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The meta-cleavage pathway for catechol is one of the major routes for the microbial degradation of aromatic
compounds. Pseudomonas sp. strain CF600 grows efficiently on phenol, cresols, and 3,4-dimethylphenol via a
plasmid-encoded multicomponent phenol hydroxylase and a subsequent meta-cleavage pathway. The genes for
the entire pathway were previously found to be clustered, and the nucleotide sequences ofdmpKLMNOPBC and
D, which encode the first four biochemical steps of the pathway, were determined. By using a combination of
deletion mapping, nucleotide sequence determinations, and polypeptide analysis, we identified the remaining
six genes of the pathway. The fifteen genes, encoded in the order dmpKLMNOPQBCDEFGHI, lie in a single
operon structure with intergenic spacing that varies between 0 to 70 nucleotides. Homologies found between the
newly determined gene sequences and known genes are reported. Enzyme activity assays of deletion derivatives
of the operon expressed in Escherichia coli were used to correlate dmpE, G, H, and I with known meta-cleavage
enzymes. Although the function of the dmpQ gene product remains unknown, dmpF was found to encode
acetaldehyde dehydrogenase (acylating) activity (acetaldehyde:NAD+ oxidoreductase [coenzyme A acylating];
E.C.1.2.1.10). The role of this previously unknown meta-cleavage pathway enzyme is discussed.

The central role of catecholic intermediates in aerobic
microbial degradation of aromatic compounds is well estab-
lished. Catechol (1,2-dihydroxybenzene) itself is an interme-
diate in the degradation of compounds such as benzoate,
naphthalene, salicylate, and phenol, and substituted cate-
chols are intermediates in the catabolism of methylated and
chlorinated derivatives of these compounds (13, 34). A
diverse array of enzymes can be elaborated to convert
aromatic compounds to central catecholic intermediates.
However, the reactions used for oxygenative ring fission of
the catechol and the subsequent conversion to Krebs cycle
intermediates are limited to one of two metabolic alterna-
tives: those of the ortho- and meta-cleavage pathways. The
ortho-cleavage pathways involve ring cleavage between the
two hydroxyl groups followed by a well-defined series of
reactions leading to P-ketoadipate (reviewed in reference
13). The alternative meta-cleavage pathway involves ring
cleavage adjacent to the two catechol hydroxyls, followed
by degradation of the ring cleavage product to pyruvate and
a short-chain aldehyde (Fig. 1). The use of one pathway or
the other is dependent upon the microbial species and/or the
nature of the growth substrate.
The meta-cleavage pathway was first studied in Pseudo-

monas strains that can grow at the expense of phenol and
cresols (14, 29). Since then, the role of the meta-cleavage
pathway in aromatic biodegradation by bacteria of many
genera, including species of Azotobacter and Alcaligenes
and numerous species of Pseudomonas, has been demon-
strated (2, 13, 23, 36). In addition, reactions of the lower part
of the pathway are involved in the degradation of phenyl-
propionates by Escherichia coli (8). From this variety of
sources, a wealth of information has accumulated regarding
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pathway chemistry, gene organization and regulation, and,
to a lesser extent, gene structure and enzymology.
The most comprehensively studied meta-cleavage path-

way is that of the IncP-9 TOL plasmid pWWO, which
encodes a toluene degradation pathway of Pseudomonas
putida. The meta-cleavage pathway genes are located in an
operon that encodes the enzymes for conversion of ben-
zoate, via catechol, to central metabolites; a separate operon
encodes the enzymes required to convert toluene and xy-
lenes to the corresponding benzoates. The TOL meta-
cleavage operon comprises 13 structural genes, of which 2,
xylT and xylQ, have no known function (19). The remaining
genes encode the enzymes required for the conversion of
benzoate to catechol and then to pyruvate and acetaldehyde
via the reactions shown in Fig. 1. The enzymes of the
pathway from the ring fission enzyme downward have been
studied to various extents. Whereas catechol 2,3-dioxygen-
ase, for example, has been the subject of many studies, other
enzymes, such as 4-hydroxy-2-oxovalerate aldolase and
2-hydroxymuconic semialdehyde dehydrogenase, have ap-
parently not even been purified. Many features of the TOL
meta-cleavage pathway gene organization and enzyme func-
tion are preserved in other aromatic catabolic pathways in
Pseudomonas species (for a review, see reference 2).
The meta-cleavage pathway also functions in the degrada-

tion of phenols and methyl-substituted phenols by a number
of different Pseudomonas species (14, 26, 37, 40). Pseudo-
monas sp. strain CF600 can grow efficiently with phenol,
cresols, or 3,4-dimethylphenol (3,4-dmp) as the sole carbon
and energy source (40). The catabolic pathway for these
substrates is encoded on pVI150, an IncP-2 megaplasmid,
and involves hydroxylation followed by a meta-cleavage
pathway. The genes for the enzymes of this pathway were
previously found to be clustered, and the nucleotide se-
quences of the genes involved in the first four biochemical
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FIG. 1. The pVI150 plasmid-encoded catabolic pathway for the
dissimilation of phenol and its methylated derivatives. Enzyme
structural genes are defined in the text. Compounds: I, phenol; I1,
catechol; III, 2-hydroxymuconic semialdehyde; IV, 4-oxalocroto-
nate, enol form (2-hydroxyhexa-2,4-diene-1,6-dioate); V, 4-oxalocro-
tonate, keto form (2-oxohex-3-ene-1,6-dioate); VI, 2-oxopent-4-
enoate; VII, 4-hydroxy-2-oxovalerate; VIII, acetaldehyde. Enzymes:
1, phenol hydroxylase (PH); 2, catechol 2,3-dioxygenase (C230); 3,
2-hydroxymuconic semialdehyde hydrolase (2HMSH); 4, 2-hydroxy-
muconic semialdehyde dehydrogenase (2HMSD); 5, 4-oxalocroto-
nate isomerase (401); 6, 4-oxalocrotonate decarboxylase (40D); 7,
2-oxopent-4-enoate hydratase (OEH); 8, 4-hydroxy-2-oxovalerate
aldolase (HOA); 9, acetaldehyde dehydrogenase (acylating) (ADA).

steps of the pathway, dmpK, L, M, N, 0, P, B, C, and D,
have been determined (3, 4, 30, 31).
The dmpKLMNOP genes are involved in the conversion

of phenol to catechol. Only the polypeptide products of the
dmpLMNOP genes, namely, P1, P2, P3, P4, and P5, are
required for in vitro activity of a multicomponent phenol
hydroxylase (33). The function of P0, the product of dmpK,
is unknown. Although P0 is not required for in vitro phenol
hydroxylase activity, it is required in vivo, together with P1
through P5, for growth on phenol by a pseudomonad that can
catabolize catechol (30). The dmpKLMNOP genes are ar-
rayed in an operon structure with no more than 70 bp
between any two genes.
The dmpB, C, and D genes encode enzymes (Fig. 1) that

have analogs in meta-cleavage pathways for catabolism of a
variety of aromatic compounds. The gene order of dmpB, C,
and D is identical to that of the analogous genes of the TOL
pathway, and the polypeptide product sizes are similar (3).
The ring-cleavage enzyme catechol 2,3-dioxygenase is en-
coded by dmpB (4) and catalyzes the conversion of catechol
to 2-hydroxymuconic semialdehyde. The coding region for
catechol 2,3-dioxygenase is located approximately 350 bp
downstream from dmpP. The amino acid sequence of this
enzyme was found to be 83 to 87% homologous to catechol
2,3-dioxygenase from the TOL and NAH7 naphthalene
catabolic pathways (4). The dmpC and dmpD genes encode
the first enzymes of the branches of the meta-cleavage
pathway: 2-hydroxymuconic semialdehyde dehydrogenase
and 2-hydroxymuconic semialdehyde hydrolase, respec-
tively. The dmpB, C, and D genes are closely linked with
intergenic spacing of 38 and 11 bp (31). Although nucleotide
sequence information for isofunctional genes is not avail-
able, the product of dmpC, 2-hydroxymuconic semialdehyde
dehydrogenase, exhibits approximately 40% sequence iden-
tity with aldehyde dehydrogenases from eukaryotic sources
(31).
Here we report gene locations, nucleotide sequences,

polypeptide analysis, and associated activities for the rest of
the meta-cleavage pathway genes ofPseudomonas sp. strain
CF600. This work completes the gene structure information
for the meta-cleavage enzymes and provides evidence that
the phenol/3,4-dmp catabolic operon is composed of 15
genes. Moreover, the nucleotide sequence information in-
cludes the discovery of a new operon-encoded meta-cleav-
age pathway enzyme that can metabolize acetaldehyde. This
work should considerably aid future efforts to increase the
comparatively meager knowledge of meta-cleavage pathway
enzymology.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1. Plasmids
were introduced into E. coli strains by the procedure of
Kushner (27) and into Pseudomonas sp. strain PB2701 either
by conjugation from E. coli S17-1 or by electroporation with
a Bio-Rad Gene Pulser. Ampicillin (100 ,ug/ml) and carben-
icillin (1 to 2 mg/ml) were used for selection of plasmid-
encoded P-lactamase in E. coli and Pseudomonas strains,
respectively.

Plasmids were constructed by using standard recombinant
techniques. The plasmids designated pVI are based on the
broad-host-range tac expression vectors pMMB66HE and
pMMB66EH or derivatives thereof (pMMB66HEA and
pMMB66EHA, respectively). Plasmids that are based on the
pMMB66A vectors are indicated by a A symbol. The extent
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant propertiesa Reference or source

E. coli
S17-1 r- m+ Tpr Smr Mob+ 41
DH5 r- m+ recAl 17
CSR603 Maxicell strain 38

Pseudomonas strains
Pseudomonas sp. strain CF600 Phenol/3,4-dmp degrader 40
P. putida U Phenol degrader (ATCC 17514) 14
P. putida PB2701 r- m+ Smr derivative of KT2440 MBSCb

Plasmids
pBluescript SK(+) Apr cloning and sequencing vector Stratagene
pMMB66HE and EH Apr, RSF1010 based tac promoter expression vectors carrying lacIq 16
pMMB66HEA and EHA Derivatives of pMMB66HE and EH without the lacIq repressor gene 40
pVI264 dmpKLMNOPQBCDE, BglII-EcoRl fragment (kb 0.25-10.0) (Fig. 2) 3
pVI265 dmpKLMNOPQBCDEFGHI, BglII-BamHI fragment (kb 0.25-19.9) (Fig. 2) 3
pVI298 dmpKLMNOPQBCDEFGHI, BglII-NruI fragment (kb 0.25-15.0) (Fig. 2) This study
pVI299 dmpKLMNOPQBCDEFGHI, BglII-PvuII fragment (kb 0.25-13.5) (Fig. 2) This study
pVI300A dmpQ, Bal 31-Pstl fragment (bp 5367-6240) (Fig. 4) This study
pVI301A dmpDE, HpaI-EcoRI fragment (bp 8047-10051) (Fig. 4) This study
pVI302A dmpGHI, EcoRI-BamHI fragment (bp 10051-19900) (Fig. 4) This study
pVI303A dmpDEFGH, HpaI-XhoI fragment (bp 8047-12784) (Fig. 4) This study
pVI304A dmpGH, EcoRI-XhoI fragment (bp 10051-12784) (Fig. 4) This study
pVI305A dmpGHI, EcoRI-Bglll fragment (bp 10051-16450) (Fig. 4) This study
pVI306A dmpFGHI, NruI-NruI fragment (bp 9105-15000) (Fig. 4) This study
pVI307A dmpFGHI, NruI-PvuII fragment (bp 9105-13489) (Fig. 4) This study
pVI308A dmpD, HpaI-SacI fragment (bp 8047-9070) (Fig. 4) This study
pVI309A dmpE, DdeI-EcoRI fragment (bp 9033-10051) (Fig. 4) This study
pVI310A dmpF, Sall-Sall fragment (bp 9790-10929) (Fig. 4) This study
pVI311A dmpF, NruI-NotI fragment (bp 9105-11702) (Fig. 4) This study
pVI312A dmpG, SauI-BstEII fragment (bp 10785-11921) (Fig. 4) This study
pVI313A dmpH, NotI-XhoI fragment (bp 11702-12784) (Fig. 4) This study
pVI314A dmpI, ScaI-PvuII fragment (bp 12670-13489) (Fig. 4) This study
pVI315A dmpEH, DdeI-XhoI fragment (bp 9033-12784) (deleted between bp 10051- This study

11702) (Fig. 4)
pVI316A dmpFG, NruI-KpnI fragment (bp 9105-12553) (Fig. 4) This study
a r and m refer to host restriction and modification systems, respectively. Antibiotic resistance abbreviations: Apr, ampicillin; Smr, streptomycin; Tpr,

trimethoprim. The catabolic dmp genes are described in the text. Base pair coordinates are given relative to the last base of the restriction enzyme recognition
sites.

b MBSC, M. Bagdasarian strain collection.

of Pseudomonas sp. strain CF600-derived DNA present in
these plasmids is listed in Table 1 and illustrated in Fig. 2 and
4.

Culture conditions. Cells for crude extract preparation
were grown as follows. Pseudomonas sp. strain CF600 was
grown at 30°C in minimal medium, supplemented with 2.5
mM carbon source and trace metals (33), for approximately
15 h after inoculation (1:200) of Luria broth-grown cells.
Additional carbon source was added at 2- to 3-h intervals,
and growth was continued for approximately 6 h. E. coli
cells were grown at 37°C in Luria broth for 12 to 15 h after
inoculation (1:1,000). Induction of the lacIq-regulated tac
promoter of pMMB66HE- and pMMB66EH-based plasmids
was achieved by the addition of isopropyl-p-D-thiogalacto-
pyranoside (IPTG), to a final concentration of 0.5 mM, at 3
h postinoculation.

Analysis of plasmid-encoded polypeptides. Plasmids were
introduced into the maxicell CSR603 strain; plasmid-en-
coded polypeptides were prepared, labeled with L-[355]me-
thionine (Amersham), and analyzed essentially as described
previously (38). To aid in the separation of small polypep-
tides, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed with the addition of 32
mM NaCl in the analytical gel (28, 30). Size estimations of

polypeptides were performed by using an LMW calibration
kit (no. 17-044601) and peptide molecular mass standards
(no. 17-055101) from Pharmacia.

Nucleotide sequence determinations. Nucleotide sequences
were determined directly from plasmids by using a Pharma-
cia DNA sequencing kit (no. 27-168201). To determine the
nucleotide sequences of the previously unsequenced regions
of the operon, subfragments were cloned into the polyclon-
ing site of a pBluescript SK(+) sequencing vector (Strata-
gene). Ordered deletion libraries of the resulting plasmids
were generated by using exonuclease III and mung bean
nuclease essentially as described in the Stratagene Exo/
Mung DNA sequencing manual. Both strands were se-
quenced and the junctions of fragments were confirmed by
using custom-designed oligonucleotides.

Chemicals. All chemicals used for the preparation of
buffers were reagent grade or better. All coenzymes were
obtained from either Sigma Chemical Co. or Boehringer
Mannheim. Solutions of 2-oxopent-4-enoic acid were syn-
thesized from L-allylglycine essentially as described by
Collinsworth et al. (12). 4-Hydroxy-2-oxovalerate was pre-
pared by mild alkaline hydrolysis of 4-methyl-2-oxobutyro-
lactone (14). 4-Oxalocrotonate was a gift from Peter
Williams (University of Wales, Bangor). Equilibrium mix-

VOL. 174, 1992



714 SHINGLER ET AL.

tures of the keto and enol forms of this compound were
prepared by mixing an ethanolic solution of 4-oxalocrotonate
with 50 mM Tris-HCl (pH 7.4) and allowing the solution to
stand at room temperature for 1 h before use (20).

L-(S)-4-Methyl-2-oxobutyrolactone was synthesized es-
sentially as described by Burlingame and Chapman (8, 9) by
using treated crude extracts of phenol-grown P. putida U (9,
14) or Pseudomonas sp. strain CF600 to accumulate the
lactone from catechol. Rather than using continuous extrac-
tion with diethyl ether, we used acidified reaction mixtures
saturated with sodium chloride and then extracted four times
with equal volumes of ethyl acetate. Yields from the dif-
ferent reaction mixtures were approximately 50% of the
theoretical yield. The compound synthesized from P. putida
U was previously characterized as the L-(S) isomer (9). The
compounds obtained with P. putida U or Pseudomonas sp.
strain CF600 extracts were indistinguishible on the basis of
melting point (70 to 73°C) or circular dichroism measure-
ments. This establishes the stereochemistry of 4-hydroxy-2-
oxovalerate formed in Pseudomonas sp. strain CF600 as
L-(S).
Crude extract preparation. Cells used for making crude

extracts were harvested, washed twice with cold 10 mM
Na+-K+ phosphate buffer (pH 7.5), and then used immedi-
ately or stored at -70°C as a frozen paste. In preparation for
sonication, cells were resuspended in either 50 mM Na+-K+
phosphate buffer (pH 7.5) or 50 mM Tris-HCl (pH 7.4) buffer
containing 2 mM dithiothreitol. Crude extracts were pre-
pared by sonication of cell suspensions and then centrifuga-
tion at 83,000 x g for 1 h. The supematants were kept on ice
and used within 30 h of preparation.

Estimation of protein concentration. The protein concen-
trations in cell extracts were estimated by using a BCA
(bicinchoninic acid) assay (Pierce Chemical Co.) with bovine
serum albumin as the standard. The protocol for 60°C
described in the manufacturer's instructions was used, with
a modification (7) to eliminate interference from the dithio-
threitol in the crude extracts.
Enzyme activity assays. All enzyme assays were performed

at 25°C except for the acetaldehyde dehydrogenase (acylat-
ing) assay, which was carried out at 20°C.

4-Oxalocrotonate isomerase was assayed by measuring
the decrease in A295. The reaction conditions were essen-
tially as described previously (36), except that the assay was
conducted in 10 mM Na+-K+ phosphate buffer (pH 7.4) (0.5
ml). One unit of enzyme activity is defined as the amount of
enzyme required to cause an A295 decrease of 1.0 per min in
a 3-ml reaction volume (36).

4-Oxalocrotonate decarboxylase activity was measured by
determining the amount of substrate remaining, from the
A350 after the reaction mixtures were quenched with NaOH-
EDTA (18), at 15-s intervals over a 1-min period. The
reaction mixtures (0.5 ml) contained 50 mM Tris-HCI (pH
7.4), 2.7 mM MgSO4, and 125 ,uM 4-oxalocrotonate (equi-
librium keto-enol mixture). To ensure that the formation of
the keto form of 4-oxalocrotonate was not rate limiting in the
later part of the reaction, 5.5 U of 4-oxalocrotonate isomer-
ase, obtained by heat treatment (20, 36) of extracts from cells
harboring pVI314A, was added to the assays with extracts
that lacked this activity. One unit of activity is defined as the
amount of enzyme required to catalyze the conversion of 1
pumol of substrate per min.
2-Oxopent-4-enoate hydratase activity was determined by

the method of Collinsworth et al. (12), except that the buffer
used was 45 mM Tris-HCl (pH 7.2), and 2.9 mM MgSO4 was
used in place of MnCl2 (20). As defined by Collinsworth et al.

(12), 1 U of activity is the amount of enzyme required to
cause a decrease in A265 1.0 per min in a 3-ml reaction
volume.
The assay for 4-hydroxy-2-oxovalerate aldolase was car-

ried out by monitoring the oxidation of NADH (A340) in the
presence of excess lactate dehydrogenase, which reduces
pyruvate formed by the action of the aldolase (36). Reaction
mixtures (1 ml) contained 46 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid buffer (pH 8.0), 1 mM MnCl2,
260 p.M NADH, 260 ,uM 4-hydroxy-2-oxovalerate, 28 U of
lactate dehydrogenase, and 0.4 to 0.5 mg of crude extract
protein. The reaction was initiated by the addition of 4-hy-
droxy-2-oxovalerate, and rates were corrected for the pres-
ence of NADH oxidase activity. Pseudomonas extracts
contained high levels of alcohol dehydrogenase activity, so
that, in the absence of lactate dehydrogenase, acetaldehyde
formed by the aldolase could then be reduced by this
enzyme. Thus, in phenol-grown Pseudomonas extracts in
the absence of lactate dehydrogenase, NADH was con-
sumed at approximately 50% of the rate observed in the
presence of lactate dehydrogenase. In contrast, the alcohol
dehydrogenase activity in E. coli extracts was very low, so
that, in the absence of lactate dehydrogenase, extracts that
exhibited aldolase activity did so at a rate of only 15 to 20%
of that observed in the presence of lactate dehydrogenase.
One unit of activity is defined as the amount of enzyme
required to catalyze the oxidation of 1 p.mol of NADH per
min in the presence of excess lactate dehydrogenase.
The standard assay adopted for measurement of acetalde-

hyde dehydrogenase (acylating) activity involved monitoring
the coenzyme A-stimulated reduction of NAD+ (A340). As-
say mixtures (1 ml) contained 50 mM Na+-K+ phosphate
buffer buffer (pH 7.5), 285 p.M NAD+, 10 mM acetaldehyde,
and 0.2 to 0.4 mg of crude extract protein. The A340 of this
mixture was monitored for 1 min, and the reaction was then
initiated by the addition of coenzyme A (100 ,uM). One unit
of activity is defined as the amount of enzyme required to
reduce 1 ,umol of NAD+ per min in the presence of coen-
zyme A under these conditions.

Nucleotide sequence accession numbers. The nucleotide
sequence data in this paper have been submitted to the
EMBL data library under accession numbers X60835 and
X60836.

RESULTS

Mapping of the phenol/3,4-dmp operon. The plasmid-en-
coded phenol/3,4-dmp catabolic pathway of Pseudomonas
sp. strain CF600 involves a multicomponent phenol hydrox-
ylase and a subsequent meta-cleavage pathway (Fig. 1). The
genes for the enzymes of this pathway was previously found
to be clustered on an approximately 20-kb SacI-to-BamHI
fragment (3). The nucleotide sequence of the genes involved
in the first four biochemical steps of the pathway, dmpK, L,
M, N, 0, P, B, C, and D, was previously determined,
allowing unambiguous location within the 20-kb Sacl-to-
BamHI fragment (Fig. 2).

Expression of the 20-kb SacI-to-BamHI fragment confers
on pseudomonads the ability to grow on phenol and its
methylated derivatives m-, o-, and p-cresol and 3,4-dmp.
The location of dmpK, L, M, N, 0, P, B, C, and D within
this fragment suggests that the remaining genes of the
pathway are encoded downstream of dmpD. To further
define the location of the pathway genes, deletion deriva-
tives of pVI265, which expresses most of the 20-kb Sacl-to-
BamHI fragment, were constructed and tested for their
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FIG. 2. Restriction map of cloned pVI150 DNA. Arrowheads indicate the direction of transcription from the tac promoter of the
expression vector. The location of previously sequenced phenol catabolic genes are shown. Coordinates of restriction endonuclease
recognition sites are given in kilobases. B, BamHI; Bg, BglII; E, EcoRI; Nr, NruI; Pv, PvuII; S, Sacl. The ability of P. putida PB2701
harboring the plasmids to grow on M9 salts (3) supplemented with different carbon sources and IPTG (0.5 mM) is indicated.

ability to confer growth on phenol and methylphenols. The
results of these experiments (Fig. 2) demonstrate that a
13.25-kb BglII-to-PvuII fragment is sufficient to encode the
entire phenol/3,4-dmp catabolic pathway.

Nucleotide sequence of the phenol/3,4-dmp genes. The
complete nucleotide sequence of the 13.25-kb BglII-to-PvuII
fragment was determined as described in Materials and
Methods. The sense strands of the previously unsequenced
regions are shown in Fig. 3, along with translation of six
open reading frames (ORFs) that are preceded by putative
ribosome binding sites. The location, size, intergenic spac-
ing, and G+C contents of these ORFs relative to those of
known genes of the pathway are summarized in Table 2. The
ORFs, designated dmpQ, E, F, G, H, and I, have high G+C
contents because of preferential usage ofG and C at the third
codon position, as has been found for the other genes of the
pathway and for Pseudomonas genes in general (30, 48).
The dmpQ gene is located between dmpP and dmpB,

whereas dmpE, F, G, H, and I are located downstream of
dmpD. Thus, the coding order of the operon is dmpKLM
NOPQBCDEFGHI, and the intergenic spacing varies be-
tween 0 and 70 nucleotides. At the dmpQ-dmpB and dmpG-
dmpHjunctions, the last base of the last codon of one gene
is the first base of the ATG start of the next gene. The very
tight clustering of the genes suggests that the 15 genes
comprise a single operon. This is consistent with previous
data where a transposon insert in dmpP inactivated the
expression of downstream genes (40).
The nucleotide sequence was also analyzed for potential

regulatory signals. A putative promoter region, 30 bp up-
stream from the transcriptional start of dmpK, was previ-
ously reported (30). This promoter region has strong homol-
ogy to the nif-like promoters that have been shown to be
regulated by the alternative a54 factor (15, 25). No other
regions with homology to either the E. coli -35 TTGACA
-10 TATAAT or the nif-like -24 TGGC -12 TTGCT
consensus sequences were found within the entire coding
region. Likewise, no sequence similar to terminator regions
(32) was found in the coding region or downstream of dmpl,
the last gene of the operon. However, the nucleotide se-
quence downstream of dmpl has comparatively low G+C
content, has A and T tracks, and shows no preferential
codon usage in any of the three reading frames. Further-
more, the expression of this entire downstream region does
not result in the production of detectable protein products
(see below). These features suggest that this is noncoding
DNA, but it remains to be determined how and where
transcription terminates.

Polypeptide products of the dmp operon. The predicted and
observed sizes of the polypeptide products of dmpK, L, M,
N, 0, P, B, C, and D were previously determined (Table 2).
To investigate the size of the gene products of dmpQ, E, F,
G, H, and I, a series of plasmids expressing different regions
of the DNA spanning the operon were constructed by using
the pMMB66EHA and pMMB66HEA tac expression vectors
(Fig. 4A). To visualize polypeptide products, the plasmids
were introduced into the maxicell strain CSR603, and the
plasmid-encoded polypeptides were analyzed by SDS-
PAGE (Fig. 4B).

Plasmid pVI300A contains DNA spanning dmpQ and part
of dmpB. From the nucleotide sequence, this plasmid would
be predicted to express two polypeptides, one of 12.2 kDa
corresponding to the product of dmpQ and one of 25.0 kDa
comprising the first 162 amino acid residues of the dmpB
gene product fused to a sequence of 67 unrelated amino acid
residues. pVI300A mediates production of two novel poly-
peptides, AB (23.0 kDa) and Q (12.0 kDa), of approximately
the predicted molecular mass (Fig. 4B, lane 1). Plasmids
pVI301A through pVI307A (Fig. 4B, lanes 4 through 10,
respectively) contain overlapping regions of the operon and
mediate production of different combinations of six novel
polypeptides: D (30.0 kDa), E (28.0 kDa), F (35.0 kDa), G
(39.0 kDa), H (28.5 kDa), and I (6.7 kDa). Polypeptide D
(30.0 kDa) was previously shown to be the product ofdmpD
(3). Comparison of the DNA contents and polypeptides
produced from each plasmid indicates that the polypeptides
are encoded in the order D-E-F-(G or H)-(G or H)-I. Plas-
mids pVI308A through pVI314A (Fig. 4B, lanes 11 through
16, respectively) were used to map the relative order and
location of the coding regions for the polypeptides more
precisely. These plasmids express DNA spanning each of
the genes dmpD, E, F, G, H, and I in turn. Each plasmid
independently expresses a polypeptide indistinguishable on
the basis of size from polypeptide D, E, F, G, H, or I. Some
of these plasmids express the individual polypeptides at
levels lower than those of plasmids expressing more than
one gene; consequently, vector-encoded proteins can be
seen more clearly in these lanes. The apparently decreased
level of expression of the polypeptides from these plasmids
might be the result of lower transcriptional levels because of
promoter location and/or decreased translation due to
mRNA stability or disruption of coupled transcription-trans-
lation that can occur on polycistronic mRNAs. Neverthe-
less, the results clearly demonstrate the relative coding order
D-E-F-G-H-I and define the coding regions as follows: D,
between HpaI and Sacl (bp 8047 through 9070); E, between

B
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cQIKLMNOP sequences 1 - 5488 bp accession number M37764 GCt:GTTCA AGCGCATCTG 5410
.....pKR I*

AGGTGACA TGAACOGTGC CGGTTATG AT 1GCGAA CGGCAGCGG CCAACGTTZC CGiTG COGAICGTC 5500
dpQ M N R A G Y E I R E T V S G Q T F R C L P D Q S V L S

GCGATGGAGC AACAGGGCAA GCGCTG AGGTT GCCGCG CGGCTGCGC CTGTGCAAGG G1GCAG 5590
A M E Q Q G K R C V P V G C R G G G C G L C K V R V L S G T

TAC(CAGTGC ACAGAGAG TTGCAACCAT GGCCGC GAGGCGGCCAA GCCTG GCCAACTGTT TOOCAGACT 5680
Y Q C B K M S C N B V P P E A A K Q G L A L A C Q L F P Q T

GACCTGAACA TCAATGCT GrCOGC.AAGGCCGGCG ACCACAACAA CAAGAACCAG CAAGAGGTGT CGTCATGAAA AAAGGOGTAA 5770
D L N I E C L R R Q G P G D B N N K NQ Q V S S *

M X KdK-..
dq,BCD sequences 5716 - 9102 bp accession numbers M33263 and X52805 GGACGCCGCT AT T 9030

.... chi*D A I S

GAGAGAGACG AAAATGGACA AGATTTTGAT CAACGGCTC GGCAGGC TGTACGGC AATGGTCAAT CGCGAGGCGG 9120
* M D X I L I N E L G D E L Y Q A M V N R E A V S P L

GACOGAGhGr GGOCGlCCTGGSTATTIC ~GTGCCTAC CACATCTCO TGCGCATGCT CGAAAGCC GGG GAGAAGGT 9210
T E R G L D I S V D D A Y H I S L R M L E R R L A A G KC V

GATCGGCAAG AAGATCGGTG TCACCAGCAA GGCAGTGCAG AMATGCTCA ACGTACACCA GCCGGACTTC GGTTACCTG CGACCGCAT 9300
I G K K I G V T S K A V Q N M L N V B Q P D F G Y L T D R M

GGTGTTCAAC AGOG~GG CGATGCCGAT CAGCCGTTG CTGATG CCAAGGC GGG G GCC TCAAGAAGGA 9390
V F N S G E A M P I S Q L L M Q P K A E G E V A F I L K K D

CCTGATCGGC CCGACGCAC CG CACTGGCC GOACCGAGT GCTGATGCC CTGTTTCGU ATCGTC CGCATCG 9480
L I G P G V T N A D V L A A T B C V M P C F E I V D S R I R

CGACTGGAAA ATCAAGATCC AGGACA GG AC GCCCTGTG GCTTGT1TC GCTCGGCGAC CAGGCGGTAT CGOGOCA 9570
D W K I K I Q D T V A D N A S C G L F V L G D Q A V S P R Q

GGTCGACCTG GTCACTGG GCA.TGGTGGT GGAAAAGAAC GGOACATCA TCAGCAG GGCOG GCGGCG GT 9660
V D L V T C G M V V E K N G BII S T G A G A A A L G S P V

CAACTGCGTG CCAACACOr GGGCGTTTC GGCAT3CG TGAAAGCGG CGAGGATC CTGTCCT -CG-GGCC 9750
N C V A W L A N T L G R F G I A L X A G E V I L S G S L V P

GUrGA(G GTCAAGGCcG GOTGAT GCGCGTC ATC SG TCGGCAGCGC AAM G 9840
L E P V X A G D V M R V D I G G I G S A S V R F T *

GCAGATGAAC CAGAAACTC AAGTCGOG GGG GGCAATATCG GCACCGACCT GATGATCAAG GTGCTGCGCA 9930
M N Q K L K V A I I G S G N I G T D L M I K V L R N A K Y

CCTGGAAATG GGCGCCATGG TCGGCATCGA GG CGCGCCCA GtGCATGGGC GTGACA CCTATGOCGG 10020
L E M G A M V G I D A A S D G L A R A Q R M G V T T T Y A G

CGTCGAAGGG CTGATCRAGC TGCOOGAATT UAATCGrrCr TCUGAGCAC GGGC C AGAGGC 10110
V E G L I K L P E F A D I D F V F D A T S A S A B V Q N B A

GCTGCTGCGC CAGGCCAAAC CTGGCATC :CTGA IGCCGCCCt:CGTGCGCTACTGC GTGCCG TCAATCTGGA 10200
L L R Q A K P G I R L I D L T P A A I G P Y C V P V V N L E

GGAGCACCTC GGCAAGCTCA ACCCAT GAOC GGG GG ATCC GATGGGCC GGTCTCC GGIGGCAA 10290
E E L G X L N V N M V T C G G Q A T I P M V A A V S R V A K

G=TATTACGCCT TT CGCAG TCGGOCGGAC CGGCAC CGCCIACTC GACGAGCA COAC 10380
V H Y A E I V A S I S S K S A G P G T R A N I D E F T E T T

CAGCAAAGC ATCGAAGTGA T"iG-%GGC GGCAAGGGC AAcGGGATCA TTATGAA CGOGGCCGCCG TTC 10470
S K A I E V I G G A A K G X A I I I M N P A E P P L I R D

CACCGTGTAT GIGCTGSTCO CGCOCGA TAGGCC GC GGAGG .G ATG G GCGGTG CCTACGGCC 10560
T V Y V L S A A A D Q A A V A A S V A E M V Q A V Q A Y V P

CGGCTATCGC CTGAAGCAGC AGGTGCAGTT CGAGTCOAC CGOCTGTA CATCCCGGT C G TCAGOGGGT 10650
G Y R L K Q Q V Q F D V I P E S A P L N I P G L G R F S G L

GAAGACCTCG GTGTTCCTCG AAGICGAAGG CCOaC:TTACCTGTGCCTACGCCGG CAACOTCGAC ATCATGACCT CCGCT 10740
K T S V F L E V E G A A R Y L P A Y A G N L D I M T S A A L

GGCTACCGCC GAGGATGG CGCAGTCGAT GTTGAACOC TGAGGAGCTG CAk.TGACG TTCAAT GCAAGAAACT CTATATCTCC 10830
A T A E R M A Q S M L N A * d M1T F N P S K X L Y I S

GAW1AACCC TG'OGIrAG CGCTGCC ATTCGCCA AGTACACCT GGA.wCGTA CIrGCTCG COCGTGCOG GGACAAGGOG 10920
D V T L R D G S B A I R B Q Y T L D D V R A I A R A L D X A

AAAGTCGCA GCATCGRAGT CGCTC2CGG GATGGTTTGC AGGGCTCSC ACTAT GGt GGCACCGA CCTGGAGTAC 11010
K V D S I E V A B G D G L Q G S S F N Y G F G R B T D L B Y

FIG. 3. Nucleotide sequence of the phenol/3,4-dmp catabolic operon. The sense strand is shown along with translation of six ORFs,
designated dmpQ and dmpEFGHI, that are preceded by putative ribosome binding sites. The deduced amino acid sequences are shown in
their one-letter code, and the asterisks indicate stop codons.
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ATCGAGGGGGTGGTG ^IGTCAGCAC GCAAATTG CCACCT GCTGC ATCGGCAGG TGCATGCT GAAGAACGCC 11100
I H A V A G E I S H A Q I A T L L L P G I G S V H D L K N A

TATCAGGCTG GOCCOGAGr GGTGIGC GCAC LTT GCtAGAC CGACGTCG AAGCAGC&AC TCGGClGAGC CCGCAACCTT 11190
Y Q A G A R V V R V A T E C T E A D V S K Q H I H Y A R N L

GGCATGGATA CCGTCGG CCTT TWTG AGCCATGA TGCAGGcAAACTGGOC GGCAAGGC^ AGTTGTGGA GAGCTACGGC 11280
G M D T V G F L N M S H N I P A E K L A E Q G K L M E S Y G
GCCACCTGCA TCTACATGGC CGCTCGG GGGG9TGA GCATGACG CATTCGGAT CGCATGCGCG CGTTCAAGGC CGTGCTCAAG 11370
A T C I Y M A D S G G A M S M N D I R D R M R A F K A V L K

CCCGAAACGC AGGTCGTAT GCACCGCAC CAAACCT GCt G AGCCACTCT AGTTGr TGGAAGAGG CTGCGACCGT 11460
P E T Q V G EH AH E N L S L G V A N S I V A V H E G C D R

GTCGICGOGCC GCTGGG ATGGGCGOC GGGCCGGCA ACGC&CCICT GGAG?GrTC ATCCGTG CAGAACG GGGGC 11550
V D A S L A G N G A G A G N A P L H V F I A V A E R L G W N

CATGGCACO ACCTCTACAC CCTGATGGAT GCCGCCGACG ACATCGTCCG CCCGTTGCAG GATG G TGGGGT CCGCGAGACC 11640
H G T D L Y T L M D A A D D I V R P L Q D R P V R V D R E T

CTCGGOCTOG CATATGCOGG TGTCTATTCC AGCTTCT GTCACG OGA GATCGCGGCC GCCAAATACA ACCTGAAAC CCTCGACATT 11730
L G L G Y A G V Y S S F L R E A E I A A A K Y N L K T L D I

CTCGTOGAAC TGGGACACCG GCGCATGGTC GGCGGCGG AAGACATGAT CGTGGACGTC G TGTTGGOGGC CCACAAGGAG 11820
L V E L G H R R M V G G Q E D M I V D V A L D L L AA R K E

AACCGCGCAT GAACCGCACT CTGCAOGTG ACCAGGTGCT GGCTGGOC GAACACATCG AAAATGCCGA ACTCGATGTG CATGACATCC 11910
N R A *

dqhH M N R T L T R D Q V L ALA E H I E N A E L D V H D I
CCAAGGTGC CAACGATTAC COGGPTATGA CCTGCG CGCCTACGAC GTGCAGTGGG AAATCCGTCG GCGCAAGGAGACCGTGGTA 12000
P K V T N D Y P D H T F A D A Y D V Q W E I R R R K E A R G

ACAAGGTGGT CGGTCTGAG ATGGGOCTGA CGTCCTGGGC CAAAATGGC CAGATGGGCG TGGAAACACC GATCTACGGC TTCCSTGTCG 12090
N K V V G L K M G L T S W A K M A Q M G V E T P I Y G F L V

ACTACTTCAG WG0sTGCGGT GGGGGTGG TGGATACCTC GAAGCTGATC CATCCGAAGA TCGAGGCAGA AATCAGCTTC GTCACCAAGG 12180
D Y F S V P D G G V V D T S K L I H P K I E A E I S F V T K

CTCCATTGCA GGCTGGC TGOCAATCG GCCAGGTGCT GGCGGCTACC GACTTCGTGA TTMCACAGT GAAGTGATC GACTCACGTT 12270
A P L H G P G C H I G Q V L A A T D F V I P T V E V I D S R

ATGAGAACTT CAAGTTGC CTGATCAGCG TCAACCATCG TCGACCCGTT TCZTCACCGG TGGGCAGATG GCCAACGTGG 12360
Y E N F K F D L I S V V A D N A S S T R F I T G G Q M A N V

CGGATCTGGA TCTGOGCACA CTCGGCGTGG TGATGGAAAA GAACGGCGAA GTGGTAGAAC TCGGCGOOGG TGCGGCAGTG CTTGGOCATC 12450
A D L D L R T L G V V M E K N G E VV E L G A G A A V L G R
CGGCTTCCAG OGTGGOGATG TTGGCCAATC TGCTGGCC GCGTGGTG.G CATATCCCOG CGGGCAGCTT CATCATGACT GGCGGCATCA 12540
P A S S V A M L A N L L A R R G HB I P A G S F I M T G G I

CCGCTGCGGT ACCGGTGGCA CCGGGCGACA ACATCACGGT GCGCTATCAG GGCCTITGCT CGTGAGTGC GCGCTTCATC TAACCCTGTG 12630
T A A V P V A P G D N I T V R Y Q G L C S V S A R F I *

TGGSGGF G~CGOCGGCCATIGMCG= TAGGAGTACT GCAATGCGA TGCTCAGCT TTACATCTC GAAGGTCGTA CCGCGCA 12720
dzpI M P I A Q L Y I I E G R T D E Q

GAAGGAACC TTGATCGCC AAGTCAGCGA AGCATTGGC AACTCGCTGG ATGCA=OCCT 5GGCGGGTG OGA TTAOAAAT 12810
K E T L I R Q V S E A M A N S L D A P L E R V R V L I T E M

GCCGAAGAT CACTTCGGCTC GGTGG GOCGGCAAGC AAGGTCAGGC GCTAGTTGA GAGTGITCGT TAAAAGTTT GATTTGAATC 12900
P K N R F G I G G E P A S K V R R *

CCUA;GGOGG TTAGGGCA GAAGGCTA CTGCTCTCTT TCGOOGCTCA AACGCAAAGT GO GT GGCAGGGC ACTTTTTAA 12990
TGAAGCOGTA TATTAGTTT AGTCCTCGAC ATGCGGCCG CACTCGGOCC GCATCTCTT ATCATGTCGA AGCTGATCGG GJAATTTGGG 13080
TTTTCCTCT GGASCCATGGC TCAAGCAAG CCTG C ATAGCtC ACATGGTTGG AGCTGCTCTT TGTATAGAGA 13170
GCATGSCCTT GC MG=C TACATCGCTG CZAAG0 TGG llCC GCYACTGTVG AAATCCAGGT AOCAACCT GACATTAGG 13260
GAAGGTCTGA AGTAGCOCTG T MM=GACCGAA;CT CTCCTGC T AAG GGCT CAAATCGAkC CAGGTAACOC 13350
GCTCAGTTCTCCCZT1T17GC^COGCCAG TCGCG CAGOCATTTT Ct GGTGCACCTT TCGCGGTA GCAGCAAAT 13440
GrGGCGGCZ C&TCC.T.AGG TTCGCAG CG ^AChAGOr CA. GCTG 13489

FIG. 3-Continued.

DdeI and EcoRI (bp 9033 through 10051); F, between SalI soon after the end of the dmpl coding region or that this is a
and Sall (bp 9790 through 10929); G, between SauI and noncoding region.
BstEII (bp 10785 through 11921); H, between NotI and XhoI Lower meta-cleavage enzyme activities. The four known
(bp 11702 through 12784); and I, between ScaI and PvuII (bp activities of the meta-cleavage pathway that have not previ-
12670 through 13489). Hence, the sizes and order of poly- ously been assigned to dmp gene products are 4-oxalocroto-
peptides correlate well with the sizes and order of the genes nate isomerase, 4-oxalocrotonate decarboxylase, 2-oxopent-
(Table 2). 4-enoate hydratase, and 4-hydroxy-2-oxovalerate aldolase.
The plasmids pVI302A and pVI305A through pVI307A Crude extracts from cells harboring pVI265 and pVI299,

carry DNA in addition to coding regions. The additional which express the complete pathway from the IPTG-induc-
DNA ranges from approximately 0.63 to 7.04 kb downstream ible tac promoter, contain approximately 25 to 50% of the
from the end of dmpl. However, these plasmids do not levels of these enzymes found in crude extracts from phenol-
mediate the production of any polypeptides other than those grown wild-type strain CF600 (Table 3). Crude extracts from
defined above (Fig. 4B, lanes 5, 8, 9, and 10). This observa- a vector-bearing control strain showed only basal levels of
tion suggests either that transcriptional termination occurs these enzyme activities, similar to those found for the
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TABLE 2. Summary of the genes and gene products of the phenol/3,4-dmp catabolic operon

Intergenic No f Molecular mass
Gene Coordinates spacinga Putative nbosome % G+C amino acid (kDa) Function Reference

(bp) (bp) binding sites in ORF residues Pdtd Estimated or source

dmpK 745-1020 55 CGCAAGCCGCCAACCTG 0ATG 59.4 92 10.6 12.5 Unknown 30, 33
Met

dmpL 1076-2068 6 AACAAAGAGGGTACGGTTGATATG 63.4 331 38.2 34.0 Phenol hydroxylase com- 30, 33
Met ponent

dmpM 2075-2344 14 AAAGCCGCX ~ATAAAGCATG 60.7 90 10.5 10.0 Phenol hydroxylase com- 30, 33
Met ponent

dmpN 2359-3909 70 AAGAACTA ACAAGCTCATG 59.4 517 60.5 58.0 Phenol hydroxylase com- 30, 33
Met ponent

dmpO 3980-4336 13 AAGAACAAGAGGTTTCGATCATG 61.8 119 13.2 13.0 Phenol hydroxylase com- 30, 33
Met ponent

dmpP 4350-5408 11 GTGCAGCTGAGAGAGTGTGTCATG 65.6 353 38.5 39.0 Phenol hydroxylase com- 30, 33
Met ponent

dmpQ 5420-5755 0 AAGCGCATCTGAGGTGAACCATG 64.5 112 12.2 12.0 Unknown This study
Met

dmpB 5755-6675 37 AACCAGCAAGAGGTGTCGTCATG 61.0 307 35.2 32.0 Catechol 2,3-dioxygenase 3, 4
Met

dmpC 6713-8170 10 TTTTTGCA ATTGCGCAGATG 66.1 486 51.7 50.0 2-Hydroxymuconic semial- 3, 31
Met dehyde dehydrogenase

dmpD 8181-9029 14 CGTGAAGTTGTGAGGCAGCCATG 66.7 283 31.0 30.0 2-Hydroxymuconic semial- 3, 31
Met dehyde hydrolase

dmpE 9044-9826 18 ATTTCCTGAGAGAGACGAAAATG 64.2 261 27.9 28.0 2-Oxopent-4dienoate hy- This study
Met dratase

dmpF 9845-10780 14 CCTAAATTGGAGGCTTGCAGATG 65.3 312 32.7 35.0 Acetaldehyde dehydroge- This study
Met nase (acylating)

dmpG 10795-11829 0 AACGCCIGAGACTGCACCATG 61.9 345 37.5 39.0 4-Hydroxy-2-oxovalerate This study
Met aldolase

dmpH 11829-12620 53 GCCCACAAGGAGAACCGCGCATG 59.9 264 28.4 28.5 4-Oxalocrotonate decar- This study
Met boxylase

dmpI 12674-12862 TGTCGACTAGTACTGCAATG 57.6 63 7.1 6.7 4-Oxalocrotonate isomer- This study
Met ase

a Numbers of base pairs between the indicated gene and the gene listed below it in column 1.
b Over- and underlined bases indicate sequences complementary to the 3' ends of the 16S rRNAs of E. coli and P. aeruginosa, respectively (39).

uninduced acetate-grown wild-type CF600 strain (Table 3).
The background levels of 4-hydroxy-2-oxovalerate aldolase
activities are relatively high. This is consistent with previous
work, in which similar noninduced levels were observed in
E. coli strains (8) and in certain Pseudomonas strains (37).
Measurements of lower meta-cleavage pathway enzyme
activities in E. coli strains expressing different combinations
of dmpE, F, G, H, and I were used to correlate these genes
with enzyme function.
dmpl encodes 4-oxalocrotonate isomerase activity. The

dmpI gene was found to encode 4-oxalocrotonate isomerase
activity. Crude extracts from a strain harboring pVI314A,
expressing dmpl alone, exhibited this activity (Table 3),
albeit at a level significantly lower than that of extracts from
strains expressing the whole operon. Crude extracts from a

strain harboring pVI303A, which encodes dmpDEFGH but
not dmpI, lack this activity (Table 3).
dmpE encodes 2-oxopent-4-enoate hydratase activity. 2-Oxo-

pent-4-enoate hydratase activity was found to be encoded by
the dmpE gene, since crude extracts from a strain harboring
pVI309A, expressing dmpE alone, contained this activity
(Table 3). As observed for the isomerase, the hydratase
activity when expressed in isolation was lower than that
observed in crude extracts from strains expressing the
complete pathway. Two possible explanations for this are
lower expression levels and instability of the hydratase in the
absence of another pathway enzyme(s). The specific activity
of the hydratase from strains harboring pVI309A varied
somewhat between experiments (twofold higher or lower

than the activity shown in Table 3), suggesting the possibil-
ity of some instability of this enzyme. Strains harboring
pVI303A (dmpEFGH) and pVI315A (dmpEH) contain repro-
ducibly high hydratase activity levels. In the maxicell exper-
iments (Fig. 4B, lanes 6 and 12), pVI303A and pVI309A
express the dmpE gene product at similar levels; hence, the
level of hydratase activity observed in the strain harboring
pVI309A is somewhat lower than expected based on the
apparent expression levels. Taken together, these data may
indicate that the hydratase is less stable and/or less active in
the absence of the dmpH product (see below). However,
conclusive experiments must await purification of the en-
zymes.
dmpH encodes 4-oxalocrotonate decarboxylase activity. One

complication in determining which gene encodes 4-oxalocro-
tonate decarboxylase is the lack of 4-oxalocrotonate decar-
boxylase activity in the absence of the hydratase. The
decarboxylases from the meta-cleavage pathways encoded
by the TOL plasmid (20) and P. putida U (12) have been
shown to be tightly associated with their respective hy-
dratases; preliminary protein purification data from our
laboratory suggest a similar tight association of the decar-
boxylase and hydratase from Pseudomonas sp. strain CF600
(unpublished observation). Attempts to express the TOL-
encoded decarboxylase in isolation resulted in low or unde-
tectable levels of activity (20), indicating the necessity for
the presence of the hydratase for the detection of decarbox-
ylase activity.
No 4-oxalocrotonate decarboxylase activity was detected

J. BACTERIOL.
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from strains harboring plasmids expressing dmpE, F, G, H,
or I in isolation (Table 3). However, decarboxylase activity
was detected in all strains that coexpressed dmpH and dmpE
(hydratase). Plasmid pVI315A expresses only dmpE and
dmpH, and a strain harboring this plasmid has both hy-
dratase (dmpE) and decarboxylase activities. Hence, dmpH
is clearly associated with decarboxylase activity. No decar-
boxylase activity was detected from strains expressing
dmpH in isolation (pVI313A), even when vastly increased
amounts of crude extract protein were used in the assay. The
polypeptide levels observed from plasmids pVI303A and
pVI313A in maxicell experiments (Fig. 4B, lanes 6 and 15)
indicate that pVI313A expresses the decarboxylase at an
approximately fivefold lower level than does pVI303A. How-
ever, since strains harboring pVI303A exhibit decarboxylase
activity that is approximately 100-fold higher than back-
ground levels, we would expect to be able to detect decar-
boxylase activity in strains harboring pVI313A, despite the
fivefold lower expression level. Thus, we conclude that no
decarboxylase activity was found in strains harboring
pVI313A (dmpH) because of the absence of coexpression of
the hydratase rather than because of low expression levels.
Attempts to reconstitute decarboxylase activity by mixing
extracts of strains expressing the dmpE and dmpH in isola-
tion were unsuccessful (data not shown). This is consistent
with the notion that these two gene products must be
coexpressed to allow correct physical association.
dmpG encodes 4-hydroxy-2-oxovalerate aldolase activity. In

some bacteria that degrade aromatic compounds, 4-hydroxy-
2-oxovalerate aldolase appears to be a noninducible enzyme
(36). However, the results shown in Table 3 clearly demon-
strate the inducible nature of this aldolase in Pseudomonas
sp. strain CF600. The dmpE, F, and I genes encode specific

FIG. 4. Analysis of the polypeptides produced from the dmpQ,
D, E, F, G, H, and I genes of the phenol/3,4-dmp operon. (A) The
extent of the DNA in a plasmid series is shown with a summary of
the polypeptides produced from the plasmids tested. Wavy lines
indicate the locations of discontinuity in the scale. Coordinates of
restriction endonuclease recognition sites are given in base pairs. B,
BamHI; Ba, Bal 31; D, DdeI; E, EcoRI; H, HpaI; Nr, NruI; Pv,
PvuII; S, Sacl; Sa, Sail; Sc, ScaI; Su, Saul. Only the sites used in
the construction of plasmids are shown. (B) Maxicell analysis of
plasmid-encoded polypeptides. Polypeptides from CSR603 harbor-
ing the plasmids indicated in panel A were separated by 15 to 20%
acrylamide gradient SDS-PAGE with 32 mM NaCl in the analytical
gel. Lanes 6 and 12 have half samples loaded to aid visualization of
individual bands. The molecular mass standards are shown in
kilodaltons. AB (23.0 kDa), Q (12.0 kDa), D (31.0 kDa), E (28.0
kDa), F (35.0 kDa), G (39.0 kDa), H (28.5 kDa), and I (6.7 kDa)
indicate novel polypeptide bands encoded by the different plasmids.
The relative molecular mass of polypeptide I was determined by
using Pharmacia peptide standards (no. 17-055101; 17.21, 14.6, 8.24,
6.38, and 2.56 kDa) (data not shown).

meta-cleavage pathway activities (see above). Therefore,
the 4-hydroxy-2-oxovalerate aldolase activity must be en-
coded by either dmpF or dmpG. As discussed below, dmpF
alone encodes acetaldehyde dehydrogenase (acylating),
leaving dmpG as the obvious candidate to encode the
aldolase. Strains harboring either pVI303A (dmpDEFGH) or
pVI316A (dmpFG) exhibit high aldolase activity at similar
levels, whereas extracts from pVI311A (dmpF) contain no
detectable aldolase activity. These results demonstrate the
correlation between dmpG and the presence of aldolase
activity. The expression of dmpG alone did not yield aldo-
lase activity (pVI312A, Table 3). This result was surprising,
on the basis of polypeptide levels expressed from pVI303A
and pVI312A (Fig. 4B, lanes 6 and 14), which indicate a
reduction of only 5- to 10-fold in polypeptide levels when
dmpG is expressed on its own. Since pVI303A expresses
aldolase activity at 15- to 20-fold above background, we
would expect to detect aldolase activity in extracts from the
pVI312A-bearing strain. Although we cannot completely rule
out the possibility that low levels of expression from
pVI312A may account for the lack of activity in this strain,
an alternative explanation is possible. High aldolase activity
in strains that coexpress dmpF and dmpG might indicate
dependence of the aldolase activity on the presence of the

A o 10
0 M

*f 0
Ba P

_ I I
IQ' B'

Lane
2&3
1
4
5
6
7
8
9
10
11
12
13
14
15
16

pMMB66HEA
pVl300&
pVl 30U
pVI302A
pVI303A
pVI304A
pVI305A
pVI306A
pVI 307O
pVI308A
pVI309A
pVI 31OA
pVI31 2A
pVl 31 3A
pVI314,&
pVl311T
pVI 315k
pVI316A

Polypeptido
QDE FGH I

+ +

+ i 4.4+ +

+4+

+4++
+ + +4.

+

B 1 2 3 4 5 6 7 8 9 10

I I I a 0 o n I s I -I.C.. -IiJ

"- .~~~~~~___

VOL. 174, 1992



720 SHINGLER ET AL.

TABLE 3. Enzyme activities of strains expressing various genes
of the phenol catabolic operon'

Enzyme activity
Extract 401 40D OEH HOA ADA

(U/mg) (U/mg) (U/mg) (mU/mg) (mU/mg)

Pseudomonas sp. strain
CF600 (wild type)

Phenol grown 560 3.5 42 160 61b (140)
Acetate grown <1 <0.02 0.2 7.6 - (-)

E. coli DH5
pMMB66EHA (vector <1 <0.02 <0.01 6.3

control)
pVI265 (whole operon) 290 0.62 10 39 58
pVI299 (whole operon) 310 0.74 11 44 59
pVI303A (dmpDEFGH) <1 2.0 18 120 79
pVI309A (dmpE) <1 <0.02 3.3 8.4 -

pVI310A (dmpF) <1 <0.02 <0.01 7.0 -

pVI311A (dmpF) <1 <0.02 <0.01 6.4 90
pVI312A& (dmpG) <1 <0.02 <0.01 5.0 -

pV1313A (dmpH) <1 <0.02 <0.01 6.1 -

pVI314A (dmpl) 61 <0.02 <0.01 6.5 -

pVI315A(dmpEH) <1 1.9 28 7.9 -

pVI316A (dmpFG) <1 <0.02 <0.01 104 62
a Enzyme assays were performed with crude extracts prepared as described

in Materials and Methods. The figures represent the averages of duplicate
determinations. Each experiment was performed a minimum of two times. -,
not detectable. Enzyme abbreviations are as defined in the legend to Fig. 1.

b The reaction rate decreased very rapidly. The enzyme activity with a
10-fold-higher concentration of NAD+ in the reaction mixture is given within
parentheses.

dmpF gene product, acetaldehyde dehydrogenase (acylat-
ing). Experiments with a strain in which only dmpF has been
deleted from the entire pathway suggest that this might be
the case, since, in comparison with results from a strain
expressing the complete pathway, both aldolase and acetal-
dehyde dehydrogenase (acylating) activities are undetect-
able, whereas all other lower pathway enzyme levels are
essentially identical (unpublished data).
dmpF encodes acetaldehyde dehydrogenase (acylating) ac-

tivity. The fate of acetaldehyde (or propionaldehyde, in the
case of 4-methyl-substituted catechols), which formed by the
action of 4-hydroxy-2-oxovalerate aldolase, has not been
rigorously determined. The presence of alcohol dehydroge-
nase activity in phenol-grown P. putida U was noted (12),
and this represents one possible mechanism for metabolizing
the aldehyde formed by the action of the aldolase. Alcohol
dehydrogenase activity was also found, by using acetalde-
hyde or propionaldehyde as a substrate, in crude extracts
from Pseudomonas sp. strain CF600 and was present at
similar levels in extracts from cells grown at the expense of
either phenol or acetate (data not shown). Although this
noninducible enzyme may metabolize the aldehyde formed
in the meta-pathway, an operon-encoded enzyme would
provide a mechanism for greater control over the fate of this
metabolite.
The dmpF gene encodes a previously undescribed operon-

encoded enzyme activity of the meta-cleavage pathway. A
strain harboring pVI311A, which encodes dmpF alone, ex-
presses a coenzyme A-dependent acetaldehyde dehydroge-
nase (Table 3); no activity was observed in the absence of
coenzyme A (data not shown). This activity was also found
in two other strains that harbor plasmids expressing dmpF
together with other genes of the pathway (pVI303A and
pVI316A, Table 3). No enzyme activity was detected in

extracts from a strain harboring pVI310A, which also en-
codes dmpF; however, the expression levels from this
plasmid are very low (Fig. 4B, compare lanes 6 and 13). At
low levels, this enzyme would be difficult to detect because
of the presence of any competing alcohol dehydrogenase
activity. This was a particular problem when measuring
coenzyme A-dependent acetaldehyde dehydrogenase activ-
ity in extracts from Pseudomonas sp. strain CF600, which
contained much higher levels of competing alcohol dehy-
drogenase activity compared with the low levels observed in
E. coli strains (data not shown). Despite this problem,
inducible coenzyme A-stimulated acetaldehyde dehydroge-
nase activity could be detected in phenol-grown but not
acetate-grown wild-type CF600 cell extracts (Table 3). How-
ever, NADH production tapered off to zero almost immedi-
ately after the start of the reaction; although reaction time
could be extended by using a 10-fold higher NAD+ concen-
tration, NADH production was still markedly nonlinear.
Obviously, NADH produced by acetaldehyde dehydroge-
nase (acylating) can be consumed by the reduction of excess
acetaldehyde by alcohol dehydrogenase present in the ex-
tract. Such an event would account for the quick tapering off
of reactions observed for phenol-grown extracts.

DISCUSSION

The entire phenol/3,4-dmp catabolic pathway of Pseudo-
monas sp. strain CF600 is encoded in a single operon
consisting of 15 genes, dmpKLMNOPQBCDEFGHI, with
intergenic spacing that varies between 0 and 70 bp. The first
six genes are involved in the conversion of phenol to
catechol, and the remaining genes encode enzymes of the
meta-cleavage pathway. This genetic organization is dif-
ferent than that found in two other phenol-degrading
pseudomonads, P. putida U (5, 6) and P. pickettii PKO1
(26), in which the enzymes for conversion of phenol to
catechol are encoded separately from their respective oper-
ons encoding the meta-cleavage pathway enzymes.

Computer-assisted data base searches with the six newly
determined meta-cleavage enzyme sequences of dmpQ, E,
F, G, H, and I did not reveal any striking homology to any
genes of known function. However, the dmpG gene, which
encodes 4-hydroxy-2-oxovalerate aldolase activity, showed
approximately 20%o identity over the entire length of the
protein with the nifV gene product from various sources (1)
and with a-isopropylmalate synthase from Salmonella typhi-
murium (35). The nifV gene appears to encode homocitrate
synthase, which catalyzes aldol condensation of acetyl co-
enzyme A with a-ketoglutaric acid (22), whereas a-isopro-
pylmalate synthase carries out condensation of acetyl coen-
zyme A and a- ketoisocitrate (44). Despite the differences in
substrate structure and specificity, these condensation reac-
tions are mechanistically simply the reverse of the 4-hy-
droxy-2-oxovalerate aldolase-catalyzed reaction. Thus, it is
not surprising that these enzymes appear to be related.
The dmpF gene product encodes acetaldehyde dehydrog-

enase (acylating) activity. An enzyme (E.C.1.2.1.10) cata-
lyzing this reaction was isolated from Clostridium kluyveri
(10), but sequence information was not reported. The de-
duced amino acid sequence of the dmpF gene exhibited a
short region of homology with a number of dehydrogenases.
The region of homology (Fig. SA) coincides with a Pa, fold
fingerprint identified for ADP binding (47). The degree of
agreement with the fingerprint (10 of 11 amino acid residues)
and the requirement for the cofactor NAD+ for enzymatic
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A)
spmE 6 KVAIIGSGNIGTDLMIKVLRNAKYLEMGAMV 36

L -MXJGXGXXGXXE 0DDKXIM

B)
&mpQ MNRAGYEIRETVSGQTFRCLPDQSVLSAMEQQGKRCVPVGCRGGGCGLCKVRVLS

IahORF MS-EVFEITVQPGGERFVCQPQQSALHAMETQGKRCLPVGCRGGGCGLCKVRVIA

55

54

GTYQCHKMSCNHVPPEAAKQGLALACQLFPQTDLNIECLRRQGPGDHNNKNQQEVSS 112

GDYESGRVSCKHLPVEAREQGYAIACRLFARSDLCIERYSKPCSESTVDQQQRE 108

C)

dnpE MDKILINELGDELYQAMVNREAVSPLTERGLDISVD----DAYHISLRMLERRIAAGEKVIGKKIGV 63

dmRH MNRTLTRDQVLAIAEHIENAELDVHDIPKVTNDYPDMTFADAYDVQWEIRRRKEARGNKVVGLKMGL 67

TSKAVQNMLNVHQPDFGYLTDRMVFNSGEAMPISQLIMQPKAEGEVAFILKKDLIGPGVTNADVLA 129

TSWAKMAQMGVETPIYGFLVDYFSVPDGGVVDTSKLI-HPKIEAEISFVTKAPLHGPGCHIGQVLA 132

ATECVMPCFEIVDSRIRDWKIKIQDTVADNASCGLFVLGDQAVSPRQVDLVTCGMVVEKNGHIIST 195

ATDFVIPTVEVIDSRYENFFDLISVVADNASSTRFITGGQMANVADLDLRTLGVVMEKNGEVVEL 198

GAGAAALGSPVNCVAWLANTLGRFGIAUKAGEVILSGSLVPLEPVKAGDVMRVDIGGIGSASVRFT 261

GAGAAVLGHPASSVAMIANLLAERGEHIPAGSFIHTGGITAAVPVAPGDNITVRYQGLCSVSARFI 264

FIG. 5. Primary amino acid sequence comparisons. Dashed lines indicate the locations and sizes of gaps inserted into the sequence.
Identical amino acids are marked with colons, and chemically similar amino acids are marked with single dots. Amino acids considered to
be similar are A, S, and T; D and E; N and Q; R and K; I, L, M, and V; and F, Y, and W. (A) Comparison of the N-terminal region of the
deduced amino acid sequence of the dmpF gene product and a Pap fold fingerprint region identified for ADP binding (45). Symbols: A, basic
or hydrophobic (K, R, H, S, T, Q, N); O, small and hydrophobic (A, I, L, V, M, C); 0, acidic (V, M). (B) Comparison of the deduced amino
acid sequence of the dmpQ gene product and an analogously located ORF in the naphthalene meta-cleavage operon of NAH7 (47). Asterisks
indicate cysteine residues with the same spacing as those found in [2Fe-2S] center-containing plant ferredoxins (43). Fifty-seven (52%) of 109
residues were found to be identical. (C) Comparison of the deduced amino acid sequences of the dmpE and dmpH gene products; 97 (37%)
of 264 residues were found to be identical.

activity strongly suggest that this region participates in
NAD+ binding.
Acetaldehyde dehydrogenase (acylating) activity encoded

by dmpF provides an operon-controlled mechanism for the
metabolism of one of the products of the aldolase. The action
of the aldolase results in the production of pyruvate, which
can readily feed into the tricarboxylic acid cycle, and a
short-chain aldehyde that requires further modification to
produce a central metabolite. In the case of catechol or
3-methylcatechol, acetaldehyde would be produced,
whereas propionaldehyde would be generated by the action
of meta-cleavage enzymes on 4-methycatechol or 3,4-dime-
thylcatechol. Since the dmpF-encoded enzyme can use both
of these aldehydes as substrates (unpublished data), it may
be responsible for their further metabolism. Metabolism via
this route would be energetically favorable, since it results in
the production of NADH and the formation of an acyl
coenzyme A ester that can readily be metabolized further.
A complicating factor in establishing the metabolic fate of

acetaldehyde and propionaldehyde is the presence of nonin-
ducible, aldehyde-dependent NADH oxidation activity in
crude extracts from Pseudomonas sp. strain CF600. It is
most probable that this activity is due to alcohol dehydrog-
enase (E.C.1.1.1.1), which has also been shown to be
present in crude extracts of phenol-degrading P. putida U
(12). It is likely that this activity competes with the dmpF-
encoded enzyme for any aldehyde that is formed, although
to what extent it is important in the dissimilation of alde-
hydes is not clear. Due to the high NAD+/NADH ratio
generally present inside the cell (42), it is probable that

reduction of acetaldehyde by alcohol dehydrogenase is ther-
modynamically unfavorable, whereas this ratio would favor
the acetaldehyde dehydrogenase (acylating)-catalyzed reac-
tion. However, additional information regarding the kinetic
constants of the two enzymes is required to assess their
relative importance. Despite the possible competition be-
tween these two aldehyde-metabolizing enzymes, the pres-
ence of alcohol dehydrogenase activity in itself does not
necessarily indicate that another route for aldehyde dissim-
ilation exists. In the absence of other alcohol-metabolizing
enzymes, the reversible nature of the alcohol dehydroge-
nase-catalyzed reaction would mean that, as acyl coenzyme
A is consumed, alcohol could be converted to the acyl
coenzyme A derivative via the reaction catalyzed by the
dmpF-encoded enzyme (10). In Results we also discuss the
possibility that the coenzyme A-dependent dehydrogenase
and the aldolase that produces the aldehyde are associated in
some way. Such an association might represent a mechanism
by which the aldehyde can be sequestered for metabolism
via the dmpF gene product. Clearly, these reactions and the
enzymes that catalyze them warrant more detailed studies.

Detailed study of the organization and function of a
number of catabolic pathways has revealed that the order
and nucleotide sequence of meta-pathway genes from dif-
ferent catabolic pathways can be highly conserved (2). This
has led to the idea that the catabolic pathways may have
evolved by inheritance of pre-evolved metabolic modules
(11). Table 4 demonstrates the similarities between the sizes
and organizations of the meta-cleavage pathway genes of the
dmp operon of pVI150 and those of the xyl genes of TOL
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TABLE 4. Comparison of the organizations of the dmp and
xyl meta cleavage pathway geneSa

Molecular Molecular
Gene mass of Enzyme Gene mass of Enzyme

protein encoded protein encoded
(kDa) (kDa)

dmpQ 12.0 Unknown xylT 12.0 Unknown
dmpB 32.0 C230 xylE 36.0 C230
dmpC 50.0 2HMSD xylG 60.0 2HMSD
dmpD 30.0 2HMSH xyIF 34.0 2HMSH
dmpE 28.0 OEH XYlJ 28.0 OEH
dmpF 35.0 ADA xyIQ 42.0 Unknown
dmpG 39.0 HOA xylK 39.0 HOA
dmpH 28.5 40D xylI 27.0 40D
dmpI 6.7 401 xylH 4.0 401

a Molecular mass estimates and correlations of polypeptides to enzyme
functions are from reference 19; enzyme abbreviations are as defined in the
legend to Fig. 1.

plasmid pWWO. The gene order of the naphthalene meta-
cleavage pathway of NAH7 is the same except that the
relative order of last two genes (encoding 40D and 401) is
reversed (21, 46). The order of the xyl and dmp genes is
identical, and the gene product sizes, as determined by
relative mobility on gels, are similar (Table 4). The largest
difference in gene product size is observed between dmpF,
which encodes an acetaldehyde dehydrogenase (acylating),
and xylQ, an analogously located gene of unknown function
within the xyl operon. Given the similarity of function of all
the other meta-cleavage pathway genes, it would appear
likely, despite the apparent difference in size, that xylQ
encodes an isofunctional enzyme. The products of dmpl and
xylH, which both encode 40I, also appear to be different in
size. However, we believe that this may be primarily a
reflection of the PAGE systems and standards used to
determine the apparent molecular mass, since the dmpI
product appears as a 3.5-kDa band on tricine gels, but as a
6.7-kDa band on 20% or 10 to 20% or 15 to 20% gradient
SDS-PAGE gels (data not shown).
The function of dmpQ is unknown, but coding regions of

the same size and location are present in the meta-cleavage
pathway operons of pWWO and NAH7 (Table 4) (19, 47).
Comparison of the deduced amino acid sequences of dmpQ

and the analogously located gene of NAH7 reveals 52%
identity. The dmpQ gene product, like that of NAH7, has
homology to ferredoxins and contains cysteine residues with
the same spacing as the [2Fe-2S] center ligands in plant-type
ferredoxins (Fig. SB). These features suggest a possible role
for the dmpQ product as an electron carrier for some step in
the catabolism of phenol and/or its methyl-substituted deriv-
atives.
Sequence identity between the genes encoding C230 of the

three operons, dmpB, xylE, and nahH is between 83 and 87%
on the amino acid level (4). This figure is significantly higher
than that found for dmpQ. The results of data base searches
with the sequences of dmpC and dmpD have been discussed
(31). Although nucleotide sequence data for the isofunctional
genes from the xyl and nah operons are not available in the
data bases, our recent searches for homology to the dmpD
gene product (2-hydroxymuconic semialdehyde hydrolase)
identified partial ORFs upstream from the coding regions for
the toluene dioxygenase genes of P. putida Fl (48) and
benzene dioxygenase genes of P. putida (24). The degrees of
identity found between the C-terminal portion of 2-hydroxy-
muconic semialdehyde hydrolase and the deduced amino
acid sequence of the 3' partial ORFs were 65.1 and 62.4% in
a 175- and 101-amino acid overlap, respectively. Thus,
although the catabolic pathways of pVI150, pWWO, and
NAH7 may have inherited their meta-cleavage genes as an
ancestral metabolic module, in other cases, such as toluene
catabolic pathway of P. putida Fl and the benzene catabolic
pathway, this apparently has not occurred or the genes have
subsequently been reshuffled. Alternatively, and more likely
in view of the conserved sequence and gene order between
these two catabolic pathways (48), they may represent
divergence from an alternative metabolic module.
The gene organization of the meta-cleavage pathway of

Pseudomonas pickettii PKO1, which can grow at the ex-
pense of toluene, benzene, cresols, and phenol, was recently
described (26). The organization of the meta-cleavage path-
way genes differs from that described above for TOL and
pVI150; the relative order of the genes encoding 2-hydroxy-
muconic semialdehyde dehydrogenase and 2-hydroxymu-
conic semialdehyde hydrolase is reversed, and the gene
encoding 2-oxopent-4-enoate hydratase is located at the end
of the operon. Some enzymes of this meta-cleavage pathway
also appear to differ from those of TOL and pVI150 in that

TABLE 5. Homology within the dmp operon: comparison of primary amino acid sequences

% Identity' with:
Gene

dmpK dmpL dmpM dmpN dmpO dmpP dmpQ dmpB dmpC dmpD dmpE dmpF dmpG dmpH dmpI

dmpK 100.0 7.6 10.0 8.7 12.0 10.9 4.3 5.4 7.6 5.4 5.4 7.6 14.1 7.6 11.1
dmpL 100.0 10.0 5.4 8.4 7.6 7.1 7.8 5.4 6.7 5.7 7.1 7.6 8.0 9.5
dmpM 100.0 8.9 6.7 12.2 8.9 8.9 7.8 7.8 13.3 8.9 7.8 10.0 12.7
dmpN 100.0 8.4 5.7 8.0 6.2 6.8 4.9 6.1 7.1 7.2 7.2 7.9
dmpO 100.0 7.6 8.9 5.9 5.0 9.2 8.4 8.4 6.7 6.7 6.4
dmpP 100.0 11.6 6.5 9.1 8.1 6.5 7.4 10.4 6.4 11.1
dmpQ 100.0 5.4 8.0 9.8 7.1 10.7 8.0 5.4 12.7
dmpB 100.0 5.9 6.0 7.7 5.5 7.2 8.0 7.9
dmpC 100.0 6.7 11.1 9.9 6.1 6.8 14.3
dmpD 100.0 8.0 9.2 10.6 9.1 9.5
dmpE 100.0 8.4 7.3 30.3 11.1
dmpF 100.0 7.4 8.0 12.7
dmpG 100.0 9.1 6.4
dmpH 100.0 11.1
dmpl 100.0

a Percent identity found by using the PC-GENE software program Palign with gap and unit gap costs of 100.
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4-oxalocrotonate decarboxylase can apparently function in
the absence of 2-oxopent-4-enoate hydratase (see below).
These results suggest earlier divergence of this catabolic
pathway.
Gene duplication and subsequent divergence make up one

mechanism by which different enzymatic activities might
evolve. To investigate whether such a mechanism played a
role in the formation of the dmp catabolic operon, the amino
acid sequences of each of the 15 gene products of the
pathway were compared. The PC-Gene software program
Palign and the Wisconsin Genetics Computer Group soft-
ware program Bestfit gave similar qualitative results. The
results with the Palign program are shown in Table 5.
From the results shown in Table 5, the only obvious case

in which ancestral gene duplication may have resulted in
divergence to two different enzymatic activities involves the
products of dmpE and dmpH, which encode 2-oxopent-4-
enoate hydratase and 4-oxalocrotonate decarboxylase, re-
spectively. These two proteins, when optimally aligned,
show 37% identity; the greatest homology is in the C-termi-
nal portions of the sequences (Fig. SC). As described in
Results, a strain harboring a plasmid expressing dmpE alone
exhibited 2-oxopent-4-enoate hydratase activity, whereas
expression of dmpH in isolation did not yield 4-oxalocroto-
nate decarboxylase activity. 4-Oxalocrotonate decarboxyl-
ase activity was only detected when dmpE and dmpH were
coexpressed in the same cell and could not be restored by
mixing crude extracts from strains expressing each of the
genes in isolation. These data are consistent with the findings
of Haryama et al. (20). They found that the two isofunctional
enzymes from the toluene catabolic pathway copurify
through three chromatography steps and probably form a
complex within the cell. Similarly, these workers also found
that expression of the two proteins separately results in
active 2-oxopent-4-enoate hydratase but loss of 4-oxalocro-
tonate decarboxylase activity. Their data are consistent with
a tetrameric association of the two proteins in a complex. It
is possible that homomultimers or monomers of 2-oxopent-
4-enoate hydratase retain activity, whereas heteromultimers
of 2-oxopent-4-enoate hydratase and 4-oxalocrotonate de-
carboxylase are required for 4-oxalocrotonate decarboxyl-
ase activity.
Harayama et al. (20) postulate that the physical associa-

tion of 2-oxopent-4-enoate hydratase and 4-oxalocrotonate
decarboxylase might ensure efficient transformation of the
unstable 2-oxopent-4-enoate hydratase substrate (Fig. 1,
compound VI). They also point out that this intermediate
can be produced and efficiently metabolized by the hydro-
lytic branch of the meta-cleavage pathway (Fig. 1, step 3) in
the absence of any apparent physical association of the
enzymes involved. The common ancestry and structural
similarity of 2-oxopent-4-enoate hydratase and 4-oxalocro-
tonate decarboxylase might explain why a mechanism in-
volving physical association of enzymes evolved for only the
4-oxalocrotonate branch of the pathway.
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ADDENDUM

During the processing of the manuscript, nucleotide se-
quences of four xyl genes of the TOL-encoded meta-cleav-
age pathway were published: xylT, which is analogous to
dmpQ (18a), and xylGFJ, which is analogous to dmpCDE
(22a). Furthermore, the ORF upstream of the toluene diox-
ygenase genes of P. putida Fl, todF, was characterized
(28a), and the deduced amino acid sequence was aligned
with that of dmpD.
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