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We have recently found that toluene para -monooxygen-
ase (TpMO) of Ralstonia pickettii PKO1 (encoded by
tbuA1UBVA2C ) performs successive hydroxylations of
benzene (Appl. Environ. Microbiol. 70: 3814, 2004) as well
as hydroxylates toluene to a mixture of 90% p -cresol and
10% m -cresol which are then further oxidized to 100% 4-
methylcatechol (J. Bacteriol. 186: 3117, 2004) whereas it
was thought previously that TpMO forms 100% m -cresol
and is not capable of successive hydroxylations. Here we
propose a modification of the degradation pathway
originally described by Olsen et al . (J. Bacteriol . 176:
3749, 1994) that now relies primarily on TpMO for
conversion of toluene to 4-methylcatechol (instead of
m -cresol) since both m -cresol and p -cresol are shown
here to be good substrates for Escherichia coli expressing
TpMO (Vmax/Km�/0.046, 0.036, and 0.055 mL min�1 mg�1

protein for the oxidation of toluene, m -cresol, and p -
cresol, respectively). In light of the broader activity of
TpMO, phenol hydroxylase (encoded by tbuD ) appears
to facilitate conversion of any m -cresol or p -cresol formed
from toluene oxidation by TpMO to 4-methylcatechol;
hence, the cell has a redundant method for making this
important intermediate 4-methylcatechol. Further, it is
suggested that the physiological relevance of the 10% m -
cresol formed from toluene oxidation by TpMO is needed
for induction of the meta cleavage operon tbuWEFGKIHJ
to enable full metabolism of toluene since p -cresol (and
o -cresol) do not induce the meta -cleavage pathway.
Therefore both the successive hydroxylation of toluene
by TpMO and the product distribution are of physiolo-
gical relevance to the cell.
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INTRODUCTION

Toluene monooxygenases are multi-component non-
heme, di-iron enzymes capable of hydroxylating

aromatic molecules using molecular oxygen and
NADH as a co-factor. They are invaluable biocatalysts
due to their high regio- and stereoselectivity and their
ability to facilitate reactions with chemically stable
starting compounds (Burton, 2003; van Beilen et al .,
2003). Toluene monooxygenases have been shown to
be useful catalysts for bioremediation (Canada et al .,
2002; Rui et al ., 2004a; Shim et al ., 2001) and for
biocatalysis (Fishman et al ., 2004a; Schmid et al ., 2001;
Tao et al ., 2004b; Vardar and Wood, 2004).

Toluene para -monooxygenase (TpMO) of Ralstonia
pickettii PKO1, formerly known as toluene 3-mono-
oxygenase (T3MO), was recently shown by us to
both perform hydroxylation of monosubstituted
benzenes primarily at the para position (Fishman
et al ., 2004b) and to successively oxidize benzene
to phenol, catechol, and 1,2,3-trihydroxybenzene
(Tao et al ., 2004a). Thus, this enzyme produces 90%
p -cresol and 10% m -cresol from toluene which are
both subsequently oxidized to 4-methylcatechol
(Fishman et al ., 2004b). There is thorough and well-
documented literature on the toluene degradation
pathway of TpMO and on the role of the various
genes in the tbu operon encoding this pathway
(Byrne et al ., 1995; Byrne and Olsen, 1996; Kahng
et al ., 2000; Kukor and Olsen, 1990, 1991, 1992; Leahy
et al ., 1997; Olsen et al ., 1994). Originally, toluene
was thought to be oxidized initially to m -cresol by
TpMO which was then oxidized by phenol hydro-
xylase to 3-methylcatechol with subsequent
meta cleavage of the aromatic ring by catechol 2,3-
dioxygenase (Olsen et al ., 1994). In this paper we
report that the newly discovered double hydrox-
ylation of toluene to 4-methylcatechol by TpMO as
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well as the regiospecificity of the reaction product
mixture are physiologically relevant. It is also
argued that the phenol hydroxylase (TbuD, a flavin
monooxygenase (Kukor and Olsen, 1992)) is redun-
dant for 4-methylcatechol production from m-cresol
and p-cresol.

MATERIALS AND METHODS

Chemicals

Toluene and p -cresol (99�/%) were obtained from
Acros Organics (Morris Plains, NJ). o -Cresol (99�/

%), m -cresol (97%), 3-methylcatechol, and 4-methyl-
catechol were obtained from Sigma-Aldrich Co.
(Milwaukee, WI). All materials used were of the
highest purity available and were used without
further purification.

Bacterial Strains and Growth Conditions

To stably and constitutively express TpMO in Escher-
ichia coli , the expression vector pBS(Kan)TpMO was
constructed as described earlier (Tao et al ., 2004a).
E. coli TG1 (supE hsdD5 thi D(lac-proAB) F? [traD36
proAB� lacIq lacZDM15]) with pBS(Kan)TpMO was
routinely cultivated at 378C with shaking at 250 rpm
on a C25 incubator shaker (New Brunswick Scientific
Co., Edison, NJ) in Luria-Bertani (LB) medium
(Sambrook et al ., 1989) supplemented with kana-
mycin at 100 mg mL�1 to maintain the plasmids. All
experiments were conducted by diluting overnight
cells to an optical density at 600 nm (OD) of 0.1 to 0.2
and growing to an OD of 1.2. The exponentially-
grown cells were centrifuged at 13,000�/g for 8 min
at 258C in a J2-HS centrifuge (Beckman Coulter, Inc.,
Palo Alto, CA) and resuspended in Tris-HNO3 buffer
(50 mM, pH 7.0). Expression of wild-type TpMO from
pBS(Kan)TpMO within E. coli strains (henceforth
TG1(TpMO)) produced blue-colored cells on agar
plates and in broth cultures. The blue color is
indicative of indigo, formed by oxidation of indole
from tryptophan (Rui et al ., 2004b).

Enzymatic Activity

The rates of oxidation of m -cresol and p-cresol were
determined using high-pressure liquid chromato-
graphy (HPLC) with a Zorbax SB-C8 column (Agi-
lent Technologies, Palo Alta, CA, 5 mm, 4.6�/250
mm) as described earlier (Fishman et al ., 2004b).
Toluene oxidation was performed using a Hewlett-
Packard 6890N gas chromatograph (GC) equipped
with an EC-WAX capillary column (30 m�/0.25 mm,
0.25 mm thickness; Alltech Associates, Inc., Deerfield,
IL) and a flame ionization detector as described
earlier (Fishman et al ., 2004b).

RESULTS

Much work has been performed in the last decade
on the toluene degradation pathway located on the
chromosome of R. pickettii PKO1 (Byrne et al ., 1995;
Byrne and Olsen, 1996; Kahng et al ., 2000; Kukor and
Olsen, 1990, 1991, 1992; Leahy et al ., 1997; Olsen
et al ., 1994). The enzymes in the pathway are divided
into three separate operons: tbuA1UBVA2CT encod-
ing TpMO and the transcriptional activator TbuT,
tbuD encoding phenol hydroxylase, and tbuWEFG-
KIHJ encoding enzymes of the meta -cleavage path-
way for conversion of catechol and methylcatechols
to tricarboxylic acid cycle intermediates (Kahng
et al ., 2000; Olsen et al ., 1997). Originally, these
operons were thought to be regulated by three
separate regulators, TbuT for TpMO transcription,
and TbuR and TbuS for tbuD and tbuWEFGKIHJ ,
respectively (Kukor and Olsen, 1991, 1992; Olsen
et al ., 1994); however, later publications indicate that
TbuT regulates all three operons via three different
promoters (Byrne and Olsen, 1996; Kahng et al .,
2000; Olsen et al ., 1997). Kahng et al . (2000) recently
described the role of TbuX, another protein in the
tbu regulon which is also regulated by TbuT, as an
outer membrane protein responsible for transport
of toluene into the cell. A summary of the indu-
cing compounds, non-inducing compounds, and
substrates for the three main enzymatic steps in
the toluene degradation pathway are presented in
Table I. The role of phenol as an inducer for TpMO is
unclear in the literature. Early work indicates phenol
is not an inducer for TpMO (Leahy et al ., 1997; Olsen
et al ., 1994) whereas later works show it is an
inducer, albeit a poor one compared with toluene
and benzene (Kahng et al ., 2000). Therefore phenol is
listed both as an inducer and a non-inducer in Table
I. Our goal was to see whether the newly published
results regarding the oxidation of toluene to 90%
p -cresol and 10% m -cresol (Fishman et al ., 2004b) fit
with the pathway described earlier for allegedly
100% m -cresol formation from toluene.

Olsen et al . proposed that m -cresol formed from
toluene by TpMO is converted to 3- and 4-methyl-
catechol by phenol hydroxylase (Kukor and Olsen,
1992; Olsen et al ., 1994). Our results indicate that
TpMO oxidizes toluene at an apparent Vmax of
11.59/0.3 nmol min�1 mg�1 protein (Fishman
et al ., 2004b), and almost as rapidly forms 4-
methylcatechol from p-cresol and m -cresol at appar-
ent Vmax values of 5.59/0.32 and 3.69/0.2 nmol
min�1 mg�1 protein, respectively (Table II). The
similarity in the Vmax/Km values (Table II) of the
three reactions indicate comparable efficiencies of
the enzyme for the two sequential hydroxylations.

Toluene is not a substrate for phenol hydroxylase
of R. pickettii PKO1 in the metabolic pathway since
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deleting TpMO from pRO1957 (encoding the entire
pathway) resulted in loss of ability to grow on
toluene (Olsen et al ., 1994); therefore, phenol hydro-
xylase cannot initiate the reaction with toluene. Since
TpMO can efficiently oxidize toluene to 4-methyl
catechol, the substrate for catechol 2,3-dioxygenase
(TbuE), it seems that phenol hydroxylase is redun-
dant for toluene metabolism in R. pickettii PKO1
rather than necessary for 3- and 4-methylcatechol
formation (Fig. 1). The fact that TbuE (the first
enzyme in the meta-cleavage operon) is induced by
m -cresol but not by p -cresol or 4-methylcatechol
(Table I), may explain the product distribution of
toluene oxidation by TpMO. It is hypothesized that
the small but substantial amount of m -cresol formed
is needed to induce the activity of TbuE and the
entire tbuWEFGKIHJ operon to enable full degrada-
tion of toluene to propionic aldehyde and pyruvate.
The m -cresol will also induce phenol hydroxylase
(Table I) that can contribute in the hydroxylation of
m - and p -cresol to 3- and 4-methylcatechol. The
major product of our proposed pathway, 4-methyl-
catechol, is recognized by TbuE of P. pickettii PKO1
(Kukor and Olsen, 1991) just as well as the
3-methylcatechol that was originally proposed as

the product of toluene oxidation (Olsen et al ., 1994),
so the proposed 4-methylcatechol intermediate fits
well into the meta -ring cleavage pathway described
earlier. Importantly, the 2-hydroxy-5-methyl-cis,cis -
muconic semialdehyde, product of 4-methylcatechol
oxidation by TbuE, has also been shown to be a
substrate of the tbuWEFGKIHJ meta -cleavage operon
since P. aeruginosa cells with plasmid pRO1996
containing tbuWEFGKIHJ utilize 4-methylcatechol
as a carbon source (Kukor and Olsen, 1991). So all
of the downstream intermediates of TpMO oxidation
of toluene have been shown to be pathway inter-
mediates for the utilization of toluene for carbon and
energy. The revised pathway for utilization of
toluene by R. pickettii PKO1 is presented in Fig. 1.

It appears that phenol hydroxylase is completely
redundant in the toluene degradation pathway of R.
pickettii PKO1 and its main role is in helping TpMO
to transform cresols to methylcatechols and not to
enable the cell to grow on phenol as suggested
earlier. Phenol supports growth of P. aeruginosa
PAO1 harboring pRO1957 (encoding the entire path-
way) (Olsen et al ., 1994) but is a poor inducer for
both TpMO (Byrne and Olsen, 1996; Kahng et al .,
2001; Olsen et al ., 1994) and phenol hydroxylase

TABLE I Inducing compounds and substrates for the three main enzymatic steps in the toluene degradation pathway of R. pickettii
PKO1.

TpMO Phenol hydroxylase meta -Cleavage enzymes

Genes tbuA1UBVA2C tbuD tbuWEFGKIHJ
Regulator TbuT4 TbuT9 TbuT9

Promoter ptbuA14,13 ptbuD9 ptbuW11

Inducers toluene,1,3,4 benzene,1,3,4

ethylbenzene,1,4 m -cresol,1,3,4

chlorobenzene,3 o -cresol,3,4

trichloroethylene,4,8 phenol4,10

phenol,6,9 m -cresol6

toluene9
phenol,5 m -cresol5

toluene was not tested

Non-inducers o -xylene1,4, m -xylene1,4, p -xylene,1,4

p -cresol,1,3,4 phenol,1,3 styrene,1

phenylacetylene,1 benzyl alcohol,4

benzaldehyde4

o -cresol,6 p -cresol,6 catechol,6

3-methylcatechol,6 4-methylcatechol6
o -cresol,5 p -cresol,5 catechol,5

4-methylcatechol5

Substrates toluene,1 benzene,1 ethylbenzene,1

o -xylene, 1 m -xylene, 1 p -xylene,1

styrene,1 phenylacetylene,1 phenol,2

m -cresol12, p -cresol,12 catechol2

phenol,6,7 o-cresol,6,7 m -cresol,6,7

p -cresol,6,7 catechol,6,7 resorcinol,6,7

chlorophenols,6,7 fluorophenols,7

aminophenols7

catechol,5 3-methylcatechol,5

4-methylcatechol5

1ref. (Olsen et al ., 1994); 2ref. (Tao et al ., 2004a); 3ref. (Leahy et al ., 1997); 4ref. (Byrne and Olsen, 1996); 5ref. (Kukor and Olsen, 1991); 6ref. (Kukor and Olsen,

1990); 7ref. (Kukor and Olsen, 1992); 8ref. (Leahy et al ., 1996); 9ref. (Olsen et al ., 1997); 10ref. (Kahng et al ., 2001); 11ref. (Kukor and Olsen, 1996); 12this work;
13also the promoter for tbuT which is located downstream of tbuA1UBVA2C4.

TABLE II Saturation kinetic values (apparent Vmax and Km) and product distribution for toluene, m -cresol, and p -cresol oxidation by E.
coli TG1 cells expressing TpMO from pBS(Kan)TpMO.

Kinetics of oxidation Regiospecificity of the oxidation reaction

Reaction

Apparent Vmax,
nmol min�1 mg�1

protein
Apparent
Km, mM

Vmax/Km,
ml min�1 mg�1

protein p -cresol, % m -cresol, % 4-methylcatechol, %

toluene0/cresol 11.59/0.3 250 0.046 90 10 N/A
p -cresol0/4-methylcatechola 5.59/0.3 100 0.055 N/Ab N/A 100
m -cresol0/4-methylcatechola 3.69/0.2 100 0.036 N/A N/A 100

aBased on HPLC analysis for a period of 30 min with substrate concentrations of 25, 50, 125, 250, 500, 800, and 1000 mM.
bN/A: not applicable.
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(Olsen et al ., 1997) indicating the metabolic pathway
for phenol oxidation can start with either enzyme.
Both TpMO and phenol hydroxylase are induced by
phenol and can utilize phenol efficiently (Table I)
and therefore the cell can grow on phenol without
the presence of phenol hydroxylase. Phenol is also
an inducer for catechol 2,3-dioxygenase providing
the ability for complete catabolism of phenol to
pyruvate and acetaldehyde.

DISCUSSION

In this brief report we have shown that the sequen-
tial hydroxylation of toluene by TpMO to 90%
p-cresol and 10% m -cresol followed by 100% forma-
tion of 4-methylcatechol is of physiological relevance
to R. pickettii PKO1. 4-Methylcatechol can be fully
utilized by the meta cleavage pathway described
earlier by Kukor and Olsen (1991). Double hydro-
xylation of toluene to methylcatechol has been
reported previously for other combinations of
a soluble diiron monooxygenases and phenol hydro-
xylase (primarily ortho-hydroxylating enzymes).
Burkholderia sp. strain JS150 contains two plasmid-
derived monooxygenases encoded by the tbc1 and
tbc2 operons (Kahng et al ., 2001). The ortho-
hydroxylating Tbc2 monooxygenase converts tolu-
ene to o-cresol and further to 3-methylcatechol
and is highly similar to TpMO of R. pickettii PKO1
(�/92% identity) whereas Tbc1 was only able
to convert o-cresol to 3-methylcatechol and was
genetically related to multiple-component phenol
hydroxylases (Kahng et al ., 2001). This tbc -encoded
pathway is organized similarly to the toluene
degradation pathway in R. pickettii PKO1 with
a contiguous toluene monooxygenase and phenol
hydroxylase. Another plasmid-encoded toluene/
benzene 2-monooxygenase (Tb2m) was isolated
from Burkholderia sp. JS150 and was shown to
transform toluene to o-cresol and further to
3-methylcatechol (Johnson and Olsen, 1995). Tb2m
is phylogenetically related to phenol hydroxylases
Tbc1 of Burkholderia sp. JS150 and toluene ortho -
monooxygenase (TOM) of B. cepacia G4. The tbm
regulon of Burkholderia sp. JS150 also includes a para-
hydroxylating toluene 4-monooxygenase (Tb4m)
that can hydroxylate only unactivated benzene
nuclei but cannot hydroxylate cresols (Johnson and
Olsen, 1997). This pathway differs from that of Fig. 1
in that both monooxygenases of the tbm regulon
initiate oxidation of toluene whereas only TpMO
initiates degradation in R. pickettii PKO1. Both
pathways have one regulating enzyme for both
monooxygenases (TbmR in the tbm operon and
TbuT in the tbu operon of R. pickettii PKO1).

Another well-studied monooxygenase capable of
double hydroxylation of toluene is toluene/o-xylene

monooxygenase (ToMO) from Pseudomonas stutzeri
OX1. ToMO has been shown to convert toluene to a
mixture of o-, m -, and p -cresol with subsequent
hydroxylation to 3- and 4-methylcatechol (Bertoni
et al ., 1996, 1998) and is unique in that it displays a
broad substrate range along with a very relaxed
regiospecificity unlike other toluene monooxy-
genases (Bertoni et al ., 1998). The 3- and 4-methylca-
techols are further catabolized by a meta cleavage
pathway similar to the R. pickettii PKO1 pathway we
propose here (Bertoni et al ., 1996). The ToMO operon
touABCDEF is induced primarily by phenolic com-
pounds (o-, m -, p -cresol, and various dimethyl
phenols) through TouR (Arenghi et al ., 1999),
whereas the TpMO tbuA1UBVA2C is regulated
primarily through substrate induction (toluene and
benzene) (Byrne and Olsen, 1996). Interestingly,
toluene and o -xylene catabolism are organized in
two operons, one encoding for ToMO and the other
encoding a multi-component phenol hydroxylase
(PH), catechol 2,3-dioxygenase, and the remaining
meta -cleavage pathway enzymes (Arenghi et al .,
2001; Cafaro et al ., 2004). Both operons are regulated
by TouR similarly to TbuT in R. pickettii PKO1. A
recent study by Cafaro et al . showed that both ToMO
and PH of P. stutzeri OX1 could oxidize benzene to
phenol and phenol to catechol, albeit at different
efficiencies (Cafaro et al ., 2004). The Kcat/Km for
benzene oxidation was 1810 and 3.7 (103 s�1 mM�1)
for ToMO and PH respectively, and 460 and 1696 for
phenol oxidation, suggesting that the PH functions
mainly to drain the monohydroxylated compounds
and prevent them for accumulating within the cell
(Cafaro et al ., 2004).

It is therefore evident from the present study as
well as from previous work, that Pseudomonas strains
may have multiple upper pathways to oxidize
substituted benzenes. Previously, these pathways
included a toluene 2-monooxygenase and a phenol
hydroxylase, and the reactions catalyzed by the
phenol hydroxylase appear redundant with respect
to cresol conversion to substituted catechols; we
have shown here that a similar genetic arrangement
exists for a para-hydroxylating enzyme. Since T4MO
(toluene 4-monooxygenase from P. mendocina KR1)
has also been shown by us to perform double
hydroxylations of benzene and toluene with sub-
stantial rates (Tao et al ., 2004a,b), perhaps the
proposed pathway involving p-cresol conversion to
protocatechuate prior to meta cleavage (Whited and
Gibson, 1991) may be more complex than originally
thought.

One unique feature of the R. pickettii PKO1 path-
way compared to that of Burkholderia sp. JS150 and P.
stutzeri OX1 described above, is the structure of its
phenol hydroxylase. TbuD is a simple flavoprotein
monooxygenase translated from a single gene and is
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FIGURE 1 Proposed modification of the pathway for degradation of toluene by R. pickettii PKO1. TpMO, toluene para -monooxygenase;
PH, phenol hydroxylase; TbuE, catechol-2,3-dioxygenase; TbuF, 2-hydroxymuconate semialdehyde hydrolase; TbuG, 2-hydroxymuconate
semialdehyde dehydrogenase; TbuH, 4-oxalocrotonate isomerase; TbuI, 4-oxalocrotonate decarboxylase; TbuJ, 2-hydroxypent-2,4-
dienoate hydratase; and TbuK, 4-hydroxy-2-oxovalerate aldolase.
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not a multi-component enzyme (Kukor and Olsen,
1992; Olsen et al ., 1997). However, the similarity of
adjacent crpABCD genes (these genes are down-
stream of the ptbuD promoter but are not translated
into peptides) with tb2m of Burkholderia sp. JS150
suggests that these two strains may have evolved
from a progenitor strain (Notomista et al ., 2003;
Olsen et al ., 1997).

The existence of multiple monooxygenases in one
strain may provide the cell with a competitive
advantage and with the ability to utilize a large
range of chemically different substrates effectively.
The phenol hydroxylase of R. pickettii PKO1 is
redundant with respect to hydroxylation of m -cresol
and p -cresol to 4-methylcatechol, as this reaction
was shown to be performed effectively by TpMO
with comparable Vmax/Km values as toluene oxida-
tion. It is also redundant with respect to hydroxyla-
tion of phenol as this reaction was also shown to be
performed efficiently by TpMO (Tao et al ., 2004a).

It appears that the m -cresol formed from toluene
oxidation is needed for induction of the redundant
phenol hydroxylase and the lower degradation
pathway comprising of the meta -cleavage enzymes
to enable full utilization of toluene as a carbon
source since o -cresol and p-cresol are not inducers
of these two operons. Therefore, the double hydro-
xylation of toluene by TpMO and its somewhat
relaxed regiospecificity are of physiological rele-
vance to R. pickettii PKO1. Purely para -hydroxylat-
ing enzymes are possible as we have constructed one
with reasonable activity from T4MO (TmoA variant
G103S/A107T) (Tao et al ., 2004b); hence, the cell
must choose to make some m -cresol as a result of the
regulatory machinery.
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