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Abstract Polycyclic aromatic hydrocarbon (PAH) qui-
none reductase (PQR) and catechol-O-methyltransferase
(COMT), from the PAH-degrading Mycobacterium
vanbaalenii PYR-1, were demonstrated to be constitutive
enzymes located in the soluble fraction of cell extracts.
PQR activities for the reduction of 9,10-phenanthren-
equinone and 4,5-pyrene- quinone were 1.40+0.13 and
0.12+0.01 pmol min~' mg-protein™!, respectively. The
exogenous catechols alizarin, anthrarobin, 2,3-dihydr-
oxynaphthalene and esculetin inhibited PQR activity.
Anthrarobin (100 pM) and esculetin (100 pM) inhibited
4,5-pyrenequinone reduction by 64-92%. COMT was
involved in the O-methylation of 1,2-dihydroxyphe-
nanthrene to form 1-methoxy-2-hydroxyphenanthrene
and 1,2-dimethoxyphenanthrene. Both pyrene and
1-hydroxypyrene were metabolized by M. vanbaalenii
PYR-1 to form I-methoxypyrene, 1-methoxy-2-hy-
droxypyrene, 1-hydroxy-2-methoxypyrene and 1,2-dim-
ethoxypyrene. Among the catechols tested, anthrarobin
showed the highest COMT activity (1.06+0.04 nmol/
30 min~! mg-protein'). These results suggest that the
PQR and COMT activities of M. vanbaalenii PYR-1
may play an important role in the detoxification of PAH
catechols.
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Introduction

Recently, members of the genus Mycobacterium have
been reported to degrade a wide variety of environ-
mentally hazardous chemicals, including high molecular
weight polycyclic aromatic hydrocarbons (PAHs), in
soils and sediments [4, 13, 14, 23, 24, 27, 28]. Research in
our laboratory has shown that Mycobacterium vanba-
alenii PYR-1 [10] can extensively degrade PAHs with up
to five fused aromatic rings [3, 5, 6, 8, 9, 15-17]. In
contrast to Pseudomonas and Sphingomonas species, the
initial oxidation reaction of PAHs by M. vanbaalenii
PYR-1 seems to be highly stereo- and regio-specific,
forming PAH dihydrodiols with cis and trans configu-
rations [15-17]. This may be due to the involvement of a
unique oxygenase system in the initial reactions. An
NADH-linked dioxygenase produces cis-dihydrodiols
[2, 10], and an NAD(P)H-linked cytochrome P450 and
epoxide hydrolase system produce trans-dihydrodiols [6,
15-17] (Fig. 1). The initial enzyme system oxidizes a
broad range of PAHs at different positions on the aro-
matic rings [15-17, 26, 27].

Dihydrodiol dehydrogenase catalyzes the conversion
of PAH dihydrodiols to PAH catechols, which rapidly
autoxidize to PAH o-quinones or serve as substrates for
ring-fission enzymes [12]. PAH catechols and o-quinones
facilitate one-electron redox cycling between quinones
and semiquinones, which generate reactive oxygen
species (ROS) with prominent cytotoxicity [22]. PAH
o-quinones are genotoxic, producing in vitro and in vivo
DNA strand scission, DNA adduct formation, and
malondialdehyde generation [1]. The indigenous toxicity
of PAH o-quinones can be reduced by an NAD(P)H-
quinone reductase to form PAH catechols, which can
either be metabolized by ring-cleavage enzymes or form
glucuronide, reduced glutathione, sulfate or methyl
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Fig. 1 Initial reactions in the
degradation of polycyclic
aromatic hydrocarbons (PAHs)
by Mycobacterium vanbaalenii
PYR-1
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conjugates. Recently, we observed that one of the two
NADH-phenanthrenequinone reductases, PQR2, iso-
lated from another pyrene-degrading Mycobacterium
sp., strain PYR-100, reduced a broad range of PAH
o-quinones and was strongly inhibited by exogenous
catechols, such as alizarin, esculetin, and quercetin [11].
This implies that PAH catechols derived directly from
PAH oxidation by enzymatic reduction of PAH o-qui-
nones can adversely affect PAH degradation by inhib-
iting PAH quinone reductase (PQR) activity.

Mammalian catechol-O-methyltransferase (COMT)
catalyzes the O-methylation of endogenous catechols
(e.g., estrogen catechols, epinephrine, norepinephrine
and dopamine) to protect cells from ROS-mediated
cytotoxicity and genotoxicity, and to form O-methylated
antioxidants, which act as competitive hydroxyl radical
scavengers [18, 19, 30, 31]. COMT appears to play a role
in deactivating non-metabolizable and biologically ac-
tive PAH catechols, since 1-methoxy-2-hydroxyanthra-
cene and  7-methoxy-8-hydroxyfluoranthene  are
produced as dead-end products from the degradation of
anthracene and fluoranthene, respectively, by M. van-
baalenii PYR-1 [9, 15]. However, the COMT activity of
M. vanbaalenii PYR-1 has not been determined with an
exogenous catechol in the presence of the universal
methyl donor, S-adenosyl-L-methionine.

The present study shows that a constitutive COMT
enzyme exists in the cytosol of M. vanbaalenii PYR-1
and that this enzyme may be responsible for the pro-
duction of methylated catechols from phenanthrene and

Ortho- and meta- Ring Fission

pyrene. Evidence is also provided for the involvement of
quinone reductase(s) in the detoxification of PAH
catechols derived from PAH degradation pathways.

Materials and methods
Chemicals

The following chemicals were obtained from Sigma-Al-
drich (St Louis, Mo.): alizarin (1,2-dihydroxyanthr-
aquinone), anthrarobin (1,2,10-anthracenetriol),
2,3-dihydroxynaphthalene, esculetin (6,7-dihydroxy-
coumarin), 1-hydroxypyrene, phenanthrene, 9,10-phe-
nanthrenequinone, pyrene, bDL-dithiothreitol (DTT),
NADH, NADPH, S-(5,adenosyl)-L-methionine (SAM)
and [methyl-3H] S-5"-adenosyl-L-methionine ([methyl-
3H]SAM). Synthetic 4,5-pyrenequinone was a gift from
P.P. Fu, National Center for Toxicological Research
(US FDA, Jefferson, Ark.) and M.D. Aitken of the
University of North Carolina (Chapel Hill, N.C.). Other
solvents and chemicals were of the highest grades
available from Baker (Phillipsburg, N.J.).

Cultural conditions
M. vanbaalenii PYR-1, isolated from microcosm

sediments of a petrogenic site [5, 10], was cultivated
continuously using a Bioflo 3000 bioreactor and a 51



glass vessel containing 2 1 mannitol-yeast extract (MYE)
medium consisting of 10 g p-mannitol and 2 g yeast
extract in 1 1 phosphate-basal minimal medium [11]. The
pH of media varied from 6.5 to 9.5, adjusted with 5 M
NaOH and 5 M phosphoric acid, and harvested cells
were subsequently used for batch cultures to determine
the apparent maximum growth rates (iUmayx» d ') with an
initial cell density (optical density at 546 nm) of 0.05
under the same pH conditions. The bioreactor had an
airflow of 2 1/min and the medium was agitated at
250 rpm with a marine blade impeller. The heat ex-
changer and the exhaust condenser were operated at 30
and 4°C, respectively. Cells were harvested by centrifu-
gation for 15 min at 4°C and 14,000 g, and washed three
times with equal volumes of sterile 50 mM sodium
phosphate buffer (pH 7.4) chilled to 4°C.

Whole cell biotransformation of PAHs

Freshly harvested cells (5 g wet weight) were suspended
in 100 ml sterile 50 mM sodium phosphate buffer
(pH 7.4) in 500 ml flasks, and phenanthrene or pyrene
was added to a final concentration of 0.5 mM. As a
control, no PAH was added to the cell suspension in one
flask. The flasks were incubated at 30°C with shaking at
250 rpm. Samples (250 pl) were taken at various timed
intervals, immediately mixed with 750 pl cold acetoni-
trile, centrifuged at 14,000 g for 15 min and analyzed by
HPLC. At the same time, a 100 pl sample was serially
diluted with 900 pl sterile 50 mM sodium phosphate
buffer (pH 7.4), and the dilution orders of magnitude
from 10~° to 10~® were evenly plated on Remel (Lenexa,
Kan.) tryptic soy agar plates. After incubation at 30°C
for 1 week, plates containing 30-300 colonies were
counted to determine the colony-forming units (cfu).

At the midpoint of PAH degradation, the reaction
mixtures were centrifuged for 15 min at 4°C and
14,000 g, and the supernatants were extracted with three
volumes of ethyl acetate at neutral and acidic (pH 2.5)
conditions. The ethyl acetate was vacuum evaporated
and the residue was dissolved in a small volume of
acetone and filtered through a 0.2-um Teflon filter. The
samples were dried in vacuo and stored at —20°C.

Cell pastes were washed three times with equal vol-
umes of 50 mM sodium phosphate (pH 7.4). Cells were
disrupted by three passes through a pre-chilled French
pressure cell at 1,400 psi and five 30 s cycles of ultr-
asonication at 200 W and 30 s cooling on ice. Cell debris
was removed by centrifugation for 1 h at 120,000 g. To
extract PAH metabolites formed in the cytosolic frac-
tions, the cell extracts were filtered through Sep-Pak Plus
tCg-cartridges (Waters, Milford, Mass.), which had
been washed with 10 ml methanol and reconstituted
with 50 mM sodium phosphate (pH 7.4). The cell ex-
tracts were stored at —20°C. After the tC,g-cartridges
were washed with water, the hydrophobic residues were
eluted with 5 ml methanol. The methanol was removed
using a Speed-Vac system (Savant Instruments, Hol-
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brook, N.Y.), and the remaining solid was dissolved in a
small volume of acetone. The insoluble particles were
removed through a 0.2-pm Teflon filter, and the samples
were dried in vacuo and stored at —20°C.

For 1-hydroxypyrene biotransformation experiments,
cultures of M. vanbaalenii PYR-1 were grown in 250-ml
Erlenmeyer flasks containing 50 ml minimal basal salts
medium supplemented with 0.38 g/ml each of peptone,
yeast extract, and soluble starch. A 100 ul aliquot of
phenanthrene in N,N-dimethylformamide (DMF;
12 mg/ml) was added to each flask for enzyme induc-
tion. The cultures were grown for 4 days in the dark at
28°C with shaking at 110 rpm. 1-Hydroxypyrene (6 mg)
was dissolved in DMF and added to the cultures. After
48 h of incubation, the flasks were extracted with three
equal volumes of ethyl acetate and dried. The residue
was dissolved in 3 ml methanol and concentrated to
approximately 100 pl, using a model SS21 Savant
Speed-Vac system (Savant Instruments) for analysis by
reversed-phase HPLC.

PQR assay

PQR activity was measured by monitoring the oxidation
of NADH at 340 nm (¢=6,220 M~ cm™ "), and 1 unit
(U) PQR activity was defined as the oxidation of 1 pmol
NADH per minute. The reaction mixtures (1 ml) con-
tained 5 ul 4,5-pyrenequinone (final concentration,
10 uM) or 9,10-phenanthrenequinone (final concentra-
tion, 50 uM) dissolved in dimethylsulfoxide, 5 pul 20 mM
NADH (final concentration, 100 pM) and 10-50 pl cell
extract (100 pg/ml) in 50 mM sodium phosphate
(pH 7.4). The reaction was started by addition of the
enzyme solution and the initial rate was measured for
30 s at 25°C using a Shimadzu UV-2101PC spectro-
photometer equipped with a thermostat (Shimadzu,
Kyoto, Japan). To examine the inhibitory effects of
exogenous catechols, PQR activity on 9,10-phenan-
threnequinone or 4,5-pyrenequinone was measured in
the presence or absence of an exogenous catechol
(100 uM) as described above. All enzyme assays were
performed in triplicate. Protein concentrations were
determined by the Bio-Rad protein assay (Bio-Rad,
Hercules, Calif., using bovine serum albumin as a stan-
dard.

Southern hybridization screening for pgrl and pgr2

For Southern hybridization, the degenerate probes
PQR1 (AAYCCNMGNGAYGTNGCNGTNYTNGT
NGGNWSNYTNMGNAARGARWSNYTNAAYYT
NAARYTNGCNAARGC) and PQR2 (GCNAARGT
NYTNTAYATHACNGCNCAYCCNCAYGAYGAR
ACNGTNWSNTAYWSNATGGCNACNGCNAARG
CNTT) were used, which correspond with the published
N-terminal amino acid sequences of the quinone
reductases PQR1 and PQR2 from Mycobacterium sp.
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Table 1 PCR primers used for amplification of the pgrl and pqr2 genes of Mycobacterium vanbaalenii PYR-1. Forward and reverse

primers are designated with the letters f and r, respectively

Primers used for the pgrl amplification®
PQRIf (41-61)

PQRIrl (256-239)

PQRI1r2 (342-317)

Primers used for the pgr2 amplification®
PQR2f1 (1-23)

PQR2f2 (92-116)

PQR2f3 (1-23)

PQR2f3* (1-23)

PQR2f4 (41-63)

PQR2rl1 (440-415)

PQR2r2 (330-307)

PQR2r3 (77-58)

PQR2r4 (330-306)

5" TGCGCAAGGAGTCGTTCAACC ¥
5" CTGGCACCGAGCGRTTGT 3’
5" TGCGCTGATCACGCCGCCCGGCTTGC 3

5" ATGGCAAAAGTATTRTAYATYAC ¥

5" AAGAAGCGAATCCAAATGATGAAGT 3’
5" ATGGCNAARGTNYTNTAYATHAC 3’

5" ATGGCNAARGTNYTNTAYATCAC 3’

5" ACACGGTATCGTAGAGCATGGC 3’

5" CGCGCTTGGATATGAATTGCTTTTTT 3’
5" CACTGGCGGGAATGAGAAGTTCCA 3’
5" AANGCYTTNGCNGTNGCCAT 3’

5" CACCGGCGGGAACGAGAGGTTCC 3’

“Numbers in parentheses indicate position of matches to the Reut2486 gene from Ralstonia metallidurans (accession number

NZ_AAAI01000289)

®Numbers in parentheses indicate position of matches to the yvaB gene from Bacillus subtilis (accession number Z99121)

PYR-100 [11]. The oligonucleotide probes were labeled
with a DIG oligonucleotide tailing kit, 2nd generation,
according to the manufacturer’s instructions, procedure
3.2.1 (Roche, Indianapolis, Ind.).

Xbal-digested DNA from Mycobacterium sp. PYR-
100 and M. vanbaalenii PYR-1 was prepared, separated
by pulsed field gel electrophoresis and blotted onto ny-
lon membranes [2]. Southern hybridization was per-
formed repeatedly under various stringency conditions
[25].

PCR screening for PQR1 and PQR2 genes

To detect the pgrl and pgr2 genes of M. vanbaalenii
PYR-1 by PCR, primers were designed using the
conserved domains of the homologous genes identified
in the GenBank database (Table 1). The translated
protein sequences showed the closest homology to the
determined N-terminal amino acid sequences of PQR1
and PQR2 of Mycobacterium sp. PYR100 [11]. Total
genomic DNA extracted from M. vanbaalenii PYR-1
using a DNA Easy Tissue Kit (Qiagen, Valencia,
Calif.) was used as a PCR template. PCR was per-
formed with Tag DNA polymerase and the supplied
PCR solutions according to the manufacturer’s
instructions (Qiagen). The PCR regime consisted of
3 min preincubation at 95°C, 30 cycles of 30 s dena-
turation at 94°C, 30 s annealing at 55°C and 1 min
extension at 72°C, followed by a final hold at 72°C for
7 min. PCR products of the expected sizes were
sequenced using amplification primers that contained
no degenerate bases.

COMT assay

COMT activity was assayed by a modification of the
method of Zhu et al. [30-32]. The reaction mixture (total
volume, 100 pl) consisted of 0.1 M sodium phosphate
(pH 7.4), 1.2 mM MgCl,, 1 uCi [methyl—>H]SAM,

50 uM S-adenosyl-L-methionine (SAM), 1 mM DTT,
0.5 mM NADPH, 0.5 mM NADH, 50 uM catechol
substrate dissolved in dimethylsulfoxide, and an appro-
priate amount of cell extract containing 100 pg protein.
Reactions were initiated by addition of cell extract and
were stopped at 30 min by addition of 1 ml hexane. The
solvent extract (0.5 ml) was mixed with 7.5 ml Ultima
Gold LSC-cocktail (Packard, Meriden, Conn.) and the
radioactivity (dpm) was counted using a Packard
2000CA Tri-Carb liquid scintillation counter (Packard,
Downers Grove, 1ll.). The specific activity (U/mg) of
COMT was determined as the consumption of 1 umol
SAM mg-protein ' 30 min~'. As controls, either the
catechol substrate or the cell extract was omitted.

Physical and chemical analysis

PAHs and their metabolites were separated by reversed-
phase HPLC with UV detection at 254 nm. The chro-
matographic system consisted of an Inertsil ODS3 col-
umn (5 um, 4.6x250 mm, MetaChem, Torrance, Calif.),
a guard column packed with the same stationary phase,
a Waters 600 pump and controller, a Waters 2487 dual
wavelength absorbance detector, and a Waters 717 Plus
autosampler with a 200-ul injection loop. The system
control and data analysis used a Waters Millennium?>>
Chromatography Manager. The mobile phase, delivered
at 1 ml/min, was a linear gradient of 30% (v/v) to 90%
(v/v) acetonitrile in water for 20 min, then held at 90%
acetonitrile for 10 min.

Gas chromatography/mass spectrometry (GC/MS)
and direct exposure probe mass spectrometry (DEP/MS)
analyses were performed on a TSQ 700 triple quadru-
pole mass spectrometer (ThermoFinnigan, San Jose,
Calif.) operated in the single quadrupole analyzer mode.
Electron ionization (EI) was employed at 70 eV with a
150°C ion-source temperature. For the DEP/EI-MS
analyses, the DEP current was increased linearly to
800 mA at 5 mA/s. A DB-5ms capillary column (J&W



Scientific, Folsom, Calif.) (30 m x0.25 mm x0.25 um)
was used for chromatographic separation (GC/MS).

Proton NMR spectra were recorded at 500.13 MHz
on a Bruker AMS500 spectrometer (Bruker, Billerica,
Mass.). The metabolites were dissolved in 0.5 ml deu-
terated acetone (99.96 atom% D); 'H chemical shifts
were reported on the o scale (ppm) by assigning the
residual solvent peak to 2.04 ppm. Typical 'H data
acquisition conditions were as follows: data size 32,000;
sweep width 7,042 Hz; filter width 8,900 Hz; acquisition
time 2.33 s; flip angle 90°; relaxation delay 0 s; temper-
ature 301 K. For measurements of coupling constants,
the free induction decay was zero-filled to 64 K, result-
ing in a final data point resolution of 0.215 Hz per point.
Coupling constants reported were first-order. Assign-
ments were made from homonuclear decoupling exper-
iments, nuclear Overhauser effect (NOE) experiments,
integration, analysis of substituent effects, and compar-
ison with spectra of authentic compounds.

Results

Degradation of phenanthrene and pyrene
by M. vanbaalenii PYR-1

By varying the pH of MYE media in chemostat cultures,
it was determined that M. vanbaalenii PYR-1 grew
optimally at pH 7.5, and the apparent maximum specific
growth rate (1 may) wWas 1.42 day™' (Fig. 2). At that pH,
approximately 15 g wet weight of cells were harvested
from 1 1 culture medium.

Because the dissolution rate of solid phenanthrene
and pyrene into the aqueous phase limits the rate of
degradation, phenanthrene and pyrene began to be
metabolized only after 6-12 h of incubation (Fig. 3).
After these lag times, both degradation curves appeared
to be linear (r>>0.95). The specific degradation rate of
phenanthrene  (0.42+0.04 pmol min~' mg-protein )

1.6
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pH of media

Fig. 2 Apparent maximum specific growth rates of M. vanbaalenii
PYR-1 at different pH values in mannitol-yeast extract (MYE)
medium
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Fig. 3 Degradation curves of phenanthrene (filled triangles) and
pyrene (filled circles) by whole cells (5g wet weight) of
M. vanbaalenii PYR-1 in 100 ml 50 mM sodium phosphate buffer
(pH 7.4). Colony-forming units (cfu) for the degradation of
phenanthrene (open triangles) and pyrene (open circles) are shown
on a logarithmic scale

was much greater than that of

pyrene
(0.17+0.01 pmol min~" mg-protein™").

PQR activity of M. vanbaalenii PYR-1

When M. vanbaalenii PYR-1 was continuously culti-
vated in MYE medium, the cell extract contained PQR
activity for the reduction of 9,10-phenanthrenequinone
(PQ) and 4,5-pyrenequinone (PyQ) with the respective
specific  activities  (umol mg-protein ! min~!)  of
1.40£0.13 and 0.12+0.01. There was little difference in
PQR activity when M. vanbaalenii PYR-1 was grown in
the absence or presence of PAHs.

To further examine whether this strain has a con-
stitutive PQR enzyme specific for the reduction of both
PQ and PyQ, or different PQR isozymes showing dif-
ferent specificities towards PQ and PyQ, the PQR
activity was inhibited by exogenous catechols (Table 2).
Alizarin and 2,3-dihydroxynaphthalene produced no
significant difference in the inhibitory effects on either
PQR activity for reduction of PQ or PyQ, whereas an-

Table 2 Inhibition of NADH:pyrene quinone reductase (PQR)
activity by exogenous catechol inhibitors at a final concentration of
100 pM. Specific activity (U/mg) of PQR was defined as the oxi-
dation of 1 pmol NADH min~' mg-protein~'. PQ Phenanthrene
quinone PyQ pyrene quinone

Catechol inhibitor Specific activity to PAH

o-quinone substrate

PQ (% activity) PyQ (% activity)

No Inhibitor 1.40+0.13 (100) 0.120.01 (100)

Alizarin 0.98+0.08 (70)  0.077+0.011 (64)
Anthrarobin 0.98+0.04 (70)  0.050+0.004 (36)
Esculetin 0.96+0.09 (69) 0.0095 % 0.0025 (7.9)

2,3-Dihydroxynaphthalene 1.19+£0.13 (85) 0.098+0.014 (82)
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thrarobin and esculetin inhibited PQR activity for PyQ
reduction more strongly than that for PQ reduction.
Similarly, we recently found two constitutive PQR iso-
zymes (PQR1 and PQR2) from another pyrene-degrad-
ing Mycobacterium sp., PYR100. PQR2 was specific for
PyQ reduction and was more strongly inhibited by the
exogenous catechol, quercetin [11]. This indicated that
each of the PAH-degrading Mycobacterium spp. strains
had at least two different PQR isozymes.

Southern hybridization and PCR screening for pgrl
and pgr2

A hypothesis that two quinone reductases are present in
M. vanbaalenii PYR-1, homologous to proteins PQRI1
and PQR2 found in Mycobacterium sp. PYR-100 [11],
was tested using Southern hybridization. Under several
stringency conditions, multiple nonspecific hybridization
bands were present in Xbal-digested total genomic DNA
of M. vanbaalenii PYR-1. The same situation was ob-
served in Mycobacterium sp. PYR-100. This is under-
standable, since probes PQR1 and PQR2 were
degenerate. Thus, the presence of PQR1 or PQR2 ho-
mologues could be neither confirmed nor excluded by
this experiment. However, when screening for a PQR1
homologue in M. vanbaalenii PYR-1, the combination
of primers PQRIf and PQRI1r2 yielded a PCR product
with the expected size of 300 bp. The DNA sequence of
this PCR product was obtained (GenBank accession
number AY426337). Comparison with other entries in
the GenBank database using the program BlastX re-
vealed that, on the translated peptide level, this sequence
is 67% identical to the conserved hypothetical protein
Rv3054c from M. tuberculosis and 62% identical to a
putative secreted protein from Streptomyces avermitilis.
Some of the lower homology matches included 42%
identity to a chromate reductase (ChrR) from Pseudo-
monas putida, 43% identity to an NADPH:quinone
oxidoreductase (mll4710) from Mesorhizobium loti, and
44% identity to a predicted flavoprotein gene
(Reut2486) from Ralstonia metallidurans. An RPS-Blast
search of a conserved domains database shows that the
sequence AY426337 partially covers the conserved do-
main of NADPH-dependent FMN reductases [GenBank
Consolidated Domain Database (CDD) 7037]. Al-
though some of the combinations of primers for PQR2
yielded PCR products of expected size, these bands were
always minor. Thus, no unambiguous DNA sequence
was obtained for the PQR2-like gene.

COMT activity of M. vanbaalenii PYR-1

The use of a PAH as sole carbon and energy source did
not significantly change the expression level of COMT.
As seen in Table 3, M. vanbaalenii PYR-1 appeared to
have a constitutive COMT activity. Among the exoge-
nous catechol substrates tested, anthrarobin (1,2,10-
anthracenetriol) showed the highest COMT activity.

Table 3 Specific catechol-O-methyltransferase (COMT) activity of
M. vanbaalenii PYR-1 incubated with or without PAHs

Catechol Specific COMT-activity®

No PAH Phenanthrene Pyrene
No catechol (control) 0.19£0.03 0.13+0.01 0.22+0.06
Alizarin 0.294+0.04 0.20+0.01 0.29+0.08
Anthrarobin 1.06£0.06 1.09+0.03 1.04+0.03
2,3-Dihydroxynaphthalene 0.36+£0.03 0.31+0.01 0.37+£0.06
Esculetin 0.28+£0.04 0.21+0.00 0.31+0.07
iConsumption of 1 nmol S-adenosyl-L-methionine mg pro-

tein™! 30 min~"

In contrast, the COMT activity towards alizarin (1,2-
dihydroxyanthraquinone), 2,3-dihydroxynaphthalene,
and esculetin (6,7-dihydroxycoumarin) was less than the
activity for the O-methylation of anthrarobin. Although
alizarin seems to be structurally analogous to anthra-
robin and 1,2-dihydroxyanthracene, the O-methylation
of alizarin occurred more slowly. This may be because
the hydroxyl groups of alizarin can be highly delocalized
at the C1, C2, C9 and C10 positions.

Identification of O-methylated phenanthrene
and pyrene metabolites

The HPLC profile of a tC18-solid phase extract of the
cell extract from phenanthrene degradation showed two
major products. The DEP/EI mass spectrum of the
compound eluting at 19.2 min with UV absorption
peaks (Amax) of 211, 246 (shoulder), 254 nm and a valley
of 230 nm, had a base peak molecular ion [M "] at m/z
224. Significant fragment ions included m/z 209 [M-
CH;]" (78), 181 [M-CH;-CO]" (38), and 152 [M-
CH;0CCOH] " (32). The mass spectrum was consistent
with a hydroxymethoxy-phenanthrene. The NMR
spectrum (Fig. 4a) consisted of six doublets, two triplets
and one singlet. Homonuclear decoupling and NOE
experiments, used to make resonance assignments,
showed a methoxyl group at C1 and a hydroxyl group at
C2. The NMR assignments, with the proton chemical
shifts (6, ppm) and coupling constants (Jy y, Hz), are
3.96 (H1), 7.33 (H3; J34=9.2), 8.45 (H4), 8.67 (H5;
Js6=8.6), 7.62 (H6; Js7,=1.7, Jeg=1.5), 7.53 (H7;
J;8=17.7), 791 (H8), 7.79 (H9; Jy10=9.2) and 8.00
(H10). This compound was identified as 1-methoxy-2-
hydroxyphenanthrene.

A compound eluting at 23 min had UV absorption
peaks of 215 and 259 nm and a valley at 235 nm. The
DEP/EI mass spectrum had a base peak, [M "], at m/z
238. Significant fragment ions included m/z 223 [M-
CH;]" (39), 195 [M-CH3-CO]" (23), 180 (22), 177
[CisHo]™ (21), and 152 [C;oHig]™ (29). The mass
spectrum was consistent with a dimethoxyphenanthrene.
The NMR spectrum (Fig. 4b) was similar to that of the
19.2-min peak but had one additional singlet. The sharp
singlet peaks at 3.98 ppm and 4.02 ppm were charac-



Fig. 4 Proton nuclear
magnetic resonance (NMR)
spectra of 1-methoxy-2-
hydroxyphenanthrene (a) and
1,2-dimethoxyphenanthrene
(b). X An impurity
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teristic of two methoxyl groups. NOE and homonuclear
decoupling experiments indicated that the methoxyl
groups were at Cl and C2. NMR assignments with
proton chemical shifts (5, ppm) and coupling constants
(Ju.u, Hz) are: 3.98 (H1), 4.02 (H2), 7.52 (H3; J53.4=9.0),
8.53 (H4), 8.69 (HS; Js6=8.2, Js;=1.3), 7.63 (H6;
J6‘7:7.7, J6,8 = 15), 7.56 (H7, J7’g: 84), 7.91 (HS), 7.78
(H9; J910=9.5) and 8.06 (H10). Therefore, this com-
pound was identified as 1,2-dimethoxyphenanthrene.
M. vanbaalenii PYR-1 also produced O-methylated

extracted ion chromatograms of an extract from the
incubation of 1-hydroxypyrene are shown in Fig. 5.

The compound eluting at 12.7 min had a molecular
ion at m/z 232 [M "] and fragment ions at m/z 217 [M—
CH;]" and m/z 189 [M—CH;~CO] ", which are consis-
tent with 1-methoxypyrene (Fig. 6a).

The EI mass spectra of compounds eluting at 14.4
and 15.7 min both had molecular ions [M "] at m/z 248.
Significant fragment ions at m/z 233 [M-CH;]", 205
[M-CH;-CO] " and 176 [M-HOCCOCH;]" were ob-

products from pyrene and 1-hydroxypyrene. The served. These ions are consistent with either 1-hydroxy-
Fig. 5 Selected ion 13.15
chromatograms of the 100 myz: 262 | 14.85
metabolites formed from the | [ %
biotransformation of o T N )
1-hydroxypyrene by S SR e LR R |
D R 10.0 12.0 14.0 16.0 18.0 20.0
1441 15.70
100 m/z: 248 ‘
10.0 12.0 14.0 16.0 18.0 20.0
12.77
100" myz: 232 |
10.0 12.0 14.0 16.0 18.0 20.0

Retention Time (min)
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Fig. 6 Electron ionization (EI)
mass spectra of (a) 1-
methoxypyrene, (b) 1-hydroxy-
2-methoxypyrene, (¢) 1-
methoxy-2-hydroxypyrene, and
(d) 1,2-dimethoxypyrene after
incubation of M. vanbaalenii
PYR-1 with pyrene or 1-
hydroxypyrene

2-methoxypyrene or
(Fig. 6b,c).
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Discussion

M. vanbaalenii PYR-1 uses two possible pathways to
produce PAH-dihydrodiols [6]. An NADH-linked di-
oxygenase is stereo- and regio-specific for PAH-cis-di-
hydrodiol production. In contrast, an NAD(P)H-linked
cytochrome P450 monooxygenase seems to have less
stereo- and regio-specificity than the dioxygenase. P450s
can be involved in the production of various PAH ep-
oxides and PAH phenols from PAH degradation. PAH
epoxides are hydrolyzed to PAH-trans-dihydrodiols by
an epoxide hydrolase, and the corresponding PAH
catechols are produced by dihydrodiol dehydrogenase
activity. The proportions of the resulting PAH catechols
vary with different hydrocarbons [21]. K-Region PAH
catechols of phenanthrene and pyrene, including the
9,10-dihydroxyphenanthrene and 4,5-dihydroxypyrene
that are produced by M. vanbaalenii PYR-1, are oxi-
dized by ortho-cleavage, resulting in formation of
dicarboxylic acids [6, 15]. If non-K- and non-bay-region
PAH catechols remain in the cell for a prolonged time,
cytotoxicity and genotoxicity may be increased by the
one-electron redox recycling generating ROS, DNA
strand scission, DNA adduct formation and malondi-
aldehyde generation [1, 22]. In particular, PAH catec-
hols are likely to inhibit NADH-linked PQR. PQR is
specific for the reduction of various PAH o-quinones,
including PQ and PyQ. We found a constitutive PQR
enzyme specific for the reduction of PQ and PyQ in
M. vanbaalenii PYR-1. This enzyme activity towards
PyQ was strongly inhibited by exogenous catechol
inhibitors such as anthrarobin and esculetin.

With a PCR approach, we found the DNA sequence
AY426337, which could be a part of the gene, or of one
of the genes, coding for PQR activity. This sequence is
homologous to a gene coding for the quinone reductase
PQRI1 in Mycobacterium sp. PYR-100. When translated,
sequence AY426337 contains an FMN-reductase do-
main, consistent with the observation that PQRI in
strain PYR-100 contains an FAD cofactor. Although
strain PYR-100 also contains a second quinone reduc-
tase, PQR2, DNA evidence for its counterpart in
M. vanbaalenii PYR-1 was limited and requires future
investigation.

O-Methylation, catalyzed by mammalian COMT,
plays an important role in deactivating recalcitrant PAH
catechols into less reactive forms. The O-methylated
products then act as hydroxyl radical (-OH) scavengers
to stop metal ion (e.g., Fe?"/Fe’™ and Cu™/Cu’™")-
mediated Fenton chemistry [18, 19]. Wunder et al. [29]
found that the fungus Penicillium glabrum strain TW
9424 metabolized pyrene and 1-hydroxypyrene to
I-methoxypyrene and 1,6-dimethoxypyrene by COMT
activity. Narro et al. [20] reported that the O-methyla-
tion of hydroxyphenanthrene derived from phenan-
threne degradation by a marine cyanobacterium,
Agmenellum quadruplicatum PR-6, significantly reduced
the toxicity.
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M. vanbaalenii PYR-1 has a COMT that catalyzes the
conversion of potentially toxic catechol compounds to
less active O-methylated forms. The COMT activity
showed higher activity against anthrarobin than the
other exogenous catechol inhibitors tested. A structur-
ally similar compound, 1,2-dihydroxyanthracene, is a
transient intermediate from anthracene degradation that
is converted to 1-methoxy-2-hydroxyanthracene by the
same strain [15]. This result is similar to those of
previous studies in that this strain can produce 1-meth-
oxy-2-hydroxyanthracene and 7-methoxy-8-hydroxyflu-
oranthene as dead-end products from the degradation of
anthracene and fluoranthene [9, 15].

Even though phenanthrene and pyrene served as sole
carbon and energy sources for degradation by M. van-
baalenii PYR-1, a variety of O-methylated products were
found in the cytosol. The corresponding PAH catechols
formed via non-K-region PAH- dihydrodiols served as
precursors for the O-methylation reactions mediated by
COMT activity.

In contrast, K-region catechols PAH (e.g., 9,10-di-
hydroxyphenanthrene) and bay-region PAH catechols
(e.g., 3,4-dihydroxyphenanthrene) can be further
metabolized by the intradiol catechol dioxygenase
activity of M. vanbaalenii PYR-1 [3, 15], although high
concentrations allow rapid accumulation of the corre-
sponding PAH o-quinones that can produce acute toxic
effects [7].

In this paper, we provide evidence that M. vanbaalenii
PYR-1 has constitutive COMT and PQR enzymes that
inactivate PAH catechols derived from PAH degrada-
tion pathways. The COMT catalyzes two O-methylation
reactions with the PAH catechols to subsequently form
monomethoxyhydroxy-PAHs and dimethoxy-PAHs.
The COMT activity is a detoxification process for non-
K- and non-bay-region PAH catechols, which do not
serve as carbon and energy sources. Quinone reduction
by M. vanbaalenii PYR-1 PQRs may play an eminent
role to protect the cells against cytotoxicity of PAH
o-quinones and to supply PAH catechols for further
degradation.
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