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Identification and Characterization of Genes Encoding
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Naphthalene and phenanthrene are transformed by enzymes encoded by the pah gene cluster of Pseudomonas
putida OUS82. The pahA and pahB genes, which encode the first and second enzymes, dioxygenase and
cis-dihydrodiol dehydrogenase, respectively, were identified and sequenced. The DNA sequences showed that
pahA and pahB were clustered and that pahA consisted of four cistrons, pahA,, pahA,, pahA_, and pahA, which
encode ferredoxin reductase, ferredoxin, and two subunits of the iron-sulfur protein, respectively.

Pseudomonas putida OUSS82 can assimilate naphthalene and
phenanthrene as its sole carbon sources. The strain converts
naphthalene and phenanthrene to salicylate and 1-hydroxy-2-
naphthoate, respectively, by a shared catabolic pathway (the
upper pathway; Fig. 1). Salicylate and 1-hydroxy-2-naphthoate
are further degraded by other catabolic enzymes. The enzymes
in the upper pathway have broad substrate specificities, and
various polycyclic aromatic hydrocarbons other than naphtha-
lene and phenanthrene are oxidized by a high-density suspen-
sion of OUSS2 cells (9).

Previously, we cloned the gene cluster encoding the enzymes
of the upper pathway and named it pah (polycyclic aromatic
hydrocarbon; 9). The pah region strongly hybridized to a
corresponding region of plasmid NAH7 of P. putida G7, which
degrades naphthalene (4). All recombinant plasmids carrying
pahA have 6.5- and 3.0-kb Sall fragments. The two fragments
were seen to be necessary for the dioxygenase phenotype
(PahA). A restriction endonuclease map of a region in the
fragments resembles that of the nahA region of NAH7 and
pDTG1 in P. putida G7 and NCIB 9816-4, which degrade
naphthalene (2, 4, 23). The pahA gene was expected to be in
that region.

Here, we describe the identification and characterization of
the pahA and pahB genes, which encode dioxygenase PahA,
which is the first enzyme of the pathway and converts polycyclic
aromatic hydrocarbon (PAH) to the corresponding cis-dihy-
drodiol, and dehydrogenase PahB, the second enzyme of the
pathway, which converts the product of PahA to the corre-
sponding diol.

P. putida OUS8211 (trp-82 Apah-821), a derivative of strain
OUS82 that is defective in naphthalene and phenanthrene
utilization, and plasmid pDI1, which carries the pahAB gene
cluster, were described previously (9). Plasmid NAH7 was
described elsewhere (4, 5). Escherichia coli JM109 and plasmid
pUC119 were described by Yanisch-Perron et al. (21) and
Vieira and Messing (20), respectively. Broad-host-range vector
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pTS1210 (Ap" Km" mob™), a derivative of pSa, was a gift from
A. Nakazawa, (Yamaguchi University) (11). Helper plasmid
pRK2013 (Km" tra™) was a gift from M. Fukuda (Nagaoka
University of Technology) (7). tac promoter expression vector
pKK223-3 (1) was purchased from Pharmacia LKB Biotech-
nology, Uppsala, Sweden. The rich medium (LB) and the
minimal medium used in this study were described previously
(9). SMT medium was the minimal medium plus 0.3% diso-
dium succinate and 30 pg of tryptophan per ml. Restriction
enzymes and T4 DNA ligase were obtained from Toyobo Co.,
Ltd., Osaka, Japan, and Nippon Gene Co., Ltd., Toyama,
Japan. An in vitro packaging kit was obtained from Amersham
International plc, Buckinghamshire, United Kingdom. DNA
and amino acid sequence similarities were analyzed with
DNASIS-Mac software (version 2.0; Hitachi Software Engi-
neering Co., Ltd., Yokohama, Japan).

Nucleotide sequencing and characterization of pah4 and
pahB. Previously, the pahA gene was suggested to be in a 4.1-kb
EcoRI-Hpal fragment in pDI1 (Fig. 2). The pahB gene was
thought to flank the pahA gene because genes that encode
catabolic enzymes are often clustered (13, 19, 22). We se-
quenced the nucleotides of a 6-kb region between the EcoRV
and Sacl sites (Fig. 2). DNA was sequenced by the dideoxy-
chain termination procedure (15) with alkali-denatured plas-
mid DNA and biotinylated oligonucleotides (New England
BioLabs, Beverly, Mass.) as the primer and a Sequenase DNA
sequencing kit (United States Biochemical Corp., Cleveland,
Ohio) or a Bca-Best DNA sequencing kit (Takara Shuzo Co.,
Ltd., Kyoto, Japan). Electrophoresis was done with 0.5 X TBE
buffer (1 M Tris base, 83 mM boric acid, 1 mM disodium
EDTA) in the upper chamber (anode) and a mixture of 1X
TBE and 0.5 volume of 3 M sodium acetate in the lower
chamber (cathode) (17). The result of electrophoresis was
electroblotted onto a Biodyne A (Pall Biosupport Div., East
Hills, N.Y.) nylon membrane with an electroblotting apparatus
(NB-1600; Nihon Eido Co., Ltd., Tokyo, Japan) at 100 mA
(constant current) for 15 min with 0.2X TBE buffer and
detected with a Uniplex chemiluminescence detection subkit
(Millipore Corp., Bedford, Mass.). Five complete open reading
frames (ORF1 to ORFS5) and the 5'-terminal sequence of
ORF6, each preceded by an E. coli consensus ribosome-
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FIG. 1. Possible upper pathway for degradation of PAHs in P.
putida OUS82.
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binding site, were found in that region (Fig. 3). ORF1 to ORF5
spanned 987, 315, 1,350, 585, and 780 nucleotides, respectively,
and encoded polypeptides with deduced molecular masses of
35.6,11.5,49.3,22.9, and 27.5 kDa, respectively. In this region,
there was a pair of putative —10 and — 35 promoter sequences
similar to the E. coli consensus sequence upstream from the
initiation codons of ORF1. The nucleotides and deduced
amino acid residues of ORF1 to ORF4 were very similar to
those of the naphthalene dioxygenase (NDO) genes of P.
putida G7, NCIB 9816-4 (18), and NCIB 9816 (Table 1) (10).
Rieske-type iron-sulfur centers (that is, [2Fe-2S]-binding sites)
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FIG. 2. Cloned DNA regions (thick lines) of P. putida OUS8211 in
pDI1, pKTS1, and pNAL. The thin lines represent vector plasmids.
The open boxes indicate the gene locations determined by nucleotide
sequencing. P, and the arrow indicate the fac promoter and the
direction of transcription, respectively. MCS, multiple cloning site in
pUC119.
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were found in the deduced amino acid sequences of ORF2
(Cys-45 to His-47 and Cys-64 to His-67) and ORF3 (Cys-81 to
His-83 and Cys-101 to His-104). A sequence similar to an
NahR-binding sequence (— 70 sequence) (16, 24) was found
upstream from ORF1.

These results indicate that the pahA gene encodes an
NDO-type enzyme with four components: ferredoxin reduc-
tase, ferredoxin, and the iron-sulfur protein large and small
subunits (6). We defined ORF1 to ORF4 as pahA,, pahA,,
pahA_, and pahA ,, respectively.

The protein predicted by ORFS (27.4 kDa) was similar in
molecular mass to the naphthalene dihydrodiol (NDD) dehy-
drogenase NahB (25.5 kDa) and the toluene dihydrodiol
dehydrogenase TodD (27.0 kDa) (12, 14), and its primary
structure was similar to the structures of the toluene dihydro-
diol, biphenyl dihydrodiol, and benzene dihydrodiol dehydro-
genases (TodD, [40.0% similarity], BphB [39.0% similarity],
and protein 5 [40.9% similarity], respectively) listed in the
GenBank DNA data base. The 0.5-kb EcoRI-Stul region in
ORFS5 was strongly hybridized to a 4.7-kb Sall fragment of
NAH?7 containing the nahB gene (5; data not shown). These
results suggest that ORFS5 encodes dihydrodiol dehydrogenase,
and we defined ORF5 as pahB.

Conversion of naphthalene by P. putida OUS8211 carrying
pahA. A 7.4-kb EcoRI fragment of pDI1 harboring pahA was
cut out and inserted into pTS1210 to obtain pKTS1 (Fig. 2). A
high-density suspension of OUS8211 cells carrying pKTS1 was
exposed to naphthalene, and metabolites were extracted from
the supernatant and analyzed by high-pressure liquid chroma-
tography (D-6100 three-dimensional chromatography system;
Hitachi Ltd., Tokyo, Japan; column, Intersil ODS-2 [4.6 by 250
mm]; G-L Science, Tokyo, Japan; mobile phase, 60% acetoni-
trile containing 0.05% trifluoroacetic acid; pressure, 150 kg/
cm?; flow rate, 0.5 ml/min). One main metabolite was purified
and crystallized. The metabolite was converted to 1-naphthol
and 2-naphthol by boiling under acidic conditions. Because
NDD is converted to naphthol under acidic conditions (8), the
metabolite was probably NDD. The metabolite was further
analyzed by '>C and 'H nuclear magnetic resonance analyses.
Peaks representing two hydroxylated carbons in positions 1
and 2 were detected in the '*C nuclear magnetic resonance
spectrum (8 68.03 and 70.85), and the 'H nuclear magnetic
resonance spectra of the metabolite (3 4.68 [d,J = 5.2 Hz, 1H,
H-1], 8 4.38 [dd, J = 5.2 and 4.0 Hz, 1H, H-2], 8 6.05 [dd,J =
4.0 and 10 Hz, 1H, H-3}, 8 6.53 [d,J = 10 Hz 1H, H-4], 3 2.04
and 2.38 [each s, 1H, OH], 8 7.10 to 7.55 [m]) agreed with those
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1 A?CAGNA'ICN'.I.GCA’I'K!NCGANGNAGACANACCTAGCA&GTAC‘IGCNAGA@CGAGACTWTAGAGTCGGMGTACCGGCCGTACGGC’K!ATAACCAAAMCTCAGN

nah-dox
GTCGACCGTCGTC TTCC TGGAATACGCACCTCACCGTCGAGCCAGGCTGAATGAATGGACGGCTAGGC
1 TACGATTTTTTCAGTCTCCTCTATTCGACCTGCGTTGCGAACGTTCGATC TGACTAGGGCGCAGCGGCAACATCGGCTGAGTACGATCCAGCGCCTGGAATTTGGGTTATTTCGTTAACC

GTCCCAGCTATTTGGCCAGGAGTCGCATATGATCGATC TAGTCAAACCCGTTTTTGGTGAAAAGCTGCACCTGGTCACCATCGATCCGTGC TAACAGACGATACCAGTCGTACTTGATCT
GACAACACCAGAGCGTTATCCTGCGGGTTCAGGCAGAGCCCAACCACATGACTACCTCTCGGCAAAATGAGGGTCGTTAC TAATTTTGAACGTCTTCAAGCGATGGGGTTTTAGGTCGAA

9
1
9 CGTATCGCCATGCTCCTGCCGACGACAGTGTCAGTAGAGTAACCAGTTGTGGCGCGATCCAACACGGGTTTGGTSCCTTGGGCGGTTTCACTATCGCCACCTCGC TATCAGGAACATTCC
1 AGCTGCCCAGGCCTGCGGAACCTACCACATCGTAACCCGAGCATATTCGGCCCGCGGCGGCTAAAAACACAGAAATGAGCGGGGTGACCCGATCGCCTTTGATCGATTCTCCGCTTTCAA
9
1

TTCAGGGTGGAGTGCGTAATTTTC TGAAAGGGGAGCCAGGTTATGAGTATTCACATTGGTGATAAACAACCTCACTTATGCGTTATTGACATATAACGTCGTATTCACGATTATTTACCA
AAGCGGCAGGGGCTGAAGTCAGCCGGAAATACCCAGACCAATCACAACATTCATGC TGGTGATAAATAAATTCAACTATGC TTTATTGACAAATAAAAGCACACTCACCATCATCGCGAA
ey =35 =o

[naha -
9 TATAAGTCTTATAATAACGAAGCC--ATATTATGGAAETCCTCATACAACCGAACAATCGCATAATTCCCTTCAGTGCCGGTGCCAACCTTCTGGAAGTGC TTCGCGAGAACGGTGTAGCTA
1 TACAAATCTTATAA-AATTAAGCCGGAT- mmuacmmmcmccmmeccmmscrmsmcccccsccmcmmmmcmsceamcacmmccm
1 “RBS L L Q P R I 8 F s P G ANLTLTEVTLTRTETNTGUV A
ORF1 (pchA terredoxln reductase)

TTTCCTACAGTTGCTTGTC TGGCCG TTECGGAACC TG TCGC TGCCGGGTTATAGATGGCAGTGTCATTGATTC TGGGGCGGAAAATGGGCAATCAAACC TCACCGACAAGCAGTATGTGC
TTTCCTACAGTTGTATGTC TGGGCE TTGCGGAACC TGCCGETGCCGGGTTACAGATGGTAGTG TAATTGATTCGGGGACGGGAAGCGGG TTACCACACCTCGTGGACGAGCATTATGTGC
I s Y S C XSG RCGTT CRTCRVYV®DGSVIDSGC®® @ 8L P BELVYVDIEBESREYV

TCGCCTGTCAGTCAGTACTCACTGGCAATTGCGCTATCGAAGTCCCAGAAGCCGACGAAATTGTCACTCACCCGGCGCGAATCATCAAGGGCACAGTGGTCGCAGTCGAGTCGCCCACTC
TCGCC'IG'.ICGG‘I’CAGTACTTACTAACAA'!’IGCGCGA'I’CGMANCCAGAAGCCGACGAAATCGNACCCACCCGGCGAGMNATCAAGGGCACN NGCTAT'IGAGNGCCCAC’IC
L A R L TB® C A I E X P EAD I T HPARTITIIKGTUVVATZX T

ACGATATCCGTCGCTTACGCGTACGCCTC TCCAAGCCCTTCGAGTTC TCACCCGGACAGTACGCGACAC TGCAGTTCAGCCCTGAGCATGCGCGTCCGTATTCAATGGCAGGTTTGCCAG
ACGATANCGNGCCTACGCGTACGCCRGCCAAECCCI'ICGAGT'IC'ICACCCGGACAGTACGCGACATIGCAGT'ICAGNCTGAGCATGCGCGNCG TTCAA'].GGCAGG’ICNCCAG
H D IR RIEL AR K PF EF S PGOQYAT Q F P EHARUPY s M L P

ATGACCAAGAAATGGAGTTCCACATACGCAAGGTGCC GCGTCACGGAGTATGTTTTCGAACACGTCCGCGAAGGTACAAGCATCAAGTTGAGCGGGCCTCTTGGTACGGCTT
A’I‘GACCMGMANGAGTNCACATACGCMGGIGCCGGGTGGGCmeAGTAmGAGCACGNCGCGAAGGTACMGC ' TCAAATTGAGCGGGC! CACT'IGGTACGGCTT
D D Q F H R KV PG G RV TE E HVREGTSIKIULS G G T A

ATCTACGTCAGAAGCACACCGGACCGATGCTGTGTGTAGGTGGCGGGACCGGAC TCGCACCGGTGC TG TCGATTS TTCGCGGCGCGC TGAAGTCGGGTATGACGAACCCCATCCTCCTTT
AMCGNMMCCMACCG@CGAMNMWGGWTWCGGNCNNGATTATMGCGGCGCGCNAAGTIGGGTANACMACCCCANCTCCTIT
Y L R QN ‘M L ¢ VG G E6 TGLAPUVILSTIHZI G AL b M TN P I L L
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ATTTCGGGGTGCGCAGTCAGCAAGACC TCTACGACGCAGAGCGATTGCACAAACTCGCCGCTGACCACCCTCAAC TGACCGTACACACGGTGATTGCAACGGGCCCGATTAATGAGGGTC
ATTICGGAGNCMWCNTMMAGCGAMTMCNGCGGCMNACCCN AACTGACCGTACACACGGT. MNGCMNGGCCCGATTMNAGAGN
Y G R § Q Q DL YDA AERTLUBEBU®¥TULAADI HZPOQLTVHTUVI B G P I N E 8

AGCGAGCCGGCCTAATTACCGATGTGATCGAAAAAGACATCCTTTCGCTGGCTGGGTGGAGGGCC TACCTGTGCGGCGCACCAGCGATGGTTGAAGCG - TTGTGCACCGTCACCAAGCATC
AGCGAGCCGGTCTAGTTACCGA WNGMQMWWWWANNWGGMMMGAMWGCTT-TGCACCGTTACCMACA'IC
QRAGLVTDIIBKDI'S'L&GHRA!L G A P A E L T V T K H

TMMTANACCCGAACATATHAIGCCGAMT'XCTAICCCGGNGGANTGAA AGTNCCGGCCA’IGCACC'ICNNCANGAGAATTCA'ICAGGMGACAI'ICMANMCGTM
E‘l’GGMTANA CGGMCATAmQNgCG%NgCT}CTAWCCGGNﬁAANNMNGT-CCCMCCNACC 'TCCATTGAGGACTCATCAGGAGGATACTCAAATAGGCGCAA

[nahA, (ndoA)
ACAATAAGGGCAGCGTCTGTATTTGCGGCAGCGAAATGC TCCCTAAATTCCTCATTTACCCCATCTGAGGATTGCTTTA! TAAAGTGGATTGAAGCAGTCGCTCTTTCTGACATC
ATAATAACAGCCGCGTCACTATGTGCGGCAGCGAAATGGTTTCCCTCTCCCTCATTTGCCCCA! m%grmmam%mimmmam%mw {'l'mc %CA'I]‘:T

W IE
ORF2 (pahAy; ferredoxin)
CTTGAAGGTGACGTCCTCGGCGTGACTGTCGAGGGCAAGGAGCTCGCCCTGTATGAAGTTGAAGGCGAAATC TACGC TACCGACAACCTGTGCACGCATGGTTCCGCCCGCATGAGTGAT

630
801 CCAWGGMNNCNG&MWTMG&NWNMGMW A CGCTACCGACGACCTGTGCACGCATGGTGCCGCCCGCATGAGCGAT
15 P E G D VL GG V TVEG D L A Y E V E G E I ATDDLCTHG&ARHSD
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-
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1750 GGTTAN‘l’cGAGGGTMMAMMGMNCCCCWCATCMGGNGGWMAGGCMAGCCCTGMGCACCCGNACACAGAACANMMCATA’R:CAGNMGATT

1921 mnAmm&Wmmmmccmammmmemccmmcccccccemwmcntmmm TATGCAGTCAAGATT

55 6 Y L E G R E I E C PL HQGRTVPFUDVCTS®SRALTECAPVTTEHNI Y R V K I
2Fe-28

T vos r [naha_(ndoB)

1870 msuccmscsrummmcmcmmm’r—AACAGGAGGCACCCCGGGCCCTAGAGCGTMNACCCCCAWCMCTrm'r-AGGNAMACANMﬁ’ACAATAAT

2041 GAGAACCTGCGCGTAATGATTGATTTAAGCTGAGAATTTTTAATAGGCGGCGCCCCGGACCATAGAGCGTGATT. mcccATNCAmmmggmmmmnAcm

95 E N L R V M I DL § + BE N Y R N

ORFS(pchAc;

8 AAAATCTTGGTAAGTGAATCTGGTCTGAGCCAAAAGCACCTGATTCATGGCGATGAAGAACTTTTCCAACATGAACTGAAAACCATTTTTGCGCGGAACTGGCTTTTTC TCACTCATGAT

1 Amrc'mwrmm GTCTGGGCTGACCCAAAAGCACCTGATTCATGGCGGTGAAGGGC TTTTCCAGCACGAACTGAGAGCCGTTTT TGCGCGGAACTGGC TTTTTCTCAC TCATGAC

6 K I vV s E S 6 L ® QK HLTIEBETGGE®EGETLTFOQHETLRWBABV V¥VFARNWILTFTILTHTD
ISPIarge subunit)

108 AGCCTGATTCCTGCCCCCGGCGACTATGTTACCGCAAAAATGGGGATTGACGAGGTCATCGTC TCCCGGCAGAACGACGGTTCGATTCG TGCTTTTCTGAACGTTTGCCGGCATCGTGGC
281 Asccmnmcmccccmmr&mﬂmc&mmmmmmmmmmmmmcmcm CGGCACCGCG&?
46 s L I P 8 P G D M 6 I DEV I VS ROQBS8DG S A F L NV C R G

[!re-:'ﬂ]

2228 Ammccmmcmamce@cumccummrmcmnmcescmmescmcncscmcmcmcmummcucmucacc
2401 AAGACACTGGTGAACGCGGAAGCCGGCAATGCTAAAGGTTTCGTTTGCAGTTATCACGGCTGGGGCTTCGGCTCCAACGGCGAACTGCAGAGCGTTCCA GMAMGAGCNTACGGC
86 K T L V ¥ AR E A G N A K G PF VCSYHBHGUWGPFGS S NGETLUG QSUVZ?PTFE B L Y G

T2re-28J

GAGTCGCTCAATAAAAAATGTCTGGGGTTGAAAGAAGTCGCTCGCGTGGAGAGC TTCCATGGC TTCATC TACGG TTGC TTCGACCAGGAGGCCCCTCCTCTTATGGAC TATCTGGGTGAC
GAGTCGCTCAACAAAAAATGTCTGGGGTTGAAAGAAG! TCGCTCGCGTAGAGAGCTTCCA’R;GGTICATCTANCCIGCANGATCAGGAGGCCCCTTC'ICTPANGACTNICTCGGNAC
E S L N K K CLGULIKEUVARYV H G I YR C X D QE A 8 L M D Y L G D

8
1
6
8 GC'IGCmGTACCNGMCCTANTTCMGCAT'ICCGGCGG‘I’!‘TAGAACNGNGGTCC‘ICCAGGCAAGGT‘I’GNANMGGCCMCNGMGGCACCCGCGGMMCT'I'IGTGGGAGAT
1 GCTGCTTGGTACCTGGAACCCATCTTCAAACATTCAGGCGGTTTAGAACTGGTAGGCCCTCCAGGTAAGGTTGTGATCAAGGCCAACTGGAAGGCAC MAACTTNMGNAT
SAAWYLBPIFKHSGGI}!LVGPPGKVVIKANWKAPA F V G D
8
1
6

GCATACCACGTGGGTTGGACGCACGCGTC TTCGCTTCGC TCGGGGGAGTC TATC TTC TCGTCGCTCGC TGGCAATGCGGCGCTACCACC TGAAGGCGCAGGC TTGCAAATGACCTCCARA
GCATACCACGNGGMACGCACGCGRTTC mcmcccmmmmncmcmccmccmcucccmmcmcccccmmmcmmumwcmcm
Y V G WTTHAS SLGCTZ® E s I S L A G NAVVLPPEGAGLOGQMTS K

TACGGCAGCGGCATGGGTGTGTTGTGCGACGGATATTCAGG TGTGCATAGCGCAGAC TTGGTTCCGGAATTGATGGCATTCGGAGGCGCAAAGCAGGAAAGGC TGAACAAAGAAATTGGC
TACGGCAGCGGTANGG’IGNTI'GNGGACGGATAT‘ICAGGCGTGCATAGCGCAGAC MGGMTI’GANGCATNGGCGGCGCTMGCAGGMAGGCNMCMAGMATMC
G § 6 G ¥ S G VHSADTLUV E L MAF GG AIKQ N E I G

GA'I’GT’ICGCGCNGGATTTANGCAGCCACCNMC'IGCACCGMCCGAACAACAGCANCTGACCNC'ICGGGNWMTANGMCCCGANGACGCNCACCACCGAG
GATGTTCGCGCCCGGATTTATCGCAGCCACCTCAACTGCACCGTTTICCCGAACAACAGCGTGCTGACCTGC TCGGGTGTTTTCAAAGTATGGAACCCGATCGACGCAAACACCACCGAG
D VRARTITZYR RSUHLNTCTVTFUPNNSU U¥LTCSGVFKVWNZPTITDA

8
1
6
8
1
6
8 G'IC'IGGACCTACGCCATNNGAAAAAGACANCCNAGGA’K."ICMGCGCCGCTIGGCCGACNNTNAGCGAMGWGGGCCTGCNGCTNMGAMGCGACGACMNACMT
1 G'mmsaccmcccammmmmamccmceammnaceccccrmccamccccmmcmcmmccmcmcmmemmcucmcummn
6 V W T Y A I V E KD E DL R'L ADAR VQRTUVPFGZPAGTFWESDTUDNTDN
8
1
6

A'msmcmcmmmcmcuemmmmmmammcmmnmcncsrmscmccnccmmcecceacecscmmmcAecccmmcscm
ATGGAMCAGcAmGcmceccmnnnmrccmenmmmmcmcmcmccccnceamm’mceccmece@mumc'mcc TCGTC
M E A S Q NG K K Y Q D S DL X S NLGTFGZ XD G DAV Y P G V V G K
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3128 TCGGCGATCGGCGAGACCAGTTATCGTGGTTTC TACCGGGC TTACCAGGCACACGTCAGCAGCTCCAACTGGGC TGAGTTCGAGCATGCCTC TAGTACTTGGCATACTGAACTTACGAAG
3361 TCGGCGATCGGCGAGACCAGTTATCGTGGTTTCTACCGGGC TTACCAGGCACACGTCAGCAGC TCCAACTGGGC TGAGTTCGAGGATGCCTCTAGTACTTGGCATACCGAACTGACGAAG
406 s A I 6 ET S Y RG F Y RAYOQAHBVYS S S NWAETFTETUDA ASSTUWHTTETLTK
[naha ,(ndoc)
3248 AcrmmAmscrucnmchmcmcama TCAATATTCAAGAAGACAAGC TGGTTTCCGCCCACGACGCCGAAGAGATTC TTCGTTTC TTCAATTGCCACGACTCTGCTTTGC
3481 A ucmmwmGaccp.mmmrmmuemcmnccmcnrccsccamccccsucmmcmcmmmmccmﬂcmesc’n‘mc
441'1'011*_ ~ Rp8 % A HDAETETP P LR RTFTFNGCHTUDSATL
ORF4 (pahAd; [} Psmall subunlt)

3368 AACAAGAAGCCACTACGCTGCTGACCCAGGAAGCGCATTTGTTGGACATTCAGGC TTACCGTGCTTGGTTAGAGCAC TGCGTGGGGTCAGAGGTGCAATATCAGGTCATTTCACGCGAAC
3601 AACAAGAAGCCACCACGCTGCTGACCCGGGAAGCGCATCTGCTGGACATTCAGGC TTACCGGACTTGG TTAGAGCACTGCGTGGGGTCAGAGGTTCAATATCAAGTCATTTCACGCGAAC
31 T TLTLTREABHBTLTULTUDTIGOQAYTRTEY®MWILTETHTG CVGSTETVOQYOQUVTISTR RE
3488 TGCGCGCAGCTTCAGAGCGTCGTTATAAGC TCAATGAAGCCATGAACGTTTACAACGAAAATTTTCAGCAACTGAAAGTTCGAGTTGAGCATCAACTGGATCCGCAAAACTGGGGCAACA
3721 mcsccccscmccmccmcn‘ammcmu AAGCCATGAACGTTTGCGACGAAAATTTCCAGCAACTGAAAGTTCGAGTCGAGCATCAACTGGATTCACAAAACTGGAGCAACA
71L R A A E R R N EAMNYVCECDENTFOQQLTE KVTYVRVYVETHQOQLTDMBSONHUWEN
3608 GcccsnccmcccmmmecmammcmcmcmcccmmaccrmmacMmaccmcmacamcscmcmcmAmmcmcmcencsmecum
3841 GCCCGAAGCTGCGCTTTACTCGCTTCATCACCAATGTCCAGGCCGCAATCGAGC TAAATGATGAAGATC TGCTTCACGTCCGCTCCAACGTCGTTCTGCACCGGGCACGACGTGGCAATC
ulsrxz.nr'rnrxrnvoaAtsx.nDgnLLHVRsuvvnanAchu
3728 AGG'ICGAN’ICT'ICTACGCCGCCcGGGMGA‘!‘AM'!‘GGAAACGEMGCGMGGTGGAGTACGMMT'DGG'ICCAGCGATNG‘ICGA’I‘I‘ACCCAGAGCGCATAC'I'ICAGACGCACMTCTGA
3961 AAGTC TTCTACGCCGCCCGGGAAGACAAATGGAAACG meccmmcmccmamcmcmcmmcms)\mmccmmccuacmmAcccmmmmA
1519vovr¥AARnnxwxncxcc L V Q R Y PERILGQTHNTL

[doxE
3848 TGGTCTTTCTGTGATTCAGTGACCATTTTTACAAATGGTCACTGCAACCGCGGTCACCATTAATC-AAAGGGAATGTACGTGTATGGGCAATCAACAAGTCGTTTCGATAACCGGTGCAG
4081 'rGG'ncn'rcmm'rccwmmmmmrm@mmnmmmﬂccmummammmmrmurnccccmccc
191 M V F L + “RBS M G N S I T G A
ORFS(pahB. dehydrogenase)

3967 GCTCAGGAATCGGTCTCGAACTGGTTCGGTCCTTTAAGTCGGCCGGTTATTACGTATCCGCTCTCGTACGAAACGAGGAGCAAGAGGCGCTTCTTTGCAAAGAGTTCAAGGACGCACTCG
4201 Gcmseumccmmncmsnceamcmu GTCGGCCGGTTATTGCGTATCCGC TCTCGTACGAAACGAGGAGCAAGAGGCGCTTC TTTGCAAAGAGTTCAAGGACGCACTCG
136 s G 1 L ELVRSTPFKSA AGT YECVS ALV VR RNTETETZGQTEA ATLTLTCH®TETFT KT DAL
4087 AGA‘].'I'GTAG'IGGGCGAN'N.‘CGGGACcACGCMCAMNAGMGC‘IGA‘!‘AAAGCAMCAANGATAGAMGGmAmmAmeAmCAAANCCGGTAmNGGATTACA’IGC
4321 A RGTN‘IGGGCGATGNCGAGANACGCMMNAGMGCMNWCAGACAANGCTAGA'I'!CGGNANNGATNTTNATCGCMAMCGGTAHNGGATTACAM
53!IVVGDVRDEAI E KL I KOQTTIUB RT RTEG L D AN A G I WD Y M
4207 mmca'mG&Gmcnmmmaumcmmn‘mmcmmmGmnn‘ummucmcmrmmmecucmmcwcccmcccaucmmmmrmc
4441 mAGCAmcmmccmccmuummcamcmmcmmm@scammmmecmnmmmczsma GCTCTGCCGGAACTGAAAAAGACGAACG
93 L 8§ I E E P WEIKTITGSS ST FTUDE r I NV KS YTF S GISAALTPTETLTKTEKTN
4327 GATCAGTGGTGATGACCGCTTCGGTSTCGTCCCATGCGGTCGETGGTGGTGGTTC TTGC TACATCGCCAGCAAGCATGCGGTGCTCGGTATGG TTAAGGCTTTGGCCTACGAATTGGCCC
4561 mmccmmmaccccmcsmmmccamocmacmmemcmmmumcccmcucc».mGcmnnccmmmusccmccccmccumccm
1336 s VMTASV S S HA G G 6 G S C Y I ASKHAVLGMV VTZ KA ATLA ATZYTETLA
4447 CCGAAGTTCGCGTGAACGCTGTTTCGCCEGEEEECACCGTGACGTCTCTGTGCGGTCCCGCGAGCGCCEETTTCGACARAATGCACATCAAAGACATGCCCGGCATCGACGATATGATCA
4681 CCH mccsmmcc'm'xc-rccccecscmccemccmmmcacmcmn@ccccecﬂmcmmmc ATGAAAG; AcamcccGGCAmGACGATAmAmA
173 P E X R V N A V- S P G T T S L G P A A G F KMBMKDHPGID M I
4567 AAGGTCTCACGCCTCTTGGGTTTGCAGCCAAGCCCGAAGACGTGGTGGCACCCTATTTG TTGC TGGCTTCGCGAAAGCAAGGAAAATTCATCACCGGCACCGTGATTAGCATTGATGGCG
4801 AAGGCCTCACTCCTCTTGGGTTTGCAGCCAAGCCCGAAGACGTGGTGGAGCCCTATC TGTTGC TGGC TTCGCGAAAGCAGGGAAAATTCATCACCGGCACCGTGATTAGCATTGATGGCG
213K 6 L T P L G F A AKPEDTVVERBRPJYLTULLASTR RTIEKTZGOQGT KT FTITGTV VTISTITDG

e [doxF
4687 GTATGGCGCTCGGTCGCAAGTGAGCTTGTAGCCGATCAGAAGTTATAGACACATTT-CAGGTGACGCCCCATGAAGACAAAACTGTTTATCAATAACGCCTGGATCGATTCTAGTGACCA
4921 Grammscmecmmmmcmummmrmam%mmcammmmmAmMcmeccchmmmcmmAcca
253G M AL G R K * [ M KT KLFTINUNAWTITUDTGSSDQ
ORF6 (pahF?)

4806 GCAGACCTTCGAGCGCATACACCCCGTCAGCAGCGATGTGGTGACTGAGAGCGCAAACGCCACAGTGACGGACGCGATAAAGGCGGCGCAAGCGGCCGAGGAGGCGTTCAAGACCTGGAA
5041 GCAGACCTTCGAGCGCAAGCACCCCGTCAACAGCGAGGTGATGACTGAGAGCGCAAACGCCACGGTGACGGACGCGATAAAGGCGGCGCAAGTGGCCGAGGAGGCATTCAAGACCTGGAA

18 ¢ T F ERKHUPV® S BV TZESANATV VTTUDA ATITE KA AAQTYAETEA ATFT KTHWK
4926 GGCCGTTCGACCTTCAGAGCGTCGCCGCCTTC TCCTAAAGGTCGCCGATGTCATGGAAAGTAAAACACCCAAGTTCATCGAAGTGATGGCCATGGAGGTGGGAGCTTCCGCCCTTTGGGC
5161 GaaccmcmcmesmccmccccccmmcmccmscccnmmmmcrmcmcmsmmcmmmcummcmmcmcecccT'n'cccc
58 D V G P S R RRILTULTL K A D E S KTPIKTFTITETVMAMETV VG GASA ATL®WA
5046 CGGATTCAACGTCCATGCGTCTGCCAATGTGTTCCGAGAGGC TGCCTCGCTGGCTACCCAAATTCAGGGTGAAACCATCCCAACGGACAAAGCCGAAACGCTCTCAATGACACTACGTCA
5281 CGGATTCAACGTCCATGCGTCTGCCAATGTGTTCCGGGAGGC TGCCTCGC TGGCCAC TCAAATTCAGGGCGAAACCATCCCAACGGACAAAGCCGAAACGCTCTCAATGACACTACGTCA
98 G F N V H A S ANVV FREAASTLATOQTIGOQGTETTITPTTDTZ KA ATETTLSMTTLTRQ
5166 GCCGGTCGCCCCGATCCTAAGCATCGTTCCATGGAACGGCACCGCAGTGCTTGCGGCACGAGCCATCGCTTATCCGCTGGTCTGTGGCAACACTGTGGTCTTCAAAGGCTCTGAATTTAG
5401 GccGG'K:GGCCCGANCNAGCANGNCCAMACGGCACCGCAGNCMCGGCMGAGCCANGCGTA'K!CGCm’ICNTGGCAACACGGmGNT‘ICMAGGC'IC'IGM'M‘TAG
133 P V G P I § I VP WNGTAVLAARATILIAYTPTLVCGNTUV F K G S E F S
g mcccccacecamcccmAmacccmmccmecusccccecmcccccmccmc'mzwn'}.ccmucmmaccmmcsmcccceml\mccmacecmmmcm

A LI TOQOCUVQ G L P A

NCCGCGA%GC%‘IGC AGNCGNCAGGAAGCCGGGCNCCCGCMGMHCTQ‘ICII‘CMCNCNGCCTGACCGT’ICGCCCGAGATCGCCGACGCAC'IGANN

N s s P DR S PETIADA ATLTI S

GGAGANCGCQGCA‘I‘CAACTNACGGGTICCACCC%G'IGGGCAGCA%ANGCGCAGMAGCCGCGCAACACCNMGCGCNCCTGCMAGCNGGCGGCMG'ICCCCGCT

286

521

178

5406 TGCCAA(

5641 CGCGAAGGAGATCCGCCGCATCAACTTCACGGGTTCAACCC

‘218 A K E I RRINVFT TGS TURUVG S I
526
761
258

D DA K IDAAVIE KA AAVTFSGG

ATCGCGCAGAAGGCCGCGCAACACCTCAAGCGCTGCCTACTGGAGCTCGGCGGCAAGTCCCCGCT
A Q KAAOQHLI KR RTCLTLTETLGTGTZ K SUPTL

TATTGTTC TGGATGATGCAGACATCGATGCGGCGGTCAAGGCAGCGGTGTTCGG TAGC TTCCTGTTCCAAGGTCAGATCT
TA%N%TC{GGANACGCMMACGCGGCGGNMGGCAGCGGNWGGTAGCT}CC%GT;CC%AGS’ICSGA}CC

FIG. 3. Comparison of the nucleotide sequences of the pahA and pahB genes and the flanking regions identified in this study (pak; middle line)
and the corresponding regions of nah, ndo, and dox (nah-dox; upper line), i.e., the nahA operon of P. putida NCIB 9816-4 and 9816 (positions 1
to 3911) and the dox operon of Pseudomonas sp. strain C18 (positions 1477 to 5605) respectively. The sequences of nah and dox between positions
1477 and 3911 are identical. The symbol [ and three dots above nah-dox indicate initiation and stop codons of ORFs predlcted by Simon et al. (18),
Kurkela et al. (10) and Denome et al. (3). The deduced amino acid sequences for the pah genes (bottom line) are shown in the one-letter code.
Amino acid residues not conserved between the pah products and the nahA, to nahA, and the doxE to doxF products are outlined. The asterisks
indicate stop codons. A putative promoter (—35 and —10) and probable ribosome-binding sequences (RBS) are underlined. Estimated
[2Fe-2S]-binding sites are doubly underlined. The sequence similar to the NahR binding sequence (—70) is also underlined.

of NDD reported by Jerina et al. (8). These results indicate
that the pahA gene encodes dioxygenase and that naphthalene
was converted to NDD by PahA.

Phenanthrene was also converted to cis-3,4-phenanthrene
dihydrodiol by a high-density suspension of OUS8211 cells
carrying pKTS1 (data not shown). The efficiency of conversion
of phenanthrene was 1/10 of that of naphthalene.

Conversion of NDD by the pahB gene product. Because we
could not find a typical product of naphthalene catabolism in
the high-density suspension of OUS8211 cells carrying the
pahAB cluster in a preliminary test, the pahB gene was joined
to the tac promoter and expressed in E. coli. A 0.9-kb
Sacll-Hincll fragment containing the pahB gene was inserted
into the Smal site of tac promoter expression vector pKK223-3,
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5 28| oo and pNA1 was obtained (Fig. 2). E. coli IM109 carrying pNA1
£ |Eg|a@ed was cultured with induction by isopropyl-B-p-thiogalactopyr-
S|E8|s ano§1de (IPTG), and an extract was prepared from the cells.
E a2 Elaxga Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
e | |2F the extract gave an IPTG-induced protein band (data not
5l se 8 shown). The molecular mass of the protein was estimated to be
| 3535 (3833 27 kDa.
3| % 2 Conversion of NDD by the extract was analyzed by high-
3 = §§§§ pressure liquid chromatography. NDD, which was prepared by
g 23 Swnon conversion of naphthalene by P. putida OUS8211 carrying
& 89 I pKTS1; NAD™; and the cell extract prepared from E. coli
S %%%% carrying pNA1 were mixed and incubated at 30°C. Naphtha-
R ikl lene diol was transiently detected after 1 min of incubation,
> |£8|ggaq and accumulation of B-naphthoquinone, to which naphthalene
Y g « R diol was converted by oxidation in air, was detected after 15
E £° 8 min of incubation. The amino-terminal amino acid sequence of
S s |3% ARRA the 27-kDa protein was MGNQQVVSITG, which agreed with
o | &= Z that of the deduced protein product of the pahB gene. These
§: 1 %2x8 |oron results indicate that the pahB gene encodes PAH dihydrodiol
Q3| SERE |F222 dehydrogenase.
% M = o In this study, we identified the PAH dioxygenase gene, pahA,
5 o Qa‘é S and the PAH dihydrodiol dehydrogenase gene, pahB, and
£ 2 3 g sequenced them. PahA is a multicomponent enzyme, like
2 O B[00 NDO (6). The nucleotide and amino acid sequences of PahA
g = E 333 are similar to those of NDOs (more than 90% similarity), but
b < 23 .a the similarities between PahA and toluene dioxygenase or
Slg|f |88 &I biphenyl dioxygenase are less at 52 to 58% for nucleotides and
NN 27 to 39% for amino acids. The pahﬂ gene is expected to be
% Sl2 [28|lgzgw similar to the nahB gene, the nucleotide sequence of which has
3|= ® |2 not been reported, because pahB and nahB hybridized strongly
2 |2 wo_ 8 (data not shown). The pah and nah clusters were probably
18| sE838 |83%8 derived from the same ancestor.
S|la|lZ2&8%¢ A search of a DNA sequence data base showed that the
Elg ~aos| ¢ region downstream from the pahB gene containing the 5'-
% —~ s0ee| g . . A
3 | § 09 H2e g2 terminal region of ORF6 is similar to the sequences that
5|3 g O ot & encode E. coli aldehyde dehydrogenase and Alcaligenes eutro-
S| e ® IISI|S phus acetaldehyde dehydrogenase. In plasmid NAH7, the
4 2838 |z nahF gene encoding aldehyde dehydrogenase is located be-
B 3 28] wenow a tween nahB and nahC (5). ORF6 is probably the pahF gene.
. g g gl § After we submitted this report for publication, the nucle-
g R AN 5 otide sequence of the dox operon of Pseudomonas strain sp.
s a2 Eloznr © C18 was reported by Denome et al. (3). The sequence between
Bl [® [27 = doxA and doxF is very similar to the sequence between pahA,
N 5o 8 S and pahB reported here, but the dox sequence does not contain
2 '§ sE%2 |88%3 |3 the region corresponding to the promoter and pahA, (Fig. 3).
S|al=z="8 § Some of the ORFs in the dox operon predicted by them do not
é ~ - oxex=g i initiate at an ATG or GTG codon and do seem strange. We
) 9 e ACAS | & have also determined the sequence of all regions of the pah
o go rrard ) . cluster. We will report that nucleotide sequence, together with
= IS % % % E b biochemical evidence, elsewhere.
@ . | SSSF s % Nucleotide sequence accession number. The nucleotide se-
= “ 88ns |vxax 3-3 quence in Fig. 3 will appear in the DDBJ, EMBL, and
2 SERE |9=I2| g GenBank data bases under accession no. D16629.
3 ) Iazn §-§ We thank K. Yano and M. Fukuda, Nagaoka University of Tech-
g 2+ LoVl |2 nology, for helpful discussion and H. Hamada, Department Funda-
2 3§e) T o o 82 . . . . 1 tic
« Ox SIII e o mental Science, Qkayama University of Science, for nuclear magne
~ SSSS|ES ¢ resonance analysis. o
il g i This work was supported by Grants-in-Aid for Scientific Research
® 8 L g . g from the Ministry of Education, Culture, and Science of Japan to H.K.
g S EE|es 5 Part of this study was supported by a grant to N.T. from the Okayama
8 T 25 |2F . fun Foundation for Science and Technology.
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