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Summary

Analysis of the catabolic potential of Pseudomonas
putida KT2440 against a wide range of natural aro-
matic compounds and sequence comparisons with
the entire genome of this microorganism predicted
the existence of at least four main pathways for the
catabolism of central aromatic intermediates, that is,
the protocatechuate (pca genes) and catechol (cat
genes) branches of the B-ketoadipate pathway, the
homogentisate pathway (hmg/fah/mai genes) and the
phenylacetate pathway (pha genes). Two additional
gene clusters that might be involved in the catabolism
of N-heterocyclic aromatic compounds (nic cluster)
and in a central meta-cleavage pathway (pcm genes)
were also identified. Furthermore, the genes encod-
ing the peripheral pathways for the catabolism of p-
hydroxybenzoate (pob), benzoate (ben), quinate (qui),
phenylpropenoid compounds (fcs, ech, vdh, cal, van,
acd and acs), phenylalanine and tyrosine (phh, hpd)
and n-phenylalkanoic acids (fad) were mapped in the
chromosome of P. putida KT2440. Although a repeti-
tive extragenic palindromic (REP) element is usually
associated with the gene clusters, a supraoperonic
clustering of catabolic genes that channel different
aromatic compounds into a common central pathway
(catabolic island) was not observed in P. putida
KT2440. The global view on the mineralization of aro-
matic compounds by P. putida KT2440 will facilitate
the rational manipulation of this strain for improving
biodegradation/biotransformation processes, and
reveals this bacterium as a useful model system
for studying biochemical, genetic, evolutionary and
ecological aspects of the catabolism of aromatic
compounds.

Received 13 September, 2002; accepted 21 October, 2002. *For
correspondence. E-mail ediaz@cib.csic.es; Tel. (+34) 915 611 800;
Fax (+34) 915 627 518.

© 2002 Blackwell Science Ltd

Introduction

Pseudomonas putida, a non-pathogenic member of rRNA
group | of the genus Pseudomonas, is able to colonize
many different environments, including soil, fresh water
and plant rhizosphere, and is characterized by a wide
metabolic and physiologic versatility. The strain P putida
mt-2 (ATCC 33015) was isolated from soil by K. Hosokawa
in Japan in the early 1960s by its ability to use m-foluate
(3-methylbenzoate) as the sole carbon source, a feature
later shown to result from the presence of the TOL plasmid
pWWO (Nozaki et al., 1963; Assinder and Williams, 1990).
P, putida KT2440 is a cured (Bayley et al., 1977), sponta-
neous restriction-deficient derivative of P putida mt-2
(Bagdasarian et al., 1981; Franklin et al., 1981) that has
been used extensively as host for gene cloning and
expression in Pseudomonas and represents the first host—
vector biosafety system for cloning in Gram-negative soil
bacteria. As this strain also colonizes the plant rhizo-
sphere, it becomes useful for promoting plant growth and
as a biocontrol agent for plant pathogens (O'Sullivan and
O'Gara, 1992). However, P putida KT2440 is mainly
known for its ability to degrade aromatic compounds and
as an ideal host for expanding the range of substrates that
it can degrade and/or biotransform in added-value prod-
ucts through the recruitment of genes from other microor-
ganisms (Rojo et al., 1987; Harayama and Timmis, 1989;
Ramos et al., 1994).

The TOL plasmid pWWO0 from P putida mt-2 is a
116.5 kb catabolic plasmid that has been sequenced
recently (accession no. AJ344068), and it encodes all the
proteins necessary for bacterial utilization of toluene, m-
and p-xylene, 3-ethyltoluene and 1,2,4-trimethylbenzene
(pseudocumene), plus their alcohol, aldehyde and carbox-
ylic acid derivatives, via a meta-cleavage pathway. The
TOL pathway (xy/ cluster) of P, putida mt-2 is among the
best studied examples of aromatic hydrocarbon degrada-
tion. TOL™ strains, such as strain KT2440, as for any other
P putida strains, are still able to use benzoate as sole
carbon and energy source by the chromosomally encoded
B-ketoadipate pathway (Assinder and Williams, 1990).
Some other natural aromatic compounds used by most P,
putida strains are p-hydroxybenzoate, phenylacetate,
tyrosine, phenylalanine, benzylamine and nicotinate.
Some hydroaromatic compounds such as quinate are also
substrates for P, putida strains (Stanier et al., 1966).



Despite the extensive knowledge of the TOL pathway
from P putida mt-2 (Kasai et al., 2001), very few reports
have been published on the pathways for the catabolism
of other aromatic compounds in this strain. In this work,
we have checked the abilities of P, putida KT2440 to use
different aromatic compounds as sole carbon and energy
source. As the entire genome (6181 kb) of P putida
KT2440 has been sequenced recently by the efforts of a
German consortium and The Institute for Genomic
Research (TIGR; http://www.tigr.org), we have accom-
plished a genomic analysis of the predicted aromatic cat-
abolic clusters of such a strain. P, putida KT2440 turns out
to be a very useful model system for studying biochemical,
genetic, evolutionary and ecological aspects of the catab-
olism of aromatic compounds.

Results and discussion

Aromatic substrate range and chromosomal location of
the gene clusters encoding the aromatic central pathways
of P. putida KT2440

As P putida KT2440 derives from a strain isolated from
soil, it should be able to use several aromatic compounds,
most of them proceeding from the recycling of plant-
derived material, that are commonly present in the envi-
ronment. Thus, in this work, we have observed that P
putida KT2440 is able to grow in minimal medium contain-
ing benzoate, p-hydroxybenzoate, benzylamine, pheny-
lacetate, phenylalanine, tyrosine, phenylethylamine,
phenylhexanoate, phenylheptanoate, phenyloctanoate,
coniferyl alcohol, p-coumarate, ferulate, caffeate, vanil-
late, nicotinate and quinate (hydroaromatic compound) as
sole carbon and energy source. Some other aromatic
compounds, such as 2-hydroxybenzoate (salicylate), 3-
hydroxybenzoate, 2,3-dihydroxybenzoate, 2-aminoben-
zoate (anthranilate), p-hydroxyphenylacetate, tyramine,
aniline, atropine, 2-phenylethanol, phenol, mandelate,
phenylglyoxylate, p-methoxybenzoate (p-anisate), 3,4-
dimethoxybenzoate (veratrate), p-hydroxy-3,5-dimethoxy-
benzoate (syringate), cinnamate, phenylpropionate, 3-
hydroxyphenylpropionate, vanillyimandelate, phthalate,
pyridoxal, pyridine, isonicotinate, quinoline, isoquinoline,
gallate and resorcinol, do not appear to be used by P
putida KT2440.

Taking into account the aromatic compounds that can
be mineralized by P putida KT2440 (see above), it is
reasonable to predict that this strain should contain at
least four different central pathways for the catabolism of
these compounds, i.e. the catechol (cat), protocatechuate
(pca), phenylacetate (pha) and homogentisate (hmg)
pathways. As the genes responsible for such catabolic
pathways have been reported in several bacteria, we have
performed a sequence comparison analysis to identify the
orthologue genes in P putida KT2440. When the amino
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acid sequences of the cat and pca gene products from
Acinetobacter sp. ADP1 and P, putida PRS2000 (Harwood
and Parales, 1996), pha gene products from P, putida U
(Luengo et al.,, 2001) and the hmgA gene product from
Sinorhizobium meliloti (Milcamps and de Bruijn, 1999)
were compared with the translated genome of strain
KT2440, we were able to identify the predicted cat, pca,
pha and hmg gene clusters of P, putida KT2440 (Fig. 1A).
At positions 4441-4454 kb of the KT2440 genome, there
is a 13 kb gene cluster (nic) that contains genes showing
similarity to those encoding proteins involved in the
metabolism of N-heterocyclic aromatic compounds
(Fetzner, 1998). In addition, a gene cluster (pcm) contain-
ing genes similar to those encoding the protocatechuate
4,5-dioxygenase (pcmA) and oxalocitramalate aldolase
(pcmE) from Arthrobacter keyseri (Eaton, 2001) was
located at positions 2861-2867 kb of the KT2440 genome
(Fig. 1A). Whether such gene clusters of P, putida KT2440
are involved in the catabolism of N-heterocyclic aromatic
compounds (cluster nic) and in a central pathway for the
degradation of aromatic compounds via a 4,5-meta-
cleavage of the aromatic ring (cluster pcm) remains to be
demonstrated.

The B-ketoadipate central pathway

The pca and cat gene products of P, putida KT2440 were
significantly similar to proteins of known function from
other bacteria, mainly Acinetobacter and Pseudomonas
strains (Harwood and Parales, 1996) (Tables 1 and 2).
The two branches of the B-ketoadipate pathway (ortho-
cleavage pathway), i.e. the protocatechuate branch (pca
genes) and the catechol branch (cat genes), will converge
at B-ketoadipate enol-lactone in P, putida, and one set of
enzymes (pcaDIJF gene products) will complete the con-
version of the latter to the Krebs cycle intermediates,
succinyl-CoA and acetyl-CoA (Harwood and Parales,
1996) (Fig. 1B).

Although the cat genes of the catechol branch are clus-
tered at positions 4236—-4239 kb of the P, putida KT2440
genome, the pca genes are organized in three different
clusters at positions 1566—1575 kb (pcaRKFTBDCP),
4457-4459 kb (pcald) and 5281-5282 kb (pcaGH)
(Fig. 1A). The gene order within the clusters in P. putida
KT2440 is similar to that found in P putida PRS2000
(Harwood and Parales, 1996). Considering the ubiquity of
the B-ketoadipate pathway, it is not surprising that this
pathway is present in other species of the Pseudomonas
genus. The pca orthologues from other Pseudomonas
species of finished (Pseudomonas aeruginosa PAOT1)
(Stover etal.,, 2000) or unfinished genomic sequence
(Pseudomonas fluorescens Pf0-1 and Pseudomonas
syringae pv. tomato DC3000) showed different chromo-
somal organizations from that found in P putida (Fig. 2).


http://www.tigr.org

Phenylethylamine, benzylamine, tyramine, phenylalanine,
tyrosine, nicotinate, phenylglyoxylate, resorcinol, piridoxal
HCI, quinate and phthalate were from Sigma-Aldrich and
were prepared as 1 M stock solutions in water (with the
exception of quinate and phthalate, which were prepared at
0.5M and 0.8 M, respectively, and phenylalanine and
tyrosine, which were prepared at 0.05 M). Benzoate, 2-
hydroxybenzoate, p-hydroxybenzoate, 2,3-dihydroxyben-
zoate, tropate, atropine, mandelate, anthranilate, phenylace-
tate, phenylpropionate and p-hydroxyphenylacetate were
from Sigma-Aldrich; 3-hydroxyphenylpropionate, phenylhex-
anoate, phenylheptanoate and phenyloctanoate were from
Lancaster; 3-hydroxybenzoate was from Fluka; all these
compounds were prepared as 1 M stock solutions in 2-pro-
panol (with the exception of anthranilate and 2,3-dihydroxy-
benzoate, which were prepared at 0.5 M). Caffeate, ferulate,
p-coumarate, cinnamate, vanillate, vanillyimandelate, p-
methoxybenzoate, 3,4-dimethoxybenzoate, p-hydroxy-3,5-
dimethoxybenzoate and gallate were from Sigma-Aldrich and
were prepared as 1 M stock solutions in N-N-dimethylforma-
mide. Neither 2-propanol nor N-N-dimethylformamide was
used as a carbon source by P putida KT2440. The liquid
compounds phenol, 2-phenylethanol, quinoline, isoquinoline
and aniline were from Sigma-Aldrich; pyridine was from
Merck. Coniferyl alcohol and isonicotinate were from Sigma-
Aldrich and were added directly to the growth medium at the
desired concentration.

Sequence data analyses

The nucleotide sequence of the whole P putida KT2440
genome was obtained from TIGR (accession no. AE015451).
The complete sequence of P, aeruginosa PAO1 (Stover et al.,
2000) was obtained and analysed at the Pseudomonas
Genome Project (http:// www.pseudomonas.com). Nucleotide
sequence analyses were done at the INFOBIOGEN server
(http://www.infobiogen.fr/services/menuserv.html#ANALN).
Open reading frame (ORF) searches were also performed
with the ORF FINDER program at the National Center for
Biotechnology  Information  (NCBI)  server  (http:/
www.ncbi.nlm.nih.gov./gorf/gorf.html). The amino acid
sequences of ORFs were compared with those present
in finished and unfinished microbial genome databases
using the TBLASTN algorithm (Altschul et al., 1990) at the
NCBI server (http://www.ncbi.nim.nih.gov/cgi-bin/Entrez/
genom_table_cgi). Nucleotide and protein sequence similar-
ity searches were also performed using BLAST programs at
the BLAST server of NCBI (http://www.ncbi.nim.nih.gov/blast/
blast.cgi). Pairwise and multiple protein sequence alignments
were made with the ALIGN (Wilbur and Lipman, 1983) and
CLUSTALW (Thompson et al., 1994) programs, respectively, at
the INFOBIOGEN server (http://www.infobiogen.fr/services/
menuserv.html).
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Table 1. The pcs and pob genes and their products from P, putida KT2440.

Related gene products

Gene (orf no.)®  Gene product (aa)° Name  Function Organism % |dentity/aa  Accession no.

pcaR (06331) PcaR (291) PcaR  Transcriptional activator P, putida PRS2000 96/291 L33795
(IcIR family)

pcaK (06330) PcaK (448) PcaK  4-Hydroxybenzoate transporter P, putida PRS2000 97/448 U10895

pcaF (06327) PcaF (400) PcaF  B-Ketoadipyl CoA thiolase P, putida PRS2000 97/400 u10895

pcaT (06326) PcaT (429) PcaT  B-Ketoadipate transporter P, putida PRS2000 98/429 U48776

pcaB (06324) PcaB (450) PcaB  B-Carboxy-cis,cis-muconate P, putida PRS2000 81/407 L17082
cycloisomerase

pcaD (06322) PcaD (260) PcaD  B-Ketoadipate enolactone Acinetobacter sp. ADP1  43/266 L05770
hydrolase |

pcaC (06320) PcaC (130) PcaC  y-carboxymuconolactone Acinetobacter sp. ADP1 ~ 57/134 L05770
decarboxylase

pcaP (06317) PcaP (418) PhaK  Porin protein P, putida U 42/417 AF029714

pcaG (01496) PcaG (201) PcaG  Protocatechuate 3,4-dioxygenase P putida ATCC23975 98/201 L14836
o subunit

pcaH (01495) PcaH (239) PcaH  Protocatechuate 3,4-dioxygenase P, putida ATCC23975 97/239 L14836
B subunit

pcal (02302) Pcal (231) Pcal B-Ketoadipate succinyl-CoA P, putida PRS2000 98/231 M88763
transferase subunit

pcad (02300) Pcad (213) PcaJ B-Ketoadipate succinyl-CoA P, putida PRS2000 100/213 M88763
transferase subunit

pobR (02933) PobR (292) PobC  Transcriptional activator P, putida WCS358 87/293 AJ251792
(XyIS/AraC family)

pobA (02935) PobA (395) PobA  p-Hydroxybenzoate hydroxylase P, fluorescens 75/394 X68438

a. Indicates the open reading frame number in the complete genome.

b. aa, number of amino acids.

Thus, although the pca genes from P. aeruginosa and P,
syringae are arranged in three and four different clusters,
respectively, the pca genes from P, fluorescens are clus-
tered together in the same chromosomal region (Fig. 2).
A similar arrangement of all pca genes in a single cluster
was reported in Acinetobacter sp. ADP1 (Harwood and
Parales, 1996), and it is also present in the o-proteobac-
teria Agrobacterium tumefaciens and Caulobacter cres-
centus, as well as in the Gram-positive nocardioform
actinomycete Rhodococcus opacus (Eulberg et al., 1998)
(Fig. 2). However, as observed in P, putida, P, aeruginosa
and P, syringae, the pca genes of some [B-proteobacteria,
such as Burkholderia pseudomallei and Ralstonia metal-
lidurans (formerly Alcaligenes eutrophus), are arranged in
several clusters (Fig. 2). The two pairs of genes pcaGH
and pcalJ encode separate subunits of a single enzyme
(Table 1), and they are co-transcribed in different bacteria
(Harwood and Parales, 1996). These gene products in P

fluorescens, especially the PcalJ proteins, show the low-
est amino acid sequence similarity among pca gene prod-
ucts of different Pseudomonas strains, and this may
reflect a different evolutionary origin for this pair of genes
in this bacterium. Although the gene order pcalJF is con-
served in most of the pca clusters, the pcaF gene is not
linked to pcalJ in P, putida, P. aeruginosa and P, syringae
(Fig. 2). Moreover, pcaD is usually contiguous to the pcaC
gene, or fused to the latter as a pcal gene in some
bacteria such as C. crescentus, R. metallidurans and R.
opacus (Eulberg et al., 1998); however, in P syringae,
these two genes are located at different regions of the
genome (Fig. 2).

The cat genes (Table 2) are usually organized in a sin-
gle cluster (Harwood and Parales, 1996) (Fig.3). The
catRcatBCA gene order is maintained in the cat clusters
of P putida and P aeruginosa [this arrangement differs
from the catCBA order given by Kukor et al. (1988) in P,

Fig. 1. Pathways for the catabolism of aromatic compounds in P, putida KT2440.

A. The location of genes and gene clusters encoding the aromatic catabolic pathways is indicated on the complete P, putida KT2440 genome.
Genes responsible for the four main central pathways are indicated in red (pca), blue (cat), green (hmg/fah/mai) and purple (pha). The pcm and
nic clusters are also indicated in orange and light blue colours respectively. Genes encoding the peripheral pathways that lead to the central
routes encoded by pca, cat, hmg/fah/mai and pha genes are underlined with red, blue, green and purple lines respectively.

B. Predicted biochemical steps for the catabolism of aromatic compounds in P. putida KT2440. The names of the metabolites are indicated. The
enzymes involved are listed in Tables 1-5 and in the text. ? means that the enzyme encoding such biochemical step is still unknown. The four
central aromatic intermediates, i.e. protocatechuate, catechol, homogentisate and phenylacetate, are shown within a red, blue, green and purple

box respectively.

© 2002 Blackwell Science Ltd, Environmental Microbiology, 4, 824—841
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Table 2. The cat and ben genes and their products from P, putida KT2440.

Related gene products

Gene (orf no.)®  Gene product (aa)®  Name Function Organism % |dentity/aa  Accession no.

catA (02653) CatA (311) CatA Catechol 1,2-dioxygenase P, putida mt-2 100/311 D37782

catB (02548) CatB (373) CatB cis,cis-muconate lactonizing P, putida PRS2000  96/374 M16236
enzyme (cycloisomerase)

catC (02650) CatC (96) CatC Muconolactone isomerase P, putida PRS2000  97/96 U12557

catR (02646) CatR (290) CatR Transcriptional activator P, putida PRS2000  92/289 M33817
(LysR family)

benR (03545) BenR (318) BenR Transcriptional activator P, putida PRS2000  97/318 AF218267
(XylS/AraC family)

benX® BenX (313) ORF589  Unknown C. burnetii 42/138° X93204

benA (03542) BenA (452) BenA Benzoate dioxygenase P, putida PRS2000  99/452 AF218267
large subunit

benB (03540) BenB (161) BenB Benzoate dioxygenase P, putida PRS2000  97/161 AF218267
small subunit

benC (03539) BenC (336) BenC Benzoate dioxygenase P, putida PRS2000  97/336 AF218267
reductase subunit

benD (03538) BenD (253) BenD 2-Hydro-1,2-dihydroxybenzoate P, putida PRS2000  98/253 AF218267
dehydrogenase

benK (03537) BenK (442) BenK Benzoate transporter P, putida PRS2000  97/443 AF218267

catA2 (03534) CatA2 (304) CatA Catechol 1,2-dioxygenase P, putida mt-2 77/311 D37782

benE (03532) BenE (399) BenE Membrane protein of unknown P, putida PRS2000  93/399 AF218267
function

benF (03530) BenF (416) BenF Porin-like protein P, putida PRS2000  96/397 AF218267

a. Indicates the open reading frame number in the complete genome.

b. aa, number of amino acids.
c. This gene has not an orf number in the annotated genome.

d. The % identity was calculated by comparison of a partial 138 amino acid length sequence.

aeruginosa PAO1c]. However, P, fluorescens has two sets
of catBCA genes that lack the catR regulatory gene, and
they form a pair of gene clusters that also include the ben
genes (see below; Fig. 3). So far, the cat cluster has not
been found in P syringae. R. metallidurans has three
isofunctional hydrolases, two catD and one pcal gene
products (Figs 2 and 3), which convert B-ketoadipate enol-
lactone to B-ketoadipate, the branch convergence point of
the B-ketoadipate pathway in this bacterium (Harwood
and Parales, 1996). Two catA and catC genes are also
found at different locations in the genome of R. metallidu-
rans (Fig. 3). The catechol branch of the B-ketoadipate
pathway appears to be present only in some a-proteobac-
teria such as Novosphingobium aromaticivorans (Fig. 3).
In Acinetobacter sp. ADP1, the two branches never con-
verge, and two independently regulated sets of genes
(Figs 2 and 3) encode isofunctional enzymes for the last
three steps in the pathway (Harwood and Parales, 1996).

The catA gene encodes the catechol 1,2-dioxygenase
(pyrocatechase), an intradiol dioxygenase that catalyses
the conversion of catechol to cis,cis-muconate (Nakai
et al.,, 1995) (Table 2 and Fig. 1B). Interestingly, a second
catA gene (named catA2) that is present within the ben
cluster for benzoate degradation (see below) has been
found in P, putida KT2440 (Fig. 3). Although the catA gene
product is an 311-amino-acid-long protein (Nakai et al.,

1995), the catA2 gene is predicted to encode a protein of
304 amino acids (Table 2). This catA2 gene is not found
in either the ben cluster from P, putida PRS2000 (Cowles
et al., 2000) or the ben clusters from P, aeruginosa and P,
fluorescens (Fig. 3). It is known that Pseudomonas arvilla
C-1 (later reclassified as P, putida) has three functional
isozymes (oo, of and BB) of catechol 1,2-dioxygenase,
being the o and B subunits encoded by the catA, and
catAg genes respectively (Nakai et al., 1990). Although the
catAg gene is homologous to the catA gene from P, putida
mt-2, the catA, gene has not yet been identified (Nakai
etal, 1995). It is worth noting that the N-terminal
sequence of the o subunit of catechol 1,2-dioxygenase
from P, arvilla C-1 (Nakai et al., 1990) is homologous (18
identical residues and two conserved substitutions within
the first 20 amino acids) to the deduced N-terminal
sequence of CatA2 from P putida KT2440, suggesting
that catA2 might encode an active catechol 1,2-dioxyge-
nase not yet reported in this strain. The expression of the
catA2 gene and the physiological role of the CatA2
enzyme in P, putida KT2440 remain to be checked.

By analogy with the cat cluster in P, putida PRS2000,
CatR (LysR-type regulatory protein) might activate the
expression of catBCA genes in KT2440 in response to the
inducer cis,cis-muconate. On the other hand, PcaR (IcIR-
type regulatory protein) might control the B-ketoadipate-
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Fig. 2. Gene organization of the pca and pob clusters of P, putida and comparisons with equivalent clusters from other bacteria. Genes (listed
in Table 1) are represented by arrows: black (regulatory genes), stippled (transport genes), vertically striped (genes encoding the protocatechuate
3,4-dioxygenase), horizontally striped (genes encoding the p-hydroxybenzoate hydroxylase), hatched [catabolic genes of the B-ketoadipate
(protocatechuate) pathway]. Arrowheads indicate the P, putida REP element. Two vertical lines mean that the genes are not adjacent in the
genome. Numbers underneath the arrows indicate the percentage of amino acid sequence identity between the encoded gene product and the
equivalent product from P, putida KT2440. The two figures underneath pcal genes correspond to the percentage of amino acid sequence identity
with the pcaC and pcaD gene products from P, putida KT2440. pcaQ, pobS and pcaU do not have orthologues in P, putida KT2440. The sequence
of the pcal gene from R. opacus is not yet complete. The ppa, qui and dca genes in Acinetobacter sp. ADP1 refer to genes for phenylpropanoid/
phenylpropenoid, quinate and dicarboxylic acids degradation respectively. The references of the sequences are as follows: A. tumefaciens strain
C58 (accession no. AE008232 and AE008233) (Goodner et al., 2001); C. crescentus strain CB15 (accession no. AE005910) (Nierman et al.,
2001); Acinetobacter sp. strain ADP1 (accession no. L05770) (Parke et al., 2001); P. aeruginosa strain PAO1 (Pseudomonas Genome Project at
http://www.pseudomonas.com) (Stover et al., 2000); R. opacus strain 1CP (accession no. AF003947) (Eulberg et al., 1998); B. pseudomallei, R.
metallidurans strain CH34, P, putida strain KT2440, P, fluorescens strain Pf0-1 and P, syringae pv. tomato DC3000 (database of unfinished
microbial genomes at the NCBI server: http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/genom_table_cgi).
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Fig. 3. Gene organization of the cat and ben clusters of P, putida and comparisons with equivalent clusters from other bacteria. Genes (listed in
Table 2) are represented by arrows: black (regulatory genes), white (genes of unknown function), stippled (transport genes), vertically striped
(genes encoding the catechol 1,2-dioxygenase), horizontally striped (genes encoding the benzoate dioxygenase and dihydrodiol dehydrogenase),
hatched (catabolic genes of the catechol pathway). Arrowheads indicate the P, putida REP element. Two vertical lines mean that the genes are
not adjacent in the genome. Numbers underneath the arrows indicate the percentage of amino acid sequence identity between the encoded
gene product and the equivalent product from P, putida KT2440. The figures underneath catD, catF, catl and catJ in N. aromaticivorans, R.
metallidurans and Acinetobacter sp. ADP1 were obtained by comparison with the equivalent pca genes from P, putida KT2440. benM genes do
not have an orthologue in P, putida KT2440. The sequence of catA and benD from R. metallidurans is not yet complete. Asterisks indicate a
second copy of the gene in the genome. The phn and ant genes in R. metallidurans and P, aeruginosa refer to genes for phenol and anthranilate
(2-aminobenzoate) degradation respectively. The references of the sequences are as follows: Acinetobacter sp. strain ADP1 (accession no.
AF009224) (Collier et al., 1998); P aeruginosa strain PAO1 (Pseudomonas Genome Project at http://www.pseudomonas.com) (Stover et al.,
2000); R. opacus strain 1CP (accession no. X99622) (Eulberg et al., 1997); N. aromaticivorans, B. pseudomallei, R. metallidurans strain CH34

P, putida strain KT2440, P, fluorescens strain Pf0-1 and P, syringae pv. tomato DC3000 (database of unfinished microbial genomes at the NCBI
server: http://www.ncbi.nlm.nih.gov/cgi-bin/Entrez/genom_table_cgi).
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dependent inducible expression of genes pcaRKFTBDCP
and pcalJ required for the conversion of B-carboxy-cis,cis-
muconate to Krebs cycle intermediates, as already shown
in P putida PRS2000 (Harwood and Parales, 1996).
Although the regulatory protein controlling the expression
of the pcaGH genes has not yet been identified in P,
putida, a gene (pcaQ) encoding a putative LysR-type reg-
ulator homologous to the PcaQ activator from A. tumefa-
ciens (Parke, 1996) is found in the vicinity of the pcaGH
genes in other Pseudomonas strains, such as P, aerugi-
nosa and P, syringae (Fig. 2).

Based on their sequence similarity to the equivalent
genes in P putida PRS2000, the pcaK and pcaT genes
are predicted to encode the transport proteins for p-
hydroxybenzoate and  [B-ketoadipate  respectively
(Harwood and Parales, 1996; Parke et al., 2000) (Table 1).
A putative porin-encoding gene (pcaP) is also found at the
3’ end of the pca gene cluster (Table 1 and Fig. 2), and it
is adjacent to the tfgABC genes encoding a solvent efflux
pump (Fukimori et al., 1998), a similar arrangement to that
observed in P, putida DOT-T1 (Ramos et al., 1998).

Peripheral pathways leading to the B-ketoadipate central
pathway

Mutants of P, putida mt-2 that are unable to convert ben-
zoate into catechol have been isolated (Jeffrey etal,
1992). The ben genes responsible for the transformation
of benzoate into catechol have been reported in P, putida
PRS2000 and Acinetobacter sp. ADP1 (Collier et al.,
1998; Cowles etal,, 2000), and ben orthologues have
been identified at positions 3580-3591 kb in the genome
of P, putida KT2440 (Fig. 1 and Table 2). Although the ben
and cat clusters are distantly located in the genome of P
putida KT2440, they are contiguous in P, fluorescens (this
species has two ben—cat clusters), R. metallidurans and
Acinetobacter sp. ADP1 (Collier et al., 1998) and closely
linked in P, aeruginosa and B. pseudomallei (Fig. 3). The
ben cluster from strain KT2440 shows two unique features
that are not observed in ben clusters from other
Pseudomonas strains: (i) in addition to the catabolic
genes encoding the benzoate dioxygenase (benABC) and
benzoate-dihydrodiol dehydrogenase (benD) enzymes
that convert benzoate into catechol (Fig. 1B), there is a
catA2 gene (see above), the product of which shows
significant identity (77%) to the CatA dioxygenase of the
catechol branch (Fig. 3 and Table 2); (ii) a gene (benX) of
unknown function has been inserted between the benR
and benA genes (Fig. 3 and Table 2). Although the benE
gene encodes a membrane protein of unknown function,
the benK and benF genes are likely to encode a benzoate
transporter and a porin respectively (Cowles et al., 2000)
(Table 2). benR (Fig. 3 and Table 2) is the orthologue of
the gene encoding the transcriptional activator of the ben
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cluster that responds to benzoate in the homologous ben
cluster from P putida PRS2000 (Cowles et al., 2000).
Whereas the expression of the ben genes in Pseudomo-
nas is controlled by the benR gene product, expression of
the ben genes in Acinetobacter is controlled by BenM, a
member of the LysR family of regulatory proteins (Collier
et al., 1998). The benABCD gene order was maintained
in most clusters analysed, being the benR and benM
regulatory genes transcribed in the same and in the oppo-
site direction from the catabolic genes respectively
(Fig. 3).

Although the catabolism of benzylamine in P putida
KT2440 is still unknown, biochemical data indicate that
this compound is converted to benzaldehyde and ben-
zoate by some Pseudomonas strains (Cuskey etal.,
1987). Therefore, a peripheral pathway that oxidates ben-
zylamine into benzoate in P putida KT2440 (Fig. 1B)
should be expected, and this pathway needs to be char-
acterized.

The pobA and pobR genes encode the p-hydroxyben-
zoate hydroxylase (PobA), which converts p-hydroxyben-
zoate into protocatechuate (Fig.1B), and the cognate
transcriptional activator (PobR) in different bacteria (Har-
wood and Parales, 1996; Bertani et al., 2001). The pobA
and pobR orthologues are located at positions 4009—
4012 kb of the P putida KT2440 chromosome (Fig. 1A)
and, as observed in most bacteria, they are divergently
transcribed (Fig. 2). Unlike PobR from Acinetobacter sp.
ADP1, which belongs to the IcIR family, PobR from P,
putida KT2440 shows similarity to regulators of the XylS/
AraC family such as PobC from P putida WCS358
(Table 1) that responds efficiently to p-hydroxybenzoate
and weakly to protocatechuate (Bertani et al., 2001). The
corresponding PobR proteins from other Pseudomonas
strains are also members of the XylS/AraC family of reg-
ulators (Quinn et al., 2001), indicating that PobR proteins
belong to either the IcIR family or the XylS/AraC family.
Although the pob genes are not linked to the pca genes
in P, putida, P, fluorescens and P, syringae, they are asso-
ciated in P aeruginosa and other bacteria (Fig. 2).

Quinate catabolism in Acinetobacter sp. ADP1 requires
the QuiA (quinate dehydrogenase), QuiB (type | dehydro-
quinate dehydratase) and QuiC (dehydroshikimate dehy-
dratase) enzymes that transform this hydroaro