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ignated as dmpE, xylJ, nahL, todG and cmtF (both are
The phnDEFG genes of Pseudomonas sp. DJ77, which from P. putida F1), bphE, bphH, bphX1, cumE and

are responsible for the degradation of polyaromatic etbE, respectively.
hydrocarbons and chlorinated aromatics, were lo- Prior to this study, we have undertaken a detailed
cated previously on the 6.8 kb XhoI fragment of chro- study on phenanthrene-utilizing Pseudomonas sp.mosomal DNA. Here, we sequenced a downstream re- strain DJ77 [12] which is able to use both H and Dgion hitherto unknown and identified the phnH gene

routes of the meta-cleavage pathway. The genes re-encoding a 2-hydroxypent-2,4-dienoate hydratase,
sponsible for the meta-cleavage pathway were clonedwhich is required for the conversion of 2-hydroxypent-
from the chromosomal DNA and the recombinant plas-2,4-dienoate to 4-hydroxy-2-oxovalerate in the meta-
mid was designated as pHENX7 [13]. On the clonedcleavage pathway of catechols. The relative position
XhoI fragment of about 6.8 kb, the phnDEFG genesof the hydratase gene in the phn operon is unique com-
encoding a 2-hydroxymuconic semialdehyde hydrolasepared to the other meta-cleavage operons which have
(HMSH), a catechol-2,3-dioxygenase (C23O), an un-a dehydrogenative branch of the pathway. The PhnH
known polypeptide and a 2-hydroxymuconic semi-hydratase contains 264 amino acids with a Mr of 28043.
aldehyde dehydrogenase (HMSD), respectively, wereThe deduced amino acid sequence of the PhnH enzyme

is 60.9–31.6% identical to those of homologous enzymes mapped (Fig. 2). The nucleotide sequences of the phnD
encoded by the todG, bphE, cmtF, bphH, bphX1, xylJ, and phnE genes were reported [14,15]. This 6.8 kb XhoI
dmpE, cumE, MTCY03C7.20 and etbE genes. q 1997 fragment contains a region of about 1.5 kb of hitherto
Academic Press unknown function, downstream of the phnG gene. In

this report, we identified the phnH gene encoding a
HPDH in this region, determined the nucleotide se-
quence and analyzed evolutionary relationships among

In the meta-cleavage pathway for catechol or substi- hydratases which are involved in the meta-cleavage
tuted catechols, 2-hydroxypent-2,4-dienoate (HPD) pathway.
formed by either a hydrolytic (H) or dehydrogenative
(D) route [1], is metabolized to 4-hydroxy-2-oxovalerate MATERIALS AND METHODS
by the action of the HPD hydratase (HPDH) (Fig. 1)
[2]. Up to now, several HPDHs were discovered from Bacterial strains, plasmids and DNA manipulations. Pseudomo-

nas sp. strain DJ77 [12] is a natural isolate capable of degradingvarious strains including Pseudomonas putida CF600
phenanthrene, biphenyl and 4-chlorobiphenyl. The recombinant[3], P. putida mt-2 [4], P. putida NCIB9816 [5], P. put-
plasmid pHENX7 [13] contains the phnDEFG genes, which are in-ida F1 [6,7], Pseudomonas sp. KKS102 [8], Pseudomo- volved in the phenanthrene degradation pathway from Pseudomonas

nas sp. LB400 [9], P. pseudoalcaligenes KF707, P. fluo- sp. strain DJ77. Isolation of plasmid DNA, transformation, restric-
tion endonuclease digestion, ligation, agarose gel electrophoresis andrescens [10] and Rhodococcus sp. RHA1 [11], and the
other standard recombinant DNA techniques were performed as de-genes encoding these isofunctional enzymes were des-
scribed by Sambrook et al. [16].

Nucleotide sequencing. Nucleotide sequences were determined
directly from plasmids by using either the Sequenase version 2.0 kit1 To whom correspondence should be addressed (Fax: 82-431-68-

2538; e-mail: youngkim@cbucc.chungbuk.ac.kr). from USB Co. or an Applied Biosystems automated DNA sequencer.
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FIG. 1. Reaction catalyzed by 2-hydroxypent-2,4-dienoate hydra-
tase (HPDH). The substrate formed by either a hydrolytic (H) or
dehydrogenative (D) route is converted to 4-hydroxy-2-oxovalerate
by the enzyme.

Suitable subcloning into the polycloning site of the pBluescript SK
(/) sequencing vector allowed sequencing of both strands. Plasmid
DNAs were purified by standard procedures using Qiagen Plasmid
Kit (Qiagen Co., Cat. No. 12125).

Sequence analyses. The sequence of the phnH gene was deposited
in the GenBank database under the accession number U97697. The
nucleotide sequence and the deduced amino acid sequence were ana-
lyzed by using the DNASIS/PROSIS (Hitachi v. 7.0). Multiple align-
ments were carried out on a computer using the Clustal W algorithm
[17] with all parameters set at their default values and fine-tuned
manually. The EMBL and GenBank database accession numbers
for the sequences used as reference sequences for analyses were as
follows: P. putida CF600 (dmpE ), X60835; P. putida F1 (todG),
U09250; P. putida mt-2 TOL plasmid pWW0 (xylJ ), M64747; P. pseu-
doalcaligenes KF707 (bphX1), D85853; Mycobacterium tuberculosis FIG. 3. Nucleotide sequence of the phnH gene (GenBank acces-
H37Rv (MTCY03C7.20), Z82098; Pseudomonas sp. LB400 (bphH ), sion number U97697). The amino acid sequences are also shown in
X76500; P. putida F1 (cmtF ), U24215; Pseudomonas sp. KKS102 one letter codes beneath the corresponding codons and the stop co-
(bphE ), D16407; P. fluorescens (cumE ), D63377; Rhodococcus sp. dons are marked with an asterisk. A putative ribosome binding site
RHA1 (etbE ), D78322; E. coli MG1655 (orf5), U73857; E. coli CS520 is underlined.
(mhpD), Y09555; E. coli W3110 (mhpD), D86239.

Phylogenetic analysis. Phylogenetic analysis was performed us-
ing the maximum parsimony approach of PAUP (version 3.1.1; 37)

dIII (pHH11) fragments from pHENX7 into SK(/) vec-[18]. The PAUP analysis was carried out using fairly standard de-
tor. The entire nucleotide sequence and the deducedfault settings (heuristic search: 12 searches in which the input order

of the sequences was randomly varied; the tree bisection-reconnec- amino acid sequence are shown in Fig. 3. The sequence
tion branch-swapping routine, treating gaps as individual insertion revealed one open reading frame (phnH ) encoding a
events) on Power Macintosh computer. For bootstrap analysis, the polypeptide. A database search by Blast E-mail serverbootstrap program of the PAUP was used to generate 100 data sets,

[19] detected a high degree of similarity between thiswhich were analyzed as described above. At least one gap in each
run of gaps was treated as a new character state while the other gaps polypeptide and the variety of hydratases. This sug-
were treated as missing data to minimize the number of evolutionary gests that the phnH encodes a HPDH. The calculated
events represented by a given run of gaps.

RESULTS AND DISCUSSIONS

Nucleotide sequence and location of the HPDH gene.
In order to determine the sequence of the region hith-
erto unknown, subclones were constructed by cloning
1.8-kb HindIII-XhoI (pHX18) and 1.1-kb HindIII-Hin-

FIG. 4. Differences in the genetic organization of the phn operon
from the other three operons, which can utilize both hydrolytic (H)
and dehydrogenative (D) routes of the meta-cleavage pathway, suchFIG. 2. Genetic map of the phn locus of pHENX7. Genes encode

metabolic enzymes as follows: phnD, HMSH; phnE, C23O; phnF, a as dmp, nah and xyl. Only the genes analyzed in this study are
shown. Arrows indicate the direction of transcription. Abbreviationspolypeptide with unknown function; phnG, HMSD; phnH, HPDH.

The promoter is shown as P. Only relevant restriction sites are given. are the same as the legend of Fig. 2 and also described in the intro-
duction.B, BglII; E, EcoRI; H, HindIII; Ps, PstI; S, SalI; X, XhoI.
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FIG. 5. Amino acid sequence alignments of PhnH and related proteins. The amino acids identical in all proteins are indicated by
asterisks. References for individual sequence are given in the section 2.3. Because the amino acid sequences of three hydratases from E.
coli W3110, MG1655 and CS520 are 99.6% identical with each other (a G residue, instead of E, has been found at position 204 of the
published sequences of MG1655 and CS520), only the sequence from W3110 is shown. And the amino acid sequence of a HPDH from P.
pseudoalcaligenes KF707 (BphX1) is also omitted as it differs from a HPDH of Pseudomonas sp. LB400 (BphH) at only two positions, 33
and 42 (Y and H, instead of I and Q, respectively). The full sequence of the NahL hydratase has not yet been reported.

Mr of the PhnH polypeptide, based on the deduced se- and D branches of the pathway. The PhnH hydratase
gene is located immediately 4 bp downstream of thequence of 264 amino acids, is 28043. The phnH gene is

preceded by a Shine-Dalgarno-type sequence [20]. The PhnG dehydrogenase gene (in order of HMSH-C23O-
ORF-HMSD-HPDH), while the equivalent hydrataseG / C content of the coding region of the newly identi-

fied phnH gene (62.4%) is slightly higher than those of gene is preceded by the hydrolase gene (in order of
C23O-HMSD-HMSH-HPDH) in the dmp [3], xyl [4] andthe phnE (57.4%) [15] and phnD (60.5%) [14] genes
nah [5] operons. In the operons containing only a Hencoding a C23O and a HMSH, respectively. A partial
branch such as tod (P. putida F1) [4,21] and bph (bothsequence of the phnG gene encoding a HMSD was
from Pseudomonas sp. LB400 [9] and Pseudomonas sp.found immediately upstream of the phnH gene. There-
KKS102 [8]), which are responsible for the degradationfore the gene order of the catabolic operon of pHENX7
of toluene and biphenyl, respectively, the hydrataseresponsible for catechol oxidation is determined to
gene is located downstream (in the tod operon) or up-be: promoter-phnD (HMSH)-phnE (C23O)-phnF (un-
stream (in both bph operons) of the hydrolase gene atknown polypeptide)-phnG (HMSD)-phnH (HPDH).
intervals of 3-9 genes.As shown in Fig. 4, the relative position of the hydra-

tase gene, phnH, in the phn operon is unique compared Sequence comparisons. Binary sequence compari-
to those of the other three meta-cleavage operons, dmp son revealed that the PhnH hydratase is more closely

related to HPDHs from P. putida F1 (TodG, 60.9% iden-[3], xyl [4] and nah [5], which are able to use both H
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keto-4-pentenoate hydratases is shown in Fig. 6. The
phylogram reveals that HPDHs can be clustered into
five subfamilies. Sequences within the same subfamily
show greater than 50% identity in pairwise compari-
sons. The subfamily I includes the TodG, BphE and
PhnD hydratases. The subfamily II includes CmtF and
three 2-keto-4-pentenoate hydratases from E. coli
W3110, E. coli CS520 and E. coli MG1665, which are
involved in the p-cumate and 3-hydroxyphenylpropio-
nate degradation pathway, respectively. The subfamily
III includes BphH, XylJ, BphX1, DmpE and CumE.
The subfamily IV and V include HPDH from Rhodococ-
cus sp. RHA1 (EtbE) and Mycobacterium tuberculosis
H37Rv (MTCY03C7.20), respectively.

The results that the PhnH hydratase belongs to sub-
family I, but the DmpE and XylJ hydratases belong toFIG. 6. Phylogram of the best tree obtained by PAUP analyses
subfamily III and that the phn operon is different fromof alignment of 14 hydratase sequences. Symbols at branch points

designate each subfamily as discussed in the text. MTCY20 the dmp, xyl and nah operons in the gene organization
(MTCY03C7.20) was used as an outgroup. The bootstrap analyses suggest that the phn operon might have distinct evolu-
show that these clades are very stable (bootstrap values over 70%, tionary lineage from these three operons.results not shown).
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