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The pathways for degradation of aromatic hydrocarbons are constantly modified by a variety of genetic
mechanisms. Genetic studies carried out with Pseudomonas stutzeri OX1 suggested that the tou operon coding
for toluene o-xylene monooxygenase (ToMQO) was recently recruited into a preexisting pathway that already
possessed the ph operon coding for phenol hydroxylase (PH). This apparently resulted in a redundancy of
enzymatic activities, because both enzymes are able to hydroxylate (methyl)benzenes to (methyl)catechols via
the intermediate production of (methyl)phenols. We investigated the kinetics and regioselectivity of toluene
and o-xylene oxidation using Escherichia coli cells expressing ToMO and PH complexes. Our data indicate that
in the recombinant system the enzymes act sequentially and that their catalytic efficiency and regioselectivity
optimize the degradation of toluene and o-xylene, both of which are growth substrates. The main product of
toluene oxidation by ToMO is p-cresol, the best substrate for PH, which catalyzes its transformation to
4-methylcatechol. The sequential action of the two enzymes on o-xylene leads, via the intermediate 3,4-
dimethylphenol, to the exclusive production of 3,4-dimethylcatechol, the only dimethylcatechol isomer that can
serve as a carbon and energy source after further metabolic processing. Moreover, our data strongly support
a metabolic explanation for the acquisition of the ToMO operon by P. stutzeri OX1. It is possible that using the
two enzymes in a concerted fashion confers on the strain a selective advantage based on the ability of the
microorganism to optimize the efficiency of the use of nonhydroxylated aromatic hydrocarbons, such as

benzene, toluene, and o-xylene.

Several bacterial strains use specific hydrocarbon substrates
as their primary sources of carbon and energy, and the number
of such strains is continuously increasing (13, 28, 30, 34). The
wide range of substrates that can be transformed by these
microorganisms make them a powerful tool for the bioreme-
diation of environmentally harmful substances. Degradation of
aromatic hydrocarbons by aerobic bacteria is generally carried
out through catabolic routes usually divided into an upper
pathway, which produces dihydroxylated aromatic intermedi-
ates by the action of monooxygenases, and a lower pathway,
which transforms these intermediates into molecules that enter
the citric acid cycle (26). Molecular elucidation of these cata-
bolic pathways has indicated that new pathways are continually
generated by a variety of genetic mechanisms, such as gene
transfer, mutational drift, genetic recombination, and transpo-
sition (30, 31, 35, 37). Pseudomonas stutzeri OX1 is one micro-
organism that is capable of growth on highly toxic aromatic
compounds, such as benzene, toluene, o-xylene, and dimethyl-
phenols, each of which can serve as a sole source of carbon and
energy (3). This strain is an interesting model system for study-
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ing hydrocarbon catabolism because of its peculiar ability to
transform a wide range of these molecules compared with
other similar microorganisms.

In P. stutzeri, (methyl)benzenes are initially activated by se-
quential introduction of two adjacent hydroxyl groups to form
(methyl)phenols and, eventually, (methyl)catechols (Fig. 1)
(5). These metabolites are subsequently cleaved into 2-hy-
droxymuconic semialdehyde derivatives, which, upon further
processing, are transformed into citric acid cycle intermediates
(1). We have recently demonstrated (8, 9) that the initial hy-
droxylation steps are carried out by two evolutionarily distinct
bacterial multicomponent monooxygenases (BMMs), toluene
o-xylene monooxygenase (ToMO), belonging to the family
consisting of four-component aromatic/alkene monooxygen-
ases (group 2 BMMs) (6, 9), and phenol hydroxylase (PH),
belonging to the group consisting of toluene 2-monooxygen-
ases (T2MO)/phenol hydroxylases (group 1 BMMs) (8). The
ring cleavage step that allows aromatic hydrocarbons access to
the lower metabolic pathway is catalyzed by a catechol 2,3-
dioxygenase (C2,30) (1).

Genetic studies carried out with P. stutzeri OX1 have sug-
gested that the genes coding for ToMO were recently acquired
by horizontal gene transfer and incorporated into a preexisting
catabolic route (4). Thus, the acquisition of ToMO by P.
stutzeri OX1 is an example of expansion of a catabolic pathway.
The result of this expansion is an apparent redundancy in
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FIG. 1. Proposed pathways for the conversion of toluene to meth-
ylcatechols (A) and for the conversion of o-xylene to dimethylphenols
(B) catalyzed by ToMO and PH mixtures. The thickness of the arrows
is roughly proportional to the relative abundance of each species. o-C,
o-cresol; m-C, m-cresol; p-C, p-cresol.

enzymatic activity, since ToMO and PH hydroxylate both ben-
zene and phenol (1, 5, 8). To elucidate the metabolic signifi-
cance of the coexpression of two multicomponent enzymes
with very similar catalytic activities, we recently investigated
the kinetics of benzene oxidation catalyzed by ToMO and PH
(8). The data obtained strongly supported the hypothesis that
ToMO and PH form a metabolic chain in which the depletion
of phenol by PH enhances the use of benzene in P. stutzeri.
However, this hypothesis needs to be extended to other sub-
strates in order to establish, in general, whether the concerted
use of the two different monooxygenases controls the meta-
bolic flow of aromatic molecules that can be used by the mi-
croorganism as growth substrates which enter the lower path-
way.

In the present work we investigated toluene and o-xylene
oxidation using recombinant Escherichia coli cells expressing
ToMO and PH complexes to collect data on how the biochem-
ical properties of the two complexes could influence the effi-
ciency of methylated aromatic utilization. Our results con-
firmed the general hypothesis that the two monooxygenases of
P. stutzeri OX1 form a metabolic chain, thus expanding the
catabolic potential of the microorganism by optimizing the
degradation of benzene, toluene, and o-xylene.
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MATERIALS AND METHODS

Materials. Bacterial culturing, plasmid purification, and transformation were
performed as described by Sambrook et al. (27). E. coli strain JM109 was
obtained from Novagen. E. coli strain JM101 was purchased from Boehringer.
The pGEM-3Z expression vector and Wizard SV gel and PCR clean-up system
for elution of DNA fragments from the agarose gel were obtained from Pro-
mega. Enzymes and other reagents used for DNA manipulation were obtained
from New England Biolabs. All other chemicals were obtained from Sigma. The
methods used for expression and purification of recombinant C2,30 from P.
stutzeri OX1 are described elsewhere (33).

Expression vectors. Plasmids pBZ1260 (5) and pJSX148 (1) containing the
ToMO and PH gene clusters, respectively, were kindly supplied by P. Barbieri
(Dipartimento di Biologia Strutturale e Funzionale, Universita dell’Insubria,
Varese, Italy). Plasmid pBZ1260 containing the fou gene cluster cloned in the
pGEM-3Z vector was used to express ToMO. For expression of PH, the DNA
sequence coding for the PH complex from plasmid pJSX148 was subcloned into
the vectors pGEM-3Z and pBZ1260. To do this, the DNA fragment coding for
the PH cluster was excised from the pJSX148 vector using Xbal restriction
endonuclease, purified by agarose gel electrophoresis, ligated with the pGEM-3Z
and pBZ1260 vectors previously cut with the same enzyme, and used to trans-
form JM101 competent cells. The resulting recombinant plasmids were desig-
nated pGEM-3Z/PH and pGEM-3Z/ToMO-PH, respectively. It should be noted
that vector pGEM-3Z/ToMO-PH allows transcription of ToMO and PH open
reading frames into a single mRNA under control of the lac promoter of the
pGEM-3Z vector. Plasmids pGEM-3Z/PH and pGEM-3Z/ToMO-PH were used
to express the PH complex alone and to coexpress the ToOMO and PH complexes,
respectively.

Whole-cell assays. The assays were performed as described previously (8)
using E. coli IM109 cells transformed with plasmids pGEM-3Z/PH, pBZ1260,
and pGEM-3Z/ToMO-PH, which expressed PH, ToMO, and PH/ToMO com-
plexes, respectively. The recombinant strains were routinely grown in Luria-
Bertani medium (27) supplemented with 50 pg/ml ampicillin at 37°C to an
optical density at 600 nm (ODggy,) of ~0.5. Expression of the recombinant
protein was induced with 0.4 mM isopropyl-B-p-thiogalactopyranoside at 37°C in
the presence of 100 pM Fe(NH,),(SO,),. One hour after induction, cells were
collected by centrifugation and suspended in M9 minimal medium containing
0.4% glucose. The enzymatic activity of cells was measured with phenol as the
substrate by monitoring the production of catechol in continuous coupled assays
with recombinant C2,30 from P. stutzeri OX1, as described previously (8). The
specific activities of the cells ranged from 10 to 14 mU/ODy, for cells expressing
PH and from 14 to 16 mU/ODyy for cells expressing ToMO. One milliunit was
defined as the amount of catalyst that oxidized 1 nmol of phenol per min at 25°C.

Determination of apparent kinetic parameters. All the kinetic parameters
were determined using whole cells. The apparent kinetic parameters for phenol,
0-, m-, and p-cresol, and 2,3-dimethylphenol (2,3-DMP) hydroxylation were
determined by a continuous colorimetric assay coupled with C2,30 as described
elsewhere (8). Induced cells were used at a concentration of 0.25 to 0.5 mU/ml.
Substrates were added from stock solutions in water at a maximum concentration
of 1 mM. The amounts of semialdehyde produced from catechol, 3-methylcat-
echol (3-MC), 4-MC, and 3,4-dimethylcatechol (3,4-DMC) were determined by
measuring the increase in absorbance at 375 nm (g5,5 = 29,100 M~ cm™ 1), at
388 nm (€555 = 6,100 M~ cm™ 1), at 382 nm (g5¢, = 21,550 M~ cm™!), and at
324 nm (€354 = 15,310 M~ ! cm '), respectively, for the different semialdehyde
products.

The apparent kinetic parameters for benzene, toluene, o-xylene, and 3,4-DMP
were determined by a discontinuous assay with cells suspended at a concentra-
tion of 0.5 to 1 mU/ml in 500 pl (final volume) of M9 minimal medium contain-
ing 0.4% glucose at 25°C. Reactions were started by addition to cell suspensions
of different amounts of substrates (final concentration, up to 1 mM) in N,N-
dimethylformamide. The reactions were stopped at different times by addition of
50 pl of 1 M HCI. Samples were centrifuged at 12,000 rpm for 20 min at 4°C. The
soluble fractions were stored at —20°C until further analysis by high-pressure
liquid chromatography (HPLC) as described below.

Maximum rates (V,,,,) for all substrates were always normalized to the max-
imum rate measured for phenol in a parallel assay. This was done for each
sample of induced cells, and the experiment was repeated for each substrate with
at least three independent samples of cells. For each sample of induced cells, the
levels of expression of ToOMO or PH were measured as described below and used
to calculate the apparent k., for phenol. The amounts of ToMO and PH
complexes were determined by densitometric scanning of Coomassie blue-
stained sodium dodecyl sulfate-polyacrylamide gels (22) containing cell extracts.
Five different amounts of samples of lysed cells were run on a single gel together
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with five different amounts of purified monooxygenases used as standards.
ToMO and PH were expressed at similar levels.

Apparent k., values for each substrate were calculated by determining the
products of the apparent k., for phenol and the individual substrate V,,,,./phenol
Vmax Tatios determined as described above. Relative errors for the apparent k.,
values were calculated by adding the relative error for the apparent k,, for
phenol and the relative errors for the substrate V.. /phenol V., ratios.

Apparent kinetic parameters were calculated with the program GraphPad
Prism (GraphPad Software).

Identification of products. Reaction products were identified with a HPLC
system equipped with a Waters 1525 binary pump coupled to a Waters 2996
photodiode array detector. Mono- and dihydroxylated products were separated
using an Ultrasphere C,g reverse-phase column (4.6 by 250 mm; pore size, 80 A),
and the absorbance of the eluate at 274 nm was monitored. Separation was
carried out at a flow rate of 1 ml/min by using a two-solvent system comprising
a 0.1% formic acid solution in water (solvent A) and a 0.1% formic acid solution
in methanol (solvent B). Phenol and catechol were separated using 12 min of
isocratic elution with 10% of solvent B, followed elution with a linear 10 to 30%
solvent B gradient in 10 min and an isocratic 30% solvent B step. The retention
times of phenol and catechol were 25.2 and 14 min, respectively. 2,3-DMP,
3,4-DMP, 3,4-DMC, and 4,5-DMC were separated by isocratic elution with 40%
solvent B; the retention times for these compounds were 26.7, 24.4, 14, and 11.4
min, respectively.

Oxidation products obtained from toluene were separated using a two-solvent
system comprising a 0.1% formic acid solution in water (solvent A) and a 0.1%
formic acid solution in acetonitrile (solvent B). 4-Methylcatechol, 3-methylcat-
echol, and m-, p-, and o-cresols were separated using 5 min of isocratic elution
with 15% solvent B, followed by elution with a linear 15 to 25% solvent B
gradient in 5 min and then an isocratic 25% solvent B step. Under these condi-
tions m- and p-cresols were not separated, and they eluted in a single peak at 22
min. The retention times of 4-methylcatechol, 3-methylcatechol, and o-cresol
were 13.1, 14.1, and 23.3 min, respectively. The products were identified by
comparing their HPLC retention times and UV-visible spectra with those of
standard solutions. The amount of each product was determined by comparing
the area of the peak with the areas obtained using known concentrations of
standards.

The regiospecificity of toluene hydroxylation was determined by HPLC using
an acetylated Cyclobond T 2000 column (Advanced Separation Technologies
Inc.) and monitoring the absorbance of the eluate at 274 nm. The acetylated
B-cyclodextrin-silica column allowed separation of the three cresol isomers with-
out extraction, which is required by the usual gas chromatography analysis (23,
32). Separation was carried out at a flow rate of 1 ml/min using a two-solvent
system comprising 20 mM ammonium acetate in water (pH 5.0) (solvent A) and
methanol (solvent B). o- m- and p-cresols were separated using 5 min of isocratic
elution with 20% solvent B, followed by elution with a linear gradient from 20 to
60% solvent B in 20 min. The retention times of o-, m-, and p-cresols were 12.8,
14.5, and 15.2 min, respectively.

Time course of toluene and o-xylene oxidation. The rate of product formation
by E. coli cells expressing PH, ToMO, or a mixture of the two proteins was
measured by the HPLC discontinuous assay. Each assay mixture contained either
30 uM toluene or 20 pM o-xylene. All cells were used at a concentration of 1
mU/ml when toluene was used as substrate and at a concentration of 1.5 mU/ml
when o-xylene was used.

Rate of (di)methylcatechol production as a function of ToMO concentration.
The rate of 3- and 4-MC production from toluene was measured as a function of
the ToMO concentration at ToMO concentrations ranging from 0.29 to 2.32
mU/ml with a constant concentration of cells expressing PH (0.29 mU/ml) in the
presence of 30 pM toluene. The reactions in aliquots (500 wl) were stopped at
5, 10, and 15 min by adding 50 pl of 1 M HCI, and the products were analyzed
by the HPLC system as described above.

The rate of 3,4-DMC production from 40 pM o-xylene was measured as a
function of the ToMO concentration at ToMO concentrations ranging from 0.3
to 6 mU/ml with a constant concentration of cells expressing PH (range, 0.36 to
1 mU/ml). 3,4-DMC was measured by the continuous coupled assay with C2,30
(3 U/ml). Experimental data were fitted to the following equation: rate = (V.
X [ToMO])/(K + [ToMO]) where V..., is the maximum rate and K is a constant
corresponding to the ToMO concentration which gives a rate of V,,,,./2.

The rate of 3,4-DMC production from 40 pM o-xylene was also measured by
using E. coli cells harboring vector pPGEM-3Z/ToMO-PH. The cell concentration
corresponded to 1.17 mU/ml of ToMO and 0.5 mU/ml of PH. An assay with
phenol was used to determine the total monooxygenase activity of cells. The
enzymatic activity of ToMO was measured by assaying the conversion of 3,4-
DMP to 4,5-DMC because this product is exclusively formed by ToMO (see
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TABLE 1. Regioselectivity of PH and ToMO with toluene, m-
cresol, o-xylene, and 3,4-DMP

% with®:
Substrate Product
PH ToMO
Toluene 0-Cresol 70 36
m-Cresol 7 19
p-Cresol 23 45
o-Xylene 2,3-DMP 80 20
3,4-DMP 20 80
m-Cresol 3-MC 96 5
4-MC 4 95
3,4-DMC 3,4-DMC 99 10
4,5-DMC 1 90

“The error was ~1%.

below and Fig. 1). The activity of PH was calculated by determining the differ-
ence between the total activity and the ToMO activity.

RESULTS

Regioselectivity of ToMO and PH with toluene. It has been
demonstrated previously that ToMO is able to hydroxylate
toluene, forming a mixture of o-, m-, and p-cresols (4-6). In
addition, both ToMO and PH are able to further hydroxylate
the three cresol isomers to catechols (Fig. 1A) (1). Data for the
relative amounts of products are available only for the hy-
droxylation of toluene by ToMO (32).

The relative abundance of each isomer was determined by
incubating E. coli cells expressing ToMO or PH with toluene or
the three cresol isomers at concentrations ranging from 0.1 to
1 mM as described in Materials and Methods. The data in
Table 1 indicate that p-cresol and o-cresol are the main prod-
ucts of toluene oxidation by ToMO and that there is slightly
more of the para isomer. The hydroxylation of toluene by
PH-expressing cells also resulted in a mixture of products, but
in this case the ortho isomer accounted for about two-thirds of
the cresol produced. Both enzymes were found to add the
second hydroxyl group ortho to the hydroxyl group already
present on the aromatic ring, thus producing only 3-MC from
o-cresol and only 4-MC from p-cresol (data not shown). The
oxidation of m-cresol catalyzed by ToMO produced almost
exclusively 4-MC, whereas PH produced predominantly 3-MC
(Table 1).

Kinetic parameters of ToMO and PH with toluene. The
kinetic parameters of ToMO and PH activities with toluene
and cresols, as determined by whole-cell assays, are shown in
Table 2. The specificity constants of ToMO for benzene and
toluene are at least 1 order of magnitude higher than those
measured for the same substrates when PH was used. In con-
trast, when hydroxylated substrates were used, the specificity
constants for ToMO with phenols were found to be 2 to 30
times lower than those measured for PH.

We also determined by using HPLC the production of
cresols and methylcatechols from toluene as a function of time
(Fig. 2). When E. coli cells expressing ToMO were incubated
with 30 wM toluene, a concentration 7.5-fold higher than the
ToMO K, value, cresols were produced at a linear rate,
whereas methylcatechols were not detected for 30 min. Pro-
duction of methylcatechols started only after about 60 to 70%
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TABLE 2. Apparent kinetic constants of PH and ToMO

PH ToMO
Substrate
ko 571 K,y (LM)° Keat/Koy (37" LMY Kear (s71)° K, (LM)° Kead K (871 M)
Phenol 1.02 0.6 1.69 1 2.18 0.46
p-Cresol 0.77 0.6 1.29 0.63 13.26 0.047
0-Cresol 0.946 3.13 0.3 0.9 6.0 0.15
m-Cresol 0.609 1.8 0.34 0.44 9.38 0.047
2,3-DMP 0.9425 33.87 0.028 0.2 25.7 0.008
3,4-DMP 0.771 3.37 0.228 0.38 7.7 0.049
Benzene 0.092 25 0.004 0.36 0.2 1.81
Toluene 0.148 22 0.007 0.42 3.93 0.11
o-Xylene 0.125 325 0.004 0.25 3.73 0.067

“ The errors for k., values were about 26%. The errors for the k., values for phenol were about 20%.

> The errors for K,

m

of the toluene had been converted to cresols (Fig. 2A). When
E. coli cells expressing PH were incubated with 30 wM toluene
(Fig. 2B), a short lag period for production of catechols was
observed. Moreover, toluene transformation by PH was not
very efficient since only 25% of the toluene was converted into
methylcatechols after 90 min. Most likely, this depended on the
limited amount of cresols produced, which reached a constant,
low value after 20 min of incubation. When a mixture of E. coli
cells expressing PH and ToMO was incubated with 30 pM
toluene, no lag phase for production of methylcatechols was
observed, and the formation rates, as determined by the slopes

—_
n
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N SR SO T - NP

concentration (M)

0 20 40 60 80 100
time (min)

FIG. 2. Kinetics of production of o-cresol ((J), m- and p-cresols
(m), 3-methylcatechol (O), and 4-methylcatechol (@) by cells express-
ing ToMO at a concentration of 1 mU/ml (A), cells expressing PH at
a concentration of 1 mU/ml (B), and a mixture of cells expressing
ToMO (1 mU/ml) and cells expressing PH (1 mU/ml) (C) incubated
with 30 uM toluene.

values were less than 10%. The error for the K,,, of ToMO for benzene was about 25%.

of the plots shown in Fig. 2C, were fivefold higher than those
recorded with cells expressing PH alone (Fig. 2B). The con-
centrations of cresols quickly reached constant, low values, and
toluene was completely converted into 55% 3-MC and 45%
4-MC after 50 min. These percentages are very different from
those obtained with cells expressing ToMO alone (62% 4-MC
and 38% 3-MC) (Fig. 2A) or cells expressing PH alone (17%
4-MC and 83% 3-MC) (Fig. 2B). Interestingly, the values mea-
sured under these conditions are the values expected based on
the hypothesis that ToMO catalyzes the first hydroxylation
reaction and PH catalyzes the second hydroxylation reaction.
In fact, according to the reaction scheme in Fig. 1A, after
complete conversion of cresols to methylcatechols, the ex-
pected percentage of 3-MC based on the total amount of
methylcatecols (3-MC%) is given by the following equation:
3-MC% = 0-C% + f X m-C%, where 0-C% and m-C% are the
percentages of o- and m-cresols, respectively, produced by the
enzyme that catalyzes the first hydroxylation step and f is the
fraction of m-cresol converted to 3-MC by the enzyme that
catalyzes the second hydroxylation reaction. If ToMO is the
catalyst of the first reaction, then the 0-C% and m-C% values
are 36 and 19%, respectively (Table 1). Assuming that PH
catalyzes the second reaction, the f value is 0.96 (Table 1).
Substituting these values in the equation above, 3-MC% is
54.24%, a value which is identical, within the experimental
error, to the experimentally measured value.

In order to investigate the effects of the relative amounts of
ToMO- and PH-expressing cells, the initial rates of methylcat-
echol production were monitored by incubating toluene with
different amounts of cells expressing ToMO (0.29 to 2.3 mU/
ml) and/or a constant amount of cells expressing PH (0.29
mU/ml). Under these conditions, methylcatechols were pro-
duced at a rate that increased with a hyperbolic dependence on
the concentration of ToMO-expressing cells (Fig. 3). Under
the same experimental conditions, ToMO-expressing cells
alone did not form a significant amount of methylcatechol
from toluene at the concentrations tested, whereas only small
amounts of methylcatechol were produced by cells expressing
PH alone (data not shown).

Regioselectivity of ToMO and PH with o-xylene. The relative
abundance of dimethylphenol and dimethylcatechol isomers
was determined by incubating E. coli cells expressing ToMO (1
mU/ml) or PH (1 mU/ml) with o-xylene, 2,3-DMP, or 3,4-DMP
at concentrations ranging from 0.25 to 1 mM. The results
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FIG. 3. Rates of formation of 3-MC (®) and 4-MC (O) by mixtures
of cells expressing PH (0.29 mU/ml) and cells expressing ToMO (0.29
to 2.3 mU/ml) incubated with 30 wM toluene. The concentrations of
3-MC and 4-MC were measured by HPLC as described in Materials
and Methods.

(Table 1) indicate that the two monooxygenases are able to
catalyze both hydroxylation steps, but with very different regi-
oselectivities. ToMO produces 20% 2,3-DMP and 80% 3,4-
DMP from o-xylene, whereas PH produces 80% 2,3-DMP and
20% 3,4-DMP (Fig. 1B). The different regioselectivities of the
two enzymes are even more evident in the second hydroxyla-
tion step. The hydroxylation of 3,4-DMP by ToMO yields a
mixture of 3,4-DMC (10%) and 4,5-DMC (90%) (Table 1 and
Fig. 1B), whereas the same substrate is transformed exclusively
into 3,4-DMC by PH. 2,3-DMP is converted solely to 3,4-DMC
by both enzymes.

Kinetic parameters of ToMO and PH with o-xylene. The
kinetic parameters of TOMO and PH with o-xylene for the first
and second reaction steps were determined by whole-cell as-
says and are shown in Table 2. ToMO had a specificity constant
for o-xylene that was 17 times higher than that of PH, whereas
PH was about four times more active than ToMO with both
2,3-DMP and 3,4-DMP. In the second hydroxylation step both
monooxygenases exhibited k,/K,, values for 3,4-DMP that
were about 10 times higher than those measured for 2,3-DMP.

We also determined by HPLC the production of dimethyl-
phenols and dimethylcatechols as a function of time (Fig. 4).
When E. coli cells expressing ToMO (1.5 mU/ml) were incu-
bated with 20 pM o-xylene, dimethylphenols were produced at
a linear rate, whereas dimethylcatechols were detected only
after about 15 min (Fig. 4A). In contrast, when E. coli cells
expressing PH (1.5 mU/ml) were incubated with 20 uM o-
xylene, only 2,3-DMP and 3,4-DMC were detected (Fig. 4B).
The concentration of 2,3-DMP reached a low but constant
value after about 30 min, whereas no 3,4-DMP was detected.
3,4-DMC accumulated at a low but constant rate after a short
lag period (about 5 min). No 4,5-DMC was detected. When a
mixture of E. coli cells expressing PH and ToMO (both at a
concentration of 1.5 mU/ml) was incubated with 20 uM o-
xylene, only 2,3-DMP and 3,4-DMC were detected (Fig. 4C),
as was the case for cells expressing only PH, but 3,4-DMC was
produced at a rate that was about 13 times higher.

The interplay between the ToMO and PH complexes in
o-xylene oxidation was investigated further by incubating dif-
ferent amounts of cells expressing ToMO (0.3 to 6 mU/ml) and
a constant amount of cells expressing PH (0.36 mU/ml) with 40
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FIG. 4. Kinetics of production of 2,3-DMP (OJ), 3,4-DMP (m), 3,4-
DMC (O), and 4,5-DMC (@) by cells expressing ToMO at a concen-
tration of 1.5 mU/ml (A), cells expressing PH at a concentration of 1.5
mU/ml (B), and a mixture of cells expressing ToMO (1.5 mU/ml) and
cells expressing PH (1.5 mU/ml) (C).

wM o-xylene and measuring the rate of 3,4-DMC formation by
a coupled assay with C2,30. The assay was repeated at PH
concentrations up to 1 mU/ml. Cells expressing ToMO or PH
alone at the concentrations indicated above did not form sig-
nificant quantities of 3,4-DMC (data not shown). When a mix-
ture of the two types of recombinant cells was used, however,
3,4-DMC was produced at a rate that was proportional to the
concentration of ToMO (Fig. 5). When the rate of 3,4-DMC
formation at a constant PH concentration was plotted as a
function of the ToMO concentration, a hyperbolic function
was obtained (Fig. 5). Moreover, when constant amounts of
ToMO were used, the rate of 3,4-DMC formation was found to
be directly proportional to the PH concentration (Fig. 5, inset).

In order to verify that the expression of ToMO and PH in
different cells could influence the degradation of o-xylene car-
ried out under the experimental conditions described above,
o-xylene oxidation was also studied using E. coli cells coex-
pressing the two complexes. The clone E. coli JIM109/pGEM-
3Z/ToMO-PH was found to express ToMO and PH with a
ratio of specific activities of 2.3:1. When 40 pM o-xylene was
incubated with an amount of cells corresponding to 1.17
mU/ml of ToMO and 0.5 mU/ml of PH, the rate of 3,4-DMC
formation was found to be identical, within the experimental
error, to the rate measured using cells expressing the two
complexes separately but corresponding to the same ToMO
and PH activity (Fig. 5).
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FIG. 5. Kinetics of 3,4-DMC formation. Cells expressing PH were
used at constant concentration (0.5 mU/ml), and the rate of 3,4-DMC
formation was measured as a function of the concentration of cells
expressing ToMO (<) in the presence of 40 uM o-xylene. The solid
circle indicates the rate of 3,4-DMC production by cells coexpressing
ToMO (1.17 mU/ml) and PH (0.5 mU/ml). The rate of 3,4-DMC
production was measured by the continuous coupled assay with C2,30
as described in Materials and Methods. The inset shows the rate of
3,4-DMC formation as a function of the PH concentration at a con-
stant concentration of ToMO (4.5 mU/ml).

DISCUSSION

The throughput of a metabolic route depends upon several
factors. Some of these factors are the specificity and regios-
electivity of the enzymes in the pathway and their catalytic
efficiencies. For degradation of aromatic molecules by P.
stutzeri OX1, two different enzymes, ToMO and PH, catalyze
the obligatory hydroxylation of the substrate (1, 5, 8). The
existence of these two seemingly similar enzymes in P. stuzteri
suggests either that they act independently with different sub-
strates or that they comprise a metabolic chain. We have sug-
gested previously (8) that the latter possibility is supported by
recent experimental data for benzene hydroxylation by these
enzymes which suggest that the different catalytic efficiencies
of ToMO and PH appear to be finely tuned to optimize the use
of benzene as a growth substrate. In order to establish whether
the concerted use of ToMO and PH is a general control system
in P. stuzteri for optimal use of aromatic molecules as growth
substrates, the kinetic parameters and the regioselectivity of
the two enzymes for the transformation of toluene and o-
xylene were determined.

Toluene metabolism. ToMO and PH are able to hydroxylate
both toluene and cresols, confirming that the conversion of
toluene into methylcatechol is a two-step process that requires
cresol intermediates (Fig. 1A) (1). This is also true for the
conversion of benzene to catechol by these enzymes (8, 9). The
regioselectivities of ToMO and PH, however, are different.
Cresols are produced by ToMO with a relaxed regioselectivity,
preferentially yielding the ortho and para isomers. Such an
unusual relaxed regioselectivity has been reported previously
only for benzene monooxygenase from Pseudomonas aerugi-
nosa JI104 (19), whereas most of the other characterized
monooxygenases belonging to the family of four-component
aromatic/alkene monooxygenases exhibit more restricted regi-
oselectivity (15-17, 24, 34).

PH, which belongs to the large family of three-component
T2MO/PHs (8), yields the three cresol isomers, but there is a
preference for the ortho isomer, which accounts for 70% of the
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product. Thus, PH is more restricted in its regioselectivity than
ToMO, but it is more relaxed than other group 1 BMMs, like
T2MO, which produce only o-cresol (16, 17, 24).

It should also be noted that PH and ToMO still have oppo-
site regioselectivities when they act on a hydroxylated sub-
strate. For example, 4-MC is the major product of ToMO
reactivity with m-cresol, whereas 3-MC is the predominant
product of PH catalysis with the same substrate.

The catalytic constants of the two monooxygenases provide
insight into their substrate specificities (Table 2). The specific-
ity constant of ToMO for toluene is about 16-fold lower than
that for benzene. This considerable difference is essentially due
to the K,,, with toluene, which is about 20-fold higher than that
with benzene, whereas the k_,, values are very similar for these
two substrates. Thus, ToMO is a more efficient catalyst for
benzene oxidation. The K, of ToMO with toluene is very
similar to that of toluene 4-monooxygenase (T4MO) (23);
however, its k., and k., /K,,, values are sevenfold lower. These
data imply that TAMO is a better catalyst for toluene transfor-
mation than ToMO. On the other hand, a different picture
emerges when the data for benzene transformation are com-
pared. TAMO has a specificity constant for benzene (25) that is
lower than that previously reported for ToMO for the same
substrate (8). Thus, benzene is an optimal substrate for ToMO,
whereas toluene is transformed better by T4MO. This conclu-
sion agrees with the metabolic features of Pseudomonas men-
docina KR1 and P. stutzeri OX1. P. mendocina KR1 is highly
specialized for growth on toluene (34), while P. stutzeri OX1,
which is more versatile, can grow efficiently on both benzene
and toluene (3, 5; P. Barbieri, personal communication).

When the values of the kinetic constants of PH with toluene
are compared to those measured with benzene, a different
picture emerges than the picture obtained for ToMO. All the
kinetic constants for PH are very similar for both substrates
(Table 2), suggesting that PH does not discriminate between
benzene and toluene. Moreover, the specificity constant for
toluene is 16-fold lower than that of ToMO, and this indicates
that PH is a less efficient catalyst than ToMO with both of
these hydrophobic substrates.

The specificity constants of ToMO for p- and m-cresols are
identical to each other and are threefold lower than that for
toluene, whereas the specificity constant for o-cresol is very
similar to that for toluene. Since o-cresol accounts for only
36% of the products of the first hydroxylation reaction, we
concluded that ToMO has a higher catalytic efficiency in the
first step of toluene hydroxylation than in the second step, even
if the difference is less pronounced than that observed in the
case of benzene hydroxylation (Table 2). On the other hand,
the specificity constants of PH for o- and m-cresols are similar
and are about 4-5 fold higher than those for toluene. The
k../K,, value with p-cresol is about 190 times higher than that
with toluene and is very similar to that with phenol. Therefore,
PH shows greater catalytic efficiency in the second step of
hydroxylation, and p-cresol and phenol are the preferred sub-
strates. Taken together, these results suggest that in P. stutzeri
ToMO could act as a toluene-oxidizing enzyme and PH could
act as a cresol-oxidizing enzyme. The time-dependent conver-
sion of toluene to methylcatechol reinforces this hypothesis
(Fig. 2) because in the recombinant system that we used the
combination of the two monooxygenases converted toluene to
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methylcatechol much more efficiently than ToMO or PH
alone. Moreover, the percentages of 3- and 4-MC that we
measured are almost identical to the values that can be calcu-
lated by assuming that ToMO catalyzes the first hydroxylation
step and PH catalyzes the second hydroxylation step (see
above).

o0-Xylene metabolism. A large number of bacteria are able to
use m- and p-xylenes as growth substrates (2, 10, 20, 21, 36),
but few of these bacteria are known to grow on o-xylene; the
bacteria that can grow on o-xylene include P. stutzeri OX1 (1,
3, 5), Corynebacterium sp. strain C125 (29), and some Rhodo-
coccus strains (7, 11, 18). Catabolism of m- and p-xylenes
usually occurs through the progressive oxidation of a methyl
group (2, 10), whereas o-xylene catabolism occurs by direct
hydroxylation of the aromatic ring (12, 14), as is the case in P.
stutzeri (1, 5).

o-Xylene hydroxylation by ToMO and PH produces 3,4- and
4,5-DMC via the intermediate formation of 2,3- and 3,4-DMP
(Fig. 1B). Only 3,4-DMC, however, can be oxidized by C2,30,
the enzyme that opens the gate to the lower pathway. 4,5-DMC
is not a substrate for this enzyme (1) and is therefore a dead-
end product of o-xylene metabolism that results in the loss of
carbon atoms from the growth substrate and in the useless
depletion of NADH used by ToMO and PH in the hydroxyla-
tion reactions.

Several studies have shown that only 2,3-DMP and 3,4-DMC
can be detected in the culture medium of o-xylene-oxidizing
bacteria (7, 11, 18, 29), including P. stutzeri (3), for which
monooxygenase-mediated o-xylene catabolism has been re-
ported. Thus, the absence of other dimethylphenol or dimeth-
ylcatechol isomers suggests that a restricted regiospecificity of
the monooxygenases acting on o-xylene would channel this
substrate to the exclusive formation of 2,3-DMP in the first
hydroxylation step and to 3,4-DMC in the second hydroxyla-
tion step (7, 11, 18, 29).

The data that we have collected indicate that both ToMO
and PH alone are able to transform o-xylene into dimethylcat-
echols through a two-step process (Table 2), in which dimeth-
ylphenol intermediates are further hydroxylated to dimethyl-
catechols (Fig. 1A) (4). However the regioselectivities of the
two enzymes are different in both reaction steps. ToMO con-
verts o-xylene predominantly to 3,4-DMP, whereas PH pro-
duces predominantly 2,3-DMP (Table 1). Both monooxygen-
ases convert 2,3-DMP to 3,4-DMC, but they exhibit different
regioselectivities with 3,4-DMP. ToMO oxidizes 3,4-DMP
mainly to 4,5-DMC, which cannot be further metabolized (5).
PH converts 3,4-DMP exclusively to 3,4-DMC. Thus, our data
indicate that only PH can produce a dimethylcatechol which
can be further metabolized through the lower pathway.

The catalytic constants of the two enzymes reported in Table
2 clearly indicate that ToMO is a more efficient catalyst than
PH in the first hydroxylation step and has a 17.7-fold-higher
specificity constant. On the other hand, PH is more efficient
than ToMO in the second hydroxylation step and has specific-
ity constants for 2,3- and 3,4-DMP that are about three- and
fourfold higher, respectively, than those determined for
ToMO. Our kinetic data indicate that 3,4-DMP is transformed
into products more efficiently than 2,3-DMP, especially by PH,
which has a k_,/K,, that is fivefold higher than that of ToMO.
The regioselectivity and the kinetic constants of ToMO are in
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agreement with the finding that when E. coli cells expressing
ToMO are incubated with o-xylene, only 4,5-DMC is produced
after a long lag phase (Fig. 4A). On the other hand, E. coli cells
expressing PH produce 3,4-DMC, but at a very low rate, likely
because of the poor conversion of o-xylene to dimethylphenol
in the first step (Fig. 4B).

A mixture of E. coli cells expressing PH and ToMO pro-
duced only 2,3-DMP and 3,4-DMC (Fig. 4C). However, in this
case, no lag phase was observed in the production of 3,4-DMC,
and the rate of 3,4-DMC formation was 13-fold greater than
the rate recorded with cells expressing PH alone. 2,3-DMP, on
the other hand, was produced at a low and constant level (Fig.
4C). The fact that 4,5-DMC was not detected in this mixture is
consistent with the conclusion that the second hydroxylation
step is performed by PH. 2,3-DMP accumulated in these re-
actions because it is not a good substrate either for PH or for
ToMO, whereas 3,4-DMP was not detected likely because it is
the preferred substrate for PH.

The rate of 3,4-DMC formation catalyzed by mixtures of
different amounts of cells expressing ToMO and a constant
amount of cells expressing PH was found to be proportional to
the concentration of ToMO (Fig. 5), and there was a hyper-
bolic dependence on the ToOMO concentration. According to
the conclusion described above that TOMO catalyzes the first
step of the reaction by producing dimethyphenols, which in
turn are hydroxylated to 3,4-DMC by PH, low concentrations
of ToMO would be limiting for the system; hence, the rate of
3,4-DMC formation would increase when the ToMO concen-
tration increased. On the other hand, higher ToMO concen-
trations would provide PH with a saturating amount of DMP
isomers. Under these conditions, the PH concentration would
be the rate-limiting factor for production of 3,4-DMC, whose
rate of formation should be independent of the ToMO con-
centration. This behavior is exactly what was experimentally
observed (Fig. 5). Moreover, when ToMO was used at a con-
stant concentration, the maximum rate of 3,4-dimethylcatechol
formation increased linearly with increasing PH concentrations
(Fig. 5, inset).

The rate of 3,4-DMC formation was also measured using E.
coli cells coexpressing ToMO and PH and was found to be
almost identical to the rate measured using the same amounts
of ToMO and PH expressed in different cells (Fig. 5). There-
fore, the presence of TOMO and PH in different cellular com-
partments does not influence either the percentages of the
products of the conversion of o-xylene to dimethylcatechols or
their rate of formation.

In conclusion, the data for the oxidation of toluene and
o-xylene, together with the data reported previously for the
transformation of benzene (8), strongly support a general hy-
pothesis concerning the metabolism of aromatic compounds in
P. stutzeri OX1. ToMO and PH act sequentially and allow
efficient conversion of nonhydroxylated aromatic hydrocarbons
to substituted catechols. Moreover, this coupling is particularly
important in the case of o-xylene degradation because the
sequential action leads to production of 3,4-DMC, the sole
dimethylcatechol that can enter the lower pathway and lead to
the production of precursors for biosynthetic reactions. This
hypothesis also provides a metabolic explanation for the ac-
quisition of the ToMO operon by P. stutzeri OX1 (4). The use
of the two enzymes in a concerted fashion confers on the strain
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a selective advantage based on the ability to maximize the
efficiency of exploitation of nonhydroxylated aromatic hydro-
carbons, such as benzene, toluene, and o-xylene.
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