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Abstract The gene lociehyAand ehyB which are in- eugenol as a carbon source conferred to these bacteria the
volved in the bioconversion of eugenol to coniferyl alcability to grow on this substrate.

hol by Pseudomonasp. strain HR199 (DSM 7063), were

identified as the structural genes of a eugenol hydroxyl&ssy words PseudomonasEugenol hydroxylase -

that represents an enzyme of the flavocytochrowlass. Flavocytochrome - Formaldehyde dehydrogenase -

These genes were localized downstream of the eugenGllutamylcysteine synthetase - Vanillin production -
catabolism geneganAandvanB encoding vanillat&®- ehyA- ehyB- fdh - gcs

demethylase, on aBcdRI fragment (E230) that has re-

cently been cloned fromRseudomonasp. strain HR199
genomic library. The gene encoding the cytochramelntroduction

subunit(ehyA)was identified on a subfragment (K18) of

E230 by complementation of a nitrosoguanidine-inducedgnillin (4-hydroxy-3-methoxybenzaldehyde) is the char-
eugenol-negative mutant of strain HR199. The nucleotideteristic aroma component of the vanilla pod and is fre-
sequences of fragment K18 and adjacent regions weregleently used for the production of flavors for foods and of
termined, revealing open reading frames of 354 and 1,3&frances for perfumes. At present, artificial or nature-
bp that represenehyA and ehyB respectively. Theseidentical vanillin is produced mostly from petrochemicals
genes are most probably organized in one operon togetrat from lignin (Clark 1990). Since vanillin occurs as an
with a third open reading frame (ORF2) of 687 bp thatermediate in the catabolism of phenolic stilbenes,
was located betweerhyAandehyB The deduced aminoeugenol (4-allyl-2-methoxyphenol), ferulate (4-hydroxy-
acid sequences @hyAandehyBexhibited up to 29 and 3-methoxycinnamate), and lignin (Toms and Wood 1970;
55% amino acid identity to the corresponding subunits©hen et al. 1982; Tadasa and Kayanara 1983; Shiotsu et
p-cresol methylhydroxylase fror®seudomonas putida al. 1989), it might be also produced by biotransformation
Moreover, the amino-terminal sequences ofdhandB- of these substrates (Hagedorn and Kaphammer 1994;
subunits reported recently for a eugenol dehydrogenas&abenhorst 1996).

Pseudomonas fluoresce&d18 corresponded well with We are currently investigating a process based on the
appropriate regions afhyAand ehyB The sequence ofbiotransformation of eugenol, which is the main compo-
ORF2 and the deduced amino acid sequence exhibitecheot of the essential oil of the clove tr®&gzygium aro-
significant similarities to any DNA or amino acid sematicum by Pseudomonasp. strain HR199 (Steinbuchel
guence from the databases. The eugenol hydroxylasal. 1998). Eugenol is catabolized by this organism via
genes were amplified by PCR, cloned in pBluescript, SKoniferyl alcohol (4-hydroxy-3-methoxycinnamyl alcohol),
and functionally expressed Hscherichia coli Transfer coniferyl aldehyde (4-hydroxy-3-methoxycinnamyl alde-
of a DNA fragment comprisinghyAandehyBto various hyde), ferulate, vanillin, vanillate (4-hydroxy-3-methoxy-
strains ofPseudomonaspecies that were unable to utilizéenzoate), and protocatechuate (3,4-dihydroxybenzoate)
(Rabenhorst 1996; Overhage et al. 1999b; Fig. 1), which
is further metabolized bygrtho-cleavage (Overhage et al.
1999). The first study on the bacterial degradation of

H. Priefert BX) - J. Overhage, A. Steinbichel eugenol was initiated by Tadasa (1977) cbiasynebac-
Institut far Mikrobiologie, terium sp.; Tadasa also proposed the formation of an
Westfallschg Wilhelms-Universitat Minster, Corrensstrasse 3, epoxide (eugenol oxide) as the initial reaction of the
D-48149 Munster, Germany . .

e-mail: priefer@uni-muenster.de, eugenol catabolism in Rseudomonasp. (Tadasa and

Tel.: +49-251-8339829, Fax: +49-251-8338388 Kayanara 1983). It has been shown thptcuinone me-
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Fig.1 Proposed route for the catabolism of eugendPseudo- protocatechuic acid were dissolved in dimethyl sulfoxide and were

monassp. strain HR199 added to the medium at final concentrations of 0.1% (w/v).
Eugenol was added directly to the medium at a final concentration
of 0.1% (v/v). Tetracycline and kanamycin were used at final con-

thide is an intermediate in the conversion of eugenol gtrations of 25 and 3q@/ml, respectively foPseudomonasp.

- . : rowth of the bacteria was monitored with a Klett-Summerson
coniferyl alcohol catalyzed by vanillyl alcohol OXIdaS(_a_ hotometer. Samples were taken from the cultures, and cells were

Penicillium simplicissimun{Fraaije et al. 1995; Fraaijeremoved by centrifugation. The obtained culture supernatants were
and Van Berkel 1997). Recently, new interest has beendalyzed by HPLC with respect to the appearance or disappear-

cused on eugenol degradation with respect to the deveRsjse of catabolic intermediates as described below.

ment of a biotransformation process to produce natural

vanillin (Rabenhorst and Hopp 1990). A nBseudomonas analytical methods

sp. (strain HR199) that is able to produce methoxyphenol-

type aroma chemicals by biotransformation of eugeﬁdﬂing a Knauer HPLC apparatus, culture supernatants were ana-

i zed for excreted intermediates of the eugenol catabolism by lig-
has been isolated (Rabenhorst 1996). To reveal the Iahygl@achromatography without prior extraction. Intermediates were

logical and genetic basis for this biotransformation, St_Uéi\'parated by reversed-phase chromatography on Nucleosil-100 C-
ies were initiated to identify the genes that are essentialdy(particle size, fim; column, 250« 4.0 mm) with a gradient of
involved in the degradation of eugenol. 0.1% (v/v) formic acid (eluant A) and acetonitrile (eluant B) in a

Genes encoding a eugenol hydroxylase have neg\ge of 20— 100% (v/v) eluant B and at a flow rate of 1 ml/min.
i

- quantification, all intermediates were calibrated with external
been cloned. In the present study, we describe the mo ndards. The compounds were identified by their retention times,

ular characterization and heterologous expression of i@ the corresponding spectra, which were identified with a diode
eugenol hydroxylase genehyA and ehyB of Pseudo- array detector (WellChrom Diodenarray-Detektor K-2150; Knauer,
monassp. strain HR199. Our data confirm the suggesti&g'lin, Germany). Proteins were separated under nondenaturating

: onditions in 7.4% (w/v) polyacrylamide gels as described by
that eugenol hydroxylase belongs to the family of fIavétegemann et al. (1973), and under denaturating conditions in

cytochromest, as reported recently for a eugenol dehyi 59 (wiv) polyacrylamide gels according to Laemmli (1970).
drogenase oPseudomonas fluoresceB418 (Furukawa The proteins in the gels were stained with Serva Blue R. To stain
et al. 1998). gels for eugenol hydroxylase activity, the gels were incubated at
30°C in the dark in 100 mM potassium phosphate buffer (pH 7.0)
containing 0.04% (w/vp-nitroblue tetrazolium chloride, 0.003%
(w/v) phenazine methosulfate, and 1 mM eugenol.

Materials and methods
Bacterial strains and culture conditions Enzyme assay

The strains oPseudomonasp. andescherichia coliand the plas- Cells were disrupted either by a twofold French press passage at 96
mids used in this study are listed in Table 1. CellE.afoliwere MPa or by sonication (1 min/ml of cell suspension with an ampli-
grown at 37°C in Luria-Bertani (LB) or in M9 minimal mediuntude of 40um) with a Bandelin Sonopuls GM200 ultrasonic disin-
(Sambrook et al. 1989). Cells &seudomonasp. strains were tegrator. The soluble fractions of crude extracts were obtained by
grown at 30 °C either in a nutrient broth (NB) medium (0.8%, w/egntrifugation at 100,000 g at 4°C for 1 h. The eugenol hydrox-
Bacto, Difco), or in MM (Schlegel et al. 1961) or HR-MM (Rabenylase activity was assayed photometrically at 30°C in a total vol-
horst 1996) mineral salts media supplemented with carbon sourg@e of 1 ml containing ftmol eugenol, 0.6umol phenazine

as indicated in the text. Ferulic acid, vanillin, vanillic acid, antiethosulfate, 0.Jumol 2,6-dichlorophenol-indophenol (DCPIP),
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Table 1 Bacterial strains and

plasmids used in this study Strain or plasmid Relevant characteristics Source or reference
DSMzDeutsche Sammlun
\(/on Mikroorganismen und 9 Pseudomonasp. . .
; HR199 Wild-type, eugenol-positive, DSMZ 7063;
Zellkulturen, Braunschweig, feruli d - Rabenh 1996
Germany;,LMD Laboratorium erulic-aci -pos_|t|ve . . . aben orst ( )
voor Microbiologie, Techni- SK6163 Eugenol-negative, ferulic-acid-positive This study
sche Universiteit, Delft, The
Netherlands) Pseudomonasp. . . . . .
D1A Eugenol-negative, ferulic-acid-positive A. Viale
D1B Eugenol-negative, ferulic-acid-positive A. Viale
DSMZ 1455 Eugenol-negative, ferulic-acid-positive DSMZ 1455
DSMZ 18 Eugenol-negative, ferulic-acid-positive DSMZ 18
DSMZ 51 Eugenol-negative, ferulic-acid-positive DSMZ 51
Pseudomonas fluorescetype B Eugenol-negative, ferulic-acid-negative DSMZ 50108
Pseudomonas stutzeri Eugenol-negative, ferulic-acid-negative DSMZ 50027
Pseudomonas fragi Eugenol-negative, ferulic-acid-negative DSMZ 3456
Pseudomonas testosteroni Eugenol-negative, ferulic-acid-negative LMD 3324
Escherichia coli
XL1-Blue recAl endAl gyrA96 thi hsdR17 Bullock et al. (1987)
(re mg*) supE44relA1A-, lac
[F' proAB lachZAM15, TnLO(Tet)]
S17-1 recA harboring thdra genes of Simon et al. (1983)
plasmid RP4 in the chromosome,
proA, thi-1
Plasmids
pVK100 Tc, Km', cosmid, broad host range Knauf and Nester
(1982)
pMP92 T¢, broad host range Spaink et al. (1987)
pBluescript SK Ap"lacPOZ, T; and T; promoter Stratagene (San Diego,
Calif., USA)
) pE207 pVK100 harboring fragment E230 Priefert et al. (1997)
3SK6165 is a mutant of pSKE230 pBluescript SK harboring fragment E230 Priefert et al. (1997)

Pseudomonasp. strain HR199

and an appropriate amount of enzyme in 100 mM potassium pHesguenase fluorescent-labeled primer cycle-sequencing kit with
phate buffer (pH 7.0). The reaction was followed by measuring theleaza-dGTP (Amersham, Little Chalfont, Buckinghamshire,
initial absorbance changes at 600 nm due to the reductionUsf) was used as specified by the manufacturer together with syn-
DCPIP € = 21 cn? umol?). The activities determined with thethetic fluorescent-labeled oligonucleotides as primers. The primer-
spectrophotometric test were confirmed by measuring the eugdrapping strategy was employed (Strauss et al. 1986). Nucleotide
and coniferyl alcohol concentrations by HPLC analysis of corr@ad amino acid sequences were analyzed with the Genetics Com-
sponding stopped reaction tests. The amount of soluble profmiter Group sequence analysis software package (GCG Package,
present was determined as described by Lowry et al. (1951). version 6.2, June 1990) as described by Devereux et al. (1984).

Isolation, manipulation, analysis, and transfer of DNA Materials

Plasmid DNA, DNA restriction fragments, and PCR products wekkitrient broth (NB) was from Oxoid (Basingstoke, Great Britain).
isolated and analyzed by standard methods according to refereReesriction endonucleases, T4 DNA ligased)NA, and enzymes
compiled in a previous study (Priefert et al. 1991). Competent celfel substrates used in the enzyme assays were obtained from
of E. coliwere prepared and transformed by the Ga@cedure Boehringer (Mannheim, Germany) or from Gibco/BRL (Eggen-
(Hanahan 1983). Conjugations Bf coli S17-1 (donor) harboring stein, Germany). Agarose type NA was purchased from Pharma-
hybrid plasmids and oPseudomonasp. (recipient) were per- cia-LKB (Uppsala, Sweden). Synthetic oligonucleotides were pur-
formed on solidified NB medium (Friedrich et al. 1981) or by ehased from MWG-Biotech (Ebersberg, Germany). All other
“minicomplementation method” as described previously (Priefattemicals were from Haarmann & Reimer (Holzminden, Ger-
et al. 1997). For the construction of a genomic librarlPsgudo- many), Merck (Darmstadt, Germany), Fluka (Buchs, Switzerland),
monassp. strain HR199, genomic DNA partially digested witberva (Heidelberg, Germany), or Sigma (Deisenhofen, Germany).
EcdRl was ligated withEcoRI-linearized cosmid pVK100. The

ligation mixtures were packaged Mparticles and were subse-

quently transduced int&. coli S17-1. Transductants (1,330) werducleotide sequence accession number

selected on LB-Tc agar plates, and the hybrid cosmids of these

strains were transferred to the eugenol-negative mutant SK6163 bg nucleotide and amino acid sequence data reported in this pa-
conjugation. For DNA sequence determination, the dideoxy chaier were submitted to the EMBL, GenBank, and DDBJ nucleotide
termination method (Sanger et al. 1977) was applied. The saguence databases and are listed under accession no. AJ243941.
cleotide sequences were determined with a 4000L DNA sequencer

(LI-COR, Biotechnology Division, Lincoln, Neb., USA). A Thermo
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Fig. 2a—c Localization of enyA ehyB ORF2, fdh, gcs vanA Fragment E230 was isolated froficoRI-digested

vanB ech andvdh a Physical map of fragment E230;relevant Splasmid pSKE230 and was digested V\chnl. The re-

subfragments; and structural genes of the eugenol hydroxyla .

(ehyAand ehyB, formaldehyde dehydrogenageh), andy-glu- &"tmg 4.2- (K42), 2.5- (K25), 1.8- (K18), and 4.3-kb

tamyl-cysteine synthetas@scs) (K43) Kpnl fragments and also the 2.5- (EKZF_)) and 6.0-
kb (KE60)Kpnl-EcaRl fragments were cloned in pMP92
(Fig.2). After conjugative transfer of the resulting plas-

mids from correspondinde. coli S17-1 strains to the

Results eugenol-negative mutant SK6165, complementation was
achieved only with fragment K18. Fragments K18, K25,

Cloning of the genes involved and K43 were cloned in pBluescript Skand the result-

in the eugenol degradation pathway ing hybrid plasmids pSKK18, pSKK25, and pSKK43

were used as template DNA in sequencing reactions.
Pseudomonasp. strain HR199 is able to utilize eugenol

as sole carbon source for growth. For identification of
the genes that are involved in the first steps of the deg¥acleotide sequence of fragments K25, K18, and K43
dation pathway, mutants that were unable to grow on
eugenol but that retained the ability to grow on ferulithe nucleotide sequences of fragments K25 and K18 and
acid were isolated after nitrosoguanidine mutagenesipart of fragment K43 were determined (AJ243941). The
One of these mutants (SK6165) was complemented doherence of these fragments was confirmed by sequenc-
the hybrid cosmid pE207 harboring a 23&k&oRI frag- ing the overlapping fragments EV95 and H112 (Fig.2) in
ment (E230), which had been identified in a genontite regions of th&pnl sites. An open reading frame of
library of Pseudomonasp. strain HR199 (Priefert et al354 bp (ORF1) whose putative translational product ex-
1997). hibited significant similarity with cytochrome subunits

of flavocytochromes from various other bacteria (Fig. 3)

and which was referred to aRyAwas identified on frag-
Subcloning of the geneshyA ehyB andfdh ment K18. Thus, mutant SK6165 most probably lacked a

functional cytochrome subunit {-subunit) of the eugenol
Fragment E230 has recently been cloned in pBluescthgtiroxylase. The translational stop codorloyAat posi-
SK-, resulting in the hybrid plasmid pSKE230, and tion 4183 (AJ243941) overlapped with the ATG start codon
physical map of E230 has been obtained (Priefert etafla second open reading frame of 687 bp (ORF2). The
1997). This fragment harbors the vanillin catabolis@Wl'G start codon of a third open reading frame of 1,554 bp
genesvanA vanB andvdhencoding the subunits of vanil-(ORF3) was identified 15 bp downstream of the transla-
late-O-demethylase and the vanillin dehydrogenase, t®nal stop codon of ORF2 at position 4865 (AJ243941);
spectively (Priefert et al. 1997). The open reading frart@vas referred to ashyBbecause its putative translational
(ech) identified upstream ofvdh (Fig.2) encodes an product exhibited significant similarity wifB-subunits of
enoyl-CoA hydratase/aldolase that has been shown tdlaeocytochromes from various other bacteria (Fig.4).
involved in eugenol and ferulic acid catabolism (Gass@wtative Shine-Dalgarno sequences (AGG, AGG, and
et al. 1998; Overhage et al. 1999 D). GGAG) preceded the ATG start codonsebfyA ehyB
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Fig.3 Alignment of thea-subunit of eugenol hydroxylase fromtively. The translational stop codon @&nB has been

Pseudomonasp. strain HR199 with cytochrome subunits of jjantified 200 bp upstream &dh and has been character-
flavocytochromesc from various sources. The amino acid se

quences of thei-subunit of eugenol dehydrogenase (N-terminuiged recently (Priefert et al. 1997).
from Pseudomonas fluoresceB418 (Furukawa et al. 199Bine
i), of the cytochromec subunit of p-cresol methylhydroxylase

(PchC) fromPseudomonas putiddCIMB 9866 (Kim et al. 1994; peduced properties and putative functions ofethgA
lane iii), of the cytochrome subunit ofp-cresol methylhydroxy- prop P

lase (PchC) fronPseudomonas putiddCIMB 9869 (Kim et al. andehyBgene products

1994;lane iV), and of the cytochrome subunit gb-@resol methyl-

hydroxylase-related flavocytochrome (plasmid pNL1 encodefihe relative molecular masses of theandp-subunits of
PchC) fromSphingomonas aromaticivorad.99 (Romine et al. eygenol hydroxylase, calculated from the amino acid se-

1999; lane V) were aligned to the sequence of the cytochrome
subunit of eugenol hydroxylase frofseudomonassp. strain quence deduced from gerisyAandehyB were 12,594

HR199 deduced frorahyA (lane i) Amino acids are specified by@nd 57,261 Da, respectively. Since the amino acid se-
standardone-letter abbreviationsGaps(-) were introduced into quence deduced from geelyAexhibited a typical leader
the sequences in order to improve the alignment. Amino acid rgséptide structure (amino acids 1-28), the calculated mass

dues that are identical with tieseudomonasp. HR199 cytochrom 4t the ehyAgene product was higher than the molecular
¢ subunit of eugenol hydroxylase at one particular sequence pgsi- df buni £ 1l h
tion areshaded The consensus sequence is giverlame vi masses reported for othersubunits of flavocytochromes

Amino acid residues, which according to Mathews et al. (1991) &e€.d., 8,780 for the-subunit ofp-cresol methylhydrox-
involved in binding of the heme group, are indicatedbyes ylase fromPseudomonas putid@icintire et al. 1986) or

and ORF2 at distances of 8, 8, and 7 nucleotides, reS[Fig'4 Alignment of theB-subunit of eugenol hydroxylase frch

. - Pseudomonasp. strain HR199 with flavoprotein subunits of flav-
tively. An inverted repeat that may represent a factor-ciochromes from various sources and vanillyl-alcohol oxidase

dependent transcriptional terminator was identified 10 from Penicillium simplicissimumThe amino acid sequences of the
downstream from the translational stop codonebyB B-subunit of eugenol dehydrogenase (N-terminus) fRseudo-

(AJ243941). The relatively high G+C content of the s;ponas fIIU,OreS%enE,tllg (Furulkawet\helthag 193&%(3, r?;)tff]e
. - . avoprotein supunit op-cresol metnylnydroxylase C rom
quenced genes resulted in a bias for G and C in the tl5 . /000025 butidaCIMB 9866 and NCIMB 9869 (Kim et al.

(‘wobble”) position of each codon. The G+C contents fi1994; Cronin et al. 199%ane iii), of the flavoprotein subunit of a
the different codon positions @hyA ehyB and ORF2 p-cresol methylhydroxylase-related flavocytochrome (plasmid pNL1
corresponded well with the theoretical values calculatencoded; PchFa) fronSphingomonas aromaticivorans199

; ; i+ ~(Romine et al. 1999ane iv), of the flavoprotein subunit of jg
according to the method of Bibb et al. (1984). In addltlocresol methylhydroxylase-related flavocytochrome (plasmid pNL1

the codon usages @hyA ehyB and ORF2 were Very gncoded; PchFb) fromSphingomonas  aromaticivorans199
similar to the codon usage for the gewdl vanA vanB  (Romine et al. 1999lane V), and of vanillyl-alcohol oxidase
calB, pcaG andpcaH of this bacterium (Priefert et al.(VaoA) from Penicillium simplicissimuniBenen et al. 1998ane
1997; Achterholt et al. 1998; Overhage et al. 1999) inVvi) were aligned to the sequence of the flavoprotein subunit of

. . eugenol hydroxylase fronPseudomonasp. strain HR199 de-
cating thatehyA ehyB and ORF2 represent coding "€4uced fromehyB (lane ii) Amino acids are specified by standard

gions ofPseudomonasp. strain HR199. one-letter abbreviationsGaps (=) were introduced into the se-
Upstream ofehyA ORF4 and ORF5 were identifiedquences in order to improve the alignment. Amino acid residues
their putative translational products exhibited significathat are identical to thieéseudomonasp. HR199 flavoprotein sub-

T . . _ unit of eugenol hydroxylase at one particular sequence position are
similarities with glutathione-dependent formaldehyde d_, - 1o i The consensus sequence is givetaite vii The flavin-

hydrogenases ang-glutamylcysteine synthetases, anpinding tyrosine residue according to Kim et al. (1994, 1995) is in-
they were therefore referred to i and gcs respec- dicated by @ox
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Table 2 Expression of the genefiyAandehyBof Pseudomonas from thelacZ promoter, the recombinant strainsiafcoli harbor-

sp. strain HR199 in the eugenol-negative mutant SK6165 andnig pBluescript SKderivatives were cultivated in the presence of
Escherichia coli Cells of Pseudomonastrains were grown at 1 mM isopropylB-b-thiogalactopyranoside (IPTG). The eugenol
30°C in MM containing eugenol as a carbon source to the late bydroxylase activities were determined in soluble extracts at 30°C
ponential phase and harvested. Cells of recombinant straingoli by the photometric assay as described in Materials and methods
were grown for 12 h at 37°C in LB medium. To induce expression

Bacterial strain Plasmid (inducer) Specific activity of eugenol hydroxylase (U/mg protein)
Pseudomonasp. strain HR199 - 0.041

Pseudomonasutant SK6165 - <0.001

Pseudomonasutant SK6165 pE207 0.022

Escherichia coliXL1-Blue pBluescript SK(+IPTG) <0.001

Escherichia colXL1-Blue pSKehy(—IPTG) 0.009

Escherichia colXL1-Blue pSkehy(+ IPTG) 0.160

10,000 for the cytochromesubunit of eugenol dehydro-Fig.5 Expression oPseudo- 1 2 3 4 5
genase fromPseudomonas fluorescei&418 (Furukawa moﬁﬁiﬁfpisjgfnhgfai%e”es —a = 3
et al. 1998). The mass c_aIcuIated for éhgBgene prod- i .in sk6165 grown in the
uct corresponded well with those reported for ofheub_— presence of eugenol and in
units of flavocytochromes e.g., 57,907 for th@-subunit E. coli XL1-Blue. Cytoplasmic
of p-cresol methylhydroxylase frofiseudomonas putidafractions obtained frorseude
(Cronin et al. 1999) or 58,000 for the flavoprotein subuiMonassp. celis grown on glu-
conate plus eugenol or frobn
of eugenol dehydrogenase frétaeudomonas fluorescen:qji celis grown for 12 h in LB -
E118 (Furukawa et al. 1998). in the presence of tetracycline -
The amino acid sequences deduced from gehgé (12.5ug/ml) and ampicillin
andehyBwere compared with those collected in GeneBar{1901g/ml) were separated in
Hiah imilari btained with e | a 7.4% (w/v) polyacrylamide
ighest sequence similarity was obtained withpfeesol 4|55 described in Materials
methylhydroxylase oPseudomonas putid@29 and 55% and methods, and were stained
identical amino acids for the- and 3-subunits, respec- for eugenol hydroxylasé.anes
tively). The relationships of the- andpB-subunits of the 1 E. coliXL1-Blue (pBlue-
. script SK), 2 E. coliXL1-Blue
eugenol hydroxylase frofdseudomonasp. strain HR199 (pSKehy), 3 Pseudomonasp.
to proteins from other sources are shown in Figs. 3 antstrain HR1994 Pseudomonas

sp. strain SK6165, arel Pseu-
domonassp. strain SK6165

. (pE207)
Expression oEhyAandehyB
from Pseudomonasp. strain HR199
in the eugenol-negative mutant SK6165, site and the downstream primer exhibiteNat site, the
and heterologous expressiongncoli PCR product was cloned in pBluescript-Skith genes

ehyAand ehyBcolinear to and downstream of thecZ
Mutant SK6165 was not able to grow on solidified m@romoter. The resulting hybrid plasmid p&i¢conferred
dium with eugenol as sole carbon source and laclatyenol hydroxylase activity to recombinant straing.of
eugenol hydroxylase activity (Table 2; Fig.5). The hybrizbli XL1-Blue (Fig.5). After growth of this strain in the
cosmid pE207 was conjugatively transferred from the cpresence of the inducer IPTG, a eugenol hydroxylase ac-
respondinge. coli S17-1 strain to this mutant. This plastivity of 0.16 U/mg protein was obtained (Table 2).
mid restored the ability to grow on eugenol in the corre-
sponding transconjugants. Moreover, these transconju-
gants exhibited eugenol hydroxylase activities of apprd#eterologous expression ehyAandehyB
imately half the activity obtained with the wild-typdrom Pseudomonasp. strain HR199
(Table 2; Fig.5). in otherPseudomonastrains

GenesehyA and ehyB were also heterologously ex-

pressed irE. coli. GenesshyAandehyBwere amplified The hybrid cosmid pE207 harboring fragment E230 was
together with ORF2 in a PCR reaction using the primersnjugationally transferred from correspondiig coli
PCRup (5AAAAGAGCTCGGCAGTGACACTTCAA- S17-1 strains (donor) to tHiRseudomonastrains (recipi-
AACAAGAAGGGC-3'), which corresponded to the seents) D1A, D1B, DSMZ 1455, DSMZ 18, DSMZ 51,
guence from position 3,796 to position 3,825 (AJ24394BPseudomonas fluorescetygpe B, Pseudomonas stutzeri
and PCRdown (BAAAAGCGGCCGQACCGCCTCACG- Pseudomonas fragandPseudomonas testosterpwiich
AACACGCATTATTTGGG-3), which was complemen-were able neither to grow on eugenol as the sole carbon
tary to the sequence from position 6428 to position 648durce nor to convert eugenol to coniferyl alcohol. During
(AJ243941). Since the upstream primer exhibitéshd growth of the obtained transconjugants on solidified MM
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in the presence of eugenol, a bright yellow substara
(which was most probably coniferyl aldehyde) was €  y-t-u a1 Ha gt w0 He ot
creted into the agar. To confirm the conversion of euge!
to coniferyl alcohol by these transconjugants, the trai © —L» Q —\¥>

conjugants were grown in liquid cultures with 0.5% (WA

sodium gluconate and 0.1% (v/v) eugenol, and the occ

rence of coniferyl alcohol and coniferyl aldehyde in tt ¢ p-Quinone methide p-Hydroxybenzylalcohol
culture supernatants was proven by HPLC analyses.-Tre
conjugants that only harbored the vector pVK100 as
negative control (and which were treated in the same w
showed no conversion. This indicated the expression H
ehyAand ehyBin the transconjugants harboring pE20° " 1 Ho Tl
Moreover, transconjugants Bseudomonasp. strains D1A 2 \

and D1B harboring pE207 were able to grow on MM wi

eugenol as the sole carbon source. o—H ° o—H

O—H o 0—H

i
—<|=—H 2[H]
H

4-Ethylphenol p-Quinone ethide 1-(4‘-Hydroxyphenyl)ethanol

Discussion

A 23-kb EcdRI fragment (E230) cloned from genomic
DNA of Pseudomonasp. strain HR199 was found to enc
code the proteins that are involved in the degradation I 1 " s Moot Mot i
eugenol. In a recent study, genel, vanA andvanBen-

N\

|
H N HO 4 *
coding vanillin dehydrogenase and and(3-subunits of 4 @\1 AN

vanillate-O-demethylase, respectively, which are respo ocH, H, ocH
sible for the conversion of vanillin to protocatechuat o ° o
have been identified on this fragment (Priefert et i . Quinons propeide Coniferyl alcohol
1997). The ORF identified upstream of tkidh gene intermediate

(Priefert et al. 1997) was shown to encode an enoyl'CFig.G Comparison of the reactions catalyzedpbgresol methyl-

hydrgtasg/aldolase_ that i_s also involved in eugenol &,yqgroxylase &) and 4-ethylphenol methylenehydroxylase) (
ferulic acid catabolism (Fig.1; Gasson et al. 1998; Ovwith the proposed reaction mechanism for eugenol hydroxylase

hage et al. 1999b). In the present study, we describe from Pseudomonasp. strain HR199Q)

molecular characterization of a part of fragment E2.

that is located between the aforementionethAB and

echivdhgene regions (Fig.2). A 1.8-Kpnl subfragment of ORF2, which separates gem¢s/AandehyB has to be

of E230 harboring geneshyA complemented a ni- elucidated. Therefore, the consequences of an inactivation
trosoguanidine-induced mutantP$eudomonasp. strain of this open reading frame with respect to the eugenol hy-
HR199 that was unable to grow on eugenol as the sdtexylase activity will be studied in the future. Interest-
carbon source. GenebiyAandehyB which are involved ingly, genespchC and pchF of the subunits op-cresol

in the first step of eugenol degradation, were found to e@nethylhydroxylase fromPseudomonas putidare also
code thex- andB-subunits of a new eugenol hydroxylaseeparated by a stretch of approximately 700 nucleotides
The function of these genes was confirmed by hetero{&im et al. 1994) comprising germehX whose function
gous expression i. coli and in variousPseudomonas is also unknown (Cronin et al. 1999). However, a compar-
strains. The expression of the genes conferred eugenoli$gn of the amino acid sequence deduced from ORF2 with
droxylase activity to the corresponding strains. Thet&t of thepchXgene product did not reveal any signifi-
genes were located downstream of vaeABgenes that cant similarity. As described for the structural gene of the
have been characterized recently (Priefert et al. 1997) aptbchromec subunit ofp-cresol methylhydroxylase from
were separated from these only by two additional opaeudomonas putid&im et al. 1994), a signal sequence
reading frames with sequence similarities to glutathiongas also found for thehyA gene product oPseudo-
dependent formaldehyde dehydrogenasesyayidtamyl- monassp. strain HR199, indicating that eugenol hydroxy-
cysteine synthetases. Since formaldehyde is (in additiage is also located in the periplasmic space. On the other
to protocatechuic acid) a product of the reaction catalyzgghd, no signal sequence was found for the flavoprotein
by vanillate©O-demethylase, thédh-encoded formalde- subunit, as is also true for tpecresol methylhydroxylase
hyde dehydrogenase is most probably also involved in fhrem Pseudomonas putid@im et al. 1994). The strong
degradation process and catalyzes the conversion of tedquence similarities to thecresol methylhydroxylase
formaldehyde to formiate, which is further metabolizeffom Pseudomonas putidawhose three-dimensional
Whether thegcs gene product, which catalyzes the firsstructure is known (Mathews et al. 1991), suggests analo-
step of the gluthatione biosynthesis, is involved in tig@us reaction mechanisms fprcresol methylhydroxy-
degradation process remains unknown. Also the functiase, 4-ethylphenol methylenehydroxylase (Reeve et al.
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1989), and eugenol hydroxylase (Fig.6); these mech&gedorn S, Kaphammer B (1994) Microbial biocatalysis in the
nisms have also been proposed for the eugenol dehydrogeneration of flavor and fragrance chemicals. Annu Rev Mi-

crobiol 48:773-800
genase ofPseudomonas fluorescefd18 (Furukawa et Hanahan D (1983) Studies on transformatiorEs€herichia coli

al. 1998) and for the vanillyl alcohol oxidaseR_ﬁniciI- with plasmids. J Mol Biol 166:557-580
lium simplicissimuniBenen et al. 1998). To confirm thes&im J, Fuller JH, Cecchini G, Mclntire WS (1994) Cloning, se-
assumptions, future studies will focus on the investigationduencing, and expression of the structural genes for the cy-

: ; ; ochrome and flavoprotein subunitsmtresol methylhydrox-
of the reacnon. mechanism. In this r_egard, the sequenc lase from two strains d?seudomonas putidd Bacteriol 176:
data reported in the present study will allow the genera-g3a9_g361
tion and investigation of site-specifically mutated formsm J, et al (1995) The cytochrome subunit is necessary for cova-
of eugenol hydroxylase. lent FAD attachment to the flavoprotein subunitpaéresol
methylhydroxylase. J Biol Chem 270:31202-31209
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