　　　　30

91TACATCGATACCATACTCGAGAATCCGCAATATGCGGTTCTTTCTGCGATTTCCCTCATCACGATCTTAGTTGTCAACTTCTCTTTCTTC　　180

31　Y I D T　工　L E N P Q Y A V L S A I S L I T I L V V N F S F F　　　　60

181ACTCAAGACGAAAÅATACCCATTTCTTATCTCCAAGAAGCCTTTGGAACTGACCAACAGACGAGTTGTCAAGGAGTTCCTCGCCAACAGC　　　270

61＝至コQ D E K Y P F L I S K K P L EIJT N R R V V K E F L A N S　　　90

271AAGAGTCTCCTTGCAAACGCTCGAGCAGTCTACAAGGATCAACCATACAGGGCTTATACCGAAATAGGCAAGGTTCTAGrrATTCCTCCT　　　360

91　K S L I，A N A R A V Y K D Q P Y R A Y T E　工　G K V IJ V I P P　　　120

451TCGTGGGTCGATGCATTGAAGAGTAACCGACAGCTCGACTTTCTGACCCCGGCTAAAGATGCAAGTGCTGGTGTTGAAAACGACGGCTTG　　　450

121　S W V D A L K S N R Q IJ D F L T P A K D Zn亡ronl　　　140

361ATGCTAATTCAAAACAGGACTCTCATCAATACATTCCCGGGTTTGACCCTTTCGGATTCGATCCTAAAAでGCCAACCGTCATCAACAAGT　　　540

141　　　　　　　　　　　　D S H Q Y　工　P G F D P F G F D P K M P T V I N K　　　164

541ATATCACAAAGGCTTTGAGTTAGTTTTATGAACTCCTCTCTCTCAACTACTTATTGACCTTTGTCCTCTAGCCAGGTTAACTGGTCCCGT　　　630

165　Y I T K A L　　　　　　　　　　　　　　　　＿工n亡ro∫つ　2　　　　　　　　　　　　　　　　　で　R L T G P V　　177

631CTCTGAAGAATCATCTTTAGCAATCCGCGACTGTCTCACGGATTCTACAGGでAACTGCTTCGTCCGCAGTTAAGATGACAGGACでGACTA　　　720

168　　S E E S S L A I R D C L T D S T Zn亡ron　3　　　　　　　　　　193

721AGCCTAGAATGGCACGCGATCCGACCCCAGGCAGACCTCATCCGCGTCGTATCCCGCGTATCCTCTAGAATCTTCATGGGCGAAGAGCTC　　　810

194　　　　　E W H A　＝　R P Q A D L　工　R V V S R V S S R I F M G E E IJ　　221

811TGCCGGGATGAAGAATGGAATAGGACCTCAAGCGAATACACATTATTAGCTTTTAGTTACGGAGGCCAGCTACGAAGATACCCCCGATGG　　　900

222　C R D E E W N R T S S E Y T IJ L A F S Y G G Q IJ R R Y P R W　　　251

901CTTCGGCCATACATCCACTGGTTTCTTCCTCAGTGCTGGGCTATCCGTGCAAAGCTAAACGAGGCACGAGCATGCCTTÅAGCCCCATÅTC　　　990

252　L R P Y I H W F L P Q C W A I R A K L N E A R A C L K P H　工　　　281

991AAACGCCGAÅATGCTATCAAGCAGAAGGCGCTTGCTGAAGGCAAACCATGTCCTTTTGATGACTCACTTGAGTGGTTTGAGAGAGAGTAC lO80

282　K R R N A I K Q K A L A E G K P C P F D D S L E W F E R E Y　　　311

1081GAGAAGCATGATCCAGCGAAGGAACAGATTGCTGTTTCGATCGTGGCTTATCATACTACGTCTGACTTACTTGCCGAGACACTTCTCAAT l170

312　E K H D P A K E Q　＝　A V S I V A Y H T T S D IJ L A E T IJ L N　　　341

1171CTCTGTCAGTATCCCAAGTTAATGCAGGAGCTGCGTGAGGAGATCGTTGCTGTCTCGAAAGCCGAGGGCGGGATGACCÅAAGCAGCTTTG　1260

342　IJ C Q Y P K IJ M Q E L R E E I V A V L K A E G G M T K A A IJ　　371

1261TATAACCTGAÅGTTGATGGATAGCGTGGTCAAAGAGTCCCAGAGGATGCGCCCAATCTTGCTAGGTAAGTrCTGTTGACACTCACAACAA　1350

372　Y N L K L M D S V V K E S Q R M R P I L IJ　　　　　　　　　　　　エロ亡ron　4　　392

1351CACATCATCACCCTCTAACATTTTTCTCAAGGTGCTTTCAGGÅGGGTCGCGACCGTAGATGTTACGCTTCCCAACGGCGACATCCTCAAG　1440

393　　　　　　　　　　　　　　　　　　　　　　G A F R R V A T V D V T L P N G D　工　L K　　　412

1441AAGGGCGACAAGATTATCGGAAATATGTCGCACATGTGGGATTCCGACACTTATGACAACGCACTrCAGTrCGATCCATATCGCTrTGTG　1530

413　K G D K I　工　G N M S H M W D S D T Y D N A I，　Q F D P Y R F V　　　442

1531AAGATGCGTCAGACCGTCGÅCGACAAGAAAGCGCATCTTGTCAGCACCÅGCACTGATCATCTTGGCTTCGGCCATGGTTATCÅTGCÅTGT　1620

443　K M R Q T V D D K K A H L V S T S T D H IJ G F G H G Y H A C　　　472

1621CCCGGACGCTTCTTCGCTGCGAATGAGATCAAGATCCTCTTGTGCCATCでGCTGCTAAAGTACGACTGGAÅGTTGCCTGAGGGTTGTAAG　1710

473　P G R F F A A N E　工　K　工　IJIJ C H L L L K Y D W K L P E G C K　　　502

1711CCACAACCATCTTTCTCGGGCTTCÅAACTGCTGGGCGATTATTCででCAAACCTACTGGTTCGACGTCGCAACGAGGÅGTでGGATTrCGAT　1800

503　P Q P S F S G F K IJ L G D Y S S N IJ L V R R R N E E L D F D　　　532

1801TCTCTTTCCAGCTCG℡G九TGTCGCCATTCATCGCCCCTGGÅCCAmGAGAATACTACGGGTTGAAGGCAGGÅTGGGGTTATTTGTATAC　1890

533　S I．　S S S　★　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　537

1891TAAGTCTCACCAGGATTGGCAATATTCATTTTATATCGCTCTTTCTAAÅAAGTCACTCGTCAAAでGACCATTTCGTCCCGÅTCCATTÅTC

1981GTAAATACAATACGCGCACCGAGCCAAATACGAGGAACCAATCAGAGGGTCCGAAAACTCTCCÅTTAでÅAACAGATACGAGGATGAACCT

2071CGCGTAATTTCTmGÅCTCTTGCTTCCTAGCCAAAGTCTAACGGGTTATCGGGGでCTTでGACTGTÅCCGAGATCAGGÅmTCGGAGTC

2161ATGACGCTGCACTGTGTTCGGTAGTTGATCTTGCGATCCGATATCCTGGCACGCTCGCTACTTAGCGCATrCGGTATAAÅGCTGGATTCC

2251TACCCAGTACGTÅATATGÅTAAATATTATATTTAATTTTACGGATATCATTACGAACCAGACTCTCGAPLATCTCACCAGATTCGACAGAT

2341CATCATGAACATCGACTACTATGGCCGCATCGCGGAGAGTCTCCAGTTCGACAACACGCCGGTTATGATCGCGACCAGCGCATGCTTCGC

2431AATCGGCTTTCTCCAGTACACATACGCCATACGACTCCTCATCCGCGAAGGCCÅAGGCCCTATGCCCTTCTGGATGCAAACCTTCTACGT

2521CGCCCACGAATTAACTTTCGTCTATCTCTTCGCCGAAGCAGCGCCCCGCTACGATTÅCCACTGGTTCTTTGTCTCAACCTCATTCTCACT

2611CGCAGTATGGGCGmTCTTGAGATATTCTGCATGTGGTATACCATCCAGAGCCCAAAAGATCGCATCGCCACGTmCGCCGCTATTTGG
2701AAAACACCCGACTACTTCGTCTATCTTGACGTACACCTTCTTCCでGCÅÅCTCGCCATGTででGCTCTAGTCTGGATATTGATCGAGmCT

2791TGGTGCCGGTAGTTTCATGCTCACTGGAGCGCTCACCAATGTGCmTGATCATCGGGCCGACACATGÅGTATCTATCTCGTGGTrCACG
2881GAACGGCCTGTCCATTGGCTTCTGTCTCACGAATGTGGCmTGTTATATGGACGTTTGCCCCGTTCAGCTTGGGCGCCGTTGTTCTGCC
2971TGAGATTTTTGÅTCAGGCGGTCAでGTATGTTGCGGGATTTATCTTGTTÅCTATACTCTGでGTGGTTGACGACTGTTGTCGCGTCTrATCC

1980

2070

2160

2250

2340

2430

2520

2610

2700

2790

2880

2970

FIG．3．2．2．NucleotideanddeducedaminoacidsequencesofFMP5gene・Numberingfbrthe

sequencebeginswiththeputativeinitialATGcodon・ThestartcodonandthestopcodonareShownin

boldletters．Intronsareindicatedwithunderlines．Aputativemembrane－anChordomainisinabox・The

mucleotidethatannealedwithdegeneratepnmers，P450FandHB－Probe，ismarkedbyanoverlyingdot・
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NcI
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GFP2
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Cons

FMP5

NcI

GFPI

GFP2

GFP3

GFP4

Cons

Fト1FL）

NcI

GFPI

GFP2

GFP3

GFp4

MARGWYKYSINAVEDSNPSSHHRQFSKMSTY＝DTILENPQYAVIJSAISL＝T＝LVVNFSFFTQDEKYPFLISKKPI，ELTN下RVVKEFLANS

MER－－－－LDIKSITDPSATPL－－－FS－－”YIJVT－－－”AF－LIJA－”LWSIJQGPRFPKNIKH－－工劇PKGPLEFSDTRPKKEFVYGS

MA－NHSSSYYHEFYKDHSHT一一MVLTlr－M←－SEKPV－＝LPSLILGTCAVLIJCIQWLKPQPLImGRKFLGELS－NVRAKR－DFTFGA

M”－－－－SIFNM＝TSYAGSQ”一←LLPF－－Y”＝”AトFVL→FTLVPWAIRFSWLELRKGSVVPLANPPD－SLFG－TGKTRR－SFVKLS

M－－－＝－－－－－←－－KYTTCQ－”一M”一札－＝－一”NILFP－－－SL”WSMKTSFRW－”－．M－－－－PRT－SKWS－SVSL－－－－Y－－－－

MS－KSNSHNSTSHETIJFQQL”L－VLGLDRM－一PIJMDVfiWLImFGAWIJCSYVIHVLSSSSTVKVPVVGYRSVFE－PTWLLRLRFVWEG

M

KSLLANARAVYKDQPYRAYTEIGKVLVIPPSWVDALKSNRQLDFLTPAKDDSHQYIPGFDPFGFDPK一～－－MPTVINKYITKALTRLTGP

RQrnANWFKANPNKPCRVISDFGEA＝VIJPPRMANEIFNDDRLSFTRWTYM＝GHIJPGFEGFGEASRESHIVQEVIMRDLTKYIJNKVTEP

RQLLEKGLKMSPDKPFRIMGDVGELH＝LPPKYAYEVRmKLSFTmAFKWFYAHLPGFEGFREGTNES＝IMKLVARHQIJTHQIJTLVTGA

REILAFnRSIJFPNEPFRIJ＝TDWGEVL工LPPDFADE＝RNDPRIJSFSK捌QDN＝AGIPGFETVAIJVGREDQL＝QKVARKQLTKHLSAVIEP

－DMMLRTVALLSGRAFL－VG一－－”－－IJPL－－－－LCRDEGWL”－－”－”－QASI－GY－TVQCVS＝RDQLF－－－TWSPV－一一LRPI工GP

GS工IGQGYNKFKDSIFQVRKLGTD＝VIIPPNY＝DEVRKIJSQD－－KTRSVEPFINDFAGQYTRGMVFIJQSDLQNRVIQQRLTPKLVSLT

‥・IJ………・PFR…‥G…・LPP…・E・R・・・・L・F…………PGF・・　　　　　‥V．．．，LT‥L．‥T．P

VSEESSLA工RDCL－7DSTEWHA工RPQADL＝RVVSRVSSR＝FMGEELCRDEEWNRTSSEYTIJLAFSYGGQLRRYPRWLRPYIHWFLPQCW

LAQETSMAMEANIJPKAANGEWST＝NLRSK＝LPIVARISSRVFLGEELCRNEEWLKVTQQYTIDGFGAAEDLRIJWPAALRPIV＝WFLPSCQ

VSEECALVLKDVYTD”SPEWHD＝TAKDANMKLM甜ITSRVFLGKEMCRNPQWLR＝TSTYAVIAFRAVEELRLWPSWLRPVVQWFMPHCT

LSRESTLAVSLNFGE”TTEWRA＝RLKPAILDIIAR＝SSRIYLGDQLCRNEAWIJKITKTYTTNFYTASTNLRMFPRS工RPLAHWFLPECR

F”－－－LP－－＝LSV”RSVRRHLRFAA”－EIMAPLISQALQDEKQ＝RADTLIJA＝－M－－＝－DQTEGRGTF＝SWレーLRH－－LPE－－

MKEELDY7uJTKEMPDMKNDEWVm＝SS＝MVRL＝SRISARVFLGPEHCRNQEWLTTTAEYSESLFITGFILRVVPHILRPFIAPLLPSYR

・・E・・LA‥・　…・EW・・工・・‥‥　‥・AR＝SSR・FLG・E・CRN・・WL‥T・・Y‥‥F…‥LR．．P‥LRP．．HWFLP．C．

AIRAKLNmCLKPHIKRRNA＝KQmLAEGKPLCPFDDSLEWFEREY－EK一一－”HDPAKEQIAVSIVAY＝TTSDLLAETLLNLCQYPK

RAruDVRmRSILDPVLKKRR－pQEKA捕GGKAL＋E＝DDAIEWFERTAKGK－A－RYYDPAVAQLVLSljVAIHTTSDLTCQVNTNLMQNPE

QSR姐VQE捕DL＝NPLLERRREEKAEAERTGEKV－TYNDAVEWLDDLAREKGVG”YDPACAQLSLSVAAL＝STTDFFTQVMFDIAQNPE

KLRQERKDA＝GIITPLIERRRELRRAA＝AAGQPLPVFHDA＝DWSEQEAEAAGTGASFDPVIFQLTIJSLLAIHTTYDLIJQQTMIDLGRHPE

ELR－－TPEQVGLDQMLV－¶”－－SFAA工HTTTM”AIJTKVV－W”ELV腿PE一－－－Y－－”－－－＝－＝EPLRTL－EM”QDVFG－”一PD

TLLRNVSSGRRV工GDIr”－－”－RSQQGDGN－”－－ED＝LSWMRDAATGEEKQJDN＝AQRMLILSLASIHTTAMTMTHAMYDLCACPE

‥R・・・・・AR・・・・P…・R・…・・A…G‥＝‥・D‥・W…・A‥　　一‥DPA・・QL・LS‥A・＝TT．D．．．Q．M．．L．‥PE

Hellx－K

－　－　＝一二ニーl＿‾

FMP5

NcI

GFPI

GFP2

GFP3

GFP4

竺ご誓ミtiミ¶nn．，－∴三，T，．．－〈＿＿＿”＿　＿＿－＿＿＿＿＿＿　＿．　HemeLbinding

”AYDNAレーQFDPYRFVKMRQmDKKL仙←AHLVSTSTDHIJGFGHGY＝ACPGRFFAAm＝K＝LLCHLLLKYDWKLPEGCKPQPSFSGFK

一－－YEQAE”KWmRRFLRMRETPGAGKENVAQLVSTAPEHLGFG＝GQ＝ACPGRFFAANE＝KIALVHLLLNYEWRLPEGSDPK工RTFGFS

”一YKDPL一→KFDGYRFFNMRREPGKESK－－AQLVSATPDHMGFGYGL＝ACPGRFFASEEIKIALSHILLKYDFKPVEGSSMEPRKYGLN

－＝YDNPE一⊥VY刊PYRFYDMRSEAGKDHG－－AQLVSTGSNHMGFGHGQHSCPGRFFAANE＝KVALCHILVKYDWKLCPDTETKPDTRGMI

SSDFENPSPRIFⅢFRY工皿RSIKGQGSQ－－HQAATTGPDYIJIFNHGK＝ACPGRFFAISEIKM＝L工EIJLAKYDFRLEDGKP－GPELMRVG

VPGPTPPT”EFmFRYSK工RSDSNYAQK－－YLFSMTDSSNMAFGYGKYACPGRFYASNEMKLTLAILIJIJQFEFKLPDGKG－RPRN工T＝D

－”Y‥P・・－－・FDG・RF・・MR‥・G・・‥”AQLVST・・・H・GFGHG・HACPGRFFA・NEIK．．L．HLLLKYD．KL‥G…．P．．．G‥

FMP5　　IJLGDYSSNIJLVRRRNEELDF””一－－一一－DSL－SSS

NcI MGVDPSLKVEYKGRQPEIEIJKEGGDBGETGEN脚ET
GFPI MNANPTAKLSVRRRKEEIT－－＝一－－－－－＝－H－A＝

GFP2　　　AKSSPVTD工IJI－KRRESV”－－”AEIJDLE”V－－AI

GFP3　　　TETRIJDTKAGLEMRRR，－－－L－－，－．＿＿＿＿＿＿＿＿＿＿＿

GFP4　　　SDMIPDPRARLCVRKRSIJ”－－－＝－－－－R－－－－－DE

Cons　　　　…．P……‥R‥

537

531

526

524

388

525

FIG・3・2・3・AlignmentofdeducedaminoacidsequencesofP450s・Positionsoftheproposedfunction
domainisrepresentedbytheoverlyinglines・Consensusaminoacidresiduesareshowninlines‖Cons”

underthesequences・Ncl，Neuro5POraCltlSSalovA，theaccessionnumberisT49413；GFPl－l，P45Osin

gibbere11inbiosynthesisclusterofG．J項ikuroi．
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transmembranesegment・BLASTsearchwithknownproteinsequencesindatabasesfbund

498matches，al1belongingtotheP450family・Themostsimilarprotein，P450（lovA）from

NeuTV3POTtZCJⅥSSaandfburP450sfromG・動ikuTViarealignedinFig．3．2．3．Three

CharacteristicdomainsfbrP450proteins，Whicharehelix－K，arOmatic，andheme－binding，are

COnServedinallP450s・ThededucedaminoacidsequenceofFMP5shares38，36，35，22，

and26％identltyWithlovA，P450－l，P450－2，P450－3，andP450－4，reSpeCtively．

CloningofcI）NAencodingP450・1andP450・2　　Allsixcombinationsof

degenerateprlmerSdesignedbyCODEHOPprogramwereusedinthePCRwithgenomic

DNAorslngle－StrandcDNAasthetemplate・ThePCRproductsofabout500bpwere

Purinedandcloned・IndeducedaminoacidsequencesofgenomicDNAclones，3and2

ClonesmatchedP450－2andP450－4，reSPeCtively．IncDNAclones，23clonesmatched

P450－2・Theidentitiesinthenucleotidesequenceofal128cloneswere98％ormore．

OtherclonesdidnotmatchP450・G．J毎ikuroihasfourP450genesinthegibberellin

biosynthesisgenecluster・TodeterminethepresenceofthesamegenesinF．monilifbnne，a

PrimerpairofeachP450inG・jWikuroi（Fig・3・2・4）wasusedtoPCR．WhengenomicDNA

WaSuSedastemplate，thePCRgivesrisetotheexpectedDNAffagmentsofl，736bp，1，903

bp，1，456bp，andl，727bpfbrP450－1，P450－2，P450－3，andP450－4，reSpeCtively（Fig．3．2．5）．

P450－1：　　GFPl－S亡ar亡

GFPl－end

P450－2：　　GFP2－Sヒar亡

GFP2－end

P450－3：　　GFP3－Sヒar亡

GFP3－end

P450－4：　　GFP4－S亡arヒ

GFP4－end

5■一GAA星空⊆GCGAACCATTCTTCTTCTTAC

5■－CAGCAA竺⊆基AATCGCAATCTCCTCC

5■－GAA星空⊆qGCATCTTCAATATGATCACCAGCT

5l一里⊆皇AATTGCTTCCAAATCCAACTCAACTGAC

5l－GTC星空⊆GAATACACAACATGCCAAATG

5I一望基TCTCCTTCGCATCTCAAGACCA

5I－GGA基竺⊆GGTAAGTCCAACAGCATGAA

5l－TCATTCATCTCTCAGTGATCGCTTCC

FIG・3・2・4・PrimerstobeusedforP450sfoundingibberellinbiosynthesisclusterofG．J両ikuroi．TTleStart

COdonandthecomplimentofendcodonareindicatedwithaslngleunderlineanddoubleunderlines，reSpeCtively・

Nucleotidesshownwithboldfaceswerechangedforthedesiredexpressioninyeastcellssothatthesequences

matchthegenomicDNAswithhighlyidentltyCOnSideringmostcommoncodonusageinyeast．
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Size

（kb）

19．3－・
7．7＿

6．2・・－・

4．3－－
3．5■
2．7－・・

1．9－

1．5－■■

0．9－

0．4・・－

GenomicDNA CDNA

1　2　　3　　4　　M　1　2　　3　　4

FIG・3・2・5・PCRanalysisofP450genesinthegibberellinbiosynthesisclusterofG・動ikuroi．The
templateofPCRwasgenomicDNAorsingle－StrandcDNAofFlmonilUbTmeStrainMS31，theannealing

temperaturewas600C・PCRamplificationproducts（5pl丘om25plofreactionmixture）wereelectrophoresed

inl％agarosegels・1，P450－］；2，P450－2；3，P450－3；4，P450－4；M，九－Ecdr14Idigest．

ThepartialnucleotidesequenceofeachDNAfragmentmatcheditscorrespondinggeneofG．

ji4ikuroi，andtheidentitywas98％ormore．Whensingle－StrandcDNAwas。Sedasthe

template，P450－1andP450－2gaveproductsbutP450－3andP450－4didnot（Fig・3．2．5）．

ThewholecDNAofP450－1andP450－2fromthestrainMS31wereligatedintoaT－tailed

PYES2・1vectortoconstruCtPYES－fmplandPYES－fmp2，reSpeCtively．Wholenucleotide

SequenCeSOfFMPlandFW2matchedcDNAsofP450－1andP450－2andtheidentities

Were96％and95％，reSPeCtively・ThededucedaminoacidsequenceofFMPIwas

COmParedwiththatofP450－1（Fig・3・2・6）・Tenaminoacidresiduessurroundingthepossible

membrane－anChordomainweredifftrenth・OmthoseinG．j毎ikuroi．Inthededucedamin。

acidsequenceofFMP2，alleightaminoacidresidueswerediffbrent（Fig・3．2．7）．
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P450TI MANHSSSYYHEFYKDHSHTVIJTLMSEKP］LPSIJ＝LGTCAVLLC＝　WLKP Pu＝mGRK　60

FMPI MANHSSSYYYEFYKDHSHTFLRSMSEN　□＝SSCLALATCA＝LLS＝QWLKPQ L＝mGRK

P450－1

FMPI

P450－1

FMPI

P450－1

FMPI

P450－1

FMPI

P450－1

FMPl

p450－1

FMPl

FGELSNVRAKRDFTFGARQLLEKGLKMSPDKPFRIMGDVGELH＝LPPKYAYEVRNNEKLS120

FGELSⅣVRAKRDFTFGARQLLEKGLKMSPDKPFR＝MGGVGELH＝LPPKYAYEVRNNEKLS

FTMAAFKWFYAHLPGFEGFREGTNESH＝MKLVARHQLTHQLTLVTGAVSEECALVLKDVY180

FTMAAFKWFYAHLPGFEGFREGTNESH＝MKLVARHQLTHQLTLVTGAVSEECALVLKDVY

TDSPEWHD＝TAKDAmKIJMAR＝TSRVFLGKEMCRNPQWLR＝TSTYAV＝AFRAVEELRLWP　240

TDSPEWHD＝TAKDANMKLMAR＝TSRVFLGKEMCRNPQWLR＝TSTYAV＝AFRAVEELRLWP

SWLRPVVQWFMPHCTQSRALVQEARDL＝NPIJLERRREEKAEAERTGEKVTYNDAVEWLDD　300

SWLRPVVQWFMPHCTQSRALVQEARDL＝NPLIJERRREEKAEAERTGEKVTYNDAVEWLDD

LAREKGVGYDPACAQIJSLSVAALHSTTDFFTQVMFD＝AQNPEL＝EPLREE＝＝AVLGKQGW　360

LAREKGVGYDPACAQLSIJSVAALHSTTDFFTQVMFD＝AQNPEL＝EPLREE＝＝SVLGKQGW

Hel土x－K

SKNSLYNLKLMDSVLKESQRLKP＝A＝ASMRRFTTHNVKLSDGV＝IJPKNKLTLVSAHQHWD　420

SKNSLYNLKLMDSVLKESQRIJKP＝A＝ASMRRFTTHNVELSDGV＝LPKNKLTLVSAHQHWD

E R　　　　　　　　　　　　　　　　★

Aromatic Heme－bindin

P450－1　PEYYKDPLKFD YRFFNMRREPGKESKAQLVSATPDHMGF YGLHA P RFFAS E K＝A　480

FMPI PEYYKDPLKFDGYRFFNMRREPGKESKAQLVSATPDHMGFGYGLHACPGRFFASEE＝K＝A

P f rf Fg G h C g fa e

P450－1　LSH＝LLKYDFKPVEGSSMEPRKYGLNMNANPTAKLSVRRRKEE＝A＝　　　　　　　　　　　　　526

FMPI IJSH＝LLKYDFKPVEGSSMEPRKYGLNMNANPTAKLSVRRRKEE工A＝

FIG．3．2．6．ComparisonofthededucedaminoacidsequenceofP450，1fromG・J毎ikuroiandFMPlfromF・

monilUbrmestrainMS31．　Positionoftheconsensussequenceforthedomainsisrepresentedbyoverlying

linesandhighlyandrelativelyconservedaminoacidresiduesareShownasboldandlower－CaSeSymboIs

underlyingthelinesofsequences・AsterisksindicateposltlOnSOfdifftrentaminoacids・Putative

membrane－anChordomainsareinboxes．

ExpressionofP450genesinyeast ToseewhetherornottherecombinantgeneS

areeXPreSSedinS・CereVisiaeINVScl，RT－PCRwasdonewithtotalRNAofthestrain

INVSclanditstransfbrmantSaSthetemplate．ProductscorrespondingtoFWl，FMP2，and

FMP5weredetectedinthePCRmixtureswithacDNAlibraryofINVScl／PYES－fmpl，

INVScl／pYES－fmp2，andINVScl／pYES－fmp5，reSPeCtively（Fig・3・2・8）・Hydroxylationof

PrOPylbenzenewasnotdetectedinreactionmixtureswithcellsofthestrainINVSclorits

tranSfbrmantS．
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P450－2

FMp2

P450－2

FMP2

P450－2

FMP2

P450－2

FMP2

P450－2

FMP2

P450－2
FMP2

P450－2

FMP2

P450－2

FMP2

P450－2

MS＝FNM＝TSYGSQLLPFY＝A＝FVFTIJVPWA＝RF WLELRKGSVVPLANPPDSLFGTGKT　60

MG＝FNM＝TSY GSQLLPFYIA＝FVFTLVPWA＝RF WLEPRKGSVVPLANPPESLFGTGK★

RRSFVKLSRE＝LAmRSLFPNEPFRL＝TDWGEVL＝LPPDFADE＝fWDPRLSFSKA姐QDN120

RRNFVKLSRE＝LAmRSLFPNDPFRL＝TDWGEVL＝LPPDFADE＝fNDPRLSFSKAⅧQDN

HAG＝PGFETVAもVGREDQL＝QKmRKQLTKHLSAV＝EPLSRESTLAVSLNFGETTEWfu＝180

HAG＝PGFETVALVGREDQL＝QKVARKQIJTKHLSAVIEPLSRESTLAVSLNFGETTEWRAI

RLKPA＝LD＝＝AR＝SSR＝YLGDQLCRNEAWIJK＝TKTYTTNFYTASTNLRMFPRS＝RPLAHW240

RLKPA＝LD＝＝AR＝SSR＝YLGDQLCRNEAWLK＝TKTYTTNFYTASTNLRMFPRS＝RPLAHW

FLPECRKLRQERKDA＝G＝＝TPL＝ERRRELRRAA＝AAGQPLPVFHDA＝DWSEQEAEAAGTG300

FLPECRKLRQERKDA＝G＝＝TPL＝ERRRELRRAA＝AADQPLPVFHDA＝DWSEQEAEAAGTG

ASFDPV＝FQLTLSLLA＝HTTYDLLQQTM＝DLGRHPEY＝EPLRQEWQLLREEGWKKTTLF360

ASFDPV＝FQLTLSLLA＝HTTYDLLQQTM＝DLGRHPEY＝EPLRQEVVQLLREEGWKKTTLF

Aroma亡1c

KMKLLDSA＝KESQRMKPGS＝VTMRRYVTED＝TLSSGLTLKKGTRLmNRRLDDPK＝YDN420

KMKLLDSA＝KESQRMKPGS＝VTMRRYVTED＝TLSSGLTLKKGTRLmNRRLEDPK＝YEN

冒頭両年重帝YDMRSEAGKDHGAQLVSTGSNH癖面蒜。8。
PEmPYRFYDMRSEAGKDHGAQLVSTGSNHMGFGHGQHSCPGRFFAANE＝KVALCH＝LV

三三三三三≡享≡宴享≡享…‡…≡享三…享≡‡三三…二二二享…童±三……二三童≡≡　　　　　±ニー三

FIG・3・2・7・ComparisonofthededucedaminoacidsequenceofP450－2fromG．勅ikuroiandtheFMP2

fromFlmonilqbnnestrainMS31・Positionoftheconsensussequenceforthedomainsisrepresentedby

OVerlyinglinesandhighlyandrelativelyconservedaminoacidresiduesareshownasboldandloweトCaSe

SymboIsunderlyingthelinesofsequences・Asterisksindicatepositionsofdiffbrentaminoacids・Aputative
membraneanchordomainisinabox．

TheenzymiccharacteristicsofthecellextractofF・mOnilifbnnestrainMS31suggest

thatthehydroxylationofpropylbenzeneisinvoIvedinP450monooxygenasesystem・In

Chapter2，COdifftrencespectraofthecellextractdidnotshowthepresenceofP450inthe

Cells・ThreecDNAencodingP450wereclonedinthissection，Whichfactclearlyindicate

thepresenceofP450enzymesinthecells．

P450s，Whichexhibitmorethan40％aminoacidsequenceidentltyareClassnedas

belongingtothesamegenefami1y（Nelsonetal・1996；Nelson1999；CytochromeP450web

matrix2002）・Fromthisresult，FMP5seemsdistinctfromothersintheCYPfamilies．
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Themostsimi1arprOtein，lovAfromNclⅥSSaisnamedCYP68Dl．Althoughidentity

betweenP450－1andP450－2isonly37％，theNomenclatureComitteeru1eallowsthe

Classincationoftheminasinglefami1y，CYP68（TudzynskiandHlter1998）．Since

identitiesbetweenFMP5andlovA，betweenFMP5andP450－1，andbetweenFMP5and

P450－2werethesameasthatP450－1andP450－2，FMP5seemstobeinthefami1yCYP68・

ThefunctionofP450－1havebeenclarinedbythespeCincdisruPtlOnOfthisgeneandby

insertingthisgeneintoamutantofG・jWikuroithatlackstheentiregibberellinbiosynthesis

Cluster（Rqjasetal・2001）・P450－1convertsent－kaurenoicacidtoGA14andcatalyzesfbur

StePSinthegibberellinbiosyntheticpathwaylnthismanner・FunctionsoflovAandP450－2

arenotclearyet．

Primers：

TotaIRNAfrom：

RT

Siz

（kb

19．3
7．7
6．2
4．3

塁：ラ
1．9

1．5

0．9

0．4

FMPl FMP2 FMP5

host fmpl host fmp2　　host fmp5

［　　　　　　　　　［　　　　　　　　　［　　　　　　　　　［　　　　「　　　「　　　　　　　　［
M　－　　＋　－　　＋　－　　＋　－　　＋　－　　＋　－　　＋

FIG・3・2・8・RT－PCRtoamplifytheexpressedP450genesinS・CereVisiaeINVScl．TotalRNAwas

isolatedfromS・CereVisiaeINVScl（host），INVScl／PYES－fmpl（fmpl），INVScl／畔ES－fmp2（hp2），and

INVScl／畔ES－fmp5（hp5）asdescribedinMaterialsandMethods．PrimerswerepairsofGFPl－Startand

GFPl守nd（forFWl），GI甲2－StartandGFP21∋nd（fbrFMP2），andCYP－StartandCYP－end（fbrFMP5）．Total

RNAwithRT（RT＋），WithoutRT（RT－）．PCRconditionswerefbrcDNAasdescribedinMaterialsand

MethodsandtheannealingtemperatureWaS600C・
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TheyeastcellsexpresslngreCOmbinantP450sdidnotshowhydroxylationof

PrOPylbenzene・P450isoneofthemoststruCtural1ydiverseandfunctional1yversatile

PrOteins・Estimatesfromcurrentgenomeprq，eCtSimplythatthenumberofP450genes

exceeds500r70inmammals，80inDrosqphilamelanogasterandCbenorhabditiselegans，

and400inArabidq，Sisthaliana・Atthestartofthisstudy，fungalP450genesarethoughtto

berelativelyftwbecausetheyeastgenomeyieldedonlythreeP450genes・Somefungal

genOmePrqJeCtSareinprogressand38difftrentP450genesand163difftrentP450fragments

arefbundinNcrassaandPhane7t，ChaetechfySO5POrium，reSpeCtively（Nelson2002）．Since

invoIvementofP450enzymeinfungaltransfbrmationhasoftenbeenreported（Holland1999；

HollandandWeber2000），afungusmayhavemanydiffbrentP450genes．Inconversionsof

dehydroepiandrosteronebyF・mOnil陶TmeOCCurSWiththeinducibleP450inthemi。，。S。meS

（Cotillonetal・1997）・ForisolationoftheP450genetobeinvoIvedinthehydroxylationof

PrOPylbenzene，SCreenlngfbrmanyP450genesisimportantstep・
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Conclusions

ForscreenlngOfmicroorganismsusefu1fbrhydroxylationofalkylbenzenes，Iisolated

fromsoilsamplesmicroorganisms，Whichusedmethylethylketoneasacarbonsource．Some

funglCOnVertedethylbenzeneandpropylbenzeneintothecorrespondingoxygenatedproducts・

ThemostpotentstrainMS31wasidentinedasFusariummonilifbrme．Theproductswere

l－Phenylethan01andl－Phenylpropanol，reSpeCtively，WithlOO％enantiomericexcessofthe

（R）－fbrm（sectionlofChapterl）・ToincreasethehydroxylationofpropylbenzenebyF．

moniliPTmeStrainMS31，glucoseandsodiumnitratewereselected云carbonandnitrogen

SOurCeS，reSpeCtively・Acetoinaddedtothemediumincreasedactivityoftheenzymeby

l・4－bld・Maximumconversionofpropylbenzenebycellsofthefunguswasat25－300cand

PH7・Owithce11sattheconcentrationof40mg（dry）perlmlofreactionmixture．Tothe

end，thefungusproduced16mM（R）－1－Phenylpropan01（2・2mg・mi－1）withenantiomeric

excessof98％（SeCtion20fChapterl）・Thefungalcellshydroxylatedvarious

alkylbenzenesatthebenzylicposltlOntOPrOduceoptlCallyactivealcohoIs・Butylbenzene

WaSCOnVertedtononbenzylicalcohoIs・Inallcases，theRabsoluteconngurationof

PrOductswasmoreabundant・MostarOmaticcompoundswithlinearsidechainsand

（2－methylpropyl）benzenewereconvertedtotheircorrespondingalcohoIswithan

enantiomericexcessof94％tolOO％（section30fChapterl）．

InthereactionmixturecontainingthecellextractofF．monilifbT7neStrainMS3l，

hydroxylationofpropylbenzeneneededmolecularoxygenandNADPHasacoenzyme・The

hydroxylationproceededfurtheriforwhenFADandFMNwereadded，SuggeStlngthatthe

enzymewasaflavoprotein・Catbonmonoxideinhibitedthehydroxylation，aSdidother

CytOChromeP450（P450）inhibitorssuchasSKF525Aandmiconazole．These

CharacteristicsmatchedthoseofmicrosomalP450monooxygenasesystemsthatcontained

NADPH－CytOChromeP450reductase（CPR）（Chapter2）．

AcDNAencodingCPRwasisolatedfromF・mOnilifbTmeStrainMS31byRT－PCR．

Thededucedaminoacidsequenceshowedahighsimi1aritytotheCPRsfromother
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eukaryotesandprobableNADPH－，FAD－，FMN－，andP450－bindingdomainsoftheCPRwere

amOngthose，WhicharehighlyconservedintaxonomicallydiversespeCleS・Expressionin

Saccharomycescerevisiaeresultedin5－fbldincreaseinNADPH－CytOChromecreductase

activityinthecellextract（SeCtionlofChapter3）・ThreecDNAsencodingP450were

isolatedfromthefungus・OneofthemwasanovelP450anditsdeducedaminoacid

SequenCematChedproteins，WhichbelongtotheP450fami1y，aSStudiedbyBLASTsearch．

Theothersweresimi1artoP450－landP450－2fromGibberella動ikuroiandtheiridentitiesin

thenucleotidesequencewere96and95％，reSPeCtively・ThecellsofS・CereVisiaeharboring

thecDNAsencodingP450didnotshowthehydroxylationofpropylbenzene（SeCtion20f

Chapter3）．

F・mOnil陶nnestrainMS31wasusefu1toproduceopticallyactivephenylalcohoIswith

highenantiomericexcess・Theactivltyforhydroxylationofpropylbenzenewasincreasedby

COnVentionaltechniquesbuttheyieldwasnotenoughfbrindustrialuse．InvoIvementof

CytOChromeP450monooxygenasesysteminthehydroxylationofpropylbenzenewas

SuggeStedbasedonnonconclusiveexperlmentS・ToincreasetheactivltyOfP450enzymes，

theinteractionbetweentheelectron－donatlngCPRandthecatalyticP450isimportantandthe

fusionproductfromthesetwoproteinsbygeneticenglneerlnglSthoughttobemostusefu1．

TheCPRgeneofF・mOnilifbnnestrainMS31wasclonedandexpressedinS．cerevisiae

functionallybuttheP450genecatalyzlngthehydroxylationofpropylbenzenehasnotyet

beenlocalized・GenomesequenclngreVealsnumerousdifferentP450genesandthe

functionsofmanymammalianP450genesareClear・SomefungalgenomeprqJeCtSarein

PrOgreSSandthefunctionsoffungalP450genesalsowillbecomeeasytounderstandseveral

yearsafter．
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