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The nucleotide sequence of a 1520 bp region, span-
ning the coding region for the meta-cleavage pathway
enzyme, 2-hydroxymuconic semialdehyde dehydroge-
nase, was determined. This enzyme, encoded by the
phnG, is the first of three sequential enzymes required
for conversion of 2-hydroxymuconic semialdehyde,
which is produced from catechol by the PhnE catechol
2,3-dioxygenase, to 2-hydroxypent-2,4-dienoate in the
dehydrogenative branch of the pathway. The deduced
protein sequence is 484 amino acid residues long with
a M, of 51504. The phnG has a high degree of homology
with genes encoding isofunctional proteins from other
Pseudomonas strains. We now show that the relative
position of the phnG dehydrogenase gene in the phn
operon is unique compared to the other meta-cleavage
operons which have a dehydrogenative branch of the

pathway. o 1997 Academic Press

The meta-cleavage pathway is versatile, being used
in the dissimilation of a range of substituted catechols.
Part of this metabolic versatility is due to divergence
of the meta-pathway after ring cleavage of catechol
to form meta-cleavage products (MCPs) such as 2-hy-
droxymuconic semialdehyde (HMS). This MCPs are
processed through either a hydrolytic (H) or a dehydro-
genative (D) route. Both branches converge with the
formation of 2-hydroxypent-2,4-dienoate (HPD). The H
branch converts the MCPs directly to HPD through
the activity of HMS hydrolase (HMSH). The D path
converts the MCPs to enol form of 4-oxalocrotonate by
NAD"-dependent HMS dehydrogenase (HMSD). The
enol form of 4-oxalocrotonate is then converted to HPD
through the successive activities of an isomerase and
a decarboxylase [1].
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The metabolic roles of these two branches of the
meta-cleavage pathway have been elucidated. The
MCP of catechol and 4-methylcatechol are metabolized
primarily by the 4-oxalocrotonate (D) branch because
the affinity of the dehydrogenase (HMSD) towards
these compounds, containing an oxidizable aldehyde
group, is much higher than that of the hydrolase
(HMSH) [2,3]. The H pathway is devoted to the cataly-
sis of the MCP of 3-methylcatechol (a ketone). The rate
of this reaction is significantly greater than that oc-
curring with the alternative aldehyde substrates [3,4].

Up to now, several HMSDs were discovered from var-
ious strains including Pseudomonas putida CF600 [5],
P. putida mt-2 [6], P. putida NCIB9816 [7,8], and Pseu-
domonas sp. IC [9], and the genes encoding these iso-
functional enzymes were designated as dmpC, xylG,
nahl, and bphG, respectively. It is interesting that both
the biochemical route and the gene organization of
these meta-cleavage pathway operons are identical
with each other and all of genes are encoded by the
large plasmids which were found in each strain as the
name of pVI150, pWWO0, NAH7, and pWW110, respec-
tively. In addition, these operons are able to encode
both D and H enzymes.

We have undertaken a detailed study of the meta-
cleavage pathway of phenanthrene-utilizing Pseudo-
monas sp. strain DJ77 [10] which is able to use both
H and D routes, too. The genes responsible for the meta-
cleavage pathway has been cloned [11], this cloned 6.8-
kb Xhol fragment of chromosomal DNA for HSMH
(phnD), catechol 2,3-dioxygenase (C230; phnE), un-
known polypeptide (phnF), and HPDH (phnH) have
been mapped, and their nucleotide sequences have
been determined [12,13,14,15]. In this paper we define
the precise location and hitherto unknown nucleotide
sequence of the phnG gene encoding an HMSD. We
have also compared the sequences and the gene order
between those operons which are able to use both H and
D branches of the pathway and analyzed evolutionary
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relationships among dehydrogenases which are in-
volved in the meta-cleavage pathway.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Pseudomo-
nas sp. strain DJ77 [10] is a natural isolate capable of degrading
phenanthrene, biphenyl and 4-chlorobiphenyl. The recombinant
plasmid pHENX?7 [11] contains the phnDEFGH genes, which are
involved in the phenanthrene degradation pathway from Pseudomo-
nas sp. strain DJ77. Isolation of plasmid DNA, transformation, re-
striction endonuclease digestion, ligation, agarose gel electrophoresis
and other standard recombinant DNA techniques were performed
as described by Sambrook et al. [16].

Nucleotide sequencing, sequence analyses, and phylogenetic analy-
sis. Nucleotide sequences were determined directly from plasmids
by using the Applied Biosystems automated DNA sequencer (Version
2.1.0). Suitable subcloning of various fragments constructed from
PHENX?7 into the polycloning site of the pBluescript SK (+) sequenc-
ing vector allowed sequencing of both strands. Plasmid DNAs were
purified by standard procedures using Qiagen Plasmid Kit (Qiagen
Co., Cat. No. 12125). The sequence of the phnG gene was deposited
in the GenBank database under the accession number AF023839.
Sequence analyses and phylogenetic analysis were carried out as
described previously [15]. The EMBL and GenBank database acces-
sion numbers for the sequences used as reference sequences for anal-
yses were as follows: P. putida CF600 (dmpC), X52805; P. putida mt-
2 TOL plasmid pWWO (xylG), M64747; Cycloclasticus oligotrophus
(xylG), U51165; E. coli ATCC11105 (hpaE), Z37980; E. coli C (hpcC),
X81322; Pseudomonas sp. IC (bphG; 5’ partial sequence), U01825.

RESULTS AND DISCUSSION

The phnG gene of the Pseudomonas sp. DJ77 meta
operon have been previously localized by partial se-
guencing [11,15]. In the present study, we generated
subclones containing defined fragments within this re-
gion and determined the sequence of 1520 bp of DNA
extending from downstream of phnF [14] to immediate
upstream of phnH gene [15].

The complete nucleotide sequence of the phnG gene
is shown in Fig. 1 along with translation of open read-
ing frame (ORF) that lie in an operon structure to-
gether with the HPDH gene. The deduced amino acid
sequence indicates that the protein contains 484 amino
acids with M, 51504. The putative ribosome binding
site, 5'-GGA-3’, is followed by an open reading frame
extending from the methionine codon at bp 50 to a
TAA translational stop codon at bp 1504 which is 5 bp
upstream of the initiation codon of phnH. Interestingly,
when the locations of stop condon of phnG gene is com-
pared with downstream RBS of phnH, overlap is ob-
served (Fig. 1). Considering that the phnG gene is
solely transcribed from the meta-operon promoter,
which is located at immediate upstream of phnD
[12,15], the translational stability of a message may be
partly accomplished by the coincidence of translational
stop codon and contiguous downstream RNA. This ar-
rangement would tend to reduce dissociation of ribo-
somes from the transcript before downstream genes
could be translated.
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5' OGTAGGTAATATGCACCAATGACTTOOGTCTOCTOCTCTCCAATCACGGATGACTATOCTGAACT TCATCGACGGGTCCT
phnGM T I L NF I DGS
ATCGCGAAGGCAGCGAGGGCAAGTOGTTTTCCAACGTCAATCOGGOCACCGGGGOOGAGATOGGGGTTGTGCACGAAGCA
YREGSEGKSFSNVNPATGAETIGVVHEA
AGCCAGGCAGAGGTCGAAGACGOCGTGGAGGCOGCCAAGGCOGCGCTTACCGGGCOGTGGGGCAAGATGACCACGGCCCG
SQAEVEDAVEAAKAALTGPWGEKMTTAR
AACGGGTCAAGCTGATCACCGCGTGGCGACCGAGATCGAACGCCGAGCGGATGATTTCCTGGCTGOCGAAGTGGCCGACA
TGQADHRYATEIERRADDFLAAEVAD
CCGTGAAGCOGCGTCATGT TGTGTCGCATATCGATAT TCOGOGCGGAGCCGCTAACTTCCGCATGT TCGOCGATGTCGC
TVKPRHVYVSHIDIPRGAANTFRMFADVY
TCGACGATGCCGGGAGAAAGCTTCAACACGCCAACCCCCGATGGOGGCCAGGCGTTCATCTATACCGTGAGCAAGCCCAA
STMPGESFNTPTPDGGQAFTIYTVYSKPEK
GGGTGTGGACGCCGOOGTCTRTCCGCGGAACTTCCCGCTGCTGCTGATGATCTGGAAGGT TGGACCTGAGCTTGCTTGCG
GVDAAVCPRNFPLLLMIW¥KVGPELAC
GTAATACCGCGGTGGTCAAACCGTCCGAGGAAATOGCTCGAACCGCTGCCCTACTGGGOGATGTGATAGACGCGGGTGTC
GNTAVVEKEPSEETITARTAALLGDVIDAGYVY
AATCACCATGGTGTCTTCAACGTOGCCCAACGATTCGGTCCGGCTTCGGOGGGAGAATTCCTCACGTCCAACCCCGATGT
NHHGVFNVAQRFGPASAGETFLTS SNPIDY
CGATGCCATCACCTTCACCGGOGAAACCGGCACCGGACAGGOCATCATGCAGAAGGCCGCGACCGGCGTTCGOGACATCT
DAITFTGETGTGQAIMQKAATGVRDI
CGTTCGAACTCGGTGGCAAGAACCCGGOGATCGTGTTCGCCGATGCCGACCTCGACAAAGCGGTCGAGGGTCTGTCGCGC
SFELGGEKNPAIVFADADLDI KAVEGLS SR
TCGGTCTTCCTGAACACCGGGCAGGTCTGCCTOGGAACCGAGCGGGTCTATGTCGAACGGCCGATCTICGATGCCTTCGT
SYFLNTGQVCLGTERVYVERPTIFDATFUV
GGCGCGGATGGCGGOGGCGGOGCAGGACTTCAAGCCGGGOGTGACCGGTGATCGCGCCTATCTCGGCCCTCTGATCAGCG
ARMAAAAQDFEKPGVTGDRAYLGPLTIS
COGAGCACCGOGAGAAAGTCCTGGCCTACTATCCCOGTGOGGTCGAGGACGGGCCCACCGTGTTCACCGGCGGOGGCGTT
AEHREKVLAYYPRAVEDGPTVFTGGGY
CCTGAAATCTCGGGOGOGGAAACCGGCGGCTTCTTOGTGGAACCGACGT TG TGGATCGACGTCGCCCACGGCGACACCGT
PETISGAETGGFFVEPTLWIDVAHGDTV
GATGCGOGAGGAAATCTTCGGGCCGTGCTGCGACATCTTACCGTTOGACAGCGAGGACGAGGTGATOGCGCTGGCAAACG
MREEIFGPCCDILPFDSEDEVTIALAN
ATACGGTATACGGCCTGTGCGCCTCAGTCTGGACCGAAAACCTGTCOCGCGGACACCGOGTGGRCGGOGGCGATGGAGGTG
DTVYGLCASVWTENLSRGHRVYAAAMNEVW
GGGGTGTGCTGGGTCAATTCCTGG I TCCTGCGCGATCTGOGCACGGCTTTCRGCGGGTCOGGCCATTCCGGCATAGGCCG
GVCWVNSWFLRDLRTAFGGSGHSGTIGR
GGAAGGCGGGGTGCACAGCCTOGAATTCTACACCGAGATCACCAACATCTGCGTAAAGCTTTAAGACGATGACTATCGAC 3"
EGGVHSLEFYTETITNTICVYVKTL «~phoH:MTTID
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FIG. 1. Nucleotide sequence of the phnG gene encoding HMSD
(GenBank accession number AF023839). Amino acid sequences are
given in their one letter code with asterisk indicating stop codon.
Underlined sequences indicate putative ribosome binding sites. The
end of the following phnH (GenBank accession number U97697) gene
of the pathway, encoding HPDH, is also shown.

The G + C content of the newly identified phnG gene
(63.3%) is slightly higher than those of the phnD
(60.5%), phnE (57.4%), and phnH (62.4%) gene encod-
ing an HMSH, C230, and HPDH, respectively, with
the exception of phnF (67.1%) encoding unknown poly-
peptide.

A Computer-assisted search using Blast E-mail
server [17] was conducted to find sequence similarities
between HMSD and other proteins in the database.
This enzyme was found to have more than 35% identity
to a number of MCPs dehydrogenases from a variety
of sources. This confirms that the PhnG protein is an
MCP dehydrogenase. This enzyme is more closely re-
lated to HMSD of the phenol-degrading pathway in P.
putida CF600 (DmpC, [5]), and isofunctional protein in
the TOL pathway of P. putida mt-2 (XylG, [6]), which
are also able to utilize both D and H branches of the
pathway, and a 2-hydroxy-5-methyl-6-oxohexa-2,4-di-
enoate dehydrogenase (HMODD) of xylene-degrading
pathway in Cycloclasticus oligotrophus RB1 (XylG,
[18]), being 61.9%, 58.8%, or 58.6% identical, respec-
tively. In this respect, this high level of sequence iden-
tity reflects that the PhnG dehydrogenase is active on
the MCPs (HMS, and HMOD, respectively) from cate-
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FIG. 2. Phylogram of the best tree obtained by PAUP analyses
of alignment of 6 dehydrogenase sequences. HpcC and HpaE were
used as an outgroup. The bootstrap analyses show that these clades
are very stable (bootstrap values over 93%, results not shown).

PhnG Pseudomonas sp. DJ77

XylG P. putida mt-2 pWWO

DmpC P. putida CF600

XylG Cycloclasticus oligotrophus RB1

E. coli ATCC11105

HpaE

E. coli C

HpcC

chol and 4-methylcatechol formed by the PhnE, C230
[13], and Pseudomonas sp. DJ77 might utilize the
PhnG dehydrogenase in the metabolic pathways of p-
xylene and 4-methylbiphenyl or p-toluate.
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The PhnG dehydrogenase is more distantly related
to the sequenced 5-carboxy-2-hydroxymuconic semial-
dehyde dehydrogenase (CHMSD), and 5-carboxy-
methyl-2-hydroxymuconic semialdehyde dehydroge-
nase (CMHMSD) from E. coli ATCC11105 (HpaE, [19]),
and E. coli C (HpcC, [20], being 37.4%, and 36.7% iden-
tical, respectively. These enzymes are known to be in-
volved in the degradation of 4-hydroxyphenylacetate
or homoprotocatechuate.

These differences are clearly shown in the phylogram
obtained by PAUP analysis (Fig. 2), the Pseudomonas
sp. DJ77 (PhnG), P. putida CF600 (DmpC), P. putida
mt-2 (XylG) and Cycloclasticus oligotrophus RB1
(XylG) are actually in evolutionary terms closely re-
lated.

PhnG-DJ77 MT ILNF IDGSYREGSEGKSFSNVNPATGAE I GVVHEASQAEVEDAVEAAKAAL TGPWGKMTT, !
Xy1G-pWWo MKEIKHF I SGELVGSASGKLEDNVSPANGQV IGRVHEAGRAEVDAAVRAARAALKGPWGKMTV. ILHR
DmpC-CF600 MKE I KHF INGAFVGSASGRTFEDVNPANGQV I ARVHEAGRAEVDAAV! GPWGKMSVSERAE LHR
y1G-RB1 MQHINHF INGEFVSAVDGKSF! EKRSPVDRRLIAQVSFEGKVDVDRA\ NGEWGAFTMEQRVEILY!
HpaE-Eco11105 MKKVNHWINGKNVAG--NDYFQTTNPATGEVLADVASGGEAE INQAVAAAKEAFP-KW. PMKERARLMRR
HpcC-EcoC MKKVNHWI NGKNVAG--NDYFL'ITNPATGEVLADVASGGEAE I NQAVATAKEAF P—KWANLPMKERARLMRR
* %
PhnG-DJ77 VATEIERRADDFLAAEVADTVKPRHVVSH IDIPRGAANF| RMFADWS’I‘MPGESFN’I‘PTPDGGQAF [ YTVSKP
3)1’1 1 8—8%80 VADG] TARFGEFLEARMPGHRQAEVAGQPHRHSARRANF
D

VADGITARFDEFLEAECLDTG
VEAEMADT!

pcC-EcoC L

KSLASHIDIPRGAANFKVFADLLKNVATEAEEMATPDGSGAINYAVRAP

Xy1G-RB1
HpaE-Ecol 1105 LGDL I DQNVPEI AAMETADTGLPTHQTKNVL I PRASHNFEFFAEVCQQ
GDL DQNVPE TAAMETADTGLPTHQTKNVL IPRASHNFEF FAEVCQQMNG——-—KTYPVDDKMLNYT LVQP

TTTPDGLGALNYAIRVP
MNG-——-KTYPVVDKMLNYTL VQP

k% kk

PhnG-DJ77 KGVDAAVCPRNFPLLLMIWKVGPELACGNTAVVKPSEE I ARTAALLGDVIDAGYNHHGVFNVAQREGPASAG
Xy 1G-pWWo KGVIGVISPWNLPLLLMTWKVGPALACGNCVVVKPSEETPLTATLLGEVMQAAGVPAGVYNVVHGFGGDSAG
DmpC-CF600 KGVIGVISPWNLPLLLMTWKVGPALACGNTVVVKPSEETPLTTALLGEVMQAAGVPAGVYNVVHGEGPDSAG
XylG-RB KGVVGVVSPWNAPFLLMTWKVGPALACGNTVVVKPSEETPLTTTLLGE VMNKVGVPKGVFNVVHGFGPDSAG

1
HpaE—Ecol 1105 VGVCALVSPWNVPEMTATWKVAPCLALGNTAVLKMSELSPLTADRLGELALEAGIPAGVLNVVQGYG-ATAG

HpceC-EcoC VGVCALVSPWNVPFMTATWKVAPCLALGI TAVLKMSELSPLTADRLGELALEAGIPAGVLNVVQGYG-ATAG
*k * k X Hkk Xk Xk k *g ¥ k% * X% *k KX * *%
FTGXTXXG g W
PhnG-DJ77 EFLTSNPDVDAITFTGETGTGQAIMQKAATGVRDI SFELGGKNPATVFADADLDKAVEGLSRSVELNTGQVC
Xy1G-pWWo AFLTEHPDVDAYTFTGETGTGETIMRAAAKGVRQVSLELGGKNAGIVFADCDMDKAIEGTLRSAFANCGQVC
DmpC-CF600 AFLTEHPDVNAI TFTGETRTGEAIMRAAAKGVRPVSFELGGKNAGI VFADCDLDKA T EGSMRSVFANGGQVC
y1G-RB1 EYLTHHPKVDAITFTGETTTGAA IMKAASEGMRDVSFELGGKNAGI VFADSDEDKAVDGI YKSSFLNSGQVC
HpaE—EcolllOS DALVRHHDVRAVSETGGTATGRN IMKNA-~GLKKYSMELGGKSPVL IFEDADIERALDAALFT IESINGERC
HpcC-EcoC DALVRHHDVRAVSFTGGTATGRNIMKNA'*GLKKYSMELGGKSPVLIFEDADIERALDAALFTIFSINGERC
* * % %¥kk kK Kk £ 3 * * *  Xokkkk * ok Xk * *
PhnG-DJ77 LGTERVYVERPIFDAFVARMAAAAQDFKPGVTGDR-AYLGPL I SAEHREKVLAYYPRAVEDGPTVRTGG-GV
Xyl1G-pWWo LGTERVYVERPIFDAFVARLKAGAEALK IGEPNDPEANFGPL I SHKPREKVPSYYQQAVDDGATVVTGG-GV
DmpC-CF600 LGTERLYVERPIFDEFVARLKAGAESLVIGTPDDPQANFGPL I SLQHREKVLSYYQKAVDEGATVVIGG-GL
Xy1G-RB1 VERPIFDKFVEALKKKVEK VRHGRPDDENCNFGPMI SHEHQAKVL SYYAKAVEEGAT VVTGG-GV

LGTERVYVE!
Hp aBE-Eco11105 TAGSRIFIQQSIYPEFVKRFAERANRLRVGDPNDPHNQVGAL I SQQHWEKVSGY IRLG] EEGATLLAGGPDK

HpcC-EcoC TAGSRI FIQQSIYPEFVK-F. AERANRVRVGDPTDPHNQVG ALTSQQHWEKVSGY IRLGIEEGATLLAGGPDK
* % * * X% * % * * ¥ k%
PhnG-DJ77 P-EI1SGAETGGFEVEPTLWIDVAHGDTVMREE IFGPCCDILPFDSEDEVIALANDTVYGLCASVRTENLSRG
XylG-pWWo P-EMPAHLAGGAWVQPT IWTGLADDSAVVTEE 1 FGPCCHIRPFDSEEEA I ELANSLPYGLASATWTENVRRA
an(C}*%*; ?OO g—gl\ldgéléliﬁggﬁwv PTIWTGLADGAAVVTEE IFGPCCHIRPFDREEEAVELANSLPYGLAAT IWTENTSRA

R];Tr IWTGLAEDATVMKEE I FGPCCHIAPFDDEQQV INWANDTEYGLSTTVWTRDLSRA

HpaE Ec011105 PSDLPAHLKGGNE VDNRMRVAQEE I FGPVACLLPFKDEAEGLRLANDVEYGLASY IWTQDVSKV

HpcC-EcoC PSDLPAHLKGGNF LRPT VLADVDNRMRV AQEEIFGPVACLLPFKDEAEALRLANDVEYGLASY IWTQDVSKV
* *% * ****t* sk % *% *kk *%
GXGX
PhnG-DJ77 HRVAAAMEVGVCWVNSWFLRDLRTAFGGSGHSGI GREGGVHSLEFYTE ITNICVKL
Xy 1G-pWW0 HRVAGQIEAG I VWVNSWFLRDLRTAFGGSKQSGIGREGGVHSLEFYTELKNICVKL
gm[f(C}- F600 gRVAGQLE AGI VWVNSWFLRDLRTAFGGSKQSGIGREGGVHSLEFYTELKNICVKL

RV AAKINVGITWINSWFLRDLRTAFGGSKQSGIGREGGVHSLEFYTET /CVKL
HpaF:EcolllOS LRLARGIEAGMVEVNTONVRDLRQPFGGVKASGTGREGGEY SFEVFAEMKNVCT SMGDHP IPKWGV
HpcC-EcoC LRLARGIEAGMVFVNTQFVRDLRHAFGGVKPR TGREGGGYSSKCSRK

* % * * *kkk  kokok L2 2 S 3

FIG. 3. Amino acid sequence comparison of PhnG with other dehydrogenases from various sources. The amino acids identical in all
proteins are indicated by asterisks. References for individual sequences are given in the materials and methods. FTG(S)TXXG and GXGXXG
mark the segment expected in the NAD* binding site [5,22,24] and a star indicates the location of conserved cysteine and glutamate residues
that is believed to be important for the catalytic activity of aldehyde dehydrogenases [6,21,22,23]. The full sequences of the Nahl and BphG

dehydrogenases have not yet been reported.
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Alignment of the MCPs dehydrogenases primary se-
guences of known prokaryotic organisms (Fig. 3) dem-
onstrates significant shared homology, indicating that
the common activities of these enzymes results from
shared structural features. Amongst all 6 enzymes
shown in the alignment, 124 amino acids were found
to be completely conserved. Among these conserved
amino acids the highly conserved residues of the alde-
hyde dehydrogenase family, Cys-302 and Glu-268 (the
numbering system refers to the human cytosolic ADH),
which have been implicated as essential residues for
actual catalytic nucleophile or a charge relay network
[6,21,22,23], are identical in all six sequences com-
pared. These two active sites are derived from a se-
guence alignment of various classes of ADH, mainly
from mammalian ADH sequences although Glu is little
bit shaky because some of the ADH sequences do not
have Glu in the sequences [22]. Two segments, (F/
Y)TG(S)(T)XX(G), and GXGXXG, which are considered
as putative NAD" binding region are also shown
[5,22,24].

In other studies, the gene order of the catabolic op-
eron of NAH7 for salicylate oxidation was determined
to be: promoter-nahG (the structural gene for salicylate
hydroxylase)-nahH (C230)-nahl (HMSD)-nahN (HMSH)-
nahL (HPDH) [8]. Interestingly this order is identical
to that of the isofunctional genes of TOL plasmid
pWWO [25], phenol plasmid pVI150 [5,26,27], and bi-
phenyl plasmid pWWw2110 [9]. These results were re-
garded as strong evidence that they have a shared an-
cestry and constitute a tightly clustered evolutionary
unit and therefore evolved in a modular fashion [9,28].

However, in the strain DJ77, the relative position of
the dehydrogenase gene, phnG, in the phn operon, is
unique compared to those of the other four meta-cleav-
age operons, dmp [5], xyl [6], nah [7,8], and bph [9]
(Fig. 4). The PhnG dehydrogenase gene is located im-
mediately 5 bp upstream of the PhnH hydratase gene
and 66 bp downstream of PhnF polypeptide (function
unknown), while the equivalent dehydrogenase gene of
the xyl/dmp/nah/bph operons is preceded by the
C230 gene and followed by the hydrolase gene (in order
of C230-HMSD-HMSH-HPDH).

There is also meta pathway where the gene order is
different. The order of the tbu meta pathway sequence
for toluene/benzene/phenol catabolism in P. pickettii
PKO1 differs: promoter-tbuE (C230)-tbuF (HMSH)-
tbuG (HMSD)-tbuK (4-hydroxy-2-oxovalerate aldo-
lase)-tbul (4-oxalocrotonate decarboxylase)-tbuH (4-ox-
alocrotonate isomerase)-tbuJ (HPDH) [29]. And it is
noteworthy that the gene arrangement of the cmp op-
eron (HMSH-C230-ORF-HMSD) from Pseudomonas
sp. HV3 plasmid pSKY4 [30] which appears to be in-
volved in naphthalene, salicylate and m-toluate catabo-
lism is distinct from the operons of xyl/dmp/nah/bph/
tbu [9]. Rather it is identical to that of phn operon.
Therefore although the order for the other meta path-
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bph
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FIG. 4. Differences in the genetic organization of the phn operon
from the other four operons, which can utilize both hydrolytic (H)
and dehydrogenative (D) routes of the meta-cleavage pathway, such
as dmp, nah, xyl, and bph. Only the genes analyzed in this study
are shown. Arrows indicate the direction of transcription. Abbrevia-
tions are as follows: dmp is from P. putida CF600 plasmid pVI1150
[5]; nah from P. putida NCIB9816 [7,8]; xyl from P. putida TOL
plasmid pWWO [6]; bph from Pseudomonas sp. IC [9]; HMSH, 2-
hydroxymuconic semialdehyde hydrolase; C230, catechol 2,3-dioxy-
genase; U, function unknown polypeptide; HMSD, 2-hydroxymuconic
semialdehyde dehydrogenase; HPDH, 2-hydroxypent-2,4-dienoate
hydratase.

way genes of cmp was not determined, this is an an-
other example showing the MCPH-EDO-ORF-HMSD
gene order. In this respect, these seven meta pathways
may therefore represent either very distant diver-
gences or possibly examples of convergent evolution.

ACKNOWLEDGMENTS

This work was supported by the G7-project (9-4-2) from the Minis-
try of Environment and Ministry of Science & Technology and by
grant BSRI-95-4432 from the Ministry of Education, Korea.

REFERENCES

1. Sala-Trepat, J. M., and Evans, W. C. (1971) Eur. J. Biochem. 20,

400-413.

2. Harayama, S., Mermod, N., Rekik, M., Lehrbach, P.R., and
Timmis, K. N. (1987) J. Bacteriol. 169, 558—-564.

3. Sala-Trepat, J. M., Murray, K., and Williams, P. A. (1972) Eur.
J. Biochem. 28, 347-356.

4. Duggleby, C.J., and Williams, P. A. (1986) J. Gen. Microbiol.
132, 717-726.

5. Nordlund, I., and Shingler, V. (1990) Biochim. Biophys. Acta
1049, 227-230.

6. Horn, J. M., Harayama, S., and Timmis, K. N. (1991) Mol. Micro-
biol. 5, 2459-2474.

7. Shell, M. A. (1983) J. Bacteriol. 153, 822—829.

8. Harayama, S., Rekik, M., Wasserfallen, A., and Bairoch, A.
(1987) Mol. Gen. Genet. 210, 241-247.

9. Carrington, B., Lowe, A., Shaw, L. E., and Williams, P. A. (1994)
Microbiol. 140, 499-508.
10. Kim, J. W., Kim, C.-K., Kim, Y. C., Yeum, J. H., and Lee, J. K.

(1987) Kor. Jour. Microbiol. 25, 122-128.



Vol. 240, No. 1, 1997

11.

12.

13.

14.

15.

16.

17.

18.

19.

Kim, Y. C., Youn, K. S, Shin, M. S., Kim, H. S., Park, M. S., and
Park, H. J. (1992) Kor. Jour. Microbiol. 30, 1-7.

Shin, H. J., Kim, S., and Kim, Y. C. (1997) Biochem. Biophys.
Res. Commun. 232, 288-291.

Kim, Y. C., Shin, M. S, Youn, K. S, Park, Y. S., and Kim, U. H.
(1992) Kor. Jour. Microbiol. 30, 8—14.

Lee, S.H., Kim, S., Shin, M. S,, Kim, C.-K., Lim, J.-Y., Lee,
K.-S., Min, K.-H., and Kim, Y. C. (1997) Kor. Jour. Microbiol.
33, 92-96.

Kim, S., Kweon, O. K., Kim, Y., Kim, C.-K., Lee, K.-S., and Kim,
Y. C. (1997) Biochem. Biophys. Res. Commun. 238, 56—-60.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, 2nd ed., Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

Altschul, S. R., Gish, W., Miller, W., Myers, E. W., and Lipman,
D. J. (1990) J. Mol. Biol. 215, 403-410.

Wang, Y., Lau, P.C., and Button, D. K. (1996) Appl. Environ.
Microbiol. 62, 2169-2173.

Prieto, M. A, Diaz, E., and Garcia, J. L. (1996) J. Bacteriol. 178,
111-120.

45

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Roper, D. I., Stringfellow, J. M., and Cooper, R. A. (1995) Gene
156, 47-51.

Abriola, D. P., Fields, R., Stein, S., MacKerell, A.D. Jr., and
Pietruszko, R. (1987) Biochemistry 26, 5679—-5684.

Hempel, J., Nicholas, H., and Lindahl, R. (1993) Protein Sci. 2,
1890-1900.

Inoue, J., Shaw, J. P., Rekik, M., and Harayama, S. (1995) J.
Bacteriol. 177, 1196—1201.

Wierenga, R. K., Terpstra, P., and Hol, W. G. (1986) J. Mol. Biol.
187, 101-107.

Harayama, S., and Rekik, M. (1990) Mol. Gen. Genet. 221, 113—
120.

Bartilson, M., and Shingler, V. (1989) Gene 85, 233-238.
Shingler, V., Powlowski, J., and Marklund, U. (1992) J. Bacte-
riol. 174, 711-724.

Williams, P. A., and Sayers, J. R. (1994) Biodegradation 5, 195—
217.

Kukor, J.J., and Olsen, R. H. (1991) J. Bacteriol. 173, 4587—
4594,

Yrjala, K., Paulin, L., Kilpi, S., and Romantschuk, M. (1994)
Gene 138, 119-121.



