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Pseudomonas putida F1 utilizes p-cymene (p-isopropyltoluene) by an 11-step pathway through p-cumate
(p-isopropylbenzoate) to isobutyrate, pyruvate, and acetyl coenzyme A. The cym operon, encoding the conver-
sion of p-cymene to p-cumate, is located just upstream of the cmt operon, which encodes the further catabolism
of p-cumate and is located, in turn, upstream of the tod (toluene catabolism) operon in P. putida F1. The
sequences of an 11,236-bp DNA segment carrying the cym operon and a 915-bp DNA segment completing the
sequence of the 2,673-bp DNA segment separating the cmt and tod operons have been determined and are
discussed here. The cym operon contains six genes in the order cymBCAaAbDE. The gene products have been
identified both by functional assays and by comparing deduced amino acid sequences to published sequences.
Thus, cymAa and cymAb encode the two components of p-cymene monooxygenase, a hydroxylase and a
reductase, respectively; cymB encodes p-cumic alcohol dehydrogenase; cymC encodes p-cumic aldehyde dehy-
drogenase; cymD encodes a putative outer membrane protein related to gene products of other aromatic
hydrocarbon catabolic operons, but having an unknown function in p-cymene catabolism; and cymE encodes
an acetyl coenzyme A synthetase whose role in this pathway is also unknown. Upstream of the cym operon is
a regulatory gene, cymR. By using recombinant bacteria carrying either the operator-promoter region of the
cym operon or the cmt operon upstream of genes encoding readily assayed enzymes, in the presence or absence
of cymR, it was demonstrated that cymR encodes a repressor which controls expression of both the cym and cmt
operons and is inducible by p-cumate but not p-cymene. Short (less than 350 bp) homologous DNA segments
that are located upstream of cymR and between the cmt and tod operons may have been involved in recombi-
nation events that led to the current arrangement of cym, cmt, and tod genes in P. putida F1.

While many alkyl-substituted aromatic hydrocarbons occur
as components of fossil fuels such as petroleum and coal (70),
some are natural products. One of these, the terpene p-cymene
(p-isopropyltoluene), is found in volatile oils from over 100
plant species (34). Bacteria that degrade p-cymene are rela-
tively common (86). They initiate catabolism of p-cymene by
oxidizing the benzylic methyl group to yield p-cumate (p-iso-
propylbenzoate) (16, 19, 51–53, 89). Similar methyl group ox-
idations to the corresponding acids are involved in the trans-
formation of other methyl-substituted aromatic compounds
including toluene, xylenes (4), methylnaphthalenes (71), di-
methylnaphthalenes (5, 59, 71), and p-cresol (15).

The most extensively studied aromatic catabolic pathway
initiated by methyl group oxidation is that encoded by the TOL
plasmid, pWW0, of Pseudomonas putida mt-2 (3). The xyl
genes of pWW0 that encode the oxidation of toluene, m-
xylene, and p-xylene to benzoate, m-toluate, and p-toluate,
respectively, have been cloned and sequenced, and some of the
enzymes have been purified and studied in detail (39, 40, 45,
76–78, 81). The pathway is initiated by a monooxygenase (Fig.
1, enzyme A) which catalyzes the oxidation of toluene (or m- or
p-xylene) (Fig. 1, compound I) to benzyl alcohol (or m- or
p-toluic alcohol) (Fig. 1, compound II). The monooxygenase is
a two-component enzyme consisting of a reductase subunit

which transfers electrons from NADH through FAD and a
[2Fe2S] center to the membrane-associated hydroxylase sub-
unit. There, one atom of activated molecular oxygen is inserted
into the methyl group of the aromatic hydrocarbon substrate
while the other oxygen atom is reduced to water (77, 81). This
enzyme also has activity toward the reaction product, benzyl
alcohol (or m- or p-toluic alcohol) (Fig. 1, compound II). The
alcohol is presumably oxidized by the monooxygenase to an
unstable gem-diol intermediate (Fig. 1, compound V) which is
recognizable as the hydrate of benzaldehyde (or m- or p-tolu-
aldehyde) (Fig. 1, compound III) (39). The conversion of ben-
zyl alcohols to benzaldehydes is also catalyzed by an NAD1-
linked alcohol dehydrogenase (76, 78) (Fig. 1, enzyme B);
dehydrogenation is likely to be the major route for this trans-
formation. The benzaldehyde (or m-tolualdehyde or p-tolual-
dehyde) formed is then acted on by an NAD1-linked aldehyde
dehydrogenase (Fig. 1, enzyme C) to produce benzoate (or
m-toluate or p-toluate) (Fig. 1, compound IV).

A similar series of reactions has been proposed for the
catabolism of p-cymene through p-cumate (19, 51, 53). The
further catabolism of p-cumate has been studied in P. putida
PL and F1 (18–21, 24), which employ an eight-step pathway to
convert p-cumate to isobutyrate, pyruvate, and acetyl coen-
zyme A. The genes encoding the enzymes that catalyze this
reaction sequence, which make up the cmt operon, have been
cloned from P. putida F1 and sequenced (24). The cmt operon
is located in the chromosome of strain F1 just upstream of the
well-characterized tod operon for which strain F1 is generally
recognized (33, 92, 93). The genes (the cym operon and cymR)
encoding the enzymes that transform p-cymene to p-cumate

* Phone: (904) 934-9345. Fax: (904) 934-9201. E-mail: eaton.richard
@epamail.epa.gov.

† Contribution 993 from the Gulf Ecology Division, National Health
and Environmental Effects Research Laboratory, U.S. Environmental
Protection Agency, Gulf Breeze, Fla.

3171



and the regulatory protein that controls expression of both the
cym and cmt operons are located in the chromosome of P.
putida F1 just upstream of the cmt operon. This paper de-
scribes cloning of this chromosomal DNA and analysis of the
cym genes and their products.

MATERIALS AND METHODS
Bacterial strains and plasmids. Plasmids and bacterial strains used in this

study are listed in Table 1. P. putida F1 was originally isolated by using ethyl-
benzene as the sole carbon and energy source (33). This strain has been used in
extensive studies of the genes (tod) and enzymes involved in toluene degradation
(33, 91–93) and also grows with p-cymene and p-cumate (24, 26). Molecular
genetic studies of p-cumate metabolism were initiated previously by ligating a
7.4-kb HindIII fragment from the chromosome of P. putida F1 into the plasmid
vector pLV59 to yield pRE611 (see Fig. 2, map coordinates 11.23 to 18.63).
Recombinant bacteria carrying this DNA fragment, encoding p-cumate dioxyge-
nase and other enzymes of the p-cumate pathway, were detected as blue colonies
on selective medium containing the chromogenic substrate, indole-2-carboxylate,
which is converted to indigo by p-cumate dioxygenase (26). The 7.4-kb HindIII
fragment was subsequently used as a probe in colony hybridization experiments
to identify recombinant bacteria carrying overlapping cloned fragments, includ-
ing the 8.15-kb BglII fragment of pRE764 (see Fig. 2, map coordinates 5.0 to
13.15) and the 14.45-kb BglII fragment of pRE765 (24). These plasmids and their
derivatives form the basis for the work described here. Escherichia coli JM109
(90) was the host in cloning experiments.

Media. Luria-Bertani medium (LB) (17) was used for the cultivation of bac-
teria except where noted. Minimal medium was R medium (29) containing 20
mM sodium lactate. Media were solidified with 1.5% Bacto agar (Difco Labo-
ratories, Detroit, Mich.).

Chemicals and enzymes. p-Cymene, p-cumic alcohol, p-cumic aldehyde, and
p-cumic acid were obtained from Aldrich Chemical Co., Milwaukee, Wis.
NAD1, coenzyme A, ATP, sodium acetate, and isobutyric acid were from Sigma
Chemical Co., St. Louis, Mo. Isopropyl-b-D-thiogalactoside (IPTG) and 5-bro-
mo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) were from Gold Biotech-
nology, St. Louis, Mo. Preparation of 2,3-dihydroxy-p-cumic acid was as de-
scribed previously (24). Restriction endonucleases and T4 DNA ligase were
obtained from New England BioLabs, Beverly, Mass., and used according to the
manufacturer’s instructions; the 1-kb DNA ladder size standard used was from
Bethesda Research Laboratories, Gaithersburg, Md.

Preparation, analysis, and cloning of DNA. DNA isolation and cloning and
analyses of clones were carried out as previously described (28). Recombinant
bacteria were identified as follows. E. coli JM109 carrying different DNA frag-
ments inserted into the multiple cloning site within the lacZa gene of the plasmid
vector (pUCBM20, pUCBM21, pBluescriptII KS, or pBluescriptII SK) formed
white colonies on selective medium containing ampicillin (100 mg/ml), IPTG
(0.25 mM), and X-Gal (0.02%). Bacteria carrying pACYC184 having a SalI
fragment inserted into the tetracycline resistance gene were identified as ampi-
cillin-resistant colonies unable to grow on tetracycline-LB agar. Bacteria carrying
the positive selection cloning vector pLV59 failed to grow at 37°C on chloram-
phenicol-LB agar, while bacteria carrying pLV59 having a DNA fragment in-
serted into a HindIII or BglII site within the EcoRI restriction endonuclease gene
grew and formed colonies. Bacteria carrying DNA fragments that overlap with
previously cloned fragments were identified in colony hybridization experiments
(35) by using gel-purified (22) 32P-labeled DNA fragments as probes.

DNA sequence determination. Both strands of the DNA segments whose
sequences are discussed here were sequenced by the dideoxy chain-termination
method, using double-stranded DNA as the template (73). The sequence of
plasmid pRE851 was obtained by ACGT, Inc., Northbrook, Ill., by using both
manual sequencing with autoradiographic detection and automated sequencing
with an Applied Biosystems, Inc. sequencer. The remaining sequences were
obtained by the ICBR DNA Sequencing Core Laboratory, University of Florida,
Gainesville, by using an Applied Biosystems, Inc., Model 373a sequencer, as
previously described (23), with various subclones of pRE847, pRE856, and
pRE773. Sequencing reactions were initiated with vector-complementary prim-
ers and by using newly synthesized primers which were chosen based on previous
sequence data. DNA primers for sequencing were synthesized by the ICBR DNA
Synthesis Core Laboratory, University of Florida, Gainesville. Sequence data
were aligned and edited by using DNASTAR (DNASTAR, Inc., Madison, Wis.).
Searches for specific nucleotide or amino acid sequences in the GenBank data-
base were carried out by using the BLAST program (2). Sequences were re-
trieved from GenBank and compared with sequences obtained here by using
DNASTAR COMPARE, ALIGN, and AALIGN programs (62, 87).

Cultivation of organisms. To cultivate bacteria for chemical transformations
or preparation of extracts, a 10- to 20-ml overnight culture of a recombinant
strain in LB medium, supplemented with ampicillin (100 mg ml21) or chloram-
phenicol (30 mg ml21), was used to inoculate 500 ml of the same medium. After
a 2-h incubation at 30°C, inducer was added (1 mM IPTG, 2 mM p-cumate, or
0.5 mM p-cymene), and the incubation was continued for 3 h. Cells were har-
vested by centrifugation, washed in 50 mM sodium-potassium phosphate buffer
(pH 7.0), and resuspended in 5 ml of the same buffer.

Preparation of cell extracts. Cell extracts were prepared by passing cell sus-
pensions twice through a chilled French pressure cell (SLM Instruments, Inc.,
Urbana, Ill.) at 14,000 to 20,000 lb/in2. Particulate material was removed by
centrifugation at 47,800 3 g for 40 min at 4°C.

Analysis of enzymes produced by recombinant bacteria. UV-visible spectra
were recorded with a Perkin-Elmer Lambda 6 double-beam spectrophotometer
and were prepared for publication by using CorelDRAW! (Corel Corp., Ottawa,
Canada). Acyl coenzyme A synthetase activity in extracts was measured by using
the hydroxamate assay of Brown et al. (12) with acetate, isobutyrate, and p-
cumate as substrates. p-Cumic alcohol dehydrogenase was assayed spectropho-
tometrically at 30°C by recording the rate of increase in absorbance at 261 nm
due to the formation of p-cumic aldehyde (Dε261 5 16,000 M21 cm21) over time.
Reaction mixtures contained, in 1 ml of 50 mM sodium-potassium phosphate
buffer (pH 7), 0.2 mM p-cumic alcohol, 0.1 mM NAD1, and from 5 to 20 ml of
cell extract. 2,3-Dihydroxy-p-cumate-3,4-dioxygenase was assayed spectrophoto-
metrically at 30°C by recording the increase in absorbance at 346 nm due to the
formation of 2-hydroxy-3-carboxy-6-oxo-7-methylocta-2,4-dienoate (Dε346 5
25,000 M21 cm21) over time (24). Reaction mixtures contained, in 1 ml of 50
mM sodium-potassium phosphate buffer (pH 7), 0.075 mM 2,3-dihydroxy-p-
cumate and 1 to 20 ml of cell extract. Protein concentrations in extracts were
determined by using the bicinchoninic acid protein assay reagent (Pierce, Rock-
ford, Ill.) with bovine serum albumin as standard.

A qualitative screen for p-cymene monooxygenase was carried out with strains
JM109(pRE897) and JM109 lacking an introduced plasmid. Following growth as
described above, washed cells were incubated in R medium supplemented with
0.2% lactate and 1.0 mM p-cymene or p-cumic alcohol for 20 h at 30°C with
shaking. After cells were removed by centrifugation, culture supernatants were
acidified to pH 2 with HCl and extracted with 1.0 volume of ethyl acetate. As
controls, these substrates, together with p-cumic aldehyde and p-cumate, were
separately incubated under the same conditions but in the absence of cells, and

FIG. 1. Pathway for the transformation of toluene, p-xylene, and p-cymene to benzoate, p-toluate, and p-cumate, respectively. R represents the following: H, for
toluene and metabolites; CH3, for p-xylene and metabolites; and CH(CH3)2, for p-cymene and metabolites. Compounds are represented as follows: I, toluene, p-xylene,
or p-cymene; II, benzyl alcohol, p-toluic alcohol, or p-cumic alcohol; III, benzaldehyde, p-tolualdehyde, or p-cumic aldehyde; IV, benzoate, p-toluate, or p-cumate; and
V, a,a9-dihydroxytoluene, a,a9-dihydroxy-p-xylene, or a,a9-dihydroxy-p-cymene. Enzymes are represented as follows: A, monooxygenase; B, alcohol dehydrogenase;
and C, aldehyde dehydrogenase.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference(s) or source

Strains
P. putida F1 Grows with toluene, p-cymene, and p-cumate 26, 33, 92

E. coli JM109 recA endA1 gyrA96 thi hsdR17 supE44 relA1 D(lac-proAB) (F9 traD36 proAB lacIq

ZDM15)
90

Plasmids
pACYC184 Apr Tcr 13
pLV59 Encodes EcoRI restriction endonuclease and temperature-sensitive EcoRI methyl-

ase, positive-selection cloning vector, Cmr
65

pBluescriptII KS Apr, multiple cloning site in lacZa Stratagene Cloning Systems; 1
pBluescriptII SK Identical to pBluescriptII KS but with multiple cloning site reversed 1
pUCBM20 Derived from pUC18 with the following additional cloning sites inserted into

lacZa: NcoI, EcoRV, ApaI, SacII, XmaIII, NotI, BfrI, MluI; Apr
Boehringer Mannheim; 90

pUCBM21 Identical to pUCBM20 but with the multiple cloning site reversed 90
pRE611 7.4-kb HindIII fragment (map coordinates 11.23 to 18.63) from P. putida F1 in

pLV59, Ind1a, Cmr, carries cmt operator, cmtAaAbAcCBAdDI
24, 26

pRE634 7.4-kb HindIII fragment (map coordinates 11.23 to 18.63) from pRE611 in
pMMB277, Ind1, Cmr

24

pRE665 pRE611 digested with SmaI and HpaI to delete a 2.5-kb fragment and religated,
carries cmt operator-promoter, cmtAaAbAc, and cmtC, which encodes 2,3-dihy-
droxy-p-cumate dioxygenase but not cmtAd, cmtB, or cmtD. The cmt operon is
downstream from and in the same orientation as the EcoRI restriction endonu-
clease promoter of the vector

24

pRE764 8.15-kb BglII fragment (map coordinates 5.0 to 13.15) from P. putida F1 inserted
into pLV59, hybridized to 7.4-kb HindIII fragment from pRE634, Cmr

24

pRE765 14.45-kb BglII fragment (map coordinates 16.95 to 31.4) from P. putida F1 in-
serted into pLV59, hybridized to 7.4-kb HindIII fragment from pRE634, Cmr

24

pRE773 2.95-kb SalI fragment (map coordinates 21.75 to 26.7) from pRE765 inserted into
pUCBM20, Apr

24

pRE847 10.22-kb HindIII fragment (map coordinates 1.01 to 11.23) from strain F1 inserted
into pLV59, hybridized to a 1.8-kb BglII-SalI fragment (map coordinates 5.0 to
6.84) from pRE764

This study

pRE851 6.4-kb BamHI fragment (map coordinates 5.1 to 11.5) from pRE764 inserted into
pBluescriptII SK

This study

pRE852 4-kb HindIII-BglII fragment (map coordinates 1.01 to 5.0) from pRE847 inserted
into HindIII-BamHI-digested pBluescriptII KS, carries cymB

This study

pRE855 BglII fragments (three) from strain F1, inserted into pLV59, hybridized to a 4-kb
HindIII-BglII fragment (map coordinates 1.01 to 5.0) from pRE847

This study

pRE856 22.9-kb BglII fragment (map coordinates 217.9 to 5.0) inserted into pLV59, ob-
tained by recutting and ligating pRE855

This study

pRE890 2.75 kb MluI fragment (map coordinates 22.75 to 0) from pRE856 inserted into
pUCBM20

This study

pRE891 5.0-kb MluI fragment (map coordinates 214.55 to 29.55) from pRE856 inserted
into pUCBM20

This study

pRE892 2.21-kb MluI fragment (map coordinates 0 to 2.21) from pRE856 inserted into
pUCBM20, carries cymR

This study

pRE893 3.95-kb MluI fragment (map coordinates 217.9 to 214.55) from pRE856 inserted
into pUCBM20 (the insert contains 0.6 kb of pLV59 DNA)

This study

pRE893 3.95-kb MluI fragment (map coordinates 217.9 to 214.55) from pRE856 inserted
into pUCBM20 (the insert contains 0.6 kb of pLV59 DNA)

This study

pRE894 6.8-kb MluI fragment (map coordinates 29.55 to 22.75) from pRE856 inserted
into pUCBM20

This study

pRE895 6.2-kb XmaI-HindIII fragment (map coordinates 25.2 to 1.01) from pRE856 in-
serted into pUCBM20

This study

pRE896 2.04-kb ClaI-NheI fragment (map coordinates 9.56 to 11.6) from pRE764 inserted
into ClaI-XbaI-digested pBluescriptII KS, carries cymE

This study

pRE897 6.13-kb BamHI-HindIII fragment (map coordinates 5.1 to 11.23) from pRE847
inserted into pBluescriptII SK, carries cymAaAbD

This study

pRE902 2.02-kb ApaI-ScaI fragment (map coordinates 3.64 to 5.66) from pRE847 inserted
into ApaI-SmaI-digested pUCBM21, carries cymC

This study

pRE909 pRE665 recut with HindIII and ligated, orientation opposite to that of the EcoRI
restriction endonuclease promoter of the vector, pLV59, Cmr, carries cmt opera-
tor-promoter and cmtC

This study

pRE912 2.09-kb SalI fragment (map coordinates 2.72 to 4.81) from pRE852 inserted into
pACYC184 in the orientation opposite to that of the tetracycline resistance
gene promoter, carries cym operator-promoter and cymB, Cmr

This study

a Ind1, converts indole-2-carboxylate to indigo.
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similarly extracted. After being dried over sodium sulfate and concentrated on
the rotary evaporator under reduced pressure, the extracted products were
analyzed by thin-layer chromatography on silica gel plates (Kieselgel 60 F254;
Merck) developed with ethyl acetate. Chemical spots were detected by their
quenching of fluorescence under UV light. Mobilities (Rf) were as follows:
p-cymene, 0.66; p-cumic alcohol, 0.58; p-cumic aldehyde, 0.63; and p-cumic acid,
0.53.

Nucleotide sequence accession number. The DNA sequences obtained in this
study are available from GenBank (accession no. U24215).

RESULTS AND DISCUSSION

Cloning p-cymene catabolic genes. Bacteria carrying the
plasmids pRE847, pRE855, and pRE856 containing overlap-
ping fragments from the chromosome of P. putida F1 extend-
ing upstream to map coordinate 217.9 were identified by using
DNA fragments derived from pRE764 as probes (Table 1; Fig.
2). Beginning with these plasmids and using information ob-
tained from restriction mapping, DNA sequence analysis, and
enzyme assays of selected recombinants, various subclones
were constructed. These are described in Table 1 and Fig. 2
and below.

Nucleotide sequence of the DNA encoding the transforma-
tion of p-cymene to p-cumate. The sequence of a DNA segment
encoding the transformation of p-cymene to p-cumate was
obtained (data not shown). This new sequence extends from
the MluI site at map coordinate 0 (Fig. 2) 11,236 bp to a
HindIII site. The sequence to the right of the HindIII site was
published previously (24).

Sequence comparisons. The BLAST program (2) was used
to search the GenBank database (8) for DNA sequences hav-
ing homologies to cym genes (blastn) and for proteins having

identities with the deduced amino acid sequences of p-cymene
pathway gene products (blastx). Sequences were then retrieved
and compared with sequences obtained in this study. These
sequence similarities helped in assigning functions to cym gene
products (described below). The p-cymene pathway genes and
their products are cymAa and cymAb, which encode the two
components of p-cymene monooxygenase, a hydroxylase and a
reductase, respectively; cymB, encoding p-cumic alcohol dehy-
drogenase; cymC, encoding p-cumic aldehyde dehydrogenase;
cymD, encoding an outer membrane protein; cymE, encoding
an acetyl coenzyme A synthetase; and cymR, which encodes a
regulatory protein (repressor) that controls expression of both
cym and cmt operons.

p-Cymene monooxygenase. When incubated with p-cymene,
recombinant strain E. coli JM109(pRE897), containing the
genes cymAa and cymAb, which encode the two subunits of
p-cymene monooxygenase, converted p-cymene to a mixture of
p-cumic alcohol, p-cumic aldehyde, and p-cumic acid. Incuba-
tion of this strain with p-cumic alcohol also yielded aldehyde
and acidic products. Strain JM109, lacking pRE897, did not
transform p-cymene or p-cumic alcohol (data not shown). A
previous study of the comparable enzyme of the TOL plasmid
(pWW0)-encoded toluene and m- and p-xylene catabolic path-
way, xylene monooxygenase (39), showed that this enzyme can
attack benzylic and toluic alcohols as well as toluene and xy-
lenes, probably with the formation of gem-diol intermediates
(Fig. 1, compound V) which spontaneously dehydrate to yield
the corresponding aldehydes (Fig. 1, compound III). Similarly,
p-cymene monooxygenase-carrying bacteria act on p-cymene
and p-cumic alcohol to produce p-cumic aldehyde. The alde-

FIG. 2. DNA from P. putida F1 encoding the transformation of p-cymene to p-cumate; restriction map of a 13.14-kb DNA segment. The locations of the genes
encoding pathway enzymes (see Fig. 1) are indicated at the top. Below the map are shown DNA fragments that have been cloned or subcloned or deletions that have
been obtained. Names of plasmids containing these fragments are indicated at the left. The boxed arrow indicates the upstream repeated element; asterisks indicate
operator-promoter sites for cym and cmt operons.
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hyde product is then apparently oxidized spontaneously to
p-cumate, a possibility supported by the observation that p-
cumic aldehyde can be converted to p-cumate by simply shak-
ing a solution of the aldehyde in minimal medium in the ab-
sence of bacterial cells (data not shown).

Based on studies with xylene monooxygenase and other re-
lated enzymes described below, it is likely that the reductase
subunit of p-cymene monooxygenase, a combined ferredoxin-
flavoprotein, acts to transfer electrons from NADH through
the flavin and ferredoxin moieties to the hydroxylase subunit.
There, one atom of activated molecular oxygen is incorporated
into the benzylic methyl group of p-cymene to form p-cumic
alcohol, while the other atom is reduced to water.

Hydroxylase subunit of p-cymene monooxygenase. The cymAa
gene product, the hydroxylase subunit of p-cymene monooxy-
genase, has a deduced molecular weight of 43,117 (376 amino
acids). This protein is most closely related to the hydroxylase
subunits of xylene monooxygenase (40, 81) encoded by pWW0
of P. putida mt-2, which has 39% identity in 363 amino acid
residues, and alkane hydroxylase (50) encoded by the OCT
(octane catabolic) plasmid of Pseudomonas oleovorans, which
has 22% identity in 336 amino acids residues. Fifty amino acid
residues including 11 histidines are conserved in these three
proteins. Eight of the conserved histidine residues form a motif
found not only in xylene monooxygenase and the cytoplasmic
membrane-associated (82) alkane hydroxylase but also in the rat
liver stearoyl coenzyme A D9 desaturase and 16 other mem-
brane-associated eukaryotic and cyanobacterial desaturases
(75). This motif, HX(3 or 4)HX(20–50)HX(2 or 3)HHX(100–200)
HX(2 or 3)HH (75), is formed in cymene monooxygenase
hydroxylase by amino acid residues 112-HELYH-116, 142-HV-
VGHH-146, and 281-HADHH-285. All eight histidine resi-
dues have been shown to be essential for catalytic activity in
the rat liver enzyme. That enzyme and other enzymes having

this motif are all proposed to have iron-containing active sites
involved in the activation of O2 for catalysis (75). It has been
suggested that these histidine residues may act as ligands for
two iron atoms (75) and that this group of enzymes may form
a new category (class III) of membrane-associated enzymes
having oxo-bridged di-iron clusters at their active sites (31, 75).

Reductase subunit of cymene monooxygenase. The cymAb
gene product, the reductase subunit of cymene monooxygen-
ase, has a deduced molecular weight of 38,295 (349 amino
acids). This protein is most closely related to a family of re-
ductases in which flavoprotein and ferredoxin are combined.
These include xylene monooxygenase reductase (81), which
has 42% identity in 347 amino acid residues; phenol hydroxy-
lase reductases, one of which from P. putida (44) has 35%
identity in 336 amino acid residues; and naphthalene dioxyge-
nase reductases, of which the NAH7 plasmid-encoded enzyme
(80) has 32% identity in 334 amino acid residues. The ferre-
doxin of the photosynthetic organelle (cyanelle) of cyanobac-
terium Cyanophora paradoxa (64) has 34% identity to the
amino terminus in 77 amino acid residues.

The amino terminus of the reductase is that of a typical
chloroplast-type ferredoxin (32, 56) with a [2Fe-2S] binding
site composed of cysteine residues located at positions 49, 54,
57, and 89. This site is conserved in all members of this family
examined to date (63). Neidle et al. (63) have compared the
sequence of a closely related protein, xylene monooxygenase
reductase, to similar reductases and identified sites (which are
also present in cymene monooxygenase reductase) likely to be
involved in binding a ribose moiety of the cofactor, NADH,
(amino acid residues 217-DAPMVCIAGGSGLAPLISILQHA
R-239) and the isoalloxazine ring of FAD (residues 159-RSYS
FAN-165) (47, 69).

p-Cumic alcohol dehydrogenase. Extracts prepared from
E. coli JM109 carrying any of the plasmids in which cymB is
present, such as pRE853 and pRE912, catalyzed the conver-
sion of p-cumic alcohol to p-cumic aldehyde in the presence of
NAD1 (Fig. 3).

The cymB gene product, p-cumic alcohol dehydrogenase, is
one of the class II (short chain) alcohol dehydrogenases (68,
72) whose members are dimers or tetramers comprised of
subunits of about 250 amino acids in length. p-Cumic alcohol
dehydrogenase has a deduced molecular weight of 26,149 (252
amino acids) and contains the six amino acid residues present
in all members of this group (Gly-12, Gly-18, Asp-63, Gly-133,
Tyr-153, and Lys-157) as well as five of seven residues present
in most members (Thr-11, Gly-16, Gly-91, Asn-112, and Ser-
140). The glycine residues at positions 12, 16, and 18 serve to
form the conserved center (72) of a bab structure (amino acid
residues 6-KVAIVTGAATGIGNAIVRSYLAEGAKVVIAD-
36) that is probably involved in binding the ADP moiety of
NAD1 (68, 85). The most closely related enzymes are bacterial
oxidoreductases; glucose dehydrogenase of Bacillus megate-
rium (58) has 35% identity in 252 amino acid residues, while
3-ketoacyl-acyl carrier protein reductase of Vibrio harveyi (79)
has 33% identity in 244 amino acid residues. The TOL plas-
mid-encoded benzyl or toluic alcohol dehydrogenase (76, 78) is
a member of the class I zinc-containing long-chain alcohol
dehydrogenases and is not related to p-cumic alcohol dehydro-
genase (72).

Cumic aldehyde dehydrogenase. Extracts prepared from E.
coli JM109(pRE902), which contains cymC, catalyzed the con-
version of p-cumic aldehyde to p-cumate in the presence of
NAD1 (Fig. 4).

The cymC gene product, p-cumic aldehyde dehydrogenase,
has a deduced molecular weight of 53,175 (494 amino acids).
The enzyme belongs to a large family of NAD1-linked alde-

FIG. 3. Conversion of p-cumic alcohol to p-cumic aldehyde by extracts of E.
coli JM109(pRE853) at 30°C. The sample and reference cuvettes contained 50
mM potassium-sodium phosphate buffer (pH 7.0) and 30 nmol of NAD1 in 1-ml
volumes. The sample cuvette also contained 50 nmol of p-cumic alcohol. Spectra
were recorded before the addition of 8 ml of extract containing 140 mg of protein
to both cuvettes and after 0.17, 4, 8, 12, 16, 20, 28, and 32 min. This conversion
is not catalyzed by extracts of strain JM109 lacking cymB. NADH formed in the
reaction is converted back to NAD1 by an NADH oxidase present in extracts
and does not accumulate.
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hyde oxidoreductases (43). Members of this family contain 23
invariant amino acid residues, 27 nearly invariant residues, and
41 invariant similarities (43). All of these are present in cumic
aldehyde dehydrogenase except for one of the invariant simi-
larities (Ala at residue 386 is substituted for one of the larger
hydrophobic amino acids, Val, Ile, Leu, or Met). The protein
lacks the conserved GXGXXG sequence used by Wierenga et
al. to predict ADP-binding bab folds (85), but it contains a
similar sequence conserved in other aldehyde dehydrogenases
(43) in which the second glycine is replaced by a threonine
(amino acid residues 243-GSTVVG-248). This sequence and
the surrounding residues (239-ITFTGSTVVGKKIVEYALG
NMKRVTLEL-266) have been proposed to form the coen-
zyme-binding domain in this enzyme family (43). The most
closely related enzymes are aldehyde dehydrogenases of eu-
karyotes; the mouse mitochondrial enzyme (14) has 48% iden-
tity in 481 amino acid residues. The TOL plasmid-encoded
tolualdehyde dehydrogenase (45) is more distantly related,
having 34% identity in 472 amino acid residues.

Outer membrane protein. The cymD gene product, a puta-
tive outer membrane protein, has a deduced molecular weight
of 48,932 (460 amino acids). It is similar to other proposed
outer membrane proteins encoded by genes that are part of
operons encoding the catabolism of aromatic compounds, in-
cluding IpbH, of the isopropylbenzene catabolic operon of P.
putida RE204 (45% identity in 460 amino acid residues) (25,
30), CumH of the cumene catabolic operon of Pseudomonas
fluorescens IP01 (44% identity) (36), TodX of the toluene
catabolic operon of strain F1 (41% identity in 444 amino acids)
(83), XylN of the xylene catabolic operon of the plasmid
pWW0 (39% identity in 445 amino acids) (38), as well as a
Haemophilus influenzae P1 outer membrane protein subtype

3L (23% identity in 431 amino acids) (60) and the E. coli FadL
fatty acid transport protein (22% identity in 275 amino acids)
(9).

The amino terminus of CymD (residues 1-MKKTIYSLSAC
GILTCLYCGIASAT-25) has the features of a possible signal
peptide required for secretion and integration of the protein
into the membrane (66): 1 to 3 positively charged amino acid
residues (lysines at positions 2 and 3 in CymD), followed by a
core of 14 to 20 neutral, mostly hydrophobic, amino acids and
a processing site adjacent to three conserved amino acid resi-
dues, (L, V, I, A, G, or S)-X-(A, G, or S). In CymD this
processing site could be adjacent to either amino acid residues
20-GIA-22 or 22-ASA-24. Wang et al. (83) demonstrated that
the similar protein, TodX, is membrane associated and pro-
vided evidence that a possible physiological role for TodX is to
facilitate toluene movement across the membrane at low con-
centrations. The role of CymD in the catabolism of p-cymene
may be similar, but it has not been studied.

Acetyl coenzyme A synthetase. The cymE gene product, pre-
sumed to be an acyl coenzyme A synthetase, has a deduced
molecular weight of 71,425 (649 amino acids). It is similar to a
number of acetyl coenzyme A synthetases, notably those from
the cyanobacterium Synechocystis sp., (42% identity in 636
amino acid residues [46]), E. coli (40% identity in 629 amino
acid residues [10]), and the parasitic protozoan Cryptospo-
ridium parvum (36% identity in 634 amino acid residues [48]).
These enzymes catalyze a two-step reaction. First, acetate is
activated by reaction with ATP, producing an acetyl adenylate
intermediate and pyrophosphate; second, coenzyme A dis-
places the adenylate to yield acetyl coenzyme A. Khramtsov
et al. (48), in comparing amino acid sequences of fifteen acetyl
coenzyme A synthetases, identified two highly conserved mo-
tifs (I and II) separated by 289 to 341 amino acids. Both of
these are present in all of the acetyl coenzyme A synthetases as
well as in other AMP-binding proteins and CymE. Motif I is
defined as (Y/F)TS(G/A)(S/T)(T/S)GXPK(G/M); in CymE it
is amino acid residues 256-YTSGTTGKPKG-266. Motif II is
defined as PKT(R/V/L)SGK(I/V/T)(T/M/V/K)R(R/N); in
CymE it is amino acid residues 601-PKTRSGKLLRR-611. All
of the enzymes that contain motif I are likely to catalyze the
formation of an acyl adenylate intermediate, and it has been
proposed (4) that this may be the function of this structure,
while motif II has similarity to the phosphate-binding P loop of
ATPases and GTPases (48, 74) and may be involved in the
binding of ATP.

The role of the cymE-encoded acyl coenzyme A synthetase
in p-cymene metabolism remains unknown. Extracts of IPTG-
induced E. coli JM109(pRE896), which contains cymE, were
assayed for acyl coenzyme A synthetase activity by using as
substrates three compounds that are intermediates or products
of p-cymene catabolism: acetate, isobutyrate, and p-cumate. Iso-
butyrate, formed by 2-hydroxy-6-oxo-7-methylocta-2,4-dieno-
ate hydrolase in the p-cumate pathway (24), can be further
metabolized by a pathway normally employed for the metab-
olism of branched-chain amino acids once it is converted to its
coenzyme A ester (55). Acetate might be formed by the spon-
taneous oxidation of acetaldehyde, a product of 4-hydroxy-2-
oxovalerate aldolase in the p-cumate pathway; the acyl coen-
zyme A synthetase could provide a way to salvage this acetate.
Extracts failed to show detectable activity toward p-cumate and
isobutyrate. Although a high level of acetyl coenzyme A syn-
thetase activity was demonstrated, it was not greater than the
level of such activity in extracts of strain JM109 (data not
shown).

Regulatory protein. The cymR gene product, a putative reg-
ulatory protein, has a deduced molecular weight of 23,324 (203

FIG. 4. Conversion of p-cumic aldehyde to p-cumate by extracts of E. coli
JM109(pRE902) at 30°C. The sample and reference cuvettes contained 50 mM
potassium-sodium phosphate buffer (pH 7.0) and 50 nmol of NAD1 in 1-ml
volumes. The sample cuvette also contained 50 nmol of p-cumic aldehyde. Spec-
tra were recorded before the addition of 10 ml of extract containing 160 mg of
protein to both cuvettes and after 0.17, 8, 16, 24, 32, 40, 48, 56, 64, and 72 min.
This conversion is not catalyzed by extracts of strain JM109 lacking cymC.
NADH formed in the reaction is converted back to NAD1 by NADH oxidase
present in extracts and does not accumulate.
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amino acids). It has only a very low level of similarity to other
regulatory proteins including MtrR, which regulates the per-
meability of the Neisseria gonorrhoeae cell membrane to hydro-
phobic compounds (67). This similarity is limited to a region of
CymR that is likely to form a helix-turn-helix DNA-binding
structure (amino acid residues 17-GKLIAAALGVLREKGYA
GFRI-37) (11). The characteristics of the helix-turn-helix mo-
tif have been determined by comparison of the amino acid
sequences of a number of DNA-binding proteins along with
structural studies of some of these such as the bacteriophage l
Cro protein (11). In a helix-turn-helix structure, residue 9 is
glycine; residues 3 to 8 and 15 to 20 cannot be proline since
they are within a helices; residues 4 and 15 should be un-
charged since they are buried in Cro; and residue 5 should not
be a b-branched residue since it is wedged between the two
helices in Cro (11).

Synthesis of the enzymes that catalyze the conversion of
p-cymene to p-cumate and the further metabolism of p-cumate
is induced in P. putida F1 during growth with either p-cymene
or p-cumate (27). To study regulation of the p-cymene (cym)
and p-cumate (cmt) operons in strain F1, plasmids carrying the
regulatory gene and the proposed operator-promoter regions
of those operons upstream of genes encoding assayable en-
zymes were constructed (Table 1; Fig. 2). A DNA fragment
carrying the cmt operator-promoter upstream of cmtC, encod-
ing 2,3-dihydroxy-p-cumate 3,4-dioxygenase (Fig. 2, extending
from map coordinate 11.23 to the right), was inserted into the
vector pLV59 in either orientation to make pRE665 and
pRE909. pRE912 was constructed by inserting a 2.09-kb SalI
fragment (Fig. 2, map coordinates 2.72 to 4.81) carrying the
cym operator-promoter upstream of cymB, encoding p-cumic
alcohol dehydrogenase, into pACYC184. To make pRE892, a
2.21-kb MluI fragment carrying the regulatory protein-encod-
ing gene cymR was inserted into vector pUCBM20. E. coli
JM109 constructs carrying pRE665, pRE909, or pRE912, with
or without the compatible plasmid pRE892, were grown in the
presence or absence of inducer (p-cymene or p-cumate); sub-
sequently, the appropriate enzyme was assayed in cell extracts
(Table 2). It should be noted that differences in the levels of
2,3-dihydroxy-p-cumate-3,4-dioxygenase activity between strains
containing pRE665 and pRE909 are probably the result of
transcription initiated at the EcoRI endonuclease promoter of
the vector pLV59. In pRE665, this transcription is in the same

direction as normal transcription of cmtC; in pRE909, it is in
the opposite direction. The results indicate that p-cumate is the
inducer of both the cym and cmt operons while p-cymene is not
an inducer. Moreover, extracts of bacteria lacking the reg-
ulatory gene, cymR, have a high level of constitutive enzyme
activity, while extracts of uninduced bacteria containing cymR
lack enzyme activity; the regulatory gene product is, therefore,
a repressor. With p-cymene as a growth substrate, conversion
of p-cymene to p-cumate by enzymes present at low, uninduced
levels in P. putida F1 would be required prior to induction of
both operons by p-cumate.

A comparison of the operator-promoter regions of the cym
and cmt operons (Fig. 5) revealed a sequence, located between
the putative 235, 210 (s70) promoters (41) and the beginning
of the first genes, that is present in both operons; this may be
a recognition site (operator) for the CymR repressor protein.

Nucleotide sequence of the DNA that separates the cmt and
tod operons. In order to complete the sequence of the DNA
segment carrying the cym, cmt, and tod operons, the sequence
of 915 bp of DNA between cmt and tod was obtained (data not
shown). Inspection of the sequence extending from the end of
the cmt operon (cmtG) to the end of todR (todR is transcribed
from right to left) revealed two interesting features (Fig. 6).
The first is a gene encoding a possible enoyl coenzyme A
hydratase, and the second is a sequence having significant
homology to DNA located upstream of cymR and to DNA
from other Pseudomonas species.

FIG. 5. Comparison of putative regulatory sequences located upstream of
cym and cmt operons. Promoters, ribosome-binding sites, and initiation codons
for cymB (encoding p-cumic alcohol dehydrogenase) and cmtAa (encoding p-
cumate dioxygenase reductase) are in boldfaced type. Nucleotides that are iden-
tical in cym and cmt operons and that may form operator sequences recognized
by CymR are in boxes. Arrows indicate dyad symmetry in the proposed cmt
operator.

TABLE 2. Regulation of cmt and cym expression by cymR

Bacterial strain Inducer
2,3-Dihydroxy-p-cumate

dioxygenase (CmtC) activity
(nmol min21 mg of protein21)a

Cumic alcohol dehydrogenase
(CymB) activity (nmol min21

mg of protein21)a

JM109(pRE665) Uninduced 510 (6 40)
JM109(pRE665) Cumate 540 (6 9)
JM109(pRE665) Cymene 510 (6 26)
JM109(pRE665)(pRE892) Uninduced 3.5 (6 0.2)
JM109(pRE665)(pRE892) Cumate 550 (6 120)
JM109(pRE665)(pRE892) Cymene 4 (6 0.2)

JM109(pRE909) Uninduced 130 (6 3)
JM109(pRE909)(pRE892) Uninduced 0 (6 0)
JM109(pRE909)(pRE892) Cumate 127 (6 1)
JM109(pRE909)(pRE892) Cymene 20.4 (6 0.3)

JM109(pRE912) Uninduced 33 (6 9)
JM109(pRE912)(pRE892) Uninduced 20.3 (6 0.6)
JM109(pRE912)(pRE892) Cumate 34 (6 4)
JM109(pRE912)(pRE892) Cymene 20.1 (6 0.2)

a Activities are the means of three assays (6 standard errors).
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Enoyl coenzyme A hydratase. The presumed product of the
gene extending from base pair 22,652 to base pair 23,716 (Fig.
6), enoyl coenzyme A hydratase, has a deduced molecular
weight of 39,785 (355 amino acids). It is similar to several enoyl
coenzyme A hydratases, most closely to enzymes from Rhizo-
bium meliloti (29% identity in 258 amino acid residues) (54),
rat mitochondria (34% identity in 182 amino acid residues)
(57), and human mitochondria (25% identity in 240 amino acid
residues) (61). The function of the gene product has not been
examined. Other enoyl coenzyme A hydratases are involved in
pathways for the degradation of fatty acids by b oxidation. A
role in isobutyrate catabolism is not excluded.

Repeated DNA elements. Comparison of DNA sequences
located upstream of cym genes (Fig. 2) and downstream from
cmt genes and the enoyl coenzyme A hydratase gene (between
the cmt and tod operons) (Fig. 6) revealed the presence of
regions of sequence homology. Moreover, these sequences
have homology to DNA sequences (ankB and ankF) proposed
to encode ankyrins (discussed below) in Pseudomonas aerugi-
nosa (42) and Pseudomonas syringae (49), respectively. DNA
segments carrying these upstream and downstream homolo-
gous sequences are aligned with ankB in Fig. 7. The right end
of the upstream sequence and the left end of the downstream
sequence compared here are separated in strain F1 by 23,631

bp. The beginning and end of the regions of homology are not
well defined. However, within the sequences aligned in Fig. 7
there are large overlapping stretches of significant homology.
Thus, between upstream base pairs 398 to 493 (Fig. 7) and
downstream base pairs 24,374 to 24,469, there is 82% homol-
ogy (79 of 96 bp); this includes a segment of 23 identical base
pairs between upstream base pairs 463 to 485 and downstream
base pairs 24,439 to 24,461. Between upstream base pairs 400
to 578 and ankB base pairs 209 to 386 there is 75% homology.
Between downstream base pairs 24,252 to 24,554 and ankB
base pairs 84 to 382 there is 66% homology.

Ankyrins are proteins whose role in eukaryotic cells is to link
the spectrin-based membrane skeleton to the inner surface of
the plasma membrane (6, 7). Eukaryotic ankyrins have as many
as 22 to 24 contiguous copies of a 33-amino-acid residue motif
(-G-TPLH-AA--GH---V/A--LL--GA--N/D----). The presumed
ankyrins from the Pseudomonas strains are much smaller than
the eukaryotic proteins; that from P. syringae has only one
domain with 11 of the 15 conserved amino acid residues of the
ankyrin repeated motif (49), while the domain from the puta-
tive P. aeruginosa ankyrin has 12 of 15 residues (25, 42). The
function of the prokaryotic ankyrins is unknown.

An alternative role for these DNA elements in Pseudomonas
species could be as regions of homology involved in, or result-
ing from, mobilization of the associated DNA. It should be
noted, however, that there is no sequence similarity to genetic
elements such as integrons (37) or catabolic transposons (88)
known to specify that activity. In P. putida F1 these elements
flank genes encoding the complete catabolism of p-cymene
through p-cumate to isobutyrate, pyruvate, and acetyl coen-
zyme A and may have been involved in the mobilization of
those genes to their current location. It has been proposed (84)
that catabolic genes may be clustered in defined regions of the
chromosome in P. putida. Recombination between homolo-
gous genetic elements located downstream of the cym and cmt
operons and upstream of the tod operon would have resulted
in the clustering of the operons shown here and described in
reference 24; this may suggest a general mechanism for the
clustering of catabolic operons on the Pseudomonas chromo-
some.

A neighboring gene upstream of cym. By using the 4-kb
HindIII-BglII fragment (Fig. 2, map coordinates 1.01 to 5.0)
from pRE847 as a probe, E. coli JM109 carrying a recombinant
plasmid (pRE856) containing an overlapping 22.9-kb BglII
fragment (map coordinates 217.9 to 5.0) inserted in pLV59
was identified. From pRE856, several subclones were obtained
(pRE890 to pRE895) (Table 1). The ends of the DNA frag-
ments cloned in these plasmids were sequenced in order to
identify neighboring genes which might help in the future to
localize the cym, cmt, and tod operons in P. putida F1. One
gene encoding a product having significant similarity to a pub-
lished protein was identified (data not shown). The gene ex-
tends from map coordinate 28.9 to the left beyond 210.2
(within pRE891 and pRE894; the sequence of the gene was
incomplete) and encodes a protein that has a high degree of
identity (42% in the 441 amino acids compared) to DNA
topoisomerase III of E. coli (21).

Evolution of catabolic pathways. P. putida F1 transforms
p-cymene to p-cumate (Fig. 1). This involves three enzymes: a
two-component monooxygenase, an alcohol dehydrogenase, and
an aldehyde dehydrogenase. Although the monooxygenase and
aldehyde dehydrogenase of the p-cymene catabolic pathway
are related to the analogous enzymes of the TOL plasmid-
encoded toluene-xylene catabolic pathway, the respective al-
cohol dehydrogenases are not related. Since the monooxygen-
ases can catalyze the oxidation of both the methyl and the

FIG. 6. DNA segment from P. putida F1 connecting the p-cumate (cmt) and
toluene (tod) catabolic operons. This map is based on newly acquired sequence
data extending from base pair 22,488 to 23,404 (data not shown) and previously
published data (GenBank accession no. U24215 [24] and U18304 [83]). The
boxed arrow indicates the downstream repeated element.

FIG. 7. Comparison of the DNA sequences of directly repeated elements
bordering cym-cmt DNA. The right end of the upstream compared is 23,631 bp
upstream of the left end of the downstream sequence. ankB (GenBank accession
number U59457) (42) encodes a putative ankyrin protein in P. aeruginosa.
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benzylic alcohol groups (Fig. 1, enzyme A), it would not have
been necessary initially for an organism to have an alcohol
dehydrogenase in order to convert p-cymene, toluene, m-xy-
lene, or p-xylene to p-cumate, benzoate, m-toluate, or p-tolu-
ate, respectively. After the p-cymene and toluene-xylene path-
ways branched away from each other, subsequent recruitment
of alcohol dehydrogenases (Fig. 1, enzyme B) into each path-
way would not only have allowed an increased rate of metab-
olism of p-cumic, benzyl, or toluic alcohol but also conversion
of alcohol to aldehyde would furnish NADH rather than con-
sume it. This translates to an increased yield of up to 6 mol of
ATP per mol of substrate.

The functions of the proposed acyl coenzyme A synthetase
and enoyl coenzyme A hydratase in relation to the metabolism
of p-cymene remain unknown. The proteins involved in the
oxidation of the methyl group of p-cymene to p-cumate may
have their origins in a pathway for the catabolism of alkanes
through fatty acids. The acyl coenzyme A synthetase and enoyl
coenzyme A hydratase genes, while not directly involved in the
catabolism of p-cymene, may simply be remnants of an alkane
or fatty acid catabolic pathway. Such an origin has been sug-
gested for two distantly related enzymes having a very different
function, the dehalogenation of 4-chlorobenzoate (4). Thus,
4-chlorobenzoate-coenzyme A synthetase and 4-chloroben-
zoyl-coenzyme A dehalogenase have a low level of similarity to
acetyl coenzyme A synthetase and enoyl coenzyme A hy-
dratase, respectively, (4) and may have evolved from a fatty
acid b-oxidation pathway.
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