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Naphthalene and phenanthrene are transformed by enzymes encoded by thepah gene cluster ofPseudomonas
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 pah/A consisted of four cistrons, pah/Aa paMAb, pahAc, and pahAd, which
encode ferredoxin reductase, ferredoxin, and two subunits of the iron-sulfur protein, respectively.

Pseudomonas putida OUS82 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 OUS82 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 pDIl, 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 (Apr Kmmob+), a derivative of pSa, was a gift from
A. Nakazawa, (Yamaguchi University) (11). Helper plasmid
pRK2013 (Kmr 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 ,g 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 pahA and
pahB. Previously, thepahA gene was suggested to be in a 4.1-kb
EcoRI-HpaI fragment in pDIl (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 1 x
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 0.2 x TBE buffer and
detected with a Uniplex chemiluminescence detection subkit
(Millipore Corp., Bedford, Mass.). Five complete open reading
frames (ORF1 to ORF5) 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.

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 ORFI. The nucleotides and deduced
amino acid residues of ORFI 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)

EcroEcoRI

pTS1210 pKTSl
EcoRI

lPtac m pKK223-3 pNA 1

Smal/Sacll Hincll/Smal

FIG. 2. Cloned DNA regions (thick lines) of P. putida OUS8211 in
pDIl, pKTS1, and pNA1. The thin lines represent vector plasmids.
The open boxes indicate the gene locations determined by nucleotide
sequencing. PtaC and the arrow indicate the tac promoter and the
direction of transcription, respectively. MCS, multiple cloning site in
pUC119.

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 ORFi to ORF4 as pahAa, pahA6,
pahA, and pahAd, respectively.

The protein predicted by ORF5 (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-StuI region in
ORF5 was strongly hybridized to a 4.7-kb Sall fragment of
NAH7 containing the nahB gene (5; data not shown). These
results suggest that ORF5 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 pDl1 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/
cm2; 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 13C and 'H nuclear magnetic resonance analyses.
Peaks representing two hydroxylated carbons in positions I
and 2 were detected in the '3C nuclear magnetic resonance
spectrum (8 68.03 and 70.85), and the 1H nuclear magnetic
resonance spectra of the metabolite (8 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], 8 2.04
and 2.38 [each s, 1H, OH], 8 7.10 to 7.55 [m]) agreed with those
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pa ~~~~~~~~~~nah-dox
1 GTCGACCGTCGTCVTTCC79GAATACGCACCTCACCGTCGA0CCAGGCTGAATGAATGGACGGCTAGGC

121 TCATTTATTCCATGCTCTGGAGTGTTATGGGACGACTGCGGAG7CACCTGA MGATCTAC

69 GCCGTTTGCGATGAhGTGTCATAMCTTTGOAACGACGTAcTGTCTCACGCAACGCTCTAC
241GAACCJAGGTTCGGGTAGAACCACATATCTTGCATGGGCTAGTTCACAGGTTAGCA
189 CTTGCTCCTCGCAATTATGGACATGGCCACACCGTTGGCTGCGTCCACCACCCACGACTC
361 ACGCAGCGGACTCAACTACGOAATGCCCGGCGGTACGTGCTGTGTITCGTTA
309TTAGTGGGGATTCGAGGACAGTTATTrAATGAAACATCCATCTATAAAACTGATAGTATAA

FnahA
429 TTATTAATAGAC-AA!iiii=TAAACGAATGAATCCTATCG;GCACTTGAGGTCCAACGrTGT
601 TCATTAA-ATACGA-TTAATCCTCGCACACCTATGTTGCCGGCACTTGATC7GGGAGTTGT

1 K-RDC-MHL L I QP NNRL ISF SP GA NL L EV LR E NGV A
ORFI (pahAa; ferredoxin reductase)

549 TTCAATGTGCGGGTCGACGCCGCGTAAAGCGGCTGTCGGCGMTGCACACCCGCACGAGG
721TTCTCGTTTTTGC GGCCGCGGCGTAGAGTGGATGTGGGCGAGGGTCAACGTGCACTAGC
31 I S Y S C H S 0 R C G T C- R C R V If D G S V I D S G T S 5 G L P H L V D H H Y V

669TCCTTGTATCCCGCATCCACAGCCGACGCATGACCCCGGAACTAGGAATGCCGGATGCAC
841TCCTTGTATCTCA-TGCCACAACCGACGCATGCCCCCGGAACTAGGCTTGCCATATGCAC
71 L A C H S V L T a Nr C A I H I P H A D H I V T H P A R I I K G T V V A I K S P T

789ACAACGCCTCCTCCTTCACCCGTTTCCCGCGAGGCCGATAGCTACTCCTCTTCAGCGTTCG
961 AGTTCTGCAGGAGCCCAGCTCATCCCCGCGAGGCTGATCGCTACTCCTCTTCAGCGTTCA
111 H D I R R L R V R L & K P F H F S P G Q Y A T L Q F S P E H A R P Y S H A G L P

909ATACAAAGATCAAAGAGTCGTGCCTAGATTTTCACCTCCAGTCGCTAGTACGCTTGTCGT
1081 AGCAGATOGTCCTCCAGGCGTGCCTATATTTTCACCTCCAGTCACTAATACGCATGTCGT
151 D D Q E H H F 0 I R K V P G G R V T H Y V F H H V R H G T S I K L ~S G P L G T A

1029ATTCTAAGAACGCGTCGGGTGTGGGCGACGACGGTTATGTGGCCCAATGGAGCACCACTCT
1201 ATAGCGACCCGGCAGTTTGrGGT MCGCACCGTCGCATTCCGGGTAGTGTTAAACCTCTCT
191 Y L R Q H H T G P HM L C V G G G T G L A P V L S I I H G A L K L G H T N P I L L

1149 ATCGGGGATACAACCAGCCG=ATCCACCCGTMACTACGCGAAAGTATCAGGCGTATAGT
1321 ATCGGGGATACAACCAGCCGGGTOAACTGGCGTACTACGCGAAAGTACCAGGCGTATAAT
231 Y F G V R S Q Q D L Y D A H R L H H L A A D H P Q L T V H T V rI A H G P I N E S

1269AGGGCGCATACAGGCGAAGCTCTCCGCGGGAGCTCTTCGCACGGGGTAGGTGCACTACACC
1441AGGGCGCATACAGGTGAAGCTATCCGTGTGACCTTT GGGCCCGTGTAGGTTGACTACACC
271 Q R AGLV T D &IHKXD IIS L A GWR AY L CG AP AHMV HAL C T VT KH

311 L G I S P H H I Y A D A F Y P G H I *
raA(dA

1 HW--KT2K W IE9A-V AL CD I
ORF2(pahAb; ferredoxin)

1630 CTAGTAGCTGCTATTGGGAGACGCCGAGATGAGGATTCCACAACTTCCCTGTCCCCTATA1801CCGAGGTTCCGGGCGCAGAAGTTGATTCATGAGGATTGCACCGCTTCCCTGCCCCCTACT
15 P E G D V L G V T V H G K D L A L Y H V H G H I Y A T D D L C T H G H A K H S D

[Tire-21]

55 G L K G R K I K C P L ii
GGTTACTCGWGTArAGAATCGAAGCCCTTGCACAAGTCGGTTGACVTL ACAGGCAAA LCCTGT GACCGGCCGACTAACTTCA7AGT

-i ~~~~~~~~~~~~~~FnahA(ndoB)
2041 GAGAACcTGCGCGTAATGATT ATTTAAGCTGAGATITITTTAAGGCCCGGCAAACTATACCA-ACTGAAAACAHAATTAAAKAN

95 K N L R V H I D L 5B* OFNpahA0N

6 K I L V SK9 S G L 9Q K H L I H G ! S L F Q H K LH H VF A R N W L F L T H D
ISP large subunit)

2108 ACTATCGCCGCATTTACCAATGGTOCAGCTGCCCGAACAGTCATGGTTCGAGTGCGACTG2281AGCGTCTcccGGTAGTcGAAAGGATAGGTACTTTGCAGGGGTGTCTCTCTACTTCGCkCCC
46 S L I P 5 P G D Y V T A K H G I D H V I V S R Q 5 D G S I R A F L N V C A H R G

[2~Fe-2H
2228AAAGTGGGGGAGCGATCAAGT TTGGCTCCCTGGTCGTCAGTACGAACTCATGAAGTTTCC
2401 AGCCGTACCGAcGCAGTAGTTGTOATACCGTvGTCGTCAGCACGAACTCATGAAGGTTCG

86 K T L V H H H A G N A K G F V C S Y H G N G F G 5 N 0 H L Q S V P F H K H L Y G

T2Fe-26r
2348GATGTATAATGCGGTGAGATGTGGGAACTCT TrACAGTGTCACGAGCCCTTAGATTTGTC
2521GATGTACAAATCGGTGAGATGTGCTGGGTCAGGCACACCCACACGAGCCTTTAGATTTGTC
126 H S L N K K C L G L K H V A K V K S F H G F I Y HA C I D Q K A P 5 L H D Y L G D

2468 GTCTGACGACTTTCACTCGCGTAACGTGTCCAGAGTGGTAGCACGAGCCCCGAATTTGAA2641GCGTGTCTGACACTAAATAGGTTGATGAGCTCGTACTTGTAGCACGAGCCTCGAATTTGTT
166 A A W Y L K P I F K H S G 0 L K L V 0 P P 0 K V V I K A N W K A P A K N F V G D

2588 GAACCTGTGAGAGGCTGTCCCGGATTTTCCTGTGTGATCGGTCACGAGGAGTGAAGCTCA
2761 GAACCTGTGAGAGGCTGTTCCGCATTTTCCTGTGTCCAGATCGCCTACGGGGTGAAGCTCA
206 A Y H V 0 W T H A S S L C Vg 0 H S I F S S L A 0 N A V L P P H 0 A G L Q H T S K

2648 TAGCGGCTGTTTGGGCGTTCGTTCTGGAATGTCGATGTWTCGGCCAGAGAGCGAAAAATG
2881 TCGACGAGGGGTTvGCGTTCGCTCTGGAA7GTC WGGTACGAAvCGAAAAATG
246 Y 0 S G H G V L N D 0 Y 5 0 V H S A D L V P H L H A F 0 G A K Q E K L N K E I G

2768GAGTGCTGATACCACACCATCCGTCCGAACCACTGCTTIGGGTTAATTGACGTGCCACCACG
3001GAGTGCCGATACCGCCTACrCCGTTCGAACGGGTACGTGTGTTCGTGCCACCACG
286 D V K A K I Y K S H L N C T V F P N N S V L T C S G V F K V W N P I D A N T T E

2888GTTGCTCCATTGAAGCTCTAGTTAGGCCTGCATTTCCGAGTGGCTCGCCTGAACAGCAGCT
3121 GCGACAGCTGCAAAAAGCGGACCACCGTGCGCCGTACACTCGCTCGCTTGAACAGCAGCA
326 V W T Y A I V E K D H P H D L K K K' L A D H V Q K T F G P A 0 F N H S D D N D N

3008 AGAAACTGAACGAGATTATAGGTrTACGTTAACTGTCGGGAGAAGCAGGTTTCCGGCTGCA
3241 AGAAACTGAACGAAATTATCGGTGGTTATCACTGTTGGAGTTTCGGCCGCACTGGCTGAA
366 H E T A S Q N 0 K K Y Q S K 0 5 D L I S N L 0 F 0 K 0 V Y 0 D A V Y P 0 V V 0 K

1750
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3128 TCGGCGATCGGCGAGACCAGTTATCGTGGTTTCTACCGGGCTTACCAGGCACACGTCAGCAGCTCCAACTGGGCTGAGTTCGAGCATGCCTCTAGTACTTGGCATACTGAACTTACGAAG
3361 TCGGCGATCGGCGAGACCAGTTATCGTGGT TACCGGGCTTACCAGGCACACGTCAGCAGCTCCAACTGGGCTGAGTTCGAGGATGCCTCTAGTACTIGATACCGAACTGACGAAG
406 S A I G B T S Y R G F Y R A Y Q A H V S S S N W A B F E D A S S T W H T E L T K

*-- rnahAd(ndoC)
3248
3481
446

3368

3601

31

3488

3721

71

3608

3841

111

3728

3961

151

3848

4081

191

3967

4201

13

4087

4321

53

4207

4441

93

4327

4561

133

4447

4681

173

4567

4801

213

4687

4921

253

4806
5041

18
4926
5161

58

5046
5281

98

ROB M M I N K Q 15 D K L V S A a D A F E I L R F F N C L D S A L
ORF4 (pahAg; ISP small subunit)

AACAAGAAGCCACTACGCTGzCTGACCCAGGAAGCG;CATTGTTGCGACATTCAGGCTTACCGTGCT7GGTTAGAGCACTGCGTGGGGTCAGAGGTGCAATAT'CAGGTCATTTCACGCGAAC
AACAAGAAGPCCACCACGCTGCTGACCCGGGAAGCGCATCTGCTGGACATTCAG,GCTTACCGGACTTGGTTAGAGCACTGCGTGGGGTCAGAGGTTCAATATCAAGTCATTTCACGCGAAC
Q Q E A T T L L T A B A H L L D I Q A Y R T W L E H C V G S E V Q Y Q V I S R E

TGCGCGCAGCTTCAGAGCGTCGTTATAAGCTICAATGAAGCCATG;AACGTTTACAACGAAAATTTCAGCAACTGAAAGTTCGAGTTGAGCATCAACTGGATCCGCAAAACTGGCGGCAACA
TGCGCGCCGCTTCCGAGCGACGTTATAAGCTCAATGAAGCCATGAACGTTTGCGACGAAAATTTCCAGCAACTGAAAGTTCGAGTCGAGCATCAACTGGATTCACAAAACTGGAGCAACA
L R A A S F RR Y K L N F A M N V C D E N F Q Q L K V R V E H Q L D S Q N W 9 N

GCCCGAAGCTGCGCTTTACTCGCTTATCACCAACGTCCAGGCCGCAATIGGACGTAAATGACAAAGAGCTACTTCACATCCGCTCCAACGTCATTCTGCACCGGGCACGACGTG,GCAATC
GCCCGAA(GCTGCGCTTACTCG;CTTCATCACCAATGTCCAGGCCGCAATCGAGiCTAAATGATGAAGATCTGCTTCACGTCCGCT'CCAACGTCGTTCTGCACCGGGCACGACGTGGCAATC
S P K L R F T R F I T N V Q A A I B L N D I D L L H V R S N V V L H R A R R G N

AGGTCGATGTCTTCTACGCCGCCCG:GAAGATAAATGGAAACGTGGCGAAGGTGGAGTACGAAAATTIGGTccAGCGATTCGTCGATTACCCAGAGCGCATACTTCAGACGCACAATCTIGA
AAGTCGATGTCTTCTACGCCGCCCGGG;AAGACAAATGGAAACGTGGCGAAGGTGGAGTGCGAAAATTGGTGCAGCGATTCGTGGATTACCCAGAGCGCATACTTCAGACGCACAATCTGA
Q V D V F Y A A R E D K W R dG G G V R K L V Q R F V D Y P E R I L Q T H N L

... rdoxE
TGGTCTTTCTGTGmATTCAGTGACCATTTTTACAAATGGTCACTGCAACCGCGGTCACCATTAATC-AAAGG;GAATG.TACGTGTATGGGCAAT'CAACAAGTCGTTTCGATAACCGGTGCAG
TGGTCTTTTGTGATCCGGTGACCAC TTACAAATGGTGACTGCTAccGCGGTCACCATTAATCAAAAGGGAATGTACGTGTATGGGCAATCAACAAGTCGTTTCAATAACCGGTGCCG
M V F L * M G N Q Q V V S I T G A

ORF5 (pahB; dehydrogenase)
GCTCAGGAATCGGTCTCGAACTGGTTGGTCCITAAGTCG,GCCGGTTATTACGTATCCGCTCTCGTACGAAACGAGGAGCAAGAGGCGCTTTTTGCAAAGAGTTAAGGACGCACTCG
GCTCAGGAATCGGTCTCGAACTGGTTCGATCCTTCAAGTCG,GCCGGTTATTGCGTATICCGCTCTCGTACGAAACGAGGAGCAAGAGGCGCTTCTTTGCAAAGAGTTCAAGGACGCACTCG
G S G I G L E L V R SKS A G Y C V S A L V R N E E Q F A L L C E F K D A L

AGATTGTAGTCGGGGATGTCCGGGACCACOCAACAAAT,GAGAAGCTGATAAAGCAAACAATCGATAGATTCGGTCATCTTGATTG TTATTGCAAATGCCGGTATCTGGGATTACATGC
AGATCGTTGTGGvGCGATGTCCGAGATICACGCAATAAATIGAGAAGCTGATCAAGCAGACAATCGCTAGATTCGGTCATCTCGATTGTTTCATCGCAAATGCCGGTATTTGGG;ATTACATGC
E I V V G D V R D B A X N B K L I K Q T I I R F G H L D C F I A N A G I W D Y M

TGAGCATCGAAGAGCCTTGGGAGAAAATATCGAGCAGTTTTGACGAAATATTCGACATTAATIGTCAAGAGCTATTTCAGTGGCATCAGTGCCGCCCTGCCGGAACTGAAAAAGACTAACG
TGAGCATCGAAGAGCCTTGGGAGAAAATCTCCAGCAGTTTTGACGAAATATTCGACATCAATGTAAAGAGCTATTTCAGTGGCATC,&GTGCAGCTCTGCCGGAACTGAAAAAGACGAACG
L S I B E P W F K I S S S F D B I F D I N V K S Y F S G I S A A L P E L K K T N

GATCAGTGGTGATGACCGCTTCGGTGT'CGTCCCATG;CGGTCGGTGGTGGTGGTTCTTGCTACATCGCCAGCAAGCATGCGGTG;CTCGGTATGGTTAAGGCTTl7CCTACGAATTGGCCC
GATCGGTGGTGATGACCGCTTCGGTGTCGTCCCATGCGGTCGGTIGGTIGGTGGTT'CTTGCTACATCGCCAGCAAGCATGCGGTGTTAGGTATGGTCAAGGCTTTGGCCTACGAATTGGCTC
G S V V M T A S V S S B A V G G G G S C Y I A S K H A V L G H V K A L A Y E L A

CCGAAGTTCGCGTGAACGCTGTTTCGCCGGGGGGOCACCGTGACGTCTCTGTGCGGTCCCGCGAGCGCCGGTTTCGACAAAATGCANCATGAAAGACATGCCCGGCATCGACGATATGATCA
CCGAAATTCGCGTGAACGCTGTCTCGCCGGGCGG;CACCGTGACGTCTCTGTGCGGTCCTGCAAGCGCCG.GTTTCGACAAAATGCACATGAAAGACATG;CCCGGCATCGACGATATGATCA
P F R R V N A V S P G G T V T S L C G P A S A G F D K M H M K D M P G I D D M I

AAGGTCTICACGCCTCTTGGt4TTTGCAGCCAAGCCCGAAGACGTGGTGoGCACCCTATTTGTTGCTGGCTTCGCGAAAGCAAGGAAAATTCATCACCGGCACCGTGATTAGCATTGATGGCG
AAG,GCCTCACTCCTCTTGGGTTTGCAGCCAAG.CCCGAAGACGTGGTGGAGCCCTA'TCTGTTGCTGGCTTCGCGAAAGCAGGAATTCATCACCGGCACCGTGATTAGCATTGATGGCG
K G L T P L G F A A R P- B D V V I P Y L L L A S R K Q G K F I T G T V I S I D G

.fdoxr
GTATG,GCGCTCGGTCGCAAGTGAGCTTGTAGCCGATCAGAAGTTATAGACACATTT-CAGGTGACGCCCCATGAAGACAAAACTGTTTATCAATAACGCCTGGATCGATTCTAGTGACCA
GTATGGCGCTCGGTCGCAAGTGAGCTTGCAGCCGATCAAAGGTTATAGAAACATTTrTAGGTGACGCCCCATGAAGAcAAAACTGTTTATCAACAACGCCTGGATCGATTCCAGTGACCA
G MA LGR K * M T K LF I N N A W I D S S D Q

ORF6 (pahF?)
GCAGACCTTCGAGCGCATACACCCCGTCAG;CAGCGATGTGGTGACTGAGAGCGCAAACGCCACAGTGACGGACGCGATAAAGGCGGCGCAAGCGGCCGAGGAGGCGTTCAAGACCTGGAA
GCAGACCTTCGAGCGCAAGCACCCCGTC.AACAGCGAGGTGATGACTGAGAGCGCAAACGCCACGGTGACGGACGCGATAAAG,GCGGCGCAAGTG,GCCGAGGAGGCATTCAAGACCTGGAA
Q T F B R BH P V I S I V I T B S A N A T V T D A I K A A Q V A B B A F K T W K

GGCCGTTGGACCTTCAGAGCGTCGCCG,CCTTCTCCTAAAGGTCGCCGATGTCATGGAAAGTAAAACACCCAAGTTCATCGAAGTGATGGCCATGGAGGTGGGAGCTTCCGCCCTTtGGG
GGACGTTIGGACCTTCGGAGCGTCGCCGCCTTCTCCTGAAG;GTCGCCGATGTCA*TGGAAAGTAAAACACCCAAGTTTATCGAAGTGATGGCCATGGAGGTGGGAGCTTCCGCCCTTTGGGC
D V G P S E R R R L L L X V A D V M B S K T P K F I B V M A BE V G A S A L W A

CGGATTCAACGTCCATGCGTCTCCAATGTGTTCCGAGAGGCTGCCTCGCTGGCTACCCAAATTCAGGGTGAAACCATCCCAACGGACAAAGCCGAAACGCTCTCAATGACACTACGTLCA
CGGATTCAACGTCCATGCGTCTGCCAAT&zTGTTCCGGGAGGCTGCCTCGCTGGCCACTCAAATTCAGGGCGAAACCATCCCAACGGACAAAGCCGAAACGCTCTCAATGACACTACGTICA
G F N V H A S A N V P R- F A A S L A T Q I Q G F T I P T D K A E T L S M T L R Q

5 166 GCCGGTCGGCCCGATCCTAAGCATCGTTCCATGGAACGGCACCGCAGTGCTTGGGCACGAGCCATCGCTTATCCGCTGGTCTGTGGCAACACTGTGGTGTTCAAAGGCTCTGAATTTAG
5401 GCCGGTCGGCCCGATCCTGAGCATCGTCCCATGGAACGGCACCGCAGTGCTGGCGGCACGAGCCATCGCGTATCCGCTGGTCTGTGGCAACACGGTGGTGTTCAAAGGCTCTGAATTTAG
138 P V G P I L $ I V P W N G T A V L A A R A I A Y P L V C G N T V V F K G S E F S

5286 TCCCGCGACGCATGCCCTGATCACCCAGTGCGTGCAGGAAGCCGGGCTGCCCGCTGGCGTGCTCAATTACCTCAACTCTTCGCCTGACCGTTCGCCCGAGATCGCTGACGCACTGATCTC5521 TCCCGCGACGCATGCCCTGATCACCCAGTGCGTCCAGGAAGCCGGGCTGCCCGCTGGCGTGCTCAACTATCTCAACTCCTCGCCTGACCGTTCGCCCGAGATCGCCGACGCACTGATCTC178 P A T H A L I T Q C V Q B A G L P A G V L N Y L N S S P D R S P E I A D A L I S

5406 TGCCAAGGAGATCCGCCGCATCAACTTCACGGGTTCCACCCGCGTGCAGCATTATCGCGCAGAAAGCCGCGCAACACCTCAAGCGCTGCCTGCTGGAGCTCGGCGGCAAGTCCCCGCT5641 CGCGAAGGAGATCCGCCGCATCAACTTCACGGGTTCAACCCGCGTGGGCAGCATTATCGCGCAGAAGGCCGCGCAACACCTCAAGCGCTGCCTACTGGAGCTCGGCGGCAAGTCCCCGCT218 A K B I R R I N F T G S T R V G S I I A Q K A A Q H L K R C L L E L G G K S P L

5526 TATTGTTCTGGATGATGCAGACATCGATGCGGCGGTCAAGGCAGCGGTGTTCGGTAGCTTCCTGTTCCAAGGTCAGATCT
5761 TATTGTTCTGGATGACGCAAACATTGACGCCGCGGTCAAGGCAGCGGTGTTCGGTAGCTTCCTTTCCAAGGTCAGATCC258 I V L D D A i I D A A V K A A V F G S F L F Q G Q I

FIG. 3. Comparison of the nucleotide sequences of thepahA and pahB genes and the flanking regions identified in this study (pah; 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 F and three dots above nah-dox indicate initiation and stop codons of ORFs predicted 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 nahAa to nahAd 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
SacII-HincII fragment containing the pahB gene was inserted
into the SmaI site of tac promoter expression vector pKK223-3,

AcTAcT(;ATc(;cTAAcA(;Acr.AG!rcGAccATr.ATdILTcAATATTCAAGAAGACAAGCTGG'rri,CCGCCCACGACGCCGAAGAGATTCTrCGTTTCTTCAATTGCCACGACTICTGCTTTGC
ACTACTGATCGCTAACAGACGAGTCGACCATr7ATGATCAATACTCAAGAAGACAAGCTGGTATCCGCCCATGACGCCGAAGAGTTTCTTCGTTTCTTCAATTGCCACGACTCGGCTTTGC

n, n. n 10 * ---Wu d- u u Ir w n ^ v r% v T IT a x a r% s w w gp T 10 isr w m f. Zs r% a a T-T T V R *
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0o ;,, o ch and pNA1 was obtained (Fig. 2). E. coli JM109 carrying pNA1.;._ N ^ N > was cultured with induction by isopropyl-p3-D-thiogalactopyr-
anoside (IPTG), and an extract was prepared from the cells.

0*>qQ Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
88z the extract gave an IPTG-induced protein band (data not

b, o Qshown). The molecular mass of the protein was estimated to be
35 o7 <= to 27 kDa.

Conversion of NDD by the extract was analyzed by high-
pressure liquid chromatography. NDD, which was prepared by

+u conversion of naphthalene by P. putida OUS8211 carrying
e c pKTS1; NAD+; and the cell extract prepared from E. coli

carrying pNA1 were mixed and incubated at 30°C. Naphtha-
lene diol was transiently detected after 1 min of incubation,

-E'8 r oooao N and accumulation of 3-naphthoquinone, to which naphthalene
co.. diol was converted by oxidation in air, was detected after 15

.04) min of incubation. The amino-terminal amino acid sequence of
CIO cn c.o m the 27-kDa protein was MGNQQVVSITG, which agreed with

z that of the deduced protein product of the pahB gene. These

$: o S r -OON results indicate that the pahB gene encodes PAH dihydrodiol
6O~ 6 rX z " dehydrogenase.

In this study, we identified the PAH dioxygenase gene,pahA,
$- U and the PAH dihydrodiol dehydrogenase gene, pahB, and

+=c:> <, N wo m sequenced them. PahA is a multicomponent enzyme, like
o O g __+ C NDO (6). The nucleotide and amino acid sequences of PahA

QIC_2Q222are similar to those of NDOs (more than 90% similarity), but
< . the similarities between PahA and toluene dioxygenase or

u O@ O O biphenyl dioxygenase are less at 52 to 58% for nucleotides and
ON .__ 4"t;o27 to 39% for amino acids. The pahB gene is expected to be

u m0.>o -o similar to the nahB gene, the nucleotide sequence of which has
¢z e, z: w o o oonot been reported, becausepahB and nahB hybridized strongly

(data not shown). The pah and nah clusters were probably
00 > o :: r r N O w t derived from the same ancestor.
M Zz RYQ̂t A search of a DNA sequence data base showed that the
uz ^e x O ,,, region downstream from the pahB gene containing the 5'-
u:

C)
o-> N° terminal region of ORF6 is similar to the sequences that
+ 1- -

-,.~, co'-t=Zc:m __encode E. coli aldehyde dehydrogenase and Alcaligenes eutro-
phus acetaldehyde dehydrogenase. In plasmid NAH7, the

0000xx x w nahF gene encoding aldehyde dehydrogenase is located be-
n.So(, so O :tween nahB and nahC (5). ORF6 is probably the pahF gene.

ON|c|gt)|:> :1 °>|After we submitted this report for publication, the nucle-
.=.-Eoo otide sequence of the dox operon of Pseudomonas strain sp.

CZ
w Q <,, tn V-)<C18 was reported by Denome et al. (3). The sequence between

z czo o o =doxA and doxF is very similar to the sequence betweenpahAb
Ei< .0 o andpahB reported here, but the dox sequence does not contain

'r r o)E3 C- t c the region corresponding to the promoter and pahAa (Fig. 3).
4 z .. Some of the ORFs in the dox operon predicted by them do not

initiate at an ATG or GTG codon and do seem strange. We
Z Q u<+ n̂ have also determined the sequence of all regions of the pah

cluster. We will report that nucleotide sequence, together with
biochemical evidence, elsewhere.

Q.0 x s: x x ^ Nucleotide sequence accession number. The nucleotide se-

la
oSrQOO t 0> w °rquence in Fig. 3 will appear in the DDBJ, EMBL, and

00 0 e --ot' ' GenBank data bases under accession no. D16629.
0 '4( * .
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