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Pseudomonas sp. strain KKS102 is able to degrade biphenyl and polychlorinated biphenyls via the
meta-cleavage pathway. We sequenced the upstream region of the bph414243BCD (open reading frame 1
[ORF1]) A4 and found four ORFs in this region. As the deduced amino acid sequences of the first, second, and
third ORFs are homologous to the meta-cleavage enzymes from Pseudomonas sp. strain CF600 (V. Shingler,
J. Powlowski, and U. Marklund, J. Bacteriol. 174:711-724, 1992), these ORFs have been named bphE, bphG,
and bphF, respectively. The fourth ORF (ORF4) showed homology with ORF3 from Pseudomonas pseudoalcali-
genes KF707 (K. Taira, J. Hirose, S. Hayashida, and K. Furukawa, J. Biol. Chem. 267:4844-4853, 1992), whose
function is unknown. The functions of meta-cleavage enzymes (BphE, BphG, and BphF) were analyzed by using
crude extracts of Escherichia coli which expressed the encoding genes. The results showed that bphE, bphG, and
bphF encode 2-hydroxypenta-2,4-dienoate hydratase, acetaldehyde dehydrogenase (acylating), and 4-hydroxy-
2-oxovalerate aldolase, respectively. The biphenyl and polychlorinated biphenyl degradation pathway of
KKS102 is encoded by 12 genes in the order bphEGF (ORF4)414243BCD (ORF1)A4. The functions of ORF1

and ORF4 are unknown. The features of this bph gene cluster are discussed.

The aerobic degradation pathways of various aromatic com-
pounds (benzene, toluene, xylene, phenol, naphthalene, biphe-
nyls, polychlorinated biphenyls [PCBs], etc.) have been studied
in many bacteria (28, 32). The initial conversion steps of these
aromatic compounds are carried out by different enzymes, and
the compounds are transformed to catecholic intermediates.
These are then cleaved by dioxygenase and transformed to
Krebs cycle intermediates. Bacterial aromatic ring cleavage
pathways are classified into two groups, the ortho-cleavage
pathway and the meta-cleavage pathway (9). In the ortho-
cleavage pathway, catecholic compounds are transformed to
the common intermediate 3-oxoadipate enol-lactone, which is
further converted to succinate and acetyl coenzyme A (acetyl-
CoA) (32). In the meta-cleavage pathway, they are trans-
formed to pyruvate and a short-chain aldehyde (32).

Detailed study of the meta-cleavage pathway was carried out
in TOL plasmid pWWO to determine its gene organization,
regulation of expression, and enzymatic functions (2, 3). The
meta-cleavage operon is composed of 13 genes which encode
enzymes for the conversion of methylbenzoate to pyruvate and
acetaldehyde (10). Another study of the meta-cleavage path-
way was carried out in plasmid NAH7, which encodes the
enzymes required for the degradation of naphthalene via
salicylate (25, 35). Plasmid NAH7 contains two operons, the
nah and sal operons. The meta-cleavage pathway genes of the
sal operon are similar to those of the TOL plasmid, and DNA
sequences of the two operons are homologous (1, 12). Re-
cently, another meta-cleavage pathway was characterized in
Pseudomonas sp. strain CF600, which is able to grow on
phenol, cresols, or 3,4-dimethylphenol (27). The meta-cleavage
pathway of CF600 is composed of nine genes (dmpQBCDEF
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GHI) which encode enzymes for the conversion of catechol to
acetyl-CoA (27). Polypeptide analysis and nucleotide sequence
determination of these genes showed that the meta-cleavage
pathway of CF600 is very closely related to that in the TOL
plasmid (27). Moreover, the nucleotide sequence data showed
a new operon-encoded meta-cleavage pathway enzyme that is
able to transform acetaldehyde to acetyl-CoA (27).

A mixed culture which exhibited a capability to degrade
highly chlorinated PCBs was isolated from soil in our labora-
tory (17). This mixed culture was composed of Pseudomonas
sp. strain KKS102 and Pseudomonas fluorescens KKL101.
These two strains had a symbiotic relationship, and KKS102
played a major role in degradation of biphenyl and PCBs (17).

We have already cloned from KKS102 and sequenced eight
genes, bphA1A2A3BCD (open reading frame 1 [ORF1]44) for
biphenyl and PCB degradation (7, 16, 18). (The nucleotide
sequence data for bphA14243B have been submitted to the
DDBJ, EMBL, and GenBank nucleotide sequence databases
under accession number D17319.) These eight genes were
found to be clustered (16). This bph gene cluster encodes
enzymes for conversion of PCB to 2-hydroxypenta-2,4-dieno-
ate and chlorobenzoic acid (16). The biphenyl and PCB
catabolic pathway in KKS102 is shown in Fig. 1. In the first
catabolic step, two atoms of oxygen are inserted at carbon
positions 2 and 3 by biphenyl dioxygenase (encoded by the
bphA region) to produce dihydrodiol. Biphenyl dioxygenase is
a multicomponent enzyme which consists of a large and a small
subunit of iron-sulfur proteins (the products of bphAl and
bphA2, respectively), ferredoxin (the product of bphA3), and
ferredoxin reductase (the product of bphA4). 2,3-Dihydrodiol
is converted to 2,3-dihydroxybiphenyl by 2,3-dihydrodiol dehy-
drogenase (the product of bphB). 2,3-Dihydroxybiphenyl is
cleaved at the meta position by 2,3-dihydroxybiphenyl dioxyge-
nase (the product of bphC) to yield 2-hydroxy-6-oxo-6-phenyl-
hexa-2,4-dienoate, which is transformed into corresponding
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FIG. 1. Proposed catabolic pathway for degradation of biphenyl and PCBs in KKS102. Compounds: 1, biphenyl; 2, 2,3-dihydroxy-4-phenylhexa-
4,6-diene (dihydrodiol compound); 3, 2,3-dihydroxybiphenyl; 4, 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate; 5, 2-hydroxypenta-2,4-dienoate; 6,
4-hydroxy-2-oxovalerate; 7, acetaldehyde; 8, acetyl-CoA. Genes encode the following enzymes: bphA1A2, iron-sulfur proteins; bphA3, ferredoxin;
bphA4, ferredoxin reductase; bphB, dihydrodiol dehydrogenase; bphC, 2,3-dihydroxybiphenyl dioxygenase; bphD, 2-hydroxy-6-oxo-6-phenylhexa-
2,4-dienoate hydrolase; bphE, 2-hydroxypenta-2,4-dienoate hydratase; bphF, 4-hydroxy-2-oxovalerate aldolase; bphG, acetaldehyde dehydrogenase
(acylating). The chlorobenzoic acid, which is produced by the product of bphD, seems to be degraded by P. fluorescens KKL101 (15).

chlorobenzoic acid and 2-hydroxypenta-2,4-dienoate by 2-hy-
droxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (the product
of bphD).

In this study, we describe nucleotide sequences and func-
tions of meta-cleavage genes in KKS102. This work elucidates
the gene organization and pathway for biphenyl and PCB
degradation in KKS102. We also demonstrate the features of
the bph gene cluster in KKS102 compared with the bph gene
cluster in Pseudomonas pseudoalcaligenes KF707 (8, 29).

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The
bacterial strains and plasmids used in this study are listed in
Table 1. Pseudomonas sp. strain CF600 (27) was a gift from

Victoria Shingler (University of Umed, Umed, Sweden).
Pseudomonas sp. strain KKS102 was grown at 30°C in a
mineral salts medium (pH 7.0) (17) containing Casamino
Acids (0.5%) and biphenyl (0.1%). Escherichia coli MV1190
was grown in Luria broth (24) at 37°C. Ampicillin (50 p.g/ml)
was added for selection of a plasmid encoding B-lactamase in
E. coli.

DNA manipulation and transformation and the isolation of
plasmids were carried out as described by Sambrook et al. (24).
Overexpression plasmids were constructed from pAQN, which
has the same structure as pAQI (pMB9 replicon, lacl9, aqua-
lysin I gene of Thermus aquaticus [agn]; carries a gene encod-
ing ampicillin resistance [Ap"]) (30) except for in the aqualysin
I-coding region. pAQN was digested with EcoRI and HindIII
to replace the 1.8-kb aqualysin I-coding fragment with another

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant characteristics Reference
Pseudomonas strains
KKS102 Biphenyl and PCB degrader 17
CF600 Phenol and 3,4-dimethyl phenol degrader 27
E. coli MV1190 Alac-proAB thi supE Asrl-recA306:Tnl0 F' traD36 proAB lacI"ZAM15 34
Plasmids
pUC18 pMB9 replicon, Ap* 20
pKH20 pUC18 carrying 18-kb BamHI-BamHI fragment, Ap" 18
pUC119 pMB9 replicon, Ap* 33
pKH200 pUCI119 carrying 6.4-kb Smal-Smal fragment of pKH20, Ap* (Fig. 2) 16
pKH205 pUC119 carrying 4.1-kb Hincll-EcoT22I fragment of pKH20, Ap* (Fig. 2) This study
pAQN pMB9 replicon, lacl9, agn, Ap* 30
PAQN1 pMBS9 replicon, lacl, Ap* This study
pKH402 PAQN carrying 3.4-kb EcoT22I-EcoT22I fragment in place of agn, Ap® (Fig. 2) This study
pKHA403 PAQN carrying 0.9-kb EcoT22I-Kpnl fragment in place of agn, Ap" (Fig. 2) This study
pKH404 PAQN carrying 1.1-kb Nrul-Nrul fragment in place of agn, Ap” (Fig. 2) This study
pKH405 PAQN carrying 1.7-kb Smal-Pvull fragment in place of agn, Ap® (Fig. 2) This study
pKH406 PAOQON carrying 1.4-kb Stul-Stul fragment in place of agn, Ap® (Fig. 2) This study
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FIG. 2. Structures of plasmids. The directions of transcription by
the lac promoter and tac promoter of the expression vectors are
indicated by short arrows. The locations of the bph genes are also
shown. See the legend to Fig. 1 for gene designations. B, BamHI; Hc,
Hincll; EI, EcoT22I; N, Nrul; K, Kpnl; S, Smal; St, Stul; Pv, Pvull; P
lac, lac promoter; Ptac, tac promoter.

DNA fragment. The resulting plasmid contained the origin of
replication from pUC18 and the lacI? gene and expressed a
gene on an inserted DNA fragment under the control of the tac
promoter. pAQN1 was constructed as a control vector by
removing the aqualysin I gene and self-ligating. Structures of
the pKH series of plasmids are shown in Fig. 2.

Chemicals. Coenzymes (NAD, NADH, and acetyl-CoA)
and lactate dehydrogenase were obtained from Sigma Chem-
ical Co. and Wako Pure Chemical Industries Ltd., Osaka,
Japan. All other chemicals were of the highest purity commer-
cially available. Solutions of 2-hydroxypenta-2,4-dienoate were
synthesized from p,L-allylglycine as described by Collinsworth
et al. (4). The UV spectrum of the aqueous solutions of
2-hydroxypenta-2,4-dienoate showed a A\, at 265 nm.

To prepare 1-(S)-4-hydroxy-2-oxovalerate, L-(S)-4-methyl-2-
oxobutyrolactone was synthesized from catechol by using crude
extracts of phenol-grown Pseudomonas sp. strain CF600 as
described by Shingler et al. (27). Solutions of L-(S)-4-hydroxy-
2-oxovalerate were prepared by mild alkaline hydrolysis of
L-(S)-4-methyl-2-oxobutyrolactone (5).

Nucleotide sequence determination. Unidirectional deletion
mutants of pKH205 were constructed by using exonuclease I11
and mung bean nuclease as described by Henikoff (13), with a
slight modification. DNA sequencing of the region upstream of
the bph gene cluster for both strands was carried out with a
BcaBEST dideoxy nucleotide sequencing kit (Takara Shuzo
Co., Kyoto, Japan). The nucleotide sequences were analyzed
with GENETYX software (version 21.0; Software Develop-
ment Co. Ltd., Tokyo, Japan).

Analysis of plasmid-encoded polypeptides. pKH402 and
pKH406 were introduced into E. coli MV1190, and the trans-
formants were cultivated in 10 ml of Luria broth. The cell
density was monitored by measuring the turbidity of the
culture at 550 nm. When the turbidity reached a value of 0.6,
isopropyl-B-p-thiogalactopyranoside (IPTG) was added to a
final concentration of 5 mM and cultivation was continued
another 3 h. Cells from 1 ml of the culture were harvested by
centrifugation at 15,000 X g for 10 min and washed with an
equal volume of phosphate-buffered saline (NaCl [8.0 g/liter],
KCl[0.2 g/liter], Na,HPO, [1.44 g/liter], KH,PO, [0.24 g/liter]
[pH 7.4]). The cells were boiled at 100°C for 5 min in the
loading buffer (0.125 M Tris-HCIl [pH 6.8], 2% sodium dodecyl
sulfate [SDS], 5% 2-mercaptoethanol, 7.5% glycerol, 0.005%
bromophenol blue), and then 5ul of each lysate generated by
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this treatment was loaded directly onto a SDS-12.5% poly-
acrylamide gel. SDS-polyacrylamide gel electrophoresis
(PAGE) was done by the method of Laemmli (19). Electro-
phoresis was performed at 20 mA until the tracking dye
reached the bottom of the gel. Proteins were visualized by
staining with Coomassie brilliant blue R250.

Crude extract preparation. All procedures for crude extract
preparations were performed at 4°C. E. coli harboring
pKH402, -403, -404, -405, or -406 was grown in 10 ml of Luria
broth and induced with IPTG by the method described above.
KKS102 was grown in mineral salts medium containing
Casamino Acids and biphenyl at 30°C for 2 days. The cells
were harvested, washed twice with ice-cold 10 mM phosphate
(Na,HPO,-KH,PO,) buffer (pH 7.5), and resuspended in 50
mM phosphate (Na,HPO,-KH,PO,) buffer (pH 7.5) contain-
ing 2 mM dithiothreitol. The suspended cells were broken by
sonication and centrifuged at 110,000 X g for 1 h. The resulting
supernatants were used as crude extracts. These were kept on
ice before use. The protein concentrations of the crude extracts
were estimated with a protein assay kit (Bio-Rad Laboratories,
Richmond, Calif.).

Enzyme activity assays. 2-Hydroxypenta-2,4-dienoate hy-
dratase activity was measured by the method of Harayama et
al. (11). One unit of activity was defined as the amount of
enzyme required to cause a decrease in A,¢5 of 1.0/min.

Assays of 4-hydroxy-2-oxovalerate aldolase activity and ac-
etaldehyde dehydrogenase (acylating) activity were performed
by the method of Shingler et al. (27). 4-Hydroxy-2-oxovalerate
aldolase activity was measured by monitoring the oxidation of
NADH (43,,) in the presence of excess lactate dehydrogenase.
One unit of activity was defined as the amount of enzyme
required to catalyze the oxidation of 1 wmol of NADH per min
(27). Acetaldehyde dehydrogenase (acylating) activity was
measured by monitoring the coenzyme A-stimulated reduction
of NAD™" (A34). One unit of activity was defined as the
amount of enzyme required to reduce 1 pmol of NAD™ per
min (27).

Nucleotide sequence accession number. The nucleotide se-
quence data in this report have been submitted to the DDBJ,
EMBL, and GenBank nucleotide sequence databases under
accession number D16407.

RESULTS

Nucleotide sequencing and sequence analysis of meta-cleav-
age enzymes. An approximately 4-kb upstream region of the
bphAl was sequenced. Computer analysis identified four
OREFs in this region, whose nucleotide and predicted amino
acid sequences are shown in Fig. 3. The SWISS-PROT amino
acid sequence data bank was searched for sequences similar to
the predicted amino acid sequences of the four ORFs. The
predicted amino acid sequences of the first, second, and third
OREFs showed homology with DmpE (42.9% identity), DmpF
(78.3% identity), and DmpG (80.8% identity) from Pseudomo-
nas sp. strain CF600 (27), respectively. The first, second, and
third ORFs were named bphE, bphG, and bphF, respectively.
The deduced amino acid sequence of bphE was also homolo-
gous to that of XylJ (40.3% identity) from the TOL plasmid
(14). The fourth ORF (designated ORF4) was similar to ORF3
(66.4% identity) from P. pseudoalcaligenes KF707, whose func-
tion is unknown (29).

SDS-PAGE analysis of polypeptide products. To identify the
products of bphE, bphG, bphF, and ORF4, E. coli harboring
pKH402 (containing bphE, bphG, bphF, and ORF4) or
pKH406 (containing ORF4) was induced with IPTG, and total
proteins were analyzed by SDS-PAGE (Fig. 4). Induced pro-
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GGCGTGGAGAGTCCCGCGAACTCGCGTACAGCGTGGTCTCGAACAGGGCTTCTTCCATGGCCAGGTCACTCAGGCCGAACCACTGTTGCA
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M s K P DT VS T S A A S K A

(bphE)
TGCCGACTTGTTGTATGAGGCCGCCCACACCAGGGTGGCCGTGGCGCCGGTACGTAACCTGATCGGCGAGAAGGATCTTGATGTGGCCTA
A DL LY EAA AHT RVAV APV RNILTIGEI KDIULDVAY

CGCGGTGCAGGAGATAAATACCGTGCGGGCGCTGACGGCGGGACGACGCCTGTCGGGCCGCAAGATCGGGCTGACCTCCGTGACCGTCCA
AV Q E I NT VU RALTASG R RILSGIRIKTIGULTS VT V Q

AAAGCAGCTCGGGGTTGGGCAGCCGGACTACGGCATGCTGTTCGCTGACATGGCACGTACCGAGGGTGAAGAGGTCTCCCTCAAGGATGT
K ¢ L GV GGOQ?P DY GMULFADMARTETGTETEV S L KDV

GCTTCAGCCCAAGGTCGAGGCCGAGATAGCCTTTGTATTCGGCCGTAACCTTGAAGGCGATCAATTGACGGTGGCAGATCTTTTTCGCGC
L QP K V EAETIATFVF GURNILESGU DU OQULTV ADTULTF R A

CATCGAGTTCGCGGTTCCGGCAATCAAAATCGTGGGATCGCGGATAGCCAACTGGGATATCCATATCACCGACACCATTGCCGATAACGC
I EF AV P A I K IV G S R I ANWDTIHTITUDTTIADNA

CTCGTCGGGCCTGTACGTGCTGGGCTCCACGCCGAAACGGCTGTGCGATTTCGATGCGCGTCAGGCGGGCATGGTGATGGAGCGGCAAGG
s s 66 L Y VLGS TP K RULTCDTFUDA AR OQOQAGMUVMER QO G

TGTGCCGGTGTCTTCCGGCGTGGGTTCGGCCTGCCTGGGTTCGCCGCTCAACGCAACGCTCTGGCTGGCGAAGGTCATGGCTCGGGCCGG
VvV P VS s GV G S A CULGSUPLNATTLWILAI KUVMARAG

TCGTCCGCTGCGTGCTGGCGACACTGTGCTCTCCGGTGCGCTGGGGCCAATGGTGCCCGTGGCTGGAGGCGACGTATTCGATGTGCGCAT
R P L RAGDTUVL S G ALGU?PMV PV A GGD V F DV R I

CGCCGGACTTGGTTCGGTAACCGCAGTCTTCGCGAAGGAATGACAATGACCCGCAAACTCAAGGCTGCCATCATCGGTAGCGGCAACATC

A G L G S V T AV F A K E * M T R K L K A A I I G S G N I
(bphG)
GGTACCGACCTGATGATCAAGATCATCAGCACGGCCGATTCAGTCGAAATGGGCGCCATGGTCGGAATCGACGCAGCCTCCGACGGCCTA
G T b L M I K I I S TAD SV EMGA AMUV G I DA AASDGL

GCGCGCGCGCAGGCGTTGGGCGTCGCCACCACCCACGAGGGTGCTGAAGGCCTGACGCGACTGCCGGTATTCGCCGACATTGACATCGTG
A R A QAL GV ATTUHESGA AESGTLT RILU®PVFADTITDTIWV

TTCGACGCCACCAGTGCGGGCGCGCACGTAAAGAATGATGCCCTGCTGCGCCATCACAAACCCGCGATGCGCGTGATCGACCTTACGCCC
F DATSAGAHV KNDA ATLTLWRMHHEIKZ®PAMIZBRUVIDILTP

GCGGCCATCGGCCCCTACTGTATCCCGGTGGTCAACGGCGAAGACCACCTGGCCGCGCTGAACGTGAACATGGTCACCTGCGGTGGCCAG
A A I GP Y CIUPVV NGET DU HT LA AATLNUVNMVTTCSGG Q

GCCACCATTCCCATGGTGGCGGCCGTCTCGCGCGTGGCCAAGGTGCAGTACGGCGAAATCGTCGCCAGCATCTCCAGCAAGAGCGCCGGC
AT I P MV AAUV S RVAI KUVOQYGETIVASTIS S K S AG

CCGGGCACGCGCGCCAACATCGACGAGT TCACCGAAACCACCTCCAAGGCCATCGAAGTGGTGGGCGGCGCCGCCAAGGGCAAGGCCATC
P G T R A NI DETFTETTS KA ATIEVV GG A AAIKGI KA I

ATCGTCCTGAACCCGGCCGAGCCGCCGCTGATCATGCGTGACACGGTCTACACCCTGAGCGATTTCGCCGACACCGCCAAGATCGAGGAC
I VL NP A EPPLIMU®RDTUVY TUL S DF ADTAIKIE D

TCGGTGCAGCGCATGGCCGCCGCAGTGCAGGCTTATGTGCCCGGCTACCGCCTGAAGCAGCGTGTGCAGTTTGACCGCATCGAGGCCGAC
S VQ R MAAAV QA Y VP G Y RL K QR V QF DRI EAD
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CGGCCGATCCGCATCCCTGGCGTAGGCGATCGGCTCACCGGGCTGAAGACCTCGGTCTTCCTGGAGGTCGAGGGTGCCGCCCACTACCTG 2520
R P IRTIUPGVGDU RILTSGILI KT SV FULEVEGAAUHHYL

CCAGCCTACGCCGGCAACTTGGACATCATGACCAGCGCCGCGCTGCGCACCGCCGAGAAGATGGCGCAGCGCCTGCTCGCTACCCTGACC 2610
P A Y AGNTULODTIMTSAALT RTA AET KM AQRTULTILATTLT

GCCTGA&&A?GCCCCCATGACGACAAAGAAAATCTACATTTCTGATGTGACGCTGCGCGACGGCAGCCACGCCATCCGCCACCAGTACAG 2700

A = M T T K K I Y I SDUVTTLT RDTGSUHATIT RIHE ZOQTYS
(bphF)

CGTGGAACAGGTCAGGACCATCGCGAAAGAGT TGGACGAAGCCAAGGTCGATTCCAT TGAGGTCGCCCATGGCAGCGGCCTGCAGGGCTC 2790

VEOQVRTTIA AT KTETLTGDTETAB ATEKTVUVDSTIETUVA AIHGS ST GTLUG QG S

CAGCTTCAACTACGGCTTCGGCGCCCACACCGACTTGGAGTGGATCGAGGCGGTGGCCAGCGTGGTCAAGCACGCGAAGATCGCCACCCT 2880
S FNYGF GAHTUDULEWTIEA AVASVV KHAI KTIATL

GCTGCTGCCGGGCATAGGCACCATCCACGACCTGAAGGCGGCCTACGACGCCGGCGCGCGCATCGTGCGCGTGGCCACGCACTGCACCGA 2970
L L P G I G T I HDULIKAA AYDA AGA ARTIUVIRVATHTCTE

GGCGGACATCTCCAAACAGCACATCGAATACGCCCGCCACCTGGGCATGGAGGCGGTCGGCTTTCTGATGATGAGCCACATGAGCACGCC 3060
A DI S K QHTIEYARU HLGMEA AV G F L MMS HMS TP

GCAAGGCCTGGCCCAGCAGGCCAAGCTGATGGAAAGCTACGGAGCCACCTGCTGCTACGTGGTAGAT TCCGGCGGCGCCTTGAGCATGGA 3150
Q GL AQOQAIKILMESYGATT CT CYV VD S GGAULSMD

TGACGTGCGGATGCGGTTTCGAGCCTTCAAGGACGTGCTCAAGCCCGAAACCGAAACCGGCATCCACGCCCACCACAACCTCAGCCTTGG 3240
D VRMRPBRTFRATFI KDUVILIKZPETETT GTIMHA AHRUHBNILSTLG

CGTGGCCAACAGCATCGTGGCAATCGAGGAAGGCTGTGACCGCGTCGACGCCAGCTTGGC TGGCATGGGCGCTGGTGCAGGCAACGCGCC 3330
V ANS IV ATIZEESGT CD I RVDASTILAGMGA AGA AGNA AT®P

GCTGGAGGTGTTCATCGCCGCAGCCGAGCGCATGGGCTGGCACCACGGCACCGAGTTGTACAAGCTGATGGATGCGGCCGATGACATCGT 3420
L EV F I AAAEURMGWHHGTETULYI KU LMDA AADT DIV

GCGGCCGTTGCAGGATCGCCCCGTGCGCGTGGACCGCGAGACGCTGGCGCTGGGCTACGCCGGCGTGTACAGCAGCTTCCTGCGCCATTC 3510
RPLQDU RPUVRVDRETTLALGTYA AGV YSSTFTULT RIUHS

GGAGGCGGCGGCACAGAAGTACGGACTGAAGACCATGGACATCTTGGTCGAACTGGGGAGACGCCGCATGGTCGGCGGCCAGGAAGACAT 3600
E A AAQ K Y GL KTMDTIULVETLGIRIRIRMVGGOQTETDWM

GATCGTCGATGTCGCTCTTGACCTGCTCAAGTCGCTGGAACATGAGCGCATCCATGCCCAGCCGGTTTCCAGCGAAGCGGGATGACATCC 3690
I VvVDVALDIULTIULI K STULEWUHEI RTIHAMAOQZPV S S EAG *

TCAAGGAGCACGCATGAAGCAAGGACGCATCTTTCTGTGGGCGCTGGGTCTTTTTTACCTGGCGAACCTGCTGGGCACGCTGCCGTTTGC 3780

M K QG R I FLWALSGTULTFYULANILILSGTTLUZPF A
(ORF4)
CTCGGCCTCGCTGTTCAGCCAGATGTACCCAGGCTTCGTGCCTGACGCGGCCACGCCCGGCTTTCGGTTGCTCAGCAACGCCTGGGCCGT 3870
S A S L F S QMYUPGT FVPDAATU®PGT FI RTILTILSNA AWA AUV

TGTGGGCCTGCAGCTGGGCGCCATCGGCATCGTGGCCTTGTGGGGTGCGCGCGATCCGCTGCGCTACCTGGCGGTGTTCGACATCGTCAT 3960
V6L QL GAIGTIVALWSGA ARUDT PTULURYTULAVF FDTIUVI

TGCCACCGAGGTGGTTGATGGCTTGTGGGACTTTTACAGCATCACC TGGAGCCACCTGGCCACGGCATTCGGGTTGACGACTTTGGTGAT 4050
AT E V V D GUL WDV F Y S I T WS HULATA ATFSGTULTTTULUVI

CCACCCTGTGTGGATCGTTTGGGCGCTGTACGCCAGGCGTGCAGTGTTGAAGTCGGCTCGGTGAGTACGCGCACTCGCCGGGCCTTTTAA 4140
H PV W I VW ALY ARIZRAVILI K S AR *

TGTTGGCAGTTTGGGTACTAGGAGACATG
M translational start codon of bphAl

FIG. 3. Nucleotide sequence of the upstream region of bphAI and the deduced amino acid sequences of bphE, bphG, bphF, and ORF4. The
deduced amino acid sequences of bphE, bphG, bphF, and ORF4 are shown in one-letter code, and asterisks indicates stop codons. The putative
Shine-Dalgarno sequences complementary to the 3’ ends of the 16S rRNAs of both Pseudomonas aeruginosa and E. coli (26) are double underlined.
The putative promoter sequence, which is similar to the nitrogen fixation promoter (—24TGGC —12TTGCT) (6, 31), is underlined.
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FIG. 4. SDS-PAGE analyses of products of bphE, bphG, bphF, and
ORF4 overexpressed in E. coli MV1190. The conditions for induction
and electrophoresis are described in Materials and Methods. Total
proteins of E. coli MV1190 harboring pKH402 (containing bphE,
bphG, bphF, and ORF4) (lanes 2 and 3) and pKH406 (containing
ORF4) (lanes 5 and 6) are shown. Lanes 2 and 5, noninduced cells;
lanes 3 and 6, cells induced with IPTG. The low-range molecular
weight standards (lanes 1 and 4) (Bio-Rad Laboratories) were used to
estimate the sizes of products of bphE, bphG, bphF, and ORF4
(indicated by arrows).

teins corresponding to sizes of 39, 34, 29, and 16 kDa from E.
coli harboring pKH402 and 16 kDa from E. coli harboring
pKH406 were observed. These molecular sizes approximately
match those determined on the basis of the deduced amino
acid sequences of bphE, bphG, bphF, and ORF4 (28.2, 33.1,
38.3, and 15.0 kDa, respectively).

Assays of meta-cleavage enzymes activities. Activities of
2-hydroxypenta-2,4-dienoate hydratase, 4-hydroxy-2-oxovaler-
ate aldolase, and acetaldehyde dehydrogenase (acylating) in
crude extracts of biphenyl-induced Pseudomonas sp. strain
KKS102 and E. coli strains harboring pKH plasmids were
assayed. These enzyme activities of crude extract from E. coli
harboring pAQN1 were also assayed as a control (Table 2).

Crude extract of E. coli harboring pKH402 [containing
bphEGF(ORF4)] or pKH403 (containing bphE) exhibited
2-hydroxypenta-2,4-dienoate hydratase activity much higher
than that of E. coli harboring pKH404, pKH405, pKH406, or
vector pAQN1. The level of 4-hydroxy-2-oxovalerate aldolase
activity of crude extract from E. coli harboring pKH402
[containing bphEGF(ORF4)] or pKH405 (containing bphF)
was remarkably higher than the background level. The back-
ground level of 4-hydroxy-2-oxovalerate aldolase was higher
than those of 2-hydroxypenta-2,4-dienoate hydratase and ac-
etaldehyde dehydrogenase (acylating). This has been observed
in a Pseudomonas strain (23) and Pseudomonas sp. strain
CF600 (27). Acetaldehyde dehydrogenase (acylating) activity
was detected in crude extract of E. coli harboring pKH402
[containing bphEGF(ORF4)] or pKH404 (containing bphG).
Acetaldehyde dehydrogenase (acylating) activity was detected
only in crude extract of E. coli harboring bphG. These data
show that bphE, bphG, and bphF encode 2-hydroxypenta-2,4-
dienoate hydratase, acetaldehyde dehydrogenase (acylating),
and 4-hydroxy-2-oxovalerate aldolase, respectively. No meta-
cleavage enzyme activity was detected in crude extract of E.
coli harboring pKH406 (containing ORF4 alone).

Crude extract of biphenyl-induced Pseudomonas sp. strain
KKS102 exhibited these three meta-cleavage enzyme activities.
The activities were of the same level as those of crude extract
from E. coli harboring bphE, bphG, and bphF.

DISCUSSION

In this study, we sequenced an approximately 4-kb upstream
region of the bph gene cluster and found three genes (bphE,

J. BACTERIOL.

TABLE 2. Enzyme activities of crude extracts from strains
expressing various genes of the bph gene cluster

Enzyme activity”
Extract HPH HOA ADA
(U/mg) (mU/mg) (mU/mg)
Pseudomonas sp. strain KKS102 79 68 66 (223)°
(biphenyl induced)
E. coli MV1190 carrying:
pAQN1 0.5 8.2 ND¢
pKH402 51 61 134
pKH403 78 7.3 ND
pKH404 13 8.0 127
pKH405 0.7 45 ND
pKH406 1.5 13 ND

“ HPH, 2-hydroxypenta-2,4-dienoate hydratase; HOA, 4-hydroxy-2-oxovaler-
ate aldolase; ADA, acetaldehyde dehydrogenase (acylating).

5The ADA activity with a 10-fold-higher concentration of NAD™" in the
reaction mixture is shown in parentheses. Shingler et al. reported that the
reaction rate decreased very rapidly (27).

€ ND, not detected.

bphG, and bphF) for the meta-cleavage pathway and an
unknown ORF (ORF4). bphE was homologous to 2-hydroxy-
penta-2,4-dienoate hydratase of Pseudomonas sp. strain CF600
(27) and the TOL plasmid (14), and crude extract from E. coli
harboring pKH402 or pKH403 showed 2-hydroxypenta-2,4-
dienoate hydratase activity. These results clearly show that
bphE encodes 2-hydroxypenta-2,4-dienoate hydratase. Protein
purification studies showed that 2-hydroxypenta-2,4-dienoate
hydratase (XylJ) from the TOL plasmid was associated with
4-oxalocrotonate decarboxylase (XylI) (11). This probably
ensures that unstable 2-hydroxypenta-2,4-dienoate is efficiently
metabolized to 4-hydroxy-2-oxovalerate. The association of
decarboxylase and hydratase was also observed in Pseudomo-
nas sp. strain CF600, and this association seems to be required
for both enzyme activities (27). In our study, however, crude
extract of E. coli expressing bphE alone showed 2-hydroxy-
penta-2,4-dienoate hydratase activity, and its enzyme activity
was of the same level as that in crude extract of biphenyl-
induced Pseudomonas sp. strain KKS102. BphE can probably
express 2-hydroxypenta-2,4-dienoate hydratase activity stably
independently of association with decarboxylase.

Sequence analysis and enzyme activity assay show that bphG
and bphF encode acetaldehyde dehydrogenase (acylating) and
4-hydroxy-2-oxovalerate aldolase, respectively. Studies of pro-
tein purification showed that DmpG (4-hydroxy-2-oxovalerate
aldolase) and DmpF (acetaldehyde dehydrogenase [acylating])
were associated with each other, and this association could
probably ensure efficient metabolism of short-chain acetalde-
hydes (22). High amino acid identities of BphG versus DmpF
(78.3% identity) and BphF versus DmpG (80.8% identity)
suggest that the properties of DmpF and DmpG proteins may
be conserved in BphG and BphF.

The predicted amino acid sequence of ORF4 showed ho-
mology with ORF3 from P. pseudoalcaligenes KF707, whose
function is unknown (29). ORF3 from KF707 was not neces-
sary for biphenyl dioxygenase activity (29). ORF4 was not also
necessary for biphenyl dioxygenase activity (16) by the meta-
cleavage pathway. Detailed experiments are needed to identify
the function of ORF4.

The genes for enzymes of the branches of the meta-cleavage
pathway, 2-hydroxymuconic semialdehyde dehydrogenase,
4-oxalocrotonate isomerase, and 4-oxalocrotonate decarboxyl-
ase, were identified in the TOL plasmid (10), plasmid NAH7
(35), and Pseudomonas sp. strain CF600 (27). These genes,
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FIG. 5. Comparison of the bph gene structures in Pseudomonas sp. strain KKS102 and P. pseudoalcaligenes KF707. The bph41424344BCD
genes in KKS102 and those in KF707 encode the same respective enzymes (7, 16, 17, 29). The functions of ORF1 and ORF4 in KKS102 and ORF3
in KF707 are unknown (16, 29), and ORF4 in KKS102 is homologous to ORF3 in KF707. The bphX region in KF707 contains meta-cleavage genes

(8).

however, have not been found in the bph gene cluster from
KKS102. Computer analysis indicates that there is no ORF of
appropriate size upstream of bphE, and functionally unchar-
acterized ORF1 and ORF4 are not homologous to these genes
for the branched pathway. These genes may be downstream of
bphA4 or may not exist in KKS102.

The meta-cleavage genes (bphEGF) and functionally un-
known ORF4 identified in this study are clustered, and there is
no transcription terminator sequence (21) between ORF4 and
bphAl. The average G+C content (63.5%) of these four genes
is approximately the same as that (62.9%) of already analyzed
genes in the bph cluster. These data suggest that the bphEG-
F(ORF4) genes are also members of the bph gene cluster.
Thus, the bph gene cluster of biphenyl and PCB degradation in
KKS102 characterized so far comprises 12 genes, in the order
bphEGF(ORF4)A14243BCD(ORF1)A44.

The sequences related to transcriptional regulation were
searched in the sequenced region of this bph gene cluster, and
a putative promoter sequence, which is similar to the nitrogen
fixation promoter (—24TGGC —12TTGCT) (6, 31), was found
upstream of bphE (Fig. 3). It was previously reported that
another putative promoter sequence, which is also similar to
the nitrogen fixation promoter (—24TGGC -12TTGCT)
(6, 31), was found upstream of bphC (18). No sequence similar
to the terminator sequence (21) was found in the sequenced
region. These data suggest that the bph gene cluster is tran-
scribed into one transcript.

When the bph gene cluster of KKS102 is compared with that
of P. pseudoalcaligenes KF707 (Fig. 5), the meta-cleavage genes
(bphE, bphG, and bphF) are found upstream of bphAl in
KKS102, while the meta-cleavage genes in KF707, which are
homologous to bphE, bphG, and bphF, are found in the bphX
region (7a). The gene order for 2-hydroxypenta-2,4-dienoate
hydratase, acetaldehyde dehydrogenase (acylating), and 4-hy-
droxy-2-oxovalerate aldolase is preserved in KKS102, CF600
(27), and KF707 (7a). ORF4 in KKS102 is located upstream of
bphA1, but ORF3 in KF707, which is homologous to ORF4, is
located between bphA2 and bphA3 (29). Moreover, bphA4
(encoding ferredoxin reductase) in KF707 is clustered with
bphA1A2 (encoding iron-sulfur proteins) and bphA3 (encoding
ferredoxin) (29), but bphA4 in KKS102 is separated from
bphA1A2A3 (16). These comparisons of bph gene organization
in KKS102 and KF707 suggest that recombination and rear-
rangement events have occurred during formation of the bph
gene clusters.

This study shows the catabolic pathway of biphenyl and
PCBs in KKS102 (Fig. 1). Chlorobenzoic acid is produced by
the function of 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hy-

drolase (the product of bphD). KKS102 cannot grow on
chlorobenzoic acid as a sole source of carbon, but P. fluorescens
KKL101, which was isolated with KKS102, can (15). KKS102
appears not to have the genes for chlorobenzoic acid degrada-
tion. These data suggest that both KKS102 and the symbiont
KKL101 synthesize a biphenyl and PCB degradation system.
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