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Abstract

p-Cymene monooxygenase is the enzyme system that catalyzes the hydroxylation of p-cymene to 4-isopropylbenzyl alcohol (p-cumic
alcohol), the initial step in the assimilation of p-cymene by Pseudomonas chlororaphis subsp. aureofaciens. Cloning and sequencing of single
NADH-dependent cytochrome c reductase gene (cymA) present in P. chlororaphis subsp. aureofaciens was described earlier. In this study,
analysis of the upstream sequence of cymA revealed two open reading frames, designated as cymB (495 bp) and cymM (1128 bp). Database
searches with the cymM gene product showed similarity to integral-membrane di-iron enzymes, while that with cymB showed no significant
similarity to other known proteins with the exception of epoxystyrene isomerases. Expression of all three components (cymMBA) in Escherichia
coli confirmed its ability for p-cymene methyl group hydroxylation, while expression of cymM and cymA along with the partially truncated cymB
gene showed an 85% decrease in the hydroxylation capacity. Our results suggest for the first time that the small protein, CymB, having no

conserved domains in protein databases, is involved as enhancer/activator in p-cymene hydroxylation.
© 2010 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Biogeochemical reserves and industrial activities are the
major sources of alkylated aromatic compounds which form an
important group of environmental pollutants or their precursors
in the ecosystem (Dutta, 2005; Radke, 1987). Microorganisms
that mineralize a variety of methyl aromatic compounds have
been isolated and their metabolism via side-chain hydroxylation
has been well documented (Assinder and Williams, 1990;
Defrank and Ribbons, 1977; Dutta et al., 1998; Hopper,
1988). However, the oxygenase system that hydroxylates
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methyl substituents of the aromatic ring, the catalytic iron center
and the reaction cycle largely remains to be defined. Catalytic
centers, which contain iron prosthetic groups, have been well
documented for several oxygenases. The most abundant center
is a unique heme-thiolate monooxygenase which contains more
than 500 related protein sequences (Nelson, 2006). A few other
well-studied oxygen reaction centers are the Fe,(nO), cluster,
found in methane monooxygenase, alkane hydroxylase and
other non-heme di-iron enzymes (Fox et al., 1988; Schwartz
et al., 2008; Shanklin et al., 1994, 2009; Shanklin and
Whittle, 2003) and dissociable ferrous, mononuclear non-
heme iron coordination sites (Kovaleva and Lipscomb, 2008).
To understand the structural aspect and the mechanistic
details, we selected p-cymene, an aromatic-terpenoid of
biosynthetic origin, as the representative model for alkylated
aromatics. p-Cymene is a natural aromatic hydrocarbon which
occurs in the oils of many gymnospermic and angiospermic
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plants (Benchaar et al., 2008; Singh et al., 1999). Moreover, it
has been observed as the dead-end product in anaerobic
enrichment cultures of certain non-aromatic monoterpenes
(Harder and Probian, 1995).

Oxidative catabolism of p-cymene had been studied widely
and the assimilating pathway was already established (Defrank
and Ribbons, 1977; Eaton, 1997; Lee et al., 2006; Madhyastha
et al., 1968). The upper pathway of p-cymene metabolism
occurs by progressive oxidation of the methyl side-chain to
carboxylic acid. Cloning and characterization of the cym
operon, which was reported to be involved in the conversion of
p-cymene to p-cumate in Pseudomonas putida F1 revealed the
presence of a two-component methyl monooxygenase (Eaton,
1997). Similar oxidation of methyl groups was reported for
toluene and m- and p-xylenes (Assinder and Williams, 1990;
Harayama et al., 1989, 1992). For example, xylene mono-
oxygenase, a two-component system in P. putida mt-2, is
biochemically most closely related to p-cymene mono-
oxygenase, and its terminal component, XylM, carries simi-
larity with n-alkane hydroxylase and steroyl-CoA desaturase
terminal components (Kok et al., 1989; Shanklin et al., 1994;
Suzuki et al, 1991). On the other hand, the flavoprotein
reductase, XylA differs from the corresponding alkane and, in
part, from desaturase proteins.

The reductase sequence of p-cymene monooxygenase from
Pseudomonas aureofaciens reclassified as Pseudomonas
chlororaphis subsp. aureofaciens (Peix et al., 2007) was
reported in our previous communication (Dutta and Gunsalus,
1997). Moreover, its high similarity with various oxygenase-
coupled flavoproteins of both prokaryotic and eukaryotic
origin including systems of heme and non-heme mono-
oxygenases, aromatic dioxygenaes and reductases involved in
other biological functions had also been demonstrated. The
present study reports the genetic characterization and expres-
sion of the three-component p-cymene monooxygenase,
including a small open reading frame, cymB, involved in
p-cymene methyl hydroxylation.

2. Materials and methods
2.1. Organism, culture conditions and plasmid

P. chlororaphis subsp. aureofaciens strain PJC was cultured
in PAS medium (Gunsalus and Wagner, 1978) with p-cymene
(1 g17" as the sole source of carbon and energy as described
earlier (Dutta and Gunsalus, 1997). Recombinant strain
Escherichia coli JM109 (Yanisch-Perron et al., 1985) was
grown in Luria-Bertani (LB) medium (Davis et al., 1980)
overnight at 37 °C. Bacto agar (1.5%), Difco Laboratories,
Detroit, MI was added for solid media.

2.2. Cloning and DNA manipulation of the p-cymene
monooxygenase genes

The N-terminal amino acid sequence and the near
C-terminal conserved sequences of related iron-sulfur flavo-
proteins associated with aromatic methyl hydroxylase and

ring-hydroxylating monooxygenases were used to design
primers for PCR processing (Dutta and Gunsalus, 1997). The
PCR product used as a probe in southern and colony hybrid-
ization for the 8 kb (Bg/Il fragment) clone of the total cell
DNA in pLV59 (O’Connor and Humphries, 1982) has been
described previously (Dutta and Gunsalus, 1997). The 8 kb
insert in pLV59 (pTD101) was digested with HindIIl and
Kpnl, gel-purified and inserted into the HindIll and Kpnl
unique sites within the lacZo gene of the plasmid pBlue-
scriptll SK (Fig. 1). The recombinant plasmid (pTD102) was
transformed in E. coli on selective medium containing ampi-
cillin (100 pg mlfl), IPTG (0.25 mM) and X-gal (0.02%).
White colonies were picked for further analysis. To delete the
HindIlI-Bg/ll region which is from plasmid pLV59 and to
delete the PsI site from the pBluescriptIl SK, the recombinant
plasmid was digested with Bg/II and Spel (Spel is one of the
multiple cloning sites of pBluescriptll SK). The overhangs
were filled by the action of Klenow fragment of DNA poly-
merase I, ligated with T4 DNA ligase and transformed into E.
coli under similar selection pressure. The white colonies
carrying the BgllI-Kpnl region of the original 8 kb insert in
pBluescriptll SK (pTD103, Fig. 1) which essentially lost the
BgII and Spel sites due to Klenow filling, was further digested
with Hincll and PstI to delete a fragment (123 bp, nucleotide
1599 to 1721) from the cymB gene. Hincll produced the blunt
end but the 3’ overhang from PstI was repaired by the 3’ — 5’
exonuclease activity of T4 DNA polymerase incubated in the
presence of all four dNTPs, ligated (pTD104, Fig. 1) and
transformed into E. coli. The variants containing different
inserts were confirmed by restriction analysis of the respective
plasmids and DNA sequencing analysis.

2.3. DNA sequencing and analysis

DNA sequences were determined by the dideoxy chain
termination method using double-stranded DNA as the
template (Sanger et al., 1977). Sequencing was accomplished
according to the manufacturer’s specifications for 7ag DNA
polymerase-initiated cycle sequencing reactions using fluo-
rescently labeled di-deoxynucleotide terminators and primers
on an Applied Biosystem Model 373A DNA sequencer.
(Perkin—Elmer Applied Biosystems, Inc.). Sequence data
were aligned and edited using DNASTAR (DNASTAR Inc.,
Madison, WI, USA). Searches for specific nucleotide or amino
acid sequences in databases were carried out with the BLAST
program (Altschul et al., 1990), while ClustalX vI1.81
(Thompson et al., 1997) was used to obtain multiple sequence
alignments for protein sequences.

2.4. Expression of recombinant strains and metabolite
analysis

Recombinant strains were grown in LB medium at 37 °C,
supplemented with ampicillin (100 pg ml~"). After 2 h incu-
bation, inducer, IPTG was added to a final concentration of
1 mM. Induction proceeded for 3 h at 37 °C and then cells
were collected by centrifugation, washed twice using
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Fig. 1. Proposed reaction sequence for the catabolism of p-cymene mediated by the enzymes encoded in the Bg/II-Kpnl fragment (pTD103) and partial restriction
map of the 8 kb Bg/Il genomic fragment of P. chlororaphis subsp. aureofaciens containing the cymM, cymB and cymA genes in plasmid pLV59 and subcloned

fragments in plasmid pBluescriptll SK.

potassium phosphate buffer (50 mM, pH 7.0) and resuspended
in the same buffer at an ODg of 2.0. The cell suspensions
(20 ml) were each incubated in 100 ml flasks in the presence
of 5 mM p-cymene and p-cumic alcohol individually for 18 h
at 30 °C under constant shaking. Each experiment was carried
out in triplicate. Cells were removed by centrifugation and the
supernatant was acidified to pH 2.0 using concentrated
hydrochloric acid and then extracted thrice with an equal
volume of ethyl acetate. The combined extracts were dried
over anhydrous sodium sulfate and evaporated under reduced
pressure. An E. coli strain without the plasmid was used as

a control. The rate of transformation of substrate was
expressed as nmoles of substrate transformed (analyzed by
HPLC) per pg of cell dry weight (CDW) per hour.
Metabolites were analyzed by reverse phase high perfor-
mance liquid chromatography (HPLC) instrument equipped
with a diode array detector and/or by gas chromatography-
mass spectrometry (GC—MS) with a Hewlett—Packard 5890
series II gas chromatograph equipped with HP5971 mass-
selective and HP 5965B infrared detectors. The ethyl acetate
extract of resting cell culture was injected onto the HPLC Cg
column system and then eluted with acetonitrile-water (65:35)



T.K. Dutta et al. / Research in Microbiology 161 (2010) 876—882 879

for 20 min, and the metabolites were detected at 254 nm. The
identity of the metabolites was confirmed from comparison of
retention time and UV spectrum with authentic samples. In
GC—MS analysis, metabolites were separated on a type HP-5
capillary column (25 m x 0.32 mm, 0.25 pum film thickness)
with helium as the carrier gas (23 cm/s). The column
temperature was kept isothermally at 50 °C for 1 min and then
increased to 290 °C at a rate of 5 °C min~'. The mass spec-
trometer was operated at electron ionization energy of 70 eV.
Injector, transfer line and analyzer temperatures were set at
150 °C, 300 °C and 300 °C, respectively. Instrumental library
searches and comparisons with authentic compounds were
used for the identification of metabolites. The relative amounts
of metabolites were calculated from the peak areas of GC—MS
total ion current chromatograms. The total ion current inte-
grated responses excluding the peak area of the residual
substrate were used as 100% internal standard values for each
sample analyzed. Parallel processes without substrate were
also included.

2.5. Accession number

The nucleotide sequence described in this report has been
deposited with GenBank under the accession number
AF012555.

3. Results and discussion
3.1. Nucleotide sequence of cymM and cymB

The physical map of the Bg/Il fragment containing genes
encoding multi-component p-cymene monooxygenase is
shown in Fig. 1. We determined the sequence of a 1759 bp
region upstream to cymA sequence. Computational analysis of
the sequence showed the presence of two open reading frames,
designated as cymM and cymB. The start codon of each open
reading frame was preceded by a potential ribosomal binding
site, suggesting that each open reading frame could be trans-
lated. The first open reading frame cymM extending from
nucleotide 97 to 1224 could encode a protein of 375 amino
acids (with estimated molecular mass of 42.9 kDa). The
second open reading frame extending from 1240 to 1734 could
encode a protein of 164 amino acids (with estimated molecular
mass 17.3 kDa).

3.2. Sequence comparisons

A search for proteins related to CymM revealed that it has
81.6% identity in 376 amino acid residues to CymAa, the
oxygenase component of p-cymene monooxygenase from
P. putida F1 (Eaton, 1997); 74.7% (in 368 amino acid residues)
to CymAa, putative oxygenase component of p-cymene mon-
ooxygenase from Burkholderia xenovoran LB400 (Chain et al.,
2006); 37.2% (in 363 amino acid residues) to XylM, oxygenase
component of xylene monooxygenase from P. putida (Suzuki
et al., 1991); 35.8% (in 363 amino acid residues) to NtnMA,
monooxygenase component of 4-nitrotoluene hydroxylase from

Pseudomonas sp. strain TW3 (James and Williams, 1998) and
24.8% (in 278 amino acid residues) to AlkB, terminal
component of alkane hydroxylase from Pseudomonas oleo-
vorans (Kok et al., 1989). CymM also showed similarity to
a number of other xylene monooxygenase components,
terminal components of alkane hydroxylases and fatty acid
desaturases in the database, which were either biochemically
characterized or annotated as putative sequences from complete
genome or plasmid analyses. The amino acid sequence align-
ment of CymM, CymAa (strain LB400), CymAa (strain F1),
XyIM, NtnMA and AIkB is shown in Fig. 2A. Among the
sequences, some 40 amino acids including 10 histidines were
found to be conserved. Conserved histidine residues present in
non-heme integral membrane desaturases and hydroxylases
which are proposed to be the binding motif for catalytic iron
center (Shanklin et al., 1994) are also distinct in CymM in the
motif of HX3HX,sHX3HHX 33 HX,HH (Fig. 2A). Site-directed
mutagenic studies have shown that these eight histidine resi-
dues are essential for catalysis in rat desaturase (Shanklin et al.,
1994). Mossbauer studies on AlkB demonstrated evidence for
the di-iron cluster in the integral membrane enzyme (Shanklin
et al., 1997). However, the other di-iron centers present in
soluble enzymes and used for oxygen activation are distinct
from the integral membrane enzyme in consensus motif (Fox
et al., 1988; Gallagher et al., 1998; Shu et al., 1997).

A database search of CymB showed 67.5% identity in 157
amino acid residues with the hypothetical protein, Bxe_A3560
(167 amino acids) from Burkholderia xenovorans 1.B400
(Chain et al., 2006) apart from the styrene isomerase (StyC).
StyC is responsible for isomerization of epoxystyrene into
phenylacetaldehyde in the catabolic pathway of styrene from
Pseudomonas fluorescens ST (Beltrametti et al., 1997). It is
a protein of 169 amino acids and has 41% identity and more
than 70% similarity to CymB. Other well characterized
epoxystyrene isomerases, StdC and StyC reported from
Pseudomonas sp. strain VLB120 (Panke et al., 1998) and
Pseudomonas sp. strain Y2 (Velasco et al., 1998), respectively,
are very similar (92% identity) to StyC from P. fluorescens ST.
Amino acid sequence alignment of CymB, hypothetical
protein (Bxe_A3560) from strain LB400, StdC from strain
VLB120 and StyC from strains ST and Y2 is shown in Fig. 2B.
Although 30 amino acids were observed to be conserved
among these sequences, database searches with CymB did not
show the presence of any motif for prosthetic center or known
conserved domain. Thus, sequence comparison as such was
unable to predict any functional importance. The pairwise
sequence identity of CymB with other eposystyrene isomer-
ases is in the range of 39—43%, in contrast to 92% identity
amongst the well characterized eposystyrene isomerases,
indicating that CymB is either a distant homolog of eposys-
tyrene isomerases or has another unknown function. However,
no epoxystyrene isomerase activity was observed with either
the whole cell or cell-free extract of P. chlororaphis subsp.
aureofaciens or recombinant E. coli carrying pTD103 (dis-
cussed in later section), suggesting the possible role of CymB
either in p-cymene hydroxylation or in subsequent metabolic
degradation.
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Fig. 2. Alignment of the amino acid sequences of CymM, CymAa (strain LB400), CymAa (strain F1), XylM, NtnM, and AIkB (A) and that of CymB, Bxe_A3560
(strain LB400), StyC (strain ST), StyC (strain Y2), and StdC (B). Identical and similar amino acid residues among aligned sequences are shaded in back and gray,
respectively. Dashes indicate gaps. Eight conserved histidine residues proposed to be the binding motif for the catalytic iron center (Shanklin et al., 1994) are
indicated by asterisks (A). In both the panels (A and B), protein names are preceded by the abbreviated names of the respective source organism. Pchl, Pseu-
domonas chlororaphis subsp. aureofaciens; BxenLB400, Burkholderia xenovoran LB400; PputF1, Pseudomonas putida F1; PputpWWO, Pseudomonas putida
TOL plasmid pWWO; PseuTW3, Pseudomonas sp. strain TW3; Pole, Pseudomonas oleovorans; PseuY2, Pseudomonas sp. strain Y2; PfluST, Pseudomonas

Sfluorescens ST and PseuVLB120, Pseudomonas sp. strain VLB120.

It is worthwhile mentioning that the complete genome
analysis of B. xenovorans LB400 indicated the presence of
putative sequences for p-cymene methyl hydroxylase (Chain
et al., 2006). The putative terminal oxygenase and reductase
components from strain LB400 are 74.7 and 77% (in 348
amino acid residues) identical to CymM and CymA from P.
chlororaphis subsp. aureofaciens, while the hypothetical
protein (Bxe_A3560) from strain LB400 has 67.5% identity
with CymB. Although there is no functional evidence, these
three putative proteins in strain LB400 maintain the gene order
as that of cymMBA, suggesting a similar p-cymene hydrox-
ylation system as that of the p-cymene monooxygenase from
P. chlororaphis subsp. aureofaciens.

3.3. Expression of p-cymene monooxygenase and the
role of CymB

Recombinant E. coli JIM109 (pTD103) containing part of
the 8 kb fragment from P. chlororaphis subsp. aureofaciens
containing cymM, cymB and cymA was found to transform
p-cymene to p-cumic alcohol and p-cumic aldehyde. Trans-
formation of p-cymene to p-cumic alcohol and p-cumic

aldehyde was also observed with the recombinant strain
containing pTD104 where the 123 bp (1599—1721) from
cymB had been deleted (Fig. 1). In contrast, the strain, E. coli
JM109 without pTD103 or pTD104 was found to be unable
to catabolize p-cymene. Biotransformation of p-cymene to
p-cumic aldehyde by methyl hydroxlase is due to the mono-
oxygenation of p-cumic alcohol with the formation of gem-
diol (a,0’-dihydroxy p-cymene) followed by spontaneous
dehydration. This has been verified from reaction product(s)
obtained from p-cumic alcohol used as substrate. Previous
studies on xylene monooxygenase and p-cymene mono-
oxygenase also described a similar event with the formation of
the corresponding aldehyde (Eaton, 1997; Harayama et al.,
1986). Formation of p-cumic acid is believed to be gener-
ated from p-cumic aldehyde by non-enzymatic transformation
as described earlier (Eaton, 1997). This has been supported by
the evidence from the incubation of p-cumic aldehyde with
non-inoculated medium. Apart from the involvement of
p-cymene monooxygenase in the transformation of p-cumic
alcohol to p-cumic aldehyde and the non-enzymatic trans-
formation of p-cumic aldehyde to p-cumic acid, P. chloro-
raphis subsp. aureofaciens does harbor p-cumic alcohol
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dehydrogenase and p-cumic aldehyde dehydrogenase similar
to the metabolic pathways of other methylated aromatic
compounds (Eaton, 1997; Harayama et al., 1986). The pres-
ence of these dehydrogenases was ascertained from the higher
transformation rates of the respective substrates by P. chlor-
oraphis subsp. aureofaciens both under in vivo and in vitro
conditions in comparison to that obtained from recombinant
E. coli containing pTD103 or non-enzymatic incubation. The
identity of various metabolites and non-enzymatically trans-
formed products was ascertained from HPLC analysis by
comparing the retention time, co-elution profile and UV—vi-
sible spectrum (recorded by diode array detector) of the
individual metabolite/product with those of the authentic
compounds analyzed under identical conditions. The catalytic
efficiency in the partially deleted cymB (pTD104) trans-
formant decreased significantly in comparison to that of
pTD103 where the full length three-component system was
present.

The GC—MS data of the biotransformation products also
showed a characteristic mass fragmentation pattern for
p-cumic alcohol (GC R, = 16.11 min; MS m/z [%]: 150 [M*]
[47], 135 [100], 119 [32], 107 [39], 105 [46], 91[30], 79 [37],
77 [20]), p-cumic aldehyde (GC R; = 14.86 min; MS m/z [%]:
148 [M "] [68], 133 [100], 119 [29], 105 [69], 91[22], 79 [21],
77 [29]), and p-cumic acid (GC R; = 19.62 min; MS m/z [%]:
164 [M™*] [45], 149 [100], 131 [15], 119 [32], 105 [33], 91
[13], 79 [14], 77 [19]). HPLC data revealed that the
recombinant E. coli containing pTD103 produced 61, 12.5 and
26.5% of p-cumic alcohol, p-cumic aldehyde and p-cumic acid
respectively. While from pTD104, the total amount (sum of
peak areas representing p-cumic alcohol, p-cumic aldehyde
and p-cumic acid) was 14.7% relative to the total products
obtained from pTD103. The relative ratio of products with
pTD104 was 73.5, 8.2 and 18.3% respectively. These values
represent averages from three determinations with standard
errors in the range of +2—7%. On the other hand, the rate of
transformation of p-cymene by the recombinant E. coli strains
carrying plasmids pTD103 and pTD104 was found to be 7.6
and 1.1 n moles (ug CDW)*1 h! respectively. Therefore, it
appears that CymB has some role in enhancing hydroxylation
of p-cymene. It is important here to mention that a number of
multi-component hydroxylating systems including methane,
toluene and alkene monooxygenases and phenol hydroxylases
have been reported where one or the other components do not
contain any binding motif but are supposed to be effector
proteins in catalysis (Schwartz et al., 2008 and references
there in). Currently, the best characterized system is three-
component methane monooxygenase, where the MMOB
component does not have any prosthetic group binding motif
but has been characterized as the effector protein. This was
shown to increase the rate and yield of multiple turnovers, to
affect spectral properties of the di-iron center, product profile
and redox potential and also to change the conformation of
diferric hydroxylase (Davydov et al., 1997; Fox et al., 1991).
The significant difference in the turnover of oxygenated
product(s) from p-cymene in the presence of full length CymB
and deleted CymB, as reported in this study, is an important

first step to understanding the exact role of CymB in the
reaction cycle.
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