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INTRODUCTION

Microbialcatalytic activity recognized as"fbrmentation-Phenomenon"

has beenusedforthe production ofvarious kinds ofalcoholic beverages and

traditionalfoodsfbralongtlme.In1929,A.Flemlngfound一'penicillin一'andH･

Florey,E.ChainandN.HeatleyexpandedonFlemlng-sworkin1938･They

developedmethodsfor growing,eXtraCting andpurifying enoughpenicillinto

PrOVeitsvalueasadrug･Inthecourseoftheestablishmentofitsindustrial

PrOduction,Variousslgni丘cantandfundamentaltechniquessuchasthemutation

andbreedingtoobtainanexcellentstraln,andthecultivationofaslnglece1lona

largescale,underoptlmizedconditions,etC･havebeendeveloped･Sincethen,

the qpplication ofmicroorganisms has covered extensively the production of

varioususefulcompoundssuchasantibiotics,aminoacids,nuCleotides,Organic

acids,SugarS,POlysaccharides,Vitamln,PePtides,biopolymers,flavors and

fragrancechemicals･

TheconventionalchemicalsynthesishasbeencarriedoutuslngOrganic

soIventandheavymetalcatalystsunderstrongalkalineoracidconditions･On

thecontrary,thebiocatalystworksefncientlyundermildconditionsinthewater･

Thus,the bioprocessis energy savlng andfriendly to environment･The

microbialprocesshasbeguntouseappliedforthecommoditychemicalssuchas

acrylamideandnicotinamidecommerciallyPagasawaetal･1989)･Inaddition,

the biocatalystis characteristic of stereospecincity and reglOSPeCi丘city･

NowadaysvariouskindsofoptlCallyactivepharmaCeuticalsand丘nechemicals

areproduceduslngthebiocatalyst･
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Petrochemicalindustry was highly developedin the20th century,

however,PetrOleumresourcesarelimitedandprobablywi11beexhaustedwithin

21Stcentury･Inaddition,thepetrochemicalindustrybroughtaboutserious

environmentalpollutionallovertheworld･ThedrasticincreaseofCO2COntent

intheairhascausedthegreenhousee飴ctontheearth･Chemicalindustry

Shouldbechanged,improvedandshiftedenergysavlngandenvironmentally

acceptablemanner･Theaccomplishmentofthegreen(clean)chemistryrequires

thecleanenergylnSteadofpetroleum･Bioprocessshouldbeintroducedintothe

ChemicalindustryfurthermOrein2lStcenturies･Atthesametime,therenewable

biomassproducedbysolarenergyshouldbeusedmoreextensivelyinourlifb.In

thepresentthesis,theauthorhasfocusedonarenewableabundantresource,

eugenol.

1･Eugenolandcloveoil

Eugenol(4-a11yl-2-methoxyphenol)isabundantinnature.Itacc｡untS

forqpproximately80%(w/w)ofcloveoilasamaincomponent･Eugenolhas

beenpreparedbysteamdistillationofcloveoilobtainedfrombudsandleavesof

旦搾膠iumaTVmaticum(Fig･1)･Eugenolhasbeenusedasaromatherapyoil,

Sterilizerin mouth orpainkiller(Rabenhorst1996)･みり官Ium a7Vmaticum

OriginallycomesfromMoluccas(SPiceisland)inRepublicofIndonesia.Itwas

introducedthroughoutEuropeancountriesatthe8thcentury･Tbday,ithasbeen

CultivatedinAmbon(RepublicofIndonesia),PenangandSumatra(Malaysia),and

tradedatrelativelylowprlCe･
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Sweet fi･agranCe Of Clarkia b′℃Weri(Fig･2)also contains some

PhenylpropanOids,eugenOl,isoeugenol,methyleugenolandisomethyleugenol･

These phenylpropanoidunits such as eugenolandisoeugenolare the building

block oflignln,Which consists xylogen of vascular plant･The chemical

StruCtureSOfeugenolandisoeugenolareshowninFig･3･

Fig.2.FloⅥ7erOrC血沈ねふ作Wg′



H3CO

Fig･3･Chemicalstructuresofeugenol(a)andisoeugenol(b)

2･BiosynthesisofeugenoI

Therehavebeenftwreportsregardingthebiosynthesisofeugenoluntil

now･However,aSShowninFig･4,itisplausiblethateugenolisconsideredasa

SeCOndary product derivedfrom L-tyrOSine.L-Tyrosineis metabolizedinto

Caffbic acid via p-COumaric acid or L-dihydroxyphenylalanine. Then

S-adenosylmethionine-dependento-methyltransfbrasemightconvertca飴icacid

into fbrulic acid･Eugenolisformed bythe reduction offbru1ic acid.The

S-adenosylmethionine-dependento-methyltransfbrasecDNAhas70%identityto

Ca飴ic acid o-methyltransfbrase･ The protein encoded by the

S-adenosylmethionine-dependento-methyltransfbrasecDNAisabletouseeugenol

andisoeugenolassubstrate,butnotca飴icacid(Wangetal.1997).

EnzymesinvoIvedin the biosynthesis of eugenolhave not been

elucidateduntilnow･Thebiosyntheticpathwayofisoeugenolisalsounclear.

As shownin Fig･4,PrObably,isoeugenolis
synthesizedfrom fbrulic acid,

COnifbrylalcoholoreugenol･P-Coumaricacidisknownasastartlngmaterialfor

ligninbiosynthesis･Itisalsocloselyrelatedtothebiosynthesisofeugenoland

isoeugenol.
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Fig･4･Proposedbiosyntheticpathwayofeugenolandisoeugenol

3.MicrobialdegradationofeugenoI

Thereareseveralreportsregardingthemicrobialdegradationofeugenol

(Thdasa1973,Thdasa and Kayahara1983)･ Pseudbmonas sp･and

Co7ynebacterium sp･Werefound to metabolize eugenolto conifbrylalcohol,

coniferylaldehydeandfbru1icacid(Fig.5).Ithasbeenreportedthattwokinds

ofdehydrogenaseareinvoIvedintheconversionofconifbrylalcoholintofbru1ic

acid(Jaeger1988,Achterholt et al･1998)･Ferulic acidis convertedinto

vanillin(Huangetal.1994,Rosazzaetal･1995)andthenoxidizedintovanillic

acid(Bare etal.2002).Protocatechuic acidis producedfrom vanillic acid

(Buswelland Ribbons1988).Afterthe ring丘ssion ofprotocatechuic acid,

β-ketoadipicacidisgenerated(Dennisetal･1973,Nodaetal･1990,Kuswandi

andRoberts1992).However,Whentheauthorstartedthepresentwork,therehad
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beennoreportsregardingtheenzymetocatalyzetheinitialstep,theconversionof

eugenolintoconifbrylalcohol･TheinitialstepISthedoublebond-tranSfb汀ing

hydroxylationreaction.

RegardinglSOeugenOl,VeryreCently,Bacillussp･grOWnOnisoeugenolas

asolecarbonsourcewasisolated(Shimonietal.2000).Thisstraindegrades

isoeugenol,however,theenzymaticstudiesonthedegradationofisoeugenolhas

notbeencarriedoutyet･Thus,Studiesonthedegradationpathwayofisoeugenol

arestilluntouched.

=了=二∴二
EugenoI ConjferylalcohoI ConiferyIaldehyde Ferulicacid

←茹cH,←草｡CHrProtocatechuicacid Vanirlicacid Vanillin

β-Ketoadipjcacid一←一← オ｡H3
1soeugenol

Fig･5･Microbialdegradationpathwayofeugenolandisoeugenol

4･Usefu1chemicalsinvoIvedinthedegradationpathwayofeugenoI

Someusefu1compounds,Vanillin,ftru1icacidandconiftrylalcohol,are

invoIvedinthedegradationpathwayofeugenol,aSShowninFig･5･Theyare

Characterizedasfo1lows,
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I匂〃f招〃 1ねnillin(4-hydroxy-3-methoxybenzaldehyde)

isthecharacteristicaromacomponentofthevanillapod.Itisoneofthemost

importantaromaticnavorcompoundsusedintheproductionofflavorsforfoods

andfragrancesforperfumes･More than12,000tons ofsynthetic vanillinis

PrOducedeachyear,mOStlyfrompetrochemicalssuchasguaiacol,andithasbeen

alsocurrentlyproducedfromligninasaby-PrOductofwoodpulping(Clark1990)･

Vanillin has been reported as a metabolicintermediatein the catabolism of

phenylpropanoidssuchaseugenolandftru1icacid(Chenetal･1982,Shiotsuetal･

1989,Tbdasa1977,TbmsandWood1970).

fセr〟〟cαCf〟 Feru1ic
acid(4-hydroxy-3Lmethoxycinnamic acid)is

potentialduetoitsphenolicnucleusandanextendedside chaincoruugation･

FerulicacidreadilyformSareSOnanCeStabilizedphenoxyradical,Whichaccounts

foritspotentantioxidantpotential･Recently,ithasbeenusedasafoodadditive･

Inaddition,duetothehighdegreeofcoqugatedunsaturatedbond,itisastrong

UVabsotber(Graf1992).

Cbn的n7lalcohoI Conifbryl alcohol(4-hydroxy-3-meth0ⅩyCinnamyl

alcohol)isofinterestforthefoods,PharmaCeuticals andcosmeticsduetoits

widespreadapplicationasanantioxidantandflavor･Ithasbeenusedforthe

studiesofthesynthesisoflignin(Pannalaetal･1998,Chanetal･1995,Wuetal･

1998,Deigneretal.1994)･
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(b)cooH (C)c

OCH3

OH OH

H20H

OCH3

Fig･6･Chemicalstructures ofvanillin(a),fbrulic acid(b)and
COn脆Ⅳ1alcohol(C)

5.Purposeofthisthesis

Comparedtotheconventionalorganicsynthesis,bioprocessisenergy

SaVlng and environmentally friendly･Enzymatic
reactions proceed very

e瓜ciently under mild conditions･ Moreover,the
products through

bioconversionsarerecognizedasnaturalproductlegally(Lesage-Meessenetal.

1996)･Therefore,theproductssynthesizedthroughmicrobialreactioncanhave

Valueaddedcommercially･Inaddition,eugenOlandisoeugenolareabundant

Cheaprenewableresources･Itisslgni凸canttoconverteugenolandisoeugenol

intomorevaluablecompoundsasdescribedabove･Theauthorhasattemptedto

CarryOuttheenzymaticstudiesontheinitialstepofeugenoldegradation･The

author also has undertaken to throwlight on the microbialdegradation of

isoeugenol･Theauthoraimstoestablishnewmicrobialproductionprocessof

SOmeValuablecompoundsfromeugenolbasedonthesefundamentalknowledge

attainedthroughthesestudies.

8



REFERENCES

Achterholt,S.,Priefbrt,H.andSteinb払chel,A.(1998)Puri丘cationandcharacterizationof

the conifbrylaldehyde dehydrogenase from Pseudbmonas sp･Strain HR199 and

molecularcharacterizationofthegene.JBacteriol.,180,4387-4391

Bare,G,Swiatkowski,T.,Moukil,A.,Gerday,C.andThonart,R(2002)Puri丘cationand

characterizationofamicrobialdehydrogenase:Avanillin:NAD(P)+0Ⅹidoreductase.Am,l.

βわc/7e肌βわfec/7〃OJ.,粥-100,415-428

Buswell,J.andRibbons,D.W(1988)1ゐnillateO-demethylase丘omPseudbmonasspecies･

Aね′ゐ0ゐg〃グ∽OJ.,畑1,294-301

Chan,W.S.,Wen,P.C.andChiang,H.C.(1995)StruCture-aCtivityrelationshipofcaffbic

acidanaloguesonxanthineoxidaseinhibition･AnticancerRes･,15,703-707

Chen,C.L.,Chang,H.M.andKirk,T.(1982)Aromaticacidsproducedduringdegradation

oflignininsprucewoodbyPhanerochaetechTySO軍Orium･Hoゆrschung,36,3-9

Clark,G.S.(1990)Vanillin.PediLm.F7avorist,15,45-54

Deigner,H.P.,Wolf;G.,Ohlenmacher,U･andReichling,J･(1994)1-Hydroxyeugenol-

and conifbrylalcoholderivatives
as effbctiveinhibitors of5-1ipoxygenase and

Cu2+-mediatedlow densitylipoprotein oxidation･Evidencefor a dualmechanism･

d佗〃e血凡r∫C′z.,44,956-961

Dennis,D.A.,Chapman,P.J.andDagley,S.(1973)Degradationofprotocatechuatein

Pseuゐmonas testosteroniby a pathwayinvoIving oxidation of the product of

∽eね-丘ssion.JβαCJerわJ.,113,521-523

Graf;E.(1992)Antioxidantpotentialoffbrulicacid･JF7･eeRadBiol･Md,1,3-25

Huang,Z.,Dostal,L.andRosazza,J･PIN･(1994)Puri丘cationandcharacterizationofa

fbru1icaciddecarboxylasefromPseudbmonasjluorescens･JBacteriol･,176,5912-5918

Jaeger;E.(1988)Puri丘cation of coniferylalcoholdehydrogenasefrom Rhodbcoccus

eヮ′血マPOJよ∫･Aゐ血ゐ且〃グ∽OJ･,畑1,301-306

Lesage-Meessen)L･II)elattre)M･,HaonIM･IThibaultlJ･Fl)Ceccaldi,B･C･,Brunerie,Pl

andAstheIIM.(1996)Atwo-StePbioconversionprocessforvanillinproductionfrom

fbrulicacidcombiningA甲eTgillusnigerandPicnQPOruSCinnabarinus･JBiotechnol･,50,

107-113

Nagasawa,T.and Yamada,H.(1989)Microbialtransformations ofnitriles･77.endsin

βわfec/7〃OJリ7,153-158

9



Noda,Y･,Nishikawa,S･,Shiozuka,K･,Kadokura,H･Nakajima,H.,Ybda,K.,Katayama,

Y･,Morohoshi,N･,Haraguchi,T･andYamasaki,M･(1990)Molecularcloningofthe

PrOtOCateChuate4,5-dioxygenase genes ofPseudbmonaspaucimobilis.JBacteriol.

(1990),172,2704-2709

0verhage,J･,Priefbrt,H･,Rabenhorst,J･andSteinbGchel,A.(1999)Biotransformationof

eugenoltovanillinbyamutantofPseuゐmonas sp･StrainHR199construCtedby

disruptionofthevanillindehydrogenase(v戯)gene.Aw[Mm)biol.Biotechnol.,52,

820-828

Pannala,A･S･,Razaq,R･,Halliwell,B･,Singh,S･and Rice-Evans,C.A.(1998)

InhibitionofperoxynltritedependenttyrosinenitrationbyhydroxyclmmamateS:nitration

Orelectrondonation･i7･eeRadicalBiol.Md,24,594-606

Rabenhorst,J･(1996)Production ofmethoxyphenol-tyPe naturalaroma chemicals by

biotransformationofeugenoIwithanewPseudbmonassp.4wl.Mic7Vbiol.Biotechnol.,

4`,470-174

Rosazza,J･RN･,Huang,Z･,Dostal,L･,Volm,T･andRousseau,B.(1995)Biocatalytic

transformationsofftru1icacid:anabundantaromaticnaturalproduct･JlndMicTVbiol.,

15,457-471

Shafi,RM･,Rosamma,M･K･,Jamil,K･andReddy,RS･(2002)Antibacterialactivityof

theessentialoilfromAristolochiaindica･F7toterq,ia,73,439-441

Shimoni,E･,Ravid,U･andShoham,Y･(2000)IsolationofaBacillussp.capableof

transform1nglSOeugenOltovanillin･JBiotechnol.,78,1-9

Shiotsu,Y･,Samqjima,M･,Habu,N･andYbshimoto,T.(1989)Enzymaticconversionof

Stilbenesfrom theinner back ofPiceaglehniiinto aromatic aldehydes･肋kuzai

G(JJ挽αねカブ,35,826-831

Simic,N･,Palic,R･,Vhjs,Ⅴ,Milosavtievic,S･andDjokovic,D.(2002)Compositionand

antibacterialactivityofAchilleaav,len的Iiaessentialoil.JEwent.OilRes.,14,76-78

Tbdasa,K･(1977)Degradationofeugenolbyamicroorganism.Agric.Biol.Chem.,41,

Tbdasa,K･andKayahara,H･(1983)Initialstepsofeugenoldegradationpathwayofa

microorganism･Agric･Biol･C72em.,47,2639T2640

Tbms,A･andWood,J･M･(1970)Thedegradationoftrans-feru1icaacidbyPseudbmonas

αCブゐγ0和〃∫･βわcカe椚ね坤,9,337-343

Wang,J･,DudareVa,N･,Bhakta,S･,Raguso,R･A.andPichersky,E.(1997)Floralscent

PrOductionin Clarkia bTmeri(Onagraceae)･II･Localization and developmental

modulationoftheenzymeS-adenosyl-L-methionine‥(iso)eugenolO-methyltransftrase

andphenylpropanoidemission.PlantPhysiol.,114,213-22l

10



Wu,B.N.,Huang,Y.C.,Wu,H.M.,Hong,S･J･,Chiang,L･C･andChen,I･J･(1998)A

highlyselectiveβ-1-adrenergicblockerwithpartialβ-2-agOnistactivityderivedfrom

fbrulicacid,anaCtivecomponentofLigusticumwallichii･JCardiovasc･Pharmacol･,31,

750-757

11



CHAPTERI

StudiesonEugenoIDehydrogenaseCatalyzingInitialStepof

EugenoII)egradationbyLbeudbmonasP〟OnSCenSEl18

Sectionl

IsolationofEugenol-I)egradingBacterium,LbeudbmonasP〟0化SCenSEl18:

Puri丘cationandCharacterizationofEugenoIDehydrogenase

Eugenolisanabundant,1ignln-relatedessentialoilfromclovetree勘zなJum

aYVmaticum(sy･EugeniacariQPhyllus)usedinperfumeandaromacompositions

duetoitsorientalandspicyodor(Rabenhorst1996)andisofinterestasrenewable

resourcefor the production ofusefu1chemicals･An understanding ofthe

biochemicalmechanismsinvoIvedinthebiotransformationofeugenolisrequired

as a theoreticalbasisfor the development ofbiocatalytic processesfor the

PrOductionofeugenol-derivedaromaticchemicals･Eugenoliscatabolizedby

Pseuゐmonas and CoTynebacterium bacteria via conifbrylalcohol,COnifbryl

aldehyde,feru1icacid,Vanillin,Vanillicacidandprotocatechuicacid(Thdasaand

Kayahara1983,Rosazzaetal.1995),thelatterofwhichisthesubstrateoffurther

ringcleavageandβ-ketoadipatepathway･Aftweugenol-COnVertingenzymes

have been reported,including vanillylalcoholoxidase from Penicillium

Si7WlicLssimum(DeJongetal･1992)and4-ethylphenolmethylenehydroxylase

fromPseuゐmonasputiddDJl,Whichactsmainlyon4-alkylphenoIs(Reeveetal.

1989)･ Similar enzymes that convert 4-alkylphenoIs are p-CreSOl

methylhydroxylasesfromvarioussources(RudoIphietal.1991,Hopperetal.
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1991,Kimetal.1994).Alltheenzymescatalyzetheoxidationofthesidechain

ofbenzylcompounds bearlng aPara-hydroxy groupln COmmOn･By uslng

eugenolasscreenlngSubstrate,anef托ctiveeugenol-degradingmicroorganismhas

been obtained.In this section,the authorpurified and characterized eugenol

dehydrogenase,the 丘rst enzyme of the eugenoldegradation pathwayin

PseuゐmonasjluorescensEl18andshowsthatversatilecatalyticpropertyofthe

dehydrogenasecloselyresemblesthoseof4-alkylphenolmethylhydroxylasesand

Vanillylalcoholoxidase･

MATERIALSANDMETHODS

C〟〟〟rgC〃〝成′わ〝∫

Cultures wereincubated at280C with recIPrOCalshaking･A4-ml

ovemightpreculture,grOWnOn5gpolypeptone(Ⅵねko,Osaka,Japan),5gmeat

extract(Kyokuto,Tbkyo,Japan),0.5gyeastextract(OrientalYtast,Tbkyo,Japan)

and5gNaCIperliter(PH7.0),WaSuSedtoinoculatea2-1flaskwith400ml

mediumconsistlngOflmleugenol,10gsucrose,1gpolypeptone,3gyeast

extract,0･5gMgSO4･7H20,2gK2HPO4andmetalsin丘nalconcentrationsof

O･2mgFeSO4･7H20,0･4mgCaC12･2H20,0･3mgH3BO3,0･04mgCuSO4'5

H20,0.1mgKI,0.4mgMnSO4'7H20andO･2mgNaMoO4'2H20perliter(PH

7.0).After24hofincubation,CellswereharveStedbycentrifugationat8,000×

gat40Candwashedwith50mMpotassiumphosphatebu飴r,PH7･0(buffbrA)･

13



助研削gα∫∫り′

Thestandardactivitywasassayedat300Cinalmlshaken(160strokes

min-1)reactioncontaininglOpmoleugenol,50mgPlysurfA210G(Daiichi

Kogyo,Osaka,Japan)for the solubility ofeugenol,10pmoIPMS and an

approprlateamOuntOfenzymeinbuf臨rA.Thereaction,Showntobelinearin

the丘rstlOmln,WaSStOPPedaRerlOminbyaddinglmlmethanol,andthe

formationofconifbrylalcohoIwasdeteminedbyHPLC･Oneunitofenzyme

activitywasde血edastheamountofenzymecatalyzlngtheformationoflpmoI

COnifbrylalcohoIper min･The substrate specincity was detemineduslng a

Photometric activity testin al-mlquartz cuvette under the same reaction

COnditionsasaboveexceptthat150pMPMSandadditionally75pMDCIPwere

used,andthereactionwasfo1lowedbymeasurlngthereductionofDCIPat600

nm･DCIPwasreducedbothbytheenzymeandchemicallybyPMS.PMSwas

addedasthebetterenzymesubstratecomparedtoDCIPinordertos叩POrtthe

reductionofDCIR Theactivityofthecomplexspectrophotometrictest,Which

COuldhavebeeninfluencedbytheionicstrength,WaSingoodagreementwiththe

activitydeterminedinthestoppedreactiontest.

且〝研削gp〟r研cα′わ〝

After each puri丘cation step at40C the enzyme was dialyzed and

dissoIvedintheequilibrationbuf托rofthenextchromatographic
stepunless

Otherwisespeci丘ed･Cells丘om121culture(20gwetweight)in60mlbufftrA

Were disrupted15minbyultrasonication(19kHz,Insonator201M,Kubota,

Tbkyo,Jqpan)for15minandcentrifugedat20,000×gfor30min.A氏er
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fractionationofthecrudeextractwithammoniumsulfate(30-50%saturation)and

centrifugationasdescribedabove,theenzymewasloadedonaDEAE-Sephacel

column(4×25cm)previouslyequilibratedwithbufEbrA,elutedbyl･2lofbufEbr

AcontainingO.1MKCl,andappliedtoaPhenyl-SepharoseCL-4B(2×15cm)

previously equilibrated with buffbr A containlng ammOnium sulfate at5%

saturation.Theenzymewaselutedby300mlofthisbu飴rcontaining30%(v/v)

ethyleneglycol,fractionatedwithammoniumsulfate(40-70%saturation)and

loadedonto aButyl-Tbyopear1650M(2×10cm)equilibratedwithbuf托rA

containlng ammOnium sulfate at15%saturation･Activity was eluted at9%

ammonium sulfate within alinear gradient of15-0%(300ml),fo1lowed
by

chromatographyonDEAESephacel(2×10cm)equilibratedandeluted(180ml)

asdescribed･Thepuri丘edenzymewasdialyzedagainstbu脆rAcontainlng50%

(v/v)glycerolandstoredat-200Cwithoutactivitylossfor6months･

且〝砂椚gCゐαrαCおr如′わ〃

ThestabilityoftheenzymeagainstpHandtemperaturewasexaminedby

preincubationfor30mininO･1Mbuf托rsofvariouspHvaluesat300CandforlO

mininbu脆rAatvarioustemperatures,reSPeCtively･Thebuffbrsusedforthe

determinationofthepHinfluenceontheenzymeactivityweresodiumacetate(pH

4-6),POtaSSiumphosphate(PH6-8),HEPES(pH6･5-8),Tris-HCl(PH7･5-9)and

CAPS(PH9.5-11).TheeffbctsofpHandtemperatureontheenzymeactivity

weredeterminedinthe stoppedtest･Theoptlmaltemperatureleadingtothe

highestproductformationinthelOminstandardreactionwithbu飴rAwasthe

resultantoftheeffbctoftemperatureonthereactionrateandthestabilityofthe
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enzyme･ApparentRLIValueswereestimatedfromLineweaverBurkplotswithan

accuracyof土6%,Withoutperformlngafu11two-SubstrateanalysIS.The‰

Valuesofelectronacceptorsweredeterminedinthestoppedreactiontestwith

nxedeugenoIconcentrationoflOmMandvarylngCOnCentrationsofelectron

acceptorsintherangefrom50pMto20mM.TheRLvaluesofsubstrateswere

deteminedbythephotometrictestuslng丘xedconcentrationsof150pMPMSand

75pMDCIPandasubstrateconcentrationrangefrom5LIMtolOmM.Inhibitors

WereteStedby15minpreincubationoftheenzymewithlmMcompoundinthe

Standardreactionmixturewithoutsubstrateandstartedbytheadditionofeugenol.

TheincubationtimefortheinhibitionofrestingcellsbyKCNwas30min.

Productsoftheenzymaticconversionofdif托rentsubstrateswereisolatedwith

yields of 35-50% by ethylacetate extraction,eV叩Oration,Silica gel

Chromatogrqphy(%kogelC300,%ko,Osaka,Japan)withbenzene/methanol

(95:5,V/v)asmobilephaseandcrystallization,andidentifiedbylH-NMRand

GC-MSuslngauthenticcompoundsasrefbrences･Theoxygensourceofthe

hydroxylationwasexaminedinastandardreactioncontainingO･5unitsenzyme

and50%(v/v)H2180fo1lowedbyproductisolationasdesc,ibedandGC_MS

analysIS.

d〝αか′わαJ椚g助〃ゐ

ConifbrylalcoholandeugenoIweredeterminedbyHPLConaShimadzu

LC-6A(Shimadzu,Kyoto,Japan)withanODSC18column(4.6×150mm,M&S

InstrumentS,Tbkyo,Japan)andamethanol/H20/aceticacid(45:52:3,V/v)eluent

ataflowrateoflml/minmonitoredat280nm･Authenticcompoundswereused
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fbrcalibration.TheretentiontimesofconifbrylalcoholandeugenoIwere3･2and

15･4min,reSPeCtively･UV/ⅥsspectrawererecordedinaShimadzuUV1200

叩ParatuSandNMRspectrainaBrukerWM-360high丘eldNMRspectrometer

uslngmethanol-DassoIventandtetramethylsilaneasinternalstandard･GC-MS

was performed with a Trio-1mass spectrometer connected with a5890

Hewlett-PackardgaschromatographplusDB-1capillarycolumn(J&WScienti丘c,

Tbkyo,Japan)usingheliumascarriergasandatemperatureprogramwithlminat

500Cand50-2500Cat150C/min･Bymatrix-aSSistedlaserdesorptlOnionization

mass spectroscopy(MALDI-MS)obtainedfrom
a Vision2000reflectron

time-Of-flightmass spectrometer(FinniganMAT,HemelHempstead,England)

uslng2,5-dihydroxybenzoicacidasmatrix,mOlecularmassesintherangeofO･2to

500kDacouldbedetermined.ProteinswereseparatedbynativeandSDS-fAGE

inlO%(mass/vol.)gelsasdescribedbyLaemmli(1970),fbllowedbyCoomassie,

heme(Thomasetal.1976),OraCtivitystaining･Foractivitystaining,thenative

gelwasincubatedinlO mM eugenol,1mM PMS and O･5mM nitroblue

tetrazoliuminbufftrA.ProteinwasquantinedbythemethodofBradford(1976)

uslngBSAasstandard･Purityandmassofthenativeenzymewereestimatedby

gel-PermeationHPLCusingaTSKG-3000SWcolumn(0･75×60cm,TbyoSoda,

Tbkyo,Japan)withbu飴rAplus O･2MNaClas eluentatO･7ml/min･The

molecularmasswascalculatedfromalinearregressioncurveObtainedfromthe

mobilities ofglutamate dehydrogenase(290kDa),lactate dehydrogenase(142

kDa),enOlase(67kDa),adenylatekinase(32kDa)andcytochromec(12･4kDa)･

For amino acid sequenclng,enZyme Subunits were separatedby SDS-PAGE,

electroblottedonaPro-BlottPVDFmembrane(AppliedBiosystems,USA)ina
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SartoblotII-Ssemi-dryblotter(Sartorius,USA),andtheirN-terminalaminoacid

SequenCeSWereanalyzedbyautomatedEdmandegradationina477Agas-Phase

aminoacidsequencerandPTHaminoacidanalyzer120A(AppliedBiosystems).

肋おrね血

Eugenol,COnifbrylalcoholandalltestedelectronacceptorswereobtained

fromAldrich(Milwaukee,USA),DEAE-Sephacel,Phenyl-SepharoseCL-4Band

thelow molecular mass markerfor SDS-PAGEfrom PharmaCia(Uppsala,

Sweden)･TbyopearlwaspurchasedfromTbsoh(Tbkyo,Jqpan),andmolecular

marker proteinsfor HPLCfrom B6hringer(Mannheim,Germany).Unless

Otherwisestated,a1lotherchemicalswerefromⅥねko(Osaka,Japan).

RESULrS

血血血〝α〝d励〃J研c〟血〝げg昭g〝〃ん吻川肋哲ふαCJg〟〟朋

Agram-negative,mOtile,rOd-Shapedbacteriumwiththeabilitytoforma

nuorescentpigmentwasisolatedfromsoilbyaconventionalscreenlnguSlng

eugenolasenrichmentsubstrateandsolesourceofcarbonandenergy･Onthe

basis offurther morphologlCaland biochemicalstudiesit
wasidenti丘ed as

凸e〟ゐ∽0〃α∫ガ〟0作∫Ce〃∫(職blel).
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Tablel.1もⅩ0血Omi(:alshdiesom5trai血El18

Cellmorphology

GraInStrain

Spore

Motility

Colonymorphology

Fluorescentplgment

Growtb

Catalase

Oxidase

FermentativeinglucoseOF

+

Circular,regular,entire,bu托

Semi-tranSlucent,lowconvex,

(3～4mmindiameter)

+

300C(+),370C(一),410C(-),

+

+

仙r坤･`JJん,几`付Jノー旬＼､J川(･仙n=仙J＼一丁･･川∫山一一J`川高一り〟バ`J∫･W′川=･･イ一丁JIl-

g〝QJ椚g

Eugenoldehydrogenase,detectedonlya氏erinductionbyeugenol,WaS

pur摘ed240-fo1dfrom a cell-free extract ofP jluoYeSCenS El18(Table2)･

Purined eugenoldehydrogenase was analyzed by native-PAGE(Fig･1)･The

subunitmolecularmassesofthepurifiedenzymeweredeterminedtolO･4kDaand

58.2kDa(eachj=0.1kDa)byMALDI-MSinconsistencewiththeresultsobtained

by SDS-fnGE(Fig.2).The homogeneityofthe enzyme was also shownby

HPLCelutionasaslnglesymmetricalpeakwithanativemolecularmassof70
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kDa,SuggeStlng a heterodimeric enzyme struCture･The puri丘ed enzyme

CatalyzedthestoichiometricconversionofeugenoltoconiftrylalcohoIwithaVh,aX

Of24･2U/mgandanapparent‰of5pM･TheenzymewasstablebetweenpH

5･Oand9･Oandbelow500C･Above500CandpHlO･OandbelowpH5･0,the

activitywasrapidlylost･ThepH-OPtimumforenzymeactivitywas7.0.The

temperatureleadingtothehighestconifbrylalcoholformationinthestopped

reactionwas500C･Theamino-terminalaminoacidsequencesofαandβsubunit

Were ADNSTPDIYRPS and MDTTVILPEGV respectively. Sequence

Similaritiestovanillylalcoholoxidase(Benenetal.1998)andothersequences

accessibleintheproteindatabasesSwissProtandPIRwerenotfound.However,

ashorthomologousLPXGVmotifintheN-terminusoftheβsubunitofeugenol

dehydrogenaseandap-CreSOlmethylhydroxylasewasobserved(McIntireetal.

1986).

Thble2･Puri鎖cationofeugenoldehydrogenasefromRPuorescensEl18

Steps TbtalactivityTbtalproteina Speci丘cactivityPuri丘cation Yield

_
(しIllits)

Crudeextract 584 5840

(mg)一〔血1d) (%

岬H4)2SO4(30-50%) 526 3550

DEAE-Sephace1 269 202

Phenyl-SepharoseCL-4B 239 21.1

(NH4)2SO4(40-70%) 180 14.1

Buty1一丁byopear1650M 151 9.08

DEAE-Sephacel 131 5.42

0

5

つJ

l

1

3
っJ

OO

′b

2

0

0

1

1

2

′LU

4

1

1

1

2

1.0 100

1.5 90.1

13.3 46.1

113 40.9

128 30.8

166 25.9

242 22.4
aproteinwas

determinedaccordingtothemethodofBradford(Bradford,1976).
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Fig,l.Native-PAGE of the ptLrified eugel101dellydroge11aSe
from R

ノJJ=ハ●､汀〃､l､11II

LanesICoomassie Blue stainlng,Lanes2heme stalnlng,Lanes3active

stainlng･Ina111anes,10LlgOfpurifiede11genOldehydrogenasewasloaded･

'▲

つJ

橡
㌘
∵

会さ;ゝ1ニ

Fig･2･SI)S-PAGE of the puri丘ed eugenoldehydrogeTlaSe from R

β〟〃r田Cg耶El18

LanesILow-mOlecularweightmarkerproteinswith94,67,43,30,20･land
14.4kDa(&om top to bottom);2Coomassie Blue staining;and3heme

Stainlng.Inlanes2and3,6LLg Ofpun丘ed eugenoldehydrogenase was

loaded.

J.丁(一l･J…〃〟n･lTI仙′-

Restingce11shydroxylatedeugenoIwithoutexternalcofhctor,buttheactivlty

ofthepurifiedenzymedependedontheadditionofanelectronacceptorsuchas

PMS(KmO.42mM)withthehighestactivityandVmaxof24･2U/mg,fbllowedby
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DCIP(‰0･23mM)with87%relativeactivity,CytOChromec(RLnotdetermined)

With69%andK3Fe(CN)6(‰0･83mM)with64%relativeactivity.TheseRL

Valuesaresigni丘cantlylowerthanthoseofvanillylalcoholoxidase(DeJongetal.

1992)andp-alkylphenolmethylhydroxylases(Reeve et al.1989).Without

electronacceptororwithlmMmethyleneblue,FAD,FMN,NAD+,NADP+,

SafraninO,nitrobluetetrazolium,menadione,OrmenatetranOne,nOaCtivitywas

found･TheelectrontransfbrfromtheenzymetoPMSandfurthertonitroblue

tetrazoliumwasusedtocharacterizetheenzymebyactivitystainlng:aSlngle,

StainedproteinbandinnativePAGEwiththesamemobilityastheCoomassie

Bluestainedenzymewasobserved･Thepuri丘edenzymeexhibitedabsorptlOn

maximaat550,522,and417nmafterreductionbyNa2S2040rthesubstrate

eugenol,however,afteroxidationbyasma11amountofKMnO4,theabsorptlOn

maximumat417nmshiftedto410nmandtheothertwopeakswerereplacedbya

Singlebroadpeak(Fig･3A)･Theauthorseparatedαandβsubunitbyincubation

Ofthepuri丘edenzymeinlO%(v/v)trichloroacetic acid(TCA)forlhand

Centrifugationat48,000×gfor45min･SupernatantandprecIPitatecontained

highamountsofαandβsubunit,reSPeCtively,aSShownbySDS-PAGE.The

reddishsupernatantShowedabsorptlOnmaXimaat550,522,and417nmunder

reducingconditions(Fig･3B)･Theabsorptioncoefncients(inmM-1cm~1)ofthe

reducedenzymewere99･5at417nm,10･5at522nm,and18･35at550nm,andin

theoxidizedenzyme63･8at410nm･Theabsorptioncoefncients(inmM-1cm-1)

OfthereducedαSubunitwere62･7at417nm,7･13at522nm,and9･98at550nm,

andintheoxidizedαSubunit44.Oat410nm.Thesecoefncientsareafactor

2･0-2･5lower than the values deteminedin ap-CreSOlmethylhydroxylase
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(McIntireetal.1985),Whichmightbeduetomistakesinthedeterminationof

PrOteincausedbyinterfbrenceofthehemewiththeBradfordreagent･Usinganα

SubunltPrOteinconcentrationofO･4mg/mlsuggestedbytheabsorpt10nat300nm

of O.4(Fig.3B),almost the same absorption coefncients asin p-CreSOl

methylhydroxylasewereobtained(e410,｡X.110[123];e417,,ed.157[160];E522,red.

17.8[18.1];e552,,ed.25.0[25.6];allvaluesinmM~1cm-1,absorptioncoe飢cientsin

brackets correspond to
p-CreSOlmethylhydroxylase)･Absorption maxima,

molecularmass,andthehemestaininginSDS-PAGE(Fig.2)indicatethattheα

Subunitcorrespondstocytochromec550･

Absorbance

1.5
′417

(A) Absorb古間¢

400 500 600 700

Wav由nglh(nm)

(B)

250 330 410 490 570 850

Wave始ngth(nm)

Fig.3.Absorptionspectrumof(A)purifiedeugenoldehydrogenase

(1mg/ml)and(B)0こSubunit

PlainlinesindicatespectraunderreducingconditionsaReradditionofa

smallamount ofNa2S204,and dottedlines spectra under oxidizing

conditionsafteradditionofasma11amountofKMnO4.

Additionally,theenzymeshowedanabsorptionshoulderat460nmunder

oxidizing but not under reducing conditions(Fig･3A)･Furthermore,an

absorptlOnShoulderat460nminthepuri丘edenzymeunderoxidizingconditions
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butnotintheαSubunit(Fig･3B)andayellowcoloroftheTCAprecipitate

SuggeStedaflavincontentintheβsubunit.However,attemPtStOObtainatypical

navin spectrum With absorptlOn maXima at450nm and375nmfrom the

redissoIvedTCAprecIPltate,Whichhadtobeexpectedunderoxidizedconditions,

failed.Only an unspeci丘c absorptlOn,Which was enhanced under oxidized

COnditions,andaweakabsorptlOnShoulderat460nmwereobserved.

∫〟ふ∫かαお甲gC研c卸

The enzyme catalyzedthe dehydrogenation andhydrationofeugenol,

accompaniedbyaunlquedouble-bondtransfbr,Withthesecondhighestactivity

andhighestafnnity,furthermorethesamereactionsequenceof4-alkylphenoIsto

the p-alkanoIs and the dehydrogenation of4-hydroxybenzylalcohoIs to the

COrreSPOndingaldehydes(Thble3)･Exceptforthe conversionofp-CreSOl,nO

formation ofalkenes or aldehydesin the conversion of4-alkylphenoIs,WaS

Observed･Thethreedifftrenttypesofdehydrogenationcatalyzedbytheenzyme

areshowninFig･4･4-Allyl-2,6-dimethoxyphenoIwasnotconverted,indicatlng

thatanadditionalortho-methoxysubstituentintroducesstericconstraints.AIso

Other 4-allylphenoIs such asisoeugenol,3,4-dimethoxy-1-allylbenzene,

4-allyl-2,6-dimethoxyphenol,0-allylphenol,a11ylbenzene,4-allylanisole,allyl

Phenylether,allylcyclopentane,(土)0-allylcyclohexanone,allylcyclohexylamine

and furthermOrel-decene,1,5,9-decatriene,myrCene,4-ethylanisol,and

4-tert-butylphenoIwere not converted･The actlVlty tOWards4-alkylphenoIs

decreasedwiththeincreaslnglengthofthealkylchain･2-and3-ethylphenoland
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benzylalcoholdid not serve aS Substrates showlng the requlrement Of the

Para-hydroxygroupofsubstrates.

Table3.Substratespeci茄cityofeugenoldehydrogenasefromRPuorescensEl18

Substrate Activity 私 Product

(%) 仙M)

EugenoI

P-Creso1

4-Ethylpheno1

4-n-Propylpheno1

4-Isopropylpheno1

4-n-Buty1pheno1

4-∫eC-Bu呼1pbeno1

4-n-Hexylpheno1

4-n-Octylphenol

100 5 Conifヒrylalcohol

8

78

73

6

66

12

38

14

n.d. 4-Hydroxybenzaldehyde

142 1-(4-Hydroxyphenyl)ethano1
40 1-(4-Hydroxyphenyl)propanol

n.d. 2-(4-Hydroxyphenyl)propane-2-01
33 1-(4-Hydroxyphenyl)butanol

n.d. 2-(4-Hydroxyphenyl)butane-2-01
265 1-(4-Hydroxyphenyl)hexanol

n.d.1-(4-Hydroxyphenyl)octanol
4-Hydroxybenzylalcohol122 820 4-Hydroxybenzaldehyde

1alcoho1 90 398 1ねnillin

Substrates(10mM)weretestedinastandardreactionwithO.1unitsenzyme.Apparent

RLvaluesweredeterminedfromLineweaver-Burkplots(n.d.notdetermined).Activity

WitheugenoIcorrespondstothereductionof47.3nmoIDCIPpermin.Productswere

isolated by ethylacetate extraction and silica gelchromatogr叩hy,andidentified by

lH_NMRandGC_MS.

H｡-β㌔→.｢郵｡H,｡HH3CO

Coniftrylalcohol

二部H

H3CO

Eugenol

ニ~=
4-AlkylphenoIs

HO常
CH20H-------+HO

1-(4-Hydroxyphnyl)alkanoIs 4-HydroxybenzylalcohoIs 4-Hydroxybenzaldehydes

Fig.4.ReactioncatalyzedbyeugenoldehydrogenasefromRPuorescensEl18

R;Alkyl(Cl-C7),R';OCH30rH.

A氏erperformlnganenZymaticconversionofeugenolinH2180′=2160

(50:50,V/v),theproductconiftrylalcoholexhibiteda180moleculeionpeakanda
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182isotopICmaSSPeakwiththesameintensitiesshowlngthattheOincorporated

intoeugenolderivedfromH20(Fig.5).

Fig･5･IncorporationofH21$ointocomifbrylalcohol

(A)control,(B)inpresenceof50%H2180

血血軌如㈹

Theenzymewassensitivetowardsthiol-SPeCi丘creagentssuchasAgNO3

(0%remaining activity),HgCl2(7%),CuC12(11%),P-Chloromercuribenzoate

(42%)and5,5'-dithiobis(2-nitrobenzoicacid)(80%).Iron-Chelatingagentssuch

as EDTA, 2,2'-bipyridyl, diethyldithiocafbamate, 0-Phenanthroline,

8-hydroxyquinoline and Tiron(4,5-dihydroxy-m-benzene disulfonate)were

Withoutinnuence･No slgni丘cant e飴ct wasfound with N-ethylmaleimide,

iodoacetic acid,hydroxylamine,Semicarbazide,CySteamine,D-CyCloserine,

CuPrlZlOne,NaN3,D,L-Penicillamine,dithiothreitol,2-merCaPtOethanol,Na2S204,

H202,PH4)2S208andthemetalsaltsNaCl,BaC12,CaC12,MgCl2,MnC12,PbCl2,
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ZnC12,CoCl2,SnCl2,NiC12,CdC12andA12(SO4)3.TheinfluenceofKCNonthe

Puri丘edenzymewaslow(83%remainingactivity).Restingcellswereslightly

activated(113%activity)bytheadditionofPMS(30mM)comparedtoareaction

mixturewithoutelectronacceptor(100%).Afterpreincubationofrestingce11s

With5mMKCN,Only19%activityremained.If5mMKCNand30mMPMS

WereaPPliedtogether,75%activltyremainedindicatlngthatPMStakesupthe

electronsbeforetheKCNtarget.

DISCUSSION

PjluorescensEl18wasisolatedfromsoilusingeugenolasenrichment

Substrateandsolesourceofcarbonandenergy.Thestrainwasadditionallyable

togrowonconiferylalcohol,ftrulicacid,Vani11inandvanillicacid,PrObablydue

totheeugenoldegradationpathwayviathesecompoundsasproposedforanother

microorganism(ThdasaandKayahara1983).Inthisstudy,the丘rstenzymeofthe

eugenoldegradationwaspurifiedandclassi丘edasadehydrogenaseduetothe

requlrementOfanelectronacceptorandtheuseofwaterasoxygensourceduring

hydroxylation･Duetothebifunctionalabilitytodehydrogenateandhydroxylate

eugenoland4-alkylphenoIs and the unknownidentity ofthe naturalelectron

acceptor,theauthorsuggestseugenol:(acceptor)oxidoreductase(hydroxylating)as

SyStematicenzymename･Theenzymewasfoundtobeaheterodimerconsisting

ofasmallcytochromec550Subunitandalargesubunit･Theholoenzymeandthe

smallsubunitshowedatypICalcytochromecspectrumidenticaltothespectraof
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Otherflavocytochromesc(McIntireetal.1985,Reeveetal.1989,Hopperetal.

1991).

Theauthorcouldnotobtainclearevidenceforanavininthelargersubunit.

However,theauthorassumesthatthelargersubunitcontainsflavinbecausethe

SPeCtrumOftheoxidizedholoenzymeshowedanenhancementoftheabsorption

Onlyat460nm,butlowerabsorptioninallotherspectralareascomparedtothe

reducedspectrum(Fig･3A).Thismightbeduetothepresenceofnavinbecause

Onlytheoxidizedflavinabsorbsintheareaof460nm･ThelackofabsorptlOnat

460nmintheoxidizedcytochromec550SubunitfurthermOreSuggeStSanaVin

COntentin thelarge subunit and wasidentica11y shownin the spectra ofa

flavocytochrome cfrom an AchTVmObacter species(Hopper et al.1991).

FurthermOre,theyellowcoloroftheTCAprecIPitatesuggestedacovalentlinking

Ofthenavintothepolypeptidechain,Whichwaspreviouslyreportedintheclosely

relatednavoenzymesvanillylalcoholoxidasewithhistidyl-FAD(vanBerkeletal.

1994),P-CreSOlmethylhydroxylasewithtyrosyl-FAD(McIntireetal.1981)and

4-ethylphenolmethylenehydroxylase(Reeveetal.1989).Inflavocytochromes,

the absorption offlavinis generally covered by the stronger cytochrome

absorption,andsomedifncultiestodetectflavininthelargesubunithavebeen

reportedintheseenzymes(Reeveetal.1989,Hopperetal.1991).However,

afteroptimizingtheisolation,theβsubunitsoftheseenzymes丘nallyshowed

typicalflavinspectra･Suchclearevidenceforaflavincouldnotbepresentedin

thisstudy,andfurtherstudiesareintendedtosoIvethesedifnculties.

Eugenoldehydrogenasehasawidesubstratespectrumlinkingthecatalytic

PrOPertiesofavanillylalcoholoxidaseandp-alkylphenolmethylhydroxylases
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(nble4).1ねnillylalcoholox.idase(ECl.1.13.3),afungal,homooctameric

flavoenzyme,Shares with eugenoldehydrogenase the conversion of

4-hydroxybenzylalcohoIsandeugenolasthebestsubstratesandtheoxidationof

thealkylsidechainof4-alkylphenoIs(Drii払outetal.1998,Fraaijeetal.1998b).

Forbothenzymes,eugenOlisthesubstratewiththehighestafnnity,andalmostthe

SameRLIValuesareobserved.Inbothenzymes,theunlquedoublebondtransfbr

duringeugenoldehydrogenation(Fig.4)isproposedtobeaccomplishedbyan

initialdehydrogenation ofthe side chain Cα1eading to ap-qulnOne methide,

fo1lowedbyhydration at C8γ(Fraaijeetal･1995)･However,Vanillylalcohol

OXidasedi飴rsfromeugenoldehydrogenaseinthelackofacytochromecsubunit,

the use ofO2aS electron acceptor,theinduction(Fraa匂e etal.1997)andthe

CatalysISOfthe oxidative deaminationof4-hydroxybenzylamines andoxidative

demethylationof4-(methoxymethyl)phenol(FraaiieandvanBerke11997).

The hydroxylation of 4-alkylphenoIslinks eugenoldehydrogenase

additionally to 4-alkylphenolmethylhydroxylases(EC l.17.99.1)with

flavocytochromecstruCturefromseveralPseuゐmonas
species(McIntireetal･

1985,Reeve et al.1989,Hopper et al.1991).In contrast to p-CreSOl

methylhydroxylases,4-ethylphenolmethylenehydroxylasefrom P putiゐDJI

COnVertS4-hydroxybenzylalcoholandeugenol,however,Withlowactivityand

unknownproductidentity(Reeveetal.1989).Regardingsubstratespeci丘city

andpresumedflavocytochromecstruCture,eugenOldehydrogenaseismostclosely

related to4-ethylphenolmethylenehydroxylase･However,induction,Subunit

COmPOSition,afnnity towards electron acceptors,and substrate prefbrence

distinguishthesetwoenzymes.
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Tbble4･ComparisoI10f4-hydroxybenzyldehydrogenases

En野me,

(reftrence)

Subunits Prostethic

Xmass group

(kDa)

Inducer
Electron

Substrates acceptors

Eugenoldehydrogenase, 10, Heme Eugenol

魚e〟ゐ研0〃α∫ガ〟0柁∫Ce〃∫El18 58 (Flavin)?

(thiswork)

4-Ethylphenolmethylene-hydroxylase,2×10, Heme 4-Ethylphenol,

PseudbmonasputiddDJ1 2×50 FAD 4-Propylphenol

(Reeveetal.1989)

P-Cresolmethylhydroxylase, 2×9, Heme p-CresoI

Pseu(わmonasputi血NCIB9869 2×49 FAD

(McIntireetal.1985)

Eugeno1

4-Hydroxybenzy1alcohoIs

4-AlkylphenoIs

4-AlkylphenoIs

l-(4-Hydroxyphenyl)alcohoIs

Eugeno1

4-Hydroxybenzylalcoho1

4-AlkylphenoIs

l-(4-Hydroxyphenyl)alcohoIs

Ⅵnillylalcoholoxidase, 8×65 FAD VeratrylalcohoIEugenoI

Penicilliumsl"Plicissimum Anisylalcoho14-HydroxybenzylalcohoIs

(DeJongetal･1992) 4-(Methoxymeth-4-(Methoxymethyl)phenol

yl)pheno1 4-Hydroxybenzylamines

4-AlkylphenoIs

PMS,DCIIt

Cytochromec,

K3Fe(CN)6

Azurin,

PMS,

Cytochromec,

DCIP

Azurin,

PMS,

Cytochromec

O2,PMS

A11thesedehydrogenasesincludingeugenoldehydrogenaseusePMSasan

artincialelectron acceptor･02(DeJong etal.1992)andpresumably azurin

(Causeretal･1984,Gorrenetal･1996)arethenaturalelectronacceptorsof

Vanillylalcoholoxidaseand4-alkylphenolmethylhydroxylases,reSPeCtively･The

inhibitionofeugenoldehydrogenasebyKCNascytochromeoxidaseinhibitorand

itsreversionbyPMSsuggestthepresenceofanelectrontransf己rfromeugenol

dehydrogenasetocytochromeoxidase･Thiswassupportedbythe血dingofhigh

CytOChromeoxidaseactivitiesincellextractsofPjluoTt,SCenSEl18.Assuming

thepresenceofflavininthelargesubunitandregardingtheredoxpotentialsof

electronacceptors(Schlegel1992),theauthorhasproposedaninvivoelectron

transftrchainfromthesubstratetoflavin,CytOChrome,CytOChromeoxidaseand

丘nallyO2(Fig.6).
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ConiftrylalcohoI

Fig.6.Proposed flow ofelectrons from eugenoldehydrogenase to

CytOCbrome帖idaseim月ガ〟〃旧Cg〝∫Ell$

h vitTV,uSlngtheisolatedenzyme,PMS with aredoxpotentialbetween

navin and cytochrome c550WOuld mostlikely take up the electronsfrom the

assumedflavin.Comparedtotheintrace11ularvanillylalcoholoxidase(Fraaijeet

al.1998a)andperiplasmic4-alkylphenolmethylhydroxylases(Hopperetal･1985),

thelocationofeugenoldehydrogenaseisnotknown,butaproposedcollaboration

With cytochrome oxidase might suggest a membrane association･Recently,

SimilaritiesinthestruCtureOftheflavoproteinsubunitsofvanillylalcoholoxidase

and4-alkylphenolmethylhydroxylaseweredescribed,SuggeStlngtheirbelonglng

toanovelfamilyofstruCturallyrelatedflavoenzymeswithcovalentlyboundFAD

(Kimetal.1995,Mattevietal.1997,Fraaijeetal･1998c)･Nevertheless,the

N-terminalsequencesoftheseflavoenzymesarenotconserved･Furtherstudies
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OneugenOldehydrogenasefromPjluo椚CenSEl18willrevealmoreinformation

aboutapossiblebelonglngtOthisnovelclassofoxidoreductases.

SUMMARY

PseudbmonasjluoYeSCenS El18wasisolated丘om soilas an ef托ctive

eugenol-degradingorganismbyascreenlnguSlngeugenOlasenrichmentsubstrate.

The丘rstenzymeinvoIvedinthedegradationofeugenolinthisorganism,eugenOl

dehydrogenase,WaSPuri丘edafterinductionbyeugenol,andthepurltyOfthe

enzymewasshownbySDS-PAGEandgel-PermeationHPLC･Theenzymeisa

heterodimerthatconsistsofalOkDacytochromec550anda58kDasubunit.The

largersubunitpresumablycontainsflavin,SuggeStinganavocytochromestruCture

andanelectrontransfbrvianavinandcytochromec550duringdehydrogenation.

Theactivityofthepuri丘edenzymedependedontheadditionofa丘nalelectron

acceptorsuchasPMS,DCIIhytochrome(horse),OrK3Fe(CN)6.Theenzyme

Catalyzed the dehydrogenation ofthree diffbrent4-hydroxybenzylic struCtureS

including the conversion ofeugenolto conifbrylalcohol,4-alkylphenoIs to

l-(4-hydroxyphenyl)alcohoIs,and4-hydroxybenzylalcohoIstothecorresponding

aldehydes･ThecatalyticandstruCturalpropertiesofthisenzymewerecompared

WithaPenicilliumvanillylalcoholoxidaseand4-alkylphenolmethylhydroxylase

fromseveralPseuゐmonasspecies･
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Section2

Synthesisof(S)-1-(4-Hydroxyphenyl)alcohoIsbyEugenoIDehydrogenase

什om乃g〟血〝柑〝α∫β〟〃柁∫Cg〝∫El18

(S)-1-(4-Hydroxyphenyl)alcohoIs[(S)-4-(1-hydroxyalkyl)phenoIs](Fig.

1B)areemployedinthesynthesisofanti-ulcer(MunsonandBoswel11992)and

anti-innammatoryagents(BattandWright1991)andliquidcrystalmaterials

(Azumaietal･1991)･ThechemicalaccesstoenantiomericallyenrichedformSOf

l-(4-hydroxyphenyl)alkanoIsis based on either a classicalpreferential

CryStallizationofthephthalateestersaltsaRerprotectionofthephenolicmoietyas

aformaldehydeacetalorthetreatmentoftheo-PrOteCted4-hydroxyphenylalkyl

ketoneswiththeenantiomers ofchlorodiisoplnOCamPheylboranefo1lowedby

deprotection(EverhartandCraig1991)･However,duetothenecessityofchiral

additives and auxiliaries,and aprotection and deprotection step,enZymatic

One-SteP PreParations under mild reaction conditions have attractedincreased

interest･Sofar,tWOenZymaticsynthesesofchirall-(4-hydroxyphenyl)alcohoIs

(McIntire et al･1984,McIntire and Bohmont1987,Reeve1990)using

4-alkylphenolmethylhydroxylasesfromtwoPseudbmonasputihspecieshave

beendescribed,however,theseenzymeshavethetendencytodehydrogenatethe

alcoholfurthertothecorrespondingketones,andinonecase4-VinylphenoIwas

additionallyformedasaby-PrOduct,leadingtotherequlrementOfadditional

SeParation steps during productisolation.The author describes here a new

enzymaticmethodforthesynthesisof(S)-1-(4-hydroxyphenyl)alcohoIsusing

eugenoldehydrogenasefromheudbmonasjluo7eSCenSEl18,Whichhasbeen
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Puri丘edandcharacterized(SectionlinCHAPTERI)･Thisenzymecatalyzes

thedehydrogenationofawiderangeof4-hydroxybenzylicstruCtureSincludingthe

COnVerSlOn Of 4-alkylphenoIs (Fig.1A) to the corresponding

l-(4-hydroxyphenyl)alcohoIswiththeadditionofanarti丘cialelectronacceptor

suchasPMS,K3Fe(CN)6,DCIPorcytochromecastheenzymecofactor.Since

the hydroxylation ofprochira14-alkylphenoIs tol-(4-hydroxyphenyl)alcohoIs

introducesanasymmetriccatboninthealkylsidechain,theauthorhasexamined

the(pro-)stereoselectivityofthisenzyme･

H｡-∈トcH2-R→H｡⑤一卜R
A B

OH

Fig.1.Enantioselectivehydroxylation reaction byeugenol

dehydrogenasefromRPuorescensEl18

MATERIALSANDMETHODS

乃甲αrα′わ〝q/g曙g〝〃Jゐわ,血唱ゼ〝α∫g

Puri丘edeugenoldehydrogenasefromPjluoYeSCenSEl18wasprepared

asdescribedinSectionl(CHAPTERI).

d〝αかJわ〟J椚g助〃ゐノわrc肋αJαJc〃ゐ〃ね

(S)and(R)-1-(4-hydroxyphenyl)alcohoIswereseparatedandanalyzedby

HPLConaShimadzuLC-6A(Shimadzu,Kyoto,Japan)withanwithaChiracel

OBcolumn(4.6×250mm,Daicel,Tbkyo,Japan)andn-hexane:n-PrOPanOl(9:1,
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V/v)as eluent at a nowrate ofO.2ml/min and300C,mOnitored at280nm.

Racemicl-(4-hydroxyphenyl)alcohoIs were synthesizedfrom corresponding

aldehydesbyreductionofNaBH4inmethanolatroomtemperature.

βわc〃〝γg作わ〝q/4一α喝′わゐg〝〃血

Foreachofthebioconversionsof40mMand75mM4-ethylphenoland

60mM4-PrOPylphenol,5mgofthepuri丘edenzymewasusedina3hreactionin

20m1100mMpotassiumphosphatebufftr,PH7･0,COntaininglOmMPMS.

BioconversionsweremonitoredbyHPLCusinganODSC18column(4.6×150,

MSInstrumentS,Tbkyo,Japan)andamethanOl:H20:aCeticacid(45:52:3,V/v/v)

eluentatlml/min,detectedat280nm,andthee.e.wasdeterminedfromtheratio

Ofthepeakareasobtainedbytheabove-mentionedchiralstationaryphase･

タ〟′押〟血〝〟〝〟肋〝J研cα血〝げ伸一ノー〝一旬励似抑血判ゆ仇払血砲

1-(4-Hydroxyphenyl)ethanolandl-(4-hydroxyphenyl)propanoIwere

isolatedbyethylacetateextraction,eVaPOrationandsilicagelchromatography

(ⅥねkogelC300,%ko,Osaka,Japan)usingbenzene:methano195:5(v/v)as

eluent･Theproductidentitywascon丘rmedbyGC-MSandlH-NMR.GC-MS

SPeCtraWerereCOrdedinaTrio-1massspectrometer(Raleigh,USA)connected

Witha5890Hewlett-Packardgaschromatograph(PaloAlto,USA)plusDB-1

CaPillarycolumn(J&WScientinc,Tbkyo,Japan)usingheliumascarriergasanda

temperatureprogramoflminat500Cand50-2500Cat150C/min･NMRspectra

WereObtainedfromaBrukerWM-360high丘eldNMRspectrometer(Billerica.

USA)withmethanol-dlaS SOIventandtetramethylsilane asinternalstandard.

38



Thespeci丘crotation[α]｡200ftheisolatedproducts,meaSuredinaJascoDIP-1000

digitalpolarimeter(Easton,USA)･

RESUIJSANDDISCUSSION

且〝α〝′わざgわcかど卸血巧I′加わ〝〝〟CJわ〝卸g〟gg〝〃J血卸吻g〃α∫g

EugenoldehydrogenasefromPjluoYeSCenSEl18convertedanumberof

4-alkylphenoIs as describedin Sectionl(CHAPTERI)･Each product was

purinedby silicagelchromatography,and analyzedbyHPLC･Allproducts

whose absolute con丘gurations were(S).
The retention times of

l-(4-hydroxyphenyl)ethanoIwere23.7minforthe(S)-enantiomerand27･Omin

for the (R)-enantiomer, and the (S)- and (R)-forms of

l-(4-hydroxyphenyl)propanolelutedafter41･5minand45･9min,reSPeCtively･

Sincetheenzymeactivitydecreasedwiththeincreaslnglengthofthealkylside

chainortheintroductionofbranchedalkylchainsinthesubstrates(Sectionlin

CHAPTERI),the authorhas con丘ned ourbioconversion studies here to the

conversionof4-ethylphenoland4-n-PrOPylphenol･

βわc〃〃γg作わ〝q/イー〟J卸中如〝〃J卸g喝g〃〃J庇わ′吻g〝αぶg

4-Ethylphenol(40mM)wasconvertedquantitativelyinabatchreaction

to40mM(S)-1-(4-hydroxyphenyl)ethanol(Fig･2A)withane･e･Of96･6%･Due

toarelativelyhightoxicityandinhibitione脆ctontheenzyme,4-PrOPylphenoI

wasaddedinthreeportionwisefヒedingstepsof20mMeachafterO,1and2h,
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nna11yleadingto60mM(S)-1-(4-hydroxyphenyl)propanol(Fig.2B)with95.2%

e･e･Usingasimilarfbd-batchapproachfor4-ethylphenoladdedinthreestepsof

25mMeach,丘nally74mM(S)-1-(4-hydroxyphenyl)ethanoIwereaccumulated

With96･6%e･e･Inallofthesebioconversions,neitherketonesnor4-Vinylphenol,

thelatterofwhichcouldhaveonlybeenformedinthereactionof4-ethylphenol,

Weredetectedasby-PrOducts.

0
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Fig･2･Timecourseoftheconversionof4-ethylphenol(A)and4-PrOPylphenol(B)by

eugenoldehydrogenase什omRP〟OrtLSCenSEl18
Thereactionswerecarriedoutat300Cin20mllOOmMpotassiumphosphatebuffbr,PH7･0,

COntainlnglOmMPMS and5mg ofthepuri丘edenzyme,andfo1lowedbyHPLC.

4-EthylphenoIwasconvertedinabatchreaction,and4-n-PrOPylphenolinaftd-batch

reaction･SymboIs:4-ethylphenolor4-n-PrOPylphenol(･),1-(4-hydroxyphenyl)ethan0lor
l-(4-hydroxyphenyl)propanol(○),4-hydroxyacetophenone or4-hydroxypropiophenone
(△).

肋〝よ雛c〟血〝げ伸一ノー何一郎吻ゐg町〃〟たβ如ね

1-(4-Hydroxyphenyl)ethanolandl-(4-hydroxyphenyl)propanoIwere

isolatedbyethylacetateextraction,eVaPOrationandsilicagelchromatogrqphy

Withyieldsof63%and66%,reSPeCtively･ThemassspectrumOftheethanol
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productshowedpeaksatmk138(M',22.2%relativeabundance),123(84･4%),

121(16.7%),120(100%),95(55.6%),94(15･5%),91(71･1%),77(48･9%),65

(37.8%)and 63(17.8%)consistent with the MS pattern Of authentic

l-(4-hydroxyphenyl)ethanol.On the other hand,the mk values of the

(S)-PrOPanOIwere152(M',8.9%),134(33.3%),133(24.4%),123(100%),107

(13.3%),94(44.4%),91(11.1%)and77(48･9%)･TheGC-MSdataindicatedthe

incorporationofanoxygeninthealiphaticcarbonchainatthecarbonaqjacentto

thearomaticrlng･1H-NMRspectraofbothproductsindicatedamethineproton

a4jacenttothe aromatic rlng andmethylene protons attheαPOSition ofthe

aliphaticcafbonchain.Thechemicalshifts8forthe(S)-ethanoIproductwere

l.39(d,3,CH3),4.72(q,1,C-H),6.74and7･18ppm(2d,4,Ar-H),andthe

protonsoftheproductof4-n-PrOPylphenolappearedatchemicalshifts80fO･85(d,

3,CH主),1.76andl.81(2d,2,C筏),4･41(q,1,C-H),6･72and7･13ppm(2d,4,

Ar-H).Besidesidenticalmoleculeionmasses,theMSandlH-NMRspectraof

refbrence compounds bearlngthe alcoholgroup atthe distalaliphatic carbon,

2-(4-hydroxyphenyl)-l-ethanoland 3-(4-hydroxyphenyl)-1-PrOPan01,Clearly

di飴redfrom our bioconversion products,eXCluding the possibility of the

hydroxylationofthedistalaliphaticcarbon･Thespeci丘crotation[α】D200fthe

isolated(S)-ethanoIproduct,WaS-44.8(cl･74,ethanol)inagreementwiththe

valueofthealmostenantiomericallypure(S)-form[可｡20-47.5(c4.98,ethanol)･

The speciBc rotation[α]｡200ftheisolated(S)-PrOPanOIwas-36･7(cl･35,

ethanol).

･The
enantiomeric excess ofthe products depended onthe pH ofthe

bioconversionmixturewiththehigheste.e.valuesreachedatpH7･0(Fig･3)･
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pH

Fig･3･E馳ct of the pH on the enantioselectivity of eugenol

debydrogenase血■Om月β〟〃僧Cg〝∫Ell$
ThereactionmixturewascomposedasdescribedinthelegendofFig･10

exceptforuslngPOtaSSiumphosphatebu飴rofdi飴rentpH･Thereaction

WaSStOPPedafter3h,ande･e･ValuesweredeterminedbychiralHPLC.

SymboIs:1-(4-hydroxyphenyl)ethanol(･),1-(4･hydroxyphenyl)

propanol(○).

ThisislikelyduetothepH-dependentenantioselectivityoftheenzyme,

becausetheenantiomericexcessesoftheproductswerenota飴ctedbyacidand

basetreatment･ApH-dependentstereoselectivityhasnotbeenreportedsofarfor

Similar4-alkylphenolmethylhydroxylases･Theenantioselectivitiesofeugenol

dehydrogenasewereintherangeoftheanalogousbioconversionscatalyzedby

4-alkylphenolmethylhydroxylases,Which
resultedin 31-94% e.e.for the

(S)-alcoholand92-98%e･e･forthe(R)-alcohol,dependingonthekindofalkyl

rest･On the other hand,the4-alkylphenolmethylhydroxylases were only

enantioselectivewithcytochromec,butalmostnotwithPMS,leadingtoanearly

racemicmixtureofthealcohoIproductswhenPMSwasused.Thiscontrasts
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witheugenoldehydrogenase,WhichwashighlyenantioselectivewithPMS,and

theenantioselectivityofwhichdidnotdependonthekindofelectronacceptoras

tested with PMS,K3Fe(CN)6,DCIP-indophenoland cytochrome c･The

asymmetricbioconversiondescribedherehasadvantagescomparedtoprevious

enzymatic preparations with regard
to productivity,yield and absence of

by-PrOducts.

SUMMARY

EugenoldehydrogenasepurinedfromPseumomonasjluoresecensEl18,

catalyzed the enantioselective hydroxylation reaction of 4-alkylphenoIs･

(S)-1-(4-Hydroxyphenyl)ethanoland(S)-1-(4-hydroxyphenyl)propanoIwere

synthesizedwithenantiomericexcessesof96･6%and95･2%,reSPeCtively,from

thecorresponding4-alkylphenoIsbyeugenoldehydrogenase丘omPjluorescens

El18.The enantioselectivity ofthe hydroxylation reaction catalyzed by the

enzymewasfoundtobepH-dependent･

43



REf､ERENCES

Azumai,T･,Kurimoto,I･,Tbda,S･andMinamii,M･(1991)Preparationofopticallyactive

l-arylethanolderivativesasintermediatesforliquidcrystalmaterial.々n.Kokai7bkb)0

助力0,JPO3264566

Batt, D･ G and Wright, S･ W (1991) Preparation of

l-Phenyl-1-[4-(4-Pyridyl)phenyl】-2-(トimidazolyl)ethanoland analogs as

antiinflammatories.PCTlnt.4ppl.,WO9111445

Everhart,E･Tland Craig,J･(1991)A facile generalroute to enantiomeric

l-(4-hydroxyphenyl)alkanoIs,andanimprovedsynthesisof4-Vinylphenol.J(プIem.Sbc.

Perた～〃升α〃∫.,1,170ト1707

Mclntire,W,Hopper;D･J･,CraigIJ･C･IEverhartIE･TIIWebsteI;R･Ⅴ†CauseJ;M.J.

andSingel;1二Pl(1984)Stereochemistryofl-(4-hydroxyphenyl)ethanoIproducedby

hydroxylationof4-ethylphenolbyp-CreSOlmethylhydroxylase･Biochem.J,224,617-621

Mclntire,WS･andBohmont,M･J･(1987)InFlavinsandFlavoproteins;Edmondson,D.E.;

McComick,D･B･,Eds;Unusualproperties of the flavocytochrome p-CreSOl

methylhydroxylase･WalterdeGruyter:Berlin,677-689

Munson,H･R･and Boswell,R･R(1992)Preparation of2-amino-1-Phenylethanol

derivativeshavingantiulceractivity.U.S.Patent,5171753

Reeve,C･I)･,CarveI;M･A･andHopper;D･J･(1990)Stereochemicalaspectsofthe

OXidationof4-ethylphenolbythebacterialenzyme4-ethylphenolmethylenehydroxylase.

βわc/7e肌12`9,815-819

44



CHAPTERII

StudiesonVねnillylAIcoholOxidasefromByssochhzmjulvaVlO7

ActingonEugenol

Sectionl

IsolationofVanillylAIcohol-DegradingBacterium,Byssochld〝り7SjおIvaVlO7:

Puri丘cationandCharacterizationofVanillylAIcoholOxidase

Thedegradationoflignln,themostabundantbiopolymer,1eadstothe

formationofabroadspectrumOfaromaticmoleculesthatcanbeusedbyvarious

fungiassolesourcesofcarbon･Oneofthekeyintermediatesinthedegradation

oflignlnis fbru1ic acid,Whichis metabolized to vanillin,Vanillic acid and

protocatechuicacid(Rosazzaetal･1995),thelatterofwhichisthesubstrateof

further ring cleavage and the β-ketoadipatepathway･Vanillylalcohol

(4-hydroxy-3-methoxybenzylalcohol)is connected to this degradation route

through dehydrogenation to vanillin(4-hydroxy-3-methoxybenzaldehyde)by

vanillylalcoholoxidase･Sofar,aVanillylalcoholoxidasecontainlngCOValently

boundFADhasbeenstudiedindetailusingPenicilliumsi〝甲Iicねsimum(DeJong

etal.1992,VanBefkeletal･1994,Fraaリeetal･1995,Fraat]eandBerkel1997,

Benenetal.1998).RelatedfungaloxidasesinvoIvedinlignindegradationof

white-rOtfunglareeXtraCe11ulararyl-alcoholoxidaseswithlooselyboundFAD

(Guil16netal.1992,Marzulloetal･1995)･Alltheseflavoenzymesgenerate

H202,Whichisrequiredfortheligninolyticprocess･
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Relatedenzymesconverting4-hydroxybenzylalcohoIstothecorresponding

aldehydes are eugenoldehydrogenasefrom PseuゐmonasjluoTmCenS El18

Catalyzlng the side chain oxidation ofa wide range of4-hydroxybenzylic

COmPOunds(CHAPTERI)and 4-ethylphenolmethylenehydroxylase from

PseuゐmonasputiゐDJlthatmainlyactson4-alkylphenoIs(Reeveetal.1989).

ThesedehydrogenasesareofbiotechnologlCalinterestduetotheenantioselective

Synthesis ofl-(4-hydroxyphenyl)alcohoIsfrom4-alkylphenoIs;however,they

requlretheadditionofanelectronacceptorsuchasPMS.Therefore,theauthor

attemptedto丘ndanenzymeCatalyzlngthesamereactionwithO2aSanelectron

acceptor･ByascreenlngWithvani11ylalcoholasanenrichmentsubstrateand

eugenolasanenzymesubstrate,theauthorobtainedanef托ctivevanillylalcohol-

degradingandeugenol-COnVertlngmicroorganismthatwasadditionallyableto

OXidize4-alkylphenoIs･Here,the author describes the puri丘cation and

Characterization of the enzyme responsiblefor these conversions and the

enzymaticsynthesisof(S)-1-(4-hydroxyphenyl)alcohoIs.

MATERIALSANI)METHOI)S

肋お〟α血

Ⅵnillylalcohol,eugenOl,and4-alkylphenoIswereobtainedfromAldrich.

Phenyl-and Octyl-Sepharose CL-4B and thelow molecularmass markerfor

SDS｣仏GEwerefromPharmaCia･TbyopearlwaspurchasedfromTbyosoda,
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and molecular mafker proteinsfor HPLC werefrom Boehringer Mannheim･

Unlessotherwisestated,allotherchemicalswereobtained丘omWako,Japan.

∫c作g〝JJ曙〟〃♂c〟〟〟〝C〃〝戯わ〃∫

Cultivationwascarriedoutat280CwithrecIPrOCalshaking.Enrichment

cultureforvanillylalcoholdegradingmicroorganismswasperformedwithsoil

SamPlesinminimalmediumconsistingoflgvanillylalcohol,2gNH4Cl,2g

K2HPO4,0.5g MgSO4'7H20,0.1g yeast extract,and metalsin丘nal

COnCentrationsofO.2mgFeSO4'7H20,0.4mgCaC12'2H20,0･3mgH3BO3,

0･04mgCuSO4･5H20,0･1mgKI,0･4mgMnSO4●7H20,andO･2mgNa2MoO4●

2H20perliter.ThepHwasa句ustedto4.5fortheenrichmentoffungl,Whichare

knowntObearoxidases(DeJong etal.1992,Guil16netal.1992)withoutan

externalcofactor requlrement,ln COntraSt tO bacteria,Which usually produce

dehydrogenasesdemandingtheadditionofelectronacceptors(Reeveetal･1989)･

A4-mlovemightprecultureoftheisolatedstrain,grOWnOn5gpolypepton(Wako,

Osaka,Japan),5gmeat extract(Kyokuto,Tbkyo,Japan),0･5gyeastextract

(OrientalYtast,Tbkyo,Japan)and2gNaCIperliter(pH7･0),WaS uSedto

inoculate a2-1shakingflaskwith400mlmedium consistlng Of3g vanillyl

alcohol,15gglycerol,2.5g(NH4)2SO4,1gyeastextract,2gK2HPO4,andO･5g

MgSO4'7H20perliterandmetalsasdescribedabove(PH7･0)･After50-h

cultivation,Cellswereharvestedbycentrifugationat8,000×gat40Candwashed

with50mMpotassiumphosphatebufrbr,PH7･0(bu脆rA)･
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ガ〝砂椚g郎∫の′

Thestandardactivitywasassayedat300Cinashaken(160strokesmin-1)

reactionmixturecontainlnglOmMeugenolandanapproprlateamOuntOfenzyme

inlmlbuffbrA･Thereactionwasstoppeda氏erlOminbyaddinglml

methanol,andtheformationofconiftrylalcohoIwasdeterminedbyHPLC.One

unit(U)ofenzymeactivitywasde血edastheamountofenzymecatalyzingthe

formationoflpmoIconifbrylalcohoIpermin.

助砂椚叩〟′卵cαJわ〝

After each puri丘cation step at40C,the enzyme was dialyzed and

dissoIvedintheequilibrationbu飴rofthenextchromatographicstepunless

Otherwisespeci丘ed･Centrifugationwascarriedoutfor30minat20,000×g･

Cellsfrom31culture(5gwetweight)in15mlbuf托rAweredisruptedfor30min

by ultrasonication at19kHz(Insonator201M;Kubota,Tbkyo).After

fractionationofthecrudeextractwithammoniumsulfate(50-80%saturation),the

enzyme wasloaded onto a Phenyl-Sepharose CL-4B
column(2×15cm)

PreViouslyequilibratedwithbu飴rAcontainlng15%ammoniumsulfate,elutedat

lO%withinalineargradientfrom15toO%･andappliedontoaButyl-Tbyopear1

650Mcolumn(2×10cm)previouslyequilibratedwithbuffbrAcontaining

ammoniumsulfateat40%saturation･Theenzymewaselutedat20%inalinear

40-0%gradient,andloadedontoanOctyl-SepharoseCL-4Bcolumn(2×10cm)

equilibrated and eluted as describedfor the previous step,fo1lowed by

Chromatographyonhydroxyapatite(2×3cm)equilibratedwithbu鮎rAand

elutedat20%saturatingammoniumsulfatewithinalineargradientofO-｣0%.
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Thepurifiedenzymewasdialyzedagainstbu飴rAcontaining50%(V/v)glycerol

andstoredat-200Cwithoutactivitylossfor6months.

β〝研削gCゐα川C′gr如才わ〃

ThestabilityoftheenzymeagalnStPHandtemperaturewasexaminedby

Preincubationfor30mininO･1Mbuf托rsofvariouspHvaluesat300CandforlO

mininbufEbrAatvarioustemperatures,reSPeCtively･Kmvalueswereestimated

fromLineweaver-Burkplots･Productswereisolatedbyethylacetateextraction,

evaporation,Silicagelchromatography(%kogelC-300;Ⅵねko,Osaka,Japan)

withbenzene/methanol(95:5,V/v)as amobile phase,and crystallization,and

identi丘ed bylH-NMR and GC-MS･The oxygen source of enzymatic

hydroxylationwasexaminedinastandardreactionmixturecontainlng50mU

enzymeandO･5mlH2180fo1lowedbyproductisolationasdescribedandGCiMS

analysIS.

血両血融冊血痛

Eugenol,COnifヒrylalcohol,and other substrates and products were

determinedbyHPLC(ShimadzuLC-6A)withanODSC18column(4･6×150

mm;M&SInstrumentS)andamethanol/H20/aceticacid(45:52:3,V/v/v)eluentat

aflowrate oflml/min monitored at280nmuslng authentic compoundsfor

calibration.ChiralHPLCanalysiswascarriedoutonaChiracelOBcolumn(4･6

×250mm;Daicel)usingn-hexane/n-PrOPanOl(9:1,V/v)asaneluentatO･2ml/min

and 300C,mOnitored at 280 nm･ The retention time of

l-(4-hydroxyphenyl)ethanoIwas23.7min(S-form)and27･Omin(R-form),and
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forl-(4-hydroxyphenyl)propano141.5min(S)and45.9min(R).UV∧乃sand

NMRspectrawererespectivelyrecordeduslngaShimadzuUV1200instrument

andaBrukerWM-360high丘eldNMRspectrometerwithmethanol-DasasoIvent

and tetramethylsilane as aninternalstandard.For GCTMS a Ttio-1mass

SPeCtrOmeterWaSCOnneCtedtoa5890Hewlett-Packardgaschromatographplusa

DB-1capi11arycolumn(J&WScientinc,Tbkyo,Japan)usingheliumasthe

Carriergas and atemperature program withlmin at500C and50-2500C at

150C/min･SDS-PAGEwasperformedinlO%(w/v)gels(SchSgge andvan

Jagow1987),fo1lowedbyCoomassiebluestaining.Proteinwasquantinedby

themethodofBradford(Bradford1976)usingBSAasastandard.Thepurity

andmassofthenativeenzymewereestimatedbygel-PermeationHPLCuslnga

TSKG-3000SWcolumn(0･75×60cm;TbyoSoda,Tbkyo)withbu飴rAplusO.2

MNaClasaneluentatO.7ml/min.Themolecularmasswascalculatedfroma

linearregressioncurveobtainedfromthemobilitiesofglutamatedehydrogenase

(290kDa),1actatedehydrogenase(142kDa),enOlase(67kDa),adenylatekinase

(32kDa)andcytochromec(12.4kDa).ForcolorimetricH202determinations,

10-PIsamplesふerewithdrawnfromastandardreactionmixturecontainlng50mU

Purinedenzyme,addedtolmlofamixtureconsistlngOf7mMphenol,3mM

4-aminoantlPyrlne,and60U/mlperoxidase,andmeasuredphotometricallyat500

nm.
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RESUIJSANDDISCUSSION

傭c和〃曙α〝由椚由〃血′わ〝α〝〟f血〃吋言cαJわ〃

Among 32 vani11ylalcohol-degrading funglisolated from soilby

SCreenlnguSlngVani11ylalcoholas an enrichment substrateand sole source of

Carbon and energy,5were additiona11y able to convert eugenol･Thefungus

ShowlngthehighesteugenolandvanillylalcohoIconvertlngaCtivitywasselected.

Thestrain,Whichboreheat-reSistantascospores,WaSidenti丘edasPyssochla間作

blva;its anamorph was shown to be Paecilonv)CeSjiLIvus,Closelyrelated to

Peacilonv)CeSVarioti,fromwhichitdifEbrsintheshapeoftheconidia(Samson

andReenen-Hoekstra1988).

且〝砂椚gp〟r折cαJわ〃〟〝〟∫か〟CJ〟作

1ねnillylalcoholoxidase,detectedonlyafterinductionbyvani11ylalcohol,

WaSPuri丘ed73-fo1dfromace11-free extractofB.jiLIvaVlO7(Thblel).The

Puri丘ed enzyme appeared as a slngle bandin SDS｣仏GE with a subunit

molecular mass of58kDa(Fig.1).The homogeneityofthe enzyme WaS

COn丘rmedbyHPLC-elutionasaslnglesymmetricalpeakwithanativemolecular

massof110kDa,SuggeStlngahomodimericenzymestruCture.Forcomparison,

thevanillylalcoholoxidasefromPenicilliumslmPlicissimumwasinitiallyfound

tobeahomooctamerof65kDasubunits(DeJongetal.1992),butfurtherstudies

additionallyrevealedthe occurrence ofactivedimers(VanBerkeletal.1994).

Otheraryl-alcoholoxidasesaremonomeric(Gui116netal.1992,Marzulloetal.

1995)andp-alkylphenolmethylhydroxylasesareheteromericflavocytochromes.
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職blel･PⅦ鵬朽cadomo-Yan血ylale血0Ioddase伽m且ル血VlO7

steps Tbta]｡,｡teina

a慧;慧琵
p｡浦cati｡n Yiel｡

(mg) (U) (U/mg)(-foLd) (%)

CmdeexぬCt 621 75.2

(NE4)zSOヰ(30-50%) 174 63.7

Phenyl-SepharoseCL-4B 48.7 38.9

凱町トTbyopear1650M 4(i.0 38.2

0ctyl-SepharoseCし4B 13.5 37.2

Hydroxyapatite 3.77 33.4

0.12 1.O 100

0.37 3.0 84.7

0.80 (i.6 51,7

0.83 6.9 50.8

2.76 22.8 49.5

8.86 73,2 44.4

ProteinwasdeteminedaccordingtothernethodofBradfbrd(Bradford,1976).

_-_~~___≡至ヨー害
Fig･】･Sl)S｣仏GEo†the叩r摘edv且nnlyIaI亡Ohloxidase餌Im

且ノおル〃VlO7
Upperlane=lowmolecularweightmarkerproteinsof94,67,43,30,

and20･1kDa(丘omlefttoright);LowerlarLe:6pgofthepurlned
enZyme･

･†山浦轟仙一Jり-･l●〃叩′′川lイ叫川′∫･/油〃〟(l川′I〟JJイJリ,…山一す山′

Thepuri坑edenzymeCatalyzedthestoichiometricconversionofeugenol

toconifbrylalcohoIwitha精一aXOf8･86U/mgandaKmof6LIM･Theenzyme

WaSStablebetweenpH4･5and9･Oandbelow550C･Above55OCandpH9･0,the

activitywasrapidlylost･ThepH-andtemperatureoptimawere7.5and55OC,

respectively･Duringdehydrogenationofvanillylalcohol,StOichiometricamounts
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OfH202Wereformed,indicatingO2aSa丘nalelectronacceptor.Allaryl-alcohol

OXidasessofardescribedsharethegenerationofH202,Whichissupposedtobe

furtherusedasasubstrateintheligninolyticprocessbylaccases(phenoloxidases)

andperoxidasesfortheformationofphenoxyradicalsandarylcationradicals,

respectively(Palmierietal.1997,Martinezetal.1996).Inordertoobtaindata

Onthesourceofoxygenduringhydroxylationofeugenol,aStandardreactionwas

performedinthepresenceof50vol･%H2180fo1lowedbyGC→ⅥSoftheenzyme

PrOduct,COnifbrylalcohol.TheGC-MSspectrumOftheproductrevealedbotha

180moleculeion peak and a182isotopIC maSS Peak with almost the same

intensities,Showlngthatwateristhesourceoftheoxygenatomincorporatedinto

COnifbrylalcohol.UnderanaerobicconditionsofanN2atmOSPhere,nOenZyme

activitywasdetected.TherequlrementforO2andtheuseofwaterasasourceof

OXygenduringhydroxylationindicatethattheenzymeshouldbeclassi丘edasan

oxidase.

伽∫助gJわg和J甲

WhenuntreatedoroxidizedbyasmallamountofKMnO4,theenzyme

exhibited a ye1low color and a characteristic FAD spectrum With absorptlOn

maxima at362and432nm and shoulders at378and453nm(Fig.2).The

hypsochromicshiftcomparedtotheabsorptionmaximaoffreeFADat370and

450nmandtheshoulderpattemresemblethoseofthevanillylalcoholoxidase

from Penicillium sinplicissimum(DeJong et al.1992)and4-ethylphenyl

methylenehydroxylasefromPseudbmonasputidbDJl(Reeveetal･1989),andare

indicativeofflavincovalentlyboundtoprotein.TheA280/A432ratioof12･2is
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Similar to the A280/A439 Value of13.4 0f the Penicillium enzyme with

8a-(N3-histidyl)-FADasthecovalentlyboundprostheticgroup.UnderNa2S20.

reducing conditions,the characteristic absorptlOndisappeared.FADwastightly

bound and was not removed by 48-h dialysIS agalnSt bu飴r A.Other

extracellulararyl-alcoholoxidaseshaveFADlooselybound(Guil16netal.1992,

Marzulloetal.1995).

子〒‡-一二=~≡丁
500 400 :丈沿 600(nm)

Fig.2.Absorptionspectrumof2mg/mlpurined

Vanillylalcobol拡idase血･Om且ノわルαVlO7

血血肋如昭

Afterincubationof25mUenzymewithlmMcompoundfor15minat

300C,theremainlngaCtivltyWaSteStedunderstandardreactionconditions.The

enzymewastotallyinhibitedbythethiol-SPeCincreagentsAgNO3,HgC12,CuC12,

andp-Chloromercuribenzoate and to alesser extent by phenylhydrazine(14%

remainingactivity),NaN3(72%),andiodoaceticacid(75%).Theseresultsmight

SuggeSttheinvoIvementofcysteineresiduesatthecatalyticenzymesite.The
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iron-Chelating agents EDTA, 2,2'-bipyridyl, diethyldithiocarbamate,

0-Phenanthroline,8-hydroxyquinoline,and Tiron(4,5-dihydroxy-m-benzene

disulfonate)were withoutinfluence.No slgni丘cant e飴ct wasfound with

5,5一-dithiobis(2-nitrobenzoicacid), N-ethylmaleimide,
hydroxylamine,

Semicarbazide,D-CyCloserine,D-andL-Penicillamine,L-aSCOrbate,Na2S204,and

KCN,nOrWiththemetalsaltsCaC12,MgC12,MnC12,ZnCl2,FeC12,FeC13,CoC12,

NiC12,CdC12,andPbC12.

∫〟あ∫かαね甲gC研c卸

The vanillylalcoholoxidase of B.blva converted a number of

4-hydroxybenzylic struCtureS enCOmPaSSlng three main dehydrogenation types

(Fig.3).It dehydrogenated and hydrated4-hydroxybenzylalcohoIs,including

Vani11ylalcohol,tOthe corresponding aldehydes(1もble2),thusresemblingthe

analogous enzyme from Penicillium si〝甲Iicissimum(Fraaijeet al.1995).

Additiona11y,1tShareswiththePenicillium vanillylalcoholoxidasethehighest

activity and afnnity towards eugenolas a s止bstrate,With the same RL value.

4-Allyl-2,6-dimethoxyphenoIwas not converted,indicatlng that an additional

Ortho-methoxy substituentintroduces steric constraints,and nor were other

4-a11ylphenoIs,isoeugenol,3,4-dimethoxy-1-allylbenzene,2-allylphenol,and

allylbenzene. Furthermore,the enzyme did not convert 4-n-OCtylphenol,

4-ethylanisol,4-tert-butylphenol,Veratrylalcohol,OrCOnifbrylalcohol.EugenoI

COnVerSionwasaccompaniedbyaunlquedouble-bondtransfbr,Whichhasbeen

PreViouslyexplainedfortheanalogousPenicilliumenzymebyassumlnganinitial

P-quinone methide(Fraaije et al.1995).On the other hand,the Penicillium
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enzyme additionally oxidized4-hydroxybenzylamines(Fraaue etal.1995)and

4-(methoxymethyl)phenol(FraaiieandBerkel1997),Whichwasnotobservedin

Ourenzyme･

The B･jiLIva enzyme additiona11y hydroxylated 4-alkylphenoIs to

l-(4-hydroxyphenyl)alcohoIs,1inkingitto4-alkylphenolmethylhydroxylasesfrom

SeVeralPseuゐmonasspecies(Reeveetal.1989,McIntireetal.1985,Hopperet

al･1991,Kimetal･1994)･Inthisreaction,theactivitytowards4-alkylphenoIs

decreasedwithlongeralkylchains(Thble2).

HO常CH20H
4-HydroxybenzylalcohoIs

ニ≡~=
Eugenol

≡::こ~貢
4-AlkylphenoIs

詔HO常CHO
4-Hydroxybenzaldehydes

=2180

こ_湛≡二こ_

｡,二~鬼三二こ_

R=H

OCH3(va山11ylalcohol)

HO桝｡H218｡HH3CO

Coniferylalcohol

HOず濃"H3CO

S-1-(4-Hydroxyplmyl)alkan01s

R.=Alkyl(Cl-C5)

Fig･3･Maindehydrogenationtypescatalyzedbyvanillylalcoholoxidase

什om且ノおルαVlO7

However,P-CreSOland2-methoxy-4-methylphenoIwereoxidizedintwo

StePStO4-hydroxybenzaldehyde･This mightbe due totheinstability ofthe

initia11yformedp-qulnOne methide,Whereaslonger alkylside chains might

Stabilizethep-qulnOnemethide･Benzylalcoholand2-and3-ethylphenoldidnot

56



Serve aS Substrates,Showlng the requlrementfor thepara-hydroxy groupln

Substrates･AmongthePseuゐmonas4-alkylphenolmethylhydroxylases,Which

mainlyacton4-alkylphenoIs,Onlythe4-ethylphenolmethylenehydroxylasefrom

PseudbmonasputiddDJlhasbeenreportedtoconvert4-hydroxybenzylalcohol

andeugenol,thoughwithlowactivityandunknownproductidentityandwithout

Vanillylalcoholbeingmentionedasasubstrate(Reeveetal.1989).FurthermOre,

SeVeralfbatures-electronacceptors,induction,theenzymestruCtureWithregard

tothecytochromec550COntent,Subunitcomposition,andsubstrateprefbrence-

distinguish the B.blva vanillylalcoholoxidase from 4-alkylphenol

methylhydroxylases.

Thble2.SubstratespecificityofvanillylalcoholoxidasefromB.juvaVlO7

Substrate tCduOrP

Eugenol lOO 6.O Conifbrylalcohol

l血nillylalcoho1 53.6 213 Vani11in

4-Hydroxybenzy1alcoho1 38.8 3010 4-Iiydroxybenzaldehyde

クーCresol O.16

2-Methoxy-4-methylphenol O.49

4-Ethylpheno1

4-n-Propylpheno1

4-Isopropylpheno1

4-n-Butylpheno1

4-SeC-Buty1pheno1

4-n-Hexylphenol

7

00

2

′b

7

/LU

O

つ｣

5

7

1

0

00

00

1

1

1

1

n.d. 4-Hydroxybenzaldehyde

n.d. Ⅵlnillin

78 1-(4-Hydroxyphenyl)ethano1

77 1-(4-Hydroxyphenyl)propanol

n.d. 2-(4-Hydroxyphenyl)propane-2-Ol

n.d. 1-(4-Hydroxyphenyl)butanol

n.d. n.d.

n.d. n.d.

Substrates(10mM)weretestedunderthestandardconditionヲuSingO･lUenzyme･
RLIValueswereobtained丘omLineweaver-Burkplots.Activltywasdeterminedas

Substrate consumption or productformation by HPLC.Activitywith eugenoI

corresponds to8.86LlmOlmin~1(mg protein)-1.products wereisolated by

ethylacetateextractionandsilicagelchromatographyandidentinedbylH-NMRand

GC-MS.n.d.,Notdetermined.

SincevanillylalcohoIwastheonlyenzymeinducerandgrowthsubstrate,

theenzymewasnamedvanillylalcoholoxidase.However,Vani11ylalcohoIwas
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COnVertedwithmuchlowerafnnityandonly50%activitycomparedtoeugenolas

thebestenzymesubstrate･Therefore,thestandardactivitytestwasperformed

witheugenolastheenzymesubstrate.

A伊仙仙勅克牒叩頭朗血切り一作一郎血叫卿肋間帥血血姑

Since the hydroxylation of prochira14-alkylphenoIsintroduces an

asymmetriccarboninthesidechainofthel-(4-hydroxyphenyl)alcohoIproducts

andduetothepotentialofderivativesofthesechiralalcohoIsasanti-ulcerand

anti-innammatoryagents andliquidcrystalmaterials(Markietal.1988),the

atuthorinvestlgatedthestereospeci丘cityoftheseenzymeconversionsbychiral

HPLC.
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Fig･4･Stereospecificconversionof4-ethylphenol(A)and4-n-PrOPylphenol(B)

byⅥⅢillylalcoholoxidase血･Om且ノおル〃VlO7
The reactions were camied out at300Cin2mlbuffヒr A contalnlnglO mM
4-alkylphenoland25mU

vanillylalcoholoxidase.Enantiomeric excesses were

determineduslngaChiralHPLCcolumn･SymboIs:4-ethylphenolor4-n-PrOPylphenol

(●),1-(4-hydroxyphenyl)ethanol or l-(4-hydroxyphenyl)propan01 (○),
4-hydroxyacetophenoneor4-hydroxypropiophenone(A).
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Thble3. pIIJependentenantioselectivityofvanillylalcoholoxidase

duringconversioIlOf4-alkylphenoIstol-(4-hydroxyphenyl)alcoboIs

PH (S)-ト(4-Hydroxy-Phenyl)ethanol(S)-1-(4-Hydroxy-Phenyl)propanol

(%e.e.) (%e.e.)
4.0

5.0

6.0

7.0

8.0

9.0

67.6

71.4

75.8

81.9

79.6

73.6

66.0

68.4

75.2

86.0

72.0

42.8

BuffbrAwasusedatpH6.0and7.0,aCetate/sodiumacetateatpH4･Oand5･0,

Tris/HClatpH8.Oandglycine爪raOHatpH9.0(each50mM).Eachreaction

WaSCarriedoutuntilthesubstratewascompletelyconsumed,andtheproduct

ChiralitywasanalyzedbychiralHPLC.

When25mU enzyme were used,(S)-1-(4-hydroxyphenyl)ethanoIwith

81.9%e.e.and(S)-1-(4-hydroxyphenyl)propanoIwith86%e.e.together with

Smallamounts of the corresponding
ketones as further dehydrogenation

by-PrOductswereformed(Fig.4).However,uSing250mUenzyme,mOrethan

80%ofboth alcohoIs werefurther converted to the respective ketones.The

enantioselectivity ofthe enzyme
depended onthe pH(Thble3),a

fbature not

described so farfor similar enzymes.The author assumes a pH-induced

COnformationalchangeatthecatalyticenzymesiteratherthanpH-influenceonthe

product,becausetheenantiomericexcessesoftheproductswerenotchangedby

acidoralkalitreatment.Otherreportedbioconversionsforthesynthesisofchiral

l-(4-hydroxyphenyl)ethanolusingdi貌rentPseudbmonasenzymesdependedon

the addition of an electron acceptor and resultedin the production of the

(R)-enantiomerby4-ethylphenolmethylenehydroxylasewith92-98%e･e･(Reeve

etal.1990)andthe(S)-enantiomerbyp-CreSOlmethylhydroxylasewith31-39%

e.e.(McIntireetal.1984).4-Alkylphenolmethylhydroxylasesaredistinguished
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丘om vanillylalcoholoxidase by the tendency tofurther dehydrogenate the

alcohoIs to the corresponding ketones,and the additionalformation of

4-Vinylphenolasaby-PrOductinthecaseofp-CreSOlmethylhydroxylase,Which

WaSnOtObservedinourenzyme･Anorganicchemicalmethodforthesynthesis

Ofenantiomericl-(4-hydroxyphenyl)alcohoIsusingtheasymmetricresolutionofa

PrOteCtedphenylalcoholderivativehasalsobeenreported;howeverthetheoretical

yieldislimitedto50%(Everhart and Craig1991).The enzymatic synthesis

describedherehasthe advantages ofatheoreticalyield oflOO%,aOne-SteP

PrOCedure,andmildreactionconditions.

SUMMARY

ⅥnillylalcoholoxidasefromByssochla叩blvaVlO7waspuri丘edto

qpparenthomogeneltyaSShownbySDS｣仏GEandgel-PermeationHPLC.The

enzymeisahomodimericflavoenzymeconsistingoftwo58kDasubunits.It

Catalyzesthedehydrogenationofdiffbrent4-hydroxybenzylicstruCtureS,1nCluding

the conversion of4-hydroxybenzylalcohoIs such as vanillylalcoholto the

COrreSPOnding aldehydes,eugenOlto conifbrylalcohol,and4-alkylphenoIs to

l-(4-hydroxyphenyl)alcohoIs･Thelatterreactionwas(S)-StereOSPeCi丘candwas

usedfor the synthesis of(S)-l-(4-hydroxyphenyl)ethanoland-PrOPanOIwith

enantiomeric excesses of81･9and86･0%,reSPeCtively･The catalytic and

StruCturalsimilaritiestoPenicilliumvanillylalcoholoxidaseandPseudbmonas

4-alkylphenolmethylhydroxylaseswerediscussed.
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Section2

MicrobialSynthesisofConifbrylAIcoholbytheFungus

均げ∫〃Cゐ血叩ノおル〟VlO7

ConifbrylalcoholisofinterestforfoodandpharmaCeuticalindustriesdueto

itswidespreadapplicationasanantioxidantandflavorinfoods,beveragesand

COSmetics,andasanantioxidantinanti-tumOragentS(Pannalaetal.1998,Chanet

al.1995,Wu etal.1998,Deigneretal.1994).Studies ofthe struCture and

Chemicalsynthesis oflignin are also reported(Quideau and Ralph1992)･

Conifbrylalcoholhasbeenmainlypreparedbychemicalreductionofftru1icacid,

Whichforitspartcanbeeasilyisolatedfromplantsources,forexample,fromcorn

kernels(Antrim andHarris1977).However,the recent dennition of'natural

navors'asfoodadditivesrequlrlngenZymaticorfbrmentativeproductionbyUS

andEuropeanlegislation(CodeofFederalregularions,1993)hasincreasedthe

demandforabiotechnologicalpreparationofconifbrylalcohol(KringsandBerger

1998).

Conifヒrylalcoholoccurs as alignln-relatedintermediateinthemicrobial

degradation ofeugenol･Eugenolisanabundantessentialoilfrom clovetree

躯igiumaromaticum(Sy.EugeniacariQP7vllus),andiscatabolizedbyseveral

microorganismsviaconifbrylalcohol,COniferylaldehyde,fbru1icacid,Vanillin,

vanillinate,PrOtOCateChuate,ringcleavageandtheβ-ketoadipatepathway(Tadasa

1977,Rosazzaetal.1995).However,inFyssochlaTTVLSblvaVlO7,Whichwas

isolatedfromsoilasanefftctivelyvanillylalcohol-uSlngfungusasdescribedin

Sectionl(CHAPTERII),eugenOIwasonlymetabolizedtoconifbrylalcohol;a
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Sma11amountofconifbrylaldehydewithoutfurtherdegradation,duetothelackof

aconifbrylaldehydeoxidizingenzyme･Theconversionofeugenoltoconiferyl

alcoholiscatalyzedbyvanillylalcoholoxidase,Whichalsooxidizesvanillyl

alcoholtovanillin,aSShownwiththepuri丘edenzymesfromByssochla〝卵blva

VlO7andPenicilliumsi〝甲Iic由simum(Fraaije etal.1995).Vanillylalcohol

OXidasefromEyssochla7WSblvaV107wasabletoconverteugenoIwithan

approximately2-fo1dhigherratethanvanillylalcohol(Sectionl,CHAPTERII),

Whichwasusedherefortheaccumulationofconifbrylalcohol.Duetoalow

enzymeaCtivityfortheseconddehydrogenationstepfromconifヒrylalcoholto

COnifbrylaldehyde,itwasexpectedthatonlyasmallamountofconifbrylaldehyde

WaSformedunderthebioconversionconditionsbytherestingcellsofB.julva

VlO7asshowninFig.1.

Eugenol

琵完
OH

三
GH20H cHO C00H

丁∴+芯=踊

○

OH dH dH
ConiferylalcohoIconiftrylaldehyde Feru1icacid

¢｡｡竜
OH

VanillylalcohoI vani11in

Fig･1･Bioconversionofeugenoltoconifbrylalcoholandsmallamounts

OfconifbrylaldehydebyB.juvaVlO7
ThebioconversionisbasedontheenzymeVanillylalcoholoxidase,Whichhas

theadditionalabilitytooxidizevanillylalcohol,uSedasenzymeinducer,tO

Vanillin･NoenzymeaCtivityfortheconversion丘omconifbrylaldehydeto
fbru1ic acidwaspresentinthisorganism,andonlyaminoroxidationof

COniferylalcoholtoconiferylaldehydewasobservedundertheconditionsused

here.
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In this section,the authorinvestlgated microbialsynthesis ofconifbryl

alcoholby resting cells ofB.blva VlO7containing vanillylalcoholoxidase

Catalyzlngthehydroxylationofeugenol.

MATERIALSANDMETHODS

叫αrα′わ〝q/れ㌍め哲Cg肋q/靭∫〃Cゐ血叩♪Jルα〃〃7

The whole cells biocatalyst was obtained by 50h of cultivation of

ByssochlawwsjiLIvaVlO7at280Cwithreciprocalshakingina2-1flaskwith400

mlofmediumconsistingof3gofvanillylalcoholasenzymeinducer,15gof

glycerol,2.5gof(NH4)2SO4,1gofyeastextract(OrientalYeast),2gofK2HPO4,

0.5gofMgSO4'7H20perliterandmetalsin丘nalconcentrationsofO.2mgof

FeSO4●7H20,0.4mgofCaC12●2H20,0.3mgofH3BO3,0.04mgofCuSO4'5

H20,0.1mgofKI,0.4mgofMnSO4'7H20,andO.2mgofNa2MoO4●2H20per

liter(PH7.0),reSultinginadrycellyieldofl.9g.

〟わ川鋸αJ坪〝助朗ゐq/c〃〝昨ⅣJαわ〃JわJ

Thebioconversionwasdonewithl.9gcells(dryweight)inlOmlof50mM

POtaSSiumphosphatebuffbr,PH7.0,COmPlementedwith5%(v/v)n-nOnanein

Ordertoincreasethesolubilityofhydrophobiceugenol.n-Nonanehasbeenfound

tobethemostsuitableadditivewhentestedagainstTween20,PlysurfA210G,

andn-hexadecene(eachtestedatl,5,andlO%,V/v).EugenoIwasaddedintwo

StePS,initiallyuslng80mMfo1lowedbyasecondadditionof50mMaRer9h･
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d那かJわαJ椚g助〃ゐノわrpr〃d〟C′わ〝q/c〃〝昨wJαわ〃ゐ〃J

Thebioconversionwasfo1lowedbyHPLCusingaShimadzuLC-6A(Kyoto,

Japan)withanODS C18column(4･6×150mm,M&SInstrumentS,Tokyo,

Japan)andamethanol/H20/aceticacid(45:52:3,V/v/v)eluentatanowrateofl

ml/minmonitoredat280nm.

タ〟r節Cα′わ〝α〝〟肋〝J研CαJわ〝q/C〃〝昨ヴJ〟わ〃カ〃J

SynthesizedconifbrylalcohoIwasisolatedfromthereactionmixtureby

ethylacetateextraction,eVaPOration,Silicagelchromatography(WakogelC-300,

Wako,Osaka,Japan)withbenzene/methanol(95:5,V/v)asthemobilephaseand

CryStallization･Theidentity and purlty Ofthe product was con丘rmed by

lH-NMRinaBrukerWM-360spectrometer(Billerica,USA)withmethanol-Das

SOIvent,andGC-MSinaTrio-1massspectrometer(Raleigh,USA)connected

Witha5890Hewlett-Packardgaschromatograph(PaloAlto,USA)plusDB-1

CqPillarycolumn(J&WScientinc,Tokyo,Japan)withheliumasthecarriergas

andatemperatureprogramoflminat500Cand50-2500Cat150C/min,uSlng

authenticconifbrylalcohol(Aldrich,Milwaukee,USA)asareftrence.
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RESUuSANDDISCUSSION

タ〟r節Cα′わ〝α〝〟fJわ〃付言c〟Jわ〝q/即〃曲がねg〟c〃〃昨ⅣJαわ〃JわJ

Synthesizedconifbrylalcoholbymicrobialconversionwasisolatedfrom

the reaction mixture by ethylacetate extraction,eVaPOration,Silica gel

Chromatogrqphywithanisolatedyieldof48%.Theidentityandpurityofthe

productwasconnrmedbylH-NMRandGC-MS,uSlngauthenticconifbrylalcohol

asareference.

〟わr〃鋸αJ即〝助のねq/C〃〝昨ⅣJαわ〃ゐ〃J

After36hofreaction,123mM(21.9g/l)conifbrylalcohol(94.6%ofthe

theoreticalyield)were accumulated with4.O mM conifヒrylaldehyde as a

by-PrOduct(Fig.2)･
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Fig･2･Course ofthe Fed-batch Bioconversion of

EugenoltoConifbrylAIcoholbyB･JuvaVlO7
Thearrowindicatestheadditionof50mMeugenolafter

9h.SymboIs:eugenOl(●),COnifbrylalcohol(○),

COnifbrylaldehyde(A)･
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AsimilarbiotransformationofeugenoIcatalyzedbyaPseudbmonasspecies

gaveamixtureof17･9mM(3･2g/1)coniftrylalcohol(43.5%ofthetheoretical

yield),23･5%feru1ic acid,7･3%unreacted eugenol,and traces ofconifbryl

aldehydeandvanillicacidafter48h(Rabenhorst1996).Comparedwiththis

bioconversion,theftd-batchreactiondescribedherehasadvantageswithregardto

PrOductivityandyieldofconiftrylalcoholandareducedamountofby-PrOducts.

FurthermOre,COmParedwiththesamereactioncatalyzedbyabacterialeugenol

dehydrogenase characterizedin CHAPTERI,thefungalbiocatalyst has the

advantagethatitusesO2aSanaturalelectronacceptor,aSShowninthestudiesof

thepurinedenzyme(Sectionl,CHAPTERII),Withoutrequiringacostly,eXternal

electronacceptorsuchasPMS.

SUMMARY

Inthissection,theauthorinvestigatedmicrobialproductionofconifbryl

alcoholbyrestingce11sofFyssochla叩blvaVlO7.Conifbrylalcohol(123mM

=21･9g/1)wassynthesizedfromeugenoIwithayieldof94.6%ina36hfed-batch

bioconversionuslngreStingcellsofthefungusexhibitingvanillylalcoholoxidase

activity･Sincetherestingcellscontainfbwactivitiesofconifbrylalcoholoxidase

andnoactivityofconifbrylaldehydeoxidase,theconversionismostefncientas

farastheauthorknows.
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APPENDIX

FerulicAcidProductionfromEugenolandCloveOilby

乃g〟Jわ椚〃〝α∫ガ〟〃椚Cg〝∫Ell$

Sectionl

Clove oilis essentialoilisolatedfrom buds andleaves of頻膠ium

afVmaticum by steam disti11ation･Eugenolaccountsfor approximately80%

(w/w)ofcloveoilasamaincomponentandhasbeenusedasaromatherapyoil,

Sterilizerin mouth or painkiller(Rabenhorst1996).The author previously

reportedthattheinitialstepofeugenoldegradationbyPseuゐmonasjluo7mCenS

El18was catalyzed by eugenoldehydrogenase to produce conifbrylalcohol

(CHAPTERI)･Conifbrylaldehydeandfbrulicacidareconsecutivelyformedas

theintermediates ofeugenoldegradation(Thdasa and Kayahara1983).The

fo1lowlng SteP,the decarboxylation offヒru1ic acid,reSultsintheformation of

Vanillin,aneSSenCeingreatdemand･Theformedvani11inisfurtherdegraded

β-ketoadipicacid via vanillic acid and protocatechuic acid.Since usefu1

Chemicals areinvoIvedin the degradation pathway ofeugenol,its microbial

transformationhasattractedconsiderableattention(Ⅵねshisuetal.1993,Hoppand

Rabenhorst1994)･Althoughmicrobialproductionofnaturalaromachemicals

fromeugenolhasbeenreported(Rabenhorst1996,Ove血ageetal.1999),there

hasbeennoreportontheproductionofusefulchemicalsfromcloveoilastheraw

material･Sincecloveoilismuchcheaperthaneugenol,theauthorfocuseditas

the startlng material.In this section,the author describes the microbial
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PrOductionoffbru1icacid,auSefu1antioxidant(Graf1992)andamaterialwitha

naturalaroma(MuheinandLerch1999,Oddouetal.1999,LiandRosazza2000),

fromeugenolandcloveoil.

Pjluo7閻CenS E118wasisolatedin CHAPTERI.In addition,SOme

eugenol-degradingbacteriawereisolateduslngmediumcontainlngO･1g/1eugenol

asasolecafbonsource.Cloveoilcontainssomeantibacterialimpuritiessuchas

β-CaryOPhylleneandα-humuleneinadditiontoeugenol(MuchalalandCrouzet

1985,Simic
etal.2002,Sha丘etal.2002).Therefbre,the authortestedthe

growthoftheisolatedstrainsonnutrientmediumcontainlng2g/1cloveoil･The

nutrientmediumconsistedof5gofpeptone,0･5gofyeastextract,5gofmeat

extractand2gofNaClinlloftapwater(pH7･0)･ExceptforPjluoYeSCenS

El18,Whichwasusedinourpreviousstudyoneugenoldehydrogenase,thetested

eugenol-degradingmiccroorganismscouldnotgrowinthepresenceof2g/1clove

oil.

Thebasalmediumforfbru1icacidproductioncontained4gofK2HPO4,1

gofNa2HPO4,0･5gofPolypepton,0･2gofNaClandO･2gofMgSO4in1loftap

water(PH7.0).Subculturewascarriedoutin200mlofnutrientmediumand

transfbrredintoajarf故mentor(modelTS-F;Thkasugi,Tbkyo)containing2lof

thebasalmedium.Cultivationwas carriedoutat300Cwithanagitation(200

rpm)andanaeration(0.2,V/v/m),inwhicheugenol(TbkyoKaseiKogyo,Tbkyo)

or clove oil(Wako Pure CheimicalIndustries,Osaka)was added･Eugenol,

feru1ic acid,COnifbrylalcoholandvanillic acidwere determinedbyHPLC as

describedinCHAPTERI.

Inthe conversion ofeugenolinto ftrulic acidbyPjloYeSCenS
El18,
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eugenoIconcentrationintheculturemediumwaskeptbelowl･Og/l･After28-h

Cultivation,3･5g/1ferulicacidaccumulatedintheculturemedium,Withamolar

COnVerSionyieldof51%fromeugenol(Fig.1).Prolongedcultivationcausedthe

accumulationofconifbrylalcoholintheculturemedium.
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Fig･1･Formationoffbrulicacidn･OmeugenOI

Thebasalmediuminitiallycontainedl･Og/1eugenol･Accordingto

the consumption of eugenol,eugenOIwasfed to glVe a血al

COnCentrationofl･Og/1･SymboIs:PH(◆),grOWth(◇),eugenOl(｡),
fbru1icacid(●),COnifヒrylalcohol(▲),Vanillicacid(lr).
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AsshowninFig･1,thedecreaseinpHofculturebrotha飴ctedftru1ic

acidproduction･Therefore,thee脆ctofpHonfbrulicacidproductionwas
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examined.WhenthepHofculturemediumwascontrolledat5.0,6.0,7.00r8.0,

feru1icacidproductionwasobservedinthecultivationatpH7.Oand8.0.The

OPtlmalpHwas7.0;3.7g/lftrulicacidaccumulatedfor40-hcultivation.The

CultivationatpH8.Ofbr40hresultedinalmosthalfoffbrulicacidproduction(1･8

g/1).InthecaseofpH5.Oand6.0,nOformationofftru1icacidwasobserved･
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Fig･2･E恥ct ofeugenoIconcentration on fbrulic acid fbrmation

Thebasalmediuminitiallycontainedl･Og/1eugenol･Duringtheinitia1

24-h cultivation,eugenOIconcentration.was kept belowl･O g/l･

ARer24-hcultivation,eugenOIwasfbdtoglVea丘nalconcentrationofl･6

g/1.SymboIs:eugenOl(○),feru1ic acid(●),COnifbrylalcohol(▲),

Vanillicacid(lI).

Although P jluorescens El18 grew slowlyin the basalmedium

supplementedwitheugenolataconcentrationofmorethanl･Og/1,theconversion

ofeugenolintofbrulicacidwasnotinhibited･Therefore,aRerthebacteriumhad

grownwell,eugenOIconcentrationwasraiseduptol･6g/1(Fig･2)･UnderpH

controlat7.0,theaccumulationoffbru1icacidintheculturemediumincreasedto
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6･1g/1by44-hincubation,With a molar conversion yield of54%･In the

fbrmentationofftru1icacidfromeugenol,theaccumulationofconifbrylalcohol

and thefurther degradation offヒru1ic acidinto vanillic acid were observed.

However,theproductivityofftru1icacidbyPjluorescensEl18issuperiortothat

byPseuゐmonas sp･,Whichproduced5･8g/lftru1ic acidby75h-Cultivation

(Rabenhorst1996).
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Fig.3.Formationoffbrulicacidfromcloveoil

Thebasalmediuminitiallycontainedl･25g/1cloveoil･Theclove

Oilconcentrationwaskeptbelowl･25g/1duringtheinitia132-h

Cultivation･Afterthebacterialgrowthby32-hcultivation,Clove

Oilwasfedtogive afinalconcentrationof2･Og/1･SymboIs:

eugenol(○),feru1icacid(●),COnifbrylalcohol(▲),Vanillicacid
(■).

Theauthorattempted,forthe丘rsttime,tOPrOduceferulicacidfrom

Cloveoilasthestartingmaterial･Thecloveoilconcentrationwaskeptbelow

l･25g/1duringtheinitia124-hcultivation,andthenraiseduptoaround2g/1until
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48-hcultivationatpH7･0･Fromatotalamountof26･6gofcloveoil,1l･6gof

ftru1icacidaccumulatedin2lofculturebroth(Fig.3).Cloveoilisacheapand

renewableresource,andfurtherstudiesonitsapplicationareunderway･
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Section2

I)egradationofIsoeugenolbyLbeudbmonasputidhI58

Lignln-relatedphenylpropanoidessuchaseugenolandisoeugenolhave

attracted attention as naturalrenewable resourcesforthe production ofuseful

Chemicals(Rabenhorst1996).Especially,eugenOlhas great potentialas a

Starting materialfor the synthesis ofaromaticflavorlngS and aromas such as

Vanillin.Pseuゐmonas and CoYynebacterium strains degrade eugenolinto

Vani11inviaconifbrylalcohol,COnifbrylaldehydeandfbru1icacidasshowninFig･

1(Thdasa1977,ThdasaandKayahara1983).InCHAPTERI,theauthorhas

elucidated that theinitialstep of eugenoldegradationis the double

bond-tranSfbrrlnghydroxylationcatalyzedbyeugenoldehydrogenase･Thegene

locie7DAande7wBofPseuゐmonassp･HR199wereidenti丘edasthestruCtural

genes of eugenolhydroxylase(dehydrogenase)(Prieftrt et al･1999)･The

biotransfbrmation ofeugenolto fヒru1ic acidwas reported,in whichRaLgtonia

eutrppha H16 carrylng ejDAB,CaL4 and calB genes,enCOding eugenol

hydroxylase,COnifbrylalcoholdehydrogenase and conifbrylaldehyde

dehydrogenase,reSPeCtively,WaSuSed(Ove血ageetal･2002)･Withrespectto

isogugenol,therehavebeenfbwstudiesonitsdegradationpathwayandefncient

bioconversion system･Bacillus sp･tranSform1nglSOeugenOlto vanillin was

recentlyreported(Shimonietal･2000)･Inthissection,theauthorisolateda

novelisoeugenol-degradingbacteriumandattemptedbiocatalyticconversionof

isoeugenol,Sinceisoeugenolischeapandabundantinnature･

Abasalmediumcontainedlgofyeastextract(OrientalYeast,Tbkyo),4
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gofNH4Cl,0･5gofMgSO4･7H20,2gofK2HPO4andlmlofmetalmixtureinl

loftapwater,PH7･0･ThemetalmixtureconsistedofO･2gofFeSO4･7H20,0.4

gofCaC12･2H20,0･3gofH3BO3,0･04gofCuSO4･5H20,0･1gofKI,0･4gof

MnSO4･7H20andO･2gofNaMoO4･2H20inllofdistilledwater.Enrichment

Culturewascarriedoutat280Cina500-mlshakingflaskcontainlng50mlofthe

basalmedium supplemented with 5 g/1isoeugenol･ Among the

isoeugenol-degradingmicroorganismsisolated丘omsoils,abacterialstrainI58

rapidlygrewwe11andwasusedforthefo1lowlngeXPeriments.ThestainI58was

identi丘edasPseudbmonasputiゐbyNCIMB(NationalCollectionsofIndustrial

FoodandMarineBacteria).

Thblel･tJti1izationofeugenol-relatedcompounds

asacarbonsource

Carbonsources Growth

IsoeugenoI

EugenoI

ConifヒrylalcohoI

Conifbrylaldehyde

Ferulicacid

Ⅵnillin

Ⅵni11icacid
Pp〟JんわⅠ58was inoculatedin the basalmedium

COntainingtheindicatedcarbonsourceatlg/1･A氏er

48-h cultivation at 280C with shaking at120

StrOkes/min,bacterialgrowthwaschecked.

PputidbI58utilizedisoeugenol,Vanillin
andvanillic acid as a sole

Carbonsourceinthebasalmedium,Whereaseugenol,COnifbrylalcohol,COniferyl

aldehydeandfbru1icacid,Whichareintermediatesineugenoldegradation,Were

notutilized(Thblel)･Thissuggeststhatisoeugenolisdirectlydegradedto
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vanillinwithouttheformationoffヒru1icacidasshowninFig.1.Thesubsequent

degradationpathwayofisoeugenolisprobablysimilartothatofeugenolinP

jluoJ℃SCenSEl18(CHAPTERI)･

ま｡｡完
OH

C00H

盈
OH ()H OH

OCH3

EugenoI coniftrylalcohoIConifbrylaldehydeFeru1icacid

I

Ring丘sssion

PKetoadipicacid一←一← :三=三≡三=三≡二二=二
C00H

Oh

Protocatechuicacid Vanillicacid Vanillin

Fig･1･DegradationpathwayofeugeI101andisoeugenol

ま｡｡H｡
Isoeugenol

Culturemediumfortheimprovementofisoeugenol-degradingactivity

wasoptimized･Thecultivationwascarriedoutat280Cfor24hwithshakingat

120strokes/minina500-mlflaskcontainlng50mlofmedium･IsoeugenoIwas

determinedbythemethoddescribedpreviouslyinCHAPTERI･Whenmeat

extract(Kyokuto,Tbkyo)wasaddedatlOg/1tothebasalmediumcontaining5g/1

isoeugenol,theisoeugenoladdedwascompletelyconsumedwithin24h･Inthe

growthexperimentusingBacillussp･(Shimonietal･2000),ittakesover12days

todegradel･6g/1isoeugenoIcompletelyinthepresenceofglucoseandcasamino

acids･PputihI58cellsgrownontheoptlmizedmediumwereharvestedby

centrifugationat16000×gforlOmin,andthenwashedwithlOOmMpotassium

phosphate bu飴r(PH7･0)･The washed cells were suspendedin50mM

potassiumphosphatebu飴r(pH7･0)andusedasresting cells･Astandard
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mixtureforrestingcellsreactioncontained20mgofcells(asdrymatter),10mM

isoeugenolandlOOmMpotassiumphosphatebu飴r(pH7.0)inatotalvolumeof

2ml･Thereactionwascarriedoutat300Cwithshakingat160strokes/min.

Therestingce11srapidlyconvertedisoeugenolintovanillicacidwithamolar

COnVerSionyieldof98%(Fig･2a).Inthecourseofthereaction,aSmallamount

Ofvanillin wasformed･When vanillin was used as a substrateinstead of

isoeugenol,Vani11inwascompletelyconvertedintovanillicacid(Fig.2b).Under

anaerobicconditions,nOformationofvanillinandvanillicacidwasobserved,

indicatingtheinvoIvementofoxidativereactionsintheconversionofeugenolinto

Vanillicacid･ThecellsgrownonthebasalmediumcontainlnglOg/1meat

extractand5g/1eugenoldidnotexhibitisoeugenol-degradingactivity･Thus,the

enzymescatalyzlnglSOeugenOldegradationarespeci丘ca11yinducedbyisoeugenol

inPputidbI58cells.
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Fig･2･Conversionofisoeugenol(a)andvanillin(b)byrestingcellsofRputidhI5S

SymboIs:isoeugenol(･),Vanillin(▲),Vanillicacid(■).
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Thisis the 丘rst report regardingisoeugenoldegradation
by a

Gram-negativebacterium,PSeudomonad･Recently,thedegradationpathwayof

trans-anethole,ananalogueofisoeugenol,hasbeenelucidateduslngArthYVbacter

sp.(Shimonietal.2002).Asforisoeugenoldegradation,Bacillussp･CaPableof

transformingisoeugenolto vanillin has been reported(Shimoniet al･2000)･

Although the enzymesinvoIvedin the degradation pathways have not been

characterizedatall,theinitialstepofisoeugenoldegradationisofinterestbecause

ofthe oxidative cleavageofthedoublebondofisoeugenol･Cell-free extract

preparedfrom Bacillus sp･Cells convertsisoeugenolinto vanillin with a

conversionyield of14%,andfurtherdegradationto vanillic acidis observed

(Shimonietal.2000).ThedegradationactivityofisoeugenolofPputiddI58

cellsisextremelyhigherthanthatofBacillussp･Iftheauthorcouldinhibitthe

degradationofvanillinintovanillic acid,PputiゐⅠ58wouldbe apromlSlng

biocatalystfor theindustrialproduction of vainillin,naturalflavor,from

isoeugenol.
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CONCLUSION

Inthisthesis,theauthorhasstudiedonthemicrobialconversionofplant

essentialoils,eugenOl､andisoeugenol･
The author hasisolated an

eugenol-degradingbacterium,PseudbmonasjluorescensEl18,andpuri丘edand

characterized eugenoldehydrogenasefrom this strain,Which catalyzed novel

doublebond-tranSfbrrlnghydroxylationreaction･Theauthorhas alsoisolated

句帯SOChlanvLSblvaVlO7,Ofwhichvanillylalcoholoxidasewaspuri丘edand

characterized.TheenzymeconvertseugenoltoformCOnifbrylalcohol;thesame

reactionis catalyzed by eugenoldehydrogenase･ The author attempted to

establishthemicrobialproductionprocessofusefu1chemicalsbyuslngtheabove

two kinds of microbialenzymes･In addition,the author hasisolated an

isoeugenol-degradingbacterium,Pseuゐmonasputidb･Theauthorattemptedto

throwthelightontheoutlineofthemicrobialdegradationofisoeugenol･The

occurrenceofanovelenzymetocleavagethedoublebondofisoeugenoIwas

estimated.

Thefindingsobtainedineachchapteraresummarizedasfo1lows:

CⅢAPTERI

Sectionl

Aeugenol-degrading bacterium,Pseudbmonasjluo7eSCenS El18,WaS

isolatedfromsoilthroughtheconventionalenrichmenttechniqueuslngeugenOlas

asolecarbonsource.The strain hadstrongabilitytodegradeeugenol･The

enzymeinvoIvedin theinitialstep ofthe degradation ofeugenol,eugenOl
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dehydrogenase,WaSPurinedfromtheeugenol-inducedcells･Thedehydrogenase

WaSPurinedtohomogeneity･TheenzymeconsistsofalO-kDa-CytOChromec550

anda58-kDasubunltwithnavin･Theactivityofthepuri丘edenzymewas

dependent on an electron acceptor such as PMS,DCIR cytochrome c or

K3Fe(CN)6･Thelargeandsmallsubunitscontainedflavinandheme,reSPeCtively.

The enzyme belongs to the group ofa navo-CytOChrome protein,and the

hydroxylation reaction proceedsin accordance with the electron transfer to

CytOChromevianavininthecourseofreaction.Theauthorcon丘rmedthatthe

OXygenatOmOfH2180wasincorporatedintothehydroxylofconiftrylalcohol.

Theenzymecatalyzedthefo1lowingthreekindsofdehydrogenationreaction:(1)

COnVerSion of eugenolto conifbrylalcohol,(2)4-alkylphenoIs to

l-(4-hydroxyphenyl)alcohoIs and(3)4-hydroxybenzylalcohoIs to the

COrreSPOndingaldehyde･ThecatalyticpropertywasverysimilartoPenicillium

Vani11ylalcoholoxidase.

Theenantioselectivityofthehydroxylationof4-alkylphenoIscatalyzed

byeugenoldehydrogenasewasstudied･Thereactionproductswereisolatedand

identi丘ed,andthentheirabsolutecon丘gurationshavebeenexamined.Itwas

revealed that the hydroxylation reaction proceeded enantioselectively･

(S)-1-(4-Hydroxyphenyl)ethanoland(S)-1-(4-hydroxyphenyl)propanoIwere

Synthesizedwithenantiomericexcessesof96･6%and95･2%,reSPeCtively,from

the corresponding 4-alkylphenoIs･ The author also found that the

enantioselectivitywaspH-dependent.
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CIIAPTERII

Sectionl

A vanillylalcohol-degrading mold(Strain VlO7)wasisolated and

identi丘edasByssochla〝甲juva.Thevanillylalcoholoxidasewaspurifiedfrom

ByssochlanvLSblvaVlO7tohomogeneity･Thepuri丘edenzymecatalyzedthe

samereactionsaseugenoldehydrogenaseanditssubstratespecificitywassimilar

tothatofeugenoldehydrogenase･Theenzymewasahomodimericflavoenzyme

consistlngOftwo58kDasubunits･Itcatalyzedthefo1lowlngthreekindsof

reaction,theconversionof4-hydroxybenzylalcohoIssuchasvanillylalcoholtothe

corresponding aldehyde,eugenOlto conifbrylalcohol,and4-alkylphenoIs
to

l-(4-hydroxyphenyl)alcohoIs.ThelatterreactionwasS-StereOSPeCi丘candwas

used for the synthesis of S-1-(4-hydroxyphenyl)ethanol and

S-1-(4-hydroxyphenyl)ethanol-PrOPanOIwithenantiomericexcessesof81･9and

86.0%,reSPeCtively･

Section2

Ⅵnillylalcoholoxidase and eugenoldehydrogenase catalyze the

conversionofeugenolintoconifbrylalcohol･Ⅵnillylalcoholoxidaseismore

advantageOuS than eugenoldehydrogenasefor the enzymatic production of

conifbrylalcohol,becauseitrequlreStheadditionofnoanyelectronacceptor･

Thus,the authorexaminedtheproductionofconifbrylalcoholuslngVanilly

alcoholoxidaseofFyssochla"VSjuvaVlO7･Conifbrylalcohol(123mM=21･9

g/1)wasefBcientlyproducedfromeugenoIwithayieldof94･6%ina36h

fed_batch bioconversion using B.blva VlO7ce11s･The accumulation of
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COnifbrylalcohoIwithhighconversionyieldhasbeenattainedusingB.blvaVlO7

Vanillylalcoholoxidase.

APPENDIX

Sectionl

Theproductionoffbru1icacid,auSefu1antioxidant,fromeugenoland

CloveoilwasinvestigatedusingdegradaionpathwayofPseuゐmonasjluo7mCenS

El18･WhenPgeudbmonasjluoT?SCenS El18was cultivated withintermittent

additionofeugenol,6･1g/lfbru1icacidaccumulatedundertheoptlmizedculture

COnditions,Withamolarconversionyieldof54%by44-hcultivation.Thisstrain

alsoproduced5･8g/1fbru1icacidwithintermittentadditionofcloveoil.Since

Cloveoilismuchcheaperthaneugenol,thefbru1icacidproductionfromcloveoil

bythebacteriumispromlSlngforindustrialproductionoffbru1icacid,auSeful

antioxidant.

Section2

PseuゐmonasputiddI58wasisolatedfrom
soilthrough enrichment

CultureuslnglSOeugenOlasasolecarbonsource･Thestrainutilizedisoeugenol,

Vainillin and vanillic acid as a carbon source･On the other hand,the

intermediatesofeugenol-degradingpathway,eugenOl,COnifbrylalcohol,COnifbryl

aldehydeandfbrulicacid,WerenOtutilizedbythisstrain･TherestlngCellsofP

PutiddI58rapidlyconvertedisoeugenolinto vani11ic acidviavanillinwitha

COnVerSionyieldof98%by40minincubation･Theoccurrenceoftheenzymes

tocatalyzethedirectcleavageofdoublebondofisoeugenoIwasestimated.
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The author has obtained some slgni負cant results and extended
his

knowledgefrom the studies on the microbialmetabolisms of eugenoland

isoeugenolthroughthepresentthesis･Basedonthevaluableinformationand

knowledge,the authorintends to establish new production process ofuseful

compoundsfromrenewableresource,eugenOl,isoeugenolandcloveoil･Atthe

sametime,theauthoralsorealizesthatfurtherstudiesarenecessarytoaccomplish

hispurpose.
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